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INTEGRATED DIGITAL TWIN FRAMEWORK
FOR ADAPTIVE DIAGNOSTICS OF COMPLEX TECHNICAL SYSTEMS

Vychuzhanin V.V., Vychuzhanin A.V.

IHTEI'POBAHA CUCTEMA IU®POBOI'O JIBINHUKA
A AJAIITUBHOI JIATHOCTUKU CKJIAJJHUX TEXHIYHUX CUCTEM

Buuyxanin B.B., Buuy:xanin O.B.

This paper presents a comprehensive methodological
framework for creating an integrated information
environment for the monitoring, diagnostics, and
prognostics of the technical condition of complex
technical systems (CTS), exemplified by ship power
plants. The relevance of the work is driven by the
necessity of transitioning from fragmented and static
analytical methods to dynamic, real-time lifecycle
management systems for equipment. The primary focus is
placed on the synthesis of classical approaches, such as
probabilistic graphs and fault trees, with modern
technologies including digital twins (DT), big data
streaming analytics, and the "Model-as-a-Service"
(MaaS) paradigm. The scientific novelty of the research
lies in the development of an adaptive architecture where
the traditional static fault tree is transformed into a
dynamic ontological structure. A mathematical risk
calculation model based on the Min Cut Upper Bound
approximation is introduced, ensuring computational
efficiency during the processing of high-intensity
telemetry streams via Kafka and Flink. The paper
describes an original Error Classifier architecture that
functions as a semantic validator. The implementation of
a "veto" mechanism, based on the physical constraints of
the digital twin, reduced the diagnostic model's false-
positive rate by 20%, ensuring the priority of physical
consistency over statistical correlations. The practical
significance of the research is confirmed by simulation
results of various engine component degradation
scenarios. Experimental data demonstrate that
integrating prognostic models into the digital twin loop
provides a systemic advantage: classification accuracy
increases from 0.87 to 0.94, and the forecast update
delay is reduced by more than half, from 5.0 to 2.1
seconds. A methodology for model lifecycle management
is proposed through a closed-loop MLOps cycle,
including  physics-informed training, shadow

deployment, and automated characteristic  drift
detection. The work formalizes a residual useful life
(RUL) calculation algorithm based on a dynamic
probability gradient, allowing the system to adapt to
changes in operational intensity in real time. The
resulting  multilevel information environment
architecture—comprising Data, Preprocessing,
Diagnostics, Prognostics, and Decision Support layers—
represents a complete methodological solution for
proactive maintenance and the transition toward
autonomous CTS monitoring systems.

Keywords: Digital Twin; complex technical systems;
streaming analytics; adaptive diagnostics; fault tree;
residual useful life prediction; MLOps

Introduction. The rapid development of
Industry 4.0 technologies has significantly changed
approaches to monitoring, diagnosing and
predicting the condition of CTS, which are
characterised by high dimensionality, non-linear
interactions and operational uncertainty [1, 2, 3].
One of the key concepts enabling the transition from
traditional planned maintenance to intelligent
lifecycle management is DT technology, which
provides an integrated virtual-physical foundation
for adaptive diagnostics.

Recent studies emphasize that DTs provide a
foundation for integrating physical processes,
sensor-based monitoring data, and intelligent
decision-making algorithms. In particular, Fuller et
al. [4] describe the digital twin as a set of enabling
technologies that ensure continuous interaction
between a physical asset and its virtual
representation. However, they highlight major open
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challenges related to scalability, adaptability, and
data quality under real operational conditions. From
a modeling perspective, Rasheed et al. [5] analyze
DTs as computational frameworks supporting
system-level diagnostics and decision-making. The
authors stress the importance of combining physics-
based models with machine learning methods, while
identifying unresolved issues associated with
uncertainty quantification and robustness under
stochastic disturbances. In the context of industrial
deployment, DTs play an increasingly important
role in maintenance and repair strategies.
Errandonea et al. [6] provide a systematic review of
DT applications in maintenance, emphasizing that
most existing implementations remain largely
descriptive and insufficiently developed in terms of
prognostic capabilities and residual useful life
estimation. A concise but conceptually significant
perspective on the evolution of the digital twin
paradigm is presented by Tao and Qi [7], who argue
that DTs must evolve from isolated models toward
more comprehensive autonomous systems capable
of self-diagnosis and self-learning. One of the most
actively developing areas is the use of DTs for
predictive maintenance (PdM). In their systematic
review, Abd Wahab et al. [8] demonstrate that
integrating PdM with DT technologies can
significantly improve fault management efficiency.
Nevertheless, important limitations remain,
including the lack of unified architectural standards
and insufficient interpretability of intelligent
diagnostic models. Particular attention has been
given to the application of digital twins for fault
diagnosis in electrical machines and drive systems.
Hu et al. [9] highlight the strong potential of DT-
based approaches for fault diagnosis, but note that
many existing models lack adaptability to changing
operating conditions and do not provide robust real-
time performance. Similarly, Hedayati Kia et al.
[10] investigate real-time digital twins for
intelligent condition monitoring, identifying
unresolved problems related to computational
complexity and the need for low-latency processing
of high-frequency streaming sensor data. Recent
research also emphasizes the necessity of
integrating digital twins with artificial intelligence.
The review by Ma et al. [11] shows that Al-guided
predictive maintenance based on digital twins is a

promising direction, but it requires further
development of validation procedures,
interpretability = mechanisms, and lifecycle

governance of diagnostic models. In addition, the
systematic review by Ismail et al. [12] underlines
that DT-driven predictive maintenance requires a
unified taxonomy of architectural elements and

standardized approaches to integrating data,
models, and decision-support services.
Furthermore, Hu [13] provides a state-of-the-art
overview of enabling technologies and applications
of digital twins, emphasizing that one of the key
remaining challenges is the development of resilient
diagnostic structures capable of operating under
uncertainty and incomplete data.

Thus, despite significant progress in the
development of digital twin technologies, analysis
of research reveals a number of unresolved issues:
the lack of universal digital twin architectures that
integrate real-time diagnostics and forecasting;
insufficient adaptability of DT models to changing
operating  conditions and noisy  sensor
measurements; limited integration of artificial
intelligence methods with physically based
diagnostic mechanisms; the need to standardise
predictive maintenance systems and the lifecycle
management of constantly evolving diagnostic
models.

The aim of this article is to develop an
integrated DT architecture for adaptive fault
diagnosis and prediction of CTSs, providing
intelligent support for predictive maintenance in
conditions of uncertainty and streaming operational
data.

Results. The methodological framework
widely used for diagnosing CTSs traditionally relies
on three directions: defect detection, performance
verification, and technical state prognostics.
Solving these tasks requires the presence of
diagnostic indicators with specified values, as well
as formal methods for their processing (sequential
or combinational). At the same time, the formation
of logical hypotheses based on the analysis of the
nature of fault manifestations and their subsequent
verification constitute the foundation of classical
diagnostic practice.

A distinctive feature of CTS is the presence of
numerous interrelated parameters that vary
according to probabilistic laws. In this regard, the
most effective methods are those that take
uncertainties into account. Currently, two main
approaches are known:

- stochastic, based on the probabilistic space
of random events. Its advantage lies in its
applicability with minimal a priori information
about the structure and behavior of the object. Its
disadvantage is the need for large amounts of data,
which are difficult to obtain under abnormal
operating conditions;

- fuzzy, based on the theory of fuzzy sets. Its
advantage is the possibility of using subjective
expert assessments; its drawback is the focus on
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specific classes of objects and limited universality
[14].

Despite the existence of methods for
accounting for uncertainties, their common
drawback remains the insufficient completeness of
defect descriptions that occur during operation and
the inability to construct diagnostic models (DM)
that adequately reflect real fault scenarios. In
addition, the application of these approaches
requires significant time, measurement resources,
and high personnel qualifications.

In this regard, the relevance of creating an
information environment for monitoring and
diagnostics increases - one that provides assessment
of the CTS state with predefined probabilistic
characteristics. Such an environment should
integrate both classical diagnostic methods and
modern information technologies: streaming
analytics, digital twin platforms, cognitive
modeling, and remote monitoring tools. This
combination makes it possible to move from
fragmented diagnostic analysis to end-to-end
information support of the complex system’s life
cycle.

Of particular importance is the use of
international standards. For example, the ISO
standards [15] provide the methodological basis for
developing open monitoring and diagnostic
platforms, ensuring solution compatibility and
scalability.

The methodological support for organizing
remote monitoring and diagnostics of CTS state,
using ship power plant (SPP) as an example, can be
based on the generalized algorithm shown in Fig. 1.
It reflects the key tasks: forming an adequate
diagnostic model, determining the set of diagnostic
features and their ranking, establishing conditions
of operability and defect indicators, building
algorithms, and developing programs for defect
detection and state change forecasting.

A classical tool for the methodological support
of diagnostics of CTSs is the fault tree, which
allows formalizing the interrelation of object
elements and possible paths of their degradation.
Figure 2 presents the structure of the fault tree of the
main engine (ME), constructed based on the
principles of block-modular hierarchy, adaptation,
and informational unity. In traditional studies, the
fault tree was used as a static model reflecting the
interconnections of elements at different levels.
However, under the conditions of a DT, it acquires
a dynamic function: the nodes of the tree are
synchronized with sensor data streams as well as
with risk assessment models. Thus, the failure or
degradation of a specific element is recorded not

only as a hypothetical scenario but also as an event
confirmed by telemetry and model prediction. A
detailed analysis of hierarchical levels (up to 7-8
levels inclusive) can be placed in an appendix so as
not to overload the main text. It is important to
emphasize that when integrated into a DT, the fault
tree transforms into the ontological framework of
the diagnostic model, combining traditional
methods of technical diagnostics with new means of
streaming analytics and cognitive modeling

Physical analysis of ship power plant

:

Selection and evaluation of diagnostic indicators
and parameters

I

Forming an array of primary diagnostic features

l

Choosing a minimal set of primary diagnstic features

I

Exclusion of varying parameters analytical diagnos-
model development

!

Building an operable region in primary diagnostic features

Fig. 1. Stages of constructing diagnostic models

Fig. 2. Structure of the "fault tree": 1-Main diesel
engine; 2,...,64 engine components

The hierarchy reflects the block-modular
structure of the system: Level 7 (bottom) represents
basic element failures; Level 5 represents sub-
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system failures; and Level 1 (top) represents the
aggregated main engine failure.

In traditional studies, the fault tree was used as
a static model reflecting the interconnections of
elements at different levels. However, under the
conditions of a DT, it acquires a dynamic function:
the nodes of the tree are synchronized with sensor
data streams as well as with risk assessment models.
Thus, the failure or degradation of a specific
element is recorded not only as a hypothetical
scenario but also as an event confirmed by telemetry
and model prediction. The probability of the top
event failure, P(T), is estimated based on the
probabilities of the basic events, P(E)), by
aggregating the set of minimal cut sets, M;. To
ensure computational efficiency and maintain the
required update frequency within the digital twin
environment, this relationship is defined using the
Min Cut Upper Bound approximation [16]:

P(T) < 1T, (1 - P(Mi))'
P(Mj) = ]_[ieM]- P(E;)

where P (E;) is the probability of the i-th basic event
(failure of a specific engine component or sensor
anomaly);

M; is the probability of occurrence of the j-th
minimal cut set;

n is the total number of minimal cut sets
1dentified in the fault tree;

P(T) is the resulting probability of the top
event (aggregated failure of the main diesel engine)

In the proposed DT architecture, the key
innovation is that the probabilities of the basic
events, P(E;), which serve as inputs to this
calculation, are dynamically recalculated in real
time based on streaming telemetry and the forecasts
from the decision-tree-based classifier (DCT)
model and error classifier. This ensures that P(7)
reflects the current, observed degradation and not
just static statistical averages.

At each level of the fault tree, elements
possessing structural significance in the scenario of
operational failure are located. The connections
between the elements of different levels are
established in a probabilistic interpretation, which
makes it possible mnot only to record
interdependencies but also to quantitatively assess
the risk of failures. At the same time, the
informational linking of the elements of the “fault
tree” with diagnostic parameters enables prediction
of the technical state based on current values and
historical data. The quality of such forecasts largely

depends on the technical diagnostic equipment
(TDE). In the classical interpretation, they
performed the functions of measuring, recording,
and transmitting signals. However, modern TDEs
are implemented as distributed IoT nodes connected
to equipment sensors and integrated into streaming
platforms (Kafka, Flink, etc.). Their data are not
only recorded but also transmitted in real time to the
digital twin, where they undergo verification,
preprocessing, and anomaly filtering procedures. As
a result, a continuous diagnostic loop is created,
combining physical measurements and their digital
representations. Such integration significantly
increases the reliability of monitoring and reduces
the delay in detecting critical changes in equipment
condition. Fig. 3 presents the structural diagram of
the TDE, which includes the following blocks:
switching and measuring block (SMB), test signal
generation block (TSGB), information processing
block (IPB), memory block (MB), control block
(CB), indication block (IB), and registration block
(RB). The abbreviations in parentheses must
correspond to the English translation of the TDE
elements.

SMB IPB

i

i

| TSGB |

Fig. 3. Structural diagram of technical diagnostic
equipment

Analysis of the processes of maintaining and
restoring the technical condition of ship equipment
has shown [17] that to manage their quality, it is
necessary to use a combined approach that
integrates the robustness of the production
environment with preventive and corrective actions,
ensuring a natural distribution of functions between
them. Such an organization reduces the risk of
delayed decisions and maintains a high level of
operational readiness of the equipment. The
structure of the process for managing the technical
condition of the ship power plant (Fig. 4) defines a
methodological framework that reflects the
interrelationships of key processes: changes in
technical condition (CTC), operational condition
assessment (OCA), technical condition prediction
(TCP), preparation for maintenance (PM), to
maintenance and testing (MAT), operational
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decision-making (ODM), longterm decision-
making (LDM), maintenance (M), repair and testing
(RT), and formation of control actions (FCA).
Under modern conditions, this structure is
supplemented with new forecasting and diagnostic
modules based on the DT. Thus, TCP relies on
streaming analytics and DCT models, while OCA
includes the error classifier module, which provides
noise filtering. Thus, the traditional methodological
loop (Fig. 4) becomes not only a scheme of process
interaction but also the basis for integrating modern
digital technologies that improve forecasting
accuracy, reduce response delay, and enhance the
resilience of the entire system.

5 5.
71 /2

T
: o 4
FCA CTC OCA Tcp
P - \Lf’ﬁ 3T \L 7s /l\'-fd
M (‘)-M 0
PM obMm

LU VY B PR T Y

Fig. 4. Structure of the process of managing the
technical condition of the SPP equipment

In Fig. 4: a(t) — a set of technical condition
indicators; S— a set of control actions; «;,t; — values
of condition indicators and operating time at which
the residual resource will be exhausted (forecasting
result); Ro— operational management decision; Ry —
long-term management decision; signals: QO —
readiness for maintenance; Qrr — readiness for
repair and testing; Py — completion of maintenance
activities; Prr — completion of repair work and
testing; y; — operating conditions of objects; y, —
operating modes of the object; y3 , ¥4 — regulatory
bases of operational assessment; criteria: y5 — for
making an operational management decision; yg —
for preparation for maintenance; y; — for
maintenance quality; yg — for making a long-term
management decision; Y9 — for preparation for
repair; Yy, — for repair and testing quality.

To wvalidate the proposed methodological
framework and obtain the performance indicators
presented in Tables 1-3, a series of simulation
experiments were conducted. The experimental data
were generated using a high-fidelity simulation
model of a ship’s main diesel engine, designed to
replicate both nominal operating modes and various
degradation scenarios (e.g., fuel system clogging,
turbocharger efficiency loss, and cooling system
failures). The simulation environment integrated a

physical-mathematical model of the engine with a
synthetic telemetry generator, producing data
streams for over 100 virtual sensors at a frequency
of 1-10 Hz. This setup allowed for the systematic
testing of the diagnostic loop under controlled noise
levels and varying data inflow intensities. The
reported KPIs (Accuracy, Fl-score, Latency, etc.)
represent the averaged results across multiple
simulation runs, providing a statistically significant
baseline for comparing autonomous diagnostic
models against the integrated digital twin
architecture. Table 1 demonstrates the effect of
integrating DCT into the digital twin streaming
platform: comparing autonomous (batch) execution
with the option featuring streaming analytics and
online adaptation.

Table 1
KPIs of diagnostic loop functioning
Autonomous Dacljf (z:fs
Indicator Designation DCT P
DT (stream
(batch mode) .
analytics)
Classification |\ 0 racy 0.87 0.94
accuracy
Precision of
positive Precision 0.85 0.95
detections
Recall Recall 0.82 0.93
F1-score F1 0.83 0.94
Average packet |, 125 68
rocessing time
Forecast update
delay Aupd (S) 5.0 2.1
Stability under
input data Rstab (%) 74 91
degradation
Mean time to MTTD (s) 4.7 2.6
detect
Mean time to |y g () 7.8 3.9
recovery

As can be seen from the table, integration
provides simultaneous improvement in accuracy
and reduction of response delays-this is explained
by the presence of preprocessing mechanisms, data
verification, and continuous feature updating within
the DT loop. To clearly demonstrate the quantitative
advantage of integration, Figure 5 graphically
compares the key performance indicators (KPIs) of
the diagnostic loop, highlighting the percentage
change when moving from autonomous (batch)
DCT processing to integrated stream analytics
within the DT loop. The chart confirms
simultaneous improvement in classification quality
(Accuracy, Fl-score) and critical reduction in
temporal delays (A (s), MTTD).

Analysis of Figure 5 confirms the
methodological effectiveness of synchronizing the
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diagnostic model (DCT) with stream analytics and
the Digital Twin environment. Critically, the
integration yields a simultaneous, systemic
improvement across metrics of quality and
temporality: classification metrics (Accuracy, F1-
score) increase by 8-13%, while timecritical
indicators (¢yroc, Aupa(s), MTTD) are reduced by 40-
58%. This simultaneous improvement demonstrates
that the integrated architecture not only achieves
higher diagnostic fidelity but, crucially, transforms
the diagnostic loop from a periodic, latency-prone
operation into a resilient, near-real-time

60%

50%

40%

30%

20%
~ml
.

tprocims)  A_upd(s) R_stab (%) MTTD (s)

Percentage change (%)

Accuracy Fl-score

Key performance indicators (KPI)

Fig. 5. Comparison of KPIs: percentage improvement
due to DCT integration into the DT Loop

The proposed architecture is not limited to the
use of individual methods (e.g., decision trees or
fuzzy logic), but forms a methodological framework
that  synchronizes: data  collection and
preprocessing; construction and updating of
diagnostic models; implementation of predictive
algorithms; automation of decision-making
processes.

The main feature of the developed approach
is the integration of classical diagnostic tools (“fault
tree,” probabilistic models, fuzzy logic methods)
with new technologies of the DT, stream analytics,
and cognitive modeling. This ensures the transition
from discrete fault analysis to dynamic monitoring,
where prediction and diagnostics are formed in real
time. Unlike traditional diagnostic systems, where
data processing was performed in batch mode, the
proposed information environment is built on the
principles of multi-level architecture:

1. Data layer - sensor nodes, distributed loT
devices recording operating parameters;

2. Preprocessing layer - noise filtering,
normalization, data enrichment using the digital
twin;

3. Diagnostic layer - DCT models, error
classifier, and dynamic fault tree;

4. Predictive layer - algorithms for residual
life prediction and critical transition detection;

5. Decision-support layer - automated
generation of recommendations (operational and
strategic).

For a quantitative illustration of the
advantages of integrating the DCT model into the
digital twin loop, consider the dynamics of reducing
diagnostic data processing time and monitoring
result update delay. The baseline scenario uses an
autonomous DCT implementation, where data are
processed in  batches without continuous
synchronization with sensor streams. In the
integrated version, stream processing (Kafka —
Flink) is applied, providing immediate data transfer
to the digital twin.

Figure 6 shows the dependencies of two key

indicators: tyoe - average diagnostic query
processing time (ms); A« - monitoring result
update delay (s).

175
150+
1251

2 100}

Indic:

51

50

25F

e B e e s . a

1.0 15 2.0 2.5 3.0 3.5 4.0
Load scenarios (stages)

Fig. 6. Dynamics of processing time (#,.c) and update
delay (A,pq) reduction during DCT integration into the
digital twin loop

The indicator values are given in relative units
(100% - baseline level of autonomous DCT). The
abscissa axis shows load scenarios corresponding to
increasing data inflow intensity:

1. S1 (nominal mode) - data from 100 sensors
with a frequency of 1 Hz;

2. S2 (increased load) - 500 sensors, 2 Hz;

3. S3 (emergency mode) - burst load up to
1000 sensors, 5 Hz;

4. S4 (limit mode) - 1500+ sensors, 10 Hz.

In the autonomous DCT, the processing time
grows linearly with increasing load, and the update
delay reaches tens of seconds in emergency modes.
When embedded in the digital twin, due to
distributed stream processing, the growth of these
indicators slows down: #,.,. decreases by 40-60%,
and A,,q - by 3—4 times.
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Thus, the transition from an autonomous DCT
to integration into the digital twin provides: more
stable functioning of the diagnostic loop under high
loads; the ability to operate in modes close to real
time; a reduced probability of delayed decisions
during critical changes in equipment condition.

It is especially important to emphasize that the
improvement in update delay (A,y¢) has a systemic
effect: residual life prediction and early defect
detection become practically continuous processes
rather than periodic operations. This enables more
accurate planning of maintenance and repair
activities.

The dynamics of reducing processing time
(tyroc) and update delay (A,pa) during DCT
integration into the digital twin loop are shown in
Fig. 6. As can be seen from the graph, with
increasing input stream intensity, the autonomous
DCT demonstrates growing delays and processing
times, leading to the risk of delayed response. At the
same time, integration of the DCT into the digital
twin ensures more stable behavior: the values of #,0.
and A, grow much more slowly due to data
preprocessing, stream filtering, and distributed
computation mechanisms.

For quantitative illustration, Table 2 presents
numerical values of the indicators for four load
scenarios: S1 — baseline mode (100 streams/s); S2 —
medium mode (500 streams/s); - S3 — high mode
(1000 streams/s); S4 — limit mode (2000 streams/s).

In scenarios S3—S4, the integration advantage
is particularly pronounced: processing time
decreases by more than 2 times; update delay -
almost 2 times compared to the autonomous DCT.

Table 2

Influence of DCT integration into the DT loop on
processing time and update delay

torocs MS  fproc, MS Aupas § Aupdy §
Load Load Standalone |[(DCT ([Standalone [DCT in
cenario tharacteristici DCT) in DT) DCT) DT)
Baseline load
S1 (100 data 120 85 35 1.2
streams/s)
S2  Medium load 135 95 4.8 2.1
(500
streams/s)
S3 High load 150 100 6.5 2.8
(1000
streams/s)
S4 Limit load 170 110 9.2 35
(2000
streams/s)

Figure 6 reflects the absolute values from
Table 2. The use of absolute units (ms for #,..c and s

for A,pa) demonstrates the system's stability under
increasing load scenarios (S1-S4) and confirms the
reduction of latency by 40-60% when integrated
into the DT loop. Thus, the integration of the DCT
into the DT not only improves forecasting accuracy
but also significantly enhances the temporal
characteristics of the diagnostic loop, enabling
operation under high-load conditions without
critical delay growth.

The next stage of methodological support for
the information environment was the inclusion of
the error classifier (ECL) module, designed for
filtering erroneous classifications in dynamics. Its
key task is to minimize the influence of noise and
incorrect data received from sensors and
intermediate algorithms. Unlike standard smoothing
procedures (such as moving average or simple time
filtering), the ECL operates not only at the data
processing level but primarily at the model and
semantic level, comparing class probabilities
against the digital twin's predictive forecasts and
ontological data to identify abnormal deviations.
This capability to integrate high-level contextual
information is the foundation of its original design.
This makes it possible to significantly increase
diagnostic reliability and reduce the delay in error
detection.

The ECL functions as a semantic validator that
resolves contradictions between the statistical
predictions of the DCT model and the
physical/ontological constraints of the DT. The
validation algorithm is based on calculating a
consensus score C for each detected state:

C = (1)1 ) PDCT + (1)2 - LDT(mOde,At),

where Ppcr is the probability assigned by the
diagnostic model;

Lpr is the likelihood of the state according to
the DT's physical limits and historical trends;

w; is the weight coefficients

Conflict resolution logic: In the event of a
significant divergence between the DCT output and
the DT context (e.g., the DCT predicts a critical
failure while the DT observes parameters within
nominal physical bounds), the DTs ontological
model serves as the ultimate "ground truth". In such
scenarios, the ECL implements a "veto"
mechanism:

1. If the DT model confirms that the current
physical regime (temperature, pressure, RPM) is
incompatible with the failure class predicted by the
DCT, the event is reclassified as a "Sensor
Noise/Error";
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2. The anomaly is then routed back to the
preprocessing layer for recalibration or sensor
health verification. This hierarchical approach
ensures that operational decisions are governed by
verified physical constraints rather than purely
statistical correlations.

Table 3
Performance indicators of the error classifier
as part of the DT
Indicator Symbol Value
Classification accuracy Precision 0.95
Classification completeness Recall 0.93
False positive errors FPR 0.07

Average error detection time MTTD (s) 25

Average error correction

e MTTR (s) | 4.1

Analysis of Table 3 shows that the error
classifier enables the system to respond to incorrect
data within seconds (MTTD <3 s, MTTR <5 s). At
the same time, a balanced ratio of Precision and
Recall is achieved, minimizing both false-positive
and false-negative decisions. Thus, the error
classifier becomes an important methodological
component of the digital twin, ensuring the stability
of the entire architecture against noise and sensor
data failures.

For visual representation of the operation of the
developed error classifier block, Fig. 7 shows its
loop within the information environment of the
digital twin. Unlike autonomous solutions, the error
classifier is integrated directly into the diagnostic
data flow: data from sensors and IoT nodes enter the
verification block, where they undergo primary
filtering and comparison with the reference
parameters of the digital twin; the classification
block (DCT model) generates an object state
prediction based on preprocessed data; the error
classifier analyzes the classifier’s results, identifies
potentially erroneous decisions, and corrects them
based on time series, probabilistic features, and
historical information; the decision support system
receives an already verified and refined forecast,
which is used for operational and strategic
management decisions (see Fig. 4).

Thus, the error classifier serves as a “dynamic
reliability filter” that reduces the likelihood of
incorrect decisions and significantly decreases the
system’s response delay when anomalous data are
received.

The structural diagram of the error classifier
loop within the DT environment (Figure 7) defines
a critical methodological component designed to
ensure diagnostic robustness against sensor noise
and data degradation. Unlike standard data
smoothing techniques, the error classifier operates
at the model and semantic level, integrating
contextual information from the DT to validate the
classification output.

The information flow within this specialized
diagnostic contour is organized as follows:

1. Data Layer & Ontological Layer - raw
telemetry enters the preprocessing layer, while the
ontological layer / DT simultaneously supplies
contextual data and verification rules based on the
system's reference model and historical operation
trends;

2. Preprocessing Layer - this layer performs
data cleaning and initial validation by comparing
incoming features with the DT's physical limits,
resulting in clean preprocessed features;

3. Diagnostic model (DCT) - the DCT
generates classification results (probabilities of
states) from the clean features, which are then
passed to two distinct paths: directly to the error
classifier (as direct probabilities) and to the DT
Feedback Loop;

4. DT feedback loop - this module is the core
of the validation process. It dynamically compares
the current classification probabilities with
historical trends and predicted probability changes
modeled by the DT. This comparison identifies
potential probabilistic anomalies that cannot be
explained by normal degradation;

5. Error classifier (ECL) - the ECL receives
the initial classification, alongside the contextual
feedback from the DT Loop. Its unique function is
to use time-series analysis and probabilistic features
to confirm or reject potentially erroneous
classification decisions flagged by the DT feedback.
This process minimizes false positives resulting
from temporary signal spikes or minor sensor
failures;

6. Decision support layer - only after the
classification result has been validated and, if
necessary, corrected by the error classifier, is the
verified state/correction passed to the final decision-
making process.

This integrated approach transforms the error
classifier into a dynamic reliability filter, ensuring
that diagnostic decisions are based not merely on
instantaneous sensor readings but on a validated
consensus between the analytical model (DCT) and
the contextual, historical data provided by the DT.
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Diagnostic Model (DCT)
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4
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ModekLevel Validation / Correction Compare Prob. with Trend
Time Series, Probabilistic Features

Verified State/ Correction (Risk-Adjustea)

Decision Support Layer

Fig. 7. Error classifier loop in the information
environment of the DT

Practical implementation has shown that

including the error classifier in the diagnostic loop
allows:

- reducing the number of false-positive
triggers by almost 20% compared to the standalone
DCT;

- achieving an average error detection time
(MTTD) of less than 3 seconds;

- increasing forecast stability under input
data degradation by 15-18%.

These results confirm the necessity of the error
classifier as a mandatory element of the
methodological support for the information
environment of monitoring, diagnostics, and
forecasting of complex technical systems.

An important element of the methodological
support is the regulation of the life cycle of
diagnostic and prognostic models within the digital
twin. Unlike static algorithms used in traditional
systems, in the proposed architecture the models
operate in the format of services (MaaS Model-as-
aService). The adoption of the Model-as-a-Service
(MaaS) architectural pattern for the diagnostic
components introduces a crucial organizational and
technological layer to the methodology. MaaS
dictates that individual models are encapsulated,
versioned, and accessed exclusively via stable APIs.
This organizational principle is essential for
establishing a continuous machine learning
operations (MLOps) cycle for diagnostic models,
encompassing automated monitoring, rapid
retraining, seamless deployment (A/B testing), and
model lifecycle management. This means that each

model (DCT, error classifier, residual life
prediction) undergoes the following sequential
stages: development and testing on a training
dataset; deployment and integration into the DT;
performance monitoring using KPI metrics
(Accuracy, Recall, Latency, etc.); retraining on
streaming data and parameter updating; versioning
and publication of a new iteration. This integration
ensures that the diagnostic system remains
operationally relevant and continuously adapts to
the evolving technical state of the CTS.

As shown in Fig. 8, the digital environment
provides a continuous, closed-loop MLOps
lifecycle, where model evolution is driven by real-
time  monitoring and  physical-ontological
synchronization. By adopting the MaaS paradigm,
the system ensures that diagnostic and prognostic
modules are not static but adaptive, retraining
automatically when sensor drift is detected or when
new degradation patterns emerge in the DT. This
integrated process creates a robust methodological
foundation for the stable and resilient operation of
the CTS throughout its entire life cycle.

1. Physics-Informed
SRy Model Training s A
’
' \
# Retraining Trigge \

'
1 1

[ : 2. MaaS Packaging

i ' & AP| Exposure

' 2 KAFKA EVENT BUS

5. Ontological Sync
Fault Tree Reinforcement

Legend:
@ Primary MLOps Loop

Sem ~

~

I
I
\ 1
3 ]
\
4 \
\ 5 3. Shadow Deploy
N L Stream Validation
N v
\
~_ -
e 4.Drift&KPI | _ _ _ -~ -
Monitoring

A

5. Ontological Sync

Fault Tree Reinforcement

Fig. 8. Closed-loop MLOps lifecycle for CTS
diagnostic models (MaaS paradigm)

To address the limitations of traditional static
models, the lifecycle transition presented in Figure
8 ensures the model remains physically consistent
with the engine's state through five key stages:

1. Physics-informed training - data from the
simulation environment is used to train models, but
results are constrained by physical laws (e.g.,
energy conservation in the cylinder);

2. MaaS packaging & API exposure -
encapsulation of the model into a microservice for
seamless integration into the diagnostic loop;

3. Shadow deployment - the model processes
real-time Kafka streams without triggering control
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actions, allowing for evaluation against "ground
truth" telemetry before live activation;

4. Drift & accuracy monitoring - automated
KPI tracking. If Accuracy drops below a threshold
due to equipment wear or sensor degradation, a
"Retraining Trigger" is activated;

5. Ontological synchronization - new failure
patterns discovered during operation are used to
update the "Fault Tree" structure, closing the loop
between data-driven models and expert knowledge.

The implementation of the error classifier
module and the integration of adaptive DCT models
into the DT architecture demonstrate that the
information environment cannot be viewed merely
as a collection of isolated analytical tools. Instead,
it functions as a multi-level, synchronized system
where the MaaS lifecycle ensures the continuous
alignment of data-driven predictions with the
evolving technical state of the physical object. This
systemic approach effectively eliminates the latency
and accuracy trade-offs inherent in traditional
diagnostic systems, providing a scalable framework
for the proactive maintenance of complex technical
systems.

The implementation of the error classifier
module and the integration of DCT models into the
digital twin have confirmed that the information
environment cannot be viewed as a set of isolated
tools but must function as a multi-level system.

This is illustrated, in particular, in Table 3,
where the transition from a standalone DCT to a
DCT integrated into the digital twin results in an
increase in classification accuracy (from 0.87 to
0.94) and a reduction in forecast update delay (from
5.0 to 2.1 seconds). Additionally, Fig. 5 shows the
dynamics of decreasing processing time and latency
when the diagnostic loop is included in the digital
twin, confirming the effectiveness of streaming
analytics.

The performance indicators of the error
classifier (Table 3) demonstrate an improved
balance between classification precision and recall
and a significant reduction in the system’s response
time to incorrect data. Finally, the use of a dynamic
“fault tree” (Fig. 2) has shown the feasibility of
automatically linking faults with telemetry, which
forms the basis of the ontological level of the digital
twin.

Thus, it 1is the integrated architecture
implementing the end-to-end cycle “data collection
— preprocessing — diagnostics — forecasting —
decision support” that ensures not declarative but
quantitatively  confirmed  improvement  of
monitoring and diagnostics characteristics for
complex technical systems.

The set of presented results confirms the
necessity of transitioning from fragmented
diagnostic solutions to an integrated architecture
that ensures stable operation under conditions of
uncertainty and large data streams. The key
principle here is the multi-level structure of the
information environment, where each level
performs strictly defined functions and passes
results to the next stage. Thus, the data collection
level is represented by distributed sensor nodes and
IoT devices forming the telemetry stream. At the
preprocessing level, noise filtering, normalization,
and parameter verification are carried out based on
the digital twin. The diagnostic level combines DCT
models, the error classifier, and the dynamic “fault
tree,” enabling real-time defect identification. The
prognostic level is responsible for calculating the
remaining life, predicting degradation scenarios,
and identifying pre-failure transitions. Finally, the
decision support level provides automated
generation of control actions and recommendations
for operators.

This approach allows implementing a closed-
loop “physical system «> digital model <> control
action,” where the results of diagnostics and
forecasting not only reflect the current state but also
serve as the basis for proactive management. This is
the fundamental difference between the proposed
architecture and traditional systems, in which data
processing was batch-based and did not allow
maintaining the required level of responsiveness.
Below is a diagram of the multi-level information
environment that reflects the logic of the structure
and interaction of the described levels (Fig. 9). The
analysis of the developments presented above (DCT
models, error classifier, prognostic algorithms,
dynamic “fault tree”) shows that each contributes
independently to improving the quality of
monitoring and diagnostics of complex technical
systems. However, their real effectiveness is
manifested only when they are combined into a
single information environment. The results of
experimental studies have made it possible to
identify the requirements for such an environment:
the need for streaming data processing, integration
with the digital twin, and the presence of diagnostic,
prognostic, and decision support levels. Therefore,
the multi-level architecture shown in Fig. 9 is not
considered an initial theoretical scheme but rather a
generalized conclusion of the conducted work. It
consolidates specific results and demonstrates their
place within a coherent system that closes the full
cycle “data collection—
preprocessing—diagnostics—forecasting—decisio
n support.”
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Fig. 9. Multilevel architecture of the information
environment for monitoring and diagnostics of CTSs

Figure 9 demonstrates the fundamental
organization of the proposed information
environment. The key components and their
interactions are briefly described below.

1. Data Level (sensors / IoT). Telemetry,
events, and metadata are collected by distributed
IoT nodes and sensor complexes. At this level,
important issues include synchronization, time-
stamping, local preprocessing, and ensuring
transmission to the streaming bus (Kafka, MQTT,
etc.).

2. Preprocessing level. This level performs
data validation and verification (matching
measurements with digital twin models), noise and
outlier filtering, normalization, and enrichment
(feature engineering) using auxiliary data from the
digital twin and metadata (ontology descriptions).
For streaming operation, engines such as
Flink/Streams are used; for batch processing —
separate ETL channels.

3. Diagnostic level. This level hosts diagnostic
modules: DCT (Decision-Tree-based Classifier),
error classifier (module for detection and
classification of distortions/anomalies), and the
dynamic version of the “fault tree,” presented as an
ontology. Diagnostic outputs are generated both in
online mode (streaming events) and as
results of perioic retraining/validation.

4. Prognostic level. At this level, algorithms
are employed for residual useful life (RUL)
estimation, detection of pre-failure transitions, and
calculation of probabilistic event development
scenarios (what-if simulations, Monte Carlo, hybrid
physical-statistical models). Within the digital twin,
accelerated simulations and scenario calculations

can be performed to assess the consequences of
control actions.

Within the prognostic layer of the information
environment, the primary task is to estimate the
RUL of the complex technical system. Unlike static
maintenance schedules, the proposed framework
utilizes the dynamic failure probability P(7)
calculated at the diagnostic level to project the
system's trajectory toward a critical threshold. The
RUL at the current time step # is estimated using a
trend-extrapolation approach based on the moving
average of the probability gradient:

Piimic — P(T, ty)

RUL = :
(P(T, tk))a)

where Pji,;¢ 1s the pre-defined critical probability
threshold (e.g., 0.1 or 0.15) at which the risk of
failure becomes unacceptable;

P(T, ty is the current probability of the top-
event failure at time #;

(P(T, tk))w is the weighted average rate of
probability change over a time window w,
calculated as:

. 1 1 P(Totkem) —P (T, te—m—
(P(T, 1)y == Bzt tem) =l bem=)

This formulation allows the DT to adapt to
varying operational intensities. If the engine load
increases, the rate of probability growth P(T) rises,
causing the RUL estimate to decrease
proportionally. This dynamic feedback ensures that
the maintenance recommendations provided at the
decision support level remain synchronized with the
actual observed degradation rate.

To demonstrate the practical application of the
proposed RUL estimation formula, a quantitative
scenario was simulated where the system undergoes
a shift in operational intensity. Figure 10 illustrates
the transition of the failure probability P(7) from a
nominal degradation state to an accelerated mode,
highlighting the prognostic engine's sensitivity to
real-time changes in the probability gradient.

As observed in Figure 10, the system initially
operates under a nominal degradation rate
(P = 0.0003/h). At the 200-hour mark, a simulated
load increase event occurs, causing an immediate
shift in the slope of the probability curve. The
prognostic layer detects this change within a single
observation window, recalculating the gradient to
P ~0.0020/h. Consequently, the intersection point
with the critical threshold Pjimi 0.15 is
automatically adjusted, providing an updated RUL
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of 45 hours. This dynamic adjustment confirms the
framework's ability to move beyond static
maintenance schedules and provide resilient,
context-aware forecasts that adapt to the actual
technical condition of the CTS.
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Fig. 10. Quantitative RUL estimation based
on failure probability gradient

5.Decision  support level.  Resulting
recommendations  (prescriptive actions) are
generated considering criteria of cost, risk,
downtime, and resource availability and are
transmitted to both operators and automated
control systems. If an automated mode is selected,

the decisions are integrated with
controllers/actuators via secure interfaces.
The scheme includes direct “bottom-up”

telemetry flows and feedback mechanisms:
forecasting results and control decisions are used to
update diagnostic rules, revise features, and retrain
models (feedback loop). This closes the “target
cycle” of the digital twin, allowing the system to
adapt to changing operational modes and improve

the quality of recommendations over time.
Technical notes and implementation
recommendations: the streaming loop is

recommended to be built on a distributed event bus
(Kafka) and a stream processing engine (Flink or
Kafka Streams) - it is important to maintain offset
retention and replay capabilities for model
retraining; for preprocessing and diagnostic levels,
a microservice architecture (Model-as-a-Service)
should be wused: individual models must be
encapsulated and invoked via API, ensuring
versioning and A/B testing; a quality metrics
module (KPI) must be provided: LAT (processing
latency), toc (average packet processing time), A,pq

(forecast update delay), Ru» (stability under input
data degradation), Accuracy/Precision/ Recall/F1
for diagnostics; the ontological layer (link between
the “fault tree” and digital twin metadata) should
store the CTS topology and the mapping rules
between sensor parameters and tree nodes - this is
crucial for automated defect localization and
estimation of impact on related elements.

Thus, the multilevel architecture of the
information environment (Fig. 8) integrates all the
solutions proposed in this subsection - from DCT
and Error Classifier to prognostic modules and the
ontological fault tree - into a unified system for
monitoring, diagnostics, and forecasting support.

Conclusions. This paper presents an integrated
methodological framework for the monitoring,
diagnostics, and prognostics of CTS, using ship
power plants as a primary example, which
effectively overcomes the limitations of traditional
batch data processing systems by synthesizing
classical tools such as fault trees and fuzzy logic
with modern technologies of digital twins and
streaming analytics. The study confirms that the
transition from standalone diagnostic models to an
integrated digital twin loop provides a systemic
efficiency gain, manifested in an increase in
classification accuracy from 0.87 to 0.94 and a
significant reduction in forecast update latency from
5.0 to 2.1 seconds, thereby validating the necessity
of synchronizing predictive models with continuous
telemetry streams via Kafka/Flink for real-time
monitoring. The methodological robustness of the
proposed architecture is achieved through the
implementation of an error classifier (ECL) module,
which acts as a semantic validator and provides a
20% reduction in false-positive triggers by
implementing a "veto" mechanism based on the
ontological and physical constraints of the DT,
ensuring the physical consistency of diagnostic
decisions under critical operating conditions. The
application of the MaaS paradigm and a closed-loop
MLOps lifecycle ensures the adaptability of
diagnostic modules to natural equipment
degradation and sensor drift, allowing for
automated retraining and shadow deployment of
models  without  compromising  diagnostic
reliability. The practical significance of this work
lies in the development of a scalable and fault-
tolerant platform for proactive maintenance that
enables the early identification of hidden
degradation patterns in components, contributing to
reduced operational costs and the prevention of
emergency situations. Future research prospects are
associated with expanding the ontological layer for
multi-agent coordination of subsystems and
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implementing federated learning methods to refine
models at the fleet scale, ultimately facilitating the
transition to fully autonomous self-diagnosing
power plants with minimal operator intervention.
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InTerpoBana cucrema uu@poBoro ABilHUKA IS
AJaNTHBHOI JiaTHOCTHKH CKJIaJHUX TeXHIYHHX
cUCTEM

Y cmammi npeocmasieHo
MemoOOoN02iuHy OCHO8Y CMBOPEHHA [HMe2PO8AHO20
inpopmayitinozo  cepedosuwa 015l MOHIMOPUHRY),
JiaeHOCMUKY Ma NPOSHO3VBAHHA TMEXHIYHO20 CMAHY
cknaodHux mexuiunux cucmem (CTC) Ha npuxnaodi
CYOHOBUX eHepeemUYHUX YCMAHOBOK. AxmyanvHicmb
pobomu  3ymMo6leHa  HeOOXIOHICmMIO  nepexooy 60
@PpacmMeHmosanux i CMamuyHUX aHATIMUYHUX Memooié
00 OUHAMIYHUX CUCIEM YNPAGLTHHSA HCUMIMEGUM YUKTIOM
0bnaonanma 8 pexcumi peanvrozo yacy. OcHoOGHY yeazy
30CcepedIiceHo Ha CUHMmMe3i KIACu4Hux nioxodis, 30xkpema
imogipuicnux epaghie i Oepeg 6i0M08, i3 CyYACHUMU
mexHonoziamu, maxkumu Ax yugposi ositinuxu (Digital
Twin, DT), nomokoea ananimuxa 8eiuKkux OaHux ma
napaouema  «Model-as-a-Service»  (MaaS).Hayxosa
HOBU3HA ~ Q0CHIOJCEeHHsT  Nojsieac Y po3poOieHHi
aoanmuenoi apximexmypu, 6 medxcax axKoi mpaouyiiine
cmamuyHe 0epeo  GIOMO8  MPAHCHOPMYEMbCs Y
OUHAMIYHY OHMOAO2IYHY CmMpyKmypy. 3anponoHosaHo
Mamemamuyty Mooeib PO3PAXYHKY DUSUKY HA OCHOGI
anpoxcumayii Min Cut Upper Bound, wo 3abesneuye
00uUCTIOBANbHY — eekmugHicmb  ni0  uac 006poOKu
BUCOKOI [HMEHCUBHOCI MenleMempUudHUX NOMOKIE i3
suxopucmanuam Kafka ma Flink. ¥ pobomi onucano
OpuUCiHANbHY apXimekmypy Kiacugixamopa noMuiox,
AKUlL  DYHKYIOHYE K CEeMAHMUYHUL  8ARi0amop.
Peanizayis mexanizmy «vetoy, 3acHO8AH020 HA PIZUUHUX

KOMNJEKCHY



18 BICHW/K CXIDHOYKPAIHCHKOIO HALIIOHANBHOI O YHIBEPCUTETY imei Bonoaumupa Jans Ne 12 (298) 2025

00MedCeHHAX YUPPOB020 OBILIHUKA, O0360ULA 3HUUMU
pigeHs XUOHONOZUMUBHUX cnpaybo8ysams
Oiaenocmuunoi modeni ma 20 %, 3abe3neuusuiu
npiopumem Qizuunoi V320001ceHoCmi Hao
cmamucmuyHUMU Kopenayisamu. Ipaxmuuny
3Hauywicmo 00CIOHCEeHHS niomeepOAHCeHo
pesyromamamu  iIMIMAyiiHo20 MOOEMOB8AHHS  PIZHUX
cyenapiis Odecpadayii  KOMHOHEHMIB odsu2yHa.
Excnepumenmanvni  dami  ceiouams, wo inmezpayis
NPOSHOCTNUYHUX MOOeell Y KOHMYP Yyu@dpoeozo 08itiHuKa
3abesneuye cucmemHy nepesazy: MoyHicms
xknacugpixayii 3pocmae 3 0,87 oo 0,94, a 3ampumxa
OHOBGJICHHSL NPOZHO3Y CKOPOUYEMBCSA OLIbU HINC YOGIUL —
35,000 2,1 c. 3anpononosano memo0oon102ir0 ynpasiinHs
HCUMMEBUM  YUKIIOM MOOeNell HA OCHOBI 3aMKHEHO20
yuxny MLOps, wo exmouae @izuuno o00IpyHmMOSaHe
HABUAHHSA, MIHbOGE PO32OPMAHHI MA A8MOMAMU30BAHE
suseieHHs  Opeuy  xapakmepucmux.yY — pobomi
Gopmanizoeano anzopumm O0OUUCIEHHA 3ATUUKOBO20
Kopuctoeo pecypcy (Remaining Useful Life, RUL) na
OCHOBI OUHAMIYHO20 2padieHma UMOGIPHOCMI, Wo 0a€
3Mo02y cucmemi adanmy8amucs 00 3mMiH IHMEHCUBHOC
excnayamayii 8 pesxcumi peanvrozo dacy. Cgpopmosana
bazamopienesa apximexmypa ingopmayitinozo

cepedosuwa, sAKA OXOWNIOE PIGHI  300py  OaHux,
nonepeonboi 06podKU, diazHOCMUKU, NPOSHO3YEAHHS MA
nIOMPUMKY RPULHAMMSL pilieHb, CMAHOBUMb 3a6epuleHe
Memooonoeiune piuenst Oist RPOAKMUSHO20 MEeXHIYHO20
06cy208y6anHs ma nepexooy 00 A6MOHOMHUX CUCIEM
monimopuney CTC.

Knrouosi cnosa: yugpposuil 08itiHUK, CKIAOHI
MEXHIYHI cucmemu,; NOMOK0B8A AHANIMUKA, A0ANMUEHA
diacnocmuxa;,  0epego  8IOMO8,  NPOSHO3YEAHHSI
s3anuuixosozo pecypcy;, MLOps.
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npodecop, 3aBimyBau  kadeapu  iHbopMaLiHHHX
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VIIK 004

MOJEJI KOMAH/JHOI POGOTH B IT-ITIPOEKTAX TA IX BILIUB HA
E®EKTUBHICTD PO3POBKH ITPOI'PAMHOI'O 3ABE3INEYEHHA

Hoas O.€., Joas E.K.

TEAMWORK MODELS IN IT PROJECTS AND THEIR IMPACT
ON SOFTWARE DEVELOPMENT EFFICIENCY

Dolia O.E., Dolia E.K.

Y ecmammi oocniosxceno mooeni komanonoi pobomu 6 IT-
npoekmax — ma — NpOaHANi308aHo  IX  GNAUE  HA
epexmusnicms  npoyecy — po3poobKU  NPOSPAMHO2O
3abe3neuenns. AKmyanvHicms 00CTIONCEHHS 3YMOBAEHA
3pocmaioyoio  ckaaouicmio  cywacuux  IT-cucmenm,
ni0BUUWEHHAM BUMO2 OO0 AKOCMI NPOSPAMHUX NPOOYKMIE,
30IbWEHHAM  PONE  MIJNCOUCYUNTTTHAPHUX —~ KOMAHO |
NOWUPEHHAM SHYUKUX NI0X00i8 00 opeanizayii po3pooKu.
Y pobomi pozensinymo ocHo6Hi nioxoou 0o opmyeanHs.
ma gyuxyionyeannsi IT-komano, 30kpema Kiacuuni ma
cyuacHi mooeni KOMAanHOHOI  pobomu, wo
3aCmMOco8yIOmMbCst ¥y Npoyeci CMEOPeHHs NPOSPaAMHOZ0
3abe3neyennsl.

Ocobnugy ysazy npudineno auanizy mooeneu Agile,
Scrum ma DevOps sk HQUbib NOWUPEHUX Y CYYACHUX
IT-npoexmax. Ilpoananizosano KI0Y08i
Xapakmepucmuky 3a3HAYeHux Mooeiell, BKII0Yayu
PO3n00in ponetl, 8i0N0GI0ANILHOCHIE YHACHUKIE KOMAHOU,
MEXaHiZMU  63a€MOO0Ii ma KOMYHIKayii, a maKkoic
0cobIUBOCMI NPUTIHAMMS YRPAGIIHCOKUX | MEXHIYHUX
piwens 'y npoyeci  pospobku. Busnaueno, wo
egpexmusHicmb KOMAHOHOI pobOmu 3HAYHOK MIpOH
3anexHcums i0 4imKo20 GUHAYEHHS pOJiell, NPO30PO2o
PpO3n00iny  6iOnoGi0ANbHOCMI,  DIGHA  3ANYYEHOCHI
VUACHUKIE@ mMa HAABHOCMI HANA2OO0NCEHUX KAHANI8
KoMyHIKayii mioxc ycima 3ayikagnrenumu cmopouvamu I7T-
npoexmy.

YV ecmammi maxooic posensinymo ocnogui npobremu, ujo
BUHUKAIOMDb NI0 uYac opeauizayii KoManoHoi pobomu,
30Kpema KOHGAIKMuU 6i0N08i0aIbHOCHI, KOMYHIKAYIUHI
6ap ‘epu, mpyoHowsi KOOpOUHayii JisIbHOCMI 8 YMO8AX
PO3NOOINEHUX KOMAHO | 6NAUE THOOCLKO20 (PAKMopa Ha
pesyromamu npoekmy. Ha ocnoei npogedenozo ananizy
V3a2aNbHEeHO 6NIUE PI3HUX MoOeell KOMAHOHOI pobomu
Ha AKICMb, WEUOKICMb ma pe3yTbMamusHicms po3pooKu
npoSPaMHO20  3a0e3nedeHHs, a MAKONC OKPeCieHO
npakmuyni  pexomenoayii  wooo nioguwyenns
NnpOOYKMUBHOCHI KOMAHO.

Oxpecieno nepcnekmugi po3euUmKy KOManoHux mooenet
6 IT 3 ypaxyeanuam cyuachux menoenyiu yugposizayii,
si0oanenoi pobomu, asmomamusayii npoyecie po3pooxu
ma  3aCmoOCy8amHs — IHCmMpYMeHmis  Koiabopayii.
Ompumani pesyromamu mMoxcyms 0ymu 6UKOPUCHAHT
npu eubopi ma adanmayii mooeneti Komanonoi pobomu
6 IT-npoekmax 3 memor niosuujenHs egekmusHocmi
PO3POOKU npozpamno2o 3abe3nedents ma onmumizayii
VIPABAIHHS NPOEKMAMU.

Knrouosi cnosa: IT-npockm, komanona poboma, mooeni
pospodku, Agile, Scrum, DevOps, epexmugnicmo.

Beryn. CtpiMKHii pO3BUTOK iHGOpMAaIiiHUX
TEXHOJIOTIH Ta 3pOCTaHHs CKJIaJIHOCTI IPOrpaMHHUX
CHUCTEM 3yMOBIIIOIOTH TiJBUINEHHS BHUMOT [0
opraizamii TpoOIECy pO3pPOOKH IPOTPamMHOTO
3abe3neueHHs. Y cydacHux [T-nmpoekTax KIr04oBY
poOJb Bifirpae He JMIIEe TEXHiYHA CKJIaaoBa, a U
e(exTBHA KOMaHIAHA B3aEMOIISI MK y9aCHUKaMHU
mporecy po3pobku. Came Bim Y3rOKEHOCTI i,
YITKOTO pO3MOAITY pOJed Ta BiAMOBINAIBHOCTI
3aJI€KUTh SIKICTh, CBOEYACHICTH 1 CTaOIILHICTH
CTBOPIOBAHOTO MPOTPAaMHOTO MPOIYKTY. Y 3B’SI3KY
3 UM TpoOsieMa BUOOPY Ta 3aCTOCYBaHHS MOJIENel
KOMaHIHO1 po6oTH B [T-IIpoeKTax € akTyaqbHOIO K
3 HAYKOBOI, TaK 1 3 MPAKTUIHOI TOYKH 30DY.

IIutanns opranizarii koMaaaHO poboTu B IT-
chepi poO3MNAAAIOTBCS Y Ipausix — OaraTbox
HayKOBIIiB. 30KpeMa, y po0OTax, MPHUCBIUYCHUX
THYYKUM METOJOJIOTISIM PO3pOOKH TPOTPaMHOTO
3a0e3MeUeHHs], HAroJOUIYEThCS HA BaXKIUBOCTI
M1KOCOOMCTICHOT KOMYHiKamii Ta camoopraHizamii
KOMaHII. Y JAOCIiIKEHHSX, 0 aHAIi3yI0Th MOJIEh
Scrum, akueHT poOOUTbCA Ha PONAX YYACHHUKIB
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KOMaHAU Ta iX BIANOBIZAJIBHOCTI 3a JOCATHEHHSI
CIIRHOTO pe3ysibTaTy. B 1HmMX myOIiKaIisax
posrisimaeTses miaxix DevOps, skuii mepeadadae
TICHY  B3a€EMOIII0  KOMaHI  po3poOku  Ta
eKCIUTyaTarlii 3 MeTOI0 MiABUIICHHS ¢(heKTHBHOCTI
KUTTEBOTO LUKy HPOTPaMHOTO 3a0e3MedyeHHs.
Pazom 3 TuM, OUIBIIICTH ICHYIOUHX POOIT
30CEpeMKYIOThCSI HAa OKpEeMHX Mojesx abo
acmeKTax KOMaHIHOiI poOOTH, IO 3YMOBIIOE
HEOOXIHICTh y3aralbHCHOTO aHallizy MoJenei
komaHHoi B3aemonii B IT-npoekrax Ta ix BILIMBY
Ha e(heKTUBHICTH PO3POOKH.

MeTo10 p0o60TH € aHATI3 MOZACIICH KOMaHIHO1
pobotu B IT-poekTax Ta BU3HAYCHHS 1X BIUIMBY Ha
¢(EeKTUBHICTh MPOILECY PO3POOKH IPOrPaMHOIO
3a0e3evyeHHsI.

JUJis AOCSATHEHHS TIOCTaBJICHOI METH Y CTaTTi
HEOOX1AHO PO3B’sI3aTH TaKi 3aJa4i: MpoaHaIi3yBaTH
OCHOBHI ~ Mojeiai  KOMaHIHOI  poOOTH, IO
3aCTOCOBYIOThCS B [T-IpoekTax; BUSHAYUTH POJTi Ta
BiJIMOBianbHICTh ydacHUKIB IT-komanm y Mexax

pi3HHUX MoeIein pO3pOOKH; JOCITITATH
0ocoONMMBOCTI  B3aemomii Ta KOMYHiKamii B
KOMaH/ax; y3araJbHUTH BIUIMB  KOMaHIHHX

MOJIeTie Ha pe3yJbTaTHBHICTh TPOIIECY PO3POOKH
MIPOTPaAMHOTO 3a0e3eUCHHS.

Anani3 OCTAHHIiX JOCJIIKEHD Ta
nyouaikamiii. [lutanHs opranizamii KoMaHIHOT
pobotn B IT-mpoekTax aKTUBHO JOCTIIKYETHCS
BITUM3HSHUMH BUYCHUMH. Y HAyKOBid JiTeparypi
3HaYyHa yBara TNPUAUIIETBCS aHai3y MoJjenel
PO3pOOKH  MPOTPaMHOIO 3a0e3MeUeHHs, poJiel
YYaCHHUKIB TIPOEKTHHX KOJEKTHBIB, MEXaHI3MiB
KoMyHiKanii Ta ¢akTopiB, IIO0 BIUIMBAIOTH Ha
e(eKTUBHICT, KOMaHAHOI B3aemomii. Takuit
IHTEpeC 3yMOBIIOETHCS HEOOX1THICTIO TIiIBUIIICHHS
SIKOCTI Ta pe3yJIbTATHBHOCTI PO3POOKH IMPOrpaMHUX
MPOAYKTIB B YMOBaX 3pPOCTAIOYMX BHMOT JIO iX
(hyHKITIOHATEHUAX i He(pYHKITIOHATEHUX
XapaKTEePHUCTHUK.

Psan nociimkeHh TPUCBSYCHO TEOPSTUIHOMY
OOTpYHTYBaHHIO Ta MPAKTHYHOMY 3aCTOCYBaHHIO
THYYKHX IIAXOIB 10 po3podku. Y mpari [1] Oyi10
BHUKOHAHO aHaJli3 mpoOiieM oprasizamii KOMaHIHOI
B3aeMoAii B yMOBax BimganeHoi poOoTH 3a
METO/TI0JIOTIEI0 Agile. ABTOpaMu oym0
BCTAHOBJICHO, 1110 TPAAUIIIMHI i X0A1 TOTPEOYIOTh
CyTTeBOI amanTarlii 10 MUGPOBOTO CEpeOBHUINA, 3
ypaxyBaHHAM OaratboX ()aKkToOpiB, TaKHX SK
ACHHXPOHHICTh, BTpaTa HeQOpMallbHUX KaHAJIB
3B’SI3Ky Ta TICHXOJIOTIYHE BUCHAXCHHS yYACHUKIB
KOMaH/IH.

3okpema, y mpaii [2] po3risaacThCsl CYyTHICTh
Agile-MeTomonoriii K BaXJIMBOTO 1HCTPYMEHTY
Ui 3a0e3MeUYeHHs  aJanTUBHOCTI MPOIECIB i

Y3TOI>KEHHSA CTpaTETiYHUX LJIEHN. Awnanis
MIPOBEJICHUX MOCIIIKEHb TO3BOJIIE BUSBUTH, IO
OCHOBHUMH IpoOJieMaMu BHpoBakeHHS Agile-
METOI0JIOT 1 3aJIUIIAI0OTHCS IHEPIIHHICTh
KyJIbTYpH, KaIpoBi 0OMEXeHHs, OI0/HKETYBaHHS i
KOHTpoNb. [IpoBedecHWit aHami3 JaB  3MOTY
OOTpYHTYBAaTH pPEKOMEHIAIll IIOJ0 IHTEerparii
METOJIOJIOTiH HAa OCHOBI aJanTailii yrnpaBIiHCEKHX
MIPONEAYP, PO3BUTKY LU(POBUX KOMIIETEHTHOCTEH
nepcoHany Ta OopMyBaHHS CUCTEMH OLiHIOBaHHS,
Opi€EHTOBaHOI HA CTBOPEHHS LIIHHOCTI.

[Hmmii  HanmpsMOK — IIHOTO  JOCIIDKCHHS
30CePeKYETHCS Ha KOHKPETHUX MOJIEIISIX THYYKHX
METOJIONOTiH, 30Kpema Scrum. Y po6oti [3]
JIETaIbHO TPOAHAN30BaHO CTPYKTYpy Scrum-
KOMaH[TH, OKPECJICHO KITFOUOB1 POJIi TA BCTAHOBJICHO
OpuHIMIK podoTu mporpamu. Llg meromororis
3apeKoMeHIyBaa cede sIK eEeKTUBHUM MiaXiJ A0
VIOpaBIIHHASI TPOEKTAMH dYepe3 THYYKICTh Ta
aJaNTHBHICTh, PETYJSPHUM 3BOPOTHHUH 3B 530K,
BUCOKY MPOAYKTHBHICTH 1 MPO30picTh POOOYOro
npomecy. llpore ycmimHe BIpOBaIKCHHS i€l
METOOJIOTii TOTpeOye po3yMiHHS BCIX IPHUHIIHITIB,
migroroBkn [T-mepconamy Ta THYYKOCTI B
ajanTamnii MEeTOOJIOTI] 10 HEBHUX YMOB.

B immi#t crarri [4] migkpeciieHo, mo Scrum
no0ya0BaHHUH HaBKOJIO KOPOTKOCTPOKOBHUX
iTepamii  (crpuHTiB) 3a3Buuail  1-4  TIDKHI.
[ToeTamHO CTBOPIOETHCS POAYKT 00 KOKEH CIIPUHT
3aBEepIIYETHCS ~ TOTOBHM /IO  BHKOPHCTAHHS
IHKpEeMEHTOM. 3aBASKH TaKOMYy iTepaTHBHOMY
MiaXomy KOMaHAa IMPOEKTY MOXKE  IIBHIKO
pearyBaTH Ha 3MiHH BHMOT 1 TIOCTYIIOBO HaJaBaTH
pe3yabTaT, o POOUTH 10 MOJIEINb HAHKPAIIIOKO JUIs
pearizanii Ta BAKOHAHHS CKJIAHUX MPOEKTIB.

Oxpemi poboTu mpucesdeHo mozaem DevOps
SIK 1HTETPOBAHOMY ITJXOAY O B3a€EMOJIl KOMaH]
po3poOku  Ta ekciutyaramii. JocmimkenHs [5]
MPHUCBSIYEHO  BHUBYEHHIO OCHOBHHMX  acCIeEKTiB
iHTerpamii mims konmertiii DevOps, ska MHPOKO
BUKOPHUCTOBYEThCS Benmukumu [T-koMmaHismMu, siki
PO3pOOISAIOTE Ta HAJAIOTh MOCIYTH 3 BHUITYCKY
MIPOTPamMHOTO 3a0€31CUCHHS. B CTaTTi
OXapaKTepU30BaHO OCHOBHI mpoOiieMu iHTerpaii
DevOps Taki sK oprasizamiiHi OOMeXeHHS,
CKJIATHICTh 1HTETpaIlii iIHCTPYMEHTIB Ta IPOIIECIB,
HaBYaHHSA Ta ITiTOTOBKA IIEPCOHANY, € OCHOBHUMU
npoOieMamu € nedinuT KBariikoBaHUX KaApiB Ta
1HTII.

Y pocnimkenHi [6] posriasHyTo, mo DevOps
e meronoioris ta KynsTypa B IT, mo o0'eqnye
po3poOKy mporpamHoro 3abesmeueHHs Ta IT-
orepariii Just IPUCKOPEHHS CTBOPEHHS, TECTYBaHHS
Ta PO3TOPTaHHS MPOIYKTIB MIITXOM aBTOMATH3aIlii
Ta TOKpalleHHS CHiBOpami MDK KOMaHIaMH.
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OCHOBHMMH TIepeBaraMu € MIBUJAKICTh POOOTH,
e(eKkTUBHA CIiIbHA Po0OTa KOMaHAM Ta MOCTiHHA
IHTerpalis, a HeIONIKOM € HaaMipHa 3aJeKHICTh
BiJl IHCTPYMEHTIB, 00O MicJsl CTBOPEHHSI CTPYKTYpH
CHOYATKy TOTPIOHO 3alHATHCS KOMAHJIIOK Ta
nporiecamu.

Kpim Ttoro, 'y  myOmikamisx — [7-8]
PO3TISAAAOTHECS  3aralibHi  MPOOJIEMH KOMAaHJHO1
B3a€EMOIl, Taki SK KOMYHIKaliiHi Oap’epw,
KOH(IIKTH TIOJ0 BiANOBIJAIBHOCTI, YIPaBIiHHS
3HaHHSAMH, BIUIUB  BifjajdcHOi poOOTH Ha
¢(EeKTUBHICTh KOMaHA, 3MIHH B TEXHOJOTSX,
PUHKOBI yMOBHW, KOHKYpPCHIIS. AHATI3YIOUH IIi
mpaili, MOXXHa CTBEP/KYBaTH, IO ICHYE 3HAYHA

KUIBKICTE KOHIICTITY JTbHAX M IXOdIB bi (o}
JOCHIKEHHS KOMaHIHOI  po0oTH, poTe
HEJOCTaTHhO  y3arajbHEeHb, IO JI03BOJISIOTH
KOMIUIEKCHO  OIIHHMTH  B3a€EMO3B’A30K  MIK

MOJCIISIME KOMaHIHOI poOOTH, pPOJISIMH YUAaCHUKIB
Ta pesynpratamu [ T-nipoekTiB.

TakuM 4YHHOM, XO4Ya CYYacHi JOCIiKEHHS
BHCBITNIIOIOTh ~ OKpEMi  acleKTH  OpraHizaiii
KOMaHJTHOT B3a€EMO/Ii1, 30KpeMa TEOPETHIHI OCHOBH,
CTPYKTYpPY POJICH Ta MPaKTUKK B3aEMOJIIT B paMKax
MIEBHUX Mozenen po3poOku, BiJICYTHI
CHUCTEMAaTH30BaHI MAXOMH, SKi O y3aradpbHWIH IIi
CJIEMEHTU Ta JOCHIKYBald IXHIA KOMIUIEKCHUH
BIUIMB Ha €(EKTUBHICTH PO3POOKU MPOrPaMHOTO
3abe3neueHns. Came 1e BHU3Ha4Yae MOTpedy
MOJIANTBIIIOTO HAYKOBOTO aHANi3y Ta OPMYE OCHOBY
ULl TIPOBEJICHOTO B CTATT1 JOCHIHKEHHS.

Bukaan OCHOBHOTO Marepiaiay
nocaigxenns. Komanmna pobora B IT-mmpoekTax €
KIJIFOUOBHM YUHHHKOM, [0 BU3HA4Ya€ e(peKTHBHICTh
nporecy po3poOKy MPOrpaMHOro 3a0e3MeyeHHs. Y
CydyaCHHX YMOBaxX CTBOPEHHA IIPOTPaAMHHX
NPOAYKTIB BigOyBaeThCsl B MeXax CKIAJHHX
OpraHi3aliifHuX CTPYKTYP, 1€ PE3yJIbTAT 3aJICKUTh
Bil Y3rOKCHOI MisIbHOCTI (paxiBIiB Pi3HOTO
mpodiaro. Bubip wMogmen komaHmHol poboTH
Oe3mocepelHbO BIUIMBAE Ha PO3MOIINT  POJIEH,
BIJIIOBIAAJBLHOCTI, MEXaHI3MH  B3aeMojil  Ta
CIIOCOOH PUHHSITTS pillieHb y Mexkax [ T-tipoekTy.

OpHier0o 3 HaHOUTBI TOMIMPEHUX MOAEICH
oprasizariii KOMaHAHOI poOOTH € THYYKI MiAXOIu
0 PO3pOOKHM TIPOTrpaMHOro 3abe3MedeHHs, SKi
IPYHTYIOTbCA Ha TPHUHIMIAX aJalTHBHOCTI Ta
iTepaTUBHOCTI. Y MeXaX TaKUX MOJENeH KoMaH/a
PO3TISAAETECS SIK CAaMOCTIHA OIWHHIL, 37aTHA
IBUIKO pearyBaTd Ha 3MIiHM BHMOT Ta YyMOB
peamizanii mpoekTy. BaknuBoro ocoOmuBicTIO €
TiCHa B3acMOIl MDK WIEHAMM KOMAaHOM, IO
3a0€3MedyeThCSl PETyIIPHIMH KOMYHIKAITIIMU Ta
CHUTBHOIO BiAMIOBINANBHICTIO 32 PE3yJIbTaT.

Mopaens Scrum nependadae 4iTKO BU3HAYCHY
CTPYKTYpYy KOMaHIH Ta (hopMati3oBaHUIN PO3MOIIT
poneii. OcHOBHa yBara 30CEpeKY€TbCS Ha
KOOpAWHAII poOOTH KOMaHIW Yepe3 iTepariiHi
[UKIN, [0 JO03BOJSIE TOCTYNOBO YTOYHIOBATH
BHMOTH Ta KOHTPOJIOBATH SKICTh PE3YJIBTATIB.
Takuii miAXig cOopuse MiABUIIEHHIO MPO30POCTI
nporecy po3poOKM Ta Jda€e 3MOTY CBOEYACHO
BHUSIBJIITH TPOOJIEMH, TIOB’SI3aHI 3 OpraHi3aIicro
KOMaHAHOI poboTu. Y KomaHai Scrum € Tpu
OCHOBHI poiti [9]: BIaCHUK TPOAYKTY, SKHHA
BH3HAYAE IPIOPUTETH Ta OaUCHHS MPOAYKTY; CKpam
Maiictep, SIKUA 3abe3neaye JIOTPUMAaHHS
(bpeliMBOpPKY Ta YyCyBa€ TNEPeUIKOAW; KOMaHJa
pO3pOOHUKIB, SKa  CTBOPIOE  TPOIYKT, €
KpOC(YHKIIIOHAILHOI Ta CaMOOPIaHI30BaHO, 1
3a3BHYall ckiaagacThes 3 3-9 mromer. PasoMm 3 TuM
e(eKTHBHICTh Scrum 3HAYHOIO MIpOI0 3aJICKUTh
BiJl piBHS 3aJIy4CHOCTI YYACHHWKIB KOMAaHIH Ta iX
TOTOBHOCTI Opath Ha ceOe BiAIMOBIAATBHICTH 3a
BUKOHAHHSI IOCTABIICHUX 3aBJ[aHb.

[HII0I0 TOIIMPEHOI0 MOJEUII0 KOMaHJIHO1
pobotu € DevOps, sika opieHTOBaHA Ha IHTETPAIIiI0
MIPOIIECIB PO3POOKH, TECTYBaHHS Ta EKCILTyaTarii
nporpamHoro 3abesnedenHs [10]. Y 1wt mogemi
KOMaH/JHAa B3aEMOiS BUXOAUTh 33  MEXIi
TpaguLiiHOT CTPYKTYpH IT-komanan Ta
nepeadadac TiCHY CHIBIOPamil0 MDK PI3HUMH
(OYHKIIOHATBHUMHM ~ TpynaMd. Takul  Miaxin
JTO3BOJISIE 3MEHIIIUTH KiTBKICTh MOMIJIOK Ha eTamax
BIIPOBA/UKCHHS Ta CYNPOBOAY HPOTPamMHOrO
MPOMYyKTy, a TaKOX INIBHIIATH IIBHIKICTH
pearyBaHHs Ha 3MiHH. BogHOoWac BIpOBaKEHHS
DevOps notpeOye 3MiH y opraHizauiiHiil KynbTypi
Ta YITKOrO BH3HAYEHHS BIAMOBIZAIBLHOCTI MIK
y4aCHUKaMH TPOIIECy.

Hezanexxno Bing oOpaHoi Mojeni KOMaHAHOI
poOoTH, BaXJIMBY pOJb Bifirpae egeKTHBHA
KOMyHIKaris MK ydJacHukamu IT-mpoexrty [11].
BincyTHiCTh HamaropKeHMX  KaHAIIB — OOMIHY
iHpopMaLliEl0 MOXE TPU3BOJUTH 1O 3aTPHUMOK Yy
BHKOHAHHI 3aBJIaHb, IIOMUJIOK y PO3YMiHHI BUMOT
Ta 3HIWKEHHSI SKOCTI KIHIIEBOTO TPOAYKTY.
Oco01HMBO aKTyaJbHOIO IS Mpo0JIeMa € B yMOBax
po3nogineHnx abo BiINAJICHUX KOMaHI, ¢
B3aEMOJIIS 3IIHCHIOETHCS 32 TOTIOMOTO0 TH(PPOBUX
3aco0iB KOMyHIiKarlii.

OxpeMy yBary ciii NOpPUIUIATH PO3MOILTY
BimmoBigansHOCTI B IT-komammax [12]. Yirke
BU3HAYEHHS 30H BIANOBIHATFHOCTI  TO3BOJISIE
VHUKHYTH JyONOBaHHS (QYHKUI Ta 3MEHIIMTH
PU3UK  BUHMKHEHHs  KOHQUIIKTIB. BogHouac
HaaMipHa (opMatizallis pojicii Moxe 0OMeXyBaTu
THYYKICTh KOMaHIW Ta 3HIDKYBaTH ii 3JaTHICTh
aJanTyBaTHCS J0 3MiH. TakuM YUHOM, €EKTHBHA
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Tabmuus 1
IMopiBHsIJIbHA XapaKTepucTHKA MojAeell koMaHaHoi poooTu B IT-mpoekrax [15 3; 9; 13]
Moaean
.. . . . . . BnuiuB Ha
KOMAaHJIHOI OcHoBHI poJi PiBeHb ruyukocti Oco0anBocTi B3aemoii .
e(peKTUBHICTH
podotu
Komanna . . . .
. . IMocriliHa KOMYHIKaITis, [igBumeHHs
Agile PO3po0OKH, Bucoxuit . .
iteparii aJanTHBHOCTI
3aMOBHHK
Product Owner,
Scrum Scrum Master, Bucoxkwii PernmamenrtoBani 3ycTpidi IIpo3opicTs nporieciB
KOMaH/1a
BnacHuk
MIPOAYKT
MPOLYKTY, . . . . . CKopoueHHs Jacy
DevOps imkeHepy, peniz-  |CepenHiii-Bucokuit |[HTErparis nporecis
po3ropTaHHA
MEHEJIKED,
ajMiHicTpaTOpU
KepiBHUK . . . .
Kitacnana monienb p ’ Huzbkuit IepapxiuHa B3aeMoIist CtabinpHICTh BUMOT
PO3POOHUKH

Tabmwnrs 2
OcHoBHi poJi yuacuukiB IT-komanau Ta ix BignosizaasHicTh (chopmMoBaHO aBTOpaMu)
Poan OcHoBHi pyHKuIii BignmoBinaanHicTh

Po3pobuuk Peayrizanis ¢pyHKIiOHATY SkicTh KOy
TectyBasbHUK [Tepesipka 13 BusiBneHHs HOMUIOK
Amnanituk @dopMyBaHHS BUMOT KopexrHicTb cnienudikariit
ApxiTekTop [IpoexTyBaHHS CUCTEMU CTpyKTypHa LiJIICHICTh
DevOps-daxiBeup [MixTpuMka iHQpacTpyKTypH BesnepepBHicTh poboTH

MOJIeTTb KOMaHIHOI poOOoTH Mae 3abe3rneuyBaru
OaJlaHC MK CTPYKTYpOBaHICTIO Ta THYYKICTIO
oprasizaiii TisuTbHOCTI.

Jlyis y3araJibHEHHS. OCHOBHUX XapaKTEPUCTHK
3a3HAYEHUX MOJEJEH Ta BU3HAYCHHS 1X BIUIMBY Ha
e(EKTUBHICTb PO3POOKH MOLIJIBHO 3IIHCHUTH TX
MOPIBHSJILHUM aHami3 (Tabi. 1).

Y rtabmumi 1 HaBe#eHO  TOPIBHAJIBHY
XapaKTepUCTUKY OCHOBHMX MOJeNed KOMaHIHOL
pobdotn B IT-mpoekrax, 30Kpema piBeHb iX
THYYKOCTi, OCOOJIMBOCTI B3a€MOJii Ta BIUIMB Ha
pe3yILTaTUBHICTH porecy PO3pOOKH
MIPOTPaAMHOTO 3a0e3MeUCHHS.

AHani3 jnaHuWXx, NpeACTaBICHUX y Tadmumi 1,
CBIIYUTH TIPO T€, IO THYYIKI MOMAEN KOMaHIHOL
pobotu, Taki sk Agile Ta Scrum, 3a0e3neuyrOTh
BUCOKHMH pIBEHb aJanTHUBHOCTI Ta MPO30POCTI
MPOIIECiB, IO MO3UTHBHO BIUIMBAE HAa €(DEKTHBHICTh
po3poOku. Mogens DevOps, y cBoOl uepry,
OpIEHTOBaHA Ha IHTETPALiIO MPOIECIB PO3POOKHU Ta
eKCIUTyaTalii, I0 CHOpHUs€ CKOPOYCHHIO Yacy
BIPOBAHKCHHS 3MiH 1 MiJIBHUIICHHIO CTaOUTEHOCTI
MIPOTpaMHUX CHUCTEM. Kiacwuni MoeTi
XapaKTepU3yIOThCSd HIDKYMM PIBHEM THYYKOCTI,
MPOTE MOXKYTh OyTH JOIUILHUMH B YMOBaxX YiTKO
BH3HAYCHUX BHMOT 1 CTaOUTRHOTO CEpemoBHUIIA
PO3pOOKH.

EdektuBHicTh Oyab-1KOi MO KOMaHIHOI
poOOTH 3HAYHOIO MIPOIO 3aJICKUTH BiJl YITKOTO
BH3HAYCHHsS poseil ydacHukiB IT-komammm Ta
pOo3MnOiNy BiANOBimadbHOCTI Mik Humu [14]. VY
IpoIeci PO3POOKH IMPOrpaMHOro 3a0e3MeUeHHS
3a3BUYai 3aisH1 (haxiBIli pi3HOro MpodiIro, KOXKEH
3 SKMX BHKOHYye crneuu¢iuni ¢QyHKOii Ta Hece
BIJIMIOBiAAJIbHICTh 32 OKPEMi ACIEeKTH CTBOPEHHS
NpOrpaMHOr0 TPOAyKTy. HediTke BU3HAUCHHS

poneii MoXe TOpPU3BOAWTH 1O AyOJIIOBaHHS
¢yHkOid, KOH(QIIKTIB  BiANOBiZANbHOCTI  Ta
3HIDKEHHS  3arajibHOi  e€()eKTUBHOCTI  poOOTH
KOMaH/IH.

3 MeETOI Yy3arajlbHCHHS OCHOBHUX pOJICH
yuacHukiB IT-komanm Ta ixX (QyHKIIOHAJIBHUX
000B’s13KiB y TaOIHIN 2 TPEACTaBICHO BiMITOBITHY
KIacudikallito, IO 03BOJSE CHCTEMATH3YBaTH
MiIXOX J0 PO3MOJITY BiAMOBITAIBHOCTI B MEXKax
IT-tipoexTiB (Tabdm. 2).

3rifHo 3 JaHMMH TaONMIl 2, KIIOYOBHMH
ponsimu B IT-komanai €  po3poOHHKH,
TECTyBaJIbHUKH, aHAJITHUKH, apXIiTEeKTOPH Ta
DevOps-¢axiBiii, KO’KHa 3 SKHX BUKOHY€ BU3HAYCH]
(hyHKIIiT Ta BIUTMBAE HA IKICTH KiHI[EBOI'O MPOYKTY.
UiTkuii po3mofin pojeil CIHpusi€e IiJBUIICHHIO
BIIMTOBIATPHOCTI ~ yYaCHUKIB  TIPOEKTYy  Ta
3a0e3meuye y3roIKeHICTh IXHBOI HismbHOCTI [15].
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Boanowac y Mexax THy4YKHUX MOJENeH po3poOKd
JOITYCKAEThCS YaCTKOBE IOEIHAHHSA POJICH, IO
JO3BOJISIE KOMAH/II aanTyBaTUCS O 3MiH 1 OB
e()eKTUBHO BUKOPUCTOBYBAaTH HAasBHI PECYPCH.
TakuM YHHOM, PE3yJbTaTH IMPOBEIACHOIO aHAII3y
CBIQY4aTh PO Te, IO CSPEKTUBHICTH PO3POOKHU
mporpaMHoro  3a0e3neueHHs B IT-mpoekrax
BHU3HAYAETHCS HE JIUIIC TEXHIYHUMU PIllICHHAMU, a
¥ TIpaBUIIHHOIO OPTaHi3aIlielo KOMaHIHOI poOOTH.
BukopucTtaHHs BiIMOBIAHUX MoJENeld KOMaHIHOI
B3a€MOJIl Ta UITKMA  po3MmOXiA  poner i
BIIIIOBIAJIBHOCTI O3BOJISIIOTH MM IBANTATA
MPOMYKTUBHICTh KOMAHIIH, 3MEHIIHTH KIUIBKICTh
MOMHIJIOK 1 TOKPAIIUTH SKICTh MPOrPaMHOTO
MPOIYKTY.

He3pakatoun Ha aKTHBHE BIPOBAKCHHS
CydYaCHHMX MiJIXOJIB JI0 Oprasizaifii KOMaHIHOI
poboru B IT-mpoekTtax, mporec B3aeMOil Mix
YYaCHUKaMHU KOMaHIU CYNPOBOKYETHCS HU3KOIO
mpoOJieM 1 BHKIMKIB, M0 MOXYTh HETaTHBHO

BILTUBATH Ha e eKTUBHICTH po3po0Ku
MIPOTPaMHOTO 3a0e31eUeHHS. 3pocTraHHs
ckimagHocti  IT-cucreM, CKOpOYeHHS TEpMIiHIB

peanmizamii MPOEKTIB Ta TMOCTIHHI 3MiHH BHMOT
3aMOBHUKIB 3YMOBIIIOIOTh HEOOXiJHICTH BUCOKOTO
PIBHS KOOpAMHALNT Jif MiX (axiBUIMHU Pi3HUX
pouieit.

OpHi€r0 3 KIIOYOBUX MPOOJIEM € HEJIOCTaTHS
e(eKTUBHICT, KOMYHIiKamii B komaHmi [16-17].
HaBiTh 3a HasBHOCTI (popMaTi30BaHUX IPOIIECIB
oOMiHy iH(OpMAIIi€I0 MOXIIMBI CHOTBOPEHHS
BHMOI, HECBOE€YACHE [OHECEHHSA 3MiH abo pi3He
TpaKkTyBaHHA IIOCTaBJICHUX 3aBmaHb. (OcobOIuBO
aKTyaJIbHOK 11 Mpo0yieMa € JUIsl PO3IOAIICHUX
KOMaH/I, JIc B3a€MOJIisl BiTOYBAETHCSI MEPEBAKHO 32
JOTIOMOT0I0 ITU(GPOBUX 3aCO0IB KOMYHIKAIIII, IO
YCKIIAJHIOE ONEepaTUBHE BUPILICHHS KOHQIIKTHUX

CUTYyalii.
[HmUM  CyTTEBHM BHKIUKOM € HEJITKUH
pO3MOAUT  poJIed 1  BIAMOBIMANBHOCTI  MiX

yuacHukamu [T-komanan. 3a BiCYTHOCTI YiTKOTO
BH3Ha4YCHHS (YHKI[IOHATBHUX 000B’SI3KiB MOXKIIUBE
nyOmoBaHHS 3amadv, 3HIKCHHS BiIIOBITAILHOCTI
3a pe3yabTaTd POOOTH Ta BUHUKHEHHS KOH(MIIKTIB
MK wieHaMu KkoMaHmu [14]. Ile ocobmuBo

XapaKTepHO TSt HPOEKTIB, y SKNX
BHKOPHUCTOBYIOTHCS THYYKi METOHOJIOT1
VOpaBIiHHS, MO MepeadadaroTb JWHAMIYHUN

O30T 3aBIAHb.

BaxxnmuBy poiib y KOMaHAHIA poOOTi Bimirpae
monacekuit  ¢dakrop [18-19], 30kpema piBeHb
npodeciiiHoi ITiITOTOBKH, MOTHBAIliI  Ta
TICUXOJIOTIYHA CYMICHICTh YYaCHHUKIB TIPOEKTY.
Piznmii nocBinm, cTWiab poOOTH Ta MiAXOAM JO
BUpILIEHHS TPOOJIEM MOXYTh SK MiJBHILYBaTH

SIKICTh KOMAaHJHHX pIillleHb, TaK 1 CTBOPIOBATH
JIOJATKOBI TPYAHOII B TIpOIeci CImiBOpami. 3a
BIICYTHOCTI ©()EKTUBHOTO YIIPaBIiHHSA KOMaHIa
MOJK€ BTPATHTH 3/IaTHICTH JO CaMOOpraHi3aiii, 1o
HETaTHBHO MO3HAYAETHCS Ha  3arajbHUX
pe3yJbTaTax MpoeEKTY.

OKkpeMHUM BHKIUKOM € aJlanTailis KOMaHIHOL
poboTr 10 yMOB BimganeHoro abo TiOpHIHOTO
dhopmary [20-21]. 3 omHoro Ooky, Taki (Gopmaru
PO3LIUPIOIOTE MOKIIUBOCTI 3allydeHHs (axiBLiB, 3
IHIIOTO - YCKJIAQJHIOKTh KOHTPOJb BUKOHAHHS
3aBAaHb, MIATPUMKY KOMAaHIHOI 3TypTOBAaHOCTI Ta
(hopMyBaHHS CHUJILHOTO Oa4yeHHS MLUJICH HPOEKTY.
HenocraTtHs yBara g0 IMX acIHeKTiB MOXe
NPU3BOJIUTH IO 3HIKCHHS MPOJYKTHBHOCTI Ta
SIKOCTI ITPOTPAMHOT0 TIPOJYKTY.

TakuM 4YuHOM, TIpOOJIEMH Ta BUKIHKH
koMaHaHOI pobGotu B IT-mpoekrax MaroTh
KOMITJICKCHUM XapakTep 1 MOTPeOyIOTh CHCTEMHOTO
MiIX0MAy MO IXHBOTO BHPINICHHA. YpaxyBaHHS
OpraHi3alifHUX, KOMYHIKaI[IHHUX 1 ICUXOJIOTIYHHX
YUHHUKIB € HEOOXiMHOI YMOBOIO IIiABUIICHHS
eextuBHOCTI B3aemoxii B IT-komammax Ta
JIOCSITHEHHSI IOCTABJICHUX I[iJICH TPOEKTY.

BucnoBku. VY crarTi 34ifiCHEHO aHaI3
Mozeied komaHmHoi poborm B IT-mpoekrtax Tta
BU3HAYCHO iX BIUTUB Ha CQEKTHBHICTH MPOIECY
po3poOku MPOTPaMHOTO 3a0e3MeYeHHS.
JlocmimKkeHHs MoKas3aio, o B yMOBaX 3pOCTa0uol
CKJIATHOCTI TIPOTPAMHUX CHCTEM Ta JTHHAMIYHUX
3MiH BUMOT' e(eKTHBHa Oprasizamis KOMaHIHOI
B3a€MOMIi € OJHWUM 13 KIIOYOBHX YHHHHKIB
yemimHol peamzartii [T-mpoekTis.

Y pe3ydabpTaTi = MPOBENEHOTO  aHAII3y
BCTaHOBJICHO, IO CYy4YacHI THYYKi MoZemi
KOMaHIHOI poOoth, 30kpema Agile, Scrum Ta
DevOps, 3a0e3nedyroTh MiABUIICHUN  piBEHb
aJanTHBHOCTI, MPO30POCTI MpoIIeciB i
BIJIMTOBITATFHOCTI  yYAaCHUKIB KoMmaHawW. YiTke
BU3HAYCHHS POJICH Ta po3moain (QyHKIIOHAIbLHUX
00OB’SI3KIB  CHpPUSAIOTH  Y3TOJLKEHOCTI  [IiH,
3MEHIIICHHIO PHU3UKYy BHUHUKHEHHS KOHQIIKTIB 1
MiIBUIIECHHIO SIKOCTI TIPOTPAMHOTO  TPOIYKTY.

Boagnouac moBemeHo, IO KJIACHYHI  MOIel
KOMaHJHOI  pOo0OTH  MOXYTh 3aIUIIATHCS
JMOIUTPHUMH  JUII  TIPOEKTIB 31  CTaOLIbHUMH
BUMOTaMH Ta  JKOPCTKO  PErIaMEHTOBaHHMH

MIPOIECaMH.

OkpeMy yBary MpUAIICHO poJIi KOMYHIKaIii Ta
B3aemoii Mixk yuacHukamu [T-komana. [TokazaHo,
mo e]eKTuBHI kaHamu oOMiHy iH(popMamieo Ta
BiJIIOBIIHUH PiBEHb BiJIMOBIIATBHOCTI KOXHOTO
yjeHa KOMaHAWM €  HEOOXiMHOIO  YMOBOIO
T IBUIIICHHS Pe3yIBTaTUBHOCTI pO3poOKHU



24 BICHW/K CXIDHOYKPAIHCHKOIO HALIIOHANBHOI O YHIBEPCUTETY imei Bonoaumupa Jans Ne 12 (298) 2025

MPOTrpaMHOro 3a0e3MedYeHHs, 0COOIUBO B YMOBAax
PO3IOIUICHUX 1 BiJTaJIEHUX KOMAaH]I.

PosrasayTi ipobiieMu Ta BUKITUKA KOMAHTHOT
pobdorn B IT-mpoekrax cBiguaTe mpo Te, WLIO
e(eKTUBHICTh peaizallii MporpaMHUX NPOIYKTIB
BH3HAYAETHCS HE JIUIIE BHOOPOM METOIOJIOTIi
YIpaBIIiHHS, a i SIKICTIO B3a€EMOIi1 MK y4aCHHUKaMU
KOMaH[H, YiTKICTIO PO3MOILTY poJied 1 30aTHICTIO
aJanTyBaTHCS JO 3MIHHUX YMOB TPOEKTHOTO

CepeIOBUIIA. V3arajipHeHHS TEOPETUYHUX
miAXO4iB 1 BUSIBICHHX TPYAHOILIB JO3BOJISIE
copMyTIOBaTH  KJIIOYOBI ~ BHCHOBKM  IIIOJO

opraizamii KOMaHTHOI pPOOOTH Ta OKPECIUTH
HaIpSAMU ii IOAAJIBUIOrO BIOCKOHAICHHS.

Takum 4YMHOM, pe3yJabTaTH JOCHIJKEHHS
i ITBEPIKYIOTh JOIIBHICTD BHKOPHUCTAHHS
aJanTUBHUX MoJeneld koMmaHaHOoi pobotu B IT-
MPOEKTaX 3 ypaxyBaHHSAM CHEUU(IKH TPOEKTY,
CKIIaqy KOMaHIM Ta OpTaHi3allifHuX yMOB.
OTtpumani y3arajJbHEHHS MOXYTh OyTH
BUKOpHUCTaHI mpu BHOOpi Ta amanTamii Moneneit
KOMaHJHOI B3a€MOAII 3 METOK IIiJIBUILEHHS
e(eKTUBHOCTI PO3pOOKH MIPOTPaMHOTO
3a0e3MeYeHHSI. [epcnexTnBu MOJANBIINX
JOCHIPKEHb TOJIATAal0Th Y TOTrIHOJIEHOMY aHami3i
BIUIUBY  JIFOACBKOrO  (paktopy,  IH(PPOBUX
IHCTpYMEHTIB KOMYHIKalii Ta oOpraHizaumiiHoi
KyJbTYpH Ha €(EeKTUBHICTb KOMaHIHOI pOOOTH B
IT-ipoexTax.
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Dolia O.E., Dolia E.K. Teamwork models in it
projects and their impact on software development
efficiency

The article examines models of teamwork in IT
projects and analyzes their impact on the effectiveness of
the software development process. The relevance of the
study is due to the growing complexity of modern IT
systems, increasing requirements for the quality of
software  products,  increasing the role of
interdisciplinary teams and the spread of flexible
approaches to the organization of development. The
paper examines the main approaches to the formation
and functioning of IT teams, in particular, classical and
modern models of teamwork used in the process of
software creation. Particular attention is paid to the
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analysis of the Agile, Scrum and DevOps models as the
most common in modern IT projects. The key
characteristics of these models are analyzed, including
the distribution of roles, responsibilities of team
members, mechanisms of  interaction and
communication, as well as the features of making
managerial and technical decisions in the development
process. It was determined that the effectiveness of
teamwork largely depends on a clear definition of roles,
a transparent distribution of responsibilities, the level of
involvement of participants and the availability of
established communication channels between all
stakeholders of the IT project. The article also considers
the main problems that arise during the organization of
teamwork, in particular conflicts of responsibility,
communication barriers, difficulties in coordinating
activities in distributed teams and the influence of the
human factor on project results. Based on the analysis,
the impact of different teamwork models on the quality,
speed and effectiveness of software development is
summarized, and practical recommendations for
improving team productivity are outlined. The prospects
for the development of team models in IT are outlined,

taking into account modern trends in digitalization,
remote work, automation of development processes and
the use of collaboration tools. The results obtained can
be used when selecting and adapting teamwork models in
IT projects in order to increase the efficiency of software
development and optimize project management.

Keywords: IT project, teamwork, development
models, Agile, Scrum, DevOps, efficiency.
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CUCTEMHE ITPOI'PAMHE 3ABE3IIEYEHHS OC UBUNTU
JJIsA CTBOPEHHS HABYAJIBHUX CTEH/AIB RASPBERRY PI

Moruabnuii I'.A., Cmarina 0.0., /lonuenxo B.1IO.,
HIBeusn .M., lonuenxo C.M., Hamapa /I.1.

UBUNTU SYSTEM SOFTWARE FOR CREATING RASPBERRY
PI EDUCATIONAL STANDS

Mohylnyi H.A., Smahina O.0., Donchenko V.U.,
Shvets I.M., Donchenko S.M., Chamara D.I.

YV cmammi posensdaemvcs  axmyanvna npobrema
MoOepuizayii  anapamHo-npocpamnHo2o 3abe3neueHHs
HABUANbHUX KOMN'TomepHux J1abopamopii  3axiadie
UWOI  OCc8iIMU 8 YMOBAX  CMPIMKO20 — PO3GUMKY
mexnoaoziu «Iumepnemy peueiy (loT) ma 66yoosanux
cucmem. ILlei ¢hakmop € KpumuuHoO 6aNCIUBUM OJisl

3abesneuenns be3nepepeHoCcmi ma AKOCMI NPAKMUYHOT

ni02omoeKU THIHCEHEPHUX KAOpi6 Y CYUACHUX peanisx,
30KpeMa 6 YMOBAX B0ECHHO20 CMAHY, KOIu Oesnexa
VUACHUKIG OCBIMHbO20 Npoyecy GUXOOUMb HA NEPuiUll
niaH.

Hocniodcenns cnpsamosano Ha po3pooKy ma npaKmuyHy
peanizayito  KOMHIEKCHOI MemoOuKu po320pMmanHs
VHIQIKOBAH020 NpocpaAMHO20 cepedosuuia Ha 0a3i
onepayitinoi cucmemu Ubuntu 015 HaguanibHux cmenois,
nobyoosanux na mikpoxomn'tomepax Raspberry Pl 4

Model B.  Axyewm  pobumvcs  Ha — CMBOPEHHI
Macuimabo8anozo,  e@exmueno2o  piuleHHs,  AKe
0o36014€  iHmezpysamu  KOMNAKMHI  0OYUCTIO8AIbHI

MOOYII 8 HAAGHY KOPHNOPAMUBHY IHGPACMPYKMYpY,
3abe3neuyiouy npu  YboMy NOGHOYIHHUL Gi00ANeHUl
docmyn 01 cmyoeHmis ma Gukiadayie Oe3 empamu
@yHKyionanbHOCMI.

Y pobomi oemanvro onucano aneopumm HanAUMYEanHs.
cucmemu, SAKUU CKIAOAEMbC 3 NOCAIOO0BHUX KPOKIG
(emanig). L[i emanu nepeddbauaromv KOHQICYpYSanHs.

Mepedicesux iHmep@elcis: HAIAWmy8ants CmamuyHol
KOpeKmuoi

IP-adpecayii ma DNS-cepsepie  0ns
i0denmudpixayii 6 mepeoici; inmezpayiro 8 KOPROPAMUBHY
Mepedcy ULISIXOM B6CMAHOBIEHHSI HeOOXIOHUX NaKemig
(realmd, sssd, adcli), pedacysanus Kou@icypayiiHux
Gaiinie ma 6e3nocepeore 86e0eHH s NPUCMPOIO 8 OOMEH
Active  Directory;  Hanawmysamns — niocucmemu
aymenmudixayii PAM 0ns asmomamuurno2o cmeopeHHs
JOMauiHix ~ OUpekmopiti  OOMEHHUX — KOpUCHY8auie
(mkhomedir).

Y x00i 0ocnidocenns 6yno eusasneHo ma GUPIULEHO HU3KY
MexHiuHux npoodnem, 30Kpemda, NUMAauHs CYMICHOCMI
cmendy 3 kiaienmom RDP. Bupiweno numannus
000amKOBUX HALAWMYBAHbL: OOCHMYN 00 308HIUHIX
nopmie, agmomamuyHe 3A8AHMANCEHHs Kamepu OJis
nepeznaoy pe3yabmamie pooomu cmeHoy, asmomMamuyte
nepe3asanmaxicents: cmenoy npu 3aseputeHti pobomu 3i
CmeHooM,  0bOMediceHHsi  KiIbKocmi — 0OHOYACHUX
nioxntouens. Takodxc onpaybosano 3a2abHi MEXaHi3Mu
NIOKMIOYEHHs — NPUCPOig-CmeHoi6 'y KOPHOpamueHy

Mepedcy ma  PO3STAHYMO  WASAXU — HANAUIMYGAHHS
besneunoi  3ynumku pobomu  CmeHOy )y  6UNAOKY
BIOK/IIOUEHHS C8Imd.

Peanizosana cxema 003607151€ cmyoenmam

RIOKIOYAmMuUcst 00 peanbHo2o 001a0HaAHHA 3 0)0b-KOi
MOYKU C8IMY, BUKOPUCTNOBYIOUU CB0I YHIBepCUMEMCbKI
O0oMenHi 00IIKO8I 3anucu, ma GUKOHY8amu 1ab0pamopHi
pobomu, wo UMAazaiomsv NPSIMOT 63aemMo0ii 3 ceHcopamu,
BUKOHAGUUMU MEXAHIZMAMU MA [HULOK nepugepicio, sKi

HEMOJNCIUBO ~ NOBHOYIHHO — GIOMBOpUMU 6  YMOBAX
8IpMYANbHOT CUMYAAYII.
Knrouosi cnosa: onepayiiina  cucmema, OoMeH

Microsoft, Ubuntu, eiodanenuii 0ocmyn, HAGUAIbHUL
cmeno, Raspberry Pl  Hasuambna Komn romepHa
aabopamopis, 3axnad oceimu.

Beryn. Punok BOymOBaHMX CHCTEM Ta
MiKpOKOHTPOJIEPIB JAEMOHCTPY€E EKCIIOHEHIaIbHE
3pOCTaHHs, 10, CBOEI0 4eproio, Gopmye roctpuit
MOMUT Ha KBaji(ikoBaHUX (axiBLiB, 3MaTHUX HE
JUIIE TIPOrpaMyBaTH TOTOBI piICHHS, ane i
MIPOEKTYBATH CKJIaJTHI amapaTHO-TIporpamMHi
KOMITJICKCH, HAJAIlITOBYBAaTH B3a€EMOJII0 CEHCOPIB
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Ta BOJIOMITH OCHOBamH BuKopucTaHHS [oT
(Imrepuer peueit, Internet of Things).
Y 1bOMYy KOHTEKCTI CHUCTEMa BHINOI OCBITH

CTUKA€TBCS 3  CEPHO3HMM  BHUKIUKOM:  SIK
3a0e3MeYUTH  SKICHY MPaKTU4YHYy MiATOTOBKY
IKEeHepiB B yMOBaXx  JOWHAMIYHAX  3MiH

TEXHOJIOTIYHOTO CTEeKa Ta, [0 0COOIUBO aKTyaTbHO
JUIS ChOTOJICHHS, B yMOBaX BOEHHOTO CTaHy Ta
O00OMEXEHOIr0 JO0CTYIy A0 (I3UYHUX ayAUTOPIH.
Tpamuiiifina Mojenp opraHizamii HaBYaIbHHX
KOMIT IOTepHUX Jaboparopiii, mo mependadae
BUKJIIOYHO OYHY TIPUCYTHICTH CTYAEHTIB Ois
amapaTHUX CTCHIIIB, CTa€ HEIOCTATHLO THYYKOFO.

IIpote BuUBYEHHS MiKpoKoHTpoJsiepiB Ta [oT
Ma€e CBOIO crnenudiky, Ky HEMOXJIMBO TOBHICTIO
KOMITCHCYBAaTH BipTyaJIbHUMH CHMYJIATOpPaMH (Ha
kmrant Proteus, Tinkercad um Cisco Packet
Tracer). CumynsTopu, TONPH CBOK 3PYYHICTH,
MpaIioloTh B ieaTi30BaHUX yMOBaxX 1 HeE
BIITBOPIOIOTH  peaNbHUX (i3WYHUX MPOILECIB,
3aTPUMOK Y MEpPEXKi, armapaTHuX 300iB Ta HIOAHCIB
pOOOTH 3 pEaNbHUMH EJICKTPUYHUMHU CHTHAJIAML.
ToMy BuMHUKae HarajbHa MOTpeba B opraHizamii
HaBYAJLHUX KOMIT IOTEPHUX J1abopaTopiii HOBOTO
TUIY, SIKI TOEAHYIOTH (i3uuHe OONAAHAHHS 3
TEXHOJIOT1SIMHU BiJTaJIEHOTO TOCTYITY, TO3BOJISIOUH
CTYJICHTaM THCaTH KO, 3aBaHTAXXyBaTH HOTO B
peaNbHUN MIKPOKOHTPOJIEp Ta CIOCTEpiraTH 3a
pe3yabTaToM poboTH (depe3 BeO-kamepu) 3 OyIIb-
SIKOT TOYKH CBITY.

Mera pobotu — Ha 3acajax KOMILIEKCHOTO
aHaII3y CHCTEMHOTO IMPOTPaMHOTO 3a0e3TMeUCHHS
OC Ubuntu po3poOUTH MiIXOAW O CTBOPEHHS
HaBUaJILHUX cTeHIIB Raspberry PIL.

Buxisan OCHOBHOI'O Mmarepiany
HOCJIi/KEHHS. Po3zBuToK OJTHOTUIATHUX
KOMIT'FOTEpiB, 30Kpema cepii Raspberry PI,
CIPUYMHHUB TOSABY PO3TAYKEHOI EKOCHCTEMH
oTIepaIiHHIX CHUCTEM, aJTanTOBaHUX b
cneuugiuHi  moTpeOM  KOPHCTYBadyiB: Bif
MOYaTKOBOTO  HABYAaHHS MPOrPaMyBaHHIO IO

poheciiHOro PO3ropPTaHHS MPOMHMCIIOBHUX PIllIeHb
Internet of Things (IoT). BubGip mnporpamuoi
m1aThOpPMH ChOTOJTHI € BH3HAYAILHUM (PaKTOPOM,
0 OKPECIIOE MEXi MPOAYKTUBHOCTI Ta OE3MeKu
00YHCITIOBATTLHOI CUCTEMU.

Orsin TOCHiKEHs HAa TEMy BHUKOPHCTAHHS
Ubuntu sx cuctemdoro II3 g1g HaBYaabHHX
cTeHmiB Ha 0a3i Raspberry PI nemoncTpye mepexin
BiI TPOCTHUX €KCIICPUMEHTIB N0 CTBOPCHHSI
ckinamHux knacreprux Ta loT-cucrem. OmHuM i3
HaWTIOMYJIAPHIINX HANPSIMKIB € BHKOPHUCTAHHS
Ubuntu i1 HaBYaHHS TapaieTbHUM OOYHCICHHSIM.
Y pob6oti «High-Performance Computing with
Raspberry PI» posrisgaerscs HajamTyBaHHS
Ubuntu Server na Raspberry Pl mis ctBOpeHHs

HEJIOPOTHX CYIIepKoMIT 1oTepiB. ABTopH S. Taneja,
J. Humphrey [1] migkpeciroioTs, mo cuctemue 113
Ubuntu mo3Bomsie meperBoputu Raspberry Pl ma
MOBHOI[IHHUIM HABYAILHUN CTEHJ /I BUBYCHHS
apXIiTEKTypU BUCOKOIIPOAYKTUBHUX CHUCTEM.

VY cBoemy nmocmimpkenHi M. S. Mahdavinejad
(ta inm) [2] BukopucTtoByBanu Raspberry PI mix
kepyBanHsM Ubuntu Core sk «edge» npuctpoi
(nepudepiiini By3nu). Bonu akueHTyBanum yBary Ha
i30isMii  mporeciB, MO JO3BOJISE CTYACHTaAM
0e3MeYHO TecTyBaTH KOJ 03 PHU3HKY «3JIaMaTH
BCIO OIEpalliifHy CUCTeMy CTCHJA.

Hocnigauk C. J. Wright y cBoiii myOmikarrii [3]
onucye Bukopuctands Ubuntu sik 6azoBoi OC mis
po3ropTaHHsl BpasnuBuUX KoHTeWHepiB Docker Ha
Raspberry PI. JJocnimkenHs nokasye, 1mo 64-0iTHa
Ubuntu Ha RPi 4 mparioe 3Ha4H0 cTalinbHimIe, HiX
cranmaptHa Raspberry PI OS mpu poGoti 3

IHCTPYMECHTAMH aHayizy Tpadiky Ta
BipTyali3ami€lo.
Jleski MOCHIMHUKHM 30CEpeDKCHI caMme Ha

nopiBastHHI Ubuntu 3 iHIuMu AucTpuOyTHBaMH, a
came  gocmigHuk ~ Rahman y  myOmikarii
«Performance Analysis of Raspberry PI OS wvs.
Ubuntu for IoT Edge Computing» [4] mposiB
MOPIBHSIBHUH aHayi3 crioskuBaHHs pecypceis (CPU,
RAM). Hocmimkenas mokasano, mo xoda Ubuntu
CHOXXHMBAa€  OulpIle  Iam’sTi, 1  CHUCTEMHA
apxXiTeKTypa Kpaile IMMIXOMUTh IS HaBYAHHS
cydyacuuM  DevOps-texnonorism  (Kubernetes,
Docker), aixk mosnermena Raspberry PI OS.
Cyuacuuit punok OC miist Raspberry PI moxxna

knacuikyBaTd 32  KUJIbKOMa  KIIOYOBUMH
HarpsMaMH:

VuiBepcanbHi Ta ocBitHi OC: odiniitHa
Raspberry PI  OS  (komumass  Raspbian)

3aJUIIAETHCS CTAHAAPTOM Je-(DaKkTo 3aBASIKK CBOIN
JIETKOCTi,  CTAaOUIBHOCTI  Ta  IHTETPOBAHUM
IHCTpyMEHTaM I HaBYaHHSA, SK-0oT Python Tta
Scratch. Ilopyu i3 Heto OinbIIOT HOMYJISPHOCTI
HaOyeae Ubuntu, 110 MPONOHYE IOBHOLIIHHUN
poOouwnii cTis Ta cyuacHe 64-0iTHE CepenOBUINE IS
npodeciitHoi po3poOkH;

CremiamizoBani imKeHEpHI IarGopmu: st
3aBIaHb kibepOesnekn Ta MEHTECTUHTY
BunisieThes Kali Linux, a mjis CTBOpEHHS BY3JIIB
po3ymHoro Oyauaky — Home Assistant OS
(HAOS), sxa mpamoe 3a MOPUHIHUIOM «YOPHOL
CKPUHBKI, MaKCHMAaJIbHO CIIPOIIYIOYH
aBTOMAaTH3alllIo;

Crnenudiuai Ta peTpoO-CUCTEMH: OKPEMUI
CEerMEHT 3aliMarOTh MYJIBTUMEIiiiHI 0OOJIOHKH
LibreELEC Ta pns perpo-irop (Hampukiazn,
RetroPie) Ta cucreMu 3 yHIKaIBHOIO apXiTEKTypOIO,
sk-or RISC OS, mo Hapa3i MaioTh HepeBaKHO
icropuuHy a00 BY3bKOIIPO(DIbHY IIIHHICTS.
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Tabmuus 1
3Benena indopmaiis onepaniiinnx cucrem ajs Raspberry PI
Hazea OC OcobmmBocti OC AKTyanpHICTh 3pY4HICTb AJIsl HABYAHHS Komenrap
Raspberry PI OS Odnguzma, AR Bucoka (BOymoBani Python, [Haiikpamuit BuOGip
cTabiybHA, JIeTKa Scratch) ISt cTapTy
Ubuntu CydJacHa, R Bucoka (a1s1 cTyieHTiB UynoBa Jus cepBepa
momyssipHa, 64-0iT IT/CS) 200 sk 3amina [TK
DietPi / /1ot criertugigHOTO Tinpku ipodinpHA CraHmapt iHgycTpii
. H-+++-++ .
Home Assistant OS [kepyBaHHS (ABTOMATH3AIIIS) IDIY -aBTOMaTH3aIIi1
RetroPi If i i Haii -
etroPie / rpoBuii komOaiH o Husbka (po3sar) Haiixpaue 111 perpo
LibreELEC (emyJssiTOpH) irop
[HCTpYyMeHTH AMst Tineku npodinbHa 3BHuaiHoOMy
Kali Linux Py ® - . P KOpHCTYBaueBi HE
xakepis/Oe3nekn (Kibepbesmneka) .
noTpioHa
KoucTpykTop st Tinbku 17151 MOTIHOICHOTO Crenaso, mis
|Arch Linux ARM TPYKTOp & H+ JULAT IMOCBIUEHIX
podi BuBUeHHS Linux )
KOPUCTYBAYiB.
Windows 10 ToT Ypizana Windows [IpoekT 3akpuTHii, He
0e3 podoYOro CTOITy Ma€ CEHCY
ke ctapa OC. He akryanpna Hi Tinbku K My3eHHUI
RISC OS plyse ctap Y Y
€KCITOHAT
. [HadicTapimmii
Slackware / SARPj || o crapiimn -
Linux, cKiaaHui 3aHanTO CKIIaHO

B minoMy, KOMIUTEKCHA OIlIHKA Pi3HOMaHITHUX
OC naBenena y Tabmumi 1.

Sk 6azoBy OC HaBYalbHUX CTCHIIB OOpaHO
Ubuntu g Raspberry PI (oco0muBo mjist Momesei
4, 400 ta 5)— me He MPOCTO «allbTEpPHATHUBA», a
CTaHAApT AJsl 0araTboxX po3pOOHUKIB: Ma€ OAWH i3
HauOimpmmx  pemo3uTopiiB 113,  migTpuMKy
KOHTEHHepiB, aJanToBaHa iz 64-0iTHY
apxitektypy ARM ains Raspberry Pi. [ToBHoninHuMiA
Desktop namae cyuacuuii intepdeiic (GNOME),
SIKAA  BUTJISAAE 1 TPAMIOE SIK  TTOBHOIIIHHUI
nepconanbuuit kommn’'torep (I1K). Lle naiikpammit
BHOIp i1 HaBUaHHS MPOrpaMyBaHHIO abo BeO-
penaryBanno. HoBa Bepcis Ubuntu 24.04.3 LTS
s HactinbHuX [IK, HOyTOyKkiB Ta Raspberry PI
Ma€ JIOBrOCTPOKOBY MiATPUMKY, IO O3HAYAE 1T STh
POKiB  OE3KOINITOBHUX OHOBIICHb O€3MEKH Ta
00CIIyTOBYBaHHS, NPOJOBXKEHHX 10 12 pokiB 3
Ubuntu Pro. IcHye HaiiHOBiIIa Bepcist onepamniitHol
cucremu Ubuntu 25.10, sxka mocradacTtecst 3

NeB’SIThMa MICAIIMU  OHOBIIEHb O€3MeKH Ta
o0ciryroByBaHHs, 10 JumHsA 2026 poky.

Bigomo, 100  aUCTaHIIHHO  KepyBaTH
Raspberry Pl 3 iHIIOro HpUCTPOIO Yy JIOKAJIbHIH
MepexXi, HeoOXiTHO CKOPHCTAaTHCS THUIIOBOIO
cucteMHor0  ciyxboro  SSH, sxa  jerko
BCTAHOBIIIOETECS 32  JOMOMOTOI0  KOMaHAX

sudo apt—-get install ssh Ta HeoOXimgHa
JUTSL TOJIaTKOBOTO KepyBaHHS 200 aMiHICTpyBaHHS.
Binbmr rpyHTOBHHI aHaJIi3 HAYKOBOI JIITEPATypH Ta

iHTepHET-IKepen [5-11] mo3BoNMB 3HAWTH 1HIII
nmonatkoBi mporpamHi 3acobu: Xrdp, NoMachine,
X2go. Ili momaTtkoBi TporpaMHi 3aco0W MarTh
pI3HOMaHITHI ~ OCOOJIMBOCTI Ta  TOTPEOYIOTh
BCTAHOBJICHHS  JOAATKOBHX  MakeTiB. Tomy
OpUHHATO pIilleHHs, B MeXax Ii€i poboTH
po3rsiHYyTH  Tinbku  Gnome-remote, KU
cTaHgapTHO € B  HajmamTyBaHHsx  Ubuntu,
MOJJIMBOCTI 1HIIMX NpPOrpaMHHUX 3aco0iB Oyze
PO3MIITHYTO B MEKaX HACTYITHOTO JIOCI/IKCHHSI.

B 1imoMy cTBOpEHHS HABYAIBHOTO CTEHAY, 3
OTPUMAaHHSIM BiIaJICHOTO PEXUMY BHKOPHUCTAHHS,
MOJKHA 3BECTHU JI0 HACTYIHUX KpokiB. [Tomepeanbo
PEKOMEHITY€ETHCSI OHOBUTH CHCTEMY 32 JIOTIOMOTOFO
KOMaH[I;

sudo apt-get update
sudo apt-get upgrade

Kpox 1. HamamroByemo cratuuny IP ampecy
ta DNS. O60B’s13k0B0, B sikocti DNS cepsepy
BKa3yeMO ajpecy KOHTposepy AomeHy Microsoft
AD. BuxonyeMo I1i HaJamITyBaHHS 32 JTOITOMOTOIO0
nmomatky «Settings» menio «Network». Kpim toro,
PEKOMEHTYEThCS Bigpenarysata  aitnu:
/etc/systemd/resolve.conf — pgoaaru
noJist DNS u domains, a Takox daiin /etc/hosts
— IOJIaTH OCHOBHI pecypcH Bamoi Mepexi (puc. 1).
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local

serv2.i

1lrouters

Puc. 1. HamamryBauas DNS 1u1st OCHOBHHX pecypciB

Kpoxk 2. [lpuennannas no nomeny Microsoft
AD 3 wmeToro iHTerparii CIHUCKY KOPHUCTYBadiB.
BceranosmoeMo momatkoBi makeTu sssd, realmd,
adcli Ta 1HII 3a TOIIOMOTOI0 KOMaHIA

sudo apt-get install sssd,
adcli

[TepeBipsieMo mocTymHICTh ToMeHY Microsoft
AD (puc.2):

realmd,

sudo realm -v discover
<iMm’' g momMeHny>

:-$ sudo realm -v discover ifmit.local

type: kerberos

realm-name: . LOCAL
domain-name: ifmit.local
configured: kerberos-member

< re-directory

required-
required-

amba-common-bin
6U@LFmit.local
allow-realm-logins

Puc. 2. TlepeBipka HajamTyBaHb JUIsl i JKIIOYEHHS
JI0 IOMEHY

3BepTacMo yBary Ha HEOOXigHI J0IaTKOBI
MakeTH, U0 OyayTh NepetideHi B KiHIi KOMaHIH Ta,
3a HEOOXIIHICTIO, BCTAHOBIIFOEMO L1 ITAKETH.
IIpuennyeMocs 10 JOMEHY.

sudo realm join -v -U
<im’'sa agMiH momeny> \
<im’ g momeny>

| PAM configuration [—
Pluggable Authentication Modules (PAM) determine how authentication, authorization, and password ch
additional actions to take when starting user sessions.

Some PAM module packages provide profiles that can be used to automatically adjust the behavior of
behaviors you wish to enable.

PAM profiles to enable:

<Ok>

Puc. 3. PAM configurator

Hanaemo mpaBo Ha CTBOpEHHS JOMAaITHBOI
TaIK® Y A0JaTKy (puc. 3):

sudo pam-auth-update

Kpok 3. AktuByemo ciyx0y Gnome-remote.
BuxonyemMo 11l HamamTyBaHHS 3a JOIMOMOTOIO
momatky  «Settings»  MeHro  «System» @ —
«Remote Desktop», naii 3aknanka «Remote loginy.
BcranoBmoemo M’ KOpHCTyBada Ta Tapoib
(puc. 4). Llporo xopucTyBaua HE MMOBHHHO OyTH Y
cucreMi. BukopucroByrounm mi mapamerpu (im’s
KOpHCTyBa4a Ta TMapojb) MH BXE MAaEMO
MOJIMBICTh TNpHegHaTHCS 10 Raspberry PI 3a
JIOTIOMOTOF0 TOAATKy «BimmaneHnii poooduunii CTiL.
Ilicns  migkmroueHHss Oyne BHAAHO — TEPEITiK
KOPHUCTYBadiB, SIK1 OCTaHHIM qacoM

BHUKOPHCTOBYBaJIH 110 Raspberry PI.

Howto Connect

Puc. 4. 3axnanka Remote Login

B nporueci BUKOPHCTaHHS KITIEHTY
«Bigmanennit poboumit ctim» y OC Windows
BCTaHOBJICHI MEBHI 0COOJIMBOCTI Horo
HAJNAIITyBaHHS:

1. V 3aknamui «Expan» Tpeba perensHO
migdupaTh mapaMeTpu  PO3AUIBHOI  3JaTHOCTI
ekpaHy. B neskux BuUmagkax, a 0coONMBO y PeXUMI
«Ha Bechb expaH» MiIKITIOYCHHS HE BiJJOYBAETHCS.

2. baxano BimpenaryBatu ciry>k00Buil Qaiii,
II0 CTBOPIOETHCSI 32  JOTOMOTOI0  KHOIIKH
«306epertn» 3HaWTH pAOOK: use redirection server
name:i:0 Ta 3MiHUTH Ha use redirection server
name:i:1 (puc. 5).

3a yMOBM  OCOOMCTOTO  BUKOPUCTAHHS
Raspberry PI mux kpokiB Oyae moctaTHho. OmHAK
Il 3actocyBaHHsa — Raspberry PI  y
HAaBYAJIBHOTO  CTEHOYy  HEOOXiTHO
JIOJIATKOBI HAJAINTYBaHHS.

SIKOCTI
BUKOHATH
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redirectprinters:i:0
redirectcomports:i:e
redirectsmartcards:i:0
redirectclipboard:i:1
redirectposdevices:i:0
autoreconnection enabled:i:0
authentication level:i
prompt for credentials:
negotiate security layer:i:
remoteapplicationmode:i:o
alternate shell:s:

shell working directory:s:
gatewayhostnane:s:
gatewayusagenethod:i:4
gatewaycredentialssource:i:4
gatewayprofileusagemethod:i:0
promptcredentialonce:i:o
gatewaybrokeringtype:i:0

use redirection server name:i:l
rdgiskdcproxy:1:0
kdcproxyname is:
drivestoredirect:s:
redirectwebauthn:i:e

OBbiuHBI TekCT 100% w

Crpoka 44, cron6en 32 31 w3 1296 cumsonos

Puc. 5. 3miHa mapameTpiB MiIKITIOUCHHS

Kpok 4. VY 1poreci BHUKOPHCTAaHHSA
BiITaJICHOTO JIOCTYITY 3’sIcyBaJIoOCH, 111(s)
KOPHCTYyBa4i HE MAlOTh NpaBa BUKOPHCTOBYBATH
30BHIITHI MOPTH. BCTaHOBJICHO, 10 € MOXJIUBICTh
CKOPHCTaTHCSI  CIICIiaIbHAM  KEPYBaHHSAM  3a
JIOOMOIr0I0  KOMIIOHeHTY UDEV  [12]. 3a
JIOTIOMOTOI0  CTIeialibHUX  (paiimiB  (PO3MIMPEHHS
.rules) € MOXKJTUBICTh MPU3HAYUTU TICBHUHA OCTYI
0 30BHIIHIX mpuiafis/moprie. I[IpaBuna udev
30epiratothess B mammi /etc/udev/rules.d.
IUTSL CBOIX ITPAaBMJI Kpallle CTBOPUTH OKpeMuil (haii
Ta JIONATH HACTYIMHI CTOKH, JJS BHKOPHUCTAaHHS
30BHIIHBOI kamepu Ta USB mopry (puc. 6, 7) :

KERNEL=="video[0-9]*", MODE="0666"
KERNEL=="ttyACMO", MODE="0666"

mc [root@ubuntuo2]:/etc/udev/rules.d

Jun

Jun

Jun

Jun

Apr

May

Jun
/Desktop Jun
/Documents Apr 24
/Downloads Apr
[Music Apr
/Pictures Jun
/Public Apr 24
/Templates Apr 24 16:27
/Videos Jun 13 18:19

Hint: Key ntly ftp
root@ubunt tc/udev/rules.d# ||
1] 2 E 4 5

ubuntu2@ubuntu02: ~

Puc. 7. llpuknag npasun UDEV

Kpoxk 5. KpiMm Toro 3’sicyBamocs, w0
KOPHCTYBai IOBHHHI OaYUTH Pe3y/IbTaTH pOOOTH 3
HaBYAJIBHUM CTCHIOM. IS IbOTO HEOOXITHO
HaJIAITYBaTH ABTOMAaTUYHE 3aBaHTAXKCHHS

JOJATKy JJIsl Teperyisagy KaMepH, HampuKiIaj
cheese. 3pobOuT 1c MOXKHa 3a JIOTIOMOTOIO
creriianbHoro  (aitmy cheese.desktop vy
Karajgo3i /etc/xdg/autostart/ Ta Haaatu
MPaBO «YUTAHHS» IHOTO (haitmy. CTpyKTypa I[hOoTo
¢aimy ananoriuna iHmmMm Qaiimam  *.desktop

(puc. 8).

3 send?.tyu— 192:168.100.62 — Noakmaseie K yaanesony pacoseny crany

m [root@ubuntu02]:/etc/xdg/autostart

e
F
@
A
=

< |

Puc. 8. HamamryBauHsa 1ogaTKy LIS MIATPUMKH KaMepH

Kpox 6. J[lomatkoBo 3’sicyBajiocs, IO €
HEOOXITHICTE 000B’S3KOBOTO TIepe3aBaHTAKCHHS
CUCTEeMH Ta OOMEXKEHHS 4acy poOOTH 3i CTCHIOM
JUTSL KOOKHOTO KOpPHCTyBaya (CTY/ICHTA), HATIPUKJIIA],
90 xBwinH, ™00 IHINI KOPUCTYBadi MOTJIH
CKOpHUCTaTHCS ~ IIMM  HaBYAJIbHHM  CTCHOM.
[Tepe3aBaHTa)KeHHST CHUCTEMH HEOOXiTHO POOUTH,
00 BHIAJIMTH BCl HaJAIITyBaHHS IOPTIB Ta
JIOJTATKOBUX IPHJIAdiB, Ki 3pOOMB KOPUCTYBay —
ctyneHT. OpmH 3 BapiaHTIB — CKOPUCTATHUCS
koMaHo: sudo shutdown -r +90 (aGo
koMaHA00 sleep 5400 && sudo reboot).
o xomanay HEOOXiTHO aKTHBYBATH NPH BXOIl
KOPHUCTyBada y CUCTEMY. 3pOOUTH 1€ MO>KHA TaKOXK
3a JIOTMIOMOTOK0 JTOJJATKOBOTO CIIEIiabHOTO (aiiimy
*.desktop y karamosi /etc/xdg/autostart,
HAQJIATH TPaBO «YUTAHHSI» I[BOro (aiiry, oJHaK
BCTAHOBHTHU napamerp
Exec=sudo shutdown -r +90. Cmig
BI3BHAYMTH, IO TAaKWil BapiaHT BUKOPHUCTAHHSI
JIO3BOJISIE KOpHCTyBadyaM BiIMiHUTH
repe3aBaHTAKEHHS, [0 € CYTTEBUM HEJIOTIKOM.

Jlns BUKOpHCTaHHS IIi€i KOMaHIW HEOOXITHO
Matu ripaBa SUDO.

3 iHmoro 60Ky, 3’sCyBanocs, MO0 0OMEKCHHS
Yacy BUKOPUCTAHHS HE JOCTATHBO Y BUIMAJIKY, KOJIN
KOPHUCTYBa4 caM, JJOCTPOKOBO 3aBeplrye podoTy 3i
creHnoM. st mboro HeoOXiHO aBTOMATH3YBaTH
MePeBaHTAXCHHS CUCTEMH npu BUXOJI1
KOPHUCTYyBaya i3 CHCTCMH.

OnvH 3 MOXJIMBHX KpPOKIB IIe BiJpenaryBaTu
¢daiin  /etc/gdm3/PostSession/Default
— L€ CHCTEMHMM CKpUNT OUMILECHHS, SKUN
BUKOHY€EThCSL aucrerdepoMm Bxoay (GDM) B
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OCTaHHIH MOMEHT iCHyBaHHS cecii KOpuCTyBaua.
Jlist 11p0r0, HEOOXiAHO BCTABHUTH YMOBY Iepen
psankoMm exit 0. Hampukan:

TARGET GROUP=" IOT
if id -nG "SUSER" | grep -Fg \
" $TARGET_GROUP" ; then

sleep 10

/sbin/reboot

USERS@MYDOMAIN

fi

OcobOmuBy yBary TpebOa HamaTH IapaMeTpy
TARGET _GROUP, mo wmae 3Ha4eHHA TpyIu
KOPHCTYBa4iB IS SIKUX 3aCTOCOBAHO 1€ TIPaBUJIO.
B neBHux BUmaakax imM’s TPy MOXKE MaTH 1HITHI
CUHTAKCHC HAITUCAHHSI.

Kpok 7. B neskux Bumagkax HEOOXiIHO
HaJaTH TpaBO BUKOHAHHA MeBHUX Komaua SUDO.
Hust LOTO CKOpHUCTANTECh JIOJTATKOBUM
HamamrtyBaHHsIM (aitmy /etc/sudoers Ta
JOaiiTe HEeOOXiMHI CTPOKH JUISI BUKOHAHHS ITUX
KOMaHa 0e3 HEOOXiJHOCTI BBEICHHS Iapois
SUDO. Hanpuknan, JUTST rpynu
«IOT USERS@MYDOMAIN»:

$"IOT\ USERS"@MYDOMAIN ALL= (ALL)
NOPASSWD: /sbin/reboot

$"IOT\ USERS"@MYDOMAIN ALL= (ALL)
NOPASSWD: /sbin/ shutdown

BpaxyiiTe Takoxk, IO B TIEBHUX pei3ax
OTICPAIifHOT CHCTEMH MOYKJIHBI IESIKi OCOOIMBOCTI
y BUKOPHCTaHHI iMEH Tpy1 3 foMeHy Microsoft.

Kpox 8. lonaTkoBi cucremMHi ooMe:keHHs1. B
Mporeci BUKOPUCTAHHS BIIJAICHOTO JOCTYITY
BCTAHOBJICHO, 1110 HEOOXiJHO OOMEXKUTH KIJILKICTh
OJTHOYACHUX IMIJKIIOYCHb Ta aBTOMATHU3yBaTH
3aBEPIICHHSA CECiii, IO HEe KOPEKTHO Oyim
3aBepileHi a0o BUMasKoBo 00ipBaHi. BectanosneHo,
mo mnaker (Gnome-remote HE Mae BapiaHTIB
HaJalmTyBaHb U1  OOMEXKEHHS  KIJIBKOCTI
OJTHOYACHUX MiJKIIOYCHb, M0 0E3yMOBHO €
CYyTTEBUM HeAoJdikoM. OIHUM 3 MOXJIHBHUX
NUISIXIB MOKe OyTH BUKOPHCTAHHS IMakeTy iptables
Ta CcayxOu iptables-persistent, ski CkiIagHi B
HaJIAIITYBaHHI, MalOTh OCOOJHMBOCTI y Pi3HHX
Bepciax OC, KoHQUIIKTYIOTH 3 OpanamayepoM (ufw,
Tpeba 3ynmuauTH — sudo ufw disable) Tta
MOXYTh OJIOKYBaTH BCIO CHCTEMY B LIJIOMY.
Hampukiag, € MOXIUBICTE OOMEXKHTH KiJIbKICTh
migkmodeHs mo npotokoiry TCP port 3389 (RDP)
Ta  CKOPUCTAaTHCS  KOMAaHJOK  aHAJIOTIYHOIO
HACTYIHIHN:

sudo iptables -I INPUT -p tcp \
—dport 3389 -m connlimit \
--connlimit-above 1 \
--connlimit-mask 0 —-j REJECT

ne INPUT — JaHITIOKOK TPaBHI IS BXITHUX
MAKETIB;

-p tcp — protocol TCP;

--dport 3389 — Destination Port — mopt

MpU3HAYCHHS;

-—-connlimit-above 1 - ymoBa
CIIpallfOBaHHS: «Sxmmo KUIBKICTH
3’equanb BIJIBIIIE 1»;

--connlimit-mask 0 —  Macka
TpYIyBaHHS;

-j REJECT — BIOXWIHTH Ta HaJIiClIaTH
MTOB1IOMJICHHS TIPO TIOMUJIKY

Kpim Ttoro, 3’sicyBanoch, 10 MEpioAnvHO, 32
TIEBHUM pPO3KIIaIoM HEOOXiTHO
TIepe3aBaHTAXyBaTH CUCTEMY HaBYAJILHOTO CTEHIY
Ta MOBIIOMUTH el rpadik BciM KopucTyBayam. B
IHIIOMY BHMNAAKy MOXe OYyTH TNepeBaHTaKECHHS
mporecopy abo HeTOCTaTHRO OTIEPATUBHOI ITaM’ SITi.
Hns  1nporo icHye MOXIIMBICTH CKOPHCTATUCS
CHUCTEMHOIO CIIy’K00I0 cron Ta 3a JOIOMOTOIO
KoMaHI4 sudo crontab -e mopatu B po3Kiang
nepe3aBaHTaXCHHS CHCTEMH. Hanpuxnan,
0 14 * * * /sbin/shutdown -r now -
nmepe3aBaHTaxXyBaTu cucremy y 0 xBwimH, 14
TOJHMH, KOXHOTO JHS, KOXKHOT'O MICSIS, KOXKHOTO
IHs TIKHS. Tpeba Takok BpaxyBaTH, IO Tpadik
CIy’)KOM  cron TIOBHHEH  TIPAIIOBAaTH  Bif
KOPHUCTyBada root, o0 3BHYAiHI KOpUCTyBadl —
CTYACHTH HE MaJM MOXJIMBOCTI HOTO 3MiHUTH.

Kpox 9. IlinkjgouyeHHs  30BHillIHIiX
KOpUCTYBa4iB 4epe3 Mepexy InTepner. VY
nporeci BUKOPHCTaHHSA BiAJAIEHOTO JIOCTYITY
BCTaHOBJICHO, 10 HEOOXiHO BUKOHATH JOAATKOBE
HAJIAIITYBaHHS MEPEXKEeBOi 1HPPACTPYKTYpH JUIS
3a0e3neueHHs poOOTH HaBYAJIbHOT 1abopaTopii mifg
yac BUKOHAHHA JIaDOPAaTOPHUX POOIT CTyIeHTaMu
IIpH 3Milanii popmi HaBYaHHs. OCHOBHA METa IIMX
HaJAIITyBaHb — 3a0€3M€4YeHHS 30BHILIHBOTO
JOCTYIy A0 TabOpaTOPHUX CTEHAIB.

AHaji3 pi3HOMaHITHHX BapiaHTIB J03BOJIUB
BHJIIJTUTH OCHOBHI HACTYTHI MIIAXH (pHC. 9):

1. Opranizauis J0CTyITy 10 TOKaJbHOT MepexKi
HUIsIXoM BUKOpUcTaHHs VPN migkiroueHHS Ha
MEpPEKEBOMY, TIOPOTOBOMY poyTtepi Ta
BUKOPHUCTaHHsI JOAATKOBOIO KOMaHAHOTO (aiiy.

2. BukopucraHHs J01aTKOBO RDP
niaxinodeHHs Ha 3acagax OC Microsoft Windows
Server Ta BHKOPHUCTaHHS TOTO 3K JOJATKOBOTO
KOMaHJHOTO (paiimy.
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3. Ilpoxunanus neBHux mnoptis Ha IP aapecn
HaBYAJIbHUX CTCHIB JlabopaTopii Ta CTBOPEHHS
MoaudiKarii 10JaTKOBOTO KOMaHIHOTO (haiy.

AHani3 neskyux BapiaHTiB migkiIoueHHsS [13-
15] cBigunTh, 1110 HAWOLIBII ¢()EKTUBHUM 3aCO00M
€ crtBopeHHss VPN 3’emHanHsa. Alle, B yMoOBax
HaBYAIILHOTO TIpoIlecy, Tpeba BpaxyBaTH IIEBHI
0COOJIMBOCTI HaJIAIITyBaHb, JOJATKOBO IMPOBECTH
inrerpamiro VPN 3i cimyx60t0 Microsoft AD, 1o He
BKITFOUEHO JI0 I[LOTO JOCHIIKCHHSL.

Anania sapianTia Blga; 0 niak

o -

Ao Ha HOT p pl

3.0 noprie va
MOMEhIKOBAHNA KOMAHAHMA drain

2. RDP
a Windows Server
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IF}
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Nl Gan |

U'bwl-ﬂimn lwnli

1 mﬂ
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+ Toil cammin KomaraHKA chann

VPN niaknioseHis ka poyTepl
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npma npnxwmmu nogria
+ Moawndikosarii dain .

Puc. 9. Binganene miaxmoueHHs depes [HTepHeT

Kpox 10. IlinTpuMka cucteMu KuBJIeHHA. B
yMOBax BiIKpHuToi 30poiiHOI arpecii Ta MOCTIHHUX
MepepB Y CHUCTEMi eJEKTPOXHBICHHS Tpeba
JOJTATKOBO HaJaITyBaTH aBTOMAaTHYHE
3aBEpIICHHS pOOOTH HaBYAJIbHHUX CTCHJIB TpHU
BIJKITIOYEHHI cBiTna. be3ymMoBHO icHye Oararo
MUISIXIB BUPIIICHHS IIHOTO IMUTAHHA, ajie, B MEXax
i€l poOOTH, PO3TITHEMO TUIBKU OJUH BapiaHT.

BcranoBneno, mo creHmaM Ha  3acanax
Raspberry Pl maroTh HEBENHMKY MOTYKHICTH (5-
15 Bt) Ta MOXyTh OyTH BCi MpHEAHAHI A0 OIHieT
UPS ©e 3ra9HO1 nOTyXHOCTI, Hanmpukian 600 VA.
TakuM YHHOM, TOJIOBHA TNpoOieMa — CTBOPEHHS
LEHTPaJi30BaHOTO MIPOrPaMHO-aNapaTHOTO
CepeoBHINA JUIsI  OJHOYACHOTO  3aBEPIICHHS
pobotn BCix HaBuanbHuX creHaiB. CydacHi
smart UPS MamoTe MOMXIMBOCTI  BIIJaJIE€HOTO
KepyBaHHS MIPUCTPOSMH 32 paXyHOK BUKOPUCTAHHS
mpotokoiy ssh. Onnak Bapricth Takux UPS e myxe
3HAYHOIO Ta HE 3aBXKJIW CKOHOMIYHO JONIIbHA IS
HaBYAJIbHUX 3aBJaHb. OTHUM 3 MOJIMBHX IUIXiB
€ aBTOMAaTH3allis Ha 3acamax poyTrepy Mikrotik 3
OC Route OS 6.49. lleit npumag Mae Oe3miy
MOXUJIMBOCTEH, OJHAaK, B MeXax II€i poboTH,
PO3MIITHEMO TUIBKH 3arajibHi KPOKH OIHOTO 3
BapiaHTiB BUKOPHCTaHHSI.

1. Y MepexeBiit iHGpPAaCTPyKTypi OOHpPaEMO
SIKUACh HE BAXKJIMBUM IpUIIaJl, HAPUKIIA
rocteoBuil Wi-Fi(192.168.102.4), sixuii He
miaTpuMaHno gomatkoBuM UPS.

2. CrBoproemo y Mikrotik miarpuMky
netwatch y menwo Tools-> netwatch
MOHITOPHHT IIi€] aJJpecy Ta HAJaIlITOBYEMO
IHTEepBaJ ONMMUTYBAHHS Ta Yac OYiKyBaHHS.

3. Immopryemo cepTHdikaTH KOpPHUCTyBada
(root). Cmig BpaxyBatu, IO KII€HT ssh Ha
Mikrotik MOke mpueTHATHCS IO CTCHIIB
0e3 BBCJCHHS MapOJIIO0 TUIBKH 33 yMOBHU
BUKOpUCTaHHS cepTudikatiB. Lleil myHKT
Ma€ TEBHI HIoaHcH, ToMmy 1o Mikrotik 3
OC Route OS 6.49 He miaTpUMYy€ CyyacHUX
TUMIB KIIOYiB Ta TMOTPeOye OKPEMOTo
OTJIANY.

4. Y Brkumammi Down pomaeMo KomaHOu
MpUETHAHHS O  BCIX  CTEHAIB  3a
JIOTIOMOT'OI0 TIPOTOKOJTy Ssh 3 KOMaHJIOr0
3aBeplleHHs poboTH /system  ssh
user=root stend
address=<IP_addr>
command="/usr/sbin/shutdown

"
-h now

7/ Quick Set Ol
L SRR Host | Up Down oK
W nterfaces
R Host: [192.168.102.4 Cancel
¢ Bridge Interval: [00:03:00 Apply
e PPP Timeout: |3000 ms Disable
= Switch
= Status: |down Comment
3 Mesh
Sincs: [Febl07/2026 08:33:09 Copy
& 1p
= MPLS Netwatch

Routin

: +[=|lvx]|o|[T

System
®o Host Interval  |Timeout(ms) |Status |Since -

i & 1921681024 00:03:00 3000 down Feb/07/2026 08:33.09
B Fies
# Tools
B Windows

More < L2

1 iter (1 selected)

Puc. 10. Hanamrysanus Mikrotik

BucnoBku. Ha  ocHOBI  mpoBeAEHOTO
JOCHTIDKEHHS] MOKHa 3pOOHMTH BHUCHOBOK, IO
opraHi3anis HaB4yaJIbHUX JabopaTopiii HOBOTO THITY
Ha 6a3i Raspberry PI mo3Bomnse moegHatu dizudane
o0jmamHAaHHS 3  TEXHOJOTISIMH  BiJAaJieHOTO
JIOCTYyIy, 10 € KPUTUYHO BAXKIUBUM  JJIs
MiITOTOBKH IHKEHEPIB B YMOBax OOMEXKEHOTO
noctyny mo aymutopiit. Bubip OC Ubuntu Bepcii
24.04 LTS abo 25.10 sk 6a3oBoi miatdpopMmu €
OJIHUM 3 MOJJIMBHX PillleHb, II0 HAJA€ CYyYacHUU
intepderic GNOME, mae TpuBajiy maTPUMKY Ta €
(hakTHUHUM CTaHIApTOM JUIA po3poOHuKiB [oT.

Jnsi  epeKTUBHOTO  KEpyBaHHA  CTEHIOM
Raspberry PI  Oyno  ycmimHO — peasizoBaHO
IHTETrpaIio CUCTEMHU 3 moMeHoM Microsoft AD 3a
JonoMororo makeTiB sssd, realmd Tta adcli,
JO3BOJISIE  IIEHTPAIi30BAaHO KEPyBaTH IOCTYTIOM
KOpHCTyBadiB.  BUKOpPHCTaHHS  CTaHAAPTHOTO
kommoHeHTa Gnome-remote 3a0e3mneuye BiggaieHe
T IKTFOYCHHS, X04a BOHO ¥ MOTpeOy€e peTenbHOro
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HaJIAIITYBaHHS NapaMeTpiB pO3ALIBHOI 3AaTHOCTI
eKpaHa Ta MpaB JOCTYITy 10 30BHIITHIX MPUCTPOIB

yepes npasmwia UDEV.
Hna e(eKTUBHOT pobotu CTEHIY
3aIIPOIIOHOBAHO METOJ ABTOMAaTHYHOI'O

3aBaHTKEHHS JIOJATKIB, HAIPUKIIA]] KaMepH — JIJIs
BiJIaJICHOTO TMEperyisiAy pe3yibTaTiB poboTu 3i
CTeHIOM. BaximBuM acmekToM € 3a0e3nedeHHS
ABTOHOMHOCTI pOOOTH CTEHJa, IO JOCATAETHCS
NUITXaMu  OOMEXKEHHS 4Yacy BHKOPHCTAHHS Ta
ABTOMATUYHOTO TICPE3aBAHTAKCHHS CUCTEMH ITiCIIs
3aKiHYEHHS cecii KOpHCcTyBada, a TaKOX 3a
JOTIOMOIOI0  CIYKOM cron s 3amoOiraHHs
MEPEBAHTAXCHHIO allapaTHUX PECYpPCiB.

ITompu neBH1 Hemoiku Gnome-remote, STK-OT
BIICYTHICT, BOYIOBAaHOTO JIIMITY OJHOYACHUX
i TKJTFOYCHB, e MTUTaHHS BUPIIIYETHCS
3aCTOCYBaHHSAM MpaBui iptables ams oOMexeHHs
3’eqHanb 1o mopty 3389, Takum d9HHOM,
3aMpoNOHOBAaHUH KOMIUICKCHUH TMiAXiJ T03BOJISE
CTBOPUTH  CEpeNoBHIIC  JUIA  IPOBEACHHS
TabOpaTOPHUX 3aHATH Y NUCTAHIIHHOMY PEXHUMI 3
BUKOPUCTAHHIM PEabHOTO 00JIaHAHHS.

Chig BIA3HAYMTH, IO B MeXax LBOI0
JNOCT/DKEHHSI HE PO3TISHYTO albTePHATHBHHUX
3aco0iB, Takux sk Xrdp, NoMachine a6o X2go, siki
MaloTh AEUIO iHII (YHKIIOHATbHI MOKIMBOCTI JIJISI
HaBYaIbHUX Iiiei. KpiM Toro, mis epeKTUBHOTO
BHUKOPUCTAHHS 3aMpONOHOBAHOTO CTCHAY
HEOOXITHO BpaxyBaTH OCOOJIMBOCTI HaAITyBaHb
MepexkeBoi 1HQPACTPYKTYpH, HAJAHHS JOCTYITY
KOpHCTYBaviB depe3 Mepexxy [HTepHeT Ta
MIATPUMKH ~ CHUCTEMH  CIEKTPOKHUBJICHHS, IO
notpedye OKpeMOi yBaru 3 TOUKH 30py Oe3leKu Ta
3pYYHOCTI BUKOPHUCTaHHSI.
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computer laboratories of higher education institutions in
the conditions of rapid development of Internet of Things
(IoT) technologies and embedded systems. Special
emphasis is placed on the urgent need to adapt the
educational process to the conditions of blended learning
and limited access to physical classrooms and
equipment. This factor is critically important for
ensuring the continuity and quality of practical training
of engineering personnel in modern realities, in
particular in conditions of martial law, when the safety
of participants in the educational process comes to the
fore.

The research is aimed at developing and practical
implementation of a comprehensive methodology for
deploying a unified sofiware environment based on the
Ubuntu operating system for educational stands built on
Raspberry Pi 4 Model B microcomputers. The emphasis
is on creating a scalable, effective solution that allows
integrating compact computing modules into the existing
corporate infrastructure, while providing full remote
access for students and teachers without loss of
functionality.

The work describes in detail the system
configuration algorithm, which consists of sequential
steps (stages). These stages include configuring network
interfaces, setting up static IP addressing and DNS
servers, as well as changing the host name for correct
identification in the network, integration into the
corporate network by installing the necessary packages
(realmd, sssd, adcli), editing configuration files and
directly entering the device into the Active Directory
domain; configuring the PAM authentication subsystem
for automatic creation of home directories of domain
users (mkhomedir).

During the study, a number of technical problems
were identified and resolved. In particular, the issues of
compatibility of graphical shells with the RDP client,
which allowed stabilizing the work of clients,
characteristic of remote work mode. The issues of
additional settings were resolved: access to external
ports, automatic loading of the camera to view the results
of the stand, automatic reboot of the stand upon
completion of work with the stand, limitation of the
number of simultaneous connections. The mechanisms
for connecting stand devices to the corporate network
were also worked out and ways of configuring a safe
shutdown of the stand in the event of a power outage were
considered.

The obtained research results have high practical
value, as they offer a ready-made algorithm for creating
a reference software image. This image can be quickly
replicated on an unlimited number of devices, which
significantly  reduces the time of laboratory
administration and reduces the load on technical
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personnel. The implemented scheme allows students to
connect to real equipment from anywhere in the world,
using their university domain accounts, and perform
laboratory work that requires direct interaction with
sensors, actuators and other peripherals, which cannot
be fully reproduced in virtual simulation. The proposed
solution is  universal and recommended  for
implementation in technical institutions of higher
education.

Keywords: operating system, Microsoft domain,
Ubuntu, remote access, training stand, Raspberry PI,
training computer laboratory, educational institution.
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3ACTOCYBAHHSI BEJIMKUX MOBHUX MOJIEJEN
JJIAA BUABJIEHHS BPA3JIMBOCTEHN ITPOI'PAMHOI'O KOY

Aubknii O.B., bopio C.1O.

APPLICATION OF LARGE LANGUAGE MODELS
FOR DETECTING SOFTWARE CODE VULNERABILITIES

Yatskyi O.V., Boriu S.Y.

YV cmammi posensidoaemvca  3acmocysanna  6eauKux
MmogHux mooenett (BMM), 3oxkpema GPT-4, ons
aA8MOMAMU308AHO20  BUABNEHHA  6pA3IUBOCMEU Y
npoepamuomy xo0i. CyuacHi memoou CmMaAmuidHo20
ananizy Kooy Maroms 00MedNCents y 6UABIeHHI CKIAOHUX
8pasiueoCcmell ma KOHMEKCMYaabHUxX 3azpo3 bOesneyi,
wo nompebye po3poOieHHs HOBUX NIOX00I8 HA OCHOBI
MexHono2it  wmyunoeo inmenexmy. Jnsa  oyiHKu
30amHOCMI 8eIUKUX MOGHUX MoOdeneli (BMM) susenamu
8PA3UBOCTI Y NPOSPAMHOMY KOOI OYI10 RPOBEdeHO cepito
eKCnepumMenmie i3 BUKOPUCMAHHAM KIIbKOX HNOKOJIHb
modeneti GPT, zokpema: Ada (350 mnn napamempis),
Curie (6,7 mapo), Davinci (175 mapo), a maxodxc
natinosiwoi mooeni GPT-4 (=1,7 mpan napamempis). Ha
OCHOBI  NOPIBHANLHO20 — AHANIZY 3  MPAOUYTUHUM
cmamuynum aunanizamopom Snyk nokasano, wo GPT-4
30amua GuAeaIAMU  OIbULY KIbKICMb 8paziusocmell,
OXONNIOYU  WUPWULL  CHeKmp 3a2po3, d MAaKoXHC
NPONOHY8AMU PeNe6ANMHI GUNPABICHHS OISl iX YCYHEHMUSL.
Y pobomi euxopucmaro 64 pacmenmu K00y Ha 6ocoMmu

MO8ax npozpamyeamHs, wjo oxonmoioms 33 xamezopii

epasiusocmel 32i0Ho0 3 knacugixayicio Common
Weakness Enumeration (CWE). Excnepumenmanvie
OOCHIOJNCEHHS ~ NPOGEOeHO  ULIAXOM — NOPIGHSAHHSL
pe3yabmamis ananizy xkooy sacobamu GPT-4 ma Snyk na
idenmuynux nabopax mecmosux oanux. Mooeno GPT-4
npOOeMOHCIpPYSANd  GUCOKY — epekmusHicmb 8
ABMOMAMUYHOMY — pedpakmopunzy KOOy,  30Kpemd
3abe3neyuna 3HUMNCEHHsL PigHs. KPUMUYHUX 6PA3IUGOCTEl
Ha 94% nopisHAHO 3 NOYAMKOBUM CIMAHOM NPOSPAMHO20
k00y. OKpemo npoamanizo8aHo Mempuxu MOYHOCMI
BUABNICHHA  3A2P03, HACMOMY XUOHONOZUMUGHUX MA
XUOHOHE2AMUBHUX PE3VIbMamis, a MaKodc 30amuicime
MoOdeni Hadasamu OemaibHi HNOSACHEHHS  BUABTEHUX
npobaem b6eznexu. Ocobnusoro nepesazorw GPT-4 cmana
i1 30amuicms npayosamu 8 pexdcumi asmomamuiHoco
pedaxmopuney, wo 6y8 3axnadenuil y eapiayisix
cucmemHo20 Kouwmekcmy. Pezynmomamu docnioowcenns

ceiduams npo OoyinbHicms 3acmocyeéanns BMM sax
000amK06020 IHCMpYMeHmy 3abe3neyenns 0Oesnexu
npocpamMHoco  KoOy. 3anponoHos8aHo  MOMCIUBOCHI
inmeepayii GeIUKUX MOBHUX MoOenell Yy CY4AcCHI
cepedoguuya besnepepsroi inmespayii ma po3eopmans
(CI/CD) ma oxpecieno nepcnekmusu 2iOpuoHo2o
3ACMOCYBAHHA PA30OM 3 KIACUYHUMU THCIPYMeHmamu
aABMOMAMU308AHO20 MECMYBANHS DEe3NeKU NPOZPAMHO20
3a0e3neuenns.

Knrouosi cnosa: eenuxi MOGHi MoOeni, 6paziueocmi
K00y, cmamuyHuil aHanis, xibepbesnexka, GPT-4,
WmyyHull inmenexkm, peghakmopune

Beryn. Y cydacHMX yMOBax iHTEHCHBHOTO
PO3BHUTKY IM(POBUX TEXHOJOTIHM MUTaHHS Oe3MeKn
mporpamMHoOro 3a0e3redeHHsT HaO0yBae 0COOIHMBOL
Baru. [lomust MUIBHOHA PAIOKIB KOy
CTBOPIOIOTBCS, OHOBJIIOIOTBCSI 200  MOBTOPHO
BUKOPHUCTOBYIOTECS B 1H(OpMaIiifHUX cUcTeMaXx,
ceppicax 1 MOOUIBHUX JomaTkax. [Ipore pasom 3
ITAM 3pPOCTAE 1 KUTBKICTh BPa3JIMBOCTEH, SIKi MOXYTh
ctaTi 00’€KTOM aTaku 3 OOKy 3JIOBMHCHHKIB, IO
NpPU3BOJIUTh 70 Cephio3HMX (IHAHCOBHX Ta
peryTamiitHuX BTparT.

Tpamuriitai 3aco0u 3a0e3neyeHHs Oe3IeKHy,
30KpeMa CTaTH4HI aHalli3aTOpH KOy, Taki sk Snyk,
Fortify uyu SonarQube, € edeKkTUBHUMH, alie
BOJIHOYAC MAIOTh HU3KY OOMEKEHb. 30KpeMa, BOHU
YacTO HE OXOIUIIOIOTH IIMPOKOTO CIIEKTPY MOB
porpaMyBaHHs, NOTPeOyIOTh KOHQIryparii mis
KOHKDPETHI cepenoBuiia ado He 37aTHI BHSIBISITH
CKJIQ/IHI JIOT1YHI BPa3JIMBOCTI, 1[0 BAHUKAIOTH YePe3
HECTaHIAPTHI MIXOIH 10 PO3POOKH.

Ha mpomMy (oHi ocobmmBHiA iHTEpeC BUKITUKAE
3aCTOCYBAaHHS TEXHOJIOTIH IITYYHOTO IHTEIEKTY,
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30KpeMa BEITUKUX MOBHUX Mojenei (BMM), takux
sk GPT-4 Bim OpenAl. 3aBaskm 3maTHOCTI
00poOJIATH  TPHPONHY MOBY, PO3IMi3HABATH
CTPYKTYpy  KOAy Ta  TPOBOAMTH  HOTO
IHTEepIpeTaIii0 y KOHTEKCTI MPOrPaMHOI JIOTIKH,
BMM MOXyTh BHCTYIIATH HOBHUM I1HCTPYMEHTOM
JUIS ~ BUSBICHHS  BPa3IMBOCTEH 1  HaBiTh
MIPOTTOHYBAHHS IX BUIIPABIICHb.

BiT4i3HsAHI JOCHITHUKA TaKOX 3BEPTAIOTh
yBary Ha MOTEHIiaJ iHTerpauii BEJIMKHX MOBHHUX
MOJIeJIeH y CUCTEMU 3axHcTy iHpopmarii. 30kpema,
O. B. I'oy6 po3risigae apxiTeKTypHI MIIXOIU 10
BpoBapkeHHI BMM y KOMIUIEKCHI CHCTEMH
kibepOe3nekn Ta aHalmi3ye MOMJIMBOCTI  iX
BUKOPHCTaHHS Ha PI3HUX €Tamnax >KUTTEBOTO ITUKITY
mporpamMHOro 3ade3nedeHus [1].

Mertoro wi€i podoTu € aHanmi3 ePeKTUBHOCTI
3aCcTOCYBaHHS Beivkoi MoBHOI mozeni GPT-4 ans
BHABIICHHS BPa3JIMBOCTEH Yy MPOrpaMHOMY KOJi, a
TaKOX MOPIBHIHHA ii pe3yJbTaTiB i3 pe3ynbTaTaMu
TPaOULIHHUX CTATHYHHX aHANi3aToOpiB, TaKUX SK
Snyk.

00'exTOoM JTOCITIJIKEHHS € Tporiec
aBTOMATUYHOTO aHAII3y BHUXiZHOTO KOAY 3 METOIO
BUSIBJICHHS Bpa3uBOCTEH.

IIpenmeTom JIOCTTIPKEHHS BHCTYTIa€
e(EeKTHBHICTb 1 SKICTh BUSBICHHS Ta YCyHEHHS
BpasznuBocTeil 3a nonomororo GPT-4 y mopiBHsSHHI
3 IHCTpyMEHTOM SnyKk.

3aBaaHHA JOCHTIHKCHHS:

® IIPOBECTH EKCIEPUMEHTAJIbHY MepPeBIpKYy
s3patHOCTI GPT-4 imenTHdikyBaTH Bpa3nuBOCTI y
dhparmenTax KOy Ha pi3HHX MOBax
MpOTrpaMyBaHHS;

® TIOPIBHATH KIJBKICTh 1 THIH 3HAWICHUX
BpaznuBocteit GPT-4 i Snyk;

e omiantu 31aaTHICTs GPT-4 mpomonysath
KOPEKTHi BUITPABJICHHS TUIS BUSIBIICHUX
Bpa3JIMBOCTEN;

e BU3HAYUTH CWJIBHI Ta CJIA0Ki CTOPOHH
BuKopucTanHs BMM st mineit kibepOe3nexw;

e chopMyIOBaTH PEKOMEHAAIIl OO
MOJANBIIOT0 3aCTOCYBaHHS TaKUX MOJAEIeH Yy
peanbHUX PO3pOOHUIIBKUX MPOIecax.

VY CyKyMmHOCTI pe3yIbTaTH IIHOTO JTOCITIIKESHHS
MOXYTh CTaTH TIiATPYHTSAM JUIsl CTBOPEHHS HOBHX
IHCTPYMEHTIB aBTOMAaTH30BaHOTO ayJIuTy KOAYy Ha
ocHoBi BMM, a Takox HamaTH poO3pOOHUKAM
aNBTEPHATUBHUHN MiJXiJ 0 3a0e3MeueHHs Oe3MeKn
MPOTrpaMHOro 3a0e3MeYeHHs.

VY chepi Oesmnexn MporpaMHOro 3a0e3neUeHHS
BXKE TPUBAJIMI Yac BUKOPUCTOBYIOTHCS TPaAMLIiHI
IHCTPYMEHTH CTaTHYHOTO aHali3y KOIy, Cepen
SKUX HaiOtpm momupenuMu € Snyk, Fortify,
SonarQube, Checkmarx Ta immi. Ili cucremn

NPaIIOIOTh 32 NPUHIMIIOM CTaTUYHOIO aHali3zy —
0e3 3amycKy MpOrpaMHOTO KOy, BHKIIOYHO Ha
OCHOBI CHHTAKCHYHOTO Ta CEMaHTHYHOI'O aHAIi3y
TekcTy. Taki 1HCTpYMEHTHM 3[aTHI BUSBIATH
IITUPOKHUIA CIIEKTp BPa3IMBOCTEH, 30KkpeMa SQL-
im’ekmii, XSS (MiKcaiiToBE CKpPUIITyBaHH:),
nepenoBHEHHs Oydepa, MOpYyLIeHHS AOCTYIY M0
nam’saTi  tomo. Ilpore cmim 3a3HAUMTH, IO
e(heKTUBHICTh POOOTH TAaKUX 3aCO0IB 3aJICKUTh BiJl
ixapoi KoH(Irypauii, sskocTi 06a3 MpaBmi, a TAKOK
00MEKY€ETBCS KOHKPETHUMHU MOBaMH
nporpamyBaHHsa. KpiM Toro, mi iHCTpyMEHTH HE
3aBXIM 3aTHI aIeKBaTHO IHTEPIPETYBaTH CKIAIHI
JIOT14Hi 3B’ SI3KH, BIACTUBI CYYaCHUM apXiTEeKTypam
MporpamMHOro 3a0e3neueHHs, 0COOIMBO Y BUTIAAKAX
3 JIWHAMIYHOIO THITI3AIli€l0 abo ppelMBOpKaMu 3
0araTomapoBOIO JIOTIKOIO. Y TMOpPIBHSIHHI 3 LIKM,
BEIIMKI MOBHI MOJENI, HABYCHI HAa MAaCUBHMX
KOpIIycax IMPOTpaMHOTO KOy, BIAKPHBAIOTH HOBI
MOJKJIMBOCTI aHaJi3y 3aBIIKH CBOii 3JaTHOCTI 0
TeHEPATUBHOIO MHCIICHHS Ta KOHTEKCTYaJbHOTO
pPO3yMIHHSI.

OcobOnmuBy yBary HayKOBIIIB  YIIPOIOBXK
OCTaHHIX POKiB MPUBEPTAE 3aCTOCYBAHHS BEIHKHX
MoBHUX Mozenedi (BMM), 3okpema cimelicTBa
GPT, nmna BupimeHHsa 3aBmaHnb y  cdepi
KibepOe3nekn — Hacammepel Yy BHUSBICHHI
Bpa3IMBOCTEH mporpamuoro koxay. [lepmri moMiTHI
pe3yabpTaTH OyJIH JOCATHYTI 1€ 3 BUKOPUCTAHHIM
moxaem GPT-3, 3okpema ii Bapianta text-davinci-
003. Y npocmimkenni K. Koxa (2023) 3adikcosano,
mo GPT-3 Bussmina 213 BpasmuBocTedt y 64
(hparMeHTax KOy, TOJI SIK MOMYJISAPHUAN CTaTHYHUN
aHamizatop Snyk — nume 99, He BpaxoBYIOUH
HemiaTpuMyBaHi MoBH. Ilpu npomy Oyio BpydHy
nepeBipeHo 60 BUTIAKIB, 1 HIe y 4 3 HUX MOJIETh
NOMWJIKOBO ~ TO3HauMja Oe3MmeyHud Kopj  SIK
ypasziMBHH, IO Ja€ MOMWIKOBY TO3UTHBHY
nmoxuOKy Onm3pko 6%. Taka TOYHICTH BUTISAAE
TyKe KOHKYPEHTOCTIPOMOKHOIO, 0COOITUBO
BpaxoBytoun, mo GPT-3 He € iHCTpyMeHTOM
By3pKoi cmemiamizamii. [2, c. 315] Ti 3maTHicTs
BHSIBJIITH TIPOOJIEMH B IIMHPOKOMY CIIEKTPiI MOB
MpOrpaMyBaHHS Ta HAJaBaTH JIOTIYHI MOSICHECHHS
crpusie 1 BUKOPUCTAHHIO HE JIMIIE JUTS TIEPEBIpKH,
a W aua OCBITHIX Iied y cdepl po3poOKu
6e3neunoro I13.

Possutok mogeneit GPT-3.5 i, sromom, GPT-4,
3HAYHO PO3MIMPUB (PYHKIIOHAIBHI MOKIHBOCTI
BHUSIBJICHHsT BpaznuBocteil. GPT-4 mae rimbmmne
KOHTEKCTyalbHE  PO3YMIHHS KOOy,  34aTHa
CaMOCTIHHO BW3HAYaTH MOBY NpPOTpaMyBaHHS,
amanTyBaTH JIOTIKY aHali3y Ta IPOIIOHYBaTH
BapiaHTH BUIpaBJICHHsS. 3aBISIKH 301NbIICHOMY
o0csry napametpiB (monax 1,7 tpuibiiona), GPT-4
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HaOIKaeThCS 710 piBHS MPOQeciiHOrO aHATITHKA 3
OC3IeKn, OCKUIBKH HE TMPOCTO imeHTH(]IKYeE
3arpo3u, a TMOSICHIOE IXHIO CYTh, HACIHiJKH Ta
MIPOTIOHYE Ji€Bi pileHHsA. Y 0aratboxX BUMIAAKax
BOHA MOX€ HABITh TIEPETHCATH KO TTIOBHICTIO — 13
BpaxyBaHHAM JIOTiKH, pEKOMEHIAIIINH 3 Oe3MMeKu Ta
CUHTaKCHMYHUX  HOpM. llg  3matHicTh 110
ABTOMATU30BAaHOT'O0  peakTOPUHTY  BiKpUBaE
repcnekTrBH ii iHTerpamii y cucremu DevSecOps,
SK 1HTEJICKTYaJbHOTO KOMIIOHGHTa Ha eTamax
po3poOku, TecTyBaHHS a00  TepeApeni3HOi
nepeBipku. Takum uwmHOM, GPT-4 He nwme
MIATPUMYE ICHYIOYl METOOWKH, a (JOpMyE HOBHH
KJIac 1HCTPYMEHTIB 1151 O€3MEeKH — CEeMaHTUYHUH
aHaji3 13 TEeHEepPaTHBHUM KOMIIOHCHTOM, IO €

PEBOIOIHHUM T TXOJTOM y MPaKTUKaX
Kibep3axucry.

Y  poOoti, TmpHCBIYEHINI  3aCTOCYBaHHIO
MOBHUX MOJENEH IUisl BUSBICHHS Bpa3iIUBOCTEHN
MIPOrPaMHOTO 3a0e3eYeHHS, aBTOPH
JNEMOHCTPYIOTh  3matHicTh LLM  aHnami3yBatu
CTPYKTYpHI Ta CEMaHTHYHI acleKTH KOIy,

BUSIBJISIFOYM HE JIMIIE CHHTAKCUYHI TIOMUIIKH, a i
JIOT14HI Bpa3lMBOCTI, AKi BaXXKO iAeHTU(IKyBaTH
TPaAULIHHUMH METOJaMH CTATUYHOTO aHami3y [6].
Macmrabne OCHYIMApKIHTOBE JTOCITI JKEHHS
MiATBEPIMIO ©(EKTUBHICTh BEIUKUX MOBHHX
MoJeNed y BHABJICHHI PI3HOMAaHITHUX THIIIB
Bpa3IMBOCTE HA peNpe3cHTaTHBHUX Ha0opax
JAHUX, X04Ya M BUSIBUIIO HEOOXIIHICTH IOJAJIBIIONO
BJOCKOHAJCHHS ~ METPHK  OI[HIOBaHHA  Ta
3MEHIIICHHS KUTPKOCTI XHOHUX CIIpaIiboBYBaHb [7].

BuzHaueHHS THIIIB BPa3IMBOCTEH Y KOHTEKCTI
KiOepOe3neKkn TiCHO TOB’s3aHE 3 MDKXHAPOAHUMH
cTangapTamMu kiacudikanii, Takumu sk CWE
(Common Weakness Enumeration) Ta CVE
(Common Vulnerabilities and Exposures). baza
CWE Bu3Hauae TUIIOBI IOMHJIKH O€3MEKH, SIKi
MOXYTh OyTH JOMYIICHI y MPOrpaMHOMY KO,
Hanpukiag, CWE-79 (Cross-site Scripting), CWE-
89 (SQL Injection), CWE-22 (Path Traversal)
tomo. BomHowac CVE — me 06a3a Bimomux
Bpa3IMBOCTEH 13 KOHKPETHUMH  ypa3JIHMBUMU
pearnizamisiMi B IporpaMHOMY 3a0€3ICUCHHI, SIKUM
MPUCBOIOIOTHCS  YHIKaJbHI  ifeHTUudikaTopu. Y

OLTBIIIOCTI JTOCITIIKCHbP, MIPUCBSIICHUX
3aCTOCYBaHHIO INTYYHOTO IHTEJEKTY y BUSIBJICHHI
BpAa3JIUBOCTEH, came KIIacuQikaris CWE

BUKOPHCTOBYETHCSI SIK OCHOBA ISl KaTeropu3arii
MMOMWIOK. Y maHiii poOOTI TaKoX 3acTOCOBAHO
HiAxix i3 BUKOPUCTAHHSIM THIIOBUX (PparMeHTiB
KOAy, fKi UIIOCTPYIOTh 33 OCHOBHI KaTeropii
ypaszmuBocTet 3rimmo 3 CWE, Bkimouaioumn
nepenoBHeHHA Oydepa, HempaBWIBHY 00pOOKY

BBEICHHS, o0xoan LIISIXIB,
aBTeHTH(DIKAaIi Ta iHTm. [§8]

Tobto, aHami3z miTepaTypd CBITUUTH TIPO
aKTyaJIbHICTh JOCTIJKEHHS, a TAKOXK MPO BHCOKUN
MOTEHIial  3aCTOCYBaHHA  BEJIIMKUX  MOBHHX
Moxenel, Takux gk GPT-4, y mpormecax
3a0e3neueHHs Oe3meku Konay. BogHowac mocrtae
norpeba B CHUCTEMaTHYHOMY  TOPiBHSHHI
pe3yibTaTiB TaKWX MOJCNICH 13 TpaguIliiHUMU
MmiaXomAaMy, MO 1 CTaHOBHTH OCHOBY IS
MOJTATBIIIUX PO3JILIIB Ii€1 HAYKOBOT pOOOTH.

Buxnan ocHoBHoro martepianay. /[ omiaku
3aTHOCTI BEJIMKUX MOBHHX Mojeieii (BMM)
BUSIBIIAATH BPA3JIMBOCTI y MPOrpaMHOMY KoJi OyIo
MIPOBEICHO cepito eKCTICpUMCHTIB i3
BHKOPHCTAaHHSAM KUTBKOX TOKOMiHBL Mogmeneit GPT,
3okpema: Ada (350 miu mapamerpis), Curie (6,7
mipa), Davinci (175 mupn), a Takox HaHHOBIIIOT
mozen GPT-4 (=1,7 tpma mapameTtpis). Bubip mux
MoJeneil 3yMOBICHHH MOCTYMOBUM 301JIbIICHHIM
o0csry mapameTpis, 0 Oe3mocepeIHbO BIUIMBAE Ha
MIMOMHY PO3YMIHHS KOHTEKCTY Ta TOYHICTh
reHepartii BIJIITOBIIEH. VYei MOJIeIT
BUKOpUCTOBYBaiucss  uepe3  APl-mnardopmy
OpenAl, sixka [03BOJISE CTBOPIOBATH 3allUTH 3
BHU3HAYEHUM CHCTEMHHUM KOHTEKCTOM.

CucteMHM  KOHTEKCT, SKMM  3aJaBaBCs
BEJIMKUM  MOBHUM  MOJCISAM Y  MeXax
eKCIIEPUMEHTY, OyB CGhOpPMYJIbOBAaHMH y BHIJISII
IHCTPYKIIii aHTIIHCHKOI0 MOBOIO, HAIIPHUKIAM: «Act
as the world's greatest static code analyzer for all
major programming languages...». Takwmii miaxin
MaB Ha METi CTBOPEHHS I MOACII YiTKOI POl —
MaKCUMaJIbHO HAOMKEHOI A0  (QyHKIioOHAITy
BHUCOKOKJIACHOTO CTAaTHYHOTO aHalli3aTopa KOAY.
3aBASKH TOTYXKHOMY MEXaHI3My 1HCTPYKTHBHOTO
HaBYaHHS (instruction tuning), MOJIENb
IHTEpIIpEeTyBaia KOHTEKCT HE JIMIIE SK OPIEHTHP
JUIS CTHITIO BIJIIOBIifi, a SK IOBHOIIIHHY 33134y 3
mpiopuTeTaMy,  OpPIEHTOBaHYy HAa  TOYHICTB,
CTHCHICTh 1 TexHiuHy rnuOuHy. KoxkeH ¢parmeHT
KOy, SIKHU TepedaBaBcs 10 MOJENI, HE MICTHB
JIOJTATKOBUX TI1AKA30K II[OJI0 MOBH ITPOTpaMyBaHHS,
cTHITiCTUKN 200 odikyBaHOTro (hopMmaty. [1, c. 250]
Le 7no3BONSAIO TMEpEeBIpUTH, HACKUIBKH THYYKO
GPT-4 3pmatHa aganTyBaTthcs 1O CHHTaKCHYHUX
BIIMIHHOCTEHH MDK MOBaMH Ta IPaBUILHO
IHTepIpeTyBaTH CTPYKTYpYy 1 JOTiKy Komay Oe3
30BHIIITHBOI JOTTOMOTH.

OcobmuBoto mepearoro GPT-4 crama 11
3/IaTHICTh TPAIFOBATH B PEXHMiI aBTOMATUYHOTO
pedakropuHTy, SKWM Takok OYB 3aKIaicHUU Y
Bapiamisx CHCTEMHOTO KOHTEKCTy. Y IIbOMY
BUMAJKY MOJICJIb OTPUMYBaJla IHCTPYKIIitO HE JIUIIES
BUSBUTU BpAa3JUBICTh, a W Tepenucaru Koj,

BPa3JIMBOCTI
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yCYBalO4H 3HalfieHy mpoOiemy, 06e3 MOsICHEHb 9u
MPOMDKHUX KOMEHTapiB. Takuii pexuM I03BOJISIB
CUMYJTIOBATH MTOBEAIHKY IHCTpYMEHTa
ABTOMATUYHOTO BHUITPABIICHHS KOAY B PEalbHOMY
cepenoBuii po3podoku. GPT-4, Ha BigMmiHy Bix
MEHIIT TIOTYXXHUX MoJiene (ax-ot Curie abo HaBiTh
Davinci), ycmimHo crpapisiiacs 3 L€ 3aa4yero:
BHOCWJIa KOPEKTHI CHHTAaKCH4HI 3MiHH, 30epirana
JIOTIKY ~OpHTiHAIBHOTO (hparMeHTa, a TaKOoX
MiBUIIYBAa WOTO CTIHKICTh JO TUIIOBUX aTak.
3acTOCyBaHHS THYYKHUX CHCTEMHUX KOHTEKCTIiB
JIO3BOJTFIIO HE JIUIIIEC TIPOTECTYBATH PEAKITIIO MOIET1
Ha pi3HI pomi, a # BwmwiaBuTH, Mo GPT-4 e
KOHTEKCTHO-Uy TITUBOIO Ta 3IaTHOIO 10
OaratopiBHEBOI JIOTIYHOI TpaHChopMaIlii Koay, mo
poOuTh T YHIKAJIBHHM IHCTPYMEHTOM Yy cdepi
0e3neky NporpaMHoro 3a0e3neueHHs.

Bazoro qyis ananizy cranu 64 gpparMeHTH Ko7y,
SIKI OXOIUTIOIOTH 33 THIHM BPas3IUBOCTEH, 3TiIHO 3
knacudikaniero CWE. Ipukmagu Oymu B34Ti 3 TaK
3BaHOi €aMHOI KOAOBOI 0asu Bpa3IUBOCTEH
oesneku (Unified Code Vulnerability Base). Ili
(dbparMeHTH TIpencTaBiieHI Ha & pI3HUX MOBax
nporpamyBanns: C, Ruby, PHP, Java, JavaScript,
C#, Go Tta Python, mo [03BONsE OIHUTH
YHIBEpCaIBHICTh HIAXOMY.

KoxeH 3anut 10 Mo/ielni MaB 4iTKO BU3HAYCHY
CIpYKTYpY:

® BXiI: TEKCT CHUCTEMHOTO KOHTEKCTy +
(dbparmeHT komy;

e OYiKyBaHMU BUXiJ: TEpeNiK BUIBICHUX
Bpa3IMBOCTEH (HYMEPOBAHHMMA CITHCOK) Ta TMEPEITiK
3aMpOIIOHOBAHUX BHUITPABIICHB;

e vy Bapiaati 3 GPT-4 — me i noBHa
nepenrcka Koy 0e3 Bpa3inBoCTei.

VYci  pesyabTaT  Mopedi  OyjI0  3alKCcaHo,
Kiacu(ikoBaHO 3a KaTEropisiMU Ta 3iCTaBICHO 3
pe3yJibTaTaMy CKaHYBaHHS TUX CaMUX (PparMeHTIiB
3a JOTIOMOI'0K0 CTATHYHOIO aHalizaropa Snyk.

vy TaOIAL 1 HaBEIEHO KJIIOYOB1
XapaKTePUCTUKA  BEJIMKUX MOBHUX  MOJIENeH
(BMM) GPT, BHKOpHUCTaHHX y MEXax IHOTO
JIOCIII KEHHS. 31 30UIBIIEHHSIM KUTBKOCTI
napamMeTpiB MOJAENeH CIIOCTEPIiraeThCsl MOCTYIOBE

reHepauii peneBaHTHOTO KOAY Ta TOYHOCTI ¥y
BHSIBJICHHI Bpa3IIUBOCTEH. Haiinpocrimoro
Mozemto € Ada, o mae 6mu3pko 350 MiTBHOHIB
napameTpiB. BoHa nemoHCTpye 0a30BHil piBEHb
pPO3yMIHHS KOy, aje 4depe3 OOMEeXeHYy TIIHMOWHY
KOHTCKCTHOI'O aHai3y He 3/JaTHa ineHTU(IKyBaTh
CKJIQJIHI THIIM BPA3IUBOCTEH a00 3ampOTOHYBaTH
KopekTHi BunpasieHHs. Curie, sika Mae y 20 pasis
OuTpIIe TIapaMeTpiB, TOKa3ye CYTTEBO Kparli
pe3yNnbTaTH: BOHA 3JaTHA IIBUAIIC W TOYHIIIS
1IeHTU(IKYBaTH TMOIIUpPEH]I MpobieMHu y KOAi Ta
HaJIa€ BIAMOBIII 3 BUIIOIO TOCTOBIPHICTIO, X04a BCE
1I€ MOCTYTAETHCS Y THYYKOCTI TIIHOIIAM MOJISIISIM.
[i ronoBHa mepesara — GalaHC Mik IBHIKICTIO
BIJIIIOBi/Ii Ta IOCTaTHLOKO TOYHICTIO, 110 MOXKE Oy TH
KOPHCHUM Yy 3a7adax, Je TPIOPUTETOM € [ac
00poOKH, a HE TIOBHA BiJIMOBIIHICTh aHATITUYHAM
BHCHOBKaM.

Mopens Davinci (GPT-3.5), mo wmae 175
MINBApAIB TMapaMeTpiB, yxe HaOMmKaeTbCcs M0
PIBHS TIOBHOIIIHHOTO aHAJITHKA: BOHA HE TUIBKH
e(peKTUBHO  1IEHTU(IKYE  MIUPOKUH  CIEKTP
Ypa3IMBOCTEH, a i 37aTHA JIOT1YHO apryMEHTYBaTH
CBOi BHCHOBKM Ta TE€HEPYBaTH 3MiCTOBHO
npaBUIbHI pparMeHTH Koxy. [6] [IpoTe cripaBxkHii
MIPOPHUB Y TOCHTIKEHHSIX OYB JOCATHYTHH 3 TIOSBOIO
GPT-4, sika € HAUTIOTYKHIIIO MOJCILIIO B I[bOMY
nopiBHssHHI. GPT-4  3matHa  nmo  rmbokoi
camopeduiekcii: BOHa MOXe TeperjsiiaTH  Ta
BIOCKOHATIOBATH  BJIACHI  BHCHOBKH,  HAaJae
TOBHOI[IHHI TIOSICHEHHSI TPHYUH YPa3IUBOCTEH,
ONHMCY€ TIOTCHIIIMHI BEKTOPH aTrak, a TaKoX
MIPOMOHYE  CTPYKTYPOBaHI  BWIIPABJIEHHS, IO
3MEHIIIYIOTh KIUTBKICTh XMOHOTIO3UTUBHUX
CIIpalbOBYBaHb. GPT-4 TaKOoXK Kparie
CIIPABISETHCSI 3 KOHTEKCTOM, KOJIM THII MOBHU
MpOrpaMyBaHHS HE BKa3aHWil, — BOHA CAaMOCTIHHO
BU3HAYAE CHHTAaKCUC 1 KOPEKTHO 3aCTOCOBYE
mpaBwia Oe3leKd IS BiANOBIAHOI MapagurMU.
Takum  49wmHOM, TaOmUIL JEMOHCTPYeE, IO
3poctanHs napamerpiB BMM mae npsimuii 3B's130K
13 11 3maTHICTIO A0 CKIAQAHOTO aHANMITUYHOTO
MHUCJIEHHS, M0 € BHUPIMIAIGHUM Yy 3aJadax
3a0e3neueHHs KibepOe3neKy Ha piBHI NIPOrPaMHOTO

MOKpaIeHHs SKOCTI  aHaji3y, 3JaTHOCTI gm0  KOAY.
Tabmums 1
XapakTtepuctuku mojaeseii GPT, BUKopucTaHUX y T0CTiTKeHH]
KinbkicTs . .
Mogeanb . IHoxkoninus Oco001MBOCTiI BUKOPHUCTAHHS
napaMeTpiB
Ada ~350 maH GPT-3 ba3oBwmii piBeHb, HU3bKA TOYHICTh
Curie ~6,7 MIp GPT-3 ITomipHa TOYHICTH, BUKA BiIIOBIIb
Davinci | ~175 mupn GPT-3.5 Brcoka siKicTh aHami3y, 31aTHa 10 TeHepalii Koy
GPT-4 ~1,7 TpmH GPT-4 HaiiBumma To4HicTh, 3MATHICTH 10 pedIeKcii Ta MmoscHeHb, Kpaia
reHepallisi BUIIPaBJICHb
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Y Mexax JIOcHiKeHHS Oylno TpOBEICHO
MOPIBHAUIBHUN aHaji3 3JaTHOCTI BEIUKOI MOBHOI
mozaemi GPT-4 1 cratmdHOTO aHamizatopa KOIy
Snyk momo BHSBICHHS Bpa3iIMBOCTEH y 64
¢parMeHTax KOoAy Ha BOCBMH IOMYJISIPHUX MOBaxX
nporpamyBanns: C, C#, Go, Java, JavaScript, PHP,
Python Ta Ruby. Yci dparmenTu Oy/u 3amo3udeHi
3 myOmiuHoi 6a3u «Unified Code Vulnerability
Base» 1 oxormtroBanu 33 THINN ypa3auBOCTEH 3TiAHO
3 kiacudikamiero CWE. GPT-4 BukonyBaja aHaji3
KO)KHOTO ~ QparMeHTa 03 yTOYHEHHS MOBH
porpaMyBaHHs, IO JOAATKOBO MPOTECTYBAJO il
3MATHICTP JO0 KOHTEKCTHOTO  pO3Ii3HaBaHHS
cunatakcucy. 3aramom GPT-4  BusBuma 200
BUMNAJIKIB ypa3IuBOCTeH, ToAl Ak Snyk — mume 98.
i gani cBiguaTh npo ictoTHy nepesary GPT-4 y
BISIBJICHHI IIMPOKOTO CIEKTPY 3arpo3. OcobiauBo
MOMITHOIO Oyna Pi3HMLS Y TaKHX KaTETOpisx, AK
«O6xig msixy» (Path Traversal) 1 «BnpoBamkeHHs
¢aiimiey (File Inclusion), ne GPT-4 BusBuna y 3—4
pasu Oinbire npobiem. [pu nbomy GPT-4 He nuiire
BKa3dyBaJla Ha TUI Bpa3lMBOCTI, a ¥ JojaBana
JIOTIYHE TIOSACHEHHA 1i NPUYHHU 3 TOYKH 30Dy
JIOTIKM B3aEMOii 3 KOPHUCTYyBa4YeM, a TaKOX
MOTEHUIHHUX HACIIAKIB ypa3nuBoCTi. Takuii piBeHb
iHTeprpeTanii € HEJOCTYHHHM i KIaCHYHUX
IHCTPYMEHTIB CTaTHYHOTO aHall3y, SKi 3a3BUYAM
MPOCTO TIOBEPTAIOTh TEXHIUHY iH(OpMaIlio 06e3
MOSICHEHD.

Okpemy yBary OyJI0 TPHUAIICHO SKOCTI
3alpONOHOBAaHMX  BUMPABIEHb  KOAY,  WIO
renepyBanucs GPT-4 micns ananisy Bpa3IuBOCTEH.
3arajpHa KUIBKICTh BHIpaBiIcHb, HagaHux GPT-4,
cranoBmwia 204, M0 HAaBITh MEPEBUINYE KITBKICTH
BUSIBJICHUX BPAa3JIMBOCTEH — y ACSIKHX BHIIAJKAX
MOJIeJIb TIPOIIOHYBajla MO JEKiNbKa BapiaHTIB
BHPIMIEHHS 151 OftHi€T ipobtemu. Lle cBimauTh mpo
BHCOKHH piBeHb camopediekcii GPT-4 1 mpo ii
CIPOMOJKHICTD 3amlpoOIOHYBAaTH BapiaTHUBHI, aje
KOPEKTHI MAXO0IU 10 YCYHEHHS 3arpo3. Y TOW Jac
K Snyk 37e011b1I0r0 BKa3yBaB Ha Ipodiemy 0e3
Mpomno3uIliii komy juist 1 Bupimenus, GPT-4
JEeMOHCTPY€E 3HAYHO BHLIMN CTYIiHb aBTOHOMHOCTI
B 00poO11i BxigHux manux. Ciig 3a3Ha4uTH, IO Y
94% Bumagkie GPT-4 He inume mnpaBUIBHO
BUSIBIIsSIA 3arpo3y, a U ¢QopmyBana amekBaTHe
BHUIIPABICHHS 0€3 TOoTpeOn y 30BHINIHBOMY
BTpPYy4YaHHI a00 IMMOBTOPHOMY TecTyBaHHi. [4, ¢. 230]
lle 3Ha4HO 3HMXKYE HABaHTa)KEHHS Ha KOMaHIU
PO3POOHHUKIB, Jat0UH 3MOTY IHTETPYBAaTH MOJEIb Y
CI/CD-naiimnaiin Ik IHCTPYMEHT II€PBHHHOI
nepeBipku Oesneku. BapTo Takoxx 3a3HaYUTH, IO
cepel  MPOTECTOBAHMX MOB  IMPOrpaMyBaHHS
HaWO1IbIITa KUTEKICTh BPa3IUBOCTEH OyJiia BHSIBICHA
y ¢parmenrax wa PHP Ta JavaScript — 1o

Y3rO/DKYETHCS 3 BIJOMUMU CTATUCTUYHUMU JaHUMU
00 TiABHIIEHOTO PU3HUKY OE3MEeKH y IUX MOBax
yepe3 IIMPOKE  BUKOPUCTAHHS  JIMHAMIYHHX
CTPYKTYp Ta CIIaOKy THITI3aIlito.

Ta6murs 2

MopiBusiabHuii anajiiz GPT-4 i Snyk
3a pe3yJIbTATAMH BUSIBJICHHSI BPa3JHBOCTENH

IHoka3zuuk GPT+4 Snyk
3araipHa KiJIbKiCTh 64 64
IIPOTECTOBAHUX (PparMeHTIiB
3araipHa KiJIbKiCTh 200 98
3HAMJIEHUX BPa3JIUBOCTEH
KinbpkicTh 3arponoHoBaHnX 204 ~20
BHITPABJICHb
Busisnieni kareropii 33 21
Bpa3JIMBOCTEH
HaiiGinpure 3HaigeHux PHP, JS | Java, C#
(MoBa)

[TosicHeHHS TpUpOaN Taxk Hi
Bpa3JIUBOCTI

BumnpasneHHs 3 IpuUKIaI0M Taxk Hi/
KOOy 9acTKOBO
3aaTHICTh TpaioBaT 0e3 Taxk Hi
BKa3aHOi MOBU

Tabnuus 2 gitko aemoHcTpye nepeBary GPT-
4 Haj TPamULiMHUM I1HCTPYMEHTOM CTaTHYHOTO
aHajizy Koy Snyk 3a KIFOYOBHMH ITOKa3HUKAMH
e(eKTHBHOCTI BWABJICHHS BpasnuBocteil. [lpu
OJTHAKOBIH KIJIBKOCTI MPOTECTOBaHHUX (parMeHTiB
(64) GPT-4 Bussuia 200 Bpa3mMBOCTEH, 10 BABIYI
Oinmpme 3a 98, 3Haiimennx Snyk. Ile Oimbin
NOKa30BUM € Toi (akT, mo GPT-4 3anmpononysana
204 BumpaBlIeHHSA, TOOTO HABITH OLIBINE, HIK
KUIBKICTh BUSBJICHHX IP00JIeM, To i K Snyk Juiire
npubnmm3Ho 20 — 1me CBiAUUTH MPO OOMEKEHICTh
(YHKI[IOHAJYy OCTaHHBOTO B AaCIEKTI aKTHBHOI'O
ycyHeHHs 3arpo3. GPT-4 takox oxomuia OBHUM
cnekTp — 33 Kareropii Bpa3nuBOCTeH, y TOH dac sk
Snyk — nmme 21, mo migTBepmKye riaMOIIy
aHATITUIHY 3JaTHICTh MOJIEII, 30KpeMa B CKJIATHUX
abo cnmabo TumizoBaHWX MoBax. HaiOinmbury
KipKicTh mpobiem GPT-4 Bussuma B PHP Ta
JavaScript — MoBax i3 HiABUIICHAM PU3UKOM, 110
MiATBEPIKYE 11 3MATHICTH TPAIIOBATH B YMOBax
JIUHAMIYHOIO CHUHTAaKCHCY. e OJIHIEIO
BuU3HauanbHOO TmepeBaroro GPT-4 € HasBHICTH
MOSICHEHHSI TPUPOAM  BPa3NHWBOCTI, MO0 Mae
KPUTUYHE 3HAYEHHA U1 PO3POOHUKIB 1 KOMaHA
Oe3meku: MOAENb HE MPOCTO «BKa3zye» Ha
mpo0JieMy, a apryMEHTY€, YOMY BOHA BUHHKIIA 1 SIK1
HacHiAKu Moxe crnpuamauTd. Kpim toro, GPT-4
reHepye pealibHi (parMeHTH BUIPABICHOTO KOAY,
10 3HAYHO MPUIIBUAIIYE IMKJI BUIPABICHHS Ta
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3HW)KYyE JIIOACbKE HaBaHTaxeHHs. Hapermri,
yHikanbHOIO BiactuBicTio GPT-4 € ii 3maTHICTB
mpaimoBaTit  0e3 MOMepenHbO BKa3aHOI MOBHU
NporpaMyBaHHS, CaMOCTIHHO  iICHTU]IKYIOUH
CHHTAKCHC 1 3aCTOCOBYIOUH BIATIOBIIHI IIpaBMiIa
Oesrekn, 4Yoro He 3marteH pobutu Snyk. V
CYKYITHOCTI IIi JJaHi MiITBEP/KYIOTh, 110 GPT-4 —
HE MPOCTO KOHKYPEHT, a MOTECHLIHHO SKICHO HOBUI
€Tam y pPO3BUTKY 3ac00iB 3a0e3medeHHs Oe3IeKH
MPOTrpaMHOro 3a0e3MeYeHHs.

OtpumaHi pe3yJbTaTH JAEMOHCTPYIOTh, ILO
GPT-4 mae cyTTeBi TIlepeBarm y TIOpPIBHSHHI 3
KJIACHYHUMH CTaTUYHHMHU aHaJli3aTopaMu KOIY,
HacaMmIlepes y THYYKOCTi, YHIBepCaJbHOCTI Ta
3IaTHOCTI JI0 TIMOOKOTO KOHTEKCTHOTO aHami3y. Jlo
cunbHUX cTopid GPT-4 BapTO BigHECTH 11 3MaTHICTH
CaMOCTIHO BH3HAYaTH MOBY TNpOTpaMyBaHHS,
MPOBOJUTH 1HTEPHIpPETAaLio JIOTIKA B3aEMOMIl 3
KOpHCTyBaueM 1 (QopMy/IroBaTH He Juiie ¢GakT
BPAa3JIMBOCTI, a # ii NpuYKHY, HACTIJKH Ta MOXKIIMBI
BEKTOpH aTak. BaykInBOIO mepeBaror € TakoxX
reHeparisl MOBHOIIIHHOTO BHUIIPABICHOTO0 KOAY —
GPT-4 BukoHye pOJL HE JUINEC aHATITHKA, a W
"pedakTopuHr-areHTa", 3JaTHOTO peali3yBaTH
MepIIi eTany yCYHEHHS BPa3IMBOCTI aBTOMAaTHYHO.
Mopenb yCHIITHO OXOIUTIOE BCI OCHOBHI THITH
Bpa3IMBOCTE 1 MPONEMOHCTpPYBaia BHCOKY
pe3yNbTaTUBHICTE HABiTh y  CKIAZHUX abo
HEOAHO3HAYHMX cIieHapisx. [3, c. 200] 3aBmsaxu
miarpumil mpupoaHoi MoBu GPT-4 Moxe Takox
BUKOPHCTOBYBATUCS 11 HABYaHHS MOJIOJIINX
creriaaicTiB a00 popMyBaHHS BHYTPIIIHIX HOTITHK
Oe3rekn Ha OCHOBI mpukianiB. OmHAK, IMOIPH
Bpakatoui MoxiuBocTi, GPT-4 He mno30aBneHa
HEIOINiKiB. 30KpeMa, MOJENb BCE IIE MAaE PH3HK
xuOHomo3uTuBHUX (false positive) pesynbraTiB —
KoJIM Oe3MeYHHd KO MOMHJIKOBO MO3HAYAETHCA K
Bpa3MBUiL, a Takox xuOHOHeratuBHHX (false
negative) — KOJH ACSKi MPOOJIEMH 3aJTHIIAI0THCS
HETIOMIYECHUMHU. Y BHITAJIKy BHUIIQJIKOBOI TIEPEBIPKU
Bpyuny 60 pesynbratiB GPT-3 (momepeanboi
Bepcii), e 4 BUSIBIIINCH XHOHOITIO3UTUBHIMH —
IIe CBIMYUTH MPO TOCUTH BHCOKY TOYHICTBH, ajie y
GPT-4 notpeba B Takiii Bepudikalii 3anumaerses
aKTYyaJlbHOIO.

ABTOMaTHYHE YCYHEHHSI BPa3lMBOCTEH € Iiie
OJTHI€I0 CHITBbHOIO cTopoHOI0 GPT-4. ¥V mopiBHAHHI
3 Snyk, sikuii 31e€01IBIIOTO JIUIIE CUTHATI3YE PO
HasIBHICTH 3arpo3u 0e3 kKoHkpeTHux miil, GPT-4 me
MPOCTO BHABISE TpoOieMy, a ojpa3y HpPOIOHYE
3MiHH Y CTPYKTYPi KOZY, SIKi MOKHa O€3M0cepeHbO
iHTerpyBaTH y mporpamy. ¥ Mexkax IOCIHiIKEeHHS
Mozenb Hamana 204 pumpaBnenHs Ha 200
BUSIBJICHUX BPa3IMBOCTEH, 1 Maike KOXHE 3 HHX
CYMPOBOKYBAIOCS a00 3MiHEHHM (hparMeHTOM

KOAy, abo dYiTKOI JIOTIYHOIO iHCTpyKiieto. llei
pesynpTaT  iUmocTpye  cipomoxkHicth  GPT-4
MpamioBaTH  SIK IHCTPYMEHT  TNEPBHUHHOTO
aBTOMATHU30BAaHOTO pedakTopuHry. bimbmie ToroO,
3aCTOCYBaHHS IMX BHIPABICHb MPHU3BEIO O
3HAYHOTO 3HWKCHHS CEPHO3HOCTI BPa3JIMBOCTEH Y
KOJi: KpuTuIHUX — Ha 94%, cepenanix — Ha 75%,
HU3BKHX — Ha 92%, 10 € CBITYEHHSM peaabHOTO
"ImoM’ SIKIIICHHA" PU3WKIB B)KE Ha paHHIX eTamax
PO3pOOKU MPOTPAMHOTO 3a0€3eUCHHSI.

Pazom i3 uncnenanmu nepesaramu, GPT-4 mae
W TeBHI TEXHOJIOTIYHI OOMEKEHHS, SKI He
JTO3BOJISIIOTH PO3TIISIATH i1 STK TIOBHICTIO aBTOHOMHE
pileHHs U1 3a0e3nedeHHs Oe3MeKH MTPOrpaMHOTr0
3abe3neuenns. Hacammepen, Moaens HE BHUKOHYE
KOMITUTALIT KOy, HE 3MIMCHIOE JKOTHOI TIepeBipKH
Npane3gaTHOCTI  3TEHEpPOBaHMX (ParMeHTiB  y
peaNbHOMY CEpEIOBHUII Ta HE MPOBOAUTH FOHIT-
tectyBanusa. lle o3nadae, mo GPT-4 ne 3matHa

OiATBEPOUTH, 4YH CHOpaBOi 11  BUIpaBICHHS
30epekyTh (QYHKUIOHAIBHICTH MpOTpamMH, HeE
BUKIMYYTh HOBUX IIOMIJIOK ab0 JIOTIYHHX

koHGUIKTIB. I 37aTHICTD  BUNPABISATH — KOI
IPYHTYETHCSl HA CTATHCTUYHIN 1 KOHTEKCTYaNbHil
OIlIHIII CHUHTAKCHCY, & HE Ha eTalli BUKOHAHHS.
Bigrak, HaBITH SKIIO BUIPABICHHS BUTIISAIAE
MPaBWILHUM, BOHO MOXKE TMOPYIIYBaTH 3arajibHy
JOTiKy POOOTH 3aCTOCYHKY a00 BHKJIUKATH
MMOMWIKH, SKi BHABJISIOTHCA JIMINE TIJ dYac
IHTErpamiifHOrO TECTyBaHHS a00 B IPOIYKTUBHOMY
CEPEIOBHILI.

Y 11b0OMY KOHTEKCTI ONITUMAJIEHOIO CTPATETIEI0
e Buxopuctanusi GPT-4 sk iHTEIEKTyaIpHOTO
ACUCTEHTa, BOY/IOBAHOTO y CEPEIOBUIIE PO3POOKU
a6o maiiiaitnin CI/CD, ne BoHa MOKe BHCTYIATH

MEPIIOI0  JIHIEID  TEPeBIPKH, a  TaKoX
ABTOMAaTHU30BaHUM TeHEPaTOPOM BapiaHTIB
BUNIpaBIeHb. Y  TOEIHaHHI 3  IHIIUMH
KOMIIOHEHTAMH eKOocucTeMH (Hampukiazn, Jest,

Selenium, Jenkins, GitHub Actions) GPT-4 moxe
BUKOHYBaTH B@XJIMBY pOJb Y MPHIIBHIIICHHI
IIAKITIB PO3POOKH Ta 3MEHITICHHI HAaBAaHTAKECHHS HA
crierianicTiB 3 Oe3neku. B ymoBax 0OMeXeHOro
JIOJICBKOTO pecypcy abo B MPOEKTax i3 BUCOKOIO
YaCTOTOK  peii3iB, Taka MOIEIbh  3JaTHa
aBTOMATHU3YBaTH BUSIBJICHHS TUTIOBUX
Bpa3IMBOCTEH, TeHepyBaTH 0a30Bi BHIIPaBJICHHS,
¢opmyBatt komeHTapi no pull-requestiB i
MiIBUITYBaTH 3arajbHUN pPIBEHb BiIMOBITHOCTI
KoAy craHmaptam Oesmneku. [7] BomHouac came
po3poOHHUK ab0 TeCTyBaJILHUK Mae 3IiHCHIOBATH
OCTAaTOYHY TMEPEBIpKY, IO TapaHTye TOE€IHAHHS
MIBUIKOCTI INTYYHOTO IHTENEKTY 3 HaIiiHHICTIO
JOJICHKOT EKCTICPTH3H.
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AKICTb BUNPAB/TIEHb GPT-4 3A KATETOPIAMMW 3ATPO3

H

3MeHWeHHA
cepeaHix
Bpa3nuBoCTein

3MeHwWeHHA
KPUTUYHUX
BpasnuBoCTen

3MeHwWeHHA
HU3bKKUX
BPa3NuBoOCTeH

Puc. fxicte BunipaBnens GPT-4 3a kareropismu 3arpos

Ille OiTRPII BpaXKAIOUYUM € TMOKA3HUK IS
HU3BKOpIBHEBMX  BpaznmmBocted, 1ne GPT-4
[IPOJIEMOHCTpPYBaja 92% e eKTUBHOCTI
BUTIPABIICHb, IO CBIJTYUTH PO BUHATKOBY TIIUOWHY
1 TOYHICTH aHai3y HaBiThb y THX BHUINAAKaX, fAKi
OUTBINICTh KJIACUYHUX I1HCTPYMEHTIB abo He
¢dikcyroTh B3aram, abo CBIAOMO ITHOPYIOTH SIK
MaJIo3HAYYIli. Y TIPAKTUI[l CTATUIHOTO aHaIi3y
Taki Bpa3IMBOCTI YacTO KIAcH(DIKYyIOTbCS SIK
«HU3BKHH TPIOPUTET», 1 BIAMOBITHO 0 IHOTO HE
MTOTPAIISIOTH J0 3BiTiB 200 HE BUKIMKAIOTH YBaru
y po3poOHukiB. [5, ¢. 275] Ilpote came 3 Takux
"npiOHUIB" MOXe (OpMYBATHCH JIAHIIOTOBA aTakKa,
0COOMBO y BENUKIM KOIOBiH 0a3zi 3 BHCOKHM
ctyneHeM crankyBaHHs. GPT-4, Ha BigMmiHy Bifg
TpaauIliHHUX CKaHEpiB, JEMOHCTPYE
KOHTEKCTYyaJbHE MUCIEHHS, BPAXOBYIOUH HE JIUIIIE
CHUHTAKCHC, a W JIOTIKY B3a€EMOJII 3 KOPHUCTyBadeM,
nepeaayy mapaMeTrpiB, OOpOOKy BHHSATKIB 1
XapaKTep B3a€MO3B’sA3KiB MiXK (yHKIIIsIMU. Moeb
po3risigae  Kox  HE  i30JpOBaHO, a Y
(YHKLIOHATHbHOMY KOHTEKCTi, IO J03BOJISE i
BUSIBJIATH HaBITh Ti HEAOJIKH, SIKi pOpMaBHO HE €
"KIacHIHAMHA" ~ BPa3IMBOCTSAMH, allé  MOXYTh
CTBOPUTH YMOBHM Ui ekciutyartamii. [Ipu mpomy
CepeiHi BIICOTOK pEJIEBAaHTHOCTI BHUIIPaBIICHD
nepeBunrye 95%, 10 € BHCOKMM TIOKa3HHKOM
TOYHOCTI ISl TIOBHICTIO aBTOMAaTH30BaHOI MOJIEMI.

Hasits 3a HasIBHOCTI OJIN3BKO 6%
XUOHOIMO3UTUBHUX 1 10 15% XxuOHOHEraTMBHUX
PE3YIIbTATIB, Taka CTAaTUCTHKA BUIIISLIAE

HaJ3BUYAHO KOHKYPEHTHOI Vy TIOPIBHSHHI 3
PYYHUM aHaIi30M a00 CTATUYHUMHU CKaHEepaMH, Jie
MTOKa3HUKH TTOMIJIOK YacTO BHIII a00 MOTPeOYyIOTh

3HayHOi KajiOpoku. Y  miacymky, GPT-4
MiATBEP/UKYE  CBOKO  3[aTHICTh  TATH  SIK
yHIBepCaIbHUN  areHT  Oe3leKkw,  3JaTHUi

o 15%
%)
Yactka Yactka Yactka
peneBaHTHUX XUBHONO3UTUBHUX  XMBHOHEraTUBHMX
BUNpaBNeHb cepes pesynbratis BUNaAKIB
ycix
e(eKTUBHO BHUSABIATH 1 YCyBaTH 3arpo3dl Yy

HIMPOKOMY CHEKTPi PU3HKIB, BKIIOYHO 3 THMH, SKi
TPaIWIIHHO BBAXKAIOTHCS HE3HAUYIIMMH, alie
MOXYTh MaTH HAKOMWYIYBATbHUH  e(peKT Yy
NPOLYKTUBHOMY cepenoBuili. PucyHok 1 Hao4HO
UTIOCTPYE 11e — MOJIEIIb CIIPABIAETHCS 3 YCYHEHHIM
cnabKuX Micllb y KOJi HE MEHI YCITIITHO, HIK 13
KpUTHIYHUMH  BajaMH, IO BIAKPUBAa€E HOBI
TOPU30HTU JIA 1i IPAKTUYHOIO BUKOPUCTAHHS B
apxitekTypi o6e3meunoro [13.

BucHoBku. v MeXxax MPOBEJIEHOTO
JOCITipKeHHST OyJio TOBEIEHO, IO BEJIHMKI MOBHI
monemi, 30kpema GPT-4, wmaroTh mNOTYXHUN
MOTEHIian [T aBTOMATH30BAHOTO BUSBIICHHS
Bpa3NUMBOCTEH Yy mporpamMHoMy Koxi. Mopenb
[OKa3ajga 3JaTHICTh BHABJIATH BIBIYUl OlLIbIIE
Bpa3IMBOCTEH, HIK TPaAUIMIHHWA  CTAaTHIHUH
aHamizatop Snyk, OXOIUIIOIOYM yCi OCHOBHI
KaTeropii 3arpo3, a TaKOX JEMOHCTPYIOUH
0araToMOBHY  IMATPUMKY 03  HEOOXiTHOCTI
MIOTIEPETHBOTO YTOYHEHHSI MOBH TPOTpPaMyBaHHS.
BaxmuBo, mo GPT-4 He nume Bka3dye Ha
Bpa3NUBOCTI, aje ¥ TPONOHYe KOHKpETHI
BHIIPABJIICHHS, 3JaTHI 3HAYHO 3HHU3UTH pPIBEHb
pU3UKY BXXE Ha paHHiX eramax po3poOku I13.
Pesynprati moKaszanmy, MO0 3aCTOCYBaHHS IMX
BUIIPABIIEHb MIPU3BOIUTH b1 (0] 3HIDKEHHS
CepMo3HOCTI 3arpo3: KpUTHYHUX — Ha 94%,
cepenHix — Ha 75%, Hu3bKUX — Ha 92%. Mogens
TaKOXX 3/1aTHA MOSICHATH PUPOIY BPa3IHUBOCTI, IO
JIoJa€ IHHOCTI il BUKOPHCTAHHIO HE JIHINE SK
IHCTpyMEHTa aHamizy, a W SK OCBITHbOrOo abo
CYIIPOBIAHOTO PIIICHHS B KOMaHAI Po3poOku. [6]
Bomnowac cmim migkpeciutu, mo GPT-4 wmae
0oOMeXeHHS — BOHa HE MPOBOAWUTH TECTYBaHHS
BUIIPABICHOTO KOAY, He 3abe3neuye 100% To4HiCTh
1 BHMarae TMOJAJBINIOI TIEPEBIPKH PE3yJILTATIB
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BpyuHy abo  aBTomarmzoBanumu  CI/CD-
m1aThOpMaMH.
[lepciekTiBM ~ TONANBIIMX  JOCIHIIKECHB

MOJIATAIOTh Y PO3IIMPEHHI TEeCTOBOI 0a3u 10
MTOBHOITIHHUX pPEaTbHUX TPOEKTIB 13 BIIKPUTHUM
KOJIOM, a TaKoOX y BHBYCHHI CHCTEMHHX
Bpa3IMBOCTEH, SKi BUHHKAIOTh HE JIMIIE B JIOTIIl
OKpeMoro (pparmenra, a B apXiTeKTypHii B3aeMOAii
MoxydiB. JlominsHO po3rasHyTH iHTerpamnito GPT-4
y 3acobu Oe3nepepBHOI iHTerpalii Ta po3ropTaHHs
(CI/CD), ne monenb Morina 0 He JIUIIE aHATi3yBaTH
KOl Yy peXKAMi peampHOTO dYacy, aie u
CYyHIpPOBODKYBAaTH WMOTO JKATTEBUUA IHKI — BIJ
HamucaHHd J0 TmpojakmHy. OkpemMo BapTo
PO3BHBATH HAIPSIM JIOCIIKCHb, CIIPSIMOBaHUIA Ha
3MEHIICHHS XHOHOTTO3UTHBHUX 1 XHOHOHETaTUBHUX
CHpalboBYBaHb, a TAKOK HA POpMaITi3aLilo METPUK
noBipu 10 pesynasTariB BMM. YV maiiOytHeOMY
MOJKJIMBa 1MO0yA0Ba ridopunHux cuctem, ae GPT-4

MpaLoBaTHMe CIUIBHO 3 KJIaCHYHUMHU
aHajizaTopaMu, GopMyIour OifbII KOMIUIEKCHHH 1
TOYHUI piBeHb 3aXUCTy HPOrPaMHOTO
3a0e3neueHHsa. Taxkum uywmHoM, GPT-4 wmoxxHa

pO3TIIAgaTH SIK HE MPOCTO iHCTPYMEHT IITyYHOTO
1HTETIEKTY, a SIK HACTYITHUH eTar eBOJIOLii METOIB
3a0e3nedcHAs] KibepOe3nmekn B €MmoXy MacoBOTO
KOAYBaHHSA 1 3pOCTaHHA CKJIaJHOCTI LUPPOBHUX
CHCTEM.
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Yatskyi O.V., Boriu S.Y. Application of large
language models for detecting software code
vulnerabilities

The article examines the application of large
language models (LLMs), particularly GPT-4, for
automated detection of vulnerabilities in software code.
Modern static code analysis methods have limitations in
detecting complex vulnerabilities and contextual security
threats, which necessitates the development of new
approaches based on artificial intelligence technologies.
To assess the ability of large language models (LLMs) to
detect vulnerabilities in program code, a series of
experiments was conducted using several generations of
GPT models, including: Ada (350 million parameters),
Curie (6.7 billion), Davinci (175 billion), and the latest
GPT-4 model (=1.7 trillion parameters). Based on a
comparative analysis with the traditional static analyzer
Snyk, it is demonstrated that GPT-4 is capable of
detecting a greater number of vulnerabilities, covering a
wider spectrum of threats, as well as proposing relevant
fixes for their elimination. The study utilized 64 code
fragments in eight programming languages, covering 33
vulnerability categories according to the Common
Weakness Enumeration (CWE) classification. The
experimental research was conducted by comparing the
results of code analysis using GPT-4 and Snyk on
identical test data sets. The GPT-4 model demonstrated
high efficiency in automatic code refactoring,
specifically achieving a 94% reduction in the level of
critical vulnerabilities compared to the initial state of the
software code. Metrics of threat detection accuracy, the



46 BICHW/K CXIDHOYKPAIHCHKOIO HALIIOHANBHOI O YHIBEPCUTETY imei Bonoaumupa Jans Ne 12 (298) 2025

frequency of false positive and false negative results, as
well as the model's ability to provide detailed
explanations of identified security issues were analyzed
separately. A particular advantage of GPT-4 was its
ability to work in automatic refactoring mode, which was
also built into system context variations. The research
results indicate the feasibility of using LLMs as an
additional tool for ensuring software code security.
Possibilities for integrating large language models into
modern continuous integration and deployment (CI/CD)
environments are proposed, and prospects for hybrid
application together with classical automated software
security testing tools are outlined.

Keywords: large language models, code
vulnerabilities, static analysis, cybersecurity, GPT-4,
artificial intelligence, refactoring
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JTOCJII)KEHHS BIIJINBY IAPAMETPIB JIASEPHOI'O 3BAPIOBAHHS
HA MIKPOCTPYKTYPY CTUKOBHUX 3BAPHUX 3’€JHAHb
KOPO3IMHOCTIMKOI CTAJII AISI 304

FOpuenko 10.B., Ciopa O.B., J/lykamenxo B.A., I'apaep .A.,
CoxouoBcbknii M.B., bepnanbkuii A.B.

STUDY OF THE INFLUENCE OF LASER WELDING PARAMETERS ON THE
MICROSTRUCTURE OF BUTT WELDED JOINTS OF AISI 304 STAINLESS STEEL

Yurchenko Yu.V., Siora O.V., LukashenkoV.A., Harder D.A.,
Sokolovskyi M.V., Bernatskyi A.V.

Kopositinocmitiki  xpomoHixenesi aycmeHimHi cmaii
3auUmMames npogioHe Micye ceped KOHCMPYKYIUHUX
mamepianig — CY4acHOi  NPOMUCI080CMI  3AB05KU
NOEOHAHHIO — GUCOKUX — MEXAMIYHUX — 61ACTUOCMeEl,
KOpo3itinoi cmitikocmi ma mexnonoziunocmi. O0Hi€ro 3
Haubinbw nowupenux € cmanv AISI 304, sxa wupoxko
3ACcmocogyEmMvCs @ emepeemuyi,  XiMIUHiL  ma
Hagmoximiunil npomuciogocmi, cyoHooyoysanmi ma
Mawunobyoyeanni. Pazom 3 mum 36aproeanns, 30kpema
JazepHe, CYnpo8ooA*Ccyemvcs peanisayicio
HEpPIBHOBANCHUX YMO8 Kpucmanizayii, wo icmomHo
8NIUBAIOMb HA MIKDOCTNPYKMYPY Memasy wed, haszosuti
CKNa0, (opMySanHs 30HU MEPMIYHO20 GNIUGY Md
Hememanesux — 6kmoYeHv. Y  pobomi  Hagedeo
pe3yibmamu  eKCNepUMEHMAIbHO20 — 00CTIONHCEHHS.
8NIUGY  napamempie  J1A3ePHO20  36API0OGAHHA  HA
MiKpocmpykmypy, — asosuii  ckiad i xapaxmep
HeMemanesux 6KIIOYeHb ) CMUKOBUX 3 COHAHMSX
aycmenimnoi  xoposiunocmiuxoi cmani  AISI 304
moswunoro 1,5 mm. Jlasepne 36apro8aHHs GUKOHY8ANIU
Nd:YAG-nasepom «DY044» na mpvox pescumax 3
00HAK0B0I0 NO020HHOIO eHepeielo 60 [oc/mm  ma
8EIUUUHOIO po3goxycysanhsa J1a3epHo2o
B8UNPOMIHIOBAHHA O MM NpU NOMYHCHOCMI 1A3EPHO20
sunpominioganua 1,5; 2,5 ma 3,5 kBm i 6ionosionux
weuokocmsx 3eaprosanns 1,5, 2,5 ma 3,5 m/xs.
MixpocmpykmypHi 00CHONCEHHS NPOBOOUTU MEMOOAMU
onmuyHoi Mikpockonii y oOianazoHi 30inbuteHb X50—
x500, kinbkicmos O-gpepumy GuU3HAUANU 3d OONOMO20I0
npunady  «Ferritgehaltmesser-1.053»,  oyinroganms
HeMemanesux 6Kuo4eHb 30ilCHIO8AaU Gi0N0GIOHO 00
JCTY ISO 4967:2017. Bcmanosneno, wo meman wmea y
8CIX 3DA3KAX XAPAKMEPU3VEMbCA OUCHEPCHOIO JIUMOI0
CMPYKMYpoIo 3 Gopmyeannam
KoMipuacmoi 301U, 30HU CMosdYacmux Kpucmanimie ma

YeHmpanibHoi

30HU OKpyenux 3epen Oina  qiii  cnaaenenns.  3i
3POCMAHHAM HOMYACHOCHI 1A3EPHO20 UNPOMIHIOBAHHS
cnocmepicaemub s 36YHCEHH YeHMPATbHOI KoMipyacmoi
CMYIHCKU, 3MEHUEHHS NPOMANCHOCMI CIMPYKIMYPHUX 30H
1 3HUJCEHHA [HMEHCUBHOCMI 63AEMHO20 3AMIKAHHA
Memany wea ma 0CHO8HO20 Memany. Bmicm J-gpepumy 6
Memani wea Mae 4imKy meHOeHYllo 00 3MEeHULeHHs 8i0
1,7-1,8% 00 0,8—0,9%, wo cgiouumsv npo 6invus nosHy
aycmeHimuy cmabinizayiio npu ni0GUUIEHUX DeICUMAX
3gaprosannsa.  Hatisuwa  uwucmoma  memany  3a
HeMemanesumu GKIYEeHHAMU 3aiKcosana y 3pasky,
38apenomy npu nomydxscHocmi 3,5 kBm, Oe 6usasneno
Juuie OUCNepCHi MOYKO8I HImpuou ma OKCUHIMPUOU 3
banom ne suuge Ne0,5. 30Ha mepmiunoeo 6nausy y 6Cix
8UnaoKkax € 8y3vkoio, oauzoko 600-900 mxm, 6e3 pocmy
aycmeHimno2o 3epHa ma 3i 30epedcenHim CmpyKmypu
npoxamy. Ompumani pesyiomamu NniOmMeEepo’CyIoms
epexmusHicmb onmumizayii napamempie 1A3epHO0
36aprogants 015l opmysanHs — OpiOHOOUChepCHOT
MIKDOCMPYKMYPU, 3HUNCEHHA 6emicmy O-epumy ma
MIHIMI3aYIl Hememanesux KII0YeHb.

Knwouosi cnoea: Jazepue 38apIOBAHHS,
MIKpOCMPYKMYpa, MOHKOIUCTOBUL Memdl, CMUKO8L
3’eOnanns, kopositinocmivixi cmani, AISI 304.

Beryn. Kopo3zifiHOCTiHKI XpOMOHIKEIEBI cTaIl
3aiiMaloTh OJHE 3 TPOBIAHUX MICIL cepen
KOHCTPYKIIMHMUX MaTepiaiiB, II0 3aCTOCOBYIOTHCS
y CydYacHI TpoMHCIOBOCTI. BoHHM mmpoxo
BHKOPHUCTOBYIOTBCS B XIMIYHIH,  Ta30Bii,
HaTOXIMIYHIH, Xapy4oBii, aBTOMOOUIBHIH,
aBialiifHO-KOCMIYHIN raly3iXx, a TaKoX y SAepHii
SGHEPTeTUIll, CYIHOOYIyBaHHI Ta KpIOTCHHIH



48 BICHW/K CXIDHOYKPAIHCHKOIO HALIIOHANBHOI O YHIBEPCUTETY imei Bonoaumupa Jans Ne 12 (298) 2025

texHimi [1-3]. Take mOmMUPEHHS 3yMOBJICHE
MOETHAHHIM BHCOKUX MEXaHIYHUX XapaKTEPUCTHK
Ta KOPO3iHHOT CTIKOCTI.

Cepen ycix Ki1aciB KOpO3iHHOCTIHKUX CTasei
TOMIHyIOYEe  Miclme  3aiiMaroTh  ayCTEeHITHI
KOpPO3iMHOCTIMKI cTajmi 3 TPaHEICHTPOBAHOIO
KyOiuHOIO KpucTaniyaoto rparkoto (I'TIK), gacTtka
SAKHX Ha PUHKY cTaHOBUTH Onm3bko 70 % [4-6].
OnHiero 3 HAMOUTBIT MMOMMPEHUX CTaJICH IIi€l TPy
€ AISI 304, sxa mictuth npubau3Ho 18 % xpomy Ta
8 % HIKeTI0 1 XapaKTepU3yeThCS AyCTEHITHOIO
CTPYKTYpOIO. 3aBISKH TaKOMY XIMIYHOMY CKJIaTy
cranb AISI 304 moemHye BHCOKYy KOpO3iHHY
CTIHKICTh, BUCOKY I'PAHHILIIO MILIHOCT] Ta TEKY4OCTi,
BHTIJHE CIIBBIIHOIIEHHS MIITHOCTI 1O Macu 1

BOJHOUYAC 3HA4YHy IlacTh4HicTh [6-8]. Ile
3yMOBIIO€ 1i  IIMPOKE  3aCTOCYBaHHSA  SIK
KOHCTPYKLIHHOTO  MaTrepialmy, 30KpeMa IS

€JIEMEHTIB TPyOOIIPOBOIiB, KOPITYCiB apMaTypH Ta
BHYTpIIIHIX KOMIIOHEHTIB PEaKTOpiB y sAepHil
CHEPIeTHII.

Pa3om 3 TiM 3BaproBaHHS, SIK OJJUH 3 OCHOBHHUX
CIIoCcO0iB 3’€qHAHHS AeTajei 13 KOPO3iHHOCTIHKIX
CTaJieii, CyTTEBO BIUIMBAE HA IXHIO MIKPOCTPYKTYPY
Ta eKciulyaramidHi  BmactmBocTi. [lig  dac
3BapIOBAaHHS BiOYBAIOTHCSA CKJIQIHI METadypriiiHi
MPOIIECH, TIOB’sA3aHi 3 MIKPOCETPETaLi€ro JIeryI0UHX
CJIEMEHTIB,  BUIUICHHSM  BTOpPUHHHUX (a3,
YTBOPECHHSIM TIOPUCTOCTI, TAPSIUX TPIIIUH, POCTOM
3epHa B 30HI TepmiuHoro BmmBy (3TB) Ta
BTpaTaMu MaTepially BHACIiIOK BUTIAPOBYBAHH [ 9-
12]. 3a ymOB pIiBHOBaXHOi KpHCTaji3amii
MikpocTpykTypa crtami AISI 304 ckmagaerbest
nepeBakHO 3 aycTeHiTy (y-Fe), omnHak mpwu
Ja3epHOMY 3BapIOBaHHI peani3yloTecs
HEpIBHOBaXHI yYMOBHM INBHAKOI KpHCTai3arlii.
Burcoki  mIBHIKOCTI  OXOJOMXKEHHS  MOXYTb
MPU3BOANUTH /0 HETOBHOTO IEPETBOPEHHS O0—,
YHACJiIOK {YOro B CTPYKTYypi 3BapHOTO IIIBa
30epiraeTbcst MetactaOuIbHHE O-peput [13, 14].
Binmomo, 110 criBBigHOIIEHHS DEPUTY Ta ayCTEHITY
ICTOTHO 3aNie)XKUTh BiJl TEIUIOBKIAJCHHS, SIKE
BH3HAYAETHCS napaMeTpamu JIa3epPHOTO
3BapIOBaHHS, 30KpEMa TMOTYKHICTIO JIa3epHOTO
BUITPOMIHIOBAHHS Ta IIBUIKICTIO 3BapIOBaHHS.

Y crarri [15] Oyno MJOCHIIKEHO BIUIMB
nmapaMmeTpiB JIa3epHOTO 3BapIOBaHHA Ha
MIKPOCTPYKTYPY Ta SKIiCTh CTHKOBHUX 3’ €JIHaHb
JINCTOBOI ayCTEHITHOI KOpo3iifHOCTiHKOT cTam AISI
304 toBmuHO0 2,0 MM. J{OCTIZHUKH BCTAHOBUIIH,
o MIKpPOCTPYKTypa 3BapHHUX 3’€HaHb
XapaKTepu3yeThCsl qyxke By3bkowo 3TB mmpunOIo
JIATIE KiTbKa MIKPOMETPIB Ta APIOHOMHUCIICPCHOIO
JNCHIPUTHOIO OyZOBOIO MeTamy IBa. Y 30HI
CIUTaBIICHHS (bopMyIOThCS emiTakciaibHi

CTOBITYACTI 3€PHA, OPIEHTOBaHI MEPICHIUKYJISIPHO
JIO JIiHIi CIUTaBIICHHS, 3 YiTKO BHUPAKCHOIO JIHIEIO
KpucTamizamii B IEHTpi mBa. 31 3pOCTAHHIM
TEIUIOBKJIQJICHHS.  30UTBIIYETHCA  MIKICHAPUTHA
BIJICTaHb, sIKa CTAHOBUTH OJIM3BKO 5—7 MKM, TOJI SIK
MpH  MiIBUMICHWX  IIBHIKOCTSX  3BapIOBaHHS
(hopmyeThes OibI IpiOHA MIKPOCTPYKTYpa.

Y poboti [16] BcTaHOBHMIM, IO TijJ dYac
nazepHoTo 3BaproBanHs crami AISI 321 ToBurnHOIO
2 MM y 30Hi IUIaBJICHHS CIIOCTEPIraeThCcs TeMHa O-
Fe nenpputHa cTpykTypa 3 BEpMIKYISIPHOIO
MOP(DOJIOTIEI0 B MATPHIII AYCTEHITY, 10 3yMOBJICHO
BHCOKOIO MIIBUIKICTIO KpHcTami3amii Ta
OXOJIOJKEHHSI TIPU HU3BLKOMY TEIUIOBKIIAICHHI.
[upura 30HK TEPMIYHOTO BIUIMBY CTaHOBHTH
0mmm3pk0 60—80 MKM.

MiKkpOoCTpYKTYypHI Ta MEXaHi4Hi BJIaCTHUBOCTI
3BapHUX 3’enHanb cram AISI 304, orpumanux 3a
moniomororo  TIG, mazepHoro Ta TiOpUIHOTO
nazepHO-TIG 3BaproBaHHs, JOCTIHKYBAIN Y pOOOTI
[13]. PesynpTaT mokazanu, IO 3 €JHAHHS,
BHKOHaHE JJa3€PHUM 3BapIOBaHHSIM, MaJIO HAHBUIILY
MIIHICTh Ha PO3pWB 1 HAWAPIOHINTY ACHAPUTHY
CTPYKTYpY MOPIBHSHO 3 IHIIUMU METO/IaMHU.

OxkpemuMm  (akTOpoM, IO BIUIMBAE Ha
BJIACTUBOCTI 3BapHUX 3’€IHAHb KOPO3IHHOCTIHKHX
craneil, € HeMeTalluHl BKIIOYEHHS. BoHu
HeMHHY4Ye (QOpPMYIOTBCSA Wi Yac MeTalyprilHuX
MPOIIECIB  YHACHIMOK HAsSBHOCTI PO3YMHEHOTO
KHCHIO Ta CTOpOHHIX gomimok [17]. VY
KOPO31HHOCTIMKHUX CTAJSIX HEMETaTiuHI BKIFOUCHHS
MaloTh OCOOJIMBE 3HAYE€HHS, OCKUIBKH B 30HI
JIOKaJhbHOI cerperamii HaBKOJO HEMETATIYHUX
BKIIFOUEHb BIiJICYTHS CyIIUIbHA ITACMBHA IUTiBKA
OKCHJIy XpOMY, IO CIpHSE iHIIAIl MTHHTOBOI
KOpo3ii Ha MeXi «BKIIOUCHHS — MATpHUIlD. Kpim
TOTO, I MEXi € YYTIMBHMH JIO MEXaHIYHOTO
BiJIIapyBaHHs i/ Ji€10 HANPY>KEHb, 110 HETaTUBHO
BILTMBA€ HA MEXaHIYHI BJaCTHBOCTI MaTepiamy [18].

B JTOCITI JDKEHHI [19] CIIpoOyBaH
MpoaHaNi3yBaTH  3MIiHM  CKIaay  IITYYHUX
Ccynb(QIIHUX BKIIIOUCHH PO3MIPOM 10 1 MM, IO
ckmamatotbess 3 NiS;, MnS  ab6o FeS, y
Kopo3siitHocTiiiki cram AISI 304 micns TepmiuHOl
00poOku. bByno BusBIEHO, IO BMICT XpOMY B
KOPO3IMHOCTIMKIA CTajgl TOMITHO 3MCHIIHUBCS
HaBKOJIO Cynb(igHNX BKIOYeHb. ILlg 3miHa
KOHILIEHTpalii MOXXe OyTH CIIpHYMHEHA PEaKIisMH
OoOMiHY Ha MEXi po3AUTy MDK CTaUli0 Ta
BKIIFOUEHHSIMH T/ Yac TMPOLECy OXOJOMKECHHS.
30iHeHa XPOMOM 30Ha B KOPO3IMHOCTIMKIHN cTai
MOXE CHOPHUSITH MIBHAMINA KOpo3ii MaTpumi B
MTOETHAHHI 3 YTBOPSHHSM IIIapy OCaHKEHOI CIPKH.

3 aHaizy HayKOBHX POOIT BUAHO, LIO MIBUIKE
OXOJIOJDKEHHSI TiJI Yac Ja3epHOTO 3BapIOBaHHS
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3abe3neuye  (opmyBaHHS  ApiOHOAMCIIEPCHOI
MIKPOCTPYKTYPH 3 BY3BKOIO 30HOI0 TEPMIYHOTO
BIUINBY Ta CHIiTaKCiaJbHUMH  CTOBITYACTHMH

3epHaMH, 110 IMiJBUIIYE MEXaHIYHI BIACTHBOCTI Ta
MIIHICTh 3BapHUX 3’ €THaHb. BogHouac MiHiMizarlisa
HEMETAYHUX BKJIIOYEHDb € HEOOXIHOI0, OCKIJIBKH
iX HasiBHICTh MPHU3BOJUTH 10 301HCHHS HA XPOM 1
MiABHIIYE PU3MK MITHHTOBOI Kopo3ii. Takum
YUHOM, OTITUMAJILHUN BUO1p ITapaMeTpiB JIa3epHOTO
3BapIOBAHHS JI03BOJISIE IOCSTTH OJTHOYACHO BUCOKOT
MIIHOCTI Ta KOPO3iMHOI CTIMKOCTI 3’€THAHB.

MeTo0 Ppo0OTH € JOCHIKEHHS BIUTUBY
napameTpiB Ja3epHOro 3BapIOBaHHS Ha
MIKPOCTPYKTYPY CTHKOBHX 3BapHUX 3’€HAHb 3
TOHKOJIMCTOBOI KOPO3iHHOCTIHKOT
Brcokoinerosanoi cram AISI 304.

Buxnan OCHOBHOI'0
HOCJTiIKEeHHS.

JUtst  mocmipKeHHST MIKpOCTPYKTYpH  OyIio
BUKOHAHO CTHKOBI 3BapHi 3’€IHaHHA 3pa3KiB 3i
crami AISI 304 posmipom 300%x200%1,5 wmm.
Kpaiiku 3paskiB Oynu o0poOiieHi (pe3epyBaHHAM
JUISl CTUKYBaHHSI 0€3 3a30py Ta Mepejl 3BaproBaHHIM
3HEKUPIOBAIIU allCTOHOM.

JlazepHe  3BaprOBaHHS  BHUKOHYBAJIOCS 3
OJIHAKOBOIO IIOrOHHOW eHepriero 60 J[x/MM Ta
BEITUYHNHOIO po3doKyCyBaHHS JIa3ePHOTO
BUIIPOMIHIOBaHHS Ha TPbOX pEKHMax, Ji¢
P — moTyxHICTF  J1a3epHOTO  BUIPOMIHIOBAHHS,
V —mBuakicte 3BaproBaHHsi, AF — BemnumHa
po3hoKyCyBaHHS JTa3€PHOTO BUIPOMiHIOBAHHS:

1) P=1,5 xBt; V=1,5 m/xB; AF=0 Mmm;

2) P=2,5 xBT; V=2,5 m/xB; AF=0 Mm;

3) P=3,5 xBt; V=3,5 m/xB; AF=0 mm.

B sKocTi 3aXMCHOr0O ra3y BHKOPHCTOBYBAaBCS
BHUCOKOYHCTHI aproH 3 BUTPATOIO Qxopim, = 10 J1/XB,
Qcommo = 25 1/xB, Qxsicr= 20 1/XB.

Ximiuauii cxiazg cram AISI 304 srigao ASTM
A480/A480M-22a (MacoBa 4YacTKa €JICMEHTIB
(maxc.), %),: C 0,08; Si 0,8; Mn 2; Ni9-11; S 0,02;
P 0,035; Cr 17- 19; Cu 0,3; Fe ocH..

Sk pKepeno JIa3epHOro BHIIPOMIHIOBAHHS
BukopuctoByBaBcsi Nd:YAG-nazep «DY044» 3
MOTYKHIiCTIO BunpomiHioBaHHs 10 4,4 kBt Ta
JIOBXKWHOKO XBWJII BUIpOMiHIOBaHHS A=1,06 MKM,
¢bipmu «Rofin-Sinar» (BupobHmMITBa HiMeuunnm).
IMoct anst azepHOro 3BaprOBaHHS 300pakeHO Ha
Puc. 1.

Jlist  MertanorpadidHNX JAOCHIDKEHb 3pasKiB
OyJ0 TMPOBEACHO ONTHYHY MIKPOCKOI 3
BHKOPHUCTaHHAM 301mbIIeHb X50; x100; x200; X500
3a JOMOMOrO0 MeTaJorpadiqvHOr0 ONTHUYHOTO
Mikpockorma  «Neophot-32» Ta  Qorokamepu
«Olumpys C-500». Kinpkicts a-¢asu (5-hepur)
BHUMIipIOBaIIU 3a JIOTIOMOTOFO MpUIaay

Marepiaiay

«Ferritgehaltmesser-1.053». Jlocmimkeni 3pa3ku
Oy MiATOTOBaHI 3a JTIOTIOMOT' OO
BHCOKOIIBUIKICHUX TOJIPYBaJIbHUX KpPYTIB 3
BUKOPHUCTaHHSIM aIIMa3HAX MacT pi3HOI
IUCTIepCHOCTI 10 14 Kjacy YHCTOTH TIOBEPXHI.
Jocmimkenns Oy MPOBEACHI Ha PI3HUX IUISTHKAaX
KOXKHOTO 13 3pa3kiB «wmeran mBa — 3TB —
OCHOBHHH MeTam». Metanorpadiune JOCTiKEHHS
HEMETaJIeBUX BKIIOYEHb B METaji 3I1HCHIOBAJIOCH
3a mkanamu JICTY ISO 4967:2017 «Crans.
BusHaueHHs BMICTY HEMETAJICBHX BKIIOYCHD.
Mertanorpadgiuauii  METOA ~ OIIIHIOBaHHSA  3a
crangaptaumu mkagamu (ISO 4967:2013, IDT)».

Puc. 1. [locT mnst ma3epHOTO 3BaprOBaHHS

3pa3ky BUKOHAaHI Ha OOpaHUX pEKUMAX
3BaptoBaHHs: 3pazok 1 (P=1,5 xBt; V=1,5 m/xB),
3pazok 2 (P=2,5 kBt; V=2,5 m/xB) i1 3pazok 3
(P=3,5 xBt; V=3,5 w™/XB) BiIpi3HAIOTECS 3a
KUTBKICTIO Ta PO3MO/IiIOM HEMETAICBUX BKITIOYCHb.
VY 3pazky 1 y MBI CHOCTEPIralOThCs TOYKOBI
HITpUAM Ta oKCUHITpUAU 3 6aoM Ne(0,5, y 3TB ix
KIJIBKICTh JI€Io Oinblia, ajge MeHiia 3a 0am Nel. B
OCHOBHOMY MeETajli BKJIIOYCHHS JOCATAIOTH Oamy
Nel, 3okpema psnkoBi HITpuIU. Y 3pa3ky 2
BKITFOUEHHS TaKi XK, aJie 1X MEHIe, Oall HeCYyTTEBO
nepesuirye Ne0,5. 3pa3zok 3 Mae HaMBUIILY YHUCTOTY
Metany, npu 30imbmeHHi X1000 TpOSBIAIOTHCS
JIUTIIE AUCTICPCHI TOYKOBI HITPUIU Ta OKCHHITPUIN
B HEBEJMKIH KUTBKOCTi, 0aJl SKMX HE TEPEBHIIYE
Ne0,5. Buma wumcrota 3pa3ka 3 Moxke OyTH
MOB’sI3aHA 3 THM, IO MPHU MOTY>KHOCTI JIa3epHOTO
BUTNIpOMiHIOBaHHS 3,5 KBT HemeTaseBi BKIIOUEHHS
HE BCTUTalOTh cpopmyBaTucs 1 3adikcyBaTHCS B
MDKICHAPUTHUX TUISTHKAX, 110 3a0e3Medye OLIbIny
YUCTOTY MIKPOCTPYKTYPH 3BaPHOTO 3’€THAHHS.

ITicna mocalpKEHb Ha HEMETAJIEBl BKIIOYEHHS
OyJ0 TIpOBEZCHO BUSBICHHS CTPYKTYPH MeETaly
3pa3KiB IOUIBIXOM EJIEKTPOJIITUIHOTO TPABICHHS Y
20% BOJHOMY PO3YHHI CIPYaHOKHCIIOTO aMOHIIO
(NH4)2SO4.

3aranpHUN BWTJISAA 3pasKiB INCIS TPaBICHHS
300paxeHo Ha Puc. 2.
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B

Puc. 2. 3aranpHuil BUTIIA CTHKOBHX 3BapHUX 3’ €/THAHD,
x50: a — 3pa3ox 1; 6 — 3pa3ok 2, B — 3pazok 3

Yei  Tpu  3pa3KM  XapaKTepU3YIThCS
JMCIICPCHOIO JIUTOK0 CTPYKTYPOIO METaily IIBa 3
dopMyBaHHAM  TPHOX  XApaKTEPHUX  30H:
HEHTPAJIILHOI  KOMIpYacToi, 30HH CTOBOYACTHX
KPHUCTANITIB Ta 30HW OKPYIJHUX 3epeH Oins niHil
CITABIICHHS. BonHouac MIX HUMH
CIOCTEPITaloThCs CYTT€BI KUTBKiCHI Ta
MOpPQOJIOTiuHI BiIMIHHOCTI.

3pazok 1 Mae HaWbinbII  PO3BUHEHY
HEHTPAIBHY CMYKKY KOMIpYacToi CTPYKTypH, e
PO3MIpH KOMIPOK JOCATAIOTh 5S—18 MKM, a mmpuHa
CMYKKH € MaKCUMaJBbHOIO CEpeJl yCixX 3pa3KiB (10
50 MKM y BEepXHill YaCTHHI 11Ba). 30HA CTOBOYACTUX
KPHUCTANITIiB BUpaXeHa 4YiTKO, 3  BiJAHOCHO
OUThbIIMMK ~ po3MipaMu  KpuctamitTiB. CMyXkka
OKpYIJIMX 3€peH Oung JIHIT CIUTaBJICHHS Mae
cepenuto 1mmpuHy 25-30 MKM 1 BHUSBISETHCS
nokansHO (Puc. 3).

Puc. 3. Mikpoctpykrypa 3paska 1:
a — IeHTpaJbHA YacTHHA, X50;
0 — cepenHs yacTrHa JiHI1 crraBieHHs, X200

3pa3ok 2 BiJIPI3HAETHCS HaHOLTBII
JIpiOHOAMCIIEPCHOIO IEHTPAIBHOIO CTPYKTYPOIO:
PO3MipH KOMipOK 3MEHIIYIOThCS 10 2,5-8 MKM, a
CTOBOYACTI KPUCTANITH MalOTh HAMMEHIY IIUPUHY
2,5-5 mxM. BogHowac 30Ha OKpYIIMX 3epeH Oinst

miHii cmiaBiaeHHs csrae 30-37 MM Ta €
HAUIIUPIIOIO cepell yCiX 3pa3KiB, 0 CBIAYUTDH PO
OiTbII IHTEHCHBHI TNpOLECH MepeKpucTaiizalii B
puIoBepxHeBiit obiacti mBa (Puc. 4).

a ’ 0

Puc. 4. MikpocTtpykTypa 3pa3ka 2:
a —1IeHTpaJIbHa YacTuHa, X50;
0 — cepenHs yacTHHA JiHIT cruiaBieHHs, X200

3pa3ok 3 XapaKTepu3yeTbCs HANWMEHIIO
[IMPUHOIO TIEHTPAITBEHOI KOMIPYACTOI CMY)KKH, SKa
CTaHOBHTH 15—25 MKM 3 MOAAIIBIINM 3BYKEHHSIM Ta
i1 9aCTKOBUM 3HUKHEHHSM y HIKHIH YacTHHI IIBa,
oo He croctepiranocs y 3pa3kax 1 i1 2. Po3mipu
KOMIpOK 3aiiMaloThb MNPOMIDKHE TMOJOXKEHHSI 3
po3MipoM 5-10 MKM. 30Ha OKpYIJIHX 3€peH €
HaiiBy)kuoro  (10-25 MKM) 1 J0JAaTKOBO
XapaKTepu3yeThcs BUCOKMM OanioM 3epHa Ne8—10,
10 BKa3ye Ha OUTBII JPiOHO3EPHUCTY Ta OJHOPITHY
CTPYKTYypy mo0au3y niHii croiasnenns (Puc. 5).

a

Puc. 5. MikpoctpyxkTypa 3pa3ka 3:
a — LIEHTpaJibHA YacTuHa, X50;
0 — cepenHs yacTHHA JiHIT cruiaBieHHs, X200

V3araapHIOWYH XapaKTePUCTHKY
MIKPOCTPYKTYpH 3pa3KiB MOXKHA CKa3aTH, IO
3pazok | Mae HaWOImbm TPyOy 1 NPOTIKHY
[IEHTPaJbHy KOMIpUacTy 30HY, 3pa3ok 2 Mae
HaANOINBIN TUCTIEPCHY CTPYKTYpPY B LIEHTPI IIBa Ta
HaAWIIMPITY 30HY OKPYTJIMX 3€PEH, TOI K 3pa3oK 3

BHPI3HAETHCS MIHIMAQJIEHOIO UIUPUHOIO
CTPYKTYpPHUX 30H, YacTKOBOI JIETpajaIli€io
KOMIpYacToi CTPYKTypd TIO BHCOTI IIBa Ta

HaWBHIUM CTYICHEM MOJAPiOHEHHS 3epHa Oins
JiHIT CTUIaBICHHS.

VY BCiX TpHOX 3pa3Kax JIiHisl CIUTABICHHS YiTKO
OKpecIieHa I0 BCil BHCOTI 3BapHOrO 3’€HAHHS Ta
XapaKTepU3y€eTbCS B3a€EMHUM 3aTiKaHHSIM MeETaly
[IBa i OCHOBHOTO METaly, OJTHAK 1HTEHCHBHICTh 1
MIPOTSXKHICTB IIOTO SIBUIIA CYTTEBO BiAPI3HIIOTHCSL.
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Hnsa 3paska 1 (P=1,5 xBr; V=1,5 wm/xB)
XapaKTepHe CTa0UTbHE 3aTiKaHHS METally IBa B
OCHOBHHII MeTajl 10 BCii BHCOTI  IBa.
MaxkcumanbHa riiuOrHa 3aTiKaHHS CIIOCTEPITaeThCs
B CEpe/IHil, HAlBYKYiil YaCTHHI 111Ba Ta CTAHOBHUTH
63-75 MKM, TOJI SK y BEpXHI 4YacTUHI BOHA
3MEHIIYEThCS 10 35-38 MKM, a B HWKHIH 4acTHHI
30epiraeThbes Ha piBHI 10 25 MkM (Puc. 6).

3pazok 3 (P=3,5 «kBt; V=3,5 w™/xB)

XapaKTepU3y€eThCS MEHII IHTCHCHBHUM 1 OLIBII
JIOKaJi30BaHUM 3aTiKaHHSAM. Y CepelHill 4acThHi
IIBa WOr0 BEJMYHMHA CTAHOBHUTL 62—70 MKM, IO €
CHIBCTaBHUM 31 3pa3koM 1, TpoTe Yy BepxXHii
YacTHHI IBa 3aTiKaHHS Pi3KO 3MEHITYeThCs 10 10—
13 MKM, a B HWXKHIA YaCTUHI MOBHICTIO BiJICyTHE
(Puc. 8).

Puc. 6. MikpoctpykTypa niHii crmaBinenns 3paska 1,
x500: a— BepxHS yacTHHAa; O — CepeaHs YaCTHHA;
B — HIDKHS YaCTHHA

V 3pazky 2 (P=2,5 kBt; V=2,5 m/xB)3aTikanHs
€ HalOUIbII IHTEHCHBHUM Y LEHTPaJbHIH YacTHHI
IIBa, JI¢ Horo rimouHa gocsarae 75-83 MkM, 1o €
MaKCUMaJIbHUM 3HAYCHHSIM cepex ycix
JIOCTIJDKCHUX 3pa3KiB. Y BepXHIA YacTHWHI IIBa
3aTikaHHS 3MEHINyeTbes 0 34-37,5 MM, a B
HIDKHIA 4YacTWHI Maibke HE TMpOSBISIETbCS 1
JIOKAJIbHO CTAaHOBUTH Jiniiie 0au3bko 10 MM (Puc.
7).

W

B

Puc. 7. MikpocTpyKkTypa JNiHii crutaBieHHS 3pa3ka 2,
x500: a — BepxHsl YacTHHA; O — CEpeHs YaCTUHA;
B — HIDKHS 9aCTHHA

Puc. 8. MikpocTpyKTypa JTiHii cruraBiaeHHs 3pa3ka 3,
x500: a — BepXHs 9acTHHA; O — cepeIHs YacTHHA,
B — HIDKHS YacTHHA

HaiiGinem  riuboke 1 KOHIIGHTPOBaHE
3aTiKaHHS MeTaly IIBa B OCHOBHHMH MeTaln
CIIOCTEPITaEThCs y 3pa3Ky 2, 3pa3ok 1 nqeMoHcTpye
HaWOINBII pIBHOMIPHUE XapakTep 3aTiKaHHS II0
BHCOTI IBa, TOAI SK 3pa30K 3 BiJ3HAYAETHCS
MiHIMaJIbHOIO IHTEHCUBHICTIO B3aEMHOTO
3aTikaHHSI, OCOONMBO y BEpXHI Ta HWXHIN
YacTUHAX 3BapHOTO 3’ €JHAHHSL.

VY nmocmimkyBaHuX 3paskax (azoBuil ckian
MeTajqy IIBa € TOMIOHMM 1 TpeJCTaBICHUHA
AyCTEHITHOI0O MaTpPHULECI0 3 HAsBHICTIO HE3HAYHOI
KIUIBKOCTI O-(QepuTy, OAHAK HOTO BMICT Ma€ YiTKy
TEHJICHIIIIO JI0 3MEHIIICHHS BiJ| 3pa3ka 1 1o 3pa3ka
3.

VY 3pasky | 3adikcoBaHO HAWBUIIMN BMICT O-
¢epury Ha piBHi 1,7-1,8%, 110 cBiAUUTH PO OLITBII
BUPa)XCHI YMOBHM KpHCTaIi3allil, COPUATIUBI JUIs
oro yTtBopeHHs. [l 3pazka 2 XxapakTepHHH
NpOMDKHUM piBeHb d-peputy B Mexax 1-1,4%, mo
BKa3ye Ha YaCTKOBE 3HW)KEHHsI )ePUTHOT CKIIaJI0BOT
mopiBHAHO 31 3paszkoM 1. 3pa3ok 3 Biapi3HAETHCS
MiHIMabHUM BMIiCTOM O-()epUTY 3 YaCTKOIO JIUILE
0,8-0,9%, mo cBiMYHTH TPO TEpeBaKaHHS
aycTeHiTHOI a3y Ta OLIBII TOBHY ayCTEHITHY
crabimizamito metairy mBa (Puc.9).
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Puc. 9. AycreniTHa MaTpuIs HEHTPAIBFHOI YaCTHHH
3pa3KiB 3 HE3HAYHOIO KIBKICTIO 8-epury, x500:
a— 3pa3ok 1; 6 — 3pa3ok 2; B — 3pazok 3

Y BCIX TppOX 3paskax CTPYKTypa 30HH
tepmivyoro BmmBy (3TB) € mnonibHoro Ta
Bi3yaJIbHO HE BIJpI3HAETBCA BiA CTPYKTYypH
OCHOBHOTO MeTainy. AYCTCHITHE 3€pHO Mae
cTabinbHUIT po3Mip, mo BianoBimae Ne8—9 3a
mkanamu JICTY, sk Oe3mocepensabo Oinst miHil
CITABJICHHS, TaK 1 Ha BiAJaJeHHI Bimg HEI, IO
CBIJTYUTH TIPO BIJICYTHICTH CYTTEBOTO TEPETPIBY Ta
pOCTy 3epHa.

s 3paskiB 1 1 2 mupuna 3TB € onnakoBoro
Ta craHoBuTh 600-900 MKM, Tomi K y 3pasky 3
BOHA € JICNI0 BYXKYOIO 1 OUIBII PIBHOMIPHOIO 3
po3mipom mnpubauzHo 600-650 MM 3 omHiel
croponu 1iBa i 600—700 MKM 3 iHIIIOT.

dazoBuit crxmag 3TB y Bcix Bumagkax
IJICHTHYHUHA (pa30BOMY CKIIaJly OCHOBHOTO METaNYy i
NpPE/ICTABICHUH  ayCTCHITHOIO  MaTpUICIO 3
HEBENIMKUM BMicToM O-epury. [lpm mpomy
KUTBKICTh O-(epUTY Ma€ TSHJICHITIO 0 3MCHIICHHS
Bim 3pa3ka 1 mo 3pa3ka 2: y 3pa3ky | BoHa
cranoButh 0,3-0,4%, vy 3pa3ky 2 — 10 0,2%, a 'y
3pa3Kky 3 mae npomixHi 3HaueHHs 0,2—0,3%.

BaxuBoro CIUIBHOIO O03HAaKOW Ul  BCIX
3pa3kiB € 30epexeHHs SCKpPaBO BHPAXKEHOT
CTPYKTypu Tpokarty sk y meram 3TB, Tak i B
OCHOBHOMY METaJji, 0 MiATBEP/PKYE MiHIMAIbHI
CTPYKTYPHI IIEPETBOPEHHS i/ Ti€I0 TeTIa JKepena
3BaptoBanHs (Puc. 10).

[MopiBHSHHS OTpUMaHUX pE3yNbTaTiB i3
NAaHUMH JOCHiKeHHS [12] Tmoka3sye 3araibHy

Y3rOIKEHICTh MeXaHi3MiB (dhopmyBaHHS
MIKPOCTPYKTYpH TpH JIa3epHOMY 3BaplOBaHHI
AyCTCHITHMX CTaliell Ta OKpemi BIiJMIiHHOCTI,

SYMOBJ'ICHi PCKUMaMU 3BaApIOBAHHS.

0

Puc. 10. Mikpoctpykrypa 3paska 3,%200:
a— 3TB B cepenniii yactuHi, 6 — OCHOBHHUI MeTal

VY nmocmimpkeHHMX 3pa3Kax MeTan IIBa Mae
IpiOHOAMCIIEpCHY JIUTY CTPYKTYpY Ta MOOIH3Y
TiHii CIIaBICHHS CIIOCTEPITa€ThCs eMiTaKciadbHUI
picT CTOBOYACTHX KPHCTANITIB, OPIEHTOBAHHX Y
HamNpsMKy TeIUToBiaBeAeHHs. Po3mipu KoMipok i
kpuctaimitiB 2,5-10 MM 100pe KOpEenTh 3
HaBeleHMM y  pobori  [12]  BTOpHHHUM
MDKICHIPUTHAM ~ KPOKOM  5-7  MKM, IO
MiTBEP/DKYE BUCOKI MIBHIKOCTI OXOJOKCHHS
MeTaJry IIBa.

BonHouac 3adikcoBaHO BiJIMIHHICTD Y IIUPUHI
30HH TEPMIYHOTO BIUIMBY. Y pobori [12] mmpuna
3TB cranoBuTh ONMM3bpkO 1,2 MM, TOomi SIK Yy
JOCI/DKEHNX 3pa3kax BOHA € MEHIIOW i
3HAXOMUThCA B Mexkax 600—900 MKM, [0 CBiAYHTH
mpo OLIBII JIOKai30BaHUIM TEPMIYHWN BIUIMB Ta
BiJICYTHICTh HEIaTUBHOTO e(heKTy Ha PO3Mip 3epHa.

Onwcana y cratti [12] kpucramizaiiiiaa JiHis
B IEHTpI IIBa BIANOBIZaE B TPOBEACHOMY
JOCTDKEHH] MEeHTpabHIN CMYyXIi KOMIipYacToi
cTpyKTypH. Ii 3ByKeHHS Ta 4aCTKOBE 3HUKHEHHS Y
3pa3ky 3 TOTGHUIHHO  3MEHIIYyE  PHU3HUK
KOHIIEHTPAIIi1 IOMIIIIOK 1 JISTKOTUIABKUX €BTEKTUK Y
HEHTPI [IBa.

BucHoBKH. Ha OCHOBI aHaizy
MIKpPOCTPYKTYpH, (a30BOTO CKJIATy MeETally IIBa,
TiHI{ CIUIaBICHHS Ta 30HUW TEPMIYHOTO BIUIMBY
BCTAHOBJICHO TaKi Pe3yJIbTaTH:

1. 3pazox 1 (P=1,5 «kBt; V=1,5 wM/xB)
XapaKTepU3YEThCSI HAHOLIBII  PO3BUHEHOIO
LEHTPAJIbHOI0 ~ KOMIPYacTOd  30HOK  Ta

PIBHOMIpHMM B3a€EMHHUM 3aTiKaHHSIM MeTaly
IBa i OCHOBHOT'O METaITy 10 BCiif BUCOTI IIIBa.
Hma 3pazka 2 (P=2,5 «Brt; V=25
M/XB)MIATBEPIKEHO MAaKCUMAaJbHY
IHTCHCUBHICTh 3aTIKaHHS y CEpPEIHIi YacTUHI
IIBa Ta HAWBWIY AWCIIEPCHICTH CTPYKTYpH B
LEHTpaNBHIN 30Hi, ToAl K y 3pa3ky 3 (P=3,5
kBt; V=3,5 wm/xB)3adikcoBaHO MiHIMaIbHY
IIUPUHY CTPYKTYPHHX 30H, JIOKaJi3aIliio
TEIJIOBOTO BIUIMBY Ta YacTKOBE 3HUKHEHHS
KOMip4acToi CTPYKTypd B HIDKHIM yacTuHi
IIBa.
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[locninoBHe 3MeHIIEHHsS BMicTy O-(Qeputy B
MeTaji 1mBa Bix 3pazka 1 mo 3paska 3 (3 1,7—
1,8% mo 0,8-0,9%), mo CcBiAYUTH TIPO
3pOCTaHHSl AyCTEHITHOI CTaOlNBHOCTI MeTalry
mBa. IlokazaHo, IO JHIS CIUIABJIEHHS €
YJiTKOI0O y BCiX 3pa3Kkax, OJHAK XapakTep
B32€EMHOTO 3aTiKaHHS ICTOTHO DPi3HHUTHCS: Bif
piBHOMIpHOTO Yy 3pa3Ky 1 1o MiHIMaJIbHOTO i
JIOKaJBHOTO Y 3pa3Ky 3.

30Ha TEepMIYHOIO BILIMBY HE 3a3HAE CYTTEBHX
CTpYKTypHO-(ha30BuX 3MiH. 30epiraerbcs
npiOHO3epHUCTA ayCTCHITHA CTPYKTypa 3
Oamom 3epHa Ne8—9, He3HAUHHH BMICT O-
¢eputy (mo 0,4%) Ta dUITKO BHpaKeHa
CTpYyKTypa npokaty. IIpu iipomy HalimMeHIy Ta
HaWOinpIm  piBHOMIpHY  mupuHy  3TB
3a(hikcoBaHO y 3pa3Ky 3, L0 MiATBEPIKYE
HaHO1IBIN JIOKAITi30BaHUH TEIUIOBUH BILIUB,
TakuMm 49HHOM, JIOCATHYTO (OpMyBaHHS

SIKICHOTO 3BapHOTO 3’€IHAHHS 3 MiHIMaJbHUMH
cTpykrypHumu 3minamu B 3TB, a onrumanbhi
MIKPOCTPYKTYPHI Ta (ha30Bi MOKA3HUKH, 3 TOUKHU

30py JAHMCIIEPCHOCTI

CTPYKTYpH, CTaOUTBHOCTI

ayCTEHITY Ta JIOKali3alii TeIUIOBOrO BIUIHBY,
peaiizoBaHi y 3pa3ky 3.

HepCHeKTI/IBHI/IM HarpsaMoM nmogaJIbIINX

JOCHIPKEHb € BUBYEHHS TOHKOI CTPYKTYpH MeTalry
LIBIB METOJIOM EJIEKTPOHHOI MiKPOCKOIIii 3 METOIO
JETANBHINIOTO aHaJi3y CTPYKTYPH Ta MOXKIHUBUX
30H MiKpocerperartii JIETyI0UiX eJIeMEHTIB.
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Yurchenko Yu.V., Siora O.V., Lukashenko V.A.,
Harder D.A., Sokolovskyi M.V., Bernatskyi A.V.
Study of the influence of laser welding parameters on
the microstructure of butt welded joints of aisi 304
stainless steel

Chromium—nickel austenitic stainless steels occupy
a leading position among structural materials in modern
industry due to the combination of high mechanical
properties, corrosion resistance, and  good
manufacturability. One of the most widely used grades is
AISI 304 steel, which is extensively applied in the energy
sector, chemical and petrochemical industries,
shipbuilding, and mechanical engineering. At the same
time, welding, particularly laser welding, is associated
with the implementation of nonequilibrium solidification
conditions, which significantly affect the weld metal
microstructure, phase composition, formation of the
heat-affected zone, and non-metallic inclusions. This
paper presents the results of an experimental study on the
effect of laser welding parameters on the microstructure,
phase composition, and characteristics of non-metallic
inclusions in butt joints of austenitic stainless steel AISI
304 with a thickness of 1.5 mm. Laser welding was
performed using an Nd:YAG laser “DY044” under three
welding modes with the same linear energy of 60 J/mm
and a laser beam defocusing value of 0 mm, at laser
power levels of 1.5, 2.5, and 3.5 kW and corresponding
welding speeds of 1.5, 2.5, and 3.5 m/min.
Microstructural investigations were carried out by
optical microscopy in the magnification range of x50-
x500. The o-ferrite content was measured using a
“Ferritgehaltmesser-1.053" device, while the evaluation
of non-metallic inclusions was performed in accordance
with DSTU ISO 4967:2017. It was established that the
weld metal in all specimens is characterized by a
dispersed cast structure with the formation of a central
cellular zone, a zone of columnar crystallites, and a zone
of equiaxed grains near the fusion line. With increasing
laser power, a narrowing of the central cellular band, a
reduction in the extent of structural zones, and a decrease
in the intensity of mutual penetration between the weld

metal and the base metal are observed. The o-ferrite
content in the weld metal shows a clear tendency to
decrease from 1.7-1.8% to 0.8-0.9%, indicating a more
complete austenitic stabilization at higher welding
modes. The highest weld metal purity with respect to non-
metallic inclusions was recorded in the specimen welded
at a laser power of 3.5 kW, where only dispersed point
nitrides and oxynitrides with a rating not exceeding No.
0.5 were detected. The heat-affected zone in all cases is
narrow, about 600-900 wm, without austenitic grain
growth and with preservation of the rolled structure. The
obtained results confirm the effectiveness of optimizing
laser welding parameters for the formation of a fine-
dispersed microstructure, reduction of o-ferrite content,
and minimization of non-metallic inclusions.

Keywords: laser welding, microstructure, sheet
metal, butt joints, stainless steels, AISI 304.
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OF WHEELED TRACTORS WITH ARTICULATED FRAMES

Podrigalo M.A., Krasnokutskyi V.M.

Y cmammi nasedeno pesyromamu 00CHIONCEHHS GNAUBY
NpUYinHUX JAAHOK HA CMIUKICMb  pyXy KOJICHO20
mpakmopa 3 WAPHIPHO-3YIEHOBAHOIO pPaAMOIO  Npu
pobomi y cKkaadi mpakmopHo2o Homsey 3 080GICHUM
npuuenom. Iloxazano, wo aspezamyeanms mpakxmopa 3
NPUYINHOIO JIAHKOIO NpU3e00ums 00 Nepepo3noodiny
HOPMATbHUX  peakyill oopoeu Midc nepeOHimu ma
3a0HIMU  KOecamu, WO  CYMMEBO  BNAUBAE  HA
Keposauicmy [ CMIUKICMb NOMsZY Npomu CKIAOAHHS.
Bcmanoeneno, wo nowupeni mpaduyivini  memoou
PO3DAXYHKY, Y AKUX MA206a CUNA  BBAICAEMbC
NPUKIAOEHOI0 Y NIAMI KOHMAKMY KOJecd 3 ONOPHONO
NOBEPXHEID, He 3a6dCOU KOPEKMHO 8I0006paxicams
peanvHi  cunosi 83aemModii 8 cucmemi «mMpaKmop—
npuuiny, 0coOaUB0  OAA  MAwUH 13 WAPHIPHO-
3YJEeHOB8AHOI0 PAMOIO MA 3MileHUM Ynepeo YeHmpoM
mac.

Ilposedeno amaniz enaugy ceomMempuyHux napamempis
NpUYINHO20  NPUCMPOIO,  30KpeMa  GEPMUKATIbHOL
KOOpOUHAMU OCI 34enNieHHsl TAHOK, HA 3MIHY CYMApHOI
HOpManbHOI  peaxyii Oopoeu Ha 3A0HIX  KOLecax
mpakmopa. 3anponoHO8aHO YMOYHEH) PO3PAXYHKOSY
cXemy mpakmopHo20 nomsey 3 080GICHUM NPUHENOM, 8
AKill  mA206a  cuna  ma  CUlU  ONOpPY  KOUEHHIO
NPUKIAOAIOMbCSE 0e3n0CepedHbo HA OCAX 8eOYHUX KOJIIC.
Taxuii  nioxio  003601U8  OMPUMAMU  AHATITNUYHT
3ANeAHCHOCHI, WO OLIbUL MOYHO ONUCYIONb NePePO3Noin
HABAHMADICEHb MIJIC OCAMU NpU PIZHUX eapianmax
DPO3MAIUYBANHS OCI 34enfieHHs NPUYInHoi JAauKu ma
pedxcumax pyxy azpezamy.

Ha ocnosi pisnaus pisnogazu momenmie 006e0eHo, ujo
npu azpe2amyBanti 3 080GICHUM RPUYENOM BEPIMUKATLHE
HABAHMAICEHHSL HA 3A0HI KOJleca mpaKmopa mooxce K
sOinbwysamucs, max i smenwysamucs. Busnaueno
YMO8U, 3a AKUX 3a0e3nedycmbcsi 3pOCMAHHI CYMAPHOL
HOpMALHOI peaxyii dopoau Ha 3a0HIX Kojdecax, a came
PO3MIWeHHs1 OCi 3UenneH s TAHOK 8Ulfe 0Ci 3a0HIX KOJIC
mpaxmopa. y NPOMUNEHCHOMY 8UNAOKY

cnocmepicaemvcs  3MEHWIEHH  HABAHMANCEHHSA, WO
npu3eo00umsb 00 NOZIPUEHHS CMIUKOCMI MPAKmMOPHO2O
nomsazy npomu CKIAOAHHA MA 3HUNCEHHA Oe3nexu
excniyamayii.

Ompumani pesyromamu Maoms 8axciue NpaKmuiHe
3HauenHs 0Jis1 KOHCMPYIO8aHHs, 8UOOpy ma MooepHizayii
NPUYINHUX ~ NPUCMPOI8  KONICHUX — mpakmopie i3
WAPHIPHO-3YTICHOBAHOIO  PAMOIO, 4  MAKOJC  Osl
niosuuyenHs 6e3nexu ma eqpeKMmueHoOCmI ix ekcniayamayii
8 PEanbHUX YM0o8ax pobomu.

Kniouosi cnoea: xonichuii mpakmop, WAPHIPHO-
34NeH08aHA pama, NPUYINHA JIAHKA, CMIUKICMb PYX),
yenmp mac, macoea cuid

Beryn. BukopucTaHHS TPUYIMHUX —JIAHOK
BHKJIMKAE TIEPEPO3NOALT HOPMAIBHHUX peaKIIii
JIOPOTH MK TIEPeIHIMH Ta 3aJHIMH KOJE€CaMH
KOicHUX TpakTopiB. [Ipu HasiBHOCTI 3ycwius, sike
pO3TATYE  JaHKA  TPAKTOPHOTO  TOTATY, Y
BIIMTOBIMHOCTI [0  ICHYIOYMX  IIIAXOMIB [0
PO3paxyHKy, II¢ TTOBHHHO 301JIBIITYBaTH HOPMAJbHI
peakiii 1opory Ha 3aJIHIX KoJIecax 1 3MEHIITyBaTH Ha
MepenHix koiecax. JlJsd KONICHHX TPAaKTOPIB,
MPUKIIAJIOM SKUX € TPakTOpH 3 [IAPHIpHO-
34JICHOBAHOI0 PaMOI0, 31 3MIIIEHUM JI0 MEPEIHBOI
BiCl IIEHTPOM Mac, 1€ TIPU3BOAUTH IO IiABUIIICHHSI
CTIHKOCTI TOTATY TpOTH CcKiaafgaHas [1]. Ame me
BUKOHYETHCS HE 3aBXKAM. Pe3ynbTaTtu 10CIiIKESHHS,
SIKe TIPOBENICHO, BHUSBHWIIO, IO, B 3aJIEKHOCTI Bif
BEPTUKAILHOI KOOPIUHATH OCI 3UYETUICHHS JIAHOK
BEPTHUKAIIbHE HABAaHTAKCHHS 3aJlHIX KOJIC MOXe
30UTBIIYBATUCSA, a MOXe 3MeHmyBarucsa. Jlius
3a0€3MeUYCHHS IMiIBUINCHHS HOPMAaJTbHUX peaKIliit
JIOPOTH Ha 3aJHIX KOJecaX OCh 3YCIUICHHS JaHOK
MTOBUHHA 3HAXOJIUTHCS BUIIE OCI 33{HIX KOJIC.
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AHaJIi3 0CTAHHIX JOCATHeHb y MyOmiKkamisx.
B nmocmimkenni [2] mpoBemeHO aHaNi3 METOMIB
pPO3paxyHKy pO3IMOAUTYy HOPMaJIbHUX peaKIiit
JOPOTHM MK OCSMH TPaKTOPHOTO  arperary.
[TokazaHo, 10 BiIOMi PO3paxyHKH, sKi 06a3yIOTHCS
Ha TOMY IIOJIOXKEHHI, 110 TSIVIOBA CHUJIa MPUKJIaJAeHa
y IUSIMi KOHTaKkTy Kojeca 3 JIOpOrolo, He
BiJNOBIAI0Th CIPAaBKHBOMY ABUIY. JloCTi>KeHHS,
sIKI TIpEICTaBICHO B pPOoOOTI [2], ToKazamu, IIIo
OUTBII KOPEKTHE CKIIAJaHHS PO3PAXyHKOBOI CXEMH
TPaKTOPHOTO arperary 3 MNpUKIaJaHHAM TATOBOI
CHJIM Ta CHJIM OTIOPY KOYEHHS Ha OCsX Kodiic [3, 4]
MTOKa3ye 301IBIIICHHS CyMapHOT HOPMaJTbHOT peakinii
Ha TepemHiX Kojecax NP pO3TallyBaHHI
BEPTUKAJIBHOI KOOPAMHATH OCI 3YEIUICHHSA JIaHOK
BUIIE HDK OCh 3aJHBOIO BEAy4Oro KoJeca.
30i1blIeHHST HOPMAalbHOI peakmii Jopord Ha
MepeAHiX  Kojecax  JO3BOJNAE  HiJBUIINUTH
KEpOBAHICTh KOJIICHOTO Tpakrtopa [5, 6]. s
KOJICHUX TPakTOpiB 3 LIapHIPHO-34JICHOBAHOIO
pamoIo IpH arperaryBaHHi 3 MPUYIMTHUMH JJaHKaMU
BOXJIMBE 3a0€3MEUCHHS CTIMKOCTI TPaKTOPHOTO
HOTSATY IPOTH CKIAaJaHHS, IO 3a0e3ledyeThest
HOPMaJbHUMH PEaKLisiMA JOPOTM Ha 3aJHIX
KoJIecax TpaKkTopa [7-16]. Posranemo
PO3paxyHKOBY CXEMY TPAKTOPHOTO HOTATY y CKIal
KOJIICHOTO TpakTopa 3 LIapHIpHO-34JICHOBAHOIO
pamoIo Ta ABOBICHOTO MPUYEIY [IPH TPAAULIIHHOMY
migxomni (puc. 1).
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Puc.1. Cxema cui, 1110 JiFOTh Ha TPAKTOPHUIA TIOTAT MpH
TPaIUIIIHHOMY IiIXO/i IO MPUKIAJaHHI TATOBOI CHIIN

Jns  BU3HAYEHHS CyMapHOi HOpPMAaJIbHOL
peakuii moporu R,, Ha 3aIHIX KoJecax TPakTopa

3aMUIIEeMO PiBHSHHS
XMy =-Gra+R,L-R,(x,+L)-Rz,, (1)
e G — Bara Tpakropa,
Gr=mrg, (2)

my —Maca TPaKTopa;

g — TPUCKOPEHHA BIUIBHOTO NaaiHHA, g =
9,81m/c%;

a — BIICTaHb MK TEPEeTHBOI0 BICCIO Ta
OPOCKII€0  IEeHTpy  Mac  TpakTopa  Ha

TOPU30HTAIBHY IIOLIKHY;,

L — 6a3a tpakTopa;

R, R, — BepTUKalIbHA TOPHU30HTAIbHA
CKJIAJIOB1 PEAKIIii B IapHipi A;

X4, z, — TOPH3OHTallbHa Ta BEPTHUKAJIbHA
KOOPAMHATU PO3TAlIyBaHHS OC1 34EIUICHHS JIaHOK
TPaKTOPHOI'O MOTATY.

3 pieagaaa (1) 3HaxXogMMO — CyMapHY
HOpPMaJIbHY PEaKlIlito JOPOTH Ha 3aJHiX Kojecax

a X z
R, :GTI+ RzA(1+TAj+RxA—A:

L
R,(L R ®
e b PN NI L T |
L Grla a Gr a

CymapHy HOpMalbHY pEaKLil0 IOpOrd Ha
3aHIX KoJiecax TPaKTopa MOKHA YSIBUTH Y BUITIAIL

R., =R.5+AR,,, 4)

e R,,, — CyMapHa HOpMallbHa peakxilisi JOPOTH Ha

3aQHIX KoJlecax TpakTopa TMpH  BiACYTHOCTI
NPUYINHOI JTaHKH;
AR_,— 30UIbIICHHS CYMapHOi HOPMalbHOI

peakii Ha 3aHIX KoJiecaX TpaKTopa 3a paxyHOK
NPUYINHOL JTaHKH

a
R =Gp z > (5)

3 piBHsAHHS (4), 13 ypaxyBaHHsAM BupasiB (3) i
(5), orpumaemo

AR,y =Ry =Ry = GT£><
L
« 1+R;A(£+X_A]+hz_f1 —G, %= (6)
Grla a Gy a L

X z
=R, 1+-4 |+R 4.
zA( L] xA4 L

[Ipu pBoBicHIM npWUINHIA JaHLi MOXHA
OpUMHATH AR, ~ 0. B upoMy BUnagaxky
Z4
R22=RXAT>O’ (7)
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TakuM YMHOM, TIPU TPAJUIIHHOMY TIiIXO/I,
HasBHICTh TPHUUIMTHOI JIAHKU 30UTBIIyE CyMapHY
HOPMAJIBHY PEakKIliio JOpPOrd Ha 3agHIX KoJiecax
TpakTopa, IO TOBHHHO IOKPAIIUTH CTiHKICTh
TPaKTOPHOTO MOTATY MPOTH ckiamaHHsA. OmHaK, K
paHime  moKazanmw  JochimkeHHs  [2, 3],
TPaAUIIHHUN MiIXil HE BIANOBIAA€ ICTUHHOMY
SIBHIITY.

Merta i mocTaHOBKA 3aBIaHb JOCTiKEHHS.
MeTor [IOCHiIKeHHS € 30UIbIIEHHS TOYHOCTI
3HAXO/KEHHS CyMapHOI HOPMajJbHOI peakiii
JIOPOTH Ha 3aJHIX KoJecax TpaKTopa i3 MapHipHO-
34JICHOBAHOIO paMOI0 TPHU arperaryBaHHi 3
JTIBOBICHHM TTPHYETIOM.

JI1st mocATHEHHS ITOCTaBIICHOT METH HEOOX1HO
BUPIIIATH  3aBJaHHS BHW3HAUEHHS CyMapHOl
HOPMaJIBHOI PeakKIlii JOpOrd Ha 3aJHIX KoJjecax
KOJIICHOTO TPaKToOpa i3 IIapHIPHO-3WIEHOBAHOIO
paMoI0 1 JBOBICHUM TIPHUYCIIOM Yy BHUIAIKY
MPUKJIAJIaHHST TATOBUX CHJI Ha OCSIX KOJIIC.

Bukiaan ocHoBHoro marepiany. Ha puc.2
HaBEJICHO pO3PaxXyHKOBY CXEMY TPaKTOPHOTO
MOTATY TIPH TPHUKIAJAaHHI TATOBUX CHJI Ha OCSX
BEIY4HX KOJiC
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Puc. 2. Cxema cui, 1110 AilOTh HA TPAKTOPHUH HOTST
IPY NTPUKJIaZIaHHI TATOBUX CHJI Ha OCSIX BEILYUYHX KOJIIC

Jns  BU3HAYEHHS CyMapHOi HOpPMAaJIbHOL
peakuii goporum Ha 3aJHIX KOJIECaX TPaKTOpa
BH3HAYMMO DPIBHSHHS CyMH MOMEHTIB BiIIOBiITHO
Touku O

XMoo =R, L-Gra—R (L+x,)— )
—Ryy(z4—15)=0 ’

ne 7y, — OUHAMIYHUH pajiyc 3agHBOTO BEAy4Oro
KoJsieca (MOXHA IPUAHATH 7y, =7y =7, )

7y — AMHAMIYHHUNA paliiyc MepeAHbOro BeIy40ro
KoJeca

7, — IMHAMIYHUHN pajiiyc BeIydnuX KoJec

Py, — TArOBa CUJIa Ha OC1 IEPEAHBOr0 BELY4Oro
Kojeca

Py, — TAroBa CHJa Ha OCi 3aJHBOTO BEAY4OrO

KoJieca
3 piBHsHHS (8) OTpUMaEMO

a X Zy—r
R, :GTZ+R2A[1+TAJ+RXAM:

L
=G, < foRea (L X4 ) Res 24—V |
L Grla a

)

Gr a

30UIbIIEHHST CyMapHOI HOPMAaJIBHOI pPeaKIii
JIOPOTH Ha 3aJHIX KOJecax TpaKTopa Micis
arperatyBaHHsI 3 IPUYIITHOKO JIAHKOIO

ARZZ :RZ2 _Rz20 :RZA(1+XTA\J+RXA % (10)

[Ipu arperaTyBaHHI TpakTOpa 3 JBOBICHUM
OpUYerioM MOXKHa TNpHHHATH R, =0. B mpomy

BHManKy piBHSHHA (10) puiiMe BUTIISA

Zg4 " T2
ARZZ :RXA—L .

an

CymapHa HOpMalbHa peaklis JOpoTH Ha
3aHIX KoJecax TpakTopa Oyne 301Ib1IyBaTHCS IPU
arperaTyBaHHI 3 TPHUYINTHOIO JIAHKOIO Y BHUIAAKY
AR, >0. OcCTaHHE MOXJIHBO TIPU <z, >7,,, IIO

pearnizy€eThes 3a paxXyHOK HalOUTbII BUCOKOT TOUKU
BCTaHOBJICHOI OCi 34eruieHHs JaHok. [Ipu z, <r,,

BeJIMYMHa AR_, <0, 10 O3Ha4yac 3MEHIIECHHSA

CyMapHOi HOpMaJbHOI peakIlii JOPOrH Ha 3aJHIX
KoJIecaX TpaKTopa TICSA 3’€IHAHHS 3 MPUYIITHOO
nankoro. OCTaHHE BUKITMKAE MOTIPIIEHHS CTIKOCTI
TPaKTOPHOTO TOTSTY MPOTH CKJIAAaHHS.

BucHoBku.

1. IcHyt04i MeTomu pO3paxyHKy CyMapHUX
peakmif AOpord Ha OCSX KOJICHUX TPaKTOPiB,
0c00JIMBO NPU BpaxyBaHHI B3a€MO/Ii1 3 MPUYIMTHUMH
JAaHKaMH, JalTh I[OMMJIKOBUH pe3yJapTaT Ipo
301IBLICHHS CTIHKOCTI TPAKTOPHOTO MOTATY POTH
CKJIaJJaHHS.

2. Bigpm KOPEKTHE BHKOPHCTAHHS
PO3paxyHKOBOI CXEMU TPAKTOPHOTO MOTATY, KU
CKJIaJa€ThCs 13 KOJICHOTO TpakTopa 3 LIapHipHO-
3WICHOBAHOI PaMOK Ta JABOBICHOIO IpHUEly,
JIO3BOJIWJIO BU3HAYUTH, 110 IPU BCTAHOBJICHHI OCi
KpIIUIEHHs JIAHOK BHIIE OC1 3aHIX KOJIC (z4 > ry,)

CTIMKICTh TIOTATY MPOTH CKJIaJaHHA MiABUIIYETHCS,

OCKUTBKH  30UTBIIYETHCS CyMapHa HOpMaJbHA
peaxiis JOPOTH Ha 33/IHIX KoJiecaX TPaKTopa.
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Podrigalo M.A., Krasnokutskyi V.M. The
influence of trailer couplings on the stability of
wheeled tractors with articulated frames

The article presents the results of a study of the
influence of trailer links on the stability of a wheeled
tractor with an articulated frame when working in a
tractor train with a two-axle trailer. It is shown that
coupling a tractor with a trailer link leads to a
redistribution of normal road reactions between the front
and rear wheels, which significantly affects the
maneuverability and stability of the train against folding.
It has been established that common traditional
calculation methods, in which the tractive force is
considered to be applied at the point of contact between

the wheel and the supporting surface, do not always
correctly reflect the actual force interactions in the
“tractor-trailer” system, especially for machines with an
articulated frame and a forward-shifted center of mass.

An analysis of the influence of the geometric
parameters of the towing device, in particular the
vertical coordinate of the coupling axis of the links, on
the change in the total normal reaction of the road on the
rear wheels of the tractor was carried out. A refined
calculation scheme for a tractor-trailer with a two-axle
trailer is proposed, in which the tractive force and rolling
resistance forces are applied directly to the drive wheel
axles. This approach made it possible to obtain
analytical dependencies that more accurately describe
the redistribution of loads between the axles for different
variants of the coupling axis location of the trailer link
and the unit's driving modes.

Based on the equations of equilibrium of moments,
it has been proven that when aggregated with a two-axle
trailer, the vertical load on the rear wheels of the tractor
can either increase or decrease. The conditions under
which an increase in the total normal reaction of the road
on the rear wheels is ensured have been determined,
namely, the placement of the coupling axis of the links
above the axis of the rear wheels of the tractor. In the
opposite case, a decrease in load is observed, which
leads to a deterioration in the stability of the tractor pull
against folding and a decrease in operational safety.

The results obtained are of great practical
importance for the design, selection, and modernization
of trailer devices for wheeled tractors with an articulated

frame, as well as for improving the safety and efficiency

of their operation in real working conditions.

Keywords: wheeled tractor, articulated frame,
trailer link, stability of movement, center of mass,
traction force
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NIJIBUINEHHA E@EKTUHOCTI TYKOBOI MAILIMHA
3 BIZIHIEHTPOBUMH POBOYUMHU OPI'AHAMM

®ecenko I'.B., Meakonos I'.JI., boposik I1.B.

INCREASING THE EFFICIENCY OF A FAT MACHINE
WITH CENTRIFUGAL WORKING BODIES

Fesenko H.V., Melkonov H.L., Borovik P.V.

3acmocysanns minepanvHux 000pu8 npu EUPOUYEaAnHI
CIIbCLKO20CNOOAPCHKUX KYIbMYP NPU3800UMb NOPAO 3
NIOBUUWEHHAM iX BPOICAUHOCMI, MAKONHC 00 NONINUUEHHS
axocmi eupob.ienoi npodykyii. Boonouac eghexkmugnicmeo
3ACMOCYBANH MIHEPATbHUX 000pU8 6 3HAUHIU Mipi
3anedxHcums 8i0 PIBHOMIpHOCIE iX pO3NOJiLy 6 TPYHMA.
30Kpema npu nosepxHesomy ix emecewnni. Ilposedenumu
AHATTIMUYHUMU OOCTIONCEHHAMU GUABNICHO, WO MYKOSI
Mawiunu 3 BIOYEHMPOBUMU — POOOYUMU  OP2AHAMU
0onycKkaromos — 6HeCeHMHs. MinepanbHux — 000pug 3
nIOBUWEHOI0 HEPIGHOMIPHICIIO, WO NPU3600Ums 00
He00bopy 6podCaAI0 CIIbCbKO20CNOOAPCLKUX KYIbMYP.
Kpim moeo, yoapna e3aemodis epanyn MiHepanibHUX
000pus i3 1onamkamu Gi0YeHmposo2o OUCKY nid yac
11020 06epMANILHO20 PYXY, NPU3BOOUMb 00 PYUHYEAHHS
2pany 00OpuU8 3 YMEOPEeHHAM NUL0SUOHOI ppakyii, sKa
nopso i3 NOSIPWEHHAM PIBHOMIPHOCMI iX 6HeceHHs,
npuzeooums 00  3a0pYOHEHHST — HABKOIUUHBOSO
cepedosuwa. Takodc ycmanoeieHo, wo, HPUYUHONO
nioBUWEeHOT HEePIBHOMIPHOCMI GHECEHHI MIHepAIbHUX
006pU6 maxkumu Gi0YEHMPOSUMU POOOUUMU OPSAHAMU €
me, Wo 3 8I00ANEHHAM 6i0 MYK0GOI MAUIUHU KLIbKICMb
0006pU6 HA OOUHUYIO NIAOWI NOCMYNOBO 3MEHULYEMBCS.
Hiosuwumu  pigHoMipHicCmMb NOBEPXHEB020 BHECEHHs
MIiHepanbHux 000pus, 6 MexXHOIO2IYHUX npoyecax
BUPOUYBAHHS CITbCLKO20CNO0APCLKUX KVABMYD d OMdHCe
i egpekmugHicme iX 3aCMOCY8AHHA MONCIUBO  ULIAXOM
Pe2yIbo8ano2o ix po3noodiny 8 OAUdNCHI I OaTbHi 30HU
poscisy. i yboco y 8ioyenmposomy pobovomy opeami
JIONAmMKY  C1i0 8CMAHOBUMU DPYXOMO HA NPYICHOMY
CIMPUICHI MAKUM YUHOM, W0ob NPU  BIOXUTICHHI TONAMKU
8 CMPUIICHI HAKONUYYBANACH NOMEHYIANbHA eHepais.
Kpim moeo, nonamkam cnio 3adamu — pecyrbosanuil
xapakmep 0e36i0puHo20 00epmMo80o20 Pyxy, HANPUKIAO,
waiborw 3  GHYMPIWHBLOIW NPOPIILHOW — POOOUOI
NOBEPXHeI0, i3 MOXNCIUBICMIO NPU3YNUHEHHA JONAMKU
npu ii 3an06HeHHAM MIHEpaATbHUM 000pusom. Boonouac
KOJICHY JIONAmKy GiOYeHmposo2o OUcKy obaaoHamu

nanbyem, CHpsIMOBAHUM 6 CIOPOHY NPODINbHOT NOBEPXHI
wanodu, 8 AKOMY Y GUKOHAHOMY HNpOpI3i GLIbHO
6CMAHOBUMU HA OCI POSUK TMAKUM YUHOM, W06 8iCh 11020
cumempii Oyna CniggicHa 3 GiCCIO CUMEempii CIPUICHS
aonamxu. Kpim moeo, cmpudcui  cnio  Hadiiumu
npuUCmMpoEM OJisL SMIHU iX KPYMHO20 MOMEHMY Npu 3MIHi
VMO8 8HeCeHHs MiHepalbHUX 000PUE MYKOBOIO MAUUHOIO
3 makum GiOYyeHmposum pobouum opeanom. Buxonanus
BIOYEHMPOBO20 POOOHO20 OP2AHY 8 MAKOMY GU2IAJI Npu
1020 3acmocy8anHti CMBOPIIMbCs yMo8u
Pecybo8ano20 po3nooiieHHs MIHEpaIbHUxX 000pus no
WUpUHI  3aX6amy mMyKOGOI MAWUHY, GHACTIOOK Y020
3a0e3neuyemuvcsi piGHOMIpHe iX 8HeceHHs be3 YmeopenHs
nunosuonoi  @pakyii, a omoice I NIOBUWYEHHS
epexmugHOCmi 3acmocy8aHHs MAKO20 BiOYEHMPOBO20
pob01020 Opeamy.

Kniouosi cnosa: mawwuna, minepanvui
8I0YeHmpoBuUll OUCK., eqheKmusHicmo, npopino.

0dobpusa,

Beryn. BupouryBanus
CLTECHKOTOCTIONAPCHKUX KYJIBTYP TICHO TIOB’SI3aHO
13 BUKOPUCTaHHSIM HHMH TOXKMBHUX PEUOBHH, IO
OpPU3BOAUTL OO0 3HWKEHHS POIIOYOCTI IPYHTY,
BiTHOBJIEHHS SIKOTO 3a0e3MevyeThCsl BHECEHHSIM
Pi3HUX BUAIB 1OOPUB, B TOMY YHCII i MiHEpaIbHUX
MPOMHCIIOBOIO MOXOKEHHA. sl MOBEpXHEBOTO
BHECCHHSI MIHEPaJbHUX JTOOPHB 3aCTOCOBYIOTH B
OUTBIIOCTI  BUMAAKIB  TYKOBI  MAIlMHA  SIK
BITYM3HSHUX TaK 1 3apyOKHUX BHPOOHHUKIB 3
BIJIIICHTPOBHMHU POOOYMMHU OpTaHaMH, JIO SKHX
BigHOCAThCA Taki MmamuHau sk MTT-4Y, PMJI-6,
PM/-8 ta inmi, 3apy0ixHi: Amazone ZG-B 8200,
Amazone ZG-TS Ta iHmi, sKi IOIMyCKalOTh
BHECCHHI IOOPHB 3 MEPEBUIIICHHAM arpOTEXHITHUX
BuMor [1]. B pesynbTari CTPYKTypHOTO aHami3y
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TEXHOJIOT1YHUX BIACTHBOCTEH BiJOMUX MAITUH JJIsI
BHECCHHS MiHEpaabHUX 100pWB, 0O0JagHAHUX
BiJIIICHTPOBHUMH POOOYNMH OpraHaMu, BUSBIICHA iX
HECTIPOMOYKHICTh PO3MOIUIUTH 100pHBa IO IUPUHI
pO3CiBYy 3 TIIBUIICHOI PIBHOMIPHICTIO 13-3a
HEJIOCTAaTHhOIO KEPOBAHOIO 3JaTHICTIO SKICHO
po3nOAiISATH JTOOpUBa B OIIKHIX 1 JANBHIX 30HAX
po3ciBy. Ilpu 1pOMy 3 WiABHIEHHSIM O0O0EpTiB
BIIIICHTPOBUX NHCKIB, TIABUINYETHCS CTYIiHb
py#HYBaHHs iX JIOMaTKaMy TpaHyd MiHEpPaTbHUX

noOpuB, [0  TNPU3BOAUTH JIO  YTBOPCHHS
MTAJIOBUTHOT bpaxii, BHACITITOK q0T0
TIOTIPIITY€EThCSI  PIBHOMIPHICTh 1X BHECEHHS 1
3a0pYIHIOETHCS HaBKOJIHIITHE CepeoBHILIE.

[limBUImUTH TTOKA3HUKHA BHECCHHSI MiHEPATLHUX
NOOpPHMB  BiALIGHTPOBUMH PpPOOOYMMH OpraHaMu
MOXJIMBO 32  paxyHOK  pO3MIMPEHHS  iX
(hYHKITIOHATFHIX MOXKIIMBOCTEH IIIJITXOM BHECCHHS
BIIMTOBITHUX KOHCTPYKTUBHUX 3MiH.

MeTto10 po00OTH € MiIBUILEHHS PIBHOMIPHOCTI
BHECEHHS  MiHEpPaJbHUX  JOOPHB  TYKOBOIO
MAIIMHOIO 3 BiILIEHTPOBUM pOOOYHMM OpraHoOM 3a
paxyHOK KepOBaHOI'O PO3MOIIJICHHS IX 4acTOK IO
TUIOILII.

YV  BIOANOBIAHOCTI 3 METOK IIOCTaBJIEHI
HACTyTIHI 3a1a4i; MIPOBECTH aHaJTITHIHI
JOCHIDKEHHST BIIOMHMX BIALEHTPOBUX pPOOOYHX
OpraHiB, Ha OCHOBI SKHUX 3pOOUTH BiAMOBITHI
BHCHOBKHM; HaJIaTH  OIIHKY  TEXHOJOTIYHUM
MMOKa3HUKaM ITOBEPXHEBOI0 BHECEHHS MiIHEPAJIbHUX

NOOpPHB  TYKOBOIO MAIIMHOK 3 BiJIICHTPOBUM
po60OIMM OpraHoM; po3poOUTH TEXHIYHI 3aX0IH 110
ITi IBUIIIEHHIO e(eKTUBHOCTI BiIIEHTPOBOTO
pobodoro oprany IpH BHECEHHI MiHEpaJIbHUX
no0pHuB.

AHaJni3 OCTaHHiX AOCTiTsKeHb Ta
nyOaikamiii. AHAQTITUYHUMU  JTOCIIHPKCHHAMU

YCTaHOBJICHO, 10 TYKOBI MAIlMHA MOBEPXHEBOTIO
BHECEHHS MIHEpaJIbHHUX JOOPUB Ta IHIIUX CHITKHX
MaTrepiaiiB BITYU3HIHHX 1 3apyODKHAX BUPOOHUKIB
B OUTBIIOCTI BHIIAJKIB OOJIaHAHI BiJIICHTPOBUMU
poOoUnMHU OpraHaMu 3 HEPYXOMO YCTaHOBJICHHUMH
Ha IUCKax JIomaTkaMu [2]. AHali3 HAyKOBUX POOIT
BueHux Bacunenko I1. M., Hazapos C. 1., Xomenko
M. C., Bonomwus H. 1., SIkimos IO. 1., (SIkybayckac
B.I.,, HoronoBckuit M. I'., UepnoBomoB B. A.,
Anmamuyk B. B. Ta iHmmx mokasas, [0 TTOKa3HUKHU
poOOTH  BiALIGHTPOBUX pPOOOYMX Opra”iB 3
HEPYXOMO YCTaHOBJICHHUMH JIOTIATKAMHM, B 3HAYHIN
Mipi 00yMOBJiCHI 11X KOHCTPYKTHMBHHMH Ta
PSKMUMHMMHU TapaMeTpaMH i He B TOBHiM Mipi
BIJIMIOBIIalOTh ~ CYYaCHMM  BHUMOTaMm  MIOJO
PIBHOMIPHOCTI BHECCHHS MiHEpPAIBHUX OOPHUB.
BimomMo, mo 3  HepiBHOMiIpHE  BHECEHH:
MiHepanbHUX AOOpPHB 3HIKYE €(QEKTUBHICTD iX

3aCTOCYBaHHS, HAIIPUKIIA]], IPYU BHECEHHI OCHOBHOT
031 MIHCpPAIBHUX JOOpPHB 3 HEPIBHOMIPHICTIO
50%, mo Mae Micle y BHUPOOHHYHX YMOBaX,
HenoOip BpoXalo 3epHOBUX KyJbTYyp Aocsrae 7%
[3].

PesyabTatn  gocaimxenns. Ilopsm 3
BiZILIEHTPOBHUMHU POOOYNMH OpraHaMH 3 HEPYXOMO
YCTaHOBJICHUMU JIOTIATKAMH, BiOMHI
BIIIICHTPOBHUI poOOYMI OpraH, B SIKOMY JIOTIATKH
YCTaHOBJICHI PyXOMO Ha OCi 1 HiANpYXWHEHI B
wiomuHi ix obeproBoro pyxy [4]. OcoOnuBicTh
TAKOro poOOYOro OpraHy IMONATAE B TOMY, IO JO
MAaTOYMHH IIAPHIPHO MPHKPITUICHI MiANPYKHHEHI
CErMCHTHI JIOMATKH i3 MANbISIMU, a J0 KOPITyCy
3aKPITUICHAUH 3 PO3MIIIICHHSAM B 30H1 pO3TaITyBaHHS
MmajgbIliB  BigOWMBA4Y y  BUIISAOI  [aiOM 3
BHYTPILIHBOIO MPOQiTBHOI0 POOOYOI0 MMOBEPXHEIO,
CHOJYYCHOI0 3 BIIBHUMH KiHISIMH CETMEHTHHX
majbIliB 1Mo il nepumetpy [4] (puc. 1).

Puc. 1. BinuentpoBuii pobouuii opras 3
HiANPYXKUHCHUMH CETMCHTHUMU JIOTIATKAMH:
1 — kopmyc; 2 — mpucTpiif; 3 — BinOuBay;

4 — IpuBiAHUH BaJ; 5 — MIKIB; 6 — MATOYHHA,
7 — BiCb; 8 — CErMEHTHI JIOMATKH ; 9 — maJienp;
10 — npy>xuHa

Ilinx wac BHECEHHS TaKUM BIAICHTPOBUM
poOOYNM OpraHoOM B CKJIaJi MAallMH{A MiHEpaTbHUX
noOpuB, TpUBEACHUI B 00EpTOBHUH pyX ILIKIB 5
yepe3 Bal 4 Ta MaroumHy 6 TIepemae CBil pyx
cerMenTaM 8 13 maablsaMu 9. B neil vac mainbii 9,
OPUTHCHYTI Mmif Aielo mpyxuH 19 go pobouoi
MOBEPXHI BigOWBada 3, KOMIIOIOTH ii mMpodiias y
0e3BIAPMBHOMY pEXHUMi, B pPe3ylbTaTi dYOro
CEerMEHTH & IMOBEPTAIOTHCH BIAHOCHO CBOET OCi 7,
CITOBIIBHIOIOUH CBIff pyX 13 3aKpydyBaHHSM CBO€Q
npyxuan  10. Bomgmowac B mpyxuni 10
BiZOyBa€ThCsI HAKOMMMYCHHS TOTCHLIAIBHOI eHeprii
(En) , BenmnuuHA SIKOT 3aJICKUTH BiJl )KOPCTKOCTI (C)
MPY)KUHU 1 3MIIICHHS TPY>KUHH JIONIATKOIO Bix il
MIEPBICHOTO CTaHy [5]:
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c+(4x)?
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HanxomkeHHss ~ MiHepanbHUX JOOpHB Ha
cerMeHTH 8§ BigOyBaeThCs 3 TOYATKOM  iX
MPU3YNIMHEHHS BHITYKJIOI0 YAaCTHHOIO  TOBEPXHI
BimOmBaua 3. Ilicig cxomkeHHS HalbLiB 9 13
BiOMBaya 3, cerMeHTH § i3 J0OpPUBOM, TIOYUHAIOTH
PyXaTHCh 13 TPUCKOPEHHSAM I Mi€I0 MOMEHTY
cunu Bin 3akpydeHoi npyxkuHu 10. Bomnouac
noOpuBa, MiJ Ji€I0 Ha HUAX BiOICHTPOBOI CHIIH,
MMOYMHAIOTh  CXOOUTH 13 CEerMeHTiB 8§ y
BIAMOBITHOCTI 13 XapaKTepom HapOoCTa4o1
KOJIOBOI IBHJKOCTI BiJ Jdii HA HUX BiJIICHTPOBOI
cumy, llpm 1BOMY TOTEHIIaNBHOI — e€Heprii
3aKkpydeHoi npyxuHu 10 moBUHHO OYTH JOCTATHHO
JUIs1 PO3CiBY cerMeHTOM 8 1i joOpuBa 3BiIbHEHI Bif
noOpuBa cerMeHTH 8 1 MiF040li Ha HHUX CHIH
MIPY’KWHU, CTOBUIBHIOIOTH CBIM PyX MI€I0 Ha HUX
npodinkHOi oBepxHi BigOuBava 3 Ha manemi 9, i
nporec poOOTH TakOro BiALEHTPOBOTO POOOYOro
OpraHy MPOJIOBXKYETHCA.

PazoMm 3 TMM B TakoMy BiJIIIEHTPOBOMY
poGouoMmy opraHi i3  30UIBIICHHSIM  MacH
3allOBHEHUX CETMEHTIB, IO Ma€ Micle npu
301IbIIEHH] J03M BHECEHHS MIHCPaJbHHUX JI0OpPHUB,
CWIa TPUTUCKYBAHHS iX MajbI[iB JI0 BHITYKJIOCTI
manou BUSIBUJIACh HEJ0CTaTHBOIO JUTST
TIePEMIITIICHHS TaNBIB B OC3BIIPUBHOMY PEKHUMI.
Bracnimok mporo mopymryeThCs 3aaHAiA XapakTep
PO3CiBaHHS JIOMATKOI JOOpHWB, IO MO3HAYAETHCS
Ha PIBHOMIPHOCTI 1X BHECEHHS.

B pe3ynbTaTi MONAJBIINX  TBOPYHX
JOCTIDKEHb BUHAMIIEHUH BIALICHTPOBUI poOOUMid
OpraH Ul PO3CilOBaHHA MiHEpaJbHHX T0OpUB Ta
IHITTMX CUITKUX MaTepiajliB HaaUICHUH TTiABUIIICHOIO
MPUCTOCOBAHICTIO 10 3MiH YMOB POOOTH 32 paxyHOK
3aCTOCYBaHHS MPYKHUX CTPUIKHIB 3 MEXaHI3MOM iX
CKpy4YyBaHHS BITHOCHO MaTto4uHM [6] (puc. 2).

XapaxkTepHOIO 03HAKOIO TaKOTO
BiJLICHTPOBOI'O pOOOYOro Oprany € Te, IO i3
3MiHOIO Macu noOpuBa Ha Jyomatii 12 mpu 3MiHi
YMOB POOOTH, 3MIHIOETBCS 1 Jitoua Ha Hel chia
LUISIXOM 3MIHU NPY>KHOCTI CTPHXKHS § MEXaHI3MOM
9. Bracniok mporo 3a0e3nevyeThest CTaOlIbHICTh
SIKICHIX TIOKa3HWKIB BHECCHHS MIHCPATbHUX
TOOpHB TPH 3MiHI yMOB pOOOTH, IO IiABHIIYE
e(eKTHBHICTb TaKOTO BIILEHTPOBOTO POOOYOro
oprany. BomgHowac B TakoMy BIALIEHTPOBOMY
pobodoMy opraHi TIEPEMIIICHHS BITLHUX KIHIIB
NalpliB 1Mo npodinbHid MOBEepXHI  MAion
BiIOYBa€ThCS 13 KOB3aHHSAM, Ha [OJOJIAHHS
BHHUKAIOUOi TPU LBOMY CHJIM TEpTS KOB3aHHS
BUTpAYa€ThCA 3HAUHA MEXaHi4Ha eHepris [7].

Puc. 2. Binuentposuii pobounii opra st
PO3CilOBaHHS MiHEpAJILHUX J00OPHB
Ta IHIINX CHIIKUX MaTepiajis:
1 — kopyc; 2 — BaJl IPUBIAHUN; 3 — MIKIB; 4 — 1Iaii0a;
5 — BUMYKIIICTh Iaii0uN; 6 — IPUCTPiid; 7 — MaTOYNHA;
8 — cTpmKeHb; 9 — MeXaHi3M CKpY4YyBaHHS CTPYIKHIB;
10 — Baxinb; 11 — ¢ikcarop; 12 — momarka cerMeHTHA;

13 - maneus
ITigBumuTu e(heKTUBHICTh TaKoro
BIIIICHTPOBOTO  pOoOOYOrO  OpraHy  MOKIIHBO

MIUISIXOM 3HIDKEHHS BUTpAT MEXaHIYHOI eHeprii Ha
nepeMillleHHS CerMEHTHUX MaJIbLIB O NpOQiTbHIH
noBepxHi maibu. dns 1mporo y CerMeHTHUX
MajgbIIX BIOIEHTPOBOTO pobOOYOro Oprany 3i
CTOPOHM TIPOTWJICKHOI Bif iX KpIMJICHHA [0
JIOMIATKH, CJiJ BAKOHATH TOB3JOBXHIH ma3, KU
MMOBUHEH OYTH 3BEPHYTHI 10 IPOQiIbHOT MOBEPXHI
maiton. BogHouac y BUKOHAHOMY T1a3i BCTAHOBHUTH
POTMK Ha HMIIHAPUYHOMY CTEPXHI TAKUM YHHOM,
o0 Bich cuUMeTpii poiuka Oyia  CIiBBiCHA i3
MTOB3/TIOBXHBLOO BICCIO CHMETPIi CTPYIKHS.

[1ig yac BHECeHHs MiHEpaIbHUX TOOPHUB TAKUM
BiJILIEHTPOBUM POOOYNM OPraHOM B CKJIaJi TyKOBOI
MaIuHu, 00epTOBUI pyX Bix mKiBa 3 i Bamy 2 3
MaTOYMHOIO 7 TIEPEIAETHCS CTPIKHAM 8, SIKi B CBOIO
Yyepry mnepeaaroTb o0epTOBUH PyX 1 3ycWisl Bif
CBO€I TIPY>KHOCTI CErMEHTHHM JIommatkam 12 3
nmajgbIIMy 13, aKi depe3 MIIHAPUIHI CTepKHI 16
nepeaaTs Horo cBoiM ponukam 15 B masi 14. B
pe3yabTati TOro, mio0 BiCh cUMeETpil crepxkHA 16
CIIIBBICHA 3 TIOB3IOBXHBOIO BICCIO CHUMETpii
CTpWXXHS 8 KOXHOI jomatku 12, BigOyBaeThCs
0e3BiIpHBHE TEPEKOUyBaHHS pOJHKIB 15 1o
npodiTbHI i TTOBEPXHIi maion 4 0e3
MPOKOB3YBaHHS, a OTXKE 1 3 TMOHIKEHUMHU
BUTpaTaMu €Heprii. 3 TOYaTKOM IepeMilleHHs
poiuka 15 mansisg 10 mo Bumykaocti S5 mpodiabHOT
MMOBEPXHI IMai6u 4, nomatka 12 BigXwmIseThCs Bif
CBOT'O TOINEPEAHBOTO MOJIOKEHHS 3 OJHOYACHUM
NpPU3YNIMHEHHSAM CBOTO o0epToBoro pyxy. Ilpu
IIOMY JomaTka 12 3akpydye CBid CTPHUXEHBL 8,
BHAC/IIIOK 4YOTO B HBOMY BiJOYBa€ThCS NpYKHE
KyTOBE 3MIIICHHS 3 HAKOMWYCHHSIM MOTEHIIaTbHOT



64 BICHW/K CXIDHOYKPAIHCHKOIO HALIIOHANBHOI O YHIBEPCUTETY imei Bonoaumupa Jans Ne 12 (298) 2025

eHeprii B meil wac Ha mpusynuHEHy JomaTtky 12
MIOCTYIIAa€ CUINKMK MaTepial 1 3 IOYaTKOM
CXOJDKEHHS pojuKa 15 3 BUITyKJIOCTI 5, tonaTka 12
13 CHIIKUM MaTepiaJloM i Ai€l0 CHIM MPY>KHOCTI
3aKpydYEHOTro ii CTPMXKHSA 8 MOYMHAE PyXaTHCh i3
npuckopeHasM. IIpu cXomkeHHI 13 BHIYKIIOCTI 5
yoratku 12, mix gier0 Ha Hel MOMEHTY BiJ CHIH
NPY>KHOCTI 3aKpy4YeHOTO CTPHXKHS 8§, JomaTtka 12,
BHKOPHUCTOBYIOYM HAKONMMYEHY B CTPIKHI 8
MOTEHIIaJbHy ~ EHEprilo, po3ciBae MiHepabHi
noOpuBa 3 MiABUIIEHO PiBHOMIpHICTIO,. B 1ei uac
JI0 BUITYKJIOCTI 5 TIiIXOAUTh HacTyITHA JionaTka 12 i
poboumii TpoItec BHECEHHS MiHEPAILHUX JTOOPHUB
MPOAOBXKYETHCS.

KinemaTuyamii aHaTi3 TaKOTO BiAIICHTPOBOTO
pobodoro opradHy TOKas3aB, IO 3yCH/UISI IO
nepeaaeTbcs Ha JIOMATKY Bif CTPWKHS 3aJICKUTDH
Bil BEJIMYMHM WOr0 3aKpydyBaHHA T Yac
MPU3YIUHEHHS JIONMATKH BHCTYIIOM TPOQiTbHOT
noBepxHi maitdn. Ilpu npoMy KpyTHHII MOMEHT,
10 BUHUKAE B CTPIKHI, JISKUTH B IUIOLIMHI HOTO
MIONIEPEYHOTO Tepepidy 1 cmiBmagae o0epTOBUM
PYXOM JIOTIATKH. Y BIATIOBIMHOCTI i3 3akoHOM ['yKa,
KyT 3aKpy4yBaHHS (9) CTPHXKHS
MPOTOPIIiOHATBHMIA Woro noexuHi (1) i KpyTHOMY
momeHTy (T), mo mpu mbOMY BHWHHKAE, MOXKHA
BU3HAYUTH 32 HACTYITHOIO 3aJI€KHICTIO:

T
G-I,

¢ = »paj

ne G —Monayis 3cyBy, H;
1, — reoMeTpUYHUIA TOJSAPHUNA MOMEHT iHepIii
CTPYIKHS, M2,

Bognowac mobOytok Gl, sK KOPCTKICTh
CTPWXKHS,  XapaKTepu3ye MOro  BIIACTUBICTh
CTBOPIOBATH Ha JIOTATII BiATOBIAHE 3YCHIUIA TIPH
CKpY4yBaHHI.

PazoM 3 TUM  BaXJIMBOIO  yYMOBOO
3a0e3medeH s 3a1aH0] JATBHOCTI MONIBOTY YacTOK
noOpUB € HAsABHICTD Y CTPWXKHA HEOOXiTHOT
noreHmianpHoi eHeprii (Un) nedopmarii, sxa
3aJIeKUTh BiJ KpyTHOro MoMeHty (T):

U _T*-
26,

VY BIANOBIZHOCTI 13 3aKOHOM 30€pPEIKEHHS
MeXaHiuHOi eHeprii, kineTnyHa eHeprisa (Uy), 1o
BUTPAYa€TbCA JIOMATKOIO TPH  PO3CiBI  mopii
noOpuBa TPUPIBHIOETHCS TMOTEHITIANBHIN eHeprii
HaKOIMMYEHOI B CTPIDKHI MPH HOTO CKpydyBaHHI, 3a
YMOBH BiJICYyTHOCTI MOCTOPOHHIX cui [8]:

Ilpu 1BOMY kiHetmaHa eHepris  (Uy)
00epTaTLHOTO PYXY JIONATKH 3 JOOPUBOM 3aJICKUTh
BiJ 11 MOMEHTY iHepItii (/) i KyTOBOI IBHAKOCTI (w):

Uy =51+ w?, e

BaxnMBHM TEXHOJIOTIYHMM MOKAa3HUKOM IIPU
BHECCHHI MiHepaJlbHIX n00puB TaKUM
BIJILIEHTPOBHUM pOOOYMM OPraHOM € HIBHIKICTb
00epTaIbHOTO PyXY JIOMATOK, Bifl SIKOTO 3aJIC)KHUThH
JMANbHICTh IOJBOTY YacToK a00puB. Ilicims
MiICTAaHOBKHU BiATOBIAHUX 3HaueHb y Gpopmyiy (3),
KyTOBa IIBUIKICTh O00EPTaILHOTO PYXY JIOMATKH
BU3HAYAETHCS:

2
= i pazn/c.
G1,-1
B oTpumaniii 3amexHOCTI Ha KyTOBY
MIBUJAKICTP ~ 00EpPTambHOTO  pyXy  JIONATKH

BIIIICHTPOBOTO POOOYOr0 OpraHy B HaWOIIBIIii
Mipi BIUIBae KpyTHUH MoMeHT (7) Ha TPYyKHOMY
CTPWIKHI, @ TAKOXX HOTO )KOPCTKICTb.

BucHoBku. VY  pesynpTaTi  MpOBENEHHUX
aHATITHIHIX TOCITIIKCHB KOHCTPYKTHBHO-
KiHEMaTUYHUX MapaMeTpPiB BiILEHTPOBUX POOOUNX
OpraHiB TYKOBHX MAIIMH BUSBIICHO HU3KY CYTTEBUX
HEJOJKIB, sKIi OOMEXYIOTh IX TEXHOJOTIYHI
MOJKJIMBOCTI Ta 3HIKYIOTh €(DEKTHBHICTh HPOIIECY
MOBEPXHEBOI'O BHECEHHS! MiHEpaJIbHUX JOOPUB.
3okpema BCTaHOBJICHO, 110 TpaauIiiHi
KOHCTPYKIIii He  3a0e3NMeuyroTh  He0OXiaHOI
PIBHOMIpPHOCTI PO3MOJiINTY OOOpPUB MO MIMPHHI
3axBary, CYIIPOBOKYIOTBCS i ABUILICHUMH
yAapHUMH HaBaHTa)KEHHSMH HA TPaHyJIH Ta MalOTh
3HaYHI CHEePreTHYHI BTPATH, 3YMOBJICHI TEPTAM Y
30HaxX B3a€MO/ii poOOUMX €NEMEHTIB.

Ha ocHOBI BHSBICHHX HEIOMIKIB PO3pOOICHO
Ta 3alpOTIOHOBAHO HOBI TEXHIYHI  PIiIICHHS
BIZILIEHTPOBHUX POOOYMX OpraHiB i3 MOKPaLlEHUMH
TEXHOJIOTIYHUMH MOKJITMBOCTSIMH, SIKi CIIPSMOBaHI
Ha TIABUINCHHS PIBHOMIPHOCTI  PO3CIIOBaHHS
MiHepaJIbHUX JO0OpHB, 3MEHIIEHHA pPYHHYBaHHS
rpaHya 1 cra0imizamito mapaMeTpiB iX pyxy.
3anpornoHoBaHi KOHCTPYKTHBHI 3MIiHH
nepeadavaloTh BUKOPHUCTAHHS PYXOMHX JIONATOK,

BCTAHOBJICHMX Ha TMPYXHUX CTPWKHSX, IO
CTBOPIOE nepeyMOBU JUTSt KEepOBaHOTO
HAKOMMYEHHS Ta MOJAIBIIOr0 BHUKOPUCTAHHS

NOTEHLiadbHOI eHeprii mpyxHoi aedopmariii.
Y  mpomeci  TEOPETHYHHUX  JOCIIKEHBb
OTPUMAHO AaHANITHYHI 3aJIeKHOCTi, SKi Jal0Th
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3MOTY  BHU3HAYUTH  BEIMYUHY  HAKOMHUYCHOI
MTOTEHITIABHOI €Heprii B TIPY)KHOMY CTPHXKHI,
HeoOXimHO1 mys 1i TEepeTBOPEHHS B KIHETHUHY
CHEPril0 MPHUCKOPSHOTO PyXy JIOMATKH pa3oM i3

MOpIiEr0  MiHepajgpbHOrO  moOpmBa.  Takox
BCTAHOBJICHO 3aKOHOMIPHOCTI 3MiHH KyTOBOi
HIBUJKOCTI JIOMATKM 3 YypaxyBaHHAM Bapiarmii

KOPCTKOCTI MPYKHOTO CTPHIKHS, TEOMETPUYHUX 1
MacOBUX XapaKTEPUCTHUK JIOMATKH, MapaMeTpiB
BiJILICHTPOBOI'O JIMICKA Ta PSKUMIB POOOTH TyKOBOI
MallMHU TpH 3MiHI YMOB BHECEHHS JOOpUB.
OTpuMaHi aHATITHYHI 3QJICKHOCTI JTO3BOJISIOTH
OOTpYHTOBaHO BHOMpaTH KOHCTPYKTHBHI  Ta
KiHEMaTH4HI apaMeTpH BiALIEHTPOBOTO POOOYOTO
OopraHy 3 METOI0 3a0e3IedeHHs] CTablILHOTO Ta
MIPOTHO30BAHOTO TPOIIECY PO3CIIOBAHHS ITOOpUB y
OmvxHIM 1 JaneHIA 30HaX po3kuny. lle, y cBoro
4yepry, CHOpUs€ TMiIBUINCHHIO  PiBHOMIPHOCTI
BHECCHHSI Ta 3MCHIICHHIO BTPaT MOXHBHUX
PEUYOBHH.

Y  uinomy migBUIIEHHA — e(EeKTUBHOCTI
3alpPONIOHOBAHOTO  BIMIIEHTPOBOTO  pPOOOYOTO
OpraHy JIOCSTA€ThCS TaKOXK 32 PaxyHOK 3aMiHH
CHUIM TEpTsA KOB3aHHS, LIO0 BHHMUKAE IIiJ 4Yac
KOHTaKTy MalbIliB JIOMATOK 13 TPOQiIHHOI0
po60YOI0 TOBEPXHEIO IMA0OW, Ha CHITy TEpTs
KoueHHs. Bizomo, mo cuma TepTs KOUYEHHA €
3HAYHO MEHIIOI0 TIOPIBHSHO 3 CHIIOKD TEpTs
KOB3aHHsI, 10 JIO3BOJISIE ICTOTHO  3HU3UTH
CHEepreTHYHI BHUTPATH, 3MCHIIMTH 3HONIYBaHHS
KOHTAKTHUX MOBEPXOHB Ta 3a0€3MEeUNTH IIaBHICTD
PYyXy JIoTaToK. Y pe3yibTaTi CTBOPIOIOTHCS YMOBU
JUIg MIABMINEHHS HAaAiHOCTI, TOBTOBIYHOCTI Ta
3arajqpHOi €QEeKTHBHOCTI POOOTH BiALIEHTPOBOTO
po0oY0ro oprany TyKOBOI MaIlIWHH.
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Fesenko H.V., Melkonov H.L., Borovik P.V.
Increasing the efficiency of a fat machine with
centrifugal working bodies.

The use of mineral fertilizers in the cultivation of
crops leads, along with an increase in their yield, also to
an improvement in the quality of the produced products.
At the same time, the effectiveness of the use of mineral

fertilizers largely depends on the uniformity of their

distribution in the soil. in particular, when they are
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applied superficially. The conducted analytical studies
have revealed that fertilizer machines with centrifugal
working bodies allow the application of mineral
fertilizers with increased unevenness, which leads to a
shortage of crop yields. In addition, the impact
interaction of mineral fertilizer granules with the blades
of the centrifugal disk during its rotational movement
leads to the destruction of fertilizer granules with the
formation of a dusty fraction, which, along with the
deterioration of the uniformity of their application, leads
to environmental pollution. It has also been established
that the reason for the increased unevenness of the
application of mineral fertilizers by such centrifugal
working bodies is that with increasing distance from the
fertilizer machine, the amount of fertilizers per unit area
gradually decreases. It is possible to increase the
uniformity of the surface application of mineral
fertilizers in the technological processes of growing
agricultural crops and, consequently, the efficiency of
their application by means of their regulated distribution
in the near and far sowing zones. To do this, in the
centrifugal working body, the blades should be movably
mounted on an elastic rod in such a way that when the
blade is deflected, potential energy accumulates in the
rod. In addition, the blades should be given a regulated
nature of continuous rotational movement, for example,
by a washer with an internal profile working surface,
with the possibility of suspending the blade when it is
filled with mineral fertilizer. At the same time, each blade
of the centrifugal disk should be equipped with a finger
directed towards the profile surface of the washer, in
which a roller can be freely installed on the axis in the
slot made in such a way that its axis of symmetry is

coaxial with the axis of symmetry of the blade rod. In
addition, the rods should be equipped with a device for
changing their torque when changing the conditions of
applying mineral fertilizers by a fertilizer machine with
such a centrifugal working body. The execution of the
centrifugal working body in such a form when used
creates conditions for regulated distribution of mineral

fertilizers across the width of the fertilizer machine, as a

result of which their uniform application is ensured
without the formation of a dusty fraction, and therefore
an increase in the efficiency of using such a centrifugal
working body.

Key words: machine, mineral fertilizers, centrifugal
disc., efficiency, profile.

®ecenko I'puropiii BacuniboBuY — K.T.H., J011., JOLIEHT
kadepu  MexXaHi3alii  CUTBCBKOTO  TOCIIOJAPCTBa,
CXiTHOYKpaTHChKUH HAIIOHAJIBHUN YHIBEpCUTET MEHi
Bonomumupa ans (M. Kuis)

MenakonoB I'puropiii JleonizoBuy — K.T.H., JIOII.,
3aBigyBauy  kademporo  MexaHizamii  CUIBCHKOTO
rocriogapctBa,  CXigHOYKpaiHCBKHH  HAIiOHATbHHHA

yHiBepcuteT MeHi Bomomummmupa Jans (M. Kwuis),
melkonov78@snu.edu.ua

Bopogrixk IlaBno BosoaumupoBud4 — 1.T.H., JOI.,
npodecop Kadenpu MexaHizarii CUIBCHKOTO
rocniofapcTBa,  CXiHOYKpaiHCBKHMI  HaIllOHAJIbHUH

yHiBepcuteT MeHi Bonogumupa Jans (M. Kuis)

Crartsa nomana 15.11.2025.



BICHUK CXIAHOYKPAIHCBKOIO HALIOHANBHOIO YHIBEPCUTETY imeni Bonoaumupa Jans Ne 12 (298) 2025 67

DOI: https://doi.org/10.33216/1998-7927-2025-298-12-67-71

VIIK 378.147:004

ANALYSING THE FEATURES OF CAD APPLICATION
IN THE EDUCATIONAL PROCESS

Davidenko N.O., Karpiuk L.V., Kobzarev Ye.V.

AHAJII3 OCOBJIMBOCTEM 3ACTOCYBAHHS CAIIP
B OCBITHBOMY ITPOLECI

Hasinenko H. O., Kapmwk JI. B., Ko63apes €. B.

The high dynamism of all social processes and
phenomena determines the formation of a new worldview
system for humanity, the modification of the hierarchy of
needs and values and challenges to the pace and quality
of development. Solving highly complex tasks related to
meeting modern requirements demands the use of the
latest scientific solutions and tools. Therefore, robotics,
automation, and digitalization, which are based on
advanced intellectual technologies, are considered to be
the driving forces behind the innovative and
technological structure. Humanity also has to solve a
number of complex problems related to ecology, the
search for new sources of energy, materials, and
technologies that are acceptable to society. High
information technologies play a decisive role in solving
these problems. Among information technologies, design
automation occupies a special place in the educational
process. Firstly, design automation is a discipline that
incorporates many  other modern  information
technologies. For example, the technical support for
computer-aided design (CAD) systems is based on the
use of computer networks and telecommunications
technologies, and CAD uses personal computers and
workstations. The mathematical support of CAD systems
is distinguished by the richness and diversity of methods
of computational mathematics, statistics, mathematical
programming, discrete mathematics, and artificial
intelligence. CAD software packages are among the most
complex modern software systems based on operating
systems, complex programming languages, and other
modern CASE technologies. Secondly, knowledge of the
basics of design automation and the ability to work with
CAD tools are necessary for virtually any future design
engineer. This article examines the issues and problems
students encounter when studying high-tech disciplines.
In today's environment, higher education institutions
(HEIs) need a high-quality and technologically advanced
new approach to training students at different levels of

education. The introduction of high-tech disciplines into
teaching allows for the rapid development and offering
of a variety of individual assignments on a wide range of
topics to students, taking into account their initial level
of computer literacy. With the right approach, CAD can
be an excellent basis for introducing project-based
learning into the educational process. In addition, the use
of automated design systems in the educational process,
along with solving the main task, provides a number of
additional educational effects. The combined effect of
these factors significantly improves learning outcomes.
This article discusses some of the distinctive features of
CAD that have a positive impact on the effectiveness of
training modern specialists.

Keywords: design, technical specifications,
mathematical model, methods, modeling, cognitive
process.

Introduction. The last few decades have
been marked not only by the rapid development of
computer technology, but also by the emergence
and subsequent rapid development of a new field of
knowledge based on it, which is now commonly
referred to as IT technologies. IT technologies are
widely used in the educational process at higher
education institutions: electronic  textbooks,
multimedia  systems, computer  programs,
knowledge control systems, distance learning
systems, and much more. Along with the above-
mentioned tools, so-called computer-aided design
(CAD) systems, which are packages of application-
oriented programs, are increasingly being used for
educational design purposes. The issue of their
application in the educational process deserves
close attention, since in manufacturing, the results
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of implementing the latest CAD-based technologies
in the design of the most complex products have
long proven their advantages over traditional
methods.

Nowadays, no major development in
mechanical engineering, energy, or electronics can
do without automated design systems. The term
«CAD» itself has become synonymous with
characteristics such as high precision and high
design speed. In these conditions, there is an
obvious need for some adjustments to university
educational programs. Currently, the most
important competencies of university graduates in
engineering specialties and training areas include
the ability to use application software packages for
device analysis and synthesis [1].

In addressing this issue, universities today
face a number of serious challenges related to
insufficient material resources (lack of powerful
computers, high cost of licensed software, etc.).
However, a number of large CAD software
companies offer (free) «cut-downy student versions
of CAD software, which can be a great help in
learning.

Studying modern CAD systems and
acquiring skills in working with them will
undoubtedly contribute to improving the quality of
engineering training, significantly reduce the time
needed for young specialists to adapt to the
workplace after graduating from university, and
significantly increase their demand among
employers. In addition, the use of computer-aided
design systems in the educational process, along
with solving the main task formulated above,
provides a number of additional educational effects,
the combined effect of which significantly improves
learning outcomes. Let us consider some of the
distinctive features of CAD that have a positive
impact on the effectiveness of training modern
specialists.

Presentation of the main material.

System for designing systems. According to
definition [2], CAD is a set of tools and methods for
automated design. It includes several components
(subsystems) called technical, mathematical,
software, linguistic, information, methodological,
and organizational support. It is important to note
that CAD is a «human-machine» system. The team
of developers is part of the design system that
performs design work in interaction with a
computer. This feature of CAD most naturally
contributes to the development of teamwork skills
in students, which is one of the most important
requirements of educational standards.

It is very important that all CAD systems are
designed for designing not individual parts or
components, but the entire system as a whole. Thus,
when starting to work with CAD, students gain an
understanding of the most complex manufacturing
process of design from the very first step. He learns
to draw up technical specifications, familiarizes
himself with the design features of the future
system, draws up drawings, selects materials and
components for its implementation, etc. CAD
systems allow you to simulate the operation of
equipment and have tools for analyzing the
processes occurring in the model. This provides
students with the opportunity to analyze results
interactively, compare them with technical
specifications, and make adjustments to the initial
data if necessary. At the same time, students are
engaged in real creative engineering work. The
intermediate and final results of CAD are calculated
taking into account the interaction of individual
elements of the designed system, thereby
contributing to the most important process of
synthesizing the knowledge acquired by the student
in the early stages of training. The synthesis of
fragmented knowledge instills a systematic
approach that is so necessary for the developer of
complex technology.

Project-based learning. With the right
approach, CAD can be an excellent basis for
introducing project-based learning into the
educational process [3]. The essence of this
approach is that the teacher sets the initial data and
formulates the planned results of the learning task.
Students set their own intermediate tasks, look for
ways to solve them, and, while working on the
project, compare the results obtained with the
required ones and, if necessary, adjust the
parameters. As a result, they acquire the skills to
independently «acquire» new knowledge, learn to
apply it to solving practical problems, and gain their
first experience in research work.

The role of the teacher in such a situation
boils down to guidance, counseling, and correction.
At the same time, the requirements for teacher
qualifications when working with the project
method are extremely high. Nowadays, it is no
longer sufficient to require teachers to have
knowledge and experience working with CAD, or
the ability to act as a coach who plays. Their role is
much more complex. The fact is that this teaching
method involves breaking the traditional sequence
of studying the didactic units of the course. Students
have the opportunity to independently formulate
learning tasks for themselves in accordance with the
specifics of the project, plan and solve them in the
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sequence necessary for its implementation. At the
same time, there is a risk of «missing» important
sections of the course. There are other risks. For
example, it is unacceptable for a student to master
the rules of using CAD without learning the design
methods programmed into the system. Therefore,
the introduction of a project-based learning method
based on the use of modern CAD systems can yield
progressive results, but requires a very balanced
approach and the participation of highly qualified
teachers.

Mathematical models and CAD capabilities.
When studying physical or engineering disciplines,
mathematical descriptions of processes often
encounter significant difficulties in understanding
the results obtained and physically interpreting
expressions and formulas. In these cases, numerical
(computer) modeling comes to the rescue. The
model allows not only to perform the calculation
part, but also to correctly interpret the results
obtained and gain a deeper understanding of the
processes being studied. From an educational point
of view, the process of creating such mathematical
(obtaining formulas, developing algorithms) and
computer (writing and debugging programs) models
is one of the most important and effective stages in
studying the discipline. Unfortunately, it is rarely
possible to set students the task of developing a
serious model, as the curriculum does not always
provide the necessary number of hours for this
work. Teachers who choose this approach are forced
to take drastic measures, reducing the scope of the
task and using approximate methods to solve the
problem. In these cases, it is advisable to consider
using commercial software as CAD. Working with
it does not require any effort to develop a model;
students only need to learn the rules of operation.
This will allow them to focus on the design process,
on studying and analyzing the results obtained, and,
possibly, on the procedure for optimizing the
solution obtained.

At the same time, working with CAD has its
«dark» side. Without being directly involved in
creating a mathematical model, students only get a
rough idea of its features and how to solve
problems. Usually, their work boils down to
correctly describing (computer drawing) the
designed product. After that, the necessary CAD
operations are performed automatically. As a result,
there is a risk of superficial mastery of the
theoretical foundations of the discipline. However,
the effort saved in creating the model allows you to
go much further in the project development process.

When analyzing the possibilities of applying
CAD in the educational process, it is worth

remembering that the first attempts to automate
design processes often encountered obstacles
related to insufficient computing resources (low
computing speed, small amounts of RAM, primitive
interface). These limitations forced CAD
developers to create systems based on more
primitive models that used approximate methods to
describe the designed products. That is why,
initially, such systems did not differ much from
educational models.

The rapid pace of development in computing
technology gradually allowed restrictions on the
degree of design automation to be lifted. Increased
speed, greater «power» of automated design
systems, and expansion of their capabilities are not
the only and most important results of progress in
IT technology. The most important result was the
possibility to start creating CAD systems based on
more advanced mathematical models that most
adequately describe complex physical processes,
taking into account numerous connections, material
properties and their changes during operation,
environmental impact, etc. As a result, the
improvement of models and CAD systems based on
them has led to an increase in the reliability of
design results, while the development of tools for
analyzing and optimizing the results obtained, as
well as the creation of user-friendly interfaces, has
dramatically increased the efficiency of designers'
work.

The decision on how best to organize
educational design—using CAD or based on
simplified models created by students—should be
made by the department. This decision requires a
balanced approach, consideration of all the pros and
cons, and places high demands on the qualifications
of the teaching staff.

Returning to the learning process, it should be
emphasized that working with CAD allows students
to immerse themselves in an atmosphere close to the
conditions of their future work in real production.
The results of their projects will not be just abstract
structural diagrams, formulas, and numbers, but
specific device designs made from real elements
and materials. CAD allows students to evaluate the
performance characteristics of their designed
devices in real conditions, including when external
parameters change, to estimate the necessary
production costs, etc. This is a significant step
forward in training specialists to meet the demands
of modern manufacturing. Aligning educational
tasks with the needs and capabilities of production
is a very pressing issue at present.
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During the design process, students have the
opportunity to conduct small-scale research aimed
at finding the optimal solution.

Working with CAD as a cognitive process.
Educational design using CAD significantly
expands cognitive capabilities. This is facilitated by
the design mechanisms and display of results built
into these systems. Virtually all modern automated
design systems allow the visualization of complex
physical processes that cannot be observed under
normal conditions [4].

It should be noted that all CAD systems
allow, after creating a spatial computer model, to
examine it comprehensively, see the “invisible”
side, study the details and components located
inside the block, and better understand their mutual
arrangement. In other words, the design system
forms an adequate detailed image of the product
being created.

Computer interactive modeling based on
CAD as virtual laboratory work. The transition to
new educational standards required a review of the
ratio of classroom hours to independent study hours
in favor of the latter. At the same time, it is obvious
that reducing the number of laboratory classes in
most disciplines will negatively affect the quality of
training. A compromise could be to perform virtual
analogues of laboratory work, which involve
computer modeling [5]. CAD can also be a very
useful tool in this case and form the basis for
creating laboratory work. It is important to note that
it can be organized remotely, which eliminates the
need to install CAD on each student's computer.

Tool for increasing motivation to learn.
Teachers are encouraged to «develop independence,
initiative, and creative abilities in their students».
This is a difficult task. One of the most important
conditions for its fulfillment is increasing students'
motivation to study in their chosen field. Experience
in organizing the educational process for both
bachelor's and master's degree students
demonstrates the positive role of CAD in increasing
student interest in studying the subject. Work
engages students in the most interesting process of
creation with a computer and a «smart» automated
design program in dialogue mode from the very first
steps. This psychological feature must be taken into
account at school age. It is no coincidence that the
special term edutainment, which means acquiring
knowledge through play, originated abroad and is
becoming increasingly popular. In the vast majority
of cases, such “adult play” contributes to increasing
students' interest in their future profession.

The vast capabilities of CAD give students
the confidence that they can tackle serious projects.

Indeed, if universities involved students extensively
in fulfilling orders from enterprises for the
development of new technology, students would
feel like equal participants in the scientific research
or experimental design work carried out by the
university. Many would feel the need to be creative,
to realize their own ideas and create their own
developments. A number of US universities have a
system in place to support such student initiatives
and promote them on the market. In this case, the
intellectual property belongs to the student and the
university; the income from the sale of such
developments accounts for a significant share of the
university's budget.

Conclusions. The analysis of the features of
applying automated design systems in the
educational process is based on real experience in
teaching a number of technical disciplines, which,
according to modern terminology, can be attributed
to the field of high technology. The results of the
observation, although exhaustive, convincingly
demonstrate a number of positive effects. The most
valuable thing about them is the answer to the
question of how to ensure that future bachelors and
masters acquire a whole range of essential
professional competencies, including both the
competencies formulated in Ukrainian educational
standards and the quality criteria for engineering
education set out in the requirements of foreign and
international accreditation organizations.
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Jasinenko H. O., Kapmiok JI. B., Ko63apes E. B.
AHaniz ocodauBoctedi 3actocyBanHsa CAIIP B
OCBITHBOMY Hpoueci

Bucoka ounamiunicme ycix cycninbHux npoyecie i
a6uw  00YMOGUIOE  (opmysanHs.  HOB0I  cucmemu
c8imoanady moocmea, mooughikayito icpapxii nomped i
yiHHOCmel, BUKIUKIE 00 MeMNnie ma AKOCMI PO36UMK).
Bupiwennus mnaockiaonux 3aedamvb, NO8 A3AHUX 13
3A008071eHHAM 8uUMO2 cyvacHocmi, sumazae
3aCcmocy8ants  HOGIMHIX — HAYKOBUX  piuleHb  ma
iHcmpymenmia. Biomax PYuiiuHuMu cunamu
IHHOBAYIUHO-MEXHON02IMHO20 — YKIAOY — GU3HAYAIOMb
pobomomexuixy, — aemomamuzayio,  yugposizayiro,
OCHOB0I0 SAKUX € GUCOKI [HMENeKMYanbHi MeXHON02II.
JIroocmey makodc 00800umbCsi  GUPIULY8AMU  HU3KY
CKIAOHUX NpoOaeM, NOG SI3AHUX 3 eKON02I€I0, NOUYKOM
HOBUX Odicepen eHepeil, mamepianig, MEeXHOIO2I, WO
gionogioaroms  cycnitbemsy. Busnauwanena poav y
BUPTWEHHT HA3BAHUX NpoONeM 6I0800UMBCS BUCOKUM
ingopmayivinum mexnonociim. Ceped ingopmayiinux
MeXHONI02I  a8momMamu3ayis NpPoOEKMYBAHHA 3AUMAE
ocobause micye 6 ocgimuvomy npoyeci. Ilo-nepuie,
asmomamusayis NPOEKMYEAHHA ——
CKIA008UMU  YACMUHAMU € 6a2amo [HUWUX CYYACHUX

iHGhopmayitinux TNEeXHONO02I. Tax, mexuiune
3abe3neyenis cucmem a8momMamu308aH020
npoekmysannsi (CAIIP) 3acH08aHO Ha GUKOPUCMAHHI
00UUCTIOBANBHUX ~— Mepedc | MeNeKOMYHIKAYIUHUX

mexnoaoeii, 8 CAIIP uxopucmogyiomvcs nepcoHanibHi
xomn’tomepu i poboui cmanyii. Mamemamuyne
sabesneuenns CAIIP 6idpisnacmoca Oacamcmeom i
PI3HOMAHIMHICMIO MemoOis
MamemMamuxu, CMamucmuxu, MAMeMamuyHo20
npozpamyeanHs, OUCKPemHOi Mamemamuxu, wmy4Ho2o
inmenexmy. I[Ipoepamui komnaexcu CAIIP nanesxcams 0o
yucaa  Haubib  CKAAOHUX — CYYACHUX — NPOSPAMHUX
cucmem, 3ACHOBAHUX HA ONEPAYILIHUX CUCEMAX,

oucyuniina, it

004UCI08AILHOT

CKIAOHUX MO8AX NPOSPAMYSAHHA [ IHUWUX CYYACHUX
CASE-mexnonocisx. Ho-opyee, 3HAaHH5 OCHO8
asmomamu3ayii NPOEKMYBAHHA | 6MIHHA NPaAylo8amu i3
sacobamu CAIIP nompibni npakxmuuno O6yOb-sKoMy
ManOymuoomy iHoceHepy-po3poOHuKy. V oaniti cmammi
PO32NA0AI0MbC.  NUMAHHS ma  NpoOiemMu  HAGYAHHSA
cmyoOeHmis, 3 AKUMU GOHU 3YCMPINAOMbCA NI HaAC
BUBUEHHSI BUCOKOMEXHONOSIYHUX Oucyuniin. Y euwux
HasuanbHux 3axiadax (BH3) 6 cyuacuux ymosax
nompiben Hosull Nioxio 00 Ni02OMOBKU CMYOEHMIE
PI3HUX PI6HIE HABUAHHA — SKICHUU, MEXHOA02IUHUIL.
Bnposaoawcenns  sucoxomexuonociunux Oucyuniin
HABUAHHA 00360J15€ O00CUMb WIGUOKO pO3pOOIImU ma
NpONoHyeamu CcmyoOeHmam pISHOMAHIMMs 8apiaHmis
IHOUBIOYANLHUX 3A60AHb 3a BEIUKOIO KLIbKICMIO MeM 3
YPAxy8aHHsAM  pPIiGHA  NOYAMKOBOI  KOMN'tOmepHoi
nioeomosnerocmi  cmyoenmie. Ilpu  npaguivHOMY
nioxooi CAIIP mooxce 6ymu RBpeKpacHow OCHOB0H
3anpo8aONCeHHs Y OCBIMHIU npoyec NPOEKMHO20
cnocoby Haguanua. Kpim moeo, eukopucmauHa 'y
HABYANLHOMY NpOYeci cucmem dA8mMoMamu308aH020
NPOEKMYBAHHA, NOPAO 3 PIUEHHAM OCHOBHO20 3A80AHHS,
odae HU3Ky 0ooamxosux oceimuix egpexmis. Cymapna 0is
maxux egpexmis 6a2amopazoso NOKpAWye pesyrbmamu
HasuanHa. B oawmiti cmammi poszensoaromvcs  OesiKi
siominni pucu CAIIP, sKi no3umueHO 6nIUAOMb HA

Pe3yIbmamusHicme nioeomosKu CyuacHoeo
cneyiaaicma.

Kniouosi cnosa: npoekmysanmns, mexHiyne
3a60aHHS, Mamemamuyna MoOenw, Memoou,
MOOeMO8aH s, KOSHIMUGHUIL NPOYec.
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PO BYAOBY BATATOKOMIIOHEHTHOI CUCTEMUA
CAO-FE203-AL203 -S102

Mirak 51.M., banaes A.Jl.

ABOUT THE STRUCTURE OF A MULTICOMPONENT SYSTEM
Ca0-Fe203-A1203 -Si02

Pitak Ya.M., Balaev A.D.

Ha ocnosi cnonyk oxcuonoi cucmemu CaO -Fe;Os -
AlO3 - SiO; pospobasiomves gucoxomemnepamypHi
BO0CHEMPUBKI Mamepianu Ol Memanypeii, enepeemuxu
ma imwux eanyset. Ockinbki maki mamepianu
BUKOPUCIOBYIOMb 34 BUCOKUX POOOYUX memnepamyp
BUHUKAE 3aYiKABNeHICMb Y O00CAIOJCEHH] peakyill 6
3a3HAYeHOl cucmemu 3a memnepamyp excniyamayii 0o
1500 °C. Jlo yiei okcuoHol cucmemu makoxtc HaneHcams
KOMRO3UYii anioMocunikamue 60J10KHO — 0Oa3aibmose
B0IOKHO, AIKi 3a PAXYHOK GUCOKUX MENoi30AYilUHUX
sracmugocmetl, € NEPCREKMUGHUMU OISl BUKOPUCTAHHSL
6 HOPHOI ma KOJbOpoB8Oi Memanypeii, MawuHo6yOy6aHHi,
eHepeemuyi ma iHWUX 2any3ax. Y 36'a3Ky 3 yum euKIuKae

inmepec 6inbut demanvHe meopemuune 00CAiONCeH s il

cybconioycnoi  6yoosu. Y  pobomi  npugedeni
pe3yibmamu po3paxyHKy 6invHoi emnepeii 1iobca 07
cynpsicenoi peakyii 6 obpawit 6a2amoxoMnoHeHmHiil
cucmemi. Ha ocHnogi npogedeHux mepmoOuHamivHux
PO3PAXYHKI6 6CMAHOGNICHO MOJICIUBICMb NPOMIKAHHA
cynpsaaxcenoi peaxyii  CaAlSi;Os + 3CaAl;2019 +
17Fe;03 = 2CaxALSiO; + 17Fe:ALOs . a maxodxc
nokasauo, wo peaxyin mixc gazamu CarALSiO; ma
Fe:Al,0s 6 inmepsani memnepamyp 300-1700 K ne
siobysacmuvcsa.  Bemanosneno ICHYBAHHA ~ KOHOOU
CaxAl:Si0; — FexAl:Os a kombinayis paz CaAlxSi:Os +
CaAl;;0;9 + Fe:0s3 6 inmepsani memnepamyp 300-1500
K ymeopioe midc coboro “nopodicHitl” mpuxymuux.
Haeeodeno memnepamypni inmepganu CnigicHy8amms
KomoOinayili a3z ma nobyodosano obracmv cucmemu
CaALSiO~FeAlOs—CaAlSi;0s—CaAl;j2019-Fe;O3. 3a
pe3yibmamam nPO8eOeHUX MeopemutHux 00CII0NCEHb
BCMAHOBNIEHO, WO PO32IAHYMA 0a2amoKOMNOHEHMHA
cucmema  posdueacmvci Ha 25 eleMeHmMapHux
mempaeopis s AKUX HABEOEHO MeMnepamypu i ckiao
e6MmeKmuK. THobyoosano mononoziunull  epag
830EMO38'A3KY  eJleMeHmapHux mempaeopis, AKul 6
nooanbwomy 0acmv  MOIICIUBICMb  BIOCAIOKOBY8AMU
3MiHY (pazoeoco cknady komnozuyii. Ilposedeno oyinky

BIOHOCH020 00°e€my | memnepamypu noseu po3niagy 8
eleMeHmapHux mempaeopax, —6UHAYEHO MIHIMANbHY
memnepamypy nosgu posniasy. Haoaui nepcnexmugni

obracmi  cucmemu NpuUOAmMHi 0N BUSOMOBAEHHS
B80CHEMPUBKUX Menoi30aAYIUHUX mamepianie.
Ilposedeni docriddcents MoAucyms Oymu 3acmoco8aHu
npu  po3pobKu ma  3ACMOCYBAHHA  B0SHEMPUBKUX
mamepianis, HanpuxIao 8 cucmemax

MYTIMOKpeMHe3eMuUcme 60JIOKHO -0a3a1bmMo8e G0JIOKHO.
B0CHEMPUG-UIAK MA [HUUX.

Knrwuoei cnosa  b6azcamoxomnonenmmua
cynpsadxcena  peaxyis,  eitbha  enepeia  1ib6bca,
eleMeHmapui  mempaeopu, — MONOO2IMHULL  2pag
83AEMO38'13KY enemMenmapHux mempaeopis,
memnepamypa i CKiao e6meKmuKu

cucmema,

Beryn.  IlepcriekTwiBM  BiHOBJICHHS — Ta
pO3BUTKY B YKpaiHi MeTamyprii, EHEpreTHKH,

XiMI9HOT Ta IHIIMX Tamy3ed MPOMHUCIOBOCTI
3aJIeKaTh  BiM ~ MOJEpHI3allii  BHPOOHHUUX
NOTYKHOCTEeH,  KBami(yikoBaHOTO  KaApOBOTO

MOTEHITiATy, MPOBEICHHS HAYKOBUX JOCII)KCHb Ta
BIIPOBADKCHHS 1X y BUpoOHWYI mporecu. lle

CIIpUSE€  CTBOPEHHIO  KOHKYPEHTOCHPOMOMXHUX
MPOAYKTIB, TIO BIAMOBIAAIOTH MDKHAPOJIHUM
crangapraMm. Ilomryk  OUISXIB T ABUIICHHS

e(beKTUBHOCTI Ta EKOHOMIYHOCTI BHPOOHHIITBA
MPOIIECIB 1 YCTAaHOBOK OOYMOBJIOE HEOOXIIHICTH
CTBOPEHHS Ta 3aCTOCYBaHHs Cy4acHOi epeKTHBHOI
teroBoi 13omsmii [1,2]. OmauM 13 HAKOLIBIT
e(heKTUBHUX BUJIIB BHUCOKOTEMITEPATyPHOL
TerwIoi3ousMii € BUpoOM 3 OaszambToBOTO [3] Ta
MYJUTATOKPEMHE3EMHCTOTO BOJIOKOH [4].
Buxonsuum 3 mporo, po3poOKa HOBHUX BHIIB
TEIUIOI30NSMIHHUX ~MaTepiaiB 3 HEOOXiTHUMU
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eKCIUTyaTallitHUMU XapaKTePUCTUKAMH €
BaXITMBUM  3aBJIaHHSIM CydYacHOI HAyKd Ta
TIPaKTHKH Yy Tally3i MaTtepiasio3HaBcTBa [1-4].

B nanwmii yac Ha ocHOBI crionyk cuctemu CaO
-Fe;O; - AlLOs; - SiO;  CTBOPHIOIOTH
BHCOKOTEMITEpaTypHI BOTHETPHUBKI MaTepiaid st
METaNyprii, CEHEepPreTHMKH Ta IHIIUX Taly3eH.
[lepeBaxkxHO Taki MarTepiaq BUKOPUCTOBYIOThH 3a
BHUCOKHX pOOOYMX TEeMIlEpaTyp, TOMY BHHHKAE
3aIliKaBJICHICT, Y  JOCHI/DKEHHI  peakuid B
3a3HauCHOI CUCTEMH 3a TEMIIEpaTyp CKCILTyaTtarlii
no 1500 °C.

YorupukommonenTHa cuctema CaO - Fe,Os -
AlLOj3 - S10; Ta T miACUCTEMHU BUBYAINCS BUEHUMHU
3 pi3HuX kpaid. Teopernuny OymoBy cucremu CaO
-Fe;O3 - ALO; - SiO; panime mpeacTaBIcHO B
pobori [5].

Metor0 po060OTHM € JeTalbHE TEOPETHUYHE
TOCII/DKEHHS  CyOcomiaycHol OyIOBH OKCHIHOL
cucremu CaO - Fe;O;3 -Al,O3 - Si0,, po3paxyHOK
BiNIbHOT eHeprii 1'100ca 1yis cynpskeHol peaxiii B
cUCTeMi, B3aeMoii (a3 npu pi3HUX TeMIlepaTypax,
HAasBHICTh Ta KITBKICTh B CHUCTEMI €JIECMCHTApHUX
TETpae/piB, IX B3aEMO3B'SI3KY, TEMIIEPATYPH TOSBU
pO3IIaBy Ta BU3HAYCHHS OO0NAacTEell CHCTEMH,
NPUJATHUX JIIS  BUTOTOBIICHHS BOTHETPHBKHX

MaTepiais.
Buxisan OCHOBHOI'0 Marepiany
JOOCTiAKeHHS]. [Ipu BHBYCHHI

0araTOKOMITOHEHTHUX CHCTEM CJIiJl BpaxOBYBaTH
MOKJIMBICTh TPOTIKAHHS CYNPSDKEHUX PEaKii.
[Ipu npomy Haitgacrime Buxoautsh [+ E=A+ B +
C, ne daszu A, B, C yTBOpIOBaTUMYTh «3aTIOBHCHHIA
TpUKYTHHUK». OFHAaK SKIIO MOMApHO icHYI0Ul (asu
AB, AC, BC B notpiiiHiii KOMOiHaIii JaBaTUMYTh
peakmito AB + AC + BC =] + E (pasu 1 1 E B
BOMY BHUIIaJKy HE pearyloTh 3 MapHUMHU (azaMu
AB, AC i BC), xoutyp ABC icHyBaTume, ajne BiH
BISIBILIETHCS “TIOPOXKHIM”, B CBOIO YEPTY KUIBKICTh
€JIeMEHTapHUX TeTpaeapiB 30IIBITYETHCS 3 2 A0 3.
Takuif BuA peakUiii Ha3MBAETbCS CYNPSDKEHUH Ta
0e3 TpOBENEHHS TEPMOAMHAMIYHOTO aHaTi3y,

HaBiTh 32 JIONIOMOTOI  EKCIEPHUMEHTAIHLHUX
MEPEBIPOK, IHKOJIH BUSIBIISIETBCS
HenependoauyBaHuM [5,6].

Pospaxynku  BimeHOI  eHeprii  [i060ca

MIPOBOJIMIIN 32 METOJIHMKOI0 HaBeIEHOIO B [5.6,7],
sKa BKIIIOYa€ B ceOe HACTYIMHY MOCIiOBHICTD AiM:

1. BuzHagaemo eHTanbmito peakiiii mpu 298 K
3a Takor (hopMyJIot0:

AHgQSp = Z A H298HpOZ[YKTiB — Z A HgQS
BUXITHUX PEYOBHH. (D

2. Buznauaemo enrtpornito peakuii mpu 298 K 3a
hopMyI010

Ag%p -2 g% MPOIYKTIB — > g% BHXIJTHUX
PEYOBUH. 2)

3.BuzHagaemo KoedilieHTH PIBHSIHHS
3aJIeKHOCTI TETNIOEMHOCTI BiJl TEMIIepaTypH Peakwi,
Brpakaroun Horo y Bumisi AC, = Aa + Ab-T + Ac-T*:

ACngBZ Z CngB HpOZ[yKTiB — Z CngB
BUXI1IHUX PECUYOBHH. 3)

4. Iincrapnsemo 3HaueHHs AH%o5 1 AC, = A T)
y hopmyny ans BusHaueHHS AH r:

;
AHS= AHY+
T 208

208

AC,dT

5. 3uaroun AS%9s i AC, = f(T), BU3HAYAEMO
AS’r 3a popmyroro

18- 28,+] 2C

298

< dT' (5)

6. 3natoun AH’r i AS’r, BusHauaemo AG’r 3a
hopMyI010

AG= AH?-TAS, ©6)

JI7st o0y10BH OTOYHHX TEMITEPATyp KPUBUX
mukBigyca JIL.®.Encreiin ta VY. X. Xaynenn
3anponoHyBajIu HaOmKeHe piBHSIHHA [5,0]

T

l

T=32ImXIN, (7)

ne T — moTouHa TeMIrepaTypa KpuBoi JTiKBiIycyK, K;
T; — TeMrmepaTypH IUIaBJICHHS i-TOTO KOMITOHEHTA,
K; N;— kinpkicTh aToOMiB y (GOpMyJli KOMIOHEHTa
(cmomyxmn);  X; MOJIbHA JIOJISI KOMITOHEHTA

(cmomyxn).
JIs  TPUKOMIIOHEHTHHUX CHCTEM B TOYIl
eBTCKTHKH  TIOTOYHI  TEMIIEPaTypH  KPHUBHUX

JKBIAYCY JUISI BCiX KOMIIOHEHTIB CHCTEMH, IO
CKJIaJal0Th eIeMEHTapHUH TPUKYTHHK, PiBHi. ToMy
JUTSL OLIIHKW TeMIIepaTypy €BTEKTUKH Ta i1 CKIIaay B
TPUKOMIIOHEHTHUX CUCTEMax HaMH
3alpONOHOBAHO BUKOPUCTOBYBAaTH TAaKy CHCTEMY
PiBHSHB:
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Tnn.1 — Tnn.2 .
1_In(X1) 1_In(X2)’
Ny N @®)
Tnn.2 — Tnn.3
1_In(X2) 1_In(X3)’
N2 N3
X+ X+ X,=1,
ne Tuni, T2, Tunz — TeMOepaTtypu IUIaBICHHS

MEPIIOro, JAPYroro Ta TPEThOTO KOMIIOHCHTIB
cuctemu, K; Ni, N,, N3 — KUIBKICTH aTOMIB Yy
dbopmyni koMmmoHeHTa (CIONyKH); X1, X2, Xz —
MOJIbHA JIOJISI KOMITOHEHTA (CIOJYKH).

s YOTUPUKOMIIOHCHTHUX CHCTEM B TOYIl
CBTCKTUKM  IOTOYHI  TEMIEPAaTypd  KPHUBHX
JKBIAYCY IS BCIX KOMIIOHCHTIB CHUCTEMH, IO
CKJIQJIalOTh CJIEMEHTApHUI TeTpaenp, piBHi. Lle
JO3BOJISIE ~ BUKOPUCTOBYBATH  TaKy CHCTEMY
PiBHSHDb A7 OLIHKK TEMIIEpaTypH 1 CKIamy
€BTEKTUKU B YOTUPUKOMIIOHEHTHUX CHCTEMAaX:

T T
-,— - nn.1 - -,— - nn.2 .
" 1-InX,/N, "% 1-InX,/N,’
— Tnn.2 — — Tnn.3 .
1= 1-InX,/N, Ts= 1=In X,/ N’ ©)
— Tnn.3 _ _ Tnn.4 .
Ts= 1-InX,/ N, Te= 1-InX,/N,’
X+ X+ X+ X,= 1,

1€ Tunt, Tun2, Toun3, Tuns — TEMIIEPATYPH TUIABICHHSA
MEPIIOTro, JPYyroro, TPEThOTO Ta YETBEPTOrO
koMIIoHeHTIB, K; Ni, N2, N3, N4 — KIJIBKICTb aTOMIB
y GopMysIi BiAMOBIAHOTO KOMITOHEHTA (CIIOJIYKH);

Xi, X5, Xz, X4 — MonbHa [0AS KOMIIOHEHTA
(crionmykn).

Bupuenns YOTHPUKOMITOHEHTHUX (Ta
0araTOKOMIIOHEHTHHUX) CHUCTEM HEMOXJIMBE 0e3

BUKOPHUCTaHHS OapUIICHTPUYHUX KOOpPJWHAT 1
eBKITIoBOT TeomMeTpii. Tak moBknHa koHOmMM L B
YOTHPUKOMITOHEHTHI CHCTEMI MK TOYKaMH 3
koopauHatamu X1, Y1, Z1, T1 1 X2, Y2, Z2, T2
BH3HAYAETHCS 3a (OPMYIIOI0 HaBeICHOIO B [5,0]:

L2=(X2-X1)+H(Y2-Y 1 \H(Z2-Z1H(T2-T1)+(X2-
X1)*(Y2-Y1)HX2-X1)*(Z2-Z1)+H(X2-X1)*(T2-
TIHY2-Y 1)*(Z2-Z1)+(Y2-Y 1)*(T2-T1)HZ2-
Z1)*(T2-T1) (10)

BigHocHui1 00’eM eleMEHTapHOTO TeTpaeapa
(V4), 6epyun 06’ €M KOHIICHTPAIIIMHOTO TETpaeapa ,

110 JIOPiBHIOE OJIMHMUII], BU3HAYAETHCS
PO3B’sI3aHHAM PIBHSIHHA [5,6]:
X, Yy oz 1
v, = X YV, 7 1
X35 Y3 z3 1
Xos Yo 23 1

Komn cucrema Hamiuye 4 okcuam HaOyBae
ICTOTHOTO TPHKJIQHOTO 3HAYCHHS  BU3HAYCHHS
CyMapHOTO BITHOCHOTO O0’€MY, y SKOMY HasBHA
nana (aza (Vgas) 1 AMOBIpHICTH 11 icHyBaHHS
(Wgasu) (Vo — 00’ €M KOHIICGHTPAIIIfHOTO TeTpaeIpa):

V(1)a3]4:2V1 5 W(ba3]4:2V1/n*V0. (1 1)
Crymine  acumetpii (K)  enemeHTapHHX
TeTpaeapis OITIHIOETHCS SIK BiJTHOTIICHHS

MaKCHUMaJIbHOT JIOBXHHH pebpa eIeMEeHTapHOro
terpaenpa (Lmax) 10 MiHIMaTbHOT (Lmin) [6]:

K: Lmax/ Lmin. (12)

Amnai3 cyocomaycHoi 0ynosu cucremu CaO -
Fex03-ALOs - SiO; HaBeneHoi B [8] moka3as, 1o 3a
MiABUIICHUX TEMIIEpaTyp B I CHUCTEMi TaKOX
NPUCYTHSI CYTIPSDKEHA PeaKIlis:

2CayAlLS107 + 17Fe2 AL O =
CaAl;Si,0s + 3CaAl 2019 + 17Fe203 (13)

s BusiBieHHs criiBicHyBaHHA (a3 Ta OynoBu
OKpeMHx 00nacTell CHCTeMH HEOOXiHO MPOBECTH
TepMOIUHAMIYHUHN aHami3 1€l peakiii. BuximgHi
TePMOIWHAMIYHI KOHCTaHTH JUISI PO3PaxyHKIB
HaBeJzieHO B Ta0m.1 [6,7].

Tabmursl

TepMoanHAMiYHI KOHCTAHTH CIIOJIYK

0, C =q+ b'T+ .TLZ
—AH 295, i}f/& ﬂ)K/?MOJ’IL'IpCaH)
No  daza KK/ -
(Mo 5 | c10
MOJIb a b-10 5
‘Tpajt)
1 Fe203 822,15 89,96 98,28 |77,82 |14,85
2 Fe2AlOs 252546 143,09 | 180,50 224,18 -
3 [CaAl12019  |10667,96 08,82 - 301,96 165,50
4 |Ca2ASiO7 [3984,19 198,22 266,56 |33,46 63,23
5 CaAlLSi2Os 4220,89 02,41 269,40 [57,30 [70,63
3aJeXHICTh  CHTPOMIl, EHTAIbBII] BiJl

TeMITepaTypHy HaBeJeHa B Ta0J1.2
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Tabnuus 2 Cucrema CaO - FexO; - ALO; - SiO;
3asexHicTh eHTpONii, eHTANBNII BiX TeMnepaTypu CKIaNacTbCs 3 25 €NEMEHTapHHX TETPaeapiB
s, XapaKkTeprCTUKa SIKUX HaBeJeHa B Ta0u.3.
T AH?,, Ix/Monb ’
Jx / (MonbTpanm)
300 607076 179 TaGums 3
200 374565 771 XapaKkTepuCTHKH eJleMEHTAPHHUX TeTpaeapin
700 108332 -1217 cucremu CaO — Fe203 — ALO3 - SiO: (CaO-C,
900 -211592 -1617 Fe:05-F, ALO3-A, SiO; -S)
1100 -590654 -1996 o6
1300 -1030948 -2364 Ne EnemenTapHi TeTpaenpu eﬂeMZﬁ-
1500 -1533450 2722 etemer- rapioro
1700 -2098679 -3076 TapHoro TeTpaes-
TeTpaen a 0 B r Py
3anexnicTe BineHOI eHeprii 'i66ca GrBin il AV, %o
TEMIICpPaTypy HaBelIeHa B puc.l. 1 ¢ CsS CiA | CuAF 33
2 C CsS CoF C4AF 32
3 CsS C2S CA C4AF 11
oy 4 GCsS C2S CoF C4AF 11
2500000 5 CaS CiA Ci2A7 | C4AF 17
3 2000 6 CaS Ci2A7 CA C4AF 9
= e + 7 C:S | CF | CAF | CF 11
oottt 8 CS | cA CF_ | CAF 32
) St ' 9 &S | CA | CF | Ch 23
10 CaS C2AS CA CF2 44
Puc. 1. 3anexnicTs BinmbHOI eneprii ['166ca GOt 11 CS | GAS | CF F 19
BiJl TEMIIEpaTypH 12 CaS CsS: | CAS F 26
13 CsS2 CS C2AS F 37
Amnani3 Tabnumi 2 Ta pucyHka | mokasaB Mo 14 CS GAS | CAS, F 78
CaxALSiO7 ne pearye 3 Fe;Al,Og, a koMOiHalis da3s 15 ©AS | CA CAq CF, 34
. 16 C2AS CA2 CF2 F 25
CaAhSmQE + CaAl2019 + FexO; yrtBOpHOE 7 CAS | CA, Chc F 29
“NOpOXKHIN~ TPUKYTHUK. TakuM 4YMHOM 001acTb 18 C.AS FA | CAS: | CAs 70
CaAlLSi07 - FerAl,Os - CaAlSizOs - CaAl;2Or9 — 19 C:AS | FA | CAS; F 52
Fe;0; cucremu CaO-Fe,03-Alx03 -SiO; yrBOpIoe 3 20 CAS: | CAs FA A 22
eJleMEHTapHuX TeTpaeapa (puc.2): 21 AsSy | CAS; | FA F 22
1) Ca;ALSiO; - Fe;ALOs - CaALSiOs - 22 | AsS) | CAS) | FA A 32
. 23 AsSo CAS2 F S 145
CaAlSi0s , 24 CS | CAS, | F S 177
2) CaxAlLSi07 - FexAl,Og - CaAlzSi,05 — Fex O3 25 CAS FA CAs¢ F 7
3) CaxALSiO7 - Fes Al Og - CaAl 12019 — FexOs
B3aemo3B’a30k MK €JIeMEHTapHUMHU

CazAlSi0r

y CaAlinOns

CaAl;Si;0s

Fe:Al0s

Puc. 2. EnemenrapHi TeTpaenpu o0acTi
Ca2A128i07 - FezAlzos - CaAlzsizog - CaA112019 —
Fe,03 cuctemu CaO-Fe,0s - AlLOs - SiO; .

tetpaeapamu cuctemu CaO — Fe,O3 — Al,O3 —Si0s.
HaBemeHO HmkYe (e- 3amumok i3 3 a3
€JIEMEHTapHOTO TeTpaejapa HE IOBTOPIETHCS B
IHIIIOMY €JIEMEHTapHOMY TeTpae/pi).

la—30 7a—e 13a—14B 19a—21a 25a-e¢

0—e 6—8 06—12a 0—14a 0-170
B—2B B—¢ B—¢€ B— 258 B- 198
r—e r—4a r—e r— 18r r-18s
2a—40 8a—e 14a— 196 20a—e

60—e 0—706 0—24r 0—22a
B—IB B—60 B—13a B—¢€

r—e r—9r r—e r—18a
3a—5B 9a—c¢ 15a—e 2la—19a

06— la 6—e¢e 6—1lér O6—e¢

B— 4B B— 106 B—10a B—23r

r—e r—8&r r—e r—22r
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4a—7r 10a— 158 16a—e 22a— 200
60— 2a 0—98 0—1la 060—e
B— 3B B— llr B— 178 B—¢
r—e r—e r—156 r—2Ir

Sa—e 1la— 166 17a—e 23a—24a

60— 68 60—e 6—256 6—e
B— 3a B— 120 B—16B B—¢
r—e r— 108 r—e r—21s

6a—e 12a— 136 18a—20r 24a—23a

60— 8B 60— 118 0—e 0—e

B— 50 B—¢€ B— 251 B—¢€

r—e r—e r— 19r r— 146
Tomonorigamit rpad B32EMO3B’SI3KY

CJIIEMEHTAapHUX TeTpaeapiB HABEJCHO Ha pHUC.3.

Jns eneMeHTapHHX TeTpaeapiB BH3HAYECHO
TeMIeparypy i CKJIag eBTeKTUKHU (Tabi.4).

B cucrtemi BusiBieHO 6 BHYTPILIHIX KOHO[,
TeMIiepaTypa i CKJIaJl eBTeKTHKU SIKMX HaBEJCHA B
Tab. 5.

Puc. 3. Tononoriunuii rpag B3a€Mo3B’sI3Ky
€JIEMEHTAPHUX TETPae/piB CHCTEMU
CaO — Fe;03 — ALO3; —Si0,

3 Tabn. 4 Ta S5 BUIUIMBA€, IO HaWOLILII
NEPCIEKTUBHUMH UL TEXHOJIOTiI BOTHETPHBIB 1
TEIUIOI30JSIIMHUX MaTepialiB € KOMIIO3HIi B
enemenTapuux Tterpaeapax 18 (Fe:ALOs —
Ca,AlLSi0; — CaAbLSi,Os — CaA112019) Ta 22
(AIéSiZOl} -CaAl>Si,0g3 — Fe,Al,Og — Ale3) iB
nepetrHax 4 (Fe;Alb,Os — CaAlSi,Os) Ta 5
(F62A1206 — CazAhSiO7)

Tabnns 4
TeMnepaTypa i cK/1aJ eBTeKTUKH eJleMeHTAPHUX TeTpaeApiB cucTeMH
CaO - Fe:03 — ALO3 — SiO2 (CaO-C, Fe:0s3-F, AL2:03-A, SiO: -S)
Temne-
Ne ene- a3y eNeMEHTAPHOTO TETPAEApa parypa CkiiaJ| eBTEKTUKH
MEHTAPHOTO
€BTEK-

TeTpaemay a 0 B r xn, K a 0 B r
1 C CsS CsA C4AF 1624 0,2083 0,0119 0,2876 0,4921
2 C CsS CoF C4AF 1589 0,1926 0,0089 0,4716 0,3268
3 CsS CaS C3A C4AF 1643 0,0140 0,0394 0,3325 0,6141
4 CsS CaS CoF C4AF 1611 0,0107 0,0319 0,5365 0,4208
5 CaS C3A Ci2A7 CsAF 1641 0,0387 0,3254 0,0416 0,5943
6 C2S Ci2A7 CA C4AF 1636 0,0376 0,0350 0,3628 0,5646
7 C2S CoF C4AF CF 1438 0,0091 0,1686 0,435 0,7787
8 CaS CA CF C4AF 1446 0,0098 0,1269 0,8138 0,0495
9 CaS CA CF CF2 1329 0,0035 0,0570 0,4309 0,5087
10 C2S C2AS CA CF2 1390 0,0061 0,0165 0,0881 0,8893
11 C2S C2AS CF»2 F 1366 0,0049 0,0124 0,7183 0,2643
12 C2S CsS2 C2AS F 1568 0,0241 0,2755 0,1027 0,5976
13 CsS2 CS C2AS F 1497 0,1459 0,3432 0,0519 0,4590
14 CS C2AS CAS2 F 1514 0,3675 0,0613 0,0814 04898
15 C2AS CA CA2 CF2 1391 0,0166 0,0882 0,0038 0,8915
16 C2AS CA2 CF»2 F 1367 0,0125 0,0028 0,7201 0,2646
17 C2AS CA2 CAs F 1639 0,1893 0,0537 0,0001 0,7569
18 C2AS FA CAS2 CAs¢ 1703 0,3173 0,2265 0,4559 0,0004
19 C2AS FA CAS2 F 1583 0,1169 0,0947 0,1601 0,6284
20 CAS2 CAs FA A 1728 0,5542 0,0007 0,2665 0,1785
21 AsSo CAS» FA F 1608 0,0008 0,2011 0,1145 0,6835
22 AsSy CAS» FA A 1727 0,0056 0,5511 0,2653 0,1780
23 AsS2 CAS: F S 1526 0,002 0,0922 0,5128 0,3948
24 CS CAS: F S 1444 0,2747 0,0384 0,3713 0,3156
25 C2AS FA CAs F 1620 0,1618 0,1258 0,0001 0,7123
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Tabmuns 5

BuyTpimHi koHOAM cucTeMHu
CaO - Fe203 — ALO3 -SiO2

Konoma Test, K IMI;(;IDTIDI/I; > |2 xomi., Moi.%
CasAb$iO7 1652 0,789 0,211
CanlSHOn 1634 0,746 0,254
Cc;fi‘i?sz(_h 1402 0,981 0,019
Coabgnoy | 1754 | 03w 0,683
Conbioy | 111 | 0397 0,603

Cacjzlszﬁ‘;(;lo 1683 0,050 0,950

BucunoBku. B cucremi CaO — Fe,O3 — ALOs —
SiO, BCTaHOBIEHO MOXJIHUBICTH  MPOTIKAHHS
cynpsbkenoi peakuii 2CaxAlSiO7 + 17Fe;AlOs =
CaAlLSi,05 + 3CaAl2019 + 17Fe,03. Bctanosieno
1o B iHTepBai remmeparyp 300-1700K Ca,Al,Si0,
He pearye 3 Fe2AlbOg, a kombinanis gaz CaAl,Si>Os
+ CaAl;2019 + FeyOs yTBOprOE ““OpOXHIi”
TpukyTHUK. B cuctemi CaO — Fe,O3 — Al,O3; — SiO;
BCTAHOBJICHO 25 €JIIEMEHTApHUX TETpaeaApiB It
SKHX HaBEIACHO TEMIIepaTypH 1 CKIIaJ EBTEKTHUK.
[ToGynoBaHo Tomonoriyanil rpad B3a€MO3B’SI3KY
CIIEMEHTAPHUX TETPaeApiB SKHH B TOAAIBIIOMY
JacTb  MOXJIMBICTH  BIJICHIIKOBYBard  3MiHY
¢a3zoBoro  crxiagy — KOMIIO3WLIN:  HANpHUKIAZA
BOTHETPUB-IILIAK, MYJIITOKPEMHE3EMHICTE BOJIOKHO-
0a3aIbTOBE BOJIOKHO Ta iHIIKX. [IpOBEACHO OLIIHKY
BiTHOCHOTO 00’ €My 1 TeMIIepaTypH MOsIBU PO3ILIABY
B CJIEMEHTApHHX  TETpaenpax 1  HaJaHo
MEPCIEKTUBHI 00J1acTi CKIAmiB JJIs TEXHOJOTIT
BOTHETPUBKUX MarepianiB. OTpumaHi AaHi CIig
BpaxoByBaTd B MOJAJIBIIOMY TPH JOCHTIHKEHHI
KOMITO3UIIiil Ha OCHOBiI 0a3aJbTOBOTO BOJIOKHA Ta
MY TOKPEMHE3EMHUCTOTO BOJIOKHA
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Pitak Ya.M., Balaev A.D. About the structure of
a multicomponent system CaO-Fe203-Al1203 -SiOx2.

High-temperature  refractory  materials  for
metallurgy, energy and other industries are being
developed based on compounds of the CaO-Fe;03-A1>0;-
SiO; oxide system. Since such materials are used at high
operating temperatures, there is interest in studying the
reactions in this system at operating temperatures up to
1500 °C. This oxide system also includes aluminosilicate
fibre-basalt fibre compositions, which, due to their high
thermal insulation properties, are promising for use in
ferrous and non-ferrous metallurgy, mechanical
engineering, energy and other industries. In this regard,
a more detailed theoretical study of its subsolid structure
is of interest. The paper presents the results of Gibbs free
energy calculations for the conjugate reaction in the
selected multicomponent system. Based on the
thermodynamic calculations, the possibility of the
conjugate reaction CaAl;Si;Os + 3CaAl;:019 + 17Fe>03
= 2CazAl:Si0O; + 17Fe;Al,O¢ has been established. It
was also shown that the reaction between the CaAl:SiO;
and Fe;Al,Os phases does not occur in the temperature
range of 300-1700 K. The existence of CaxAlLSiO; —
Fe)Al,Os conodes has been established, and the
combination of phases CaAl:Si;0s + CaAl;;019 + Fe;03
in the temperature range 300-1500 K forms an ‘empty’

triangle between them. The temperature ranges of
coexistence of phase combinations are given and the
region of the CaxALSiO—FeAlO—CaAl>Si:Os—
CaAl;:019-Fe;0;3 system is constructed. The results of
theoretical ~ studies  have established that the
multicomponent system under consideration breaks
down into 25 elementary tetrahedra for which the
temperatures and compositions of eutectics are given. A
topological graph of the interrelationship of elementary
tetrahedra has been constructed, which will subsequently
make it possible to track changes in the phase
composition of the compositions. The relative volume and
temperature of melt appearance in elementary tetrahedra
were estimated, and the minimum temperature of melt
appearance was determined. The promising areas of the
system are suitable for the manufacture of refractory
thermal insulation materials. The research can be
applied in the development and use of refractory
materials, for example in mullite-silica fibre-basalt fibre
systems, refractory slag and others.

Keywords:  multicomponent — system, coupled
reaction, Gibbs free energy, elementary tetrahedra,
topological ~ graph  of  elementary  tetrahedra
interrelationships, temperature and eutectic
composition.
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ONITUMIBALIA INTAHOBO-IIOIEPE/IZKYBAJIBHOTI'O TEXHIYHOI'O
OBCJIYTOBYBAHHSA PYXOMOI'O CKUIALY 3 YPAXYBAHHAM PU3UKY BIIMOB

Hoas K.B.

OPTIMIZATION OF PLANNED AND PREVENTIVE MAINTENANCE
OF ROLLING STOCK TAKING INTO ACCOUNT THE RISK OF FAILURES

Dolia K.V.
Y pobomi  pozenamymo  3adauy  nideuwenus  inmepeany IIIITO ma nposedero ananiz uymaueocmi 0o
epexmuenocmi NAAHOBO-NONEPEONCYBANLHO20 — CNIGBIOHOWEHHS BAPMOCIMEll NIAHOBUX [ ABAPIUHUX

mexniynoeo oocayeosysanns (IIIITO) pyxomozo cxkrady
waxom  nepexody  6i0  Jacopcmro  PIKCOBAHUX
pecnameHmuux IHmepeanie 00 pPusUK-OpiCHMOBAHO20
naanyeanusi  (Risk-Based  Maintenance, = RBM).
Axmyanvuicms ~ memu  3YMOBIEHA  OOHOYACHUM
3pocmanHsam 6umMoe 00 Oe3neku ma HYHKMYAabHOCI

nepeeesenb,  CMAPIMHAM — NAPKY U NIOBUWEHHAM
sapmocmi npocmois, modi  AK  NPONYCKHA
CHpOMOJICHICb  Oeno  (nocmu, Nnepcoman, 3andchi

YACMUHY) 3aTUAEMBCS 0OMENCEHOI0. Y maKux ymoeax
oonaxogi inmepgeanu TO Ons 6cix 0OuHuyb MeXHIKUE
KOMNPOMICOM. OISl HACMUHU PYXOMO20 CKAAdY BOHU
HAOMIPHO KOHCEPBAMUBHI Ma  CNPUYUHAIOMDb  3aU6T
sumpamu, 01 HWOI wacmunu — CHGOPIOIOMb
nioguweny umogipricms 6iomog y pyci. Kmovoesa ides
RBM nonseac 6 ys3eo0acenni nepioouunocmi ma
npiopumemie IIIITO 3 imogipHicmwo 6i0MO8U ma
Hacniokamu iomosu. Hacnioku 6 3aniznuynux cucmemax
Maromos 6a2amoKOMNOHEHMHUL XapaKkmep i 6KI04AI0Mb
besnexosi  epexmu, excniyamayiuni — empamu
(3ampumku, 3pue 2epagixa, 3HUICEHHS OOCMYNHOCMI
nAapKy) ma eKoHOMiuMi eumpamu (pemoHm, npocmoi,
wmpagu). Mema docridscenns — 3anpononysamu ma
o0IpyHmysamu  nioxio 00 8UOOPY  MINCPEMOHMHUX
inmepeaanie, AKUL MIHIMI3Y€E OYIKY8AHI CYMAPHI 8Mpamu
3a  3abe3neuyenHs  NPULHAMHO20 — DI6HST  PUBUKY.
Memoouuna ocnosa pobomu nNOEOHye 02110 CYy4aCHUX
xonyenyiu IIIITO, RCM, CBM i PdM/PHM i3
Gopmanizayiero 3a0aui muny “eumpamu + pusux’ Ha
6aszi  napamempuunHux Mmooleneil HaoiuHocmi. s
KLIbKICHO20 onucy Oeepadayii 3acmoco8aH0 MOOeib
yacy 00 6i0omosu 3 po3noodinom Betibyina, wo dae 3moey
nos sizamu inmepgan IIIITO T 3 imosipuicmio giomoeu F'
(T ) ma ouikyeanumu eumpamamu Ha niaHoge U
Kopuzysanvhe empyuanns. Ha Odemoncmpayitinomy
NPUKIadi  BUKOHAHO — PO3PAXYHOK — PAYIOHATLHOO

pobim. Iloxasano wmasguicme 006AACMI ONMUMATLHUX
(payionanvnux) inmepeanie, y AKil 00CA2AEMbCA
KOMIPOMIC ~ MIJIC YACMOMOI0 NAAHOBUX pobim i
empamamu  6i0  8iomos. Ompumani  pezyibmamu
ModICcymb  Oymu  UKOpUCmaui K  NiOIpyHmsi O
noodanvuwioi iHmezpayii 3 OAHUMU MOHIMOPUHZY CMAHY
(CBM/PdM) ma 0ns po3uiuperHss NOCMAHOSKU WLISAXOM
68E0CHHs AGHUX 00MedceHb HA PUUK [ pPecypCcHux
0bmedncenb Oeno.

Knrouosi  cnosa:  pyxomuil  cknad,  mexHiuHe
06cy208y6anHs, nianoeo-nonepeddcysanvie TO, pusux
8i0M08, Hadiinicms, po3nodin Beubyina, RCM, CBM,
PdMm.

Beryn. HanifiHicTs Ta TOCTYIHICTD PyXOMOTO
ckiaaay 0Oe3mocepeaHhbO0 BH3HAYAIOTh  CTIHKICTh
MEPEBI3HOTO TIPOIECy: BUKOHAHHS Tpadika pyxy,
000pOoT  MOi3/iB, BHUKOPHUCTaHHS MPOIMYCKHOI
CIIPOMOYKHOCTI TUIBHHUITL 1 SIKICTB CEPBICY IS
BAaHTAXHUX Ta MACAKHUPCHKUX IIE€peBe3eHb. Y
CydyacHMX YMOBaX BHMOTM J0 O€3leKd Ta
MYHKTYaJbHOCTI 3pOCTaI0Th, TOI SIK €KCIUTyaTallis
4acTO BIZOYBAEThCSI 3a OOMEXKEHHX pPecypciB
peMoHTHOI 0a3u Ta 3a HasBHOCTI (hakToOpiB, LIO
YCKJIAAHIOIOTH MATPUMAHHS TEXHIYHOT TOTOBHOCTI:
CTapiHHS MapKy, HEPIBHOMIPHICTh HaBaHTAKCHHS,
nedimurT mepcoHaNmy, MOZOPOXKYAHHS 3aIacHHUX
YacTUH 1 301NIbIIEHHS BAPTOCTI IPOCTOIB.

Tpamuriitna MpaKTUKa IJIaHOBO-
HONEPeKYBAITBHOTO TEXHIYHOTO 0OCITyrOByBaHHS

(ITITO)  rpyHTyeTbCSI ~ HAa  pErjJaMEeHTHUX
iHTepBasax (3a uacoM abo mpobirom), ki
3a7al0ThC ~ HOPMATHBaMH  Ta  ICTOPUYHO
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chopMoBaHnMH migxomamu. llepeBarorw Takmx
pEerJIaMeHTIB € TIPOCTOTa Ta KEPOBaHICTH: JEIIO
MOXK€ TIIaHyBaTH  3aBaHTAXEHHA TIIOCTIB 1
MEPCOHAIY, a eKCILTyaTaLiiHi ciry:k0u — OyayBaTH
obopor. Ilpote (ikcoBaHuii iHTEpPBal 3a CBOEIO
MIPUPOIOI0 € KOMITPOMICOM 1 HEe BPaxOBY€E peaabHy
BapiaTUBHICTh Aerpanarii. Jns omHMX OAWHUIL
PYXOMOTO CKIIQJy PpErJaMeHT MOXE BHSBHUTHUCS
HaaTO KOHCEPBATUBHUM (BHKOHYIOTHCA ‘‘3aiiBi”
BTpPYYaHHS, 3pOCTAIOTh MPOCTOI Ta BUTPATH), IS
IHIIMX — HAATO PU3UKOBAaHUM (HAKOITUYCHHS
nedeKTiB MPU3BOAUTH 0 BIAMOB Y pyCi, BTOPUHHUX
TIOIIIKO/KEHB Ta 3pUBY Trpadika).

AKTyanbHICTh onTuMizamii [IITO
MTOCHITIOETHCSI CTOXACTHYHOIO IIPHPOJIOI0 BiIMOB 1

3QJICKHICTIO I1HTCHCHUBHOCTI BIIMOB Bill YMOB
ekciutyaTarmii. Haite Ui OJHAKOBHX THIMIB
pYXOMOro CKJIaAy BiIMiHHOCTI y  mpodimi

HABaHTa)KEHHS, TEMIIEPATYPHUX PEXHMax, SIKOCTI
KOJii, CTHJI BEJCHHS Ta oOprasizaiii o00opoTy
MOKYTb CyTTEBO 3MIHIOBATH TEMII 3HOCY. ToMy amst
migumeHas  edextuBHOocTi  TO  HEoOXimHO
MMOETHYBATH  MOJENI HAMIHHOCTI, IO OMHUCYIOTh
IMOBIpHICTB BiIMOB y 4aci, EKOHOMI4Hi OLIIHKH, AKi
BiJOOpaXaloTh  PI3HULIO MDK  IUIAHOBUM 1
aBapiiHUM BTpydaHHsM, Ta (iil) OOMEKECHHS
pecypciB  (PEMOHTHI TOTY>KHOCTI, MaTepialbHO-
TeXHIYHE 3a0e3MeueHHs, 4YacoBl “BikHA” IS
ITIOCTAaHOBKH Y JIETIO).

[lepciekTnBHMM  HampsSMOM €  PHU3UK-
OpieHTOBaHe IJTaHyBaHHS TEXHIYHOTO
obciyrosyBanHus (Risk-Based Maintenance, RBM),
y SIKOMY pIillleHHS TpO IHTEpBajd 1 TMPIOPUTET
BukoHaHH: [II1TO npuiimaeTbes 3 ypaxyBaHHSAM He
JIUIIe WMOBIPHOCTI BIiIMOBHM, a ¥ HACIiIKiB
BiIMOBH. Y 3aTi3HUYHOMY TPAHCTIOPTI HACIIIKH
MOXYTh OyTH 0araTOKOMIIOHCHTHHUMH: Oe3MeKOBi
(migBUILEHHA PU3UKY HEOE3MEYHUX CHUTYyalii),

omepamiifai  (3aTpUMKH, MOPYIICHHS PO3KIAITy,
3MEHIICHHS JIOCTYITHOCTI
MapKy ),eKOHOMIuHi(BapTicTh BiJTHOBJICHHS,

mTpadu, BTpara HOXOAy Uepe3 TMPOCTii) Ta
pemryTariitai. TakuM 9YUHOM, HaBITh 332 OJHAKOBOI
HMOBIPHOCTI BIMOBH Pi3HiI BY3JIW/HiICUCTEMHU
MaloTh Pi3HY KPHUTHUYHICTb, @ OTKE MOTPEOYIOTH
pizHoi momituku TO.

BaxxnmuBuM 9YMHHUKOM akTyanbHOCTI RBM €

g poBizaris Ta PO3BUTOK TEXHOJIOT1H
MOHITOPHHTY CTaHy (Condition Based
Maintenance, CBM) i MIPOTHO3HOTO
obciyropyBanHs  (Predictive  Maintenance /
Prognostics and Health Management,
PdM/PHM).CyvacHi  cuCTeMH  JIarHOCTHKH,
wayside-ceHcopu Ta  OOpTOBI  BHUMIpIOBaHHS

CTBOPIOIOTH MOTIK JaHuX MOA0 CTaHy KOJIICHUX

nap, IMiJIIUITHAKIB, TATBMIBHUX CUCTEM, TATOBOTO
obmamHanHsa Tomo [1, 2, 3]. OmHak TpakTHIHA
LIHHICTh JAHWX BHHUKAE JIMIIE TOMi, KOJIH BOHHU
MIEPETBOPIOIOTHCS Y KEPOBaHI PIIIICHHS: KOJIA CaMe
BukonyBatu [IIITO, sxi poGOTH BUKOHYBaTH
MEePIIOYEProBO Ta K Y3ro/KyBaTH Iie 3 rpadikoM
eKcIDTyaTallii i moryxkHoctssMu jeno. Came ToMmy
aKTyaJbHUM € PO3BUTOK IHTErPOBaHUX MiAXOIIB,
SKIi TOEIHYIOTh MOJICNI HAIIAHOCTI/PU3UKY 3
ontuMizaiieto mwianiB TO Ta pecypcis.

OTXke, axkTyaJdbHICTh TEMH  3yMOBJICHA
HEOOXIiIHICTIO 3MEHIICHHS MM03aIUIAHOBUX BiIMOB 1
BTpaT BiI IMPOCTOIB 0e3  HENPOIOPIIHHOIO
30UTBIICHHST  YacTOTH  IUTAHOBUX  BTPY4YaHb.
Po3pobiierHss Ta  OOIpyHTYBaHHS  pPH3HK-
opieHToBaHoro Mmiaxomay a0 [IIITO cTBopioe ocHOBY
JUISE.  TIpO30pOT0, BIATBOPIOBAHOTO IUIAHYBaHHS
inTepBaniB TO, miBUIIICHHS TEXHIYHOI TOTOBHOCTI
Ta PaIlioHaIEHOTO BUKOPUCTAHHS PECYPCIB JIETIO.

Meroro podoTu € chopmynoBaTi
peKOMeHaIl MO0 TMPAKTUYHOTO 3aCTOCYBAaHHS
MiIXoay Ha piBHI gemno (mpiopuresamis pooOiT,
BUKOPHCTaHHS JaHUX MOHITOPHHTY, Y3TOJDKCHHS 3
pecypCHUME OOMEKCHHSIMH).

O06’€exT JTOCITIKEHHS — MIPOIIECH
TUTAHYBAHHS Ta BUKOHAHHS TUTAHOBO-
MOTIEePEKYBATLHOTO TEXHIYHOTO OOCITyTrOBYBaHHS
PYXOMOTO CKJaay B YMOBaxX CTOXacCTHYHOTO
BHHUKHEHHS BIIMOB 1 OOMEXEHHX pecypciB
peMOHTHO] 0a3zu.

[IpeameT mOCHIHKEHHS — METOIU Ta MOJEi
PU3HK OpIEHTOBAHOTO BHOOPY MK PEMOHTHUX
intepBaniB IIIITO (ta, 3a moTpebu, mpiopHUTETIB
BUKOHAHHI) Ha OCHOBI MapaMEeTPUYHUX MOJIEIeH
HAJIMHOCTI 1 OLIHIOBaHHS HACIIKIB BiIMOB.

MeTta JOCHIDKEHHS —  po3poOHMTH Ta
OOTpyHTYBaTH MiAXiA IO ONTUMI3alii iHTEpBaJiB
IIIITO pyxomoro ckiamy 3 ypaxyBaHHSIM PH3HKY
BIJIMOB, SIKMi MiHIMi3y€ OUYiKyBaHiI CyMapHi BTpaTH
(Butpatu  Ha TO/pemoHT 1 mpocTii) 3a
3a0e3neYcHAs] TMPUIHATHOTO PIiBHA O€3Mekn Ta
eKCIUTyaTaIlifHo1 Ha{iHHOCTI.

JJ1s MoCSITHEHHSI TIOCTABJICHOT METH HEOOX1THO
pO3B’s13aTH TaKi 3a/1a4i TOCIiHPKSHHS:

® BHKOHATH OTJIS CydacHUX miaxonis g0 TO
pyxomoro ckimany (IIIITO, RCM, CBM,
PdM/PHM, RBM)

e Ta BU3HAYUTH iX NMPUIATHICTH IJIS 3amadi
ONTUMI3allii iHTepBaIiB;

e chopMmyBaTH CUCTEMY ITOKa3HUKIB
eextuBHoCcTi (KPI) s OIHIOBaHHS SIKOCTI
momtukd TO: dYactoTra BIIMOB, JOCTYIHICTE,
NpOCTil, MUTOMI BUTPATH, ONEpaliiiHi BTpaTH Bix
3aTPUMOK;
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e 00paTH MOJIEh HATIHHOCTI JAJIS OTHCY Yacy
0  BIAMOBM  KJIFOUYOBOI'O  BY3JIa/MiJCHCTEMHU
(manpuxman, BeWOymwniBcbKUN — po3momina) — Ta
BU3HAYHTH MIIXiJ 0 OIIHIOBAHHS IapaMeTpiB 3a
JTAaHVMU;

® 3alpOIOHYBaTH PU3UK-OpIEHTOBAHY
MMOCTAaHOBKY  omrTmMmizarlii  iaTtepBamy IIIITO
(byHkmis “BapricTh + pH3UK’ ab0 MiHIMI3aIlisg
OUiKyBaHUX BTpAT 3a 0OMEKECHHSM Ha PU3HUK);

e BHU3HAYWTH BUMOTM IO BUXIOHUX NAaHUX 1
mpoleAypy Bepudikamii/Bamimanii wmomenmi Ha
OCHOBI (haKTUYHUX ITOKA3HUKIB €KCILIyaTallil;

AHnani3 OCTAHHIX JOCJIIKEeHD Ta
nyOJikauiii. CyuacHuii HaykoBHuid JOpoOoK y cepi
TEXHIYHOTO 00CIyroByBaHHS 3TI3HUIHOTO
TPAHCTIOPTY YMOBHO MOXHA 3TpYIlyBaTH 3a
YOTUpMa HANpsMaMHU:  MOHITOPUHT TEXHIYHOTO
CTaHy Ta AIarHOCTUKA, IPOTHO3YBaHHS JeTpamaii
i 3amumkoBoro pecypcy (RUL) y wMexax
PdM/PHM, ontumizauis rpadikis IIIITO Ta
iHTerpalis 3 eKcIUTyaTaliiHUM IUIaHyBaHHAM, (4)

pU3HK-Opi€HTOBaHI  (PEHMBOPKH  TIPUHHATTS
pillieHb.
[Mommpenus wayside-ionboard-cuctem

MOHITOPUHTY CTHUMYJIIOBAIO 3HAYHY KUIBKICTh
ormsagoBux  poOit. 3okpema, Kundu Ta iH.
CUCTEMATU3YIOTh TEXHOJIOTii MOHITOPUHTY ISt
PyXOMOTO CKJIazy (BiOparii, aKyCTHKa,
TepMmorpadis, aHai3 MacTHiaa) i 0OroBOPIOIOTH 1X
OpUAATHICTh ISl  PI3HMX KOMIOHEHTiB [1].
CuctemaTnyHuid orysayg i Oi0mioMeTpu4HUi aHami3
Kostrzewski & Melnik meMoHCTpye 3pOCTaHHs
yBaru 70 condition monitoring B 3alli3HUYHUX
CUCTEMaX, a TAKOX BUAUISAE KIFOUYOBI TEXHOJOT1UHI
TPEHIM Ta MPOTAIMHA Y CTAaHAApTH3AMIi JaHux [2].
[Mpuknan TPUKIATHOTO HANpsAMY — poOAacTHI
ceHcopu IS BY3JIiB 13 MAaCTHJIOM
(JTOKOMOTHBH/BaroHu) sK iHQPACTPyKTypa IS
CBM [3].

YPHM-cHifibHOTI MiAKPECTIOITh crenugiky
3alI3HUYHOTO TPAHCIOPTY: BUCOKI BUMOTH JIO
Oe3meKy, [JOBIl JKUTTEBlI IMKIM AaKTUBIB Ta
HEOOXIMHICTh IHTETpamii TEXHIYHHX PIlICHb Y
omepariiiini  mporecu. Ile  BigoOpaxeHO Yy
criertianbHoMy Bumycky [JPHM, mnpucBsueHOMYy
PHM s 3ami3HUYHHX CHCTEM 1 MacoBOTO
Tpancnopty [4]. Ha piBHI ¢uoTy BaxIUBUM €
MO€IHAHHS MPOTHO3Y BiAMOB 13 PIlICHHSIMH IIOIO
IUTAHYBaHHS, 10  JICMOHCTPYIOTH  MOjedi
nuHamigHoro ymopapniHHs TO st pyXxomoro
cknany y Reliability Engineering & System Safety
[5]. Y mi#t jorimi MpPOTHO3 TEXHIYHOTO CTaHy
PO3TTSAAETECS HE SIK CaMOIIb, a SIK BXIA JUIs
pIlIEHb 010 TTIOCTAHOBKH Y JCTIO 3 YpaXyBaHHIM
EKCIUTyaTaIlitHUX 0OMEKEHb.

Ontumizanis rpadikiB [IIITO Tta inTerpauis 3
EKCIUTyaTalliiHUM ITaHyBaHHIM

Maremarnuni Moxeni tianyBanHs TO mms
PYXOMOTO CKIaJy akTHBHO PO3BUBAIOThCS y Oik
IHTETPOBAaHUX IOCTAHOBOK ‘‘eKcruryaTarfiss— [ O—
pecypen”. Y Journal of Rail Transport Planning &
Management pO3TISHYTO BKIIOYECHHS TEXHIYHUX
pobiT y miaH o0iry 3a yMOB HEBHU3HAYCHOI
TpuBanocti TO, 10 € THITOBUM /IS peaTbHUX JIETIO
[6].

Oxpemuii knmac 3amady — BHOIp Jokarii
BukoHaHHS TO pa3oMm i3 KaJeHIapHUM TUTAHOM, III0
(dhopmamisyerscss gk Maintenance Scheduling and
Location Choice Problem (MSLCP);edexruBHi
T TXOTA BKJTFOYAIOTh JIOTiKO-OPiEHTOBaHY
nexkomriosumiio  [7]. CToxacTHdHi MOCTAaHOBKH, 1€
BIIMOBM MOJENIOIOTHCS 4Yepe3 HapaMeTpH4Hi
posmoxinu (B T.4. BeiiOynna), mpenacraBieHi y
CyYacHHX po00Tax 31 CIICHApHUM MPOTPaMyBaHHIM
[8].

[IpakTH4HO 3HAYYIIMMH € TIAXOOH  JIO
crinsHOI onrrmMmizarttii poskiaznis i IIIITO, 3okpema
Ha OCHOBI MepexeBUX (spatiotemporal) momeneit
Uil MeTporoniteHy  [9].Y3aranbHeHuil  crtaH
anroputmiB onrumizarii [IIITO mis 3amizHUYHEX
TPAHCIIOPTHUX 3ac0O0IB (BKIOYHO 3 EBPUCTUKAMU /
METaeBpUCTHUKaMM) IpoaHamizoBaHo y  [10], ne
MiJIKPECICHO BUCOKY OOYHCITIOBAILHY CKIIAJHICTh
MPaKTUIHUX 3a7ad 1 TMOTpedy y KOMITPOMICI Mix
ONTUMATBHICTIO Ta MMBUKICTIO PO3PaXyHKY.

Ha niitHicHO-OpieHTOBaHE OOCIYTOBYBaHHS
(Reliability -Centered Maintenance, RCM) yacto
BUKOPHUCTOBYIOT JIJIsl PAH)KYBaHHS KOMIIOHEHTIB 32
kputuuHicTio Ta BuOopyrtumiB TO. CyuacHi
nyOunikanii JeMoHCTpyoTh mnoeaHaHHs RCM i3

reliability  block  diagram Ta  iHgekcamu
KPUTUYHOCTI  JJI1  BU3HAUEHHA  IPIOPHUTETIB
KOMIIOHEHTIB pyxoMmoro ckiaxy [11]. [as
KUTBKICHOTO BimOopy IHTEepBaIIB IIITO

KOPHCHUMH € TpukianHi “data-driven” kelicu Ha
0a3i posmoxiny BeitOynana 1 ¢yHkmii BaprocTi,

HaIpUKIaz TSt rajgbMiBHOI CHCTEMH
JIETKOPEUKOBOTO TpaHcopTy [12].
Pusuk-opienroBani pimeHHs TaKOoX
PO3BHBAIOTBCSI B CyMDKHHUX  oOnacTsx, e
MOETHYIOTHCSI  IMOBIPHICHI MOIEIl 3 TEOopi€ro
kopucHocTi/BTpaT. Hampukman, Hughes Tta iH.
NPOMOHYIOTh  WMOBipHICHY risk-based cxemy

NpUHHATTS pimieHs y SHM, ska KOHIENTYalbHO
ommm3pka 10 3a1a1 RBM y TO (orminka ctagy — P«
— pimenHs) [13].

Jns  exoHomiunoi ominku edekry CBM
BHKOPHCTOBYIOTH KOMOIHAIli JepeB BiAMOB i
Mounre-Kapio; nmpuknagoM € MOAYIbHHN MiIXi i3
IVHAMIYHUMHA JiepeBaMu BIIMOB [14].
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MeTopomnoriuny paMKy IUIaHyBaHHS 1HCIIEKLIH Ha
OCHOBI PH3HKYy CHCTEMAaTH30BAaHO Yy CTaHIApPTi
ASME PCC-3 [15], sxwuii, Xo4ua ¥ HE € TaIy3eBUM
3aJi3HUYHUM CTaHAApPTOM, 3aJa€ JIOTIKYy pIBHIB
pHU3HK-aHaTI3y (SIKICHUA— KIJTBKICHHH ) Ta T IXOiB
JI0 BCTAHOBJICHHS iHTEPBAIIB.

3a pesynbTaTaMH aHalizy PKEpeNl MOXKHA
3pOOUTH TaKi BHCHOBKHU.

Haiikpame po3kpuTi acmeKkTh:  TEXHOJOTIi
MOHITOPHHTY CTaHy Ta CEHCOpHKA AJIS KIFOUOBHX
By3miB pyxomoro ckmany [1, 2, 3]; wmogeni
iHTerpoBanoro IanyBanHs TO Ta 00iry i3
Bukopuctanusam ILP/MILP i nekommo3uiiii [6,7,9];
¢notai mocranoBku PAM/PHM sk iHCTpyMeHT
3MCHIIICHHS 1T03aIUIaHOBUX BiaMOB [4,5].

HemoctatHho po3KpuTi acmekTH (aKTyaiabHI
HaIpsIMH JOCHIKEHB): (D MIPaKTHYHO
BiJITBOPIOBaHI METOANKH MIEPETBOPECHHS
inaukatopie crany (CBM/PdAM) y pitieHHs 1po
inTepBanu I1I1TO Ta mpioputetn podiT y neno; (2)
Y3ro/UKCHHS “HMOBIpHICTH X Hacmiaku” i3 KPI
TIePEBI3HOTO porecy (TIyHKTYalbHICTb,
JOCTYITHICTh, PIBEHHb CEPBICY) Ta 3 PECYPCHUMH
0OMEXEeHHAMHU PEMOHTHOI 0a3wy; (iil) KamiopyBaHHS
Mojenel HamiHOCTI (30Kkpema BeiiOymra) 3a
0oOMEXeHHMX Ta ‘““3a MIymMJIeHUX JaHUX naemno; (4)

iHTeTpalist  OI[iIHKK CKOHOMIYHHMX  HACHIJKIB
(BapTicTh MIPOCTOIO, mrpadu, BTOPHHHI
MOIIKO/DKEHHSA) Y €IUHY ILUIbOBY (PYHKINIO IS
BuOOpy inTepBams I1I1TO.

Buxaan OCHOBHOI'0 Marepiaiay
Jocaimkenns. Hibkue HaBeneHo MeTOmM, sKi
Ha{4acTIillle  3aCTOCOBYIOTBCS IS BUOOPY
inTepBasiiB  TO Ta ¢opmyBaHHa rpadikiB
TEXHIYHOTO 00CITyroByBaHHS B yMOBax

HEBU3HAYCHOCTi. [ KOXXHOTO METOJy TOJaHO
KOPOTKY MaTeMaTH4Hy iJel0, CHJIbHI/CIa0Ki
CTOPOHH Ta LIIOCTpaLii.

Pernmamente IIIITO (time-/mileage-based).
MeTton nepenbadae BukoHaHHs TO uepe3 cranuid
iHTepBan 71:

T = const. )

ne T— pernamentauii inTepBan TO (3a gacom abo

mpobirom), const —  (iKCOBaHE 3HAYCHHS,
BCTaHOBJICHE HOPMaTHBaMU/PETIaAMEHTOM.
[lepeBarm MeTogy — TIPOCTOTA, TMPOTHO30BAHE

3aBaHTa)KEHHS JIEN0, MiHIMaIbHI BUMOTH JI0 TaHUX.
Cnalki CTOpOHH: ITHOPYBaHHS iHAMBITyaTbHOL
nerpafanii, pusuk “3aiiBoro” TO abo mpomycky
KPUTHYIHOI erpasartii.

Reliability-Centered Maintenance (RCM) i
kputuuHicte. RCM ¢dopmye momituky TO Ha
OCHOBI ()YHKI[IHl CHUCTEMH, PEKUMIB BIIMOB Ta iX
HacHiakiB. JIyisi arperyBaHHS HAIIHHOCTI YacTo
3actocoByloTh RBD-mopmemi. [lns mocmimoBHOT

CTPYKTypH (2):

Rsys(t)z ?=1Ri(t)a (2
ne Rys(f) — iMOBIipHICTE 0€3BiAMOBHOI poOOTH
CHUCTEMH JO0 MOMEHTy ¢ (A7 mOCHigZ0BHOI
CTPYKTYpH), Ri(f) — HamiIiHICTb i-TO €JIEMECHTA, 1 —
KUIBKICTh €JIEMEHTIB, ¢ — w4ac/mpo0Oir. CuibHi
CTOPOHH METOIy: Opi€HTaliss Ha Oe3meKky Ta
KpUTHYHI ~ QYHKI, Mpo30opi MACTaBH IS
npiopure3amii [11]. Cmabki CcTOpOHH: BHCOKa
Tpyaomictkicts ananisy FMECA/RCM; notpeba y
EKCIICPTHUX OIliHKaX 1 JaHHX.

Condition-Based Maintenance (CBM) 3a
noporamu. CBM  BuKOHye BTpydYaHHS 3a
JOCSATHEHHs [Topora iHAnKaTopa cTany z(f):

TO, Ko z(£) > Zerir. 3)

ne z(f) — irguKaTop (METPHKa) TEXHITHOTO CTaHy B
MOMEHT {, Zcit — KPUTHYHUN TIOpIr (TpaHUYHE
3HAYEHHS ), IPH AOCSATHEHHI SIKOTO iHinitoeTbes TO,
t — d4ac/mpo6ir. CujIbHI CTOPOHM — 3MEHIIEHHS
3aiiBUX BTpyYaHb; paHHE BUABJICHHS Aerpadarii [2,
3]. Cnalki cTOpOHH: BapTiCThb CEHCOPHKH/IAHHX;
CKJIaJHICTh BCTAaHOBJIEHHS poOoumx moporis. Ha
puc 1 HaBeAEHO MPHUKIAN IOPOTOBOTO IpaBHIIA
CBM.

[\

— Inaukarop crany

~erit

-1 0 1 2 3 | 5

)

6 7 8 9 10 11

Puc. 1. IIpuknax noporosoro npasmia CBM: BTpy4aHHS IHILIIOETHCS IPU MEPETHHI Zeyr.



BICHUK CXIAHOYKPAIHCBKOIO HALIOHANBHOIO YHIBEPCUTETY imeni Bonoaumupa Jans Ne 12 (298) 2025

83

Predictive Maintenance / PHM (PdM/PHM) i
ominka RUL. PdM/PHM mnaHye BTpy4YaHHS,
BUKOPUCTOBYIOUH TPOTHO3 3AJIUIIKOBOTO pECypcy

(nuB. popmyiy (4)):

RULd = f(x(?)), 4
ne df(’) — Moaens/anropuT™M MPOTHO3YBAHHS
(RUL—orrinka 3amumkoBoro pecypey (Remaining
Use ful perpecisi, ML-monens abo izudHa MoaeIb
nerpafanii), X(f) — BEKTOp O3HAaK y MOMEHT ¢
(TIOKa3HUKM TIarHOCTUKH, CEHCOPHI BHUMIiPIOBAHHS
Ta YMOBH €KCIUTyaTallii),  — MOTOYHUI 4ac/mpooir.
VY ¢notaux 3anauax PAM € HaliOinbIn e()eKTHBHUM,
KOJIM 1HTETPOBAHUH 13 IJIaHYBaHHAM EKCILTyaTarii
Ta obMexxkeHHsMu Aernio [4, 5]. CWiIbHI CTOPOHWU:
3MEHILECHHS MMO3aIJIAHOBUX BiJIMOB, aJanTUBHICTE.
Cnabki CTOpOHHM: BHCOKAa CKIAIHICTh, PHU3HK
3MIMIeHB Yepe3 Apeid maHux i 3MiHy YMOB.

Marematnyna onrtumizania rpagikie  TO
(ILP/MILP, mepexeBi moaeni). [nrerpoBani 3axadi
“00ir—TO—pecypcu” yacto (OpMali3ylOTh y
Buraai ILP/MILP (nuB. dpopmyiny (5)):

Ax<b x€{0,1}". (5

min cTxs.t.
Je X — BeKTOp OiHapHUX 3MIiHHUX pillIeHb
(mampuknan, npusHadeHHs poOit/Bikon TO), ¢ —
BEKTOP MUTOMHUX BuUTpat/mrTpadiB, A—MaTpuLs
0OMeXeHb, b—BEKTOp MpaBHX YaCTHH, M —
KiIBKICTh 3MIiHHMX; HepiBHiCTH * < b ommcye
pPeCypCHi, 9acoBi Ta TEXHOJOTIYHI OOMEKEHHSI.
IlepeBarm  MeTOAy  MOXJIMBICTH  BpaxyBaTH
YHCcIeHHI 0OMexxeHHs (BiKHA, pecypcH, JoKaii) i
OTPUMATH ONTHUMAJbHE/KBa3i0NTUMAIBHE PIIICHHS
[6, 7, 9]. Cnabki cropoHH: OOYHCITIOBaILHA
CKJIaJHICTh; MOTpeda y CHPOIICHHSX 1 TOYHHX
TaHUX.

Imitamitine monemoBanns (DES) s omiaku
momTrk TO. DES 3acTOCOBYIOTH ISl BiITBOPEHHS
MOTOKIB TOCTaHOBKM y JEMO, 4epr pecypciB i
BIUIMBY HEBU3HAYCHOCTI TpuBasiocteil. IlokaszHuK,
HaNpUKIal, CepemHii dYac LUKIYy  MOXe
omiHOBaTHCA SK (AuB. hopmyiry (6)):

1072

= _ 1N out in
Tcycle = ﬁZkzl(tk — b ) (6)
ne  Tepe CepeliHs TPHMBAIICTh LHUKIY
o0ciayroByBaHHs/liepeOyBanHs y cuctemi, N —
KUIBKICTB 3MOJIEIBOBAHNX LUKJIB

(3aBOK/TIOCTAHOBOK),% %" — yac BXoxy k-ro 06’ ekTa

B cucteMy (NpUOYTTSA/IIOCTAaHOBKA), t%”t — yac
Buxony (3aBepmienHss TO/Bumyck). CunbHi
CTOpPOHU: peaTiCTUYHICTD, MOJKJTUBICTD
MOJETIOBATH CKJIQJHI IpaBWia W CTOXACTHKY.
Cnalki crtopoHu: moTpeba y KamiOpyBaHHI W
BaJIiAaIlii; BIACYTHICTh ““3aKpUTOi” ONTHMAJILHOCTI
[16].

Risk-Based Maintenance (RBM)
napaMeTpUYHOI0 MOAEIUTIO HaJiHHOCTI

Y RBM pusuk MOXHa TOHaTH SK (IWB.

popmyny (7)):

13

Risk(?) = P(X<t) - Ceons, (7)
ne Risk(#) — odikyBaHud pU3HK/OYiKYBaHi BTpaTH
1o BiKky ¢, P(X < f) = F(f) — IMOBipHICTb BiIMOBHU
JI0 MOMEHTY ¢, X — BUIIaJIKOBa BEJIMYMHA ‘‘dac JI0
BiqMOBHU”,  Ceons y3arajibHEHa  BapTiCTh
(HaciimKM) BigMOBH.

s posnoniny BeitOyina (nus. popmyiny (8)):

_ £\B _pyt\P1
Fo=1-ep(-(1)), ro=LF)" ®
ne F(f) — oyHkuis posnoginy (MMOBIpHICT
BimMOBH 110 (f), h(f) — IHTEHCUBHICTH BiJIMOB

(hazard rate), f — napametp dhopMmu, 4 — HapaMeTp
MacmTady (XapakTepHud dac/mpoOir), ¢ —
BiK/mpo0ir komrnoHeHTa. CHIBHI CTOPOHU: TpsSMe
Y3TODKCHHS 1HTEPBAIIIB 13 TPUHHITHAM PHU3UKOM 1
HacliAKaMu; mpupomHa mpiopuresartis. Cradki
CTOPOHHU: CKJIQJHICTh OWiHIOBAaHHA Ceons Ta
KaJiOpyBaHHs TMapaMeTpiB 3a OOMEKEHHX TaHUX
[15,13].

I'padiune nopiBHsAHHA /(f) HaBeAEHO HA pHC. 2.

—B8=22 7=120]
--- 3 =1 (ekcron.) |

w

h(t)

10 60

30

100 160

t

120 140 180 200

Puc. 2. TlopiBHSHHS iHTEHCHBHOCTI BiIMOB /(?): 3pocTatounii BeiOyi (f > 1) Ta ctanuii eKCIIOHSHIIMHNN BUTIQI0K
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Jnst 3aga4i BHOOPY MiXKpPEMOHTHHUX 1HTEPBaiB
[IIITO 3 ypaxyBaHHSM PU3HUKY BIIMOB y MEXaxX ITi€l
pobotn obpano RBM y moemHaHHI 3
napamMeTpuyHoOl0  Mojewiro  BeiiOymma — Ta
CIPOIIECHO EKOHOMIYHOIO (pyHKIIi€0 BTpaT. Bubip
OOTPYHTOBAHO THIM, IIIO: METO] HAIPSIMY TIOB’SI3y€
inTepBan  TO 3 iMOBIpHICTIO BIIMOBH Ta

Haclikamy;  MOTpeOye TOPIBHSHO HEBEIHMKOTO
Habopy TapaMmeTpiB IS JEMOHCTpaIliifHOTro
EKCTIEPUMEHTY; Moxe OyTH HPUPOTHO

posumpennii 10 CBM/PAM (uepe3 oHOBIECHHS
rapaMeTpiB PU3UKY 3a JaHUMH) Ta iIHTETPOBAaHUHN 3
MILP/DES njst BpaxyBaHHS PECYPCHUX OOMEKEHb
y MOJANBIIHNX JOCIIIKCHHSIX.

InanyBaHHs if NpoBeeHHS eKCTIEPUMEHTY.

Mera  eKkclepuMeHTy  —  BH3HAYUTH
paumionansauii iHTepsan [IIITO T+ 3a kpurepiem
MiHiMi3alii OYiKyBaHMX NHTOMHX BTpaT 3a

MOJIITUKOIO “BiKOBOI” 3aMiHu (agereplacement).

[Ipuiimaemo, mo dYac 10 BIOTMOBH X Mae
posnonin Beiibymna 3 mapamerpamu S i #. Skmo
BiJIMOBa TpPAIUIAETHCA OO0 BIKY 7, BHUKOHYETHCS
KOpUTYBaJIbHE BTpy4YaHHS 3 BapTicTio Ccyr; SKIIO
BiIMOBU He cTayiocs A0 I, BUKOHYETHCS IJIAHOBE
TO 3 BapricTio Cpy.

JList ;eMoHCTparlii mpuitMaeMo mapaMeTpu: =
2.2, n =120 (ymOBHi oguHuLi Yacy/mpooiry), Cry=
I, Cen=8.

5.2. Marematnuna MOJIENb
(nemoHcTpariiina).  VIMOBIpHiCTH BiZMOBH 10
MoMeHTYy T BU3Ha4aeThes Gpopmynoro (9):

1072

o
()

o

nutomi Brparu J(7T)

20 40 60 80 100

F(T)=P(X<T)=1—exp (— (E)B) 9)

ne F(T) — ¢yHkuis posnoginy 4acy A0 BiIMOBH
(imoBipHICTH BimMoBH g0 Biky 1), P(1) —
HMOBIpHICTB TOI1, X — BHITAIKOBA BEJTUIHMHA ‘“dac
1o BigmoBu”’, T — intepsan [IIITO (Bik/mpobir, Ha
SIKOMY BUKOHYIOTh TUIAHOBE BTPYYaHH:), eXp(:) —
€KCIIOHEHTa, § — mapaMeTp Gpopmu BeiiOyna, n —
napametp MaciutalOy BeiiOynna.
MMoBipHicTs  6e3BiIMOBHOI

(opmyy(10)): .
R(T) =1—F(T) = exp (— (T) )

N

pobotu  (muB.

(10)

ne R(T) — ¢yHkiis HagiiHOCTI (HMOBIPHICTB, IO
BiJIMOBAa HE CTaHEThCA MO [), a CIIBBIIHOIICHHS
R(T) = 1 — F(T) € 3arambHOI0 TOTOXXHICTIO ISt
HEIMEPEPBHOTO PO3IMOILTY.

OuikyBaHa BapTiCTh OJHOTO LUKIY (TJIaHOBE

TO abo KOpUTYBaILHUN PEMOHT) 3aJAETHCS
dhopmyitoro (11):

E[C(D)] = Cemt(T) + CpuR(T).

me E[C(T)] — wmarematnyHe CIOJIIBaHHSI
(ouikyBaHa BapTiCTh)OJHOTO IUKITY 3a iHTepBany 7,
C(T) —sumagkoBa BapTicTh wukiay, Ccoy —
BapTICTh KOPUTYBATHHOTO PEMOHTY (SIKITO BiIMOBA
cranacst g0 1), Cpy — BapricTh 1uaHoBoro TO
(sixmo BiamoBu o T He Oyno); mHOkHUKHU F(T) Ta
R(T) BHUCTYnaroTh BiIMOBIAHUMH WMOBIPHOCTSIMU
CIIeHapiiB.

(an

120 140 160 180 200

inrepsaun [1IITO 7'

Puc. 3. JlemoHctpartiitna 3anexuicts J(T) Bix intepsany IIIITO:
KOMITPOMIC MK IIJIAHOBUMH BTPYYaHHSM Ta BTpaTaMH BiJ BiIMOB
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Jis  crpomieHoi  OIHKKM MHTOMHUX —BTpaT
BHKOpHUCTaeMO Gopmyiry (12):

E[C(T)]

JT) =——= (12)
ne J(T) — nuromi (Ha OAMHHUINKO Yacy/mpooiry)
OYiKyBaHi BTpaTH 3a MOJITUKOIO “BIKOBOI” 3aMiHH 3
inTepBasiom 7; uncensHuK E[C(T)] — ouikyBaHi
BUTPAaTH 3a IMKJI, 3HAMEHHUK I — JOBXHHA
iHTEepBally MK TUIAHOBUMH BTPYYaHHIMH.

Ilpumimka: y OUIBII CTPOTiH MOCTAaHOBLI Y
3HAMEHHHUKY BHKOPHUCTOBYeThes E[min(X, 7)]; TyT
3aCTOCOBAaHO  CHPOIIEHHA A HAOYHOTO
EKCIICPUMEHTY.

Pe3ynpraTi eKcriepUMEHTY.

[Mooynyemo rpadik J(7) Ta BU3HAYMMO
o0nacTb MiHIMyMY (IUB. pHC. 3).

Jnsi KOHTPOJIBHOI MEPEBIPKH  MOPiBHIEMO
K1JIbKa 3HAYEHb.

ExcnepuMmeHT mokaszye, 1[0 HaBiTh Yy
CTIpOLICHI I MOCTaHOBII icHye o0macTb
pamionanpHEX iHTEepBaniB IIIITO: 3menmenas T
3HIKY€ WMOBIPHICTh BIIMOB, ajie¢ 30UThIIyE
4acTOTy TUIAHOBHX POOIT; 30iIbIeHHS T 3MEHIIYE
gactory [IIITO, ame pi3ko MiABHIIYyE OUiIKyBaHi
BTpaTH BiJ KOPUTYBAIBHHX PeMOHTIB. OTpmMaHa
METOAMKa MOXKe OyTHh po3mmpeHa UUisixoM (i)
BBEJICHHSI SIBHOTO OOMEXEHHs Ha pH3HK, (ii)
BukopuctanHa E[min(X,7)] y 3HamenHuky, (iii)
iHTerpaii pecypcHux oOMexxeHb aeno yepe3 MILP
abo DES.

BucHoBku. Poskpuro aKTyalIbHICTh
ontamizamii  IIIITO pyxomoro ckiamy Ta
OOIPYHTOBAaHO JOLUIBHICTh MEPEXOAY A0 PHU3HUK-
OpIEHTOBaHOTO  IUIAaHYBaHHsS, SIKE BPaxoBYE
IMOBIPHICTh BiIMOBHM Ta HACIIIKH I OC3MEKH i
eKCIUTyaTalii.

Ha ocHoBi aHnamizy cydacHux myOuikarmiit
CHCTEMAaTHU30BaHO MIIX0IN RCM, CBM,
PdM/PHM, onTumizaniitai moaeni rpadikis TO ta
PU3HK-Opi€HTOBaHI  (pelMBOpKH;  BHU3HAUCHO
TIpOTaInuHH, OB’ s13aHi 3 IHTeTpaIi€eto
“nmMoBipHicThXHacHigkn” 3 KPI Ta pecypcHuMuN
0OMEXEHHAMU JIETIO.

BukonaHo ormisig MeTOiB cydacHOI HayKd i
MIPaKTUKH Ta oOTpyHTOBaHO BHOip RBM+Beii0ymn
Ak 6a30BOr0 MiAXOLY IS 33241 BUOOPY iHTEpBaJiB
[IITO.

[IpoBeneHO AEMOHCTpAIitHIN eKCIIEPUMEHT 1
MTOKa3aHO HASIBHICTH KOMITPOMICY MIX YacTOTOIO
IUIAaHOBUX pOOIT 1 BTpaTaMM BiJg BiOMOB, IO
JI03BOJISE  BM3HAa4aTH 00JacTh  palioHAJIBHUX
iarepsamis I1I1TO.

Pesyneratn CIIEMEHTH
HayKOBO1 HOBU3HH:

1. moCTaHOBKY 3aJa4i ONTUMI3aIlil iHTEpBaTIB
[IITO y TepmiHax “ouikyBaHi BTpaTu + pU3UK~ 3
BUKOPHUCTaHHIM napaMeTpuyHoOi Moei
HamidHOCTI (BeitOymr) mmsd KiTbKICHOTO 3B’s3KY
Mix iHTepBasioM TO Ta iMOBIpHICTIO BiZIMOBH;

2. JIEMOHCTpALil0 BiATBOPIOBAHOI MPOLEILYypH
eKCTICpUMCHTAJIBLHOI  OINIHKM  PaIliOHAJILHOTO
intepBanry IIIITO Ta anamizy dYyTIMBOCTI [0
CHIBBiIHOLIEHHS  BapTOCTEl  IUIAHOBOTO
KOPHUTYBAJILHOTO BTPYYaHHS.

ITomanpmri JOCT1IKEHHS
CIpsSIMYBaTH Ha:

1. xamiOpyBanHs mapameTpiB BeiiOymra 3a

JIEMOHCTPYIOTh

JIOLJIBHO

(GakTUYHUMHM ~ JAaHUMH  JENO0 Ta BpaxyBaHHA
LEH3YPOBaHUX CIIOCTEPEIKEHD;
2. iHTerpamito RBM i3 CBM/PdM

(OHOBIIEHHST PU3WKY 3a NaHUMHU JTiarHOCTHUKH) Ta 3
pecypcaumu oomexeHuasmu aerno (MILP/DES);

3. dopmamizarito HacmiKiB BigMoB yepe3 KPI
MEePEBI3HOTO TIporiecy (3aTpUMKH, IOCTYIHICTD,
SLA) 1 po3poOiieHHS TIpaBWJI IIpiopUTe3alii
PEMOHTHHUX POOIT.
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Dolia K.V. Optimization of planned and
preventive maintenance of rolling stock taking into
account the risk of failures.

The paper considers the problem of increasing the
efficiency of planned preventive maintenance (PPTO) of
rolling stock by moving from rigidly fixed scheduled
intervals  to  risk-based  planning  (Risk-Based
Maintenance, RBM). The relevance of the topic is due to
the simultaneous increase in requirements for safety and
punctuality of transportation, aging of the fleet and
increasing the cost of downtime, while the throughput
capacity of the depot (posts, personnel, spare parts)
remains limited. In such conditions, the same
maintenance intervals for all units of equipment are a
compromise: for some of the rolling stock they are overly
conservative and cause unnecessary costs, for others they
create an increased probability of failures in motion. The
key idea of RBM is to coordinate the periodicity and
priorities of PPTO with the probability of failure and the
consequences of failure. The consequences in railway
systems are multi-component and include safety effects,
operational losses (delays, schedule disruption, reduced
fleet availability) and economic costs (repairs, downtime,
fines). The purpose of the study is to propose and justify
an approach to choosing maintenance intervals that
minimizes the expected total losses while ensuring an
acceptable level of risk. The methodological basis of the

work combines a review of modern concepts of
maintenance, RCM, CBM and PdM/PHM with the
formalization of the “cost + risk” problem based on
parametric reliability models. For a quantitative
description of degradation, a time-to-failure model with
a Weibull distribution was used, which allows us to relate
the maintenance interval T to the failure probability F (T
) and the expected costs for planned and corrective
intervention. A demonstration example was used to
calculate a rational maintenance interval and conduct a
sensitivity analysis to the ratio of the costs of planned and
emergency work. The existence of a region of optimal
(rational) intervals is shown, in which a compromise is
achieved between the frequency of planned work and
losses from failures. The results obtained can be used as
a basis for further integration with condition monitoring
data (CBM/PdM) and for expanding the statement by
introducing explicit risk constraints and depot resource
constraints.

Keywords: rolling stock, maintenance, planned
preventive maintenance, failure risk, reliability, Weibull
distribution, RCM, CBM, PdM..
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JOCIIIKEHHA TEMIEPATYPHOI'O PEXKUMY POBOTH ITHEBMATHYHOI
PECOPH HIBUJAKICHOI'O PYXOMOI'O CKJIAZLY 3AJII3HUILT

Ky3umun A5

STUDY OF THE TEMPERATURE OPERATING REGIME OF A PNEUMATIC
SUSPENSION SPRING OF HIGH-SPEED RAILWAY ROLLING STOCK

Kuzyshyn A. Ya.

3pocmanns weudxocmeii pyxy pyxomozo ckaaoy 3anizHuyb
3YMOBNIOE NIOBUWEHHS 8UMO2 00 HAOIUHOCMI elleMenmis
NHeBMAMuUYHO20 NIOGIULYBAHHSA, 30KpeMd 2YMOKOPOHUX
000JIOHOK NHEBMAMUYHUX Decop, MEPMIYHUl CIAaH AKUX
CYMmMEBO BNIUBAE HA IX O0B8208IYHICIb MA eKCHYaAMAYIlHI
xapaxkmepucmuku. Y pobomi HagedeHo pe3yrbmamu
KOMNJIEKCHO20 OOCTIONCEHHS MeMNEPaAmypPHO20 PeHCUMy
pobomu  nHeBMAMUYHOL pecopu WBUOKICHO20 PYXOMO20
cknady 3a  ymoe  Oif  3MIHHUX — eKCIIyamayiiHux
Hasanmasicenvb.  Posenanymo  ocobrusocmi  3miHu
memnepamypu nosimpsi 6 NHeGMAMUYHIN pecopi niod uac
MEPMOOUHAMIYHUX NPOYECI8 CINUCHEHHS A POSUUPEHHS,
WO BUHUKAIOMb YHACTIOOK BEPMUKATILHUX KOIUBAHb KY308d
ma 8i3Kie WeUoKicHo2o pyxomozo cknady. Ilpoananizoeano
BB eKCNIYamayiuHux axmopis Ha nepediz mennosux
npoyecie y NHeBMAMu4Hill pecopi, a MaxKo#c 6CMAHOBIEHO
3GKOHOMIpHOCIMI  3MIHU — MeMnepamypHux  KOAUBaHb
Nnogimpsi  3anexHCHO 8i0 WBUOKOCMI  pYXy, aMNIimyou
6EPMUKANLHOI  HepisHoCcmi  pelikogoi  Kolii  ma
3aeanmaicenocmi  Ky306a. Jocniodcents SUKOHAHO HA

OCHOGI MEePMOOUHAMINHOL MOOei pobomuU NHeeMAMUYHOL

pecopu. Ilposedeno NopIGHATLHUL amanis
MEMNEPAMYPHO20 PENCUMY 8 PEHCUMAX Mmapu ma Opymmo,
BUBHAYEHO MAKCUMANbHI 3HAYEHHS 3MIHU MeMnepamypu
nogimpsi ma oyinero ix giOoHocHy pisHuyio. Becmanosnero,
WO PisHUYA Y MAKCUMATbHIN 3MIHI meMnepamypu nogimps
MIDIC 3A3HAYEHUMU pexcUMamu He nepesuwyye 5,5 %, wo
CIOUUMb  NPO  He3HAYHULl 6NIUE MACU KV308d HA
MeMRepamypHutl pexcum pobomu nHeemMamuyHoi pecopu.
Ompumani pe3yrvmamu MoXcyms 6ymu 8UKOPUCMAHI O
VIMOYHEHHSL YMOS Meniogoi pobomu 2yMOKOPOHOT 000IOHKU
NHEBMAMUYHOI pecopu, a Makodc nid yYac noOambUUX
docniodcennb OUHAMIYHUX —~ NOKA3HUKIE — cucmemu
NHEGMAMUYHO20 PECOPHO20 NIOBIULYBAHHS WUBUOKICHOZO
pyxomoeo cknady sanisnuyi. IIpaxmuune 6npoadoicenms
ompuManux — pesyibmamie  3abesneuye  NiOBULEHHS
HaoitiHocmi ma  006208IYHOCI  NHEBMAMUYHUX DPecop

SHUDICEHHSI MEPMIYHO20 HABAHMAICEHHS. HA 2YMOKOPOHY
000NIOHKY. 3aCmOCY8aHHA OMPUMAHUX OAHUX O00360J14€
30ilicHI08amu  OOTPYHMOBAHY OYIHKY MEXHIUH020 CMAHY
NHEBMAMUYHUX pecop, ONMUMI3yéamu nepiooudHicme i
00cazu  MexHiuHo20  00CNY208y8aHHA, 4  MAKOJMC
MIHIMI3Y8aAMU UMOBIPHICTNG 8i0OMO8 OKpeMUX elleMeHmi8 nio
4ac BUCOKOWBUOKICHO20 pyxy. Lle € sasicausum YuHHUKOM
3abesneyenns HaOiHOL, Oe3nepebilinoi ma 6e3neuHoi
excnIyamayii 3a1i3HUYHO20 MPAHCHOPNTY.

Knrouosi  cnosa:  weuokicHuii  pyxomuii  CK1ao,
NHeBMamuyHa pecopa, mennoeuil npoyec,
memnepamypa, WeUOKIiCMy pyXy HepIGHICIb pelKo8ol
Ko

Beryn. Po3BUTOK MIBHAKICHOTO 3a1i3HUYHOTO
pPyxy B YkpaiHi posnoyaro me y 2002 poui [1]. Ax
HACTHIJOK [ TPHU3BEIO OO BBEACHHA B
eKCIUTyaTallifto  IIBHAKICHUX €JICKTPOIIOI3IiB
HRCS2 xommanii Hyundai Rotem Ta EJ 675
xommanii Skoda Vagonka (puc. 1-2).

Puc. 1. llIBuakicHuii enexrponoizg HRCS2
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Puc. 2. Enexrponoizn EJ 675

Takox, y 2011-2012 pokax KprokiBcbkuM
BaroHOOYIIBHUM 3aBOJIOM BBEJICHO B €KCILTyaTallito
mBuaKicHui enektponoizg EKp-1 «Tapnan» (puc.
3).

Puc. 3. llIBuakicuuii enexrponoizn EKp-1 «Tapnan»

ExcrutyaTartis pyXoMoro CKIIay 31
MBUAKOCTAMU ToHan 140 kM/rom mpu3Bena 0
3pOCTaHHS BHMOT IIOAO WOTO JAWHAMIYHUX
XapaKTepUCTUK, Oe3meknm  pyxXy Ta  PIiBHI
KoM(OpTaOETbHOCTI NIEPEBE3CHHS ACAKHUPIB.

OngHuM i3 KJIIOYOBUX EJIEMEHTIB XOJ0BOI
YaCTWHW MIBHAKICHOTO pPYXOMOTO CKJIQy €
MTHEBMATHYHA CUCTEMa PECOPHOTO Ii/IBIITyBaHHS, ¥
MeXaxX SKOI 3aCTOCOBYETHCS ITHEBMATHYHA pecopa
(puc. 4). Ekcmiyatarmiss pyxoMoro  cKiamy
MIPU3BOANTE A0 CKJIAAHUX MEXaHIYHUX 1 TEeIIOBUX
HAaBaHTA)XXCHb HAa IMHEBMAaTHUYHY pecopy, sKi
BUHUKAIOTh MNpH 1 AepopMyBaHHI y mporeci
B3a€MO/IIT KOJICHHUX Tap 3 peiKoBOIO Koiero [2-3].
UYepes wne BigOyBaeTbcsd 3MiHa TEMIIEPATYPHOTO
peXuMy pPoOOTH MHEBMATHYHOI PECOPH, IO BILTHBAE
Ha (i3UKO-MEXaHIYHI BJIACTUBOCTI ii Matepiany,
rapaMeTpy CTHUCHEHOTO TIOBITpSI Ta IUHAMIYHY
JKOPCTKICTh, @ OTXKE MOXKE II03HAYaTuCs Ha
IWHAMII PyXy i TOBrOBIYHOCTI €JIEMEHTIB X0I0BO1
gacTuHH [4].

Bigomumu MozensMu, siKi OMUCYIOTh POOOTY
MHEBMAaTHYHOI  pecopu € MexaHiuHi  [5-8],
TepmomuHaMiuHi [9-10] Ta CKiHYCHHO-CIIEMEHTHI
[11-14].

Puc. 4. [TneBMaTU4HA pecopa eIeKTPOIOi3 g
EKp-1 «Tapnan»: 1 — rymokopaHa 0060JI0HKa;
2 — KOHIYHUI 'yMOMETaJIEBUIH aMOPTH3aTOP;
3 — BepXHs IIacTUHA;4 — KibIIe; 5 — ITHT;
6 — ruiacTuHa; 7 — ryMOBa IUIaCTUHA;
8, 9 — VIIUTBHIOYE KITbIE

Jlo TUNOBHMX €KBIBaJCHTHUX MEXaHIYHUX
MOJENEeH BIOHOCATBCA «Moaenb Nishimura» [5],
«monens Simpack» [6], «Momens Vampire» [7] Ta
«monens Bergy [8].

Y wmogemi Nishimura (puc. 5) 00’emu
ITHEBMATHYHOI pecopH V' Ta TOAaTKOBOTO pe3epByapa
V, po3rmsamaroThCsl  OKPEMO, 13  MOKIIHBICTIO
BpaxyBaHHs JIHIHHOTO B’SI3K0r0 AeMIi(yyBaHHS.

Fy
ki

ks

Fo

Puc. 5. Mozens Nishimura

CkramoBi BEPTUKATBHOT JKOPCTKOCTI
BU3HAYAIOThCA 33 (OPMYJIaMHU:
k=n-a2-Lo (1
Y,
dA
- e
k= (o= pu) 5 ©)
Ie: p, — BHYTpILIHIH THUCK B CTaHi piBHOBAarw,
H/m?;
p., — armochepHuii Tuck, H/m?;
A, — epekTMBHA  IUIOMA  ITHEBMATHYHOL
pecopu, M%;
n — TOKa3HUK MOJITPOITH.

Mopgems  Simpac € TIPOJOBKCHHSIM MOJEI
Nishimura Ta 101aTKOBO BpaXx0OBY€ BILUIUB aBapiiHOT
TPYKUHH.
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[oganemmit po3sutok Moxeneir Nishimura Ta
Simpac BiIOyBaBCs MUIIXOM BKIOYCHHS 1HEPLIHHOT
CKJIaJIOBOi, sIKa OIMCYE PyX IMOBITPSHOI Macu B
3’€IHYBaJIbHOMY TPYOONpPOBOAI 3 ypaxyBaHHSIM il
npuckopeHHs (puc. 6). Peamizariiro Ip0ro Imiaxomy
3IICHEHO B ITPOTrpaMHOMY KOMITIEKCi Vampire.

Puc. 6. Monens Vampire

Mopnenr Berg € HemiHIHOIO MeXaHIYHOIO
MOJIC/UTIO  ITHEBMATHYHOI pPECOpH, III0 BPaXOBYE
TMOIIEPEUHY, TO3IOBKHIO i BEPTHKAJIbHY THHAMIKY.
Mogenb BKJIIOYAE TPUHAAUATH ifeHTH(IKAIITHIX
rapaMeTpiB Ta BpPaxOBY€ TPHU OCHOBHI e(deKTH:
MpYyXHi, GPUKIIHAHI # B A3Ki BIIACTHBOCTI.

P Sy V2

sz

Cap

Puc. 7. Moaens Berg

BeprukansHa Mozens Mae IBi IPYyKHHH K, 1
K, , nemmndep tepts F,

'z, max *

z, , HEJIIHIAHUI B’ SA3KUH
pemngep C, , B i Macy 2M, sika ONACY€ iHEPLIO

IIpy)xna d9acTuHa
($pukLiiHa YacTUHA —

fz,max * CZB ) ﬁ, 2M .

AHami3 MeXaHIYHHX MOJeNeill  JO3BOJHUB
3’scyBaTH, IO poOOTa MHEBMATUYHOI PECOPH B
CepeAHbO-4aCTOTHOMY Aiana3oHi (Bixg 6 1o 14 I'm) €
HeNiHIAHOIO, a 1ii mapamMeTpw 3ajexarb Bif
aMIDIITymdn  KoimBaHb. OIHUM 13  HEIOJNIKIB
MEXaHIYHUX MOJICNICH € HEBH3HAUCHICTh BEITUKOI
KUTBKOCTI BXITHUX TapaMeTpiB, SKi MPOTIOHYETHCS
3HAXOAWTH HAa OCHOBI MOTNEPEIHIX CKCIICPUMEHTIB.
Kpim mporo, Bubip nmokazHUKa MOMITPOIN Y MOJETISIX
YCKIIQTHCHUH, OCKUIBKM HWOr0 TOYHE 3HAYCHHS
HEBiOME 1 oOWpaeTbcs B Mexax (hi3MYHO
OOTpYHTOBAHOTO Jiama3oHy, IO 3aJCKHUTh BiJ
IIBUIKOCTI TPOIIECY Ta TETUIOBOTO OOMIHY.

MOBITPST B TPyOONPOBOI.
OIHCYETHCS MAPaMeTpoM K

F

ez ?

z, 1B’A3Ka yacThHa — K

vz

Amnamiz TepMonuHaMiuHMX Mopenei [9-10]
TMOKAa3aB, M0 iX MOXKHA KITacHU(iKyBaTH 3a KiIJTBKICTIO
BpaxOBaHMX CJIIEMCHTIB (ITHEBMATHYHA pecopa,
TpyOOmpoBiA, OTBip, MJONATKOBUH pe3epByap,
PeryoBalibHI KJIanaHu) Ta (i3MdHUX ABUII (TEPTS,
IHEpITis TTOBITPS, TEIDIOTIEpeada TOIIO ).

Ha puc. 8 HaBeneHa TepMouHaMiyHa MOJICTH
[9] ITHEBMAaTUYHOI CUCTEMU pecopHOro
MiIBIIIYBAaHHSA, SIKA& MICTHTh  ITHEBMOOAQJIOH,
TpyOONpoBiz i pe3epByap.

2!

Puc. 8. TepMoauHaMidyHa MOJIENb THEBMATHIHOT
cuctemu [9]

[Tpu TepMoHAMIYHUX TIPOIIECaX BAXKITUBUM €
TE, 10 THCK Ta3y BCEpEWHI MHEBMATHYHOI PECOpU
3QJICKUTH BiJl MIBUAKOCTI Ta BEIMYUHU Jedopmartii
pecopu. Bkazana ocoONMBICTH MOKA3ye, MO THCK i,
BI/IMOBIZTHO, JKOPCTKICTh ITHEBMATHYHOI pPecopu
OyIyTh MaTH pi3HI 3HAYCHHS IMPHU 130TEPMITHOMY,
a11adaTHIHOMY, TIOJITPOITHOMY TIpOIIecax.

OCHOBHUMHU  pIBHSHHSMU  MaTeMaTHYHOL
MOACNl € OTPUMaHHA  KBa3iCTaTHYHOI  Ta
TUHAMIYHOT )KOPCTKOCTI:

A2 dA
KM — . + e 4 __e’ 3
M=y (pu+po) TP 3)
K& =(py+p ).A_€2+p 44, 4)
z at 0 v 0 dZ ’
e Y — TOKa3HHK aniabaTy.

3a  yMoBHM, IO TOBITpA B CHCTeMi
pO3TIANAETRCS SK iJCATPHUN Ta3, HOro cTaH y
MIHEBMATUYHIH pecopi onucyeThbest piBHAHHAMH [10].

PV, +V,dP, = R(mdT, +Tdm,), ()
dQ =dE+PdV, +hdm,, (6)
dE =C,mdT, + C,T.dm, , @)
ne P, — aOCONIOTHUIA THCK y THeBMopecopi, [1a;
V. — 00’€M ITHEBMATUIHOT pECOPH, M;
R — rasoBa crana, Jx/(xr-K);
m,— TIOBITPsIHA Maca B MMHEBMAaTUYHIN pecopi,

KT;
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T —

s

dQ— TemIoo0MiH

TemIeparypa noirps B pecopi, K;
MIX THEBMATHYHOIO
PECOPOIO Ta HABKOJIUIIIHIM CEPEIOBHILEM;

dE — 3MiHa BHYTPIIIHbOI €Heprii;

h — eHTajbIisa moBiTps, [IK/Kr;
C,— IUTOMa TEIUIOEMHICTh 3a IOCTIHHOIO

00’emy.

YV BUmaaKy amiabaTHIHOTO PEXUMYy pPOOOTH
pecopu 1 TMHAMIYHY KOPCTKICTh PEKOMEHIYETHCS

00YHCITIOBATH 33 TAKOIO 3aJE€KHICTIO:

A P A P A4
Kdz(ljs_[)o)aa_e'i'ys eg._’yl;eaaVs‘.
z mS z . 4

S

(8)

e z — BEpTUKaIbHA JedopMallisi pECOpH, M;

A,— edexTuBHA TUIOIIA MTHEBMATHUYHOT
pecopH, M%;

I3 anamizy miteparypu [ 1 1-14] BcTaHOBIIEHO, TII0
HaWOLIBII TOYHY JUHAMIYHY MOBEIIIHKY
MHEBMAaTHYHOI ~ PECOPM  MOXHA  OTpUMATH 13
BHKOPHCTAHHSIM METOTY CKIHUEHHHX €JIEMEHTIB (pHC.
9). OmHak CKJIAIHICTIO JaHOTO METOAY € 3HAYHI
3aTpaTd CHJ Ta 4Yacy Ha CTBOPEHHS CKiHUCHO-
€IIEMEHTHOI MOJIETIi Ta BUKOHAHHS PO3PaxyHKIB.

Puc. 9. MonenroBaHHS THEBMATHYHOT pecopu
B IIPOrpaMHOMY TakeTi Abaqus METOIOM CKiHUEHHUX
eneMeHTiB [14]

I3 aHamizy HayKoBO-HOCHIOHHX poOIT [5—14]

BCTAHOBJICHO, 1[0 TeMIeparypa TOBITpI
ITHeBMATHYHIH pecopi BPaXxOBYETHCS
OTI0CEPEIKOBAHO, 4yepes BUKOPHCTAHHS

y3arajJbHEHHX ITOKa3HHKIB afiadaTi abo MO TPOIIH.
Ile oOMexye TOUHICTH MPOTHO3YBAHHS ITOBEIIHKU
pecopy, OCKIIBKH pe3yJbTaTH 3HAYHOIO MIpOIo
3ajekaTh Bl IIBUIKOCTI Aedopmamii Ta yMOB
Teronepenadi. BomgHowac y  KOJHOMY 3
ONpalbOBAaHMUX  JOKEpENl  HE  MPEJCTaBIICHO
JOCIiPKEHb, MPUCBIYCHUX BU3HAYEHHIO
3aKOHOMIPHOCTEH 3MiHH TEMIIEpaTypH BCepeauHi
MHEBMATUYHOI ~ pecopu, IO € aKTyaJIbHUM
HaTpPSMOM JJIs1 TOJANIBIINX JOCHTiPKEHb.

MeTo10 podOTH € JOCTi/DKEHHS XapakTepy
3MIHH TEMIlepaTypu TIOBITPS B ITHEBMATHUHII
pecopi miJ 4yac CTHCHEHHS Ta PO3LIMPEHHS, a TAKOXK

0COONMBOCTEH TEPMOJMHAMIYHOTO TIPOLIECY, IO
BiIOYBAETHCS B CUCTEMI PECOPHOTO ITiIBIIITyBAHHSI.

Jst mocsATHEHHS TOCTaBIICHOT METH HEOOX1aHO
BUKOHATH HACTYIIHI 3aja4i:

1. BuBectn piBHSHHS 3MIHH TEMIIEpPaTypH
MOBITPS B THEBMATHYHIA pecopi 3a yMOB
KOMIUIEKCHOT pPOOOTH THEBMATUYHOI CHUCTEMHU
PECOPHOTO MiABINTYBaHHS.

2. Otpumatu 3aKOHOMIipHOCTI 3MiHU
TEMIIepaTypH MOBITPSl B MHEBMATUYHINA pecopi Big
MIBUAKOCTI  PyXy, AaMILTITyId BEPTUKAIBHOI
HEpIBHOCTI KOJIi Ta pPEXKHAMY 3aBaHTaKEHOCTI
Ky30Ba.

Bukaax  ocHoBHoro marepiamy. s
JOCITIDKEHHST TEMIIEPATYyPHOTO PEXUMY pPOOOTH
MTHEBMATHIHOL pecopu BUKOPHCTaHO
TEpMOIUHAMIYHY Mozenb [15].

[NoBiTpsi, 0 3HAXOMUTHCS B IMHEBMATHYHIN
CHCTEMI PECOPHOTO MiABINTyBaHHS, MOJICTIOBAIOCH
SK i7ea’dbHUN Ta3, MNpUAMAIO4d BiJICYTHICTh
MOJIEKYJISPHUX B3a€MO/IiHl. 3aCTOCOBYIOUH PiBHSHHS
CTaHy 1IE€aTBHOTO Ta3zy OTPUMAHO PIBHSHHS IS
BU3HAUEHHS BHYTPIIIHBOTO THCKY TIOBITpS B
MTHEBMATHYHIN pecopi:

20 =~k 2D iy (0 ERO gy O g
h (t) h(6)-A h(t)- 4
ne hi(f) — BHCOTa MHEBMOPECOPH Yy IEBHUM
MOMEHT 4Yacy, M;
p1, Vi, T — BIAMOBimIHO THCK, 00’eM Ta
TeMIrepaTypa pob6odoro Tisa
nHesMatnaHoi pecopw, (Ila; mM*; K);
mi  — Maca IOBITpS, KT;
R — YyHiBepcaJbHa rasoBa cTana,
Iox/(xr-K).
Jns  BpaxyBaHHs mepefgadi  eHeprii 3
MMHEBMATHYHOI PECOpPH B JOMATKOBHH pe3epByap i
HaBMaKW, a TakoX  Temlomepenadi  Mix

MTHEBMOPECOPOIO Ta HABKOJHIIHIM CEPEIOBHUIIEM,
BUKOPHUCTAHO 3aKOH 30€pEeKEHHSI CHEeprii:

AU(t)=AQ, (t)-AW (t)+AE,, (), (10)
m, (t)-c, AT, (t)=h, - A (t)-(T, - T, (¢)) At - an
— 4, p,(t)- Az, () +Am, (¢)-c, T, (1)
mz(t)'cv'ATz(t):Amz(Z)'cp'Tz(t)a (12)
ne U —  BHyTpimHA eHepris
naeBMopecopu, JIx;
0O, — Temnonepenaya, Jx;
W —  BukoHaHa pobota, J[xk;
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Eoep nepenaya eHeprii MiX
ITHEBMOPECOPOI0  Ta  JIOJaTKOBUM
pesepByapom, JIx;

Ay — muoma Tervionepenadi, M%;

hr —  KoedirieHT TeIIonepenayi,
Brt/(M*K);

Azf(t)- BemuunHa negpopMyBaHHS
MTHEBMAaTHYHOI PECOPH, M;

¢y — THTOMA TETIIOEMHICTb pu
noctiitHomy 00’ emi, JIx/(xr-K);

¢p — THTOMA TEIIOEMHICTh npu

noctiiiHoMy TUCKY, Jx/(kr-K).
IIpoBiBmIM MaTeMaTW4YHI TIEPETBOPCHHS Ta
Malouyu pIiBHSHHS BU3HAYCHHS THCKY B DPECoOpi,
MacoBOi BUTpPATH TOBITPS dYepe3 3’ €IHyBaIbHUI
TpyOOMNpPOBi, OTPUMAHO PIBHSAHHSA TEMIIEPATYPH
TOBITPS B THEBMATUYHIH pecopi:

) oA 8, 0)_e)e, )

m (t)-cV m, (t)-cv
hT'As(t)‘(Tv_Tl(t)
m (t)-cV

OTxe,  pO3TIIHEMO  XapakTep  3MIiHH
TEeMIIepaTypH TIOBITPS B PECOpi MiJ Yac CTUCHEHHS
Ta  PpO3IIMPEHHs, a TakoX  OCOOJMBOCTI
TEPMOIMHAMIYHOTO TIPOLIECY, IO BiOYyBa€ThCS B
CHUCTEMI PECOPHOTO ITiIBIITyBaHHSI.

JocnipkeHHsT MPoBEAEeMO ISl PEKUMY Tapu
NpU TOYAaTKOBOMY THCKY po =5 aTM. Ta PeXHMY
OpyTTO TIpE po=7aTM. 3a YMOB Jii BHITaJIKOBOL
BEPTUKATHHOI HEPIBHOCTI 3 JIOBKHHOIO XBHIIL 5+25 M
1 ammuiTyzolo 5+15 MM @pH IIBUAKOCTI PyXy
120+250 xkm/rox.

I'padixu 3MiHU TemiepaTypu poOOYOro Tiaa y
pecopi Nel Ta Ne2 mpu TOYAaTKOBOMY THCKY
po=7atM. (pSKUM 3aBaHTAXEHHA), aMIUNTYAl
BEPTUKAIBHOI HEpiBHOCTI Komi 5 Ta 15 mmM,
mBUAKOCTI pyxy 120 Ta 250 km/ros HaBeIeHO Ha puC.
10-11.

.(13)

2935

4 294
+ 293 Byifl
S 20

0 50 100 150 200 250 300 350 400 450 500
nsx, m

o

Puc. 10. I'pa¢iku 3MiHN TemIiepaTypu poOo4oro Tina
ITHEBMATHYHOI PECOPH IIPH MIBUAKOCTI PyXy
120 xM/ToJT Ta aMILTITYi BEpTUKAJILHOI HEPIBHOCTI:
a—5mM; 6—15Mm

v 294 ; ——pecopa Nel
=, 29 i 1y /| Mot edal r Al b A Aol I Vil ——pecopa Ne2 &
293 L L | AR

=290

L L L L L L L
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Puc. 11. I'paciku 3MiHn Temnepatypu poGo4oro Tisia
ITHEBMATUYHOI PECOPH MPH MIBUAKOCTI pyxy 250 kM/To1
Ta aMILTITY i BEpTUKAIHLHOT HEPIBHOCTI:
a—5mMm; 06— 15Mm

Amnaui3 rpagikiB Ha puc. 10 nokasye, mo s
pecop Nel Ta No2 wMakcMManbHE 3HAYCHHS
TeMIIepaTypHt pododoro Tijia mpu v = 120 kM/rox Ta
aMILTITYl BEpTHKaJIbHOI HEPIBHOCTI 5 MM CKJIaJae
293,36 K, a mpu ammityai 15 mm — 294,75 K. Tlpu
30UIBIICHH] MIBUAKOCTI pyxy 10 250 kM/rof (puc.
11) MakcuManbHE  3Ha4€HHA  TEMIIEpaTypu
poboyoro Tina MHEBMAaTHYHUX pecop Mpu
aMITTITY Il BEPTUKAITHHOI HEPIBHOCTI 5 MM CKIIamae
294,73 K, ampu 15 mm — 300,57 K.

Otpumani Tpadiku MOKa3yloTh aOCOIIOTHY

3MiHy  TemmepaTypu  poOoudoro - Tima B
NHEBMAaTUYHHUX pecopax. Jlisg Oinmpml HAOYHOTO
NOPIBHSHHS ~ TEPMOAMHAMIYHHMX  TPOLECIB Y

pexuMax Tapu Ta OpyTTO JOIIBHO MEPEUTH 0
aHaJi3y BEJIUYMHH 3MIHU TEMITEpaTypH BITHOCHO il
moyaTkoBoro 3HadeHHS (puc. 12). Ile mo3BoiuTh
OIIIHUTH IHTEHCUBHICTh TEMIIEPATYPHUX KOJIUBAaHb
Yy KO)KHOMY PEXKHUMI POOOTH HE3aJeKHO Bia PiBHSA
MOYaTKOBOTO THCKY Ta  BHU3HAYUTH  BIUIHB
HABAaHTAXKCHOTO CTaHy Ha TEMIIEPATyPHUHU PEKUM
poOOTH MHEBMATUYHOI CUCTEMH.

Amnami3z 3amexxnoctedt (puc. 12) mokasye, 10

XapakTep ~ 3MIHM  TeMIepaTypu BiJTHOCHO
MOYATKOBOTO 3HAa4YeHHS € HemiHiitauM. [lpum
30UTBIIEHH] IIBHUAKOCTI pyXy Ta aMILNTYIH
BEPTUKAILHOI ~ HEPIBHOCTI KONl  BETWYIMHA

TEMIIEpaTypHUX KOJUBAHb y THEBMATUYHIH pecopi
30UTBITYEThCS. MakcuManbHa 3MiHA TEMIIEPaTypH
TIOBITPSI CITOCTEPITa€ThCSA 3a MBUAKOCTI pyxy 250
KM/TOJl Ta aMIUNTYyad 15 MM 1 CTaHOBUTB: st
pexxumy Tapu — 7,9 K, nis pexxumy 6pyrro — 7,5 K.
BcTanoBieHo, 1o pi3HHIS Y MaKCHMaIbHIH
3MiHI TEMIEpaTypy TMOBITPS B MHEBMAaTUYHUX
pecopax MiX PeXHUMOM Tapu Ta PEKHUMOM OpPYTTO
3a TOCIKyBaHUX YMOB He mepeBuirye 5,5%.
TakuM  4mMHOM,  OTpHMaHI  pe3yJbTaTd
XapaKTepU3yIOTh TEMICPATYPHUM PEXHUM POOOTH
MHEBMATHYHUX PECOp 3a JOCIi/DKYBaHHX YMOB i
MOXYTh OyTH BHKOPHCTaHI IS ITOJAJIBIIIOTO
aHaJizy poOOTH MHEBMATUYHOI CUCTEMH PECOPHOTO
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MIBAJKICHOTO 3aJII3HUYHOTO

\

i IBITITY BaHHS
PYXOMOTO CKJIaTy.

120S

v, KM/roq

0

Puc. 12. 3akoHOMIpHOCTI 3MiHH TEMIIEPaTypy HOBITPS B
ITHEBMATUYIHIN pecopi BiTHOCHO MOYATKOBOTO 3HAYEHHS
3aJIeKHO Bifl IIBUIKOCTI PyXy Ta aMIUTITYIH
BEPTHKAJIbHOT HEPIBHOCTI KOJIIT:

a — PeXUM TapH; 6 — PeXXUM OpyTTO

BucHoBkn. OtTpuMaHO  piBHSHHA  3MiHH
TEMIlepaTypu poOOYOro Tiia B IMHEBMATUYHIN
pecopi, IO MA03BOJSE BPaxOBYBaTH KOMIUIEKC
(akTopiB: TeIUIONEpeaady MK ITHEBMATHIHOIO
pPECOpOr0 Ta HABKOJWIIHIM CEPEIOBUINEM, MAaCOBY
BUTPATY TOBITPS, a TAKOXK CHEPTeTUYHI BTPATU TIPH
TIepeTiKaHHI TOBITPS Mi’K pECOpPOIO Ta TOAATKOBHUM
pe3epByapoMm.

BcranoBneHo, xapaktep 3MIiHM TeMIIEpaTypu
MOBITpA B  MHEBMAaTH4HIA pecopi  BiAHOCHO
MTOYaTKOBOT'O 3HAYCHHS MPH 3MiHI MIBHIKOCTI PYXY

Bix 120 10 250 kM/To/1 Ta aMILTITY A1 HEPIBHOCTI BiJl
5 1o 15 MM € HETHIHHAM.

BcTanoBieHo, 1o pi3HHANS Y MaKCHMaIbHIN
3MiHI TEMIEpaTypy TMOBITPS B MHEBMAaTUYHUX
pecopax MiXK PEKUMOM TapH Ta PEKUMOM OPYTTO
3a TOCTiKyBaHUX YMOB He mepeBuirye 5,5%.
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Kuzyshyn, A. Ya. Study of the temperature

operating regime of a pneumatic suspension spring of
high-speed railway rolling stock

The increase in operating speeds of railway rolling

stock leads to higher requirements for the reliability of
pneumatic suspension components, in particular rubber—
cord shells of air springs, whose thermal condition
significantly affects their durability and performance
characteristics. This paper presents the results of a
comprehensive study of the thermal operating regime of an
air spring used in high-speed rolling stock under variable
service loads. The features of air temperature variation in
the air spring during thermodynamic compression and
expansion processes arising from vertical oscillations of the
car body and bogies of high-speed rolling stock are
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considered. The influence of operational factors on the
development of thermal processes in the air spring is
analyzed, and the patterns of air temperature fluctuations
depending on train speed, amplitude of vertical track
irregularities, and car body load are determined. The study
is based on a thermodynamic model of air spring operation.
A comparative analysis of the thermal regime under tare
and gross load conditions is performed, the maximum
values of air temperature variation are determined, and
their relative differences are evaluated. It is established that
the difference in the maximum air temperature variation
between the considered operating modes does not exceed
5.5%, indicating a negligible influence of car body mass on
the thermal operating regime of the air spring. The obtained
results can be used to refine the thermal operating
conditions of the rubber—cord shell of the air spring, as well
as in further studies of the dynamic characteristics of
pneumatic suspension systems of high-speed railway rolling
stock. Practical implementation of the results contributes to
improving the reliability and durability of air springs by
stabilizing their thermal regime and reducing thermal loads

on the rubber—cord shell. The application of the obtained
data enables a substantiated assessment of the technical
condition of air springs, optimization of maintenance
intervals and scope, and minimization of the probability of
failures of individual components during high-speed
operation. This is an important factor in ensuring reliable,
uninterrupted, and safe operation of railway transport.

Keywords: high-speed rolling stock, air spring,
thermal process, temperature, travel speed, track
irregularity
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