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Consideration of the Upper Error Bound of Measurement Complex
in the Analysis of Digitized Signals

Purpose. This work aims to: enhancing the reliability of certification tests for new rolling stock by integrating
measurement system error considerations into the data analysis process; ensuring a more precise evaluation of com-
pliance with safety and performance standards, minimizing the risk of undetected defects that could emerge during
operation; improving risk assessment by reducing measurement uncertainties, thereby strengthening the decision-
making process for rolling stock approval. Methodology. Analyzing existing approaches to certifying new rolling
stock in accounting for measurement system errors. Developing a method for systematically integrating these errors
into the data analysis process to enhance result accuracy. Assessing the impact of this approach on certification relia-
bility and its effectiveness in identifying potential operational risks before deployment. Findings. An improved certi-
fication process incorporating measurement system error considerations has been proposed. The study demonstrates
that this approach significantly reduces the probability of overlooking defects that may only become apparent during
operation, thereby increasing the overall reliability of certification tests. Originality. A method for assessing the reli-
ability of certification test data while considering measurement system errors has been developed. It has been proven
that integrating these data into the test analysis process improves the accuracy of predicting the operational reliability
of rolling stock and enhances the overall effectiveness of certification procedures. Practical value. The proposed
approach enhances railway transport safety by ensuring a more reliable and accurate certification process for new
rolling stock. This is particularly relevant in the context of Ukraine’s railway fleet modernization, including the intro-
duction of Hyundai Rotem and Tarpan electric trains, as well as Skoda locomotives. By refining certification proce-
dures, this methodology contributes to safer and more efficient railway operations.

Key words: certification testing; digital signal analysis; safety; interference; electromagnetic compatibility;
traction current; harmonic

Introduction management systems, including monitoring and
planning improvements. These advancements help
optimize transportation operations and increase the
number of trips within a given period.

Such modernization efforts are feasible, but they
largely depend on train speeds across the country’s
railway network. Increasing train speeds signifi-
cantly boosts the overall capacity of the railway sys-
tem. Higher travel speeds open new possibilities for
improving management systems. These and many

Railway transport plays an important role in the
economy, infrastructure development, and ensuring
the sustainable movement of goods and passengers
in Ukraine. To enhance productivity, specifically by
increasing passenger and freight transportation vol-
umes, Ukraine’s railway systems are continuously
being modernized.

Some modernization efforts focus on improving
transportation safety, while others aim to enhance
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other factors influence the quantity, quality, and,
most importantly, the safety of transportation.
While ensuring safety remains the top priority for
Ukraine’s railways, increasing train speeds is a key
factor in improving their efficiency.

Speed enhancement is achieved through the
modernization or replacement of certain locomotive
components and systems, such as braking systems,
control systems, power circuits, and cooling sys-
tems. Increasing engine power while maintaining
locomotive stability and safety on the tracks plays
a crucial role in achieving higher speeds. [5]

Since early 2012, Ukraine’s railway network has
undergone modernization efforts aimed at increas-
ing train speeds. During this period, the following
new locomotives and electric trains were intro-
duced:

— Hyundai Rotem: Electric trains from Hyundai
Rotem began operation in 2012;

— Skoda: Skoda locomotives also entered ser-
vice in 2012;

— Tarpan: «Tarpany electric trains, produced by
the Kryukov Railway Car Building Works, began
operation in 2014.

These modernization efforts have improved the
efficiency of railway transport, ensuring faster and
more comfortable transportation of both passengers
and cargo.

Purpose

The study focuses on the certification testing
process of railway rolling stock, with particular em-
phasis on assessing electromagnetic compatibility
with railway automation and telemechanic systems.
The article examines existing approaches to con-
ducting tests, data analysis, and evaluating compli-
ance with international standards. One of the key as-
pects of this research is the issue of insufficient con-
sideration of measurement system errors during the
digital analysis of signals, particularly the return
traction current.

Measurement inaccuracies play a crucial role in
the certification process, as even minor deviations
can affect the results and lead to incorrect assess-
ments of electromagnetic impact levels. In most
cases, data on measurement uncertainty is recorded
in test protocols; however, it is not always factored
into the final data processing. This creates a risk
where measured values may be close to the maxi-
mum permissible limits, but without accounting for

possible deviations, potentially leading to an incor-
rect approval of rolling stock for operation.

This study aims to substantiate the need for
a more precise approach to certification testing, in-
corporating the influence of measurement system
errors, especially in critical scenarios. Such an ap-
proach will not only enhance result accuracy but
also provide an additional layer of safety when in-
troducing new rolling stock into service. A proper
analysis of electromagnetic compatibility is a key
factor in ensuring the reliability of railway infra-
structure and preventing potential risks to signaling,
communication, and automatic train control sys-
tems.

The process of conducting certification tests. In-
troducing a new rail vehicle is a complex and highly
responsible process. Testing is conducted to deter-
mine the feasibility of operating new rolling stock
on the railway network while adhering to all safety
regulations and measures for passenger and freight
transportation.

These tests assess the safety level of using new
rail vehicles. Inspections are carried out by all rail-
way departments, including the locomotive depot,
signaling and communications service (SCS), track
service, and power supply service. These depart-
ments conduct a detailed analysis and testing to en-
sure the new equipment meets all safety and opera-
tional requirements.

Certification studies by the signaling and com-
munications service focus on identifying potential
risks that a new rail vehicle may pose to station,
track, or level crossing equipment. Particular atten-
tion is given to verifying the electromagnetic com-
patibility of the new equipment with locomotive
control systems, such as automatic block signaling
(ABS), automatic train signaling (ATS), micropro-
cessor interlocking (MPI), and electric interlocking
(EI). Additionally, tests are conducted to assess po-
tential interference with communication systems,
including dispatching and station communication,
ensuring that interactions with new locomotives do
not cause operational disruptions. [1, 4]

In tests assessing electromagnetic compatibility
with SCS devices, special attention is given to re-
turn traction current, which flows back to the trac-
tion substation through the rails. Significant distor-
tions in return traction current can adversely affect
the operation of signaling and communication de-
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vices, potentially leading to system failures, viola-
tions of safe transportation regulations, and risks to
passenger and personnel safety, as well as the integ-
rity of transported goods.

Rolling stock electromagnetic compatibility
tests are conducted following the rules and stand-
ards of international railway electromagnetic com-
patibility regulations [6-10]. These standards estab-
lish permissible levels of return traction current for
different frequency ranges depending on the type of
current (DC or AC) and dictate the procedures for
measurement and data analysis.

Before data collection, all measuring devices un-
dergo accuracy verification in accredited metrology
laboratories. This procedure determines the accu-
racy of each device and assesses the overall meas-
urement system’s potential margin of error.

During testing, current levels are monitored to
ensure they do not exceed permissible values within
the specified frequency ranges outlined by the
standards. Studies are conducted across all locomo-
tive operating modes: coasting, braking, accelera-
tion, idle, traction, and regeneration. If return trac-
tion current studies reveal violations (exceeding
permissible limits according to the established
standards), the locomotive is not approved for oper-
ation until the parameters are brought into compli-
ance with regulatory requirements, as confirmed by
subsequent testing.

The digitization of return traction current is per-
formed using a combination of devices, including
current sensors (such as Rogowski coils, current
clamps, etc.), an amplification and conversion unit,
an analog-to-digital converter (ADC), a data storage
device, and a personal computer (PC). Once data is
collected, the process of digital analysis and signal
processing begins.

Methodology

To ensure the safety of railway rolling stock and
railway automation and telemechanic systems,
a digital data analysis is conducted following field
tests. Particular attention is given to the analysis of
the return traction current signal, which is verified
for compliance with electromagnetic compatibility
requirements. These requirements are outlined in
the international standard IEC 62236-3-1:2018, spe-
cifically in subsection 6.1 and clause 6.2.2. Compli-
ance with these standards is critically important for
preventing potentially hazardous situations arising

from electromagnetic interference between new
rolling stock and existing automation systems. [8,
11].

Although data on the measurement system’s
margin of error is recorded in the test protocol, it is
often not considered during digital analysis, as
a certain level of error is deemed acceptable. How-
ever, when assessing the safety of new rolling stock,
it is necessary to account for the worst-case sce-
nario. This means that the measurement system’s er-
ror should be taken into consideration during signal
analysis, especially when the digitized signal level
is close to the maximum permissible current thresh-
old. In such cases, there is a risk that measurement
uncertainty could lead to an exceedance of this
threshold.

Consider a test signal example that clearly illus-
trates this issue. The Fig. 1 presents a section of the
digitized signal, which serves as an analog of a real
return traction current signal of a locomotive.

Without digital processing, it is difficult to de-
termine whether the signal contains harmful inter-
ference that exceeds the maximum allowable cur-
rent level within specific frequency ranges. To en-
hance clarity, a band-pass filtering method will be
applied to the original signal using the MATLAB
development and simulation environment. As an ex-
ample, we will examine interference at a frequency
of 420 Hz.

g

Amplitud;
5 8 & 8 o 8 8 @ 8

8
T

- + = . B - Bt
32 33 34 35 36 37 38 39 4 41 42
Time (secs)

Fig. 1. The original signal of the locomotive’s return
traction current

According to testing standards, the frequency
range should be between 408 and 432 Hz, the max-
imum allowable amplitude must not exceed 0.35 A,
and the duration should be no less than 0.3 seconds.

For the analysis, a Chebyshev Type Il infinite
impulse response (1IR) band-pass filter will be used.
The transfer function of this filter is defined accord-
ing to equation (1):
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H(z)=—-=, (1)

where z is a complex variable, z=e and w rep-
resents the frequency in radians; B(z)and A(z)
are polynomials in z with coefficients correspond-
ing to the numerator and denominator of the filter’s
transfer function [3].

To achieve a sharp attenuation characteristic,
a 44th-order filter was modeled. The transfer func-
tion of this filter is presented in equation (2), and the
amplitude-frequency characteristic is shown in
Fig. 2.

H(2)

by +bz b,z bz

)

- -1 -2 —4
l+az " +a,27" +...+a,Z

20

40

Magnitude (dB)

60 [

ralk' VAV

0.35 04 0.45 05
Frequency (kHz)

Fig. 2. The amplitude-frequency characteristic
of the bandpass
filter 408-432 Hz

The results of the digital filtering performed us-
ing the modeled filter are presented in Fig. 3, a. The
figure also shows the limit boundaries of the signal
amplitude: +0.35 A and —0.35 A (max and min, re-
spectively). The analysis of the original signal with
filtering allowed for visualizing the signal charac-
teristics within the specified limits.

The analysis of this segment revealed that, from
3.38 to 3.75 seconds (0.37 seconds), the effective
value of the harmonic component is 0.349 A (see
Fig. 3b). According to the international standard [8],
this value does not exceed the maximum allowable
limit (0.35 A), and therefore such a deviation would
not be considered potentially dangerous.

a
a) 05
Signal_408_432
— max
min
@
2,
<
-0.5
32 33 34 35 36 37 38 39 4 41 42
Time (secs)
b) I [ [ I | |
0.353 —|—Signal_408_432| }
S— TV
0.352 1 — min
0.351
@
$ 035
2
@ 0.349
2
0.348
0.347
0.346
0.345 [ — =t

3.;8 3.481 3.4‘82 3.483 3484 3.4‘85 3.486 3487 3488 3489 349
Time (secs)
Fig. 3. The original signal after digital filtering
in the range of 408-432 Hz:

a — Filtered signal,
b — Close-up of the signal’s minimum peak section

Error accounting in data analysis can be carried
out using two methods.

The first method involves analyzing the original
measurement data, followed by accounting for the
error at the final stage. For example, to correct the
measurement results and obtain the maximum pos-
sible effective value considering the error (EVP),
equation (3) can be used. Thus, with a measurement
system error of, for instance, 1 %, the worst-case ef-
fective value would be 0.3525 A, which already ex-
ceeds the maximum permissible value.

EVP = EV-P , (3)
100
where EV is the effective value of the harmonic
component; P is the measurement system error
(%).

The second method involves preliminarily in-
creasing the values of all points in the original signal
by the amount of the error before starting the analy-
sis. This approach requires the use of software such
as Excel or MATLAB, as well as some coding
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skills. To implement this method, the following al-
gorithm should be applied.
Let the set of original points be denoted as X :

X ={X, %, Xy }

where x; is the value of the i -th point; n is the total

number of points.
The set of points with increased values will have
a similar structure:

’ ! ' ’
X ={xl 1 Xo geens X }

Thus, the entire set of points X is modified by
the following equation (4):
,xn+X"'P},(4)

’ X:LP
X'=ax + Xy +
{Xl 100 "2 100

where P is the measurement system error (%).

To confirm the correctness of the second
method, let us first increase the values of the points
in the original signal by the amount of the error
(1 %) using equation (4). The new points X'are
then filtered using the previously modeled band-
pass filter at frequencies between 408 and 432 Hz.
Next, we analyze the filter results for the section of
the signal where the lowest peak of the effective
value is observed (Fig. 4).

0354

X, P
100 '

0353

| I I
348 3481 3.482 3483 3484 3485 3486 3487 3.488 3489 3.49)
Time (secs)

Fig. 4. The signal after digital filtering in the range of
408-432 Hz, accounting for a 1 % measurement system
error

A comparison of the results from both methods
shows that they align: the effective value, consider-
ing the error, is 0.3525 A, which confirms the cor-
rectness of the chosen approach. This value also ex-
ceeds the maximum allowable value and, as in the
first method, represents a potentially dangerous vi-
olation.

Although the second method is more complex, it
provides a more accurate assessment of the data dur-
ing analysis, leading to a better understanding of po-
tential exceedances of allowable harmonic levels
under the worst-case conditions associated with
measurement system errors.

This method is preferable as it allows for the
consideration of actual data and helps identify po-
tential issues that might remain unnoticed in a sim-
ple analysis of the original signals. Applying the
measurement error to each data point in the signal
set enables the detection of areas that could be over-
looked without accounting for the error. As a result,
the likelihood that previously normal signal sections
may exceed the permissible limits increases. This
approach allows for a more thorough analysis and
identification of potential violations, which could be
critical in real-world operating conditions.

Findings

The results of the study showed that ignoring the
measurement system’s error could lead to the omis-
sion of potentially dangerous sections of the return
traction current. This is particularly critical when
the signal is close to the maximum permissible lev-
els, which could result in non-compliance with elec-
tromagnetic compatibility requirements and poten-
tial operational issues. Using a methodology that ac-
counts for measurement errors during testing allows
for a more accurate assessment of risks and helps
prevent potential failures in real-world operating
conditions. This approach enhances safety and reli-
ability in the operation of railway rolling stock, pre-
venting potential hazards that might otherwise go
unnoticed in standard signal analysis.

This method can also be valuable for developing
more effective monitoring and management strate-
gies for railway systems. Including errors in the cal-
culations not only helps avoid potential accidents
but also improves overall diagnostics and equip-
ment tuning, thus ensuring stable and safe operation
throughout the entire lifecycle of the rolling stock.

Originality and practical value

The originality of the research lies in the ap-
proach to accounting for measurement system er-
rors when analyzing locomotive return traction cur-
rent. Unlike traditional methods, where such errors
are often ignored, the proposed methodology allows
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for a more accurate assessment of the signal charac-
teristics, revealing potentially hazardous deviations.
This solution represents a significant advancement
in the field of safety, as it enables the prediction and
prevention of issues that could arise during opera-
tion.

The practical value of this approach lies in its
potential to enhance the reliability and safety of rail-
way rolling stock operation. By incorporating error
consideration in signal analysis, the methodology
ensures accurate evaluation of electromagnetic in-
terference impacts and guarantees compliance with
international standards. The implementation of this
approach in testing and monitoring systems will
help ensure a higher level of safety for new locomo-
tives, improving operational performance and pre-
venting potentially dangerous situations.

Conclusions

The main goal of certification testing is to ensure
that new locomotives comply with regulatory re-
guirements and do not pose a threat to traffic safety.
Considering the measurement system’s error mar-
gin allows for reducing the uncertainty during digi-
tal analysis, enabling a more accurate assessment of
the locomotive’s compliance with established
standards. If any discrepancies are found during
testing, the locomotive is sent for adjustments, fol-
lowed by re-testing to confirm its safety and readi-
ness for operation. [2]

Although the method of increasing the signal
points by the error margin is a more complex pro-
cess, its application significantly improves the accu-
racy of the analysis. This approach allows not only
for considering the errors of the measurement sys-
tem but also for identifying areas of the signal that,
without accounting for the error, could remain
within the acceptable range. As a result, the proba-
bility of detecting potentially dangerous areas,
which could be overlooked during standard analy-
sis, increases. Therefore, the application of this
method contributes to a more detailed evaluation of

harmonics and ensures a higher precision in certifi-
cation.

This approach places additional demands on lo-
comotive manufacturers, as the allowable devia-
tions from the standard during testing are narrowed
by the error margin of the measurement system.
This means that additional factors must be consid-
ered to meet stringent safety standards and eliminate
potential risks. Despite the increased complexity of
the process, more thorough design, testing, and cer-
tification ultimately contribute to improving the
safety of railway transportation.

The certification process is a complex and criti-
cal procedure. Any inaccuracy or negligence in
checking the electromagnetic compatibility
of a new rolling stock with already existing and op-
erational railway automation systems can result in
the introduction of these units into operation,
thereby endangering the lives of passengers, staff,
and the integrity of transported goods. Therefore, in
research, especially in the transport industry, even
the smallest probability of failure must be consid-
ered, and measures must be taken to prevent it, en-
suring that the possibility of its occurrence is elimi-
nated.

In the future, it is planned to conduct a detailed
assessment of the feasibility of integrating the pro-
posed methodology into existing certification sys-
tems. Special attention will be paid to its adaptabil-
ity to the regulatory frameworks of other countries
and international standards, such as those defined by
the European Union, ISO, and IEC. This step is es-
sential for ensuring that the methodology can be ef-
fectively applied in a global context and contribute
to harmonizing certification procedures across bor-
ders. Based on the results of this assessment, addi-
tional scientific publications are planned, which will
present the outcomes of the analysis and offer rec-
ommendations for practical implementation in in-
ternational certification workflows. These publica-
tions will also explore potential challenges and lim-
itations, ensuring a comprehensive approach to im-
proving railway safety and measurement accuracy.
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YpaxyBaHHSI BepXHbOI MeKi MOXMOKHM BUMIPHOBAJIBHOI0 KOMILIEKCY i1 Yac
aHaJi3y ouu(poBaAHNX CUTHAJIIB

Mera. L{s nobGora crnipsiMoBaHa Ha: IiIBHUILEHHS HaAIHOCTI cepTHdiKaliiiHNX BUIIPOOYyBaHb HOBOI'O PYXOMOTO
CKJIy LUISIXOM 1HTerparii BpaxyBaHHsS MOXMOOK BHUMIPIOBAJIBHOIO KOMILIEKCY B MPOIEC aHaIli3y JaHKX; 3a0e3me-
YEHHs1 OUTBIN TOYHOT OIIHKHU BIAMOBIHOCTI BUMOTraM OE3MEeKH Ta SKCILTyaTal[ifHUX XapaKTepPUCTHK, MiHIMI3aIlis pu-
3MKYy HEBUSIBICHUX A€(EKTIB, SIKi MOXKYTb MPOSIBUTHCS MiJl 4ac eKCIUTyaTallii; MOJIMIIeHHs OI[IHKYA PU3HUKIB 32 paxy-
HOK 3MEHIICHHS HEBU3HAUEHOCTI BUMIPIOBaHb, 10 IiJBHILYE OOIPYHTOBAHICTh MPUHHATTS PillieHb I0J0 JIOMYCKY
pyxoMmoro ckiany 1o ekcruryatauii. Meroauka. [IpoBeneHo aHaini3z HasBHUX MiJAXOJIB 10 cepTUdikaiii HOBOTo py-
XOMOTO CKJIQly 3 YpaxyBaHHSIM HOXHOOK BUMIpIOBAJILHOTO KOMIUIEKCY. Po3po0iieHo MeToay crcTeMHOI iHTerparii
LMX MOXMOOK Y MPOLIEC aHaNi3y JaHUX JUIs IT1ABHUIIEHHS TOYHOCTI OTPUMAaHUX pe3yibTaTiB. Bu3HaueHO BIUIMB 3ampo-
MIOHOBAHOTO ITiIXOY HA TOYHICTh cepTH]iKaliifHNX BUNPOOYBaHb Ta HOro e(eKTUBHICTh Y BUSBJICHHI MOTEHIIHHNAX
eKCIITyaTallifHUX PU3HKIB IO BBEAECHHS PYXOMOI'O CKJIa/ly B eKcIuTyaraiitoo. Pe3yabTaTn. 3anpornoHOBaHO BIOCKO-
HaJIeHn# mpouec cepTudikalii, 110 BpaxoBye MOXUOKH BUMIPIOBAIILHOTO KOMIUIEKCY. JlOCIHiKEHHS MTOKa3ao, 1110
LeH IMiAXix 3HWKY€e HMOBIPHICTh IPOITYIIEHHS 1e(eKTiB, sIKi MOXKYTh NPOSBUTHCS JIMILE i) 4ac eKcIulyararlii, THM
caMHM MiJBHUIIYIOYH 3arajbHy TOYHICTh cepTH(dikamiiHux BupoOyBaHs. HaykoBa HoBH3Ha. Po3poOneHo MeTon
OIIHKM HAIiHHOCTI AaHUX cepTH(diKamiHHUX BHMPOOYBaHb i3 BpaxyBaHHSIM MOXHOOK BUMIipIOBAJIFHOTO KOMIUIEKCY.
JloBeneno, mo iHTerpamis UX JaHUX y MPOIEC aHaji3y pe3yiIbTaTiB BUNPOOYBaHb MiJBUINYE TOYHICTH MPOTHO3Y-
BaHHS eKCIUTyaTaliifHOi HaIiHOCTI pyXOMOTO CKJIaAy Ta HOJIMIIye 3araibHy e(eKTUBHICTH cepTH(DIKamiHHUX BU-
mpoOyBanb. IIpakTHYHA 3HAYMMICTh. 3aPOITOHOBAHMH ITiJIXi]l CIIPHSE ITiIBUIIEHHIO OE3MEeKH 3aJIi3HUYHOTO TPaHC-
TIOPTY 3aBIAKH 3a0e3MeueHHI0 OIbI HAAIHOTO i TOYHOTO mporiecy cepTudikaimii HOBOro pyxomoro ckiafny. Le
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0COOJIMBO aKTyaJbHO B KOHTEKCTI MOJIEpHi3allil 3ali3HUYHOIO MapKy YKpaiHu, 30KpeMa BBEACHHS B EKCILTyaTallifo
enekTponoizaie Hyundai Rotem i Tarpan, a Takox nokomoTtuBiB Skoda. Y nockoHaseHHst cepTrdikaliifHuX BUIpo-
OyBaHb CIIpHUsE MiIBUILCHHIO PiBHS Oe3Mekr Ta epEeKTUBHOCTI 3aI3HUYHUX [IEPEBE3EHb.

Knrouosi crosa: ceptudikaniiini BUIpoOyBaHHS; aHAJI3 TH()POBHUX CUTHAIIB; O€3IIeKa; 3aBai; eIeKTPOMarHiTHa
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Po3poOka MeTOAMKH NMOIIYKY BiIMOB B €JIEKTPU4YHIN HeHTpaJi3amii
3 BAKOPUCTAHHSIM OPi€HTOBAHUX JIepeB

Mera. L5 pobota cipsiMOBaHa Ha 3MEHIIEHHSI BUTPAT Yacy Ha JIOKaIi3allilo BiIMOB Y MOCTOBIH YacTHHI €JIeKT-
pH4HOI LeHTpatizauii peneitnoro tumy. Meroauka. s 1OCATHEHHS OCTAaBIEHOI MeTH OyJI0 IPOAHaJIi30BaHO CIIO-
co0M MOIIYKY BiIMOB Ta METOJH, AKi 3aCTOCOBYIOTH JUIsl IX peainizalii. 3’sicoBaHo, 10 Y 3B’A3KY 31 CKJIQIHICTIO IPO-
Liecy BU3HAUCHHsI HMOBIPHOCTI BIZIMOBH JIJIsl KOXKHOTO €JIEMEHTa PeJIeHOT YaCTUHH CHCTEMH LIEHTpati3allii, MeTonu
HOIIYKY BiZIMOB, SIKI BHKOPHCTOBYIOTh Y HAIll 4ac, € HEAOCKOHAIMMH Ta Maloe(eKTHBHUMH. 3alipOIIOHOBAHO BHUKO-
PHCTOBYBATH ITOPUTMH IOIIYKY BiIMOB Yy BHIJISII OPi€HTOBAHUX IEPEB Ta PO3IIIHYTO OCOOIMBOCTI MOOYIOBH
opieHTOBaHHX TpadiB y BUIIIALI nepeBa. Pesyabratu. CTBOpEHO AEPEBO I MOMIYKY BiIMOBH B CXEMi IITYYIHOTO
PO3MHKAHHS CEKLil MapIIpyTy i Ha H{oro HpHKIami BiZOOPaKeHO IUIAXU BIOCKOHAICHHS aJrOPUTMIB MOLIYKY 3a
JOIIOMOTOI0 00’ €THaHHA rpadiB I pi3HUX BiIMOB y 3arajibHe JIEpPEeBO T4 BUKOPUCTAHHS CIPOILCHHS JSPeB ILIs-
XOM TOTJIMHAHHS BEPIIMH. Tako) HaBeAEHO MOXKJIMBOCTI BUKOpHCcTaHHs anroputMmiB Kpyckana ta I[Ipuma as Bu-
3HAYEHHSI ONTUMAJIbHUX ILIISAXIB MOLIYKY B 3arajisHOMY JepeBi. [yt po3B’si3aHHs i€l 3a1adi pO3IIISIHYTO MOXKJIH-
BICTh BUKOpHCTaHHs Koy [Iprodepa mix yac BimoOpaxkeHHs BY3IIiB Ta Baru KOJKHOTo pebpa jepeBa B LU(poBii ¢o-
pmi. HaykoBa HoBH3Ha. Ynepie po3po0JjeHO METONMKY BHM3HAUEHHS ONTHMAJIbHHUX LULIXIB IMOLIYKY BiIMOB
y TOCTOBIH YaCTHHI €IEKTPUYHOI [EHTpatizalil 3 BUKOPUCTAHHSM OPI€EHTOBAHUX JIEPEB, IO J03BOJISIE CKOPOTUTH
Yac JioKanizalil BiIMOB Ta OOIPYHTYBaTH BUSIBJICHHS TOYOK YCTAHOBJICHHS KOHTPOJIBHUX AATYUKIB JUI CTBOPEHHS
ABTOMATU30BaHOI cHCTeMH KOHTpoito. IlpakTu4yHe 3HaYeHHs. BUKOpUCTaHHS 3alpONOHOBAHOT METOAUKH H03BO-
JIsl€ BU3HAYATH ONTHUMANBHI IUISIXH MOLIYKY BiIMOB, CTBOPIOBATH Ha 0a3i KOMII'I0Tepa MOpaJHUKa JUIs IPUCKOPCH-
HsI pOOOTH eJEKTpOMEXaHiKa IijJ Yac IOLIYKY Bi]MOBH, BHSBUTHU MiCILisi BCTAHOBJICHHS JAaTYHKIB KOHTPOJIO B HPO-
meci po3poOKH aBTOMAaTHYHOI CHCTEMH KOHTPOJIO Ta (PiKCYyBaTH peajbHi 3aTpaTH Jacy Ha MOIIYK BiMOB 00OCITyTO-
BYBAJIbHUM NIEPCOHAIIOM.

Knrouogi crosa: alroput™ NOIIYKY BiIMOB; KOpPEHEBE IepeBo; rpad); 3MEHIICHHs 4acy 3aTPUMKH IOi3[iB; BH-
3HAYEHHS] ONTUMAJILHOTO HIISIXY; IITYYHE PO3ZMUKAHHS CEKIiT

Beryn CaMOKOHTPOJIIO Ta JAiarHocTyBaHHs [2]. Mikpor-
POLIECOPHI CHCTEMH JIO3BOJISIFOTH HAaBiTh KOHTPO-
JIIOBATH SIKICTh TEXHIYHOTO OOCIYTOBYBaHHA 3 00-
Ky TepcoHany Ta (iKCyBaTH 3aTpaTd 4acy Ha If0
mporeaypy [9]. BomHowac chorommi Jrokasmizarfis
BIZIMOB y PEJIEHHMX CHCTEMax € JOBOJI CKJIQJHUM
MpoLIECOM, SIKMH MOTpedye BEIMKHX 3aTpar dacy.
CydacHy TEXHIKy KOHTPOJIIO Ta JiarHOCTYBaHH:I
CUCTEM 13 pEeJeHHOI0 EeNEeMEHTHOI 0a3010 pealli-
3yIOTh B OCHOBHOMY TUIBKHU ISl KOHTPOJIO eIeMe-
HTIB peJieliHOrO 3axucTy [7], a po3poOKy KOMILIe-
KCiB KOHTPOJIIO CTaHy €JIEMEHTIB CHCTEMH, SKa TI0-
BHICTIO CKJIQJAa€ThCS 3 PEIEHHUX KOMIIOHEHTIB,
MPAaKTUYHO HE BEAYThb, OCKUIBKH TaKi CHUCTEMH
B Halll Yyac YK€ MMPaKTHYHO HE POo3po0uisitoTh. [Ipo-
TE Ha 3ai3HULIAX YKpainu Oinbiie Hix 95 % cran-
i oOnajHaHI caMe TaKUMHU CHUCTEMaMH, i TOMY
pO3po0Ka METO/IIB MOIIYKY BiJIMOB y CHCTEMaX, JIe

[igBuieHHsT piBHS OS3MEKH 3aTI3HUYHHX TIEpe-
BE€3€Hb 3T1THO 3 TPAHCIIOPTHOIO CTpaTeriero YKpai-
HU € OJTHUM 13 TIPIOPUTETHUX 3aBJaHb i 4ac po3-
pOOKH, YNPOBaKEHHS Ta OOCIYTOBYBAaHHSI CHCTEM
3anizHnaHOi aBromatku [8]. EdexruHicTh po6o-
TH 3QJII3HAYHOTO TPAHCIOPTY B LIIOMY Ta MPOAYK-
THUBHICTH TEpeBe3eHb 3HAYHOIO MIpOI0 3aJIeXKaTh
BiJl IIBUAKOCTI OOpOOKH pyXOMOTO CKJIaay Ha CTa-
Huisx. [Ipy npoMy 1iHa KOKHOI 3aTPUMKH 11013712,
noB’s13aH0l 3 BIJAMOBOIO 3ac00iB aBTOMAaTHUYHOIL
LEeHTpai3alii, i3 TiABUIIEHHSIM IHTEHCHBHOCTI Ta
HIBUJKOCTI PYXY MOi3AiB i3 KOKHUM JHEM Oyne
3poctaru. Ilig yac moOynoBu Ta ekciuryarauii HO-
BUX MIKPOTPOIIECOPHUX CHCTEM IeHTpami3alii Ha
3aJi3HUYHUX CTAaHLiSAX TpOLEC MNOUIYKy Ta YCy-
HEHHA BiJMOB 3HAYHO CHPOIIYETHCS, OCKIJIBKH
B CHCTEMax TaKOTrO THITy BOYJOBaHi ITiJICHCTEMH
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BIJICYTHI/f aBTOMaTHYHAN KOHTPOITb, € aKTYaIIbHUM
3apaaHHsaM. Llg poboTa mpucBsueHa po3poOui Me-
TOIMKM JIOKaJi3alii BiIMOB y peJeiHuX crcTeMax
LEHTpati3amii NUITXoM MOO0YJOBH OPIEHTOBAHHX
JIepeB TOMIYKy BIAMOB Ta  OCOOJIHBOCTSAM
00’€JHaHHS OKPEMHX JEpEB MOIIYKY B 3arajibHy

CTPYKTYpPY.

Meta

OCHOBHOIO METOIO IIi€i POOOTH € 3MEHILICHHS
BUTpAT 4Yacy Ha JIOKaji3alil0 BiAMOB y TOCTOBIi
JaCTHHI eJNeKTPUYIHOI IIeHTpai3alli penaeitHoro
TUITy TOUIIXOM PO3poOKHM Meroaukw (ikcarii Bia-
MOB i3 BHKOPUCTaHHSIM MOOYZOBH OpPI€HTOBAHUX
JIepeB IMOIIYKY.

CTBOpEHHSI alTOPUTMY Jiii 00CITYrOBYBaIBHO-
T0 MepcoHaly IiJ] Yac MOIIYKY BiIMOBH Yy BHIJISAI
OpIEHTOBaHUX JIEPEB JIO3BOJIUTH 3HAYHO CIPOCTH-
TH TIPOIIEC BUSBIICHHS BiJIMOBH IEBHOTO THUIY, 0e3
HasBHOCTI TJIMOOKUX 3HAHB 13 NPUHIMUIIB POOOTH
CJIEKTPUYHOI LIeHTpatizamii 3 OOKy NpalliBHUKIB.
[lig yac CTBOpPEHHS OKpPEMHUX AEPEB IOLIYKY UL
KOXXHOTO THITy BITMOBH Ta 3aHECEHHI iX IO 3ara-
JIBHOI 0a3u 3’ SBIACTHCA MOXKIUBICTD X MOCIHAHHS
B 3arajibHy CTPYKTYpY HOLIYKY, III0 CBOEIO YEPror0
JacTh 3MOTY IIO€JHATU JEPEBa Ta CTBOPUTH ONTHU-
MaJIbHAM NUIAX UIS CKJIAJIHUX Ta KOMOIHOBaHHUX
BiIMOB. 3a YMOBH IOJAJIBIIIOTO0 HAKOIIMYCHHS 0a3u
OB’ SI3aHUX JIEPEB € MOKIJIMBICTH CIPOLICHHA all-
TOPHUTMIB TOIIYKY 332 PaxyHOK BHIIyYEHHS HECYT-
TEBHUX Ta TYMTUKOBUX T1IOK, 8 TAKOX BUKOPUCTAHHS
Ui ONTHMI3alil epeB ITYYHUX HEWPOHHHX Me-
pex [4].

MeTtoauka

Y cucremax eNeKTpUYHOI IeHTpamizallii pe-
JIEHHOTO THUIYy KOHTPOJb araparypy 3ajeKHO Bill
MOMEHTY (pikcallil Bi/IMOBHU MOAUISIOTH Ha J[BA TH-
nu. Ilepmmii THI KOHTPONIO BHSBIISE IIOLIKO-
JDKEHHS B MOMEHT ix BHHWKHeHHs. Lle Taki momr-
KOJDKEHHS, SIK BTpaTa KOHTPOJIO KpailHHOTO TIO-
JIOXKEHHSI CTPIJIKH, TMIEPEKPUTTSI CUTHAIIIB, BiIMOBa
anapatypu pedkoBux Kinm i T. n. [mst opranizarmii
MOCTIHHOTO KOHTPOJIO HEOOXiHE BHUKOPUCTAHHS
BEJIMKOT KIJIBKOCTI amapatypy, TOMY CHCTEMH
LEHTpaIi3alii KOHTPOJIOITh TIIbKA HE3HAYHY Ki-
JIBKICTh HAWOUIBIN BiAIIOBiAambHUX 00’ €KTiB. Jlpy-
U THIT KOHTPOJIIO BHSIBIISE TOIIKOKEHHS B MO-
MEHT BUKOPHCTaHHS IIUX 00’ €KTIB JJIs Onepariii 3i

BCTaHOBIIEHHS Ta BiAMiHH MapmipyTiB. [Ipmaomy
moHas 90 BiCOTKIB yCi€l MOCTOBOI amaparypu Ko-
HTPOJIOIOTh CaM€ TaKUM YMHOM. 3 1€l MpUYnHH
B pa3i BUHUKHEHHS BiJIMOBU B 00CITyTOBYBaJIbHOTO
MepCOHATY 3aJHMIIAETHCS OOMalb 4Yacy Ha BHUSB-
JICHHS Ta JIIKBiJaIlito BigMOBU 0€3 CTBOpEHHS 3a-
TPUMOK y TTO13HIH poOOTi cTaHIil.

Jia mBUAKOTO TOIIYKY eJIeMeHTa, KW Bii-
MOBHB y peJICHHIN YacTHHI eNeKTPUIHOI LIeHTpaTi-
3alii, 00CIyroByBaJbHUN MEPCOHAI MOBHHEH BO-
JIOJITH BEJIMKHUM Oara’keM 3HaHb Ta HABUYOK ILIOZ0
poOOTH 3 TaKMMH CHUCTEMaMH, 30KpeMa BMITH KO-
PUCTYBAaTUCh  BUMIPIOBAIBHUMH  IpWIaJaMy,
NPUHIUIIOBIMH Ta MOHTQKHUMH CXEMaMH, 3HATH
MPUHIUTN (YHKITIOHYBaHHS CHCTEMH, ITOCIiIOB-
HICTh POOOTH OKPEMHUX EJIEMEHTIB Ta PO3MillICHHS
anapaTtypH B peJIeHHiN.

VY Hamr yac Ha 3ali3HHUIMX YKpaiHu crocTepi-
raeThCsl 3HA4YHA HECTada TaKUX BUCOKOKBami(iko-
BaHMX MPAI[iBHUKIB, 1 IOUIYK BiIMOBH B pa3i ii BU-
HUKHEHHS 3aTATYyeThCsA. TakoK Ha dYac IOLIyKY
BILTMBAE TOW (akT, MO0 B pa3i BUHUKHEHHS TaKoOi
npobaeMu 00CITyroByBalIbHHN MEPCOHAT MOXKE OY-
TH BIJICYTHIN Ha CTaHIIii, i O 9acy iCHyBaHHS Bij-
MOBH JIO/IA€THCSI Yac Ha TPOCIiTyBaHHS €JIEKTPO-
MEXaHiKa JI0 PeIeHHOr0 MPUMIIICHHS ITi€] CTaHIIIi.
3 ypaxyBaHHSM yCHOTO MEPENiYeHoro i Toro, o
Yac Ha TOMIYK MICIs IMOIIKOKEHHS B peleiHin
YacTUHI eJIEKTPUYHOI LeHTpasi3amii 3Ha4HO Oillb-
MK 3a Jac dikBiganii BiAMOBHU miciid il BHUSIBIICH-
HsI, pOo3po0IieHo pi3Hi crocoOu JiKBimaIii BiAMOB
JUTSL TIPUIIBU/INICHHS IIbOTO TIPOIIECY.

30KkpeMa, Ha 3aJi3HHULSAX YKpaiHH BUKOPUCTO-
BYIOTh TpPH CIOCOOM TONIYKY BigMoB. [lepmuii
croci6 6a3yeThCsl Ha 30BHINTHBOMY OTIISAII eJeMe-
HTIB pesieliHOl TexHikh. BiH HalOimbpIl mpocTuii
y 3aCTOCYBaHHI, ajie BOJHOYAC HE JIa€ MOXKIIUBOCTI
BHSBIISITH TPUXOBaHI BiIMOBH. [[pyrum criocooom
€ TIOCIIiTOBHA 3aMiHa KOMITOHEHTIB, IO Tiepeaoda-
Yae BUIIyYCHHS IO 4ep3i eNIEMEHTIB, SIKi BUKOPHC-
TOBYIOTH y KOJIi, IO TTOB’s3aHE 3 Ii€I0 BiIMOBOIO,
Ta 3aMiHy iX Ha Ipare3/JaTHi eJIeMEeHTH i3 3amacy.
Takuii croci0 BUMarae 3HaYHUX 3aTPaT 4yacy s
MOIIYKY BiJIMOBH y BEIMKUX CXEMaX, HAIlPHUKIIA,
YCTAHOBJICHHS! MaplIpyTy Ha BEJIMKHX CTaHIsX,
a OCKLUJIBKH 4Yac TIOUIYKY BiJIMOBH € HAHOUIBIN BaXK-
JIUBUM (PaKTOPOM, SIKWH HEOOXiJHO BPaxOBYBATH,
ueit cnocid He € epexruBHUM. Kpim Toro, B pasi
BUHHUKHEHHS IBOX BiIMOB Y KOJi OJHOYacHO a0o
32 YMOBH BUXOJly 3 JIaJy Tpare3/1aTHOTroO eieMEeHTa

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332771

14

© H. B. Maosiuko, 2025


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/332771

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcnopty, 2025, Ne 2 (110)

ABTOMATU3OBAHI TA TEJIEMATHUYHI CUCTEMUH HA TPAHCIIOPTI

B MOMEHT HOI'0 BCTAHOBJIEHHS 3aMICTh HEIIpaLe3-
JaTHOTO LI MeTo] BHSIBUTH BiIMOBY HE JO3BO-
nsie. TpertiMm crmocoOoM € BUMipIOBaHHS, 3a JOMO-
MOTOI0 SIKMX BU3HAYaOTh MOIIKOIKCHUI €IEMEHT.
[1ig gac 3acTocyBaHHS IBOTO CIIOCO0Y OOCITYTOBY-
BaJIbHUH NEpCOHANl KOPUCTYETHCSI BUMIpIOBaJIbHU-
MH TIpHJIagaMHd, a BIAMOBITHO, TaKOX BHUTPAYaAE
3HaYHHUH Yac Ha MOIIYK Ta JIOKaTi3aIliio BiIMOBH.

3 ypaxyBaHHSAM 3a3Ha4€HOT'O PO3pOOJIEHO cCrie-
HiaJbHI METOAM TONIYKY BiMOB, 3a SIKUX 00CIy-
TOBYBAJIbHUN MEPCOHAT MOXKE KOPUCTYBaTHUCh OJI-
HUM, JBOMa abo yciMa TpbOMa croco0amu, sKi
Jar0Th 3MOTY MiHIMI3yBaTu 4ac JOKami3amii BigMo-
BH. HalimpocTimmii i3 HUX — IIe METOH ITOCIIiIOB-
HOro Tepebopy eneMeHTiB. BiH TpyHTyeThcs Ha
TIOCITiIOBHIii TIepeBipLi BCix enemenTiB kona. Horo
BUKOPHUCTaHHS Ja€ HAallMEHIy €KOHOMIIO 4acy Io-
PIBHSHO 3 iHITUMH METOAAMH, TOMY 3a3BHYail HUM
KOPHUCTYIOThCS JIMIIE B pa3i HEIOCTATHHOI KBai-
¢ikarii 00cIyroByBaibHOTO IEPCOHATY.

Hpyruii meron, s[KuUH BHUKOPUCTOBYHOTH Ha
MIPAKTHII TOBOJI YacTO — 1€ METOJ CEPeqHBOI TO-
YKH 32 KUIBKICTIO €JICMEHTIB B €JICKTPUYHOMY KO-
mi. Le#t meTon 3a3Buuail mependavae BUMIpIOBaH-
H#, 1 TIepIe BUMipIOBaHHS BUKOHYIOTH MTOCEpPEINHI
KOJIa, y SIKOMY BHHHUKJIA BiIMOBa. 3a JIOTIOMOTOIO
TaKOro BHMIPIOBaHHS BH3HAYalOTh, y SIKid IOJIO-
BUHI KOJIa 3HaXOAUTHCS €JIEMEHT, 10 CTaB Hempa-
ne3gaTHuM. OCKUIbKM B peJieiiHIf 4acTUHI eJIeKT-
PUYHOT LIEHTpai3allil yepe3 yce KOoJO0 MPOXOIAHUTh
CJIEKTPUYHUN CTPYM, TO BUMIpIOBaHHS 4acTo IIPO-
BOJSATH 3a JIOIIOMOT'OI0 BOJIBTMETPA, 1 B pa3i BUHU-
KHEHHSI TIEpEeXiJIHOTO OIMOpY BHU3HAYAIOTH MOJIOBHU-
HY 3 HECIpaBHUM elieMeHToM. [licist poro B vac-
THHI, e 3a(iKCOBaHO HECTIPaBHICTh, BUMipIOBaHHS
3HOBY POOJISITH MOCEPE/MHI 1 MOBTOPIOKOTH TaKy
MpoIeaypy, MOKH He JAOXOMSATh O eNEMEHTa, IO
BiMOBHB. X04Ya Iei MeTOJl i He € HaWOLIbII edek-
TUBHHUM 3 TOYKH 30py €KOHOMIi 4acy, ajie Ha Ipak-
THUIIl HOTO BUKOPUCTOBYIOTh HaAYACTIIIIE.

TperiM MeTOIOM HOUIYKY BiIMOB € METOJ Iie-
PEBIpKH BiJ| CEpeIHBOI TOUYKH 32 WMOBIPHICTIO Bi-
JIMOBH elleMeHTiB. [IpuHIMI MeTOoAy ToJsrae
B TOMY, IO TiJi Yac MEpIIOr0 BUMIPIOBAHHS KOJIO
NUIATH HABIUJI HE 3a KUIBKICTIO E€JIEMEHTIB, Kl B
HBOTO BXOJIATH, & 32 CYMapHOIO HMOBIPHICTIO BiJl-
MOBH IIMX eJieMeHTiB. Takuii Meron e(eKTHBHO
BUKOPHUCTOBYBATH caMe JUIsl PEIeHHUX CXEeM, OCKi-
JIbKY WMOBIPHICTh BiZIMOB €JIEMEHTIB Pi3HUX TUIIB
CYTTEBO BIPI3HAETHCI. MeTO Ja€ Kpallly €KOHO-

MI0 32 9acOM ITOPIBHSHO 3 METOJIOM CEpeIHBOI
TOYKH 32 KiJIBKICTIO €JIEMEHTIB, ajie MmoTpedye Bix
00CITyTOBYBaJILHOT'O MIEPCOHANY, KPIM YMiHb KOpPH-
CTYBaTHUCSl CXE€MaM{ Ta BHUMIPIOBAJIbHUMH IIpHJIa-
JlaMH, IIe W 3HaHb 010 WMOBIPHOCTI BiZIMOBH TO-
ro 4 IHIIOrO elieMeHTa. ToMy Iied MeToj Ha
MIPAKTULI BUKOPHUCTOBYIOTh HEYACTO.

YeTBepTUM METOJOM, 32 AOIOMOIOIO SIKOTO BH-
SIBIISIIOTH BIZIMOBH B pEJCHHHX CXeMaX eJeKTpUY-
HOI LIEHTpaii3alii, € MeTol iHpOopMaIliHUX Jiar-
pam. Bin 6a3yerscs Ha KOMOiHAMIi ABOX momepe-
HIX METOIiB, TIPY IIbOMY CTBOPIOIOTH iH(OpMaIliii-
Hy Jiarpamy, y sIKidi HOpONMUCYIOTh QJITOPUTM TIO-
IIyKy BIIMOBH OOCIYTOBYBAJIBHHUM II€PCOHATIOM
Yy BUTIIAAI OJIOK-CXeMH. 3aleKHO BiJ OTPUMaHUX
pe3ysbTaTiB BUMIPIOBaHb MiJ Yac TOIIYKY BH3HA-
YaTh LUISAX, SKUM PYXA€EThCS EIEKTPOMEXaHiK
Il BU3HAUCHHA BiAMOBH. Takuii MeTOx J03BOJISE
OTpPUMATH ONTUMAIbHUN PE3yNbTaT i3 HalMEHIIH-
MU 3arpatamu 4acy. lIpore moOynoBa iHdopma-
midHOI JiarpamMu € JTOBOJI CKIIATHUM IPOIECOM,
OCKIUJIbKM BHUMarae JOCKOHAJINX 3HaHb II0A0 HMO-
BIPHOCTI Bi]MOBH KOXXHOTO elieMeHTa cxemH. Ha
ChOTONMHI 1HQOpMaIiifHI miarpaMd  po3poOIeHi
B OCHOBHOMY IJIsl NOLIYKY BiZIMOB y MiJUIOTOBHUX
MPUCTPOSIX, & TAKOXK Y ACAKHX CXeMax MOCTOBOI
yactuHu. HasBHI iHpopMaliiiHi giarpamu HE 0XO-
IUTIOIOTH 1 IT’SITH BiACOTKIB BiAMOB €JIEMEHTIB €Jie-
KTPUYHOT IeHTpaii3alii. Y 3B’53Ky 3 I[MM BHHUKAE
HEOOXIJIHICTh PO3POOKH aNTOPUTMIB IMOMIYKY JUIS
BCIX MOXXJIMBHX BiJMOB MOCTOBOI YaCTHHHU EJIEKT-
pUYHOI IeHTpaTizaiii Ta X cucTeMaTu3arii.

Hns ontumizamii mporecy TMOIIyKYy BiJIMOB
y TOCTOBiIM YacTHHI eNeKTPUYHOI HeHTpasi3alii
po3pobIeHO0 METOANKY (opMamizallii aaropuTMy
Iiii  00CIyroByBallbHOTO MEPCOHANY Yy BHIJIAMI
rpadiB. fx Bigomo 3 [5], cucremy enekTpudaHOL
LeHTpaji3amii B pa3i BUHUKHEHHS B Hill BiMOBHU
MO>KHA PO3IIIAATH SIK CUCTEMY 3 HEBH3HAYCHICTIO.
Koxna mnpoueaypa BumiptoBaHb abo IepeBipKH
SIKOTOCh 3 €JIEMEHTIB CUCTEMH LI0 HEBU3HAYECHICTh
Oyzne 3MEHIIYBaTH, OCKUIBKM BHKJIIOYAIOTh OJUH
3 ejeMeHTIB 0a3u, 3HaXOJPKEHHs eJeMEHTa 3 He-
CTpaBHICTIO cTae OB iMOBiIpHOIO mojiero. Ta-
KMM YMHOM, MiJl 4ac MPOBEACHHS BUMIPIOBaHb €H-
TPOTIisI CUCTEMH 3MEHIIYEThLCS, 1 JOCATHEHHS TIpa-
BHJILHOT'O PE3YJIbTATy 3aJICXKHUTh BiJ] TOrO, sKa Ki-
JIBKICTH €JIeMEHTIB OyJla B MOYaTKOBil BUOipLi Ta
CKUJIbKU €JIEMEHTIB YK€ IepPeBipeHo.
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3MeHIIeHHs] HEeBU3HAYEHOCTI B Pe3ynbTarTi Oj-
Hi€l TepeBipKH MOXKHA BHPA3HTH TaKOO (opmy-
J1010:

AH =—Plog, P—(1—-P)log, (1-P),

ne P — iMOBIpHICTh BUSIBICHHS BiJIMOBHU B PE3yIb-
TaTi MepPEBIPKH.

I3 mpomoBxeHHsIM TIpoLEAypH TEPEBIPOK, SK-
II0 €JIEMEHT, IO BiIMOBUB, HE BU3HAUCHO, pO3pa-
XYHOK EHTpOITi BUKOHYIOTH aHAJIOTIYHO, 1 BimOy-
BA€THCA MpoLEC il 3MEHUICHHS 40 MOMEHTY BHUSIB-
nenHs BimMoBHU. [IpoBeneHHs mpoueayp BUSBICH-
HS WMOBIpHOCTEH BiIMOB JJIST KOXKHOTO 3 €JIeMEH-
TiB — JOBOJII CKJIaTHHUI TIpoIlec, KU MOXKHA BH-
KOHATH, CIIUPAIOYNCh HA CTATHCTHKY BiIMOB MpHU-
CTpOIB. AJIe TyT TaKOX BHHHKAE P MPOOIeM, Ta-
KHX SIK HEeBiJIMOBITHICTh O(IIIIHOT CTATUCTHKH pe-
QIPHUM BiZIMOBaM Ha CTaHIIii, BiJICYTHICTH y cTa-
TUCTHYHUX JaHHUX PO3MOAUICHHS BiIAMOB Yy peieii-
Hill TEXHIIl 3a KOKHHUM 3 €JIEMEHTIB CXEMU, HasB-
HICTh y CTAaTHCTUYHUX AaHUX BiJMOB TpUYMHA
SIKUX HE BUABJIEHA, 1 T. OJ.

3Ba)karouu Ha BUIIETIEpeINlideHe, MPUHHATO pi-
IIEHHS CTBOPIOBATH MOPSJIOK IONIYKY BiJMOBH
y TOCTOBIH 4YacTWHI CHCTEMH EJeKTPUYHOI
LEHTpati3alii Ha MiICTaBl eKCIepTHUX OILIHOK 00-
CIYTOBYBaJIbHOTO repcoHany [14]. 3rigHo 3 mum
MNPUHIUIIOM, JUII KO)KHOTO THIYy BiJMOBH CTBO-
PIOIOTh ONTUMAIBHUN IILISIX TMOIIYKY 1 MpejcTaB-
JSFOTH e 'y BUDIIiAl rpada. [IpeacraBnenHs mpo-
HEeAypH TIOIIYKY BiZIMOB Y BUTJISAL rpadiB 3yMOB-
JIeHe pAJoM ocobnmuBocTel 1poro mporecy [10].
[To-miepiure, y mpomeaypi MouryKy BAKOPUCTOBYIOTh
psa omeparliii sKi € TOCHTh Pi3HOMAaHITHHMH, Ta-
KHX SIK Bi3yaJbHHI OTJIsiI 00 €KTIB Ta JIaMIl 1H/IH-
Kallii, MpOBeIeHHS] BUMipIOBaHb, HATUCKAHHS KHO-
MOK Ha IyJbTi Ta iH. 3aJaTH iX MaTeMaTHYHO Ta
BBECTH B KOMIT'FOTEp IS aHalizy HaW3pydHilie
came y Burisai rpada. [o-npyre, y Bursai rpa-
(hiB TIpENCTaBISIOTH caMe il 00CITyroByBaJIIEHOTO
MepCOHAITY TIiJ] Yac TOIIYKY BiJIMOBH, i BOHHU Ma-
I0Th TOCIIZIOBHY HampasJieHicTh, TOOTO Tepioud-
HE MOBTOPIOBAaHHS OJHHX 1 THX CaMUX [l Hepalli-
OHANbHE, 1 MPEJCTaBICHHS X y BUIJISII OPi€HTO-
BaHOTO Trpada 0e3 IHKIIB € HAaHOIIbII parioHab-
HUM.

[lix vac mpoBeneHHs AOCHiIKEHb BHSBICHO,
[0 HaWKpaIlll pe3y/bTaTi 00pOOKH Ta aHAJI3y I0-
CJIIIOBHOCTEH il epcoHany sl JIoKami3arii Bij-

MOB OTPHMYEMO B pa3i NMPEICTABICHHS alITOPUTMY
y BUTJISIZII OPIEHTOBAHOTO JCPEBa.

11t mOsSICHEeHHST HACTYITHUX PE3yJbTaTiB podo-
TH CIIiJT BII3HAYHTH, IO JepeBo — 1e Tpad Oe3 mu-
kB [12, 13]. Bepmuny abo mo4yatok aepeBa
MPUKHATO HAa3UBATH KOPEHEM, a IEPEeBO, BiAMOBII-
HO, KOPEHEBUM, SIKIIO HOro HaIpaBJICHICTh e
3 onHi€i BepmuHM. BepmmHa, ska 3a CTpyKTypoOIo
JepeBa 3HAXOIUTHCS BHILE, Ha3MBAETHCA OATHKiB-
CBKOIO, a Ta, sIKa 3HaXOAUTHCS HIKYE, HA3UBAETHCS
nmodipHboro. KoxkHa BepmmnHa, OKpiM KOPEHs, Mae
onlHy 0aThKiBCHKY BEPIIMHY B J€PEBi, a BEPIINHH,
SKi HE MAloTh JOYipHIX, HAa3UBalOTh JuCTsIM [11].
[lin wac moOymOBM KOPEHEBUX OPIEHTOBAHUX e-
peB MOXHa Ha pedpax rpada He BKa3zyBaTH HaIpa-
BJICHICTH, OCKIJIBKH PyX IO JePEBY MOXKIUBHH JIU-
mie BiJA KOpEHIB A0 JHCTS, ale Uil Kpamioro
CIPUUHATTS HAa PHUCYHKY HalpaBJeHICTh BigoOpa-
KAKOTb.

PesyabTatn

Buxonaemo moOy10By KOpPEHEBOTO Opi€HTOBA-
HOTO JAepeBa AJIsl MOIIYKY Takoi BiIMOBH, SIK He-
CTPaBHICTh Y CXEMi IITYYHOTO PO3MHUKAHHS CEKIIii
B pasi BimMiHu Mapmipyty. s anamizy mepesar ta
HEJOJIKiB IFOTO METOAY TOMIYKY BiIMOB MO’KHA
BUKOpPHUCTaTH OyJb-SKy BiIMOBY B TIOCTOBid Hac-
THUHI CHCTEMH EJIEKTPUYHOI IeHTpaizamii. Bubip
3a3Ha4YeHO] BiZIMOBH IOB’S3aHUM 13 HEBEJIMKHUM PO-
3MIpOM CXEMH 1, BIAMOBIAHO, JOBOJII CKPOMHUM
OpIEHTOBaHUM JIEPEBOM, IO OIUCYE IO MPOIIEAY-
py. Ilin 9yac momryky BiIMOB y CXeMax YCTaHOB-
JICHHS MapILIpyTy BEIHMKHUX CTaHLIM JepeBO MOXKe
MaTH OlUIbIIe COTHI BEpIIVH, 1 MOBHUH OIUC HOTO
poOoTu B myOJikalii € J0CUTh IPOOJEMATHYHUM.
CTpyKTypa KOpEHEBOI'O JAepeBa IOLIYKY BiJIMOBH
B CXeMi HITYYHOT'O PO3MHKAHHS MaplIpyTy CKJia-
JA€THCH 3:

X1 — HatuckaroTh KHOTIKY WP 6moka CII cexrrii,
sIKa HE PO3MUKAETHCS;

X — mepeBipka crany jJammnu. Jlammna UP 6mnu-
Mae;

X3 — mepeBipka ctany namnu. Jlamma WP He
CBITUTBCS;

X4 — HeoOxigHa 3amina Oioka CII. Bigmosa
B KoJi pene PU;

Xs — HaTHucKaoTh KHOnKy [ 'HUP;

X — mepeBipka crany Jammu. Jlamma UP mpo-
JIOBXKY€E OIIMMATH;
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X7 — mepeBipka ctany nmamnu. Jlamma WP ro-
puTh Oe3MepepBHO;

Xg — MepeBipKa HasBHOCTI HAaNpyruw Ha peje
I'PUL;

Xg — OUIKyBaHHS, TOKH TPOiiie Yac YHOBLIb-
HEHHS Ha PO3MHKAHHS CEKIii B OJIOII BUTPUMKH;

X10 — Hampyra Ha obomorii pene ['PU1 Bincyr-
H4. Buiina 3 nany kHonka I'P;

X11 — Hampyra Ha oomotii pene 'PU1 nasBHa.
HeoOxinna 3amina pene [PU1;

X12 — mepeBipka ctany jdammu. Jlamma WP mpo-
JIOBXKY€ TOPiTH Oe3nepepBHO;

X13 — MepeBipKa HasBHOCTI HANpYrH Ha peje
NB;

X14 — iepeBipka crany jammnu. Jlamma UP 6mu-
Mae Oe3MepepBHO;

X1s — Hampyra Ha oomortii peie B BiacyTHs.
BuiimoB i3 nagy 070K BUTPHMKH 4acy;

X16 — Hampyra Ha oOmoTii pene VB HasBHa.
HeoOxinna 3amina pene UB;

Xi17 — HeoOxigHa 3amina Omoka CII. Bimmoma
B koui pene P abo pene 3 (puc.1).

Puc. 1. KopeHeBe opieHTOBaHE JEPEBO MOIIYKY BiIMOBH
B CXEMI IITYYHOTO PO3MHUKAHHS CEKIii MapipyTy

Fig. 1. Root-oriented fault tree in the artificial route
section disconnection scheme

KopeneM 11boro epepa, sk i BCiX IHIIMX JEPEB,
SIKi CTBOPIOIOTH JUIS TIOIIYKY BiZIMOBH, € TIepIia Jiist
EJIEKTPOMEXaHiKa ITiJI Yyac oYaTKy MOMIyKy, a JIMc-
TSAM J€peBa € pe3ynbTaTH Nouyky. Bepmunu X,
X0, X11, X15, X16, Ta X17 € JIMCTKAMH, SIKI BKa3y-

I0OTh Ha KOHKPETHHHM €JE€MEeHT, W0 BiAMOBUB
y cxemi. [Ipuyomy Bepmman X4 Ta X17 BKa3ylOTh
Ha BigMoBy Ojoka CII, ane pi3zHuUX HOro eilemeH-
TiB, TOMy To€HaHiI Oyt HEe MOXyTh. Kopuctyto-
YHCh UM JIEPEBOM IIOLIYKY, E€IEKTPOMEXaHIK MO-
)K€ BUSBUTH THIIOBI BIIMOBH, $KI BHHHUKAIOTH
y cxeMi, HaBiTh 0€3 3HaHb MPO MPUHIUNH (YHKITi-
OHYBaHHS caMoOi CXE€MH 3 MiHIMaJIbHUMH 3aTpara-
MU 4acy.

HaBenene nepeBo Hao4HO BimoOpaskae mporec
MIOITYKY BiIMOBH, a B pa3i 3aCTOCYBaHHS O HHOTO
BJIACTUBOCTEH HampaBieHUX TpadiB iforo MoxxHa
3MEHIIUTH. B anroputMi BUIaNeHHs 3aliBUX Bep-
LIMH HaIpaBleHOro rpada 3acTOCOBYIOTh IIPHH-
LUII. SIKIIO BEpPLIMHA MAa€ BChOTO OAHY AOYIPHIO
BEPILUHY, TO ii MOXHA BUAAJIUTH 1 3aMIHUTH JI0Yi-
puboro [3]. BukopucTaBIM 110 BIACTHBICTh, MHU
MOXEMO 3 JIepeBa BUIIYYUTH BEpIIMHH X2, X7, Ta
X14, TUM CaMHM CKOPOTHBILIHU JEPEBO MOLIYKY Oi-
npiie HK Ha 10 %. g gepeB momryky OimbIn
CKJIaJHMX BIAMOB Taka Jisl JaCThb 3MEHILEHHS B Jie-
CSITKH BEPLIHH.

[lig wac cTBOpeHHs METOAY MOUIYKY BiIMOB
Yy BUTISAI OpPIEHTOBAaHUX JepeB HEOOXiTHO BHUKO-
HATH TaKi KPOKH ISl €PEeKTHBHOTO HOTO 3aCTOCY-
BaHHs. Cro4aTtky HEOOXIIHO, 3TiTHO 3 JyMKaMu
EKCIIEePTiB, M0 OOCIYyroBYIOTH TaKi CHUCTEMH, IIO-
OyayBaTu OpIEHTOBaHI JepeBa Iyisl HAUOLIBII po3-
MOBCIOJDKEHUX BiJIMOB TMOCTOBOI YaCTUHH EIIEKT-
puuHOI nieHTpaizaiii. [IoTiM HEOOXIAHO MOETHATH
i OKpeMi JepeBa B 3arajibHy CTPYKTYpY, BU3HAUH-
BIIIM TOYKH MEPETUHY TpadiB Ta MPOBIBIIN MEPEBi-
pKy Ha i3omopdizm Ta romomopdism [6], mepesi-
PUTH 1Ii JiepeBa Ha MOXKITUBICTD CIIPOILECHHS Ta BH-
3HAYUTH OCTOBH B 3arajibHOMY JI€PEBi ISl KOKHO-
ro TUITy BiiMOBH. [lami i1 BU3HAYCHHS HAMKOPO-
THIOTO NUISIXY MOLIYKY BiIMOBH MOKHAa CKOpHUCTa-
tuch anroputMamu Kpyckama abo Ilpuma. Taxox
JUIl aBTOMaTH3alii LUX IPOLECIB MOXKHA HAa3BH
BEPUIMH 1 JIepeB TPEACTABUTH Yy BUTJISII YHCENT

i ckopuctaruchk kojoM [Iprodepa, skuit po3pobdiie-
HUIA U1 O3B’ sI3aHHS TakuX 3aj1a4 [1].

Crig 3a3HauWTH, MO TiJ Yac MOOYAOBU JIEPEB
MOIIYKY BIMOB TOJIOBHOI XapaKTEPUCTUKOIO
LLOTO MPOIIECY 3AJIMIIAETHCS Yac, KU BUTpavae
MpaImiBHUK Ha JOKaji3amito BiaMoBu. Pebpa Bcix
JIEpeB IIiJ] Yac CTBOPEHHS JIEPEB IOIIYKY BBaXKa-
IOTh OJIHAKOBUMHM, TOOTO HUISX MDK BEpIIMHAMHU
BB2)KAIOTh PIBHO3HAYHUM 3a 4YacoM. Take crmpo-
IIEHHS BHKOPUCTOBYIOTH 3 JBOX mpuuuH. [lo-
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mepiie, yci orneparii MoOmyKy Bif0yBalOTbCa B Oy-
JIBJII TOCTa CJICKTPUYHOI IEHTpasizamii i He Ma-
I0Th BEJIMKKMX BiJIMIHHOCTEW 3a Y4acoM MEpeMIlICH-
Hi 1O Micug BHUMipIOBaHHS um (pikcarii cTaHy
00’ekTa, Ta it caMi TUIH TIEPEBIpPOK 3iCTaBHI 3a Ya-
com. [lo-mpyre, myis BU3HAYCHHS Yacy KOXKHOI
orepariii HeoOXiJHO MPOBECTH EKCIIEPTHE OMUTY-
BaHHS 32 KOXXHHUM 13 TIPOIIECIB, IO € CKJIATHOIO
MPOLIEAYPOIO, 1 1€ 3aBJaHHS 3AJIUIIAETHCS MTePCIIe-
KTHBOIO MaliOyTHIX JOCII[)KCHb.

HaykoBa HOBH3HA Ta IPAKTHYHA
3HAYMMICTh

VYnepiie po3po0JIeHO METOIWKY BH3HAUCHHS
ONTUMABHUX IUIAXiB TONIYKY BiJIMOB y TIOCTOBii
YaCTHHI EJNEeKTPUYHOI IeHTpali3amii 3 BHKOPHC-
TaHHSIM OPIEHTOBAHUX JIEPEB, IO A03BOJISIE CKOPO-
TUTH Yac JIOKaNi3alii BiIMOB Ta OOIPyHTYBaTH BU-
3HAYCHHS TOYOK YCTAHOBIJICHHS! KOHTPOJIBHUX JIaT-
YHKIB Ui CTBOPEHHS aBTOMATHU30BAaHOI CHCTEMH
KOHTPOJIIO.

BukopucTanHs Takoi METOIUKH JJO3BOJISE:

— OTpPHMATH ONTHUMANBbHI MUIAXH TMOIIYKY Bij-
MOB Y TIOCTOBIH YacTHHI CHUCTEMH Ha MiJCTaBi 00-
poOKku Ta MiHIMI3aIll HampaBiieHUX rpadiB y BH-
TSl AepeB 3a AOMOMOTOK OOYHCIIOBATBHOI TEX-
HIKH;

— CTBOpUTH Ha 0a3i OOYMCIIOBAJIBHOI MalllH-
HH, y Ky 3aKJIaJIeHi JiepeBa IOMIYKYy BiJMOB, I10-
pamHuKa Ui OOCIYrOBYBaJbHOTO IEPCOHANTY, 32
MmiJKa3kaMHu SKOTO eJIeKTpOMeXaHiK HaBiTh 0e3
3HaHb NMPO NPUHIUNK (QYHKIIOHYBAaHHS CHUCTEMH
3MOXE JIOKAJi3yBaT BiMOBY B HaWKOPOTIIHA
TEPMiH;

— BUJIUTUTH B 3arajlbHUX JepeBax MOIIYKY Bij-
MOB BEpIIUHH, 4Yepe3 sKi HaldacTilie MpOXOAiTh
LOUISIXM TIOIIYKY BiIMOB, IIO BigOyBarOThCs Haii-
OLITBII peryspHO, Ta BCTAHOBUTH B TOYKaX CHCTe-
MH, SKi TIEPEBIPSIOTH I1i BEPIITHMHH, TaTIAKA KOHT-
pomto. Takum dYMHOM, 3a MiHIMAJBHUX 3aTpar
€ MOXITUBICTb CTBOPHTH aBTOMATH30BaHY CHCTEMY
MOIIYKY BiMOB, Ji¢ KOHTPOJb T'OJOBHHUX BEPIIUH
JepeB BiIOYBa€ThCS aBTOMAaTHYHO, 1O AACTh 3MO-
Iy pO3MOYMHATH TIONIYK BiMOBHM HE BiJ KOpPCHS
JIepeBa, a BiJ By3JIOBOi BEpPIIMHN HWKHBOTO PiBHA,
y IOYipHIX By3JaX SIKOi CHCTeMa JIOKAIi3ye BiIMO-
By. lle AacTh 3MOry 3MEHIIMTH 4Yac TOIUIYKY s
BiJIMOB Yy TIOCTOBI# YaCTHHI B IEKiJIbKA Pa3iB;

— BHpimUTA Ipobiemy (ikcamii pearTpHUX 3a-
TpaT yacy Ha IOIIYK BiJIMOBH, IUISI PO3PaxyHKY Ta
OIUIaTH Tpari 00CIyroByBaJIbHOTO MEPCOHAY ITiJT
yac JikBigamii momkomkens. KoxxHa BigMoBa Mae
CBIM ONTUMAJbHUM LUIAX 13 MIHIMAIBLHOIO BiJC-
TaHHIO, PYXalUYUCh MO SIKOMY TpalliBHUK 3aTpa-
TUTh CaMe MiHIMaJIBHHAN Yac Ha JIOKaJi3aIlifo Bij-
MOBH, a ONTUMAJIbHHHM HIIAX 13 YacoM, HEoOXii-
HUM Ha MHOTo MNpOXOMKECHHA, JICTKO OTpUMAaTU
3 KOMI'IOTepa, y SKOMY 3aKiajieHi Opi€HTOBaHI
JiepeBa MoIIyKy.
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Development of a Methodology for Fault Detection in Electrical
Centralization Using Oriented Trees

Purpose. This work is aimed at reducing the time spent on locating failures in the station part of relay-type elec-
trical centralization. Methodology. To achieve this goal, methods for searching for failures and the methods used to
implement them were analyzed. It was found that due to the complexity of the process of determining the probabil-
ity of failure for each element of the relay part of the centralization system, the failure detection methods currently
in use are imperfect and ineffective. It is proposed to use failure detection algorithms in the form of directed trees,
and the features of constructing directed graphs in the form of a tree are considered. Finding. A tree has been creat-
ed for fault detection in the artificial sectioning of route sections, and its example illustrates ways to improve search
algorithms by combining graphs for different faults into a common tree and using tree simplification by absorbing
vertices. The possibilities of using Kruskal's and Prim's algorithms to determine the optimal search paths in a com-
mon tree are also presented. To solve this problem, the possibility of using Prufer's code when displaying nodes and
the weight of each edge of the tree in digital form is considered. Originality. For the first time, a methodology has
been developed for determining the optimal paths for searching for failures in the post part of electrical centraliza-
tion using oriented trees, which allows reducing the time for localizing failures and justifying the detection of points
for installing control sensors to create an automated control system. Practical value. Using the proposed method
allows you to determine the optimal paths for finding faults, create a computer-based guide to speed up the work of
an electrical engineer when searching for a fault, identify the locations for installing control sensors in the process of
developing an automatic control system, and record the actual time spent by maintenance personnel on searching for
faults.

Keywords: failure search algorithm; root tree; graph; reduction of train delay time; determination of the optimal
path; artificial section disconnection
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Mathematical Modeling of Filtration and Geomigration Under Conditions
of Anthropogenic Load

Purpose. The aim of this study is to develop mathematical models for predicting the processes of contamination
of the aeration zone and groundwater in the event of leachate leakage from a solid waste landfill. The mathematical
models take into account typical hydrological parameters: porosity of the aeration zone, aquifer, filtration coefficient
of the aeration zone, filtration coefficient of the underground aquifer, intensity of leachate infiltration into the
aeration zone and underground aquifer. Methodology. A one-dimensional filtration equation and a one-dimensional
mass transfer equation were used to model the process of infiltrate migration in the aeration zone. The modeling of
the process of contamination of the underground aquifer, which receives infiltrate from the landfill, was carried out
on the basis of a two-dimensional equation (planned model) of geomigration. For the numerical integration of the
model equations, a variable-triangular finite-difference splitting scheme was used. The numerical integration of the
two-dimensional geomigration equation is performed using the splitting scheme. The peculiarity of the proposed
numerical models is that the value of the unknown function can be determined by an explicit formula.
Findings. Numerical models have been developed to solve the complex problem of predicting the contamination of
the aeration zone and underground flow in the case of infiltration of an impurity from a solid waste landfill.
Originality. Numerical models of filtration and mass transfer of impurities in the case of migration of infiltrate from
a municipal solid waste landfill through the aeration zone and into groundwater are proposed. To apply these
mathematical models, standard hydrological information is required. The models are aimed at solving complex
problems in the field of environmental safety and protection. They make it possible to determine the negative impact
of landfills on the environment at the stage of justifying the location of future landfills and their size.
Practical value. The proposed mathematical models use standard hydrological information, which is important for
serial calculations in design organizations, and can be useful for assessing the impact of landfills on environmental
pollution.

Key words: solid waste landfill; pollution of the aeration zone; groundwater pollution; mathematical model; fil-
tration equation; mass transfer equation
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Introduction

Solid waste landfills are facilities located in all
countries of the world (Fig. 1) and are powerful
sources of environmental pollution [6, 9].

The amount of waste is increasing over time in
countries around the world (Fig. 2), which leads to
the need to expand existing landfills and create
new ones.

Fig. 1. Waste landfill (https://cutt.ly/8rsX9C4q)

TN

Fig. 2. Annual volumes of household waste
disposal at landfills and dumps by regions
of Ukraine in 2021, thousand tons [9]

The operation of solid waste landfills causes in-
tense pollution of the air, as well as the aeration
zone and groundwater. Precipitation filtering
through the landfill «body» leaches out hazardous
substances. This leachate contains a significant
number of hazardous substances: sulfates, chlo-
rides, nitrates, lead, zinc, cadmium, antimony, or-
ganic substances, etc. This leachate is partially dis-
charged through the drainage system (Fig. 3), but
despite the protection system, pollutants infiltrate
into the aeration zone at almost every landfill.
Since the landfills have been in operation for
a long time, the pollutants contained in the leachate
pass through the aeration zone and groundwater
contamination begins.

Fig. 3. Drainage water from the waste landfill

Thus, a contamination zone is formed in the
groundwater beneath the landfill, which migrates
over time. In addition, it should be borne in mind
that groundwater is «unloaded» into water bodies.
Thus, the negative impact of landfills will be not
only in the contamination of the aeration zone,
groundwater, but also surface water.

In this regard, an important problem arises - as-
sessment of the intensity of contamination, primar-
ily of groundwater. It is necessary to have scientif-
ically grounded information on the dynamics of
development of contamination areas in groundwa-
ter during the landfill operation for a certain period
of time, during further landfill development (in-
crease in the size of the storage facility), and also
to determine the «reaction» of groundwater to the
landfill closure.

Determination of areas of chemical contamina-
tion of groundwater is a problem of modeling the
processes of filtration and geomigration. To solve
problems of this class, analytical and numerical
models are most commonly used [1-5, 7, 8, 10,
13]. Analytical models make it possible to obtain
an exact solution to the modeling equations. Such
solutions are of great importance in scientific re-
search. In addition, analytical solutions of model-
ing equations can be used to verify other models.
Numerical models have a wide operating range and
make it possible to obtain solutions to problems
that cannot be obtained analytically. In practice,
commercial codes are widely used, for example,
the MODFLOW software package [11, 12].

Purpose

To develop a mathematical model for assessing
the areas of chemical contamination of groundwa-
ter in case of leakage of leachate from a solid
waste landfill.
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Methodology

Sketch of the computational region is shown in
Fig. 1.

Fig. 4. Sketch of the computational region:
1 — waste landfill; 2 — aeration zone; 3 — ground waters

The process of filtrate (contaminated liquid)
movement in the aeration zone will be modeled by
the following equations: the filtration equation
(Darcy's law) (1) and the mass transfer equation

()

ﬂ%:k H(t)+z,
dt z (1)
n§+%+o—C:£(D@j,
ot oz oz oz

2

where x — the lack of saturation; z — the depth of
soil wetting; k — the filtration coefficient; H — the
level of the neutralizing solution on the ground
surface; n — the active porosity; C — the concentra-
tion of the impurity in the filtered solution; o — the
sorption rate constant; u — the filtration rate;
D — the dispersion coefficient.

Note that the z-axis is directed downward from
the foot of the landfill in the direction of ground-
water flow.

If the aeration zone consists of soil layers of
different permeability, the model uses a general-
ized filtration coefficient determined by the formu-
la of Kamensky G. N.:

__m
m,’
2

where m — the capacity of the aeration zone; m; —
the capacity of the i-th soil layer in the aeration
zone with a filtration coefficient k;.

k

For the numerical solution of the 1D mass
transfer equation, a difference scheme is used. To
develop it, the following transformations are per-
formed:

@ B Cin+1 _ Cin
ot At

u=u"+u;u’ =u+|u|;u7 :u—|u|
2 2

ouC ou'C N ouC
OX OX OX

ou'C u,C -u'C

i+l — L;C
OX AX :
ouC — ui:—lCi+1 _uiJrCi — L;C
OX AX :
o°C _G.-2G+C, C,-CG -C+C,
o AX? A AC
=M, C+M,C.
Next, to solve the equation, we split it into two
steps:
— first step:
n+y2 n
nS =G Lem? + Zemy? =
At 2
=1M;XC“ +1M;XC“”/2;
2 2
—second step:
n+l _n+1/2
n Ci CI + L;Cn+1 +2Cn+1 —
At 2
:EM)&le +1M;rxcn+l/2.
2 2

From these dependencies, the unknown value of
the impurity concentration on the upper time layer is
found by an explicit running-count formula.

The rate of infiltration is determined as follows
(analytical solution by Polubarinova-Kochina P.Y.)

k(L) sza—uf a

2 4,/
H H H (3)

u=

where g — the infiltration rate from the landfill.
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The modeling of leachate spreading from the
landfill in groundwater is based on the following
mass transfer equation (equation averaged over the
depth of the groundwater flow, planned model):

oC ouC ovC 6( 8Cj
N—+—F—=—| . —
ot ox oy oX OX
0

oC
+—| o, — |+ t)-0(x—x.)o(y-v.), (4
ay(ﬂy ay] QM) -5(x=x)5(y-y,), (4)
where C — is the average value of the concentration
of a hazardous substance in the groundwater flow;
u, v — are the components of the groundwater flow
velocity vector in the projection on the x, y coordi-
nate axes, respectively; xi, yi — are the Cartesian
coordinates of the i-th source of infiltration of
a hazardous substance into the groundwater flow; t
— time; ux, uy — dispersion coefficients; o(xi, yi) —
Dirac's delta function, which is used in the model
to set the location of the hazardous substance from
the landfill into the groundwater flow; Q — intensi-
ty of infiltration of a hazardous substance from the
infiltration zone.

For equation (1), the boundary conditions are as
following:

1) at t = 0, the concentration of the impurity in
the area of study is set;

2) at the boundary where the flow enters the
study area, the condition C = C; is set, where C; is
a known known concentration of an impurity.

3) at the boundary where the flow leaves the

study area, (Z—C =0 is set, where n is a unit vector
n

of the normal to the boundary.

For the numerical integration of equation (4),

a rectangular difference grid is used. To build a

numerical model, the following physical splitting
of the equation is performed:

oC N ouC N ovC

X oy

_2(, ). 0,
a ox\oax )Ty My )

The splitting scheme for the convective
transport equation is written as follows:

— at the first step of the splitting, the difference
equation is as follows:

0,

k

Ci j _Cin' k k
—— + ,C* +L,C" =0;
At

— in the second step of the splitting, the differ-
ence equation is as follows:

cMt_ck
——L 4+ LC™+ L C™ =0.
At

The unknown value of C in each equation is de-
termined by the «running account» formula.

For the numerical integration of the diffusion
equation, a two-stage difference splitting scheme
(A. A. Samarsky's scheme) is used, which has the
form:

n+1 n+1
Jo_ P -G ;7 +Cj
At ) AX?

J’_

1
-C,;2+C, 3
y AyZ

1
Cin;l _ Ci 2 { C_n+1 _ Cin}rl:l
_— = ﬂx _ |+

j i+1, ]
Cinﬁl - Cin;1
+ l:yy A—yz .

At AX?

The unknown value of C in each equation is de-
termined by the «running account» formula.

The computer code was created on the basis of
the developed numerical model. The programming
language is FORTRAN.

To conduct a computational experiment based
on the developed computer code, the following
data need to be specified:

1) the size of the calculation area;

2) the location of the landfill;

3) step by step;

4) values of dispersion coefficients;

5) hydrological parameters of the underground
flow;

6) intensity of infiltrate emission into the
groundwater flow;

7) capacity of the aeration zone;

8) filtration coefficient of aeration zones;

9) permeability (for aeration zone and aquifer).

In the computational experiment, the modeling
is performed as follows:
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1) calculate the infiltrate migration in the aera-
tion zone for the time step At. The intensity of con-
tamination of the aeration zone is determined the
boundary of the soaking zone within the aeration
zone is determined.

2) determine the time when the infiltrate seeps
to the boundary «aeration zone — free groundwater
surface». This will be the time when the contami-
nation of the groundwater flow under the landfill
begins.

3) Determine the rate of infiltration of the impu-
rity from the landfill into the underground stream.

4) the calculation of the dynamics of the for-
mation of the contamination area in groundwater
begins.

Findings

The developed numerical models were used to
solve the modeling problem. The leachate leakage
from the landfill was considered and the task was
to study the dynamics of the contamination zone
formation in the groundwater under the landfill.

The results of the computational experiment are
shown in Figs. 5-8. The time and concentration of
chlorides in groundwater are shown in a dimen-
sionless form.

8.398E+82

—>

8.188E+81 coordinate x 8.498E+82

Fig. 5. Contaminated zone in ground waters, t = 2.2
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Fig. 6. Contaminated zone in ground waters, t = 2.6
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Fig.7. Contaminated zone in ground waters, t = 2.9
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Fig. 8. Contaminated zone in ground waters, t = 3.4

The analysis of the data in Figs. 5-8 shows that
over time, the contamination zone increases in size
and «stretches» in the direction of groundwater
flow. The width of the contamination zone increas-
es due to dispersion.

Worthy of note that computational time was
4 sec.

Originality and practical value

Numerical models of filtration and mass trans-
fer of impurities during the migration of infiltrate
from a solid waste landfill through the aeration
zone and into groundwater have been developed.

A special feature of the proposed mathematical
models is the use of standard hydrological infor-
mation. The models are aimed at solving complex
problems in the field of environmental safety and
protection. The developed models make it possible
to determine the negative impact of landfills on the
environment at the stage of justifying the location
of future landfills and their size.

Conclusions

1. A mathematical model has been developed to
analyze the dynamics of contamination of the aera-
tion zone during the infiltration of an impurity
from a solid waste landfill. The modeling is based
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on the equations of new-dimensional filtration and 3.The proposed mathematical models use

mass transfer. standard hydrological information, which is im-
2.A  mathematical model for predicting portant for serial calculations in design organiza-

groundwater contamination by infiltrate from tions.

a solid waste landfill was developed.
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MarteMaTH4He MOJEJIOBAHHA (PijabTpanii Ta reomirpaiii B yMoBax TeXHOI€H-
HOI'0 HABAHTAKEHHS

Merta. Y po0oTi nepe0ayeHo po3poOUTH MaTeMaTHYHI MOJICII JJIsl MPOTHO3YBaHHsI MPOIIECIB 3a0pyIHCHHS 30-
HU aepauii Ta MiJA3eMHHUX BOJ Yy pa3i BUTOKY (iIbTpary 3 HOJIrOHY TBEPAUX MOOYTOBUX BiaxoaiB. MaremarwyHi
MO/IeJIi BpaXOBYIOTh THIIOBI TiJpOJIOTiYHI MapaMeTpu: HOPUCTICTh 30HH aepalii, BOZOHOCHOTO TOPHU30HTY, Koediri-
€HT QinpTparii 30H1 aepaii, koedimieHT GUIBTpamii M I3eMHOT0 BOZOHOCHOTO TOPH30HTY, IHTCHCHBHICTD 1H(IBT-
pamii gimpTpaTy B 30HY aeparii Ta mig3eMHNI BOJOHOCHUH ropu3oHT. MeToauka. [ MOIeTIoBaHHS MIPOIECy Mir-
pamii iH}iTBTpaTy B 30HI aepallii BHKOPUCTAHO OJHOBHMIpHE PIBHSIHHA (idbTpamii Ta OJHOBUMIpHE piBHSHHS Maco-
nepeHocy. MopenroBaHHA Tpo1ecy 3a0pyTHEHHS ITiJ3eMHOT0 BOJOHOCHOTO TOPU30HTY, A0 SKOTO HAAXOTUTH iH)i-
JMBTpAT 3 MOJIrOHY, MPOBEACHO Ha 0a3i JBOBHUMIPHOTO PIBHAHHA (TTAHOBA MOJENB) reoMirparii. s drcenbHOTo
IHTErpyBaHHS PiBHSIHb MOJIEJI BUKOPHCTAHO 3MIHHOTPUKYTHY CKIHYEHHOPI3HHUIIEBY CXEMy po3IlerieHHs. YucenbHe
IHTErpyBaHHS JJBOBUMIPHOTO PIBHSHHS reoMirparnii BAKOHaHO 3a CXeMOI0 posiierieHHs1. OcoOIMBICTIO 3aIIPOIIOHO-
BaHMX YHCEIbHUX MOJENEH € Te, 10 3HA4YCHHs HEBiJOMOi (yHKLII MOXXHa BU3HAYMTH 32 SIBHOIO (OPMYJIOIO.
PesyabraT. Po3pobieHo uucesnbHi MoneNi Ui po3B’si3aHHS KOMIUIEKCHOI 3aa4i HPOrHO3YBaHHS 3a0pyIHEHHS
30HM aepalii Ta MiA3eMHOrO MOTOKY B pasi iH(UIbTpalii JOMIIIKK 3 IMOJITOHY TBEPAMX MOOYTOBUX BiIXOIIB.
HaykoBa HoBH3Ha. 3anponoHOBaHO YHCENbHI MoJeNl (iIbTpallii Ta MaconepeHocy JTOMIIIOK Y BHIAIKy Mirparii
1HQITBTPaTy 3 MiCBKOTO IOJIITOHY TBEPIMX MOOYTOBUX BiIXOMIB Uepe3 30HY aeparii Ta B mig3eMHi Boau. [ 3acto-
CyBaHHS IIMX MaTEMAaTHYHAX MOJeNel MOTpiOHO cTaHAapTHA TifgpoioriyHa iH(opmamis. Moxem cupsMoBaHI Ha
PO3B’s3aHHS KOMIUIEKCHUX 3a/ad y cdepi eKoNoriyHoi 0e3neKku Ta OXOPOHH JNOBKULIA. BOHM Hal0Th MOXKIUBICTH
BU3HAYATH HeraTHBHHH BILIMB NoiiroHiB TIIB Ha HaBKONHWINHE CepelOBHUINE Ha eTari OOIpyHTYBaHHS Micls po3Ta-
ITyBaHHS MaiOyTHIX TOJNITOHIB Ta iX po3MipiB. IIpakTH4yHa 3HAYUMicTh. 3alpONMOHOBAaHI MaTeMaTH4YHI MOJENI
BHKOPUCTOBYIOTh CTaHAAPTHY TiIPOJIOTIYHY iH(OpMAIifo, 0 BAXKIMBO UIA CEPIfHUX PO3pPaxyHKIB y IPOEKTHUX
OpraHizamisfx, 1 MOXyTh OyTH KOPHUCHUMH JUIs OI[iHKH BIUTMBY monironiB TIIB Ha 3a0pyaHEeHHS HaBKOJIHUIIHBOTO
cepeoBHILA.

Kniouosi croea: noniron tBepaux nmodyrosux Binxonis (TIIB); 3a0pyaHeHHS 30HU aepariii; 3a0pyIHCHHS Mi3e-
MHHX BOJI, MaTeMaTHYHA MOJIeJIb; PIBHIHHS (ijbTpanii; piBHAHHS MacolepeHoCy
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Forecasting Zones of Air Pollution from Solid Waste Landfills

Purpose. The work is aimed at developing a mathematical model that allows to quickly calculate the area of
chemical air pollution during the emission of hazardous substances from solid waste landfills. The mathematical
model takes into account meteorological parameters, geometric shape of the landfill, intensity of emission of haz-
ardous substances from the landfill. Methodology. The two-dimensional equation of convective diffusion transfer of
a conservative impurity from the atmosphere is used to analyze the intensity and size of chemical air pollution dur-
ing the emission of hazardous substances from the landfill. A difference scheme of splitting is used to numerically
solve the equation of convective-diffusive transfer of an impurity. The emission of hazardous substances from the
landfill is modeled using the Dirac delta function. Findings. The developed mathematical model takes into account
the main physical factors that affect the process of dispersion of hazardous substances from the landfill. On the basis
of the developed numerical model, a computational experiment was conducted to assess the impact of the landfill on
the environment. Originality. On the basis of the developed numerical model, a computer code was developed that
allows predicting chemical pollution of the atmospheric wind and the underlying surface in the event of emission of
hazardous substances from the surface of a solid waste landfill. The developed model and computer code make it
possible to quickly assess the extent and intensity of environmental pollution from landfills, which is important
when selecting sites for new or reconstructed landfills. Practical value. The software implementation of the devel-
oped numerical model was carried out, and a computational experiment was conducted to illustrate the effectiveness
of using the model to solve applied problems related to the impact of landfills on the environment. The results of the
numerical experiment are presented.

Keywords: solid waste landfill; environmental pollution; forecasting; air pollution; mathematical model

the landfill site into the aeration zone occurs and the
Introduction groundwater beneath the landfill is contaminated.
In addition, very often at these landfills there is
a fire of various areas (Fig. 2) and over time quite
significant areas of burning garbage can be created
(Fig. 3). During the operation of the landfill, burn-
ing garbage at landfills releases methane, CO,
ammonia and other hazardous substances into the
atmospheric air. Thus, significant areas of chemi-
cal pollution are formed in the atmosphere in terms
of length and intensity, which can cause pollution
not only of forests, agricultural lands, but also of
air in settlements.

Solid waste landfills are long-term sources of
environmental pollution. Almost every country has
a significant number of such landfills (Fig. 1).

Therefore, considerable attention is paid to the
problem of assessing the impact of solid waste
landfills on the environment, the emission of haz-
ardous substances from landfills [2—7, 10] and the
problems of reducing the negative impact on the
environment [4].

As a rule, landfills occupy a significant area.
Over time, hazardous substances infiltration from
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Fig. 1. Number of landfills and landfills by region of
Ukraine in 2021 [7]

Fig. 2. Fire centers at the landfill
(https://cutt.ly/6rkLbR1N)

Fig. 3. Large-scale burning at the landfill
(https://cutt.ly/WrkLbnkt)

Due to the fact that the sizes of existing land-
fills increase over time, and new solid waste land-
fills are also created, an important task arises to
predict areas of chemical contamination, the under-
lying surface when changing the sizes of landfills,
during their reconstruction or when creating new
landfills.

Determination of areas of chemical pollution of
atmospheric air during emission of hazardous sub-
stances from solid waste landfills refers to the
problem of predicting chemical pollution of at-

mospheric air from a source of technogenic pollu-
tion. To solve problems of this class, it is necessary
to have special mathematical models that take into
account the main physical factors that affect the
distribution of chemically hazardous substances in
atmospheric air, namely: convective transport of
impurities, atmospheric diffusion, intensity of pol-
lutant emission into the air environment, dimen-
sions of the emission source (landfill). To solve
problems of this class, the most widely used are the
Gaussian model (for example, the commercial
code AERMOD) [9, 11], numerical models [1, 8],
analytical models. An effective method for solving
such problems is the use of CFD models, which
allow obtaining almost all the necessary infor-
mation. However, the use of CFD models requires
powerful computers (for example, for commercial
codes ANSYS, COMSOL) and a significant amount
of time for calculations. In practice, when designing
landfills or reconstructing existing landfills, it is
necessary to have special, fast-calculating models
for the operational assessment of the impact of
waste landfills on the environment. The develop-
ment of such multifactorial and fast-calculating
mathematical models («operational modelsy) is
a modern trend in the field of ecological safety, en-
vironmental protection and labor protection.

Purpose

Development of a numerical model for as-
sessing areas of chemical pollution of atmospheric
air due to the emission of hazardous substances
from a solid waste landfill.

Methodology

In this paper, we will consider an express mod-
el for assessing areas of chemical pollution of at-
mospheric air. Therefore, the prediction of pollu-
tion areas is carried out on the basis of a 2D model
of air pollution transport (planning model)
[1, 2, 8]:

S ouS ovsS a[ asj a( as}

—t——t === |t =
ot ox oy ox\ “ox) oyl Voy
N

+ZQi8(X =%0y-v), (1)
i=1

where S — average (by transfer height) value of the
concentration of a chemically hazardous substance;
u, v — components of the wind speed vector in the
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projection on the coordinate axis X, y in accord-
ance; X, Yyi — Cartesian, coordinates of the i-th
source of emission of a chemically hazardous sub-
stance at the facility; t — time, S; ux, uy —
atmospheric  turbulent diffusion  coefficients;
o(xi, yi) — Dirac delta function, which is used to
specify the location of the emergency release in the
model. The emission intensity of a chemically haz-
ardous substance is equal to Q.

For equation (1), the following boundary condi-
tions are implemented:

1) at t=0 the impurity concentration in the study
area is given;

2) at the boundary where the flow enters the
study area, the condition is set S=S;, where S; —
known impurity concentration;

3) at the boundary where the flow exits the

study area is given by Z—S =0, where n — unit vec-
n

tor normal to the boundary.
For numerical integration of the transfer equa-
tion (1), its decomposition is carried out as follows:

oS ouS 0 oS
EJrg—&(Mx&)a (2)
oS ovS 0 oS
TEaks) o

n

B S sty @

For the numerical solution of equation (2), the
following two-step splitting scheme is used:
— the first step uses the dependency:

1

N+l Uy jSin;rE _Urjsin?j
_@n +1,j %, i,
1 1
S, 2 +5.4 ST ST
+At n =Atp, —4 =)
Hx AX? oA
— in the second step, the dependency is used:
1 - n+1 - oh+l
N+ U iSive — Ui iS5
Sirj_j;_l:Siyjz_At 1+1, ] 71+l ) L]TL) +
AX
n+% nJ% n+1 n+l
At =57 +Si45 T Atp =Si +Si
X AX? oAt

where u” :LM,U‘ =u—_|u|.
2 2
For the numerical solution of equation (3), the
following two-step decomposition scheme is used:
— the first step uses the dependency:

1 1
1 V+ Sn+§ _V+ Sr‘H—E
S.ni QN _ Af ot L
(] (] Ay
Sl‘l+; n E Sn Sn
—S. . . =S +S.".
i,j i,j-1 i,j i,j+1
AL, — S+ Alp ————,
27y 2AY
— in the second step, the dependency is used:
1 - n+l - on+l
N n+z Vi, 15.‘. 1—V-‘-S-'-
Sirjj.* :Siij—At LI IJ+A TR
Yy
n 2 n+% n+1 n+l
LAt -5°+54 —-Sii +Sijn
y 2A 2 y 2Ay2 !

where v* _V+M N _V-M :
2 2
For numerical integration of equation (4) the
Euler method is used.
To assess the level of contamination of the un-
derlying surface during the migration of impurities
from the landfill, the dependence is used:

G =].dt _U (W, +pa)C(x,y,z=0,t)ds,

0 S,z=0

where t — time; S — surface area; a — coefficient
that takes into account the «capture» of the to-bag;
T — integration period.

When performing calculations, it was assumed
0=z,

Determining the amount of impurity that has
reached the surface of the earth over a certain peri-
od of time makes it possible to scientifically de-
termine the level of contamination of the site for
calculation purposes to determine the damage.

Based on the developed numerical model,
computer code was created. Programming lan-
guage — FORTRAN.

To conduct a computational experiment based
on the developed computer code, you need to spec-
ify the following data:
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1) dimensions of the calculation area;

2) landfill location;

3) step in time;

4) values of atmospheric turbulent diffusion co-
efficients;

5) wind speed and direction;

6) intensity of impurity emission into atmos-
pheric air.

When conducting a computational experiment,
the following approaches are used:

1. When considering the process of impurity
transfer on a scale of 10-15 km, for «pilot» calcu-
lations the position of the landfill is modeled as
a difference cell where the emission source is lo-
cated.

2. When considering the process of impurity
transfer at a scale of 3-5 km, for «pilot» calcula-
tions, the position of the landfill is modeled as a set
of difference cells that “cover” the surface of the
landfill — the emission source.

Findings

On the basis of the developed numerical model,
the model problem is solved. The location of the
probable landfill near the village was considered. It
was assumed that the wind speed is 7 m/s. Two
scenarios were considered: one landfill near the
village and two landfills.

The modeling results are shown in Figs. 4-5.
CO concentration at the landfill was equal to 100
(dimensionless concentration).

Fig. 4. CO pollution zone:
1-C=11;2-C=22;
3-C=34

S

Fig. 5. CO pollution zone:
1-C=13;2-C=22;
3-C=34

As can be seen from the above figures, the
landfill will affect the territory of the village. Thus,
creation of a polygon will lead to long-term deteri-
oration of air quality in the settlement area. Crea-
tion of two polygons will lead to a significant in-
crease in the width of the pollution area.

Calculation time 3 sec.

Originality and practical value

Based on the developed numerical model,
a computer code was developed that allows pre-
dicting chemical pollution of atmospheric air and
the underlying surface in the event of emission of
hazardous substances from the surface of a landfill
for solid household waste.

The developed model and computer code make
it possible to quickly assess the size and intensity
of environmental pollution from landfills, which is
important when selecting sites for landfills being
created or those that will be reconstructed.

Conclusions

1. A tool has been created for rapid assessment
of atmospheric air pollution due to emissions of
hazardous substances from solid waste landfills.

2. The assessment of the level of atmospheric
air pollution is carried out on the basis of a funda-
mental model of continuum mechanics, which al-
lows obtaining scientifically sound forecast results.

3. The developed mathematical model allows
for a quick assessment of the level of air pollution,
which is important for the practical use of this
model.
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IIporuo3yBaHHs 30H 3a0pyAHeHHs aTMOC(EPHOro NMOBITPS Bi/l MOJIIrOHIB
TBEpPAMX MOOYTOBHUX BiAXO0IIB

Merta. PoGora cripsiMoBaHa Ha po3poOKy MaTeMaTHYHOI MOJIEI, SIKa JO3BOJISE IIBU/IKO pO3paxyBaTH 30HY XiMi-
YHOTO 3a0pyAHEHHS aTMOC(HEPHOTo TMOBITPsI B pa3i eMicii HeOe3MeUHNX PEYOBHH BiJl MOJITOHIB TBEPIUX OOYTOBHX
BiIX0/iB. MaTeMaTu4Ha MOJIe]Ih IIOBUHHA BPAXOBYBATH METEOPOJIOTIYHI MapamMeTpH, reOMETpUIHY (popMy THOJiro-
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Hy, IHTCHCHBHICTh eMicii HeOe3MeUHNX PEUOBHH BiJ MMOJIITOHY TBEpIUX MoOyTOBUX BinxoxiB. Meroauka. [[isa ana-
73y IHTEHCHBHOCTI Ta pO3MipiB XiMigHOTO 3a0pyIHEHHS aTMOCc(epHOTO MOBITPS B pasi emicii HeOe3rmeuHnx pedo-
BHH BiJ TIOJIITOHY BHKOPHCTAHO JBOBUMIpHE PIBHSHHSI KOHBEKTHBHO-AHM(]Y3iHHOTO mepeHoCcy KOHCEpBAaTHBHOI JI0-
MIIIKH Bix aTMochepu. YrcenpHe po3B’si3aHHS PiBHSIHHSI KOHBEKTHBHO-TU(PY31HHOTO IMEPEHOCY TOMIIIKHA BUKOHAHO
3a JIOTIOMOT'OI0 PI3HUIEBOI CXeMHM po3lieruieHHs. EMicito HeOe3NneyHnX pedoBHH Bif IIOJIITOHY 3MOJIENIbOBAHO 3 BH-
KOpHUCTaHHAM jenbTa-QpyHKii [lipaka. PesyabraTn. Po3pobiiena MaremMaTnuHa MOJIENIb BpaXOBY€E OCHOBHI (i3H4HI
(baxkTopH, 110 BIUIMBAIOTH Ha INPOLEC PO3CIIOBaHHS HEOE3NEYHHX PEYOBHH BiA moiiirony. Ha ocHOBi po3pobieHoi
YHCENLHOT MOJIEINI MTPOBEJCHO OOYHCITIOBANIBLHIN €KCIIEPUMEHT ISl OL[IHKH BIUIMBY IOJIrOHY Ha HaBKOJIUIIHE cepe-
nosuile. HaykoBa noBu3Ha. Ha 6a3i 3anponoHOBaHOT 4nCENbHOT MOJIEIi PO3pO0IIeHO KOMIT FOTEPHUH KO/, IO J10-
3BOJISIE TIPOTHO3YBATH XiMi4HE 3a0pyIHEHHS aTMOC(EepHOTo MOBITPS Ta MiACTHIBHOI MOBEPXHI Y BHIAAKY eMicii
HeOE3NEeYHNX PEUOBHH BiJ] TOBEPXHI MOJITOHY M TBepAuX MOOyTOoBHX BiaxoxmiB. Po3pobmena wmomens
1 KOMIT TOTepHHI KOJ Jaf0Th MOKJIMBICTh IIBUAKO OIIHIOBATH PO3MIpHU Ta IHTCHCUBHICTD 3a0pyIHEHHS JOBKIILIA BiJl
TIOJITOHIB, II0 BAYKIJIMBO i Yac BUOOPY OUISHOK IIiJ] MOJITOHH, SIKi CTBOPIOIOTH, a00 Ti, MO OyOYyTh PEKOHCTPYHO-
BaHi. IIpakTHYHA 3HAYMMIicTh. 3IifICHEHO MPOTpPaMHy peai3alifo po3poOIeHOT YHCEeNbHOI MOJENi, IPOBEIECHO
00YHCITIOBAIEHUM €KCIIEPUMEHT, 10 MPOLTIOCTPYBaB e(heKTUBHICTh BUKOPUCTAHHS MOJETI I PO3B’A3aHHS IPHUK-
JaHHX 3aj]ia4, SKi OB’ s43aHi 3 BIUIMBOM MOJITOHIB HA HaBKOJIMIIHE cepeoBuile. HaBeneHo pe3ynbTaTi YnuceIbHO-
IO EeKCIIEpUMEHTY.
Knrouosi cnosa: momniroH TBEpaX BiXO/iB; 3a0pyTHEHHs HABKOJIMIIHBOT'O CEPEIOBHILA; TPOTHO3YyBaHHS; 3a-

OpYyIHCHHS TOBITPS; MATEMaTUYHA MOJICIIb
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AKyMYyJISITOPHI 0aTapei eJIeKTPOMOOLIIB: TeXHIYHI Ta eKOJIOTTYHI ACTIEKTH

Merta. [IepcneKTHBHUM HaNpsIMOM PO3BUTKY aBTOMOOUILHOTO TPAHCHOPTY MOXKHA BBa)KaTH MepeXij Ha eJIeKTpo-
MOOLTi, a OTHAM i3 KIIFOUOBHX €IEMEHTIB, 110 3a0e3mneuye (QyHKI[IOHyBaHHS Ta BH3HAYAE TIEPCIIEKTUBU PO3BUTKY eJie-
KTpOMOOLTIB, € akyMyIsITOpHi Oatapei. OcHOBHa MeTa poOOTH — JOCHIHKEHHS TEXHIYHUX Ta €KOJOTIYHHUX aCIeKTiB
BHPOOHHUIITBA, CKCIUTyaTallil Ta YTHIII3aIlil aKyMyJIITOpHUX OaTapeii enekrpomMoOiniB B Ykpaini. Meroauka. J{is ori-
HIOBaHHS BIUIMBY aKyMYJIITOPHUX OaTapeii Ha pO3BUTOK €IEKTPOMOOLITIB TOIITFHO JOCTIAUTH 1X BHPOOHHUIITBO, CKC-
IUTyaTarito, BUBEICHHA 3 eKCIUTyaTarii (yrmiizamnito). CboroHi OCHOBHIMH Mpo0ieMaMH, sIKi ITOB’s13aHi 3 aKyMYJISATO-
pHUMH OaTapesiMH eTIeKTPOMOOLIIIB Ha eTarli BUpOOHHIITBA, €: TOTpeda BUKOPICTAHHS KPUTHIHOI CHPOBHHH; TPYAHOIII
BUPOOHHIITBA BUCOKOEMHICHHX Ta JICIIEBUX aKyMYJISITOPIiB; MOJIIIIEHHS OCHOBHHUX MAapaMETpPiB aKyMYJIATOPHUX 0a-
Tapeil; 3a0pyAHEHHsI HABKOJIMILIHBOTO cepenoBuina. Ha erari ekcrutyaTanii BAXKIMBUMHU BUKJIMKaMH € 3MiHa rapame-
TpPIB aKyMyJISTOpHHUX Oatapeil 1 nexapOoHizallis eJeKTpOeHePrii, IKy BUKOPUCTOBYIOTh MiJl 4ac eKkciutyaranii. Buse-
JICHHS] aKyMYJISITOpHUX Oartapeil 3 ekcruryaTanii € CKIaJHUM 3aBJaHHSAM, TOMY IO Uil BUPOOHHUILITBA KOMIOHEHTIB
BUKOPHCTOBYIOTh 0arato pi3HMX MatepiaiiB, 1 Al X mepepoOKHM Ha eTarni yTuiizanil HOTpiOHI pi3HI TeXHOJOTII.
PesyabTaTn. [IpoaHanizoBaHo cydyacHHMI CTaH, TEXHIYHI Ta €KOJIOTIYHI ACIEKTH, OB’ sI3aHi 3 BUPOOHUIITBOM, €KC-
IUTyaTalli€lo Ta YTIII3Aier0 akKyMyIATOpHUX OaTtapeii enekTpoMoOinis. [TokazaHo, mo akyMymsSTOpHI O6atapei cyT-
TEBO BIDIMBAIOTH Ha COOIBAPTICTh €IIEKTPOMOOLIIB, BU3HAYAIOTH IX XapaKTEPUCTHUKHU 3 POOITy Ta 3pyIHOCTI eKCILTY-
aTarii, pOpMyIOTh €KOJOTIYHUI eeKT. AKICHTOBAHO yBary, 1[0 BTOPUHHI aKyMyJsITOpH (batapei Jpyroro »uTTs)
MOJKHA BUKOPHCTOBYBATH U CTBOPCHHS CHCTEM 30epiraHHs eHepril, 3apsaHUX CTAHINH IS eIIEKTPOMOOLIIB Ta Mi-
KpPOMEPEKEeBHUX eHepreTHuHNX ciucteM. HaykoBa HoBH3HA. 3/1ificHEHO KOMIUIEKCHUHN aHali3 mpoOyieM BUPOOHMIITBA,
eKCIUTyaTallii Ta mepepoOKu aKkyMyISATOPHUX OaTapei, 0 T03BOJISIE BUSIBUTH iX BIUTMB HA KOHKYPEHTOCTIPOMOKHICTb,
€KOHOMIYHICTh Ta SKOJIOTIUHICTh SCKTPOMOOLTIB. BUIIJICHO OCHOBHI TEHACHIIT PO3BUTKY aKyMYJIATOPHUX OaTapeit
eNIeKTpOMOOiTiB B YkpaiHi. Po3risHyTo npoOiieMH BHMIOTOBJIEHHS Ta MEepepoOKH aKyMYJSITOPHUX Oarapeil.
AKIICHTOBaHO yBary, 110 PO3BHTOK IHHOBAIIHHMX TEXHOJIOT1H CTBOPEHHS e(EeKTHBHHX, OE3MEYHUX Ta IOCTYIMHHX
aKyMyJSITODHHX OaTapeil € BayKIMBHUM KPOKOM /0 IIEpexXoJy Ha EeKOJIOTIYHO YHMCTHH TpaHCIopT B YKpaiHi.
IpakTuyna 3HaYUMicTh. BuiijieHo OCHOBHI TeHJCHIIIT BUKOPUCTaHHS aKyMYJISITOPHUX Oarapeil enekTpoMoOiiB,
SIKI MOXKHA PO3BHBATH B YKpaiHi, PO3IIITHYTO MTPOOJIEMH iX BUTOTOBJICHHS Ta IIEPEepoOKH.

Knrouosi crosa: nexapOoHi3alis; eIeKTPOMOOLTE; aKyMyIIATOpHA OaTapes; TEXHOJIOTIi; MaTepiaii; KpUTHIHA CH-
POBHUHA; €KOJIOTIYHUH BIUTUB

ABTOMOOINBHUN TpaHCHOpPT 3abe3meuye He

Beryn

OnHi€ro 3 HAMACKPABIIINX XapaKTEPUCTHK PO3-
BUTKY Oy/b-SIKOi KpaiHM € aBTOMOOUIBbHUIT TpaHCc-
nopT. Ponb aBTOMOOIIBHOTO TPaHCIOPTY B Cydac-
HOMY CYCIIJILCTBI TyXe Belika. B Ykpaini aBromo-
OUTHHUIA TPAHCTIOPT, IKUU HAJISKUTH JIO KPUTUIHOT
iH(QpacTpyKTypH, 3abesrnedye OiNblie MOJOBUHH
00Csry nacaXMpChbKUX IePEeBE3eHb 1 TPU YBEPTi Ba-
HTa)XHUX TepeBe3ens [6, 11].

TIIBKH PyX TAacaXMPCHKUX 1 TOBapHO-MaTepialib-
HUX TIOTOKIB, ajie i BiJlirpaBa€e BayKJIMBY POJIb Y y-
HKIIIOHYBaHHI Ta PO3BUTKY €KOHOMIKH KpaiH.
Crorogni 99,8 % cBITOBOro aBTOMOOIJIBHOIO
TPaHCIOPTY MPAIIOE Ha JBHTYHAX BHYTPITHHOTO
sropsuus (IB3) [28]. Ane aBromo6iini 3 JIB3 € mxe-
peJioM BUKHIIB B aTMOC(epy LIKIUIMBUX PEUOBHH,
10 3HAYHO MOTIPIIYIOTh €KOJIOTTUYHUI CTaH HaBKO-
JIUIIHBOTO CEPEIOBHINA, a TpobiieMa 3a0pyAHEHHS
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Ha0yBae 0COOJIMBOTO 3HAUCHHS B YMOBax ypOaHiza-
mii Ta CTPIMKOTO 3pOCTaHHS MICBKOTO HACEICHHS
[7, 15, 16, 29].

Y NpoLEHTHOMY CIiBBiTHONIEHHI MO0 IIKiJI-
JTUBUX BUKHIB aBTOMOOIJTBHOTO TPAHCIIOPTY B MicC-
Tax, IMKOAW HABKOJWIIHEOMY CEPEIOBHINY 1 3710-
POB’I0 HaceleHHS 3aBAAlOTh: OKCHUAU  a30Ty
(44,5 %), akponein (7,5 %), caxa (7,4 %), Okcux
Byraerio (6 %), niokcuH cipku (3,4 %), popmaib-
nerin (2,8 %), oenzanupeH (1,3 %) Ta ameranpaerin
(1,1 %) [7].

3a0pyqHeHHS IIKiIIMBAMHA BUKHAIAMH TIOBITPS
nocijjae 4eTBepTe MiClle B MiCTax cepell PHU3HKIB
IUIS1 310POB’ ST IIOAMHY TicTsl BACOKOTO KPOB’SIHOTO
THUCKY, mieT Ta Kypiuus [3], [7].

CydacHOIO BIATIOBIIFO HA EKOJIOTIYHI TMpo-
OseMu crana riobaibHa nexapOonizaiis. Kirodo-
BAM JOKYMEHTOM Y Iiii cdepi € [lapuspka yroxa,
YYaCHUKH SKOi — HAMOLThIIII €KOHOMIKH CBiTY, 30K-
pema CIIA, Kurato, €C. Baxxnusum nynkrom Ila-
PHU3BKOI YroJil € CKOPOUCHHS BUKHUIIB 32 PaxyHOK
enexkTpudikarii TpaHCIOPTY.

VY 2021 p. €spomeiicbka komicist (Fit for 55)
Mpe/ICTaBUIIa TTAKET MPOTO3UIIii y pamkax European
Green Deal, y sikoMy 3armiaHOBaHO CKOPOYEHHS BH-
kuaiB Ha 55 % 1o 2030 p. (mopiBHsAHO 3 piBHEM 1990
poky), a o 2050 poky — 3BeneHHs iX 10 HyJs. [Ipo
CBO€E MparHeHHs TOCATTH BYTIIEIIEBOI HEUTPaIBHOCTI
10 2050 p. 3asBrmu Ounbiie HixX 110 kpain cBiTy.

IMepmri enexkrpomoOini («Nissan Leaf») 3’sBu-
qucst Ha puHKy y 2010 poiri, a CbOroHI HaiO1Ib-
LIMMH pUHKaMu eekTpoMoOiniB € CIIIA, Amonis Ta
Kuraii, cepen eBponeichbkUX KpaiH aKTUBHO PO3BU-
BalOTh PHHKU eJeKTpomoOutie ®panis, Hixzepina-
uu, Hopgerist, Himeuunna, BenukoOpuratis [4, 29].

CporoHi eJeKTpOMOOiNli BUTOTOBIISIE BEIHKA
KiJIbKiCTh KoMIaHi1, cepen skux «Nissan» («Leafy),
«Mitsubishi («I MIiEV»), «Toyota» («<RAV4EVy),
«Honda» («FitEV»), «Ford» («Focus Electricy),
«Tesla («Roadster», «Model Sy», «Model Xy,
«Model 3»), «Renault» («Fluence Z.E.», «ZOE,
«Kangoo Z.E.», «Twizy»), «BMW» («Active C»,
«i3»), «Volvo» («C30 Electric»), «Hyundai»
(«loniq Electricy), «General Motors» («Chevrolet
Bolt»), «Mahindra» («e20 Plusy), «Volkswageny
(«e-Golf»), «Opel» («Ampera-e»), «Mercedes-
Benz» («B250e»), «Smarty («ForTwoy, «ForTwo
cabrio», «ForFoury), «Citroen» («Berlingo Elec-
tric»), «Fiat2 («500e»), mpakTHYHO BCi aBTOBUPOO-
Huku Kurato [4].

[lignucanns Yroau mpo acoliaito Mixk YKpai-
HOI0 Ta €C MOCTaBHUIIO TIepe]] aBTOMOOUTEHAM Tpa-
HCTIOPTOM KpaiHM 3aBAaHHS EKOJIOTIYHO Oe3medy-
HOTO PO3BHUTKY Ta ONTHUMAaJbHOTO PECYpPCHOTO 3a-
6e3meuenns [13].

st peamizariii BHecky Ykpainu B pamkax [lapu-
3bKOI KOHBEHIII1 HEOOX1THO BIPOBA[)KyBaTH IHHOBA-
1ii Ta HaMKpaIli CBITOBI MPAKTHKH B YCiX KIFOYOBHUX
cexropax ekoHoMikw. Jo 2030 p. B Hammiif KpaiHi me-
pendayeHo BUKOHAHHS TAKUil 3aB/1aHb.

— CKOpOYCHHsI BUKWIB NapHUKOBUX Ta3iB IO
35 % nopisasHO 3 1990 p.;

— 301IbIIEHHS YaCTKH el1eKTpoMoOiiB g0 15 %
BiJl yCi€i KiIbKOCTI aBTOMOO1ITiB;

— 301UIBIICHAS YacTKH BUKOPHUCTaHHS Oioma-
JIMBa Ta PO3BUTOK HU3HKOBYTJICIIEBOTO TPAHCIIOPTY.

OxpeMoro mpobiemMoro mix 4acu (QyHKIIOHY-
BaHHS aBTOMOOLIBHOTO TPaHCHOPTY € YTBOPEHHS
BeJMKOI KinpkocTi Bigxomis [10, 23]. OxuumM i3 Haii-
OlIbII HeOe3leYHUX BUIIB BIAXOAIB aBTOMOOLIb-
HOTO TPAHCTIOPTY € BiJNpalboBaHi aKyMyJISTOPH.

CBHHIIEBO-KHUCIIOTHI aKyMYJISTOPH, SKi ITHPOKO
BHKOPHCTOBYIOTh Ha aBTOMOOIJTbHOMY TPaHCIIOPTI,
MICTSITh CBHHEIb, CipYaHy KHCIOTY, PTYTbh, KaJMiHl,
JOKCHT MAPTaHITIO, JITIH Ta PSIT 1HITNX IIKiITABHX
peuosun [10, 14, 23]. JlocBia IPOMHCIOBO PO3BH-
HEHHX KpaiH CBITYy MOKa3ye, 110 ChOTOHI MOYKJINBA
Maiike CTOBIJICOTKOBa MepepoOKa CBUHIIEBO-KHUC-
JIOTHUX aKyMYJIATOPiB aBTOMOOLTIB [12, 24].

AJe mepexiJi aBTOMOOUTBHOTO TpPaHCIOPTY Ha
EJIEKTPOMOOLITI BUKIIMKAE HEOOXIIHICTh MEepepOOKH
JITIH-10HHUX, HIKEJIb-KaJMIE€BUX, HIKEIb-MeTal-Ti-
JIPUTHUX Ta IHIINX aKyMYJISITOPIB €IEKTPOMOOLITIB.

AKTyanbHICTh MPOOJIEMH TEPEXoay aBTOMOOI-
JILHOTO TPAaHCHOPTY Ha €IeKTPOMOOLIT, 10 moTpe-
OYIOTB JIJIsl €KCILTyaTallii eneKTpUYHOI eHeprii, 3po-
CTa€ Ha TJi BOEHHOIO CTaHy YKpaiHU, TOMY IO
00’€KTH TpaHCIOPTHOI 1H(PACTPYKTYpH KpaiHu
CTalll JPYTUM CEKTOpOM (IicCIs KUTIOBUX Oy/Ii-
BeJIb), SIKWH 3a3HaB HAKOUTBIIMX PYyHHYBaHb, MOII-
KOJDKeHb a00 mopymieHs GyHKiionyBaunns [8, 21].
Benmukux pyiiHyBaHb Ta IIONIKOKEHb 3a3Hajia
il eHepreTHYHa CUCTEMa KpaTHH.

Takuii craH aBTOMOOILIBHOTO TPAHCIIOPTY Ta
E€KOHOMIKM KpaiHu moTpedye eKOHOMii pecypcis
1 mepexoly Ha iHHOBalliiHi pecypcoolanHi TeXHO-
JIOTIi. AJie MpaKTHUYHA peasi3allis nepexoy Bijg Tpa-
quIiiiHux aBpromMoOimiB i3 JIB3 1o enekrpoMo0OiiB
MOKH HIO € TOCUTH CKJIaJJHUM MPOLIECOM, 1 OAHUM 13
(akTopiB, 10 CTPUMYE MIBUIKHUI IEpexia A0 enekK-
TPOMOOLIIB, € aKyMYIATOPHI Oarapei.
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Meta

OCHOBHOIO METOIO0 POOOTH € ITOCITIIHKESHHS TeX-
HIYHMX Ta CKOJIOTIYHHMX AaCIEKTIB BUPOOHHIITBA,
eKCIUTyaTalii Ta yTuiizamii akyMyJIsaTOpHHX OaTa-
pelt elneKTpoMoOiTiB B YKpaiHi.

MeToanka

CpOTo/IHI 10 OCHOBHUX MPOOJIeM, SIKi OB’ s3aHi
3 aKyMyISTOPHHUMH OaTapesMu eIeKTPOMOOLIIB,
MO’KHA BITHECTH TaKi:

— BEJIMKa BapTICTh €IEKTPOMOOiIIB MOPIBHIHO
3 aBTOMOOLIsIME 3 [IB3, sika 00yMOBJIEHAa BHCOKOIO
BapTICTIO aKyMYJISITOPHOI OaTtapef;

— TOPIBHSTHO HEBUCOKUH pecypc aKyMyJsTOPiB
CJIEKTPOMOOLTIB;

— moTpeba BUKOPHUCTAHHS KPUTHYHOI CHPOBHHH;

— TPYOHOIII BUPOOHHIITBA BHUCOKOEMHICHHX
1 IenIeBUX aKyMyJIsITOPiB;

— 3MiHa MapaMeTpiB aKyMYJSITOPHHX OaTapei;

— 3POCTaHHS KITBKOCTI €JIEKTPOMOOLIIB y Ha-
LI KpaiHi, y TOMY YHCIi B)KUBAHUX €IEKTPOMOOi-
JIiB, IO MPHU3BEAEC J0 CYTTEBOTO 30UIBIICHHS KiJlb-
KOCTI aKyMyJIATOpHUX OaTapeil, ski MOTpeOyTh
nepepooKy;

— BHKODHUCTaHHSI B EJIEKTPOMOOIUIAX pi3HUX
aKyMYJSITOPHHAX OaTapeil BUKIMKAE moTpedy B pi3-
HUX TEXHOJOTISAX IMepepoOKH, HANpPUKIAM, JiTiH-
10HHHX, HIKEIb-KaJMi€BUX, HIKEIb-METaN-T1IPUJI-
HUX Ta IHIIUX aKyMYJISTOPIB;

— BiACYTHICTH y Hamiii KpaiHi e(eKTHBHOI iH-
(dpacTpyKTypH It 300py aKyMYJISITOpHUX OaTapeit
CJIEKTPOMOO1IIIB;

— NOTPAIUISIHHS aKyMYJISITODHUX Oartapeil Ha
3BaNIMINA, IO TPH3BOJIUTH JI0 BTPATH PECYpCOLiH-
HUX BTOPHHHHUX MarepiaiiB (JIiTii0, HiKeJto, KaJ-
MIIO Ta iH.) Ta 3HAYHOTO 3a0pyAHEHHS HABKOIHUIII-
HBOT'O CEPEIOBHUINA;

— HEOOXIJTHICTh CTBOPEHHS Cyd4acHOl iH(pa-
CTPYKTYpH JUIst 300py Ta epepoOKH aKyMyJISITOPiB
€JIEKTPOMOOIITIB;

— HefocTaTHS e()eKTHBHICTh CyYacHHUX TEXHO-
JIOTi# IepepoOKH aKyMyJISITOPiB €J1eKTPOMOOLITIB;

— moTtpeba 3HaYHUX (DiHAHCOBHUX BHUTpATax s
nepepoOKH aKyMyJISITOPIB €IeKTPOMOO1IB;

— HETraTUBHHIA BIUIMB TEXHOJIOTII MepepoOKn
aKyMyJISITOPiB €JIeKTPOMOOLIIB HAa HABKOJIUILIHE Ce-
PEIOBHILE;

— HEOOXiJTHICTh PO3BUTKY TEXHOJIOTIi PEIUKIIi-
HTY;

— MIATOTOBKA JIO TMOBOEHHOI BiNOYIOBH, MOT-
peba B exkoHOMIi pecypciB Ta 30UIBIIIEHH] palioHa-
JBHOTO BUKOPHCTAHHSI BTOPUHHUX PECYPCIB, SIKi Mi-
CTSITBCSl B aKyMYJISITOpPax eJIeKTPOMOOLTIB.

Bupimenns mux npo6iem Hapasi HaOyBae 0co0-
JIMBOTO 3HAYEHHS HE TUIBKH JJIsI CTBOPEHHSI iHHOBa-
LUiHHOTO aBTOMOOINLHOTO TPaHCIOPTY, ane i IS
PO3BUTKY €KOHOMIKH KPaiHH.

Pe3yabTaTn

Axymynamopui bamapei erekmpomo6inie. Bax-
JIMBUM, CKJIaJJHAM Ta HAHOLIBLI TOPOTHUM BY3JIOM eJie-
KTPOMOOLUTIB € aKyMYJISITOPHI 6aTapei, ki HaKOHdy-
I0Th ENIEKTPUYHY €HEPTIfO JJIsl KUBJICHHS JBUTYHA Ta
IHIIIUX CUCTEM TPAHCIIOPTHOTO 3acody [2, 4, 9].

Po3BHUTOK CydacHHWX TEXHOJOTIH CTaBUTh aKy-
MYJIATOPH B LIEHTP yBar sIK KIIOYOBHH €JIEMEHT,
sIKuii 3a0e3medye pyHKIIOHYBaHHS Ta BU3HAYAE T1e-
PCIEKTUBHU PO3BUTKY enexTpomoOimis [10].

CrorosHi 1Sl €MEeKTPOMOOIITIB 3aCTOCOBYIOTh Pi-
3HI THIH aKyMYJISTOPHHX OaTapeid, aje HaiOLIbII e-
PCIIEKTUBHUM Ta TOLIMPEHUM THUIIOM aKyMYJISATOPiB
TSI eyieKTpoMo0iiB € smitiii-ionsi (Li-ion) [1, 2, 4, 9].

CydacHi TiTi-10HHI aKyMyJIATOpH TIEPETBOPIO-
I0THCS, Y PE3yJbTaTi MOIIYKY HAaNKpaIoro Marepi-
ay AJis KaTtoja, Ha I(ijie CiMeHCTBO XIMIYHHX JKe-
pen cTpyMy, SKi TIOMITHO BiAPI3HAIOTHCS OJUH Bij
OJIHOTO SIK EHEPTOEMHICTIO, TaK 1 ITapaMeTpamMH pe-
JKUMIB 3apsiLy/po3psiny:

— mitii-3amizo-ocoarni (LiFePO4, LFP);

— mitiii-mapranuesi (LiMn20,);

— JIITIA-HIKETb-MapraHelb-KO0aIbT-OKCHUTHI
(LINiMnCoO_, NMC);

— JITIA-HIKEIb-KOOAIbT-aTFOMIHII-OKCUIHI
(LiNiCoAIO2, NCA);

— mitid-nomimepHi (Li-Po);

— mititt-turadartdi (LisTisO12, LTO);

— wikenp-kobanpT-amominiesi (NCA) [2, 4, 9].

VY niTid-I0OHHUX aKyMYJSITOpax SIK HeraTHBHUHN
€JIeKTPOT (KaTo/1) BAKOPHUCTOBYIOTh alFOMiHIH, a SIK
MO3UTUBHMIA elleKTpo] (aHO) — Miab [2]. Ha aio-
MiHieBY (oJIbIy HAHOCSATH KaTOJHHMW MaTepiall,
SIKHM HalJacTillle BHCTYIAE IiTik-3ami30-pocdar
LiFePOs, nitiii-mapraninesa mminens LiMnoO4 a0
kobanbraT JiTito LiCoO2, Ha MiaHy (QOJBry HaHO-
caTh rpadir [2].

Enextponn MoxyTh MaTH pizHy dopmy, aie, siK
MPaBUJIO, BOHH SIBISIIOTH c000r0 (donbry y ¢dopmi
IITiHIpa a00 T0BracToro makera [2].
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[lepeBaramu miTiii-iOHHUX aKyMYJISITOPIB €:

— BHCOKa EHEepreTH4yHa TyCTHHA (TIepPEBUILYE
TEXHIYHI XapaKTepPUCTUKH IHIIMX THUIB Oatapei);

— HU3BKUU CaMOpO3psL;

— BiACYTHICTH e(heKTy maMm’siTi;
MPOCTOTa OOCITYTOBYBAaHHS;

— BimHOCHA ekosoriuHa 6esmneka [2, 9].

Jlo HeoMiKiB MTIH-IOHHUX aKyMYJISITOPiB Hale-
KaTb.

YyTIUBICTB A0 Mepe3apsaiB i mepepo3psiiiB;
BiZTHOCHO IIBUJIKE CTAPiHHS;

— TIOMIpHHHA CTPYM PO3PALY;

BHCOKa BapTiCTh;

— HEIIOCKOHAIIICTh KOHCTPYKIIi [2].

JliTi-3amizo-docdarni akymymnsTopHi OaTapei
JUTSL KaTOJIiB BUKOPUCTOBYIOTh €IMHUAN O€3IIeYHHH,
3 TOYKH 30pY €KOJIOTIYHOCTI Ta HeOe3MeKH BUOYXY,
LiFePO4 (puc. 1) [2].

[lepeBaramu mitiit-3amizo-hochaTHIX aKyMyIs-
TOpHUX OaTapeil € MiABUIICHUIA iana3oH pooounx
TeMIeparyp, TPUBAIMN TEpMiH CIIy:KOH, OiIbLI
mBHUAKa 3apsaka. OCHOBHI HEJOMIKY — MEHIIA TyC-
THHA 3apsfy, BeHKa YyTIUBICTh 0 30epiraHus 3a
MiBUIICHUX TeMuepatyp [9].

Puc. 1. JliTiii-3amizo-pochaTHH aKyMyIATOP
Fig. 1. Lithium iron phosphate battery

Jlitiii-mapranneBuit  akymyssatop  (LiMnzOs)
MOXe€ 3a0€3MEUUTH BUCOKHH CTPYM PO3PSILy, KU
Maibke B 30 pa3iB nepeBuIye Horo eMHicTh. Takuid
TUN Oarapell BUKOPUCTOBYIOTH B EIIEKTPOMOOLISNX
«Nissan Leaf» i «BMW i3». J{o HemomiKiB JiTii-Ma-
praHIeBUX aKyMyJSTOpIB HaleXaTh HEBEIHKUN
YKUTTEBUH pecypc 1 HeTepImuMicTsb J10 xosoy [9, 30].

JliTiii-HiKeNb-MapraHenb-Ko0anbT-OKCHIHI aKy-
mysstopu (LiNiMnCoO2, NMC) maroth Herorany
MUTOMY €HEProeMHICTb 1 TepMiH ciryxom 10 2000
LUKIIB 3apsiay/po3psay, aje CTpyM BiJjadi y HUX
uesenukuit [30].

JIiTi-HIKENIb-KOOAIbT-aTFOMIHIH-OKCHIH] OaTa-
pei (LiNiCoAlO2, abo NCA) MarOTh BHCOKY MH-
TOMY €EMHICTb i IpUIHHATHY BapTicTh [30].

Jlitiii-nonimepHi akymynsaTopHi 6arapei (Li-Po)
MalOTh BHCOKY E€HEpreTH4YHy T'YyCTHHY Ta TPHBaIi
LIUKITU 3apsiay/po3psiay, € MEHII CTaOLIbHIMH Ta
oesnmeunnmu, HiK LiFePOs. 3actocyBanus Li-Po-
Oarapeii oOMexeHe Yepe3 BUCOKY Yy TIHBICTB JI0 3a-
timanns [22, 27, 30].

Jlitiii-tutanatii  akymynstopu  (LigTisOqo,
LTO) 3abesneuytots 15 000...20 000 nukiiB, mo-
xexobesneuHi i cTiiiki 10 xomomy [30].

JliTi-TUTaHATHI aKyMyISTOpHI OaTapeii mix Ha-
38010 SCiB (Super Charge lon Battery) po3pobmse
kommanis «Toshiba» [4].

Hikenp-meTan-rizpuani akymymisITopHi Oarapei
(NiMH) 6inbii 3a 06’€eMOM Ta MatOTh MEHIIY CHe-
preTHyHy TYCTHHY, ayie OimbIn Oe3nmedHi Ta CTiHKi
10 niepesapsaku [22, 27, 30].

Kobaibrat nitiro LiCoO2 — oTpyiiHUH Ta €KOJI0-
riYHO MIKiMBUI Matepian [2].

[IpoBenenmii aHasi3 MOKa3ye, MO B aKyMYJISATOP-
HUX 0aTapesx BUKOPUCTOBYIOTH I[iHHI METAJIH: JITii,
HiKeJIb, MapraHellb, KOOAJIbT, AJIIOMIHIH, MiJIb Ta iH.

HactynHuM BaXIMBHM IUTaHHSM € 3’SCYBaHHS
KUTBKOCTI aKyMyIISITOPHUX Oatapeil eneKTpoMOOLTiB,
SIKY MO>KHA JIOCITITUTH 32 KiTBKICTIO €IEKTPOMOOLTIB.

Ananiz ounamixu 30i1buieHHsL KITbKOCMI eNleKm-
pomobinie. Ha puaky €C enexTpomoOini moyanu
3’ssitucs 'y 2010 porri, Koy gacTka iX MpoIaxy
nocsirna 0,01 % Bin 3aranbHOTO 00CSTY TPOJAKY
KOJIICHUX TpaHCIOPTHUX 3acobiB. Y BepecHi 2015
POKY YHCEIBHICTh €JIeKTPOMOOLIIB JocsTia Iep-
moro MineioHa, a y 2016 p. cBITOBUI TTapK €JIeKT-
pomo06iniB nmepesumus 1,2 MiH (puc. 1). Ane 3ara-
JMBEHUH Mapk enekTpoMo0biniB ckianas 0,2 % Bix 3a-
rajJbHOTO YKCIa JISTKOBUX aBToMOOLTIB [18, 29].

VY 2016 p. HalOIIBIINM PHHKOM €JIeKTPOMOOi-
niB craB Kuraii, Ha skuii ipuriagano moHax 40 %
€JIEKTPOMOOLITIB, MpoaaHuX y cBiti. ¥ Hopgerii ya-
CTKa MPOJIaXIB enekTpoMoOimiB ckiana 29 %, y Hi-
nepnaniax — 6,4 %, y HIserii — 3,4 % [18].

B 2023 p. mpomaxi enexkTpoMoOiTIB CKIAH:
60 % — y Kurai, 25 % —B8 €C 1a 10 % — y CIIIA [2].
brmuzeko 70 % mapky enexTpoMoOiiiB, IpOJaHUX
y 2023 p., ckiaiu exeKTpoMoOili Ha aKyMyJIsTOp-
HUX Oarapesix [26].

JuHamika 3pOCTaHHS KiJTbKOCTI eNIeKTPOMOOLITIB
nokasaHa Ha puc. 2 [26].
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Puc. 2. Jlunamika 3pocTaHHs IOPIYHUX 0OCSTIB
MPOIaXy CICKTPOMOO1ITIB
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Fig. 2. Dynamics of growth in annual sales volumes
of electric vehicles

Jligepamu 3 mpomaxiB Ha yKpaiHCEKOMY PHUHKY
enekTpomoOiTiB 3a 2020 pik Oynu «Nissan Leafy,
«Tesla Model S», «Renault Kangooy, «Tesla Model
3» 1 «BMW i3» [29]. Enektpomobini «Nissan Leafy
i «Tesla Model Sy 3anumanucs nigepamu B Harmii
Kpaini it y 2024 poui.

Cranom Ha 1 ciuns 2021 p. B Ykpaini Oysio 3a-
peectpoBano 25 853 emekTpoMobiii, a iX cepeaHii
BiK cKJIaB 5 pokiB [29].

KinbKicTh eeKTpOMOOLTIB Yy Halllili KpaiHi moc-
TiifHO 30iIbIIyeThCA. CTaHoM Ha 1 BepecHs 2024 p.
B Ykpaini Oymo 3apeectpoBano 119 445 emextpo-
MoOimiB, a ctaHoM Ha 1 rpyans 2024 p. — 132 157
enekrpoMo06iniB [19]. 3a KimbKicTIO €IeKTpoMOOi-
7B YKpaiHa ChOTOJTHI € JTiIepOM cepell CXiTHOEBPO-
neicpkux kpain [19].

3a nporHo3HUMH OIfiHKaMu Mapunu Kurinoi,
KIUIBKICTh eNeKTpoMOOiLTiB y Hammiil kpaini go 2030
poky moxke 3poctu 110 500 000.

[IpoBeneHuit aHai3 MMOKa3aB CTIKKY TCHICHIIIIO
70 301IBIICHHST KUTBKOCTI €IeKTPOMOOIITIB Y CBITI
Ta YKpaiHi 30kpema. HaBemeHi nmaHI JarOTh YSIB-
JICHHSI CTOCOBHO KIJIBKOCTI aKyMyJIATOpPHUX OaTa-
pelt eNeKTpOMOOITIB.

BojHouac 3i 3pOCTaHHSIM MOMUTY HA aKyMYJIsi-
TOPY BUHUKAIOTH ITPOOIIEMH, TIOB’s13aHi1 3 X BUPOO-
HUIITBOM, SKCIUTyaTaIli€to Ta yTuiizamieto [10].

Tak, y 2017 pori, Komu eneKTpoMoOiTi cKia-
au MeHIe Hixk 1 % BiJ 3arajbHOI KUIBKOCTI aBTO-
MOO1TiB, HA BUPOOHUIITBO aKyMYJISITOPHUX OaTapeit
Oyio BUTpayeHo 0Jin3bko 25 % JiTiro, kUil OyJ1o
Bu00yTO ¥ 2016 p.

HacrtymHe BaxiMBe NUTaHHSI [TOB’sI3aHE 3 BUCO-
KOIO BapTICTIO HOBHX €JIEKTPOMOOLIIIB, 1110 MPHU3BO-
JUTH JI0 IOCTa4aHHs B HAIlly KpaiHy B)KMBaHHX eJie-
kTpomo0iniB. Hanpuknan, y 2018 poui maiixe Bci

eJIEKTPOMOOLNT, AKi 3aBO3WiUCS B YKpainy, Oymu
BXKMBaHi, JIMIIE OJWH 13 IecsSTH OyB HOBUM Ha MO-
MEHT TpPOAaXKy, a CEpelHid BiK €JIEKTPOMOOIIB
cKi1afaB Oinblie 4oTUPHOX pokiB. Y 2024 poui Ki-
JBKICTh 3aBE3€HMX B YKpaiHy BXKHBaHHX €JIEKTPO-
MoO1IiB ckiana 54,1 %.

Tomy 0co0suBO1 yBaru notrpeOyrTh TPOOIEMU
HAKONHWYEHHS aKyMyJSITODHHX Oarapei, mo BH-
WK 3 eKCIUTyaTailii, Ta ix mepepoOK.

Bupobnuymeo axymynamopuux damapeii enex-
mpomobinie. CbOTOHI ICHY€E BEJIMKA KUJIbKICTh BU-
POOHUITB TITI-IOHHUX aKyMYyJIATOPIB, OUTBIIICT
i3 SIKUX nepeOyBae B cTafii po3poOKH.

JIiTili-l0HHI aKyMYJISATOPH AJSl €NeKTPOMOOLTIB
BUPOOIISIIOTh KoMITaHii «Panasonicy, «Electroluxy,
«CATLy, «LG Chemy i «<Samsung SDI» Ta in. [9].

Ha erani BupoOHHIITBA aKyMyJsITOpHUX Oara-
pelt 10 OCHOBHUX BHKJIMKIB MOKHA BiTHECTH TaKi:

— moTtpeda BHKOPHCTaHHS KPHTHYHOI CHPO-
BUHU;

— JekapOOoHizallist eIeKTPOCHEPT i, Ky BUKOPHUC-
TOBYIOTh Y BUPOOHUIITBI aKyMYJIATOPHHUX OaTapei;

— nmexapOoHizalliss MaTepialiB aKyMyJISTOPHHX
Oarapeii;

— moTtpeba B po3poOIii HOBUX TEXHOJIOTiH BUPO-
OHMIITBA aKyMYJISITOPHUX OaTapei;

— 3MCHIICHHS Macu aKyMYJSITOpHUX Oarapeit
[UISXOM IMOJIIIICHHS] KOMIIOHEHTIB Ta IEPEX0y Ha
HOBI (JIETKi) MaTepianm;

— TIOJITIIEHHSI OCHOBHUX MapaMeTpiB aKyMyJIsi-
TOpPHHX OaTtapeii: eHepreTUIHOI TyCTHHH, JIOBIOBIY-
HOCTI, KoedirienTa kopucHoi aii (KKJI) ta emHOCTI;

— 3MEHIIEHHS CO0IBapTOCTI aKyMYJISITOPHUX
6arapeii [27, 30].

JInst cTBOpEHHS aKyMYJIATOPHUX OaTapeil BUKO-
PHUCTOBYIOTh TOPOTOI[iHHI METaJIH.

[Notpeba BUKOpUCTAHHS KPUTUIHOI CHPOBHHH —
JITIIO, HIKEJIF0, KOOAIBTY, MiJli Ta 1HIIUX METAIB —
ITiJ] 9ac BUPOOHHUIITBA aKyMYIIITOPHUX Oarapeil Bu-
HUKAE 3aJeKHO BiJ THITy Oatapei.

VY 2023 p. monut Ha MaTepiaiu g aKyMyJIsTO-
piB CTAaHOBHUB:

— JmiTii — 6am3eko 140 kT, mo ckaagaio 85 %
BiJl 3araJIbHOTO MOIMUTY Ha JITIH, OPUPICT OLIBII
Hik Ha 30 % mopiBHsaHO 3 2022 p.;

— x00anbT — 3pocTanHs Ha 15 % (1o 150 x1);

— Hikeas — Maike 370 xr, o Ha 30 % OinbIe,
HiXk y 2022 p.

[Iporuosytots, mo 10 2030 p. robansHM HO-
IUT Ha JIiTii 3pocte y 12 pasiB, a Ha pinKicHO3eMe-
JIbHI efeMedTd — v 5 pasis [21].
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HeBin’eMHUM eneMeHTOM caMoi cTparterii po3-
BHATKY €JIEKTPOMOOLTIB B YKpaiHi € BUPOOHHUIITBO
aKyMyJSITOpHUX OaTtapeii, mo Bumarae ¢Gopmy-
BaHHS 1 peai3zallii KOMIUICKCHOT IpOoTpaMH, JepxKa-
BHA MiATPHUMKa SKOi TOBHHHA CTaTH MPIOPUTETHOIO.

B Vkpaini € MOXXIHBOCTI UII BUIOOYTKY MaTe-
pianiB Ta BUPOOHUITBA JIITiH-IOHHUX aKyMYyJsITO-
piB. YIIEBHEHOCTI A0Ja€ TOH (aKT, IO Ha CHOTOHI
PO3BiZaHi pOJOBHIIA JITIEBUX PYI, K1 HE TOCTyMa-
totecs pogosuiam CIIIA, Kanagu ta Adpuku. Po-
3BIITaHMMU € YOTUPHU pojaoBHIa JiTito: «LlleBueH-
KiBchke» — y JloHenpkiit obmacTi, «IlomoxiBcbke»
ta «J{o6pa» — y KipoBorpaacekiii, «Kpyta Oanka»
— y 3amnopizekiii [21]. [lepcnekTuBHIM Takox € be-
raHchbKe pooBuIe (3akaprmarcbka 001acTh).

VY Hamniif kpaiHi JiTiH TPUCYTHIN y KiIBKOCTI
232 tuc. 1, mo ckianae 0,4 % BCbOTO JIITIIO Y CBITI,
a 3a o0csraMu TOKJIaIy IBOTO MiHepany YKpaiHa
rmociiae TpeTe Micre y €Bporri.

Po3BuTOoK BmacHOi MiHEpaTbHO-CUPOBUHHOT
0a3u JiTito, SIKMH 3aCTOCOBYIOTh SIK OCHOBHHUI Ma-
Tepian y BUPOOHHIITBI aKyMyJISTOPiB, HaJaBaTHMe
JOJATKOBUX MEPCHEKTHB AJISl PO3BUTKY PUHKY €Jie-
KTPOMOOIIIiB Ta, Y IiJIOMY, EKOHOMIKH YKpaiHu.

KinmeBumu mpoaykTamMu TepepoOKH MOXKYTh
OyTu:

— JIiTiEBMICHA py[a,;

— 30araveHa py/ia 3aJeKHO BiJl BUIYYCHHS 3 Bi-
JIMOBITHOIO KOHIIeHTparieto (crmoaxymeH — 4...6 %
OKCHJIY JIITitO, IETATIT — 10 4 % OKCHIY JITIiI0);

— BUPOOHHUIITBO KapOOHATY JIITiIO;

— BUPOOHHUIITBO KAaTO/IB Ta aHOJIIB,;

— BUPOOHUIITBO JITii-IOHHUX OaTapei.

Buno0yTok KpUTHYHOI CHPOBUHH Ta BUPOOHHII-
TBO aKyMYJIATOPHUX OaTapeil AJis elNeKTpOMOOiITiB
BiJIMIOBI/IalOTh CTPATEriYHUM HAmpsMaM PO3BHUTKY
€KOHOMIKH KpaiHH.

VY mpiopuTeTi PO3BHTKY PEATBHOTO CEKTOpa
B YMOBax BiHHHM Ta NNOBOEHHOI'O BiJIHOBJICHHS €KO-
HOMiKH YKpaiHU BH3HaueHa po3poOka [Iporpamwu
MiATPUMKH PO3BHUTKY €JIEKTPOTPAHCIIOPTY B YKpa-
iHi, y sKill nependadeHo CTBOPEHHS MPUBAOIMBUX
YMOB IS JIOKami3allii BUPOOHHUIITBA HA TEPUTOPIi
VYkpaiHu eaeKTpOMOOILTIB, MOJOBKECHHS JIAHIIOTa
JI0JJaHOT BapTOCTi 3 HepepOoOKH CUPOBHHH Yepe3 BU-
MYCK aKyMYJISITOPHHUX OaTapei, HOTy»KHOCTEH i3 re-
PepoOKH Ta yTuIi3allil BiApanboOBaHUX JITIH-10H-
HHUX akymyJsitopis [21].

Jist monminiueHHs OCHOBHUX MapaMeTpiB akyMy-
JSATOpHUX Oarapell MpOBOAATH AOCIIIKEHHS 3 BU-
0opy Ta OOIpyHTYBaHHS MaTepialiB 1 GopM aHOAIB

Ta KaToJiB, BHOOPY €JIEKTPOIIITIB — piZIMHA, TBEPIE
TLIIO.

Sk mpuknan BizbMeMo enekTpomoOini «Nissan
Leaf» ta «Tesla Model Sy, sixi 6ymu jtiepamu po-
MK y HaIIii KpaiHi TpoTsATroM 0araTboX poKiB i 3a-
matmrcs gigepamu 'y 2024 pori.

VYaockoHalEeHHsI CTPYKTYpH €JIEMEHTIB JKUB-
nenns «Nissan Leaf» B 2017 pomi (24 610ku 110
8 TaKeTHHX TOJIMEPHHUX CIICMEHTIB JKHUBIICHHS 3a
Ti€i e 3arajibHOl KiJIBKOCTI €JIEMEHTIB YKUBJICHHS
192 wrt., sk 1 B onepeHHOMY BapiaHTi) J03BOJIHIIO
MIJBUIIATH 3allac XOAy eNeKTpomodins Ha 67 %

(puc. 3) [2].
a-a

Puc. 3. [Ipuxiiag makeTHOTO IMOTIMEPHOTO eleMeHTa
JKMBJICHHSI Ta HOTO PO3MOJITY B aKyMYJIATOPHil Oarapei
«Nissan Leaf»:

a — maKeTHHUi noniMepHuii enement xusierns «Nissan Leafy;
6 — akyMyIIsITOpHA OaTapes

Fig. 3. Example of a packaged polymer battery
and its distribution in a «Nissan Leaf» battery:
a — packaged polymer battery «Nissan Leaf»;

b — battery

[Ipuxnan enementa xuBneHHs 18650 Ta ioro
PO3MOiTy B aKyMyJISATOPHIA Oatapei eleKTpoMo-
oinst «Tesla Model Sy nokaszano Ha puc. 4 [1, 2].
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a—a

Puc. 4. Ilpuknan enemeHTiB xuBicHHs 18650 Ta ix-
HBOT'O PO3IOJITY B aKyMyJISITOpHiit OaTapei:
a — IpUuKiIag €JICMCHTIB YKUBJICHHS
3pa3ka 18650 (18 x 65 Mm); 6 — akymynsTopHa OaTapes
«Tesla Model S»

Fig. 4. Example of 18650 cells and their distribution
in a battery pack:
a —example of 18650 sample cells (18 x 65 mm);
b — «Tesla Model S» battery pack

Kommnanist «<Honda» po3pobiisie TBep0eeKTpo-
JiTHI 6araped, siki 10 2030 p. 3a0e3nedath mpoizz 10
1 000 kM Ha omHOMY 3apsi, a micis 2040 p. — 1o
1250 xMm [22]. IIporHo3yI0Th, 110, MOPIBHIHO i3 Cy-
YaCHUMH JTiTI-IOHHUMH aKyMYJISATOpaMH, TBEp0e-
JEKTPONiTHI OaTapei eneKTpoMOoOiTiB OyayTh MaTH
MeHImui po3mip Ha 50 %, meHry Bary —Ha 35 % Ta
MeHIy iy — Ha 25 %.

Han TexHomNorisiMA CTBOpPEHHSI TBEPUX EIIEKT-
POJITIB TpaIoTh 0araTo KOMITaHii, 30KpeMa
«Toyota», «Nissany, «Stellantis», «BMWy,
«Volkswagen» Ta iu. [22].

HoBuM HampsiMOM po3po0OK aKyMyIsITOPHUX
Oarapeil enexkTpoMoOiNiB € HaHOMaTepiamu. [ns
BUPOOHUITBA JIiTii-3a1130-pochaTHOr0 aKymys-
TOpa YaCTUHKH 3 JIiTik-3ai1i30-pocdary Oyio 3poo-
JICHO TUIACTHHYACTOI (JOPMH 1 MOKPUTO IIAPOM Ha-
HOBYyTJIEIO [2].

MoandikyBaHHS HAHOTIOKPUTTIB HA/Aa€ MOKIIU-
BOCTI JIJIsl CTBOPEHHSI aKyMYJISITOPIB 13 9acoM 3aps-
JDKEHHSI 10 3 XBWJIMH, TEPMIHOM eKcIuTyartalii aKy-
mynaropa a0 10 pokis [2].

[Impoki MOKJIIMBOCTI HAAAFOTH TIOJIIMEPHI eJIeK-
TPOJITH, SKI MalOTh Y CBOEMY CKIaAl COMi JITIIO
1 3aBIISIKK CBOTi MJIACTUYHOCTI JO3BOJISIIOTH BUTOTO-
BIISITH JITIM-10HHI aKyMYJISTOPH Pi3HOI (popmu 3 Be-
JIUKOIO BHYTPIIIHBOIO TTOBEPXHEIO, 10 3HAYHO Tif-
BUIIYE TEXHOJIOTIYHI MOMKJIMBOCTI BHPOOHMIITBA
aKyMyJISATOpHUX Oatapeit [2].

[TepcrieKTHBHUMH HampsiIMaMH PO3BUTKY aKy-
MYJISITOPHUX TEXHOJOTIH €:

— TOJIMNIIEHHS KaTOAHHUX 1 aHOTHUX MaTepiajiB
JUTS TIIBUIIICHHS TYCTHHU €HEeprii;

— po3po0OKa cTabimbHUX i JOBrOBIYHUX TBEPIO-
TiIJTBHUX EIEKTPOIITIB;

— BUKOPWCTAHHS aJIbTEPHATUBHUX XIMIYHHX
CKJIaMiB, TaKUX SK HATPii-iOHHI Ta MarHii-ioHHI
aAKyMYJISITOPH;

— ONTHUMI3allis MPOLECiB BUPOOHUIITBA JIJIS 3HU-
JKEHHS BAPTOCTI aKyMYJIATOPIB;

— YIpPOBaPKEHHS HOBHX METOMIB YIPABIIHHS
TEMIIEPaTypoIo i 0E3MEKOI0 aKyMYJISATOPIB;

— TIOJIMIIEHHS OCHOBHUX MapaMeTPiB aKyMyIIsi-
TOpHUX OaTapeil: eHepreTHYHOi T'yCTUHH, JOBIOBi-
yHocti, KK/ Ta eMHOCTI.

Crig 3BepHYTH yBary, 10 Ha Cy4acHOMY DiBHI
PO3BUTKY HayKH pO3po0Ka eJIeKTpOMOOiTiB 31 30i-
JBIIIEHUM 3aracoM XOJy 3aJIMIIAETHCS CKIaTHUM
3aBaanHsM [20].

I1le oHUM BasKJIMBHM BHKJIMKOM, SIKHH CYTTEBO
BILJIMBA€E HA BapTiCTh HOBOTO EIEKTPOMOOLIS, € Ba-
PTICTh aKyMYJISITOPIB, SIKA 3HAYHO BAPIIOETHCS 3aj1e-
JKHO BiJl THITy TPaHCIIOPTHOTO 3aco0y Ta Oatapei
[9].

Bucoka BaprTicTh akymyssiTopHOi OaTtapei He
TiIIBKH 30UIBIIYE BapTICTh EJIEKTPOMOOLIS, ane
# 3HAYHO 3MEHIIYE HOro KOHKYPEHTOCIPOMOXK-
HICTh TOPIBHSHO 3 aBTOMOOiIeM i3 JIB3. Hanpu-
kaag, y 2010 p. mozmens «Nissan Leafy, y sikoi Bap-
TICTh aKyMyJIITOPHOI OaTapei ckianana 57,3 % Bix
BapTOCTi eNEeKTPOMOOLIIS, MPOAaBAIIN 31 30UTKOM.

AJle 3aBJISIKM TIPOTPECy B TEXHOJIOTIi aKyMyJisi-
TOpIB €JIEKTPOMOOIJI MOKa3yl0Th 3HAYHO Kpalli Te-
XHIYHI XapaKTEepUCTHUKH, HANPHKIAA, 301IbIICHHS
TYCTHHHU €HEprii, a TaKoXK MIBUJIKE 3HIDKCHHS Bap-
TocTi O6atapeii [31].

Ha puc. 5 mokazano auHamiky LiH MartepiajiB
UL aKyMyJSITOPIiB 1 JITIH-IOHHUX aKyMyJsTOpiB
npotrsrom 2015...2024 pp. [26].
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3HIKCHHS LiH Ha JiTiH-10HHI aKyMyJIsTOpH Ha
74 %, mo BigOyBamocs 3 2011 mo 2017 p., mpu3Beno
70 301TBIIEHHS KiJIBKOCTI MPOAaXiB eIeKTpOMO0i-
JiB y cBiti B 16 pasiB.

& Rty pck peice: 77 Index: 20164100
°

Puc. 5. Ilina okpemMux MartepialiB Ui akyMyJISATOPIB 1
JTiIH-10HHUX akyMyssaTopiB mpotsrom 2015...2024 pp.

Fig. 5. Price of selected battery materials and lithium-ion
batteries during 2015...2024

Ha puc. 6 mokazaHo TeHIEHIIi1 3MEHIIIEHHS Bap-
TOCTI aKyMyJIATOpHHX Oarapeld Ta MPOTHO3 OO
2035 poky [18]. Y nockoHanIeHHs TEXHOJIOT1i BUPO-
OHMIITBA OaTapeil MPU3BOAUTE 0 CKOPOUEHHS PO3-
PUBY MiX I[iHAMH Ha €JEeKTPOMOOLTI Ta aBTOMOO1ITi
3 [IB3, 1o crpuse miIBUIIEHHIO KOHKYPEHTOCIPO-
MOJKHOCTI Ta 301JIBIIICHHIO KiJTBKOCTI TIPOJIAXKIB e1e-
kTpomo6iis [18].
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Puc. 6. IIporHo3 3MiHM BapTOCTi aKyMYJIATOPHOT
Garapei 10 2035 poky, $/xBr-roq

Fig. 6. Forecast of battery cost changes until 2035,
$/kWh

Binbmmicte Cy4acHHX TEXHOJIOTiIH BUAOOYTKY
KPUTHYHOI CHPOBHHH Ta BUPOOHUIITBA aKyMYJISITO-
piB OTPeOYIOTH Oarato pecypciB Ta MOXKYTh Hera-

TUBHO BIUTUBATH HAa HABKOJIHIIHE CepeOBHILE (IO-
BITps1, BoAy, IpyHT). 11[o6 aBTOMOOiUIBHUIT TpaHC-
MOPT CTaB CHpaBAi €KOJOTTYHUM, Ha eTanax BHJO-
OyTKy KPUTHYHOI CUPOBHHHU Ta BUPOOHHIITBA aKy-
MYJIATOPHUX Oatapeil I eleKTpOMOOITiB MOoTpi-
OHO BNPOBA/KYBATH IHHOBAIlIWHI TEXHOJOTII Ta
3MEHIIIYBATH EKOJIOT1YHE HABAHTAYKEHHS HA HABKO-
JIMIITHE CEPEeIOBHIIIE.

Excnnyamayis akymynamopnux bamapeii enex-
mpomobinie. Ha nipomy erami oCHOBHMMHU (haKTO-
pamu €:

— 3MiHa apaMeTpiB aKyMYJSITOPHHUX OaTapei;

— JekapOOoHi3allis e1eKTPOeHeprii, IKy BUKOPH-
CTOBYIOTbH TIiJ1 Yac eKcIuTyaTalii;

— CTBOpEHHS iIHQPACTPYKTYPH;

— ToJinmeHHs epeKTHBHOCTI eNEeKTPOABUTYHA;

— KOHTpOJIb, OOCITYTOBYBaHHSI T4 PEMOHT aKy-
MYIIITOpPHUX Oarapeii;

— aBapiliHe TOIIKO/KEHHS aKyMyJIATOpHUX Oa-
tapeit y ATIL

[Tig yac ekcruryaranii BayKIMBUM € 30epekeHHs
OCHOBHUX TapaMeTpiB aKyMYJIATOpPHHX OaTapei
€JIEKTPOMOO1ITIB: €HEPTeTUYHO1 T'yCTHHH, JOBTOBIY-
nocri, koedirienta KKJI ta emuocTi [4].

PoszmoBcromkeHHsT HaOyIM JITIH-I0HHI aKyMy-
TATOPHI Oatapei, y sIKUX y Mporeci eKCIuTyaTariii Bi-
IOYBarOTHCS 3MIHU XapaKTEPUCTUK: BETUUNHH BHY-
TPILIHBOTO OTIOPY Ta OMOPY MOJSAPU3AILii; BETUIHHU
€MHOCTI; IeTpaiallist akyMyIsTopHux 6arapeii [20].

[Tix yac excrutyaTarii JTiTiH-IOHHOT aKyMYJIsITO-
pHOi Oartapei eneKTpoMOoOiIs 3HMKYEThCS 1 €M-
HICTB, IO BiTOYBAETHCS K Y pa3i 301IbIICHHS IIUK-
JIYHOro 3apsify, Tak i B peXHUMi IPOCTor. 3HH-
JKEHHSI EMHOCTI Oatapei MpU3BOAMTE 10 3HUKEHHS
Ja’abHOCTI po0biry Ha ogHOMY 3apsii [20].

BrpaTta eMHOCTI 3 4acoM BIUIMBa€E Ha CHOXH-
BaHHS €HEprii eNeKTpOMOOiJIeM Ta MEXaHi3M CTa-
PiHHS aKyMyJIsITOpHOT Oatapei.

Jlerpanarisi akyMyJIsTOPHHX Oatapeil enexTpo-
MOO1TIB, sIKa BiIOYBAEThCS depe3 XiMiyHi MOOiuHi
peaxiii mij yac 30epiraHHs Ta eJIeKTPOXIMIYHI I10-
Oi4HI peakIlii mix yac poOOTH, 3aJIeKUTh TOJIOBHUM
YUHOM BiJl TEMIIEPATYpH, BEITMYMHU PO3PSILY, CUC-
TEMH OXOJIO/DKSHHS Ta MmBHIKOCTI 3apsiay [20, 25].
Cepennst piyHa IWBUAKICTH Jerpajamii akyMyJsiTo-
pHHX OaTtapeil eneKTpOMOOLIIB CTAHOBUTD OJIM3BKO
2,3 % [20, 25].

[lepexin Ha eneKTPOMOOILT TO3BOJIUTH 3MEH-
IHUTH 3a0pyIHEHHS HAaBKONMIIHBOTO CEpEeIOBHILA
aBTOMOOLITEHOTO TpaHcmopty [17]. V moBitps He
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MNOTPAIUIITUMYTh TOKCHYHI PEYOBHHHU (KaHIIEPO-
rean), CO, 030H, TETKi OPTaHIYHI CITOYKH; BBaXKa-
10Th, O piBeHb CO2 MoXe OyTH 3HIKCHUH yABIiUi,
BMICT OKHUCHIB a30Ty NOx Moke OyTH 3MEHIICHUH
Ha 20...25 % [17].

Icuye rinoresa, 1o B pa3i MacoBOi eKCILTyaTallii
€JIEKTPOMOOLITIB 3HM3UTHCS 3a0pyAHEHHS HABKOJIHU-
ITHBOTO CEPEIOBUINA B MICTaX, ajie MOTIPITUTHCS
€KOJIOTIYHA CUTYaIlisl B MICISIX BUPOOHUIITBA €JIeK-
TpOCHEprii Ta 3arajioM Ha 1uaHeti [17].

BwMicT 1BOOKHUCY CipKH, SKHH € IPOIyKTOM CIa-
JIFOBAHHS BYT1JUIS HA TEIUIOBUX €JIEKTPOCTAHIIISX Ta
BUKJIMKA€E KUCIIOTHI joi, 3pocte [17].

[TotpiOHO 3BepHYTH yBary, 11O €KOJOTiYHI Xa-
PaKTEePHUCTUKU aKyMYIIATOPHUX €IIEKTPOMOOITIIB 3a-
TIeKaTh BiJl pO3MIpy aKyMyJsTOpa Ta JpKepesa 3a-
PAIHOI EEKTPUKH.

VY pamkax [lapus3pkoi koHBeHI1 B YKpaini a0
2030 p. B ramysi elIeKTpOCHEPTeTHKH Tepea0adeHi
Taxl 3aBIaHHA:

— 30UIBIICHHS YaCTKH BiJHOBIIOBAHUX JKEPEI
eneprii (BJAE) mo 30 % (na xirers 2019 p. yacTka
BJIE cranoBumna 10,9 % Bix 3arayibHOI KiTBKOCTI BU-
pOOIIEHOT eNeKTpoeHeprii);

— 3MeHIIeHHs KiabKkocTi ByrinmpHUX TEC;

— TOCTYIIOBE 3aKPHUTTS BYTUIBHUX IIAXT Y KOM-
IUIeKCi 3 mporpamMaMu TpaHcopMalii BYTiIbHUX
perioHiB.

YupoBakeHHSI B €NEKTPOSHEPTeTHIN iHHOBa-
HMIHHUX TEXHOJIOTIH J03BOJIUThH 3a0€3MEUUTH Tepe-
XiJl Ha eJIEKTPOMOOLTI Ta MONIMIIUTH E€KOJOTiYHY
CUTYAIIIO B KpaiHi.

CydacHUM ITiIX0JJOM JI0 OIiHIOBaHHS €KOJIOTi4-
HOCTI eJeKTpoMoOins € oriHka BukumiB «well-to-
wheel», mo BkIrOYa€e BUKHIM HMAPHUKOBHX Ta3iB,
eHeproe(peKTUBHICTb Ta BUPOOHWYI BUTpPATH. 3Ti-
IHO 3 owuiHkor BUKkMAIB «well-to-wheel», Bukuan
3a piK BiJ| €JIEKTPOMOOINIS Y/IBI4i MEHIII, HIXK BiJl aB-
ToMOOLs 3 6en3uHoBHM [IB3 [4]. Ane B po3paxyH-
Kax KimpkocTi BukHAiB «well-to-wheely» moTpibno
BPaxoOBYBAaTH, III0 BOHH 3aJIeXkaTh Bij criocoOy BU-
poOHUIITBA enekTpoeHeprii [4].

[1ig gac ekcrimyaTariii e1eKTpoMOOLTIB CIIiJT 3Be-
pTaTy yBary Ha Takui Ba)KIMBUM acCHEKT: y BUIIA-
IKy CHJIBHOTO HArpiBaHHsS JITIH-IOHHHX aKyMmyJs-
TOpHUX OaTapell MoKe CTaTUCs 3aiiMaHHS Ta BUI-
neHHs mKiumBux ra3iB [9]. Tlokexi Ha eneKTpo-
MOOUTSIX, CEPHO3HOIO0 TTPUUNHOIO SIKUX € TETIOBHM
po3rin (TP) aBTOMOOITEHUX aKyMyJISITOPHUX OaTa-
pel, cratoTh yce Outbmn yactimmmu. TP o3Hauae,
10 E€JIEMEHTH TIroBOI aKyMYJSITOpHOI OaTtapei

BCTYMAIOTh Yy MPOIEC HEKOHTPOJIbOBAHOTO BH/Ii-
JICHHS TeIUla 1 IIBUAKOTO IiJBUIIEHHS TeMIiepa-
TypH [2].

Excrutyaranist akymynsTopHux Oarapeil BUMa-
ra€ CypoBOTO JOTPMMAaHHS IPaBWJI TeXHIKH 0e3-
TIeKH.

VYpaxoByroun JOCBiA eKCIUTyaTalii elxeKTpoMo-
O11iB, PATYBAJILHUKH TIO BChOMY CBITY BKe po3p00-
JITFOTHh METOAMKY TaCiHHS eJIeKTPOoMOOiTiB Ta iX po-
3runy micas ATII [2].

BBaxaroTb, 0 eTan ekcIuTyaTalii akyMyJIsaTop-
HUX OaTapel eJeKTpOMOOLTiB 3aBEPIIy€ETHCS B pasi
nocsirienHst 75...80 % HominaneHOT emHocTi [30].

OcCoONUBICTIO YKpaiHCBKOTO PUHKY € JOCHTH
BHCOKA YacTKa THUX €JIEKTPOMOOIIIB, sIKi Bke Oyin
Yy BUKOPHCTaHHI, IO HE TUTHKHA 3MEHIITY€E €KOJIOTId-
HUH edeKT, ale i Hece PU3HK, HacamIiepe]| IIBH/I-
KOTO BHYEPIIAHHS PECypCy BHCOKOBAPTICHHX aKy-
MYJIATOPIB Ta CTBOPEHHS BEIUKOI KITBKOCTI aKyMy-
JIATOPHUX BiJXOJIB.

Ymunizayis axymynamopuux 6amapeii enexm-
pomobinie. 3 aKyMyJISITOPHAMHU OaTapesiMU €JIeKT-
pOMOOINIB TOB’s3aHE Ie OJHE MUTAHHA, SKe,
3 OISy Ha BIIHOCHY HOBU3HY CBITOBOI'O PUHKY
€JIEKTPOMOO1ITiB, BUXOAUTh HA MEPIIUI TUIaH — IIe
MUTaHHS YTHIi3allii akyMyJISITOpHUX OaTapei.

Tepmin ciy)0u akyMyJISITOPiB OLIIHIOIOTH Ha Pi-
BHI I’ SITU-BOCBMH POKIB, MiCJIS YOT'O BOHH BUMara-
IOTh 3aMiHH.

Mojeni MacoBUX €IEKTPOMOOLTIB MEPIIOTo Mo-
kominms, Hanpuknaz, «Nissan Leaf», Bxe ceoromi
noTpeOyIOTh 3aMiHN aKyMYJISTOpHUX OaTtapeil. 30i-
JBIICHHS KUTBKOCTI «BiINpPaiboOBaHUX» JJISI CBOTO
MEPBICHOTO MIPU3HAYECHHS aKYMYJISITOPHUX OaTapeit
Oyze 3pocrary.

OcHOBHMMHU (aKTOpaMH Ha eTari BHBEICHHS
3 ekcrutyararii (yTuiizaiii) akyMyJIsTOpHAX Oara-
pei €:

— motpeba CTBOPEHHs Cy4YacHOi iH(pacTpyk-
TYpH JiJIs 300py Ta nepepoOKH aKyMyJISTOPIB elieK-
TPOMOO1IiB;

— nexapOoHi3allis eIeKTPOeHepTil, SIKy BUKOPH-
CTOBYIOTB Y TIpoIiecax mepepoOKu;

— YJIOCKOHAJICHHSI HAasBHUX TEXHOJIOTIH mepe-
POOKHM aKyMyIATOpHHUX OaTapeii;

— po3po0Ka HOBMX TEXHOJOTiH mepepoOKu aKy-
MYJIITOpHUX Oatapeii;

— BUKOPHUCTAHHS aKyMYJISITOPHUX OaTapei mpo-
TSATOM JPYroro TEpMiHy CIyXO0H;
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— MIATOTOBKAa JIO MOBOEHHOI BiJOYIOBH, MOT-
peba ekoHOMIi pecypciB 1 30LIBIIEHHS paIlioOHaTh-
HOTO BUKOPUCTaHHSI PECypCiB, SIKi MiCTATHCS y Bif-
MpanboOBaHUX aKyMYJISATOPAX SIIEKTPOMOOILITIB.

B akymymstopHux Oatapesx MICTATbCA IITiH,
HIKeJb, KOOAJIbT, MiJb Ta 1HIII METaJIH 3aJIEKHO BiJ
Tumy Oarapei. OTpuMaHHs X METAJIB Bifl Iepepo-
OKHM aKyMyJSTOPHHX OaTapeil 3HaYHO MPOCTIIe Ta
JIeTIeBIIIe, HK 1X BUI00YTOK [4].

OCHOBHHMM 3aBJaHHIM YTHIIi3alii aKyMyJIsTOp-
HUX OaTapeii € 3MEHIICHHS PecypciB, sIKi BUTpada-
I0Th Ha BUTOTOBJICHHS HOBUX OaTapeii.

[epepobka akyMynsITOpHUX JNiTiH-iOHHUX OaTa-
peil € CKIagHUM 3aBAaHHIM, TOMY LIO JUIsl BUPOO-
HUITBA KOMITOHEHTIB BUKOPHCTOBYIOTh 0araro piz-
HUX MaTepianiB, 1 U 1X IepepoOKH Ha eTarmi yTh-
Jtizanii moTpiOHI Pi3Hi TEXHOJIOTII.

Hapasi BUKOpHCTOBYIOTH pi3Hi TEXHOJIOTII TIepe-
pOOKH BimIpanbOBaHUX JiTIH-IOHHUX OaTapei: mi-
pOMETanypriiHy Ta TiIpOMETaNTypriiiHy TEXHOIO-
rii, Giomeranyprito abo ix koMOiHarii.

[Tipomeramyprist — 11e poriec BUIYICHHS METa-
J71iB 200 METaNeBHX CITOJIYK 13 BIANIPAIlbOBaHUX aKy-
MYJIATOPIB 0€3M0CEPEIHBO 3a JOIIOMOT0OK BUCOKHX
TEMIIEPaTyp, SIKUi BKIIFOYAE MiPOJIi3, CIIATIOBaHHS,
BHITaJ, TJIaBKY Ta pilke BHIyroByBaHHS [5].

lpgpomeranypriiiHuii Tpolec CKIAIHIIINKA 3a
MipOMETATYpriiiHuiA, aje Mae OiIbIl BUCOKY Bij-
nadqy, M’ sIKi YMOBH €KCIDTyaTallii Ta MeHIIIe 3a0py -
HEHHS HABKOJIMIITHBOTO cepeoBuina [5].

[pornec GiomeTanyprii BAKOPUCTOBYE MiKpOOp-
ra"izmu (Oakrepii) Ay 0OpOOKM Ta BiIHOBIICHHS
MeTamis [5].

CyuacHi TexHOJOTil MmepepoOKH MOTpeOyroTh
BEIMKOI KUTBKOCTI €Heprii Ta MaroTh IIKiJUTHBHA
BIUTUB Ha HaBKOJIMIIIHE CEPEIOBUIIE.

Bropunni akymynstopu (6atapei apyroro
KHUTTS) MOXKHA BHUKOPHCTOBYBATH JIJISI CTBOPEHHS
cucTeM 30epiraHHs eHeprii, 3apsAAHUX CTaHINH I
SJIEKTPOMOOIIIB Ta MIKPOMEPEKEBUX EHEPreTHY-
uux cucrem [30].

HaykoBa HOBH3HA Ta NPAKTHYHA
3HAYUMICTh

[IpoBeaeHO KOMIUIEKCHHH aHalli3 MpoOyieM BU-
POOHHMIITBA, E€KCIUTyaTalii Ta MepepoOKH aKyMmyJis-
TOpHHUX Oarapel, IO JO3BOJISIE€ BUSBHUTHU iX BILUIUB
Ha KOHKYPEHTOCIPOMOXHICTh, €KOHOMIYHICTD Ta
€KOJIOT1UHICTD EJIEKTPOMOOITIB.

BugineHo ocHOBHI TeHACHUIl aKyMyJIsSTOPHUX
OaTapeill eleKTpoMOOLTiB, SKi MOXXHA PO3BHUBATH
B YKpaiHi; po3TisHyTO MpoOIeMu BUTOTOBJICHHS Ta
nepepoOKu aKyMyIsITOPHUX OaTapei.

[lepepoOka BimmpambOBaHUX aKyMYJISTOPHHUX
Oarapeil cripusie 30epeKeHHIO TMPUPOIHHUX pPecyp-
ciB, ToMy 110 OaTapei € JpKepesioM LiHHUX MaTtepia-
JIB, IO CBOEIO YEPTOI0, JO3BOJISIE 3HIKYBATH 3aJIe-
JKHICTD Bil BUAOOYTKY CHPOBHHH Ta 3MEHIIIYE BH-
CHa)KeHHsI IPUPOIHUX PECypciB KpaiHu.

[lepepoOka BiAmpanboBaHUX aKyMYJISTOPHUX
OaTapeii Mae BeNMKe 3HAYCHHS JJISI TOCATHEHHS HY-
JBOBUX TIOKA3HUKIB BUKHIIB BYTJICIIO BiJl aBTOMO-
O1TPHOTO TPAHCIIOPTY.

AKIIEHTOBaHO yBary, 1o pO3BUTOK iHHOBaIlili-
HUX TEXHOIIOTi CTBOPEHHS €(PEeKTHBHHX, Oe3rmed-
HUX Ta JIOCTYITHUX aKyMYJISITOPHUX OaTapeii € Baxk-
JIMBUM KPOKOM JI0 IEPEXO0 1y Ha €KOJIOTIYHO YUCTHH
TPAHCIIOPT y KpaiHi.

BucHoBku

[epcnekTHBHUM HampsIMOM BHPIIICHHS CKJa[l-
HUX TpoOIeM aBTOMOOITEHOTO TPAHCTIOPTY B YMO-
Bax €KOHOMIYHOI Kpu3H, Ae]ilUTy eHepropecypcis
Ta IHTCHCUBHOTO 3a0pyTHEHHS! HABKOJIHUIIIHBOTO Ce-
penoBuUIa MoXke OyTH PO3BUTOK €IEKTPOMOOLITIB.

BpaxoByroun akTyanpHI TeHIEHI enekTpudi-
Kailii aBTOMOOLIBHOTO TPAHCIOPTY, OUIBIIICTD Be-
JUKUX aBTOBUPOOHUKIB JICKIAPYIOTh BiMOBY BiJ
BUITYCKY aBTOMOOLTIB i3 JIB3, sk BaHTaXHHUX, TaKk
1 JIErKOBUX, MpoTsiroM HaioOmmwkunx 10...15 pokis
1 IIOTHIXKHS aHOHCYIOTh HOBI MOJIEJI €JIeKTPOMOOi-
JiB.

OpnHuM i3 GakTopiB, U0 CTPUMYE IIBUIKUHN Tie-
pexiz Ha eNeKTPOMOOiNIi, € aKyMyJIATOpHI Oatapei,
JUTST BUPOOHMIITBA SIKMX IOTPiOHI JOpOri MeTanu
(Hampukian, JiTid, HiKeNb, KOOAILT Ta iH.), 0 Ha-
Jla€ BUCOKOT BapTOCTi eNEeKTPOMOOLISIM OPIBHIHO
3i 3BruaiinuMu aBromoOiIamu 3 J1B3.

Y po6oTi npoBeeHO aHaji3 Cy4acHOro CTaHy Ta
MEPCIEKTHB PO3BUTKY aKyMYJSTOpHUX OaTtapeit
€JICKTPOMOO1ITIB, PO3TJISTHYTO HMHUTAHHS, IMOB’sI3aHI
3 iX BHPOOHUIITBOM, €KCIUTyaTalli€l0 Ta YTHIIi3a-
Li€lO0.

st eneKTpoMOoOLTIB 3aCTOCOBYIOTh Pi3HI THIIH
aKyMyJSITOpHUX Oatapeild, HalOIIbII MEPCIIEKTUB-
HUM Ta MOIIUPEHUM Cepe]l SIKUX € JITiH-10HHI aKy-
MYJISITOPU — CIMEHCTBO Oarapeil 3 pi3HUMH CKIia-
JaMH €JICKTPOXIMIYHUX CJIEMEHTIB.

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332155

44

© B. €. Onimesceka, I'. C. Omimescekwii, I'. I1. Isanosa, 2025


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720

EKOJIOI'LI TA ITIPOMUCJIOBA BE3IIEKA

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcmopty, 2025, Ne 2 (110)

BupoOHHUITBO akyMyIsITOPHUX OaTapel cympo-
BOJDKY€THCSI 3HAYHUMH €KOJIOT1YHUMH BUKIHKAMH.
[Iponiec BumOOYTKY CHpPOBUHH Ui aKyMYJSITOPIB
(smiTito, KOOANMBTY, HIKEIIO Ta iH.) Ma€ Cepilo3Hi Ha-
CITIIKM JUTS HABKOJIMIITHBOTO CEPEIOBHIIIA.

[Tokazano, mo akyMyJsSTOpHI OaTapei CyTTEBO
BIUIMBAIOTh Ha COOIBapTICTh €NeKTPOMOOiLTiB, BHU-
3HAYAIOTh 1X XapaKTePUCTHUKH 3 IPOOIry Ta 3pydHO-
CTi eKkcruTyarailii, QOpMYIOTh €KOJIOTIIHIA e(eKT.

Ha erami ekcrutyaranii enekTpoMoOiTiB akymy-
JSTOpHI Oatapei 3a0e3mevyoTh eKOJIOTiYHICTh (He-
Ma€ IIKTTUBUX BUKUAIB B aTMOc(hepy), eKOHOMIY-
HICTh (BUKOPUCTaHHs eJeKTpoeHeprii Oinpm ne-
IeBe, HDK BUKOPHCTaHHS OCH3WHIB 200 JH3eNb-
HOTO IMajnBa) Ta OE3IIyMHICTb.

IHTeHCHBHUI PO3BUTOK €JIEKTPOMOOLTIB MPHU3-
BOJIUTH JI0 3POCTaHHS KiJBKOCTI aKyMyJSTOPHUX
Oarapeii, 10 TOTPEeOYIOTh YTHITi3allii.

CporoHi 3pocTae BaKIUBICTh BHUKOPHCTAHHS
BTOPHUHHUX TMPOJYKTIB. YJIOCKOHAJIICHHSI HasiBHUX
Ta po3poOKa HOBHUX TEXHOJIOTiH MepepoOKH akyMy-
JSATOPHUX OaTapelt JO3BOJIUTH 3MEHIITUTH BUKOPHC-
TaHHS JOPOTUX KPUTHIHHUX PECYPCiB, AKi BUTpaya-
I0Th Ha BUTOTOBJICHHS HOBUX Oatapeil.

YTumizamisi akyMyJISATOpHUX Oarapeil enexTpo-
MOOLITIB € OKPEMOIO TIPOOIEMOI0, TOMY IO aKyMy-
JIATOPH MICTSATh TOKCUYHI KOMIIOHEHTH, 1 B pa3i mo-
PYLICHHS MpaBwi YTHIi3allii BOHH MOXYTh 3a0py/-
HIOBATH HaBKOJIMIITHE CEPEOBUIIE.

[lepepoOka aKyMyJISTOPHOTO OPYXTY €JIEKTPO-
MOOUTIB J03BOJISIE BUPILITYBATH JIBi BAXKJIMBI Ta aK-
TyallbHI TIPOOJIEMU: OTPUMAHHS IIHHOT BTOPUHHOI
CUPOBUHM (JIiTitO, HIKEIO, MapraHIfo, KOOaJbTy,
QIIOMIHII0, MiJli Ta 1H.) T OXOPOHU HABKOJIHMITHEOTO
CEepeIOBHINA Bi/T 3a0pyJHEHHSI.

3a BiacyTHOCTI HEOOXiAHOT iHPPACTPYKTYpH Ta

00MEKEHOT0 OXOIUICHHS], BiAMpPalbOBaHi aKyMyJs-
TOPH €JIEKTPOMOOINIIB MOXKYTh MTOTPAILIATH Ha 3Ba-
A, mo Oyae MPU3BOAMTH 10 3a0pyAHEHHS Ha-
BKOJIIIHBOTO CEPEeIOBHIIA Ta BTpAT LIHHUX BTO-
PUHHHX pecypciB.

AKIIGHTOBaHO yBary, IO BTOPHHHI aKyMyJsi-
TopH (OaTapei Ipyroro >KUTTs1) MOXHA BUKOPHUCTO-
BYBaTH IIJIsl CTBOPEHHS CHCTEM 30epiraHHs eHeprii,
3apSAIHAX CTaHIIH I eIeKTPOMOOITIiB Ta MIKpO-
MEPEKEBHUX CHEPreTUYHUX CHCTEM.

Po3BUTOK aBTOMOOITBHOTO TPaHCHOPTY 3 HY-
JOBHMH BHKHIaMH CTPUMYIOTH TaKi BUKIUKU:

— TPYAHOILII BHPOOHMIITBA BHUCOKOEMHICHUX
1 IenIeBuX aKyMyJIsITOPHUX OaTapei;

— BEJIMKA BapTICTh EJIEKTPOMOOLIIB MTOPiBHIHO
3 TpamuIiiHIME aBTOMOO1IsIME 3 JIB3, sika 06ymo-
BJICHA BHCOKOIO BapTIiCTIO OaTapei;

— TIOPiBHSHO HEBUCOKHU Pecypc aKyMyJsTOPiB
€JIEKTPOMOOIITiB;

— mpoOsieMu yTHJi3alii aKyMyJsaTopiB, OCKi-
JIbKY BOHH MICTSITh OTPYIHI PEYOBUHH.

YpaxyBaHHS €KOJIOTIIHOTO (PaKTOpa € HeoOXia-
HOIO YMOBOIO iHTerparii yKpaiHCBhKOi €KOHOMIKH
y CBITOBI €KOHOMIYHi IpolecH 3 MeTor 3abesrie-
YeHHS i1 KOHKYPEHTOCITPOMO>KHOCTI.

[IpiopuTeTHUMH HampsIMaMH PO3BUTKY B YMO-
BaX MOBOEHHOTO BiJHOBJICHHSI €KOHOMIKH YKpaiHH
€ CTBOPCHHS PUBAOIMBUX YMOB IS

— JIOKai3arlii BApOOHUIITBA HAa TEPUTOPIii YKpa-
{HU eNeKTPOMOOLTIB;

— TOJIOBKEHHSI JIaHIIOTa J0/IaHOoi BapTOCTi TIe-
PEepOOKH CHPOBHHH Yepe3 BUITYCK aKyMYJISITOPHUX
Oarapeii;

— PO3BHTKY NOTYXXHOCTEH 13 IepepoOKH Ta yTH-
Jizamii BiAmpanboBaHUX JTiH-IOHHUX aKyMYJISTO-
piB.
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Electric Vehicle Batteries: Technical and Environmental Aspects

Purpose. The transition to electric vehicles can be considered a promising direction for the development of motor
transport, and one of the key elements that ensures the functioning and determines the prospects for the development
of electric vehicles is batteries. The main objective of this work is to study the technical and environmental aspects of
the production, operation, and disposal of electric vehicle batteries in Ukraine. Methodology. To assess the impact of
batteries on the development of electric vehicles, it is advisable to study their production, operation, and decommis-
sioning (disposal). Today, the main problems associated with electric vehicle batteries at the production stage are: the
need to use critical raw materials; difficulties in producing high-capacity and inexpensive batteries; improving the
basic parameters of batteries; and environmental pollution. During the operation stage, important challenges include
changes in battery parameters and the decarbonization of the electricity used during operation. Decommissioning
batteries is a difficult task because many different materials are used in the production of components, and different
technologies are required for their recycling at the disposal stage. Finding. The current state, technical, and environ-
mental aspects related to the production, operation, and disposal of electric vehicle batteries are analyzed. It is shown
that batteries significantly affect the cost of electric vehicles, determine their mileage and ease of use, and have an
environmental impact. It is emphasized that secondary batteries (second-life batteries) can be used to create energy
storage systems, charging stations for electric vehicles, and microgrid energy systems. Originality. A comprehensive
analysis of the problems of production, operation, and recycling of rechargeable batteries was carried out, which
allows identifying their impact on the competitiveness, cost-effectiveness, and environmental friendliness of electric
vehicles. The main trends in the development of electric vehicle rechargeable batteries in Ukraine were identified.
The problems of manufacturing and recycling rechargeable batteries were considered. It is emphasized that the devel-
opment of innovative technologies for the creation of efficient, safe, and affordable rechargeable batteries is an im-
portant step towards the transition to environmentally friendly transport in Ukraine. Practical value. The main trends
in the use of electric vehicle rechargeable batteries that can be developed in Ukraine are identified, and the problems
of their manufacture and recycling are considered.

Keywords: decarbonization; electric vehicle; rechargeable battery; technologies; materials; critical raw materials;
environmental impact
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Real-Time Assessment of the Technical Condition of Traction Motors Using
Machine Learning and IoT Technologies

Purpose. The purpose of this research is to analyze machine learning algorithms, select the most accurate and
efficient algorithm for diagnosing the technical condition of an induction traction motor based on operating parameters
such as temperature, noise, and vibration, and study the features of using Internet of Things (10T) technology to assess
technical conditions in real time. Methodology. The machine learning algorithm suitable for diagnosing the technical
condition of asynchronous traction motors was identified through analysis and comparative methods.
Findings. Machine learning algorithms were analyzed, and two distinct algorithms, K-means and Extreme Machine
Learning (EML), were selected for diagnosing the technical condition of asynchronous motors. The algorithms were
compared based on performance metrics such as accuracy, specificity, sensitivity, positive predictive value, and
negative predictive value. The results revealed that the EML algorithm outperformed K-means in these metrics,
achieving an overall performance score of 93%. Originality. A novel system was proposed that integrates a machine
learning model with loT technology for real-time diagnostics of the technical condition of traction electric motors.
This innovative approach enables dynamic monitoring of the motor's technical state. Compared to traditional
temperature diagnostic systems, such a multi-parameter system will allow you to determine a specific malfunction.
Practical value. The proposed system, based on a machine learning model, evaluates the technical condition of
traction motors in real-time using loT. It provides recommendations on when maintenance should be performed, based
on the actual condition of the motor. The system allows for maintenance planning based on real-time diagnostics,
facilitating a shift from scheduled maintenance to predictive maintenance strategies. This, in turn, increases
operational lifespan and minimizes unplanned downtime. By leveraging 10T, the diagnostic system can integrate with
motor control systems or SCADA systems, enabling remote monitoring and control of motor operations.

Keywords: traction motor; technical condition monitoring; fault detection; intelligent diagnostics; machine
learning algorithms; predictive maintenance

Introduction reliability of asynchronous motors, it is also
possible to have some inevitable failures due to
overloads, mode changes, especially during
transportation, variable environmental effects,
failures during installation and maintenance, etc. It
is known that failures associated with asynchronous
motors are generally divided into two broad
categories: electrical failures and mechanical
failures [2, 7].

Nowadays, asynchronous motors are the most
widely used electric machines to drive mechanisms
in various fields such as transportation,
manufacturing, petroleum, and energy systems
industries. 40-60% of the electric energy produced
in the world is consumed by asynchronous motors
with high reliability and efficiency, low cost, and
stable operating speed. In addition to the high
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Electrical faults consist of stator faults and rotor
faults, while mechanical faults include eccentricity
(imbalance), bearing, and shaft faults. Statistically,
among these, mechanical faults, especially bearing
faults, are a serious problem for motors.

Purpose

Bearings being an important equipment in the
traction motor, the main purpose of its application
is to ensure high speed and less friction. Heavy
loads, increased mechanical stress, pollution, etc.,
cases can cause defects in the form of cracks on the
surface of the bearings. In addition, increased loads
can increase the severity of cracks, which are the
main cause of bearing failure. To overcome these
challenges, faults must be detected and diagnosed
carly as part of preventive maintenance. Early
diagnosis and detection of faults is also one of the
most important issues in transportation, as it is an
important tool to prevent damage that can cause
disruptions in the entire system.

Preventive maintenance is based on monitoring
the condition of the traction electric motor (TEM)
and allows for the prediction and prevention of
faults in time before they occur. This increases the
reliability of the TEM and reduces maintenance
costs. Condition monitoring of the TEMSs consists of
several main stages: determining the fault location;
detection of faulty parts; diagnosis of faults and
their causes in the relevant parts; prediction of faults
and prevention of faults before they occur.

These stages are carried out with the help of
sensors installed in the TEM that measure voltage,
current, temperature, vibration, and noise level.
Recently, the monitoring of the technical condition of
devices based on machine learning methods (ML)
has become more and more important [1, 4, 10, 11].

Today, the development of ML has become a
leading direction in fault diagnosis. The ML model
is a subset of artificial intelligence (Al), and it
collects data using various sensors placed on the
TEM under different operating conditions.

Methodology

The main machine learning algorithms used to
determine the technical condition of TEMs are:

Fault detection with unsupervised learning.
K-means clustering helps to identify faulty
conditions by grouping various operating

parameters. Density-Based Spatial Clustering of
Noisy Applications — DBSCAN is an unsupervised
learning algorithm known as the density-based
clustering method. DBSCAN defines clusters based
on the density in a dataset and is mainly used to
identify abnormal or noisy points in the data.
Principal Component Analysis — PCA — facilitates
the detection of abnormal conditions in motor
operation through dimensionality reduction and
feature detection.

Diagnosis of faults with supervised learning.
Decision Trees and Random Forests are used to
make diagnostic decisions by classifying different
types of faults. Support Vector Machines — SVM —
performs classification by drawing a boundary to
separate normal and faulty motor conditions. Neural
Networks — improve fault diagnosis by learning
complex fault models.

Fault detection based on reinforcement
learning. Q-learning and Deep Q-Nets — DQN —
dynamically monitor the operating status of TEMs
and suggest strategies to minimize the risks of
failures by determining the most suitable operating
mode.

Time series analysis. Recurrent Neural
Networks — RNN and Long Short-Term Memory —
LSTM — help to predict the long-term status and
possible failures of the TEM by examining changes
in sensor data over time. Integrated Moving
Average with Auto Regression — ARIMA — predicts
what changes will occur in the future based on the
history of TEM parameters.

Deep learning for predictive maintenance.
Convolutional Neural Networks — CNN — predict
different types of failures by extracting features
from large amounts of sensor data, such as vibration
or noise analysis. Autoencoders — learn the normal
operating mode and detect anomalies, especially in
cases where the TEM parameters deviate from the
standard profile.

Feature extraction and selection algorithms.
Wavelet Transforms and Fourier Transforms —
analyze vibration and noise signals to extract
features that may indicate changes and failures in
the TEM. Mutual Information and Correlation
Analysis — ensures that only information that
directly affects the condition of the TEM is used,
identifying the most important characteristics.

Thus, with the combination of these algorithms,
it is possible to accurately and effectively determine
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the technical condition of electric motors. The
applied methods are selected and optimized based
on the type of data received from the motor, the
amount of data, and the type of faults [4, 8, 10, 16,
19].

The machine learning algorithms used to
determine the technical condition of electric motors
can vary depending on factors such as the quality
and quantity of data, as well as the nature of specific
faults.

Support Vector Machines — SVM. SVM, one of
the supervised learning methods, is one of the
algorithms effectively used in diagnosing motor
faults. This algorithm is especially suitable for
classifying nonlinear and complex data. SVM is
superior in detecting motor faults due to a number
of basic features:

Signal processing and classification. Electric
motors produce different types of signals while
operating, and in the event of a fault, there are
changes in these signals. SVM can distinguish
between normal and faulty situations by classifying
these signals. At this point, it is important to select
and process the features correctly, because the
classification accuracy of SVM depends on it.

Linear and nonlinear detection. SVM can
classify motor fault types as linear and nonlinear.
For nonlinear problems, SVM maps the data to
a higher dimension using kernel functions, thus
enabling nonlinear classification.

Vibration and noise analysis. One of the most
common faults in electric motors is bearing failure,
which is reflected in vibration analysis. SVM can
detect abnormalities and determine the type of fault
by processing the vibration data.

Detection accuracy. SVM can accurately
determine the type of fault by classifying it into two
or more classes based on training data. This
approach allows you to determine the exact type of
fault and take timely repair or replacement
measures.

Working with large-scale data. The data
collected from the motor is large and has a complex
structure. SVM s ideal for working with large
volumes of data and processing them with high
accuracy. This helps to detect the fault at an early
stage.

Diagnosis of motor faults with the help of SVM
is carried out in the following order.

Data collection and processing. Real-time or
historical data is collected from the motor. This data
is first processed and separated into features, for
example, features are extracted by methods such as
spectral analysis of the current or the Fourier
transform of vibration.

Algorithm training. Based on the collected
features, the algorithm is trained. Labeled data
representing normal and faulty states are fed to the
SVM, and the SVM draws a boundary between
these classes. Choosing the correct kernel function
and parameter values during training increases the
accuracy of the SVM.

Testing and performance evaluation. After
training, the algorithm is tested and its performance
is evaluated according to criteria such as precision,
sensitivity, and recall. Hyperparameter tuning of
SV M parameters is important for high performance.

Real-time monitoring. The trained SVM model
is applied for real-time signal processing and instant
error type determination. The model can detect
potential errors in time by analyzing new data.

SVM has advantages such as high-accuracy
classification, non-linear data structuring, fault
detection and prediction at an early stage, long
training time for large data, difficulties in adjusting
parameters correctly, and proper selection of kernel
(the choice of kernel affects the performance of the
algorithm) [3, 9, 10, 16, 19].

The SVM algorithm is very useful in the fault
diagnosis of electric motors because it supports the
reliable operation of motors with features such as
accuracy, stability, and overcoming nonlinear
problems.

The main purpose here is to classify the signals
received from TEM and determine their faulty or
normal states. Let's consider the SVM-based motor
fault diagnosis sequence.

Selection and preparation of features. Various
signals are analyzed to determine the status of
electric motors. From these signals, the necessary
features for detecting faults are extracted. The
following steps are taken to create the features.
Frequency and amplitude analysis — there are
changes in vibration and current frequencies in
faulty motors. Frequency and amplitude data are
obtained from the signals by analysis methods such
as FT. Statistical parameters — statistical parameters
such as mean, variance, maximum, and minimum
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signals are calculated. The specified features are
used as input data in the SVM model.

Determination of the objective function. The
objective function of SVM is expressed as follows
and is optimized to classify the motor signals into
two classes: normal and faulty.

min f -2
2

here, t — defines the direction of the optimum
separation line between the features received from
the motor. Minimizing the objective function
maximizes the difference between the classes,
allowing for a more accurate separation of the
classes.

Application of limiting conditions. For fault
detection, each state of the motor must be classified
according to the limiting conditions of the SVM:

yi (0% +v)>1

here y, — indicates the class label; in the fault case
it is set to y =-1 and in the normal case it is set to
y =+1, x; — is the feature vector, v — is a free

parameter.

These conditions are ensured so that the
properties of the fault states remain on one side of
the separation line and the normal states remain on
the other side. Constraints increase the classification
accuracy of the model and allow more accurate
separation of failure states.

Choosing a Kernel function. In electric motors,
Faults may incorporate nonlinear data. To improve
performance of SVM in such situations, Kernel
functions are employed. RBF kernel helps in
classifying motor signals by non-linear separation
of patterns from the separation line.

Kernel functions, such as RBF, aid in the
advanced recognition of faults within the signals
from the motor. The RBF kernel allows for motor
signal components non-linear to the fault detection
oscilloscope to be non-linearly separated. The
Kernel function is the tool that divides non-linear
classes in the lower dimensions and classifies them
in the higher dimensions.

Training and testing models. The SVM model is
trained with the available training data. The training
set employs the features of the received signals from
the motor with respect to the normal operational
condition as well as the fault operational condition.

After training the model, it is subjected to the test
data so that the results can be measured against
criteria such as accuracy, quality, and recall.

Optimally tuning kernel parameters together
with the C parameter yields precise results for the
SVM model sustenance. This parameter controls the
trade-off made between the margin and the number
of misclassifications. This value ought to be
determinable within a reasonable range to fulfill the
timely detection of failing motors.

Real-time application. Once the SVM model is
trained, it can monitor signals from the motor in
real-time and instantly identify any fault conditions.
In a real-time setting, the model integrates new
features to anticipate failure scenarios and issue
alerts for prompt intervention. This method not only
extends the lifespan of motors but also lowers
maintenance expenses and reduces the likelihood of
accidents that could arise from failures.

SVM is a machine learning model that linearly
classifies different classes of data. This model can
learn even with a small number of examples and has
high generalization ability. The structure of SVM is
shown in Figure 1.

Fig. 1. Support vector machine architecture

A hyperplane is a decision boundary that
linearly classifies the data; and the support vectors
are the data closest to the hyperplane. Margin refers
to the distance between the support vectors and the
hyperplane.

In SVM, the hyperplane is expressed as:

d(x)=wx; +b

where x; —is the input data, w — is the weight vector
perpendicular to the hyperplane, and b — is the bias.
The length of the margin is calculated by the
following equation:
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where, ; —is a smoothness variable added to adjust

the misclassification rate when the data cannot be
linearly classified in SVM, and C is a user-defined
parameter. The higher the C value, the lower the
allowable misclassification rate. In SVM,
a hyperplane that maximizes the margin size should
be selected. For this purpose, we set the minimum
value of w. This is an optimization problem, and the
constraint and objective function are given by
Equations (1) and (2), respectively. The Lagrange
emphasis method was used for optimization. The
Lagrange emphasis method obtains a variable
solution with partial derivative value equal to zero
for all variables from the equation, which is
obtained by multiplying the value of the constraints
on the objective function by a new variable a. The
final classification function of SVM obtained using
the Lagrange emphasis method is expressed as
follows:

F00=Y" ayK(x,x)+b

where a; — is the Lagrange emphasis,y; — The

output data, N, represents the number of samples in
the training data, and K — is the kernel. The kernel
is used to transfer data to higher dimensions in non-
linear classifications where the data cannot be
linearly classified. A radial basis function (RBF)
kernel was used in this study. The RBF kernel is
expressed as:

2
Xi — X
b -

K (%, X) = exp(———
(X, X) =exp( 27

where y — is a user-defined parameter that controls
the flexibility of the decision boundary.

Decision Trees and Random Forest. The
application of Decision Trees and Random Forest
algorithms is effective for determining faults of
electric motors. These algorithms help classify
motor failure types and identify potential problems
based on features in the data. These algorithms are
particularly useful for monitoring the condition of
components such as bearings, stators, rotors, etc. in
electric motors and determining faults.

Decision Trees are a simple and effective
classification algorithm. Based on the data collected

from the electric motors, the tree structure is built
by selecting the features.

The decision tree algorithm operates based on
the following steps:

Feature selection. Data gathered from the
motor, such as vibration, current, and temperature,
serve as features for classification. Each feature can
significantly influence the representation of fault
conditions in the motor. For instance, in the case of
a bearing fault, the vibration feature is crucial,
whereas for a stator fault, changes in current are
more telling.

Classification setup. A decision tree formulates
decision rules at each node by selecting the optimal
classification points (splits) based on the features.
For example, a decision node might state «Vibration
> 0.5 mm/s» or «Temperature > 90 °C» Each node
aids in pinpointing the fault condition, thereby
enhancing the classification process.

Metrics for classification. Decision trees
identify the best split points using methods like
entropy or the Gini index during data splitting.
These techniques help improve the accuracy of the
classification within the tree.

The Random Forest algorithm is a very powerful
algorithm that consists of a combination of several
decision trees. Random Forest is widely used to
improve accuracy in fault diagnosis of electric
motors. The working principle of the Random
Forest algorithm is implemented in the following
order.

Random Forest is built by creating several
decision trees, each trained on different subsets of
data and features. By using bootstrapping, each tree
learns to develop its own classification rules,
allowing for varied analyses of motor faults.

During the creation of each tree, features are
chosen at random. This randomness helps the model
remain flexible and ensures that decisions are made
based on a diverse set of features.

The final classification in Random Forest is
determined through majority voting. Each decision
tree casts its vote, and the most common
classification among them is selected. This
approach minimizes the chances of
misclassification and enhances the overall
reliability of the outcomes.

Decision Trees and Random Forest algorithms
build decision rules in a tree structure using various
features in the data to classify electric motor faults.
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The theoretical foundations and formulas of these
algorithms play an important role for fault
determination.

K-means algorithm. K-means is an unsupervised
learning algorithm (ULA) that combines datasets
into unique subsets. It is also called center-based
clustering algorithm [4]. Unique subgroups are
called clusters. It takes the data as the center value
and minimizes around the center according to the
data distance. The function of the K-means
algorithm is expressed as follows:

a 3
IV)=>D (b —c )2

i=1 j=1

where, a — is the number of cluster centers; ai — IS
the number of data points in the first cluster; b; and
cj — are the Fuclidean distance (closest distance)
between b; and cj; bi — is a set of data points; and C;
— is the set of cluster centers [1, 8-11, 16, 19].

The sequence of operation of the K-means
algorithm consists of the following:

— Randomly determines the center (i) from the
given data points (bj);

— Compares other data points according to the
nearest center;

— Still recalculates the surrounding data set for
the center and forms another set;

— Convergence is checked and step Il is per-
formed again, and so on.

Extreme Machine Learning algorithm. Extreme
machine learning (EML) is a supervised learning
model that combines several learning models to
improve ML results. The EML algorithm is divided
into two groups, basic and advanced techniques.
The EML and its activation function (i) are
expressed as follows:

a, =Z::Bi\lfi (bn)ZZ::BiWi (xby +7v;)

where, h — hidden nodes; weight vector between
input node Xi and hidden node i; £ — is the weight
vector between the output node and the ith hidden
node; and y — is the threshold for the ith hidden
node.

The steps involved in the EML algorithm are as
follows:

— Launch data subgroups for training;

— Captures data sets and builds a system to bet-
ter predict and summarize performance;

— A decision is made using any of the clustering
techniques.

Single-hidden Layer Feed-forward Neural
Network (SLFNN) is used as a classifier to classify
traction motors in good condition and requiring
maintenance [5, 9-13]. In addition, a differentiator
function is used to select the input significances and
biases of the hidden layer.

Combined use of machine learning algorithms
in fault determination of electric motors. The
combined use of K-means, External Machine
Learning, Decision Tree, and Random Forest
Algorithms in determining the faults of electric
motors requires the synthesis of mathematical
models and algorithmic approaches. This model
combines the advantages of each algorithm to
provide more accurate and reliable fault diagnosis.
Now let's consider the mathematical models of these
algorithms and their joint use.

K-means clustering involves dividing the data
into X={x1, X2,...,xn} clusters. The objective of this
model is to identify the cluster centers and allocate
the data points to the clusters that are nearest to
these centers.

— Cluster centers C={cs, C»,...,Ck} are selected.

— Data are divided into clusters:

arg min, || x, —c; |I*
wherei=1,2,..,nandj=1,2,..,k

—Renovation of centers:

1
T

ieS

where S; — is the set of elements in the jth cluster.
Extreme Learning Machine (ELM) utilizes
random weights and biases in the input layer. This
model enables a quicker training process, allowing
for accurate output predictions.
— Connection between input and output:

H=f(W-X+b)

where H — is the hidden layer, W — is the input layer
weights, b is the bias, X — is the input data, and f —
is the activation function.
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— Output prediction:
Y=H-B

where Y — is the output of the model and g — is the
weights of the output layer.
—Weight adjustment:

B=(H"H) HFF

where F — is the target output.

Decision Tree classifies data by making
partitioning decisions at each node. The core idea
behind the decision tree model is to enhance the
information gained from each data partition.

— Gini index (to measure the homogeneity of the
classification):

Gini(D)=1->"pf
i=1
where p;j — is the probability of class i.
— Section by feature:
iy D, ..
G|n|(D,A)=Z—|G|n|(DV)
veA

— Choosing the optimal feature:

arg min, Gini(D, A)

4, Random Forest. Random Forest consists of
several decision trees, and the results of each tree
are combined to obtain a final result.

— Adjustment of decision rules for each tree:

Yizfi(x)
i=12,..n

where fi — is the function of the ith tree.
— Final forecast:

i n
Yfinal :_ZYi
Nz

Using the Collaborative Model. The joint use of
these algorithms occurs in the following stages:

— Clustering with K-means. Motor data is
clustered with k-means. As a result, the centers of
each given group are found.

— Learning with ELM. The clustered data are
fed into the ELM model. The output of the ELM
model is used to determine the fault type.

— Classification with Decision Tree and
Random Forest. The results from ELM are fed into
Decision Tree and Random Forest models. The
prediction of each tree is combined to obtain a final
fault classification.

With the joint application of the mentioned
models, more accurate, fast, and reliable results can
be obtained in the detection of faults of electric
motors. Mathematical models of each algorithm
provide a complete analysis of data and effectively
implement the process of fault determination. The
joint model is also useful for identifying new fault
patterns with adaptive learning capabilities.

Thus, the aim of the research work is to create
and implement an intelligent system to monitor the
technical condition of TEMs operated in transport
in real time by applying various machine learning
algorithms and methods.

The article used two ML algorithms to evaluate
the technical condition of the motor in real-time.

One of the most common components to fail in
a TEM is the bearings. Bearing failures can occur
due to overheating, fatigue,  corrosion,
contamination, excessive mechanical loading, and
other factors. In this study, key diagnostic
parameters such as voltage, current, temperature,
noise level, and vibration are measured for 200
different TEMs (100 in good condition and 100
requiring repair). The data obtained from the TEM
in the form of signals through sensors is analyzed
using various transformations and methods. Signals
generated under normal and abnormal conditions
are examined. Additionally, the signals collected
are fed into the machine learning unit as input data
to assess the technical condition of the TEMs
(Figure 2).

Thus, ML algorithms, i.e., K-means and EML
draft, are used as classifiers for real-time assessment
of technical states of TEMs and classification of
faults. In addition, the effectiveness of the two
different classifiers was measured in terms of
accuracy,  specificity,  sensitivity, = negative
predictive value (NPV — which shows what
percentage of the model's predictions for the
negative category are correct and adds it to the sum
of the actual values for the negative category),
positive predictive value ( PPV — which shows what
percentage of the model's predictions in the positive
category are correct and is calculated using various
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indicators such as the sum of the actual values in the
positive category).

The advantages of both classifiers are analyzed,
and the best classifier is determined. Furthermore,
the best classifier is used for the real-time Raspberry
Pi-based hardware system. Figure 2 shows a block
diagram for a real-time Raspberry Pl-based
hardware system.

The main operating parameters of TEM are
measured by five different analog sensors such as
current sensor, voltage sensor, temperature sensor,
vibration, and sound sensor. In addition, the analog
signals from the sensors are converted to digital
signals using the PCF8591 analog to digital
converter (ADC) module.

Current
sensor

Analog to
digital
converter

Temperature
sensor

Raspberry PI

Pre-prosessing

In addition, the digital signals from the PCF8591
module are pre-processed using feature extraction
methods, and these extracted informative features
are passed as input to the ML classifiers.

Finally, the ML classifier provides support for
deciding whether the traction motor is in good
condition or requires maintenance. 85% of the data
(both the traction motor in good condition and the
traction motor requiring maintenance) is used to
train the supervised learning classifier, and 15% of
the data is used to test the supervised training
classifier. Since K-means and EML are suitable for
smaller size, numerical and continuous data, both
ML algorithms are used as classifiers in the
proposed work.

Machine
learning
algorithm

Decision Support
(Output)

Fig. 2. Block diagram of the decision support unit

Findings

Comparative analysis of modeling results.
Figures 3 and 4 show the average accuracy and
sensitivity values for the K-means and EML
algorithms, respectively, in diagnosing the technical
condition of TEMs. A total of 200 TEMs were
analyzed for both the K-means and EML classifiers

within the TEM intelligent monitoring system. Of
these 200 motors, 100 are in good condition, while
the remaining 100 require maintenance, and these
were used to train two different machine learning
classifiers for monitoring purposes. In addition,
10 of the good-condition TEMs and 10 of the
motors requiring maintenance were used to test the
machine learning classifiers.
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Fig. 3. Accuracy of TEM monitoring K-means and EML classifiers

The performance indicators of two different
machine learning classifiers for TEM monitoring,
specifically the K-means and EML classifiers, are
presented in Table 1. During the testing of the
monitoring system, it was found that the accuracy
of the K-means classifier was 77%, while the
accuracy of the EML classifier reached 93% (see
Fig. 3). Additionally, the sensitivity and specificity
for the K-means classifier were 73% and 81%,
respectively, whereas for the EML classifier, these
metrics were both 93% (refer to Figure 4 and
Table 1).

Moreover, the positive predictive value (PPV)
for the K-means classifier was 84%, and the

negative predictive value (NPV) was 71%. It was
also noted that the performance characteristics,
including sensitivity, accuracy, specificity, NPV,
and PPV, were all at 90% for the EML classifier.
Furthermore, the average performance of the EML
classifier was found to be superior to that of the
K-means classifier. Given that the EML classifier is
more significant than the K-means classifier, it has
been implemented on the Raspberry PI using
Python. It is also evident that diagnostics of the
technical condition of the TEM can be conducted
using the Raspberry Pi-based device.

Table 1

Performance indicators of TEM monitoring,
K-means and EML classifier

Accuracy

Specificity

Sensitivity
NPV
PPV

o >~ ® e

77 % 93 %
81 % 93 %
73 % 93 %
71 % 92 %
84 % 92 %
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Fig. 4. TEM monitoring K-means and sensitivity
of EML classifier

A monitoring system based on the Internet of
Things. Recently, attention has been paid to the
creation of a system for monitoring the technical
condition of devices using the Internet of Things
(loT) system [3, 5, 6, 9, 14, 16, 19]. A typical IoT
instrument contains the sensor to collect data, signal
processing for sensor output, an ADC, digital logic,
and internet connectivity for decision-making, and
signal processing to activate an actuator in response
to detected input. Smart sensors have the intelligence
to provide direct digital data for measured
parameters, ready for transmission to the gateway.

Digital logic and signal processing are part of
these sensors. Digital logic consists of
a microprocessor unit (MPU) that performs
algorithmic  functions such as filtering,
compensation, and other signal converters. The
built-in MPU of smart sensors can also be used to
provide calibration data for the sensor, monitor
abnormality in production parameters, make quick
and immediate decisions during malfunctions, and
issue alarms to prevent malfunctions. This will
reduce the processing load on the digital processing
processor of IoT systems. Smart sensors usually
communicate with a central processing system in
case of major faults or exceptions. Some of the
smart sensors have a self-diagnostic feature, which
is achieved by having two sensing elements in the
sensor. The results are sent by the sensor to the
central processing unit after comparing the outputs
of both elements [3-5, 6, 9, 14, 19].

Computing

\
e 0 L1

Fig. 5. Data collection from the TEMs
with loT-based sensors and transmission
to the cloud system

Taking into account the characteristics of these
sensors, it is possible to achieve a real-time
assessment of the technical condition of TEMs
operated in transport by measuring the main
operating parameters. The IoT-based motor
diagnostic monitoring system is specially designed
to monitor the technical condition and performance
of electric motors using IoT technology. This type
of system uses sensors, connectivity, data analytics,
and diagnostic algorithms to continuously assess the
condition of traction motors and predict potential
problems [1, 4, 6, 12, 15, 17-19].

Sensor placement. Sensors are installed on the
electric motor and its related components to
measure various parameters such as temperature,
current, voltage, noise, and vibration. These sensors
can be mounted directly on the TEM or added
externally.

Data acquisition and transmission. Sensors
collect real-time data from the TEM and transmit it
to a central server or cloud platform via wired or
wireless communication protocols such as Wi-Fi,
Bluetooth, Zigbee, or cellular networks. The data
includes information about TEM operating
conditions, performance indicators, and any
abnormalities detected by the sensors.

Data storage and processing. Collected data is
stored and processed locally or in the cloud.
Advanced analytics techniques such as machine
learning algorithms are applied to analyze the data
and identify patterns, trends, or abnormalities that
may indicate potential TEM problems.

Diagnostic algorithms. Diagnostic algorithms
are used to process sensor data and evaluate the
condition of TEMs. These algorithms can utilize
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rule-based systems, statistical analysis, or machine
learning models to detect faults, predict failures, and
calculate the TEM's remaining residual resource.

Alerts and notifications. When an abnormality
or potential issue is detected with the TEM, the
system generates alerts or notifications to inform
maintenance personnel or operators. These alerts
can be sent via email, SMS, or specialized
applications, allowing for timely intervention to
prevent unexpected interruptions or failures.

Predictive maintenance. By continuously
monitoring TEM condition and performance, an
loT-based diagnostics system enables predictive
maintenance strategies. Maintenance activities can
be scheduled based on the actual condition of the
TEM. This approach maximizes service life and
minimizes downtime.

Integration with motor management systems. In
some cases, loT-based TEM diagnostic systems can
be integrated with motor management systems or
SCADA systems to provide remote monitoring and
control of TEM operations.

ToT based sensors

Detected equipment

Wireless relay
transmission
o

85 gt

Connectivit,
o Wireles:
. 2

This integration allows operators to adjust
traction motor parameters and operations as needed
in response to detected problems.

An loT-based TEM diagnostic monitoring
system enhances the reliability, efficiency, and
safety of TEMs used in transportation. These
systems provide deeper insights into the technical
condition and performance of the TEM, enabling
proactive maintenance and optimization of TEM
operations. Figure 6 illustrates the intelligent system
designed for monitoring the technical condition of
the TEM using the loT.

Thus, data obtained from TEM through
intelligent sensors are collected in real time and
archived in a database based on cloud technology.
Based on the received data, the traction motor's
technical condition parameters are compared with
the normal condition parameters, and the output
signal is processed. With the output signals, the
technical condition of the TEM is assessed in real
time and the decision is made to provide
maintenance if necessary.

Data collection + Process + Analysis
Local server

Maintenance in advance

Real-time technical condition information

Fig. 6. IoT based traction motor condition monitoring system

Originality and practical value

To diagnose the technical condition of the TEM
in real-time, utilizing 10T capabilities within
a machine learning-based intelligent monitoring
system represents a new area of research. This
approach enables dynamic monitoring of the TEM's
technical condition. Compared to traditional
temperature diagnostic systems, such a multi-

parameter system will allow you to determine
a specific malfunction. Therefore, it is essential to
develop and implement such a monitoring system.

Conclusion

This work discusses the development of
a machine learning-based intelligent system
designed for real-time monitoring of the technical
condition of TEMs. By utilizing two different
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machine learning classifiers, K-means and EML,
we compared their advantages in terms of accuracy,
sensitivity, specificity, positive predictive value,
and negative predictive value. The findings indicate
that EML outperforms the K-means classifier,
achieving an overall superiority rate of 93%. In
contrast, the accuracy and sensitivity of the K-
means classifier were found to be 77% and 73%,
respectively. These results demonstrate that the
EML classifier exhibits superior performance
compared to K-means.

Furthermore, the EML classifier can be
integrated into the machine learning-based
intelligent system for real-time monitoring of
electric motors' technical conditions. Additionally,

the proposed model can connect to an loT cloud
server, enabling dynamic monitoring of the TEM's
technical condition. Using loT-based sensors, the
system analyzes data received from the TEM,
makes necessary adjustments, and assesses the
motor's technical condition. This decision-making
process allows for the prediction and early detection
of both the motor's lifespan and potential future
failures. Consequently, traditional maintenance
practices for TEMs will transition to condition-
based maintenance. This approach will enhance the
continuity of passenger and cargo transportation,
improve the reliability and stability of the overall
traction vehicle, and ensure economic viability.
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OuiHKa TeXHIYHOI0 CTaHy TATOBHX ABUIYHIB y peajibHOMY 4aci 3a J0IO0MOr o010
TEXHOJIOTiii MAIIMHHOTO HaBYaHHA Ta 10T

Meta. OCHOBHOIO METOIO I[OTO JOCIIDKEHHS € aHalli3 ajJrOpuTMIB MallMHHOI'O HaBYaHHsS, BUOIp HaWOiibII
TOYHOTO ¥ €(PEKTHBHOIO aJrOPUTMY AIarHOCTHKH TE€XHIYHOTO CTAHYy aCHHXPOHHOTO TSTOBOTO JBHT'YHA Ha OCHOBI
TakAX poOOYMX TapaMmeTpiB, SK TeMIlepaTypa, piBeHb IIyMy Ta BiOpamii, a TakoX BHBYCHHS OCOOIHMBOCTEH
3aCTOCYBaHHS TEXHOJIOTII iHTepHeTYy pedelt (10T) ans OUiHKK TEXHIYHUX YMOB y pealbHOMY 4aci. Meroguka. 3a
JIOTIOMOTOI0 aHAJ3y Ta IOPIBHAJIBHUX METOJIB BH3HAYEHO AJTOPUTM MAIIMHHOTO HABYAHHSA, NPHIATHUH IS
JIIarHOCTUKH TEXHIYHOTO CTaHy aCHHXPOHHOTO TATOBOTO ABHMTyHa. PesyabTarm. IlpoaHanizoBaHO anroputMu
MAIIMHHOTO HaBYaHHsA Ta 00paHO 1Ba pisHux amroputmu K-means ta Extreme Machinearning (EML) nst
JIarHOCTUKM TEXHIYHOTO CTaHy AaCHHXPOHHHMX [BUTYHIB. AJTOPHTMH NOPIBHIOBAJIM HAa OCHOBI ITOKa3HHUKIB
e(EeKTHBHOCTI, TAKUX SK TOYHICTb, CIIEIH(IUHICTD, YyTIUBICTh, IIO3UTHBHE MPOTHOCTHYHE 3HAYCHHS Ta HETATHBHE
MIPOTHOCTHYHE 3HaYeHHA. Pe3ynbTaTn nokasany, mo anroput™m EML nepesepmus K-cepenHi 3a My moka3HUKaMH,
JIOCATHYBIIIN 3aTajIbHOTO MOKa3HUKA MPOXyKTHBHOCTI 93 %. HaykoBa HOBH3HA. 3aIIpONIOHOBAHO HOBY CUCTEMY, SIKa
IHTETpy€e MOJAETh MAIIMHHOTO HaBYaHHS 3 TexHousoriero 10T g [MIarHOCTHKKM TEXHIYHOTO CTaHy TATOBHX
€JICKTPOJIBUTYHIB Y peabHOMY 4aci. [lel iHHOBamiiHUH i IX1]T TO3BOJISE TMHAMIYHO KOHTPOJIFOBATH TEXHIYHUH CTaH
neuryHa. IlpakTudna 3HauMMicTh. 3alponoHOBaHA CHCTEMa HAa OCHOBI MOJEJNi MAIIMHHOTO HAaBYaHHS OIL[IHIOE
TEXHIYHHH CTaH TATOBHX JIBUTYHIB Y pearbHOMY 4aci 3a momomororo 10T. Bin MicTuTh pekoMeHamii moa0 Toro,
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KOJIM CJiJI BHKOHYBAaTH TEXHIYHE 0OCIYTOBYBAaHHS 3 ypaXyBaHHAM (aKTHIHOTO CTaHy ABHTyHA. CHCTeMa T03BOJIIE
IUTAaHYyBAaTH TEXHIYHE OOCIYrOBYyBaHHS Ha OCHOBI MIarHOCTHKH B pPEANbHOMY daci, MOJETUIYIOUH MepexiT Bif
IUTAHOBOTO TEXOOCITyTOBYBaHHS 0 CTPATETiii IPOTHO3HOTO Texo0cmyroByBaHH. Lle, y cBOIo uepry, 301bIrye TepMiH
eKCIUTyaTallii Ta MiHiMi3ye He3amIaHoBaHi nmpocToi. Bukopucranus 10T mae MOXIHMBICTE iHTETPYBAaTH AiaTHOCTHIHY
CHUCTEMY 13 CHCTEeMaMHU KepyBaHHs ABUTYHOM abo cucremamu SCADA, 1o 3abe3mneuye NUCTAHIIHHIA MOHITOPHUHT
1 KOHTPOJIb POOOTH JBUT'YHA.

Kniouosi crosa: TATOBHI NBUI'YH; MOHITOPUHI' TEXHIYHOTO CTaHY; BUSBJIECHHsS HECHPAaBHOCTEH; iHTEIEKTyalbHa
JIarHOCTHKA; aITOPUTMH MAIIMHHOTO HaBYaHHS; IPOTHO3HE 0OCITyrOByBaHHS

REFERENCE

1. Demirci, M., Gozde, H., & Taplamacioglu, M. C. (2021). Fault diagnosis of power transformers with machine
learning methods using traditional methods data. International Journal on «Technical and Physical
Problems of Engineering» (IJTPE), 49(13), 225-230. (in English)

2. Dineva, A., Mosavi, A., Gyimesi, M., Vajda, ., Nabipour, N., & Rabczuk, T. (2019). Fault Diagnosis of
Rotating Electrical Machines Using Multi-Label Classification. Applied Sciences, 9(23), 5086.

DOI: https://doi.org/10.3390/app9235086 (in English)

3. Gangsar, P., & Tiwari, R. (2017). Comparative investigation of vibration and current monitoring for prediction
of mechanical and electrical faults in induction motor based on multiclass-support vector machine
algorithms. Mechanical Systems and Signal Processing, 94, 464-481.

DOI: https://doi.org/10.1016/j.ymssp.2017.03.016 (in English)

4. Guliyev, H. B., Manafov, E. K., & Huseynov, F. H. (2024). Traction electric motor condition monitoring based
on machine learning and internet of Things. The 20th International Conference on «Technical and Physical
Problems of Engineering» (ICTPE-2024), 47-52. (in English)

5. Halder, S., Bhat, S., Zychma, D., & Sowa, P. (2022). Broken Rotor Bar Fault Diagnosis Techniques Based on
Motor Current Signature Analysis for Induction Motor-A Review. Energies, 15(22), 8569.

DOI: https://doi.org/10.3390/en15228569 (in English)

6. Jha, R. K., & Swami, P. D. (2021). Fault diagnosis and severity analysis of rolling bearings using vibration
image texture enhancement and multiclass support vector machines. Applied Acoustics, 182, 108243.

DOI: https://doi.org/10.1016/j.apacoust.2021.108243 (in English)

7. Jigyasu, R., Sharma, A., Mathew, L., & Chatterji, S. (2018). A Review of Condition Monitoring and Fault
Diagnosis Methods for Induction Motor. 2018 Second International Conference on Intelligent Computing
and Control Systems (ICICCS), 1713-1721. DOI: https://doi.org/10.1109/iccons.2018.8662833 (in English)

8. Kumar, P., & Hati, A. S. (2020). Review on Machine Learning Algorithm Based Fault Detection in Induction
Motors. Archives of Computational Methods in Engineering, 28(3), 1929-1940.

DOI: https://doi.org/10.1007/s11831-020-09446-w (in English)

9. Kumar, R. R., Andriollo, M., Cirrincione, G., Cirrincione, M., & Tortella, A. (2022). A Comprehensive Review
of Conventional and Intelligence-Based Approaches for the Fault Diagnosis and Condition Monitoring of
Induction Motors. Energies, 15(23), 8938. DOI: https://doi.org/10.3390/en15238938 (in English)

10. Kunthong, J., Sapaklom, T., Konghirun, M., Prapanavarat, C., Ayudhya, P. N. N., Mujjalinvimut, E., &
Boonjeed, S. (2017, Dec.). loT-based traction motor drive condition monitoring in electric vehicles: Part 1.
In 2017 IEEE 12th International Conference on Power Electronics and Drive Systems (PEDS) (pp. 1,184-
1,188). Honolulu, HI, USA. DOI: https://doi.org/10.1109/peds.2017.8289143 (in English)

11.Lei, Y., Yang, B., Jiang, X., Jia, F., Li, N., & Nandi, A. K. (2020). Applications of Machine Learning to
Machine Fault Diagnosis: A Review and Roadmap. Mechanical Systems and Signal Processing, 138,
106587. (in English)

12. Manafov, E. & Huseynov, F. (2023). Application of artificial neuron networks and fuzzy logic in diagnostic and
forecasting the technical condition of traction motors. PIRETC-Proceeding of The International Research
Education &amp; Training Centre, 27(06), 233-239. DOI: https://doi.org/10.36962/piretc27062023-233
(in English)

13. Manafov, E., Isgandarov, I., & Huseynov, F. (2022). Investigating the protection system of electric motors based
on 1ts main working parameters. Scientific Journal of Silesian University of Technology. Series Transport,
115, 63-74. DOI: https://doi.org/10.20858/sjsutst.2022.115.5 (in English)

14. Misra, S., Kumar, S., Sayyad, S., Bongale, A., Jadhav, P., Kotecha, K., Abraham, A., & Gabralla, L. A. (2022).
Fault Detection in Induction Motor Using Time Domain and Spectral Imaging-Based Transfer Learning
Approach on Vibration Data. Sensors, 22(21), 8210. DOI: https://doi.org/10.3390/s22218210 (in English)

Creative Commons Attribution 4.0 International

doi: https://doi.org/10.15802/stp2025/331096 © E. K. Manafov, H. B. Guliyev, F. H. Huseynov, 2025

63


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/331096
https://doi.org/10.3390/app9235086
https://doi.org/10.1016/j.ymssp.2017.03.016
https://doi.org/10.3390/en15228569
https://doi.org/10.1016/j.apacoust.2021.108243
https://doi.org/10.1109/iccons.2018.8662833
https://doi.org/10.1007/s11831-020-09446-w
https://doi.org/10.3390/en15238938
https://doi.org/10.1109/peds.2017.8289143
https://doi.org/10.36962/piretc27062023-233
https://doi.org/10.20858/sjsutst.2022.115.5
https://doi.org/10.3390/s22218210

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcmopty, 2025, Ne 2 (110)

EJIEKTPUYHUIA TPAHCIIOPT, EHEPTETUYHI CUCTEMU TA KOMILIEKCUA

15. Moosavian, A., Ahmadi, H., Tabatabaeefar, A., & Khazaee, M. (2013). Comparison of Two Classifiers;
K-Nearest Neighbor and Artificial Neural Network, for Fault Diagnosis on a Main Engine Journal-Bearing.
Shock and Vibration, 20(2), 263-272. DOI: https://doi.org/10.1155/2013/360236 (in English)

16. Nekrouf, D., & Boughanmi N. (2023). Application of root-music and SVM to induction motor faults diagnosis.
International Journal on «Technical and Physical Problems of Engineering» (IJTPE), 15(56), 111-119.
(in English)

17.Singh, R., & Bhushan, B. (2021). Condition Monitoring Based Control Using Wavelets and Machine Learning
for Unmanned Surface Vehicles. IEEE Transactions on Industrial Electronics, 68(8), 7464-7473.
DOI: https://doi.org/10.1109/tie.2020.3001855 (in English)

18.Tun, W., Wong, J. K.-W., & Ling, S.-H. (2021). Hybrid Random Forest and Support Vector Machine Modeling
for HVAC Fault Detection and Diagnosis. Sensors, 21(24), 8163. DOI: https://doi.org/10.3390/s21248163
(in English)

19. Xu, Z., Li, Q., Qian, L., & Wang, M. (2022). Multi-Sensor Fault Diagnosis Based on Time Series in an
Intelligent Mechanical System. Sensors, 22(24), 9973. DOI: https://doi.org/10.3390/5s22249973 (in English)

20. Zamudio-Ramirez, 1., Osornio-Rios, R. A., Antonino-Daviu, J. A., & Quijano-Lopez, A. (2020). Smart-Sensor
for the Automatic Detection of Electromechanical Faults in Induction Motors Based on the Transient Stray
Flux Analysis. Sensors, 20(5), 1477. DOI: https://doi.org/10.3390/s20051477 (in English)

Hapiitunna no penkosnerii: 18.02.2025
[pwuitaara no apyky: 20.06.2025

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/331096 © E. K. Manafov, H. B. Guliyev, F. H. Huseynov, 2025

64


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/331096
https://doi.org/10.1155/2013/360236
https://doi.org/10.1109/tie.2020.3001855
https://doi.org/10.3390/s21248163
https://doi.org/10.3390/s22249973
https://doi.org/10.3390/s20051477

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcmopty, 2025, Ne 2 (110)

EJIEKTPUYHUI TPAHCIIOPT, EHEPTETUYHI CUCTEMU TA KOMILUIEKCU

YK 629.4.072.17:621.318-047.44

A. M. MYXAY, C. B. IINIAKCIH?, JI. B. YCTUMEHKO*#", 10. B. HIKIJIB®",
O. B. KITAEB®", A. II. AHTOHIOK™

Kad. «EneKkTpoTexHiKa Ta eJIeKTpoMeXaHika», YKpaiHChKHI epikaBHUI yHiBepCHTET HaykH i Texromnoriit, HHI T,
Byi. JlazapsiHa, 2, [Ininpo, Ykpaina, 49010, ter. +38 (056) 373 15 47, en. momrra mukha.andrii@gmail.com,

ORCID 0000-0002-5629-4058

Z*'Bignin cucteM KepyBaHHS TPAHCTIOPTHUMHE 3ac00aMmy», [HCTHTYT TPaHCHOPTHUX cucTeM Ta Texnonoriit HAH Vkpainw,
By ITucapxkescekoro, 5, [{uinpo, Ykpaina, 49005, ten. +38 (056) 370 21 82, en. mowra SVp@westa-inter.com,

ORCID 0000-0001-8302-0186

$*Binain cucteM KepyBaHHs TPAHCIIOPTHUMH 3aCO6aMHU», IHCTUTYT TPaHCIIOPTHUX CHCTEM Ta TexHojoriii HAH Vkpaiunu,
By [Tucapxkeschkoro, 5, [uinpo, Ykpaina, 49005, ren. +38 (056) 370 21 82, en. nomrra ustimenko.1979@gmail.com,
ORCID 0000-0003-2984-4381

4*Ka¢. «EnexTpoTexHika Ta eleKTpoMeXaHikay, YKpaiHChKUI JepkaBHAN yHIBEPCUTET HAayKH i TexHonorii, HHI JIIIT,
ByI. Jlazapsina, 2, /Tninpo, Ykpaina, 49010, ten. +38 (056) 373 15 47, en. normira ustimenko.1979@gmail.com,

ORCID 0000-0003-2984-4381

S*Bignin cuctem KepyBaHHS TPAHCIOPTHUMH 3ac06aMmy», [HCTUTYT TPaHCHOPTHUX cucTeM Ta TexHonoriit HAH Ykpainu,
By [Tucapxkescekoro, 5, Juinpo, Ykpaina, 49005, ren. +38 (056) 370 21 82, en. nourra Siv@westa-inter.com,

ORCID 0000- 0002-8684-5906

6"Kad. «EneKTpoTexHika Ta eleKTpOMEXaHiKay, YKpaiHChKUi NepKaBHU yHiBepCUTeT HaykH i Texnonorid, HHI JIIT,
By JlazapsiHa, 2, J{ainpo, Ykpaina, 49010, temn. +38 (056) 373 15 47, exn. mowrra doctus@ukr.net,

ORCID 0009-0000-6421-8269

™Kag. «EneKTpoTexHika Ta eJeKTpoMeXaHikay, YKpaiHChKUi JepkaBHUH YHiBEpCUTET HaykH i TexHonoriit, HHI JIIIT,
ByJ1. Jlasapsina, 2, Tainpo, Ykpaina, 49010, ten. +38 (056) 373 15 47, en. nowura radioprovodnik@gmail.com,

ORCID 0009-0004-9101-1537

AHAaJI3 nepeayMoB 10 CTBOPEHHS IBOPEKMMHOI0 TATOBO-JIEeBITALIHHOIO
MOJYJIfl IPYTOro MOKOJIIHHSA

Mera. Pobora cripsiMoBaHa Ha (hOpMyBaHHS KOHIEMLIT ABOPEKUMHOTO TATOBO-JIEBITAIIIHHOIO MOy sIK 6a30-
BOTO eJIleMeHTa e(DeKTHUBHOI CUCTEMH CHHXPOHI30BaHOT'O YIPABIIHHSA PYXOM 1 IiJJBICOM MarHiToIIaHa Ta aHaji3 Ie-
penyMmoB 1o Horo crBopeHHs. Meroanka. BuBueHo 0co0nuBOCTI (D)yHKIIIOHYBAHHS Ta YIPaBJIiHHSI OCHOBHUMH ITijI-
CcHUCTeMaMH HasBHOTO MarHITOJICBITAIHHOTO TPAHCIIOPTY, 1X iH)KEHEPHI PIllICHHS B YaCTUHI JIHIHHOTO TSATOBOTO eJie-
KTPOIIPHBO/y Ta MarHITHOTO Ii/ABINIyBaHH:. BukopucTano Teopii Ta METOANKH €IEKTPUIHOI TATH, €JIEKTPUIHNX Ma-
[IMH, CJIEKTPOTEXHIKH, SNEKTPOHIKH I MoAu(iKamii CTpYKTypH Ta IapaMeTpiB TATOBOTO JIIHIHHOTO MpPUBOLY,
CHUCTEMH MAarHITHOTO IMiJBIIIYBaHHSA Ta CHOCOOIB YIPAaBIiHHS TATOBO-JIEBITAIIITHOIO CHCTEMOIO MAarHIiTOILIAaHA.
PesyastaTn. [ToTouHa peaizailis MarHiTOICBITAIITHAX TPAHCIIOPTHUX CHCTEM SIBIISIE COOOIO TIOSTAITHO MOJIEPHI30-
BaHI KJIACHYHI MiIXOIH, IKi OyJIU TOCTYIHI IIe B KiHIII MUHYJIOTO cTopiydsi. BomHOUYac mporpec y BiJHOBIIOBAIBHIH
€HepreTHUlll, MiKpOSJIEKTPOHII, HU3bKOTEMIIEpaTypHiil TEXHIlll, pa/ioHaBiralii CTBOPHUB MiAIPYHTS U1 pO3POOKH Ha-
CTYIHOTO ITOKOJIIHHS MarHiTOJIEBITAI[IIIHOTO TPaHCIIOPTY, OCHOBOIO SIKOTO € 0a30BHH JABOPEXKUMHUI TATOBO-JIEBITa-
LiifHUIT MO/IyJb 3 eHepro3ade3neyeHHsM BiJ (POTOSIEKTPUYHHX TepeTBOproBadiB. [loka3aHo, 1110 MOJIMNIIEHHS Mar-
HITOJICBITAIIHOT TEXHOJIOTIT MOXKJIMBO JOCATHYTH ILJISIXOM CYTHICHOT iHTErpaiii Ta B3aEMOY3ro/pkeHol KOMOIHAIIT
JIBOX CITOCOOIB CTBOPEHHST MarHiTHOI JieBitanii — enekrpomartitaoi (EMS) ta enexrponunamiunoi (EDS) — 3aBasku
BHKOPHCTAHHIO MIPUHIMIIOBO 1HIIOT apXiTeKTypH MoOynoBU Maglev-Tpacu — He 3 TOBTUX CeKIiH i3 Tpupa3HUMH CHU-
JIOBUMHU OOMOTKAMH, a 3 AUCKPETHUX MOJIYIIB, SIKi 3[JaTHI BUKOHYBATH 3aJadi CTBOPEHHS PYIIIHHOT CHIH (PEeKUM
TATH) Ta MarHiTHOI MiABICKH, IPUIOMY Y BCbOMY Jiala30Hi JOCTYIHHUX MIBUIKOCTEH. AHANI3 JOCTYIHHX CHOTOIHI
TEXHOJIOTiH JTa€ BIIEBHEHICTh, IO CTBOPEHHS IBOPEKHMHOTO TSATOBO-JICBITAI[ITHOTO MOXYJS, SIK i BiJIOBITHOT
CHCTEMH YIIPABIIiHHS PYXOM ITOTSTA, € [IUIKOM pO3B’s13yBaHoIo 3a1a4uero. HaykoBa HoBu3Ha. OTprMaHi pe3ysbTaTi
JIO3BOJISIIOTH MMiZIBECTH HAyKOBE MIJIIPYHTS JUIS PO3BUTKY Ta BJOCKOHAJICHHS MPOLECY CTBOPEHHS €()EeKTHBHOTO
Ta KOHKYPEHTOCIPOMOXKHOTO  MAarHITOJIEBITAI[IHHOTO HA36MHOTO  TPAHCIOPTY  HACTYMHOT'O  IMOKOJIiHHS.
IpakTuyna 3HaynmicTh. [TobynoBa Maglev-TpaHCHOPTHOI CHCTEMH 3 BUKOPUCTAHHSIM THIIOBUX ABOPESKUMHHX TS-
TOBO-JICBITALlIfHIX MOJYJIiB TiOPUIHOTO THUITY JO3BOJUTH, MO-TIEPIIE, CYTTEBO MOJINIINATH €HEPTeTHIHI MOKa3HUKH
TaKOTO BHAY TPAHCIOPTY 3a PAXyHOK JIOKATBHOTO PO3MIMIEHHS (DOTOSIEKTPUYHMX MIEPETBOPIOBAYIB 1 MOAYIIIB, II0
JTaCTb CKOPOYCHHA BTPAT Ha Iepeiady eHeprii, a Tako)K BUKOPUCTAHHS BiTHOBHUX JDKepen eHeprii (poToenekTpuaHa
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pO3IoJiNIeHa eHepProcucTeMa), Mo-Apyre, CIIPOCTUTH KOHCTPYKIIIO HIISIXOBOI CTPYKTYPH 3a PaxyHOK iHTerpauii ¢y-
HKII# CTBOPEHHS JIEBITAIlil Ta TSATH B OXHOMY BY3IIi, a O-TPETE, 3MEHIIINTH KAIITalbHI Ta eKCIDTyaTalilfHi BUTpAaTH

[UITXOM BHKOPHUCTaHHS yHi(piKOBaHOTO 6a30BOTO MOJTYJIS.

Knrouoei cnosa: marHiTonnas; TiHIHHUHA TBUTYH; MarjieB; HAIIPOBITHII MarHIT; JIEBITAIlis; TATOBO-JICBITAIlI THIHA

MOJyJb; HyJIb-TIOTOKOBHH KOHTYP

Beryn

OcraHHIM YacoM y PO3BHHEHHX KpaiHaX CBITY
3HAYHE MOIIMPEHHS OTPUMaJIH BUCOKOIIBHKICHI 3a-
JI3HUII JJIS1 TIEPEMIIIEHHS CTIeIialli30BaHOTO PyXO-
MOTO CKJIQAy 3 BHCOKHMH IIBHIKOCTSIMH JIO
400 xkm/rox i3 3a1aHIM piBHEM Oe3neKkH i KoMpopTy.
VY mpoBigHHUX KpaiHax cBiTy, 30kpema Kutai, Himeu-
gquHi, CIIA, SAnownii ta [TiBnenniit Kopei, mpoBoasaTs
IHTEHCHBHI PO3POOKH 31 CTBOPSHHS TPAHCIIOPTY Ha-
CTYIHOTO MOKOJTiHHS HA OCHOBI MarHiTHOI JIeBiTaIlii,
10 CIIPOMOKHHUM PyXaTHCs HaMOBEPXHEO 3eMJTi 3i
mBuaKocTsamu 350...800 km/rox [1, 8, 16].

MaricTpanbHUii MarHiTOJEBITALlIHHUIA TpaHC-
TIOPT HE € aHi 3aJI3HNYHUM TPAHCIIOPTOM, aHi aBia-
idHUM, X04a 3a CBOEI0 CYTTIO IIe anapart, 10 HH-
3bKO JIITAa€, 1 BHKOPUCTOBYE, HA BIIMIHY BiJ JIiTaKa,
MMO3UTHBHY aepouHaMiuHy iHTepdepeHiro (epexT
CKpaHOIUIaHa) Ta eJICKTPOIUHAMIUHY iHTEephepeH-
1ito (eeKT MarHiTHOI JIeBiTallii Ha OCHOBI 3aCTOCY-
BaHHS HAJIPOBITHUX IPUCTPOIB) TPAHCIOPTHOTO
3aco0y ¥ OMOPHOI MOBEPXHI HAMPSMHOTO HUIAXY.
Ha croropsi icHye HU3Ka eKCTIEPUMEHTAIBHUX YC-
TaHOBOK 1 MAacCIITA0HUX CHUCTEM, HaNpUKIaN, J0-
cmigauipka niHis Transrapid (Himeuunna), ekcrie-
puMeHTanpHuA nosiroH JR-maglev y npedekrypi
SAmanami (Anowis), kopeiicbkuit UTM, simoHchkuit
HSST, mpoekt HaAMBUAKICHOI MaCaXUPCHKOT JiHii
Hyperloop y CIIIA. ¥V pamMkax [ix IpPOEKTIB BUBYA-
I0Th Ta BJOCKOHAJIIOIOTH MAarHITOJCBITAIIHY
(Maglev) TexHOJIOTiIO, sIKa MAa€ TMOTEHINAJI CTAaTH
OLIbII O€3MEeYHUM, EKOHOMIYHUM Ta €KOJIOTTYHHM
BUJIOM TPAHCHOPTY MOPIBHIHO 3 HUHI HasBHUMH.

Jnst Toro mo0 3poOHTH KOHKYPEHTOCIPOMOXK-
HOK0 MarHiTOJNEBITAIiifHy TEXHOJIOTIIO, MIEPII 32 BCe
MoTpiOHO TogoaTH 1podiemMy ii eHeproedeKkTHBHO-
CTi, IKY MOKJIMBO BUPIIIMTHU MIISIXOM TJTHOOKOI iHTe-
rpamii B Maglev-TpaHcnopT iHTeNeKTyalbHUX eHep-
rOCHCTEM Ha OCHOBI COHSTYHOT Ta BITPOBOI eHeprii [2].

Meta

OcHoBHa MeTa 11i€1 poOOTH — 3aKJIACTH HAYKOBE
MIATPYHTS. A7l CTBOPEHHS 0a30BOro ILISIXOBOTO
MOJTyJIsl HACTYITHOTO TTOKOJIiHHS, SIKHI MOXe 3a0e3-
MEeYNTH KOMOIHOBaHUHA PEXHM pPOOOTH — PEXKUM

TATH Ta PEKUM JIeBiTallii HA BCIX eTamax pyxy mar-
HITOIUIaHA, Ta MAaTH MOJIMIIEHy eHeproedeKkTus-
HICTb.

MeToauka

Maglev-tpaHcropt y cBOili CTPYKTypi Mae 4o-
TUPU OCHOBHI MiICUCTEMH:

— MiABiCcKy, fka 3abe3medye Mar"iTHy JieBiTa-
LiF0 TPAHCIIOPTHOTO 3ac00y HaJ TPacoOIo;

— TIPUBIJy BUIJISAI JIIHIHHOTO €NIEKTPOIBUTYHA,
SIKUH 3a0e3rneduye MepeMileHHs TOoTsATa 3 OJHOTO
MiCLIS B 1HIIIE;

— MiJicKcTeMy YIPaBIIiHHS PyXOM MarHiToIUIaHa,

— MiJCcHUCTEMY, 110 3a0e3Meuye KUBJICHHS K 00-
PTOBHX CHUCTEM TPAHCIIOPTHOTO 3ac00Y, TakK i MUTs-
X0BO1 iHQPACTPYKTYpH.

Y TeXHIYHOMY IUIaHI MarHiTHY JIEBITaIlI0 KJIacu-
(ikyroTh Ha enexkTpoMarHiTHy miaBicky (EMS) [13,
17] Ta enextpoauHamiuny miasicky (EDS) [6, 9].

b

Puc. 1. EnekrpoMarHiTHa miBiCKa 3 pO3ILIICHOIO JIEBi-
Talli€l0 Ta YIPaBIIHHAM:
1 — TpaHcnOpTHHUIT 3aci0; 2 — omopa TpacH; 3 — eIeKTpoMar-
HiTH GiuHOI cTabimizamnii (o oci X); 4 — peakiiiiHa peiika,
5 — OTMOpHHUiA EIEKTPOMATHIT; 6 — MAKET «IO0BIOr0» CTaTOpa

Fig. 1. Electromagnetic suspension with separate levita-
tion and control:
1 — vehicle; 2 — track support; 3 — lateral stabilization electro-
magnets (along the x-axis); 4 — reaction rail;
5 — support electromagnet; 6 — «longy stator package
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VY cucremax 3 €JIEKTPOMArHiTHOIO IiJIBiCKOIO
JIEBITAIlis pealli3yeTbcs Ha OCHOBI CHIJIM MarHiTHOTO
OPUTSATaHHS MK HampsIMHOIO Ta eJIEeKTpOMarHi-
TaMu, K TOKa3aHo Ha puc. 1. Takuii cnoci6 miaBi-
LIyBaHHS TPAHCIOPTHOI'O 3aC00Y 3a CBOEIO CYTTIO
€ HeCTaOLILHUM dYepe3 XapaKTePUCTUKH MarHiT-
Horo kona [11] i moTpedye MOCTIHHOTO 1 TOYHOTO
KOHTPOJTIO 32 PIBHOMIPHICTIO TIOBITPSIHOTO 3a30py.
VY cucremax 3 EMS BenmuunHa MOBITPSHOTO 3330py
cknanae Onmu3pko 10 MM, a TOMY Ha BUCOKUX IIIBH/I-
KOCTAX peastizallisi TAKOro KOHTPOJIIO CTa€ JOCUTh
CKIIATHOIO 3amadeio. BomgHodyac TexHIUHa peaiza-
1ist TpaHcopTHHUX cucteM Ha EMS mpocrima Hixk
Ha EDS, 1o TOro %k B €JIEKTPOMAarHiTHUX MiJIBiCKax
JIEBITAIlisl JOCTYITHA Y BCHOMY JTialla30Hi IIBHIKOC-
Teit marnitoriana (EDS y npomy miani mae oome-
JKEHHS).

CBoero geproro cucremMu 3 EMS MoxxHa po3i-
JUTH HA JIBA TUITH 32 Peai3alli€r0 TeXHOJOTI] JIeBi-
Tail:

— MiJBiCKa 3 IHTErpOBaHUMH JICBITAIlIEO Ta YTI-
paBiiHHSIM (puc. 2), peaiizoBaHa B KOPEHCBHKIiH
UTM Ta smoncekii HSST TpaHCcmopTHHX cHCTe-
Max;

— TiBiCKa 3 PO3IIICHOO JIEBITAIIEIO Ta YIPaB-
migHAM  (puc. 1), peamizoBaHa B HIMEIBKOMY
Transrapid.

BapiaHT ejekTpoMarHiTHOI MiJABICKH, ¢ PO3.i-
neHi (yHKIIT CTBOpEHHS JIeBiTalii Ta YIMpaBIiHHS
MOJIOKEHHSIM MarHiToIiaHa BiJHOCHO NUISAXY, JO-
Ope mpairoe Ha BIAHOCHO BHCOKHX IIBHIKOCTSIX,
ane moTpedye OiNbII CKIAAHOI CHCTEMHU YIIpaB-
JIiHHS 3 OUTBIIO0 KUTBKICTIO KOHTpOepiB. BapianT
3 1HTETPOBaHUMH JICBITAILlI€I0 Ta YIPaBIiHHIM
€ OLIBII TTPOCTHM 1 JIEIIEBUM Yy pealtizallii, aie He
3[aTEH NPALIOBaTH Ha BUCOKHX IIBUAKOCTSIX, OCKi-
JIBKY 31 30UIBIIEHHAM IIBUIKOCTI B3A€MHUN BIUIHB
MIJICUCTEM JICBITAIlIl Ta yIIPaBIIHHS 3POCTAE, 1 CHC-
TeMa IIEPECTa€ CIPABISETHCS 31 CBOIMH 3aadyaMH.

VY ki1acM4HOMY BHUKOHAHHI €JIEKTPOMAarHiTHi mi-
JIBICKM BUKOPHCTOBYIOTH 3BWUYaiiHI eJeKTpomar-
HITH, ajieé Ha ChOTOJIHI € BCi MepeIyMOBH JI0 BIIPO-
Ba/UKCHHS B TaKWil THN MiJBICKH HAIIPOBITHUX
eJIEKTPOMarHiTis. Bucokoremmeparypauii Haampo-
BITHUKOBUI €NEKTPOMATHIT 34aTe€H CTBOPIOBATH
3HAYHO CHJIBHIIIE MarHiTHE MOJIe MTOPIBHSHO 31 3BH-
YalilHUMH €JIeKTPOMarHiTaMu, IPUUOMY 3 BiJITHOCHO
HEBENMKUMH eHepro3aTpatamu. OHUM 13 Hemoi-
KiB, SIKUH 1€ JOBENETHCA MOA0JIATH B HaAIPOBIiJI-

HUX €JIEKTPOMArHiTax Jjisi YCIIITHOIO MaCOBOTO
BHKOPHUCTAHHS iX Y TPAHCIIOPTHHUX MAarHiTOJeBiTa-
HIHHUX CUCTEMaX, € IPpobJieMa iX 0XOJIOPKCHHSI.

Puc. 2. EnexrpoMarHiTHa miJiBicka 3 iHTErpoOBaHUMH Jie-
BITAI€I0 Ta YIPABJIIHHAM:
1 — koTyIIIKa JiHIHHOTO TATOBOTO JBUTYHA; 2 — peiiKa,
3 — neBiTaLiiiHKi MaryiT, 4 — migcwIoBay;
5 — maT4MK NOBITPSHOTO 3a30PY
Fig. 2. Electromagnetic suspension with integrated
levitation and control:
1 — linear traction motor coil; 2 —rail; 3 — levitation magnet;
4 — amplifier; 5 — air gap sensor

Ha Bigminy Bix EMS, enekrpoauHamivHa ImijBi-
cka EDS BHKOpPHCTOBYE cHIy BiJIITOBXYBaHHS
(cumy Jlenma) [5, 12] 1 3a3Bu4aii B3aEMOJI€ 3 Tacu-
BHOIO Ha3€MHOI0 YaCTUHO (KOTYIIIKAMH YU HABITh
MIPOCTOD METAJIEBOI0 IJIACTHHOIO) Ui 3a0e3re-
YeHHs CHJIM JIEBITAlll 1 HE IiAHIMEThCS, JOKH Mar-
HITOIUIAaH HE JIOCSTHE MEBHOI IMBUIAKOCTI. BopToBi
MAarHiTH, pyXamuuch HaJ ILITXOM, Ha SKOMY 3Ha-
XOJIITHCS 1HIYKIIIIHI KOTYIIKA YM 3BHYAiiHI Ij1ac-
THHU 3 TPOBIJIHWKOBOTO Marepialy, HaBOJIATH
B OCTaHHiX MarHiTHe noJje (puc. 3). Cria BiamToB-
XYBaHHS, [0 € PE3yJTATOM B3a€EMO/IIT IIX MarHiT-
HUX TIOJIB, IiJHIMAa€ MAarHITOIUIaH i 3abe3meuye
oMy criliky neBitaniro. Cucremu 3 EDS xapakre-
PHU3YIOTHCSI BUCOKOKO MarHiTHOI CTaOLIBbHICTIO 1 He
MOTPEOYIOTh KOHTPOJIFO 33 TOBITPSHUM 3a30POM,
BEJIMYMHA SIKOrO CKiagae B cepeanbomy 100 mm.
3HayHa BeJTMYMHA TIOBITPSHOTO 3230pY 1 HU3bKA Uy-
TJIMBICTH 10 3MiHW HABaHTaKEHHS POOUTH IIeH THIT
MiBICKH e(DEKTUBHUM JUTSI BACOKOIIBHUIKICHUX CH-
CTEM Ta BaHTKHUX MIEPEBE3CHb.
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Puc. 3. Enexrpoaunamiyna ningicka (EDS) 3 Bukopuc-
TaHHSIM HAAMPOBITHUKOBUX MarHiTiB (SC):
1 — TpancmopTHHii 3aci0; 2 — nunsix; 3 — GOPTOBI KOTYIIKK
HaMarHidyyBaHHA; 4 — IHAYKIIHHI KOTYIIKH
Fig. 3. Electrodynamic suspension (EDS) using
superconducting magnets (SC):
1 —vehicle; 2 — track; 3 — side magnetization coils;
4 — induction coils

Onnak cuctemu 3 EDS maroTh cyTTeBUil HEno-
JK: 100 OTpUMATH AOCTATHIN CTPYM B IHIYKIIHHIH
Koty 4 (puc. 3), Mar"iTOIIaH TIOBUHEH MaTH
mBHAKICTh He Hrpkue 100 km/rom, TIIBKH 3a i€l
YMOBH CHJIM BiJIITOBXYBaHHS JOCTaTHBO JUISl Ha-
IWHOT NeBiTarii.

3a KOHCTPYKILIi€0 OOPTOBOIO MarHiTy €JIeKTpo-
JMHaMIYHa MiJBICKa MOYe OyTH JBOX THIIIB: i3 I0-
criitammu Mar"itamu (PM) Ta 3 HaampoBiAHHKO-
Bumu MarHiTamu (SC). Cucremu EDS 3 PM mpocri
3a KOHCTPYKIII€IO 1 HE MOTPeOYIOTh KHUBICHHS, O/I-
HaK 1X BUKOPHCTOBYIOTH JJIsi MaJMX CHUCTEM 4Yepes3
HU3bKY MOTYXHICTb. [lpyra rpyma KOHCTPYKLIiH
EDS 3 HaanmpoBiAHUKOBUMU OOPTOBHUMH €JIEKTPO-
MarHiTaMu cTaja MOXIJIMBOIO 3 PO3POOKOI0 HAIIPO-
BiJIHUX MarHiTHUX MaTepialiB Ta CTBOPEHHS €IEeKT-
POMArHITY 3 JIOCTaTHBOK HAIPYXKEHICTIO MarHiT-
HOro moust. Bimkputrs i Oe3nepepBHUIl mporpec
Yy BUTOTOBJICHHI KYIIEpaTHHX BHCOKOTEMIIEparyp-
Hux HaanpoBigHux (BTC) matepianiB cTBOpHIH
MIMPOKI MOXKIIMBOCTI JUIsS pO3BUTKY cucteMm EDS i3
SC [7, 15], a came Taki MaTepiaid MOKHA BUKOPH-
CTOBYBaTH B YMOBaX CHJIbHIILIOI'O MarHiTHOTO MOJIS
Ta OuIbIIOT PpobOUOi TeMIlepaTypH, IO Aa€ OLIbLTY
CHITy JIeBiTallii Ta 3MCHIIIEHHS BapTOCTI KpioreH-
HOTO KOMIIOHEHTa cUcTeMH. BoaHouac cucremu
EDS i3 SC 6inp1 cki1aiHi Ta TOTpeOyIOTh Teli€BUX

XOJIOAWIBHUKIB, IO € HEOOXiTHUM KOMIIOHEHTOM
IUTS 3a0e31TeYeHHsT pOOOTH HaAIPOBI THUKOBOTO 060-
PTOBOTO €JIEKTPOMArHITY.

Haii0inpm nepcnekTHBHOIO BBaXKAIOTh €JIEKTPO-
nuHamivny miasicky (EDS) i3 HaanmpoBinHUKOBUMHE
6oprosumu enekTpomartitamu (SC), came 3 TakuM
TUIIOM TIi/BICKH SIMOHCHKUH MarjeB YCTaHOBHB
1 1OC1 yTpUMY€ CBITOBHI PEKOP/ 31 MIBUIKOCTI.

Y HSIBHUX TPAaHCIIOPTHHUX CHCTEMax Ha 0a3i Ma-
TJIEB-TEXHOJIOTI] MiJIcKCTEMa, IO CTBOPIOE JIEBiTa-
1if0, BiJIOKpEeMIIEHA BiJ MiJICUCTEMH, 10 3abe3re-
4ye JTHIAHWA pyX MarHiTomjiaHa, BOHHA MPAIiOI0Th
napajieilbHO Ta CHHXPOHI3YIOTHCS MiJACHCTEMOIO
YIPaBIiHHS PYXOM.

Y MarHiTONeBiTAIlITHUX TPAHCIIOPTHUX CHUCTE-
Max ISl CTBOPEHHS CHJIH, 1[0 PyXa€ TPAHCIIOPTHHH
3aci0, 3aCTOCOBYIOTh JIIHIMHI TSATOBI JBUTYHH JBOX
TUMIB: NiHIAHUN acuHXpoHHNN ABUTYH (LIM) Ta mi-
HiltHU# cuHXpoHHKH nBUryH (LSM).

[punnun pobdorn LIM ananoriuynmii xmacuy-
HOMY aCHHXPOHHOMY ABHTYHY 3 00€PTOBHM POTO-
pOM: MarHiTHe ToJie TIEPBUHHOI YaCTHUHH, IO 3Mi-
HIOETKCS B Yaci 1 MPOCTOpi Yepe3 MOBITPSHHUIA 3230,
THAYKY€ eNeKTPOpYIIiiiHy CHly y BTOPHUHHIN yac-
TUHI (KOTYIIKH 200 3BUYAHAN JIUCT 13 TTPOBITHOTO
Matepiany). [lig miero i€l enexTpopymriiHOi crim
y BTOPUHHIN YacTHHI MPOTIKa€ CTPYM, SIKMH B3ae-
MOJIi€ 3 MATHITHAM IIOTOKOM Yy TIOBITPSIHOMY 3a30pi
i cTBOprO€E B Takuit croci6 cwry (cuna Jloperma),
[0 PyXa€ TPAHCIOPTHHH 3aci0. € aBa THIM JIiHIH-
HUX aCHHXPOHHUX TATOBUX JBUTYHIB, Y SIKUX:

— KOpOTKa NMEpBHUHHA YAaCTHHA 3HAXOIUTHCS Ha
0OpTy MarHiTOIIaHa, a BTOPUHHA YaCTHHA PO3Mi-
IIeHaHa HanpsMHIN nusixy (SP);

— JIOBra IepBUHHA YaCTHHA 3HAXOANUTHCS Ha Ha-
NpsSMHIN IUIAXY, @ BTOPUHHA YaCTHHA 3aKpiluieHa
B HWXKHI# gacTuni nmotsira (LP).

[epnii Tun auryna (LIM SP) notpebye koB-
3HOTO CHJIOBOTO KOHTAaKTY JUIsl Tiepeadl eHeprii Ha
0OpT TpaHCIOPTHOTO 3ac00y, a TAKOXK XapaKTepH-
3YETHCS HU3BKOKO eHeproe()eKTUBHICTIO Yepe3 KiH-
uesuit edext. Cepen MIrOCiB Takoi KOHCTPYKLIT —
MPOCTOTA Ta BiTHOCHA JEIIEBU3HA BTOPUHHOI Yac-
THHH, SIKa MOKE SIBJISITA COOOIO aTrOMIHIEBHIA JINCT,
YKJIAZICHUH Ha HAIIPSIMHIN IUIAXY.

Hpyruit Tun apuryna (LIM LP) morpe0ye 3Ha-
YHO OUIBIIMX KaIliTATBHUX 3aTpaT, OCKUIBKH Ha
BCiH JIOBXKHHI HANPSMHOT IIJISIXY YKJIAJal0Th KOTY-
LIKH JOBroi IEpPBUHHOT YACTHHU 3 BiAIOBIAHOIO Op-
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raHi3ali€ro KuBieHHs. Taka KOHCTPYKIis HE HOT-
pebye KOB3HOTO KOHTAKTY JUIA Iepenadi eHeprii Ha
0OpT MarHiToIIaHa, il MO’KHa BUKOPUCTOBYBAaTH Ha
BEJIMKHX IIBUIKOCTSIX.

Jlinilinuii cuaxponauit neuryH (LSM) mae ax-
TUBHUH 1HIYKTOP, KOHCTPYKIIiS SKOTO 1 BU3HAYAE
tin LSM, B ogHOMYy BHIagKy BHKOPHCTOBYIOTh
€JICKTPOMATHITH 13 3aJlI3HUM OCepIsIM (TIPHUKIIATIOM
€ HiMenbkuii Transrapid), a B iHIIOMY — HaApO-
BifiHI MarHiTH (simoHchkuid JR-maglev tumy MLX).
B3aemopiss MK MarHiTHUM IOJeM iHAYKTopa i
CTpyMaMH SIKOPS CTBOPIOE PYIIIHHY CHITY. 3aJIeKHO
BiJ po3ramryBaHHs iHIykTOpa LSM knacudikyroTs
3a ananoriero 3 LIM (SP, LP): i3 po3minieHHsM iH-
IyKTOpa Ha 60pTy MarHiToriana abo Ha HAPsSMHIH
LUISXY.

JIiHiliHi aCHHXPOHHI i CHHXPOHHI IBUTYHH HE
MOTPeOYIOTH CIemialhbHIX CEHCOPHUX TEXHOJOTIN
JUTS X poOOTH, TAK0OK BOHH CXOXKi 32 HAIIHHICTIO Ta
KEpOBaHICTIO. Y BHCOKOUIBHIKICHUX MarjieB-CHC-
TeMax BiJIAIOTh MepeBary CHHXPOHHUM JIiHIHHUM
JIBUTYHAM i3 pO3MIIICHHSAM IHIYKTOpa Ha OOpTY
TPaHCIIOPTHOTO 3ac00y depe3 OibIn BUCOKI Koedi-
LIEHT KOPUCHOI il Ta KOedillieHT MOTYKHOCTI HiXK
B AaCHHXPOHHUX JIHIHUX IBUTYHIB.

BucokomBHIKiCHI TPaHCIIOPTHI MarjeB-CHC-
temu Transrapid ta JR-maglev BUKOpPHCTOBYIOTH
JiHIHI CUHXPOHHI JBUTYHH 3 JIOBI'HIM CTaTOPOM.
Oco6muBictio Takux LSM € te, mo sikipHa Tpuda-
3Ha OOMOTKa (KOTYIIKH CEKIiil) OTpUMY€E >KUB-
JICHHS Yepe3 IUISIXOBI BUMUKAYi BiJ] CHCTEMH TpU-
(hazHux ¢inepis i3 JOBKUHOIO (inepHOI 30HU B [Ii-
amasoni 10...40 kM. 3arajJbHOBIIOMO, IO JOBKHHA
JUISTHKY, SIKa OTPUMYE€ JKUBJICHHS, BIUTMBA€E Ha Be-
JMYUHY CHOXHMBAHOI JBUI'YHOM MOTYXHOCTI — 3i
3MEHILEHHSIM JOBXHHHU CEKLii 0OMOTKH SIKOPSI CYT-
TEBO MIJBUIIYIOTHCS €HEPreTHYHI TMOKAa3HUKH JIi-
HiliHorO ABHryHa. KopoTka cexiis sikipHOi 0OMO-
TKU JiHIHHOTO JBUTYHA B CYYaCHUX TPAHCIOPTHHUX
CHUCTEMax peaJii3oBaHa He Oysia, TOMY IO MOTpedy-
BaJia 3HAYHOIO IMABMILEHHS BUMOT 0 HaIiiiHOCTI
Ta MBUAKOMIT IIJIIXOBHUX BUMHUKAYIB, IKI HA MOMEHT
YBEJIEHHS B €KCIUTyaTalif0 OTPUMAaTH 0yJI0 HEMOX-
JIMBO.

Ockinbky Mar”itorsiad (akTHYHO JIETUTh Hal
HaNpsIMHOIO IIISIXOIIPOBOY, TO TaKa CHCTeMa IOT-
pebye TIEBHOTO 3yCHIUIS B TIOTIEPEYHOMY HAIPIMKY
BiJTHOCHO HANpPSIMKY PYXY JiJIsl 3a100iraHHs Horo Oi-
YHOTO 3CYBY. SIK 1 y BUnaJKky 3 migBicKo, cTadii-

3allif0 MOTsIra MOYKHA 31MCHIOBAaTH €JIEKTPOMArHiT-
HUM [UISXOM CHJIAMU MarHiTHOTO Bi{IIITOBXYBaHHS
a0bo nputsranus [14].

CucteMa NUIIXOBUX KOTYIIOK i3 HYJILOBHM I10-
tokoM (NF), sika Mae 1Bi KOTYIIKH 3 KOMIIEHCAIII€I0

moTOKy, Oynma 3ampomonoBaHa Ilaymeom i [len6i
[10].
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Puc. 4. KoTyuiku TSroBoro npuBoay ssHOHCHKOIO
JR-maglev Tumry MLU-002:
1 — koTymIKa JiHIHHOTO TATOBOTO JIBUTYHA;
2 — XOTYyILIKa HaJIPOBITHUKOBOTO MarHiTy

Fig. 4. Traction drive coils of the Japanese
JR-maglev type MLU-002:
1 — linear traction motor coil;
2 — superconducting magnet coil

3acTocyBaHHS MarHiTHOI CWJIM BIiJIITOBXY-
BaHHS JJIs TIOTIEPEeYHOi cTadimi3amii MarHiToriana
MoKa3aHo Ha puc. 4. J[Bi KOTYIIKY JIiHIHHOTO TSTO-
BOTO JIBUTYHAa 1 YCTaHOBIIEHI 3 JIIBOI'O Ta MPaBOTO
OOKIB HaNpsIMHOI Ta 3’€THaHI M) COOOI0 EJIeKTpPH-
yHO. KOTyIIKy HaAIpOBiIHUKOBOTO MATHITY 2, py-
XalOUUCh MOB3 KOTYIIKU 1, HABOJATH y KOXKHIH 13
HUX EJEKTPOPYIIiHHY CHITy, KOJH TPaHCHIOPTHHMA
3aci0 3HAXOAMTHCSA TO IEHTPY HaNpsSMHOI, TOBIT-
PsHI 3a30pW MiXK HUM 1 OOKOBHMH CTiHKaMH Of[Ha-
KOBI, a 3HAYNTh, EINEKTPOPYIIiiiHI CHIIK JIiBOT 1 TIpa-
BOT KOTYIIIKH OJJHAKOBI 1 KOMIICHCYIOTb O/IHA OJHY.
SIKII0 MarHiTOIIaH 3MIIY€ETHCS BiIHOCHO HAIPSIM-
HO1 y OyIb-IKHH OiK, EJIEKTPOPYIIiiiHI CHIIK CTAIOTh
HEpIBHUMH, 1 ITiJT Mi€l0 X Pi3HUII BUHUKAE CTPYM,
SIKMH Y KOTYIII, 10 SIKOT MOTSAT CTaB OJMK4e, CTBO-
PIOE TOJIATKOBY MAarHiTOPYIIiHHY CHITY, TiJl Ji€l0
SKOT TIOTSIT TOBEPTAETHCS B IIEHTPAIBHE IOJIO-
KECHHSI.
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Puc. 5. Korymku neBiTamii B STOHCBKOMY
JR-maglev Tumy MLX

Fig. 5. Levitation coils in the Japanese
JR-maglev MLX type

[MopanemmM po3BUTKOM ifiei NIISIXOBUX KOTY-
IIOK 13 HYJIbOBHM IIOTOKOM € 3’€JTHAHHS JICBITaIiii-
HUX KOTYIIOK, III0 BMOHTOBaHi B MPOTHJIEKHI 00-
KOBI CTIHKH HaIlpsIMHOI, SIK ITOKa3aHO Ha pHC. 5.
VY KOXHil 13 OIYHUX CTIHOK PO3MIIIEHO IO JIBI KO-
TYIIKW, HAPUKJIA, HA JIiBild CTiHIN JBI BEpTHKa-
TBHO po3MimieHi kotymkn Ne 3 i 4, Ko MarHiTHa
BiCh HAJIPOBIIHUKOBOTO OOPTOBOTO MArHiTy 3Ha-
XOJUTHCS YITKO MK IIUMHU KOTYIIIKAMH, iX €JIEKTPO-
pYLIifiHI cHIM OMHAKOBI. Y BUMAIKy 3MiHU BEpPTH-
KaJIbHOT'O TIOJIOXKEHHS MarHiToIIaHa PiBHICTH eye-
KTPOPYIIiHHUX CHJI MK KoTymkamu Ne3 i 4 mopy-
IIYETHCS, PI3HUIM [HUX EIEKTPOPYIIIHHUX CHII
CTBOPIOE LIUPKYIIOBAJIbHI CTPYMH, IO 1 CTAHOBIIATD
JI0JIATKOBY MarHiTOpyIIidHy cuiny. Bemnunna miei
JOJTATKOBOI MAarHITOPYIIIHHOT CHJIM MPOIIOpIIiifHa
CTpYMy, a HaIllPIMOK KOMIICHCYE BiIXWJIECHHS BiA
3aJ]JaHOTO BEPTUKAIBHOTO TIOJOXKEHHS MAarHiTOI-
nana. Taka cxemMa yBIMKHEHHsI MarHiTOJEBiTaIlili-
HUX KOTymiok (puc. 5) 3abe3meuye cralimizaliito
TPAHCHOPTHOTO 3aco0y SIK y MONEPEYHOMY Hamps-
MKY, TaK 1 110 BUCOTi, TOOTO (akTHYHO Ji€ SK TOB-
HOLIIHHA CIIPSMOBYBaJIbHA CUCTEMA.

Ha minii Yamanashi B fnonii Ha mnotsarax
JR-maglev tumy MLX 3acTOCOBYIOThH €JIEKTPOIH-
HaMIYHY MiABICKY 3 HAANPOBITHUKOBUMH €JIEKTPO-
MartiTamy, Jie IUISIXOB1 O/IBIHHI JIEBITaIliifHI KOTY-
mku NF-Tumy posmiiieHo B OIYHUX CTiHKax IUIsi-
XOMPOBOJY.

Ecki3 ocHOBHUX i1 4aCTHH TOKa3aHO Ha puc. 6.
[Tapa BepTUKaNbHUX JEBITALIMHUX KOTYLIOK i3 HY-
JTLOBUM MOTOKOM 3aMKHYyTa cama Ha cebe, i CTpyM
YTBOPIOETHCS JIMLIE 1HAYKLI€I0, KOIU TPAHCIOPT-
HUH 3aci0 MpODKIKAE MOB3.

Puc. 6. Ecki3 ocHoBHEX yacTuH cuctemu EDS 3 SC-NF
(omHA cTOpOHA HAMPSMHOT):
1 — monBiifHa neitaniiina korymka (NF);
2 — KOTYILIKH HaIPOBIIHOTO
6oprooro enekrpomarHity (SC);
3 — TsaroBa kotyka miniitHoro asuryHa (LSM)

Fig. 6. Sketch of the main parts of the EDS system with
SC-NF (one side of the guide):
1 —double levitation coil (NF);
2 — superconducting side electromagnet coils (SC);
3 — linear motor traction coil (LSM)

VY moizmax Transrapid enexktpoMarHitTé Oi4HOT
ctabimizanii 3 (puc. 1) 3akpimieHi 3 000X OOKiB Tpa-
HCIIOPTHOTO 3ac00y, a peakTuBHi peiiku 4 (puc. 1) —
Ha OIYHMX CTiHKax HampsMHOI. B3aemomis moms
eNIEKTPOMATHITY 3 BUXPOBUMH CTPyMaMH PEaKTHB-
HOI peHKH [03BOJSIE YTPUMYBATH MAarHITOIUIaH
y LIEHTPIi TPACH.

BukopucTaHHS CHJI MarHiTHOrO HPUTATaHHS
JuIst cTalimi3allii TPaHCIIOPTHOTO 3ac00y CYTTEBO
YCKIIQJIHEHE Ha BHCOKHX IIBHAKOCTSX, OCKIJIBKH
NPOLIECH YNPABIIHHSA MOJIOKEHHSIM MarHiToruiaHa
B TIONEPEYHOMY HAINpPSIMKy BiJHOCHO HAaIPSMKY
pyXy 1 JIeBiTali€ro € B3aeMOIoB’ si3aHUMU. [Ipukiia-
JIOM 3aCTOCYBaHHS TaKOT'O IiJIXOIy € TPaHCIIOPTHI
cuctemu HSST ta UTM, ski mpaitoroTh Ha HU3b-
KHX Ta CepeIHIX MIBUIKOCTSIX.

Ha chorojHi icHye Iijla HU3Ka €KCIIEPUMEHTA-
JIFHUX YCTaHOBOK 1 MacIITaOHUX CUCTEM Ha OCHOBI
MarJieB-TeXHOJIOTIi. Y MPOBiIHUX KpaiHax CBITY po-
00TH 31 CTBOPEHHS KOMepIiiHUX mpoekTiB Maglev-
JHIN TiUTBKY iHTeHCUDIKYIOTBCS, OCKinbku Maglev-
TEXHOJIOTISI CTaja MOTY)KHHM 3aCO00M pO3BHTKY
TPAHCIIOPTHOI Taly3i Ta eKOHOMIKH B Iiijiomy [8].

PesynabTaTn

DaKTUYHO, SKILO WIETHCA PO NEPCIEKTUBHUI
Ha3eMHHUH MarHiTOJIEBITAIlIHHUH TPAHCIOPT, TO JJIS
BHCOKOIIBUJIKICHHX CHCTEM HaWKpaIUM PillICHHSIM

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332149

70

© A. M. Myxa, C. B. Ilnakcin, JI. B. Ycrumenko
10. B. llIkins, O. B. Kitaes, A. I1. AnTontok, 2025


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.15802/stp2023/292720

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcmopty, 2025, Ne 2 (110)

EJIEKTPUYHUI TPAHCIIOPT, EHEPTETUYHI CUCTEMU TA KOMILUIEKCU

€ BHKODUCTAaHHSl EJEKTPOJUHAMIYHOI MiJBICKH
IUIIXOM T1030aBJIeHO1 i1 CyTTEBOrO HENONIKY — He-
JIOCTaTHBHOI MAMOMHOI CUJIM Ha MAJIUX IIBUAKOCTIX
(mo 100...150 km/ron). Yka3zaHuil HENOJIK y MPOE-
kti JR-maglev tuny MLX (SInoHist) mooiaso mo-
JaBaHHIM /10 KOHCTPYKIIi MarHiTOIIaHa KOJICHIX
OTIOPHUX CUCTEM, a Ha HaNPSIMHIN — peHoK, 10 KX
1 pyxaeTbCcsi TPAaHCTIOPTHHH 3aci6 Ha eTamax pos3-
TOHY Ta TalbMyBaHHA. Take pimeHHs xo4da i BUKO-
HY€ CBOIO (DYHKIIiIO, € TPOMI3AKIM Ta Hee]eKTHB-
HUM. 3HaYHO OUNBIINI IHTEpEC MPEACTABISE MOXK-
JINBICTP ITOETHAHHS CHIILHUX CTOPiH 000X THIIIB ITi-
neicok EMS i EDS B omHOMy pillieHHi, M0
MOKJIMBO JIMIIE 32 YMOBU MPUHIMIIOBO 1HIIOT apXi-
tekTypu Maglev-tpacu.

bazoBmii OBOpEKMMHUN TATOBO-JIEBITALlIMHUI
MOJTyJIb IOBHHEH BUKOHYBATH TaKi QyHKIII:

— CTBOPIOBATH pYILUilHE 3yCHILIS,

— 3a0e3meduyBaTH JIEBITAIII0 y BCHOMY JHiara-
30H1 MBUIKOCTENA MarHiTOILIAHA;

— CTabiIi3yBaTH TPAHCIIOPTHHIA 3aCi0 BIJIHOCHO
HaNpsIMHOI NUIIXY.

g pearnizamii BuIeBka3anux (GyHKIIIH MOKHA
3aCTOCYBaTH Mapy IUISIXOBUX MOJBIMHUX KOTYIIOK
NF-Tumy, siKi BCTaHOBIIOIOTh HABIIPOTH B OIYHUX
CTIHKaX HUIAXOMPOBOAY 3 MOUGIKAIIE iX KOHC-
TPYKIii TAKUM YHHOM:

— BEPTHUKAJIBbHO PO3MIMIEHI KOTYMIKH KOXHOT
CTOPOHH MOJIYJISI BMHKAIOTHCS MK COOO0 uepes
BJIACHWI IIBUIKOIIMHUN HamiBIPOBIAHUKOBUN KO-
MYTaIliifHUH BY30J1, IKHi 3a0e3meuye ABi eNeKTpu-
yHi cxemu ix 3’eqHanHg. KoHdiryparii «0» Bigmno-
BiJIa€ TATOBUH peKUM, a KOHGITYypaii «8» — peskum
nesirtamii [13];

— BEpTUKaJbHI Mapu KOTYIIOK, IO PO3MiIIeHi
Ha NPOTHJIEKHMUX CTIHKaX HUIIXONPOBOAY, 3’ €IHY-
I0Th Yepe3 HaIiBIPOBIIHUKOBUH KOMYTAIliHHUIH
BY30J1 T4 YTBOPIOIOTH HYJb-TIOTOKOBHI KOHTYP LIS
KOMITIEHCAI[li 0OKOBOI'0 3MillIEHHS MarHiTOIUIAHA;

— KOTYIIKH MOJYJSI 3aJIeXHO BiJl PEKUMY PO-
00TH MOXYTh OYTH aKTUBHHMH, TOOTO OTPUMYBATH
YKUBJICHHS, 200 TACHBHUMH 13 3aMUKaHHAIM Ha cebe.

Pexxum neBiTtanii, KoM KOTYIIKHA MOAYJISL yTBO-
PIOIOTH KOH(iIryparito «8» (puc. 7), mae aBi dasu:

— 3a mepuoi MWBUAKOCTI MarHiTOIUIaHy HE JO-
CTaTHBO, 1100 HaBENIEHI CTPYMH CTBOPHIN HE00-
X1JIHY ISl TIOJIBOTY CHUITY JIeBiTaii. Y koMY BHIIa-
JIKY Ha KOTYIIKYA MOJYJB, Y MeXaX JIOBKHHHU Mar-
HITOIUIaHa, IOIal0Th Bijl 30BHILIHBOTO JKepeia Mo-
CTiHiHUI cTpyM, abu MiIHATH TPaHCIOPTHHH 3acild

Ha BUCOTY 5...m00 MM Haj HAaIpSAMHOIO IUIXY.
Y Mipy po3roHy 4acTHHAa MOJYJIiB IEPEXOIUTH y TA-
TOBHIA PeKUM, 00 3pOCTaE CKIIAZ0Ba CHIIU JICBITAIl1
BiJl HABEZCHOTO CTPyMy4

— 3a Ipyroi B pa3i JOCSATHEHHS MEBHOI MIBUAKO-
CTi B TUX MOJYJISIX, SIKI BiATIOBITAIOTh 32 CTBOPEHHS
JIEBITAIl1, KOTYIIIKA 3aMUKAIOThCS Ha cele, 1 1X xKu-
BJICHHSI IPUIIMHAETHCSA, TOOTO BOHU CTAIOTh IACHB-
HAMH, @ CTPYM YTBOPIOETHCS IIHIIE IHAYKIIEIO,
KOJIM TPAHCTIOPTHUH 3aci0 MpOiKIHKAE MOB3.

1

cuJia JieBiTauii

N

LeHTpalIbHA JIHIL
MK KOTYIIIKaMH

Ismimcmm

MAarHiTHa OCb
HAIIPOBIAHUKOBOIO
MarHity

Puc. 7. Po60oTa IBOPEKUMHOTO TATOBO-JICBITALlIHHOTO
MOJIYJISl B PEXKHMI JIeBITaIT:
1 — mozBiifHA KOTYIIKA IUIIXOBOTO MOIYJIS
3 KOH}irypamierw «8»; 2 — KOTyIIKa HaPOBIIHOTO
6oproBoro enekrpomarHity (SC)

Fig. 7. Operation of the dual-mode traction-levitation
module in levitation mode:
1 — double coil of the track module with an «8» configuration;
2 — coil of the superconducting side electromagnet (SC)

TakvM YUHOM, MAaEMO TIOPHIHHUN PEKUM PO-
0OTH TIABICKHU: y Jliana30Hi HU3BKUX MIBUAKOCTEH
MOJIyJIb peai3y€e eJICKTPOCTATUYHUN CIIOCiO JieBi-
Tallil, a B pasi nepexojy 10 30HU BUCOKUX IIBUIKO-
CTe — eNeKTPOJMHAMIYHHUIA CIociO MiABINIyBaHHS
MarHiToIUIaHa.

VY pexumi TATH KOTYIIKK MOJTYJIsl MArOTh KOHQi-
ryparito «0» (puc. 8) Ta cTpUMYIOTh 3MiHHY TpHpa-
3HY HaIpyTy, peryjibOBaHy 3a aMILTITY/IO0 Ta Yac-
toTo10. 1l Hampyra GopMyeTbCcs METOJIOM IIHPO-
THO-IMITyJTCHOI MOJYJIAIIT HAaIiBIPOBITHUKOBAM
MIEPETBOPIOBAYEM Yy CKJIIaJIi MOJIYJIS.
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Puc. 8. PoboTa ABOPEIKUMHOTO TATOBO-JICBITAIIIHHOTO
MOJyJISl B PEKUAMI TSATH:
1 — noABiiHI KOTYIIKH IIISTXOBOTO MOYJIS
3 KoHpirypamiero «0»;
2 — KOTYILIKA HaJMPOBIAHOTO OOPTOBOTO enekTpomarHity (SC)

Fig. 8. Operation of the dual-mode traction-levitation
module in traction mode:
1 — double coils of the track module with configuration «0»;
2 — coil of the superconducting side electromagnet (SC)

CyTTEBOIO BIIMIHHICTIO TPOTIOHOBAHOT'O JIBOPE-
YKUMHOT'O TSTOBO-JIEBITAIlIfHOTO MOJYJIS BiJl HasIB-
HUX KOHIIETIIIH € Te, [0 B aKTUBHOMY CTaHi Tmepe-
OyBarOTh TUILKU Ti TATOBI MOJYIMI, y 30Hi il SKUX
3HaXO/UTHCSI MArHITOIIIaH. Taka misiMa akTHBHOCTI
JOBXHHOIO TPOXH OLIBIIOIO 32 PyXOMUH CKJIaJ py-
Xa€ThCS BITHOCHO MUIIXOBOI CTPYKTYPH 31 HMIBHUIIKI-
CTIO eKiMaxa.

OnHak came 1o co0i 3MEHIIEHHS JOBXKHHHU CEK-
il JHIHHOTO CHHXPOHHOTO TATOBOTO €JIEKTPO/IBH-
T'yHa B pa3i TpaJuiiiHOTO croco0y iX KUBJICHHS HE
BUPpIIIYE 3a/1a4i 3MEHIICHHsI eHEPreTUYHUX BTpAT,
OCKUIBKH (pifiepy 3aJUIIAI0THECA 3HAYHOI JOBKUHU
Ta 30epiraloTh 3Ha4HY MOTYXKHICTb, 110 MPOXOAHUTH
4epe3 HUX. TiIbKH )KUBJICHHS OKPEMOTO MOJTYJIS Bijl
BJIACHOTO aBTOHOMHOI'O JiKepesa eHeprii Ta 3 Bif-
MOBITHOIO CHCTEMOIO YIIPABIiHHS JO3BOJIUTH BUPi-
mHUTH Ipo0iieMy eHeproegeKTHBHOCTI. TakuM Jpxe-
PEeJIoM eHeprii MOXKe CITyTyBaTH pO3Mo/lijieHa PoTo-
eJIEKTpUYHA cucTeMa. [lepcreKTHBH 3aCTOCYBaHHS
COHSTYHOT €HEPTETHKH JIJIS YKUBJICHHSI BHCOKOIIIBH/I-
KICHOIO MAarHiTOJIEBITAI[IHHOTO TPAaHCIOPTY JeTa-
JIBHO MPOAHaJi30BaHo B poOOTi [4].

HaykoBa HOBM3Ha Ta MPAKTHYHA
3HAYUMICTD

OtpumaHi pe3ynbTaTHd O3BOJAIOTH IiIBECTH
HAYKOBE MiAIPYHTS IJsl PO3BHTKY Ta BIOCKOHA-
JICHHS TIPOLIECY CTBOPEHHS €()eKTHBHOTO Ta KOHKY-
PEHTOCIIPOMOKHOTO MarHiTOJICBITAIITHOTO Ha3eM-
HOTO TPaHCHOPTY HACTYHNHOTO ToKomiHHA. [ToOy-
noBa Maglev-TpaHCTIOPTHOI CHCTEMH 3 BHKOpPHC-
TAaHHSAM  THUIOBHX  JBOPEKHMHHX  TSATOBO-
JICBITAI[IMHUX MOJYJIB TiOPUIHOTO THIY J03BO-
JUTH, TO-TIepIle, YHi(QiKyBaTH NUIIXOBY CTPYK-
TYpY; CyTTE€BO HOIIIIINTHA €HEPTeTUYHI MTOKAa3HUKH
TaKOTO BHIY TPAHCIOPTY, MO-APYre, CIPOCTHTH
KOHCTPYKLIIO HIISIXOBOI CTPYKTYPH 32 paXxyHOK iH-
Terpamii (QyHKIii CTBOpPEHHs JeBiTallii Ta TiATH
B OJIHOMY BY31i, a MO-TPETE, SMEHIIUTH KalliTaIbHI
Ta eKcIUTyaTaliifHi 3aTpaTH.

BucHoBku

[loTouna peanizailisi MarHiTOJEBITAIIIMHAX Tpa-
HCTIOPTHUX CHCTEM SBIISIE COOOIO TIOETAITHO MOJEP-
HI30BaHI KJIACWYHI MiAXO0H, SKi OYJIM TOCTYIIHI I
B KiHII MuHYyIoro cropiuds. BomuHouac mporpec
Y BiIHOBIIOBANbHIA EHEPreTHIl, MIKpPOEIEeKTPO-
HIlli, HU3bKOTEMIICPATyPHIN TEXHilli, paJioHaBira-
1ii CTBOPUB MIAIPYHTS TSI pO3POOKU HACTYITHOTO
TTOKOJIIHHS MarHITONEBITAIlIITHOTO TPaHCIOPTY OC-
HOBOIO SIKOTO € 0a30BUH JBOPSKUMHUHN TATOBO-JIC-
BITAI[IHHUI MOJYJIb 3 CHEPro3ade3eueHHsAM Bij
(hOTOETIEKTPUYHUX IEPETBOPIOBAUIB.

JIBOpEXKMMHHN TATOBO-JICBITALIIMHUNA MOJYJIb
3JIATHUH, 3aJ€KHO BiJl CHTHANy CHCTEMH YIpPaB-
JiHHA PyXOM IIOTATa, BUKOHYBaTH 3aJadi CTBO-
pEeHHS PYUIHHOT cuiH (PEeKUM TATH) 1 IMiBICKH,
MPUYOMY Y BChOMY Jiara3oHi MIBHIKOCTEH.

[To6ynosa Maglev-tpancniopTHOi crcTeMH 3 BH-
KOPHUCTaHHSIM TaKuUX THIIOBHX [BOPEKUMHHX Ts-
TOBO-JICBITAI[IHMX MOJYJIIB TiOPUIHOIO TUIY J10-
3BOJIUTH:

— CYTTEBO MOJIIIINTH €HEPreTHYHI NOKa3HUKU
TaKOTO BHUJY TPAHCIIOPTY 3a PaxXyHOK JIOKaJbHOTO
po3MimnieHHsT (HOTOECTIEKTPUYHUX MEePETBOPIOBAUIB
1 MOJIIyJIiB 31 CKOPOUSHHSIM BTpAT Ha Tiepeady eHe-
prii, a TakoX BHUKOPUCTaHHsS BiTHOBHHUX JDKEpel
eHepriT;

— CIIPOCTUTH KOHCTPYKIIIO HUISXOBOi CTPYK-
TYpH 3a paxyHOK iHTerpamii ¢yHKLil CTBOpEHHS
JICBITAIT Ta TATH B OJTHOMY BY3JIi;
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— 3MEHIINTH KaliTaJlbHi Ta eKCIUTyaTaliliHi BU- AHamniz JOCTYIHHX TEXHOJIOTiH Ja€ BIIEBHe-

TpaTH 3a PaxyHOK BHKOPHCTaHHS YHI(IKOBAaHOTO  HICTh, IO CTBOPEHHS JABOPEKUMHOTO TSITOBO-JIEBi-
0a30BOT0 MOAYJIS. TalifHOTO MOJYJIS, SIK 1 BIMOBIAHOI CUCTEMH YII-

PaBIIiHHS PYXOM MOTSTa, € LiJIKOM PO3B’S3yBaHOIO
3a1a4ero.
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Analysis of Prerequisites for the Creation of a Second-Generation Dual-Mode
Traction-Levitation Module

Purpose. This work aims to develop a concept for a dual-mode traction-levitation module as a basic element of
an effective system for synchronized control of the motion and suspension of a maglev train and to analyse the pre-
requisites for its creation. Methodology. The features of the functioning and control of the main subsystems of the
existing maglev transport, their engineering solutions in terms of linear traction electric drive and magnetic suspension
were studied. Theories and methods of electric traction, electric machines, electrical engineering, and electronics were
used to modify the structure and parameters of the traction linear drive, the magnetic suspension system, and the
methods of controlling the traction-levitation system of the maglev. Finding. The current implementation of magnetic
levitation transport systems represents a step-by-step modernization of classic approaches that were available at the
end of the last century. At the same time, progress in renewable energy, microelectronics, low-temperature technology,
and radio navigation has laid the foundation for the development of the next generation of magnetic levitation
transport, based on a basic dual-mode traction-levitation module powered by photovoltaic converters. It is shown that
improvements in maglev technology can be achieved through the essential integration and coordinated combination
of two methods of creating magnetic levitation—electromagnetic (EMS) and electrodynamic (EDS)—thanks to the
use of a fundamentally different architecture for the construction of the Maglev track—not from long sections with
three-phase power coils, but with discrete modules capable of performing the tasks of creating propulsive force (trac-
tion mode) and magnetic suspension, across the entire range of available speeds. An analysis of currently available
technologies gives confidence that the creation of a dual-mode traction-levitation module, as well as a corresponding
train motion control system, is a completely solvable problem. Originality. The results obtained provide a scientific
basis for the development and improvement of the process of creating an effective and competitive next-generation
magnetically levitated ground transportation system. Practical value. Building a Maglev transport system using stand-
ard dual-mode hybrid traction-levitation modules will, first, significantly improve the energy performance of this type
of transport by locally placing photovoltaic converters and modules, which will reduce energy transmission losses, as
well as the use of renewable energy sources (photoelectric distributed energy system), secondly, simplify the design
of the track structure by integrating the functions of levitation and traction in a single node, and thirdly, reduce capital
and operating costs through the use of a unified base module.

Keywords: magnetoplane; linear motor; maglev; superconducting magnet; levitation; traction-levitation module;
zero-flow circuit
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KommiekcHe JiarHOCTYBaHHS TEIUIOBO3IB 3 riponepeaavero: miaxoau
Ta METOAM

Meta. OCHOBHOIO METOIO LI€] CTAaTTi € BU3HAUCHHS y3araJlbHEHOTO MMOKa3HUKAa €HEProe(eKTUBHOCTI PoOOYI0TOo
UKy AU3EeIHHOTO IBUTYHA, SIKAH BPaxOBYe€ KOMIUIEKCHUH BIUIMB TEPMOIMHAMIYHIX, MEXaHIYHUX 1 T1APOIIHAMIY-
HUX BTpaT, II0 BHHUKAIOTH y MpoOIleci Horo ekcruryaTamii. 3amporoHOBaHUH MOKAa3HUK J03BOJISE OIIHUTH 3MiHU
B pOOOTI JAU3eIIsl, 3yMOBJICHI 3HIKEHHIM HOTO TEIUIOBOI €(heKTHUBHOCTI Yepe3 MOTIpIICHHS MPOIIECy 3TOPSIHHS MaIiB-
HOI CyMillll, 3pOCTaHHSIM MEXaHIYHHUX BTpAT, CIIPUYMHEHUX TIOCTYIIOBUM 3HOIIYBAaHHSM JIETaleH, a TAaKOXK MOSBOIO
JIOJIATKOBHUX HECIIPaBHOCTEH y HOro cucreMax i By3jax, LIO BIUIMBAIOTh Ha 3arajibHy IMpale3laTHICTb IABHUIYHA.
Metoauka. J{i1s JOCSATHEHHS TOCTaBJICHOT METH 3a Pe3yJIbTaTaMU €KCIIEPUMEHTAIBHUX JOCIIIKEHb 3aIIPOIIOHOBAaHO
METOJUKY BU3HAYE€HHs e)eKTUBHOT IOTYXHOCTI 1u3eniB TerioBo3iB TI'M4 ta TTM6—A 3 rinpaBiiqHor0 nepenadcio
VYTTI750-12001I1P, sika € iHTerpajJbHUM MTOKa3HUKOM, LII0 XapaKTEepPHU3ye iX TEXHIYHUH CTaH Ta J03BOJISIE OLIHUTH SIK-
iCTh BUKOHaHHA peMOHTY. Pe3yabTaTn. Ha 0CHOBI mpoBeieHNX eKCcIIepUMEHTaIbHUX JOCIIKEHb PO3PO0IICHO METO
BHU3HAYCHHS S(EKTHBHOI TOTYXHOCTI IU3ENIB TEIUIOBO3IB 13 rifpaBiigHoi0 nepexadero YITI750—1200I1P mix gac
KOPOTKOYaCHOTO HaBaHTAXCHHS ITYCKOBHM T1IpOTPaHCPOPMATOPOM Y PEXKHIMI «BHOIY» TypOIHHOTO Kosteca. MeTox
0a3yeTbCcsl Ha BUMIPIOBaHHI YaCTOTH OOEPTaHHS KOJIIHYACTOTO Bajla JH3EIs Ta TUCKY HaJTyBHOTO moBiTps. O0poOka
eKCIIEPUMEHTAIBHUX JAHUX T03BOJIMIIA 3aIIPOIIOHYBATH METOIUKY OIIHKH €()EKTHBHOI OTYKHOCTI IU3€1IA SIK 1HTeT-
PATBHOTO MMOKa3HUKA HOTO TEXHIYHOTO cTaHy. LI MeToanka qae 3MOTy BU3HAYATH SIKICTh PEMOHTY TeTuioBo3iB TT' M4
i TTM6-A 3 rigpasmiudoro nepenadeto YI'TI750—-1200I1P, BusiBIATH MpUXOBaHi HECIPABHOCTI, OLIHIOBATH 3arajb-
HUI TeXHIYHUHN CTaH [Au3eiis 0e3 po30upaHHs, a TAKOXK BU3HAYATH HEOOXITHICTE pEMOHTY ab0 pery/roBaHHS mapame-
TpiB. HaykoBa HoBHM3HA. Y poOOTi OTpUMaIH MMOJAIBIINI PO3BUTOK METOJH JiarHOCTYBAHHSI CHJIOBHX YCTaHOBOK
TEIJIOBO3IB 13 TiJpaBIiuHOIO Nepe/laucio Ta BU3HAYCHHS IIarHOCTUYHUX NapaMeTpiB, 10 XapaKTepU3yIOTh 1X TEXHi-
yHuil crad. [IpakTH4Ha 3HAYMMicTh. BUKOpHCTaHHS 3anpOIIOHOBaHOI METOANKY BU3HAYCHHS €(DEKTUBHOT ITOTYX-
HOCTI CHJIOBHX YCTaHOBOK TETIJIOBO3IB 13 rifpanigHoro nepegadero YI'TI750—120011P no3Bosisie BUABISITH IPUXOBaH1
HECTIPaBHOCTI, OI[IHFOBATH 3arallbHUI TEXHIYHUH cTaH Au3els 0e3 Horo po30upaHHs Ta BU3HAYATH TOTPeOy B PEMOHTI
a0o peryioBaHHI mapaMeTpiB.

Kniouosi crosa: TemnoBos; rigpasiivyHa nepeaada; IU3eIbHUN IBUTYH; e(eKTHBHA OTY)KHICTh, KOMIUIEKCHE Ii-
arHOCTYBAHHS; TEXHIYHUHN CTaH; MiCIIpeMOHTHI BunipoOyBauus; TTM4; TTM6—-A

HaJIHO MPaIOBAaTH B CKIIATHUX YMOBAaX, 0COOIMBO
Beryn Ha MIPOMHUCIIOBUX MapIIpyTax, /e HOTpiOHA BUCOKa
MOTY>KHICTB Ta aJJalITUBHICTH JI0 3MIHHIX YMOB €KC-
oryaTtariii. OgHaK 0cOOIMBOCTI KOHCTPYKIIIT TETLIO-
BO3iB 13 TiAPaBIIYHOIO MEPEIaYet0 CTBOPIOIOTH J10-
JTATKOB1 BUKJIMKH B 3a0€3MeUeHHI HAIITHOT eKCILTY-

TennoBo3u 3 riiponiepeaveto BiIirparTh KITko-
YOBY pOJIb Y 3aI3HUYHHX NEPEeBE3eHHX, 3a0e3me-
qyloud e(EeKTUBHICTH Ta Oe3MepepBHICTb BHKO-
HaHHA PoOiT. IX BaXIMBICTH MONATaE y 37aTHOCTI
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aTalii Ta CBOEYacHOTO ix oOcimyroByBanHs. Tpanu-
LiHHI METON A1arHOCTYBaHHSA CHIJIOBOi yCTaHOBKH
TEIUIOBO31B YACTO HEMOYKIIMBO BUKOPUCTATH JJISI TE-
TJIOBO31B 13 TiIPaBIiYHOIO MIEpeaaveo.

VY cydacHHX yMOBax PO3BHTOK HOBITHIX T€XHO-
JIOTi# TO3BOJISIE BIIPOBAKYBATH OLNIBII TOYHI Ta iH-
TErpoBaHi MIXoAu N0 AiarHocTyBaHHsS. Komruiek-
CHE JMIarHOCTYBaHHS TEIUIOBO3iB 13 Tiapomepena-
4ero, M0 TOEAHYE METOAW MOHITOPHHTY TEXHid-
HOTO CTaHy, aHali3y mapaMmeTpiB poOoTH Ta
MPOTHO3YBaHHA MOXJIMBHX BiMOB, CTa€ KIIOYO-
BAM (haKTOPOM Y TIiABUIEHH] e(peKTUBHOCTI Ta Ha-
JUHHOCTI 3aJII3HUYHOTO TPAHCIIOPTY.

OxpeMolo 3a/1a4cto € MPOBEJACHHS MIiCIIPEMOH-
THUX BUIPOOYBaHb TETIOBO31B. AKTYaIbHICTh IIPO-
BeJIEHH BUMPOOYBaHb TETUTOBO3IB i3 rigponepena-
Yer TMIcHs PEeMOHTY OOYMOBIIOETHCA KiTbKOMa
KIIIOUOBMMH (pakTopamu: Oe3leka eKCIUTyaTtallii,
MiATpUMKa eeKTHBHOCTI pOOOTH, 3MEHILICHHS PH-
3Ky [TOBTOPHUX BiJIMOB, BAKOHAHHS HOPMATHBHUX
BUMOI Ta €KOHOMIYHA JIOLIUIBHICTE. Y 0Oararbox
KpaiHaxX BHNMPOOYBAaHHS TEIUIOBO3iB IMICIS PEMOHTY
€ 00OB’SI3KOBHM €TaroM, MependadeHuM Traryse-
BUMHU HOpMatuBaMmu. lle 103Bossie miaTBepAUTH TX
BiJIMTOBITHICTH TEXHIYHUM YMOBaM Ta TOTOBHICTB JI0
eKCILTyaTaItii.

Meta

OCHOBHOIO METOIO CTaTTi € BU3HAUCHHS y3ara-
JFHEHOTO TIOKa3HUKAa E€HeproeeKTUBHOCTI pobo-
YOro UKy JU3ebHOTO JBUTYHA, [II0 BPAXOBYE CY-
KYIHUH BIUIUB TEPMOJUHAMIYHNX, MEXaHIYHUX i Ti-
JPOJAMHAMIYHHX BTPAT. 3MiHH [IOTO MMOKAa3HHUKA Bi-
TOOPaKAIOTh 3HWKEHHA TEIUIOBOI €(EeKTUBHOCTI
JI3elisl 9epe3 MOTIpIIeHHS MPOLEeCy 3rOpsHHSL, 3pO-
CTaHHS MEXaHIYHHX BTPAT YHACIIJOK 3HOIIYBaHHS,
a TaKOX IOSBY IHIIMX HECIPABHOCTEH y CHCTEMax
1 By3JIax JIU3es.

MeTtoauka

[TpoBemeMo oruisig MeTOo/1iB BUIPOOYBaHb CHIIO-
BUX YCTAHOBOK JTU3EJIiB TETJIOBO3iB.

[HHOBamiiiHI MeTonu 6e3p030ipHOTO A1arHOCTY-
BaHHs AM3ETIB 3a0€3MeUyIOTh HE JIMIIEC BUSIBICHHS
HECIPaBHOCTEW, a U iXHE CBO€YAacHE ToOIeEpe-
JDKEHHSI, O JI03BOJISIE YHUKHYTH JIEMOHTAXY UM
MOBHOTO PO30OMpPaHHS IH3ENs, CyTTEBO CKOPOUY-
10YM BUTpaTu 4acy Ta pecypciB. CydacHi MeToau

0e3p030ipHOTO iarHOCTYBaHHS MOAUISIOTH Ha Tec-
TOBi, SIKi TOTPEOYIOTh THMYAacCOBOTO BHUBEICHHS
JIBUTYHA 3 €KCIUTyaTallii, Ta pyHKIIOHAIBHI, IO J10-
3BOJIAIOTH 3[IMCHIOBATH MOHITOPHUHT TEXHIYHOTO
CTaHy Au3ens 0e3 HOTro BUITYYeHHS 3 eKCIUTyaTallii.
QOyHKIIOHAIBHI MEeTOIN 3a0€3MeYyloTh TOYHE BU-
3HA4YEeHHS TOTOYHOTO TEXHIYHOTO CTaHy IHU3els,
OLIHKY CTYIICHS 3HOIIYBAaHHS KPUTHYHHUX BY3IIB,
a TaKOXX BCTAHOBJICHHS HEOOXiTHOCTI MPOBEICHHS
pPEMOHTHUX 3ax0/iB. BoHu nependavaroTh iHAMBI-
IOyalbHE BiJACTE)KEHHS CTaHy KOXXHOTO KOHKpET-
HOTO JIBUTYHA IIPOTATOM yChOTO TIepioy HOTo eKxc-
IIyaTarfii.

MeTtoauka 6e3p030ipHOTO JiarHOCTYBaHHS U~
3ebHUX JBHUTYHIB PO3BUBAETHCSA B PI3HHUX HANpS-
Max, 30KkpeMa y cpepax BiOpoaKyCTUIHOTO aHAIi3Y
Ta IarHOCTHKY 32 HEPIBHOMIPHICTIO 00epTaHHS KO-
JiHngacroro Bajga. KoxkeH i3 IuX MiAXOIIB CHPSIMO-
BaHWH Ha MiABUINEHHS TOYHOCTI Ta €pEeKTUBHOCTI
BUSIBIICHHSI HECTIPABHOCTEH i KOHTPOJIIO 3a TeXHiu-
HUM CTaHOM JIBUT'YHA.

BiOpoakycTnuna miarHOCTHKa O0a3yeTbcs Ha
aHaui3i BiOpamiifHuX Ta aKyCTHYHUX CHUTHAIIB, Te-
HEPOBaHUX JIBUTYHOM 1 HOrO KOMIIOHGHTaMH ITiJl
Yac eKcIuTyarariii. 3MiHU B TEXHIYHOMY CTaHi JeTa-
Jedl ABUTYHA, Taki SK 3HONIYBaHHS, IO(TH, Tpi-
mMHA a00 HempaBWIbHE PETYJIOBAHHS, BHKJIMKA-
I0Th 3MiHH y BiOpOaKyCTHYHUX CHUTHaNax. AHai3
X CUTHAJTIB J03BOJIsiE ineHTH(iKyBaTH NedeKTn
Ta MPOTHO3yBaTH MOKJIMBI BiZIMOBH.

Y poboti [15] 3anmpornoHOBaHO BUKOPHCTOBY-
BaTH BiOpalliiiHi CHTHAIIM /ISl BUSBJICHHS MPOITyC-
KiB 3alaJIlOBaHHs B IWJIiHApax. BusHaueHHs mapa-
METpiB poOOYOro MUKy KOXKHOTO IUJIIHAPA J03BO-
JIsi€ 31MCHIOBATH KOPEKIIIO Ta HAJIAIITYBaHHS JUIS
3abe3neyeHHs e(heKTUBHOT poOOTH JBUTYHA, PIBHO-
MIpPHOTO PpO3IOJITy HABaHTAXCHHS MK LWIIH]I-
pamMu, a TaKOX PaHHBOTO BUSIBJICHHSI TIOTEHIIIHHO He-
0e3MevHNX TeH/ICHIIIH Y PO3BUTKY HECTIPaBHOCTEH.

VY nocnimkennsx [4, 17] 3anponoHoBaHO BHKO-
PUCTOBYBATH BiOpalliifHi CUTHAIM JUIS J1arHOCTUKH
MaJTUBHUX (POPCYHOK 1 KIIAITAHHOTO MEXaHi3My 3a
JIOTIOMOT'OX0 MarHiTHUX BiOpaliiHuX gaT4vkiB. Bu-
poOyBaHHS IIUX METO/IiB MPOBEICHO HA KOpaOelb-
Homy auseni MAN 6S60MC—C, 1110 J03BOJIHIIO ITi-
IOTBEPANTH IXHIO €()eKTHBHICTb Y BUSBICHH] aede-
KTIB Ta ONTHUMI3allii pOOOTH IBUTYHA.

MeTto/1 BU3HAUCHHS MEXaHIYHUX Je(EKTIB IU-
3€JIbHOTO JBUT'YHA Ha OCHOBI aHaNi3y IIYMOBHX I1a-

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/330872

© B. €. boxnap, O. b. Oukacos, €. b. boguap, 2025

77


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/330872

EKCIUIYATAILIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tparcmopty, 2025, Ne 2 (110)

pameTpiB 3anpornoHoBano B [7]. Le# miaxia mo3so-
JIsi€ 3MIACHIOBATH MOHITOPHHT TEXHIYHOTO CTaHy
IBUryHa 1 (hopMyBaTH iHPOPMALIIIO PO 3ANUIIKO-
BUH pecypc arperaty Ha OCHOBI OTPHMaHHX JTaHHX.
JocmimKxeHHs T AKPECTI00Th, 0 00podKa Ta Bi3y-
ami3alis akyCTHIHIX CUTHAIIIB Y BUTJISI1 TOIOJIOT -
yaux 3D—mopenelt Moxke 3HaYHO MiABUIIUTH edeK-
THUBHICTH METO/IB JUCTAHIIHHOTO MOHITOPUHTY Ta
3a0e3MeUNTH CBOE€YACHE BUSBICHHS IMOTEHLIMHUX
BiJIMOB 1 HECIIPaBHOCTEH.

VY crarti [18] mpoanaizoBaHO cydacHI METOIU
T1arHOCTHKH CYQHOBHX IM3EIbHUX JBUTYHIB Ta 3a-
MPOTNOHOBAHO MiXOIX Ha OCHOBI HEHPOHHUX Me-
PEeX Ui BUSBJICHHS MHOXHHHUX HECHPAaBHOCTEH.
Tpamumiitai MeTonu, Taki sIK aHalli3 MacTuia, BiO-
parmiiiHuii 1 TeTUTOBMH aHali3, MaloTh OOMEXKEHHS
Yyepe3 BHCOKY BapTICTh OOJIATHAHHS, CKIAIHICTh
MOHTQXXy Ta YyTJUBICTH JO 30BHIIIHIX (haKTOPIB.
HaroMicTh aBTOpM TNPONOHYIOTH BHKOPUCTAHHS
IITYYHOTO 1HTEJIEKTY IS IMiIBUIIICHHS TOYHOCTI Ta
e()eKTUBHOCTI JIIarHOCTUKY. Y JOCIIKEHHI 3aCTO-
COBaHO TPH QITOPUTMH HEHPOHHHX MeEpexK:
LM-BP, BR-BP Ta PNN. Haiikparii pe3ynsTaTu
JUIsi MHOXKHHHUX HECTIPABHOCTEH JTOCATHYTO 32 J0-
nomororo LM-BP (88,89 % TounocTi) 3 MiHiMaIIb-
HUM gacoMm 00poOku. BR—BP 3abe3neunna crosiz-
COTKOBY TOYHICTb /I OJMHUYHUX HECTIPABHOCTEH,
ane Oyna MEHII S(PEKTUBHOK I MHOXHHHHUX
(55,56 %). PNN npopemMoHCTpyBaia HaHIIBHALLY
JIarHOCTHKY, OJIHAaK MaJla HaWHWKYy TOYHICTb.
OTtpumaHi pe3ynbTaTh JIEMOHCTPYIOTh IEPCIIEKTH-
BHICTh HEUPOHHUX MEPEX ISl OIMIIEHHS JiarHo-
CTUKH TU3EJbHUX JIBUTYHIB.

lNppaBniuHi mepenadi € MOMIMPEHUMHU SIK HA aB-
TOMOOITBHOMY, TaK 1 Ha 3aJI3HUYHOMY TPAHCTIOPTI.
Binbrmicte MeTomiB BUNIPOOYBaHHS TiIpaBIigyHIX
nepeaay € CTeHIOBUMHU. 3aBAaHHS CTEHIOBUX BU-
MpoOyBaHb TMOJISITA€ Yy BU3HAYCHHI TEXHIYHOTO
CTaHy TiepeJadi Ta KOHTPOJI BiAMOBITHOCTI CTaHy
nepeaayl nacropTHUM JaHUM.

PoGora [11] mpucBsiueHa MeToJaM BHITPOOY-
BaHHS Ta KOHTPOJIO TiIpOMEXaHiuHoi Oe3cTymneHe-
BO1 TpaHCMicii 3 BUKOPUCTaHHAM OaraTo()yHKIIiO-
HaybHOTO cTreHa. OCHOBHY yBary MpHIJIEHO PO3-
poO11i crensa, SIKUit 103BOJIsIE BUKOHYBAaTH OaraTo-
piBHEBEe TeCTyBaHHs CKJIAaJOBUX TiIpOMEXaHIYHOT
0e3CTyIneHeBOI TpaHCMICIi. Y paMKax JTOCIIHKEHHS
MPOTECTOBAHO SIK MEXaHIuHy, TaK 1 TiApaBIivyHy
CKJIaJy CUCTEMH, IO JO3BOJISIE OKPEMO OLIIHIOBATH
iXHI XapakTepUCTHUKH, a TaKOX B3aEMOJII0 MiX

HUMH. TecToBHH CTEHJ MICTUTh CHCTEMY KOHT-
POJIFO HABaHTAKEHHSA Ta AATYUKHU [T BUMIPIOBAHHS
LIBUJKOCTi, KDYTHOTO MOMEHTY i THCKY, LIO A€
3MOTY OLIHIOBaTH MPOAYKTUBHICTH TiApoliepeaadi
Y peampHIX YMOBax eKCIuTyaraiii. 3alponoHOBaHa
OaratopiBHEBa METOAMKA TECTYBAaHHS IOIIOMAarae
BUSIBJIATH Ta yCyBaTH HEIOJIKM Ha PaHHIX eTramax
PO3pOOKH, IO CKOPOUYE UK CTBOPEHHS TIepeadi
Ta 3HWXKYE BUTPATH.

VY crarti [13] po3risiHYyTO METOJ JUHAMIYHOTO
CHIBBiIHOIIEHHS TIOTYKHOCTI 7151 KOJICHUX HaBaH-
Ta)XyBadiB Ha OCHOBI CHCTEMH TiIpOAWHAMIYHOI
TpaHCMIicii 3 peBepcOM MOTYKHOCTI. 3alporOHOBa-
HUI METOJl ONTUMI3Y€ TMepeaady MoTyKHOCTI, ajia-
NITYIOUYHW TIepeaBaIbHEe YHCIIO BiAIOBIAHO A0 3MiH-
HUX po0OOYMX YMOB, IO MiABHUINYE €()EeKTHBHICTH
poboTu HaBaHTaKyBaua. JloCHi/pKeHHsT MOKa3ajo,
10 IMHAMIYHE CITiBBITHOIIIEHHS MOTY>KHOCTI 301J1b-
IIy€ TSATOBE 3yCHIUIS, TOMIMIIY€e e(eKTUBHICTh Tpa-
HCMiCii Ta 3HIXKY€E BUTPATH MAIBHOTO.

BincyTHiCTh MOXKIMBOCTEH NMPOBEICHHS MiCIs-
PEMOHTHUX BHIIPOOYBaHb TEIUIOBO3iB 13 TipaBIid-
HOIO Iepeayucio 3 HaBaHTAKEHHSIM [IU3eNd, Yepe3
0COOJIMBICTh KOHCTPYKIIIT MPU3BOAUTH J0 TOTO, 110
ITiJ] Yac eKCIUTyaTallii Ju3eli MOXYTh MaTh Pi3HAN
CTYIIIHB PO3PETYIIOBAHHS 1, K TPAaBUJIO, HE3aI0Bi-
JILHUH epedir pododoro nporiecy. KpiM miporo, Ha
TEXHIKO-CKOHOMIYHI TOKa3HUKH POOOTH JH3EIs
CYTT€EBO BIUIMBA€E HEY3rOKEHICTh HOT0 XapaKkTepu-
CTUK Ta Timponepenadi. OcoOIMBO Taka CUTYyallis
BUHHKAE TICIISl IPOBEICHHS KaIliTaIbHUX PEMOHTIB
mu3ens i rigponepenayi. Lle mpu3BoanuTs 10 30116-
LICHHS BUTPATH AU3EIbHOTO MaJINBa, 3SHWKEHHS Ha-
JIHOCTI AM3ens i TermaoBo3a B oMy [8, 10].

[IpoBeneHHs BUMPOOYBaHb TETIOBO3IB 13 Tijpa-
BIIIYHOIO TIepeJavero Iicisi PEMOHTYy 3abe3redye
BUCOKY SIKICTh, O€3MeKy Ta €eKOHOMIYHICTh €KCILTY-
aTarlii, 1o poOUTh IO MPOIEAYPY KPUTHUHO BaX-
JIMBOIO YISl 3aJTi3HHYHOTO TpaHcnopty [3].

BaraTopiunuii 10CBiJ eKcIuTyaTalii MaHEeBPO-
BUX TETIOBO3iB 13 T1APABIIIYHOIO MepeIaueto MOTYX-
HOCTI TIOKAa3Ye, 110 JIJIsI OI[IHKU TEXHIYHOTO CTaHy JIH-
3eJiB y MpoIleci iX eKcIUTyaTarlii, a TaKoX OIIHKH
SIKOCTI TEXHIYHOTO 0OCITyTOBYBaHHS Ta PEMOHTY Te-
IUTOBO3IB HEOOXIJIHO 3aCTOCOBYBATH KOMILICKCHUI
JiarHOCTUYHMI MapaMeTp, OCHOBY SIKOT'O CTAHOBUTD
edexTrBHA MOTYXXHiCTh nu3eis [3, 6]. Pazom 3 Tum
BUMIPIOBaHHS e()EeKTUBHOI OTYKHOCTI JIM3ES TeTl-
JI0BO32 3 TIIPaBIIivHOIO MIEPEIAUCIO € CKIAIHUM TeX-
HIYHUM 3aBAaHHSM, sIKe OyJI0 BHpileHe (axiBusaMu
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kagpenpu «JlokomoruBm» HHI «/lninpoBcekuii iH-
CTUTYT iHdpacTpykTypH i Tpancmopty» [1, 2, 5].

Ha migcraBi mpoBeaeHuX criBpoOITHUKAMH Ka-
¢denpu «JlokomotuBm» HHI «/{HinpoBCchKMiA iHCTH-
TyT 1H(GPACTPYKTYpH 1 TPAHCIIOPTY» IOCIIHKEHb
teroBo3iB TI'M4 ta TI'MG6A, sxi nepembadanu
eKCIepUMEHTAIIbHI TIEPEBIPKH Ta aHalli3 XapakTe-
PUCTHK CHIIOBOi YCTaHOBKH, pO3pOOIEHO cIocid
MPOBEACHHS MIiCISIPEMOHTHHUX I1arHOCTUYHHUX BH-
npoOyBaHb TEIJIOBO3IB 13 TiIpaBIiduHOIO Tepena-
4er B yMoBax ekcrutyaraii [6, 12, 19]. 3 meroro
TOCITIKEHHS TIPOSIBIB HECTIPABHOCTEH TSI PI3HUX
TEXHIYHUX CTaHIB JU3EIsI Ta TAPaBIivHOL Tiepeaadi
BUKOPHUCTAHO iMiTaliifHe KOMIT'IOTEpHE MOJEIIO-
Bamug [5, 11].

OckinbKH po3po0Ka CIOCOOIB BUMIipIOBaHHS
e(eKTUBHOI MOTYXHOCTI JM3e/s Ha TEIUIOBO3aXx i3
T1IpaBIivHOIO TIEpeIaueio € aKTYalbHOI0, 3aIIPOIIO-
HOBaHO METOJ, CYTbh SKOTO IOJISATAE Y BH3HAUCHHI
e(eKTHBHOI MOTYKHOCTI 32 BUMIPSHOIO YacTOTOIO
o0epTaHHs KOJIHYACTOrO Baja Ta aOCOIIOTHUM TH-
CKOM HITyBY MOBITpPS B MITiHAPH Au3esns. [1ix gac
MPOBEACHHS IIMX BUNPOOYBaHb HABAHTAKCHHS JIU-
3eJIs 3A1MCHEHO Tiaporepenadero 3a ii poOOTH Ha
ITyCKOBOMY TiIpoTpaHc(opMaTopi B PEXKHMi «BH-
Oiry» Typ6inHOTO Koyteca. Takuii pexuM HaBaHTa-
KCHHS JTO3BOJIMB MPOBECTH BHUMIPIOBAHHSI MaKCH-
MaJIBHOTO Ta CEPEIHBOrO 332 4acoM e(EKTHBHOTO
THCKY, 3allUCy 1HIWKATOPHOI JiarpaMu poOOYoro
npolecy B IMIIHAPAx JMU3ENs], TUCKY HAJyBHOTO
MOBITPSI, IHIIMX MapaMeTpiB poOOTH CHIIOBOI ycCTa-
HOBKHM Ta JOMOMDKHOTO OOJIaflHAHHS TEIUIOBO3iB.
Ha mincraBi exciepuMeHTaIbHIX TAHUX Ta aHAIZY
napameTpiB poOOTH CHIIOBOI YCTAaHOBKH B TaKOMY
peXkuMi po3poOJIeHO CHemialbHU MeTOJ BH3HA-
4eHHs e(eKTUBHOI MOTYKHOCTI JW3eNsi B yMOBax
excrutyaTaitii. EQexkTHBHA MOTYKHICTh € KOMILJICK-
CHHMM JIIarHOCTHYHHM IapaMeTPOM, OCKIJIbKH 1HTe-
TPYy€ BIUIUB Pi3HUX CUCTEM | KOMIIOHEHTIB JIBUTYHA,
a 1i 3MiHa MOKe BKa3yBaTH Ha IIMPOKUH CIIEKTP MO-
JKJIMBUX HECPABHOCTEM.

Pe3yabTaTn

[1ix gac po3poOku MeToqy BU3HAYCHHS e(peKTu-
BHO{ IOTY>KHOCTI JI3€JIsi BHKOPUCTAHO CTATHCTHY-
HUI aHalli3 TOYHOCTI MOJICITFOBaHHS CUCTEM TeTLIO-
BO3iB 32 METOJIMKOIO BU3HAUYEHHS IOBIPUOT0 iHTEp-
BaJly y BY3JIOBill TOUIIi, sIKa 3aMIPOIIOHOBaHA B PO0O-
tax B. A. ®emopus [8, 9].

MeTo/; BY3JIOBHX TOYOK BHKOPHUCTOBYIOTH IS
orucy 06araTOBUMIPHOi TOBEPXHI pe3yIbTaTHBHUX
O3HaK. baratoBUMIpHY MOBEpXHS PE3yIbTATUBHOI
o3Haku Y CKIIQJHOI CHCTEMY OMHUCYIOTh Y MYJIBTHII-
nikatuBHOMY BUTIsi [8, 9, 16]:

n
L) (1)
Yo ia

ne Y — CyKyIHICTh pe3yJbTaTHBHHX O3HaK; fi(Xi) —
OJTHOTIapaMeTpHUHI (QYHKIII].

3anmada moOya0BH pe3yabTaTUBHOI (QYHKIII Ha
OUISHII BU3HAYEHHS 3aMIHIOETHCS BU3HAYEHHIM il
Y 30HI «BY3J7I0BO1 TOUKH». [Ipu bomMy po3mo1ii mo-
XuOOK Ha AITSHLI BU3HAYECHHS € HEBU3HAYCHUM.
KoedimieHT, 1110 3HaX0IUTHCS IepeT T00yTKOM ¢y-
HKIIi, BU3HAYAIOTh BEMYHHOIO (DYHKII y BY3JI0-
Biif Toumi [16].

J1ist mpoBeACHHS TOCHTIKEHbB, 33 pe3yIbTaTaMu
MACHBHOT'O €KCTIEPUMEHTY OTPUMAaHO TPU(PAKTOPHY
MOJIETb THITY:

Y =

1
y =_2(31+b1X1+C1X12) : (a2+b2X2+C2X§)
0

(a3+bx5+C5X2). (2)

CraTHCTHYHUIA MAacUB €KCIICPUMEHTAIBHUX JIa-
HUX Ma€ M To49OK. BuxiHi Vi Ta HaBeleHi Ynj CTaTH-
CTHYHI MacHBH 1oaaMo y ¢gopmi tadu. 1.

Tabonums 1

3araJbHuUil BUIJISIA MACUBY
eKCIePHMEHTATBHIX TaHHX

Table 1
General view of the experimental data set
Yi X1 X2 X3 Ynj
Y1 X1.1 X2.1 X3.1 Yn1
ym X1im X2.m X3.m ynm

CyTbh MeTONly TIOJISITAaE B PO3PAXYHKY e(eKTHB-
HOT MOTY»XHOCTI AU3EIIS TEIIOBO3a 3 TiPaBIiYHOIO
nepeaayero Ha IMiAcTaBl OTPUMaHUX y NMPOLECi BU-
poOyBaHb TEIJIOBO3IB 3HAUEHb HA BCIX MO3MIIISIX
KOHTpoOJIepa MaIlIWHICTa, YaCTOTH O0epTaHHS KOJIi-
HYACTOTO Baya qu3ens (Na) Ta abCOMOTHOTO TUCKY
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HaJTyBaHOTO MOBITPA (Pint). 7151 BUBHAYCHHS e(eK-
THUBHOI MOTYXXHOCTI mMoOyayemo rpad mapamerpiB
pobouoro nporiecy ausens (puc.1).

Puc. 1. OpienroBanwuii rpad napameTpis
pobouoro npouecy Ju3ens:

P

int
(n) — wacrora oGepTaHHs KOJIHIACTOTO BaJLy JAU3EIIS;

— THUCK HalyBHOI'O HOBiTpS{;

Pem — cepenHii eeKTUBHUN THCK B HATIHAPAX TU3EIS;

P, — edexrnHa noryxHicts ausens

Fig. 1. Oriented graph of diesel engine operating
process parameters:
P, —inflatable air pressure;
(n) — diesel crankshaft rotation frequency;
P,,, —average effective pressure in diesel cylinders;

P, — effective diesel power

Binmosigao mo HaBemeHoro Ha puc. 1 rpada ce-
penHiii eheKTUBHUIM THCK MOBITPS B MIUTIHAPAX JH-
3eJIsl BU3HAYa€MO Ha MiICTaBl HACTYMHOTO (YHKIIi-
OHAJIBHOTO 3B’SI3KY:

P,=P

em em.o

fp, () Tp, (M) 3)

pi(S] P — 3HAUYCHHA CCPEAHLBOIO G(I)GKTI/IBHOFO TH-

em.o

CcKy y BysunoBiii Touri; f, (P,,)— BimHocHa dyHK-

LiOHANbHA XapaKTepucTuka BIumBy P, Ha P

int em?

fp (n) — BimHocHa QymkuioHanbHa XapakTepHc-

THKa BIUIMBY NHa P, .

3a By3JI0BY TOUKY, B Iili METO/IHIII Bi3bMEMO TO-
YKy, y SIKii IMacrOpTHI JaHi BiJIMOBITHUX 3HAYEHb
napamerpiB (P, Ny, P, ,) BIANOBiIalOTE HOMI-
HAJIBHOMY PEXUMY poO0OTH qu3eis. Y wiil By3JIOBii
TOYIIi 3HAYEHHS BITHOCHUX (DyHKIIIOHATBHUX XapaK-

TEPUCTHK BILTUBY 10piBHIOE 1, To6TO (R =1,
fo (n)=1.

OyHKIIOHAIBHI  XapaKTEPUCTUKN

fo, (But)
f, (n) oTpumaHo 3a pe3ysbTaTaMu 06pPOOKH HaBa-

HTa)KyBaJbHUX XapakTepucTuk auzeniB 8UH26/26

(termmoo3 TTM6—A) Ta quzeniB 6UH21/21 (terno-
Bo3 TT'M4).

3Ha4yeHHs e()eKTUBHOI NOTYKHOCTI TU3eIIsl, BU-
XOAsuM 13 puc. 1, OTpUMaeMo 3 BiIOMOrO BiJHO-
IICHHS:

R =a-P,n Q

3HaueHHs KoedillieHTa @ , 10 BXOAUTH JO BU-
pasy (4), BU3HaYaeMo 3a BUPA30M:

V, -i
a=_"—, )
301
e Vh— po6ounii 06’ eM mutinapa ausens, m°; i — ki-

JIBKICTB IMIIIHJPIB; T — TAKTHICTb, JJI YOTHPUTAKT-
HOTO AM3eTs 7 = 4.
)=1
BH3HAYEHO Ha TiACTaBi 0OpPOOKM HaBaHTaKyBallb-
HUX XapakTtepucTuk mm3eniB  6UH21/21 Ta
8UH26/26 3 rigponepenaucto YI'TI750—1200I1P
(terutoBo3u TT'M4 Ta TTM6—A) 3a METOIMKO¥O, Ha-
BEJICHOIO B poboTi [8], a pe3yabraT po3paxyHKiB
MoJaHo Ha puc. 2.

3a pesynpTaTamMu arpoKCUMAIIil TOCIiTHIX /Ia-
HUX OTPUMAaHO aHAIIITUYHE PiBHSIHHS PETPecii:

—64,703-P2,. (6)

Ananitiydy 3anexHicts ¢ynkuii f, (B

P, =-2,3684+33134-P

int

BianorigHicTh 6araTo(hakTOpHUX MOJEIICH eKC-
MIEPUMEHTAIIBHUM JIaHUM 3a HAasSBHOCTI MOBTOPHHUX
JOCTITHAX JaHUX OIiHEeHO 3a KpuTepiem Dimepa F,
= 825 Ta 3a xoedirienTom kopesii r = 0,995, o
MiATBEPIUKYE aJCKBATHICTh AHAJTITHYHOTO piB-
HSIHHS perpecii (6) TocHiAHIM JaHuM.

VY 3B’A3Ky 3 THM, [0 BU3HAYEHHS IMTOTYKHOCTI
JIM3elisl 332 TaKOro Croco0y BUNPoOyBaHb Ta y3ro-
JDKEHHSI XapaKTepUCTHK JU3els 1 Tipornepeaadi
MIPOBEJICHO B HOMIHAIILHOMY PEXUMi, piBHSIHHSA (6)
HEOOXIJIHO TpaHC(OPMYBAaTH Ha BY3JIOBY TOUKY
nporo pexumy. Ilicis mpoBeneHHs pO3paxyHKIB
JUTSL HOMIHAJIBHOTO PEXHMY, JIe TUCK MOBITPS HaJ-
nyBy mnst gmzenss 6UH21/21 Pine = 0,196 Mlla,
=1,6402 i, moxinu-

OTPUMAEMO HOBE 3Ha4YeHHs P,

BIIX KOoe(illieHTH piBHSHHS HA HOBE 3HAUYEHHS, Ma-
TUMEMO HOBE PiBHAHHS:

Pon =~1,4439+20,201- B, ~39,448-F).. (7)

PiBusinast (7) pO3KpHBa€e aHANITUYHUI BHUIIISA
dynxuii f, (B,) wo Bxoauts A0 piBHsHHS (3).
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3 YpaxyBaHHAM CHMBOJIbHUX IMO3HAYCHDL piBHHHHH

(3) Oyne maTu BUTIIAL:

fo (Py)=-14439+20,201- R, —39,448

1.8

V3araneHeHy XapakTepHCTHKY fp (N) OTpH-

MaHO aHAJIOTiYHUM crocoboM. ['padiuny 3anmex-
HICTh PO3PaxyHKiB BIUIMBY YacTOTH OOEpPTaHHS KO-
mingaroro Bama musens 6UH21/21 ma BimHOCHWMIA
cepenHiil epekTHBHMI THCK Ta3iB HaBEIECHO Ha
puc. 3.

2
P

(8)

1.6 4

1.4 4

> X ® O

M=1400, xs~1
M=1200, xs~!

M=1000, xg~?!
=800, xs!

0.2
0.10

Puc. 2. BnnuB THCKY HaJZTyBHOTO TTOBITpS

Fig. 2. Influence of charge air pressure

2.0

T

0.14 0.16 0.18

Pint, MNa

P

int

0.12 0.20
Ha BIIHOCHY 3MiHY CE€peIHBOTO ¢(PEKTHUBHOTO

THUCKY B IIITIHApPaX Pem mmsenss 6UH21/21

P, on the relative change in the average effective pressure

in cylinders P, of the 6CHN21/21 diesel engine

1.8 1

1.6 1

1.4 1

121

1.0

Pint =0.16 MPa

Pint=0.119MPa
Pint =0.137 MPa
Pint =0.153 MPa

> X ® O

800

T T T T
1100 1200 1300 1400

n, xs™!

900 1000

Puc. 3. Brtus wactotn o6epTaHHs KoJliHYaToro Bana nuseinss 6UH21/21 Ha BiTHOCHUIA cepeiHili TUCK Ta3iB

Fig. 3. Effect of the crankshaft speed of the 6CHN21/21 diesel engine on the relative average gas pressure
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3a pe3ynbTaTaMu anpoKCUMAaIlii eKCIIepUMEHTA-
JEHAX JTaHUX OTPUMAHO PiBHSIHHS perpecii:

P, =-3,391-2,306-10°-n+4,308-10" -n. (9)
3 ypaxyBaHHSM 3Ha4eHb THUCKY B BY3JIOBIil TO-
yii piBHSHHSA (3) TPUBEIEMO J0 HACTYIIHOTO BU-

LIy
P, =1.0836-(-1,4439+20,201-P,, —

—39,448-PZ%)-(-3,391-2,306-10° - n +

int
+4,308-10" - n?). (10)

PiBusunst (10) mos3Bossie po3paxoByBaTH 3Ha-
YeHHSI CEPEIHBOTO e€()EeKTUBHOTO THCKY B IFUTIH/-
pax mmzens 6UH21/21 B pasi 3MiHn gacToTH 00ep-
TaHHs KOHiH‘IaTOFO BaJia Ta TUCKY HAAJAYBHOI'O IIO-
BITpSI.

Toni 3 ypaxyBaHHSIM 3Ha4YeHHS KoeQilli€HTa, BU-
3HaueHoro 3a BupazoM (b) mms musens 6UH21/21,
(dbopmyna mj1st po3paxyHKy €peKTHBHOI OTYKHOCTI
Oyzae MaTu BUTTIS:

P, =0,3635-P,, -n

em

(11)

Taxum unmoM, Bupasu (10) Ta (11) 103BOIAIOTH
BU3HAUUTH  €(DEKTHBHY TIOTYXKHICTh  JH3EIsA
6UH21/21 3a BigoMuX 3HAYCHb THUCKY HaJTyBHOTO
TIOBITPSI Ta YaCTOTH 0OepTaHHS KOJIHYATOrO Baja
JTU3EIIsI TT1 )T Yac TPOBEICHHS BUITPOOYBaHb TEILIOBO-
31B ITiCJIS MOTOYHUX PEMOHTIB B YMOBaX CKCILTyaTa-
mii.

YpaxoBytoun, mo Ans TerwioBo3a TITM6—A Bu-
KOPHCTaHO Takui caMuii MeTos 0OpoOKH eKcIiepu-
MEHTAJIBHUX aHUX, IUIIXOM almpoKCcHUMaIlil HaBaH-
TaXXyBaJIbHHUX XapakTepucTuk amzens 8UH26/26 ta
rizponepenaui YI'TI750-1200IIP orpumano Take
aHaJIITHYHE PiBHSHHS perpecii:

P, =—1,087+17,749-P,, —20,890- P2

int

(12)

I'padiuny 3amexHICTh BIUIUBY THCKY HaJIyB-
HOTO TIOBITPS HA BIIHOCHY 3MiHY CE€PEIHBOTO ede-
KTUBHOT'O TUCKY B umiHapax auzens 8YH26/26 na-
BeJIeHO Ha puc. 4.

o MN=1000, xs~!
Mn=2900, xs™!
=800, xg!

1.8 A

0.12 0.14 0.16
Pine, MMNa

0.18 0.20 0.22

Puc. 4. BB THCKY Ha/iTyBHOTO MOBITpPS Pint Ha BiTHOCHY 3MiHY CEpPEIHbOTO

e(heKTUBHOTO THCKY B Iutinapax P

nusens SUH26/26

em

Fig. 4. Influence of charge air pressure Pin: 0n the relative change in the average effective
pressure in the cylinders F_’em of the 8CHN26/26 diesel engine

3 ypaxyBaHHSIM 3HaYE€HHS THCKY JUIsI HOMiHaJIb-
Horo pexxumy poboru muzens (0,206 Mlla) pis-
HsiHHs (12) 3Be1eMOo 10 TaKOTO BHUTIISLY:

P (P 20,898 Py

)=-0,852+13,295-P,

int

(13)

VY3arajgpbHEeHy XapaKTEepUCTHKY, HaBeICHYy Ha
puc. 5, MOKHA ONTHCATH PIBHSHHSAM BHIY:

f, (n)=2,384-1107-10°-

N—2,77-10"-n?. (14)
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140

1351

1.30
1.25 4

1.20 4

pf'?"

1154

1.10 4

1.05

1.00

O Pint=0.184mMMa
® Pm=017mNa
x Pm=0.16mMNa
A Pn=0.15mMNa

o]

T T T T
800 825 850 875

T T T T
900 925 950 975

m, xs!

1000

Puc. 5. Brmus 9acToTr 00epTaHHS KOJIIHYATOTO Baja Ha BITHOCHY 3MiHY CEPEAHBOTO

e(pEKTHBHOTO THUCKY B IITIHAPAX F_’em et 8UH26/26

Fig. 5. Effect of crankshaft speed on the relative change in the average effective pressure
in cylinders F_’em of the 8CHN26/26 diesel engine

3 ypaxyBaHHSM 3HaU€HHS CEPEIHBOIO e(DEeKTH-
BHoro ticky (0,96 MIla ) y By3moBiii Toulli Ta aHa-
JMITUYHOTO TIpEACTaBICHHS (DYHKI[IOHATFHUX 3ajie-
xuocteit (13) 1 (14) pisusiaust (2) MOXHA 3BECTH 10
TAaKOr'o BUIJIAAY:

P, =0.96-(-0,852+13,295. P, —

-20,898- P

nt

-(2,384-1,107-102%-n
—2,77-107 -n?). (15)

dopmyna 111 BU3HAYEHHS €(peKTHUBHOI MOTYX-
HocTi au3ens 8UH26/26 3 ypaxyBaHHSIM YHCIOBOTO
3HauCHHs KoedimienTa (a) Oy/e MaTH BUTIIS:

P, =0,9198-P,, -n. (16)

Takum gunaOM, Bupasu (15) i (16) 103BONISIOTH
BU3HAUUTH  €(QEKTHUBHY MOTYXKHICTb  JM3Es
8UH26/26 TermoBo3za TT'M6—A B pa3i BizoMux 3Ha-
YeHb THUCKY HaJJyBHOTO MOBITPsI Ta YaCTOTH 00ep-
TaHHS KOJIHYATOrO Baya nu3ens. Jlis peamizarmii
IILOTO METOJIy HEOOXiIHO TiJl Yac PoOOTH CHIIOBOT
YCTaHOBKH B PEXUMI «BUOITY» (32 KOPOTKOYACHOTO
HaBaHTaKEHHS JU3ENs MMyCKOBUM TiaporpaHcdop-
MaTOPOM, TOCTIHO KOHTPOJIOIOYH TeMIepaTypy

MacTWja TiJporepenadi) 3aMipsATH THCK HalyB-
HOTO TIOBITPS 1 YacTOTy OOEpTaHHS KOJiHYATOTO
Baja mu3ens. SIKIo OoTpvWMaHi 3HAYeHHS ITiJCTa-
ButH y Gopmyiny (10) — g teruioo3a TT'M4, abo
y dopmyiny (16) — aus temoBoza TTM6-A, otpu-
Ma€eMO 3HaueHHs €)eKTUBHOI MTOTY>KHOCTI JIU3EIIiB.
s NOTYyXHICTh € KOMIUIGKCHUM JiarHOCTUYHUM
rapaMeTpoM JM3eNisl, OCKIJIbKU IHTETPY€E BILIUB Pi3-
HUX CHCTEM 1 KOMIIOHEHTIB Ha poOouuii mpoiiec,
a il 3MiHa BKa3ye Ha MIMPOKHI CIIEKTP MOMIMBHX
HEeCTpaBHOCTEH. AHali3 IHOTO MOKa3HUKA J[03BO-
JISiE CBOEYACHO BUSIBJIATH TMPOOJIEMH Ta MiITPUMY-
BaTH CHJIOBY YCTaHOBKY TEIUIOBO3IB y HaJIC)KHOMY
TEXHIYHOMY CTaHi.

HaykoBa HOBH3HA Ta PAKTHYHA
3HAYUMICTh

OTtpumany HoAaNbIINN PO3BUTOK METOIH Aiar-
HOCTYBaHHSI CUJIOBHX YCTaHOBOK TETUIOBO3IB i3 TiJI-
PaBJIIYHOIO [TEPEIauCto Ta BU3HAYCHHS J1arHOCTHY-
HUX HapaMeTpiB, MO XapaKTepU3yIOTh iX TEXHid-
HHU CTaH.

BukopucTanHs 3alIpOIIOHOBAHOI METOJUKH BH-
3HA4YeHHS e()EKTHUBHOI MOTYXKHOCTI JAW3ENIB TEIIO-
BO3iB 3 ripaBIidHOIO repeavuecto
YI'TI750-1200I1P mo3Bossie BUSABIATH MPUXOBaHI
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HECIPABHOCTI, OIIHIOBATU 3arajbHHUN TEXHIYHUN
cTaH am3ens 0e3 Horo po30HpaHHS Ta BH3HAYATH
notpedy B peMOHTI abo perytoBaHHI NapaMeTpiB.

BucHoBxku

Jlns peasizariii HaBeIeHOT METOIUKH 3a 00’ €KT
nociimpkeHHs 0ynmo obpano nuzeni 8UH26/26 Ten-
nooza TTM6—A ta 6UH21/21 temnoso3a TI'M4 3
yHidikoBaHOIO TimpaBmiuHa mepenadero YITI750—
1200ITP. Bubip 1ux TemoBo3iB 00yMOBIEHHI BiJl-
CYTHICTIO MOKJIMBOCTEH IPOBEJICHHS iX MicCIsIpeMO-
HTHUX BUNIPOOYBaHb 13 HABAHTAXXCHHSIM JTU3EIIS Ye-
pe3 ocobamBocTi KoHCTpyKIii. Lo mpu3BoaUTE 10
TOTO, IO IiJT Yac eKCIUTyaTallii ix Ju3enai MOXKYTh
MaTH Pi3HUI CTYMiHb PO3PETYIIOBAHHA 1, SIK Mpa-
BHJIO, HE3aJOBUTLHUI Tepebir poOoyoro mporecy.
KpiMm mporo, Ha TEeXHIKO-€KOHOMIiUHI IOKa3HUKH

po0OTH JM3ENsl CYTTEBO BIUTMBAE HEY3TOKCHICThH
XapaKTEePUCTHK aM3eisl Ta Tigpomnepenadi. Oco0-
JIUBO TaKa CUTYallis BUHUKAE TTICJIS IPOBEICHHS Ka-
MITATBPHUX PEMOHTIB Ju3ens i rigpomepenaui. Lle
MIPU3BOIUTE A0 30IIBIICHHS BUTPATH AU3EIHLHOTO
MajuBa, 3HWKEHHS HAIIMHOCTI AU3ENs Ta TEIIo-
BO3a B I[JIOMY.

3a pe3yibpratamMu 00pOOKH eKCTIEPIMEHTATBHIX
JAHWX 3aIPOTIOHOBAHO METOINKY BH3HAYEHHS ede-
KTHBHOI MOTY>KHOCTI JHM3€Ns, KA € IHTerpaJbHUM
[MOKA3HUKOM, IO XapaKTepU3ye HOro TEXHIYHUN
CTaH Ta J03BOJISIE OLIHUTH SKICTh BUKOHAHHS PEMO-
HTy TemioBo3iB TI'M4 ta TTM6—A 3 rigpapiiqHo0
nepenavero YI'TI750-1200I1P, BuABAATH mpHXO-
BaHI HECTIPAaBHOCTI, OI[IHIOBATH 3aralbHAN TEXHI4-
HUHN CTaH qu3ens 0e3 Woro po3dupaHHsS Ta BU3HA-
4aTu moTpedy B PEMOHTI a0 peryJroBaHHI mapamMe-
TpiB.

10.
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Comprehensive Diagnostics of Diesel Locomotives with Hydraulic
Transmission: Approaches and Methods

Purpose. The main purpose of this article is to determine a generalized indicator of the energy efficiency of the
diesel engine operating cycle, which takes into account the complex effect of thermodynamic, mechanical, and hy-
drodynamic losses that occur during its operation. The proposed indicator makes it possible to assess changes in diesel
engine operation caused by a decrease in its thermal efficiency due to a deterioration in the combustion process of the
fuel mixture, an increase in mechanical losses caused by the gradual wear of parts, as well as the appearance of addi-
tional malfunctions in its systems and components that affect the overall performance of the engine.
Methodology. To achieve this goal, based on the results of experimental studies, we propose a method for determining
the effective power of diesel engines of diesel locomotives TGM4 and TGM6-A with hydraulic transmission
UGP750-1200PR, which is an integral indicator characterizing their technical condition and allowing to assess the
quality of repair. Findings. Based on the experimental studies, a method for determining the effective power of diesel
locomotives with a hydraulic transmission UGP750-1200PR during short-term loading by a starting torque converter
in the turbine wheel «runaway” mode was developed. The method is based on measuring the diesel engine crankshaft
speed and charge air pressure. The processing of experimental data allowed us to propose a method for estimating the
effective power of a diesel engine as an integral indicator of its technical condition. This methodology makes it pos-
sible to determine the quality of repair of diesel locomotives TGM4 and TGM6-A with hydraulic transmission
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UGP750-1200PR, to detect hidden faults, to assess the general technical condition of the diesel engine without disas-
sembly, and to determine the need for repair or adjustment of parameters. Originality. The work further developed
methods for diagnosing power plants of diesel locomotives with hydraulic transmission and determining diagnostic
parameters characterizing their technical condition. Practical value. The use of the proposed methodology for deter-
mining the effective power of diesel locomotives with hydraulic transmission UGP750-1200PR allows detecting hid-
den faults, assessing the general technical condition of the diesel engine without disassembling it, and determining the
need for repair or adjustment of parameters.

Keywords: diesel locomotive; hydraulic transmission; diesel engine; effective power; comprehensive diagnostics;
technical condition; post-repair tests; TGM4; TGM6-A
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Moae/siioBaHHSI COCTABIB MOI3AIB y 32/1a4aX TEXHIKO-eKCIIyaTallliiHOI OLIHKH
3aJI3HUYHUX CTAHIIH

MeTta. OCHOBHOIO METOI0 pOOOTH € BIOCKOHAJICHHS METO/IiB MO/ICIIIOBAHHS COCTaBIB I0i3/1iB Ta MAaHEBPOBUX I1e-
penauy, 110 HAIXOIATh B OOCIYroBYBaHHS Ha 3aJi3HMYHUX CTaHUisX. Meroanka. 3agada (opMyBaHHS pO3paxyHKO-
BUX COCTABIB HAJIGKUTh JI0 3a/1a4 SKCIUTyaTallii 3aJli3HHYHOT0 TpaHcropty. Just i po3B’si3aHHS BUKOPUCTAHO METOIU
TIOCTIKCHHS ONepalliif: CTATUCTHIHUN aHANI3 I BU3SHAYCHHS KiITBKOCTI BarOHIB Y PO3paxyHKOBOMY BaroHOIOTOII];
perpeciiiHuii aHati3 Uil BCTAHOBJICHHS 3aJIC)KHOCTI MIX KIBKICTIO IIPU3HAYCHB, JOBXHHOIO COCTABIB Ta KiJIBKICTIO
BiJUEIIiB,; JNiHif{HE IIOYNCENFHE IPOTpaMyBaHHs I PO3IMOIUTY BiYEIiB MO COCTaBaX; TEOPis HMOBIPHOCTEH It
PO3MOALTY BaroHiB Mo coctaBax. Pe3yiabTaTu. BukoHaHHs rpadidHOTO Ta IMITAIIITHOrO MOJICITIOBaHHS CTAHIIHHIX
IpoIieciB BUMarae (opMyBaHHs pO3paXxyHKOBHX COCTaBiB. BUXITHUMHU TaHUMH UIS OIIHKH TEXHIKO-TEXHOJIOTIYHAX
mapaMeTpiB CTaHIIIH, AKi JOCTYITHI 06e3 MpOBEIeHHS CIIeIiaIbHIX TOCIiIKeHb, € KUTbKICTh BaroHiB, M0 MPHOYBAarOTh
Ha MEBHI MPU3HAYEHHS NPOTATOM PO3PaXyHKOBOTO MEPiojy, Ta KiNBKICTh BarOHIB y COCTaBax MOI3/1iB i MAaHEBPOBHUX
nepeaay. Ha mifcTaBi HaBeJCHUX BUXIIHUX JaHUX HEOOXITHO PO3MOIUIMTH BAarOHH MO COCTABaX TAKHUM YHHOM, 1100
CTPYKTypa COCTaBiB BiJIIIOBi1aia yMOBaM poOOTH 3ai3HHYHOT Mepesxi. [ist po3B’si3aHHs 1iel 3a1a4i po3po0bieHo Me-
TOJIUKY Ta aJrOPUTM MOJICIIOBAHHS COCTaBIB MOT3/1iB 1 MAHEBPOBUX Mepenad. MeToauka GopMyBaHHS PO3paxXyHKO-
BUX COCTaBIB Nepep0dayae BUKOHAHHS IIECTH MOCIIJOBHUX €TaliB: BU3HAYEHHS KiIbKOCTI BarOHIB 32 OKPEMHMH IMpHU-
3HAUEHHSMH B PO3PaxyHKOBOMY BaroHOIOTOII, 10 MPUOYBAIOTh NPOTATOM J001; BU3HAYECHHS KUIBKOCTI pO3paxyH-
KOBHUX COCTaBiB, 1[0 HAJXOMATH i3 BXiTHOTO IMOTOKY, Ta KUIBKOCTI BaroHiB y HUX; BU3HAYEHHS CEPEeIHBOI KUTHKOCTI
BiJTYEIIB y PO3PaXyHKOBUX COCTaBaX; BCTAHOBIICHHS KUTHKOCTI BiT4EIIiB y COCTaBaX; PO3IOILT BarOHIB pO3PaxyHKO-
BOTO BaroHONOTOKY II0 COCTaBaxX; BH/UICHHS BaroHiB i3 TEXHIYHUMH Ta KOMEPILIMHUMH HECTIPaBHOCTSIMHU.
HaykxoBa HOBH3HA. Y pOOOTI BIOCKOHAIEHO METO]I MOJIEIIOBAHHS PO3PaxXyHKOBHX COCTaBIB, sIKi BUKOPUCTOBYIOTh
y 3aJ1a4ax TeXHIKO-eKCIUTyaTaIiitHOT OI[IHKY POOOTH 3aTI3HIYHHX CTAHIIN Ta i I3HUX KONl MPOMHUCIIOBHX ITiIPH-
emctB. [IpakTHYHA 3HAYMMICTD. 3alIPOIIOHOBAHUI METO/I I03BOJISIE IHKEHEPAM-TEXHOJIOTaM Ta POEKTYBAILHUKAM
Ha MiJICcTaBi 0OMeXEeHOT KiJbKOCTI BUXITHUX AaHUX (JOPMYBATH COCTABH IOT3/1iB i3 MOJAIBIINM X BUKOPUCTAHHSIM
JUTS PO3B’A3aHHS MPHUKJIAIHKUX 3a1a4 EKCIUTyaTallii 3a1i3HUIIb.

Kniouosi cnosa: 3ami3HUYHUA TPAHCTIOPT; IEPEBE3CHHS BAHTAXIB; 3aII3HUYHI CTAHIIIT; i1’ 13Ha KOJIis; iMiTaIiiiHe
MO/JICTIFOBAHHSI

Beryn BaHTaXIB, TEXHIYHE OOCIYyroBYBaHHS, eKiIlipy-
BaHHS 1 PEMOHT PyXOMOT'O CKJIaay, KOMEpIiHHHNA
OTJISA]] BAHTQ)KHUX BaroHiB, MPUKOPJOHHUM 1 MHUT-
HUH ormsiyt Ha KopoHi. CTaHIil € CTHKOBHMH ITyH-
KTaMH 3aJi3HULB 3 iHIIUMH BUAaMHU TPAHCIIOPTY.
He meHm BaxiMBe 3HaUCHHS 3aJ1i3HUYHI CTaH-
1ii MarOTh JIJIsl TPOMUCIIOBOTO TPAHCIIOPTY i IIPH-
eMcTB. BoHn 3a0e3neuyrors QyHKIIOHYBaHHS BH-
POOHHMYMX LIEXiB IUISIXOM MiIBE3€HHS CHPOBMHH Ta
BiJIBAaHTa)XEHHS TOTOBOI Npoaykiii. Takox depes

CraHuil € OJHUM 3 OCHOBHHUX E€JIEMEHTIB 3aJIi3-
HUYHOI iHppacTpykTypu. BoHn 3abe3neuytoTs Oe3-
MOCEPe/IHI 3B’A30K 3aJI3HUYHOTO TPAHCIIOPTY
3 HACEJIEHHIM, TPOMUCIIOBICTIO, OYiBEJIbHUM KOM-
TJIEKCOM, CUTECHKUM TocmogapcTBoM. Ha 3amizHny-
HUX CTaHIIAX BHKOHYIOTH IOYAaTKOBI Ta KIHIIEBI
oreparlii IepeBi3HOTO NPOIeCy: MOCaAKy Ta BHCA-
JIKy TACaKHMPIiB, HABAHTAXKCHHS Ta BUBAHTAKCHHS
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i 1361 Komii cTaHIii 3a0e3MedyoTh 3B’ SI30K MiXK
MIPOMHCIIOBAM 3aJTi3HHYHUM TPAHCIIOPTOM Ta 3ali-
3HUYHUM TPAHCIOPTOM 3arajbHOTO KOPHUCTYBaHHSI.

Sai3HUYHI CTaHI] € BETUKUMH CUCTEMAaMHU, 1110
YCKJIaIHIOE TIPOBEIEHHS (PI3MYHUX EKCIIEPHMEHTIB
3 HUMU. ToMy aJ1sl TEXHIKO-eKCIUTyaTaIliifHoro aHa-
7i3y poOOTH CTaHIil B OCHOBHOMY 3aCTOCOBYIOTh
aHATITHYHI, TpadidHi Ta iIMITaIliHI MOZEITI.

Bxazani ¢akropu cBimyaTh, IO MOCITIIKCHHS,
CHpSIMOBaHI Ha BJIOCKOHAJICHHS METOZIB MOZEJIO-
BaHHS CTaHI[IHHUX MPOIIECIB, € aKTyaJTbHUMH JJIs
3aJ1I3HUYHOTO TPAHCTIOPTY.

Meta

OCHOBHOIO METOI POOOTH € BJIOCKOHAJICHHS
METOIB MOJEIIOBAHHS COCTABIB OI3JiB Ta MaHEB-
POBHUX Tiepenad, Mo HaaXxolIATh B 00CIYrOByBaHHSI
Ha 3aJII3HUYHUX CTAHIIAX.

MeTtoanka

[ToTpeba B ommci cocTaBiB BUHUKIIA PA30M i3 TI0-
SIBOKO METOJIIB TEXHIKO-CKCIUTyaTalliiHOTO aHai3y
pobotu craniiii. [leprini HayKOBI JOCIIKEHHS B Ta-
TMy3i 3aJi3HWYHOTO TPAHCIIOPTY IPYHTYBAIWACH Ha
MeToJaX aHaJiTHYHOTO MOJENIOBAaHHA. 1X MpoBo-
uB Ha moyaTKy XX cropivus mpodecop O. @poos
i3 METOI0 HOpPMYBaHHSI TPUBAJIOCTI €JIEeMEHTapPHUX
MaHEBPOBHUX orepalliii Ta akagemik B. O0pasnos i3
METOI0 MPOEKTYBAHHS 3aJII3HUYHUX CTAHIIIH.

V 3B’3Ky 3 pi3KUM 301IbILICHHSAM 00CATIB IIepe-
BE€3€Hb 3a1i3HNYHUM TpaHcnoptom B CPCP y 1930-
X POKax BUHUKJIA HEOOXIHICTh YIOCKOHAJICHHS Me-
TOJIiB HOPMYBaHHS TPHBAJIOCTI MaHEBPOBUX OIEpa-
1iid. 3HaYHUI BHECOK Y BUPIIICHHS IOTO 3aBJIaHHS
3pobuB npodecop 1. Bacuipe. PezymsraToMm iioro
JIOCIIIDKEHD CTaId aHAIITHYHI 3aJIEXKHOCTI, 110 J0-
3BOJISUTM BCTAHOBJIOBAaTH 3B’SI30K MK IIapameT-
paMu COCTaBiB Ta TPHUBAJIICTIO MAaHEBPOBUX OIepa-
i 3 HuMu. BkaszaHi TOCHIDKEHHS OYyJIM y3araib-
HeHi B kHu31 «['padiku Ta po3paxyHKH 3 opraHizarii
3aJII3HUYHHX MepeBe3eHby. BukianeHi momoxxeHHs
CTaJl OCHOBOIO JIISl METOAMKH HOPMYBAHHS, SIKY
BUKOPUCTOBYIOTh Ha 3aI3HUYHOMY TPaHCIIOPTHI
1o tenep. [IpobnemaM po3BUTKY aHATITHUHUX Me-
TOJIIB PO3paxyHKy HOPM Yacy Ha BUKOHAaHHS MaHe-
BPOBHX OTI€paIliii Ta OLIIHKH ICTOPUYHOIO JIOPOOKY
BUYCHHUX, II0 HOro 3a0e3nevyBaiy, MPUCBSIUYEHI Po-
6otu [5, 6, 12].

B anamiTuuHUX MOAeNsX, SIK MPaBWIO, TPYIH
BaroHiB ONHUCYIOTH [BOMA IapaMeTpaMH, IIpH
IBOMY 000B’SI3KOBHM I1apaMeTPOM € YHCIIO BaTOHIB
y coctaBi. Jlo1aTKOBUM mapaMeTpoM MOXKe, Halpu-
KJ1aj, OyTH KiBKICTH BiYEIiB y COCTaBi, IMOBIp-
HICTh PO3YCIDICHHS COCTaBa ITiT 9ac MaHEBPIB, UH-
CJIO KOJIiH, Ha SIKUX pO3TalIOBaHi TPYyIH BaroHiB CO-
cTaBa nepen 30npaHHsIM. 3aCTOCYBAaHHS INX JaHUX
JI03BOJIsIE BU3HAYATH CEPEHI BUTPATH Yacy Ha BU-
KOHAHHS TaKUX TEXHOJIOTIYHUX OTepalil, sK cop-
TyBaHHs COCTaBiB, 3aKiHUYEHHsI iX (QOpMyBaHHS Ta
ixm. Jxepenamu iHpopMarlii mpo TOBKHUHY COCTa-
BiB € 1000BI IUIaHU-TpadiKy BUKOHAHOT poOOTH, HO-
PMH JOBXXHHHU COCTaBiB, BCTAHOBJICHI TEXHIYHO-PO-
3MOPSITYMME aKTaMH CTaHIi a00 MPOEKTHOIO TI0-
KyMEHTaIli€0. SIk mpaBuIto, OmiHKa JOBKUHHI MaHe-
BPOBUX COCTaBiB HE BHUKJIMKAE€ TPYIHOIIB. 3
iHIIIOTO OOKY, AJIS OIIHKH KiJIbKOCTi BaroHiB y Bij-
Yyermax 4u WMOBIPHOCTI PO3UYEIUICHHS COCTaBiB He-
00XIi/THO MPOBOJUTH CHEIialIbHI AOCITIKCHHS, 1110
IPYHTYIOTBCSL HAa 00pOOLIi JaHUX MEPBHHHUX JOKY-
MEHTIB 41 criocTepexenb [2]. HeoOxiaHicTh mpose-
JCHHSl 1IMX JOCTIKeHb CYTTEBO YCKIQIHIOE 30ip
BUXIJHHUX JaHUX JJIs1 MOJCTIOBAaHHS MPOLECIB pea-
JMIEHUX CTaHIIiH, a IS CTaHIIIH, SKi e Iepe0yBatoTh
Ha cTanli MPOEKTYBaHHSA, IIi MapaMeTpu MOXKYTh
Oytu nume npuiiHATi. HopMaTuBHI HOKyMeHTH 3
PO3pOOKH TEXHONIOTii pOOOTH 3aTi3HIYHUX CTAHIIIH
3arajbHOrO KOpucTyBaHHs He [4, 7, 8] He micTaTh
MOSICHEHB 111010 BUOOPY PO3PaXyHKOBUX COCTaBIB.
BopHouac ociOHUK 3 MPOEKTYBAaHHS POMHUCIOBHX
3aJII3HUYHMX CTaHIi 10 byaiBeIhHUX HOPM i Tpa-
But 2.05.07-85 (mani 3a texcrom IIT3C) micTuB
TabnuIi 7151 BUOOPY YHCIa BiIYEIiB y COCTaBi 3a-
JIE)KHO BiJl YMCIIa BaroHIB 1 KUTbKOCTI IPU3HAYECHbD.
Heo0xinno naromocutu, mo [II13C opierToBaHMiA
Ha aHATITUYHI METOJM OI[IHKH TE€XHIKO-CKCILTyaTa-
HIKHUX MTOKa3HKUKIB pOOOTH cTaHIii. Uepes 1ie B po-
3paxyHKax MOXIIMBE BHKOPHCTaHHS yCEpeIHCHUX
IpoOOBHX 3HAYEHB YKCIIa BarOHIB Ta BiUEMiB y CO-
craBax. DaKkTHYHO 11i TapaMeTPH MOXKYTh HaOyBaTH
BUKIJIIOYHO IUTUX 3HAYEHb.

Sami3HU4YHl cTa”il SBJISAIOTH CO00K OaraTroka-
HaJbHI, OaratodasHi KepoBaHI CHCTEMH MaCOBOTO
oOciryroByBaHHs. Uepes TaKy XapaKTEpPUCTHKY CTa-
HIIi TOOY/10Ba aHATITHYHUX MOJIEIEH, 1110 a/IeKBa-
THO BiI0Opa)aroTh TpolecH iX (YHKIIOHYBaHHS,
€ CKIIQJIHOIO 3ajiauero. ToMy Jisi IETANLHOTO aHa-
Ji3y B3a€EMOAIl Pi3HUX €JIEMEHTIB CTaHLil MiX co-
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6010 3 mouaTKky XX cTOpid4si HA0yITH PO3BUTKY Me-
Toau rpadidyHOro MopemoBaHHA. ['padidHO0 MO-
NeI0  QYHKIIOHYBaHHS CTaHIii € ii g00oBuid
wian-rpadik [4, 7, 8]. Bin sBnse coboro BimoOpa-
JKEHHsI pOOOTH CTaHIi Ha CIelialbHOMY OJaHKY,
7€ YMOBHHMH ITO3HAYEHHAMH I10KAa3aHO OCHOBHI
BUPOOHUYI omepaii, o BigOyBatoThcs B 11 migcuc-
TeMax. TpuBaiicTh OKpeMHUX Omeparliii Mpu HbOMY
BU3HAYAIOTh YCEPEJHEHO 3a aHAJITHYHHUMHU METO-
JaMH.

SIk moka3yroTh BHKOHaHI B [13] mocimkeHHs,
Yepe3 pi3He PO3TallyBaHHS BAaroHIB y TPyMax TPH-
BaJiCTh BUKOHAHHS OINEpaliii 3 KOXKHUM OKPEMHUM
COCTaBOM MOYE CYTTEBO BiJpI3HSATHCH Bij cepel-
HbOr0. ToMy (hakTWYHA TPUBANICTH BUKOHAHHS
orieparliii Ha CTaHIlsMX € BUMAJKOBOIO BEIMYHHOIO.
3aMiHa MiJ Yyac MOJENIOBaHHS CHCTEMH MAacOBOTO
00CITyrOByBaHHS 3 BHUIQJKOBOIO TPUBAIICTIO OIle-
pariiii Ha cucTeMy MacoBOTO OOCITYyTOBYBaHHS 3 T10-
CTIHHOIO TPHUBAJICTIO ONEpaliii BUKIMKAE TTOXUOKH
B OI[IHIOBaHHI TEXHIKO-CKCIUTyaTalliiHUX TTOKa3HH-
KiB CTaHIIi#, 110 mokaszaHo y [3]. BogHouac mo0y-
J0Ba 10OOBUX TUIaHIB-TpadiKiB BPYUYHY € CKIaJIHOO
3ajauelo, 10 BUMarae 3Ha4HuX BUTPAT yacy. Yepes
1€ TaKi MOXHOKH BBAYKAIIN JIOITYCTUMHUMH.

Oco0MHMBO Yy TIMBUMH /IO PO3IIOALITY BarOHIB Ha
Tpynu € Mozeni po3opMyBaHHs COCTaBiB Ha cOp-
TyBaJIbHUX TipkaX. Lle moB’s3aH0 3 THM, IO YMOBH
PO3MOIiTY Ha CTPUTKAX Pi3KO MOTIPIIYIOTHCS B pasi
MOCHIIOBHOTO CKOYYBaHHS OJIHOBaroHHHX Bijue-
miB. Y 3B’s3Ky 3 1M B [1] mig yac mojenroBaHHs
COCTaBiB, fKi PO3()OPMOBYIOTh Ha COPTYBAIBHHUX
ripKax, 3alpoIlOHOBaHO 3aCTOCOBYBAaTH T€OMETPHY-
HUI pO3IMO/IiJ iIMOBIPHOCTI IPU3HAYEHHSI BarOHIB y
cocrasi. Lleit po3nozin sBisie cOO00 MaTPUITO, TIe-
PIIMIA PAIOK SKOi BIAMOBIA€ TIEPIIOMY BaroHy CO-
CTaBa, HACTYIHI PSJKUA BIANOBIAAIOTh IpPU3HA-
YCHHIO MONEPEHBOr0 BaroHa; CTOBIII MAaTPHIIl Bi-
ATMOBIAIOTh TMPHU3HAYCHHIO HACTYITHOTO BaroHa.
EneMenTn MaTpuili BiAMOBIIAIOTh IMOBIPHOCTI I10-
SIBU BaroHa MEBHOT'O NMPHU3HAYCHHS MEPIINM Y COC-
TaBi a00 3a MmomnepeHiM BaroHOM TIEBHOTO MTPU3HA-
YeHHs. 3alOBHEHHSI MaTPHILI JaHUMH 3]IHCHIOIOTh
Ha OCHOBI 00OpPOOKHM COPTYBaJBHUX JIUCTKIB a00 po-
3MIYeHHX HaTYpPHHUX JIMCTKIB 3a NIOTIEPEAHI IEPioIu.
Taxuii migxig 103BOJIsIE OTPUMYBATH COCTABHU, PO3-
TallyBaHHS BaroHIiB y SIKUX MaKCUMalbHO HaOIH-
KEHO JI0 peanbHuX. [IpoOIeMHUM € 3aCTOCYBaHHS
METOJIy, 3amponoHoBaHoro B [1], mist BIockoHa-
JICHHS POOOTH CTaHIIIi. SIK MpaBUIIO, MOJICITIOBAHHS

poOoTH cTaHIIi#l OB’ A3aHO 3 iX MPOEKTYBAHHAM 200
3MiHOIO0 yMOB pobotu. IIpn mpomy nopsmgok mody-
JOBU MaTpHIlb TEOMETPUYHOTO PO3MOALTY WMOBIip-
HOCTEH MpU3HAYEHHS BaroHIB y cocTaBax Juis Heic-
HYIOYHX CTaHIIIN Ta HEICHYIOUMX YMOB poOOTH B Ha-
YKOBHX TIpalsiX He PO3KPUBAIOTH.

Po3BUTOK e€NeKTPOHHO-00UYHCITIOBAILHOI TEX-
HIKH Ta TPOrpaMHHX 3aco0iB 3a0e3NeYHB CTBO-
pPEeHHS TOTYXXHOTO IHCTPYMEHTY HJISl OLIHKH TeX-
HIKO-EKCIUTyaTallifHAX XapaKTepUCTUK CTaHIid —
iMiTariiiHoro monentoBaHHs. CydacHi iMiTaminHi
MOJIeTIi TO3BOJIAIOTH peayi3yBaTH JBa MiIXOMH.
B omHoMy 3 miAXomiB COCTaBHM pO3TISAAAIOTH SK
€IMHI 00’ €KTH, a TPUBATICTh TEXHOJIOTIYHHX OTepa-
i/l BU3HAYAIOTH 32 aHAJITHYHUMH BUPa3aMH BiIIO-
BiZIHO 10 TxHix mapametpis [9, 11]. dakTuyHo Ta-
KM MiJIX11 3aCHOBaHUI Ha THX CaMHX MPHUHIIUIIAX,
110 1 rpadivHe MOIETFOBaHHSI, OJJHAK T03BOJISE 3HA-
YHO MIBU/IIE OTPUMYBATH OI[IHKY pOOOTH CTaHI1
32 paXxyHOK aBTOMAaTH3allii PyTHHHHX OIepalil.
B iHmomy migxo/i coCTaBU pO3IISLIAIOTH K MHO-
JKUHY OKPEMHX BAaroHiB 1 TPHBAIICTh Omepartiit
3 HAUMH $SIK CyMY TPHUBAJIOCTI OTepaliii 3 OKpeMUMH
BaroHamMu. Takuii OUIBIN JETAJILHUN MiAXia peai-
30BaHO 30kpeMa B pobotax [10, 14, 15]. IIpencras-
JIeH] B HUX IMITaIliitHi MO/IeTi sIK OJHY 31 CBOiX yac-
THUH MalOTh T€HEPATOPH BX1THOTO TIOTOKY COCTaBiB,
OJTHAK TIPUHIIUTIN POOOTH WX TeHEepaTOPiB HE PO3-
KPHTO.

PesyabTatn

BuxigHuMu gaHUMU U1 BAKOHAHHS OL[IHKU Te-
XHIKO-eKCIUTyaTalliiHIX TMapaMeTpiB CTaHIlH, sKi
JOCTYITHUMHU 0€3 BUKOHAHHS CIIEliaJbHUX JOCIHi-
JOKEHb, € KIJIbKICTh BarOHIB, 1110 TPUOYBAIOTH 32 Tie-
BHUMHU MTPU3HAYEHHSIMH POTATOM PO3PaXyHKOBOTO
repiofy, Ta KUTBKICTh BaroHiB y COCTaBax IOI3/iB
1 MaHEeBpOBUX nepenay. Ha mijicTaBi HaBeIeHUX BH-
XIJIHUX JaHUX HEOOXIJHO PO3MOJIIUTH BarOHU IO
COCTaBax TaKUM YHMHOM, 100 CTPYKTypa COCTaBiB
BiJIMOBi1ala yMOBaM pPOOOTH 3ai3HMYHOT MEPEexi.
Jiist po3B’sizaHHs 1i€T 3312491 pO3pOOIEHO AITOPUTM
MOJIETIIOBAHHS COCTaBiB TOi3/1iB i MAHEBPOBHX TIe-
penau.

JIis BUXITHUX JaHUX BUKOPHCTAHO TaKi MO3HA-
YeHHS: KUIBbKICTh npu3HaueHb D ; MicsuHi oOcsru
[pUOYTTS BArOHIB 32 KOKHUM MPU3HAYECHHAM N, ;

(Tyt i — HOMep mpu3HaueHHs, [ =1..D ); iMOBipHO-
CTi TIOSIBM BaroHiB 3 KOMEPIIHHUMH YU TEXHIYHUMHU
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HECIIPAaBHOCTSAMH PI3HUX NpPHU3HAueHb [ ;; Koedi-

uieHT 1000BOi HepiBHOMIpHOCTI K ; MakcuMaibHa

KIUIBKICTh BaroHiB y coctaBax m. BkasaHi gani mo-
XKyTh OyTH OTpPUMaHi Ha MiJCTaBi aHai3y eKCITya-
TOBAaHUX 3aJI3HUYHMX CTAHLIN Ta MiA i3HUX KOJiH
a00 3a7aHi y BUTISAI HOPMATHBHUX 3HAYEHB IS
MPOEKTOBAHMUX 00’ €KTiB. 3aiaua (hopMyBaHHS PO3-
PaxyHKOBHX COCTaBiB HAIEKHUTH JI0 33/1a9 €KCILTya-
Tamii  3a;mi3HWYHOTO  TpaHcmopty. Mmsa i
PO3B’si3aHHS  BUKOPUCTOBYIOTH METOIOM  JOCIHi-
JDKEHHsI OTepalii: CTaTHCTUYHHN aHaji3 Uil BU-
3HAa4YeHHsI KUTPKOCTI BaroHiB Y pO3paxyHKOBOMY Ba-
TOHOTIOTOII; PerpeciiHuil aHami3 UIT BCTaHOB-
JICHHS 3QJICKHOCTI MK KUTBKICTIO TPU3HAYEHb, J10-
BXXMHOIO COCTaBIB Ta KIJIBKICTIO BIIUEINB, JIIHIHHE
HIJIOYMCENbHE TIPOTpaMyBaHHs ISl PO3IMOILTY Bij-
YeIiB 10 COCTaBaXx; TEOPir0 KMOBIPHOCTEH ISt PO3-
MOJILTY BaroHiB 3 iHITUMH IPU3HAYCHHSIMH Ta Baro-
HIB 13 TEXHIYHUMH | KOMEPIiTHIMH HECTIpaBHOC-
TSIMH 110 cocTaBax. 3aaadya GopMyBaHHs pPO3paxyH-
KOBHX COCTaBIB € IIJIOYUCENILHOI, OCKUIBKH 1
KIJIBKICTh BaroHiB, i KUTBKICTh BiJ9eITiB MOXYTh Ha-
OyBaTH JUIIE IJTNX 3HAYCHb.

Mertoarka GopMyBaHHS PO3PaXyHKOBHX COCTa-
BiB mepeadadae BUKOHAHHS IIECTH ITOCIHIIOBHUX
eTamiB. 3alle)KHO BiJl 3MiCTy KOHKPETHOT MPUKIAI-
HOT 3aj1a4ui OKpPeMi MOYAaTKOBI Ta KiHIIEBI €Talld MO-
KYTh OyTH MIPOMYIICHI.

Ha mepmromy erarti BU3Ha4at0Th KiJIBKICTh Baro-
HIiB 32 OKPEeMHUMH TPU3HAYCHHSIMH B PO3PaxXyHKO-
BOMY BaroHOMOTOIl, MO0 MPUOYBAIOTh MPOTITOM
no6u. 3aranbHy 1000BY KiJbKICTh BarOHIB BCTAHO-
BIIIOIOTH HA MJICTaBl PO3PaxXyHKOBOTO MiCSYHOTO
BaroHOMOTOKY 3a (hOPMYJIOH0:

bit )

D
N _ ku Zi:l nM,i
30

e [ ] — omeparlist OKpyrJICHHS JI0 I[IJIOTO YHCIA.
Koedinientn 1060B0i HEpiBHOMIpHOCTI Bpaxo-
BYIOTh BUTIQJIKU TiABUILEHHS 00CATiB poOOTH 3aTi-
3HUYHUX CTAHI[IH B OKpeMi JJ0OH, 1X YCTaHOBJIIOIOTh
Ha MiCTaBi aHaIi3y 00CATIB IEPEeBE3CHb Y HOIEpe-
JTH1 1Tepio i ab0 MpUHMAIOTh 3aJIeXKHO Bijl BUY T1e-
pEeBE3EHb. I BHYTPIIIHb03aBOICHKIX NIEPEBE3CHb
k,=11, s Bcix MepeBe3eHb

115<k, <1,2.

IHIITNX

Jlns BaroHOMOTOKIB 3alli3HUYHUX CTaHINA Ta
M1 13HUX KOJIiH XapakTepHa HasBHICTh OCHOBHHUX 1
JOJAaTKOBUX MpPHU3HAUYEHb. Baronn ocCHOBHUX Hpu3-
HaueHb HAIXOAATH B OOpOOKY CHCTEMAaTHU4YHO, iX
000B’SI3KOBO BKJIIFOYAIOTH JI0 PO3PaXyHKOBOTO Baro-
HOTNIOTOKY. Baronm nomatkoBux nmpu3HadeHb 3 SB-
JSI0ThCA  emi30oguyHo. [IpukimazoM JOAaTKOBHX
MIpU3HAYEHb MOXKYTh OyTH BaroHH 3 OOJIaHAHHAM,
10 MprOYBAIOTh HA MANPUEMCTBA OJIWH pa3 Ha Jie-
Kinbka MicsniB. OKpeMi BaroHW IUX MPU3HAYCHB
MOKYTh BUMaraTl 3Ha4HUX BHUTpPAT yacy Ha ix o0-
CIIyTOBYBaHHA, OJHAK IMOBIPHICTH OJTHOYACHOI TIO-
SIBU IIUX BAaroHiB € HEBUCOKOI. JlJsi BH3HAYCHHS
MepeNtiKy OCHOBHUX MPU3HAYCHb yCi MPU3HAYCHHS
YIOPSAKOBYIOTH 32 3MEHIIIEHHSM KiJIbKOCTI BaroHiB
y Hux. Ilicns nporo Binbuparote D, nmpusHadeHs,

4acTKa SKUX y 3arajJbHOMY BarOHOINOTOL CKJIajae

HEe MeHIIe p_ . BemnmumHy p, BCTaHOBIIOE JItO-

JIMHA, 10 BUKOHYE MOJEIIOBAHHA. Y 3arajlbHOMY

Bunaaky p, =0,9. KiipKicTh BaroHiB OCHOBHUX

NPU3HAYCHb BU3HAYAIOTH TaK:
k

n .
n;[i: —HgoM’l ; i=1..DO.

[pusnauenns it 3amumiky N —an ,

i=D,+1,D BaroHiB oOMpalOTh BUIAIKOBUM 4YHU-

HOM 13 MHOXMHH BaroHiB N, i=D, +1,D Buxo-

M, !
JIST9H 3 YMOBH, IO KOXEH BaroH JIOJIATKOBOTO IPH-
3HAYEHHS MOXE 3 SBUTHUCh Y PO3PaXyHKOBOMY Ba-
TFOHOTOTOIII 3 OJHAKOBOKW WMOBIpHicTO. [licis
IbOT0 (DiKCYIOTh KUTBKICTh JOJATKOBHX MpH3HA-
YeHb Ta 3aralbHy KiIBKICTh MPU3HAYEHb, BarOHU
SIKUX OYJIM BKJIIOUEHI JI0 PO3PaXyHKOBOTO BaroHO-
noroky D, Ta Dp =D, + D, BianosiaHo.

Ha npyromy erami BU3HA4alOTh KiJBbKICTh PO3-
PaxyHKOBHX COCTaBiB, II0 HAAXOIATH i3 BXITHOTO
MOTOKY, Ta KUIbKICTh BaroHiB y HuX. KinekicTs co-
CTaBiB Ta CEpeNHIO KIBKICTh BaroHiB y cOCTaBax
BU3HAYAIOTh 332 BUPA3aMU:

ne [ ] — omepauis OKpPYIJIeHHS 10 OiIbLIOro Ii-

JIOT'O 4YHCJIa.
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KopucryBau mosxe oOpatu ovH 3 JBOX BapiaH-
TiB PO3PAaXyHKY KiJIbKOCTI BAaroHiB y cocTaBax M

(tyr i=1.b). [lepmuii BapianT nepeadavyae npu-
OyTTst b—1 cocTaBiB MO M BaroHiB Ta OJHOTO He-
nosHoro coctasa i3 N, +m—bmsaronis. dpyruii

BapiaHT nependayae MpUOYTTS COCTaBIB BHUIAJKO-
BOI JOBKMHU B M&KaX [M—A  ,m] Barouis, 1e A,
— JIOIIyCTHMA BEIWYMHA 3MEHIIECHHS JOBXKUHU COC-
TaBa, SIKYy BCTAHOBIIIOE KOPHCTYBAu!

N
Apz(b——t

Tpetim eTarom € BU3HaUEHHS CEPETHBOI KITBKO-
CTi Bi/lYemiB g, y PO3paxyHKOBHMX COCTaBax. 3a Ha-

SIBHOCTI CTATHCTUYHUX JAHUX CIIOCTEPEKEHDb Killb-
KIiCTh BIJJUEITiB Y COCTaBaX MOXe OyTH po3paxoBaHa
Ha TIiICTaBi 3a/1aHO1 KOPHCTYyBauYeM CEPeHBOI JOB-
)KUHM Biadena M . 3a BIIACYTHOCTI CTaTHCTUYHHMX

JAHMX JIJI BU3HAYCHHS CEPEAHBOIT KITbKOCTI Biue-
miB y COCTaBax aJanTOBaHO METOIMKY, IO HaBe-
nena B [III3C. I3 MmeTOr0 3MEHIICHHS BIUIMBY Ha Ma-
paMeTpH po3paxyHKOBUX COCTABIB MaJlOMOTY>KHUX
MPU3HAYCHb TMOIEPEAHFO BH3HAYAIOTH KIUTBKICTh
YMOBHUX TPH3HAYECHb:

N D
a1~ p
D, = _

D N
N, DPZi:pl ni:lﬁi_[)ilI
p

J)1s BU3HAUYEHHS KIIBKOCTI BIJUEIIIB y COCTaBax
Ha ocHOBI HopMatuBHUX Tabmub [1T13C oTpumano
perpeciiini 3aj1e:KHOCTI. Y X0/ JOCIIHKEHHS BUKO-
HaHO ampOKCUMAIi0 X qanux 20 pi3HUMU BUpa-
3aMu. J{71st po3paxyHKy KUTBKOCTI BITYEIIIB Y cOCTa-
Bax 3alpONOHOBAHO BUKOPUCTOBYBATH BHPa3:

g, =aby; g, <c,
ne a, b, ¢ —koediieHTH, 3HAYCHHSI IKUX 00PaHO
3 Tabm. 1.

BinxuiieHHst KiIBKOCTI Bif4eIliB y COCTaBi, SKi
PO3PaxoBYIOTh 3a IPOIOHOBAHOK METOAUKOIO, BiJl
KIIBKOCTI BimdemiB, Ky Bu3HaudatoTh 3a [1113C, ne
nepesuiye 5 %. JUist IpOMDKHHX 3Ha4eHb My, Be-

JMYKMHY §, BCTAHOBIIOKOTH IHTEPIOIALIEO.

Taonums 1

KoediuienTn 115 po3paxyHky KinbKocTi Biguenin

Table 1

Coefficients for calculating the number of cuts
m, a b c

5 2,9284 0,2965 4,9
10 3,5451 0,3535 8,7
15 4,6327 0,2926 9,8
20 5,4823 0,2769 13,8
25 6,5559 0,2449 15,9
30 7,4513 0,2337 17,9
35 8,3986 0,2212 21,3
40 9,3274 0,2106 24,3
45 10,3895 0,1966 25,9
50 11,4706 0,1847 27,0
55 12,4917 0,1768 28,1
60 13,4183 0,1733 29,5

UeTBepTHM €TarioM € BCTaHOBIIEHHS KiTBKOCTI
BifeniB y cocraBax §;. BuOip Beanauns g; 31ii-

CHIOIOTH 3 YMOBH, II[0 BOHAa TIOBMHHA Nepe0yBaTH
B MeXax Bil o +Ag. Bemuunan q Ta Ag

3aJja€ KOPUCTYBaY, 32 3aMOBYYBAaHHSM BOHH CKJIa-
Jal0Th.

q:Lng’Ag =1

Cepennst KiJbKICTh Bi4emiB y cocTaBax IPH
IbOMY ITOBUHHA OyTH MaKCUMaJIbHO HAOIKEHA J10
BEJIMYMHH {,, BCTAHOBIIEHOI HA TPETHOMY €TaIli:

b
Zj:lgj
b

—g,|—>min.

Kinbekicte BiguemniB y cocTaBax ( j BCTAHOBITIO-

IOTh Ha MiJCTaBl PO3B’sA3aHHS JIBOX ONTHUMI3aIliii-
HUX 3aJ1a4 [IJIOYUCEITLHOTO MPOrpaMyBaHHS .

> (a+ §-1) - g, > min;

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/331674

92

© J1. M. Kozauenko, O. B. Kiura, €. B. Xapuenko, 2025


http://creativecommons.org/licenses/by/4.0/

EKCIUIYATALIA TA PEMOHT 3ACOBIB TPAHCIIOPTY

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancmopty, 2025, Ne 2 (110)

Z?Sflxj(q+j—1)—gpzo
Ag+1l
Zjil Xx;=b, x>0
Ta
gp—Zﬁij (q+j—1)— min;

gp—Z?il”xj (a+j-1)=0
Ag+1
> X =b %20,

ae X; — 1[1JI€ YMCII0 COCTaBIB 13 3aJaHOI0 KUIbKI-

CTIO BiJ4eIiB.

Sk ocTaTOYHE BUKOPUCTOBYIOTH TOH PO3B’SI30K
Tiel 3amayi, minboBa (YHKIISA SKOTO MpUAMae
MCHIIIC 3HAYCHHSI.

[I’srTrM eTarmoMm € po3Io/ii BaroHiB po3paxyHKo-
BOTO BaroHOIIOTOKY IO cocTtasax. [Ipuxiaa posmno-
niny 18 Baronis 6 npu3HavEHb 1O TBOX COCTaBaX, IO
TIOBUHHI MaTH 7 Ta 6 Bi4eriB, HaBeACHO Ha puc. 1.

[louaTkoBuil po3MOIT BaroHiB 1O COCTaBax
(muB. puc. 1, @) 3AiHCHIOIOTh BUIIAJKOBUM YHHOM 3
YMOBH, 110 KOKCH Barodn MOXX<C OIMMHUTHCA Ha 6y)11)'
SIKOMY MICIIi B COCTaBaX 3 OJJHAKOBOIO iIMOBIPHICTIO.

a—a
n cocrtae 1 - 7 Biquenis
n nn €oCTaB 2 - § Bimuenis
06-b
5 | 5| 5 |cocras 1 -5 Binuenis
5 | 6 |cocras 2 - 5 Binuenis
6—C

coctak 1 - 9 Bimuenis
coctas 2 - 9 Bimuenis

coctak 1 - 7 Binuenis
COCTAE 2 - 6 Biuenis

Puc. 1. Po3mozis BaroHis 1o cocraBax:
a — TIOYaTKOBHUI1 BUTIAJKOBHH PO3IIO/ILT BaTOHIB y COCTAaBaX;
6 — COCTaBH 3 MiHIMaJILHOIO KiJIbKICTIO BiUEIliB;
6 — COCTaBH 3 MAKCUMaJIbHOIO KiJIbKICTIO BiU€lliB;
2 — COCTaBH i3 33J]aHOI0 KiJIBKICTIO BiUeriB

Fig. 1. Distribution of cars among train sets:
a — initial random distribution of cars within the train sets;
b — train sets with the minimum number of cuts;
¢ — train sets with the maximum number of cuts;
d — train sets with the specified number of cuts

MiHiManbHOT KUTBKOCTI BiMYemiB y cCOCTaBax
Omini AOCATAIOTH y pa3i yIOPSAAKYBaHHs BaroOHIB 3a

npu3HaueHHsaMu (auB. puc. 1, 6). MakcHMaIbHOI
KIJIBKOCTI BIAYEIIB Y COCTaBAaX . AOCATAIOTH

B YMOBaX, KOJIM BArOHHU JOAAIOTH 10 COCTaBa Moyep-
rOBO J0 THX Mip, IIOKK JOAaBaHHs BaroHa HACTYII-
HOTO TIPU3HAYCHHS TPU3BOJUTH IO YTBOPEHHS HO-
BOTO Bimuemna (nuB. puc. 1, 6). SKIIo s JeIKux co-
CTaBiB gy < Omini»a00 G, > Omay i » TO BUKOHYIOTB

MIEPEepO3MO/IiI BarOHIB MiXK COCTaBaMH. SIKIIO asis

BCiX COCTABIB i < Upi < Uy » TO 3a1aHOT KisIb-

KOCTI BiTYETIB y COCTaBax OCSTAIOTh 3MiHOIO TTO-
PSLIKY PO3TalllyBaHHsI BaroHiB (IuB. puc. 1, 2).
IIlocTuM eTamoM € BUAUIEHHS BaroHiB i3 TEXHI-
YHUMU Ta KOMEpUiHHUMHU HecripaBHOCTsIME. [TosiBy
BAaroHiB 13 HECTIPABHOCTSAMH MOJIEIIIOIOTH SIK BUIIaI-
KOBY TO/1it0. 3arajibHy KUIbKICTh BaroHiB 13 Hecpa-
BHOCTSIMH, 1110 TOBUHHI OYTH HasIBHUMU B PO3paxy-
HKOBOMY BaroHOIOTOLli, BU3HAYAIOTh 32 BUPAa30M:

D,
— P
rH - ’721':1 pH,i n/:[,i—‘ '
e P IMOBIpHICTh 3aTPUMKH BaroHiB I -TO
MpU3HAYEHHS depe3 TeXHi4HI abo KOoMepIiiHi
HECIPABHOCTI.

ImoBipHOCTI P, ; MOXKYTb OyTH IPUAHSATI HA OC-
HOBi 00pOOKM JIaHUX aHaJi3y JOKYMEHTIB HasBHHX
3QJI3HUYHMX CTaHINN Ta mig i3HUX Komid. s
HPOEKTOBAHUX 00’€KTIB IMOBIPHOCTI P, , MOXKYTb
OyTH TpUIHATI 3aJIe)KHO BiJ] BUIY BaHTaXy 3a

TalII. 2.
Tabnuus 2

IMoBipHOCTI 3aTPUMKH BaroHiB 4epe3 TexHiuHi a60
KOMepuiiiHi HecmpaBHOCTI

Table 2

Probabilities of wagons detention due to technical or
commercial faults

Bun Bantaxy p
H
3epHOBI BaHTaxi 0,066
HagsanpHi BaHTaKi, HaJTUBHI BaHTaXI, 0,003
o0aHaHHS, KOHTCHHEPH
THmi BanTaX1 0,011
[ToporkHi BaroHM I1iJ] 3aBaHTAXKCHHS 0,100
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[Tics BU3HAYEHHS 3arajibHOI KITBKOCTI BaroHiB
i3 HECNPaBHOCTSAMHU BCTAHOBIIOIOTH BHUIIAJIKOBE
po3TallyBaHHsS IMX BaroHiB y  COCTaBax.
IMOBIpHICTh TOTO, IO i-if BArOH PO3PaxyHKOBOTO
MOTOKY 3 N BaroHiB Oyje 3aTpUMaHUIl depe3 Tex-
HigHy 200 KOMEpIIiiiHy HECIIpaBHICTb, CKIIAIaE!

pH,i

P —

’ ZT pH,i

Bubip Homepa Barona K 3 HecIIpaBHICTIO 3iiic-
HIOIOTh 32 YMOBOIO:

k—>min, k=1.n;

RSZ:( p3,i '

ne R — BumagkoBe YwWcio, MO PIBHOMIPHO
posnonineHo B inTepsadi Bix 0 go 1.

[lig yac BU3HAYEHHS PO3TAUIyBaHHS MEPIIOTO
BaroHa 3 HECTIPABHICTIO BEIMYMHY N IPUHAMAIOTH Pi-
BHOIO N . Ilicas Bubopy HacCTYIHOro BaroHa 3 He-

CIPaBHICTIO BEIMYUHY N 3MEHIIYIOTh Ha 1.

OcHOBHa TiepeBara HaBeICHOI METOJIUKH Hajl
MeTonukoro, BukiagcHoro B IITI3C, momsrae B
TOMY, III0 BOHA JI03BOJIsiE ()OPMYBATH PO3PAXYHKOBI
COCTaBU 3 JeTalli3alli€l0 70 PO3TalllyBaHHS OKpe-
Mux BaroHiB, a [1[13C 3a0e3nedye nuiie BCTaHOB-
JIEHHS CepeHBOI KiJIbKOCTI BaroHiB Ta BiYEIiB y
cocraBax. HeosikoM MporoHOBaHOI METOAUKH T10-
piBHSIHO 3 MeTOUKOIO [1] € Te, 1110 BOHA HE J1a€ MO-
JIIMBOCTI BIJITBOPUTH B3a€EMO3B’SI3KU B TIOPSIIIKY
MPSIMYBaHHSI OKPEMHUX BiJUeriB, OAHAK IS Oilb-
IIOCTI 3a/1a4 eKCIDTyaTallii 3a1i3HuIb el TopsIoK
He BIUIMBAE€ Ha OCTAaTOYHi pinieHHs. [lepepara 3a-
MPOMOHOBAHOI METOMKU HaJ MeToankoro [1] mo-
JISiTa€ B TOMY, 1110 OTPUMAHHS BUX1IHUX JAHUX JJIs
(dbopMyBaHHS cOCTaBiB He TOTpedye 00poOKkU iHPO-
pMmaiiii 3 IEpBUHHUX JKEPEI Ta MPOBEICHHS CIIOC-
TEPEeXKEHb HaJl POOOTOK 00’€KTIB 3alli3HUYHOTO
TPaAHCIIOPTY.

3anponoHoBaHa METOIUKA TPOTPAMHO Peati3o-
BaHa. OCHOBHE BIKHO TMPOrpaMH HaBEJCHO Ha
puc. 3. Ii BUKOpHCTaHHS OOMeKye BIUIUB JIFOJCH-
KOTo (hakTopa Ha pe3yJbTaTH NepeBipKH BiAMOBI -
HOCTi TEXHIYHOTO 3a0e3NeueHHs 3ali3HUYHUX CTa-
HIHHN 1 i 13HUX KOJII HasBHUM Ta IUIAHOBHUM 00-
csiraM poOOTH.

@ MozentoBaHHRA CoCTaBie — a X

Cee

| BaroHonoTik Pesynbrar

MNapameTpw cocraeie

Pexaum  |OpHakosa QOBMMHE

Nosxuna 20

MapameTpw Biguenie
Pexxum  ABTO v

CepenHa NOBKUHA |

KoediuienT HepisHoMipHoCTi 1,2

[CJ MopentoeaTn HecnpasHi BaroHm

Puc. 2. BikHo mporpamu MoJe0BaHHS
COCTaBiB

Fig. 2. Window of the train sets modeling
program

HaykoBa HOBU3HA Ta IPAKTUYHE
3HAYeHHs

Y po0oTi BIOCKOHAJICHO METOJIUKY MOJICITIO-
BaHHSI PO3PaXyHKOBUX COCTABIB, sIKi BHKOPUCTOBY-
0T Yy 33/1adyaX TEeXHIKO-€KCIUTyaTalliifHOl OIliHKH
poOOTH 3aJli3HUYHMX CTAHIINA Ta I I3HUX KOJIiH
MPOMHUCIIOBUX MiAMPUEMCTB.

3anpornoHoBaHa METOAMKA JI03BOJISIE 1HXKCHE-
paM-TexXHOJIOraM Ta MpPOEKTYBaJbHUKAM Ha Iifc-
TaBi 00MEKEHOI KIJIKOCTI BUX1THUX JaHUX (HOpMYy-
BaTH COCTABH MOT3/1iB 13 MOJAIBINNM iX BHKOPHC-
TaHHAM JUIS PO3B’s3aHHS MPUKIATHUX 33734 eKc-
IIyaTarlii 3aJ1i3HHULIb.

BucnoBku

BuxoHaHi mocmimkeHHS JO3BOJSIOTH 3pOOUTH
TakKl BUCHOBKH:

1. I'padiune Ta imiTamiliHe MOIETIOBAHHS CTaH-
HiHHUX TIporieciB BUMarae (hopMyBaHHs pO3paxyH-
KOBUX cocTaBiB. HasiBHI MeTo/u PO3B’s3aHHS i€l
3aya4i abo JIMIle BCTAHOBJIOIOTH CEPEIHE YMCIIO
BaroHiB Ta BiYeIliB y cOcTaBaX, ab0 BUMararTh
3HAYHUX pecypciB Ha 301p BUXiMHUX JaHuX. s cy-
YaCHUX IMITAlIMHUX MOJIeJIel HeOoOXiJHI COCTaBH,
y SKUX JIETaNi30BaHO PO3TAllyBaHHSI OKPEMHUX Ba-
TOHIB.

2. Metoauka hopMyBaHHS PO3PaxyHKOBHX CO-
CTaBiB nependavyae BUKOHAHHS IIIECTH ITOCITiIOBHUX
€TariB: BU3HAYCHHS KUIBKOCTI BAaroHiB 3a OKpe-
MHUMH HPU3HAYCHHSIMH B PO3PaXyHKOBOMY BaroHO-
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MOTOI, IO MPHOYBAIOTH MPOTATOM AOOW; BH3HA-
YeHHS KUTBKOCTI PO3PaxyHKOBHX COCTaBiB, IO Ha-
JIXOMSITH 13 BXiJJHOTO IMOTOKY, Ta KUTLKOCTI BaroHiB
y HUX; BU3HAYCHHS KUTBKOCTI BiT4EIiB Y pO3paxyH-
KOBHMX COCTaBaX; BCTAHOBJIEHHS KIJIbKOCTI BiIUeIiB
y cocTaBax; pO3MOJiT BarOHIB pO3PaxyHKOBOTO Ba-
TOHOTIOTOKY TI0 COCTaBaX; BUJIJICHHS BaroHiB i3 Te-

XHIYHUMH Ta KOMEPIIIHHUMHI HECITPABHOCTSIMH. 3a-
MIPOTIOHOBaHY METOJIMKY OYIIO IPOTpamMHO peai3o-
BaHO. BoHa 1103BOJIsI€ 0OMEXUTH BIUIMB JIFOICHKOTO
(bakTOpa Ha pe3yNbTATH MEPEBIPKU BiAMOBITHOCTI
TEXHIYHOTO 3a0e3meueHHs 3alTi3HUYHUX CTaHIIN
1 mia’I3HUX KOJIA HAsIBHUAM Ta IUIAHOBAM 0OCSITam
poboTH.

o N
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Modeling of Train Sets in Tasks of Railway Stations Technical and
Operational Evaluation.

Purpose. The purpose of the paper is to improve the methods of modeling train sets and shunting compositions
that arrive for servicing at railway stations. Methodology. The task of train sets forming belongs to the tasks of railway
transport studies. For its solution, operations research methods are used: statistical analysis to determine the number
of cars in the design car flow; regression analysis to establish the relationship between the number of destinations, the
length of the train set, and the number of cuts; linear integer programming for the distribution of cuts among the train
sets; probability theory for the distribution of cars among the train sets. Findings. The execution of graphical and
simulation modeling of station processes requires the formation of train sets design. The input data for performing the
evaluation of the technical and technological parameters of stations, which are available without conducting special
studies, are the number of cars arriving at specific destinations during the design period and the number of cars in the
train sets and shunting compositions. Based on the provided input data, it is necessary to distribute the cars among the
train sets in such a way that the structure of the consists corresponds to the operating conditions of the railway network.
To solve this task, a methodology and algorithm for modeling the train sets and shunting compositions have been
developed. The methodology for the formation of train sets includes the execution of six sequential stages: determining
the number of cars for each specific destination in the design car flow arriving during the day; determining the number
of train sets arriving from the incoming flow, and the number of cars in them; determining the average number of cuts
in the designed train sets; establishing the number of cuts in the train sets; distributing the cars of the design car flow
among the train sets; identifying cars with technical and commercial faults. Originality. The scientific novelty of the
work lies in the fact that it improves the method of modeling design train sets used in the tasks of technical and
operational evaluation of railway stations and sidings of industrial enterprises functioning. Practical value. The prac-
tical significance of the work lies in the fact that the proposed method allows process engineers and designers on the
basis of a limited amount of input data, to form train sets for their further use in solving applied tasks of railway
operation.

Keywords: railways; cargoes transportation; railway stations; industrial siding; simulation
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P. I1. IO PEBHAKY

"Kag. Buiioi MaTeMaTky, (i3HKH Ta 3aTaIbHOIHKEHEPHUX JUCUMILIIH, JIHINPOBCHKMIT IEpKaBHUI arpapHO-eKOHOMIYHHIA
yHiBepcurer, Byi1. Ceprist Eppemosa, 25, [uinpo, Ykpaina, 49009, ten. +38 (095) 499 75 54, exn. mourra pogrebnyakk@ukr.net,
ORCID 0000-0002-4685-1818

PanioHanbHUIl CTPYKTYPHUII CHHTE3 CXeM KPUBOIIMITHO-TIOB3YHKOBHX
MeXaHi3MiB 3aXO0IIIOBAJIBHUX PUCTPOIB

Mera. [locmimKeHHS MIPUCBAYCHO BH3HAYCHHIO IIKIUTMBUX HAJIUIITKOBHX 3B’s3KiB (H3) y BHyTpinmHIX Ta 30B-
HIIIHIX KOHTypax 3axOIUTIOBAIBHMX NPHUCTPOIB, IO NOOYIOBaHI Ha OCHOBI CIIAPEHHX CXEM KpPWUBOLIMITHO-
MOB3YHKOBUX MeXaHi3MiB. MeTonuka. BusHaueHHs HaJJIMIIKOBUX (MTOBTOPIOBAJIBHUX) 3B’SI3KIB 3[1HCHEHO 3 BUKO-
PHUCTaHHSIM YHIBEpCAJILHOI CTPYKTYPHOI Teopii MexaHi3MiB. Pe3yabTaTn. MexaHizMu 0e3 HaJTUINKOBUX 3B’S3KiB,
y TOMY YHCJi 1 MeXaHi3MH 3aXOIUIIOBadiB, OUIbIN HAAINHI, B €KCIUTyaTallil MAIOTh BULIMH KOe(ilieHT KOPUCHOT il
Ta CTATUYHO BH3HAYCHI. PalfioHabHE KOHCTPYIOBAHHS TAKUX MEXaHi3MiB 0€3 MPOBEJCHHS PETEILHOTO CTPYKTYPHO-
TO aHaNli3y ycKinajaeHe. Y 3aXOIUTIOBAIBHUX MPUCTPOSIX BU3HAYCHHS HA/IMIIKOBUX 3B’SI3KIB y KOHTYypax MEXaHi3MiB
BiZOYBaE€THCS Ha JIBOX PI3HUX eTarax iX (yHKLiIOBaHHS: 0 3aTUCKAaHH: 00’ €KTa MaHimytoBaHHs 1 micist. Taki Me-
XaHI3MH 3MIHHOI CTPYKTYpH MOTPeOYIOTH BiATIOBIHOTO MOIBIHHOTO CTPYKTYPHOTO aHANi3y, TOJOBHOK METOIO BH-
KOHaHHS SKOTO € BH3HAUCHHS ITOBTOPIOBAJBHUX 3B’S3KIB HA KOKHOMY 3 IuX eramiB. [IpoBeneHniI TaKNM 4HHOM
CTPYKTYPHHH aHaTi3 TO3BOJUB BH3HAYUTH KIJBKICTh 1 pO3TAllyBaHHS BHYTPIIIHIX 1 30BHIMIHIX HAITUIIKOBUX
3B’s13KiB. [lomIyk Ha/UIMIIKOBUX 3B’SA3KiB Ha PYyroMy €Tari poOOTH 3aXOIUTIOBaYiB, KOJIN YTBOPIOIOTHCS HOBI KOHTY-
P B MexaHi3Max, HoTpeOye BUKOPHCTaHHS 30BHIIIHBOI CTPYKTYpHOI popMynn. YCyHEHHs HAaIUTUIIKOBHX 3B’SI3KiB
y BHYTPIIIHIX KOHTYpax MeXaHi3MiB 3/[IICHEHO 3a PaxyHOK 3HMKEHHs KJlacy KiHeMaTHuHHX mnap. /locToBipHe Bu-
3HAUEHHsl KUIBKOCTI HAJUIMIIKOBHX 3B’SI3KIB Y 30BHIIIHIX KOHTYypax MOJIMBO 3/IHCHHUTH TUIbKH 3 ypaxyBaHHSIM
JpiOHOCTI HEeyTpUMyBalIbHUX B’s3eil. HaykoBa HOBU3HA. Yniepile BUKOHAHO CTPYKTYPHHH aHalli3 ClapeHux napa-
JIETIOrPaMHUX CXEM 3aXOILTFOBaJIbHUX MPHUCTPOIB, sKi MOOYJ0BaHI HA OCHOBI LEHTPAILHOI'O M JI€3aKCIalIbHOTO KpH-
BOILMITHO-TIOB3YHKOBUX MEXaHI3MIB 1 MalOTh 3MiHHY CTPYKTYpY 13 30BHIIIHIMU OJIHOOIYHMMHU HEYTPUMYBAJIbHUMHU
B’s3sivu. [lpakTnyHa 3HaynMicTs. OTpUMaHi pe3ysbTaTH JOCHIPKEHb J03BOJIMIIM BU3HAYNTH PO3TAIlyBaHHS BHY-
TPIIIHIX i 30BHIMIHIX HAJIUITKOBUX 3B’S3KIB Y KOHTYpaX MEXaHI3MiB 1 3aIIPOIIOHYBATH il IS 3MEHIICHHS KUTbKOC-
Ti IIKIITMBUX HAUTMIIKOBHUX 3B’S3KiB Yy 30BHINIHBOMY KOHTYpi MexaHi3MiB. [IpoBeneHO yCyHEHHs (pHKIIHHUX
HAITMIITKOBHX 3B’53KiB Y 30BHINTHHOMY KOHTYpI MEXaHi3MiB IIUIIXOM 3MiHU (OPM MOBEPXOHb 3aTHCKHUX EJIEMEHTIB
3aXOIUIIOBaYa, [0 KOHTAKTYIOTh 3 00’ €KTOM MaHIITyJIIOBaHHS.

Knrouosi crosa: cTpyKTypHUH aHaji3 MEXaHI3MY; PyXOMICTh MeXaHi3My; HaanumkoBi 3B’ s3ku (H3); 30BHIMIHI
3B SI3KM;, OHOOIYHI B 31

Beryn 3aJIeKUTh BiJI pallioHaNbHOI MOOY/I0BH Ta BiJICYT-
HOCTI B CKJIaAl cXeMHU mKignusux H3.
HaiiBaxxnusimi nepesBarn mexanizmiB 6e3 H3 [3,
10] Hax MexaHizMaMu, IO iX MAlOTh y CBOEMY CKJIa-
Ii, Taki: mexaHi3mMu 0e3 H3 cratmuHO BHM3HAYeHI,
TOOTO B KIHEMAaTUYHUX Tapax TAKUX MEXaHI3MiB HE
BUHUKAIOTh PEaKIlil, KpiM THX, 0 BUKIUKaHI Ji€0
30BHIIIHROI0 HABAHTAKEHHS; TaKi MeXaHI3MH 30M-

Sk BiioMO, MeXaHI3MH, SIKi CIIPOEKTOBAHI 1 BU-
KOHaHI 0e3 TOBTOPIOBAILHUX (HAJIMIITKOBUX)
3B’s3kiB (H3) y KoHTypax, y ToMy 4ucIi i 3axor-
JIOBAIBHI MeXaHi3MH (3aXOIuTioBadi), OLTBII Ha-
nitiHi B exciuryaTaii Ta Matoth Bumuii KK/I. Ede-
KTHBHA TMIpale3laTHICTh MEXaHI3MiB, 30KpeMa
1 3aXOIUIIOBAJIBHUX TPHUCTPOIB, 3HAYHOI MIipOIO
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paroTh 0e3 HaTsTiB, BOHH HE Yy TJIHBI 0 HE3HAYHOTO
BIZIXHMJICHHSI PO3MIpiB JIAHOK MEXaHi3My 1 CTaHUHH;
y TakuX MeXaHi3Max piJle YTBOPIOIOTHCS 3a30DH,
y HMX HE3HauyHe 3HOUIYBAaHHS KIHEMAaTHYHUX IIap;
BOHM MAaOTh BHIIY HAIIMHICTh 1 HIKYY BapTICTh
eKcIutyatanii. Y pasi npykHux aedopmanii ma mi-
€10 HABaHTAXKEHHS, TEeMIlepaTypHUX aedopmariit
a00 TOXMOOK BWIOTOBIICHHS, ITOBTOPIOBAILHI
3B’SI3KM MOXKYTh IPH3BECTU 10 BUHUKHEHHS AOJAT-
KOBHX HAaIlpy>KCHb y JIaHKaX i pyXOMHUX 3’€IHAHHIX
MeXaHi3My Ta BUKJIHKATH iXHE 3aKIMHIOBaHHS a00
HaBiTh pyHHYBaHHA. TOMy IUISI OTPMMAaHHS OLUTBII
e(eKTUBHOTO i HafiHOTO 3aXOIUIIOBAJILHOIO MeXa-
HI3My HWOTO TIPOEKTYBaHHS JOIUIBHO 3IIHCHIOBATH
3a cxeMaMH, sKi mo30asneni mkimmBux H3. Taki
MEXaHi3MH 11l Ha3UBAIOTh CAMOYCTaHOBIIOBAHUMH.
3axoIUTIOBajibHI  MIPUCTPOI MaIOTh OOMEXEHY
KUTBKICTh PYXOMHX JIAHOK i3 TIepeBaKHO KiHEMaTH-
YHUMU 3’ €JJHAHHSIMH ITSITOTO KJIACy, 1HIUBITyaslb-
HU MPUBIJ 1 3a3BUYali OJJHY OCHOBHY PYXOMICTh.

[IpoexTyBaHHS pi3HHX CXEM i KOHCTPYKIIIH 3a-
XOIUTIOBAYiB PI3HOTO TpH3HAYCHHS Tependadae
eTanmu 00O0B’A3KOBOT0 KiHEMAaTHYHOTO W KiHETo-
CTaTHYHOT'O PO3PaxyHKiB, KOMITOHYBaHHS 1 KOHCT-
PYIOBaHHS, a eTal CTPYKTYpPHOTO aHali3y W CHHTe-
3y MexaHi3My 3a3Bu4ail He mependadeHo. Yacrto
BUKOHYIOTh HETIOBHUH CTPYKTYpHH aHami3, SIKUH
OOMEXyIOTh BHU3HAUCHHAM YHCIIAa KiHEMaTHYHUX
nap, JJAaHOK Ta CTYIIEHIB cBoOOaM MexaHi3my. He-
BU3HAYEHHSI OCHOBHOT'O CTPYKTYPHOTO IapameTpa
MeXaHi3My — HasBHOCTI 1 KijbkocTi B cxemi H3,
[0 BU3HAYAIOTh €EKTHUBHICTh HOTO poOOTH, — HE
Jla€ MOXITUBOCTI 3acTOCYBAaTH [ii IIOMO iXHBOTO
yCyHEHHsI a00 3MEHIIICHHSI.

Po3po6iieHo umncieHHi cxeMH W KOHCTPYKIIil
MeXaHi3MIB 3aXOIUTIOBaYiB Pi3HOTO MPHU3HAYECHHS,
CIPOTHO30BAHO TEHJIEHIIIT i cTpaTerii po3BUTKY Ta
3allPONIOHOBAHO PEKOMEHAALI] 3 IX MPOEKTYBAHHS
y [13]. BukoHaHo IOCHIIKEHHSI CTPYKTypH MeXa-
Hi3MIB i3 MOUITYKOM Ta YCYHEHHSM HiKimmmBux H3
B OKpEMHX MEXaHi3MaX TpyOONpaBMUIbHUX MAaIlUH
y [12], mMexaHi3Max 3MillyBaHHS CHIIKHX APiOHO-
aucriepcHuXx pedoBuH — B [11], mnamuBHOTrO
Hacoca — y [8], kepmoBux mMexaHi3miB — y [9].

Meta

OcHOBHa MeTa pOOOTH — MPOBECTH CTPYKTYP-
HUI aHalli3 [EeHTPaJIbHOTO 1 JIe3aKciallbHOTO Cria-
pEeHUX napaneaorpaMHuX KPHBOIIHITHO-
MOB3YHKOBHX MEXaHi3MiB 3aXOILUIIOBAUILHHX MpPH-

CTpOIB i3 BEAY4IHM TIOB3YHKOM, SIKi € MEeXaHi3MaMHu
MOJBIHHOT CTPYKTYPH 13 30BHIIIHIMH OAHOOIYHU-
MU B’s3smu. [lignsrae BH3HAYEHHIO HAasBHICTD
1 posramryBaHHsA MKiumMBHX H3 y BHYyTpimmHIX
1 30BHIIIHIX JAHLIOrax CXeM MEXaHi3MiB i3 moxa-
JIBILIOI0 PO3POOKOIO CIIOCO0IB TX 3MEHIIICHHS.

MeTtoauka

BuzHaueHHs HaIIUIIKOBUX (ITOBTOPIOBATHHUX )
3B’SI3KIB 3MIINCHEHO 3 BUKOPUCTAHHIM YHIBEpPCAIb-
HOI CTPYKTypHOI Teopii Mexani3miB [3] y mociigo-
BHOCTI:

— O04YHCIIeHHA 3arajlbHOI PyXOMOCTI MeXaHi3-
MiB W 3 ypaxyBaHHSIM OCHOBHHX 1 MiCLIEBUX PyX-
JIMBOCTEH Ta IMHAMIYHHUX B’ S3€H;

— moOymoBa IIIACKOI CTPYKTYpPHOI CXEMH MeXa-
HIi3MIB 13 BU3HAYCHHAM Y Hill KUTBKOCTI i po3Tamry-
BaHHS KOHTYPIB K;

— pospaxyBaHHs 3arajbHOi pyxiamBocti f ycix
KiIHEMaTUYHUX Tap;

— pO3paxyBaHHS 3arajibHOi KibKocTi 6 H3;

— aHayi3 pe3ynbTaTy 3 BU3HAUEHHSM KUTBKOCTI
i posramryBanas H3 3a koHTypamu.

i MexaHi3MiB 3MIHHOI CTPYKTYpPHU HPOBEICHO
aHAII3 JUI1 KOXKHOTO CTaHy OKPEMO 3 BHKOPHCTaH-
HSM BIAIOBIIHUX aHATITHYHUX 3aJIEKHOCTEH, a It
MEXaHi3MiB 3aXOIUTIOBAdYiB i3 30BHIIIHIMU KOHTY-
paMu BUKOPHCTAHO 30BHIIIHIO CTPYKTYPHY QOpMy-
JIy, sIKa JI03BOJISIE 32 KOHTYPaMH BiJJOKPEMUTH BHY-
TpinHi # 30BHimHI H3.

3acTOCOBAHO MiJIXi/] 3 BU3HAYECHHS CTPYKTYPHUX
rapaMeTpiB MEXaHi3MiB 3 ypaxyBaHHSM IpPiOHOCTI
HEYyTPUMYBaIbHHX B’si3ei [4].

PesyabTatn

st 3abe3meveHHs MMiABMINEHOI BaHTAXKOIIII-
HOMHOCTI 3aXOIUTIOBAJIbHI HPHUCTPOi OCHAIIYIOThH
napajelbHIMHA MEXaHi3MH. 3aTHUCKHI €JIEMEHTH
3axOIUTIOBaYa He TOTPeOYIOTh CIEIiabHOTO IMPo-
(bimoBaHHS, SKOO O0’€KTOM MaHIMYIIOBAaHHS
€ neram npumaTudHoi Gopmu. Haibinem momm-
PEHi 3aXOIUTIOBabHI MPUCTPOT 31 CIIApEHUMHU Me-
XaHi3MaMHU MalOTh BEIMKY KibKicTs H3 y BHYTpI-
LIHIX Ta 30BHIIIHIX KOHTYpax.

[loxontypHe Bu3HaueHHs H3 mpoBommmo 3a
mo0OyJOBaHOIO HA OCHOBI KiIHEMAaTHUYHOI CTPYKTYp-
HOIO CXEMOI0, Ha SIKii PUMCHKUMH LUppPaMH 103-
HAYeHO KJac (YUCIO B’si3el) KiHEMaTHYHHX Tap,
a apaOCBEKUMU — JIAaHKH.
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Puc. 1. KinemaTnyHa i CTpYKTYpHI CXEMH CHApEHOTO
LEHTPAIFHOT'0 KPUBOIIHUITHO-TIOB3YHKOBOTO MEXaHI3MY
3axXOILTIOBaYa 3 BEyYNM ITOB3YHKOM Y Pi3HHX CTaHAX
(yHKIITOBaHHS

Fig. 1. Kinematic and structural diagrams of a paired
central crank-slider gripper mechanism with a traction
slider in different states of operation

CmapeHnii mapayieJIorpaMHUN  IICHTPaTbLHAN
KPUBOLIMITHO-TIOB3YHKOBUI ~ CTPM)KHEBUH MeXa-
HI3M 3aXOIUTIOBa4a 3 BEAYYUM IIOB3YHKOM
(puc. 1, a) Mae neB’sITh PyXOMHUX JIAHOK 1 CTIHKYy.
[lepeBara cxemu B TOMY, IO OUTBIIICTD KiHEMATH-
YHHX Map y Hil — o0epTaibHi, MocTynanbHa Hapa
0-1 TinbKH O/THA, SIKA JIETKO Peai3yeThcsl THEBMO-
abo rimponpuBogoM. Bemyuwnii moB3yHOK 1 yTBO-
pro€ BeAydy mapy 3i criiikoro 0 i BIUIMBa€E HA XHUTY-
HU 2 1 6, siKi 3’enHaHi 3 Kopomuciaamu 3 i 7. JlaHku
4 1 8 i3 3aTUCKHHMH €JIEeMEHTaMH IIapHIpHO
3’e¢AHaHI 3 KIHIAMH XUTyHIB 2 1 6. [lmackuii pyx
3aTUCKHHX €JIEMEHTIB 3aXOIUII0Bada 3a0€3MeuyoTh
nonani miaan 45 ta 8-9, Aki yTBOPIOIOTH Mapaie-
JIOTpaMHu.

MexaHi3MHl  3aXOIUTIOBadiB € MEXaHi3MaMHu
3MIHHOI CTPYKTYpH, MalOTh Pi3Hi MapaMeTpu cxe-
MU B pI3HHX CTaHax (YHKIIOBaHHS, 1 TOMy ix
CTPYKTYPHHI aHali3 TOTPiOHO MPOBOAUTH IS
KOYKHOTO CTaHy. [l 3aXOIUIFOBaJIbHUX IPUCTPOIB
TaKWX CTaHiB JABa: J0 3aTHCKAHHA 00 €KTa MaHIITy-
JIFOBaHHS 3aTUCKHUMH €JIEMEHTaMH 3aXOIUTIOBAYa,
KOJIM HaKJIaJeHi TUTbKW BHYTPIIIHI B’S3i, 1 micis
HaKJIa/IaHHS 30BHIMIHIX B’513€H y CTaHi 3aXOIUICHHS
00’€eKTa.

Hepwuii cman — 00 3amuckanus 06’ exkma ma-
ninymosanus. OQHOIIAPOBA CUMETPHYHA CKJIaHA
HaIiBBIIKpUTa 3 YOTUpMa Oa30BHMH JIaHKaMHU
CTPYKTypHa cxema MexaHizmy (puc. 1, 6) cknana-
€TBCS 3 JEB’ATH PYXOMHX JIAHOK, TPHHAALSTH
3’e¢aHaHb (y TOMY YHCI 5 CKIQAHHUX IIapHipiB)
1 4OTUPBOX KOHTYpiB (derBepToro kiacy 3a O3o-
acom [3] k = 4). OcHOBHI BHYTPIIIIHI CTPYKTYpHi
napaMeTpH KiHeMaTuuHoro jasiora; N = 10 — uuc-
110 J1aHoK; P = 13 — uncimo 3’eguans; f= 13-1 =13 —
3arajibHa PyXJIHMBICTh KiHEMaTHYHUX Tap (BBaxkae-
MO BCi KiHEMaTWU4Hi Tlapu ogHopyxomumu). [lepe-
BipKa 32 OCHOBHOIO TE€OMETPUYHOI 3aJEXKHICTIO
MiATBEP/DKYE TPABHIBHICTh MMOOYIOBU CTPYKTYp-
Hoi cxemu: p=n+k—-1(13=10+4-1).

JInst Tuackoi CXeMH BH3HAUYMMO PYXOMICTh Me-
xanizmy W 3a dhopmynoro I'prodnepa:

W =3 (n —1)—2p5_p4’ (1)

TYT Ps = 13 — 4UCII0O OTHOPYXOMHX KiHEMaTHUYHHX
nap (m’sroro kiacy); ps = 0 — yuciio 1BOpyXoMHX
KIHEMaTHYHHX T1ap (YETBEPTOro KJIACY), Y CXeMi ix
Hemae (TsroBa nwiniHApudHa apa 0 — 1 Mae npyry
PYXOMICTh y IUIOLIMHI, NEPHEHIUKYJSPHIN III0-
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IIMHI CXEMH, TOMY y IUIOIIMHI CXeMH I Iapa
€ maporo m’sitoro knacy). Tomi W = 3(10 — 1) —
2-13 — 0 =1, ToOTO B MEXaHi3Mi OJJHa PYXOMIiCTh,
1 A7 BU3HAYEHOCTI WOTO PyXy JOCTaTHBO OJHIET
BE/Ty4Oi JIAHKH I OTHOTO JABUTYHA.

3araneHe uucno H3 3Haiimemo 3a ¢opmyinoro
Osoica [3]:

c=W +6k — f. (2)

[Momyx H3 3a mieto (opMyior 37iHCHIOEMO
JUTSL TIPOCTOPOBOI CXEMH, TOMY PYXOMICTh yCiX Ki-
HemaTH4HUX nap cknane f= 121 + 1-2 = 14, a un-
cmo H3 6yne =1+ 64 —14 = 11. V Tomonoriuxo
OJTHAKOBUX 1 CHMETPUYHUX JABOX KOHTypax 1-2—4—
5 ta 1-6-8-9 yrBOprorothes mo Tpu H3, a 3arams-
Ha juis koHTypiB 0—1-2-4-3 ta 0-1-6-8-7 00ep-
TalbHA PYXJMBICTh Y HANPSIMHUAX BEIY4YOrO MOB-
3yHKa BUKOPHCTaHa IIiJ Yac 30MpaHHS TUTBKA B
OTHOMY KOHTYpi (Hanpuknan, 0-1-2—4-3) i 3me-
HIIye B HbOMY KinbkicTh H3. Lls pyximBicTs yxe
HE MOXe OyTH BHKOpUCTaHa IJIsi CaMOyCTaHOB-
nennst B iHmomy koutypi (0-1-6-8-7). Toit koH-
Typ, kUi OyJie 3i0paHo MepirM, BUKOPUCTAE IO
KyTOBY PyXJHBICTh, iHIINK Oynme 3i0paHo 3 HATs-
rom. Tomy B oxmHomy KouTypi (0-1-2-4-3)
3’SIBJISIFOTHCS JIBA HAJIMIIKOBI 3B’ SI3KH, a B 1HIIOMY
(0-1-6-8-7) — Tpm.

i H3 B 3aMKHEHUX KOHTYpax MapajerorpaminB
1-2-4-5 1 1-6-8-9 uepe3 MOKIUBY Hemapaielb-
HICTh OCEH MapHIpiB MOXYTh YTBOPUTH CKPYUy-
BaHHS | BUTHH XUTYHIB, 1 i nedopmarnii OyayTh
BUKJIMKaHI HE JI€I0 30BHIIMIHLOI CHIIM, a JII€I0 IUX
H3.

HaiinpocTimmM Ta epeKTUBHUM CIIOCOOOM ycC-
yHeHHs1 H3 € 30inbLIeHHst pyxJIMBOCTI KiHEMaTH4-
HUX Tap.

PexoMeH10BaH1 1A 3aMiHUA KJjacu KiHEMaTHY-
HUX Tap, SKi y BHYTPINIHIX KOHTYpax II03BOJIATH
3MEHIIUTH KinbKicTh H3, Ha puc. 1, 2 HamucaHo
B Iyxkax. OQHOpYXOMi KiHIIEBI IIapHIpH KOPOMH-
cem 2, 5, 6 1 9 3amineno Ha cdepuuni III knacy,
a micieBa obepTalibHa PYXJIUBICTh JTAaHOK 4 1 8 He
MoKe OyTH JI03BOJICHA BCTAHOBJICHHSM CHEpHUHHX
HIapHipiB y 3’enHaHHIX 3—4 Ta 7-8 SIK IIKiUIHBA.
[Ticnsa peamizaunii qux pexoMeHnawiil 3araabHa py-
XIUBICTh ycix 3’emmanb ckmage f = 41 + 12 +
+ 83 =30, yTBOpATHCS IT’AITh MiCIIEBUX PYXJIHBOC-
Tell — obepTaHHs Kopomucen 2, 5, 6 1 9 Ta moB3yH-
Ka 1 HaBKOIO CBOIX IMO3J0BXHIX oceil. Tomi 3ara-

JTpHa pyxoMicTh cxemu ckimame W = 1 + 5 = 6,
a cxema no30yaeTbes Beix BHyTpimHiX H3: 6 = 6 +
+64-30=0.

IcHyIOTH pimieHHS 13 3aMiHH CTalleBUX JeTameit
KIHEMaTHYHUX Tap Ha 3’€IHAHHS 3 IOJIMEPHO-
KOMITO3UTHOr0 Martepiany [1], abo BukopucTaHHS
ryMOMeTalIeBUX HIapHipiB [2] y Bysnax i3 HeBesu-
KOI0 BiTHOCHOIO pobodoro medopmarriero, mo Ta-
KOXK MOXe 30UIbIINTH 0€33a30pHY PyXOMiCTh KOH-
TYpiB 3a paxyHOK MpPYXHHUX Aedopmariii 3uieHy-
BaHb.

Hpyeuii cman — 06’ €km Mauinynio8anHa 3amu-
chymuti (puc. 1, 6, 2). Ha nipomy erani Hakmazia-
IOTBCA 30BHIIIHI B’s31, 1 CTPYyKTypa MeXaHi3My
3MIHIOETBCA. MexaHi3MHU 3aXOIUTIOBadiB y CTaHi
3aTHUCKAHHS 00’€KTa 3aBXIW MAalOTh 30BHIIIHI
3B’SI3KH, TOMY pO3TJSAaTH iX MOTPiOHO Yy JBOX
CTaHax: i30JbOBAaHO BiJ 00’€KTa MaHIMYyIIOBAaHHS
(Bi 30BHIMIHBOTO TifNa), 3 IKUMH BiH Ma€ 30BHILIHI
3B’S13KU (YKMCIIO CTYIEHIB CBOOOAM MeEXaHi3My 3a
BIJICYyTHOCTI 30BHIIIHIX B’si3el HAa3WBalOTh (PaKTH-
yHOt0 pyxomicTio (Wy)); y pobodoMy craHi, KOIH
00’€KT 3aTHCHYTHH 1 Jit0Th 30BHIlIHI B’s131 (pyXxo-
MICTh 32 HaKJIaJeHNX 30BHIMIHIX B 3¢l Wpos — po-
6oga pyxomicts MexaHi3sMmy; Wpos Mentra 3a Wy, Ha
YHCJIO HAKJIAJACHWUX 30BHIMIHIX B’s3ei). [lepmmit
CTaH MEXaHi3My BiJI[IOBi/Ia€ €TaIy 10 3aXOIUICHHS
00’€KTa MaHIMYTIOBAaHHS, APYTHH — KO 00’ €KT
3aXOIUICHU.

[opanemmii ananiz MexaHi3Mmy, KM Ma€ 30B-
HIITHI 3B’SI3KH, BUKOHYEMO 3 BUKOPHCTAHHIM CKO-
peroBaHoi 30BHINIHBOI CTPYKTYPHOI (OPMYIIH, sKa
JIO3BOJISIE BU3HAYMTH B TaKOMY MEXaHi3Mi HasB-
HICTB 1 KiJIbKicTh 30BHIIIHIX H3 [5]:

0, =35, _I:(qu _Wp06) +W, — Sai:|’ (3)

ne Sa — uncio 30BHIMmHIX 3B’s3KiB; (Wgp — Wpos) —
3MEHIICHHSI PYXOMOCTEH 30BHIIIHIX TiJ MiJ Ji€0
30BHIIIHIX B’sa3eil; Sy KIUJIBKICTh 30BHIIIHIX
B’s13€H, sIKi TI030aBIISIFOTH OCHOBHOI PyXOMOCTI Me-
XaHi3M 1 0JIHOYACHO YCYBAIOTh YCI PYXJIHBOCTI 30-
BHINIHBOTO TU1a; Wa — 3MEHIIIEHHS pyXOMOCTI 30B-
HILITHIX T ITCIIS HAKJIAIaHHA 30BHIMIHIX B'A3€il.

[Ticns 3axoruieHHs 00’€KTa o0 B CXeMi 3aMHUKa-
€Tbesi KOHTYp 1-9-8-0—4-5, a 30BHImHE TiNO O
1 MEXaHi3M y LIOMY BTpa4yaloTh PyXOMiCTh HIOBHi-
cTio Wpos = 0.

SIKII0 MiX TJIACKMMH 3aTHCKHUMH €JIeMEHTaMHU
Ta 00’€KTOM MAaHIITyJIOBAaHHS TEPTS KOB3aHHS JO-
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CTaTHE Il YHEMOXKITUBIICHHS PyXy MiX HHUMH, TO
B 30BHIIIHIX Mapax 4—o 1 a—8 HakIamgaloThCs Of-
HOOI4YHI HEYTpUMYBaJIBHI B’s3i, SIKi YTBOPIOIOTbH
npoboBi 3’ennannsa VY2 kiacy, To0To Sz = 25,5 =
11. BaxxymBo BIJ3HAYMTH, IO 30BHIMIHI B’S31 IIe-
pPeNarOTh CUITY Y3I0BXK OCi X 1 HAKIaJalTh YCi ro-
JIOHOMHI (PPUKITIHHI 3B’S3KH TITBKH B pasi 3aMH-
KaHHA KOHTYpPY 3aTHCKaHHSM 30BHINTHBOTO Tijia
naHKamu 8 i 4.

dakTHYHA PYXOMICTh MEXaHI3My, SKHid 1M030a-
BIICHWH BIUIMBY 30BHINITHIX B’s3€H, O 3aXOIUICHHS
cknane Wy = 1, mapamerp W, = 6, Tomy 1m0 06’ €T
BiJIHOCHO 3aTUCKHUX €JICMCHTIB CTaB HEPYXOMHUM,
Sai = 1 — B’43b, AKa HakjIaga OOMEXEHHs Ha 30BHI-
ITHE TiJO W OMHOYACHO MO030aBWIIA €IWHOI PyXO-
MOCTI YBECh MEXaHI3M.

Kinekicts 30BHimHIX H3 3a dopmyroro (2) Oy-
neoca=11-[(1-0)+6—1] =35, Tpu 3 sIKUX IBii
O0OMEXKyI0Th TiepelaBaHHS MOMEHTY IMI0J0 Oci Y
1 mepeady CHII Y3[0BXK Oced X 1 Z, a 3’ SIBISIOThCS
MiJ 4Yac HaKIaJaHHA TOJIOHOMHHUX (DPUKIIITHIX
B’s13¢ei. JlocTaTHRO, OO OAWH 3aTUCKHHUI €JIEMEHT
3axOIUTIOBaYa YTBOPIOBaB 3a3HaueHi 3B si3ku. llle
IBa 3 BHU3HAYeHWX 30BHIMHIX H3 mposBrarecs
B pa3i HemapalelbHOCTI TOBEPXOHb 3aTHCKHHX
CJIEMEHTIB 3axOIUNoBaYa 1 OIYHHX TOBEPXOHb
00’ekTa y JBOX B3a€EMHO MEPIECHAUKYISPHUX
TUTOIMHAX.

OpuH 13 BapiaHTiB 3axXOIUIIOBayYa, 3aTHCKHI
EJIEMEHTH SIKOTO HaKJIaJIaloTh 6 3B’s3KiB 1 1mo30aB-
JSIIOTh MEXaHi3M ycix 30BHilIHIX H3, mokasano Ha
puc.l, 6. Slkmo 6 Tina 4 i 8 Oynu eneMeHTaMu OJI-
Hi€l JaHKH, TO iXHE 3’€IHAHHSA 3 TIIOM o MOXKHA
Oyno 0 BBaXaTH OJIHIEID JBOCTOPOHHBOK) MAPOIO
MIOCTOTO KJIACY 3 KIHEMaTHYHUM 3aMHUKaHHAM. TyT
3’€IHAHHS TPHOX PI3HUX TUT 1 3aMHKaHHS KOHTYPY
BiJJOYBAa€THCS HAKIIQJIAHHIM OJHOCTOPOHHIX HEYT-
puUMyBaIbHUX B’si3el, aki y ¢opmymni (3) Bpaxosa-
HO sIK ApoOoBi. ToukoBa mapa a—8 oOMexye mepe-
MIIIEHHSI 30BHIIIHLOTO TiJIa ¢ B3JIOBX KOOPIMHATH
Y TUTBKH 3HU3Y BBEPX, TOOTO HAKJIAJAETHCS MOJO-
BMHA B’s31. BiAmoBigHO, y TUIOMMHHIA mapi 4—o
Haknanaerbest Vs B si3eit. Tomi 6a = 6 — [(1 - 0) +
+ 6 — 1] = 0, ogHak cjij MaTy Ha yBasi, IO yCy-
HeHHa Qpukuiiianx H3 nusxom 3miHu dopm mo-
BEPXOHb, SIKI KOHTaKTYIOTh, ICTOTHO 3HU3HMTH BE-
JIMYUHY CHJI 1 MOMEHTIB, 1110 NEPeIal0ThCs, 1 BUMa-
raTuMe 30UTBIIEHHS] HEOOXiTHOTO 3YCHILIS 3aTHC-
KaHHA, 110 MOXE BHUKIMKATH ITOMIKODKEHHS
00’eKTa B pasi peasizallii TOUKOBOTO KOHTAKTY MiXk

00’€KTOM 1 3aTUCKHUM eJeMeHTOM. Skimo
00’€KTOM MaHIMyNIOBaHHS € TiJ0 UWIiHAPUIHOI
(dhopmu, To hopMa 000X 3aTUCKHUX EIEMEHTIB MO-
ke OyTH Tpu3MaTHYHOI0, ab0 OJHA MPU3MATHY-
HOIO, a JIpyra IUIacKom. Y I[bOMY BHIQJKy HEHa-
TIAHUX (QPUKLIHHUX B’S3€d HAKIANA€ThCs MEHIIC
3a paxyHOK 301JbIIEHHsS HaKJIaJaHHA 3HA4YHO Ha-
TIAHIITAX TEOMETPUIHUX.

Sxmo 3MiHa (GopMHU MOBEPXOHB, SIKI KOHTAK-
TYHOTh, HEC MOXIJIMBa a00 HE JOIUIbHA, 030yTHUCS
nii 30BHIMHIX H3 MOXHa BBEJCHHSM Y CXEMY PO3-
BaHTa)XyBaJIbHOTO 3’€qHaHHS [5], M SIKHX elacTu-
YHUX HAKIaJ0K abo M’SKMX 3axoIuToBauiB [7],
3JaTHUX KOMIICHCYBATH IIEPEKOCH MiJI Yac 3aTHC-
KaHHA 00’ekTa. BuKOpHCcTaHHSM Takux 3aco0iB
ycyneHHs: H3 HiMoBipHa HenapasenbHICTh CTOpPiH
00’ekTa Oyze HiBelbOBaHA MICIIEBUMH MPYKHUMH
nedopmariisiMi abo caMOyCTaHOBJICHHSIM.

[Teperipka 3aranpHOi kibkocTi H3 3a 3anexHi-
cTio (4) miaTBepAMIa BiICYTHICTH B cxeMi H3:

o=5-{[6(n-1)-W,,; |+W,-S,}; (@
c=59-[6(10-1)-0+6-1]=0,

TyT Si =45+ 1'4 + 83 = 48 — KiNbKICTh BHYTpII-
HiX B’s3eid; S = S; + Sa = 48 + 11 = 59 — 3aranbHa
KUTBKICTh BHYTPINIHIX 1 30BHIIITHIX B’s3€H.

BukoHaHu# 3a 1i€10 MOIMIIEHOI0 CXEMOIO Me-
XaHi3M 3axOIUTIoBava, y sSKOMY BHYTPIIIHI i 30B-
nimHi H3 BigcyTHi, rapanToBano Oyae MaTH OLIbII
BHCOKI TTOKa3HUKH €KCILTyaTaIllii.

PosrnsiHeMo 11e oHY CXeMy 3aXOILTIOBAIIb-
HOTO TPUCTPOIO, B OCHOBI SIKOTO TaKOX JIEKUTb
KPUBOIIUITHO-[IOB3YHKOBHI MeXxaHi3M (pHc. 2, a).
TyT BUKOpHCTaHa cXeMa JIe3aKCialIbHOTO CIapeHo-
ro napanerorpaMHOro KPHUBOIIUITHO-
MOB3YHKOBOT'O ME€XaHi3My 3 BEIy4YHM IOB3YHKOM.
CTpyKTYpHO cxXeMa I[bOro MeXaHi3My MojioHa 10
nonepeanboi. Benyunii moB3yHok 1 BmmBae Ha
XUTYHH 2 1 6, 1m0 3’enHaHi Kopomucaamu 3 1 7 3i
criiikoro 0. Ha kiHIi XUTYHIB mapHIipHO 3aKpirure-
Hi JJaHKU 4 1 8, 10 MICTATh 3aTHCKHI €JIEMEHTH
3axoruroBaya. Jlogani kopomucna 5 i 9 ytBopro-
I0Th TapajesiorpaMu i BiATBOPIOIOTH IUIACKUH PyX
3aTUCKHHX €JIEMEHTIB 3aXOILII0BaYa.

THepwuii cman — 0o 3amuckauHs 06’ekma ma-
ninymosanns. CKIagHa, CUMETPUYHA 1 HamiBBiI-
KpHUTa OJTHONIAPOBA CTPYKTYPHA CXeMa MEXaHi3My
(puc. 2, 6) 3 yorupma GazoBumu sankamu 0, 1, 4
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1 8 cKIIamaeThCs 3 YOTUPHOX KOHTYPIB (4ETBEPTOTO
kiacy K = 4), Mae 1eB’Th pyXOMHUX JIAHOK 1 TPH-
HAALATH KiHeMaTHYHUX nap (y TOMy 4Yucli 3 cKia-
IHHX IIapHipH).

Uwmcno crymeHiB CBOOOAM MEXaHI3My TaKOX
MO’KHA BU3HAYHUTH 3a (opMyior [3]

W=c+ b+d, (5)

V(11D

Puc. 2. KiHemaTnuHa i CTpyKTYpHI CXeMH CIIAPEHOTO
JIe3aKCiaIbHOTO KPHBOILIHUITHO-TIOB3YHKOBOI'O MEXaHi3-
My 3aXOILTIOBa4a B Pi3HUX CTaHaX (YHKIIFOBaHHS

Fig. 2. Kinematic and structural diagrams of a paired
de-axialized crank-slider gripper mechanism in different
states of operation

JIe ¢ — YHACIO OCHOBHHX PYXOMOCTeW (BiArmoBimae
YUCITy PYLIIHHUX CHJI); D — YKCI0 JOATKOBUX PY-
XOMOCTeH (3 ypaXxyBaHHSM MicleBuX); d — 4uCIIO
OUHAMIYHUX 3B’S3KiB. Y MeXaHi3Mi O/lHa Belyda
JIaHKa 1 OfHA pymIiifHa cuiia, ToMy ¢ = 1, 1oIaTKo-
BUX PYXOMOCTEH 1 JUHAMIYHUX 3B’SI3KIB y CXeMi
Hemae b =d=0,TomyW=1+0+0=1.

Sxmo MexaHi3M 310paHuil HA OTHOPYXOMI Ima-
PHIpH 1 OTHY UMJIIHIPUYHY BeAydy mapy, TO 3ara-
JbHa PYXJMBICTh YCiX KiHEMaTHUHHUX Map CKiale
f=12'1+ 12 = 14, a xinbkicTh BHyTpirmHiX H3 32
tdhopmymoro (2) Oynec =1+ 64— 14 =11.V cu-
METPUYHUX 1 OJHAKOBHX JBOX KOHTypax mHapaie-
norpamiB 0-3-4-5 i 0-7-8-9 yTBOpIOIOTHCS TIO
tpu H3, a B kouTypax 0-1-3-4-2 ta 0—1-7-8-6 —
’sth H3, sKi po3MOAIAIOTECS TaK, SIK ITij] 4ac po-
3Ty TIOTIEPETHBOTO MEXaHI3MY.

3MeHmuMo Kinbkicte H3 3HIKeHHSM Kitacy
KiHEMaTH4YHUX map. Y IyKKax Ha puc. 2, ¢ HaBe-
JIEHO MOJKJIMBI Ul 3aMIHM KJIACU KiHEMAaTUYHUX
nap, ki 3a0e3nedats ycyHeHHsa H3 y BHyTpImIHIX
KoHTypax. CIoyku KopoMucen 5 1 9, a Takox Xu-
TYHIiB 2 1 6 3 IHIIMMU JJAHKAMU BHKOHaHi cepuy-
aumu mapripamu [l knacy. Ilicns peamizamii mux
peKOMeHaIiii cymapHa pyXOMICTh YCiX Tap CKia-
e f=41+ 12+ 83 =30, yrBopsThCs 11’ITh MicC-
LEBUX PYXJIHUBOCTEH — 0OepTaHHS XUTYHIB 2 i 0,
KopoMuceln 5 1 9 Ta moB3yHKa | HaBKOIJIO CBOiX ITO-
3IOBXKHIX OCeH, SAKi JA0AaMyThCsA JI0 OCHOBHOI py-
xomocti W= 1+ 5 =6, a cxema no30ynieTbcs BCix
BHyTpimHIX H3: 6 =6+ 64 - 30 = 0.

Hpyeuit cman — 06 ’ekm MaHInyI08anHa 3amu-
chymuti (puc. 2, 8). CTpyKTypa MexaHi3My 3MiHH-
jacd, 1 HakiajaeHi 30BHIMHI B 131. KipkicTs 30B-
nimnix H3 3a popmynoro (3) amst Wyes = 0, Wy = 1,
Wa=6,Si=106.=11-[(1-0)+6—1] =5, ki-
JBKICTH 1 IPUpOJIa YTBOPEHHS 30BHiMHIX H3 Taka
X, K y TONEpEIHbOMY BHUIAIKy, TOMY MOXYTb
OyTH 3aCTOCOBaHI Ti X 3aC00U X YCYHEHHS.

HaykoBa HOBHU3HA Ta MPAKTUYHA
3HAYUMICTh

VYnepiie BHKOHaHO CTPYKTYpHHUH aHami3 cria-
PEHHX TapajelorpaMHAX CXEM 3aXOILTFOBAIBLHHX
MPUCTPOiB, SKi TOOYJOBaHI HA OCHOBI IEHTPAIb-
HOTO i JIe3aKC1aIbHOTO KPHUBOLIXITHO-
MOB3YHKOBHX MEXaHI3MIB 1 MalOTh 3MiHHY CTPYK-
TYpY 13 30BHILIHIMUA OJHOOIYHUMH HEYTPHUMYBaJIb-
HUMHU B’SI35MHU.
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[ToBHMIT CTPYKTYpHHI aHANI3 TO3BOJIUB PO3PO-
OWTH TPAKTUYHI PIIEHHS MO0 3HWKCHHS KJacy
KIHEMAaTUYHUAX Tap JUIS YCYHEHHs HaJJTMITKOBHX
3B’A3KIB Y BHYTPIIIHIX KOHTYpax Ta iX 3MEHIICHHS
B 30BHIIIHIX KOHTYpax MeXaHi3MiB 3aXOILIIOBAYiB
3MiHOI0 ()OpPM TIOBEPXOHb, MO KOHTAKTYIOTh, 200
BBEJICHHSIM PO3BAHTAKYBaJILHOTO 3’ €THAHHSI.

BucHoBxku

[IpoBeneHo MOBHUIT CTPYKTYPHHIA aHAJI3 IIEHT-
PAJBHOTO 1 JIe3aKCIaIbHOTO CIApEHUX MMapalieior-
paMHHUX KPHUBOIIMITHO-TTIOB3YHKOBHX MEXaHI3MiB

3aXOIUTIOBAJBHUX TPHCTPOIB i3 BEIyIHM ITOB3YH-
KOM, fIKi € MEXaHi3MaMH MOJBIHHOI CTPYKTypH
3 BHYTPIIIHIMH Ta 30BHIIIHIMH 3B’ I3KaMHU.

BuxoHaHO MMOKOHTYpHUII aHaNi3, MOIIYK Ta pa-
LIOHATFHUN CTPYKTYPHHUH CHHTE3 MEXaHI3MIB 3a-
XOIUTIOBAJIBHUX TPUCTPOIB 13 METOI0 3MEHIICHHS
KUIBKOCTI IIKIMUIMBHX HAIAINIKOBUX 3B’ SA3KIB
y BHYTPIIIHIX Ta 30BHIMIHIX KOHTYpax MeXaHi3MiB.
Peaizaris 3anponoHOBaHUX PEKOMEHJIAIlIH 3 yCy-
HEHHS HaJJIMIIKOBUX 3B’S3KiB 3pOOUTH MEXaHI3MH
PO3IIISHYTUX 3aXOIUTIOBAJIBHUX IMPUCTPOIB CaMoy-
CTaHOBITIOBAaHHMH.
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Rational Structural Synthesis of Schemes of Crank-Slider Mechanisms
of Gripping Devices

Purpose. The study is devoted to the determination of harmful redundant connections (RC) in the internal and
external circuits of grippers based on paired schemes of crank-slider mechanisms. Methodology. The determination
of redundant (repeated) connections was carried out using the universal structural theory of mechanisms.
Findings. Mechanisms without redundant links, including gripper mechanisms, are more reliable, have a higher
efficiency in operation, and are statically determined. Rational design of such mechanisms without a thorough struc-
tural analysis is difficult. In gripping devices, the determination of redundant connections in the contours of the
mechanisms occurs at two different stages of their functioning: before clamping the object of manipulation and af-
ter. Such mechanisms of variable structure require an appropriate double structural analysis, the main purpose of
which is to determine the repetitive connections at each of these stages. This structural analysis allowed us to deter-
mine the number and location of internal and external redundant links. The search for redundant bonds at the second
stage of gripper operation, when new circuits in the mechanisms are formed, requires the use of an external structur-
al formula. The elimination of redundant links in the internal contours of the mechanisms was accomplished by low-
ering the class of kinematic pairs. Reliable determination of the number of redundant links in the external circuits is
possible only taking into account the fineness of the non-holding links. Originality. For the first time, a structural
analysis of paired parallel-frame schemes of grippers based on the central and desaxial crank-slider mechanisms and
having a variable structure with external one-sided non-retaining ties was performed. Practical value. The obtained
research results made it possible to determine the location of internal and external redundant bonds in the contours
of the mechanisms and to propose actions to reduce the number of harmful redundant bonds in the external contour
of the mechanisms. The elimination of frictional excessive connections in the outer contour of the mechanisms by
changing the shapes of the contacting surfaces of the clamping elements of the gripper was carried out.

Keywords: structural analysis of the mechanism; mechanism mobility; excessive connections (EC); external
connections; one-sided links
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OuiHKka eKOHOMIYHHMX BTPAT aBTOTPAHCHOPTY BiJl HENPOAYKTUBHHUX IIPOCTOIB
HA 3AJI3HMYHHUX Nepei3aax

Mera. Bu3HaueHHs eKOHOMIYHHX BTPAT BiJl HEIPOAYKTUBHHUX NPOCTOIB HA 3aJi3HUYHUX Mepei3aax BUMarae KoM-
IUIEKCHOTO MiAX0Ay. ABTOPH CTaBJIAThH 32 METY PO3POOHUTH METOVKY PO3PaXyHKIB €eKOHOMIYHHX BTpaT aBTOTpPaHC-
MOPTY Bi HEMPOIYKTUBHMX MPOCTOIB Ha 3aTi3HWYHUX INEpei3fax 3 IHTCHCUBHUM PYXOM TPAaHCIIOPTHHX 3aco0iB Ta
3alpOMOHYBATH PaIliOHANBHI PillIeHHS II0A0 AOIUIEHOCTI MOJepHi3alii mepeiznis. Meroanka. ¥ po3paxyHKax eKo-
HOMIYHHX BTpaT aBTOTPAHCIIOPTY BiJ HEMPOAYKTHBHUX IPOCTOIB HA 3aJII3HUYHUX Nepei3aax OepyTh 10 yBaru KaTe-
TOpifo mepei3ay, KiTbKIiCTh MOT3MiB 1 KUTBKICTh TPAHCIOPTHUX 3aC00iB Pi3HUX KAaTETOpil, IO MepeTHHAIOTH Hepei3y
YIPOAOBX K00H, iHII (aKTOpH, BKIIOYEH] 10 aBTOMaTH30BaHo1 cuctemu «llepeizm». MeTonuka BpaxoBye €KOHOMi-
YHY BapTICTh BTPAT Yacy Maca)XupiB, 110 IPOCTOIOIOTH y JIETKOBOMY TPAHCHOPTI i aBTo0ycax Iepes 3aKpUTHM Iepe-
310M, a TaKO €KOHOMIYHY BapTICTh MPOCTOI0 BAaHTaXXy 3aJI€KHO BiJ| TUIYy BAHTRKHUX aBTOMOOLIIB i pojly nepese-
3eHb. Pe3yabTaTu. Y X011 NOCHIPKEHHS aBTOPH BCTAHOBUIIU, HA SIKUX Tepei3ax i 3a sikoi IHTEeHCUBHOCTI TPaHCIIOP-
THHX 32C00IB CIIOCTEPIraroThCs HAHOLIBII €eKOHOMIYHI BTPATH BiJl HEMPOAYKTHBHUX NPOCTOiB. OTpHMaHi pe3ysbTaTiu
BPaxoOBYIOTh JI000BY IHTEHCHUBHICTh PyXy Ha Mepei3fi: KUIbKICTh MOT3/1iB i KUIBKICTh TPAHCIIOPTHUX 3acO0IB Pi3HUX
KaTeropiii, KaTeropito rnepei3aiB Ta iHii (pakTopy. 3’COBAHO, SIK IHTEHCHBHICTb PyXy aBTOTPAHCIIOPTY Ta 3alli3HUY-
HOTO TPAHCIIOPTY, 9aCTOTa BIIKPUTTS IIJIar0aymiB, TPHBAIICTh IPOCTOIO JISTKOBUX aBTOMOOLTIB, aBTOOYCiB, BaHTa-
JKHUX aBTOMOOUIIB BIUIMBAIOTh Ha BUTPATH 1 BAPTICTh MAJBHOTO i Yac poOOTH JBUTYHIB HA XOIOCTOMY Xoxy. Ori-
HEHO HEeTaTHBHHH BIUIMB HENPOAYKTHBHHX ITPOCTOIB TpaHCHOPTY Ha NoBKiULIL. HaykoBa HoBH3HA. Y poboTi 3ampo-
TIOHOBAHO METOJAMKY OLIHKM €KOHOMIYHMX BTPAT aBTOTPAHCIIOPTY BiJl HEMPOAYKTHBHUX MPOCTOIB HA 3aJIi3HUYHHUX
nepei3iax i3 HalOIIbII IHTEHCUBHUX pyXoM. OILIHKY €eKOHOMIYHHUX BTPAT aBTOTPAHCIIOPTY NMPOBENICHO UITXOM aHa-
T3y HU3KH (DAKTOPIB, OB’ I3aHKUX 13 TPAHCIIOPTHUM IIOTOKOM, TPHUBAIIICTIO MPOCTOIB, BUTPATaMH MAJIBHOTO, BTpaye-
HHUM 4YacoM, a TakoX 3a0pyaHeHHsM NoBKULIL. [IpakTHuHa 3HaYMMicTh. Po3poliieHa MeTo1Ka 1a€ MOXKIIUBICT
OLIIHIOBAaTH €KOHOMIYHI BTPATH aBTOTPAHCIIOPTY BiJl HENPOIYKTUBHUX MPOCTOIB Ha 3aJII3HUYHMX Iepei3iax, 1o mij-
TBEP/PKEHO MPUKIIaJAaMU 3 eKCIUTyaTalil nepei3/iiB Ha HarpsMKax perionansHo1 il «[IpuaHinpoBchKa 3ai3HULS.

Kniouosi crosa: nepeizn; TpaHCHOPTHUN MOTIK; NPOCTIH TPaHCIIOPTHOTO 3aC00Y; EKOHOMIYHI BTpaTH; IHTEHCHB-
HICTb pyXY; BIUIMB TPAHCHOPTY Ha JOBKLLISA; aBTOMaTH30BaHa iHpopMmaiiiHa cucrema «Ilepeizmy»

BTpAT, MOB’SA3aHUX 31 30UIBIIEHHSM BUTpaT Nallb-
HOTO, 3HOCOM TPaHCIOPTHHUX 3aco0iB, MapHyBaH-
HSM 4acy BOZIIB Ta, SIK HACJIJIOK, 3HHKCHHIM IX-
HBOI IPOyKTUBHOCTI.

Hnst 3BepeHHs wLiel mpoOieMH A0 MiHIMyMY
BXKHMBAIOTh MEBHHUX 3ax0JiB. Halikpamii pinreHHs —

Beryn

[Ipobnema HEMTPOAYKTUBHUX NPOCTOIB aBTOTpa-
HCTIOPTY Ha 3aJII3HUYHUX Mepeiziax € akTyaabHO0
JUIst 0araThoX KpaiH CBITY, 30KpeMa 1 Ui YKpaiHu.
i mpocToi NpU3BOIATH 1O 3HAYHMX SKOHOMIYHUX
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MEPeTHH JIOPIr Yepe3 HIIAXOMPOBOIU Ta Mig3eMHi
mepexoau. OmHAK € BelWKa KUIBKICTh aBTOMOOI-
TFHO-3aJI3HUYHUX TIepei3/IiB, K1 HaBPs 9i Oy TyTh
JBOPIBHEBUMH, TOMY IIIO iX PEKOHCTPYKIIisl BHMa-
ra€ 3HauYHUX KaliTalOBKIaJCHb.

[lepeTrHn 3ami3HALB 1 aBTOOPIT B OJTHOMY pi-
BHi (3aJi3HUYHI mepei3au) ciif copuiiMarty siK He-
OOXI/IHICTh Ta BXKUBATH BCIX JOCTYITHHX 3aXOJIiB,
o0 3MEHIIUTH HeraTWBHI Hacmiaku. [IpoGmemu,
ITOB’s13aHi 3 HASBHICTIO 3ai3HUIHUX TepPei3 B, -
cieHHi. Ha 3ami3HudHux mepeiznax BiiOyBaeThCs
MOpYIIEHHST 0e3MepepBHOCTI PyXy aBTOTPAHCIO-
PTY, a B psili BUNAJKIB 1 3aI3HUYHOTO TPAHCIIOPTY,
IO MPHU3BOJUTH O MiABHIIEHOTO €HEPrOCIOXKU-
BaHHsI, 3a0pyIHEHHS JOBKIJUISA, BTPAT 4acy MMacaKu-
piB Ta nepcoHaITy, 301TbIIECHHAS Yacy 3aTy9eHHS Py-
XOMOTI'O CKJIay, 3HW)KEHHSI TIPOIYCKHOI CIIPOMOXK-
HOCTI. /|0 HEraTUBHMX HACIIJIKIB TaKOX HalleXKaTh
BUTPATH Ha yTPUMAaHHs 3aJi3HUYHOTO mepeizay Ta
BUTPATH, TIOB’s3aHI 3 JEIKUMH 1HBECTHIIHHUMHU
npoexTamu [2].

[IpoGyiemMa po3B’sI3KKM B OJJHOMY PiBHI MPHU3BO-
IUTh 10 JOPO>KHBO-TPAHCIIOPTHUX MPUTOA 13 TSIK-
KHMH HacJiIKaMu, Hee(peKTHBHOTO MPOCTOIO aBTO-
MOOUTIB y 3aTOpax Ta JOAAaTKOBHX BUTpAT 3aji3-
Huwi. st hopMyBaHHS BapTiCHOT OIIHKH MPOEKT-
HUX pillleHb BPaXxOBYIOTh JIUIIIE KOIITH HA Oy /TiBHH-
LTBO, 2 EKOHOMIYHHM BTpaTaM Ha Jiep>KaBHOMY pi-
BHi, SIK IPaBUJIO, HE MPUAUIAIOTH 1OCTaTHHO YBaru.

s mpobiema notpedye OibIl 1€TATBHOTO BH-
BueHHs. SIkio (iHAHCOBI 1 MaTepialbHO-TEXHIUHI
pecypcu oOMekeHi, TO BUHUKA€E TTUTaHHS, KyIu ix
MOTPIOHO CHpSAMYBaTH, — Ha OYAIBHUIITBO JEKiJb-
KOX MUISXOIPOBO/IB UM MOJISPHI3AII0 JIEKITBKOX
JECATKIB Mepei3iB, 1 sSKi caMe mepei3au miasra-
F0Th 3aMiHi.

HenponykTtuBHi mpocToi aBTOTpaHCHIOPTY Ha
3aJi3HUYHHUX Tepei3aX MpPU3BOJAATH JI0 3HAYHUX
E€KOHOMIYHHX BTpAaT, 3HWKEHHS eEeKTUBHOCTI Tpa-
HCTIIOPTHOI CHCTEMHM Ta MOTIPIIEHHS €KOJIOTi4HOI
cutyarii. ®akropu, MO BIUIMBAIOTh HA BEIIMYUHY
BTpAT, TaKi:

— IHTEHCHBHICTh PyXy aBTOTPAHCIIOPTY Ta 3alli-
3HUYHOT'O TPAaHCIOPTY: UMM OUIBIIUE 00CAT PyXy,
THM YacTillle BUHUKAIOTh CHUTYaIlil, KOJIM aBTOMO-
01111 3MyIIEH] O4iKyBaTH BIAKPUTTS Lu1ardayma;

— 4acToTa BIIKPHUTTS LuIarOaymiB: TPHUBaNiCTh
OUiKyBaHHS 0€310CEPEIHBO 3AICIKUTh BiJ TOTO, K
YacTo BiJJKPUBAIOTH ILTarbayM Jjisl MPOIYCKY 3alli-
3HUYHOT'O TPAHCIOPTY,

— TPHUBAJICTh MPOCTOIO OJHOTO ABTOMOOLIISA: Ce-
pexaHiif 4ac, KWl aBTOMOO1ITh BUTpayae Ha OUIKY-
BaHHsI, BIUIMBA€E HA 3arajibHi BTPATH 4acy Ta Hajlb-
HOTO;

— BapTiCTh MAIBHOTO Ta Yacy: i MOKa3HUKU BH-
3HAYAIOTh IPSIMi €eKOHOMIYHI BTPATH Bif MPOCTOIO;

— HEmpsIMi  BUTpaTU: JOJATKOBI  BUTpAaTH,
OB’ s13aHi 31 3HOCOM TPaHCIIOPTHUX 3aCO0i1B, MiIBU-
[IEHUM PiBHEM CTPECY BOJIiIB Ta HETATUBHHUM BILTH-
BOM Ha JOBKIJUIA.

OMLiHKY EKOHOMIYHHX BTpaT aBTOTPAHCIIOPTY
BiJl HEMIPOAYKTHBHUX MPOCTOIB HA 3ai3HUYHUX I1e-
peizmax 3ifiCHIOIOTh IUIAXOM aHalli3y HU3KH (hak-
TOpIiB, OB’ SI3aHUX 13 TPAHCIIOPTHUM ITOTOKOM, TPU-
BJIICTIO MPOCTOIB, BUTpAaTaMHu MajlbHOTO, BTpaye-
HUM 9acoM, a TaKOX 3a0pyJHEHHAM AOBKLLISA. Mo-
JKJIMBI TaKi HUISTXH 3MEHIIIEHHS eKOHOMIYHHUX BTPAT:

— omnTuMi3zallis poOOTH 3aI3HUYHUX MEePei3iB:
YCTAHOBJICHHSI CY4aCHUX CHCTEM YIIPaBIiHHA PYy-
XOM, 301NBIIIEHHS KiJTbKOCTI Tiepei3niB, OymiBHHII-
TBO IUISIXOMPOBOJIIB 200 TYHEJIIB;

— PO3BHTOK albTEPHATHBHUX MAPIIPYTiB: CTBO-
PEeHHS HOBHX JOpIT Ta 00 i3HUX IIIAXIB AJS 3MEH-
IICHHS] HABAHTAXKCHHS Ha 3aJIi3HUYHI Mepei3au;

— iH(opMyBaHHS BOAIiB: HAJaHHS BOJISIM aKTy-
anpHO1 iH(opMaIii Ipo CTaH AOPOKHBOTO PyXy Ta
MOJKITBI 3aTOPH Ha 3aJII3HUYHUX Tepei3aax;

— YHPOBaKEHHS IHTENEKTYaIbHIUX TPAHCIIOPT-
HUX CHCTEM: BUKOPHCTAHHS TEXHOJIOT1H, 110 103BO-
JISFOTH ONITUMI3YBATH PyX TPAHCIIOPTY Ta MiHIMI3y-
BaTHU OPOCTOI.

Or1iHKa €KOHOMIYHUX BTpaT BiJl HEMPOIYKTHUB-
HUX IPOCTOIB Ha 3aJli3HUYHMX Iepei3nax € cKial-
HUM 3aBJaHHSIM, K€ BUMara€ KOMIUIEKCHOT'O IiJ-
XOIy.

CyuacHi nocnikeHHs1 y cdepi BIOCKOHAJICHHS
3aJlI3HUYHUX TEePEI3/IiB IeMOHCTPYIOTh 0araToBeK-
TOPHUH MIAXIA 10 TOTPUMaHHS iX OE3MEYHOCTI Ta
e(eKTHBHOCTI. 30KpeMa, 3HaYHY yBary IpUAISIOTh
onTuMi3aiii yacy podoTu nepeiziiB, aBToMaTH3aI 1
yIpaBIliHHs, BAKOPUCTAHHIO BiIHOBIIOBAHUX JDKe-
pelt eHeprii, IHTeNeKTyalIbHIX TPAHCIOPTHUX CHC-
TeM Ta OmiHmi pusukiB. Ha npukmani IliBgennoi
AdpuKH 3a1IpONOHOBAaHO YMCIOBUH MiIX1/]1 A0 pery-
JIOBaHHs rpadikiB pyXy, IO JT03BOJISE 3MEHIIUTH
3aTpuMKH 10 50 % 3a paxXyHOK yIpOBaJKEHHS JH-
HaMIYHOTO aJrOPUTMY yIpaBIiHHs nepeizaom [13].
Ile mae Oe3mocepenHiii BIUIMB HAa EKOHOMIiYHI
BTPaTH aBTOTPAHCIIOPTY, OCKIJIBKH CKOPOYCHHS
4acy MPOCTOI0 3HWKYE BUTPATH NaJbHOIO, BTPATH

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332763

108

© M. b. Kypran, O. ®. JlyXuupKuid,
P. B. Isanos, A. M. Kypran, 2025


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720

3AJIIBHUYHA KOJIISI TA ABTOMOBUIBHI JOPOT'

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tparcmopty, 2025, Ne 2 (110)

Yyacy BOJIiB Ta PHU3WKH 3ali3HEHb Y JIOTiICTUYHHX
Iporecax.

VY notnyHOMY pychi repedyBae MOAETb OIIHKT
PU3HKY 3iTKHEHDb Ha O€3I0AHUX mepei3aax i3 BUKO-
pHUCTaHHSIM IITy4HOTO iHTenekty [11]. 3amponoHo-
BaHE TOE€JHAHHS CTAaTHCTHYHUX METOIIB JI03BOJISIE
BUSIBUTH KOH(Qirypanii mepei3ziB, mo HaiOinbie
BIUIMBAIOTh Ha PHU3MKH, cepell SIKMX — oOMexeHa
OTJISIIOBICTD, KYT IIEPETHHY Ta CTAH IOKPUTTS. 3HH-
’KEHHsI 9aCTOTH aBapiil OMOCepeKOBAHO 3MEHIIIy€e
HE JIMIIE BTPATH KUTTS, a i TPUBAIIICTh HEPEKPUTTS
nepeizay, Mo BaXKIMBO AJS OLIIHKH HEPOIYKTHB-
HHX BTPAT aBTOTPAHCIOPTHHUX NEPEBE3CHb.

AKTyaJIbHUM € TaKOX IiJIX1Jl 10 MOJCIIOBAaHHS
N000BUX 3aTPUMOK 3aJISKHO Bifl THITY TIepei3ay, iH-
TEHCUBHOCTI pyXy Ta 3axofiB Oesmeku. Jloci-
TokeHHs 3 OIopuay mokasano, Mo HaBiTh MICIs MO-
JepHizalii nepei3an MOXYTh 3aJHMINATUCS «BY3b-
KAMH MICISIMI» TPAHCIIOPTHOI 1H(GPACTPYKTYpPH,
0co0mMBO B yMoBax Bucokoro Tpadiky [10]. Taka
iH(opMaIlis € IIHHOW JJIS TIOAIBIION0 €KOHOMIY-
HOTO MOJICTIIOBAaHHS BTPAT BiJl MPOCTOIO, OCKLIBKH
JTO3BOJISIE TIPOBOJUTH OIIHKY HA OCHOBI JIOKaJTHHIX
JaHUX.

[Ile ogHUM MiIX0JJ0M € BUKOPUCTAHHS MiKPOCH-
MYJALiN y mporpaMHoMy cepenoBuini VISSIM mms
OIIIHKY BIUIUBY CBITIIOQOPHOTO PETyIIOBaHHS MO0-
U3y nepei3aiB. byno BCTaHOBIICHO, 110 MpiopUTe-
THE KEpyBaHHS CBITIO(QOpaMH 3HAYHO 3MEHIIYE
YTBOPEHHS 3aTOPIiB y KPUTHYHHUX TOYKAX IOPOIK-
HbOT Mepexi [S]. Lle nae migcraBu BBaXKaTH, 110 Te-
XHIYHI pIllIeHHs, SIKi HAaBITh YaCTKOBO 3MEHIIYIOTh
Yac 3aTPUMKH, MalOTh BIIYYTHUH EKOHOMIUYHHI
edeKT — 0cCOOIMBO B YMOBaX MICHKOTO CEPEIOBHIIA
3 BUCOKOIO IIIJIBHICTIO PYXY.

I3 TexXHIYHOT TOYKH 30py, HaI3BUYAIHO TIepcIIe-
KTUBHUM € BIPOBA/KCHHS T1IOPUITHOTO €HEPrOXKUB-
JICHHS JUUISl CHCTEM aBTOMaTH3allil epei3 B, K 11o-
Ka3aHo Ha npukiaai banrnanen [14]. Cucremu, o
0a3yl0TbCs Ha COHSYHIN 1 BITPOBi eHeprii, 3a0e3-
MeYyIoTh Oe3rnepediifHe JKUBJICHHS, 0 KPUTUYHO
JUIsl YHUKHEHHS! 3001B, SIKi CIIPHYMHSIOTH TPHUBAI
mpocToi aBToTpaHcnopTy. HaxiitHicTe poboth me-
pei3ay 6e3mocepeIHbO KOPEIOE 3 PiBHEM HETIPOY-
KTUBHHX BTpAT — sIK y MAIILHOMY, TaK 1 B 4aci.

Hocnimkennss [8] mpucBsueHe OIIHIN BTpaT
Yyacy aBTOTPAHCIOPTY Ha 3aJi3HUYHHUX Iepei3max
y Maino3abe3neueHnx paiioHax Yukaro Ta aHaiizy
e(eKTHBHOCTI HeMaTepiaJbHUX 3aX0 1B MiHiMi3alil
LUX OPOCTOIB. [3 BHKOPUCTaHHSIM TPAHCIOPTHOI

mozeni INTEGRATION 3MmonensoBaHo I’ ATh Clie-
HapiiB, 10 BiOOPaXKAIOTh PI3HUN PiBEHH JOCTYITY
BOIIiB O ONEpaTHBHOI iH(GOpPMAII MPO 3aKPUTTS
nepeizaiB. PesynbpraTti mokasanu, 1mo 3a BiJICYyTHO-
CTi iHpOpPMYBaHHSI CYKYITHI MPOCTOi csAraloTh 954
TOJMHU 32 LIICTh FOJWH MIKOBOTO HABAHTAXKEHHS,
TOJIi SIK OHOBJICHHS IAHUX 10 2 XBHJIMHH J03BOJISIE
ckopotuT i BTpatu Ha 750 rommH. Bomnouac
YCTaHOBJIEHO, 110 TPAAHIIIiHI METOIN OI[IHKH HEJI0-
OIIHIOIOTH TIi 3aTpuMKH Ha ToHan 70 %. OTpumani
JlaHi CBiAYaTh MO CYTTEBI €KOHOMIYHI BTPaTH aB-
TOTPAHCIIOPTY Yepe3 HEMpPOAYKTUBHI MPOCTOi Ta
MiATBEPHKYIOTE JOIUTBHICTh BIPOBAKEHHS mU(D-
POBHUX iH(pOPMALIIHHUX CUCTEM SIK e(hEKTHBHOTO 3a-
XOJly 3MEHILICHHS 3aTPUMOK Oe3 Joporux iHdpa-
CTPYKTYPHHX PiIlIeHb.

VY psaai mocmimpkeHb 0e3neKy pyxy Ha 3aTi3HIY-
HUX Tepei3fax BH3HAYCHO SK OJAWH 13 KIIIOYOBUX
(hakTOpiB, MO BIUTMBAE HA 3aralibHy €(EeKTUBHICTh
TpaHCTIOPTHOI  iHPPACTPYKTYpH. AKIIEHTOBaHO
yBary Ha TOMY, IO TOPYIICHHS MPaBHI JOPOXK-
HBOTO PYXY, 3HIKEHHSI TEXHIYHOT HaAiifHOCTI 3aC0-
0iB peryoBaHHS, a TAKOXK HEJAOCTATHE IHKEHEpHE
o0NamTyBaHHs Nepei3iB € OCHOBHUMU MPUIHHAMH
IIIBUIIICHOT aBapiiHOCTI. 3aIIPOIIOHOBAHO 3aCTOCY-
BaHHS Pi3HOMaHITHUX METOMIB BHSBIICHHS HeOe3-
MIEYHHX NISTHOK, 30KpeMa 0ariB, koe(ilieHTiB aBa-
pifiHOCTI, aHadi3y KOH(IIKTHHX CHUTyaliil TOIIO.
VY KOHTEKCTI 3pOCTaHHS iHTEHCHBHOCTI PyXy IMiIK-
peciieHo, o HaBiTh 0e3 0e3rmocepeTHhOr0 BHHHK-
uvenns JITTI nepeizau 4acTo CTarOTh «BY3bKUMH Mi-
CISIMI», SIKi 3yMOBJIIOIOTh YTBOPEHHS 3aTOPIB 1 BU-
MyLICHI 3YNMHKHA aBTOTpaHCHoOpTy. Taki mposiBu
CHUCTEMHOI HECTaOUTLHOCTI CTBOPIOIOTH Tepeidy-
MOBH JIO TIOAAJIBIIIOTO aHajli3y BIUIMBY MTPOCTOIB Ha
BTpaTH 4acy W pecypciB, IO OCOOIHMBO aKTyali3y-
€THCSl B Cy4aCHMX YMOBAxX 3POCTaHHS JIOT1ICTUYHUX
HaBaHTaXxeHs [3].

Crarts [ 7] npucBsiueHa Gopmanizailii eKOHOMI-
YHOI OIIIHKM TPAHCIOPTHHUX TPOEKTIB HA OCHOBI
aHamizy Butpar i Buroa (CBA). ABTopu nporiony-
I0Th aHAIITHYHY MOJIEJTb, III0 BPAXOBYE SK TPOIIOBI,
TakK 1 YaCOBi CKJIQJIOBi y3arallbHEHOI [iHNU TPAHCITO-
PTY, 30CepeKYIOUNCh Ha OLIHIII COLiajIbHUX BUTOJ]
BiJl IPOEKTIB, 30KpeMa eKOHOMii Jacy. Po3risHyTo
nBa maxoan 10 CBA: Ha ocHOBI 3MIH HaUIUIIKIB
CTHOXMBaYiB 1 BUPOOHUKIB Ta 4epe3 Pi3HUII0 MiXK
rotoBHicTIO J0 crutatd (WTP) i BukopucTaHummu
pecypcamu. HagaHo npakTHdHi pekoMeHIaIi 1is
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YHUKHEHHSI TUTIOBUX TMOMMJIOK: TOJABIHHOTO paxy-
HKY, HEKOPEKTHOTO 3aCTOCYBaHHS TiHBOBUX IliH Ta
ITHOpYBaHHS PHHKOBUX CIIOTBOpeHb. Oxpemy
yBary NpuIiieHO NIMPIIUM €KOHOMIYHUM BHTOJaM
(WEBSs), Takum sk arinomepaniiiHi epexTu i noja-
TKOBI BIUTHBH, 13 3aCTEPEIKECHHSM III0I0 X 0OMekKe-
Horo BUKOpHcTaHHA. CTaTTs 3aBEPLIYETHCS EMITi-
PUYHUM MPUKIAIOM, IO iTIOCTPYE EKBiBaJICHT-
HICTh DPI3HUX METOJIB OIIIHKH 3a YMOBHU JOTpPHU-
MaHH$ JIOT1YHOI IOCIIiI0BHOCTI.

VY nocnimkeHHi [6] 3anponoHOBaHO METO JIH-
HaMi4HOT MPOCTOPOBO-YaCOBOI CETMEHTAIIIT JIOPOK-
HBOTO PyXy 3 BUKOPUCTAHHSAM alIropuTMy geohash,
IO JIO3BOJISIE 3 BUCOKOIO TOYHICTIO BUSIBIISITH He-
CTaOLIbHI AUISHKHM 3HWKCHHS IIBUIKOCTI, 30KpeMa
B 30Hax 3muTTs/po3ranyxenns ta mcns JATIL. Ha
OCHOBI JTaHWX TaxorpadiB BAHTAKHOTO TPAHCTIOPTY
npoanaiizoBaHo nmonaxa 1 200 cerMeHTiB Ha aBTOMa-
rictpamsix IliBgennoi Kopei, i3 sxux nonazg 900 Bu-
SIBIICHO SIK HecTa01IbHI. MeToTnKa BpaxoBye Bapia-
THUBHICTb IIBUJIKOCTI B KO)KHOMY CEI'MEHTI 1 J03BO-
JIsie BU3HAYaTH 30HH PU3UKY Ta BIUIMBY aBapiil y pe-
anpHOMY 4Yaci. I[lonpu opieHTamir0 Ha aBTOMAricT-
pauti, MiJXiJ € PEJICBAaHTHUM 1 JJIs BUSBJICHHS 30H
HETNPOYKTUBHOTO MPOCTOI0 Ha 3aJ1i3HUYHUX Iepe-
i31ax, 7€ 3aTPUMKH aBTOTPAaHCIIOPTY MO>KHA KLITbKi-
CHO OI[IHUTH TSl TIOJANTBIIINX €KOHOMIYHUX po3pa-
XYHKIB.

VY nmocmimkenHi [9] mpoaHani30BaHO BILTUB 3aJTi-
3HMYHUX TIepei3/liB Ha PiBEHb BUKUJIB IIKIJUTUBUX
PEYOBHH JIETKOBHMH aBTOMOOUISIMU B YMOBaX MiCh-
KOTO pyXxy. 30KpeMa 3a JOMOMOIOI TMOPTAaTHBHOI
cucremu PEMS 0OyJo ouineHo pi3Hi cieHapii mpoi-
30y depe3 mepei3a: 0e3 3yNMUHKH, i3 3YMHHKOIO
3 TIPaIIOI0YUM 200 BAMKHEHUM JBUTYHOM, a TAKOX
3a ambTEPHATUBHUM MapuipyToMm. Pesymbratm 3a-
CBITYMIIM, 11O HABITH JOBIIMKA MapIIpyT MOXE 3a-
0e3MeYnTH KOPOTIIHMHA Yac MOi3JIKH, SKIO YHHK-
HYTH OYiKyBaHH: Ha 3aKpUTOMY Mepeiz/i, xoua eKo-
JoriyHa e(heKTHBHICTh 3aJIEKUTh Bifl PEXKUMIB PO-
0OTH JIBUT'YHA, OCKIJIBKH 301JbIIICHHS HaBaHTa-
KEHHs B pa3i 00’131y 3yMoBitoe Buili Bukuau CO,
NOx i HC. 3a3naueni BUCHOBKH MaloTh Oe3nocepe-
THIH 3B’S30K 13 TEMOIO OI[IHKM €KOHOMIYHHX BTpAT
ABTOTPAHCIIOPTY BiJI HEMPOJYKTUBHHUX ITPOCTOIB Ha
3aJi3HUYHHUX Tepei3fax, apke 3aTPUMKH HeE JIMIIe
MOJIOBXKYIOTh TPUBAIICTH MOT3/IKH, aJle ¥ CIPUYHHS-
I0Th JIOJATKOBI BUTPATH HaJbHOTO Ta €KOJIOTiYHE
HaBaHTa)XeHHS. TakuM YMHOM, JOCIIKEHHS MiAT-

BEPIUKYE AOLIIBHICTH aHAIlI3Y aJIbTepHATHBHUX Ma-
PIIPYTiB Ta BIPOBAKEHHS CUCTEM 1HPOPMYBaHHS
BOAIIB y PEXUMi peaTbHOro 4acy 3 METOI0 3HH-
KEHHS 3arajbHUX BTPAT, MOB’SI3aHUX 13 MPOCTOEM
aBTOTPAHCIIOPTY Ha Mepei3aax.

VY3arajpHIOIOYM BHKJIAJEHEe, MOXEMO CTBEp-
JDKYBATH, 10 3aTPUMKHU Ha 3aTi3HUYHUX Hepei3zaax
€ JKepesioM 3HAYHMX eKOHOMIYHMX BTpaT. IX MiHi-
Mi3allis MOXKJINBA 3aBISKH BIPOBAHKCHHIO 1HHOBA-
HIHHUX pillleHb, THYYKOMY PETYJIIOBAaHHIO PyXy Ta
KOMIUICKCHOMY IUIaHYBaHHIO MOJEpHi3allii iHppa-

CTPYKTYpH.

Meta

ABTOpH JOCIHIPKEHHSI MalOTh HA METi PO3PUTH
METOAMKY OLIHKM €KOHOMIYHUX BTpaT aBTOTPAHC-
MIOPTY BiJl HEMPOAYKTUBHUX MTPOCTOIB HA 3aJi3HUY-
HUX TIepei3gax 3 IHTEHCHBHHM PYXOM TPaHCIIOPT-
HUX 3acO0iB Ta 3ampONOHYBATH palliOHAIBHI pi-
IIeHHS TI0J10 JOLIIHHOCTI MOAEpHIi3allii mepei3iB.

MeTtoanka

Orinka BTpaT BiJi IPOCTOIO Ha 3aJII3HUYHUX TIe-
pei3aax macaXupcbKOro i BAHTaKHOTO TPAHCIIOPTY
rependadae aHaji3 4yacy, BUTPAYCHOTO Ha OYIKY-
BaHH, Ta MOT0 €KOHOMIUHY BapTiCTh, 1[0 BPAXOBYE
CEepeIHIO KIJIbKICTh Maca)XHpiB y TPAHCIIOPTI, cepe-
JIHIO TPHBAIICTh MPOCTOI0, @ TAKOX BapTICTh 4acy
nacaxupiB. Ha ocHOBI aHamizy miTepaTypHUX aa-
Hux [1, 12] HaBeeHO METOUKY OI[IHKH BTpAT BiJl
MPOCTOIO Ha 3AJTI3HUYHUX TTepei3ax TPAaHCTIOPTHUX
3aco0iB.

OCHOBHI eTary po3paxyHKy rnepeadoavyaroTs 30ip
BUXIJHMX JAHWX Ta BH3HAYEHHS IHTEHCHUBHOCTI
PYXy aBTOMOOUTIB: KUTBKICTh TPAHCIOPTHHUX 3aCO-
0iB, SIKi MPOIKIKAIOTh Yepe3 Mepei3n MpoTAroM
no0u, ToJiieHa 3a KaTeropisiMu (JIETKOBi, BaHTa-
XKHi, aBTOOyCH).

3arajbHy KiIbKICTh TPAHCHOPTHHX 3ac001B N,
OJIMHUIIL/I00Y HABEJCHO B MACIOPTI Mepei3ay aB-
ToMatn3oBaHoi iH(opmamiiHoi cuctemu «llepe-
131, 13 HEX aBTOOYCH N

aBTOO "

OckibKH B ACTIOPTI Nepei3ay He 3a3HavYeHa Ki-
JBKICTh BaHTQXHHUX TPAHCIOPTHUX 3aco0iB, 10
B JOCIHIIKEHH] B35TO:

N,.=N_,-35,

BaHT

e & — BIJICOTOK BaHTAXKHUX aBTOMOOIIIIB.
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KinpKicTh JIErKOBHX aBTOMOOITIIB BU3HAYAIOTH
ak N .. =N_—N N
VY macmopTi TakoX BKa3zaHa CepeaHs KUTbKICTh
MOT3/iB, M0 MPOXOJATh Yepe3 mepeizn 3a ao0y,
N

aBToG ' “BaHT '

To13/11B *
[IpomoryeMo TaKy HOCTITOBHICTh PO3PaXyHKIB:
1. Kinovxicmes mpancnopmuux 3aco6is, uo npoc-
Moiomy Ha nepeiz0i. 3arabHy KiUIbKICTh 3aKPHT-
TiB IIepei3ay MOXHA BU3HAYUTH 32 (HOPMYIIOIO:

N3a1cp = Nnol’311iB : kKoper . (1)

VY dopmymi (1) K .. — KoperyBanbHui Koediri-
€HT, II0 BPaxoOBYE XapakTep pyXy MHOi3miB. SKumio
o131 WAYTh 13 (PIKCOBAaHUM IHTEPBAIIOM, TOJI Ki-
JBKICTh 3aKPUTTIB TPUOIU3HO AOPIBHIOE KiJIBKOCTI
moizmiB (K ~1). Slkmo kijNbka MOI3IB CiiIy€e

Koper

Koper

TPYTOI0, HATTPHUKIIAM, 2—3 TIOT3/IH ITiJT Yac OAHOTO 3a-

KpHTTS, TO Koedinient Oyne K. <1.
3aranpHy TPUBAIICTH 3aKpUTTA Hepeizmy
(ron/mo0y) po3paxoBYIOTh SIK:
N, -t
T _ _ 3aKp  3axp 1 2
3aKp 60 ( )

ne t — CepeHs TPUBATICTD 3aKPUTTS Mepeizmy

3aKp
JUTSL TPOXOJDKEHHS OJTHOTO TI013/1a.

BigmoBigao mo IHCTpykmii 3 ymamTyBaHHS Ta
eKcIUTyaTallii 3ami3HUYHUX mepei3aiB [4], muiar-
0ayM aBTOMAaTHYHO MiJHIMAETHCS MICIsl TMPOXO-
JDKEHHSI 101312 Ta 3BIJIbHEHHS Tepei3ay Horo xBoc-
toMm. [le o3Hauae, MO TPUBATICTH 3aKPUTTS OE3MO-
CepeIHBO OB’ sI3aHa 3 YaCOM, HEOOXIJHUM ISl TI0-
BHOTO TPOXO/DKEHHS T0i31a depe3 nepeizn. Cepe-
JIHS. TPUBANICTh 3aKPUTTS 3aJi3HUYHOTO Tepei3may
JUISL IPOXOJIPKEHHST OJIHOTO T013/1a 3a3BUYaidl CTaHO-
BHTH Bif 3 10 5 xBuauH. Llel yac 3amexuTh Bij Ki-
JFKOX (haKTOPiB: MIBHUIKICTH 1 JJOBXKUHA IT013/1a, THIT
curHaimizamii Ta aBTOMaTH3aIlll, I1HTEHCHUBHICTH
pyxy.

KinbkicTs TpaHCTIOPTHUX 32C0O01B, IO IPOCTOIO-
f0Th Ha Tiepei3mi (N, ), BU3HAYaIOTh Ha OCHOBI iH-

T3,11p
TEHCHBHOCTI PyXy TPaHCIOPTY uepe3 mepeiss
(omuu./mo06y) i 3arambHOI TPUBAIOCTI 3aKPUTTS TIe-
peizny (bopmyia 2):

13p ! VinTenc 'T3a1<p : kHaKOHW—[ ' (3)

b1 (S |\ PR IHTEHCUBHICTh pYXy TpPaHCIOPTY

T3

omuH./ron), Ny .. =—>;
( ) 24

HaKOMUYEHHS TPAHCIIOPTY (BpaxoBye HEPiBHOMIp-
HICTh TIAXOJy TPAHCIOPTY J0 Tepeizmy, 3a3BU4ai
kHaKOHl/[‘i =12-15 )

Posmonin mpocToro TpaHCHOPTY Ha TMepeism,
3 ¢opmynu (3) 3a THIIaMU TPAHCIIOPTHUX 3acO0iB
MO>KHA TIPEJICTABUTH TaKUMH (POpMyITaMu:

— TIPOCTiif aBTOOYCIB!

— koedirieaT

HaKOINY4

N _ NT3,np * Napro6

aBroO,mp N ’
T3

— TMPOCTIii BaHTAKHUX aBTOMOO1TIB:
N

N BaHT,Ip N ’
)

T3,11p BaHT

— TMPOCTIi JIETKOBOTO TPaHCIIOPTY:

N N N N

nerk,np ' VT3mp | VaBrob,np Y BaHT,Ip

[Ipocriit Tpancopty Ha mepei3mi MPU3BOIUTH
JIO0 BTpAT, MOB’S3aHUX i3 MMPOCTOEM TACAKHUPIB 1 Ba-
HTaXiB, BTPATOIO MaJbHOTO MiJ] 4ac poOOTH JABHUTY-
HiB Ha XOJIOCTOMY XOJIy i HETAaTHBHUM BILTUBOM Ha
HABKOJIUILHE CEPEOBUILE.

2. Exonomiuna oyinka 6mpam 4acy nacaxicupis.
KinpkicTh macaxxupiB, sKi IPOCTOIOIOTH, BU3HAYA-
IOTh K TOOYTOK KUIBKOCTI TPaHCHOPTHHX 3ac00iB
Ta CepelHhOi KUTBKOCTI MAaca)XHpiB y TPAHCIOPT-
HOMY 3ac00i:

N nac

mpocT ' VJIeTK,Ip JIerK aBTOO,I1p P?lBTOG’

ac ac
nerk ! Y aBTob

ne N — 3arajyibHa KUIBKICTH IMacaxupiB,

SIKI TTPOCTOIOKOTH BIAMOBIIHO B JIESTKOBOMY TpaHC-
nopTi Ta aBTo0ycax (0cio/no0y); P, P — C€-
PEeAHS KUTBKICTh MacaXupiB y TPAaHCHOPTHOMY 3a-
co0i: 17151 IETKOBOT'O aBTOMOO1IISI Cepe/THE 3aBaHTa-
XeHHs — 1,5 mac./aBTo; /Uit MapIIpyTHAX TPAHCIIO-
pTHIX 3aco0iB Ha 6a3i «Ford Transity, «Mercedes
Sprinter», «Pytai» — 12-18 macaxwupiB, Ha 0a3i
«borman A092», «Ertamon» — 20-30 macaxupis;
Uil MicbKuX aBToOYCiB — 2540 nac./aBTo0Oyc; amns
npumicekux aBTooycis — 30...50 mac./aBTodyc.
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ExoHOMIuHy BapTiCTh BTpaT macaxupiB B .

(TpH/piK), IO TPOCTOIOIOTH Y JIETKOBOMY TPAHCIIO-
pTi 1 aBTOOyCax mepen 3aKpUTHM IEPEi3IOM, BH-
3HAYal0Th 32 POpPMYIIOI0:

B, =365-N™_ .T_ .C

MpoCT ~  3aKp

gac ! (4)

ne C,. — BapTiCTb 4Yacy OJIHOIO IacaKupa

(rpu/rox). 3a odiniiinumMu Metogukamu CBITOBOTO
0aHKy Ta MiHEKOHOMIKH YKpaiHH, CepeTH E€KOHO-
MiYHa BapTICTh Yacy Macaxupa MOXKE CTaHOBUTH
50-60 rpH.

3. Cepeoni eumpamu naibHo20 HA XOJIOCMOMY
xo0dy. CepenHi BUTpaTH NAMBA HA XOJIIOCTOMY X0y
C,., (1/000y) MOXXHa pO3paxyBaTH TaK:

NHel"K,]’lp ' Qﬂel"]( + NaBT,Hp ' QaBT +

man 3aKp !

+N

BaHT,Ip ’ QB&HT
ne Q...» Q. — BUTPAaTH NaJbHOIO, IO 3aJIEKaTh

BiZl 00’eMy aBuryHa (I JIETKOBHX aBTOMOOLTIB
0,8...1,5 n/rom; mms mapmpytaux 1,5..2,0 n/rox;
nna arodycis 3.5 n/roxm); Q,,., — cepenHi Bu-

TpPaTH MAJFHOTO BAHTA)KHOTO TPAHCIIOPTY, IO 3aJIe-
KaTh BiJl HOTO TUIY, 00’ €My IBUTYHA i TUITY TaJb-
HOro (Uis MaJOTOHHAKHUX BaHTa)XHHX 3aco0iB
tumy «Ford Transit», «Mercedes Sprinter», I'A3emb
1,5..2,5 n/rox; mis cepenHboToHHaKHUX (MA3,
3IJI, IVECO, DAF) cepeanboro kiacy —
2,5...4,5 n/rox; s BEIUKOTOHHAKHMX BaHTAKHHUX
apromobutiB Ta ¢dyp (DAF XF, MAN TGX,
«Scania», «Volvo FH») —4,5...8,0 n/rox).
BapricTs BUTpaueHOTO MajJbHOTO BiJl POCTOO
TPaAHCIIOPTHUX 3aC00iB (TPH/PIK) CTAHOBUTB:

B, =365-C_.-P.., (5)

ne P, —uina 1 mitpa maneHoro. Cranom Ha 1 Jito-

Toro 2025 poky cepesHi LIiHM Ha MajbHE B YKpaiHi
CTaHOBJATH: OeH3uH A—95 — 56,86 TpH/I, TU3enbHe
nanbHe — 55,13 rpu/n, aBroMoOLIbHUY Ta3 (LPG) —
37,10 rpu/m.

4. ExoHOoMiIuHa 6apmicmb NPOCMOI0 GAHMAIC) .
Le#t mapameTp 3aNeXNTH BiJl THITY BaHTaXYy (IIBHUI-
KOIICYBHHH, IIPOMKCIIOBHI TOIIO) 1 CTAHOBHUT:

B, =365-N T

BaHT,Ip qcep “laap * PTOB ’ YBiuc ! (6)

ze ., — CEPEHs Maca BaHTaKy, Ky OepyThb 3aie-

JKHO BiJ] TUITy BAaHTQKHOTO TPAHCHOPTY 1 POAY IIe-
peBe3eHb (cepeHbOTOHHAKHUN BAHTAKHUM TpaHC-
notp (Bix 3,5 1o 12 T NOBHOT MacH), TUIIOBI MOJIEIT
MAN TGL, «lveco Eurocargo», Borman 5316,
KpA3-5401H2, xoprcHe HaBaHTa)KeHH: 2...6 T; Ba-
XKW BaHTaXHUH Tpancnopt (Big 12 o 40 T moBHOT
Macu), tunosi mozeni «Volvo FH», «Scania R-
series», MAN TGX, DAF XF — xopucHe HaBaHTa-
xenHs (18...24 1); P, — opieHTOBHA BapTiCTh BaH-
TaxiB, TpH/T (Oyamarepianu (Imicok, MebiHb) —
400...1 000, arpapsi Baataxi — 5 000...8 000, Had-
torpoaykta — 35 000...50 000, mpoxykTu Xapdy-
Banns — 20 000..60 000); vy,,. — eKoHOMiuHi

BTPATH BiJl IPOCTOIO0 BAHTAXKHOTO TPAHCIIOPTY, 3a-
JIeKATh BiJI THITY BaHTaXKy, BAPTOCTI BAHTAXY 3a I'0-
nuny (0yniBenpHi Matepianu —0,1...0,5 %/rox (mas
6etony 1.5 %/ron); Hadrompomyktn «—
0,2...1 %/rom; arpapsi Bantaxi — 0,5...2 %/rox; xa-
puoBi ipoaykTH — 2...5 %/Tox).

5. Oyinka empam 6i0 3a0pYOHEeHHsT O0BKINIA.
Bona 6a3yeThcs Ha po3paxyHKaX BUKU/IIB TAPHUKO-
BuX Tra3iB (mepeBaxkHo CO; ) Big aBTOMOOITEHOTO
TPaHCIOPTY Ha XOJIOCTOMY X0y, SIKi CIPUYHUHSIOTh
YBIMKHEHI JBUTYHH ITiJ] 9aC OYiKyBaHHS.

CepenHi BUKHAM 3a0pYyAHIOBAIBHUX PEYOBUH
BiJl BAHTQ)XHUX aBTOMOOLIIB Ha 1 JIITP AM3EIILHOTO
MAJBHOTO 3aJIeXKaTh BiJl KJIACY €KOJIOTIYHOCTI JIBU-
ryHa. Ockinpku Ha goporax YKpaiHH OUIBIIICTb
TpaHcnopty Bianosigae Euro 3 / Euro 4, naBeaemo
cepenni Bukuau CO, , NOx 1 PM2.5 mis nux kia-
ciB, Ta0x. 1.

JIns mopiBHSHHS, y 0aratbOX €BPONEHUCHKHX
KpaiHax ctaBku mojaTKy Ha Bukuau CO, 3HA4YHO
Buii. Hampukmnan, y [lBemii e momgatok craHo-
BuTh Onu3bko 137 monapis CLUA 3a tonny CO; ,
y UBe#inapii — npubauzHo 99 nmonapis CLIA 3a
toHHy. lle Bignosinae aianmazony Big 1 500 xo 3 500
rpH 3a ToHHY CO, (auB. Tabi. 1). Taki BUCOKi cTa-
BKU CIIPSIMOBaHI Ha CTUMYJIFOBaHHS 3MEHILICHHS BU-
KHJIIB TAPHUKOBHX T'a3iB Ta Mepexi A0 OUIbII KO-
JIOTIYHO YHCTUX TEXHOJIOTIH.

OB
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Tabnuus 1
Cepenni Bukuau Ha 1 JiTp najabHOro Ta eKOJIOTiYHi MOJATKH HA BUKH/IH
Table 1
Average emissions per liter of fuel and environmental taxes on emissions
N PM2.5 (TBepai 4acTKH JiaMeTpoOM
Tumn pyxomoro ckinany CO, (Byrmekucinmii ras) NOx (oxcunu a3ory) <2.5 wicw)
JlerkoBi aBToMOO1ITI
k) 2,6..2,7 xr/n 2,0.5071/n 0,02...0,05 r/n
JICTK
Asrobycn (K, ) 2,6...2,7 xr/n 5,0..10,0 r/n 0,05...0,15 /n
BanTaxui aBTOMOO1ITI
(k) 2,6..2,7 xr/n 6,0...12,0 r/n 0,05...0,20 r/n
BaHT
CBITOBI €KOJIOTiYHI Ta-
1500...3 500 rpu/T 150...160 Tuc. rpu/T 0,6...2,0 MaH rpH/T
pucpu (P) P P P
Ipumimka:

CO, npakTUYHO HE 3MIHIOETHCS MK Ki1acaMu Euro, OCKiIBKY MPSIMO MPONOPIIHHUI BUTpaTi MaixbHOTO (~2,65 KT Ha

1 m).

NOj cyrreBo 3HmKy€eThes nicist Euro 4 yepe3 ynposamkenns cucteM EGR (perupkysisiist BUXJIOIMHHX Ta3iB).
PM2.5 (TBepai yacTku) y MapumIpyTHUX Ta BAHTAXKHUX aBTOMOOLUTIB 3HaYyHO BUIII Yepe3 BifacyTHicTh DPF (caxoBux
¢binbpTpiB) Ha GiTBIIOCTI TpaHCTIOPTHHX 3ac06iB kinacy Euro 3 / Euro 4.

Cranom Ha 1 ciunsg 2022 poxy B YkpaiHi cTaBka
nonatky Ha Bukugan CO, nopiearoBasia 30 rpH 3a
toHHY CO, , 0 eKBiBaleHTHO NpuOim3HO 1 mo-
napy CIIIA. B VkpaiHi craBka 3aluIIaeTbes OJ-
Hi€r0
3 HaiHWwk4YMx y €Bpori. [loctynoBe minBUIIEHHS
CTaBOK B YKpaiHi MOXKe CIPHSTH iHTerpauii 1o €B-
pOIEHCbKOTO PUHKY Ta HAOJIMKATUCS IO MiXXHAPO-
JTHUX EKOJIOTIYHHMX CTaHJapTIB.

B Vkpaini Bukugu okcunis azoty (NOy) Ta api-
OHOoAWCIIepCHUX TBepAMx dYacTHHOK (PM2.5)
€ 00’€KTOM MOHITOPHHTY Ta DPEryJIOBaHHS, OCKi-
JIbKY BOHM CYTT€BO BIUTMBAIOTH Ha SIKICTh aTMOCc(e-
pHOTro NOBITPs Ta 340pOB'st HaceneHHs. Ha cboronni
HE BCTAHOBJICHO €IWHOI HAIIOHAJIBLHOI CTaBKH IIO-
naTKy abo miatu 3a Bukuau NOx tTa PM2.5. OqHak
HiANPUEMCTBA, 10 31IHCHIOIOTh BUKUAM LIUX PeyOo-
BHH, 3000B’s13aH1 MaTH BiJMOBIAHI JO3BOJIM Ta J0-
TPUMYBATHUCS BCTAHOBJICHUX HOPMATHUBIB I'PaHHYHO
JOMYCTUMHUX BUKH/IIB.

JloKIagHO 3yNMMHUMOCS Ha PO3PaxyHKY TiJIBKH

BUKHIIB E., TpancmoptHHUMU 3aco0aMH, IO IIPO-
co,

CTOIOIOTh Ha Tepei3/li mepea 3aKpUTUM Iiaroay-
MOM, 1 HaBeIEMO BapTiCHY OI[IHKY BTpaT BiJ| TpaHC-
IIOPTHHUX 3ac00iB 3a PiK.

PospaxyHok Bukuzis Ecg :

JIETK,IIp QJ'ICFK +

Eo =T,k
CO, sakp 'CO,
Na.BToG,np ’ QaBT06 N

BaHT,lIp QBaHT

BapricHa oriiHka eKoJIOTi4YHHX BTpAT BiJ TpaHC-
ITOPTHUX 3aCO0IB:

Bucon =365+ Eco, * Pao, -

€KOJI

(7)

ne Koo, — cepenHi Bukumm Ha | JTP manbHOro
(tabx. 1); Foo — cepenns BapTicTh KOMIEHcANIT 32

1 Touny Bukuai CO; (Ta6u. 1).
3arajbpHi BTpaTH BiJ MPOCTOI0 TPAHCIIOPTHHX
3aco0iB Ha 3aJI3HUYHOMY Iepei3/li BU3HAYAIOTh SIK

CyMy BCiX CKJIaI0BHX — (hopmy.u (4—7):
B=B,. +B,, + B, +B

€eKoII *

(8)

PesynabTaTn

HaBenemo mnpukiagy OIHKH EKOHOMIYHHX
BTPAT aBTOTPAHCIIOPTY BiJI HEMPOYKTUBHUX TPOC-
TOIB Ha JEKUIbKOX Iepei3gax perioHaibHOi (imii
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s B oo s o oy | 978 | 33 | 2o

100y N, i,is = 85, KIIBKICTB TPaHCTIOPTHUX 3aC00iB V pOSpaxyHKaX Y3ATO: UaC 3aKPHTTA Mepeismy

N, ='4 2?4’ i3‘ HIX aBTOOYCIB N,y 45 = 43. . o= 3 XBWIMHM, CEPE/IHI BUTPAaTH IaluBa
KinpKicTh iHIIMX TPAHCIOPTHHX 3acO0iB HaBe- Q.. = 12 afon, Q.. = 30 o,

JieHa B TaOJI. 2, a pe3yIbTaTH PO3PaxyHKIB IpeJcTa-

BIICHO Ha pHC. 2. Q,ar = 4,5 /ron, BapricTh yacy macaxupa C, =

50 rpH/ro.
Tabnums 2 . .
OTtpuMaHi pe3ysbTaTH PO3PaxyHKIB 3a (hopmy-
KinpkicTh TpancnopTHUX 3aco0iB namu (4—7) TpEACTaBICHO Y BUIJISAL TICTOTpaMH,
JJIsl pisHUX BapiaHTiB (mpukJax 1) puc. 1, 2.
Table 2

Number of vehicles for different options (example 1)

BincoTox BaHTaXHOTO TPAHCHIOPTY, Yo
Tun Tpancnopty
10 20 30
Banrainit 423 847 1270
(NBaHT)
=
- p—
=9
B
=9
ot
=
=)
=
E“
]
3
[=a]
IMacaxxupu ITamneo BaHTax Exouqorin
CriagoBi BUTpar
B Banraxkisok 10% ®m20% ®m30%
Puc. 1. EKoHOMi4HI BTpaTi aBTOTPAHCHIOPTY BiJl HEIPOAYKTHBHHUX
npoctoiB Ha nepeizni (IT°aruxarku — Yamuxe)
Fig. 1. Economic losses of motor transport due to unproductive downtime
at the crossing (Pyatikhatky — Chaplyne)
Creative Commons Attribution 4.0 International © M. b. Kyprawu, O. ®. JlyxuupKuii,
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3arajbHi BTpaTH BiJ MPOCTOI TPAHCIOPTHHX
3acobiB  (popmyna 8) ckmamu Big 3,3 50
4,4 MITH TPH/PIK 3aJIEXKHO BiJl KUTbKOCTI BAHTKHUX
TpaHCIOPTHUX  3aco0iB.  HaiiGinpmi  BTpatn
nmoB’s3aHi 3 BuTparamu nansHoro (36,5-38,5 %).
Butpati Bijg mpocToro macaxupiB ckianu 38,6—
23,2 %, npocroro Bantaxy 10,4-23,1 %, 3a0pyn-
HEHHSM HaBKOJMIIHLOTO cepenopumia 14,6-15,4 %
BiJI 3araJIbHUX BTpAT.

Ipuxnao 2. BuxinHi gadi ais nepeizmy 3 OubIr
BHCOKOIO iHTEHCUBHICTIO pyXy: N, ;... = 134, Kinb-
KiCTh TpaHcnopTHHUX 3aco0iB N, = 10 264, i3 Hux

aBroOyciB N_ .= 937. KijbKicTh iHIINX TpaHCIIO-
PTHHUX 3acO0iB HaBeJcHa B TaOJ. 3, a pe3ysbTaTu

PO3paxyHKIB MPEACTABICHO HA PHC. 2.

aBTOO

12

Tabnuus 3

KinbkicTh TpaHCIOPTHHX 32c00iB 1JIs1 Pi3HUX
BapiaHTiB (MpuKIaj 2)

Table 3
Number of vehicles for different options
(example 2)
BincoTok BaHTa)XHOTO TpaHCHIOPTY, %o
Tun tpancnopty
10 20 30
Banraicinit 1026 | 2053 | 3079
(NBaHT)
H?KIKOB)““ 8301 | 7274 | 6248

9,542

—
[=]

Burpatn, man rpa/pik
=y

[ ]

IMacaxmpn HMaaneo

Eroaoria

BauTax

Crmagoei BETpaT

B Banraxisor 10%0 m20%¢

3020

Puc. 2. EKoHOMIYHI BTpaTn aBTOTPAHCIIOPTY BiJl HEMPOAYKTUBHUX MPOCTOIB Ha mepei3i

(HaymiBka — CeBacTomnoJis)

Fig. 2. Economic losses of motor transport due to unproductive downtime
at the crossing (Naumivka — Sevastopol)

Jiist po3TJISIHYTHX TMPHKIAIIB 3arajibHi BTPATH
BiJl MPOCTOI TPaHCHOPTY ckiamu Bix 19,2 1o
24,1 MutH TpH/pIK 3aJE€KHO BiJ KUIBKOCTI BaHTaX-
HUX TpaHCIOPTHUX 3aco0iB. Haiibinbii BTpaTH
moB’s13aHi 3 TipocToeM macaxupis (49,7...35,7 %) ta
BuTpatamu namusa (26,7...29,4 %). Burpatu Bix
MpOCTOI0 BaHTaxy ckianu 6,8...16,3 %, Bix 3a0py-
JTHEHHS HAaBKOJIMIITHBOT'O cepeaopuiia 16,8...18,5 %
BiJI 3araJibHUX BTpAT.

HaykoBa HOBU3HA Ta NPaAKTUYHA
3HAYHMICTh

Otpumani pe3yibTaTH 0a3yrOThCsS Ha 3aCTOCY-
BaHHI 3aITPOITIOHOBAHOI METOIMKH OIIIHKK €KOHOMi-
YHHUX BTPAT aBTOTPAHCIIOPTY BiJI HEMIPOIYKTHBHUX
MPOCTOIB Ha 3aJTi3HUYHUX Mepeizax. AJTOPUTM BU-
3HAYEHHS eKOHOMIYHUX BTPAT aBTOTPAHCIIOPTY Iie-
penbavyae ypaxyBaHHsS HHM3KH (DaKTOpiB, IMOB’s3a-
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HUX 13 TPAHCIIOPTHUM ITOTOKOM, TPUBAIIICTIO TIPOC-
TOIB, BUTpaTaMH IaJbHOTO, BTPAYCHUM ITaCa)H-
pamu JacoM, a TaKoX 3a0pyJHEHHSM JOBKULIS. 3a-
MPOTNOHOBaHa B poOOTI HaJa€ MOMKIIMBICTh OLIHIO-
BaTH €KOHOMIiYHI BTpaTH aBTOTPAHCIIOPTY BiJ He-
MPOAYKTUBHUAX TIPOCTOIB Ha 3aJi3HUYHHUX Tepei3-
Jax, 10 MiATBEPIKCHO MPHUKIIAAaMH 3 EKCILTyaTallii
nepeizaiB Ha HanmpsIMKax perioHanbHoi ¢imii «Ilpu-
THITTPOBCHKA 3aJTi3HUIIS.

Ha ocHOBI oTprMaHuX pe3ynbTaTiB MOJKHA MiHi-
Mi3yBaTu BTPaTH aBTOTPAHCIIOPTY BiJl HENPOIYKTHU-
BHUX ITPOCTOIB 3aB/SIKH BIPOBA)KEHHIO IHHOBALIi K-
HUX pillleHb, THYYKOMY PETYIIOBAaHHIO pyXy TpaHC-
MOPTHUM TIOTOKOM, KOMIUIEKCHOMY TUIaHYBaHHIO
i MozepHi3alii iHppacTpyKTypH.

BucnoBku

3anpornoHoBaHa B pOOOTI OCIIIOBHICTH po3pa-
XYHKIB /I03BOJIsIE OOIPYHTOBAHO OLIIHUTH BTPATH Ta
MIPUIHATH pallioHAFHE PIMIEHHS MPO AOIUIBHICTh
MOJIepHi3aIlii mepeizy.

Ha cporogni B Ykpaini He BCTAHOBICHO €IHHO
1 HamioHAMBFHOI CTAaBKH MMONATKy abo IiaTH 3a BH-
kunu NOy ta PM2.5, ToMy B HaBeIeHUX MPUKIIAAaxX
IX HE BpaXxOBaHO.

ExoHOMiuHI BTpaTu Bif MPOCTOIB TPaHCHOPTY
Ha 3aTi3HIYHUX Nepeiznax (y mpukiaaax Bix 3,3 1o
24,1 MJH TpH/PiK) MOXKYTh BUCTYIATH BarOMHM ap-
TYMEHTOM JJis1 OOTPYHTYBaHHSI 3aMiHU TaKuX Tepe-
i3miB muAxonpoBoaaMu. PimeHHS mpo Mae OyTh
MIPUIHATO Ha OCHOBI KOMIUIEKCHOTO aHall3y BCiX
(bakTOpiB: EKOHOMIYHUX, COIIAJILHUX, CKOJIOTIYHIX
Ta TEXHIYHHX.

OTtprMaHi pe3yabTaT IEMOHCTPYIOTh 3HAUHHIA
MOTEHIaN Ui MiHiMi3amii BTpaT aBTOTPaHCHIOPTY
BiJl HEMPOJAYKTUBHUX MTPOCTOIB. YTIPOBa>KEHHS 3a-
MIPOITIOHOBAHUX 1HHOBAIIHUX pillleHb, THYUKE pe-
TYJIIOBaHHS TPAHCIIOPTHHUX ITOTOKIB, KOMIUIEKCHE
IUTaHYBaHHS Ta MoOJIEpHi3alis iHQpacTpyKTypH
€ KII0YOBUMHU (pakTOpaMu ISl JOCSTHEHHS i€l
METH.
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Assessment of Economic Losses of Road Transport Due to Unproductive Down-
time at Railway Crossings

Purpose. Determining economic losses from unproductive downtime at railroad crossings requires a comprehen-
sive approach. The authors aim to develop a methodology for calculating the economic losses of motor vehicles from
unproductive downtime at railroad crossings with heavy traffic and to propose rational solutions regarding the feasi-
bility of modernizing crossings. Methodology. The calculations of economic losses incurred by motor vehicles due
to unproductive downtime at railroad crossings take into account the category of the crossing, the number of trains
and the number of vehicles of different categories crossing the crossing during the day, as well as other factors included
in the automated system «Pereizd» («Crossing»). The methodology takes into account the economic cost of time lost
by passengers waiting in cars and buses in front of a closed crossing, as well as the economic cost of cargo downtime
depending on the type of trucks and the type of transportation. Findings. During the study, the authors determined at
which crossings and at what intensity of traffic the greatest economic losses from unproductive downtime are ob-
served. The results obtained take into account the daily traffic intensity at the crossing: the number of trains and the
number of vehicles of various categories, the category of crossings, and other factors. It was found out how the inten-
sity of motor vehicle and rail transport, the frequency of opening barriers, and the duration of downtime for cars,
buses, and trucks affect the costs and fuel consumption when engines are idling. The negative impact of unproductive
downtime on the environment was assessed. Originality. The paper proposes a methodology for assessing the eco-
nomic losses of motor vehicles from unproductive downtime at the busiest railroad crossings. The economic losses of
motor vehicles are assessed by analyzing a number of factors related to traffic flow, downtime, fuel consumption, lost
time, and environmental pollution. Practical value. The developed method makes it possible to estimate the economic
losses of motor vehicles from unproductive downtime at railroad crossings, which is confirmed by examples from the
operation of crossings on the routes of the regional branch «Prydniprovska Railway».

Keywords: crossing; traffic flow; vehicle downtime; economic losses; traffic intensity; impact of transport on the
environment; automated information system «Pereizd»
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ExcnepuMeHTaJIbHE TOC/IIKeHHSI MilTHOCTI KPUIIKH JIIOKA MIBBAaroHa miJ yac
nepeBe3eHHs B HbOMY KOHTelHepiB

Mera. PoboTa cnipssMoBaHa Ha BUCBITICHHS OCOOIMBOCTEH eKCIIEPUMEHTAIBHIX JOCHIHKEHb MIITHOCTI KPUIIKH
JIFOKA IMiBBaroHa, HaBaHTKEHOT BiJ| GITHHIOBOTO yropa Juis KpilUIeHHs KOHTeiHepiB. MeTtoanka. [{is MOXiIMBOCTI
BUKOPHCTAHHS IiBBaroHiB IiJj KOHTEIHEPHI MEPEeBE3CHHS MPOBEICHO EKCIIEPUMEHTAIbHE NOCIHIKEHHS MIIIHOCTI
KPHIIKH JIFOKa MiBBaroHa y BUNAJKY I HaBaHTa)keHHs Bix (iTHroBoro ymnopa. IIpu 1boMy MpOBEAEHO CTEHIOBI
BUIIPOOYBaHHS B JOCIHiAHIN Jaboparopii LleHTpy IiarHOCTHKH CIIOPYA TPAaHCIOPTHOTO NMPH3HAYEHHS NpH YKpaiH-
CBKOMY JIep)KaBHOMY YHIBEPCHUTET] 3aJIi3HUYHOTO TpaHCHOpTy. Bu3HaueHHs1 HamnpykeHb, sKi BUHUKAIOTh Y KOHC-
TPYKII{ KPHIIKK JIFOKA, 3A1HCHEHO 3 BUKOPHUCTAHHAM METOJY €JIEKTPUYHOTO TEH30METPYBaHHA. MOHTaX TEH30pe-
3HUCTOPIB 3/1HCHEHO 32 MOCTOBOIO CXeMOI0. MicIsl po3MillleHHsI TeH30PE3UCTOPIiB HA KPHUINIIi JIFOKA BU3HAYEHO 3a
OTPUMaHNMH TEOPETUYHUM IUIIXOM HOJISIMH Halpy>XeHb, [0 BUHUKAIOTh y KPUINII JfoKa. [lepex MOHTaxeM TeH-
30pe3UCTOpiB 3AiHCHEHO iX TapyBaHHs. HaBaHTa)keHHs Ha (QITHHIOBHH yIop IepeiaBajin 4epe3 MeTaJIeBUil cTakaH,
SIKAH IMITyBaB QITHHT KOHTEHHepa. MakcUMallbHY BETMUMHY HaBaHTaKCHHS, SIKE NIepeaBain Ha GiTHHTOBHH YIIOD,
y3sTo piBHOWO 6 T (60 kH), mo BimmoBizae MakCHMaNBHO 3aBaHTAXXCHOMY CTaHy KOHTeiHepa Tumopo3Mipy 1CC.
IToka3aHHS TEH30PE3UCTOPIB 3HIMAIIK 33 TOMOMOI00 TeH3oMeTpudHoi cTanmii BHIT-8. Pesyabraru. I1ig yac mpo-
BEJIEHHS JOCIIDKEHb MaKCUMaJIbHI HAMPYKeHHS B KpUIIITi Jitoka ckianu 345,4 MIla. OtpumaHi Hanpy>XKeHHS Tiepe-
BUILYIOTh JOIYCTUMI, IO J03BOJISE 3pOOUTH BUCHOBOK ITPO HEMOXKJIMBICTh BUKOPUCTAHHS TaKOI CXEMH 3aKpIILIeHb
KOHTelHepiB Ha mpakTuri. Haibinbma po30iKHICTE MK pe3ylbTaTaMi KOMIT FIOTEPHOTO MOJETIOBAHHS Ta €KCIIe-
PUMEHTAIBHOTO JOCHTIHKEHHS MIITHOCTI KPHIIIKH JIIOKA MiBBaroHa ckiaaae 6mmspko 10 % i 3adikcoBana i HaBaH-
TaxxeHHs Ha ituHrOBHIA yrop y 30 kH. HaykoBa HOBH3HA. 3apOIOHOBAHO MPOLIEAYPY MPOBEACHHS EKCIIEpUMe-
HTAJBHOTO JOCII/KEHHS MIITHOCT] KPHUIIKH JIIOKA ITiBBaroHa B pa3i HaBaHTaXXEHHs BiJ (GITMHTOBOTO ynopa s Kpi-
IUICHHSI KOHTelHepiB. OTpUMaHO 3aJ€XKHOCTI HANPYXEHb Y KPUIII JIFOKa BiJ HABAHTAXXCHHS, SIKE BOHA CIIpUHMAE
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gyepe3 ¢ituaTOBUH yrop. IIpakTuyHa 3HayuMicTh. [IpoBeneHi HochiKeHHS CIPUATHMYTh CTBOPEHHIO PEKOMEH-
JAIIi OO aJanTallii mBBaroHiB 0 IepeBe3eHh KOHTEHHEPIB Ta MiABUIIEHHIO e()eKTUBHOCTI X eKCIUTyaTaltii.
Knrouosi cnosa: 3ami3HUYHUIN TPaHCTIOPT,; KPUIIKA JIFOKA MiBBATOHA; BUMIPOOYBaHHS KPHUIIKH JIFOKAa HAa MIIIHICTb;

HaBaHTAXXCHICTh KPUIIIKH JIOKA; KOHTCHHEPHI MepeBe3eHHS

Beryn

Inrencudikanis po3BUTKY KOHTEHHEPHHUX IIe-
peBe3¢Hb BHKJIMKAE HEOOXITHICTH 3a0e3MeUCHHS
3aJi3HUYHOI Tamy3i TpPaHCIOPTHUMH 3aco0amu
3 MOJIMIICHMMH Xapaktepuctukamu [7, 8, 12]. Ha-
pasi mepeBe3eHHS KOHTCHHEPIB 3aII3HUIICIO 31iHiC-
HIOIOTh y BaroHax-tiatgopmax, ocHameHnx (pitu-
HTOBHUMH YIIOpaMH Ui KpiIJICHHS KOHTEHHEpiB.
Pa3zom i3 mum 3atpeOyBaHICTh KOHTCHHEPHHX IIE-
peBe3eHb, 0COOIMBO B MIKHAPOAHOMY CIONyYEH-
Hi, BUKJIMKAa€ HecTauy BaroHiB-muatdopm. I[lepe-
OCHAILIEHHSI YHIBEPCAIbHUX BaroHiB-TUIATHOPM
IUITXOM TTOCTAaHOBKM HAa HUX (DITHHTOBUX YHOPIB
HE BUPIIIWIO TOBHICTIO MUTaHHs 3a0€3MEeUeHOCTI
3aJTI3HUYHOI rany3i TPaHCIIOPTHUMH 3acO0aMu JIJIst
nepeBe3eHb KoHTelHepiB [11]. ¥V 3B’sa3ky 3 UM
JOLINIBHUM € BH3HAYEHHS MOJKJIMBOCTI BHKOpPHC-
TaHHsI MiJi KOHTCHHEPHI MepeBEe3CHHs MiBBAroHiB,
0 Y CBOIO Yepry, BUMAarae JIOCIiPKSHHS MII{HOCTI
X HeCy4oi KOHCTPYKIIii.

AmHami3z miTepaTypHUX JDKeped 3a TEeMaTHKOIO
JOCTIDKEHHS TIATBEPIKYE, IO THUTAHHSA BU3HA-
YeHHSI MIITHOCTI Ta BJJOCKOHAJICHHS KPHIIIOK JIFOKiB
MiBBAaroHiB € JOCHTh akTyalbHHMH. Hampukian,
y poOoti [4] BUCBITIIEHO PE3yJIbTaTH JIOCIIKECHb
MIIHOCTI KPHUIIKH JIFOKA IiBBaroHa y BHITAJKy Ha-
BaHTa)XCHHA 11 BiJ (ITUHTOBOTO yropa s Kpin-
JIeHHsI KOHTelHepiB. Bu3HaueHo HampyXeHui cTaH
KPHILIKK JIFOKa Ta BCTAHOBJICHO, IO NEPEBE3CHHS
KOHTEHHEepIB y MiBBaroHax, IiJIora SKUX yTBOpE-
Ha KPHIIKaMH PO3BaHTaXYyBAJIbHUX JIIOKIB, 3 ypa-
XYBaHHSAM JIOCHIJKYBaHOI CXeMHM iX B3aeMOJIii,
HemoxuBe. llomiOHI JoCTiKeHHST MPOBEIEHO
i B podori [9]. Ha Binminy Bix pobotu [4], mix yac
MPOBEICHHSI PO3PaxyHKIB aBTOPH BpaxyBalld He
TUIBKM BEPTUKAJIbHI HABAHTAXKEHHS, a W TO310BXK-
Hi. Hepmomixamu po0ir [4, 9] € Te, mo aBTOpH HE
MPOBOIMJIN €KCIICPUMEHTAIbHI JIOCHIHKCHHS Mill-
HOCTI KPHIIIKH JIFOKa, 110 J03BOJIWJIO O MmiATBEpAH-
TH JOCTOBIPHICTH OTPUMAHUX TEOPETHYHHUM LIISI-
XOM pe3yJIbTaTiB.

ABTopu myOuikaiii [2] nmpoBenn KOMITUIEKCHUH
PO3paxyHOK Ha MILHICTb KPHUIIKH JIIOKa MiBBaroHa
BJOCKOHAJICHOI KOHCTPYKILIi JIsi HOPMAaTHBHUX Ta
HQIHOPMOBUX PEXHMIB HaBaHTaKeHb. Y CTaHOB-

JICHO, IO MILHICTh 3allPOMOHOBAHOI KOHCTPYKIIT
KPHILKY JIOKa 3a0e3meuyeTscs. Y BCiX PO3IIISHY-
THX PO3PaxXyHKOBHX PEKHMaxX HANpYKEHHS, SKi
BHHHUKAIOTh Yy 11 CKJIaJJOBHX, IepeOyBalOTh Y MeXKax
normyctuMux. OfHAK MOTPIOHO 3a3HAYUTH, IO ITiJT
Yac MpOoBeJIeHHS PO3PaxXyHKIB Ha MIIIHICTh KPHIITKA
JIFOKAa aBTOPHU HE JIOCIHIHKYyBalIH CXeMy ii HaBaHTa-
JKEHHS B1JI KOHTEHHEpa.

VY poboti [5] 3ampornoHoBaHo QopmainizoBaHe
OMMHCaHHS KOHCTPYKIII KPHIIKW JIOKa IMiBBaroHa.
[IpoBeneHi AoCHimKEHHS MO3BOIMIA CTPYKTYpPY-
BaTH iH(OPMAILIIO MI0JI0 KOHCTPYKIIHHUX Ta €KC-
IDTyaTalifHAX BIACTUBOCTEH POOOTH KPHIIKHU JTFO-
Ka. Pa3oM 3 1iIM aBTOpPH HE B3sUIM JI0 YBAar'H CXEMY
HaBaHTaKCHHS KPUIIIKH JIIOKA BiJ] KOHTeWHepa.

Jia mominiieHHsT MIITHOCTI KPUIIKK JFOKa Ha-
miBBaroHa B po6oTi [1] 3amponoHoBaHO BAOCKOHA-
JieHHS 11 KOHCTPYKIII HUIAXOM IOCHJICHHS J0JaT-
KOBUMH Tosicamy. HaBesieHO pe3ysbpTaTH po3paxy-
HKY Ha MIIHICTh KPHUIIIKH JIOKa TiBBaroHa. OqHaK
aBTOpPU OOMEXKWITUCS TITBKH OCHOBHHMHU PEXHAMa-
MU ii HaBaHTaxeHb. TOOTO JI0 yBaru He B3STO CXe-
My HaBaHTa)XEHHS KPUILIKY JIFOKa BiJl KOHTEHHepa.

[loni6uuit Hemonmik Mae i podora [10], ne Ta-
KOX 3aIpOIIOHOBAHO BJOCKOHAJICHY KOHCTPYKIIIO
KPHIIIKY JIFOKA 31 CKJIAJOBUMHU TUITYy CeHABIY. MiIl-
HICTh KPHIIKH JIFOKa BU3HAYCHO Yy KBA3UCTATHIIL.
Pesynbprat po3paxyHKy Ha MIIHICTh JTOBEIH JO-
LUTBHICTh KOHCTPYKIIIT KPUIIIKH JIIOKA.

HoBy KOHCTpYKIIit0 KPHIIIKK JIF0Ka, OCOOIUBIC-
TIO SIKOi € Te, 0 BOHAa Ma€ BHUIYKIY KOH(QIrypa-
1i10, 3aIPOIIOHOBaHO y poboti [6]. HaBeneno pe-
3yIbTaTH PO3PaxXyHKY KpPHILIKH JIOKAa TaKoi KOHC-
TPYKIii Ha MiITHICTh. Alle 3a3HaYeHa KOH]Irypartis
KPHIIIKY JIFOKa YHEMOKJIMBIIIOE BUKOPHUCTAHHS TiB-
BaroHa JJisi KOHTCHHEPHUX TIePEBE3CHb.

Meta

ABTOpH CTaBISITh 32 METY BUCBITIEHHS 0CO0-
JIMBOCTEH EKCIIEPUMEHTAIbHUX JOCHIHKEHb MIill-
HOCTI KPHIIIKH JIFOKA T1iBBarOHa, HABAHTAXXEHOT BiJl
(ITHHrOBOrO yropa JUlsl KpilsIeHHS KOHTEHHepiB.
Jis  TOCSITHEHHST TOCTAaBJIEHOT METH BH3HAYCHO
Takl 3aBJaHHA:
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— MPOBECTH EKCIIEPUMEHTAJIbHE JTOCIIIKCHHS
MIIHOCTI KPUIIIKY JIFOKA TiBBaroHa, HABAHTXCHOT
BiJl JiTHHTOBOTO yIIOPA;

— TPOBECTH TOPIBHAIBHUI aHaJi3 pe3yabTaTiB
EKCTIEpUMEHTAIBLHUX TOCHTIHKEHb MIITHOCTI KPHIII-
KH JIFOKa 3 KOMII FOTEPHUM MOJICITFOBAaHHSIM.

MeToauka

Jns eKcIepuMEeHTANBHOTO TOCHIKEHHS Mill-
HOCTI KPHIIKH JIFOKa TMiBBaroHa IIiJl Yac IepeBe-
3eHHS B HbOMY KOHTEWHEPIB NMPOBEACHO CTEHIIOBI
BHIIPOOYBaHHS B MocHifHii mabopatopii LlenTpy
JIIAarHOCTUKY CIIOPY]] TPAHCTIOPTHOTO MPU3HAYCHHS
npu  YKpaiHCBKOMY JEp)KaBHOMY YHIBEPCHTETI
3aJII3HUYHOTO TPAHCHOPTY (M. XapKiB).

Bu3HaueHHS HampyXeHb, SKi BHHUKAIOThH
Yy KOHCTPYKIii KPWUIIKH JIIOKA, 3iIHCHEHO 3 BHKO-
PUCTaHHSAM METOJYy EJIEKTPUYHOIO TEH30METPY-
BaHHSA. MOHTaX TEH30PE3WCTOPIB 3MIMCHEHO 3a
MOCTOBOIO CXeMOI0. Miclisi po3MillleHHsI TeH30pe-
3MCTOPIB HA KPHIIIII JIFOKa BU3HAYCHO 3a OTpHUMa-
HUMH TECOPETUYHUM IUIIXOM TOJISIMH HaIlpy>KeHb,
0 BUHUKAIOTh Yy KPHWIII JIFOKA, i HaBeIEHO Ha

puc. 1.
a 3 4 O
|

a4

Puc. 1. Po3MitieHHs rpym TEH30PE3UCTOPIB
Ha KPHIIILI JIFOKa (BUIJIA] 3HU3Y):
1 — mepma rpyma; 2 — apyra rpyma;
3 — Tpets rpymna;
4 —gerBepTa rpyna

Fig. 1. Placement of strain gauge groups
on the hatch cover (bottom view):
1 — first group; 2 — second group;
3 —third group;
4 — fourth group

DIl

Puc. 2. Po3MimeHHs Tpyn TEH30pe3UCTOPIB HA KPHIIIII
JFOKa (BUTIIAAL 3BEPXY):

5 — m’sTa rpyma; 6 — mocTa rpyma; 7 — choMa rpymna
Fig. 2. Location of strain gauge groups on the hatch
cover (top view):

5 —fifth group; 6 — sixth group; 7 — seventh group

[lepen MoHTa)keM TEH30PE3UCTOPIB 3IHCHEHO-
iX TapyBaHHs. IIpy 1bOMY 3aCTOCOBAaHO TEH30pE-
3uctopu 3 6a3010 10 mm Ta onopom 100 Om.

MoHTaX TEH30pE3HCTOPIB MPOBEICHO 3a AOIO-
MOTOI0 KJIEIO Ha IiaKpWHOBiH ocHOBI (puc. 3, 4). Ile-
peIl LM MICIISI MOHTXKY 3a4YHINEHO Ta 3HSKUPEHO.

a—a

Puc. 3. Po3MillieHHS TEH30PE3UCTOPIB HA KPHIIIII JTFOKa
(HMKHS YacTHHA MTOJIOTHA):
a — y 30Hi pO3MIIEHHSI METIIi; 6 — 32 00B’ I3KOF0

Fig. 3. Placement of strain gauges on the hatch cover
(lower part of the canvas):
a — in the hinge area; b — behind the strapping
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Puc. 4. Po3MiliieHHs TEH30PE3UCTOPIB HA KPHIIILI JIFOKA
(BepxHS YacTHHA MOJIOTHA):
a — 3 J1iBOTO OOKY; 6 — 3 IpaBoro OOKy

Fig. 4. Location of strain gauges on the hatch cover
(upper part of the canvas):
a —on the left side; b — on the right side

s BUnpoOyBaHHS KPHILIKUA JIFOKA CTBOPEHO
crierianbHuii cTeHn (puc. 5), Ha SIKOMY KPHILIKY
3aKpiIieHo 3a neti (puc. 6), 3a JOIMOMOIOK Me-
TaJIEBUX NAJIbIIIB.

3 NpOTHIIEKHOTO OOKY 3aKpillJIeHHS KPHIIKH
JIIOKA 3JIICHEHO B 30HAX ii B3aeMOii 13 3amipHUMHA
MexaHizmamu. JlJis 1bOro IMiJ KPOHIITEHHU BCTa-
HOBJICHO OTIOPH.

Puc. 5. 30HU 3aKpilIeHHS KPHUIIKH JIFOKA 32 TETIi

Fig. 5. Areas for fixing the hatch cover to the hinges

N e

Puc. 6. KpinneHHs KpUIIKH JII0Ka 10 CTeHAA
Fig. 6. Fastening the hatch cover to the stand

QDITUHTOBHI yMOp YCTaHOBJIEHO Ha TOJOTHI
KpHILKH JIfoka. Micue Horo po3ramryBaHHsl BU3HA-
YEHO 3 YypaxyBaHHSIM pO3MIIICHHS B ITiBBaroHi
IBOX KoHTeWHepiB Tunoposmipy 1CC. HaBanra-
XKEeHHs Ha (ITMHTOBUH yNOp INepeaBaldl 4depes
METaJIeBUH CTaKaH, KUK iMiTyBaB (DiTUHI KOHTEH-
Hepa (puc. 7).

Puc. 7. Ilepenaya HaBaHTa)XeHHs Ha (QITHHTOBHH YIIOD

Fig. 7. Transferring the load to the fitting stop
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3Bepxy Ha crakaH Oyna YKIaJeHa MeTaieBa
IUIACTHHA, Ha SIKY BCTAHOBJICHO NOMKpar. BepxHs
YacTUHA JOMKpaTa ONupanacs B TOPU3OHTANbHY
Oanmky. Uepes 1ieif qOMKpaT TmepegaBald BepTHKa-
JIbHE HABaHTa)KCHHS Ha CTakaH. BennuuHy HaBaH-
TQKEHHS KOHTPOJIIOBAIM JuHamomeTpoM. Ilpu
bOMY MaKCHUMaJIbHY BEJIMYMHY HaBaHTAXKECHHSI
B3su piBHOIO 6 T (60 KH), MO BiAMIOBiTaE MakcH-
MaJIbHO 3aBaHTAXCHOMY CTaHy KOHTEHHepa THUIIO-
posmipy 1CC. HaBantakeHHs (iTHHTOBOrO ymopa
BigOyBasocs B mianazoni 0 — 60 kH 3 kpoxom 5 kH.

[TokazaHHs TEH30PE3UCTOPIB 3HIMAIH 3a JIOIIO-
Moroto TenzomeTrpuyHoi cranmii BHIT-8.

Pe3yabTarn

Haii6inpmi mokazanHs aedopmamiid mix bac
BUNpoOyBaHb 3a(iKCOBAHO TIpymnamMH TEH30PE3UC-
TopiB 6 1 7 (puc. 819).

I3 puc. 8 1 9 BugHO, 110 3aJ7E€KHICTH BiTHOCHUX
nedopmaliiii Bii HaBaHTaKEHHS Ha (QiTUHrOBUI
yIop € JNiHiHOW. HanpyxeHHs, sIKi BUHUKAIOTh y
KPHIIII JII0Ka, HaBeneHo B Ta0m. 11 2, a Takox Ha
puc. 10 Ta 11.

= 4500
o
:
2, 3000 4 . cesatsseteresess
o] eeeesstetess Ao
= sepeateretese
et et y=11187x +2525,9

1500 -

0 TTTTTTT T T T T T T rTT T T I T rTr T T rTrrrTrTrTrrrTrTTrrrrrrrorrol
0 5 15 20 25 30 35 40 45 50 55 60

Hapanraxenns, kH

Puc. 8. 3anexHicTh BiJHOCHUX AedopMaltiii
y KPHIIILII JIFOKA BiJl BEPTUKAIBHOTO HABAHTAKEHHS
Ha (ITHHTOBHH yHOp
(rpymna TeHzope3uctopis Ne 6)

Fig. 8. Dependence of relative deformations
in the hatch cover on the vertical load
on the fitting stop
(strain gauge group No. 6)

3950 -
3900 -
3850 - pete
3800 -

3750 - . Ot
3700 4, *tet ¥ y =4,7979x +3660,5
3650 ¢

3600 -
3550 -
3500

Hedopmarni, OB/
%
.

0 5 15 20 25 30 35 40 45 50 55 060
Hapanrakenns, kH

Puc. 9. 3anexHicTh BiJHOCHUX eopManiid y KpUIILi
JIFOKa BiJl BEPTUKAJIHHOTO HABAHTAXKCHHS Ha
GbituaroBHil yrop (rpyma TeHzope3uctopis Ne 7)

Fig. 9. Dependence of relative deformations in the hatch
cover on the vertical load on the fitting stop
(strain gauge group No. 7)

Tabomums 1

Hanpy:xeHHsl, AKi BUHUKAIOTh y KPUILILI JIOKa
B 30Hi pO3MillleHHSI TPyIH
TeH30pe3ucTopiB Ne 6

Table 1

Stresses arising in the manhole cover
in the area of strain
gauge group No. 6

Hagantaxxenns, kH Hamnpyxenns, MIla
5 231

10 51,3

15 83,54
20 116,5
25 145,3
30 174,7
35 203,6
40 232,5
45 262,1
50 291,8
55 318,4
60 345,4
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Tabnums 2

Hanpy»xeHHs, ikKi BUHHHKAIOTh Y KPUIILi JIOKa
B 30Hi po3MillleHHS TPYNH TeH30pe3ucTopiB Ne 7

Table 2

Stresses arising in the hatch cover in the area
of strain gauge group No. 7

Hapanraxenns, kH Hampyxenns, MIla
5 17,4

10 43,6

15 71,1

20 105,3
25 128,7
30 163,8
35 195,4
40 2216
45 2523
50 276,5
55 305,6
60 3428

[
[ ]
o <o
1 )

y =29,691x - 5,1358

Hamnpyxenns, Mlla
[ IS
h D
S S

5 10 15 20 25 30 35 40 45 50 55 60
Hapanrtaxkenmsa, kH
Puc. 10. Harpy>xennsi, siki 3adikcoBaHo
TpyIor0 TeH30pe3ucTopiB Ne 6

Fig. 10. Stresses recorded by the group
of strain gauges No. 6

S

(=1

(=]
)

350

%)

(=1

(=]
L

v = 29,442x - 14,367
250 A
200
150 A
100 -
50 A

Hanpyxernnsa, MIla

5 10 15 20 25 30 35 40 45 50 55 60

HapaaTaxenns, kH

Puc. 11. HanpyxeHHS, AKi 3aiKCOBaHO TPYIIO0
TeH3ope3ucTopis Ne 7

Fig. 11. Stresses recorded by the group
of strain gauges No. 7

OTxe, MakCUMalbHI HANpYXXCHHS B KPHUIIIi
moka ckinanu 345,4 Mlla. 1i HanpykeHHS miepe-
BHIIYIOTH JIOIYCTHMI, SIKi BCTAHOBJICHO UISI MapKH
CTalli METATOKOHCTPYKIIii Kpuiuku jroka [3]. Pos-
ODKHICTD MiXK pe3yJbTaTaMHd KOMI IOTEPHOI'O MO-
JIETFOBAHHS MIIHOCTI KPHUIIKHU JIFOKA Ta €KCIIEPH-

MEHTAJIBHUMH  JOCHIDKEHHSIMH HAaBEIEHO Ha
puc. 12.

12 9 v =_0,0009x5 + 0,0388x5 - 0,6095x" + 4,6221x* -

10 17,38x% + 29,68x - 8,8487

s~ & o0

BijicoTok po30uKHOCTI, %

38

(=}

5 10 15 20 25 30 35 40 45 50 55 60

Haganraxennsa, Mlla

Puc. 12. Po36ixHICTh MiXk pe3yJibTaTaMu
KOMIT FOTEPHOTO MOJISJIIOBAHHSI MIIHOCTI KPHIIIKH JIIOKa
Ta eKCHEPHUMEHTAIBHIUMH JTOCIIPKEHHAMH

Fig. 12. Discrepancy between the results of computer
modeling of hatch cover strength and experimental stud-
ies

Oco0NMHMBOCTI TEOPETUYHOTO BWU3HAYCHHS MIill-
HOCTI KPHILIKH JIIOKa HaBeJEeHO B myOsikauii [4]. I3
puc. 12 BUAHO, MaKCHUMajibHa PO30IKHICTH MIXK
pe3yibTaTaMH KOMIT IOTEPHOTO MOJICIIOBaHHS Ha
eKcIepuMeHTy ckianae 6mm3pko 10 %. Bona 3adi-
KCOBaHa JUIs HABAaHTa)XCHHS Ha (GITHHTOBHHA yrop
y 30 xH.
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HaykoBa HOBH3HA Ta IPAKTHYHA

3HAYMMICTB
3anpornoHOBaHO  TPOIEIYpPy  MPOBEICHHS
eKCIIEpUMEHTAILHOTO  JOCHIDKCHHS  MIITHOCTI

KPHIITKH JIFOKA ITiBBaroHa B pa3i HABaHTAXKEHHS Bif
(GITHHTOBOTO yropa U KPIiIJICHHS KOHTEHHEpIB.
OTprMaHO 3aJIe)KHOCTI HAMPYXEeHb Y KPHUIIIII J0-
Ka BiJI HABaHTKEHHS, SIKE BOHA CIIpHHAMAE dYepes
¢biTHHTOBUI yTIOD.

[IpoBeneHi nOCTIIKEHHS CHPUATUMYTH CTBO-
pPEHHIO peKOMEHJIAIlIN IOI0 aIarTalii MBBaroHiB
IO TIepeBe3eHb KOHTCHHEPIB Ta IIABUIICHHIO ede-
KTHBHOCTI 1X €KCIUTyaTallii.

BucnoBku

1.IlpoBeneHo eKcriepUMEHTAbHE OCIHIKECH-
HSl MIITHOCTI KPHIIKH JIFOKa MiBBaroHa, HaBaHTa-
XeHoi Bill ¢ituHroBoro ymnopa. [lpu upomy 3aiiic-
HEHO CTEH/OBI BHIIPOOYBaHHS i3 BHKOPHCTAHHSIM
METOJy €JIEKTPUYHOI TeH30MeTpii. HaBaHTa)keHHS,
nepefiaHe Ha KPHIIKY JIFOKa, BapiloBajocs B Jiarma-
30H1 0 — 60 kH i3 xpokom 5 kH. Ha mifcrasi mpo-

BE/ICHUX BHUIPOOYBaHb YCTAHOBJIEHO, IO MAaKCH-
MalbHi HampyXeHHs BUHHUKAIOTh y 30HI PO3Mi-
LOICHHS TeTJIi KPHUIIKKA JIIOKa 1 CKIaJaloTh
345,4 MITa. 11i Hanpy>KeHHS TEPEBHUIYIOTh JIOIY-
CTHUMI 3HAYEHHS JUIA CTali METaJOKOHCTPYKIIT
KpHUILIKK JroKa. Lle m03Bomsie 3poOMTH BHCHOBOK,
[0 TIEPEeBE3CHHSA KOHTEHHEPIB 13 BUKOPHUCTAHHIM
JOCTIDKYBaHO! CXEeMH X 3aKpiIUieHb y MiBBaroHi
HEMOXKITUBE.

2. IlpoBeneHo MOpIBHSUIHUM aHaNi3 pe3ynbTa-
TiB EeKCIEpUMCHTAIbHUX JOCTIIKEHb MIITHOCTI
KPHIIKH JIIOKA 3 KOMIT FOTEPHHM MOJICITIOBAaHHSIM.
Ycranoeneno, mo Haiibinpma po30iKHICTE CKIa-
nmae omm3pko 10 % 1 3adpikcoBaHa s HaBaHTa-
yKeHHs Ha ¢ituHroBHH yrop y 30 xH.

IMopsika

s myOsikaliis MiATOTOBICHA B paMKaxX BHKO-
HaHHS CTHUNEH[ianbHOI poboTn BepxoBhoi Pamm
VYkpainu ans MOJOAWX YYE€HHX — JIOKTODPIiB HaykK
«EdexTiBHI KOHCTPYKTHBHI PIICHHS 3a1i3HUYHO-
ro PyXOMOro CKJany Ui NepeBe3eHb CTpareriu-
uux Ba"Taxis» (Ne IP 0124U003906).
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Experimental Research of the Strength of an Open Wagon Hatch Cover
During the Transportation of Containers in it

Purpose. The work is aimed at highlighting the peculiarities of experimental studies of the strength of a hatch
cover of an open wagon loaded from a fitting stop for fastening containers. Methodology. In order to make it possi-
ble to use open wagons for container transportation, an experimental study of the hatch cover of an open wagon
loaded from a fitting stop was conducted. Bench tests were conducted in the research laboratory of the “Center for
Diagnostics of Transport Structures” at the Ukrainian State University of Railway Transport. The stresses that arise
in the design of the hatch cover were determined using the method of electrical strain gage measurement. The instal-
lation of strain gauges was carried out according to the bridge scheme. The locations of the strain gauges on the
hatch cover were determined based on the theoretically obtained stress fields that arise in the hatch cover. Before
installing the strain gauges, they were calibrated. The load on the fitting stop was transmitted through a metal cup
that imitated the container fitting. The maximum load transferred to the fitting stop is assumed to be 6 t (60 kN),
which corresponds to the maximum loaded state of a container of standard size 1CC. The strain gauge readings were
taken using a VNP-8 strain gauge station. Findings. During the research, the maximum stresses in the hatch cover
were 345.4 MPa. The obtained stresses exceed the permissible ones, which allows us to conclude that it is impossi-
ble to use such a container fastening scheme in practice. The largest percentage of discrepancy between the results
of computer modeling and experimental research on the strength of the hatch cover of an open wagon is about 10%
and is recorded when the load on the fitting stop is 30 kN. Originality. A procedure for conducting an experimental
study of the strength of the hatch cover of an open wagon under the load from the fitting stop for fastening contain-
ers is proposed. The dependence of the stresses in the hatch cover of the open wagon on the load it perceives
through the fitting stop was obtained. Practical value. The conducted research will contribute to the creation
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of recommendations for adapting open wagons to container transportation and increasing the efficiency of container
transportation.

Keywords: railway transport; open wagon hatch cover; hatch cover strength test; hatch cover load; container

transportation
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Modern Designs of Arch Load-Bearing Systems of Public Buildings

Purpose. The main purpose of the publication is a comparative analysis of the structural variants of the load-
bearing arch system for public buildings with insulated covering. The relevance of the work is associated with the
modern trend of creating public buildings of various types without internal intermediate supports. The subject of the
work is also due to the desire to apply for this purpose known arch systems, which allow to significantly improve
the architectural and aesthetic indicators of the building. Methodology. To achieve this goal, a project of a grocery
and non-food store located in the Lviv region of Ukraine was considered. A circular steel arches with a span of
17.5 m and a sweep angle of 90 ° is the basis of its supporting frame. During the analysis, a comparison of different
types of arch cross-sections was performed — welded and rolled I-beam, welded rectangular pipe and seamless round
pipe. The finite element method based on the SCAD design and computing complex (Ukraine) was used for the re-
search. Findings. The comparative analysis made it possible to determine the geometry of the most rational
constructive solution for the given conditions in the form of an I-beam welded cross-section. All other types of
cross-sections considered have a lower level of efficiency and manufacturability of manufacture. Additionally, the
main «weak» points of such a cross-section were identified and recommendations were given for their elimination.
Originality. It consists in the fact that the comparative analysis made it possible to assess the possibility of using an
arched load-bearing system as a load-bearing element of an unsupported frame of a public commercial building with
an insulated roof structure. Practical value. It consists in the fact that a structural solution of a small-span steel arch
in the form of a welded I-beam has been developed and proposed for practical implementation, which turns out to be
approximately 1.5 times less material-intensive than possible analogues. The nature of the distribution of the materi-
al efficiency coefficient for given construction conditions has also been obtained.

Keywords: steel arch; supporting frame of a building; welded I-beam; public building; grocery and non-food
store

Introduction

Public buildings are nowadays the main place
of live communication between people, where they
can not only fulfil their social needs, but also have
the opportunity to directly contact each other. Sur-
prisingly enough, in the 21st century, due to the
extremely powerful and massive development of
various means of video communication, the prob-
lem of off-line communication is becoming more

acute. Therefore, public buildings, along with their
direct functions, are increasingly taking on a com-
municative social function. It is no wonder that
they occupy a special place in the modern classifi-
cation of buildings and structures [1].
Traditionally, public buildings solve a fairly
wide range of public tasks, such as providing edu-
cational and training processes, providing health
and recreation services, creating conditions for lei-
sure and entertainment, providing public services,
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social protection, conducting scientific research
and solving design and engineering problems of
various levels of complexity, and organising public
utilities. However, a significant group of public
buildings consists of commercial buildings. And
while with respect to non-food products, every
year an increasing part of the retail sector is mov-
ing to the sphere of direct Internet services, retail
space remains necessary for food products. This is
due to people's psychology, as people perceive
food and the process of eating as something that
should be available physically, i.e. off-line. At the
same time, people also need to smell the food,
which significantly reduces the volume of online
sales. Therefore, it is public buildings for food
trade and catering that remain the centre of live
communication that humanity increasingly seeks in
the third millennium.

With this in mind, architects and engineers are
also trying to contribute to this process by creating
architecturally attractive and imposing commercial
buildings. For this purpose, unconventional roof
types, non-standard planning solutions or special
building materials are often used. Among the engi-
neering systems, arched structures are in particular
demand. Such systems have been known since an-
cient times and gained a special flourishing during
the Middle Ages, when their operation and force
transmission scheme gradually began to become
clear to architects (Fig. 1).

They allow you to cover quite large spans, cre-
ating a completely free interior space without addi-
tional intermediate supports. However, the «price»
for this is the need to arrange special spacers,
which often significantly increase the cost and
complexity of the object [2, 19]. Therefore, arch
systems are currently used mainly for light indus-
trial and warehouse buildings (Fig. 2). To reduce
the loads and, accordingly, the bracing forces, the
coating of such systems does not contain
insulation, which is unacceptable for public build-
ings. Therefore, the question arises of developing
a simple arch system that is also suitable for
providing the required temperature and humidity
conditions for human habitation.

Purpose

In view of the above, the main purpose of this
publication is to analyse possible constructive op-
tions for a small span load-bearing arch system for
a public building.

Methodology

A food and non-food store in one of the dis-
tricts of the Lviv region of Ukraine was chosen as
a base object for consideration. The general view
of the facility is shown in Fig. 2, a, and the model
of its constructive solution in Fig. 2, 6.

The building has a rectangular shape of the
main part with dimensions of 50.77x17.6 m. In
terms of architectural and planning solutions, it
meets the requirements of current Ukrainian stand-
ards [6, 7]. Its main parameters are shown in Ta-
ble 1. The complex frame consists of thin-walled
pleated arch profiles of trough-shaped cross-
section and rigid steel structures (arches, purlins,
bracing). The folded arch structures are made up of
U-shaped bent profiles manufactured by Wedgor
metal building systems (USA). The profiles and
their cross-sectional proportions are of the
MARVELLE type. The profiles (SCAT) are manu-
factured by Sunward-Ukraine LLC using equip-
ment and under licence from Sunward Corpora-
tion. SCAT profiles are installed on top of a rigid
frame. The arches of the frame are spaced at an in-
terval that is a multiple of the width of the SCAT
profiles along the building.

The structural scheme is based on arched load-
bearing elements in the form of circular arches
with a span of 17.5 m and a sweep angle of 90°.
The spacing of the arches is 3.43 m and was cho-
sen in accordance with the natural and climatic
conditions of the construction site, as specified in
the Ukrainian standard [5]. The arches are con-
nected by longitudinal purlins made of closed bent-
welded profiles. There are five purlins along the
span between the arches. Along the length of the
building, there are transverse bracing blocks and
vertical walls that serve as diaphragms. The braced
lattice is made of diamond-shaped corners and
a square tube profile according to standards [9, 10,
12]. The spin frame structures are made of shaped
tubes. The spacers are connected to the posts by
means of assembly welding.
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Table 1 a

Technical characteristics of supermarket

Characteristic Value

Land area 0.2209 ha
Building area 1393.7 m?

Number of floors 1
Total area 1242.1 m?
Construction volume 8884.7 m
Number of workplaces 35 people

Fire resistance class I
Rentable area 1236.9 m?
Projected area 1158.9 m?
Trading floor area 817.9 m?

b

Fig. 1. Arch systems:
a — ancient buildings; b — modern buildings
(for materials on the site https://www.google.com/imgres?imgurl=https%3A%2F%2Fspbsmk)

The load and impact absorption, structural in- The joint operation of the SCAT and the rigid
tegrity and rigidity of the frame are ensured by the ~ frame is ensured by fastening the SCAT profiles
integrated operation of the arch-type folded struc-  along the entire length of the upper arch boom and
tures (SCAT) and the rigid reinforcement frame. additional fasteners on the purlins. Fastening to the
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upper arch booms is provided using M8 bolts of
strength class 8.8. The adjacent profiles are each
attached to the upper arch booms with a 250 mm
spacing.

The consequence class of the building in ac-
cordance with the standard [11] is CC2, and the
category of responsibility of the structure in ac-
cordance with the standard [4] is A. The seismicity
of the construction area according to the standard
[3] is 6 points, which does not require additional
structural anti-seismic measures. Therefore, only
traditional natural and climatic loads were consid-
ered as the main loads in the analysis of the facility
operation.

The steel structures of the building were de-
signed in accordance with the requirements of the
standard [8], and the total deformations were lim-
ited to the requirements of the standard [9].

The analysis of the steel frame of the building
also took into account the requirements of the Chi-
nese standard [18, 19], which in general were
somewhat stricter than the requirements of the na-
tional standards of Ukraine.

The analysis was carried out with the aid of one
of the most widely used numerical methods of
structural mechanics in the world — the finite ele-
ment method [14, 20]. Its practical implementation
was envisaged on the basis of the SCAD design
and computing complex, Ukraine [15].

Findings

First of all, we analysed the main structural var-
iant of the arch, which was proposed during the
development of the design documentation. It is
a welded double-T section (height H = 450 mm,
width W = 100 mm, steel C345), the lower flange
is reinforced with sheet metal (Fig. 3, a).

According to the results of the analysis, the
cross-sectional efficiency coefficient was obtained
to be 0.66 (Fig. 4). This leaves a certain reserve for
the use of the bearing capacity. The mass of one
arch is 1377 kg. It was also found that the rein-
forcement of the lower flange with an additional
sheet is necessary to ensure the standard flexibility.
In turn, the analysis revealed that the purlins have a
utilisation factor of 1.33.

The envelope diagrams of the internal force
distribution were obtained from the analysis: N —

longitudinal force, Q — transverse force, M — bend-
ing moment (Fig. 5).

To improve the situation, the following changes
to the frame structures are recommended, namely:

— reducing the height of the arch section by
110 mm, which for the final version is 340 mm;

— increasing the width of the flanges by
20 mm, which for the final version is 120 mm —
this makes it possible to remove the lower reinforc-
ing sheet;

— increasing the cross-section of the square
tube purlins from 200x200x6 to 200x200x8.

The resulting final cross-section with all the
proposed design improvements is shown in Fig. 3,
6. In this case, the efficiency coefficient is 0.88,
and the mass of the arch has decreased to 945 kg,
which is 432 kg less than in the original version.

The analysis also considered additional design
options:

— rolled I-beam section, I-beam 30U (steel
C345);

— cold-formed welded rectangular section, rec-
tangular square profile 350x152x8 (steel C345);

— hot-rolled round tube 325x8 (steel S255).

It is worth noting that the rolled 1-beam section
30U turned out to be similar in terms of perfor-
mance to the final design, but this section cannot
be bent. At the same time, the use of rectilinear
fragments contradicts the architectural expressive-
ness of the project.

It should also be emphasised that in order to in-
crease the load-bearing capacity, this analysis used
high-strength steels of the C345 class, which have
proven themselves quite effectively both from
a theoretical and practical point of view. An as-
sessment of the feasibility and effectiveness of
their use for a number of building structures in
Ukraine is presented in [18].

The comparison of the considered options is
summarised in Table 2. The cost of the profiles is
given in the national currency of Ukraine at the
prices of the beginning of 2025.

The supporting unit of the arch is shown in
Fig. 6.

The envelope diagrams of the internal force
distribution for the final arch variant are given in
Fig. 7: N — longitudinal force, Q — transverse force,
M — bending moment.
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Fig. 2. Supermarket:
a — general view (for materials on the site https://guide.in.ua/business/622596/a16-MapkeT-cONOHKA);
b — structure scheme
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Fig. 3. Arch cross-sections:
a — initial variant; b — plan

Fig. 4. Effectiveness coefficient in cross-section of the initial variant
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Fig. 5. Design factors in cross-section of the initial variant:
a — envelope diagram of N; b — envelope diagram of Qz; ¢ — envelope diagram of My

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332151 © A. V. Radkevych, D. O. Bannikov, J. C. Ma, S. W. Liu, 2025

134


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/332151

TPAHCIIOPTHE BYAIBHUIITBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)
Hayka Ta nporpec tparcmopty, 2025, Ne 2 (110)

Table 2
Effectiveness of designing variants
Section Efficiency factor Wekight, 823:
Welded I-beam section 0.88 945 40 163
Rolled I-beam section 0.90 974 41 395
Rectangular square section 0.98 1576 66 980
Hot-rolled round tube 0.86 1669 70933

190 .70

—t11

Iy
(345

Anchor 321 (m3ncé-I7

Fig. 6. Supporting unit of the arch section

Originality and practical value

Thus, this publication presents the results of
a comprehensive automated analysis of an arch-
type steel load-bearing frame for a food and non-
food store in Ukraine. At the same time, the possi-
bility of using an arched load-bearing element for
the case of an insulated roof is substantiated and
the effectiveness of using it is quantified.

In practical terms, the possible cross-sections of
a steel arch bearing element — welded I-beam, hot-
rolled 1-beam, cold-bent welded rectangular, hot-
rolled round tube — are considered, and the most
efficient profile is identified as a welded I-beam
section. The article also shows the capabilities of
modern automated analysis using the SCAD design
and computer system developed by Ukrainian spe-
cialists.

Conclusions

The comprehensive comparative automated anal-
ysis of possible types of cross-sections for a steel
arch bearing element for an insulated roof of a mod-
ern city building allows us to state the following:

1. The arched element is quite architecturally
expressive and at the same time an economically
feasible design solution in this case.

2. For small spans of about 20 m, it is quite ef-
fective to use a welded I-beam section, which in
terms of weight and cost can be almost twice as
rational as existing analogues.

3. Such an architectural and structural solution
also does not require the development of massive
foundations, since the distribution forces are quite
insignificant.

The final design solution of the steel bearing
arch presented here meets the minimum require-
ments of Ukrainian standards.
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Fig. 7. Design factors in cross-section of the final variant:

a — envelope diagram of N; b — envelope diagram of Qz; ¢ — envelope diagram of My
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Cy4acHi KOHCTPYKIIiI APKOBUX HECHUX CHCTEM I'POMAICbKHUX OydiBesb

Meta. OcHOBHOI0 MeTo0 NyOiikauii € MOpIBHIBHUM aHalli3 KOHCTPYKIIHHUX BapiaHTiB HECHOT apKOBOi CHC-
TEMH JUIsl TPOMAJICBKHX OY/iBelNb 3 YTEIUIEHUM MOKPHUTTAM. AKTYalbHICTh pOOOTH MOB’sI3aHA 13 Cy4acHOIO TEHJCH-
LI€I0 10 CTBOPEHHS IPOMAJICHKUX OyJiBeNb PI3HUX THITIB 0€3 BHYTPILIHIX MPOMDKHHUX orop. Takoxk Temaruka po-
00TH 00YMOBJICHA MTPArHEHHAM 3aCTOCYBATH JIJIS I[bOTO BiJIOMI apKOBI CUCTEMH, SIKi JO3BOJISIOTH CYTTEBO ITiABHIIH-
TH apXiTeKTypHO-CCTETHYHI MOKa3HUKHU OyiBmi. Meromamka. J{as JOCATHEHHS Ii€l METH OYJI0 pO3TISHYTO HPOEKT
MarasuHy IpOAOBOJIFYHX Ta HEMIPOLOBOJIFUMX TOBApiB, po3TamoBannii y JIbBiBChKill obmacti Ykpainu. OcHOBY Ho-
T'0 HECHOTO KapKaca CTaHOBIISATh MUPKYJIBbHI CTalleBi apKu MPOroHoM 17,5 M 1 kytoM po3ropTku 90 °. Y xoxi aHam3zy
BUKOHAHO 3ICTaBJICHHS Pi3HUX THUIIB MOMNEPEYHNX MEPePi3iB apKu — ABOTABP 3BAPHUI Ta MPOKATHUH, TPyOa MpsMo-
KyTHa 3BapHa Ta Kpyria Oe3moBHa. [ 10oCTiHKEHb 3aCTOCOBAHO METO/] CKIHIEHHHX €JIEMEHTIB Ha 0a3i MpOEKTHO-
obuncmroBasisHOTO KOoMIutekey SCAD (Vkpaina). Pesyabraru. [IpoBeneHuii mopiBHAIBHAN aHANI3 JO3BOJIUB BH-
3HAUUTH FE€OMETPIil0 HaMOLIbII panioHAIbHOrO KOHCTPYKLIHHOTO pIillIeHHS JUIs 3aJJaHUX YMOB y BHIJISII JBOTaBpO-
BOTO 3BapHOTO Mepepizy. Yci iHII pO3rIITHYTI THIU ITONIEPEYHUX Iepepi3iB MalOTh HIKUMIL piBeHb e()EKTHBHOCTI Ta
TEXHOJIOTIYHOCTI BUTOTOBJICHHS. TaKk0oX MOJAaTKOBO BHSBICHO OCHOBHI «CJIA0Ki» MICI[SI TAKOTO Mpepi3y Ta HalaHO
pexoMeHaarii momao ix ycynenss. HaykoBa HoBu3Ha. [IpoBeeHuil MOPIBHSUIbHUI aHAI3 JO3BOIKUB OI[IHUTH MOX-
JIMBICTh 3aCTOCYBaHHS apKOBOi HECHOI CUCTEMH SIK HECHOTO eJleMeHTa 0e30MOpPHOro KapKaca rpoMaJichbKoi TOprose-
JBHOT OYIiBII 3 YTEIUIEHO KOHCTPYKIito mokpieii. IlpakTuyHa 3HaynMicTb. Po3po0ieHo Ta 3armponoHoBaHO 10
MIPaKTHYHOI peaii3anii KOHCTPYKIiiHE PIlIeHHs CTaleBOi apKy HEBEJIMKOTO IPOTOHY Y BUIIIAI 3BAPHOTO IBOTABPA,
MaTepiaoMiCTKICTh SIKOT MeHIIa MpuOIu3HO B 1,5 pasa 3a MosmBi aHanmoru. Takok OTpPIMaHO XapakTep PO3MNOALTY
KoedirieHTa e(eKTUBHOCTI BUKOPHCTAaHHSA MaTepiary Ui 3aJaHUX YMOB OyIiBHUIITBA.

Kniouosi crosa: craneBa apka; HeCHUH Kapkac OyaiBii; 3BapHUH ABOTaBp; IpoMaJicbka OyaiBIIS; MarasuH IMpo-
JIOBOJIBYMX Ta HEMPOOBOJIBYMX TOBAPIB
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Features of modern design of steel crane beams for industrial buildings

Purpose. The main purpose of the publication is to comprehensively compare the methods and approaches to
the design of steel crane beams according to the current standards of China and Ukraine. The relevance of the work
is due to the constant increase in the volume and types of cooperation between these two countries over the past
decades. The subject matter is also related to the increasing use of high-strength steels in construction practice,
which also have a number of additional improved performance characteristics. Methodology. To achieve this goal,
we considered the design of a 6 m span steel simply supported crane beam at one of the modern energy enterprises
in Ukraine. The load was assumed to come from an electric overhead crane with a lifting capacity of 25 tones. The
selected cross-section was checked in accordance with the design requirements of the current standards of China and
Ukraine, which together include about 20 items. Separate consideration was given to the design requirements for the
arrangement of reinforcing stiffeners and ensuring local stability of the section elements. Findings. The comparative
analysis of the existing approaches according to the standards of China and Ukraine has made it possible to establish
that, in general, the Chinese standard imposes more stringent requirements both for the material to be used for the
crane beam production and for design and construction solutions. At the same time, in terms of ensuring general and
local stability, the Chinese standard uses a fundamentally different conceptual approach than the Ukrainian standard.
However, the final solution has approximately the same level of bearing capacity. Originality. The comparative
analysis of the requirements of the current Chinese and Ukrainian standards for the design of steel crane beams has
made it possible to identify the strengths and weaknesses of each standard, as well as to outline the main fundamen-
tal differences between them. Practical value. The paper develops and proposes for practical implementation a de-
sign variant of a steel simply supported crane beam, which in terms of its bearing capacity meets the requirements of
the current standards of China and Ukraine in the field of metal construction.

Keywords: steel crane beam; industrial building; overhead crane; Chinese standard; Ukrainian standard; experi-
ence exchange

Introduction ings, the design of their structural elements and
systems, as well as methods for the practical im-
plementation of such approaches [20].

Modern industrial buildings are quite complex
structural systems (Fig. 1), in which non-standard
space-planning  solutions, atypical structural
schemes, building materials with improved charac-
teristics, and the latest design methods are used to
meet the most modern requirements of functional
processes.

Recently, the main structural system of indus-
trial buildings has been the frame system. It has
a number of advantages compared to other struc-
tural systems, including the possibility of flexible
layout and, if necessary, easy transformation of

Industrial buildings have been and remain the
main type of industrial facilities that are designed
to ensure real technological processes in all types
of economy [1]. Such buildings are created and
operated in more than 10 sectors of modern indus-
try (power engineering, mining, metallurgy, chem-
ical production, mechanical engineering, metal-
working, construction materials, wood processing,
etc.), agriculture, and transport. The volume of
construction of new and reconstruction of old in-
dustrial buildings is only increasing worldwide
from year to year. Therefore, it is still an urgent
issue to improve existing approaches to the devel-
opment of constructive solutions for such build-
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production space, high maintainability and ease of
maintenance of structures and technological com-
munications, as well as the ability to implement
complex and non-standard structural solutions for
load-bearing elements.

As for the material used to manufacture the
load-bearing elements of the frame, steel is becom-
ing increasingly common in global practice. This
material has high strength characteristics (especial-
ly modern high-strength steel grades made using
controlled rolling technology [16]) and at the same
time makes it possible to create architecturally ex-
pressive and aesthetically pleasing structures (es-
pecially when using modern BIM technologies for
their design).

All of this requires accurate and high-quality
approaches to assess the stress-strain state of struc-
tures and their components, identify available re-
serves, and at the same time ensure the required
level of reliability and durability of structures.
Therefore, the issues of improving existing meth-
ods for designing building structures and develop-
ing new methods have been and remain relevant.

One of the most critical structural elements of
industrial buildings is the crane beam. They serve
as a kind of path along which overhead cranes, the
main transport mechanism in industrial buildings,
move. In order to cover the entire technological
space of the building, overhead cranes are placed
at a certain height, which is limited by the func-
tional and technological parameters of production.
At the same time, the crane beams themselves
must also be raised above the floor level of the
building, which is achieved through a special de-
sign of the frame columns.

From the point of view of operation, crane
beams are in an extremely complex stress-strain
state. They are subjected to spatial dynamic loads
from the movement of overhead cranes, accompa-
nied by a constant change in their intensity over
time. However, despite this, engineers create such
beams of a fairly simple geometric shape with min-
imal additional reinforcing elements.

Thus, the design of crane beams is a rather
complex and responsible process that requires
knowledge and understanding of both theoretical
laws and practical experience. This is where inter-
national cooperation and partnerships between the

world's leading countries come in handy. It in-
volves the exchange of engineering and technical
information and national heritage in the construc-
tion industry of individual countries.

Modern China has excellent historical tradi-
tions and is a highly developed technological coun-
try, so the use of the country's accumulated practi-
cal experience in the construction industry is in-
valuable to the entire world community. So let us
look at a kind of symbiosis in the design of steel
crane beams associated with the use of the national
heritage of two countries — China and Ukraine. We
will also try to evaluate this integrated approach in
terms of its practical implementation and manufac-
turing costs. We will pay special attention to the
national standards of these two world countries.

Purpose

In view of the above, the main purpose of this
publication is a comprehensive analysis of existing
approaches and methods of modern design of steel
crane beams for industrial buildings with overhead
cranes, based on the international experience of
China and Ukraine.

Methodology

The design of steel crane beams for industrial
buildings, like the design of any other steel struc-
tures, should be based on standards. In Ukraine,
the current standard governing the design of steel
structures in general and crane beams in particular
is DBN B.2.6-198:2014 [8]. This standard covers
not only the design provisions but also provides the
basic requirements for the construction of such
beams. Therefore, it is a basic document in this as-
pect.

The applied loads from cranes are determined
in accordance with another standard in force in
Ukraine — DBN B.1.2-2:2006 [4]. This standard
has undergone two changes, the last of which was
introduced into design practice in 2023 [5]. It has
somewhat streamlined the definition of crane loads
for bridge cranes with a lifting capacity of up to 50
tonnes inclusive. Also, when designing crane
beams, the standard DSTU B B.1.2-3:2006 [7] is
used, which regulates the deformed state of crane
beams.
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a

Fig. 1. Constructive «interior» of the current production environment:
a — Interpipe Steel, Dnipro (Ukraine); b — Zhejiang Zhanggong Technology Co., Ltd., Dongyang (China)
(for materials on the site https://zhang-gong.en.alibaba.com/index.html?spm=a2700.shop_index.88.17.597f4ee8ntOw2m)

An additional source to rely on when designing
crane beams is the standard SNiP 11-23-81*,
which has been cancelled in Ukraine. Despite its
status, this standard provides a more classical
methodology for assessing the endurance of struc-
tures such as crane beams that are subjected to cy-
clic dynamic loads.

In China, the main regulatory document gov-
erning the design of steel structures is GB 50017—

2017 [11]. The determination of loads from over-
head cranes is regulated by GB/T 22437.1-2018
[13] and GB/T 22437.5-2021 [14], which are es-
sentially adapted versions of 1SO 8686-1:2012(E)
[18] and ISO 8686-5:2017(E) [19], respectively.
Thus, China's own regulatory framework provides
a design process for steel crane beams for industri-
al buildings.
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The object of research is the crane beams of the
repair shop of a transformer substation of one of
the energy enterprises of Ukraine. According to the
current classification of construction facilities in
Ukraine, presented in the DSTU 8855:2019 stand-
ard [8], energy enterprises are classified as conse-
quence class CC3. This is the most complex and
most responsible class, for which the highest val-
ues of the responsibility coefficient are set accord-
ing to the DBN B.1.2-14:2018 [6] — yn = 1.25 (for
calculations for the first group of limit states) and
vn = 1.00 (for calculations for the second group of
limit states).

The basic design of the shop is shown in Fig. 2.
The shop is made of reinforced concrete according
to a wall structural scheme. The crane beams are
placed on special horizontal brackets connected to
the walls through embedded parts. The span of the
crane beams is L = 6 m, their structural scheme is
simply supported, and their design scheme is pivot-
ing support on both sides.

An electric bridge crane with a lifting capacity
of 25 tonnes is envisaged as the main tool for tech-
nological production operations. Its general view
along with the layout is shown in Fig. 3. The main
technical characteristics of the crane are presented
in Table 1.

Table 1
Technical characteristics of bridge crane
Characteristic Value
Crane type CXTD25t x 20m Hol:22m
Span (Spa) 20.000 m
Load (SWL) 25 000 kg
Crane group FEM A3
Crane speed 25 m/min
Crane weight 12 040 kg
Crane type CXTD25t x 20m Hol:22m
Buffer type D2240
Wheel base (Wb) 4 966 mm
Crane rail in calculation 60*40
Wheel groove 74 mm
Crane travel limit switch 2-step

Table 2 shows the quantitative values of hori-
zontal and vertical forces on the wheels of a bridge
crane according to the data of the crane equipment
developer. The chart of load distribution on the
crane wheels is shown in Fig. 4.

Findings

To determine the forces from a bridge crane
that will occur in a crane beam, Ukrainian design
practice provides for the use of influence lines.
This approach is due to the fact that the bridge
crane creates a moving load on the crane beam and
the question arises of determining the most disad-
vantageous position of the crane.

In the case of crane beam design, there can
generally be two such positions — separately for
determining the largest bending moment and sepa-
rately for determining the largest transverse force.

In the first case, the position of the bridge crane
is determined by Winkler's rule, which is formulat-
ed as follows: the maximum possible bending
moment in a simply supported beam loaded with
a system of interconnected moving loads occurs if
the equivalent of this system of loads and the load
closest to it are equidistant from the beam's centre.
The maximum bending moment occurs in this case
in the section located under this load.

For the case under consideration, the equalising
force of all forces should be located at a distance of
Xo m from the left support of the crane beam:

M
Xy = 2. Mo _84659 _,6am,
R 321

where Z M, — the total moment of vertical loads

on the crane wheels relative to the left support
wheel; R — resultant of vertical loads on the crane
wheels.

The dynamic loads on the wheels of the bridge
crane were taken into account in these expressions
(Table 2); since the crane was manufactured in
Germany, the loads were calculated in accordance
with the standards of this country DIN 4132 [10]
and DIN 15018-1 [9].

The calculation scheme for determining the
maximum bending moment is shown in Fig. 5, a
(the critical load is marked in red).

In the second case, the position of the bridge
crane is assumed to be as close as possible to the
left support of the crane beam. This will generate
the maximum transverse force. The calculation
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scheme for this case is shown in Fig. 5, b (the criti-
cal load is marked in red).

The calculated values of the internal forces, tak-
ing into account the load reliability factors for the
crane beam (heavy crane operation is assumed),
are significant:

— vertical bending moment
My =37 646 kKN-cm;

— horizontal bending moment
My =4323 kKN-cm;

— vertical transverse force

Qv =306 kN;
— horizontal transverse force
Qn =40 kN;

— longitudinal force
N = 0.015- Qv-g = 45 kN.

Based on these values, using the accumulated
experience in the design of crane beams, the mini-
mum required cross-section of the I-beam type was
determined — Fig. 6, a. The cross-section was as-
sumed to be composite welded steel sheets, taking
into account the DSTU 8540:2015 standard [2].
Vertical stiffeners were placed in the longitudinal
direction at 1 m intervals. In addition, to ensure the
overall stability of the beam, it is planned to brace
its upper compressed flange in plane — the installa-
tion of a braking beam (Fig. 6, b).
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Fig. 2. Repair shop plan
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Fig. 3. Bridge crane layout:
a — frontal view; b — plan
Table 2
Wheel loads of bridge crane
Wheel | NR1 | NR2 | NR3 | NR4 | NR5 | NR6 | NR7 | NRS8
Vertical wheel loads
Rmax Stc | 100.4 kN | 64.0 kN - - 53.3kN | 84.8 kN - -
Rmin Stc — - 20.7kN | 10.1 kN - - 8.8 kN 18.9 kN
Rmax Dyn | 106.3kN | 68.0 kN - - 56.8 kN 89.9 kN - -
Rmin Dyn - - 22.3kN | 11.2 kN - - 9.8kN | 20.4 kN
Horizontal wheel loads
HSNR= kN 117 16.6 2.2 3.2 -3.7 1.2 -0.7 0.2
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Fig. 4. Load scheme of bridge crane:
a — frontal view; b — plan

At the next stage, the determined structural so-
lution of the crane beam was subjected to a com-
prehensive analysis for compliance with the re-
guirements of the standards of China and Ukraine.
The results of this analysis are summarised in Ta-
ble 3. It presents the main conditions and deter-
mines the degree of compliance with these condi-
tions through the efficiency factor K.

The steel used for the manufacture of the beam
cross-section was of class C355 (calculated re-
sistance Ry = 350 MPa), and for the manufacture of
the transverse stiffeners — class C235 (calculated
resistance Ry = 220 MPa). The use of high-strength
steel grades is quite effective in modern conditions
and can significantly improve a number of building
structure indicators [16, 17].

According to the Chinese standards GB/T 700—
2006 [15] and GB/T 19879-2023 [12], Q345GJ
(design resistance Ry = 345 MPa) and Q235GJ (de-
sign resistance Ry = 215 MPa) steels should be
used, respectively. In our opinion, the use of
Q355NH and Q235NH steels with improved corro-

sion resistance can be justified in this case, since
the production process of the shop involves the
presence of an aggressive environment.

It should be noted that according to the Chinese
standard GB 50017-2017 [11], all elements of
a crane beam belong to different design classes.
The class is calculated taking into account a special
correction factor, which for the case under consid-
eration is equal to:

— for section elements ¢, = ;& =0.66;
355

— for stiffeners ¢, = % =1.00.

For the entire crane beam structure, the design
class is S1. Accordingly, certain corrections should
be made to the design expressions on the one hand,
and on the other hand, the calculation should be
supplemented with new items. A summary of this
is presented in Table 4. The last column shows the
value of the efficiency coefficient by analogy with
Table 3.
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The main features of this approach are as
follows:

— the difference in the values of the calculated
steel resistance in compression and bending does
not exceed 3 %;

— the calculation takes into account plastic
deformations. However, for structural elements
that are designed for endurance, this requirement is
advisory;

— local stresses for cranes with increased lifting
capacities should be checked with an additional
multiplying factor of 1.35;

— the overall stability should be checked only
in full expression, taking into account the
longitudinal bending stability factor;

— the requirement to install vertical stiffeners is

R

V

less stringent, as compared to the Ukrainian
standard, in terms of the number of vertical
stiffeners, which is approximately twice as much;

— the analysis of local stability considers the
possibility of torsion of the compressed part of the
beam section;

— fundamentally different calculation
expressions for determining the critical stresses of
loss of local stability, which, compared to the
Ukrainian standard, are approximately 2—2.5 times
lower. This partially negates the requirement to
install stiffeners;

— the minimum overhang of the stiffener must
be 15 mm greater than that required by the
Ukrainian standard, but the thickness of the
stiffener can be about 2.5 times less.
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Fig. 5. Calculation scheme of crane beam:
a — for maximum bending moment; b — for maximum shear force
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Fig. 6. Cross section of crane beam:
a — structure scheme; b — support unit
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Table 3
Regulatory conditions for steel crane beam
Condition by
value
M M
B —— 0.83
W, R, W R,
B, & 0.28
058-A,-R, 058 A R,
2 2 2
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0.58-R, |t,-h, I-t, 2-(1,+0.33-b -t7) '
e R
by VE
0.32
by by} by
0.35+0.0032-— +| 0.75-0.02-— |-
t; t, ) h,+t;
b R
I LA 0.56
2.t, VE 2,
h, ,ﬂ.i 0.99
t, VE 2,
2
iR 2
Mg+
an | 0.29
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D7 Wy BeR,
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48-% v, -E-I, '
Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332153 © D. O. Bannikov, A. V. Radkevych, S. P. Chen, X. F. Fu, 2025

149


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/332153

TPAHCIIOPTHE BYAIBHUIITBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)
Hayka Ta nporpec tparcmopty, 2025, Ne 2 (110)

Continuation of Table 3

Condition b
value
Qs
0.25
(P'bs 'ts . Ry
R
bS . _Vi 0.68
2-t, E A,
R
b, }_v.i 0.87
t, E A,
Table 4
Additional conditions according to the Chinese standard
. K-
Condition value
M M
5+ - 0.74
1.05-W,-R, 1.20-W,-R,
1 1 35-2:}/f ‘R
— 0.25
R, It
2 2
MB + QB n ny 'F1
WB Ger tw hw Ter I'tw'Gc,cr 0.47
M M
E—+ - 0.37
@, W, -R, 120-W.-R,

Value symbols: 4 — area; | — moment of inertia; W — moment of resistance; b — width; h — height; | — width of the
local stress zone; t — thickness; 8 — endurance factor; y — reliability factor; 0 — strain factor; 1 — slenderness; ¢ — nor-

mal stresses; ¢ — tangential stresses; ¢ — stability factor

Index symbols: b — beam; ¢ — local value; f — beam flange; h — intermediate stiffener; r — crane rail; s — support

stiffener; w — beam wall; cr — critical value

Originality and practical value

Thus, this publication provides a comprehen-
sive comparison of the requirements for the design
of steel crane beams for industrial buildings with
bridge cranes in accordance with the current stand-
ards of China and Ukraine. The main differences in
the design methodology and their possible conse-
guences are outlined, and recommendations for
their elimination are provided.

In practical terms, a structural solution for
a steel simply supported crane beam with a span of

6 m for a 25-tonne capacity bridge crane has been
developed. This solution covers the requirements
of both Chinese and Ukrainian standards in this
area. The paper also quantifies the level of compli-
ance of the design solution with the requirements
of the standards.

Conclusions

A comprehensive comparative analysis of
methods and approaches to the calculation of steel
crane beams (using the example of a 6 m span
beam for a 25 tonne crane), laid down in the cur-
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rent standards of China and Ukraine, allows us to
state:

1. The design solution must meet a total of
about 20 design conditions of the standards.

2. Structural requirements in both standards are
limited to the requirements for bracing the upper
compressed flange of the beam in the horizontal

direction and the selection of the dimensions of the
supporting stiffeners.

3. The Chinese standard generally provides for
stricter requirements for the design of steel crane
beams.

The final design solution of the steel crane
beam shown here meets the minimum require-

ments of the Chinese and Ukrainian standards.
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Oc00,1MBOCTI CY4YaCHOT0 MPOEKTYBAHHS CTAJIEBUX MIIKPAHOBUX 0AJIOK
BHPOOHHMYMX OyaiBeJib

Mera. L5 myOumikamist cripsiMOBaHa Ha KOMIUIEKCHE 31CTaBJICHHS METOIVK Ta MiAXOMIIB A0 MPOEKTYBAHHS CTaje-
BUX MIJIKPAHOBHX 0aJlOK 3a YMHHMMU cTaHgapTamu Kuraro ta Ykpainu. AkTyansHicTh poOOTH 00yMOBIIEHA OCTiN-
HUM HapoOIIyBaHHS OOCSTIB Ta PI3HOBUJIB CHIBIpalli MK UMM JBOMAa KpaiHAMH NPOTSTOM OCTaHHIX JECATHPIY.
Takox TemaTHka poOOTH MOB’si3aHA 3 yce OUIbII HIMPOKUM YIPOBA/DKEHHSIM B OyIiBEeNbHY MPAKTHKY CTallei mij-
BUILEHOT MILTHOCTI, SIKI MAIOTh HU3KY JI0JaTKOBUX MOKpAIIEHNX eKCIUTyaTaliiHuX xapakrepuctuk. Meroauka. Po3-
[JITHYTO MPOEKT CTAJICBOT PO3PIi3HOI MiAKPAHOBOT OAJIKU MPOTOHOM 6 M OJHOIO i3 Cy4aCHHX SHEPreTUUHHUX IMiIIpH-
eMcTB Ykpainu. HaBantaxkeHHA Oyno mependadeHoO Bif €IEKTPUYHOIO MOCTOBOTO KpaHa BaHTAaXKOIAHOMHICTIO
25 1. IlepeBipky mimiOpaHOTO TEepepizy MPOBEICHO BIMMOBIIHO A0 PO3PAaXyHKOBHX BHMOT YMHHHUX CTaHAapTiB Ku-
Tal Ta YKpaiHW, sSKi B CYKYIHOCTI HamigyrooTh Oim3bko 20 mo3mmid. OKpeMo BpaxOBaHO HaBENCHI B CTaHIapTaX
KOHCTPYKIIHHI BUMOTH OO BIAIITYBaHHA KPIMMMJIBHUX pedep KOPCTKOCTI Ta 3a0e3MedeHHs MiCIeBol CTIHKOCTI
eJIeMeHTIB repepi3y. Pesyabraru. [IpoBeneHmii mopiBHUTEHUH aHAaJi3 YMHHUX MIAXOIB 3a cTaHmaptamu Kutaro ta
YkpaiHu J03BOJIMB YCTAaHOBUTH, 1110 B IUTOMY cTaHIapT Kuraro BHCyBae OLIbII >KOPCTKI BUMOTH SIK AJISI MaTepiaiy,
3 SIKOT'O BUTOTOBJISIFOTH MiJIKPAHOBI OaNKH, TaK 1 10 pO3paxyHKOBO-KOHCTPYKIIHHUX pilieHs. [Ipu nboMy B 4acTHHI
3a0e3neueHHs 3arajJbHoT 1 MicIIeBOT CTiHKOCTI B cTaHnapTi Kurato BAKOPUCTaHO NMPHUHIMIIOBO 1HIIMK KOHLENTYalb-
HUH MiAXiA, HDK y cTanaapti Ykpainu. [Ipore octaTtoune pilieHHs Mae NMpHOJIM3HO OJJHAKOBHH PiBeHb HECHOI 3/1aT-
HocTi. HaykoBa HoBH3Ha. [IpoBeieHnii NOPIBHSUILHUI aHAaJi3 BUMOT YMHHUX cTaHAapTiB Kutato ta Ykpainu B ya-
CTHHI IIPOEKTYBaHHS CTAIIEBUX MiJIKPAHOBUX 0OaJIOK JI03BOJIMB BUSBUTH CJIa0Ki Ta CHJIbHI CTOPOHHU KOXHOTO i3 CTaH-
JIapTiB, a TAKOXX OKPECJIMTH OCHOBHI NMPHUHIMNOBI po30ikHOCTI Mk HUMU. [IpakTH4Ha 3HaYMMicTB. Po3pobneHo
Ta 3alPONOHOBAHO JI0 TIPAKTHUYHOI peaizallii KOHCTPYKIIHHUI BapiaHT CTalIeBOl PO3Pi3HOI MiIKPaHOBOI OalKH, sKa
3a CBOIMH ITOKa3HUKaMH HECHO{ 3/IaTHOCTI B CYKYITHOCTI Bi/IIIOBiZa€e BUMOTaM YMHHMX cTaHAapTiB Kuraro ta Ykpai-
HU B rairy3i MeTasoOyIiBHUIITBA.

Kouosi cnosa: cranepa minkpaHoBa Oanka; BUpOOHHWYA OYAiBIIs; MOCTOBHUI KpaH; cTaHmapt Kuraro; cTaHgapT
VYkpainu; 0OMiH JOCBiTOM
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JocJiizkeHHSl eJIEMEHTIB IOHTOHHOT0 MOCTY 3 OIVISIIy HA Cy4YaCHi BUKJINKHU
{00 BAHTAXKOMIHOMHOCTI

Meta. OCHOBHOIO METOIO I[i€i POOOTH €: JIOCHIPKECHHs CYy4aCHUX BHMOT JIO0 HAIUIABHHX 3acCOOIB i3 MOJOJaHHS
BOJIHUX TIEPEIIKO/; afaNTallis HOPMaTHUBHOTO T'yCEHNYHOTO HABAHTAKEHHSI JI0 CTAaHAAPTY JUHAMIYHHUX e(EeKTiB ryce-
HUYHUX Ta KOJNICHUX BiHiChKOBHX HaBaHTaxeHb KpaiH HATO; MmonemoBaHHS €JIEMEHTIB IOHTOHHOTO MOCTY
HXM-56 3a momoMororo mporpaMHOTO 3a0e3NeUeHHS s JOCHTIHKEHH HOTO TiJ Ji€f0 Cy4acHOTO HaBaHTa)KCHHS,
TOCTIKCHHS HAIIPYKEHO-Ie(OPMOBAHOTO CTaHy €JIEMEHTIB MOCTY AJISi BCTAHOBJIICHHS HOTO BaHTAXKOIIi JHOMHOCTI.
Metoaunka. Y poOOTi MpoaHali3oBaHO CyYacHI BUMOTH 32 BAHTaXKOIIi THOMHICTIO O TOHTOHHIX CHCTEM 3 OTJISITy Ha
BUKJIIUKU ChOTOJICHHS, 13 BHKOpPHCTaHHAM aocBiny kpain HATO 3 BiiicbkoBOi KiIacH]ikallii BaHTaXOIMIHOMHOCTI
LITyYHUX CIIOPYA. Bu3HaueHO BHYTPIlIHI 3yCHIIIS B €IEeMEHTaX MOHTOHHOT'O MOCTY TiJi JI€I0 Cy4acHOT'O PyXOMOTO
HABaHTAXXCHHS 32 METOJIOM JIiHiH BILIMBY. 3aCTOCOBAaHO IPOrpaMHe 3a0e3MeueHHs, 110 peajli3ye MeTo]] CKIHYeHHUX
€JIEMEHTIB, JJIs8 AOCII/DKEHHS MOHTOHHOro Mocty. Pe3yabrarm. JlochmiikeHO BHMOTH Cy4acHOTO CTaHIAapTy
kpaii HATO 1momo BifiCbKOBMX HaBaHTaXeHb. [IpOBENECHO aqanTUBHUM IepepaxyHOK MOJETl T'YCEHHYHOTO
HaBaHTAXXEHHsI, 1]l POIYCK SIKOTO OyJa CIpOEKTOBaHa KOHCTPYKLis 10 Ti€i, 0 BIANOBIAAE CTAHAAPTY BiHCHKOBHX
HaBaHTaxeHb KpaiH HATO. OtpumaHo pe3ynbTaTH BHYTPIIIHIX 3YCHIb Yy Oankax NPOTOHOBOI OyIOBH MOCTY.
HaykoBa HoBuU3Ha. BinTBOpeHO eneMEeHTH MO IOHTOHHOTO MOCTY, KU 3aCTOCOBYIOTh IS IIOAOJIAHHS BOIHUAX
MIEPEIIKO] Y X0 Bicidi 30poitHOi arpecii pd, 3a JOOMOTOF0 MPOTPAMHOTO 3a0e3MeUeHHs, IO T03BOIIIE JOCHTITUTH
poOOTy MIOHTOHHOT CHCTEMH (HasBHOTO PECYPCY), 8 YCTAHOBHTH PeabHY BAaHTaXOI AHOMHICTE MOCTY 3 ypaxXyBaHHAM
BuMor craHaapty kpaid HATO 3a HaBaHTa)XKeHHSM. AJANTOBAHO BITYM3HSIHE TYCEHUYHE HABAHTAXKEHHS IO BUMOT
kpainr HATO 3a knmacudikamiero BiiChKOBHX TpaHCIIOPTHHX 3ac00iB. [IpakTu4Ha 3HAYHMICTb. Y CTAHOBIICHHS BaH-
TaXXOIIJHOMHOCTI €JIEMEHTIB IOHTOHHOTO MOCTY JIaCTh 3MOT'Y pallioHalbHO BUKOPHCTOBYBATH HAsSBHUI pecypc, 341i-
CHIOBATH ITIPOITYCK CY4aCHOTO HABaHTa)KEHHS BiJIIOBIIHO 0 BUKJIMKIB ChOTOJICHHS, 4 TAKOX ONTHUMI3yBaTH Ta MOJIe-
PHI3yBaTH KOHCTPYKUIl MOcTy. Bu3HaueHHs BiJmoBimHOCTI kiacudikaiii BITYM3HSIHOIO HABAaHTAKEHHS BUMOTaM
kpain HATO nomnomarae 3abe3neqnTy IpOIyCK HasBHOT TEXHIKH MO IITYYHUX CIIOPYAaX, KinacudikoBaHUX 3a cydac-
HUMU CTaHJapTaMH.

Kouosi crosa: HamnaBHi (MOHTOHHI) MOCTH; BaHTaKOITi THOMHICTB; TIOJJOJaHHS BOJHHX IEPEUIKO; PYHKIIIOHY-
BaHHs TpaHcnopTHOI iHppactpykrypu; Military Load Classification (MLC); merto jiHii BIUIUBY; MOJIETIOBAHHS Ha-
IUTABHUX CUCTEM; METOJI CKIHUYCHHUX CIIEMCHTIB

IUTEHUM. /17151 BiTHOBJICHHSI TPAHCIIOPTHOTO CIIOJTY-
Betyn YEeHHSl 3aCTOCOBYIOTH IIOHTOHHI CHCTEMH, HaBe-
JICHHSI JyOJIIOBaJIbHUX MOCTIB IIijl 4aC TEXHIYHOTO
MIPUKPUTTS BOKIIMBUX 00’ €KTiB HAI[IOHATHHOI TPaH-
criopTHOi iH(pacTpykTypH [4], 1110 TaKOK € aKTya-
JBHAM CIOCOOOM TOJOJIAHHST BOJHHUX MEPEITKO]
B yMOBax BiifHH [9] Ta iHIIMX KPU30BHX CHTYAIisIX
[10].

CyuacHi BUMOTH JIO TIOHTOHHHUX CHUCTEM 3a BaH-
TaXKOTIi THOMHICTIO TIPOJTUKTOBAHI MOTPEOOI0 CHOTO-
JIeHHS 1[0JI0 MIPOIYCKY BITUMU3HSHOI, a TAKOX Haza-
HO{ 1HO3eMHUMH TMapTHEpaMy BIHCHKOBOI TEXHIKU

VYHachiok noBHoMacmTabHOT 30poitHOT arpecii
3¢ pd mporu YkpaiHu 3pyHHOBAHO BEIHMKY Kijlb-
KiCTh IITYYHHUX CIIOPY, IKi BXOASATH JI0 CKIIay Tpa-
HCTIOPTHOI CHCTEMH, JEsIKi 3 HUX YK€ BiTHOBJICHI
MiApo3iIaMu cuil Oe3neku i 00opoHn YKpaiHu Ta
NPOJOBXKYIOTE (yHKIioHyBaTH [6]. [TomkomkeHi
00’€KTH Ha JIEOKYNOBaHill TepuTOpii MiANATaloTh
BiJIOYIOBI, ajie BUKOHAHHS POOIT y paiioHax, Jie pi-
BeHb HeOe3neku 3 OOKy BOpora He Clajae, € Hello-
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MiBUIIEHO] MacH 3 HEOOXITHICTIO 3a0e3nmeunTH ii
MOOITBHICTh B yMOBax 0OMOBUX Jiil.

[mKeHepHI Ta MOHTOHHO-MOCTOBI MiIpO3MiTU
MaloTh Ha 030POEHHI ITaTHI 3aCO0M TSI TIOJ0JaHHS
BOJIHHX TIEPEIIKO/T, TiCIIs MOBHOMACIITAOHOTO BTO-
pPrHEHHS 3¢ pd IX YHCeNbHICTh Oyia JOMOBHEHA 3a-
co0amu, HaJaHUMHU HaJiaHI KpalHaMH-TIapTHEpaMu
[1], a Takok HaIJIaBHEMH CHCTEMaMH, BUKOPHCTa-
HUMH BiliCbKaMH BOPOTa Ta 3IMIIICHUMH Ha TCpPH-
Topii YKpainu mij vac Biactymy (TpodeiiHi MocTh).
[7]. Parionasnbhe Ta HamiliHe 3aCTOCYBaHHS IHX 3a-
cOOIB /IJIs TIOJIOJIAHHS BOAHHUX MEPEITKO MOXIIABE
32 YMOBHU PETEIBHOTO JOCIHIHKCHHS X TEXHIYHOTO
CTaHy Ta BAaHTAXKOIT IHOMHOCTI, Ha OCHOBI IKHX MO-
JKHA OTPUIMATH peaibHI peKoMeHAaIii i3 BpaxyBaH-
HSIM MOTPeOU B MPOIYCKY 3aJIaHOTO HABAHTAKCHHS
Ha BU3HAYEHIN AUISHIL.

VY 4YMHHOMY HOPMAaTHBHOMY MOKyMeHTi [5] He
BCTAHOBJICHO MOJIENIi THMYAaCOBOTO T'yCEHHYHOTO
HaBaHTaXXCHHS JJIs PO3PaxXyHKY €JIEMEHTIB MOCTO-
BHUX KOHCTPYKIii. [IpakTraHmii moCBix 1 HarampHa
HEOOXITHICT 13 TMPOMYCKY Yepe3 MOCTH Cy4acHOI
T'YCEHUYHOT BIiCHKOBOT TEXHIKH BKa3ylOTh Ha BaX-
JIUBICTh CEUU(pIKK TaKOTO BHy TUMYAaCOBOIO Ha-
BaHTAKCHHS Ta TNEPCICKTUBHE 3pPOCTaHHS HOro
Macu. OcTaHHIM JOKYMEHTOM, KU BH3HAYAE OCO-
OJIMBOCTI TYCEHHMYHOro HaBaHTaxeHHs, € CHull
2.05.03-84 (Moctu ta TpyOH), ajic CbOTO/IHI BiH He-
yuHHUI. HuM BCTaHOBIIEHE MaKCHUMallbHE HOpMa-
THUBHE TyCeHH4YHe HaBaHTaxxeHHss H[—60, npuiinsarte
3a mojemmo (puc. 1).

5000 JO0 700,

2600

Puc. 1. I'ycernyne HaBanTaxenHns HI-60

Fig. 1. Tracked loader NG-60

V kpainax-wieHax HATO 3ampoBamxeHa Biiich-
KOBa Kiacudikaris BaHTaxomiaioMuocTi [12], mo
ITOIIJISIE€ OMMHUIN BIICEKOBOI TEXHIKK Ha KJIACH, HO-
MepH SIKMX BIAMOBIAAI0TH (PaKTUYHIN Basi i3 ypaxy-
BaHHSIM JIIHIHHUX PO3MipiB 0a3u aBTOMOOILNS, a Ta-
KO HOTO IIUPUHY 1 BUCOTH.

BceraHoBuTH 3HaueHHS BaHTAXOIAHOMHOCTI
MOHTOHHOI CHCTEMH, a TAKOXK HaJaTH peKOMEeH Al
IIOJI0 OpraHi3allii MPOMyCKy HaBaHTAXCHHsI 0 Hii

MO>KHa 3a JIOTIOMOTOI0 METOJy JIiHii BIUIMBY i3 3a-
CTOCYBAaHHSIM €KBiBaJCHTHOTO HABAaHTAKEHHS, a Ta-
KOX 3a JIOTIOMOTOI0 iMITaIlifHOrO MOAETIOBaHHS
3 BUKOPHCTaHHSAM MPOTPaMHOro 3a0e3nedeHHsl, o
peanizye METO/I CKIHUeHHHUX eJIEMEHTIB.

Meta

OCHOBHOIO METOIO W€l CTAaTTi €. BU3HAYCHHS
BHYTPIMIHIX 3yCHJIb y TOJIOBHUX OaJIKax MPOTOHOBOL
OyZIoBH s BCTAHOBIIGHHS BaHTAXOIIIHOMHOCTI
MOHTOHHOT'O MOCTY HasiBHOTO MaTepialbHOTO Pecy-
pCy, SIKUil BAKOPUCTOBYIOTb JUIS TO0JIaHHS BOJAHUX
MIEPEeIKO/I B yMOBaX BiifHM Ta Jy1s 3a0e31meueHHs JI0-
TICTUYHOTO 3B’SI3KY; aHaIIi3 TAMYaCOBOT'O HOPMaTH-
BHOTI'O HaBaHTAXXCHHS, 10 aKTYaJIbHO JJIsl 3aCTOCY-
BaHHS ITiJ1 9ac MPOBEIEHHS PO3PaXyHKy BaHTaKOTIi-
JHOMHOCTI €JIEMEHTIB IOHTOHHOTO MOCTY; BH-
BUeHHS Kiacudikamii BiHCHKOBOI TEXHIKM 3a
BaHTaXXOI AHOMHICTIO, IKy BHKOPHCTOBYIOTh B Kpa-
frax wienax HATO, a Takox mpoBeneHHs mepepa-
XYHKY MOJIeJTi BITYM3HSIHOTO HABAaHTA)KECHHS HAa MO-
nenb knacy MLC 3i BcraHOBIeHHsIM ii agamToBa-
HOTO 3HAYEHHS.

Metoauka

I3 mouaTkOM MOBHOMAcCIITAOHOT'O BTOPTHEHHS
3¢ pd B YkpaiHy iHKEHEpHI MiAPO3IiIN OpraHizy-
BAJIM MIEperpaBy 4epe3 BOJAHI MEPEelIKOAN JUIs 3a-
Oe3reveHHs MisIbHOCTI CHIT Oe3Nekn Ta 00OpOHH
B HaJaHHI BiJIcivi 30pOolHil arpecii Ta miaATpUMaHHI
JIOTICTUYHOTO 3B’SI3Ky KpaiHu. BibIricTe HasBHHUX
3ac00iB JJIsl IOJ0IaHHS BOAHUX MEPEUIKO/I, sIKi BH-
KOPHCTOBYIOTh ChOT'O/IHI, CIIPOEKTOBAaHI B CEpeINHI
MHHYJIOTO CTOJITTS 3T1THO 3 HOPMaMH 32 HaBaHTa-
JKEHHSIM, 110 JisUTH Ha TOH 4ac. 3 ypaxyBaHHSM pe-
QJIBHOTO JIOCBi/Ty 3aCTOCYBaHHS IOHTOHHUX CHCTEM
MOCTIB, HaBEJCHUX 32 BHKJIMKAMHU CHOTOJCHHS, Ta
HETUIIOBHMX CXeM 30upanHst [2] i 3a3HaYmTH, 1110
YMOBH BiliHU CIIPHYMHWIIN TIOTPeOy B 3a0e3MeUeHHI
Mi/IBUIIEHO] MPOIYCKHOI CIIPOMOKHOCTI Ta BaHTa-
JKOTTI THOMHOCTI TIi/T 4ac MOJIOJIAHHS BOJHUX TIEpell-
Kox migposainamu. Lle moTpedye BcTaHOBIEHHS Ta
HAYKOBOTO OOTIPYHTYBaHHS PEaJbHOTO 3HAYCHHS
BaHTaXXOMIJMOMHOCTI IITATHUX 3acO0IB I I10J10-
JIAaHHS BOJTHHX TEPEIKO/I.

BuxopucrtoByBana B KpaiHax-wienax HATO
BiliCbKOBa KJ1acuiKallis HABaHTaXKEHHS MOCTIB, I10-
POMIB, TUIOTIB Ta TPAHCHOPTHHUX 3aC001B BU3HAUECHA,
cTaHIapTH30BaHa Ta ormcana B [12]. Ilum moxyme-
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HTOM BCTaHOBJEHO 32 cTaHmapTHi knacu (16 ryce-
HUYHAX 1 16 KOMICHUX TPAHCIIOPTHUX 3aC00iB) I
BUKOPUCTAaHHS B MPOEKTYBaHHI, BUMPOOYBaHHI Ta
3aCTOCYBaHHI BIMCBKOBHX MOCTiB. YwmcioBe 3Ha-
YeHHs, SKe BiJOOpaXkac BaHTAXKOMTHOMHICTH MO-
CTY Ta BIANOBIAHICTH TpaHCHOPTHOTO 3ac00y MLC,
MICTHTh 3HAU€HHS MacH TPaHCIOPTHOTO 3aco0y
3 ypaxyBaHHSIM HOro reomerpii (TOBXUHH 1 IIH-
PHHH), HOr0 BUKOPUCTOBYIOTh JJIsl OL[IHKH 3/1aTHO-
CTi BIWCHKOBOTO TPAHCIIOPTHOTO 3aco0y Imepexo-
IUTH Yepe3 ITydHy CHOPYAY SK 3acid mms momo-
JAHHS TepemKoan Oe3rmeyHo Ta 0e3 ii momko-
JokeHHs. Lle HOpMaTHBHHM HOKYMEHT JO3BOJISIE
KEpiBHUKY MiJ Yac TUIaHyBaHHS MEPEMIIIeHHS 0CO-
00BOrO CKJIaAy OpraHi3yBaTH palliOHAIbHE BUKOPU-
CTaHHS HasBHHUX 3acO0iB IS TOMOJIAHHS TEper-
KOJI, JIe 11e HeOOXiTHO, Ta HaJaTH BKa31BKH ILOJIO I10-
PAAKY MPOBeeHHs HeOOXiTHOT mepeancIoKaii.

3arajipHy NpoLexypy BHUIPOOYBaHb IITYYHHX
criopyn y kpainax-uneHax HATO mnpoBoasts s
BCTAHOBJIEHHS iX BaHTaxomigioMHocTi 3a [11]
(TpucTopoHHIi KOfEeKC IPOEKTYBAHHS Ta BUIIPOOY-
BaHHsI BiiCBKOBOTO MOCTOBOTO O0OnanHaHH:). Bu-
npoOyBaHHS Ha MILIHICTH (PUC. 2) POBOIATH 13 TIe-
peBanTaxxeHHsM Ha 30 ta 50 % Bix HOpMaTHBHOTO
po00YOro HaBaHTAXKEHHS, a TAKOXK BUIPOOOBYIOThH
Ha HeOOXiTHY KUIbKICTh mepei3aiB (puc. 3).

Puc. 2. BunpoOyBaHHs Ha MIIHICTb
€JIEMEHTIB MOCTY

Fig. 2. Strength testing of bridge elements

Puc. 3. BunpoOyBaHHs MOCTY Ha HUKJIIYHICTh
Fig. 3. Cycling test of the bridge

[opsimox po3paxynky 3HauenHs: MLC Bilicbko-
BOTO TPAHCIOPTHOTO 3ac00y HaBEACHO B CTaHAAPTI
[12], BigmoBimHO 10 SIKOrO TMOYATKOBHM ETarioM
€ PO3paxyHOK 3TMHAJIBHOIO MOMEHTY, PO3MoJiie-
HOTO Ha OJMHUIIIO TOBKUHH MPOTOHY, IO CTBOPIOE
TpaHcHoOpTHUH 3aci® y mporonax Bix 1 g0 100 m.
HactynHum eranoM € BHU3HAa4YeHHS HPUOIU3HOTO
3HayeHHss MLC nuisixoM JiHiHHOT IHTEPITONSIIT Mix
KPUBHMU OJWHUYHOTO 3TMHAIBHOTO MOMEHTY
(puc. 4) rinOTeTHYHUX TPAHCIIOPTHUX 3aC00IB y TO-
411, sIKa Aa€ Hanoiabe 3HadeHass MLC.

s500 T ———1——
450 +
aoo |
350 |
300 +

250

UBM (k)

Span (metres)

Puc. 4. T'padik 3a1eKHOCTI OAMHUYHUX 3THHATBHUX
MoMmeHTiB (Bich Y) y mporonax Bix 1 mo 100 m (Bick X)
JUTst oTpuMaHHs 3HadeHHst MLC

Fig. 4. Graph of the dependence of unit bending
moments (Y-axis) in runs from 1 to 100 m (X-axis)
to obtain the MLC value

SAxmo 3navenns MLC s BifiCBKOBOTO TpaHC-
MOPTHOTO 3aco0y BKJIIOYae B cebe He Juiie Horo
Bary, a ¥ reOMETpHYHI PO3MIPH, TO CJIiJI MOPIBHATH
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(bakTHUHY MIHPUHY TPAHCTIOPTHOTO 3ac00y 3 HIHPH-
HOI0 TIMOTETUYHOTO TPAHCIOPTHOTO 3aco0y, YW
MLC HaiiOnmkuni, Ta 32 HEOOXiTHOCTI 3aCTOCYBATH
Koe(iLlieHT KOpeKLii po3Mipy TPaHCIOPTHOro 3a-
co0y 3a momomororo rpadika KOpeKIil IIHPHHA
(puc. 5), Haxunm iHil Ha rpadiky 6/254
(6 %=25,4 cm).

25
20
15
10
5
0

MLC correction ( %)

0 10 20 30 40 50 60 70 80 90

Deviation from standard vehicle width
(em)

Puc. 5. T'padik kopexkii mupuH
TPAHCIOPTHOTO 3aC00y

Fig. 5. Graph of vehicle width correction

PesyabTaTtn

st orpumanHs agantoBaHoro 3HadeHHs MLC
MOJIeJIi TPaHCTIOPTHOTO 3ac00y, 10 BimoOpakae ry-
CEeHUYHY MOJIEIb MAaKCUMAaIbHOTO I'YCeHHYHOTO Ha-
BaHTaXeHHd HI—60 3a BITYM3HSHUMH HOpMaMmu
(puc. 1), HeOOXiHO MPOBECTH PO3PAXYHOK 3a OIH-
CaHO0 METOMKOIO BIAMOBIAHO 10 cTaHaapty [12].

OTtpumaty 3Ha4€HHSI 3THHATLHOTO MOMEHTY, PO-
3MOJIJICHOTO Ha OAWMHUILIO JTOBKHUHH MPOTOHY, LIO0
BUHHMKA€E BiJl MOJENi I'YCEHHYHOTO HABaHTAXEHHS
HI'-60, 3anpornoHoBaHo 3 JOCIKEHHS PO3paxyH-
KOBOI CXEMH PIYKOBOI YaCTHHU (BHBITHHI MapoM)
HAIUTaBHOTO 3a1i3HUYHOTO MocTy HXKM—56 noBxu-
HOI0 37,5 M, IKMI1 CKIAZAETRLCS 13 MIECTH CEKIiH Me-
TaJeBUX MMPOTOHOBUX OYZ0B aBTOMOOIILHOTO MPOi-
31y Ha TUIaBHUX omopax (puc. 6).

% 625M  6,25M 5im 6,25 M 6,25 M Wg”"
@ _..-c-r—rrﬁ'l‘l'v—r-rﬁ-.__ka
Mmax=857

Puc. 6. PozpaxyHkoBa cxema nporoHoBoi Oy/10BH aBTO-
MOOiTbHOTO TPOi3y HarutaBHOTro Mocty HXKM—56

Fig. 6. Design scheme of the roadway span structure
of the NZhM-56 pontoon bridge

3 aHamizy BUTISAY €MIOPH 3THHAIHLHOTO MOMeE-
HTY Ta MakCHMaJIbHOTO HOTO 3HAYCHHS CIiJ 3pO-
OWTH BUCHOBOK, 1[0 CIIPUUHATTS Ta PO3IIOIIT THM-
4acOBOTO HAaBAaHTAXXCHHS BiIOYBAETHCS B TOMY UH-
CIIi 3a paxyHOK MPYXKHOI POOOTH TUIABHHUX OTIOP,
OTXe, OTpUMaHe 3HauYeHHS MaKCHUMaJIbHOTO 3THHA-
JBHOTO MOMEHTY HE aKTyalbHE Uil BU3HAYCHHS
3aaueHHss MLC TpaHcnopTHOTO 3ac00y TOPiBHSHO
3 KJIACHYHOIO NTPOTOHOBOIO OYIOBOIO Ha JIBOX CTa-
TUYHUX omopax. /i oTpuMaHHs 3HAUYEHHs 3TUHA-
JBHOTO MOMEHTY, PO3MOIIICHOTO HA OJJMHUIIIO T0B-
JKUHH TPOTOHY, 1[0 BIHHHUKAE BiJl MOJENI T'yCeHUY-
Horo HaBaHTakeHHs HI—60, oOupaemo po3paxyH-
KOBY CXEMY MPOTOHY HasBHUX Ha IOBTOTPUBATIOMY
30epiranHi Ta 9acTO BXKMBaHUX IS BiTHOBIICHHS
TPaHCIOPTHUX 00’ €KTiB MPOTOHOBUX OYyI0B, 110 BH-
TOTOBJICHI 31 3BaPHUX HIMPOKOIOIUYHUX JTBOTABPO-
BuX Oanok nosxuHoro 18,53 m [3] (puc. 7).

W

Puc. 7. Po3paxyHkoBa cxema IpOroHOBOi Oy10BH,
BUTOTOBJICHOT 31 3BapHUX IIMPOKOIOJINYHHIX TBOTABPO-
BHX Oaslok

6,765 M

kHm

2358

Fig. 7. Design diagram of a span structure made
of welded wide-beam double-tab beams

I3 3HAYCHHS 3THHATIBHOTO MOMEHTY
M =2 358 kHxwm, 110 BUHHKAE B MPOTOHI JOBXKH-
Horo 1853 M BiIg TUMYAacOBOrO HABAHTAXKEHHS
HI'-60 (piBHOMIpHO  pO3MOJUIEHOI  CHIH
g = 117,72 xH/m), oTpuMyeMO OTMHUYHUNA MOMEHT,
mo gopiHioe 127,25 xH. 3a gonomoroto rpadika
3aJIeKHOCTI (pUC. 4) BCTAHOBIIIOEMO NPUOJIU3HE
3raueHHss MLC nuissxoM JiHiHOT iHTepIosmii Mix
KPUBUMH OJJMHUYHOTO 3THHAILHOTO MOMEHTY. 3Ha-
yerHss MLC rinoTeTHYHOro TPaHCIOPTHOTO 3aC00y
nepedyBae B Mexxax Mk MLC 60 ta MLC 70, xapa-
KTEPUCTHUKH SKUX BiIMOBiIHO 10 [12] 3a3HaueHo Ha
puc. 8. 3HaueHHS OAVMHMYHHUX 3rMHAJILHUX MOMEH-
TiB 3rifHo 3 puc. 4 it MLC 60 cranoeuts 115 kH,
g MLC 70 — 135,5 xkH.
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54.43 Tonnes
60

63.50 Tonnes
70

0.79
-

-4.57- -3.51-
- -

Puc. 8. 'eomeTpryHi Ta BaroBi XxapakTepUCTHKH
MLC 60 ta MLC 70

Fig. 8. Geometric and weight characteristics
of the MLC 60 and MLC 70

JInst  BCTAHOBJIEHHST OCTaTOYHOTO
MLC chopmyaroeMO Take piBHSIHHS:

3HA4YCHHs

135,5-115 127,25-115

70-60 MLC -60 '

(135—115)(MLC — 60) = (127, 25 —115)(70 — 60);
MLC ~ 66.

Ha ocHoBi BimoMHX 3Ha4eHb IIUPUHH TpPaHC-
nmoptHUX 3aco6iB MLC 60 ta MLC 70 BcraHOB-
moemo, 1o mupuHa MLC 64 cranoButs 3,45 M, a
NIMPUHA TINOTETUYHOTO TPAHCIOPTHOTO 3aco0y
CTaHOBUTH 3,3 M. J{J1s1 OTpUMAaHHS OCTaTOYHOTO 3Ha-
YeHHSI HEOOX1THO 3aCTOCYBaTH Koe(illi€HT KOpeKIii
PO3Mipy TpaHCIIOPTHOTO 3aco0y (puc. 5):

0,
k=14| 0 200CH (35033 )x—t |-
254cu 1w 100 %
=1,0345.
OTxe, MOJCHIb BITYU3HSIHOIO TI'yCEHUYHOTO

HaBa"TaxeHHs HI-60 Bignosigae 3HauenHo MLC
TINOTETUYHOTO  TPAHCIOPTHOTO  3acoly i3
ypaxyBaHHsM KoedimieHTa kopekuii po3mipy T3
craHoButh MLC 68 (puc. 9).

ChorofHi Ansl TIOJOJAHHS BOJHUX TEPEUIKO]]
y X071 Bifciui 30poiiHoi arpecii Ba>KIMBY POJIb Bifi-
IpaloTh HAasABHI BITYM3HSHI HAIUIaBHI CUCTEMH MOC-
TiB, IPOTE TiJl Yac iX 3aCTOCYBaHHS HEOOXiAHO 3Ba-
KaTu Ha BUKJIMKH 332 BAHTXOMIIHOMHICTIO MOCTIB,
OB’ sI3aHi 3 HaJJaHHSIM CYy4acHOT BIICbKOBOT TEXHIKH
KpalHaMU-TIapTHEpaMH, SIKY KIIacH(]iKyIOTh 3a CTaH-
naptamu HATO.

| 60.00 Tonnes |
—

0.7
—t
5.00 33

- e - -

Puc. 9. 'eomeTpuuni Ta Barosi
XapaKTePUCTUKH TIIOTETHYIHOTO
TparcnopTHOTo 3acody MLC 68

Fig. 9. Geometric and weight characteristics
of the MLC 68 hy-potential vehicle

Jns mpoBelneHHS aHANi3y Ha MILHICTh Iepe-
MpaBU eJeMeHTiB HamiaBHoro mocty HXKM-56
CTBOPHMO MOJENb PYCIIOBOI YaCTHHH aBTOJOPOXK-
HBOTO HaruIaBHOTO MocTy B kKomruiekci JIIPA (puc.

10).

B
£ R

B
L

Puc. 10. Monenb pyciioBoi YaCTUHU HAIJIaBHOTO
Mocty HXKXM-56

Fig. 10. Model of the channel part
of the NZhM-56 pontoon bridge

Mojens  HaIaBHOTO  MOCTY  JIOBKHHOIO
106,25 M BIAMOBIIHO JO TEXHIYHOI JOKYMEHTAIIi
[8] cranoBmsTh 4 nBOTaBpOBi Oanku Ne 36, mo BU-
roToBJeHi 3i ctani M16C aBTOAOPOXKHBOTO TPOi-
31y, TMPEACTaBICHI HEPO3PI3HOK CHUCTEMOIO Ta 3a-
JaHl CTPIKHSMHU OJHIEIO JIHIE B3JIOBX MOCTY.
[Mpuennanus 6amok BUKOHAHO CTPHIKHSAMH B MICITSIX
3riHO 3 TeXHIYHOI AoKyMeHTamiero [8]. Tlpukpin-
JICHHS BUKOHYE TUIbKH (QYHKIIIO NIepeiadi HaBaHTa-
KeHHs Ta Mae Besuky xopctkicts 1 000 I'Tla i3 mo-
nepeurHuM po3mipom 10x10 cm (puc. 11).
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Puc. 11. [Ipukpimieras 6aaok 10 TOHTOHIB

Fig. 11. Attaching beams to pontoons

[ToHTOHHA OMOpa CKIIaJa€ThCS 3 KOPMOBHX 1 Ce-
pennix cekiiit. Cekilii BUKOHAHO 3 MJIACTUHYACTUX
eneMeHTiB Bucotor 135 cm. Moayns aedopmarii
nepepizy IpU3HaYeHO AK AJIS CTai, 0 HEe BPaXOBYE
MOPOXHIN MPOCTIp BCepeArH] HUX. Y TaKOMy BHUIIA-
JIKY JKOPCTKiCTh TIOHTOHIB 3aBHIICHA, aJie T03BOJISIE
B JIesIKid Mipi KOMITEHCYBATH 3aBUIIICHE MTPOIABITIO-
BaHHS B 30HI IPUKPIIJICHHS 0aJ0K Yepe3 Te, 1o da-
KTU4HO 4 Oanku MporoHOBOI OyJOBU PO3MOMLICHI
B Iepepi3i MOCTy PIBHOMIPHO Ta HE IIEPEIat0Th THCK
B OAHY U Ty caMy TOYKY.

BukoHaHO 3aKpiIuIeHHs KOXHOI CEKIIii TOHTOH-
HO1 ONOpH B IXHIX LIEHTpax y3I0BXK oci Y MOCTy Ta
JTOIaTKOBO 3a00pPOHEHE MepeMilleHHs B3TOBXK 0oci X
y LEHTpalbHiil MOHTOHHIN omopi Mocty (puc. 12).
e nozBoissie cTabiizyBaTh MOJENb I KOPEKT-
HOTO 3aBEPIICHHS PO3PaXyHKY.

Puc. 12. TIpocTopoBe 3aKkpiIuIeHHS TOHTOHHUX
OII0p MOCTY

Fig. 12. Spatial anchoring of the bridge piers

ImiTartiro mIaBy4oCTi MIOHTOHHUX OITOP I ATBEP-
JDKEHO Ta peai3oBaHO 3a JIONOMOTOI0 CITMPAaHHS Ha
ctpwxkHi (puc. 13). [lepeBipky Mozesni BUKOHaHO Ha
OCHOBI MOPIBHSIHHS PE3yJIbTATIB OCIJaHHS ITiJ Yac
HaTYpHHUX BUIIPOOYBaHb OJIHIET MMOHTOHHOI OMOPH

3riIHO0 3 TEXHIYHOK JA0KyMeHTamiero [8] i3 mo-
nemnio JIIPA. OcimanHst cepeHbol CeKIlii MOHTOH-
HOi OMOpH 33 TEXHIYHOI TOKYMEHTAII€I0 CTaHO-
BUTH 16 cMm, 3a pesynbratamu mogeni JIIPA Gymo
OoTpuUMaHo pe3ynbTar 15,8 cMm. BimxwuneHns ckiagae
1,25 % Ta TOBHICTIO 30ira€Tbcs 3 Pe3yJbTaTOM
y 15,8 cMm (puc. 14), orpuManuM y gociimkenHi [7].

Puc. 13. [IpukpinuieHHs IIOHTOHIB 10 CTPHIKHIB, 1110
IMITYIOTB TJIaBY4iCTh MOJEII

Fig. 13. Attaching pontoons to rods that simulate
model buoyancy

| N R R )
15 138 138 138 E) 1% 158 158 158

Isomoax sepesmezs m Z(G)
[ ——

Puc. 14. Pe3ynpTaT ocifaHHS cepenHbOi
CEKIIil IOHTOHHOI OTIOpH

Fig. 14. Settlement results of the middle section
of the pontoon support

KitouoBumu (hakTopaMu B HalamITyBaHHI mpa-
BWJIBHOI POOOTH CTPIIKHIB, IO IMITYIOTh ILjia-
BYUICTh OIMOp, BUCTYMAIOTh BHCOTA CTPIIKHS, MO-
JIyJIb TIPY’KHOCTI Ta pO3MIp MONEPEYHOrO Mepepisy.
Bucora cTpwkHiB cTaHOBUTH 1 M. Moayiib mpyx-

HoCTi cTpikHs E, po3paxoByeMo 3a popMyJIioro:

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332774

© K. M. Ilepenenuy, C. B. Kirounnk, 2025

159


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/332774

TPAHCIIOPTHE BYJIBHUIITBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpacnopty, 2025, Ne 2 (110)

_ Sxyy

E, ,
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Jie S — IIoIa KOHTAKTY MOHTOHHOT OMOPH 3 BOJIOKO;

Yw— IIUTOMA T'YCTUHA BOAHU; Nw— KUIBKICTb 3aJaHUX
ctpmwkHiB. KibKicTh 3a7JaHUX CTPWXKHIB Ma€e OyTH
TaKoI0, 00 sIKHANKpalle BifoOpa3suTH CyLiIbHICTD
KOHTaKTy I'paHi 3 BOJAOIO: Ul KBaApaTHOI UM Mps-
MOKYTHOI IUIONIMHA KOHTaKTy MiHIMalbHa KiJTb-
KICTh CTPW)KHIB Ma€ CTAHOBUTH He MeHIe 4. Y Ha-
IOMY BHUMAJKy B34TO 6 1 9 CTpWKHIB A TBOCEK-
IIHOT TOHTOHHOI OIIOPH Ta ABOCEKITIMHOI 3ABOEHOT
MTOHTOHHOI OMOPH BiJIIOBIIHO 3 METOI YHUKHEHHS
MPOTUHY BiJl HABaHTAXKCHHS B CEpPEAMHI OMOPH.
OCKimbKH MOYJTh TIPY>KHOCTI JUISI CTPHXKHIB po3pa-
XOBYIOTH Ha 1 M2, TO momepedHuii mepepis B3ATO
BianoBigHo 100%100 cM, oTe, MOIYJIb IPY>KHOCTI
CTpWXKHIB cTaHoBUTUME 76,52 Ta 102 kIla mis nso-
CEeKIIHOI MOHTOHHOI OITOPH Ta ABOCEKIIHHOI 3/1BO-
€HOl TIOHTOHHOI OINOpH BiAMOBiMHO. ['paHWYHI
YMOBH CTPIJKHIB YCTaHOBJICHI TaKHMM YHHOM, 100
BOHHM MOTJIH BUTBHO 00EpPTAaTHUCh y TOYKaxX 3aKpim-
JICHHS, Ul 4OrO NOJAHO HIApHIPH, BOAHOYAC IS
HIKHIX KIHIIB CTPW)KHIB 3a00pOHEHO TepeMi-
LICHHS 3a BCIMa OCSIMH.

Jis oTpuMaHHs pe3yNbTaTiB JiHIM BIUTHBY 0YI10
JIOCITIZPKEHO TOIOJIOTII0 PyXy OJUHUYHOTO HaBaHTa-
JKEHHSI 110 TOYKaX CTPIKHIB 6aiok (puc. 15). o mo-
CTIfHMX HaBaHTa)XEeHb OYJIO BIJIHECEHO Ta 33J1aHO:
Jutst 6aok mporoHoBux OymoB — 1,874 kH/m; anst ko-
PMOBUX CeKilili moHTOHHOT oropu — 1,718 klla; mst
CepeHiX CeKIlili moHToHHOI ormopH — 1,551 kIla.

Puc. 15. Tonosmoris pyXy OAMHUYHOTO HABAHTAXKEHHS
Fig. 15. Topology of unit load movement

Jns mocmimkeHHS BaHTAXOMIAHOMHOCTI elie-
MEHTIB MOCTY OYJI0 BUKOPHUCTAHO CXEMY THMYaco-
BOTO HaBaHTaKeHHA 3a Mozaemmo MLC 60 Ta
MLC 70 3rigno 3 [12] MLC 68 six mozens rinore-
TAYHOTO BITYM3HSAHOTO TYCEHUYHOTO TPAHCIIOPT-
HOTO 3aco0y, SIK pe3yJIbTaT MepepaxyHKy MOIeIi
HI'-60 3a meTonukoro [12].

Jnst  oTpUMaHHS  PE3yNbTAaTiB  PO3PaxyHKY
B JIIPA ta nmogansmoro ix obumciaenns B Mathcad
OCHOBHY yBary OyJio 30Cepe/I’KCHO Ha TPhOX eJIeMe-
HTax y Oankax mepeBipKH mepepisis i3:

— HAHOUTBIIMM 3TUHAIBHAM MOMEHTOM B TIPO-
TOHAaxX MiXK TOHTOHHUMU OINopaMu (pe3yybTaTH IMo-
3MIOBKHIX 3yCHJIb BiZICYTHI);

— HaAWOUIBIIAM 3THHAJIBHIM MOMEHTOM Ha JiJIs-
HKaX HaJ MOHTOHHHUMHM OIIOPaMHU Ta I03JI0BXKHBOIO
CWIOIO TIPY HHOMY;;

— HaWOLIBIINM TO3/I0BXKHIM 3yCHIUIAM HA IiJs-
HKaX HajJ [MOHTOHHMMH OIIOPaMH Ta 3THHAJIbHHM
MOMEHTOM IIPU HbOMY.

Haii6inpIn 3aBaHTa)KE€HI €IEMEHTH BUSBUINCH
Ha JUISIHKaX nepenoctadHix omop (Ne 2, Ne 14)
(puc. 16).

4 X

Puc. 16. ITonoxeHHst HalOIBIN 3aBaHTAKEHUX €JIe-
MEHTIB 0aJIOK MPOTOHOBOT Oy IOBH

Fig. 16. Position of the most loaded elements
of the girder beams of the span structure

JIJ1st HO/IaITBIIIOTO BH3HAUCHHS HANPYXKEHb OYII0
€KCIIOPTOBAHO OTPUMaHI Pe3yNbTaTH JIiHIH BIUIMBY
(puc. 17) ta imnoproBano B mporpamy Mathcad i3

noJaJIbIIUM PO3PAXYHKOM.
MY
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Puc. 17. JliHist BIUIMBY MaKCUMaJIbHOTO 3THHAJIBHOTO
MOMEHTY B IPOTOHAX MK IIOHTOHHHMH OIIOPaMH

Fig. 17. The line of influence of the maximum bending
moment in the spans between pontoon supports
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3a mpaBuiIaMH 3aBaHTAKEHHS JIiHIA BILTUBY,
MOCTiiHI HAaBaHTAKEHHS TOMHOXYIOTh Ha TUIOII
JUISTHOK sIK1 al0Th HANOLIbIIEe 3HAYCHHS 3yCHJIb.
[lix wac wpOro po3paxyHKy OyJO IOIMYyLICHO
JEKIUJTbKa CIIPOIICHD:

— TUMYAacOBE HABaHTAKEHHsI BCTAHOBJIIOIOTH CY-
BOPO TMOCEpPEINHI HaJl MAKCUMAaJIbHOIO OPAMHATOIO.
SIKIO0 HaBaHTaKEHHS B [bOMY BHIIAJKy BHCTYIIa-
TAME 3a MEXI PO3paXxyHKOBOi MOJENi, TO HOTO
3MILIYIOTBCSI TaK, 00 BOHO MOBHICTIO CTAJI0 HA MO-
Ienb;

— BJIaCHY Bary IOHTOHIB BBa)YKAOTh PO3IO/iJie-
HOIO Ha MMOBHY A0KUHY MOCTY, TOOTO JIiHIiO BILTUBY.

BpaxoBytoun Te, 110 BCi HaBaHTAXEHHS € PiB-
HOMIPHO DPO3IOMAINICHNMH, BU3HAYEHHS 3YCHIIb BH-
KOHYeMO 3a popmyoro (2):

S=q><(D, (2)

Jie — 3HA4YCHHS PO3MOiICHOTO HABAHTAKCHHS, (0—
IIoNIa JUISIHKH JIiHIT BIUIMBY MiJ] PO3IMOAIICHUM
HaBaHTAXKECHHSM.

OTtprMaHi 3Ha4YeHHS 3a PO3paxyHKaMH 3BeeHi
10 Taoum. 1.

Tabnuns 1
3HayeHHs BHYTPilIHIX 3yCHJIb
Table 1

Value of internal efforts

Ne IMapametp 3HavYeHHS

1 Posnoninene HaBaHTa)XeHHS BiJT 117,72
TPAHCIOPTY Ha JiNITHKY HABaH-

TaxkeHHs [kH/M]

2 3yCWIIIsl MAKCUMAaJIbHOTO 3TH- 1 096,104
HaJIbHOTO MOMEHTY B IIPOTOHAX

Mix moHToHamu [KH-M]

3 3ycuiis MaKCUMaTbHOTO 3TH- 601,30
HaJIbHOTO MOMCHTY HaJl ITIOHTO-

Hamu [KH M]

4 3ycuiuis MO3A0BKHbOI CHIIM 32 -1 753,68
MaKCHMAaJIbHOI'O 3rMHAJIBEHOTO

MOMEHTY HaJl HoHToHaMHu [KH]

5 3ycuiuis MaKCUMAaJIbHOT I03/10B- -1 839,34
JKHBOI CHJIM HaJ IOHTOHAMU

[xH]

6 | 3ycwuis 3ruHaJFHOTO MOMEHTY 501,08
3a MAaKCUMAaJIbLHOT ITO3J0BXHOT

cur HaJl moHTOHaMu [KH M)

[pongorxenHs tabaumi 1

Continuation of Table 1

Ne [Mapamerp 3HavYeHHS

BusHaveHHs 3yCHJIb Bil BJaCHOT Baru KOHCTPYK-
uii MocTy

7 Posnoninena Bara MoHTOHIB HA 12,32

Mict [KH/M]

8 MaxkcruMannbHe Halpy>KeHHS B 398,09
MPOTOHAX MK IOHTOHAMH 32
MaKCUMaJIbHOTO MOMEHTY

[MIIa]

9 | MakcumanbpHe HalpyXeHHS HaJ
MIOHTOHAMH 32 MaKCUMaJIbHOTO
MoMeHTy [MIla]

307,06

10 | MakcumalibHe Halpy>KEHHs Hajl 222,32
MOHTOHAMH 332 MaKCHMaJIbHO1

no3noBxHoi cunu [MIla]

[opiBHSHHS pe3yNbTaTiB pO3paxoBaHUX HATIPY-
KEeHb y 0anKax aBTOMOOUTBHOT IPOTOHOBOI OY0BH
3BEICHO 10 Tabi. 2.

Tabnuus 2

3HaYeHHS HaNpyKeHb y 0aaKax
Ta BePTUKAJIBHUX OCiIaHb MOCTY

Table 2

Values of stresses in beams and vertical settlements
of the bridge

MLC68

MLC6O0 | ireo)

JlinsHka 3aBaHTaXESHHS MLC70

3a MakCUMabHOTO
3TUHAJIBHOTO MO-
MEHTY B IIPOTOHI MiX
nontonamu [MIla]

377,40 | 398,09 | 429,65

3a MaKkCHMaIbHOIO
3rUHAJIBHOTO MO-
MEHTY Ha JiJITHII
HaJl IOHTOHAMU
[MITa]

292,78 | 307,06 | 331,12

3a MaKCHUMAaJILHOTO
[103I0BXHBOT'O
3YCHJIISA HA JUTSHIN
HaJ IOHTOHAMHA
[MIla]

205,67 | 222,32 | 24123

MakcuMasnbHe BEpTH-
KaJbHE OCITaHHs MO-

cTy [M]

0,62 0,69 0,75
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HaykoBa HOBH3HA Ta IPAKTHYHA
3HAYMMICTh

[IpoBeneHO MOJENMIOBAaHHS €JIEMEHTIB MOHTOH-
HOTO MOCTY, SIKHii BAKOPUCTOBYIOTb IS TOJIOJIAHHS
BOJIHHX TIEPEIIKO/ y X0l Bifcidi 30poitHoi arpecii
pd. OTpumana MOJIENb JO3BOJISIE TOCHIUTH HOTO
poOOTY i JI€F0 Cy4aCHOTO HABAaHTAXKCHHS Ta BCTa-
HOBHTH MOXITUBICTB HOTO MPOMYCKY, & TAKOXK 32 I0-
TpeOM BHUKOHATH ONTHUMI3AII0 Ta MOJICPHI3AIliI0
KOHCTPYKIIi.

Monens Moke OyTH BUKOPHCTaHA ITiJT 9ac BHKO-
HaHHS 3aBJIaHb 3 JIOTiICTHYHOTO 3a0e31eUeHHs Ta Te-
XHIYHOTO TIPHUKPUTTSA 00 €KTIB 1H(PACTPYKTYpH.
ITepepaxyHOK HOPMAaTUBHOI'O I'yCEHUYHOTO HABaH-
TaxeHHs 3a craHmaptamu kpaiH HATO mo3Bomsie
aJanTyBaTH HOro JI0 cydacHoi kiacudikariii 3a Ha-
BaHTaXCHHAM.

BucnoBku

[TpoananizoBaHO 3aCTOCYBaHHS HasBHOI IIOH-
TOHHOI CHCTEMH MOCTY, JOCHIPKEHO BIHCHKOBY
knacudikaiiio TPaHCIOPTHHX 3acO0iB  KpaiH
HATO, cTBOpeHO MOAENh MOHTOHHOTO MOCTY Ta
JOCTIPKEHO Horo po0OTy Mij i€ Cy4acHOTO Ha-
BaHTAKCHHS. 3a pe3ysibTaTaMi MPOBEICHUX JOCIi-
JOKEHb MOJKHA 3pOOUTH TaKi BUCHOBKH:

1.3acrocyBaHHS TIOHTOHHHUX CHCTEM MOCTIB
B YMOBaX ChbOTOJIEHHSI B XO/Ii Bi/iciui 30poiiHoi arpe-
cii pd Bigirpae 3Ha4Hy POJIb VIS TMiATPUMAHHS JIO-
ricTUUHOrO 3a0e3MeUeHHs Ta TEXHIYHOTO IPHK-
pHUTTS 00’ €KTiB iHGPACTPYKTYPH.

2. JIns 3acTOCYBaHHs HaJaHUX 1HO3EMHHMHU Tap-
THEpaMu 3ac00iB i3 MOJONAHHS BOJHUX MEPEIIKO/
HeoOXiTHO BUKOPHCTOBYBAaTH CydacHy Kiacuika-
miro kpain HATO 3a BaHTa)KOIiAHOMHICTIO BIHChH-
KOBUX TPAHCIIOPTHUX 3aCO0IB.

3. Orpumane 3HadeHHs MLC mMozaenni HopMaTHB-
HOTO BITYM3HSHOTO TYCEHHYHOTO HAaBAHTAKCHHS
JIO3BOJISIE aJaNTyBaTH HOTO J0 MOAONAHHS BOIHUX
MEPEenIKO/ 3a JOTIOMOT0I0 Cy4acHHX 3ac00iB.

4. Bu3HaueHHsT  HaIpyXeHO-Ie(hOopMOBaHOTO
CTaHy KOHCTPYKIIi 32 JJOTIOMOTOI0 BHKOPHCTaHHS
Cy4YaCHMX 1HCTPYMEHTIB JI03BOJISE OLIHUTH ii HECHY
3IATHICTh 3 YpaxyBaHHAM BHUMOT i3 TIPOIYCKY Cy-
4aCHOTO HaBAaHTAKCHHS.

5. AHanmiz OTpUMaHMX 3Ha4YE€Hb HAaIPYXEHb
y Gaykax mporoHOBoi OyJ0BY Ta MAaKCUMAIIbHUX Be-
PTHKAIBHHUX OCiJaHh MOCTY, IO € OOMEXyBallb-
HUMH XapaKTePUCTUKAMH HECHOi 37]aTHOCTI KOHC-
TPYKIii, J03BOJISIE HAATH PEKOMEHIAIIIT 11010 TIPO-
ITyCKy HEOOXiTHOTO HABAHTAKEHHS, a TAKOK BH3HA-
YUTH TOMANBII HANPSAMH JUIA  JOCHIKCHHS
CHCTEMH.
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Research of pontoon bridge elements in view of modern challenges in terms
of load capacity

Purpose. The main purpose of this work is to study the current requirements for floating means for overcoming
water obstacles; adaptation of the normative tracked load to the standard of dynamic effects of tracked and wheeled
military loads of NATO countries; modeling of the elements of the pontoon bridge NZhM-56 using software to study
it under the influence of modern load; study of the stress-strain state of the bridge elements to determine its carrying
capacity. Methodology. The paper analyzes the current load capacity requirements for pontoon systems, taking into
account the challenges of today, using the experience of NATO countries in the military classification of the load
capacity of artificial structures. The internal forces in the elements of a pontoon bridge under the influence of a modern
moving load are determined by the method of lines of influence. Software that implements the finite element method
was used to study the pontoon bridge. Findings. The requirements of the modern NATO standard for military loads
were investigated. An adaptive recalculation of the tracked load model, for which the structure was designed, was
carried out to meet the NATO military load standard. The results of internal forces in the beams of the bridge span
structure were obtained. Originality. The elements of the model of a pontoon bridge used to overcome water obstacles
during the repulsion of the armed aggression of the Russian Federation were reproduced using software that allows to
study the operation of the pontoon system (available resource) and to establish the real load capacity of the bridge,
taking into account the requirements of the NATO standard for loading. The domestic tracked load was adapted to the
requirements of NATO countries according to the classification of military vehicles. Practical value. Determination
of the load capacity of pontoon bridge elements will allow rational use of the available resource, passage of modern
loads in accordance with the challenges of today, as well as optimization and modernization of bridge structures.
Determining the compliance of the domestic load classification with the requirements of NATO countries helps to
ensure the passage of existing equipment through artificial structures classified according to modern standards.

Keywords: pontoon bridges; load capacity; overcoming water obstacles; functioning of transport infrastructure;
Military Load Classification (MLC); method of influence lines; modeling of pontoon systems; finite element method
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Ouinka BUOYX0BOI0 BILUIMBY Ta METOAMKA BUSIBJICHHSA 0e3MiJIOTHUX JITAIbHUX
anaparis JJ151 3aXHCTY BeCTHOIOJII0 METPOIOJIITEHY

Merta. ABTOpHU CTaBIIATH 32 METY BU3HAYUTH OCHOBH OIlIHKHA BUOYXOBOT'O BIUIMBY 0apaKyrouuX OOEMPHUIIACIB Ha
KOHCTPYKIIiIFO BECTUOIOJII0 METPOIOIITEHY Ta PO3POOUTH METOAMKY BHSBICHHS OC3MMIIOTHHUX JITATbHUX arapariB
(bnJIA) Ha 6a3i iHpopmamiifHUX TexHoNorid. Meroguka. Y CTaTTi MpoaHaNi30BaHO /1Ba WMOBIpHI cleHapii, mo
XapaKTepU3yIOTh CTpaTerito MacoBaHoi araku BrJIA. Big3HaueHo, mo ciig po3risimaTH mi cueHapii He y BiIpHBi
OJIMH BiJ] OTHOTO, a B KOMIUICKCi, BBAXKAaIOUH, IO HMOBIPHICTH HEraTUBHOTO CIICHAPIIO JyKe BHCOKA, HAaBITh y pa3i
YCHIMIHOT peanizamii MO3UTUBHOTO. PO3MIISHYTO HAHMOIIUPEHIIy KOHCTPYKIHIO MiI3eMHOr0 BeCcTHOMOMO (TpHUIpO-
TOHOBa paMa 3 IBOMa psaaMH KoJoH). HaBeneHo, 1o BaxxINBOKO iHGpOpMaTHBHOIO 03HaKo BrJIA min yac monpoty
€ aKyCTHYHE BHIIPOMIHIOBaHHS, SK€ JO3BOJIIE€ BUSBJIATH IIi allapaTH B yMOBAaX, KOJNU ONTHYHI Ta paxioyoKaliiHi
3aco0M He 3a0e3MeuyoTh He0OXiTHOT TOUHOCTI. Po3po0ieHO CKIHYEHHOGIEMEHTHY MOJIENb BECTUOIOII0 METPOTIOII-
TEHy Ha OCHOBI peaJibHUX TN€OMETPHYHUX PO3MIpIB 3a JIONMOMOTOK PO3PaxyHKOBOTO MPOQECiHHOrO0 KOMILIEKCY
Structure CAD. PesyabTaTn. [lyis1 po3B’si3aHHs nepiuoi 3a7a4i (HeraTUBHUIN CLiEHApPii) MPOBEIEHO OL[IHKY MIillHOCTI
BECTHOIOJII0 METPONOJIITeHY. AHali3 1e()OPMOBAHOTO CTaHy CBIIYHMTH PO HOPMAIBHHUN PO3IOALT yCiX KOMIOHEH-
TiB. BU3HaueHO, 1110 €KBIBAJIEHTHI HANIPY>KEHHS HE JOCATAIOTh PO3PAaXyHKOBOro omnopy ajist 6etony C25/30, a 3amacu
MIITHOCTI B CEpeIHhOMY CTaHOBIATH 1,7...4,6 pa3za, TOOTO 3ampOEKTOBaHA KOHCTPYKIliS BUTPUMYE KOMOIHOBaHE
HaBaHTa)XCHHs BiJl BIACHOI Baru Ta BUOYXOBOro HaBaHTa)KeHHs. {11 po3B’si3aHHs Apyrol 3anadi (HO3UTUBHUIM Clie-
Hapiil) 3alPOIIOHOBAHO KOHIIETITYAIbHY CXEMYy MOHITOPHHTY CTaHy O0’€KTiB Ha3eMHOI KPUTHYHOI iH(QPACTPYKTypH
B 30HI 3aKIAJCHHS BECTHOIONIO METPOIONITEHY 3 IHTETPAIli€l0 B CHCTEMY BHSBJICHHS 3arpo3 i3 IOBITPSL.
HaykoBa HOBHM3HA. Y CTaTTi BIEpIIE MPOBEICHO OILIHKY BUOYXOBOTO BIUIMBY Bifl 0apa)Kyro4doro Ooempumacy Ha
KOHCTPYKIIiFO BECTHOIOIIO METPOMONiTeHy. Ha OCHOBI Li€l OIIHKK BH3HAYSHO MIIHICTB 3a)1i300€TOHHOT KOHCTPYKIIii
BECTHOIOJIIO SIK MOTeHLIHHOro yKpUTTs. [IpakTyHa 3HaunMicTb. Po3po0iieHo MeToIMKy BUsIBIEHHS Ha 6a3i iH(po-
pMaLiiiHUX TEXHOJIOT1H Oe3MIOTHUX JITAIBHUX anapariB ISl 3aXUCTY BECTHOIOJII0 METPOIIOJITEHY.

Kniouosi cnosa: meTpononiteH; BecTuO0b; 0e3nioTHUH JitansHuil anapat (bnJIA); akycTudHe BHIIPOMIiHIO-
BaHHSI; OI[iHKA MIIHOCTI; 3aXHUCT YKPHUTTS; KpUTHYHA iHPpacTpyKkTypa

Beryn anapariB (bnJIA), Haifyacrinie ycroro po3paxosa-
HO Ha JIpiOHI pyiiHyBaHHS 00’ €KTiB KPUTHUYHOI iH-
(bpacTpyKTypHu Ta )KHTIOBOTO (DOHIY, a TAaKOXK Ha
BOMBCTBO yKpaiHCHKUX rpoMajisiH [1].

[Ipore He cmix BiAKMIATH MOMXJIHMBICTH 3MiHU
TEPOPUCTUYHOI cTparerii pociiicbkoi ¢eaepaii,
i Yac sKOi MacoBaHa araka JpOHIB-KaMikas3e
MOke OyTH CIpsSIMOBaHa BHKIIOYHO Ha MUpHE Ha-
ceJieHHs 3 MeToro reHouuay [11], sk e crocrepi-
rajocs MiJ 9ac MHHIYHO 3aBAaHOTO OOMOOBOTO
ymapy 16 6epesnst 2022 poky mo MapiymoiabsChKo-
My JpaMaTUYHOMY TeaTpOBi, Hepen sKUM Oyiio

[IporsroM BifiHM pocilickkoi Qenepartii MpoTH
VYkpaiHu 3aIOKyMEHTOBAaHO HHW3KY BHIIQJIKIB, SKi
€ BOEHHHMH 3JI0YMHAMH Ta XapaKTePH3YIOTh arpe-
CHBHY NIPAKTUKY KpalHH-arpecopa siKk TepOPUCTHY-
Hy. CBiZJlOMe 3aCTOCYBaHHs MacOBaHMX aTak Oapa-
KYIOUHX OoemnpurnaciB «Haxen—131»
(«T'epanp—1») T1a «Illaxen—136» («I'epanp—2%»)
€ OJIHIEI0 3 OCHOBHUX TaKTHK 3aJISIKYBaHHS MHPHO-
IO HACEJICHHsI, OCKUIBKU MOTPAIUISHHS TaKUX JIpO-
HiB-KaMmikaza3e, TOOTO OE3MJOTHHX JNTAIBHUX
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HaHeceHO Hammc-3actepexenHs «JIITHy», abo pa-
KeTHOro yaapy 8 mumHs 2024 poky mo AUTSYii
mikapHi «Oxmataut» y Kuesi. bescymuiBHo, 3Ba-
a4l Ha Macy OoioBoi dactuau (15 1 45 kiso-
rpamiB briJIA «llaxen—131» i «Illaxen—136» Bix-
MOBIZHO), Ui MAacOBaHUX aTaK O0apaKyruuMH
OoenpunacaMu MOXYTh OyTH OOpaHi JHIe HEBe-
TUKi 00’ €KTH, 30KpeMa i YKpPHUTTA. 3MiHa TepopHC-
TUYHOI cTpaTerii pd AOCUTH BiporinHa, 3BaXKarouu
Ha YacTOTHICTh TIOSBU XapakTEpHUX BHUIAJIKiB
y XepcoHCbKOMY Ta MEUKOJIAIBCBKOMY pETiOHax,
y SKAX TEpPOPUCTHYHWM arakamM wmamux brnJIA
(FPV-mponwu 31 ckuaom Ta Kamikanse) Oynu miaa-
Hi aBTOOYyCH, 3yMMUHKH Ta TIOOIWHOKI IMIITOXO/TH.

BaxiuBuM BHIOM YKPUTTS € 00’€KTH METPO-
MOJIITEHY, SIKI MijJ Yac BiiHM OLNBII SBHO IMPOSB-
JSIFOTH CBOE mojBiitHe npusHauenns [10]. Ha Bin-
MiHYy BiJ 3ami300€TOHHUX MICBKUX VKPHTTIB,
00’€KTH METPOIOJITEHY, 30KpeMa CTaHIIii TJIn0o-
KOT'O Ta MIJIKOTO 3aKJIaJICHb, Mi3eMHI TIEPEX0IH Ta
BECTHOFOIII MAaFOTh 3HAYHUHN MPOCTIP 1, BIAMOBITHO,
BenuKky Mictkicts [8, 9]. Ilupoko Bimomo, 110
npoTsiroM BiHU 00’ekTu KuiBchkoro, XapkiBch-
Koro i JIHIMPOBCHKOTO METPOIIOIITEHIB Halal0Th
3aXUCT THCAYAM MICTSH, SKi MiJ 4Yac pPaKeTHO-
00MOOBHX yAapiB MOXYTh Mepe0yBaTH B IUX ITiJ-
3eMHUX VYKPUTTSX TpHBaIui dyac. BinmosigHo,
B pa3i 3MiHU TEPOPUCTUYHOI CTpaTerii poCiHChKOT
(deneparii MOXKIIMBI TaKOX 1 MacoBaHi aTtaku bim-
JIA Ha 1i 00’€exTH, KOJIU B HUX OyJle CIIoCTepiraTu-
csl 3Ha4YHE CKYIYEHHS JioAed. Y 1IboMy BHUIAAKY
HaHOUTBII BpPa3IUBUMU ISl TEPOPUCTUYHHUX JIiid,
MOB’sI3aHUX 13 3aCTOCYBaHHSIM BHOYXOBUX MpH-
CTpOIiB, € came BecTHOIOII i IEBHOIO MipOO CTaHIIii
METPOMOJITeHy MUTKOTO 3aKianeHss (5...10 M Bix
JICHHOT TIOBEPXHi).

Jnst po3B’si3aHHS 3a]jadi 3aXHCTy BECTHOIONIB
METPOMOJITeHY CJiJ PO3MIISHYTH JBa HMOBIpHI
CIIeHAapii, 10 XapaKTepU3yIOTh CTPATETiI0 MacoBa-
HOi araku Oapaxyrounmu Ooenpunacamu. [Tpudo-
MYy CIIiJ] pO3TIISAaTH 1Ii ClieHapii He y BiAPUBI OUH
BiJl OJTHOTO, @ B KOMIUIEKC], BBAXKAIOUH, 1110 MMOBI-
PHICTh HEraTUBHOTO CIICHAPIIO JIy’KE€ BHCOKa Ha-
BiTh y pa3i ycmimHoi peanizarii no3utusHoro. Ca-
M€ HasBHICTh IIMX JABOX CLEHApiiB € MiArpyHTIM
TOro, IO BKa3aHa HAayKoOBa 3ajiaya TIOBUHHA OyTH
KOMILIEKCHOIO 1 TOTpeOy€e JBOX HANpsMIB i1 BUpI-
LIEHHS, IO € OB’ I3aHUMH MiK CO00I0.

Heratusnuii cuenapiit BrumBy bnJIA Ha koHc-
TPYKIIFO BECTHOIOII0 MOJICIIOE MadiHHI Oapaxy-

rounx Ooempumacis «Ilaxen—131» («[eparp—1»)
ta «laxen—136» («'epanb—2») 1mo6aM3y 00’ €KTA
3 TOAAJIBIIUM BHOYXOM 1 BIUIMBOM BHOYXOBOi Aii
Ha mia3eMHu 00’exT. BiamosigHo, 3amadero, IO
BUIUIMBAE 3 LIBOTO CLIEHAPIIO, € OLIHKA BIIJINBY BU-
OyXy Ha CyKyITHY CHCTEMY, L0 CKJIAAAETHCA 3 JI0-
POKHBOTO MTOKPHTTS, 3BOPOTHOI 3aCHIIKH Ta KOHC-
TPYKIii BECTHOIOIII0 METPONOdiTeHy. MeToto i€l
OIIIHKH € 3’SCYBaHHs MIIIHOCTI BKa3aHOI KOHCTPY-
KIil.

[losuTnBHMIA crieHapiit BruBy briJIA peanizye
3MEHIIICHHS] HMOBIPHOCTI HOT'O MTOTPAIISHHS B 30-
Hy 3aKJaJeHHS BECTHUOIONII0 MeTpomnoiiTeHy. Bin-
MOBITHO, peami3allis IIbOTO CIICHApPII0 IIOJIATAE
Yy BUSBJICHHI OapaKyrounmx OO€IpHITaciB Ha TMif-
JBOTI 10 YKPUTTA 3 TOAATBIINM 3allPOBAIKCHHSIM
KOMIUIEKCY 3aXOJiB PalioelIeKTPOHHOI OOpOTHOH
a6o ¢iznunoro 3HUIIEHHS briJIA.

He Bukimkae cymHiBiB, o came iHpopmaiitHi
TexHouorii [2] € Halie(eKTUBHIIIMMU ISl BHUSB-
nennst BriJTA [3] mix yac 3aXuCTy YKPUTTS, SIKUM
€ BECTHOIOJIb CTaHIIi MeTpoIomiTeHy. BaxinBoro
iHpopMaTUBHOIO 03HaKot BbrJIA mix vac momsoty
€ aKyCTHYHE BUIPOMIHIOBAHHS, SIKE JIO3BOJISE BH-
SIBIIATH 1X B YMOBaX, KOJIM ONITHYHI Ta PaJli0IOKa-
LiKHI 3ac00M HE 3a0e3MeuytoTh HeOOXiIHOT TOYHO-
cti [4, 5]. AkycTruHi XBWi, siKi reHepyroTh brJIA,
MIOIIHPIOIOTHCS B TIPOCTOPI, 1 IX MOXKYTh PiKCyBaTH
aKyCcTU4HI mpuiiMadi curHany (MikpodoHwm), 110
[IEPETBOPIOIOTh aKYCTUYHUI TUCK HA €JIEKTPUYHUI
CHT'HAL

Ixepenamu 3BykoBuX XBHWIb brJIA € pyxomi
YCTAHOBKH 1 JIOTIATi TIOBITPSHUX T'BHHTIB, 4acTOTa
TEHEPOBAHOTO 3BYKY SKHX KpaTHa 4acToOTi o0ep-
TaHHS KOJIHYACTOTrO Bajia TOPIIHEBOTO JIBUTYHA,
KUTBKOCTI Ta 4acTOTi 0OepTaHHS JIOTATeH MOBITPs-
HOTO TBUHTA, & IHTEHCUBHICTh 3BYKY 3aJIC)KUTh Bij
IIBUIKOCTI OOTiKaHHS JIOTIaTeH TOBITPSIM.

Jns 3aBuacHOoro BusBIeHHS BbrJIA HeoOXximHa
cucTeMa PO3MOAIJICHHX BHCOKOYYTIUBHX aKyCTH-
YHHUX MPUIMaYiB, SKi Ha TOCTATHIN JAbHOCTI 3/1a-
THI 3 BHCOKHUM CTYIEHEM TOYHOCTI 3adiKCyBaTu
(akT HAOMDKEHHS JIITAOYOrO amapary 3a HOro
AaKyCTUYHUM TIOPTPETOM, BHU3HAYUTH HOTO THII,
HamnpsM, WBUIKICTH 1 mepenaTH iHGopMaliio 3a
npusHadeHHsM [2]. Cuctema noBuHHA OyTH TPOC-
TOI0, JICIIEBOI0, HA/IIWHOI0, MAaTH HE3aJIe)KHE eHep-
TOXHBJICHHA Ta MOXJIHMBICTH I1HTErpyBaTHCA 0O
CHCTEMH OIOBIIIEHHsI O1JIbII BUCOKOTO PiBHAL.
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Crin me pa3 MiAKPEeCInuTH, 0 PO3B’sI3aHHS 3a-
Jladi 3aXUCTY BECTUOIOJII0O Ha OCHOBI HETATHBHOTO
¥ MO3UTHBHOTO CIEHAPIiB € KOMILJICKCHUM, OCKi-
TEKU HaBiTh 3a 90 % ¥MoBipHOCTI peamizamii Me-
TOJWKH 3aBUYACHOTO BUSBJICHHSA brJIA 3anmumaeTs-
csl BIPOT1IHICTE BHOYXOBOTO BIUIMBY, SKHW TOBH-
HeH OyTtu omineHnid. Takox Tpeba Bi3HAYUTH, IO
3 MiJBUIICHHAM KUTPKOCTI MaCOBaHMX aTaK Ta 4H-
cia Oapaxyrouux OO€NpPHIIACIB, SKi 3aCTOCOBYIOTh
OJTHOYACHO, WMOBIPHICTh HETaTUBHOTO CIICHAPIIO
3pOCTae.

Meta

OCHOBHOIO METOIO i€l CTATTi € 3aIpOBaKEH-
HSl OCHOB OLIIHKM BHOYXOBOT'O BIUIMBY O€3MiJIOT-
HUX JITAIBHUX anapariB Ha KOHCTPYKINIO BECTH-
OIOJIF0 METPOTIONITEHY Ta Po3p0oOKa METOIUKH BHU-
sIBIICHHsI Oapakytounx Ooenpunacis Ha 0asi iH)oO-
pMaIifHAX TEXHOJIOTIH.

MeToauka

HalinommpeHimow KOHCTPYKIIEI MiJ36MHOTO
BECTHOIONIO 3 OTFOPOIKEHHSM «CTiHOKO B IPYHTI»
€ TPUIPOTOHOBA pama 3 TBOMA PsilaMU KOJIOH, BU-
KOHaHa 3i 30ipHOTO0 3a1i300eTOHY (pHC. 1).
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Puc. 1. KoHCTpyKIIis iI36MHOTO BECTHOIOIO CTaHIII MIIKOTO 3aKJIa[CHHS:
1 — «criHa B IpyHTI»;
2 — HecHa CTiHKa 3 pUreseM Uil KPIIUICHHS IepeKPHUTTS;
3 — nporiH; 4 — NepeKpUTTs;
5 — T0TKOBa YacTHHA 3 MOHOJIITHOTO OETOHY

Fig. 1. The structure of the underground vestibule of the shallow station:
1 —slurry wall;
2 — load-bearing wall with a crossbar for lining the floor;
3 —span; 4 —floor;
5 — tray part made of monolithic concrete

OcCoONHBICTIO KOHCTPYKINi BECTUOIONIO € Te,
IO Ha KOJIOHU 4 CITUPAETHCS JBOKOHCOIBHUMA MPO-
TiH 2, Ha SIKOMY PO3MIILIEHO PEOPUCTI IIIUTH BEPX-
HBOTO MEPEKPUTTA cepeaHboro 3 i kpaiHix 1 mpo-

roHiB. IlimTu KpaliHIX TPOTOHIB CHIHPAIOTHCS
3 apyroro 00ky Ha cTiHHI O10km 5. Bigcranbs mix
OCSIMH KOJIOH y TIOTIEPEYHOMY Iepepi3i BecTuoro-
JIFO IPU3HAYAIOTh VIS MOTPEOU MPOIYCKY IMOi3/IiB,
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TOOTO 3 ypaxyBaHHsIM Trabaputy HaOmmkeHHS Oy-
JIiBENb CTaHIl1 METPOIOJIITEHY MIJIKOTO 3aKJIaJCH-
Hs1. 32 IIMX YMOB BH3HA4alOTh BUCOTY Mi/IJIOTH Bec-
THOIOJTIO BiJl pIBHS TOJOBKU peHKH. TakuM dmHOM,
MiHIMaJbHa BHCOTAa CXOJOBOTO Mapmly 3 ypaxy-
BaHHIM TOBIIMHU MEPEKPUTTA ckianae 3,12 m [6].

PoGota akyctrunOi cuctemu imeHTH]iKamii s
Mi[3eMHOTO BECTHOIONO CTaHIi METPOMOJITeHY
MIJIKOTO 3aKJIaJIcHHs 3IiHCHIOETHCS TAKUM YHHOM.
MacuB 3Ha4eHb aKyCTHYHHUX CHUTHAJIB, OTPUMAaHUH
IUIIXOM HAaKOIIMYEHHS TaHUX, SKi TIepelafoTh Yepes3
Mepexy, MmoOyIoBaHy 3a CTUTBHHKOBOIO TOIOJIOTi-
€10 3 BUKOPHUCTAaHHAM MPUCTPOIB BUMipIOBaHHS
myMy 3 Oe3IpOTOBOIO Meperavero JaHWX, Haaxo-
IITh 10 ONoKy mekoxyBanHs. Lli mpuctpoi po3ra-
IIOBaHi B3ZIOBXK 3aXHIICHOI 30HM Ta JOJAaTKOBO
mig’eHaHl 1O 1HIIHX iHPPACTPYyKTypHUX 00’ €KTIB
JUTSL BIIPOBQ/KEHHSI CUCTEMH TEXHIYHOI JIIarHOCTH-
k. Cucrema aHaiizye OTPUMAaHWH MAacuB JaHUX,
PO3paxoBYIOYHM KOOPAMHATH OC3MIIOTHOTO JIiTalb-
HOTO arapara BiJIHOCHO BECTHOIOIO, 00 aKTHUBY-
BaTH CHT'HAJI TPUBOTH.

3anponoHOBaHO TPOTOTUI TaKOi CHUCTEMHU
Y BUTJISAI PO3MOJUIEHNX TPUCTPOIB BUMIiPIOBAHHS
TEXHIYHUX MMapaMeTpiB Y3IOBXK MUISHKH, SKUH 1H-
TErpoBaHO B CHCTEMY MOHITOPHHTY, JI¢ MPHCTPOI
BUMIPIOBaHHSI TIPUCKOPEHb CYMIIIEHI 3 MPUCTPOSI-
MU BUMIpIOBaHHSA IIIyMY Ta, 32 PaXyHOK 0€3IpoTo-
BOT mepenadvi JaHWX, JI03BOJISIE BUKOHYBATH IPOC-
TOPOBUH aHaNi3 Ta aKyCTHUYHY ileHTH(IKaIliI0 TOo-
BITPSTHUX 3arp03 Y3JIOBXK JUISTHKH.

Anroput™M poOOTH CHCTEMH aKyCTHYHOI iJeH-
tugikamii Takuit. Ha BXig uyepe3 00K JEKOIyBaH-
HSl HaJXOJHWTh MAacHB 3HAa4Y€Hb aKyCTHYHOI'O CHTI-
Hally, OTPUMAaHUil NUIIXOM HAKONHMYEHHS IaHHX,
SKI TIepelaloTh MEpekKero, 1o ModyIoBaHa 3a Ko-
MipKOBOO TOIOJIOTi€I0 TPUCTPOSMA BUMIPIOBAHHS
mrymy 3 O€3pOTOBOIO Nepenayero JAaHuX, POo3Io-
TIJICHUX y3JI0BXK 3aXUIIEHOI 30HM Ta i €THAHHUX
JI0JIATKOBO 0 1HIIMX 1H(PPACTPYKTYpHUX 00’ €KTiB
JUIS pealizaiii CHCTEMH TEXHIYHOTO iarHOCTY-
BaHHs. CHcTeMa BUKOHYE aHalli3 OTPUMAHOTO Ma-
CHBY JaHHMX NUISIXOM TONIYKY PO3PaxyHKOBOI KO-
opauHatu BbrnJIA BiHOCHO 00’€KTa 3aXUCTy IS
CHpAIfOBaHHS OIOBILLICHHSI.

Jlist BIPOBAKEHHS 3alIPOTIOHOBAHOTO METOIY
MOTPIOHO PO3POOUTH CHELIAJbHUI MPUCTPIN BH-

MIpIOBaHHS aKyCTHUYHOTO CHUTHANY Ta iHIMUX mug-
POBHX THapaMeTpiB 3 OE3APOTOBOIO MEPEIAUCIO Ja-
HUX [2]. Po3poOienuii mpucTpiii HampaBiIeHH Ha
MIJBUIICHHS O€3MEeKH MICTSH, sIKi TepedyBaroTh
B YKpUTTI (HampWKIaA, BECTHOIOII METpPOMOJiTe-
Hy), Ta TiJABUINEHHS TOYHOCTI ineHTH(iKarii 3a-
Ipo3 B aKyCTUYHOMY CHUTHAJII.

[puHiun poOOTH MPHCTPOI TOJSITAaE B TOMY,
0 Ui BUMIPIOBaHHS IIYMY 3aCTOCOBYIOTH LU(-
poBHH MIKpPOQOH, 10 BUXOAY SIKOTO MiA €AHAHHUN
MIPHUCTPill y3rOKEHHS Ta MIKPOKOHTPOJIEP 3arajib-
HOTO TIpW3HA4YeHHA 3 BOyIOBaHUM OaraTokaHaib-
HUM aHAJIOTOBO-LU(PPOBUM NEPETBOPIOBAYEM.

[Ipuctpiii MOXHa HaNamMITOBYBaTH Ha PO3pi3-
HSIHHS 3BYKIB MaJIOi iHTEHCHBHOCTI B HEOOXiTHHMX
YaCTOTHUX Jiana3oHax, MPUTaAMaHHUX aKyCTHYHUM
noprperaM brJIA, micis BUAUICHHS SKHX BiH Ie-
PEXOIUTH 13 «PEKUMY CHY» B aKTUBHHH, IO 3a-
Oe3mevye HOro eHEproeKOHOMIYHICTb.

Jis aHai3y MIIHOCTI KOHCTPYKIIT BECTHOIOJIIO
METPOTMOJITEHY PO3POOJICHO NETANbHY CKiHYEHHO-
enemeHTHY Mozens (CE-monens). s HaiOimpol
TOYHOCTI BIATBOPCHHS pEaJbHOI B3aEMOIIl i€l
KOHCTPYKIIii po3poOJIeHO MPOCTOPOBY MOJENb 3a
JIOTIOMOTOI0  METONIy CKIiHYEHHUX EJIEMEHTIB
(MCE) na ocnori 00’emuux CE. Bimbin mmigaum
MIJX0A0M JI0 Ii€l MpoOJIeMU MOXHA BBaXKaTH 3a-
CTOCYBaHHS [ILOTO METOAY B MpodeciiiHOMY po3-
PaXyHKOBOMY METOJ, OCKUIBKH pPE3yJIbTaToM,
OJICpP)KaHUM 3 HOro JIOTIOMOTOI0, € 130J1iHii Ta i30-
MoJisi  MapaMeTpiB  HANpPyKEHO-IePOPMOBAHOTO
CTaHy, sIKi JIETKO IHTEPIIPETYBaTH.

CE-Mopeb BeCTHOIONII0 METPOIIOJIITEHY MMO0Y-
JIOBaHa Ha OCHOBI peajlbHUX FeOMETPUYHUX PO3Mi-
PiB 32 TOTIOMOTOI0 PO3PaxXyHKOBOTO MpoheciitHOro
kommiekcy Structure CAD, version 7.31 (SCAD)
[6]. Monenb ocHOBaHa Ha 00’€MHHX CKiHYEHHHMX
enemeHnTax (19491 ByzmiB, 12 288 ckiHUYCHHHX
CIEMEHTIB; 3aja4a  CepeIHboi  PO3MIPHOCTI)
1 OUIBII MMOBHO BigoOpakae poOOTY BECTHUOIOIIO i3
JIOBKOJIMIIHIM MacuBOM. [licisi CTBOpEHHS Mpoc-
topoBoi CE-mozeni iii Hagano nedopmariiiHi xa-
pPaKTepUCTUKK (MOIYJIb MPYXKHOCTI, KOEQIIieHT
[lyaccona), mpuaomMy Juisi TPYHTY Ta 3aJ1i300€TOHY
ix 3agaHo okpemo (pwuc. 2).
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Puc. 2. 3aransna CE-Moes BECTHOFOIIO i3 «CTIHOIO B IPYHTI» Ta TOBKOJIUIIHIM IPYHTOM

Fig. 2. General FE-model of a vestibule with a slurry wall and surrounding soil

Hedopmartiitai  xapakrtepuctukun  CE-momeni
taki: 1) micok npiOHMI cepeaHbOi LIUIBHOCTI, Ha-
CHUCHHI BOAOIO: MOIYyJb mpykHOCTI £ = 30 MI]a,
koedimienr Ilyacoma p=0,3, mnuTomMa Bara
vy =20,5kH/M* 2) micok apiGHuii, BomoHacHye-
HUI: Monynb npyxkHocTi E = 30 MIla, koedimieHT
ITyacona p = 0,25, nutoma Bara y = 19,5 kH/M3; 3)
3a1i300€TOH KOHCTPYKIi Ta «CTIHH B TPYHTI!
NpUBEEHUH MOYIIb TIpy)HOCTI E = 36-10° MIla,
koedimienr Ilyacoma p=0,2, mnuroma Bara
v = 24,5 kH/M®%, 4) GeToH OCHOBH, TOBIIMHA MIAPY
0,6 Mm: mMomyns npysxkHnocti E =27-10° MIla, koe-
¢inienr  Ilyacoma p=0,2, nuroma Bara
y = 20 kH/M®.

[licns wamaHHsA nedopMamiifHUX XapaKTepuc-
TUK Ha MOJIeJIb HAKJIJIEHO IPaHnu4Hi yMoBHU: 1) 1o
HWXKHIM Mexi MoJieni — 3a0opoHa 1o ocsx X, Y, Z;
2) o 6okax Mozei (B310BX OOKIB, SIKi TIapasiesb-
Hi oci TyHe0) — 3a00poHa 1o ocsix X Ta Y; 3) mo
TOPIIX MoJieNli (CTOPOHH, SIKI MEepHEeHIUKYISIPHI
oci X) — 3abopona o oci Y.

[licng 1pOro BUKOHAHO PO3PaxXyHOK HA BIIACHY
Bary CE-Momeni i BHOyXOBe HABaHTaXCHHS BiJ
0apaKyro4oro Ooenpurnacy «Haxen—136»

(«T'eparb—2»), 110 MPUKITAJCHE HA ACHHINA MOBEPX-
Hi Ha OJTHAKOBIH BijcTaHi Bif kooH [7, 12].

PesyabraTn

Juis po3B’si3aHHs repmioi 3amavi (HeraTWBHUH
CIleHapiil) MPOBEACHO OIlIHKY MII[HOCTI MiJl Yac
PO3paxyHKy BECTHOMOIIO MeTpomoiteny. [licis
YHCENBHOrO aHallizy 3a JAOIoMoror Structure
CAD orpumaHi 3aranbHi pe3y/lbTaTH HaIpy>KEHO-
ne(hOPMOBAHOI'O CTaHy KOHCTPYKIli BECTHOIOJIIO
METPOIIOJIiITeHy MpoaHanizoBaHo. Ha puc. 3 HaBe-
JIEHO  pe3yiapTaTd  AeOpMOBAHOIO  CTaHy
CE-mopeni BecTHOIOIIO.

Amnaniz neopMOBaHOTO CTaHy CBIIYHTH TPO
HOPMaJBHHUN PO3MOAINT 000X KOMIIOHEHTIB, IIPH-
YoMy iX 3HAa4YeHHS He cymnepedaTb poOOTi BECTHU-
OFOJII0: MaKCUMallbHI BEPTHKAIIbHI TepeMillleHHS
HIETTUTH CEPEHBOr0 3aJy CTaHIIWHOI KOHCTPYKIIiT
CTAHOBJIATH 12 MM, JOTKa — 8 MM.

Hageneni nani npo aedopMoBaHuii cTaH KOHC-
TPYKIII € pajiie iIFCTPaTHBHUMU, OCKIILKU Hal-
OlMpIIMI 1HTEpEC Yy AOCIHiJKEHHI CTaHOBIATH HAa-
MPY>KEHHS.
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Fig. 3. Isofields and isolines of horizontal (a) and vertical (b) displacements
in a fragment of the model (fragment of the vestibule lining) from explosive loading

Jlyis po3paxyHKy Ha MIIHICTh HaBeJEHO Ipe3e-
HTalilHI JaHl Hanpy)XeHOro CTaHy JIUIIE MIO/O0
KOHCTpyKLii BectuOromo (puc. 4 i 5). Posnoxin
HaNpYy>XEeHb Y KOHCTPYKIIii BECTUOIOIIO € CTaHap-
THHUM 1 HE CyNepeynTh KJIACHYHUM YSBICHHSAM IIPO
PO3MOAIN HAPYKEHb Y KOHCTPYKLISAX 13 KyTaMu 1

KOJIOHAMH. [l MoJaibIIoro po3paxyHKYy KOHC-
TPYKIIii BECTHOOIIIO HA MIIHICTh, SKHH Oy/e Tpo-
BEJICHO JIUIIIE MIOJ0 OeTOHY, TOOTO Ha TPIIIUHO-
CTIMKICTh, 3aCTOCOBYEMO (POPMYITy H4ETBEPTOi TEO-
pil MiItHOCTI (eHEepreTu4Hy), 10 BPaxoBYy€e MPOC-
TOPOBHUII PO3MO/IiT HAMTPYXKEHOTO cTany [6].
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Fig. 4. Isofields and isolines of horizontal (a),
vertical (b) and tangential (c) stresses
in a fragment of the model (fragment of the vestibule
lining) from explosive loading
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Fig. 5. Isofields and isolines of horizontal (a),
vertical (b) and tangential (c) stresses
in a fragment of the model (fragment of the vestibule
lining) from its own weight and explosive load
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Sx BumHO 3 aHamizy puc. 4 1 5, mepeBipky Ha
MIIHICTh CJIiJ{ TPOBECTH B TOYKaX KOHIICHTpAIIii,

sIKi BKa3aHi Ha puc. 6.

Puc. 6. Toukn KOHIICHTpaMii HATPY>KEHb
Y KOHCTpPYKIIii BECTHOI0IIO

Fig. 6. Stress concentration points
in the vestibule structure

OTpuMaHHS €KBiIBaJICHTHUX HANpY>KeHb J03BO-
J€ BpaxyBaTH CKJIaJHUH HaNpyXEHHH CTaH
B €JIEMEHTaX MOJENI 1 OUIbII TOYHO 3’5ICYBaTH I0-
JII/I]_HHiM MAaCHUBOM Ta CIICKTPOM HaBaHTAaXXCHb. Po-
3paxyHOK 3a €KBIBaJCHTHUMH HANPY>KEHHAMH JUIS
KOMOIHOBaHOTO HaBaHTAXXEHHS BiJl BJIACHOI Baru
Ta BUOYXOBOr0 HaBaHTaXEHHsS (pHC. 5) HaBeIEHO
B Tabm. 1.

Ax Oaummo 3 TaOnMuUI, €KBIBaJEHTHI Hampy-
KEHHSI HE JIOCATAIOTh PO3PAXYHKOBOTO OMOPY LIS
6erony C25/30, a 3amacu MIiIHOCTI B CEpPeIHBOMY
craHoBsITH 1,7...4,6 pasa (y TO4Ili KOHIEHTpALIi
6 — 18,4 paza), ToOTO MOXHa 3pOOUTH BHUCHOBOK,
10 3aIPOEKTOBAHA KOHCTPYKIIisS BUTPUMYE KOMOI-
HOBaHE HAaBaHTa)KEHHS BiJl BIIACHOI Baru Ta BUOY-
XOBOT'O HAaBaHTAXKEHHSL.

Tabmums 1

Po3paxyHoK eKBiBaJeHTHUX HANPYKEHb
32 4YeTBEPTOIO0 Teopi€o MiHOCTI

Table 1

Calculation of equivalent stresses according
to the fourth strength theory

Hanpyxenns, Mlla ExsiBase-
Ho- Jlotnu- HTHE Ha-
Mep HopManb.- HopManb.- HE B IIPpYKCHHA,
Touku | HEMOOCI | HeIo oci II0- MH? / ]
X z muwi | Koedini-
XZ €HT 3aracy
1 —7,87 +1,52 +0,24 7,24/2,9
2 —7,87 -5,13 -3,09 12,5/1,7
3 -1,44 -1,97 -0,36 8,80/2,4
4 -0,15 +5,31 -0,36 5,27/4,0
5 —2,72 -3,23 -0,59 5,26/4,0
6 -0,15 +0,57 -0,59 1,14/18,4
7 —2,72 -2,28 +0,79 4,55/4,6

ExBiBasIeHTHI Hanpy >XeHHs Ta 3arac MIITHOCTI B
Touni koHueHTpanii 2 (12,5 Mlla Ta 1,7 paza) mo-
JKHa BBa)KaTH 3aJI0BUILHIMH 1 TaKUMH, 10 HE BU-
KIIUKAIOTh MOTPEOH y 3MiHI KOHCTPYKIIIi.

Puc. 7. KonuenryanbHa cxeMa MOHITOPUHTY CTaHY
00’€KTIB Ha3eMHOI KPUTHYHOT IHPPACTPYKTYpH
B 30HI 3aKJIa/ICHHSI BECTHOIOIIO METPOTIOJITEHY
3 IHTErpali€ro B CHCTEMY BUSIBIICHHS 3arpo3 13 MOBITps

Fig. 7. Conceptual scheme of monitoring the condition
of ground critical infrastructure facilities
in the area of the metro vestibule with the integration
of an aerial threat detection system
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Jus po3s’sizanHs apyroi 3amadi (O3UTHBHUMN
CIlcHapiil) Ha OCHOBI JOCIIJKCHUX TEXHOJIOTIH Yy
CTaTTi 3aMpOTNIOHOBAHO KOHLENTYAIBHY CXEMYy MO-
HITOPHUHTY CTaHy 00’ €KTiB Ha3eMHOI KPUTHYHOI iH-
(bpacTpyKTypH B 30HI 3aKJIa/IcHHS BECTHOIOIIO MET-
POIIONIITEHY 3 IHTETpalli€l0 B CHUCTEMY BHSBICHHS
3arpo3 i3 moBiTps (puc. 7). L cucremMa BUKOPUCTO-
By€e IBi 6e31poToBi TexHomoril: ZigBee mist 360py
JaHUX MDX MPUCTpOsIMU Ha Binctai 75...100 mert-
piB Ta LoRa mist mepenaui KpUTHYHUX, y3arajibHe-
HUX HaHWX (Ha BigctaHb M0 10 KM), TaKUX SK BUSIB-
JICHHS aHOMAJTiii.

Cucrema ocHamieHa HTU(QPOBUM MiKpO(hOHOM,
i1’ €THAHUM IO MIKPOKOHTPOJIEpa, KW TO3BOJISIE
3aMKCyBaTH 3BYK, KOJH PIBEHb aKYCTUYHOTO CHI'HA-
JIy TIepeBHIIye 3anaHuii mopir. [licas 3aBepiieHHS
3aIlUCy CHCTEMa aHaTi3ye JaHi 3a JOIOMOTOK HEW-
POHHOI Mepexi, ONTUMI30BaHOI JJIsi PECYpCiB MiK-
POKOHTpOJIepa, MO0 OIIHWUTH MOTEHIHI 3arpo3u
Ta aKTUBYBAaTH MHUTTEBHUI CUTHAJ TPUBOTH.

HaykoBa HOBU3HA Ta NPAKTUYHA
3HAYMMICTB

VY craTTi Bhepiie MpoBEAEHO OLIHKY BHOYXO-
BOTO BIUTMBY Bif Oapaxyrodoro Ooempumnacy
«lITaxen—136» Ha KOHCTPYKIIiO BECTHOIOIIO MET-
pomomiteny. Ha OCHOBI Ii€i OMMIHKM BH3HAYEHO
MILIHICTh 3aJ1i300€TOHHOT KOHCTPYKIIii BECTHOIOIIO
SK TIOTEHIIHHOTO YKPUTTS, SKa CBIIYHUTH PO JO-
CTaTHIil piBEHb 3aXHCTY JIOJEH Y pa3i OMMHUIHOTO
BIIy4aHHsI 0apa)Kyrouoro Ooerpuiacy.

[IpakTryHa 3HAYUMICTH JOCTIIKCHHS ITOJISITae
B pO3po0Ili METOAMKH BHUSBICHHS OC3MUIOTHUX JIi-
TAJIbHUX arapartiB U 3aXHCTY BECTHOIOIIO METpO-
moriTeHy. Po3pobieHa KOHIENTyallbHA CXeMa MO-
HITOPUHTY B 30HI 3aKJIaJICHHS! BECTHOIONIO 3 iHTeET-
pali€0 B CHCTEMY BHSIBICHHA 3arpo3 Moxe OyTh
BIIPOBAKCHA JIJIS1 T IBUIIICHHS O€3TeKH JIIOJICH, SKi
BUKOPUCTOBYIOTh METPOTIOIITEH SIK YKPUTTSL.

BucHoBku

OTpuMaHO MEPBUHHI pe3yIbTAaTH Ba)KIWBOI Ha
CHOTOJTHIIIHIM BOEHHUH Yac 3ajiadi, a caMe 3aXUCTy
BecTHOIOMIO MeTponomiteHy. llocTaBnena 3amaua
XapaKTEPU3YETHCS SIK KOMITIEKCHA 1 TIOJIATaE B PO3-
BUTKY JIBOX HANpsIMiB: OL[IHKK BHOYXOBOTO BILIUBY
Oapaxyrounx OO€mpumaciB Ta METOAMWII BUSBICHHS
OE3IMJIOTHHX JTTANGHUX amapaTiB. Y CTaTTi BU3HA-
YEHO MILHICTh KOHCTPYKIii BECTHOIOIIO METPOIO-
JITeHy 3a JIOTIOMOTOI0 YHCEIIFHOTO aHai3y BUIAAKY
BUOYXOBOI'O BIUIMBY, @ TAaKO)X HABEICHO OCHOBH
METOIUKH BUSBIEHHS OE3MUIOTHUX JITAIBHUX
anapartiB Ha 0a3i iHhopMaIiTHUX TEXHOJIOTIH.

[lomanpmni mocmipkeHHS B paMKax Ifi€l KOM-
IUIEKCHOI 3a/1avi 3aIIaHOBAHO MPOJOBXKUTH IS
BUIaJKy MAacOBOTO TMOTPAIUIIHHS Oapakyrouux
0oenpuriaciB y 30HY BECTHOIOIIO METPOIOJITEHY
3 BU3HAYEHHSM MIIIHOCTI Ta CTIMKOCTI Iii€i KOHC-
TPYKIii, 8 TAKOX PO3BUTKY CUCTEMH PO3MOAUICHUX
BHUCOKOYYTJIMBHX aKyCTUYHUX MPHUHMaUiB JJIsI 3aB-
yacHOro BusiBJieHHs1 briJIA.
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Assessment of Explosive Impact and Methods for Detecting Unmanned Aerial
Vehicles During Protection of the Metro Vestibule

Purpose. The authors set the goal of determining the basis for assessing the explosive impact of loitering muni-
tions on the structure of the metro vestibule and developing a method for detecting unmanned aerial vehicles
(UAV5s) based on information technology. Methodology. The article analyzes two probable scenarios that character-
ize the strategy of a massive UAV attack. It is noted that these scenarios should be considered not in isolation from
each other, but in combination, considering that the probability of a negative scenario is very high, even with the
successful implementation of a positive one. The most common design of an underground vestibule (a three-span
frame with two rows of columns) is considered. It is shown that an important informative feature of a UAV during
flight is acoustic radiation, which allows detecting UAVs in conditions where optical and radar means do not pro-
vide the necessary accuracy. A finite element model of the metro vestibule was developed, which was built on the
basis of real geometric dimensions using the professional calculation complex Structure CAD. Findings. To solve
the first problem (negative scenario), an assessment of the strength of the metro vestibule was carried out. Analysis
of the deformed state indicates a normal distribution of all components. It was determined that the equivalent stress-
es do not reach the design resistance for C25/30 concrete, and the safety margins on average reach 1.7...4.6 times,
i.e. the designed structure withstands the combined load from its own weight and explosive load. To solve the sec-
ond problem (positive scenario), a conceptual scheme for monitoring the condition of ground critical infrastructure
objects in the area of laying the metro vestibule with the integration of an air threat detection system is proposed.
Originality. The article first assesses the explosive impact of the loitering munition on the structure of the metro
vestibule. Based on this assessment, the strength of the reinforced concrete structure of the vestibule as a potential
shelter is determined. Practical value lies in the development of a method for detecting unmanned aerial vehicles
based on information technology during the protection of the metro vestibule.

Keywords: metro; vestibule; unmanned aerial vehicle ( UAV); acoustic radiation; strength assessment; shelter
protection; critical infrastructure
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MeToanka BU3HAYEHHS e()eKTUBHUX NMapaMeTPiB TPy00OeTOHHUX OATKOBUX
(¢epm 3 131010 3Bepxy

Mera. Y cTaTTi po3riITHYTO METOAUKY IMOIIYKY e(heKTHBHUX PO3MipiB TOJOBHHUX PO3PI3HUX OanKoBHX (epM i3
BHKOPHUCTAHHAM TPyO0OETOHY i3 TPUKYTHOIO PEIIiTKOIO Ta BEPXHIM PO3TAIyBaHHAM IMPOi3HOI YacTHHHA. OCHOBHOIO
METOI0 POOOTH € PO3poOKa aIroOpuTMy, SKHH J03BOJIAE BH3HAYUTH ONTHUMAJbHI M€OMETPUYHI Ta KOHCTPYKIIIHHI
napaMeTpu Takux (epM Ha OCHOBI KOMIUIEKCHOTO BpaxyBaHHs BIUIMBY MaTepialliB, HaBaHTaXeHb i pPOOOTH
eJIeMeHTIB KoHCTpykii. MeToauka. JlocmikeHHs IPYHTY€EThCSl Ha YMCEIbHOMY MOJEIIOBAaHHI 13 3aCTOCYBaHHIM
nporpamuux komiuiekcie Mathcad ta JIIPA—CAIIP. V #ioro mexax peaizoBaHO METOJ PiBHOMIPHOTO MOIIYKY, IO
3abe3neuye reHepallilo BCiX MOXIMBHUX KOMOiHawii mapameTpiB depm, ix aHani3 Ta Qinprpaliro BimOBIIHO 110
KkputepiiB epekTuBHOCTI. OCHOBHY yBary 30cepe/PKeHO Ha BEpXHbOMY Hosici (pepM, BUKOHAHOMY 3 TpyOOOETOHY,
IO JO3BOJIIE MAaKCHMAalbHO pealli3yBaTH HECHY 3[aTHICTh TPyOOOETOHHHMX eneMeHTIB. [y po3paxyHKIB y35TO
nopMmaruBHi HaBaHTaXeHHS AK, HK, CK, a Takox mpoBeneHoO mepeBipKy YMOB poOOTH TpyOOOETOHHUX €IEMEHTIB
3TifHO 3 TMOJIOKEeHHSAIMH €Bpokony 4. PesyabraTn. Po3pobiennii anropuT™ 103BOJISIE aBTOMAaTHIHO T€HEPYBATH,
mepeBipiATH Ta (IIBTPYBAaTH BapiaHTH 3 ypaxyBaHHAIM MeEX HECHOI 37aTHocTi. llepeBipka poO3paxyHKOBHX
pe3yIbTATIB MiATBEpIIIIa iXHIO BiOIOBIIHICTE HOPMATHBHUM BHMOTaM Ta ¢()eKTHBHE BHKOPHUCTAHHS MaTepialiB.
CepenHiii 9ac po3paxyHKy OIHOTO BapiaHTy IOCTaTHiil A BH3HA4YCHHSA e(DEeKTHBHUX TPYOOOETOHHHX TepepisiB,
aje He € TPaHMYHUM IIOKa3HUKOM 1 CBIIYMTh MpO HAasSBHICTH IMOTEHIHaNy Uil NOAAjibLIOl onTuMizamii Ta
NpPUCKOpeHHs airoputMy. HaykoBa HoBH3HA. ABTOpU PO3pOOMIIM METOJMKY MOIIYKY ONTHMAIBHHX HapaMeTpiB
TpyOOOETOHHUX PO3pI3HUX OaIKOBUX (epM 13 TPUKYTHOK PEIITKOI0 Ta BEPXHIM pO3TAallyBaHHSAM IPOI3HOT
YacTUHH. YTIEpIle 3alpOIOHOBAHO JeTali30BaHy 0araTOpiBHEBY CTPYKTYPY PO3paxyHKY TpyOoOeTOHHHX (epM 3a
HOpPMaTHBHUMHM HaBaHTaxeHHsMH [IBH, npu npomMy po3paxyHOK TpyOOOETOHHHX €JIEeMEHTIB 3/[IHCHEHO BiAMOBIHO
o mojoxeHb €BpokoniB. IlpakTuuyHa 3HaumMicTh. Po3po0NeHO amanTHBHUN iHCTPYMEHT, NPH3HAYCHHUN IS
ontuMizamii TpyOoOeTOHHNX (EepMOBHUX KOHCTPYKIH Yy MOCTOOyIyBaHHI. 3alpolOHOBAaHHUU MiIXil CIpHUSIE
3MEHIIIEHHIO MaTePiaIOMICTKOCTI Ta 3a0e3Mneuye pallioHaIbHE BUKOPHCTaHHA TPyOOOSTOHY B €JIeMEHTax TOJOBHUX
6anxoBHX (epMm.

Kouosi cnosa: TpyboOeToOH; cTane3anizobeToHHa 0amKoBa (epMma; METOI PIBHOMIPHOTO MOMIYKY; e(peKTHBHI
napaMeTpH; apaMeTpUIHUH aHai3

Beryn CTHCK, TOMY HOTO 3aCTOCYBaHHS Y BEPXHiX IMosicax
depMm € HalOImbI goninbHUM. Kpim Toro, Tpybo-
OCTOHHI €JeMEHTH XapaKTEePU3YIOThCS IIiABHIIE-
HOIO 3arajibHOI0 CTIHKICTIO, a TAKOX Kpallolo 3/a-
THICTIO CNIpUMAaTH MiCIIeBi 3TMHANbHI HaBaHTa-
XKeHHs. ToMy TpyOOOETOH MOKEe CYTTEBO BIUIMHY-
TH Ha BU3HAYCHHS NapaMeTpiB TOJIOBHUX (epM,
SIKIIO BOHM HE MPOJUKTOBaHI TIEBHUMH OOMEKEH-
HSIMH Y4 yMOBaMU nipoekTyBaHHs [ 13, 15].
[IpoBenenwmii y crarti [8] aHami3 cBiq4uTh TIPO
HEJOCTaTHIM piBEHb IOCTIHKEHOCTI e(EeKTHUBHUX
napaMmeTpiB gepM 3 ypaxyBaHHIM OaraToakTop-
Horo BIUMBY. HeoOXiaHicTh MOIIYKY palioHalb-
HUX cXeM TpyO0oOeToHHMX (epM 3 371010 3BEpXy
3yMOBJICHA HE JIMIlIEe MOTPe0O0I0 y Oijbll JeTalb-

3acrocyBaHHs TpyOOOETOHY B MOCTOOY/IyBaHHi
€ TIOIIMPEHOI0 MPAKTUKOI0, TIEPETYCiM Y CKIIETiHHI
apKOBHX NMPOTOHOBUX OymoB. TpyOoOeToHHI dep-
MOBI MOCTH BHKOPHUCTOBYIOTH Diflle, OJHAK 3a
octaHHi 15 poKiB peani3oBaHO KiJbKa 3HAYHHUX
NpoeKTiB, 30kpema Mict [amxaizi (Ganhaizi
Bridge, puc. 1, a) [8] 3aBmoBxku 1 611 M Ta Mmict
Keky (Keku Bridge, puc. 1, 6) [14] 3aBmnoBxku
6 431 m — HaiinoBIIMI TPyOOOETOHHHH MICT y CBITI.

3amoBHEHHS CTaJeBUX TPyO OETOHOM chpusie
[MABUILEHHIO HECHOI 3aTHOCTI Ta HAIIMHOCTI MO-
CTOBUX KOHCTpYKUil. TpyOoOeToH BusBIsA€ Haii-
Kpallli MexaHi4Hi BJIaCTUBOCTI Mix yac poOOTH Ha
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HOMY BUBYEHHI poji TpyO0oOeTOHYy B Takux cHcCTe-
Max, a ¥ BaXJIMBICTIO BUABJICHHS 3aKOHOMIipHOC-
Tel B yMOBax /il YUCIICHHUX 3MiHHUX.

a—a

Puc. 1. TpybobeTonHi pepMeHHI MOCTH:
a — mict ["anxaiisi; 6 — mict Keky
Fig. 1. Concrete-filled steel tube truss bridges:
a — Ganhaizi Bridge; b — Keku Bridge

[IporoHoBi OynoBH 3 HacKpi3HUMH (QepMamMu
€ CKIJIQJIHUMH MPOCTOPOBHMHU CHUCTEMaMH, y SKHUX
TOJIOBHI €JIEMEHTH CIPUHMAIOTh 3HAYHI 3yCHILIS
Big mil CTaTMYHUX Ta AUHAMIYHUX HABaHTAXXEHb.
3 oy Ha 1€, a TaKOXK IHIN KOHCTPYKIIHHI Ta
eKCIUTyaTalliiHi ImepeBar, JUisi 3MEHIIEHHsI 3YCHJIb
nepeadavaroTh MOHONITHY 3al1i300€TOHHY ILTUTY
NpOi3HOI YaCTHHH, sSIKa MPALIOE CIUIBHO 3 (EepMOro
(puc. 2). YV neskux BHMAIKaX MiJl INTUTY YKIAal0Th
MeTaneBuid MpoiTbOBaHUN JIUCT, SKHHA TaKOXK BH-
KOHY€E (DYHKIIIIO HE3HIMHOI onaiyOku (puc. 2, 8).

depMOBi TPOrOHW MOXKYTh MAaTH PO3TAlIyBaH-
HSl IPOT3HOT YaCTHUHHM K 3BEPXY, TaK 1 3HU3Y KOHC-
TpyKuii. 3a yMOBHU 10CTAaTHHOT Oy 1iBEIbHOI BUCOTH
nepeBary HaJalTh BapiaHTy 1371 3Bepxy. [Ipote
JUISL BEJIMKUX TPOTOHIB Oy/iBeIbHa BHCOTA MOXKE
BUSIBUTHCS 3aBEJIMKOIO, 10 YCKIIAJHIOE PO3MillIeH-
HSl KOHCTPYKLII B Meax MOTpPiOHMX raOapuTiB.
VY Takux BHIMaJKax [OLIIbHIIIE 3aCTOCOBYBaTH
(dbepMu 3 po3TalIyBaHHAM MPOi3HOI YACTUHH 3HU3Y,
IO J03BOJISIE 3MEHIIUTH OyIiBENbHY BHCOTY KOHC-
Tpykuii [3].

External shear

Reinforcing ™ connector

\ Concrete slab

e

Concrete infill

Puc. 2. Bunu KOHCTpYKIIii BepXHBOTO TOsIca B TpyOOOe-
TOHHUX (hepMax 1371010 3BEpXy:

a — 00’ eTHaHHS BEPXHBOTO Mosca GpepMHu B piBHI
3anizobetonHol ity [11]; 6 — HaknaaeHHs 3a11i300eTOHHOT
Ty Ha nosic pepmu [5, 10];

6 — 3’€THaHHS 3aIIOBHEHHS PEIIiTKH
3 HE3HIMHOIO OTaTyOKOI0 3 MPOQiILOBaHUX JUCTIB [16]

Fig. 2. Types of upper chord construction in concrete-
filled steel tube trusses with top-deck traffic:
a — integration of the truss upper chord with the level
of the reinforced concrete slab [11]; b — placement of the
reinforced concrete slab on top of the truss chord [5, 10];
¢ — integration of the lattice infill with permanent profiled
sheet formwork [16]

s knacuuHux (epM 3 131010 3HU3Y HaBaHTa-
JKEHHSI TIepeIacThesl Ha BY3IH (epMH, a B MOCTax
3 1371010 3BepXy HaBaHTA)KEHHS YacCTO MEPEIAEThCs
Ha BEpXHil MOsIC epM MiXK By3JIaMH, BUKIAKAIOUH
JIOJIATKOBI 3TMHAJIbHI MOMeHTH. HalnomupeHi-
IIMM BapiaHTOM KOMIIOHYBaHHA TpPyOOOETOHHHX
(hepMOBHX MOCTIB € PO3MIILLIEHHSI MPOI3HOI YacTu-
HU HaJ] IPOTOHOBOIO OY/IOBOI0. Y I[bOMY BHITAJIKY
3a1i300€TOHHY TUIUTY a00 IHTETrpyIOTh y BEpXHii
nosic pepM, HOpMyrOUN €IMHUNA MOHOJITHHN eJe-
MEHT, a00 YKJIaJlal0Th OEe3M0CepPeIHbO Ha BEPXHI
nosicu. Y JIpyroMy BUTIQJIKY 1€ CIIPUYNHSIE BUHUK-
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HEHHSI OUTBIII BHPAXCHUX 3TMHAIBHMX MOMCHTIB
y TaHeJsX.

CyudacHi GepMOBi MOCTH 3a3BHYail MalOTh TPH-
KyTHY PEIIiTKY 3 BUCXiITHHUMHU Ta HU3XiJHUMHU PO3-
Kocamu, posramoBaHuMH mix kytom 40-60° mo
ropu3onTaii [6]. [loniGHMIA Hiama3oH HAXWITy CIO-
CTEpIraeThes 1 I MyCTOTUTUX, 1 JJIs 3alTOBHEHHUX
0eTOHOM PO3KOCiB y HasBHUX TpyOoOeToHHUX (he-
pMax.

Binbmricte 30ymoBaHux TPyOOOETOHHUX (ep-
MOBHX TMPOTOHIB BUKOHAHO 3a HEPO3PI3HOI0 CHC-
Temoro. Hepospizui ¢epmu xapakTepusyroThCs
MEBHAMU EKOHOMIUHUMH IIepeBaraMmu, 30Kpema
3MEHIIEHUMH BHUTpaTaMH METally Ta MiJABHIICHOO
XKOPCTKiCTI0. BogHOwac pospi3Ha cucteMa KOHC-
TPYKIi 3aJUIIA€THCS aKTyaIbHUM 00’ €KTOM J10C-
JDKEHHST 3aBISKU 11 THYYKOCTI B IPOEKTYBaHHI,
a TaKOX MPOCTOTI BUTOTOBJICHHS T MOHTAXY.

Tpy6obetonHi MocTr B YKpaiHi He € MOIyIsp-
HUM pillIEHHSIM, HATOMICTh KUJIBKICTh CTalle3ai3o-
OETOHHUX MOCTIB 3Ha4yHa. AHAIl3 CTATUCTUYHUX
JaHMX IOJO0 BUKOPUCTAHHS CTale3aIi300€TOHHUX
MPOTOHOBUX OYyMOB 13 HACKpI3HUMHU (depMaMu
B YKpaiHi, HaBeieHUX B [1], yka3ye Ha Taki TeHe-
HLIT:

—y PO3pI3HHUX CHCTeMax 3 i3[00 3HH3Y Tepe-
Ba)KHO TIEPEKPUTI CEpEe/IHI Ta BEJHKi mporonu. Ba-
piaHTH 3 1371010 3BEPXY 3aCTOCOBYIOTH 37€OLIbIIO-
TO ISl CepelHiX MPOTOHIB, BOHW 3a3BUYail OXOII-
JIIOIOTH MEHIIN BiJICTaHi, HIXK KOHCTPYKLIT 3 371010
3HM3y. BojHouac HaBejeHi JaHi HE JO3BOJISAIOTH
3pOONTH OJHO3HAYHMI BHCHOBOK INOJO TIepeBar
TOTO YH IHIIOTO KOMITOHYBaHHS;

—Yy HEpO3pI3HUX CHCTEMax CIOCTEPIracThes
MPOTHIJICKHA 3aKOHOMIPHICTE: ¢epMH 3 31371010
3BEPXY 3aCTOCOBYIOThH YaCTillle, BOHH, SIK TIPABHJIO,
XapaKTepU3YIOThCSI HIKYUM pPIBHEM CIIOKHBAHHS
cTaji mopiBHSHO 3 hepmamu 3 131010 3HU3Y. [IpoTe
HaWaoBIINIA 3adikCOBaHUI MPOTiH OYJI0 MepeKpH-
TO came (hepMoro 3 1311010 3HUBY.

3 ormsany Ha mepeBaru TpyOOOETOHY SIK KOHC-
TPYKIIIHHOTO Martepiary, 30KkpeMa Horo eKoHOMid-
HOCTI, a TAaKOX 3B)KAl0UM Ha MOTOYHHU CTaH TPY-
000eToHHUX (DepM SIK y KOHCTPYKIIIMHOMY TUIaHi,
Tak 1 B acmeKTi IX NPaKTUYHOTO 3aCTOCYBaHHSI
B VYKpaiHi, mocTae HEOOXiTHICTh y BH3HAUYEHHI
e(EeKTHBHUX TMapaMeTpiB TaKUX KOHCTpyKmii. Lle
CBOEI0 YEproro CIPUSITHME KPamoMy PO3YMIHHIO
0cOOJIMBOCTEH NPOEKTYBAaHHS Ta BUKOPHCTAHHS
Tpy00OeTOHHUNX (epM 1 JO3BOJIUTH YiTKIIE OKpec-

JUTH MEX1 €EKTUBHUX PO3MIpPIB IJIs1 KOHKPETHHX
YMOB MIPOEKTYBaHHS.

Jis mocnipKkeHHS 1IbOTO MUTAHHS Y CTaTTi 8]
OyJI0 3alpOMOHOBAHO Ta OOIPYHTOBAHO METOJA pi-
BHOMIPHOTO TIOIIYKY 1 PO3paxyHKy BapiaHTiB Oai-
KOBHX TpyOoOeToHHHX (epM 3 137010 3BEpXy.
O0’€eKTOM JOCIIPKCHHS BUCTYIIAIOTh TOJIOBHI Oall-
KOBi (pepmu 3 1371010 3BEpXy, I AKUX Aalli JeTa-
JIFHO PO3IVITHYTO alTOPUTM 3aCTOCYBaHHS 3arpo-
MMOHOBAHOTO METOY.

Merta

OCHOBHOIO METOIO CTaTTi € po3podka Ta Ie-
MOHCTpAIIiSl aITOPUTMY TIOIIYKY €(PEKTHBHUX PO3-
MipiB pO3pI3HUX TOJOBHHUX (epM i3 TPUKYTHOIO
PENITKO0 Ta BUKOPUCTAHHSAM TPyO0OETOHY.

MeTtoauka

Koncrpykuiiina cxema A0CHipKyBaHOI MPOro-
HOBOi OymoBH (puc. 3) mependavae HaASIBHICTH 3ai-
300€TOHHOI TUTUTH TPOI3HOI YaCTHHHU Ta IUTACKOi
depmu 3 TpuKyTHOIO (hopMmoro pemritku. Depma
CKJIaJJa€ThCsl 3 €IEMEHTIB BEPXHBOTO T4 HMYKHBOTO
TOSICIB, @ TAKOXK €IEMEHTIB, IO YTBOPIOIOTH PEIli-
TKy. Jlo ocTaHHIX HaneXaTh BEpPTUKAJIbHI CTPHOKHI,
SIKi BUKOHYIOTh (DYHKIiIO KpalHIX CTiHOK, Ta MO-
XWIII CTPYKHI, IO BiITPaIOTh POJIb PO3KOCIB. YCi
3a3HaueHl eNeMeHTH OepyTh y4acTb y CHUIBbHIN
poOOTI KOHCTPYKLIAHOI CHUCTEMH, IO 3YMOBIIIOE
BIJIMOBIAHUN TIAX1 10 1T pO3paxyHKy.

e

£
PG .

s

Puc. 3. KoHcTpyKItis A0CHTiIKyBaHOT
MIPOTOHOBOI OyZI0BH

Fig. 3. Structural configuration
of the investigated bridge span structure
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OnHUM i3 KIIOYOBHX MHUTAHb MiJ] 4aC KOMIIOHY-
BaHHS NMPOTOHOBOI Oy/IOBH 3 1371010 3BEpPXy € BUOIp
KUTBKOCTI TOJIOBHHX ()epM Y TIONIEPEUHOMY TIepepi-
31 MocTy. Y pO3paxyHKOBil Mojelni mependadeHo
MOJKJIUBICTh JTBOX 1 Oiiblme ruromuH (epMm y Me-
Kax ofHOTO Tporony. J{ms 3abe3nedeHHs iX cyMi-
CHOI TIPOCTOPOBOi POOOTH HEOOXITHO TapaHTyBaTH
CTIMKICT TUIOMMH (GepM Yy HaMpsSIMKY, TEepHeH N~
KYJSIPHOMY [10 iXHBOI IUIOIMIMHU. Y MEXaxX LbOro
JOCHIPKEHHsI el acleKT He PO3IIIHYTO, & YMOB-
HO B35TO, IO HEOOXiJJHAa MPOCTOPOBA KOPCTKICThH
JOCSTAaEThCA 3aBASKM 3aCTOCYBAaHHIO T'OPH30HTa-
JBHUX Ta/a00 HaXWICHHUX 10 TOPU30HTY MOIeped-
HUX B’s13el, a TAKOXK 3a1i300€TOHHOI TUIUTH TIPOI3-
HOI YaCTHHH.

Ha ocHoBi aHami3y MOCTOBHX KOHCTPYKIIHA Ta
ocobnHBoCTel TpyOOOETOHY B pO3paxyHKax B3ATO,
110 OeTOHYBaHHS BUKOHAHO JIMLIE Ul CTUCHEHHX
€JIEeMEHTIB TpyO BEpPXHBOTO TOsica. 3arlOBHEHHS
PO3KOCIB HE IMependadyeHo He JIMIIE 4Yepe3 TeXHO-
JIOT14HI TPYJHOIL, a 1 3 OTJIAAY Ha KOHCTPYKLIHHY
cnenudiky CHUCTEMH, sSKa TOJNATAE B JOCSATHEHHI
TPaHUYHOTO  CTaHy  MIIIHOCTI  TIepeBa)XHO
B 3’€IHAHHSIX MK €JIEMEHTaMH, a HE B CAMHX PO3-
kocax [7]. beroHyBaHHS HIDKHBOTO TOSICA 3a3BH-
Yaii 3aCTOCOBYIOTb JIMILIE B HEPO3PI3HUX MPOTOHAX,
Jie Ha ONOpax BUHHUKAIOTh CTHUCKAJIBHI 3yCHILIS.
VY po3pi3HUX MPOroHax OETOHYBAaHHS PO3TATHYTUX
MOsICIB HE 3a0e3redye iCTOTHUX IepeBar, 3a BHHS-
TKOM TICBHOT'O IIJIBUIIEHHS YKOPCTKOCTI Ta MIIlHO-
CTi BY3JIiB Ha ITPO/IaBIIFOBAHHSI.

Sk 3a3HaveHo y [8], MeToq PiBHOMIpHOTO TO-
IIYKY € JOBOJII peCypCOEMHUM i3 TOYKH 30py 00-
YHCTIOBAILHUX BHUTPAT, OJHAK 3a0e3reuye IMOBHE
OXOTUIEHHS BCiX MOMJIMBAX KOMOIHAIIN Mapamer-
PpiB, BKIIIOUEHHX /10 PO3PaxyHKy. Meronuka gocii-
JDKEHHSI YMOBHO CTPYKTYpOBaHa Ha TpPU piBHI:
«rpynu OJIOKIB [ii», «OJIOKU JIii» Ta OKPEeMI «Iii»
(puc. 4). 3aranpHa cXeMa JOCHTIKEHHS MiCTHUTh
KiTpKa rpyn aii (puc. 5), 3okpema rpynu Ne 1-5
(OpMYIOTh OCHOBHHMH pO3PaXyHKOBHUH MOJYJIb,
Yy MeXax SIKOTO T€HepYIOThCS BCi MOXKINBI KOMOi-
Hallii mapaMeTpiB: 30KpeMa T'eOMETPUYHUX Xapak-
TEPUCTHK (PEPMOBUX CXeM, MOMIEPEUHUX Tepepi3iB
eJIeMeHTiB 1 (i3UKO-MEXaHIYHUX BIACTUBOCTEH
MaTtepianiB. Y rpymi Ne 6 pearnizyerscs etan ¢ijib-
Tpalii oTpuMaHuX BapiaHTiB (epm 3rimHo i3 3a1a-
HUMH KPUTEPISIMH Ta 3IHCHIOETHCS 00poOKa pe-
3yJIBTaTiB PO3PAXYHKIB.

(Hasea rpynu 6nokiB ain)

(Hassa 6niokiB gin)

Y

(Hasea pgii)

\

Puc. 4. Oprani3arist mo3Ha4eHb PiBHIB CXeMH
OCITIKEHHSA

Fig. 4. Notation system for the levels
in the research scheme

1. CTBOpEHHSA po3paxyHKOBUX CXeMm pepm
ans NNIPA-CAIP 3a gonomororw Mathcad

2. PospaxyHok cxem y JIIPA-CATP Ta
3aHeCeHHs pe3ynbTarTiB niHin BNnuBy
y Mathcad

3. BuaHayeHHs NOCTiMHUX Ta
TUMYACOBUX BEPTUKANbHUX HABAHTaXEHb

4. O6po6ka pe3ynbTaTiB NiHiu BNNUBY
Ta BU3HAYEHHS 3yCUIb B enemMeHTax

5. BusHauyeHHs martepianis Ta nin6ip
nepepisiB Tpy606eTOHHUX eneMeHTIB
3a Epokoaamm

6. O6po6ka Ta aHani3 pe3ynbTartiB
nigipaHux nepepisis. [leMoHcTpauis
€KOHOMIYHMX BapiaHTiB thepm

Puc. 5. Cxema rpymu niii JOCTiHKECHHAS
Fig. 5. Scheme of research action groups

OcHOBHa imes po3paxyHKy IOJSTaE y BU3Ha-
YeHHI 00°€MiB BUTpaT MarepiaiiB MUIIXOM ig0o-
Py Tiepepi3iB eleMeHTIB BepXHBOTo mosica (hepmu,
BHUKOHAHOTO 3 KJIACHYHOTO TPyOOOETOHY KpYTJIOro
nepepizy. OnTumizaniiina 3aBnada 3BOJUTHCS JI0
BHOOpPY TaKUX BapiaHTiB KOHCTPYKIIHHOTO pillIeH-
HS, SIKI XapaKTepU3yIOThCs HAMHMKYMMH OILIiHKa-
Mu (OajaMu), O CBOEI YEPIro0 BiJIMOBIIA€ MiHi-
MaJBHUM BHUTpaTaM MatepiajiB 3 ypaxyBaHHSIM
iXHIX (i3UKO-MEXaHIYHUX BIACTHBOCTEH.
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VYpaxyBanHsl Bcix (DakTOpiB y MeKaxX OZHOTO
PO3paxyHKy € CKJIQJHUM 3aBIaHHAM, TOMY B IbO-
MYy JTOCIIIJDKEHHI yBary 30CepeIKeHO Ha OKPEMOMY
ACIIEKTI, KU IO03BOJISE BCTAHOBUTU YiTKI OOMe-
JKEHHS IS BapiaTUBHOCTI 3amaHoi dopmu depm.
[Hakme xaxxyun, 3a MexkaMu 0OpaHOTO MiTXOAY HE
nepeadadyeHo PO3IIHUPEHHS MPOCTOPY MOMKIMBUX
KkoH(irypamiit. Halbineln QOWiTEHUM Yy IHOMY
KOHTEKCTI € BUKOHAHHS PO3PaxyHKIB 3a IEPIIOI0
TPYyIOI0 TPAaHWYHUX CTaHIB, siKa, 3TIAHO 3 YKpaiH-
CHbKUMH HOPMATHUBHHMH JOKYMEHTaMH, HaJCKHUTb
710 OCHOBHOTO THUITY PO3PaXyHKOBHX YMOB.

Mertoa mocnimkeHHs 0a3yeThCsl HA YUCEIBHO-
My MOJENIOBaHHI Ta aBTOMAaTH30BaHili 00poOIi
pe3yNbTaTIB i3 BUKOPUCTAHHAM MPOTPAMHUX KOM-
miekciB JIIPA—CAIIP ta Mathcad. V cepemoBumi
Mathcad BUKOHaHO OCHOBHI PO3paxyHKOBI orepa-
1ii, 30kpemMa (QopMyBaHHS BapiaHTiB, CTBOPEHHS
PO3paxyHKOBOTO (ailiry 3 BapiaHTaMU IS TIONITYKY
minii BBy B JIIPA-CAIIP, miaGip mepepisiB

1. CTBOpEHHSA po3paxyHKOBUX cxeM depm

CJIEMEHTIB Ta 00poOKa OTpPUMaHHMX PE3YJbTATiB.
VY xowmmutekci JIIPA—CAIIP 3naiiicHeHo 3aBaHTa-
KEHHSI pPO3PaxyHKOBOTO (aiily, MpOBEeIEHHs PO3-
PaxyHKiB i eKCHIOPT pe3ysbTaTiB JiHIl BIUIUBY IS
moaieInoi o6pooxu B Mathcad.

VY 3B’s3Ky 3 THM, IO TPYITH A1l BHKOHYIOTb I10-
CIIIJOBHO ¥ YHOPSIIKOBYIOTH TakK, MO0 YHUKATH
B3aEMHOTO TIEPETHHY, MOJAIBIINN aHai3 KOXKHOI
3 HUX MOXXHA 3/1ICHIOBaTH OKPEMO.

I'pyna 0iu Ne 1. Y mexax i€l rpynu 31iHCHIO-
10Th (OPMYBaHHS PO3PAaxXyHKOBOTO (aiimy s
nporpamuoro komrutekcy JIIPA—-CAIIP (puc. 6).
JIIPA—CAIIP migTpumye BBEICHHS BHXITHHX Ja-
HUX Y TEKCTOBOMY PEXHMIi 32 TOTIOMOTOI0 (paiimiB
tdhopmary txt. Takuii ¢aitn ckmamaeThCcs 3 TaK 3Ba-
HUX «JIOKYMEHTIB», KOKEH i3 KX Ma€ CBiil HOMep
1 BIATIOBiZIa€ IEBHOMY THUITY JaHUX, 30KpeMa Koop-
IUHAT BY3JIiB, HOMEPIB €JIEeMEHTIB, TUIIB MIApHIp-
HHX 3’€IHaHb TOIIO [2].

ana NIPA-CATP 3a gonomoroiw Mathcad

1.1. leHepauis BapiaHTiB cxem hepm }—)

1.2. TligrotoBka OTPUMaHUX cxem epm
no imnoprty B JIIPA-CATP

Y

A

3agaHHsa rpaHuLb Ta TOYHOCTI
reHepadii BapiaHTis

3apaHHsa Tononorii pyxy
OAMHOYHOTO HaBaHTaXEHHS

Y

Y

CTBOPEHHSI KOOPAVHAT rONIOBHUX BY31iB
Ta eMEMEHTIB PO3PaxyHKOBUX CXEM

3afaHHa rpaHnYHUX yMoB
PO3paxyHKOBUM CXemam

Y

YBeOeHHa ApyropsaHux By3niB B roNoOBHi
efleMEeHTN po3paxyHKOBUX CXEM

|

1.3. TigroToBKa OAATKOBUX NapamMeTpis Ans
po3apaxyHky B JIIPA CArP, ekcnopt €<
OTPUMAHNX JaHUX Y NPOMKHWIA haiin

Puc. 6. Jlii ctBopennst po3paxyHkoBux cxem depm mist JIIPA—CATIP 3a nomomororo Mathcad

Fig. 6. Steps for creating truss calculation models for LIRA-SAPR using Mathcad

®dopmyBaHHs (aiiny txt 3MiHCHIOIOTE y cepeo-
Bumii Mathcad Ha OCHOBI ITOTIEpETHFO BU3HAYCHHX
reHepajibHuX po3mipiB pepm. Ha mpomy kporii Bu-
3Ha4YarTh ()OPMY PEIIITKH, TOJIOBHI PO3MIPH CXEM:
PO3paxyHKOBY JIOBXXKMHY, BHUCOTY (hepMu Ta JOB-
KHUHY TTaHEedT.

OCKUTbKH TOANBIIMHA PO3PaXyHOK BapiaHTIB
nepeabadae moOyHOBY JiHIA BIUIMBY B IpOrpam-
Homy kommekci JIIPA-CAIIP, neobxinHo Bpaxo-

BYBaTH OCOOJHMBOCTI CTPYKTYpPH BXiJHUX IaHUX,
30KpeMa:

1. st 3a0e3mede st JOCTaTHLOI TOYHOCTI BH-
3HAYEHHS 3yCWJIb HE JIUIIE 3rHHAILHOIO MOMEHTY
M Ta nonepeunoi cwin Q, ane il y AeIkux BUNal-
Kax HopMaubHOi cuim N, HeoOXimHO po30HMBaTH
TOJIOBHI eneMeHTH (epMH Ha JeKiIbKa YacTHH,
YMOBHO HAa3BaHHUX JPYTOPSAHUMH €JIEMEHTaMHU.
CTBOpEHO TeOMETPUYHI CXeMH (epMH, AKi MICTATH
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PO3KOCH, CTIMKH Ta MiABICKHM, 1 BUKOHAHO Pi3HY
KUIBKICTH IIONUTIB TOJIOBHHX e€JiIeMeHTiB. Ha
puc. 7, a Ta 6 HaBeAGHO NPUKIATHN Il HOPIBHAHHS
pe3ybTaTiB PO3paxyHKiB y pasi po3fiicHHs Ha 8
Ta 320 QpyropsIHUX eIeMEHTIB BiAIOBIIHO.

AHaji3 mokasas, 0 PO30OUTTS HA 8 €JICMEHTIB
3a0e3rneyye ONTHUMalIbHy TOUHICTBH AJS 3ycuinb My
Ta N, OCKITBKHM B pa3i MOMAIBINOTO 30iTBIICHHS
KITBKOCTI eneMeHTiB 10 320 pi3HHUIA MIX pe3ylb-
tatamu He nepesuirye 0,42 %.

Boanouac ans BuU3HAUEHHSI MONEPEYHOI CHIIH
Q; moTpibHa 3Ha4HO OLjiblla AeTaiizallis. 30KpeMa,
o0 AocArtd moxuOku Menire 1 %, HeoOXimHO
3actocoByBaTH noHax 300 apyropsiHuUX eJIeMeH-
TiB ISl KOKHOTO CTPYDKHS, IO CYTTEBO 301NBIIye
004HCITIOBAJIbHE HABAHTAKEHHA. Y IOCIHIHKEHHI
BCTaHOBJICHO, 110 B Pa3i po30MBaHHSI Ha 8 €JICMCH-
TiB moxuOka mia Q; ctaHOBUTH Maibxke 8 %, mo He
MEePEeBHIIyE  3arajbHONPUHHATOTO  TPAHHUIHOTO
3HaueHHs 10 %. Tomy ans kommoHeHTIB Q. Oyno
BIIPOBKCHO MPABWJIO OKPYTIIIOBAaHHS, SIKE JeTa-
JBHIIIE PO3TIISTHYTO B TPy Aiit Ne 4.

Juisa minTBepmKeHHS AOCTOBIPHOCTI pO3paxyH-
KiB MOJIEJb 13 PO3OUTTSAM Ha 8 €JIEMEHTIB J0JaT-
KOBO TIEPEBIPEHO B CEPEOBHINI IPOTPAMHOTO
KOMIUTeKCcy Selena, 30kpema st KOMITIOHEHTH My,
SIK TIOKa3aHO Ha PUC. 7, 6.

2. Hymepauiro By31miB He 3aJal0Th BpPYYHY, a
(hOpMYIOTh aBTOMATHYHO B TIOPSAKY TOSIBU BY3JiB
Yy TEKCTOBOMY pO3paxyHKoBoMy (aiini. BogHouac
eleMeHTH (cTpwkHi) y  aitni  3a713al0Th 3
NPUB’A3KOIO JI0 BJKE MPUCBOEHUX HOMEPIB BY3IIiB.

3. Y cepenosunii Mathcad peanizoBaHo (yHK-
il IMIOPTY Ta eKCTIOPTY AaHUX JJisi OKpeMuX (op-
MaTiB, OJTHAK BiJICYTHS MOXKIIMBICTH TPSMOTO €KC-
MOPTY Pe3yNbTaTiB y GopmMar txt i3 3ammcoM y KOH-
KpeTHHH psiok. Taka (yHKIIOHANBHICTH € HEoO-
XIIHOIO JUIsi YHHKHEHHS JIOJaTKOBOI 00pOOKM
00’€MHHX TaOIUIb Pe3yJIbTaTiB, IKi MiCTSITh MOPO-
HI KOMIPKH, 110 TIOTPeOYIOTh 3alIOBHEHHS HYJIHO-
BUMH 3HAUCHHSIMH, CIIPHYHMHSIOYU JIOJATKOBI BHU-
TpaTu 4acy Ta OOYMCIIOBAIBHHX pecypciB. I3 me-
TOKO ONTHMI3AIli] IOTO TPOIIECY pPeai3oBaHO MPo-
MDKHHN eTall 3alKcy pe3ysbTaTiB y ¢aiin Gopmary
Excel, BukopucTaHHsI SKOro JO3BOJISE TOYHO BH-
3HAYaTu ajpecy KOMIPKH AJIsl PO3MILLECHHS JaHUX.
[Micns 1poro BUKOHYIOTH immopT Qaiinmy Excel,
a JlaJli — eKCIOPT OTPUMAHUX JaHuX 10 (daiy txt.

4.V mpoueci imnopty ¢aitny gopmary txt mpo-
rpamuuii komrieke JIIPA—CAIIP moxe BumaBaTu

MOMMJIKY Yepe3 HaJMipHY JOBXKHHY OKPEMHX PSIIKIB
nmaaux. o0 yHUKHYTH 1IhOTO OOMEXKEHHS, YIIPOBa-
IDKEHO PO3OUTTA PSAAKIB, Y KOXKHOMY 3 SIKUX HE Tie-
PEBUILICHO YMOBHY MEXY B 30 YMCIIOBUX 3HAYCHb.

a—a

0.010 - A
xS |

10344

Puc. 7. PesynbTaT JNiHIN BINTUBY 3YCHIIb 3aJIC)KHO BiJl
TOYHOCTI PO3JIIIEHHS TOJIOBHUX €JIEMEHTIB Ha!
a — 8 IpyropsITHUX €JIEMEHTIB;
6 — 320 npyropsTHUX eIeMEHTI; 6 — 8 IPYrOpsITHUX elIeMeH-
TiB y mporpami Selena mis sycumst My

Fig. 7. Influence line results of forces depending on the
subdivision accuracy of main elements into:
a — 8 secondary elements; b — 320 secondary elements;
¢ — 8 secondary elements in the Selena software
for the bending moment My
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I'pyna oiti Ne 2. Ocobmuse Micie y GpyHKIiOHA-
1i mporpamuoro komiurekcy JIIPA—CAIIP nocigae
noOy/JoBa JNiHIH BIUIMBY — Jiarpam, sKi BimoOpa-
KaroTh 3MiHYy 3yCHJIb 00 TIEpEeMIllIeHb Y 3a1aHOMY
€JIeMEHTI KOHCTPYKIIi 3aJIe)KHO BiI TOJOKEHHS
OJJMHUYHOTO PYXOMOTO HaBaHTakeHHs. [100ymoBy
TaKuX Jiarpam 371iCHIOIOTh 3a JIOIIOMOTOIO BiIO-
BiTHOTO ()YHKITIOHATBHOTO MOXYISA, V SKOMY 3a-
JAIOTh TPAEKTOPII0 PyXy HAaBaHTAXEHHS Ta OOW-
paroTh LiNLOBHI MapaMeTp, HAPUKIAJ, 3THHANb-
HUI MOMEHT 200 HOpMaJIbHY CHITY.

VY mpomeci CTBOpPEHHS pPO3PaxyHKOBHX CXEM
y cepenoBunii Mathcad Bu3HauawoTh came Ti 3y-
CHJUIA, JTiHIi BIUIMBY SIKUX MiAJISATAIOTh PO3PAXYHKY

2. Po3paxyHok cxem y JIIPA-CAIP ta
3aHeCeHHs pe3ynbTaTiB NiHi BNNUBY
y Mathcad

Ta nojansimoMy ekcnopty 3 JIIPA—CAIIP. 3 ypa-
XYBaHHSIM HampsIMKYy Jii HaBaHTaXXCHHS Ta y3STOi
B JIIPA—CAIIP cucreMu KOOpAMHAT BUKOHYIOTH
PO3paxyHKH Ta €KCIOpPT 3HaueHb 3rMHAIBHUX MO-
MeHTiB My, monepeunux cun Q; Ta MO3TOBXKHIX
3ycuib N.

KinneBoro MeToro BKa3aHOI ITOCIIIOBHOCTI Aii
€ TIepeHEeCeHHs pe3yibTaTiB PpO3PaxyHKY JiHil
BIUTHBY /0 cepenoBuina Mathcad mns momambimoi
00poOku (puc. 8). [lpukian moOygoBaHUX po3pa-
XYHKOBHX CXeM, 3reHepoBaHux y Mathcad Ta 3a-
Bantaxxenux 10 JIIPA—CAIIP, naBeneno uHa puc. 9.

2.1. Onepalii po3paxyHky,
CTBOPEHHS Ta NepeMilLieHHs pe3ynbTaTiB

IMnopT AaHux niwin Bnnuey B Mathcad

Y

A

IMnopT po3paxyHkosoro txt hanny B
JIIPA-CAIP, nepesipka moaenei,
BUKOHAHHSA PO3pPaxyHKy

[Nepesipka Ta ekcrnopTt

Y

pesynbTarTiB NiHin BNAMBY B €SV hann

Puc. 8. JIii po3paxynky cxem ¢epm y JIIPA—CATIP Ta 3aHeceHHs pe3ynbraris JiHii BruimBy B Mathcad

Fig. 8. Steps of truss model calculation in LIRA-SAPR and input of influence line results into Mathcad

Puc. 9. Tpuknan crBopenux y Mathcad 50 pospaxynkoBux cxem dhepm ta immoproBanux y JIPA—CAIIP

Fig. 9. Example of 50 truss calculation models created in Mathcad and imported into LIRA-SAPR

I'pyna oiu Ne 3. g rpyna aiit nependadae Bu-
3HAYEHHS MOCTIHHKUX 1 TUMYaCOBHX BEPTHKAJIHHUX
HaBaHTaxeHb (puc. 10). Y mociipkeHH] po3risHy-
TO TPHU MOJeJi TUMYAaCOBHUX HaBaHTaXXeHb, 10 Oa-
3YIOThCS Ha TMOJIOKEHHsIX JlepkaBHHUX Oy/iBelb-
HUX HOpM YKpaiHH, BiJl pyXOMOTO CKJIaJy aBTOJIO-

poxnix moctiB (Moxeni AK i HK) Ta pyxomoro
ckiany 3anizHnYHUX MocTiB (Mogens CK). Biamo-
BiTHO BHM3HAYEHHS PO3PaXyHKOBUX 3HAYCHb HaBa-
HTaKEHb TaKOX 3JIHCHEHO 32 BUMOTIaMH YUHHUX
JIBH.

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332766

182

© /1. C. Cmisak, C. B. Kitounuk, 2025


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.15802/stp2023/292720

TPAHCIIOPTHE BY JIBHUIITBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta nporpec tTpasncnopty, 2025, Ne 2 (110)

3. BU3Ha4eHHs NOCTIMHUX Ta

TUMYaCOBUX BEPTUKaNIbHUX HaBaHTaXeHb

3.1. BusHa4yeHHs NOCTiNHNX HaBaHTaXXEHb

3.2. BuaHayeHHs1 TUM4acoBMX HaBaHTaXeHb

> Ha aBTOAOPOXHIX Ta 3ani3HUYHUX MOCTax 3a
mogenamu AK, HK Ta CK

\ 4

Y

BuaHayeHHs HOpMaTUBHUX
3Ha4Y€eHb HaBaHTaXeHb

Bur3HauyeHHst HopMaTUBHUX
3Ha4YeHb HaBaHTaXXeHb

\ 4

Y

BusHauyeHHs koedilieHTiB HaginHOCTI

BusHauyeHHs koedilieHTiB HaginHOCTI,
AvHamiyHocTi, KIMY, koediuieHTiB cmyr

Y

\ 4

BusHayeHHs PO3pPaxyHKOBUX
3Ha4YeHb HaBaHTaXeHb

BusHaveHHs PO3pPaxXyHKOBUX
3Ha4eHb HaBaHTaXXeHb

Puc. 10. /Iii Bu3HaueHHs TOCTIHHKX 1 THUMYACOBUX BEPTUKAIbHIX HAaBaHTAKEHb

Fig. 10. Steps for determining dead loads and temporary vertical loads

Jlo OCHOBHUX MOCTIMHHX HaBaHTAXCHb, SKI
BPaxOBYIOTb Yy pO3paxyHKax, HaJle)KaTb BiIacHa
Bara (epmu, 3ai300€TOHHOT TUTUTH MPOI3HOT Yac-
TUHU Ta 1 NOKpuTTs. BiiacHy Bary ¢gepmu Bpaxo-
BYIOTh Ha €Tami miadopy KOXKHOTO OKPEMOTo TIo-
MEPEeYHOro mepepizy: A MONEPEIHBO B3SITOTO
BapiaHTy mepepily BHU3HAYAIOTh HOTrO Bary, Mmicis
4oro OOYHCIIOIOTH BiIOBIIHI 3yCHIUISI — HOpMa-
neHy cuity N, sruHanbHuil MoMeHT M Ta nmoneped-
Hy cwiy Q 3riJiHO 3 MOJIOKEHHSIMH OYIiBEIbHOT
MexaHiku. OTpuMaHi 3yCWIUIS BiJl BJIAacHOi Baru
JOJal0Th A0 OCHOBHHUX PO3PAaXyHKOBUX 3YCHIIb,
MOTNEPEIHBO BU3HAYCHUX JUISi TAMYACOBHX 1 PEIITH
MOCTIHHUX HABAHTA)KCHb.

I'pyna oiti Ne 4. 3aranpHy CTPYKTYpYy LBOIO
eTany npeacTaBieHo Ha puc. 11. Hacamnepen Bu-
KOHYIOTh pe/IaryBaHHs1, QUIbTpYBaHHs, PO3IiICHHS
Ta CTPYKTypYBaHHS OTPUMaHMX JaHUX JIiHIA
BIIMBY 3 nporpamuoro komruiekcy JIIPA—CAIIP.
I3 3aranpHOrO0 MacuBY JaHWX BHOKPEMIIIOIOTH 3Y-
cwist N, My Ta Q; BiIIOBIIHO JI0 TONEPEIHBO 3a-
JaHUX TapaMeTpiB y pO3paxyHKOBoOMy Qaiiii 3a-
naugi. Jlani wi gani NpoxosaTh GiNbTpaLio 3 METOO
BU3HAYEHHSI MaKCHUMAaJbHHUX Ta MiHIMAJbHHUX 3Ha-
YeHb 151 KOKHOTO Nepepizy 10aTKOBOTO eJeMEeH-
Ta.

4. O6pobka pe3ynbTariB NiHi BNNUBY

Ta BUSHAY€HHA 3YyCUIb B efneMeHTax

4.1. ®opmatyBaHHs Ta 06pobka
pes3ynbTaTiB fiHii BNAMBY, NOLIYK OpAuHaT
nia konecamu Biskis mogenen AK ta HK

Y

4.2. BusHauveHHs Ta koMmbGiHaLis 3ycunb
B €MieMeHTax 3a AilYMMU HaBaHTaXXEeHHSIMU

J

Puc. 11. J1ii 06poOku pe3ynbTaTiB JiHil BIDIIBY Ta
BU3HAYCHHS 3yCHJIb B €JIEMEHTAX

Fig. 11. Steps for processing influence line results and
determining forces in elements

Jiist BU3HAUCHHS 3YCHJIb ITiJ] KOJIICHUMH HaBaH-
taxennsmu mojeneir AK ta HK, 3rigHo 3 mpuH-
IUIIaMH PO3paxyHKy 3a JiHISIMH BIUIHBY, HEO0OXijI-
HO BU3HAYUTU OPAMHATH IiJl TOUYKAMH NPHUKJIATAH-
HSl 30CEPEPKEHOr0 HAaBaHTaXXCHHS. AJie B TpoIeci
nakeTHoro excnoprty aanux i3 JIIPA—CAIIP Btpa-
YaeThbesl iH(opMalis Ipo reoMeTpuuHy Gopmy Ji-
HIi BIUIMBY JUIsl KO)KHOTO €JIeMeHTa. TOMY ISl BU-
PIIICHHS I[OTO MHMTAHHS 3aCTOCOBAHO AHAJIITUYHI
($bopMynH, M0 OMUCYIOTH 3YCHJUIS 3TiJHO 3 TOJO-
XKEeHHsMU OyniBenbHOi MexaHiku. Dopmu mniHiH
BITMBY TIOJIaHO B Tabm. 1.
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Tabnuns 1
®opmu JiHil BIVIMBY 3yCHJIb Y BEPXHBOMY MosiCi
Table 1
Shapes of influence lines for forces in the upper chord
Ne Bun 3y- R Po3ranryBaHHS KOJIICHOTO HaBaHTa-
®opma JniHI1 BIUIUBY
3/m CUILIA JKCHHS
Ha makcumanbHil opJuHaTI po3-
TpUKYTHHK Ha PO3paxyHKOBY JHOBXKHUHY IPOTOHY 3 MAKCH- .
1 N . TalloBaHa HalOMMXxk4a 10 LEeHTpa
MAaJIbHOIO OPJIMHATOIO MOCepeIuHi .
BICh Bi3Ka
. Ha makcumansHilt opauHaTi po3-
TpuKyTHHK Ha ZOBXXUHY MAHEIl 3 MAKCHMAJIbHOIO OpAHA- .
2 My . TalIoBaHa HaOMIMKYIa 10 IEeHTpa
TOXO MIOCEPEIUHI .o
BICh Bi3Ka
TpuKyTHHK Ha TOBXXWHY HaHENi, IOMHOKEHY Ha BiJTHO- . .
N Ha makcumanbHil opJuHATI po3-
3 Q: IICHHS MaKCUMabHOI opauHaTH 110 1. [TomoxeHHs MakcH- . S
N N TaloBaHa KpaiHs BiCh Bi3Ka
MaJIbHOT OpAMHATH 3 Kparo BU3HAYCHOI JOBXKUHH

I'pyna oiii Ne 5. 'Y mexax 1iel rpynu il 11 ce-
penosunii Mathcad peanizoBaHO ajaroputm migbo-
py mapametpiB mepepi3iB i marepianiB (puc. 12),
SIKi TMUISITAIOTh TePEBIpI Ta aHami3y BiAOBITHO
70 BUMOT HOPMAaTHBHUX JIOKYMEHTIB €BpOKOHY.

5. BusHayeHHs martepianiB Ta nig6ip

nepepisiB TPpy606eTOHHMX eneMeHTIB
3a Epokogamu

3a3HaveHi JOKyMEeHTH O(DiliiHO BIIPOBAHKEHI AJIS
BUKOPHUCTaHHS B YKpaiHi Ta 3a0e31euyroTh cyJac-
HY, HayKOBO OOIPYHTOBaHy U KOHKYpPEHTOCIHPO-
MO>KHY METOJIOJIOTII0 PO3paxyHKy TpyOOOETOHHHX
enemeHTiB [8].

5.1. BusHauyeHHs maTepianis 6eToHy Ta ctani
3a HOPMAaTUBHUMM JOKYMEHTaMM

5.2. CtBOopeHHs 6a3u AaHWUX nonepeyvHnux

nepepisis Tpy6

.

[ = = . o
CtBOpeHHst 6a3 gaHux 3 ycima HeobxigHuMmn
XapakTepucTukamu matepianis, BUSHa4YeHHS

| PO3paxyHKOBUX 3Ha4eHb iXHiX BNacTueBocTen

Y

5.3. Min6ip Tpy606eTOHHUX Nepepisis
3a BUMOramu Ta nepesipkamv EBKpoOKoAiB

Puc. 12. Jlii Bu3HaUeHHS MaTepiaiiB Ta maoopy mepepi3iB TpyO0OSTOHHUX eIEMEHTIB 32 €BPOKOIaMHU

Fig. 12. Steps for determining materials and selecting cross-sections of concrete-filled steel
tube elements according to Eurocodes

Jus po3paxyHKy TpyOOOETOHHHX €IIEMEHTIB
Y MOCTOBHX KOHCTPYKIIiSIX PEKOMEH/IOBAaHO 3aCTO-
coByBatu €Bpokon 4, yacTuHy 2, sKa B YKpaiHi
immreMmenToBana sk JJCTY-H B EN 1994-2:2012
«[IpoekTyBaHHs cTane3aiz00eTOHHNX KOHCTPYK-
nid. Yactuna 2. 3araibHi mpaBuiia i mpaBuiia s
MocTiB» [4]. BapTo 3a3HaunTH, M0 X04a BKa3aHUN
HOPMAaTUBHHUH JOKYMEHT Mae o(iliiHui cTaTyc,
HOro YMHHA peaKilisi MiCTUTh IIOMHIKH y (GopMy-
JaxX Ta PEKOMEHJIOBAaHMX 3HAYCHHSX, SKI MOXYTh
NPU3BOAUTH O HENPaBWIBHUX  Pe3yJbTaTiB.
VY 3B’A3KY 3 UM JIOIIBHO 3/IMCHIOBATH MEPEBIp-

Ky TIOJIOKEeHb YKPAiHCHKOi BepCii 3 OpHUriHAIBHUM
TEKCTOM €BPOKOTY.

Po3paxyHok 3a MeToZ0M €BpPOKOIY BPaxOBYE
e(eKTH APYroro MopsiiKy, 10 BUHUKAIOTH i Yac
IUTACTHYHOI TOBEIIHKH eJleMEeHTa BHACIIJIOK Jie-
dopmMarliiii, COpUYMHEHUX NPUKIAICHUMUA HaBaH-
TakxeHHsIMU. OCHOBHOIO 1 3aBepIIaIbHOIO IIepeBip-
KOI0 TpyOOOETOHHMX Tepepi3iB € OIiHKa Omopy
€JIEMEHTA 32 YMOBH CIUIBHOI /il OCBOBOTO CTHUCKY
Ta OJJHOOCHOBOTO 3THHY. Y Meax Ili€l mepeBipKu
nepeabadeHo MOOYJOBY KPHBHUX B3AEMOJIl MiX
OCBOBOKO CHJIOKO Ta 3THHAJIbHUM MOMECHTOM
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(puc. 13, a). KpuBy B3aemoii no0ynoBaHy Ha oc-
HOBI YOTHPHOX XapaKTEPHUX TOYOK MOXHA IMOJa-
BaTH B COPOIICHOMY BHIIISAAI (puc. 13, 6).

a—a
N
A
N1 rd
Neg
>» M
Mo Rd
MpinRd = Me Mpi Rd
-— >
6—b

Mpl,Rd Mmax,Rd

Puc. 13. BapianTu KpHBOi B3a€MOJIIl CyMiCHOTO CTHCKY
Ta OJJHOOCHOBOT'O 3THHY:
a — rinajaka popma; 6 — cponieHa Gopma;
B — PO3IIUPEHA cripolieHa hopma

Fig. 13. Variants of the interaction curve for combined
compression and uniaxial bending:
a — smooth form; b — simplified form;
¢ — extended simplified form

VY naykoBux myOumikauiitsax [9, 12] npomnoHosa-
HO BBEJICHHS JTOJATKOBOI TOYKM Ha Bijpisky A—C
3 METOK IiJBUIICHHS TOYHOCTI arpoKCcHUMaIlii
KpHUBOi. Y MeXaX HbOro JOCTiIKECHHS TaKoXK OyIIo
MIPUHHATO PIMIEHHS PO3MICTUTH JAOAATKOBY TOUYKY
Ha Biipisky A—C Ta J0/aTKOBI TOYKH Ha Bipi3kax
C-D Ta D-B (puc. 13, g). Takuii niaxix go3Bomuse
OLITBII TOYHO BIATBOPHUTH JOMYCTUMY 00JacTh He-
CHOI 3[JaTHOCTI €JIE€MEHTa Ta MiJBUIIUTH TOYHICTb
BU3HAYCHHS Halle(eKTUBHIIIMX MONEPEUYHUX Iie-
pepi3iB miA 3aJaHUMU 3HAYEHHSAMH BHYTPILIHIX
3yCHIIb.

BiamorigHo mo momoxens 1. 6.7 [4] po3pobiie-
HO AJTOPUTM BH3HAYCHHS MOMNEPEYHOIr0 Iepepizy
TpyOOOETOHHOTO €NeMeHTa, IO HaBEACHWW Ha
puc. 14. T'eomeTpruHi mapameTpu mepepiziB 3ama-
I0Th TOMEPEIHBO: MepeadaueHa MOKIHMBICTD JOBi-
TEHOT TeHeparlil po3MipiB i3 3aaHOI0 AUCKPETHIC-
TIO Ta BapiarfisiMi, a00 BHUKOPUCTAHHS CTaHIAPT-
HOTO copTaMeHTy Tpy0. Di3uKo-MexaHiYHi Xapak-
TEPUCTUKU MaTepialliB TAKOXK 33J]al0Th HAIepe]] Ta
BIJINOBIHO 10 HOPMATUBHUX 3HAYCHb, HABEICHHUX
y JIBH a6o €Bpoxomax.

|
\ Uwkn 1 i»—» MigkmioueHHs i-ro nepepisy

Miakniovennn i-ro matepiany

YmoBa BKNaay KOHCTPYKTUBHOI
cTani 8 nonepesHuit nepepia

—dy

Ymosa cnissiaHowenHs D/t kpyrnoi
cranesol Tpyou

m
<
4

[ Umkn3 +

> iaKIO4EHHS 3YCHTb IO enemenTa

.

YMOBa BIAHOCHOI rHyuKoCTi
enemexTa

YmoBa onopy nepepiay 3piaaioiomy
3ycunnio

Ymosa onopy enemexTa npu
CyMICHOMY BNNNBY CTUCKY i
OAHOBICHOIO 3MMHY

Puc. 14. 3aranpHa cxema iTepaliifHoro mpouecy
MOIITYKY €(peKTHBHOTO Tepepi3y A eIeMEeHTa

Fig. 14. General scheme of the iterative process
for finding the efficient cross-section of an element
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I'pyna oiu Ne 6. lle 3aBepmianbHa rpyna Jiid,
sKa BiAmoBigae QiHATFHOMY eTalry, rependadeHo-
My cXeMorw JocmikeHHs (puc. 15). Pesynbraty,
oTpuMaHi Ha cTafii mindopy TpyOOOETOHHUX Tie-
pepi3iB, MiUIATAIOTh MOJATBIIOMY aHANI3y 3 Me-
TOI0 BH3HAUCHHS ONTHMAIBHUX T€OMETPUYHUX Ta
KOHCTPYKLIHHUX  mapamerpiB  TpyOOOETOHHHX

hepm.

6. OGpobka Ta aHani3 pe3ynbTaTiB
nigiépaHux nepepisiB AnA BapiaHTiB
cxem depm

6.1. BuaHadeHHs Ta JeMOHCTpaLis
HanedeKTUBHILLKX | HANMeHLL eheKTUBHUX
nepepisiB 3anexHo BiA napameTpiB hepm

Y

6.2. BnaHa4yeHHs eheKkTUBHMX
po3mipiB hbepm

Puc. 15. J1ii 06poOku Ta aHami3y pe3ynbTariB migiopa-
HUX Iepepi3iB AJisl BapiaHTiB cxeM depMm

Fig. 15. Steps for processing and analyzing results of
selected cross-sections for truss model variants

PesyabTaTtn

Jus peamizamii cTBOpeHOTO anroputMmy chop-
MOBaHO TIOCIIJOBHICTh [IiH, 10 TOTPeOYIOTh pyd-
HOTO BUKOHAHHSI:

1. Beenenns fiama3oHy BapiaHTiB cxeM (epM,
0 MiANSATaloTh reHeparii, st GOpMyBaHHS PO3-
paxyHKOBOI'O JIOKyMeHTa y Qopmari txt Ta moxa-
JBIIOTO PO3PAaXyHKy B MPOTPaMHOMY KOMILIEKCI
JIIPA-CAIIP.

2. 3a noTpeOu — OUMIIECHHA paHime chopMoBa-
HUX (hainiB-1abIoHIB, SIKi BUKOPUCTOBYIOTH JUIS
3anKcy HOBHX JIaHUX.

3. l'opranns moxkymenta Mathcad mo posminy,
B SIKOMY BUKOHYIOTh (DYHKIIIO 3aMUCy OTPUMaHHX
JNaHUX 70 po3paxyHkoBoro (ainy y dopmari txt
s JIIPA-CAIIP. Ha upomy eTami Takox 3iiic-
HIOIOTh 3TajlaHUi BHUIIE MPOMDKHHUM EKCIIOPT Ta
IMIIOPT JIaHuX 3a jonomororo ¢aiiny Excel.

4. lepeBipka TIOBHOTM 3alMCaHUX JaHHUX
y ¢aitn dopmaty txt, iMmopT mporo ¢aiiny mo
JIIPA-CAIIP Ta 3amyck TOBHOTO pO3PaxyHKY
LUISIXOM aKTUBarii BIAMOBIJAHOI KomMaHau — «Bu-

KOHATH MIOBHUH PO3PaXyHOK.

5. [licnst ycminrtHOTO 3aBEpIIEHHS PO3paxyHKY
B JIIPA—CAIIP BHKOHYIOTH 30€peKeHHS Pe3ylib-
TaTiB JiHIA BIUIUBY y (opMaTi csv 3a OMOMOTOO
(hyHKIIT cTBOpEHHS JOKyMeHTaIii i TabIuIp y Mo-
nyni «Tabmumi cuctemun MOCT».

6. [loBepuenns no aokymenta Mathcad, im-
MOPT OTpUMaHOTO (hailmy csv 3 pe3yiabTaTaMH Ji-
HI BIUIMBY Ta TOPTaHHA JOKYMEHTa IO PO3MLTY,
ne BinOyBaeThcsl (piHaNbHE BUBEICHHS PO3paxyH-
KOBHUX PE3yJIbTAaTiB.

3 ypaxyBaHHSM HEOOXiJTHOCTI TPSIMOTO BTpPY-
YaHHS B KEpYBaHHsI IPOLIECOM CEpEAHIN Yac BUKO-
HaHHA TMOBHOTO PO3PaxyHKy HecsITH cxeM (epm
y IepepaxyHKy Ha OIMH BapiaHT CTaHOBUB
2,5 xBuiwHA. 3 OTIISAAY Ha HasIBHUHA TOTEHITiAN ajl-
TOPHUTMY, ICHYIOTh TIEPCTIIEKTUBHU HOTO MOJIANIBIIOTO
BJOCKOHAJICHHS 3 METOIO MiJBUILECHHSA €()eKTUBHO-
CTi Ta CKOpPOYEHHS J9acy OOYNCIICHb.

dinanbHUM pe3ynbTaToM MiAdopy mepepi3iB
€ y3arajubHeHa (opma, y sIKiii HaBeZIeHO TeOMeTpH-
YHI XapaKTEepUCTUKHU Tepepi3iB, (Pi3uko-MexaHiuHi
BIIACTHBOCTI CTaJIEBHX 1 OCTOHHMX MarepialiB i3
BIZTIOBIIHMM ITO3HAYECHHAM IXHIX KJIAacCiB, a TaKOX
3HAYEHHS 3yCHIIb, IO MIFOTh Y 3a/IaHOMY €JIeMEHTI
KOHCTpYKIIii (puc. 16).

st Bi3yallbHOI MEpeBipKH mependadeHo Bijo-
OpaskeHHsI KPHBOI B3a€MOJil Ta BiINOBITHHX 3Y-
cunb. Ha puc. 17 mpencraBieHo miarpamy OTpH-
MaHHMX pe3yJbTaTiB ISl JOBUILHO 0OpaHOro ee-
MeHTa. BepTukanbHa miHist Mpinrd BUKOHYE QYHK-
Lil0  JO0AAaTKOBOIO  OOMEXEHHS TI'PaHUYHOTO
3THHAIBHOTO MOMEHTY Ha PiBHI Jii MO310BXKHBOTO
sycuiist Neg. 3rigHo 3 Bumoramu 1. 6.7.3.6 [4],
BeMYMHA Mpinrd 3aBXKIN € MEHIIOK 3a (haKTHUHE
3HAYEHHS] TPAHWUYHOTO MOMEHTY, IO BiAINOBiTaE
piBHIO 3ycrinist Neg.

Bararopa3osa nepeBipka (piHaNBHUX Ta MPOMi-
XKHHUX pe3yJbTaTiB, 30KpeMa KPHBOI B3aEMOJii Ta
YMOB TE€PEBIPKU BiIMIOBIIHO O BUMOT €BpPOKOAY,
MiITBEPIUIIA JOCTOBIPHICTh OTPUMAHUX Pe3yJibTa-
TiB. PeanizoBaHuii aroput™M po3paxyHKy Ta 3aza-
Hi HaBaHTXCHHS 3a0e3MeUMIM Maiike MOBHE BU-
KOPHUCTaHHSI HECHOI 37aTHOCTI TpyOOOETOHHUX
€JIEMEHTIB, IO BUSBHJIOCA B HaOJMKEHHI po3pa-
XYHKOBHX 3YCHJIb JI0 TPAaHWYHHX 3HA4Y€Hb KPHUBOL
B3a€MOII].
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it 2 3 4 5
1 "Group #" "D [mM]" "t [M]" "Mnowa crani [m~2]" "Mnowa 6etony [m”2]"
EN_AK_max_planes_1=" 5 0.1 0.005 0.00149 0.00636
3 5 0.2 0.005 0.00306 0.02835
4 5 0.1 0.005 0.00149
6 7 8 9 10 11
1 "Label" "Ouinka" "Group No" "f.y [kNa]" "f.yd [kNa]" "t.min [Mm]"
2 "Personal” 0.01342 1 235000 235000 0
3 "Personal" 0.03336 1 355000 355000 0
4 "Personal" 0.01342 1 235000 235000
12 13 14 15 16 17
1 "t.max [MM]" "Grade, S" "Label" "Group #" "f.ck [kna]l" "f.cd [kMNa]"
2 40 235 "EN, 5235" 1 20000 13333.33333
3 40 355 "EN, S355" 1 25000 16666.66667
4 40 235 "EN, 5235" 1 20000
18 19 20 21 22 23
1 "f.cm [kMa]" "E.cm [kMa]" "Grade, C" "Label" "Ouinka" "Hazea rpynu"
2 28000 30000000 20 "EN, C20/25" 0.91087 "BepxHiii nosc"
3 33000 31000000 25 "EN, C25/30" 1.27174 "BepxHiii nosc"
4 28000 30000000 20 "EN, C20/25" 0.91087
24 25 26 27 28 29
1 "NQ rpynu enementie" "N papiaHTy" | "Tno6anbHuii N2 enementy" "Homep nepepizy" | "EnemenT npoiiwoe = NaN." "Kateropisi goporu"
2 1 1 1 1 NaN "Ia - 8 cyr"
3 1 1 5 2 NaN "Ia - 8 cuyr"
4 1 1 1 1 NaN
30 31 32 33
1 |KinbKicTe 0CHOBHUMX CMyr pyxy" | "OCHOBHI + AoaaTKoBi chyru” "M.Ed" "N.Ed"
2 8 10 1.58457 20.37599
3 8 10 67.87138 22.02674
4 6 8 3.40718

Puc. 16. Pe3synpraTi Bu3HaYCHHS TPyOOOSTOHHHX Mepepi3iB IS TOBUIFHUX 3 €IEMEHTIB

Fig. 16. Results of determining concrete-filled steel tube cross-sections for three arbitrary elements
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Puc. 17. Pe3ynbTar KpuBOi B3a€MOII1 ISl OHOTO
3 PO3paxOBaHUX EJIEMEHTIB

Fig. 17. Interaction curve result for one
of the calculated elements

HaykoBa HOBU3HA Ta IPAKTUYHA
3HAYNMICTh

Po3po0ieH0 METOAMKY TIOIIYKY ONTHMAaIbHUX
napaMeTpiB TpyOOOETOHHHMX PO3PI3HUX OaTKOBHX
(dbepM i3 TPUKYTHOIO PENIITKOI Ta BEPXHIM PO3Ta-
LIyBaHHSAM MPOi3HOI YacTHUHM, L0 3abe3neuye
KOMIUIEKCHE BpaxyBaHHS T'€OMETPUYHHMX, KOHC-
TPYKIIIHHUX XapaKTEepPHCTUK i MaTtepianiB. HaBene-

HO QJITOPUTM, pealli3oBaHUU 13 BUKOPUCTAHHSIM
nporpaMHux cepemouir  Mathcad Tta JIIPA—
CAIIP, no3BoJisie aBTOMAaTH3yBaTH IMPOLEC IMi100-
py mepepi3iB GpepMOBUX eNeMeHTIB i3 Tpybobero-
HY, 3a0€3Me4yI0UH IIPH [IbOMY OOTPYHTOBAHICTh Ta
MOBHOTY BapiaHTIB. YTieplie 3ampornoHOBaHO Jie-
Tai30BaHy 0araTopiBHEBY CTPYKTYpPY PO3PaxyHKY
TpyO0OOeTOHHNX ¢epM 3a HOPMATUBHUMH HaBaH-
taxxeHHsimu JIBH, sika 3abe3mnedye nocToBipHE 4u-
ceJbHe MOJICTFOBaHHS HarpyKeHo-
neopMOBaHOTO CTaHy 3 YpaxyBaHHSIM HOPMAaTHB-
HUX BUMOT €BPOKO/IIB.

CTBOpeHO aJanTHBHUN IHCTPYMEHT JUIsl OIITH-
Mizamii (epMOBUX KOHCTPYKIIH y Taiay3i MOCTO-
OyayBaHHs, IO J03BOJISIE CKOPOTUTH BUTPATH Ma-
TepianiB Ta 3a0e3neunTH eeKTUBHE BUKOPUCTAH-
HS TPyOOOETOHY B KOHCTPYKIIISIX TOJIOBHUX OaiKo-
BHX (epM.

BucnoBku

VY po6oTi npeAcTaBIEHO aJrOPUTM Ta CTPYKTY-
py #oro peamizamii Ui MOIIYKY palioHAJIBHUX
TpyOOOETOHHHX Tepepi3iB, MPU3HAYCHUX IS elie-
MEHTIB BEpXHBLOro mosica OankoBux ¢epm. Ocod-
JUBICTIO JIOCIIIKYBAaHOI KOHCTPYKILIi € BEpXHE
po3TanlyBaHHs MPOI3HOI YAaCTUHHU Ta BUKOPHUCTaH-

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/332766

© /1. C. Cmisak, C. B. Kitounuk, 2025

187


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.15802/stp2023/292720

TPAHCIIOPTHE BY JIBHUIITBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta nporpec tTpasncnopty, 2025, Ne 2 (110)

HSl TPUKYTHOI pemnitkd. Ha ocHOBi po3pobienoi
METOJIMKY MOXKHA c(pOopMyITIOBaTH TaKi BUCHOBKH:

1. Ha npomy piBHI po3paxyHKiB i3 KOMOiHY-
BaHHsM [lepkaBHUX OyZiBENbHUX HOPM YKpaiHU
Ta €BpoKOiB HEe OyJI0 BHSIBIEHO CyIIEpEYHOCTEN
Mk HEMH. KpiM TOTO, €BpOKOIM amamTOBaHi
B YKpaiHi K HaliOHaJbHI CTAHAAPTH, IO Ja€ MO-
JKJIUBICTh 1X BUTBHOTO 3aCTOCYBaHHS ISl TPOEKTY-
BaHHS TPYOOOETOHHUX KOHCTPYKLIA Ha BiAMIHY
BiJ] IHIIMX 3apyOi’>KHUX HOPMATHBIB.

2. Y cepemosunii Mathcad po3pobieHo aBTO-
MaTU30BaHUH alTOPUTM JUIA MAaKEeTHOTO o0dmc-
JIeHHs TpyIu BapiaHTiB cxeM. [loennanns Mathcad
i3 mporpamauM komriekcoM JIIPA—-CAIIP 3aGes-
MeYriio epeKTUBHUI 1HCTPYMEHT U Te€OMETPUY-
HOTO Ta YHCEIFHOTO MOJICIIIOBAHHS, [0 3MEHIIIY€E
noTpedy y BTpydYaHHI KOpPHCTyBaua B ITEpaTHUBHI
1 TPyIOMICTKI eTarnu po3paxyHKiB.

3. ns 3a0e3meueHHs] OUTBIIOI MPAKTUIHOCTI
PO3paxyHKIiB BPaxOBaHO MOJEII aBTOMOOIIBLHOTO
naBantaxkenns AK, HK, a takox 3agi3HHYHOro
HaBaHTaxkeHHs1 CK 3 ypaxyBaHHSM pi3HUX KOH(i-
Typamiii MPOroHOBUX OYIOB — KUTHKOCTI TUIOIIWH
(depM y CKIIazi MpOTroHy Ta KiIBKOCTI CMYT PyXy.

4. PeanizoBaHmii aNropuT™M PO3paxyHKy Ta 3a-
CTOCOBaHI HaBaHTAXEHHS 3a0e3Meumian Maixe
MMOBHE BUKOPUCTAHHS HECHOI 3aTHOCTI Tpy0OoOe-
TOHHMX €JEMEHTIB, 10 BUABHIOCS B HAOIMKEHHI
3HAYCHb 3yCWJIb JI0 TPAaHUYHHUX 3HAYEeHb KPUBOI
B3a€EMOII.

5. 3a mpsAMoro BTpy4aHHs B KEpyBaHHS MpoOIe-
COM cepe/iHill Yac BUKOHAHHS MOBHOTO PO3paxyH-
Ky JIeCSITU BapiaHTiB ¢epM CTAaHOBUB 2,5 XBUIMHU
Ha OAMH BapiaHT. 3 OrJsAY HAa MOTEHLIall alropu-
TMY ICHY€ MOXIIUBICTH MOTO MOAABIIOTO BIOCKO-
HaJICHHS 3 METOIO IJBHINCHHS ¢(EKTHBHOCTI Ta
MPULIBUICHHS O0YHCIICHB.

6. CtBopeHa (opma JiJIsl BAKOHAHHS PO3paxyH-
KiB € JOCTYNHOI Al BUKOPUCTAHHS 1 BHECEHHS
Moauikariiit i Moxke OyTH ajjanToBaHa 10 KOHKPE-
THUX iH)KEHEPHHX 3a/ad y MeXax IMpPOEKTYBaHHS
po3pizaux (epm. Taxuil miaxia miABHIY€E MTPAKTH-
YHY LiHHICTH 3aIpPONOHOBAHOTO pillleHHS. ABTO-
MaTH30BaHi alroOpuTMH MNOAIOHOTO THUNY € He-
BiZl’€MHOI0 YaCTHHOIO CYYacHOTO IPOEKTYBAHHS,
3a0e3MeuyloTh BUKOHAHHS PYTHHHUX PO3PaxXyHKiB
Ta JIO3BOJISIFOTH 30CEPEIUTUCH HAa OLTBII TBOPYUX
3aBIaHHSX.

7. Ha mpomy erami Meronwka moOyoBaHa Ta-
KHM YHHOM, 1[0 JIO3BOJISIE BPaXyBaTH BCI MOXKIIMBI
koMmOiHamii ¢epm i mepepiziB. [loganmbiie yrou-
HEHHS aTOPUTMY CIPHUATAME 3BY)KCHHIO BHOIpKH
MIPUHHATHUX BapiaHTiB cxem ¢epm. Hapasi oganMm
i3 TIPIOPUTETHUX YHHHUKIB TaKOro 3BY>KCHHS
€ BiACYTHICTh BH3HaueHHS (PaKTUIHOI )KOPCTKOCTI
(dhepmu micas madOpy mepepiziB, MO CTBOPIOE Tie-
peoyMOBH Ul TIEPEpO3MOJTYy  HAaIpyKEHO-
neOpPMOBAHOTO CTaHy KOHCTPYKIIiI.
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Methodology for Determining the Effective Parameters of Concrete-Filled
Steel Tube Beam Trusses with Top-Deck Traffic

Purpose. This article presents a methodology for determining the effective dimensions of main beam trusses
with triangular lattices and top-deck traffic arrangement using concrete-filled steel tubes. The aim of the study is to
develop an algorithm that enables identification of optimal geometric and structural parameters of such trusses based
on comprehensive consideration of material properties, loads, and structural element behavior. Methodology. The
research is based on numerical modeling using Mathcad and LIRA-CAD software packages. Within its framework,
a uniform search method is implemented, which ensures the generation of all possible combinations of truss
parameters, their analysis, and filtering according to efficiency criteria. Special emphasis is placed on the upper
chord of the trusses, made of concrete-filled steel tubes, which allows for maximum utilization of the load-bearing
capacity of these elements. The calculations incorporate standard Ukrainian loads (AK, NK, CK), and verification of
the operating conditions of concrete-filled steel tube elements is performed in accordance with Eurocode
4 provisions. Results. The developed algorithm facilitates automatic generation, verification, and filtering of
variants considering load-bearing capacity limits. The validation of calculation results confirmed their compliance
with regulatory requirements and effective material use. The average computation time per variant is sufficient for
determining efficient concrete-filled steel tube cross-sections but is not a limiting factor and indicates potential for
further optimization and acceleration of the algorithm. Originality. The authors propose a methodology for
searching optimal parameters of segmented concrete-filled steel tube beam trusses with triangular lattices and top-
deck traffic layout. For the first time, a detailed multi-level calculation structure of concrete-filled steel tube trusses
under regulatory loads according to Ukrainian codes (DBN) is introduced, with element design carried out in
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ordance with Eurocodes. Practical value. The study develops an adaptive tool aimed at optimizing concrete-

filled steel tube truss structures in bridge engineering. The proposed approach contributes to reducing material
consumption and ensures rational use of concrete-filled steel tubes in the elements of main beam trusses.

Keywords: concrete-filled steel tube; composite reinforced concrete beam truss; uniform search method;

effective parameters; parametric analysis
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s CyTh IIPONIOHOBAHMX METOJIIB 1 MOJIEJIeH, 3MiCTOBHO BU3HAYAEThHCS, 110 CaMe JOCIIHKYBaJIOC KOXKHIUM METOJIOM;

—  pe3yJbTaTH: MICTATh EKCIIEPUMEHTANIbHI YM TEOPETHYHI JiaHi, OTpUMaHi B poOOTi, AJ1st JEeMOHCTpalii Toro,
1110 OTPMMAaHO HOBE pillIeHHs Po0JIeMH, 1 0 poOOoTa € 3HAYHUM KPOKOM BIIEpE]] Y TMOPIBHIHHI 3 TONEPEHIMH J10C-
nijpkeHHsMu. Jlani nmonarotecst y opmi tabmmip, rpadikis, giarpam, piBHSHbB, GoTorpadiii, pUCYHKIB, CTATUCTHY-
HUMH OLiHKaMu. Pe3ynpTaTé MOBHHHI OyTH BHKJIAJEHI KOPOTKO 1 YiTKO, IPH IIbOMY MICTHTH JOCHUTH iH(pOpMAIii
JUTSL OIIHKH 3pO0JIEHNX BUCHOBKIB, TAKOX Mae OyTH OYEBHIHO, YOMY LIS aHAJi3y oOpaHi came IIi JaHi;

—  HayKOBY HOBM3HY TAa NPaKTHYHY 3Ha4uMicTb. HaykoBa HOBH3HA OTPUMaHUX PE3yJIBTATIB BUKIIAAAETHCS
apryMeHTOBaHO, KOPOTKO i 4iTKo. /o HayKOBOi HOBM3HM HE MOXHA BiTHOCHUTH NPHUKIATHI pe3yNbTaTH (CHOCOOH,
MPUCTPOT, METOJTUKH, CXEMH, alroputMu). [IpakTuyHe 3Ha4YeHHs OTPUMAHUX PE3yJbTaTiB CTAHOBIATH BIiIOMOCTI
PO BUKOPHCTAHHS PEe3yJIbTATIB AOCIIIKEHb 200 peKOMEH I 3 X BUKOPHCTaHHS;

—  BHCHOBKH: HCOOXIJHO HAaBECTH MOCATHYTI KUIbKICHI Ta SKICHI MMOKa3HUKH MOCTIIKCHHS, BUKJIACTH PEKO-
MEH/IaI1 3 X BUKOPUCTAHHSI.
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