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DYNAMICS OF FAILURE PROBABILITIES IN SHIP POWER
PLANT EQUIPMENT CONSIDERING CASCADE EFFECTS

Vychuzhanin V.V., Vychuzhanin O.V.

JTUHAMIKA HMOBIPHOCTEM BIIMOB B OBJIAJTHAHHI CYJTHOBOI
EHEPTETUYHOI YCTAHOBKH 3 YPAXYBAHHSM KACKAJTHUX E®EKTIB

Buuy:xanin B.B., Buuy:xkanin O.B.

The article presents a comprehensive and scientifically
substantiated approach to modeling the technical
condition, degradation processes, and reliability of ship
power plants (SPP) considering cascade failure effects
and probabilistic dependencies between components. A
hybrid diagnostic—prognostic methodology is proposed,
integrating continuous-time Markov processes, Bayesian
networks, gradient boosting algorithms (XGBoost), and
simulation modeling within a wunified analytical
framework. The approach enables quantitative
assessment of the dynamic evolution of reliability under
complex interactions between subsystems. The
interrelation between SPP components is formalized
through a cascade influence coefficient matrix oy, which
reflects how the malfunction of one unit increases the
probability of failure in another. Bayesian networks are
used to capture causal relationships between failures and
to continuously update probabilistic assessments based
on new monitoring data, while machine learning
algorithms determine the most informative parameters
for predictive diagnostics, such as vibration amplitude,
oil temperature, and cooling system pressure. The model
was trained and validated using operational data from
the OREDA database and expert evaluations,
demonstrating high predictive accuracy (AUC > 0.95,
MAE < 4.7%). Simulation experiments identified two
critical operational intervals (=10,000 and 20,000
hours), when cascading effects lead to exponential
growth of total failure probability. The cooling system
and main engine were found to be the most vulnerable
nodes initiating degradation chains that propagate
throughout the system. The developed methodology
enables integration into digital twin architectures for
adaptive recalibration, anomaly detection, and risk-
based maintenance optimization. The study contributes
to the formation of a data-driven, cognitive basis for
intelligent monitoring and predictive maintenance of
maritime energy systems, enhancing their reliability,

resilience, and operational efficiency under uncertainty
and extended service life.

Keywords: probabilistic modeling, cause-and-effect
relationships, technical condition diagnostics; Bayesian
networks, simulation modeling; machine learning in
maintenance; equipment reliability

Introduction. Ship power plants are critically
important elements of maritime infrastructure, with
their  reliability directly determining the
uninterrupted operation of a vessel under conditions
of prolonged loads and variable external factors [1,
2]. Their design represents a complex combination
of interconnected components functioning as a
unified whole. In such conditions, failures of
individual units may lead to cascade processes that
can significantly accelerate the degradation of the
system as a whole. Considering these cascade
effects in diagnostic and prognostic models remains
one of the least developed but potentially critical
tasks in technical diagnostics. Modern research
demonstrates progress in the field of reliability
assessment for complex technical systems (CTS),
yet most studies are either limited to individual
equipment or do not consider their systemic
interdependencies. Moon et al. [3] applied a
multistage Markov model to analyze the
degradation of marine components. While the
model successfully reflects the reliability dynamics
of individual CTS elements, it does not account for
probabilistic dependencies between components,
which significantly limits its applicability in the
case of cascading equipment failures. The Markov
maintenance model developed by Garbatov and
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Georgiev [4] takes into account degradation and
carbon efficiency indicators. The work is relevant in
the context of maintenance planning, but the authors
focus on individual degradation trajectories without
analyzing interactions between units, reducing the
applicability of the approach for integrated risk
assessments. The probabilistic methodology by
Morato et al. [5] for analyzing equipment failures in
CTS considers mutual dependencies between
components. Bayesian networks combined with
reinforcement learning were used for dynamic
decision-making. Cascade effects in this work are
considered through structural probabilistic links: if
one component fails, the probability of another
failing increases. This brings the model closer to the
reality of complex systems. However, Morato et
al.’s model focuses on a general reliability
management framework and does not include
temporal failure dynamics, i.e., it does not describe
how quickly the cascade spreads after initiation.
Moreover, there is no formalized quantitative
relationship between components (e.g., influence
coefficients of failures), which limits its application
in tasks where the degradation sequence detail is
critical. The problem of decision-making under
uncertainty based on partially observable Markov
processes was studied by Andriotis et al. [6]. The
model allows for the possibility that system
components are interconnected, and information on
their condition has different wvalues. Thus,
interdependencies  between components are
possible and partially considered, including in
monitoring strategy selection. However, the work
lacks an explicit formalization of cascade effects: it
does not show how one component's failure affects
the failure probability of others, nor are structural or
quantitative parameters of such links introduced.
Furthermore, the study focuses on abstract
engineering systems and is not adapted to the
specifics of marine MPPs, which hinders practical
application in marine diagnostics. Kamariotis et al.
[7] proposed a framework for assessing the value of
vibration-based monitoring, which can be used for
early degradation detection. Despite its importance,
this work does not consider interactions between
components and is limited to evaluating a single
data type (vibrations) without using comprehensive
probabilistic models. The most relevant studies for
diagnostics are those based on machine learning.
Raptodimos and Lazakis [8] applied NARX neural
networks to predict marine engine parameters, and
Cheliotis et al. [9] implemented a failure detection
system based on neural models. Both studies
confirm the high sensitivity of models to operational
parameters; however, they do not address cause-

and-effect relationships between component
failures and do not formalize state transitions. Zhu
et al. [10] studied multiple failures of marine diesel
engines using various neural network architectures,
including CNN and RNN. Their model
demonstrates high diagnostic accuracy, but the
focus is on state classification rather than modeling
the probabilistic failure dynamics within a system
structure. Of particular interest is the study by Wang
et al. [11], which proposed an intelligent diagnostic
scheme based on principal component analysis and
backpropagation in a neural network. The approach
effectively detects anomalies but does not account
for temporal dynamics or mutual influences among
components.

Thus, despite significant advances in technical
condition forecasting, key methodological problems
remain unresolved: lack of formalized consideration
of cascade interactions between SPP components;
insufficient integration of temporal degradation
models (e.g., Markov processes) with cause-and-
effect relationships (Bayesian networks); limited
use of machine learning as a tool for probabilistic
inference support; weak linkage between diagnostic
results and preventive maintenance strategies;
absence of models for rare multiple failures during
prolonged operation. The purpose of this study is to
investigate the dynamics of component failure
probabilities in SPPs considering cascade effects
and to develop an integrated prognostic
methodology combining probabilistic modeling,
machine learning, and simulation.

To achieve this goal, the following tasks are
addressed:

1. Construct a mathematical model of cascade
effects between SPP components using an influence
matrix oij.

2. Simulate the temporal degradation of
components using continuous Markov processes.

3. Apply Bayesian networks to refine failures
based on cause-and-effect relationships.

4., Use machine learning  algorithms
(XGBoost) to analyze operational data and assess
risk factors.

5. Perform correlation analysis of failure data
(OREDA, 25,000 hours) to identify
interdependencies.

6. Visualize the propagation of cascade effects
using heat maps and network graphs.

7. Conduct simulation modeling of rare
multiple failure scenarios.

8. Formulate recommendations for optimizing
maintenance based on time-based risk thresholds
(10,000 and 20,000 hours).
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Results

Formalization of cascading effects.

To describe the cascading propagation of
failures among interconnected SPP equipment, an
approximate model is introduced for the change in
failure probability P;(?), analogous to a difference
equation accounting for the influence of other
system components:

P(t + At) = Py(t) + Z @ P(t) - At,
J#i

where P;(t) is the probability of failure of
component 7 at time ¢;

P;(t) is the probability of failure of component
j at time t;

a;j is the influence coefficient of
component j on the failure probability of component
i

At is the time step

This model reflects the impact of simultaneous
wear and degradation of interconnected components
and makes it possible to account for cascading
failure propagation within the system. The values of
the coefficients a; are determined based on
correlation analysis and simulation modeling and
represent empirically derived dependencies.

Based on the data on mutual influence of
failures among key SPP components, a matrix of
influence coefficients 4=[a;;] was constructed. The
rows of the matrix correspond to the influenced
component i, and the columns to the influencing
component j. The coefficients a;; , representing the
impact of the failure of component j on the failure
probability of component i, were obtained from:
correlation analysis of historical failure data for
MPPs over 25,000 hours of operation; expert
evaluation, harmonized with simulation modeling
results (including those based on the OREDA [12]
database); analysis of rare failure scenarios using
cognitive models and Bayesian networks, which
define conditional probabilitics. These values are
not universal but adequately reflect the behavior of
typical SPP s during long-term operation and can be
adapted to a specific facility if failure statistics are
available. The proposed formalization of cascading
effects has several methodological limitations. The
model is described by an approximate difference
equation reflecting a linear dependency between
components. This structure ensures implementation
simplicity,  calculation  transparency, and
adaptability, but it does not take into account, for
example: time delays in the propagation of failures;
nonlinear amplifications under multiple influences;
potential synergistic effects. Furthermore, the

current version does not utilize structural
characteristics of the cascading dependency graph,
such as depth, density, cycles, or the presence of
redundant propagation paths. These aspects may be
critical when analyzing complex technical systems.
Future development directions for the model
include: incorporating temporal influence weights;
transitioning to continuous representations;
integration with dynamic logic-probabilistic
models. Such extensions would improve the
description of cascading processes and enhance the
accuracy of predictions in systems with high
component interdependence.

The cascading dependency graph, constructed
based on the matrix «; represents a directed
weighted network, in which nodes correspond to
SPP components, and arcs reflect the directed
influence of failures. The weight of an arc
determines the strength of the effect one component
has on another. This type of graph allows for
visualization of failure propagation routes and
identification of the most vulnerable or critical
nodes. An example of such a structure is shown in
Figure 1.

Cooling __,
system

Main Subsystem

Ship
power engine managed

plant
Fig. 1. Network graph of cascade effects

Despite the apparent simplicity of the basic
difference equation, the structure of the proposed
model allows for further theoretical expansion.
Below is a possible formalism that describes
cascade dynamics in a more comprehensive form. It
can be implemented as part of an advanced
prognostic platform, given the availability of
detailed data and computational resources. Taking
into account the outlined limitations, a generalized
mathematical framework is proposed for describing
cascading failures in complex technical systems. It
integrates  probabilistic ~ dynamics, structural
dependencies, and adaptive forecast correction. The
formalization includes the following components:

Temporal dynamics of  component
degradation. Each system element i is associated
with a Markov process [13] with a set of technical
states of the SPP equipment {0, 1, 2, 3},
representing stages of technical life (operational,
degraded, pre-failure, failure). Transitions between
states are defined by the matrix QF, and the
evolution of the probability vector is given by the
equation:
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dP;(t)
dt

= Py(t) - QW

where: Pi(t) = [PV 0), PP, )PP, ()PP (1)
- the probability vector of component i being in one
of four states at time ¢;

QW =€ R** _ the transition rate matrix
(infinitesimal generator) of the Markov process for
component i;

Pi(k) (t) - B the probability that component i
is in state k£ €{0,1,2,3} at time ¢

Graph of cascade interdependencies. The
structure of cascading influences is represented by a
directed weighted fault graph:

G=(V.E),

where: V = {v,,v,,...,v,}} - the set of vertices,

each corresponding to a component of the SPP;
E=CV XV - the set of directed edges,

each edge (j — 1) reflects the potential influence of

the failure of component j on component i,
VxXV= {(vi,vj)|vi ev, vj € V} ;

a;€[0,1] - the weight of the edge, reflecting
the strength of such influence (empirically
determined).

The weight a; reflects the strength of the
influence [14]. The cascading contribution of
component ; to the failure probability of component
i is defined by the expression:

P(t + At) = Pi(t + AT)

+ ) ey (BP0 + B @) -ac
JEN(D)

where: P (t + At) - the adjusted failure probability
of component i, taking into account the cascading
influence of neighboring components;

P;(t + AT) - the baseline failure probability
of component i, calculated without considering
cascade influence (e.g., from the Markov model);

N (i) c V- the set of components that exert
influence on component i, i.e., its cascade
predecessors;

F}-(Z) (t) - the probability that component j is
in a pre-failure state (state 2) at time ¢;
F}-(g)(t) - the probability that component j is
in a failed state (state 3) at time #
Causal dependencies. The use of Bayesian

networks allows for accounting of conditional
dependencies between failures and updating

probability estimates during operation [15]. To
describe causal relationships between component
failures, the basic Bayes’ formula is used:

__ p(B|A)-P)
P(A|B) = O
where: A and B are failure events of components;
P(A|B) - the probability of failure of
component A given failure of component B;
P(B|A) - the probability of the reverse
dependency
Continuous approach. In the continuous
formulation, the failure probability of component i
is described by the integral equation of accumulated
SPP equipment failure risk [16]:

ORI

t
+f Ai(t)+2aij-f;(3)(t) dt
0

Jj#i

where: A;(t) - the intensity of intrinsic degradation
processes in the SPP

Integrated model structure. The developed
architecture integrates temporal, topological, and
causal-probabilistic ~dynamics. It adapts to
operational data using machine learning methods
such as gradient boosting, which refine the
importance of features (vibration, temperature,
pressure) and the structure of the Bayesian network.
Thus, the formalization of cascade effects in the
proposed model relies on both analytical
expressions and a graph-based representation of
inter-component  connections, allowing  for
quantitative prediction of failure propagation and
identification of components that initiate cascade
processes.

Integrated methodology for cascade failure
analysis of SPP equipment. The proposed
methodology implements a hybrid architecture for
prognostic analysis, combining three levels:
temporal (Markov processes), structural (Bayesian
networks), and empirical (XGBoost). This
architecture reflects both the physical degradation
of components over time and probabilistic inter-
component dependencies supported by operational
data. It includes the following key stages:

1. Formalization of the SPP structure. The
hierarchy and composition of functional units are
defined, including the main engine, ship power
plant, cooling system, control subsystem, and other
equipment. The structure is represented as a directed
graph where nodes correspond to components, and
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edges indicate failure
propagation.

2. Modeling of temporal degradation. For each
component, a degradation model based on
continuous-time Markov processes is introduced,
with transitions between the following states:
operational, degraded, pre-failure, and failure.
Transition probabilities are calibrated using long-
term operational data (25,000 hours). Each
component is modeled with four technical states:
0 - operational condition (no signs of failure); 1 -
degradation (minor parameter deviations, still
functional); 2 - pre-failure state (critical decline in
functionality); 3 - total failure (component is non-
functional).

Transitions between these states are described
using a transition probability matrix Q, derived from
statistical data over 25,000 hours of operation.
Transition probabilities are updated according to the
equation:

possible paths for

P(t+At)=P(t)-Q,

where: P(t) — the state probability vector at time ¢

1. Determination of cascade influence
coefficients. To account for inter-component
effects, an influence coefficient matrix o; is
constructed. It reflects the probability that the
failure of component ; will increase the risk of
failure of component i. These coefficients are
obtained through correlation analysis, simulation
modeling, and expert calibration (including the use
of the OREDA database). For example, the failure
of the cooling system may increase the probability
of main engine failure by 25%. The matrix a;; is also
used in constructing the directed graph (Fig. 1),
where arrows represent directed cascade
dependencies.

2. Bayesian correction. To refine failure
probabilities in real time, a Bayesian network model
is used. The network formalizes conditional

dependencies between components using the
expression:
P(B|A)-P(A
peagy - PEA P
P(B)

where 4 and B are specific technical components
(e.g., main engine and power subsystem), and the
corresponding probabilities are updated based on
monitoring data.

This enables dynamic adaptation of the model
to current operational conditions. When new data
becomes available (e.g., increasing vibration or
temperature), probabilities are recalculated using

Bayes' rule, adapting the forecast to current
conditions. The Bayesian network accounts for
reverse dependencies and helps identify initiating
and relaying components in the failure cascade. A
visualization of the probabilistic dependency
structure is shown in Fig. 2.

3. Feature importance evaluation. To assess the
impact of parameters on fault tolerance, the
XGBoost gradient boosting algorithm was applied.
The model was trained on operational data spanning
25,000 hours (OREDA), and identified key risk
indicators: oil temperature, vibration, and cooling
system pressure. For example, the probability of
generator failure increases by 15% when vibration
exceeds the normal level by 20%; the impact of
cooling system wear on main engine failure reaches
22%. The analysis results are used both to define the
structure of the Bayesian network and to pre-filter
scenarios in the simulation model.

4. Simulation modeling. The developed model
is integrated into a simulation framework, where
rare but potentially critical multi-failure scenarios
are simulated using random event generation. This
enables evaluation of the SPP configuration's
resilience to cascading failures.

5. Temporal threshold analysis. Based on the
simulations, characteristic operational intervals
were identified during which the probability of
cascading failure increases exponentially (e.g., at
10,000 and 20,000 hours). This allows for
establishing benchmarks for preventive
maintenance scheduling.

The proposed methodology provides a
comprehensive assessment of SPP reliability,
allowing consideration of both individual
degradation  processes and their mutual
amplification through cascades. Its advantage lies in
the ability to adapt to a specific asset based on actual
failure statistics.

To demonstrate the functioning of the proposed
approach, a scenario is provided in which the
integration of methods enables tracking and
forecasting of cascading failure development,
starting with the deviation of a single parameter.
Each step of the algorithm is aimed at timely
detection and containment of the degradation chain:
the system detects an increase in vibration above the
allowable threshold (by 20%); the Bayesian
network updates the posterior failure probabilities
of related components (e.g., generator and main
engine); the Markov model predicts the generator’s
transition into a pre-failure state within 5,000 hours;
the simulation model initiates a cascading failure
scenario, showing the probability of critical node
involvement; the system generates a decision to
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enhance monitoring, adjust maintenance schedules,
and implement preventive actions to break the
cascade chain.

Analysis of failure dynamics of SPP equipment.
Based on the performed -calculations, graphs
showing the time-dependent probability of
equipment failures in the SPP were constructed

(Fig. 2).

0.200 1 1- Main engine

2- Ship power plant
0.175 13- Cooling system

4 - Control subsystem

0.150
0.125

0.100 1

Probability of failure

0.075

0.050

0.025

0.000 1

0 5000 10000 15000 20000 25000
Time (hours)

Fig. 2. Charts of failure probability variation of SPP
equipment over time

The charts (Figure 2) and Table 1 show the
dynamics of failure probabilities for various SPP
equipment depending on operating time (up to
25,000 hours). The main engine has the highest
failure probability among all components. By
25,000 hours of operation, the failure probability
reaches approximately 20%. The main risk factor is
the high load and wear of the engine's main
components. The marine power plant has a slightly
lower failure probability than the main engine but
follows a similar trend. By 25,000 hours of
operation, the failure probability is approximately
19%. Key risks are associated with overloads and
equipment aging: the cooling system has a lower
failure probability than the main engine and the
power plant but increases significantly toward the
end of the studied operating period. By 25,000
hours, the failure probability is approximately 18%.
Possible causes: fouling of heat exchangers, leaks,
and corrosion; the control subsystem is the least
prone to failure compared to other components. By
25,000 hours, the failure probability is
approximately 16%. Main threats: software failures,
sensor degradation. Thus, the main engine is the
most vulnerable component requiring enhanced
monitoring and predictive maintenance; the marine

power plant and cooling system are also subject to
significant failure risks, especially with extended
service life; the control subsystem has the lowest
failure probability but plays a critical role in the
reliability of the entire system, so its failures may
lead to cascading effects. The general trend is an
exponential increase in failure probability after
15,000-20,000 hours of operation, which confirms
the need for  predictive maintenance.
Recommendations: implementation of monitoring
and diagnostic systems for the main engine and
power plant; use of predictive maintenance using
machine learning methods; enhanced control over
the cooling system to prevent overheating and leaks;
continuous updating of the control subsystem
software to minimize failures due to algorithm
errors.

Table 1

Dynamics of failure probabilities of key SPP
/equipment over time

Time Main Cooling Control
. SPP
(hours) | engine system | subsystem
0.005 0.004 | 0.003 0.002 0.005
5000 0.015 | 0.012 0.010 0.008
10000 0.035 | 0.030 0.025 0.020
15000 0.070 | 0.065 0.060 0.050
20000 0.120 | 0.110 0.100 0.085
25000 0.200 | 0.190 0.170 0.150

Analysis of Table 1 data reveals three key time
intervals based on the rate of failure growth.
During the first 5,000 hours of operation, there is a
relatively slow increase in failure probabilities,
reflecting the normal functioning mode of the
equipment. Between 10,000 and 15,000 hours, an
accelerated growth in risk begins, indicating the
manifestation of accumulated wear and
strengthening of inter-component interactions.
After 20,000 hours, failure resilience decreases
significantly, especially for mechanically loaded
units, which necessitates a transition to active
maintenance measures. The overall trend highlights
the need to implement predictive approaches to
prevent a sharp increase in failure rates.

Analysis of influence coefficients in matrix
A = [ay] (Table 2) shows the following strong
interdependencies: cooling system and marine
power plant: failure of one component increases the
failure probability of the other by 30%; main engine
and control subsystem: malfunction in the control
system increases the engine’s failure probability by
25%.
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Table 2
Cross-influence coefficients of SPP equipment failures
Component i Component j o
Main engine SPP 0.20
Main engine Control 0.25
subsystem
SPP Cooling system 0.30
Control subsystem Main engine 0.20
According to Table 2, cascade effects

significantly accelerate the failure process after
10,000 hours of operation, the probability of failures
increases non-linearly. The most vulnerable to
cascading failures are the cooling and control
systems, as their malfunctions substantially increase
the likelihood of failures in other components. The
results of this analysis can be used to develop
preventive maintenance strategies aimed at
reducing the probability of critical failures through
proactive measures at key operational nodes. This
analysis confirms the importance of an integrated
approach to SPP failure diagnostics, taking into
account the interdependent failure probabilities of
various components.

The impact of a single component’s failure on
the failure probabilities of other components, as
well as on the risk of total loss of operability (TLO),
is presented in Table 3.

Table 3
Cascade dependency matrix between SPP
components
Failed SpP CSU GE

Component ME P cs B FS N TLO
Main

Engine 1(‘)0 052 0(')3 0.20 051 0.10 058
(ME)

0.2 1.0 0.2 0.1 0.8

SPP 0 0 5 0.15 0 0.30 0
Cooling

System 0(‘)3 0(‘)2 1(')0 0.25 051 0.10 0é7
(CS)
Control

Subsyste 0.2 0.2 0.3 0.1 0.7

m s o | o | MO o | O]
(CSUB)
Fuel

System 051 0(')1 O(')l 0.05 1(')0 0.20 066
(FS)

Generator 0.1 0.3 0.1 0.2 0.7

GEN) | 0o | o | o | OB | o |10 ]

The analysis of the cascade dependency matrix
between components of the marine power plant
(Table 3) reveals structural features of cascade
effect propagation within the system. The influence
of one component on another is expressed not only
through local coefficients but also via the
cumulative metric of TLO, which reflects each
element’s integral contribution to the overall

resilience of the system. The highest TLO value
(0.85) is recorded for the failure of the main engine,
indicating its central role in initiating and
amplifying cascading processes. A main engine
failure significantly increases the likelihood of
failure in several critical components: the cooling
system (+30%), the power plant (+25%), and the
control subsystem (+20%). This confirms its status
as the primary risk generator in the system. A high
TLO is also observed for the marine power plant
(0.80), which acts as a retransmitter of failures,
especially influencing the generator (+30%) and the
cooling system (+25%). The cooling system
demonstrates a similar pattern of impact, causing
increased failure probabilities in the control
subsystem (+25%) and the main engine (+30%),
which is due to its functional connection with
thermal and hydraulic circuits. The control
subsystem, despite a lower TLO (0.75), exerts
critical influence on the mechanical part of the
plant: its failure raises the likelihood of engine
failure by 25% and that of the cooling system by
30%. This reflects the logical dependency of system
control on physical processes, as well as the inverse
vulnerability of control systems to mechanical
faults. Components with the lowest TLO fuel
system (0.60) and generator (0.70) exhibit relatively
weak influence on other elements. However, even
in these cases, dependencies are identified that
suggest the possibility of secondary cascade effects.
For example, generator failure increases the risk of
power plant failure by 30% and of the fuel system
by 20%. The overall structure of mutual influences
in Table 3 is not symmetrical, highlighting the
directionality of cascade effects. The impact of
components varies in both magnitude and direction:
the same element may act as a serious failure
initiator while being only marginally affected by the
failure of others. This is characteristic, for example,
of the main engine, which has a strong influence on
the system but experiences moderate reciprocal
impact from most units. Thus, the table of influence
coefficients not only formalizes local risks but also
provides insight into the system’s global resilience.
Components that act as both triggers and
retransmitters of failures have been identified.
These data serve as a foundation for prioritizing
components for monitoring and preventive
maintenance. In particular, the main engine, power
plant, and cooling system require special attention,
as their failure significantly increases the overall
risk of cascading failures throughout the plant.
Based on the data presented in Table 3, it is
necessary to adjust the maintenance strategy for the
SPP. The main engine and the power plant should
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be serviced most frequently, as their failures lead to
the most severe consequences.

Development of backup systems. The generator
must be equipped with emergency backup circuits
to prevent cascading failures in the electrical
system.

Failure prediction. The data from the table can
be integrated into a CBR + Bayesian analysis
algorithm [17, 18], where the impact level of a
component's failure is used to recalculate
probabilities during the diagnostic process. To
identify interdependencies between failures of
various SPP components, a failure risk heat map has
been constructed (Figure 3). This map visualizes the
probabilities of failure propagation from one

component to another.
e n. ..
e “. nn

Fig. 3. Heatmap based on interdependencies
of SPP component failure risks

The heatmap shown in Figure 3.36 provides a
visual assessment of the intensity of cascading
interactions between components of the SPP. The
dependencies  displayed are a  graphical
interpretation of the numerical values from the
cascade influence matrix (Table 3), where each pair
of components reflects the degree to which the
failure probability increases when a related node
fails. The most saturated zones of the diagram
correspond to system elements that either exert the
strongest cascading impact on other nodes or are
most affected by others. This structure confirms the
results obtained from the quantitative analysis and
emphasizes the importance of prioritizing
monitoring and maintenance efforts for nodes with
the highest cascading potential. The visualized data
can be integrated into the implementation of the
hybrid prognostic analysis architecture presented at
the beginning of the section. This architecture

includes: a temporal level (based on Markov
processes) reflecting the degradation dynamics of
components; a structural level (Bayesian networks)
formalizing the cause-and-effect relationships
between failures; an empirical level, using machine
learning algorithms (e.g., XGBoost) to identify risk
factors based on operational data. The combined use
of these levels enables more accurate estimation of
failure probabilities, accounts for inter-component
dependencies, and supports adaptive maintenance
strategies.

Figure 4 presents a network graph that
illustrates the sequence of cascading failures in the
SPP, the interconnections between key components,
and the probability of their failure under the
influence of preceding events. The structure of
inter-component influences is represented as a
directed graph, where the arc weights correspond to
the coefficients oij.

Cooling _,,, Ship Main Subsystem
system P;:’r;’ engine managed

Fig. 4. Network graph of cascading effects

The network graph illustrates the propagation
of failures within SPP. The initial point of failure is
the cooling system, with a failure propagation
probability of 0.30 to the ship’s power station. This
highlights the high criticality of the cooling
system—its malfunction significantly impacts the
performance of the power station. The ship power
station 1is susceptible to cascading failure
originating from the cooling system. In turn, its
failure leads to malfunctions in the main engine with
a probability of 0.20. This reflects the strong
dependence of the main engine’s operation on a
stable power supply. The sequence of failures in the
network graph aligns with the influence distribution
shown in the cascade dependency matrix:
components previously identified as initiators and
propagators of malfunctions form consistent chains
of cascading failures. The role of the cooling system
as a primary failure trigger is especially prominent.

In summary, the key vulnerable component is
the cooling system. Its failure initiates a cascade
affecting the entire system. This confirms the
importance  of continuous monitoring  of
temperature levels and the technical condition of
cooling circuits. The ship power station serves as a
critical intermediary node its failure substantially
increases the risk of main engine malfunction. This
emphasizes the need for predictive diagnostics of
generators and power supply systems. The control
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subsystem shows relative resilience; while failures
are possible, they are more likely consequences of
mechanical system malfunctions than primary
causes.

Recommended actions include: prioritized
maintenance of the cooling system to prevent
cascading effects; predictive monitoring of the
ship’s power station using advanced diagnostic
methods; development of fault-tolerant control
algorithms to ensure safe operation during
mechanical failures; additional backup power
capacity to reduce the likelihood of cascading
failures.

The network graph confirms the importance of
an integrated approach to failure diagnostics, taking
into account their cascading nature.

Correlation analysis:  identifying  hidden
dependencies. A correlation analysis was conducted
based on component failure data. To clarify the
interdependencies between SPP components and
validate the structure of cascading links, a
correlation analysis of failure frequency was
performed using historical data. The results are
presented in the form of a correlation matrix, which
reveals statistically significant relationships
between failures of key units. The strongest positive
correlations are observed between the main engine
and the cooling system, as well as between the
power station and the control subsystem,
confirming the presence of cascading effects. The
resulting correlation coefficients were used as an
additional basis for constructing the Bayesian
network structure and calibrating the influence
coefficients a;. A visual representation of these
dependencies is shown in Figure 5.

10
1.00 0.75 0.60 055
Main engine
-0.9
Ship power - 0.7 0.65 045 0.55
lant
s 08
0.65
-0.7
0.60 0.70 0.65
Control subsystem 06

A n“

Generator - 0.55

S 0.60
- 060 070

Cooling system
1.00

6
- 055

Main engine
Ship power _
plant
Cooling
system
Control -
subsystem
Fuel
stem
Generator

Fig. 5. Correlation matrix of SPP equipment failures

Interpretation of the correlation matrix: high
correlation (0.75-1.00): main engine is strongly
correlated with the ship’s power station (0.75) —

this is logical, as failures in one component often
trigger issues in the other; cooling system and
control subsystem (0.70) — control systems
frequently respond to overheating events. Moderate
correlation (0.50-0.70): the cooling system affects
the fuel system (0.50) — engine overheating may
impact fuel supply; the control subsystem depends
on the generator (0.50). Low correlation (0.35—
0.45). Generator has a weak correlation with the fuel
system (0.35) — Generator failures rarely have a
direct impact on fuel supply.

Table 4
Results of correlation analysis
Failure parameters Correlation
P coefficient (r)
Generator failure —
. . 0.76
cooling system failure
Main engine failure <
. 0.81
control system failure
Pump failure <> power
) 0.64
supply failure

Table 4 shows a strong correlation (r > 0.7)
between generator failures and cooling system
failures, confirming the presence of cascade effects.

Figure 6 illustrates how failure probabilities
are adjusted depending on operating conditions.

0.35 1 - Nominal mode
2 - Increased loads 4
3 - Emergency Impacts X

030 4- CBR + adaptation B

0.00

0 5000 10000 15000 20000 25000
Operating time (hours)

Fig. 6. Failure probability trends under different
operating scenarios

The graph illustrates the dynamics of SPP
failure probabilities over operating time under
various usage scenarios. Key trends. Nominal mode
(blue line): linear increase in failure probability,
reaching approximately 20% by 25,000 hours;
represents expected behavior under standard
operating conditions. Increased load (red dashed
line): accelerated growth of failure probability
compared to nominal mode; failure probability
reaches approximately 25% by 25,000 hours;
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associated with added stress and increased wear on
equipment. Emergency impacts (green dash-dot
line): highest failure probability among all
scenarios; by 25,000 hours, probability exceeds
35%, over 1.5 times higher than the nominal
scenario; reflects conditions with critical incidents
(e.g., accidents, extreme environments). cbr +
adaptation (purple dotted line): slowest increase in
failure probability across scenarios; stays below
15% by 25,000 hours; confirms the effectiveness of
adaptive diagnostic methods (CBR with adaptation)
in reducing failure risk.

Increased loads and emergency events
significantly raise the risk of failures. Simulation
modeling shows that using adaptive methods (CBR
with adaptation) reduces failure probability by 25—
30% compared to other scenarios. Integration of
intelligent  failure  prediction methods s
recommended to enhance the reliability of SPP
operation. This analysis reinforces the importance
of predictive maintenance and adaptive diagnostic
models in minimizing failure risks of SPP.

Simulation modeling based on cognitive
models.

To assess rare failure scenarios, simulation
modeling based on cognitive architectures is used,
taking into account: load impacts on failure
probabilities; failure combinations that may lead to
critical incidents; recovery mechanisms during
operational cycles.

Modeling approach:

1. Baseline  model  estimates  failure
probability ~ without  external interventions,
simulating equipment behavior under standard
aging.

2. Adaptation-based model incorporates

diagnostic feedback, where failure probabilities
decrease due to preventive maintenance actions
initiated during operation.

The evolution of failure risks is analyzed using
probabilistic models (Markov chains), simulation
modeling, and empirical operational data.

Failure Probability Dynamics Over Time.
Based on the calculated time-dependent failure
probabilities, the following trends are identified: 0—
5000 hours (minimal failure probability (less than
2%) due to stable operation during early lifecycle);
after 10,000 hours (noticeable increase in failure
probability, especially in mechanically stressed
components like the main engine and pumping
systems); after 20,000 hours (sharp increase in
failures due to accumulated wear and emergence of
cascading effects). 10,000-15,000 hours is a
threshold interval requiring active maintenance to
prevent degradation. After 20,000 hours, proactive

strategies such as life extension programs or
component replacement are crucial.

Analysis of failure trends (Table 5) reveals key
decision points where maintenance interventions
are essential to avoid cascading breakdowns.
Thresholds at 10,000 and 20,000 hours should
anchor preventive maintenance strategy planning.

Table 5
Time-based failure risk levels

High-risk

Risk level
components

Time (hours)

All systems

0-5000 stable

Minimal

Pumping
system, cooling
system

10,000 Acceptable

Main engine,
power supply
system

15,000 High

All systems,

20,000 Critical especially ME

and cooling

Identification of critical components. Some
SPP subsystems are significantly more sensitive to
cascading effects. Their vulnerability is identified
through: analysis of influence coefficients a;j (Table
2), which quantify how failure in one unit increases
the risk in others; correlation analysis of failure co-
occurrence; structural analysis of SPP architecture
to identify single points of failure.

Most vulnerable components
simulation results):

- main engine (ME): failure probability reaches
20% by 25,000 hours; its failure significantly
increases the likelihood of secondary system
failures;

- cooling system: a failure here raises ME
failure probability by 25%; acts as a primary trigger
in cascading chains;

- shipboard power plant - its failure increases
the likelihood of control system failure by 30%;

- control system - loss of control function
heightens risk of emergency ME shutdown.

Thus, the main engine and the cooling system
are key risk points requiring regular diagnostics.
The control system and the power plant are critical
units that determine the overall stability of the
power system.

Failure dynamics analysis has revealed: key
time points (10,000 and 20,000 hours) for scheduled
maintenance; critically vulnerable components
requiring priority monitoring; and cascading effects
that increase the risk of failures in certain

(based on
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combinations. This enables the development of
preventive strategies that reduce the likelihood of
critical failures by 30—40%.

Based on the conducted studies on failure
probability dynamics considering cascading effects,
the following conclusions can be drawn:

- failure probability increases non-linearly:
during the first 5,000 hours of operation, the
probability of failures remains low (<2%) as
components function within normal parameters;
after 10,000—15,000 hours, an accelerated increase
in failures is observed, particularly in mechanically
loaded units (main engine, pumping system, cooling
system); by 25,000 hours, the failure probability of

major components reaches 20% or higher,
necessitating major repairs or component
replacement;

- cascading effects accelerate failure growth:
cooling system failure increases the risk of main
engine failure by 25%; power plant malfunction
raises the probability of control system failure by
30%; interdependencies between failures are
illustrated in Figure 4 (Network diagram of
cascading effects);

- critically vulnerable components identified:
main engine — highest failure risk due to cascading
effects; cooling system — its malfunction triggers
failures in other systems; ship power plant — one of
the key nodes influencing total system failure;
control system — a critical component determining
overall system stability;

- practical application of results: optimization
of maintenance — key components (main engine,
cooling system) require preventive servicing every
10,000 hours; monitoring cascading failures —
integration of predictive models (Markov processes,
bayesian networks) can reduce the likelihood of
unexpected failures by 30—40%; use of simulation
modeling — enables prediction of rare scenarios and
adaptation of diagnostic strategies.

Considering cascading effects significantly
improves the accuracy of diagnostics and failure
prediction in SPPs. The identified dependencies
support the development of predictive maintenance
strategies,  potentially = reducing  unplanned
downtimes by 25-35% and increasing the reliability
of SPPs.

Model validation

To assess the reliability of the predictive
capabilities of the developed model, validation was
conducted using real operational data, including
information on the technical condition of ship
power plant equipment over a 25,000-hour period
(OREDA database). The validation covered both
component-level reliability (accuracy of failure

prediction for individual units) and the model’s
ability to forecast cascade failure chains.

Comparison with empirical data. For each ship
power plant component, the model-based estimated
failure probability was compared with the actual
recorded failure frequency under similar conditions.
Discrepancies were evaluated using standard
metrics:

- MAE (mean absolute error) to assess the
average absolute deviation between predicted and
actual failure probabilities;

- accuracy (share of correct predictions) used
for binary classification (“fail / not fail”);

- precision and recall evaluated for detecting
key components that initiate cascade failures;

- k-fold cross-validation (k= 5) applied during
training and testing of the XGBoost module on
subsamples.

Validation results.

The MAE across component groups did not
exceed 4.7%, confirming high consistency of the
model with empirical data. The binary failure
prediction accuracy exceeded 87% at the risk
thresholds defined by the model. When modeling
cascade scenarios, the correspondence between
modeled and actual failure chains reached 82—88%,
compared to incidents registered in OREDA and
simulated using a; coefficients. These results
confirm a high degree of confidence in the
developed model for engineering applications,
particularly in forecasting technical resource and
planning preventive maintenance activities.

Practical significance and economic impact.

The proposed integrated model for analyzing
cascade failures in ship power plants not only
improves prediction accuracy but also creates real
opportunities for reducing operational costs.
Reduction in emergency repair probability.
Simulation scenarios replicating multiple failures in
the ship power system showed that the proposed
model can identify initiating components of the
cascade in 87% of critical cases, enabling
intervention before chain degradation occurs. This
reduces the need for unplanned repairs and eases the
burden on emergency response teams. Reduction of
downtime. Lifecycle modeling that accounts for
10,000- and 20,000-hour thresholds demonstrated
that the use of dynamic forecasting reduces the
average duration of unplanned downtimes by 18—
22% compared to scheduled maintenance. This is
achieved through more accurate service timing.
Improved maintenance accuracy. The model
identifies intervals of rapid risk growth (based on a;;
coefficients and Markov processes), enabling
maintenance scheduling not based on formal
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regulations, but on the actual condition of
equipment. According to calculations, this could
reduce premature maintenance volume by up to
25%.

The proposed model shows strong potential for
integration into digital maintenance platforms,
especially within CMMS systems and digital twins
used in modern maritime operations.

Conclusions

As a result of the conducted research, an
integrated methodology for analyzing cascading
failures in SPPs was developed. The methodology
is based on the integration of Markov processes,
Bayesian networks, gradient boosting algorithms,
and simulation modeling. This approach enabled a
quantitative description of component degradation
processes and accounted for probabilistic
interdependencies between failures, forming a
reproducible and adaptive model for equipment
reliability assessment. The probabilistic model
based on Markov processes describes transitions
between four technical states: operational,
degradation, pre-failure, and failure. Considering
runtime and operating hours allowed the
identification of critical operating intervals (10,000
and 20,000 hours), during which the probability of
cascading events increases sharply. A key element
of the model is the influence coefficient matrix
which formalizes intercomponent interactions. It
was calibrated using 25,000 hours of operational
data, including rare and critical failures. This made
it possible to quantitatively determine which
components act as initiators and propagators of
cascading processes. The use of Bayesian networks
enabled real-time adaptation of probabilistic
estimates, significantly enhancing the model’s
predictive capabilities and making it suitable for
integration into online technical condition
monitoring systems. Gradient boosting was
employed to identify the most significant risk
parameters: vibration, oil temperature, and cooling
system pressure. These features refined the structure
of the Bayesian network and improved its
diagnostic informativeness. Simulation modeling
reproduced rare but critical multiple-failure
scenarios, demonstrating the mechanisms of
cascade propagation. This allowed for thorough
model verification, confirming its sensitivity and
resilience to complex failure impacts. Model
validation showed a mean absolute error of less than
4.7% and a correct prediction rate exceeding 87%,
confirming its practical applicability. A
comparative analysis with current international
studies demonstrated the uniqueness of the
developed methodology in terms of integration

depth, empirical grounding, and adaptability to
maritime operating conditions. Unlike existing
approaches, the proposed method simultaneously
considers cascading, temporal, and causal
dependencies. The developed model can serve as a
foundation for digital twins, predictive maintenance
systems, and intelligent technical diagnostics
platforms. It is scalable and can be adapted to other
sectors, such as energy, transportation, and
industrial automation, where equipment reliability
and cascading effects are critically important for
safety and economic efficiency.

References

1. Vychuzhanin V., Vychuzhanin A. Stochastic
Models and Methods for Diagnostics, Assessment,
and Prediction of the Technical Condition of
Complex Critical Systems. Kyiv : Liha Pres, 2025.
360 p. DOI: https://doi.org/10.36059/978-966-397-
457-6

2. Vychuzhanin V., Vychuzhanin A. Intelligent
Diagnostics of Ship Power Plants: Integration of
Case-Based Reasoning, Probabilistic Models, and
ChatGPT. A Universal Approach to Fault
Diagnosis and Prognostics in Complex Technical
Systems: Monograph. Lviv—Torun : Liha Pres,
2025. 412 p. DOL: https://doi.org/10.36059/978-
966-397-516-0

3. Moon H., Choi J., Cha S. 4 multi-state Markov
model to infer the latent deterioration process from
the maintenance effect on reliability engineering of
ships. arXiv, 2021. arXiv:2111.14368v2. DOI:
https://doi.org/10.48550/arXiv.2111.14368

4.  Garbatov Y., Georgiev P. Markovian maintenance
planning of ship propulsion system accounting for
CII and system degradation. Energies. 2024. Vol.
17, No. 16. P. 4123. DOI:
https://doi.org/10.3390/en17164123

5. Morato P. G., Andriotis C. P., Papakonstantinou K.
G., Rigo P. Inference and dynamic decision-making
for deteriorating systems with probabilistic
dependencies through Bayesian networks and deep
reinforcement learning. Reliability Engineering &
System Safety. 2023. Vol. 235. 109144. DOI:
https://doi.org/10.1016/j.ress.2023.109144

6. Andriotis C. P., Papakonstantinou K. G., Chatzi E.
N. Value of structural health information in
partially observable stochastic environments.
Structural Safety. 2021. Vol. 93. 102072. DOI:
https://doi.org/10.1016/j.strusafe.2020.102072

7.  Kamariotis A., Chatzi E. N., Straub D. 4 framework
for quantifying the value of vibration-based
structural health monitoring. Mechanical Systems
and Signal Processing. 2023. Vol. 184. 109708.
DOI: https://doi.org/10.1016/].ymssp.2022.109708

8. Raptodimos Y., Lazakis 1. Application of NARX
neural network for predicting marine engine
performance parameters. Ships and Offshore




BICHUK CXIOHOYKPAIHCBKOIO HALIOHAMBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 9 (295) 2025 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

Structures. 2019. Vol. 15, No. 4. P. 412-425. DOI:
https://doi.org/10.1080/17445302.2019.1661619
Cheliotis M., Lazakis 1., Theotokatos G. Machine
learning and data-driven fault detection for ship
systems operations. Ocean Engineering. 2022. Vol.
216. 107968. DOI: https://doi.org/10.1016/
j.oceaneng.2020.107968

Zhu G., Huang L., Yin J., Gai W., Wei L. Multiple
faults diagnosis for ocean-going marine diesel
engines based on different neural network
algorithms. Science Progress. 2023. Vol. 106, No.
4. Article 368. DOI:
https://doi.org/10.1177/00368504231212765

Wang S., Wang J., Ding X. An intelligent fault
diagnosis scheme based on PCA-BP neural network
for the marine diesel engine. IOP Conference
Series: Materials Science and Engineering. 2020.
Vol. 782. 032079. DOI:
https://doi.org/10.1088/1757-899X/782/3/032079
OREDA. Offshore Reliability Data Handbook. 6th
ed. OREDA, 2015.

Chonlagarn 1., Mosleh A., Modarres M. Efficient
dependency computation for dynamic hybrid
Bayesian network in online system health
management applications. Reliability Engineering
& System Safety. 2014. DOLI:
https://doi.org/10.36001/phmconf.2014.v6i1.2422
Portinale L., Codetta Raiteri D., Montani S.
Supporting reliability engineers in exploiting the
power of dynamic Bayesian networks. International
Journal of Approximate Reasoning. 2010. Vol. 51,
No. 2. P. 179-195. DOL:
https://doi.org/10.1016/j.ijar.2009.05.009

Montani S., Portinale L., Bobbio A. Compiling
dynamic fault trees into dynamic Bayesian nets for
reliability  analysis: the RADYBAN  tool.
Proceedings of the 2007 International Conference
on Ubiquitous Intelligence and Computing (UIC).
2007. URL: https://ceur-ws.org/Vol-
268/paper6.pdf

Zhang Y., Yagan O. Modeling and analysis of
cascading failures in interdependent cyber-physical
systems. Proceedings of the 2018 IEEE Conference
on Decision and Control (CDC). 2018. DOI:
https://doi.org/10.1109/CDC.2018.8618710
Vychuzhanin V., Vychuzhanin A. Integrated
approach to creating a case-based database for
diagnosing failures in ship power plants.
Informatics and Mathematical ~Methods in
Simulation. 2025. Vol. 15, No. 2. P. 155-165. DOI:
https://doi.org/ 10.15276/imms.v15.n02.155
Vychuzhanin V., Vychuzhanin A. Integrated
approach to diagnosing complex technical systems:
experimental validation and multidimensional
efficiency assessment. Bicuux CxiOHOYKpaincbko2o
HayionanvHozo yuigepcumemy imeni Borooumupa
Hang. 2025, Ne 5 (291). C. 5-17. DOL
https://doi.org/10.33216/1998-7927-2025-291-5-5-
17

Buuy:xanin B. B., Buuy:xanin O. B.
InTerpoBanuii miaxigx Q0 JIArTHOCTHMKM CKJIAJHUX
TeXHIYHHMX CHCTeM: eKCIlepMMeHTAJbLHA BaJiiauis Ta
0araroBHMipHa OliHKA e)eKTHBHOCTI

Y cmammi nodamo Komnaexcmuiti i Hayxkoeo
00IpyHmMosanull nioxio 00 MOOEMOB8AHH MEXHIYHO20
cmamuy, npoyecie deepadayii ma HAOIUHOCMI CYOHOBUX
enepeemuynux ycmanosox (CEY) 3 ypaxyseannsm
Kackaonux  egekmie  GiOMO8 I UMOGIDHICHUX
sanexcnocmei  midc  Komnowewmamu.  Pospobneno
2IOpUOHy 0iacHoCmMu4HO-NPOSHOCMUYHY MEMOOUKY, KA
Nno€eOHye be3nepepsHi MapKoBCbKi npoyecu, OaueciechKi
Mepedci,  aneopummu  2padiEHmHo20  OYCMUHY
(XGBoost) ma imimayitine MOOentO8aHHS 6 EOUHIl
cmpykmypi AHATIMUYHO20 NPO2HO3Y8AHHA.
3anpononosanuii nioxio 3abesneuyye KiNbKICHY OYIHKY
OUHAMIKYU HAOIUHOCMI 3 YPAXYBAHHAM 83AEMHO20 GNIUBY
niocucmem i 0036018€  NPOSHO3YBAMU  PO3GUIMOK
Kackaonux npoyecie y uaci. Bzaemoss’szku  migc
enemenmamu  Popmanizoeano  uepez  MAampuyio
KoegiyicHmie KackaoHo2o 6NIUsy 0y, KA 8i006padicac,
5K 810M08a 00HO20 Y311 30LIbULYE UMOGIPHICHIb BIOMOBU
imwux. Batieciecoki mepesci 8UKOPUCMOBYIOMbCSL 05
ONUCY NPUYUHHO-HACTIOKOBUX 38 S3KI8 MidC 8i0MOBAMU
ma OUHAMIYHO20 OHOGLEHHS OYIHOK HA OCHOBI NOMOYHUX
OoaHux MOHimopunzy. Memoou MawUuHHO20 HABUAHHS
oaroms 3M02y GUSHAUUMU HAUOLIbUWL THHOPMAMUGHT
napamempu MmMexHiuHo2o0 Cmauy, 30Kpema Giopayitimi
Xapaxmepucmuku, memnepanypy Macmuid ma muck y
cucmemi oxonodxcenns. Modenv HasueHo U nepegipeHo
3a excnayamayiunumu Oanumu 6asu OREDA ma
eKCNepMHUMU OYIHKAMU, OOCASHYMO BUCOKY MOYHICMb
npoenozyeanns (AUC > 0.95, MAE < 4.7%). Imimayitini
eKcnepumMenmu  6UABUNU 08d KPUMUYHI [HMep8anu
pobomu (=10 000 i 20 000 200), xonu nio eniugom
KACKAOHux eghekmis UMOGIDHICIb GIOMO8 3pOCMA€E
eKCNOHEeHYIIHO. Hatiypasnusiwumu enemeHmamu
BUSHAYEHO CUCTEM) OXONO0ONCEHHS MA 20JI08HULL OBUSYH,
AKI  HIYilOIOMb  1aHYI02068I  npoyecu  0e2paoayii.
Iumeepayin moodeni y yugposuii 0sitinux 3abe3neyye
aoanmugne nepeHanauimyeants, asmomamuyHe
BUSIBTICHHS AHOMATI | RIOMPUMKY NPUUHAMMA PillueHb V
NPOSHOZHOMY MEXHIYHOMY 00cayeo8ysanti. Pospobiena
Memoouxa Gopmye 0anux-opicHmosany ma KOSHImueHy
OCHO8Y  CMBOPEHHA  IHMeNeKMYanbHux  Cucmem
MOHIMOPUHEY, WO NIOSUWLYIOMb HAOTUHICb, JHCUBYYICb
i eghexmuenicmv excnyamayii MOPCLKUX eHepeemuiHUx
KOMNIEeKCI8 Y pealbHUX yMO8aXx.

Knruosi  cnoea: npocnosHa — OiacHocmuxa,
obatieciscori mepearci, adanmayis CBR, mooenroganis
8I0OM0O8, PUBUK-OPIEHMOBAHI MempUuKu, CmabilbHiCmb
diaeHocmuKy, iHmenekmyanibhe 00C1y208y8aAHHS
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HAIIPSIMHA ONITUMIBAIII ITPOIIECIB YIIPABJIIHHSA IT-TOCJIYTAMUA

IHoropesaoscebka I.J1., byp’san C.C.

DIRECTIONS FOR OPTIMIZING IT SERVICE MANAGEMENT PROCESSES

Pogorielovska 1.D., Burian S.S.

Pozenanymo cmandapmu, memooono2ii ma npakmuxu

cayocd  mexwniynoi  niompumxu.  Ilpoananizosano
npobnemu  epexmusHocmi - MpaOUYIUHUX — KAHATIG
MeXHiYHoI  NiOMpuMKU y  CYYACHUX  KOMNAHIAX,

3aNPONOHOBAHO IHHOBAYILHE 2iOPIOHEe PiULeHHS HA OCHOBE
inmeepayii  Telegram Bot 3 Jira Service Desk.
Bucsimneno  apximexmypui  piwenns, — aneopummu
pobomu cucmemu ma ocobaugocmi peanizayii OHAAUH-
63aA€EMOOIT  MIJNC KOPUCMYBAYaAMU mMa CHeyiaricmamu
cayoicou  niompumku.  Pospobneno  mpucmynenegy
apximexmypy 6e3nexu 3 po30ineHHam na 30Hu lnmepHem,
O0eMinimapu306any 30Hy ma 6HYMPIWHIO KOPHOPAMUBHY
Mepedxcy. 3anponoHo8aHo  aneopumMu - asmopusayii,
PO3nodiny 3as180K ma 00OpobOKu  OHAAUH-CceCill 3
YpaxyGamuamM — HABAHMAMCEHHA  cheyiaaicmie  ma
bazamokpumepianviozo nioxody. Cnpoexmosana 6asa
Janux 3 MIHIManbHUM Habopom iHGopmayii 6e3
KOH@IOeHYitHuX Oi3HeC-0aHUX, WO 8ION08IOAE CYYACHUM
npunyunam iHgopmayiinoi besnexu, ma 3abesneuye
weuokuti  docmyn 00  HeoOXiOHOI  iHghopmayii.
Buxopucmano mexanizmu xeurysammsi Ona 3MeHUEHHS
HABAHMAICEHHS HA BHYMPIWHI CUCMeMU A RIO8UUEeHHSL
302anbHOT NPOOYKMUBHOCHE PiuieHHS. 3anponoHO8aHUT
MexaHizm OHAAUH-KOHCYTbMAayill nepemeoproc
MPaoOUYitiHy ACUHXPOHHY cUCmeMy YRPABTIiHHA 3aA6KAMU
6 IHCmMpyMeHm OonepamueHoi 63acmMoolii 6 percumi
PeanbHo20 uacy, w0 KpUmuyHoO BadCIUBO 8 YMOBAX
8i00anenoi pobomu. Moocaugicme Mummeso 36's13amucs
30 cneyianicmom ma upiwumu npooaemy 6 pPedlcumi
HCUBO2O  0IANO2Y 3HAYHO NIOGUWYE eqheKmusHiCmb
MexXHIUHOL niOMpPUMKU ma 3a0060/1eHiCMb
Kopucmyeauis.
cucmemu noiseae 8 MONCIUBOCMI T 8NPOBAONCEHHS 8
opeanizayisax pizHozo po3mipy ma npo@ino OisIbHOCHI.
Pospobrena cucmema € macumabosanorw, be3neyHor
ma 3abe3neuye 6ci  HeEOOXIOHI MONCIUBOCMI O
epekmusnoi  opeauizayii  mexHiuHOi  RIOMPUMKU
xopucmysauyis. Ocooau60 axmyaibHuM ye pilieHis € 0
VKPAIHCbKUX KOMNAHIL 8 KOHMEKCMI CY4acHUx peanii

Ipakxmuuna yinnicmes  pospobnenol

gidoanenoi pobomu ma HeoOXiOHOCMI 3a0e3neyeHHs
besnepepenocmi 6iznec-npoyecis.

Knrouogi cnosa: ynpasninns IT-nociyeamu, inmeepayis
cucmem, apximekmypa npozpamHo2o 3abe3neueHHs,
Telegram Bot API, Jira Service DeskTelegram Bot API,
Jira Service Desk

Beryn. B ymoBax iHTeHCHBHOI mudpoBizariii
0i3Hec-poueciB sikicHe ynpapninasa [T-nociyramu
B KOMIIaHii Bifirpae Bce OLIbII BayKIMBE 3HAUCHHS 1
CTa€ cTpaTeriyHUM axkTHUBOM. OCHOBHE 3aBJaHHSI
TAaKOTO YIPABIIHHSI — HAJaHHS SKICHUX CEpBICIiB
TSl 30epekeHHsI CTIMKOCTI Ta PO3BUTKY Oi3Hecy 3
BUKOpUCTaHHSM IT.

OnrtuMmansHe  yopaBmiaas — [T-mocimyramu
(ITSM) nocsiraeTbes, cepes 1HIIOTO, 32 PaxyHOK
BUOOpY  BIANOBIZHMX  BU3HAYEHb  IPOLECIB,
CTaHIapTIB MIPOIIECiB Ta MIPOTPaMHOTO
3a0e3IeueHH, 3aJICKHO BiZ piBHS
(dhopmarnizoBaHOCTI Ta perJIaMeHTOBAaHOCTI Oi3Hec-
mporecie  komrmanii. BomHowac, B  yMoBax
IHTEHCHBHOTO PO3BUTKY PHHKOBHX BIIHOCHH Ta
3poCTaHHs I1HHOBamid y ramysi iHpopMaLiiHUX
TexHoJori, ynpaBminHa IT-mocmyramm sk
IAKIIIYHA 1 Oe3lepepBHa MisUIbHICTH, IMOTPeOye
NOCTIHOTO TOIIYKY ONTHUMAaJbHUX MigXOMiB Ta
3ac00iB  e€(EeKTUBHOTO  YNpaBIiHHS, IO 1
3YMOBHJTIOE aKTYaJIbHITE JAHOTO JOCIIHKCHHS.

AHami3 OCTaHHIX JOCTIIKCHb 1 IyOsiKamiii.
[Ipo icHyBaHHS KOMIUIEKCY HEBIpillIeHUX MpoOIieM,
OB’ I3aHUX 3 TEXHITHOIO M ITPAMKOO
KOPUCTYBadiB KOPIIOPATHBHUX iH(pOpMAaIiiHIX
CHUCTEM CBiUaTh pE3yJbTaTh JOCHIDKEHb, IO
BUCBITJICHI B pPO0OTax SK BITYM3HAHUX TaK 1
3apyObKHUX BYCHHX. 30Kpema, y poboTi [1, ¢.63]
BUCBITJICHI ~ mpobiemu, sIKi  TOB’s3aHi 3
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(YHKLIOHYBaHHSM CITY>KOHM MIATPUMKH Y 3aKiIaaax
OCBITH, 110 3YMOBJICHI SIK CKJIQJTHOTO
1HGPACTPYKTYPOIO 3aKJIajIiB TaK i
HETMPOTHO30BaHOIO 3aBAHTAXKEHICTIO TXHBOT CITyKOU
T ITPUMKH. ABTOopHu HaroJIOIyIOTh Ha
HeoOXimHOCTI 3ampoBamkeHHs cucteM HelpDesk,
BKa3ylOTh Ha HEOOXiJHICTTh ‘‘3pydHOro Ta
3pO3yMIIOT0 Uil KOPUCTYBadiB MeXaHi3My, IO
JTIO3BOJIUTHh HATPABIATH 3allUTH HA CAWT’, aje He
YTOYHIOIOTh, SIKAH caMe CIIOCiO B3a€MOJIil 3 MUMU
CUCTEMaMH € HalKpallyM.

VY pocrmimkeHHi [2], TakoXX HAroJIOIICHO, IO
CTaH IT-indpacTpykTypn y 0araTbox
YVHIBEpCUTETaX € HE3aJOBUTBHUM, OCKIUIBKH 3 il
JOTIOMOTOI0 HeMOXJIMBO HamaBatu skicHi [T-
TTOCITYTH, IO BiAMOBIIal0Th CYYaCHUM BHMOTaM, 1 3
rapaHTOBAHOI SKICTIO, BiJNIOBITHO JI0 CTaHIAPTiB
Ta pekoMmeHaauii y ramysi ympasninas IT (ITIL,
MOF, COBIT Tomo).

IIpo HEOOXIi/THICTh Oe3nepepBHOTO,
MOCTIHHOTO YAOCKOHAJICHHS MPOIECY TEXHIYHOI
MIATPUMKHA KOPUCTYBadiB iHQOPMALIHHUX CHCTEM
Oanky 3asHaueHOo y poboti [3]. BaxmusicTh
MexXHON02TUHOT RIOMPUMKU
inpacmpykmypu Minicmepcmea
Ykpainu obepynmosana y pooomi [4].

Bognowac, nmpoBeneHuil aHali3 CBiAYUTH, IO
iCHye JIOCTaTHRO BEJIHMKA KUIbKICTh CTaHAApTIB,
METOOJIOTIA Ta MPAKTHK OpraHizailii eheKTUBHOI
po0oTH CiTyK0 TEXHIYHOI MIATPUMKH, 30KpeMa:

- ITIL (Information Technology Infrastructure
Library) - KOMIUIEKCHHIA HAa01p MPAKTHK 1 BKA31BOK,
sIKI CHpsSAMOBaHI Ha IIBUIIEHHSA SIKOCTI Ta
epektuBHOCTI  [T-mocmyr B opranizamisx,
ysromkenns IT-mocnmyr 3 Oi3Hec-cTpaterieio
opranizamii [5]. Ile ruyukuii (pedMBOpPK, IO
OXOIUTIOE  TPOLECH  IUTAHYBaHHS,  HaJaHHS,
MiITPUMKHA Ta TMOCTIHHOTO BAOCKOHayieHHs [T-
nocityr. Came ITIL Bu3Havgae TeXHIUHY MIATPUMKY
HEe SK JOTIOMDKHHMM TIpoIleC, a SIK BaXKITMBHH
eJIeMEHT Oi3Hecy.

- ISO/IEC 20000 - cranmapT, IO BH3HAYa€e
BHMOTH bi (0] TUTaHyBaHHS, CTBOpEHHS,
BIIPOBAJKCHHS,  €KCIUTyaTallii, = MOHITOPHHTY,
MEPersily Ta BIOCKOHAJIICHHS CHCTEM KEpyBaHHS
mociyramMu  [6].  Bapto  3asHauuTH, 10
CTaHAapTH30BaHe ympaBmiHHS [T-cepBicamu €
OiArpyHTTSAM 3a0e3neueHHs sikicHux [ T-mocmyr.

- COBIT (Control Objectives for Information
and Related Technology) - pamkoBa cuctema ajst
THYYKOTO ympaBiiHHA KopropatuBHuME [T,
ysrojpkerns  IT-ctpaterii 3 Oi3HEC-LIISAMH,
iHTerpalii 3 iIHIMIME CTaHIapTaMu, TAaKUMH K [SO
ta ITIL [7].

000poHU

ingopmayitinoi

Y cucremHomy ormsaai [8] 3a3HayeHo, IO
OUTBIIIICTD OpTraHizaIliii 3amo4arkoByoTh ITSM Ha
ocHosi ITIL, npoTe icHYIOTh ¥ iHII (PperdMBOpPKH,
taki sk Microsoft MOF, IBM ITPM ta HP ITSM.
Merogonoris  MOF  (Microsoft  Operations
Framework) € pesynpratom amantamii ITIL mo
BJIACHUX TEXHOJOTIH kommanii Microsoft [9]. Lla
CYKYITHICTh MPUHIIMITIB Ta MOJICICH CIIpsSIMOBaHA Ha
BIIOCKOHAJICHHSI TIPOIECIiB KEPyBaHHS OIEPAIlisIMHU
CTBOpPEHHS Ta MIATPUMKHU HAJIHHUX 1 EKOHOMIYHO
epextuBHuX IT-mocmyr Ha 0a3i MPOAYKTIB
Microsoft mpoTIroM yChOro iXHBOTO >KHTTEBOTO
mukiay. IBM  iTPM  (Information Technology
Portfolio Management) — 1ie ctpaterist Ta Habip
iHCTpyMeHTIB Bim IBM, mo opieHTOBaHI Ha
edextuBHe ympapiinua IT-moprdenem kommanii
NUISXOM  ONTUMI3allii  BUTpPAT,  IMiJBUIICHHS
HiHHOCTI Oi3Hecy Ta 3HMkeHHs pu3ukiB [10]. Taka
CTpaTeris JIOTOMarae OpTaHi3allisiM y3ToJKyBaTH
CBOI TEXHOJIOIIYHI 1HBecTHIII 3 Ol3HEC-LIIIMH,
3a0e3Meuyroun MPo30PiCTh Ta KOHTPOJIh HAJ yciMa
IT-akTBaMu Ta MPOEKTAMHU.

Takox momyJasipuumu B cucremax ITSM e
(ppeiimBopkm:

- CMMI (Capability Maturity Model
Integration) - iHTerpoBaHa MOZEINb, IO BU3HAYAE
CTPYKTYpOBaHMH WiAXil 1O YHpaBIiHHA Ta
omiHroBaHHs mporeciB [11]. Bukopucranss i€l
MOJIEIIl TO3BOJISIE TOCSTATH BUIIUX PiBHIB 3PIJIOCTI,
MIABUINYIOYM  €(PEKTHBHICTh  pe3yJIbTaTiB  Ta
3HIDKYIOUYHM PHU3UKH, 1110, Y CBOKD YEpry, CIIpHSE
PO3pO0ITi BUCOKOSKICHUX MPOTYKTIB Ta MOCIYT.

- Six Sigma — Meromosoris, mo 3abe3neuye
CTPYKTYpOBaHHMIA Ta CHCTEMAaTHYHHUHA  CIOCiO
BUSIBIICHHS, aHali3y Ta YCYHEHHS JeQeKTiB
MPOIIECIB, MOKPAIICHHS SKOCTI, e()eKTHBHOCTI Ta
3a10BOJICHOCTI KIi€eHTiB (3,4 nedexTn Ha MiTbIOH
MOKJIMBOCTEH) CBOIX TOCIYT 1 IPOAYKTIB, 3HU3UTH
BUTpPaTH Ta INABHUIIATHA 33JI0BOJICHICTh KITI€HTIB
[12]. BuxopucroByroun METOMOJIOT 1 Ta
inctpymentu Six Sigma IT-xommanii MOXyTb
MOKparmuTH IKkicts ITSM.

- ¢eTOM (Enhanced Telecom Operations Map)
—  po3mMpeHa  KapTra  TeJICKOMYHiKaliiHUX
omepariiii, IO BHU3HAYAE 3arajibHy CTPYKTYPY
TEICKOMYHIKaIlIHIX Oi3Hec-TporIeciB, sIKa
OXOIUTIOE BCl PyHKIIIT, HEOOXiAHI 17151 €PEKTHBHOIO
BEJICHHS TeJCeKOMYHiKaliliHoro Oi3Hecy. Bona
rapairye, IO Pi3HI BiAOIIX Ta KOMaHAW B
TEJICKOMYHIKaIIiHIF opraHi3allii y3ropKeHi Moo
CBOIX IIJICH, TPOIECIB Ta 3aBJaHb, CHPHUSIOYU
CIUTBHOMY TiAX0My 1o HagaHHs nociyr [ 13]. Came
1 MOJENb Oi3HEC-TIPOIIECIB  PO3TIIAMAETHCS  SIK
BaknuBa cknagoBa IT-iHdpactpyktypu Inmyctpii
4.0 y po6ori [14, c. 88].
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[Ipo nouineHIicTh 3acTocyBaHHS (PperMBOPKY
TOGAF nmns mobynyBu kopmopatuBHOi IT-
apxiTEeKTypH, 10 Y3TOIXKYEThCA 3  Oi3Hec-
CTpaTeri€eto, Ta MOBU MosientoBaHHs ArchiMate, sika
JO3BOJISIE  Bi3yai3yBaTH 1 CHHXPOHI3yBaTH BCi
CKIIaZIOB1 IIi€l apXiTEeKTypu 3a3HA4YCHO Yy pPOoOOTi
[15]. Tam ke mmigKpecneHo, IO pa3oM I
IHCTPYMHTH CIPUSIOTH YCYHEHHIO
HEY3TOJDKEHOCTEH, MiIBUINCHHIO €(hEeKTHBHOCTI Ta
3a0e3MeyeHHI0  Oe3nepepBHOrO  po3BUTKY IT-
apXiTEeKTypH.

OTXxe, CTPYKTYpPOBaHHMHA 1 METOMOJIOTIIHII
BHKJIAQJ 3MICTy PO3IVISHYTHX JOKYMEHTIB MOXKE
OyTH OCHOBOIO ISl Oprasizailii Ta 3a0e3nedeHHs

epextuBHOro  (QyukuionyBanus  IT-Bigainis,
MiOBUINEHHS 1X 3/4aTHOCTI HagaBaTH  SKICHI
MOCIyTH, MO0  CHOPUATAME  OINEPATUBHOMY
BHPIIICHHIO pooIIeM KOPIIOPaTUBHUX
KOPUCTYBadviB, CcTabiIbHOMY  po3BUTKYy  [T-
iHppacTpyKTypu Ta, y UIIOMY, JOCATHEHHIO

BH3HAUYCHUX Oi3HEC-I[JIeH KOMIaHIM.

KpiMm ToOro, € mnoCTaTHhO IeTanbHI OTJISIH
XapaKTePUCTUK HelpDesk CHUCTEM, SIK1
JONIOMAararoTh HaJaBaTu e(eKTHBHY,
MaciTaboBaHy Ta AKiCHY MiATPUMKY
KOpPHCTyBauaM KOPIOPAaTUBHUX 1H(OpMAIIHHUX
cucreMm, Hampukiax [16]. 3 pi3HOMaHITTS
IHCTpYMEHTIB Ui MIATPUMKH  B3aEMOXii 3
KJIIEHTaMH, KOMIIaHIi MOXYTh OOHMpaTH pIIICHHS,
0 BiJNOBiAIOTh iXHIM MOTpedaM — IiaTdopMu
JUIL OHJIAWH CHIJIKYBaHHS, CHUCTEMH YIpaBIiHHSI
3asBKaMH, 0a3W 3HAHb, MIATPUMKA B COIIAIBHUX
MepeXxax Ta IHCTPYMEHTH aBTOMaTH3aIlii.

OpnHak, Ha MPaKTHUIIi, TaKi CHCTEMH HE 3aBXXKIH
BIJNOBIAAalOTh OYIKyBaHHSIM YeEpe3 CKIAJHICTb
inTepdelici, MOBLIBHICTE OOPOOKM 3BEPHEHb Ta
¢parmeHTanito KaHaiuiB KomyHikanii. Kpim Toro,
oinpmricte  HelpDesk cuctem BumaraioTh Bix
KOPHUCTyBaYa peecTparlii Ha CreiaIbHOMY TTOpTai,
3amaM'sITOBYBaHHS ~ JIOTIH-TIApOJIsi,  3allOBHCHHS
ckmagHux (opM 3 0e3miuyro 000B'I3KOBHX MOJIB.
Ile cTBOpIOE TIEBHMH TICUXOJOTIUHHEN Oap'ep,
OCKIJTBKH TIPOCTIIIE MiAIWTH 10 KoJieru 3 IT-Biamimy
abo HaBiTH 3MmpHTHCS 3 cuTyamlieo. Kpim Toro,
CIEKTPOHHA TOLITa, SK 3aci0 KOMyHiKamii, €
“BaykkuM  iHTepdelicoM”, Tak SK CTBOPIOE
HaJUIMIIKOBY iH(opMmamito B cucremi [17] i1
KaTtacTpo()iYHO  TMOBINBHOIO Ui KPUTHYHHX
cutyaiid. TenepoHHa  mATPUMKA  37a€ThCSA
NIBUIIAM ~ pIMICHHAM, ane He  3aJUIIac
3aJJOKyMeHTOBaHoOi ictopii. KopnopaTtusHi uatu €
3py4HHM, ajlé B HHUX BiACyTHI ¢opmanizamis
MPOIIECiB, KOHTPOJIL BHUKOHAHHS, aHANITAYIHI
MOXIHBOCTI [18].

Otxe, pe3ynpTaTd  aHajily  CydYacHHUX
JMOCHIDKEHb 1 ITyOJlKariii Ta BIACHUH TOCBIf
MiATBEPIKYIOTh, 110 I e¢hEeKTHBHOTO YIIPABIIHHSI
IT-mocmyramu, ciyx0a MiITPUMKH, 3TiJHO 3
Bumoramu ITIL, moBuHHA OYTH €IWHOIO TOYKOIO
KOHTaKTy JUIs 3aluTiB Ha OOCIyroByBaHHS Ta
BUDILICHHS 1HOMACHTIB. ToMy BaXJIMBO MaTH
HaJAiHI, CyYacHi 3aco0M  KOMyHikamii 3
KOPUCTYyBa4aMH, SKi 3MOXYTh  3a0€3IICUUTH
MIBUJKUN Ta 3py4yHHH cHoci® mojmavi 3BEpHEHHS,
foro aBToMaTH4Hy (QiKcaliio, CTPyKTypH3aLilo Ta
nepeaady (GpaxipIrio.

MeTo10 podoTHn € 0OTpyHTYBaHHS
HEOOXiHOCTI ~ Ta  po3poOKa  apXiTEeKTypH
IHTETPOBAHOI CHUCTEMH TEXHIYHOI MITPUMKH, SKa
MOEJHY€E 3PYYHICTh MOIMYJSPHOTO MECeHIKepa
Telegram 3 moTyxHicTio TpodeciiiHol cucTeMu
ynpaBiiHHS 3asBkamu Jira Service Desk, mo
3a0€3[eUUTh  MOXJIUBICTH SIK  ONEPAaTUBHOTO
CIIIKyBaHHS MiX KOPHCTYBauaMH Ta
crenianicTamMu, TaK i OepaTUBHOT OOPOOKHU 3asBOK
Ha 00CITyTOBYBaHHS.

Bukiaaag ocHoBHOro Martepiandy. OmauMm i3
BapiaHTIB BHpIMICHHA TNpoOIeMH e(pEeKTUBHOTO
ynpasininas [T-nocayramu € iHTEerpoBaHa cuctema
TEXHIYHOI MIATPUMKHU, B SKil YCYHEHO OCHOBHHM
HEJOMIK  TIKET-CUCTEM —  HE3PYYHICTh  JJIs
KOpUCTYBauiB, aie 30epekeHi NpH LbOMY BCi
nepeBaru GpopMaiiizoBaHUX IPOIICCIB.

KirouoBoro  ifie€r0 Takoro pilieHHS CcTaja
po3podka Telegram-6ota sik ¢pponTeHmy mia Jira
Service Desk, ne kopucTyBau mpaitoe, BUKIFOYHO,
y 3BHYHOMY MECCHIDKEpi, a Bcs Oi3HEc-JIOTiKa Ta
30epekeHHs] JaHUX BiOyBaroTbCs y mpodeciiHiit
cucTeMi.

Mertogmonoris ITIL, sxka € MDKHAPOIHAM
CTaHIApTOM yIpaBIiHHS IT-cepBicamu,
MiAKPECIIOE BXKIIUBICTD HAJaHHS 3pyYHUX KaHaJiB
KOMYHIKarii uIsl KOPUCTYBadiB IpH 30epeKeHHI
KOHTPOJIIO Ta JTOKYMEHTYBaHHS BCIX 3BEpHEHb [5].
Came pocsrHeHHA OanaHCy MiXK 3pYYHICTIO Ta
KOHTpOJIEM OyJI0 METOH PO3pOOKH IHTEIPOBAHOT
CUCTEMH.

Texuiuni  mooicnueocmi  naamegopm — 0as
inmeepayii. Telegram 3 #oro monang 700
MITEHOHAMHU aKTUBHUX KOPHCTYBAYiB IO BCHOMY
CBITY € i1eanbHOI0 TiaTdopMoro i inTerpartii. Ha
BiIMIHY BiJ  KOPIOpPaTHBHUX MECEHIXEPiB,
Telegram Bxe BCTAaHOBICHUH Ha MPHUCTPOSX
OUTBIIIOCTI KOPHUCTYBAYiB, Ma€ BIAKPHUTE IIPOTpamMHe
CepeloBHILIE JUISI PO3POOHMKIB Ta MiATPUMYE
pO3WIMpeHi  MOXJIMBOCTI Uil CTBOPEHHS
aBToMaTu3oBaHux OoTiB. B VYkpaini Telegram e
OIHUM 3 HAWUMOMYJSIPHIIIUX MECEHKEPiB, IO
3YMOBJIIO€ H0T0 BUOIp A7l KOPIOPATUBHUX PIllICHb.
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Cepen omutanux ykpainuiB, 81% KOpUCTYIOTbCA

Telegram jnst  cminkyBanHs, a 73% — jans
OTpUMaHHS HOBHH [19].
Telegram Bot APl Hamae moTyXHuUit

IHCTpYMEHTapil 11T CTBOPSHHS aBTOMATH30BAHUX
CHCTEM B3a€EMOI1 3 KoprucTyBadaMu. Bei 3anmuTa 10
cepsepiB Telegram 31iliCHIOIOTECS Yepe3 3aXUIICHE
3'eAHaHHs, IO TapaHTye KOHQIACHIIHHICTh JaHUX
[20]. OcHOBHI  MOXIHMBOCTI, fKIi  MOXHa
BUKOPUCTOBYBAaTH Ui  CHUCTEMH  TEXHIYHOI
MiITPUMKH, BKJIFOYAIOTh: OTPUMAHHS MOBI1IOMIICHb
BiI KOPHUCTYBadiB, BIANPaBKYy TEKCTOBUX Ta
MemiadaiiiiB, CTBOPEHHS IHTEPAKTHBHUX KHOTIOK
JUIS TIBUJIKOTO BHOOpY, penaryBaHHs paHilie
BIINIPABIICHUX TMOBigOMIICHb. Telegram Takox
MIATPUMYE 3aBaHTa)KECHHs (aitaiB po3mipom 10 50
MerabaiT, o JOCTATHHO IJIg OUIBIIOCTI BHUIIAIKIB
TEXHIYHOT MIATPUMKH — KOPUCTYBadi MOXKYTh
HaJCWUIATH CKPIHIIOTH, JIOTW IIOMHJIOK Ta 1HIIII
JIOKYMEHTH Oe3IocepeIHb0 uepe3 6ot [21].

Jira Service Management € oxHi€ 3
HaWTIOTY>KHIMUX TwatdgopM mis ynpabiiaas [T-
cepBicamu. CucTemMa  TPOIMOHYE  PO3BHHCHI
MOKJIMBOCTI JJIsl TPOrpaMHOi iHTerpauii depes
cCHeuianbHUil  TporpaMHuid  iHTepdeic,  sKHi
JO3BOJISIE  30BHINIHIM  JI0AaTKaM  CTBOPIOBATH
3afBKM, OTPUMYBaTH iH(OpMalilo Mpo iX CTaTyc,
J0JaBaTH KOMEHTapi Ta BUKOHYBAaTH 1HIII oneparii.
TumoBuit mporiec 0OOpPOOKH 3asABKH TEXHIYHOL
MiATPUMKH BKITIOYAE TaKi €Taly: HOBA 3asiBKa, B3ATa
B po0OOTy, OUIKyBaHHS BiANOBiAl BiJi KOPUCTYBaua,

OUiKyBaHHS i BiJ CIeLiajicTiB, MpodiieMa
BHpIIICHA, 3asiBKa 3akpuTa. KokeH mepexim Mix
eTarnaMi MOXKHA HaNalITyBaTH 3 YypaxyBaHHIM
crierQikd KOMIIaHii, JOJaBaTH AaBTOMATHYHI
nmepeBipkn  Ta mii. [22]. T['Hyuka cuctema
HaJAIITYBaHHA pPOOOYMX IIPOLECIB € ONIHIE 3
HAUCWIBHIIMX CTOpiH Jira, 10 J[gae 3MOry
aJanTyBaTH CUCTEMY IiJl cBoi crierudivHi motpedu
Ta 1HTErpyBaTH ii 3 IHIIUMH KOPIIOPATHBHUMH
CUCTEMaMHU.

Pospobnena  apximexmypa  cucmemu. Y
mpormeci  AOCHiKeHHS ~ Oynma  po3polieHa
TPUCTYTICHEBA apXiTEKTypa CUCTEMH 3 PO3IUICHHIM
Ha 30HH BIATIOBITHO JI0 MPUHIIMITIB iHPOPMAIIIHHOT
Oesmekn (puc.l). Taka apxitekTypa 3abe3medye

bamanc MIXK 3pYUIHICTIO BUKOPHCTAHHS,
MPOAYKTUBHICTIO Ta OE3MEeKOH  JaHuX, IMI0
0COOJIMBO B@KJIMBO B KOHTEKCTI Cy4YacCHHX

Kibep3arpos, ki AeTaIbHO BUCBITIICH] y poOoTi [23,
c. 841-865.].

[lepmmii piBeHp — 1ie 30Ha [HTEpHET, B AKii
3HAXOAATHCSA KIHIIEBI KOPHCTYyBadi 3 0JaTKaMH
Telegram Ha cBoix mpucTposix. L 30Ha MOBHICTIO
130JIbOBaHa BiJl BHYTPIIIHIX KOMIIOHEHT CUCTEMH i
Mae JOCTYIl JHIIe IO Jpyroro piBHSA depes
3ammdpoBane 3'eqHaHHS. HaBiTh SKIO mpUCTpiit
KOpHUCTYBaua Oyze 31aMaHo, 3JI0BMUCHHK HE 3MOXKE
OTPUMATH MPSIMHUIA JOCTYI JO BHYTPINIHIX CHCTEM
KOMTIaHii.

4 ) 4 )
DMZ ZONA OPMOPATUBHA IHOPACTPYKTYPA
\
M'YSQL BA Telegram BA JIRA MySQL Active Directory
T - Tabnuui: SyHKuil:
abrmuy: ® 387BLK, KOMIKTI ® AYTEKTHOESYR
© users_telegram, user_sessions ® Kopwerygasd, pani © Poni Ta rpyna
o chat_sessions, chat_messages © lCIapis il aRen st © Mg poceyry, noe i
* Usketsomctumatystem_logs \ J
‘ - L] Y
'
' e " ~
JIRA Service Desk
Telegram Bot
hg RESTAPI © YNPAanses 3aseKanm o Inrerpaga 3 ADHR
DyHKuii: HTTPS 3nows » BEHec-nNpouec ® JalTHCTs, aRanITHES
o G6polixa webhcok sin Teegram Emm—e o REST AP! intepdenc © 3Cepiranna Giswec-ganm
* YNpanRniHHR ancramm » MapuwipyTesauja, eccanauin o PoCiata 3l cneylanicTamu
o REST APl wilesT ans JIRA ‘ )
\.
Ravi o NIG, rocaga o Migposain, xoursm
o Craryr npaviimasc
bhook J . J

SSTNS13

WAIEy I

IHTEPHET

opwcTyBasi (cniepobiTHrKy)

Puc. 1. TpuctyneHeBa apXiTeKTypa CUCTEMH 3 PO3/ALICHHSIM Ha 30HU BiJIOBIHO
JI0 IpUHIMIIB iHpopMauiiiHoi 6e3nexu (po3pobiaeHo aBTOPOM)
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KopucTtyBsay HaTuckae
"BXi4 A0 CUCTEMU"

Y

3anuT Homepa TenedgoHy
Yepes Telegram AP (Ge3neyna nepeaaya)

Y

MiaTBepAXeHHA KOPUCTYBaYem
Mepenaua HoMepa TenedoHy

\ 4

API zanuT go Jira Service Desk
Mepesipka yepes:
Jira — HR cuctema — Active Directory

Y

BIOMOBA Y AOCTYTI

Taum-ayT cecii
AsToMmaTUuHMI BAXIR

30 xBuUnNuH

HeaKTUsHOCTI

Moetopra asTopusauya

Howmep akTusHMi HI - Moxnuea dpoa-aKTHBHICTs

8 HR cuctemi? Noryeaxua cnpobu exoay

“3sepriteca o HR"
Ay
~
OTpuMaHHA AaHUX KOPpUCTYBa4a
M6 - Nocaga - MNigpo3gin « Email
POfb: user / support / admin Besneka

<  Wudpyeasra Homepa

' V Noryeawsa cnpob

CrtBopeHHs cecii B B[] Telegram V Mepeeipka uepes AD

Telegram ID * Porib * Yac CTEOpeHHA * IP H BN

Saratopieresuii saxucT

A

Bino6paxeHHA MeHIo 3a ponno
IHTepdelic 2rigHo nNpas gocTyny

Puc. 2. Anroputm aBTOpH3allii KOPUCTYBaviB B CHCTEMI (PO3pOOIEHO aBTOPOM)

Jpyruit piBeHb — IeMiTiITApU30BaHa 30HA, SKa
€ OydepHoro 30HOWO Mik [HTepHETOM Ta
BHYTPIIIHBOI0 Mepexero. TyT posMimieHi aBa
KIIOYOBI ~ KOMITOHEHTH: CEpPBEpHHH  JIOJATOK
Telegram Bot, skuii 00poOysie MOBITOMIICHHS
KOPHCTYBaiB Ta ynpaBisie iHTepdeiicom, Ta 0a3a
MaHuX s 30epiraHHs TEMYacoBoi iH(opmarii —
aKTHUBHHUX CECii KOpHCTyBadyiB, icTOpii OHJaiiH-
YaTiB, CUCTEMHHX JIOTiB. BakmBO MigKpecIuTH,
10 KoHbiaeHIiiHA Oi3Hec-iHGopMalis y i 30HI
He 30epiraerbes.

Tpertiii piBeHb — BHYTpIIIHS KOpIIOpaTHBHA
Mepexa, JI¢ PO3MIMEHI KPUTHYHI CHCTEMH
opranizanii: Jira Service Desk 3 0a3on0 maHHX
3asiBOK, CHCTEMa YIIPaBIiHHA KOPHCTyBadaMu
Active Directory, HR cuctema 3 iHdopmarieto mpo
cuipoOiTHukiB. Telegram Bot He Mae npsmMoro
JOCTYNy [0 IHMX CHCTEM — BCS B3aEMOJIis
BiIOYBa€ThCS BUKIIOYHO Yepe3 IMPOTpPaMHUIN
iHTepdeiic Jira, Mo € €IMHOI KOHTPOJIHOBAHOIO
TOYKOIO BXOTY.

Tunosuit porec 00poOKH 3aMuTy
KOpUCTYBada BHIVIAJA€ HACTYIHUM  YHHOM.
KopucryBau Hagcunae nosimomiieHHs B Telegram,
sKe uepe3 3amudpoBane 3'€JHAHHA HaJXOIUTH JIO
0ota B meminitapu3oBaniii 30Hi. BoT mepesipse, un
aKTHUBHA Cecisl KOpHcTyBaya, (opMye 3anut Ao Jira
y BHYTPIIIHIN Mepexi. Jira BUKOHye HeoOXiaH1 i,
3BEpPTAIOYUCH NPU MOTPeOi 10 CUCTEMH YIPaBIIiHHS
kopuctyBauamu abo HR cucremn, mnoseprae

pesyiapTaTr 00Ty, SKAH (dopMye  3pO3yMiTy
BIJIITOBIZIb KOPUCTYBAUy.
Aneopumm  agmopuzayii - KOpUCmMy8auis.

Po3pobnieHuii ajaroput™m aBTOpH3allii 3ade3mneuye
HaAiMHY i7eHTU(DIKALII0 KOPUCTYBa4yiB Ha OCHOBI
ixHporo Homepa tenedony. [Ipu nepomy 3amycky
oota KOpHCTyBad 0aunTh NpUBITAIEHE
TIOBIJJOMJICHHSI Ta KHOIIKY JJIsl TIOYaTKy MpoIecy
BXOay B cucteMy (puc. 2). boTr 3amuTye HOMEp
TenedoHy uepe3 BOymoBaHHN MexaHi3Mm Telegram,
SKUH JO3BOJIIE KOPUCTYBAady TIOMIIUTHCS CBOIM
HOMEPOM OJHHMM HATHUCKaHHSIM 0€3 HEeoOXiTHOCTI
BBOJIUTH Horo BpyuHny. Lle He nuine 3py4HO ISt
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KOpHCTyBaua, aje ©  Oe3lMeYHO, OCKUIbKU
BUKJIFOYCHA MOXITUBICTh TIOMWJIKH TIPH BBEJICHHI
a0o0 crIpoOHM BUKOPHUCTATH Ty KUK HOMEp TeleoHy.
[Ticns orpuMaHHs HOMepa 00T HAJICUITAE 3aITUT
1m0 HR cucremu uepe3 mporpamuwmii iHTepdeiic Jira
JUIL TIEPEBIPKH, 4YM € I[ed HoMmep TenedoHy B
KOpIIOpaTHUBHiHM 0a3i criBpoOiTHUKIB. SIKI0 HOMEP
HE 3HAWJCHO, CHCTEMa BiJMOBISE B JOCTYIL Ta
000B'13k0BO (DIiKCYE 1110 Crpo0y B KypHAIi Oe3MeKn
JUTSE MOXJIMBOTO PO3CIiAyBaHHS. SIKIIO X HOMEp
MiITBEP/UKCHO,  CHUCTEMa  OTPUMYE  TOBHY
iH(hOpMaIIiIO ITPO KOPUCTYBaya: MOBHE iM's, TIOCay,
BT, pOJIb B CHCTEMI TEXHITHOI T ITPUMKH.
[licna ycnimnoi Bepudikamii CTBOPIOETHCS
cecist KOpHUCTyBaua, sika 30epirae iHdopmaliito Ipo
tioro imentudikatop B Telegram, mpuCBOEHY POIIb,
Yyac MOYaTKy Cecii Ta 4ac OCTaHHbOI aKTUBHOCTI.
Cucrema BimoOpakae MEHIO BIAMOBITHO JO PoJi
KOpHUCTyBaya — 3BHUYaiiHI KOpHUCTyBadi OadaTh
MOJXKJIUBICTh CTBOPUTH 3asBKy a00 TNeperiistHyTH

CBOi 3asBKH, CHELIaNIiCTH MiATPUMKH OTPUMYIOTbH
JOCTYyN IO CIWCKYy TPU3HAYEHWX M 3asBOK Ta
MOXXJIMBOCTI TIpUHMaTH 3almuTH Ha OHJIAHH-
KOHCYJIbTAIIIi.

KpuTnaHo BaXITMUBUM elleMEHTOM Oe3neKku €
aBTOMATHYHE 3aBEpIICHHS cecii uepe3 TPUALATH
XBIWJIMH  HeakTHBHOCTi. llpm  xoxHit  mii
KOpUCTYyBada cHCTeMa IepeBipsie, Koiau Oyia
OCTaHHS AaKTUBHICTh, 1 SIKIIO MUHYJIO OiTbIe
BCTAHOBJICHOTO  4Yacy, BHMAara€  IOBTOPHOL
aBropu3arii. lle 3amobirac HecaHKI[IOHOBaHOMY
JOCTYTY y BHIAJIKY, SIKIIO KOPHUCTYBay 3aJIHIIUB
MpUCTPiH Oe3 Harsay abo BTpaTUB HOro.

Aneopumm PO3ROOLY 3a460K MidHC
cneyianicmamu. EQEKTUBHUN pPO3MOILT 3aIBOK €
KIIOYOBUM (PAKTOPOM MPOAYKTHUBHOCTI CIyKOH
miarpuMkud. Tomy Oyno po3poONeHO anropurM,
SIKMH 3a0e3redye CrpaBeAIMBUNA Ta ONTUMAalbHUN
PO3MOMIJI HABAHTAKEHHS MK BCIMa JOCTYITHHUMH
cneuiamicramu (puc. 3).

KopuctyBau iHiUlilo€e OHNaMH-KOHcynbTauio Yyepes Telegram 6ot
Bkazsye kaTeropito, onuc npobnemu Ta npioputeT. Cuctema dikcye yac Ta faHi kopucTyeBaua

\ 4

Mepesipka AgocTtynHocTi paxisuis
Mowyk BinbHUX cneuianicTis Ta nepeeipka ixX oHNanH-cTaTycy

) {

ey |
Y el

€ pocrynHi
cneuianictn?

ONonaBaHHA B Yepry
3anuT B cTaTyci «ouikyBaHHA»
ABTOMaTUUYHUIA BOHU

Haragye caxisyo

Po3paxyHOK HaBaHTaXXeHHS cneuianicris
MiapaxyHOK aKkTMBHUX 3anNUTIB ANA KOXHOMO BinNkHOro cneujianicra

\ 4

BubGip cneuianicrta 3 MiHiManbHUM HaBaHTaXXeHHAM
Poznogin 2anuTy cneyianicTy 3 HaMMEHLLIOK KINbKICTIO aKkTUBHUX 3anuTis

\ 4

Push-cnosBiweHHa cneuianicty
CneuianicT oTpumye cnosiweHHa y Telegram npo Hosuit 2anuT. Moxe npuiHATK abo Bigxunutn

\ 4

OHNanH-KOHCYNbTAalisa B peanbHOMY 4aci
CneuianicT Ta KOpUCTyBayd cninkyTeca yepes Telegram. MNicna 3aeepwenHHA yart 36epiraeTsca 8 Jira

\ 4

Y MY ) O O

Pob6oTa cneuianicta B Jira Service Desk
JocTtyn no dashboards Ta cratucTukoio, insTpauia 3aABoK, NepernAg icTopii, AeTanbHi KOMeHTapi
3miHa cTaTycie, npiopuTeTis, NnepenpusHayeHHA komaHai abo Ha eckanaujo

N/ N D D D U S N

Puc. 3. Anroput™ po3noziiy 3asBOK MK CHENialiCTaMH CIIy>KOW HiATPUMKH (pO3pOOIEHO aBTOPOM)
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VY pasi, KO KOPUCTYBau CTBOPIOE 3asBKY
gepe3 Telegram Bot, BiH camMOCTIHHO 3arlOBHIOE
BCIO HEOOXigHy iH(opmariio: oOupae THII
npobaeMu 3 MiATOTOBJICHOTO MEPENiKy KaTeropi,
BCTAHOBJIIOE  TIPIOPUTET 3asBKH (KPUTHYHUH,
BHCOKHH, cepeiHiii, HU3bKHIi), BKa3ye neTaabHUI
omnuc npo6iaeMu, MoXKe MPUKPIMUTH CKPIHIIOTH ab0
iHIII Qainu I Kpamoro pO3yMiHHS CHTYyALi.
[licns  3amoBHEHHS  BCIX  MONIB  CHCTEMaA
aBTOMAaTUYHO CTBOPIOE 3asBKy B Jira Service Desk
yepe3 mporpamMHuil iHTepdedc Ta NPHUCBOIOE ii
YHIKQJIBHAA HOMEP IS BIICTCIKCHHS.

Onpa3y micisi CTBOPEHHS 3asBKH CHCTEMa
3allyCcKae TMpPOLEC AaBTOMAaTHYHOIO PO3MOMLTY.
BaxxnmuBo mimKpecauTH, IO BCi  CIEMIaicTH
TEXHIYHOI MIATPUMKH HPHUHMAaOTh B  POOOTY
npobaemu Oy K0T CKIaIHOCTI, a BXKe 3a MOTPeOn
BUpILIEHHS MpoOJeMH Ha  BHUILIOMY  PpiBH,
MepeaaroTh KoJIeraM BHIIO1 KOMIIETEHITIT — CHCTeMa
HE BPaxOBYE CHEIlialli3allil0 Y KOMIICTEHINI Tpu
PO3MO/IiT 3asBOK.

ANTOpUTM po3MoAiry 0a3yeTbcsi Ha TPHOX
OCHOBHUX TIOKa3HHKaX JJIsi KOXHOTO CIIemiajicTa.
[Mo-miepiire, 116 TOTOYHE HABAHTAXCHHSI — KUTBKICTh
aKTHBHHX 3asBOK, SIKi 3apa3 3HaXOIATHCS B POOOTI
y cremianmicta B crarycax "Homa", "B poborti" Ta
"ouikye BigmoBimi kopuctyBaua"'. [lo-gpyre,
crcTeMa BpaXxOBYE Yac 3aKPHUTTS OCTAHHBOI 3asiBKH
— 1€ JO3BOJISIE OLIBIIT PIBHOMIPHO PO3IOIIISTH HOBI
3BEPHECHHS MDK CICmiallicTaMH, SKi  TUTBKH
3aBepIIMIM poOOTy Haja MONEPEAHBOI0 3aJaueto.
ITo-Tpere, BpaxoBye€ThCS 3arajbHa KUIBKICTh
3aKpUTUX 3asBOK 3a TIOTOYHUHM Tmepion — 1e
3abe3neuye Oananc HaBaHTaXKEHHS B
JOBIOCTPOKOBIH MEPCIIEKTHBI.

Cucrema po3paxoBye iHTETPATBHIN TTOKA3HUK
JOCTYITHOCTI JJIE KOXHOTO CIICIlialicTa, SKUA
KOMOIHy€ BCi TpH METPHKU. 3asBKa aBTOMATUYHO
MPU3HAYAETRCSA  CICMIANICTy 3 HaWKpaIuMm
MOKa3HUKOM JIOCTYITHOCTI — TOOTO TOMY, XTO Ma€
HalMCHINIE aKTUBHUX 3afBOK, JaBHO 3aBEPIIUB
MOTIepEHI0O POOOTYy Ta Mae€ MEHIIy 3arajbHy
KUTBKICTh 3aKpPHTHX 3asgBOK 3a mepion. OOpanuit
CHCIaliICT MHTTEBO OTPUMYE CIIOBIIICHHS B
Telegram 3 06a3oBor iH(opMali€l0 Mpo HOBY
3asiBKy: HOMEp, TNPIOPUTET, KOPOTKHH OIHC
nmpoOJeMHu Ta MOXJIMBICTH Bifpazy MeperTH 10
JeTalbHOTO Neperisny B Jira.

[Ipu po3poO1i anropuTMy HaBaHTaXKEHHS Ha
CHEIIAJIICTIB CIY:KOM TEXHIYHOI MATPUMKH OyB
BpaxoBaHUM  30amaHcoBaHMK  MiAXix,  Tpo
BXJIMBICTB SKOTO HAroJIOMIeHO y mpaiti [24]. Came
el TiAXixm JO03BOJIIE CHUCTeMi 3a0e3ledyBaTH
CTpaBeIIMBHUN PO3MOIiN HABAHTAKEHHS MK BCiMa
YJICHAMU KOMaHJIU TEXHIYHOI MiITPUMKH.

Mexanizm ounavn-xoncyromayin. HaiOimpmr
IHHOBAIIIHHOIO YaCTUHOIO PO3POOJICHOI CUCTEMH €
MeXaHi3M OHJIaWH-KOHCYJIBTAIlIH Y pealbHOMY Jaci.
Ha BigmiHy BiA TpaauIlifHOTO MiIXOJy CHCTEM
VIOpaBIiHAS 3asgBKaMH, J¢ BCA KOMYHIKaIlisa
BiIOYyBAEThCS ACHHXPOHHO dYepe3 KOMEHTapi [0
3asBKM, IIEH MEXaHi3M JI03BOJISE KOPUCTYBady
MHUTTEBO  3B'S3aTHCA 31 COELIaTiCTOM  JJIA
OIepaTHBHOIO BUPILICHHS ITPo0IeMu (IUB. puc. 3).
[Ipomec mouyMHAETHCS 3 TOTO, MO KOPHUCTYBad
cTBOpIOE 3as1BKy uepe3 Telegram Bot, 3anoBHIOI0UM
BCIO HEOOXimHy iH(OpMAaLil0: THII MPOOIEMH,
npiopurteT, AetanbHuN ommc. Ilicms CTBOpEHHS
3asBKM KOPHCTYBad MOXXE HATHUCHYTH KHOIIKY
"3B'13aTHCA 31 CIELIaJiCTOM OHJAMH", SKIIO
mpobiieMa moTpedye TepMIHOBOTO BHpIIICHHS ab0
JeTaJbHOTO OOTOBOPEHHsSI B peXuMi miamory. Y
pasi, KOJIM KOPUCTYBay iHILIIOE 3alUT HA OHJIANH-
KOHCYJIBTAINIO, CHCTEMa TIepeBips€ MOCTYIHICTh
CTICIIATICTIB TEXHIYHOI MATPUMKH. SIKIO € BUTBHI
CTICIiaNliCTH, CHCTEMa 3alyckae TOW caMuid
QITOPUTM PO3MOALTY, IO BUKOPHCTOBYETHCS JUISI
3BUYAHUX 3as1BOK. CHCTeMa aHai3y€e TPH KITIOYOB1
MOKA3HUKU ISl KOKHOTO JIOCTYITHOTO CIICIlialicTa;
MOTOYHE HABAHTAKCHHS aKTUBHUMH 3asBKaMU, 4ac
3aKPUTTS OCTAaHHBOI 3asBKH Ta 3arajibHY KUTBKICTh
3aKPUTHX 3asIBOK 3a MEPiojl.

Ha ocHOBI 1HMX IIOKa3HHKIB CHCTEMA
po3paxoBye IHTETpaTbHUI koedirieaT
HABAaHTAXEHHSA Ta  OOMpae  ONTUMAJIbHOI'O

CIIeIfiaNlicTa — TOr0, XTO Ma€ HaMEHIIIEe MOTOYHUX
3a/1a4, HEMIOJJaBHO 3aBEPIITUB MOTIEPEIHIO pOOOTY i
Mae 3arajjoM MEHIIE 3aKpUTHX 3asBOK. OOpaHmit
crenianict oTpuMye criopinieHHsi B Telegram mpo
3alUT HAa OHJIAMH-KOHCYNBTaIil0 3 iH(OpMaIlieo
Mpo 3asABKY Ta KOPUCTyBada. BiH Moke TMpHIAHATH
3aUT OJHUM HATUCKAHHSAM KHOIIKH, MICJIS YOTO
BCTaHOBITIOETHCS TIPSIMHAI 3B'SI30K MiXK
KOPHUCTYBa4eM Ta CIEIliaTicTOM depe3 OOT.

Oco0IMBO BXKJIMBOIO € CHTYaIlisd, KOJIH BCi
CHeUiaNicTH 3aiHATI IHIIMMHU KOHCYIBTaLisIMHU a00
AKTUBHHMHU 3assBKaMH. Y TaKOMY BUTIQJIKY 3aITUT Ha
OHJIAMH-KOHCYJIBTAI[II0 aBTOMATUYHO IIEPEXOJIUTh Y
CTaTyC OYiKyBaHHS, 1 KOPHCTyBa4 OTPUMYE
BiJITIOBI/IHE TIOBIJOMJICHHS 3 MPHOIM3HUM YacoM
ouikyBaHHsA. CuctemMa (iKCye dYac CTBOPEHHS
3amUTy Ta MOro TMpPIOPUTET JUIS  TOHAIBIIOT
00po0OKwH.

Konwn onmH 31 cneriamicTiB 3aBepIinye podoTy
HaJl  TOTOYHOK  3asBKO0  abo  OHJIaliH-
KOHCYJIBTAIII€l0, CHCTEMa aBTOMAaTUYHO IEPEBipse
HasIBHICTB 3aIIUTIB Y Yep3i O4iKyBaHHS. SIKIIo Taki
3alUTH €, CHCTEMa 3aITyCKae allTOPUTM PO3IOJIITY
cepell BCIX CHEMiaticTiB, SKi MIOHHO 3BUTHHUIINCS
a00 MaroTh HaliMCHINIE HAaBAaHTAKCHHS. 3alHTH 3
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4epru OOpOONSIOTECS 3 YypaxXyBaHHSIM iXHBOTO
MIPIOPUTETY Ta Yacy OUIKyBaHHS — KPUTHYHI Ta
O1IIBII CTapi 3alIUTH OTPUMYIOTh BUIIUN IIPIOPUTET
MpY PO3MOALTI.

3 MOMEHTY BCTAaHOBJIEHHS 3B'SI3Ky BCi
TTOBITOMJICHHSI, sIKI KOPHUCTYBa4 HaJCHIae OOTy,
ABTOMAaTUYHO MePeIArOTHCS MIPU3HAYECHOMY
CIIeIialicTy, 1 HABMAKW — BIJMOBiAI crieriamicra
MUTTEBO JIOCTABIISIOThCS KopucTyBaudy. Cucrema
CTBODIOE OKpEeMy Cecilo 4ary, ska 30epirae
iHpopManilo mpo 000X YyYaCHHKIB PO3MOBH Ta
HOMED BIATIOBITHOI 3asiBKU B Jira.

Bci moBimomiieHHST B OHJIaH-4yaTi MOABIIHO
30epiraroThcsi: TMMYAcoBO B 0asi manux Telegram,
JUIS TIBWJIKOTO BiOOpakEHHsI, Ta MapajelbHO
IOMAIOThCS K KOMEHTapi 1o 3asBKH B Jira depe3
nporpaMuuii inTepderic. lle 3abesnedye mMOBHY
JMIOKYMEHTAIlII0 CIIJKYBaHHS JUISl TOJAIIBIIOTO
aHamizy Ta 3BiTHOCTI. Cecisl OHJIAWH-KOHCYJIBTAIIil
3aBEepIIYEThCSI a00 BpY4YHY, KOJIU Oyab-sKUd 3
YYaCHHUKIB HATHCKA€E KHOIIKY 3aBEPIICHHS PO3MOBH,
abo aBTOMATHYHO TICHS JECATH XBWIMH 0e3
MTOB1IOMJICHb.

[Ticnsa 3aBepiueHHS KOHCYJIbTALil BCs icTOpis
YaTy OCTATOYHO CHHXPOHI3yeThcs 3 Jira, craryc
cHeljiaicTa 3MIHIOEThCA Ha "BUIBHHK", 1 cHCTEMa
ABTOMATUYHO TIEPEBips€ HASBHICTh HOBHX 3aIUTIB
y 4ep3i ouikyBaHHs. KopucTyBau MoXe OLIHUTH
SIKICTh KOHCYJIBTAIlli 3a TMPOCTOI0 IIMKAJOI Bif
oJHOro A0 m'ath OajiB, IO JoIIOMarae
BIJICTeXXYBaTH €(QEKTHBHICTH POOOTH KOMaHIU
T ITPUMKH.

SE560N_10° VARUHARES)]

telegram_13: BN
phone_nurnber. VARCIHAR(2D)
user jita K. VARCHAR(S0)
role ENUM

INT

e lelegram il
created &l TMESTAMP
ast_actiity TIMESTAMP
status: ENUM
P_ateress: VARGHAR(SY)

created_zt TIMESTAMP
135t_iogn: | IMES TAMP
ststys CNUM

Ie#i MexaHi3M MPUHIIMIIOBO 3MIiHIOE MIAXiJ 0
TEXHIYHOI MATPUMKH, TICPETBOPIOIOYN TPAIUIIIHHY
CHUCTEMY yNpPaBIiHHS 3asSBKaMH B IHCTPYMEHT IS
onepaTuBHOI B3aeMofii. lle KpUTHYHO BaXXITHUBO B
CyYacCHHX YMOBaX, OCOOJMBO KOJH CIICIiaIiCTH
MOXXYTh TIPAIlIOBaTH BIIIAIICHO 3 PI3HUX JIOKAIIiil.
OwnnaitH-KoHCYIbTAMI] JO3BOJIAIOTH 3HaYHO
CKOPOTUTH Yac BHpIIIEHHA MPOOJEeM, MOKpPAIIUTH
AKICTh JIaTHOCTHKH 3aBISKH MOKJIMBOCTI CTaBHUTH
YTOUHIOIOYi MUTaHHS B PEKUMI peasbHOTO yacy, Ta
MiABUIINTH 3arajbHy 3aI0BOJICHICTh KOPHCTYBAiB
SIKICTIO 0OCITyTOBYBaHHS.

Opeanizayis 6aszu oanux. s 3a0e3rneucHHS
mMBUIKOAIT Ta  HamidHOCTI  (QYHKIIOHYBaHHS
cUcTeMH Oyna CHpoekToBaHa 0a3a JaHUX, sKa
30epirae HeoOXimHy iH(oOpMalio a1 poboTh
Telegram Bot. KirouoBum TPUHLIUIIOM
MPOEKTYBaHHA Oyso 30epekeHHS MiHIMaIbHOTO
HaOopy nmaHux ©Oe3 KoH(imeHIiHOI Oi3HeC-
iHpopMmaLii, fKa 3AIMINAETECA BHUKIIOYHO Y
BHYTPILLIHIA KOPIIOPaTUBHIN MEpexi.

baza maHmx ckiagaeTbcsd 3 CEMH OCHOBHHX
TaONIuIb, sKi 3a0e3MeuyloTh Pi3HI  aCleKTH
¢byHkuioHyBaHHS cuctemu (puc. 4). Tabmuus
USERS TELEGRAM npusnauena ajst 30epiranss
iHpopMarIii mpo KOpHUCTyBadiB: iXHIH yHIKATHHUH
inentudikarop B Telegram, 3ammdpoBanuii HOMEp
TenedoHy I JONATKOBOI Oe3MeKu, TOCHIaHHs Ha
npodink kKopucTyBada B Jira, IpHUCBOEHY POJbL B
CHUCTeMi, JaTy CTBOPEHHS aKayHTy Ta dYac
OCTaHHBOT'O BXOAY.

cache_ie INI

user_lelegram_id. DICINT
role. VARCHAR({S0)

oxpros_st 1INES |AMP

'

sian_id VARGHAR(4)
user_telegram_id BIGINT
SUPOON_telegram_id: BIGINT
pra_teent 13 VARCHAR(SE)
arbed o TIMCSTAMP
ant_message_at TIMESTaN=
atatus ENLUN

eache_id INT
it VARCHAR(50)

am_: BIGINT

VARGHAR(255)

g _d BIGINT
nt_type. VARCHAR{SD)
am_d RIGINT

- 3oeHwHid <o (Foregn Key!
1:N — 28'A30K "0Q¢H 20 baramsox”

at TIMESTAMP 1:1 - 38'A30K "0MH QO oAKorD™

Nerenpa

~ Nepearisi ko4 (Primary Key)

p_sticress. VARCHAR4S

ARCHA

Puc

. 4. Cxema 6a3u 1aHux cucteMu (po3poOIeHO aBTOPOM)
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Tabmurs USER_SESSIONS Kepye
AKTHBHUMH CECIsIMH KOPUCTYBaYiB, 30€piralouu yac
CTBOPEHHSI CecCii, 9ac OCTAaHHHOI aKTHUBHOCTI Ta
notoyHuid crtaryc. Came ns TaOnMUs JO3BOISIE
peamizyBatu MEXaHi3M ABTOMATHIHOTO
3aBEPIICHHS CECii TICII Tepioxy HEaKTUBHOCTI.
Jnst onTuMizanii MPOXLYKTHBHOCTI Ta 3MEHIICHHS
KUTBKOCTI  3alUTIB 0 BHYTPILIHIX CHCTEM
opramizamii, cHcTeMa BHKOPHUCTOBYE TaOJHITIO
kemry USER ROLES CACHE, sxa TumuacoBo
30epirae iHQopMalliro TpPo poili Ta JO3BOJIHU
KOPHUCTYBaYiB.

His  3abesnedeHHs  POOOTH  MEXaHI3My
OHJIAITH-KOHCYJIhTAIII i repeaoadeHo IB1
crerianizoBaHi TaOIuII. Tabmurs
CHAT SESSIONS 306epirae indopmarliio mpo
aKTHBHI cecii YaTiB: y4acHHKIB PO3MOBH, HOMEp
BIJIMIOBITHOT 3asBKH, Yac TOYATKY Ta CTAaTyC CECii.
Tabmumst CHAT MESSAGES wmictuth icTopiro
BCiX TOBIIOMJICHb B OHJIaliH-4aTax 3 iHpOpMaLi€ro
PO BiANIpaBHHKA, TEKCT MOBIJOMJICHHS, BKJIaJICHI
(haiinu Ta craTyc CHHXpOHi3allii 3 Jira.

HonaTtkoBo ©0a3a JaHMX MICTHTh TaOIHIO
kemry 3aiBok TICKETS CACHE, ska nosBosse
IIBUJIKO BiTOOpaXKaTH CIIUCOK 3asBOK KOPHCTyBayda
0e3 TmoCTiiiHMX 3BepHeHH A0 Jira. Y  HIii
30epiraeTbes Jume 0Oa3oBa iH(popMamis: HOMEp
3asiBKM, KOPOTKHH OMHUC MPOOJIEMH, TMOTOYHUN
CTaTyc, MPIOPUTET Ta Yac CTBOPEHHSI.

Tabmmst SYSTEM _LOG — 1me cucremuuit
KypHal, y SIKOMY (iKCYIOThCSI BC1 BasKJIMBI MOIii,
10 BiIOYBAIOTHCA B CHUCTEMI: cIipoOM aBTOpH3aIlii,
CTBOPCHHSI 3asiBOK, IIOMWJIKH TIpH poOOTI 3
MporpaMHUMH  iHTepdelicamu, MOYaTOK  Ta
3aBEpIICHHS OHJIAITH-YaTiB.

BaxxnuBo mimkpecauTH, Mo po3pobieHa Oaza
JNaHWX € JIMIIe JONOMDKHHM CXOBHUIIEM JUIs
3abe3neyeHHss MBHAKOI pobotu  Oorta. Bci
KoH(pimeHmiHI Oi3HEC-maHI — JeTaabHI OMHCH
mpoOieM, icTopisi OOpOOKM 3asBOK, KOMEHTapi
CHCIACTIB, BKJaAeHI (ainum 3 MOXKIUBOIO
YyTIUBOIO  iHpOpMaIiel0  —  30epiraloThCs
BHKJIIOYHO y BHYTPIITHIA KOPIIOPATUBHIA MEpEXi B
0a3i manux Jira Service Desk. IlepconanbHi nani B
6a3i Telegram 30epiraioTecsi B 3amm@poBaHOMY
BAMIAAI  BIAMOBIZIHO OO  BUMOI  YHMHHOTO
3aKOHO/IaBCTBA MPO 3aXUCT MEPCOHATBHUX TaHUX.

IIpu po3poOui Oa3zum nmaHux OyiaM BpaxoBaHi
BHMOTH, BH3HAYCHI y [25], mO0A0 BaXIWUBOCTI
MPaBWILHOTO PO3AUICHHS MaHUX MK Pi3HAMH
CXOBHIIIAMH 3 ypaXxyBaHHSIM IXHBOI KPUTUYHOCTI Ta
BHUMOT JI0 IBUJKOCTI foctymy. CaMe TaKui ITijXiT
3abe3mnedye Oaranc MK IPOAYKTHUBHICTIO CHCTEMH
Ta OE3MEKO0 JaHUX.

Ilpomoxonu  63aemo0ii ma 3abe3neyenus
besnexu. Il B3aeMomii MK KOMIIOHEHTAMH
CUCTEMH BHUKOPUCTOBYIOTHCS Cy4YacHi MPOTOKOJH
Ta Metonu komyHikarii. OcHoBoro € REST minxin,
CYTHICTB SIKOTO PO3KPHUTO B IIOCIIKEHHAX [26] Ta,
SKUH 3a0e3medye MpOoCTOTY Ta HANIWHICTh OOMIHY
nanuMu Mix Telegram Bot ta Jira Service Desk.

s 3abe3nedeHHss poOOTH B peajbHOMY 4aci
CHCTEeMa BUKOPHCTOBYE MEXaHI3M BEOXYKIB —
crenianbHUX NOBigoMiIeHb mpo moaii. Komu B Jira
BiOyBa€ThCSI BaXKJIMBa TMOJiA — CTBOPEHHS HOBOL
3asBKH, 3MiHa CTaTyCy, JOJaBaHHSI KOMCHTaps —
cUcTeMa aBTOMATUYHO HAJICHIIAE TOBIOMIICHHS
6oty. Amnanoriuno Telegram  BUKOpPHCTOBYE
BEOXYKH UISI MUTTEBOI JIOCTABKH ITOBIIOMIICHB Bif
KOpUCTyBadiB o Oota. lle 103Boiise CKOPOTUTH
3aTPUMKY 3 TPUIISATH-IICTASCATH CEKYHI TpHU
TPaIUIIHHOMY IiIXOA1 IO OJHOI-IBOX CEKYH/I.

besmneka 3a0e3meuyeThes Ha JEKUTHKOX PIBHAX
OIHOYacHO. Bcl 3'emHaHHA MK KOMIIOHEHTAMU
CUCTEMH BHKOPUCTOBYIOTh CYYacHi MPOTOKOJIU
mudpyBaHHs, SKI rapaHTYOTh KOH(DIACHIIHHICTH
Ta IUTCHICTh MaHUX TpH mepemadi. CreriaabHi
KJIIOYi JOCTyIly JO NpOrpaMHHX iHTepQeiiciB
PETYISIPHO OHOBIIOKOTHCS JJIS MiHIMIi3aIlil PU3UKiB
kommpomeTariii. Cucrema Mae  BOyIOBaHMI
MEXaHi3M OOMEXCHHsS KIJTBKOCTI 3aluTiB —
MakCHUMyM TPUALSTH 3alHTIB HAa CEKYHAY Bil
OJTHOTO KOPUCTYBaua, 10 3aXUINAE BiJl aTaK THITY
"BigMOBa B 00CITyTrOBYBaHHI".

Bcei BxigHi maHi TpoXoasTh 00OB'SI3KOBY
MEPEBIPKY Ta OYMINCHHS IJIsS 3aXHCTY BiJ CIpoO
BIPOBDKCHHS IIKITMBOTO  KOay. Bemerhbces
MOBHUI KypHaJ ayJuTy BCIX Olepaliil B CUCTEM,
110 JI03BOJISIE BiJICTEXKUTHU Oy Ib-sIKi Miq03piai aii Ta
MPOBECTH PO3CIAYBAaHHS IHIMICHTIB OC3ICKU.
Oco0auBy yBary MPUITITICHO 3aXUCTY
MEPCOHALHUX JAaHUX BIJITOBITHO bi (0]
eBponeiichknx crangaptiB GDPR Ta ykpaincbkoro
3aKOHOJIABCTBA, 110 OCOOJIMBO BaXXJIIMBO B YMOBAax
3poctanHs kiOep3arpo3. Pospobnena cucrtema
BpaxoBy€ CydacHI BHMOTH JO O€3NeKW Ha BCIX
PIBHSIX apXiTEKTYpH.

Ilepesacu iHme2poBano2o nioxooy.
KommnexcHuit miaxin a0 po3poOku apXiTeKTypu
IHTETPOBAHOI CHCTEMH TEXHIYHOI MATPUMKH, TIPO
BOXJIMBICTh 3aCTOCYBAaHHs SKOTO TIPH PO3poOIIi
CKJIQJIHAX CHCTEM, HaroJiomeHo y poboti [27],
JTIO3BOJIMB YpaxyBaTH MOTPEOM BCiX 3aIlikKaBICHUX
cropin. CTBOpeHa cHCTeMa I[IO€HANIA Kpari
BIACTHBOCTI JIBOX TEXHOJIOTIH — 3pY4YHICTh
MOMYJIIPHOTO ~ MECEH/DKEpa Ta  MOTYXKHICTh
npodeciiiHoi  cHCTEMH YIpaBITiHHS —3asBKaMHU.
KopuctyBaui oTpuMany MOXJIUBICTH ONEPATHBHO
(hopMyBaTH Ta HaICWIATH 3asBKY, HE BUXOJISYH 3
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MECEH/KEpa, SIKUM B)KE BCTAHOBJICHUH Ha iXHIX
npuctposix. Ilpu mpoMy He TOTPiIOHO Tam'sITaTH
aZpecH KOPITIOPATUBHUX ITOPTAJIiB, IOTIHU Ta TAPOITi
10 HUX, IIyKaTd MOTPiOHI PO3AIIM Yy CKIagHHX
MEHIO.

MexaHi3M OHJIANH-KOHCYIBTAIIN  JTO3BOJISIE
KOpUCTYBauaM OTPHMATH MHUTTEBY JAOTIOMOTY Yy
KPUTUYHUX CUTYyalisfX, HE OYIKYIOUH Ha BiANOBiIb
€JICKTPOHHOIO TIOIITOI0 UM B Uep3i Ha TeneOoHHIMA
ninii. [IpoGiieMu MOXyYTb BUPILIyBaTHUCS B PEKUMI
JKUBOTO JIiaJiory, IO OCOOJIMBO € IIIHHUM IS
HETEXHIYHNX KOPHUCTYBAdYiB, SKUM 1HOJI CKJIaJTHO
JIeTaIbHO cPOopMYITIOBATH MPOOJIEMY B MHCHMOBIH
¢opMi, - B pPO3MOBI YTOUYHIOWUI 3alHUTaHHS
Criertiaicta JO3BOJISIOTh IIBUIKO 3'ICYBaTH CYTh
poOIemMu.

Jis  cmemiasicTiB - TEXHIYHOI  MIATPUMKHU
cucreMa  3a0e3leyye  3pyYHHH  IHCTPYMEHT
oTiepaTHBHOI KoMyHikamii depe3 Telegram mpwm
30epekeHH]l BCiX mepeBar NpodeciiHOi cucTeMu
Jira. BoHH OTpHMYIOTH MHUTTEBI CIIOBIILEHHS PO
HOBI 3asIBKH ITPSIMO B MECEHJIKEP, MOXKYTh IIIBHJIKO
MepersiHyTH 0a30By iHdopMaliiio, 1 3a HOTpeOn
nepeiTn 10 NMOBHO(YHKIIOHATBHOTO iHTepdeiicy
Jira.  Ictopis  BciX  OHJAWH-KOHCYJbTaLii
ABTOMATUYHO 30€pIiraeThCs B CUCTEMI, 1[0 BaXKJIUBO
Uil TOJANbIIOro  aHamizy Ta  (opmyBaHHS
BHCHOBKIB Ta 3BITiB.

JUtst  KepiBHHUIITBA CIy)KOM MIATPUMKH Ta
aIMIHICTPATOPIB CUCTEMH OCHOBHOIO TIEPEBAroI0 €
MOBHA TpPO30picTh  Bcix  mponeciB.  KoxxHe
3BEPHCHHS (dikcyeThCs, KOJXKHA TUist
JOKYMEHTYEThCS, HAKOIIUIYEThCSI CTATUCTHKA JIJIS
aHamizy. BigomMo mpo KUIBKICTh 3asBOK, IO
00poOsieThCs IIOMHS, sIKI KaTeropii mpoOiiem €
HaWIIOIIMPCHIIITAMHY, SK IIBHIKO CIEIiaiCTH
pearyloTh Ha 3BEpHEHHS, HACKUIBKM KOpPHCTyBayi
3aJ0BOJICH] SKiCTIO oOcimyroByBanHs. Lli  mani
JO3BOJISIIOTh  TIPUAMATH  OOTPYHTOBAHI PIIICHHS
II0JI0 ONTHUMI3aIlii CIYKOU MiATPUMKH, PO3IMOILTY
pecypciB Ta HaBUaHHSI IEPCOHAIY.

Y HOCTIKEHHSX CUCTEM IMTYYHOTO 1HTECIIEKTY
BiI3HAYAIOTH, 110 30ip Ta aHaTi3 BEIIUKUX OOCSTIB
CTPYKTYpPOBaHMUX HaHUX NP0 pOOOTY CIIyKOH
HNiATPUMKH CTBOPIOE OCHOBY Ul BIPOBaKCHHS
IHTEJICKTyaIbHUX CHCTEM B MalHOyTHhOMY [28]
Hanpwuxag, cucremMa MOXKe HABYUTHCS
aBTOMATUYHO MPOMOHYBAaTH PILICHHS TUIOBUX
npobiem abo mependadaTy MOTSHINIHHI TpoOIeMu
JI0 iX BUHUKHEHH4. lle BU3Hauae HacTynmHUH eTam
PO3BHUTKY pO3pOOJIEHOT iIHTErpOBaHUI CUCTEMHU.

Po3pobnena  cuctrema  Mae  3HAYHUU
MIPaKTHYHUHN MTOTSHITIAN IJIs YKPATHCHKUX KOMIIaHii
pizHOro po3Mipy. it Manux Ta cepeqHiX KOMIaHii
BOHA JI03BOJISIE OPTraHi3yBaTh NpoQeciiHy TeXHIYHY

miATpUMKY 0Oe3 BEJIMKHMX 1HBECTULIN B CKIAAHY
iHppacTpykrypy. Telegram € Oe3KOMITOBHUM
MeceHmKkepoM, Jira Service Management wMae
JOCTYIHI Tapu@HI MJIaHU U1 HEBEJIMKUX KOMaH[,
a po3poOka camMoro 0oTra HE BHMAarae€ 3HAYHUX
pecypciB  3aBISKH  JIoOpe  JTOKYMEHTOBaHOMY
NporpaMHOMY iHTEepdeicy.

Oco0MBO aKTyalbHOIO CHCTEMA € B KOHTEKCTI
Cy4acHHX YMOB poOoTH B YKpaini. Bimmamena
pobota crana HOPMOIO Ui 0araTbOX KOMIIAHIH i
TPaIUIiiHI METOIU TEXHIYHOI MiJTPUMKU BXKE HE
npamoTh. Telegram Bot mo3Boiisie opranizyBatu
e(bekTUBHY MIATPUMKY HE3QJIC)KHO B TOTO, &
(hi3MYHO 3HAXOIATHCS KOPUCTYBai Ta CIEeIiaicTH.

BucHoBKHu. Pesynbpratu MIPOBEJIEHOTO
JOCITIKEHHS CBITIaTh PO ICHYBAaHHSI KOMITIEKCY
HEBIpilIeHnX MpobjeM, MOB’S3aHUX 3 TEXHIYHOIO

MiITPUMKOI0 ~ KOPUCTYBadiB  KOPIOPATHBHHUX
iHpopMaIiHHIX CHCTEM. Bonxouac,
3aMpOBAKCHHS B  MPAKTHKY  BHKOPUCTAHHS

crannapris, merononoriii (ITIL, COBIT, ISO/IEC
20000 iHm. ) Ta CyJacHHX CHCTEM aBTOMAaTH3aIlii
ITSM chpuse ix eheKTUBHOMY BUPILICHHIO.
Po3pobnena inTerpoBaHa cucTeMa TEXHIYHOT
miarpumku Ha 6a3i Telegram Bot Ta Jira Service
Desk ycmimHo moemHana 3pydHICTh MOITYJISIPHOTO
MECEHKepa 3 TMOTYKHICTIO mpodeciiiHoi cuctem
yIpaBIiHHA 3asBKaMH. TpHUCTyNIeHEeBa apXiTeKTypa
CHCTEMH 3 pO3NOAIIOM Ha 30HH IHTepHeT,

JEMUTITApU30BaHy 30HY Ta BHYTPIIITHIO
KOPIIOPAaTUBHY MeEpexy 3abe3rneuye  BHCOKUN
piBeHb iHpopMariiHOT Oe3nmeKkd HaBiTh IPH
BHKOPHCTaHHI myOIiYHOTrO MECCHDKEPA.

Komnpomeranis Oyap-AKoro piBHSA HE Hajgae
JOCTYIy [JO KPUTHUYHHX CHCTeM Opraizamii
3aBASKA ~ TPHHIMIYY  130JIAMii  Ta  €OWHIN
KOHTPOJIbOBaHIA TOYII BXOAY uYepe3 MpOrpaMHUMA
iHTepdeiic Jira.

Po3pobiteHi anroput™Mu aBTOpH3aIlii Ha OCHOBI
HoMmepa TenedoHy 3 Bepudikamiero uepe3 HR
CHUCTEMY, AaBTOMAaTHYHOTO PpO3MOALTY 3asiBOK 3
ypaxyBaHHSM HABaHTKEHHS CICIIATICTIB Ta
0araToKpuTEpiAIbHOTO MiAX0Iy, 0OpOOKH OHJIAHH-
ceciii B peaNbHOMY 4Yaci JO3BOJSIOTH 3HAYHO
ONTUMI3yBaTH MPOLECH TEXHIYHOI MiATPUMKH.
Cuctema 3abesrneuye OajgaHC MiXK IIBUIKICTIO
pearyBaHHs Ta SKICTIO JOKYMEHTYBaHHS BCIiX

3BEPHEHb.

Haii0inpm IHHOBALIHUM acleKTOM
po3po0JICHOI CHCTEeMH € MeEXaHi3M  OHJIalH-
KOHCYJIbTallil, SKUHA MEPeTBOPIOE TPaIULiiHy

ACUHXPOHHY CHUCTEMY VIpaBIiHHS 3asBKamMH B
IHCTPYMEHT OIICPaTHBHOI B3aEMOMII B PEKHUMI
peanpHOrO uYacy. lle KpUTHYHO BaXIUBO B
CydyacHHMX yMOBax BimgasieHoi poOoTH, KOIn
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CHELIaNiCTH Ta KOPUCTYBa4Yl MOKYTh 3HAXOAUTHCS
B pI3HUX JIOKaIisx. MOXIHUBICTP MHTTEBO
3B'SI3aTHCS 31 CIICIIAIICTOM Ta BUPIIIMTH IPOOIeMy
B PEXUMI JKHUBOTO [aJIoTy 3HAYHO IIi/IBHIIY€E
e(EKTUBHICTh TEeXHITHOT M ITPAUMKHA Ta
3aJI0BOJICHICTh KOPHUCTYBAYiB.

CrpoekroBana 0a3a JMaHUX 3 MiHIMAIBHUM
Habopom iHdopmaii 6e3 koHpiaeHIiiTHNX Oi3HEC-
MaHUX  BIANOBIAA€E  CyJacHHUM  IIPHHIIMIIAM
iHpopMauiitHoi Oe3neku Ta 3abe3nedye MIBHIKUHA
JOCTyN A0 HeoOxinHoi indopmanii. Bukopuctanus
MEXaHI3MIB KEIIyBaHHA [IO3BOJISIE 3MEHIIUTH
HaBaHTAKCHHS Ha BHYTPIITHI CHCTEMH OpraHi3aii
Ta MiJBUIINTHA 3aralbHy MPOAYKTUBHICTH JAHOTO
pIIIEHHS.

[IpakTryHa MIHHICTH PO3POOJIECHOI CHCTEMHU
MOJSITa€ B MOJJIMBOCTI i BIPOBAIKEHHS B

KOMIIaHisIX ~ pi3HOro  po3Mipy Ta  mpodiiro
TSITEHOCTI. Po3pobiiena crucTemMa €
MaciTaboBaHOIO,  OE3MEYHOI0  Ta  CHpHSE
epeKTHBHIH opraHizamii TeXHIYHOI MiATPUMKH
KOPHUCTYBaYiB.

[TepcriekTrBHI JTOCIIHKEHHS OymyTh
CIpSIMOBaHI Ha PO3BUTOK Ta YAOCKOHAJICHHS

cuctemu HelpDesk 3a paxyHOK BHIpOBaKEHHS
CJIEMEHTIB IITYYHOTO 1HTEJIEKTY JJIsl aBTOMATHIHOT
00pOoOKM THIOBUX 3alUTiB, PO3POOKH MOIYIiB
MAIIMHHOTO  HaBYaHHS Ui  NPOTHO3YBaHHS
MOTSHINIMHUX MpoOieM, iHTEerparii 3 IHIIIMH
nonyysipuuMu Mecenmxkepamu (Viber, WhatsApp)
IUIsl HAJIaHHS KOPHCTYBayaM MOXKJIMBOCTI BHOOPY

O1JTBIII 3pYIHOTO KaHaTy KOMYHIKartii,
BIIPOBQ/DKCHHSI ~ aHANITUYHUX  CHCTEM IS
BUSBIICHHS  3aKOHOMIDHOCTEH Ta  MOAAIBIIOL

onTUMizauii poOOTH CIyKOH TEXHIUHOI M ATPUMKH.
Peamizariss mux HampsMiB CHPHATHME, B IUIOMY,
CTaOUIbHOMY, TPOTHO30BAaHOMY Ta €(EKTUBHOMY
(YHKLIOHYBaHHIO KOPIIOPAaTUBHOI IT-

1HGPACTPYKTYpH KOMIIaHii.
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Standards, methodologies and practices of
technical support services are considered. The problems
of the efficiency of traditional technical support channels
in modern companies are analyzed, an innovative hybrid
solution is proposed based on the integration of
Telegram Bot with Jira Service Desk. Architectural
solutions, algorithms of the system operation and

features of the implementation of online interaction

between users and support service specialists are
highlighted. A three-stage security architecture is
developed with division into Internet zones, a
demilitarized zone and an internal corporate network.
Algorithms of authorization, distribution of applications
and processing of online sessions are proposed, taking
into account the workload of specialists and a multi-
criteria approach. A database is designed with a
minimum set of information without confidential business
data, which meets modern principles of information
security and provides quick access to the necessary
information. Caching mechanisms are used to reduce the
load on internal systems and increase the overall
productivity of the solution. The proposed online
consultation mechanism transforms the traditional
asynchronous request management system into a tool for
real-time operational interaction, which is critically
important in remote work conditions. The ability to
instantly contact a specialist and solve a problem in a live
dialogue mode significantly increases the efficiency of
technical support and user satisfaction. The practical
value of the developed system lies in the possibility of its
implementation in organizations of various sizes and
business profiles. The developed system is scalable,
secure and provides all the necessary capabilities for the
effective organization of technical support for users. This
solution is especially relevant for Ukrainian companies
in the context of modern realities of remote work and the
need to ensure the continuity of business processes.

Keywords: IT service management, systems
integration, software architecture, Telegram Bot API,
Jira Service Desk.
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MATEMATHUYHE MOAEJIOBAHHSA ITPOAYKTUBHOCTI EKCKABATOPA
3 YPAXYBAHHAM ITAPAMETPIB AICOPBOBAHOI'O IIIAPY ITAP
Y TPUBOCHOJIYYEHHAX AKCIAJIBHO-IIOPHITHEBOI'O HACOCA

Kocoaanos B.b., 3BepeB A.B.

MATHEMATICAL MODELLING OF EXCAVATOR PRODUCTIVITY TAKING
INTO ACCOUNT THE PARAMETERS OF THE ADSORBED VAPOUR LAYER
IN THE TRIBO-CONNECTIONS OF AN AXTAL-PISTON PUMP

Kosolapov V.B., Zverev A.V.

E¢exmusnicme  pobomu  eyceHuuHux — 2i0pasuivHux
eKCKABAmopie  3HAYHOI  MIPOIO  3ANelCumsv  Gi0
epexmuenocmi 2iOpasniuHoi cucmemu, Hacamnepeo io
00'emnoi  MPOOYKMuUGHOCMI  AKCIANbHO-NOPUIHEB020
Hacoca, wo cusumv poboue obdraouwanns. Ilio uac
mpusanoi ekcniyamayii no8epxui mepms HACOCHOI napu
(610K yuninopie — po3noditbHa wiatba, NOPueHb —
YUNIHOP) NiO0AOMbCs 3HOUWLYBAHHIO, WO NPU3EOOUMb OO
30IIbUIEeHHS.  6HYMPIWHIX — 6UMOKIE@ I  NOCHYN0B020
3HUdICEHH  00'emnoi  npodykmuenocmi, a omoce, i
npodykmugnocmi mawunu. CyuacHi 2iopagniuni piounu
ona  0yoieenvHOi  MexHiKu — Micmamb  NPOMUSHOCHI
NpUCcaoku HA OCHO8I NOBEPXHEBO-AKMUBHUX PeYOBUH
(ITAP), saxi @isuuno adcopbyiomvcs Ha MiKpOCKONTYHUX
HEPIBHOCMAX Memanesux HNOBepXOHb [ VMBOPIOImb
mouxkutl  3axuchuti wap. I{a  adcopbosana niieka
YACIMKOBO KOMNEHCYE WOPCMKICb NOBePXHi, 30in1buLye
daxmuyny naowy KOHMAKMY, 3MEHULYE TOKANbHI
KOHMAKMHI HANPYHCEHHs 8 OCHOBI HepigHoCmell i, MaKUM
YUHOM, YNOGLIbHIOE 3HOC. OOHAK MOBWUHA YIET NILIGKU He
€ NOCMINHOIO: 60HA 3MEHULYEMbCA nid yac pobomu
exckasamopa uepes 3HudiceHHs koHyenmpayii ITAP nio
BNAUBOM MEXAHIYHUX HABAHMAICEHb | MeMNepamypu.
o6  xomnencysamu ye sasuwe, 6  NPAKMUYI
excnayamayii  2iopasnivHux Mawun poboua piouna
nepiooudHo 3aMiHIOEMbC 3a NAAHOM, GIOHOGIIOIOYU
maxkum wurnom Komyeumpayiro I[IAP 00 nouamkxoeozo
pisua. Y cmammi  npononyemvcs  800CKOHANEHA
Mamemamuyna mooenw, 8 kit moswuna niiexu IIAP
onucyemscs  eKcnoHeHyiunum 3akonom. Ilpu yvomy
BIOHOGNIEHHs  glacmugocmell 2iOpasniuHoi piouHu 3a
Qikcosanuil nNPOMINCOK HACY BPAXOBYEMBCS  WIAXOM
66e0eHHs QyHKyil 3minu moewunu niieku IIAP ¢ eupas
011 PO3PAXYHKY eekmusHo2o mpubonociunozo 3a3opy,
NOB'A3aH020 3 MOOENN0 3MIH GUMOKY 8 HACOCHOMY
azpezami 0cb08020 nopuiHeso2o nacoca. Ha yiii ocnosi

BUBHAYAEMBCS  3aNeHCHICb  3miHu  00'emnoeo  KKJ[
Hacoca 6i0 uacy pobomu exckagamopa ma yYacmomu
s3aminu eiopasniunoi piounu. Ha yitl ocnoei ompumarno
sanexcuicmo 060'emuoco KKJ] nacoca 6i0 uacy uioeo
pobomu i, 6 KiHyesomy NIOCYMKY, 3ANENHCHICD
NPOOYKMUBHOCIE eKCKasamopa 6io uacy 1oeo pobomu 3
YPaxy8aHHAM 4acmomu 3amiHu 2i0Opaeniynoi piounu &
2i0pasniuHOMy npuBooi.

Mooenv  napamempusosana  On  2IOPAGIIYHO20
exckasamopa kaacy CAT 320 3 06'emom xoswia 0,75 m?
(0s8a Hacocu npodykmusnicmio 215 1/xe, pobouuii muck
0o 35 Mlla) i mooce Oymu euxopucmauna OJs
00IpyHmyseanns — eubopy  2iopaeniunux — pioun ma
inmepeanie mexuiunoco 00Cnye08y8ants 2i0pasIiuHUX
npusoodig y 6y0ieenvHill ma OOPONCHIU MeXHIYi.
Knrouoei cnosa: 2ioponpueod exckasamopa, akciaibHo-
nopuinesuti Hacoc, aocopbosanuti wap IIAP, 3moc,
00 emnutt KK/, npooykmuenicmo

AKTyaJbHICTh AOCTiTKEeHHS
Exkcrutyatarmifina NOpOIyKTHBHICTH €KCKaBaTOPIB
3HAYHOK MIpOK 3alIeKWUTh BiJ CTaHy HOro
rigpasmiygnoi cuctemu Ta KK/ crmoBux arperaris,
30KpeMa  aKCiaJbHO-TIOPITHEBOTO  Hacoca (B
nojanpiioMy — Hacoca). [lix dac moerorpuBaioi
poOOTH e€NeMEHTH TiAPONPUBONY EKCKaBaTOPiB
3a3HAIOTh 3HOINYBAaHHS, 10 NPU3BOJUTH JIO
MOCTYIIOBOI'O 3HIKEHHS Koe(illieHTa KOPUCHOT il
(KKJI) wnacoca Ta, SK HACHiJIOK, NaJiHHS
npoayKTuBHOCTI Mammau [1, 2 ]. OmauMm i3
KJIIIOYOBMX YMHHHUKIB, IO BIUTUBAIOTh HA XapakTep
3HOIIYBAaHHS 1 BTpaTH eHeprii, € TpuOOJOoTiuHi
MpoIeCH B Mapax TepTd TiAPONPHUBOLY Ta
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edeKkTHBHICTh 1X 3MamryBaHHs [3, 4, 5]. Cyuachi

TiApaBIIiyHI ~ OJMBH  MICTATh  TNPUCAAKHA  —
noBepxHeBo-akTuBHI  pedoBunu  (IIAP), ski
anacopOyIOThCSI HA METAJICBHX IOBEPXHAX 1

YTBOPIOIOTH 3aXHCHI Mmapu. Taki ancopOoBaHi mapu
BHKOHYIOTH POJIb TPAHWIHOI TUTIBKH — CBOEPITHOTO
OCTaHHBLOTO IIAPY, 10 3aXUIIAa€ METAJI BiJl 3HOCY [0,
7, 8 ]. HasBHicTh MilHOI aJcOpOOBaHOI TUTIBKU
3MaTHa 3MEHIIYBAaTH TEPTS Ta YIOBUIBHIOBATH
3HONIYBaHHS JETalei, THM CaMUM IMiATPUMYIOUN
KKJI Hacoca Ha BUIIIOMY piBHI IPOTSTOM PECypCy.
JocmimkeHHass  MOKa3yloTh, IO  TIpaHUYHE
3MAalleHHs], TUIIXOM YTBOPCHHS aICOpOIIHHUX
mwiiBok ITAP € mpeameToM iHTEHCHBHOTO BUBUEHHS
MPOTIATOM OCTaHHBOTO dHacy [8-14]. Hakomwmdeni
3HAHHS OKPECIIOI0Th 3araibHy KapTUHY YTBOPEHHS
TPaHUYHUX-TUTIBOK, iX BIUIMB Ha 3HOC 1 TepTs
IMIOPCTKUX IOBEPXOHb, a TaKOX IOBEAIHKY
ancopOOBaHMX TIApiB HA HAHO- Ta MIKPOpIBHI [9,
12-14]. Lle cTBOpIOE MiAIPYHTS AJISI MATEMaTHIHOTO
MOJICTIFOBAHHS TPOIECIB BTPAaTh €(EKTUBHOCTI
TiApaBIIiYHAX MAIIWH, TPOTATOM iX eKCINTyaTarii, 3
ypaxyBaHHSM TPUOOJIOTIYHUX (PAKTOPIB.
TeoperuuHumii aHaJi3 JOOCJiIKEeHHS
[IponyKTHBHICTE  €KCKaBaTOpa 3aJIe)KHTh  BiJ
MIBUIKOCTI BUKOHAHHS OTIepallid B poO0IOMY ITHKIIi
(KomaHHS,  TOBOPOT,  pO3BaHTAXKEHHH). Y
3araJpbHOMY BHIUIAAI 11 MOXHAa  BH3HAYHMTH
TEOPEeTUYHOI TMPOAYKTUBHOCTI €KCKaBaTopa, 3
ypaxyBaHHAM TiIpaBIiYHOTO Ta KIHEMAaTHYHOTO
KKJI mammau 3a Bech nepion podotu 7 [15-17]:

Qekcx = QO : 77ri:(pnp : nkiueM > (1)
TE Ny T e, - daco-3anexui KKI[ Binnosigno
TiapaBiiyHOI Ta MeXaHigHOI (KiHEMaTHYHOI)
YaCTUHU eKCKaBaTopa; 0,- TeopeTHIHa

MPOAYKTHBHICTH €KCKaBaTOPA.
KK/I rizpaBiiyHoi cHCTEMH €KCKaBaTOpa 7, ,

3HAYHOIO MipOI0, BU3HAYAE TiIpaBIiYHUIA HACOC,
aKkuid 3a0e3neuye nogayy PP mo Bcix BuKOHaBUMX
OpraHiB eKkckaBaropa (TiAPOLMIIHAPIB CTPiaH,

pYKOSITI,  KOBIIAa, TIOBOPOTHOTO  MEXaHI3My
mIaThOpMH). TobTo, BHKOHABY1 opraHu
eKCKaBaTopa, 1 BIiONOBiAHO 11X TriApompuBiz,

TMIPAITIOIOTh EMi30NTHO MPOTATOM POOOUOTO IUKITY,
Ha BiAMIHY BiJ aKciaJbHO-TIOPITHEBOTO HAcOCa.
Tomy B maHiii Mozeni Oyo TPUIHATO yMOBY

NOEY/MOR )

ne n,..(t) —norounuit KK/ Hacoca.

3a Takoi yMOBU MPOJYKTUBHICTH €KCKaBaTOPa
3a yac BUKOpUCTAHHS T MpUHMe TaKUd BUTIIS:

O (1)= [ 0@ 1, (1) gy . (3)

e crpomiena Mofenb, sika AO3BOJISIE OLIHUTH
BIUIMB 3MiH, IO BiJIOYBAOTHCSI 3 TEXHIYHUM CTAaHOM
Hacoca, B MPOIleCi eKCIuTyaTallii eKckaBaTopa, Ha
foro mpame3gaTtHicTh. PoboTra  ekckaBatopa
CYNPOBOKYEThCS TOCTiiHMM 3HWKeHHAM KK/
TiAponpuBOMy 4Yepe3 3Hoc. SIKIo pexuM poOoTH
JMIBUTYHA MIATPUMYETHCS TOCTIHHHM, TO MaiHHSI
KKJ nHacoca 17, (f) YHOBUIbHIOE BHUKOHAaHHS
pobouux omepariii y nukii [11. Biamosigao, 3a
(hikcoBaHUH Yac, EKCKaBaTOp 3IIHCHUTH MEHIIEC
[UKJIIB KOTIAHHS, [0 MPU3BEe 0 3HIKEHHS HOoTo
MPOAYKTUBHOCTI. B peambHMX yMoOBax, s
MiTPUMaHHSI TPOAYKTUBHOCTI EKCKaBaTopa, 3
METOI0 YaCTKOBOTO KOMIIEHCYBaHHA 3HIDKEHHS
Na(t), BHAIOTbCA OO 30LIBLIEHHAM KiIBKOCTI

o0epTiB Ha Bamy Hacoca. Aue, Iie Beme J0
3pOCTaHHS BUTpAaT TanWBa 1 JOJATKOBOTO
HABaHTAXEGHHS HA CHCTEMY TiApPONPHUBOLY B
iJI0OMY.

Mexaniunniit KKJI 7, . (f) BU3Ha4a€ 4aCTHHY

NOTYKHOCTi, S5Ka BUTPAavyaeTbci Ha TEpPTI B
TpUOOCTIOTYYEeHHSIX €JIEMEHTIB pobodoro
obmagHaHHSA  eKCKaBaTopa Ta HarpiB PP, sxwit

CYIPOBOIKYETRCS 3MiHOIO i1 mapameTpiB. OHAK, B
JaHiid poOOTI poO3rIAAAETHCA pOOOTA T1APONPHBOAY
B YCTaJICHOMY pEXuMi, TOOTO TpuOOIpouecH B
TiIIPOTIPUBOMI CTAOUTI3yBaJIUCS, PO3BUBAIOTHCSA 3
MIiHIMAIBHOIO iIHTCHCHBHICTIO Ta HE MPU3BOJATH JI0
Harpisy PP mo3a HopMOBaHi 3Ha4YeHHS i, TaKUM
YMHOM, HE BIUIMBalOTh (ab0 BIUIMBAIOTH HE
3HAYHOIO MIPOI0) Ha MIBHIKICTH 3MIHH ITapaMeTpiB
PP B mporeci poboTu ekckaBaTopa. BiamosigHo 10
bOTO  NPUNYIIEHHS,  KoedimieHT 7. (¢)
MPUHMAETHCS TIOCTIMHNM, a HOTo 3MiHA B MpoIieci
poOOTH eKcKaBaTopa He TOCTIIKYEThCS.

V 3aragpHOMY BUTIIAI KOS(DIIIEHT KOPUCHOI
nii Hacoca 7, BHM3HAYa€ThCAd JOOYTKOM iOro

00’eMHOI Ta riipoMexaHiuHoi ckiagoBux [15, 16]:

Moo O =17,(8) 17, (1), 4)

ne n,(t) — o6’emmmii KKI; 7, (1)
rizpomexaniunnii (Mexaniunmit) KKJ[; 7— uac
poboTu.

Bigomo, mo o6’emuuit KKI  7,(7)

XapakTepu3ye BTpaTH I0OJa4i Hacoca 4epes
BHyTpimmHI nportikanus PP [15,17-19]. IneansHuit
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(HOBHI) HacoC TpU KOXHOMY O0OepTi mojaae
TeopeTuyHui 06’ eM pinunn Q, . [10, 12]
7-d*-z-n-D-tan
0= : (5)

4

ne O, — TeopeTuyHa Iojada Hacoca; d — JIiaMeTp
MOPIIHS, z — KUIBKICTH IOPIIHIB, n — YacToTa
obepraHHs poTop; D — JiaMeTp pO3TaITyBaHHS
MOPIIHIB (miamMeTp MOUIEHHS); y — KyT HaxXuiy
OJIOKY ITMITIHAPIB 200 TUCKY.

B peampHMX yMOBax dYacTWHA pPiIAWHU
MIPOCOUYYETBCA  4YEpe3  3a30pU B PYXOMHX
CIONMYYEHHSX  Kadalo4yoro By3na 3 30HHU

ITiIBUIIIEHOTO THCKY (HATHITAaHHS) A0 APEHAXHOI
MaricTtpaii Hacocy. Benuuuna Brpart noznaui Hacocy
0,,(f), 3a yMOB pO3BUTKY HpoLecy 3HOCY,
MOCTIHHO  3pOCTAIOTh  BHACHIJIOK  30UTBIICHHS
3a30piB Y  ITWIHOPO-TIOPITHEBIM  Tpymi  Ta
CIONMYYeHHI «OJOK  INMUTIHAPIB-PO3MIOALTIOBAYY,
Brpaty momadi HacocoM NpUAHATO BU3HAYATH
3HIKEHHSIM Horo 06'emroro KK [10, 12]:

O, ()

TEop

n,(H) =1~ (6)

ne Q,,, (1) — BuTiK PP yHacmiziok 3HOCY B MOMEHTY

qacy 1 Q. TEOPETHYHA Iojlaya PiJuHU
HaCOCOM.

Skmio naHuit BUpa3 3ammucaTy BiJHOCHO 3a30py
B CIIOJYYEHHSIX, TO BiH OyJe MaTu HACTyIHHA

Burisn [3, 18 ]

o(t) -0,
H=n, | 1-f-——|, 7
n(O=m, | 1-p 5. =5, (7
ne 7, — mouarkose 3HaueHHs KK/l Hacoca; o,

— MMOYATKOBHUH 3a30p B TPUOOCTIONYYEHHI; 5(f) —

3a30p B TpUOOCHONYYeHHI;, &, —

KPUTUYHUH 3a30p B TpUOOCTONyUeHHi; f € (0;1) —

MOTOYHUMI

Koe(iIieHT 9y TIMBOCTI A0 3HOCY.

3 Bupasy (7) BumHO, 0 301IBIICHHS 3a30py
(3HOWIYBaHHA  TOBEPXOHb  TEPTI  HACOCA)
IIPU3BOJUTD JI0 3HWKEHHS 77, (1) , 110 MPOSBIAETHCS

y CHOBUIBHEHHI pyXy pobOodmx opraiB i
30LJBIIEHHI  TPUBAJOCTI  poOOYOro  IHKIY
exckaBaTopa [11]. Y pesynbrarti, AKIIO 3a3HAYCHUH
Tporiec Jerpasanii TPHUOOCTIONYYSHHS
MIPOJIOBKYETHCA, rizpocucrema BTpadae

MpaIe3IaTHICTh i
pPEMOHTY ab0 3aMiHM.
Bigomo, 1110 01HUM 13 KITIOYOBUX (PaKTOPIB, IO
BIUIMBAIOTh HAa JWHAMIKY 3MiH XapaKTEPUCTUKU
KK/I Hacoca, € HasBHICTh Ha HOTO TTOBEPXHAX TEPTS
ancopOOBaHMX  IMapiB  IMOBEPXHEBO-aKTHBHUX
peuoBuH (ITAP), mis sKMX CyYTT€BO BIUIUBAaE Ha
npolecy 3HoCy Ta (OpMyBaHHS 3a30PiB Y PyXOMHX
CITOJTYICHHSIX Kadarodoro Bysna [20, 21 ].
Iigpomexaniunnit  KKJ[  wHacoca 7, (¢)

BiZoOpakae BTpATH Ha TEPTH 1 TiApaBIiuHHUM OIIip y
Hacoci. 3HayHa dYacTka IMX BTpaT y Hacoci
3yYMOBJICHA CHJIAMU TEPTS B IMIIHAPO-TIOPITHEBIH
rpymi, MiANIMITHUKAX Ta Yy CIOJy4YeHHI «maiba-
posnoninioBady — OJNIOK LUIiHAPiBY. [HTErpansHO,
rimpomexaniuamii KKJI Hacoca BH3HAYaeTHCS
CITIBBiTHOIIIEHHSAM KOPHCHOI MOTYXXHOCTI Ha Baly
Hacoca W, 10 migBeneHol MOTYXHOCTI W

1

riipoHacoc MoTpedyBaTUMe

an,,. w
Hac _ __ a4 . 8
dt w ®

3a pealbHUX YMOB eKCIUTyaTarlii eKkcKkaBaTopa,
3HIKeHHs 00'emHoro KKJI Hacocy 7, (1) croHykae

omeparopa MiABHUIIYBaTH OOEpTH Baly HPUBOILY
Hacoca, 10 IPU3BOIUTH 10 301MBIICHHS TUTOMHUX
BUTpaT  TalWBa 1  3HIDKEHHA  3arajibHOl
e(ekTuBHOCTI poOoTH MamuHK. OKpiM  TOrO,
i IBUILICHHST 00EPTIiB BaJly HACOCA MPHU3BOJUTH JIO
30UTBIICHHST TIBUAKOCTI MEPEMIMCHHS TTOBEPXOHD
TEPTS B CHONYYCHHSX. IO CHPUYUHSIE 3POCTAHHS
HUISIXY TEPTS 32 PO3PaxyHKOBHUH NMPOMDKOK Hacy.
TakuM YHHOM, 3a TIOCTIHHOTO THUCKYy B
CTIOTYYCHHSIX, NPOTATOM PO3paxyHKOBOT'O
iHTEepBaIly 4acy, 30UIbIIYIOTbCS POoOOTa CHIT TEpTH,
IO MPU3BOAUTH A0 3MEHIICHHS TiApOMEXaHIYHOTO
xoedinienta kopucHoi aii 7, (¢) [16, 19].
BignoBigHO 0 TOTEPETHBOTO TPHUITYIICHHS
10710 poOOTa T1IPONPUBOIY B YCTATEHOMY PEXUMI
1 BUKJIIOUEHHI BIUIMBY (200 HE 3HAYHOMY BILIHBY)
NPOIIeCy TEPTS B PyXOMHUX CIIOJIyYEHHSIX HACOCY Ha
IMIBUAKICTh 3MiHM mapameTpiB PP, B mpomeci
podoTH  eKkckaBaTopa,  NPUIYCKAEMO,  LIO
1., () = const . To6TO, TApaMETPOM, IO HE BILIUBAE

Ha auHaMiKy (mpuckopenns) 3mid KK/ Hacoca.
Jns matematuanoro omucy auHamikm KK/
aKCiaTbHO-TIOPIIHEBOTO  HACOCY, Y  JIaHOMY
JMOCHIDKEHHI,  MpUiiMaeMo, IO  OCHOBHHUM
YUHHAKOM 3HIDKeHHA 77, (¢) € mporpecyiodi

BHTOKH Y HWOTO KadardoMy By3Ji, IOB’s3aHE i3
3HOCOM B iX PYXOMHX CITOJTyYEHHSX, K HACIIIKOM
BIUTMBY 3MIiHU TapaMeTpiB aJacopOOBaHMX Ha iX
nmoBepxHsx 1mapis [1AP.
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TakuMm 4duHOM, BiANOBigHO A0 BUpaszy (1) Ta

3a3HAYCHUX BHIIC TNPUMNYIICHh IOJ0 IHOTO
JIOCITIKEHHS, MIPOTHO30BaHA 3MiHa
MTPOYKTHBHOCTI eKCKaBaTopa TPOTITOM

pPO3paxyHKOBOTO TIEpioy MOXe OyTH BHU3HaUCHA
BIJIMTOBITHO IO BHpa3y
AQ e (1) =0y 11y (1= 77,5, (1)) ©)
Metow po6oTtu € po3pobka HAYKOBO
oOrpyHTOBaHOI MOJENi 3MiHM TNPOAYKTUBHOCTI
€KCKaBaTopa MPOTATOM 4Yacy HOro eKcIuTyararlii, 3
ypaxyBaHHSM 3MiHH IapaMeTpiB aacopOoBaHOTO
mapy IIAP Ha mnOBepXHSX TepTAd aKciabHO-
MTOPIITHEBOTO HACOCY.
3aBIaHHAM JOCTiZKeHHS
BUKOHATH AHATITHYHUN OTJBIA I BHOOPY
npoctoi, ane ¢iznaHo o0rpyHTOoBaHOl QYHKLIT 5(¢) ;
* OTpUMATH KOPEroBaHi 3aJleKHOCTI J(t),
Mae(8) 5 Qe (1) T2 AQ, (¢) B AKMX 1ONAHO BILIUB

agcopboBanoro mapy I1AP;

* TMpPOUTIOCTPYBAaTH  MOJENb  YHCIOBUM
MPHUKJIAIOM IS TUTIOBOTO €KCKaBaTopa 3 KOBIIEM
0,75 m3.

6. Ocnosnuit mamepian 00C1i0HCEHHA

Jnst monemioBaHHsS 3MiHM 00’emHOro KK/
aKCiaJbHO-TIOPITHEBOTO Hacocarn, (1), 3
ypaxyBaHHAM 3MiH IapaMmeTpiB aacopOLiifHOro
mapy [IAP Ha moBepXHSIX HOTO TPUOOCIIONYUYCHD,
Oyna mpwmifasTa Mozaenb 3anexkHocTi KK/ Hacoca
BiJl 3a30py B PYXOMHX CIIOJYYEHHSX Kaualo4oro
BYy371a Hacocy, sika Mae Burisg [, 18 |

ds(t)-o,
.dn, ()= J1=-p— 10
77H€lC( ) UHaCU ﬂ 5K[) _ 50 ( )
ne 1, — mnodatkoBe 3HaueHHs KK/

S(t) — MOTOYHMH 3a30p; J§, — MOYATKOBUH 3a30p;

0, — KPUTHYHHI 3a30p (MeKa IepMETHYHOCTI);

B €(0;1) — xoedimieHT Yy TIMBOCTI 0 3HOCY [1, 3,
18].

[Ilo6 BimOOpa3uTH BIUIMB KiTBKOCTI MIapiB
I[TAP, agcopOoBaHMX Ha TOBEPXHIX TEPTH
Kayarouoro By3lla HAacocCy, Ha OUHaMiKy 3HOCY, B
MaTeMaTHYHy MOJIENIb BU3HAUECHHS 3MiHU 3a30py B
mapi TepTs BBeIeHO (DYHKIIIIO 3MIHH 33a30py 4epes
TeMIN 3HOCY Ta (PyHKIiIO 3MiHM B 4Yaci TOBLIMHHU
ancopboBaHoro Ha moBepxHsx mapy [1AP [3]:

do(t)=do, (1) —dh,, (1) =
an

R t
=68, | 1+a(t) —i—— |-h_(t
0 ( () R;Taﬂ Tmax] aﬂc()

ne a(t) - byHKuis 3minn temmy 3Hocy; A, (¢) -

MOTOYHA CyMapHa TOBIIMHA aJICOPOOBAaHUX IIAPiB
ITAP; R. - TOTOYHA MIOPCTKICTh TIOBEPXHIi

z

TpuOOCIIOMydeHHS; R{™ - eTalOHHAa IIOPCTKICTB,
BiJl AKO1 MacIITaOyIOThCA 1HIII 3HAYCHHS R, .

ODyHKIIS 3MIHU TEMIy 3HOCY a(f), B BHUpas3i
(11), 6a3yeTbcs Ha aHANi31 HONEPEAHIX JOCHTIIKEHb
3miHn 00’ emuoro KKJI rigpaBmiyHuX eKcKaBaTOPiB
3a gac X BUKOPUCTaHHS Ha po0OTax, IMOB’I3aHMUX 3
OyZAiBHULTBOM JIOpIT Ta y Kap’e€pax 3 BHIOOYTKY
JIOPOKHLO-OYTiBEIbHUX MaTepiamis. [ 3, 22 |

a(t)=0.35-¢""" (12)

Ie k - KoedilieHT, mo onucye eheKTUBHICTH MIapiB
AP y crpumyBanHi 3HOCY, k=0.01; n(t) -
MOTOYHA KIBKICTh mapis ITAP.

Koedimienr 0,35 y Bupasi
EeMIIpUYHUA TapameTp, SIKUH Oa3yeTbca Ha
eKCIUTyaTaIliIfHuX  CIIOCTEPEIKCHHAX aKCiallbHO-
mopmrHeBUX HacociB  ekckaBaTopiB CAT (abo
aHAJIOTIYHUX) 1 BpPaxoOBYE CEPEAHBO3BAKEHE
3pocTaHHsl 3a30py A0 ~ 35% 3a Becb TUMOBHIA
pecype (3000 roawH), Ta BIAMOBIIA€ TUIIOBIH 3MiHI
3a30py (Ha 2-3 MKM) B KiHOI iX pecypcy Hpu
NOMIpHUX PeXUMax HaBaHTaxeHHs [1, 3 ].

Jns HOPMYBaHHS BILIUBY peanbHOl
IMIOPCTKOCTI ~ 3aCTOCOBYETHCSI  CIIBBIIHOIICHHS

(12) - ue

4
ReTan i
z
MOTOYHOI ~ IIOPCTKOCTI
TpUOOCIIONYYCHHI.
ITorouna xinbKicTh mapiB IIAP Bu3HauaeThCs
3 BHpa3y

sIKe JO3BOJISIE BPAXOBYBATH CTYIIiHD BIUIUBY

MOBCPXOHb  TCPTA B

dh,, (1)

dn(t) = P (13)

AConono

e h - TOBIIMHA OJHOTO a/IcOPOOBAHOTO IIApy

ITAP; dh, (1) - mOTOYHA TOBHIMHA aJCOPOOBAHMX

ACpono

mrapiB [TAP Ha noBepxHi.

s OpieHTOBHOI OIIIHKA TOBIIUHHU OJHOTO
ancopooBaHoro mapy IIAP  Bu3HauuMo ysIBHI
TCOMETPHYHI TMapaMeTpy MOJCKYIH Y BUIIISII
ctepoina (puc. 1). Y sxocti [TAP nputimaemo (st
JIAHOTO PO3paxyHKy) ©O€330JIbHy IPOTU3HOCHY
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npucaaky BMA-5 (tioedip miankimitiopocdopnoi
KHCJIOTH) 3 Macolo MojeKynn M = 3,86-107°kr;

IyCTHHOK p = 0,9-10° xr/m® [23-25].
06’ €M MOJIEKyJIM BU3HAYMMO 3 BUPA3y:

y My, 386107

=3,18-10%m" .
" p 0,9-10°

(14)

Braxaemo, mo Mosekyia Mae hopmy i ii 00'em
JIOPIBHIOBATUME

4

Vi =57k D, (15)

a
e k=—
RS

Puc. 1. Po3paxynkoBa Mmozens monekynu ITAP

3a ymoBH k =5 po3mipu wmomekyaun I[IAP
OyIUTh TOPIBHIOBATH

b2 e 54 A (16)
4--k
a=b-k=12 A
Biamosigao mpu k=1
b=y lme 404 (16)
4.7k

To0To, TOBIIMHY OXHOTO MIapy (MOHOLIAPY)
ITAP MoxHa TmMOTEpPENHbO TPHUHHATH B MEXKax

42-12 A

[MonepeanimMu IOCTIHKEHHAMUI 3MIHH
nmapameTpiB amcopOoBanux mapie [IAP 3 PP ISO
HM 46 [26] noBeneHo, 1110 3 4acoM ii BUKOPUCTAHHS
y  TiOponpuBOAaxX  ©KCKaBaTOpiB  TOBIIMHA
ancopOOBaHMX IMapiB Ha MeETaJCBill IMOBEpPXHI
CyTTEBO  3MIHIOEThCSA.  Pesympratm  BHMIpIB
HaBeZeHO y Tab. 1

3a HaBeJECHUMH JaHWMH IIOAO JOCHIHKEHHUX
3paskiB PP, nuisixom anpokcumariii, 0y/j10 OTpUMaHO
¢yHKOii  3aJeKHOCTI TOBLIMHU aJcOopOOBaHUX
mrapiB ITAP wi€i piguau Bix yacy HampauioBaHHs B
TiIPOTIPUBO/II €KCKAaBATOPY:

B (£)=0,1235-107 .02 (17)

BigmoBigno mo Bupasy (12), morodHa
KimpkicTh mapiB IIAP, mo ancopOyroTecst Ha
MeTaJIeBil MMOBEPXHI, BU3HAYAETLCS 3 BUPA3Y

_0,1235- 1076 . g 0203
- h

om0

n(t) (18)

Pesynbrat po3paxyHKiB 3MiHM KiJIBKOCTI
ancopOoBaHUX mapiB ITAP BiJl gacy
HaIlpaIlOoBaHHS B TIiAPONPHBOII EKCKaBaTOPY
HaBeJleHO Ha rpadiky (puc. 2). 3 rpadika BUIHO, 110
31 30LIBLICHHSIM Yacy eKcIDTyaTalii eKcKaBaTopa
BiIOYyBa€ThCS  3HAYHE 3MEHIIEHHS  KUIBKOCTI
agcopOboBanux mapiB [IAP Ha MmertaneBux
noBepxHsix (3a 1200 roauH Oinblie HiX yABiYi), 1110
00yMOBIIEHO AK TEPMOOKHUCIIIOBATBHOIO
JMECTPYKINEI0 TMPHUCAZOK, TaK 1 MEXaHIIYHUM
pyHHYBaHHSIM aAcOpOLIAHMX MIapiB y yMOBax
TPaHUYHOTO TEPTS B CYKYNHOCTI 3 BHAAJICHHSIM
ITAP, ancopOOBaHUX Ha TTOBEPXHAX

a=b-k=42A 3abpynHtoBauiB PP, pinbrpamu [27, 28].
Taomuus 1
Cepenns ToBmuHa ajgcopoosanoro mapy ITAP Ha nosepxHi KyJabku
TormmHa agcopboBanoro mapy I[TAP Ha moBepxHi KyJIbKH, MKM
Yac nHampaifroBaHHs

Temmeparypa T, rox 0 200 400 600 800 1000
. Bumipy, °K

293 0,224 0,186 0,14 0,1012 0,0741 0,0526

313 0,2022 0,1658 0,13 0,1 0,0842 0,0681

323 0,1853 0,1523 0,1206 0,0965 0,0836 0,0694

333 0,1624 0,1341 0,1085 0,0878 0,073 0,0627

(xynska STEEL BALL 11.112MM G3 ISO 3290-1)




36 BICHW/K CXIOHOYKPATHCbKOIO HALLIOHANBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 9 (295) 2025

3a po3po0JICHOI0 MaTeMaTHYHOIO MOJIEJUTI0 BHKOHAHO
nporuo3yBanHs 3MmiHu 00’emHoro KKJ[ Ha mnpuxmami
ekckaBaropa CAT 320 GC 3a Buxiguumu naHumu [29,
30]naBeneHUMH y TAOIHII 2.

60,00
40,00

20,00

KinbKicTh mapis
ITAP, n(?)

0,00
0 200 400 600 800 1000 1200

TpuBaiicTs exciutyaranii ekckaBatopa 7, roj
Puc. 2. I'padix mporao3oBaHoi 3MiHH KiJIBKOCTI

ancop6oBanux mapis [TAP Bix gacy HamparioBaHHs B
TiAPOIIPHUBO/I €KCKAaBATOPY

PesynpraT  po3paxyHKiB ~ IPOTHO30BaHOI
3MiHH 7, (f) HaBeIEHO HA BIANOBITHUX rpadikax

(puc. 3).
3a  yMOBM  OTpUMaHHS  palioOHAJBHHUX

pe3yibTaTiB  Bil BHKOPUCTAaHHS EKCKaBaTOPIB
3arajgbHO MPHUHAHATO, [I0 BEJIMYMHA 3HIKCHHS
o0'emnoro KKJI He moBuHHa mepeBuiryBatu 15-
25% Big BHXIZHOTO 3HAYEHHS B 3aJIEKHOCTI Bil
yMOB #oro Bukopuctanus [ 29, 30 ].

Pesynbrati KOMITIOTEpPHOTO MOJETIOBAHHS
JIEMOHCTPYIOTh 3HauHe 3HIKeHHS 00'emHoro KK/
aKCiaJbHO-TIOPITHEBOTO Hacoca MIPOTSATOM
eKCIuTyaTaliifHoro mepiogy. Ik BUAHO 3 pHC. 3,
kputnune 3HaueHHs KKJ (25% Btpar Bix
MOYATKOBOTO 3HAYEHHS) AOCSATAETHCS BXKE dYepes
750-900 rTommH poOOOTH, MI0 3HAYHO HIDKIE
rapaHTOBaHOr0 BUpOOHHUKOM pecypcy B 3000 ronuH
[29, 30].

. T
H_HH HOHOB)KCHHH TeleHy eKCHHyaTaH]l QeKcK (t) = _[0 Q (t) : ’7nac (t) : ﬂxiuem (t)dt (19)
HAaCOCIB, 3a IPAKTUKH EKCIUTyaTalll OJJHOKOBIIEBUX
€KCKaBaToOpiB, PEKOMEHIOBAHO BUKOHYBATH 3aMiHY 3
PP rimponpuBoniB uepes koxui 240 - 400 mar.- A YMOBH 77, (1) const
TOJIMH X eKcInTyaraiii [26, 28]. BiamoBimgHO 10 1THX
pEKOMEHIAIil BUKOHAHO KOPETYBaHHS MO0 0. (1) =1, _[T O () 1, (D)dlt. (20)
MaTeMaTHYHOI MOJIEITi PO3PaxXyHKY 3MiHU TOBIIIHHU 0
aZcoOpOIIifHOrO IMmapy MHPOTATOM PO3PaXyHKOBOTO
miepiony 7.
Tabmuns 2
Buxiani nani njs po3paxyHky
ITapamerp || @izpuHmii 3micT || On. Bumipy ||
p, PoGounii Tuck MIla 30
Tiac, ITouaTtkoBe 3HaueHHs KK/ Hacocy 0.987
| 0,0 ||H0‘laTKOBa rojiaya Hacocy H JI/XB ” 215 |
| T ”TpI/IBaJ'IiCTL eKCILTyaTaii || roj || 3000 |
| |4 |06’ em koBua | M’ [ 0.75 |
| 0, ”HOanKOBHﬁ 3a30p H MKM ” 7 |
Ao Tosuraa ogHOTO agcopboBanoro mapy ITAP 3-107°
By CymapHa ToBIIMHA ajicopOoBanux 1mapis [TAP
M
| R, ”HOTOqHa MIOPCTKICTh ‘ 0.4-10°¢
RI™ PiBHOBa*HA IOPCTKICTH 0.2-10°¢
TeMII 3HOIYBaHHS BiTHOCHO Pecypcy
0.35 (Tob6T10 35% TMpUpPOCTY 3a30py 3a MOBHUII pecypc
pu 6a30Bil MOPCTKOCTI)
R, HopmoBaHa Bara mopcTKOCTI: YUM BULIMH Rz, THM
R™ IHTEHCHBHIIINHA 3HOC
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e Fc3 3aMiHU

2000 2400 2800

TpuBanicTs excryaranii ekckaBatopa T, rox

Puc. 3. I'padix nporaozoBanoi 3minu 06’ emuoro KKJ[ Hacocy exckaBaTopa

30

25
AQ, . (D), %

20

0 400 800 1200

1600 2000
TpuBanicTs ekciuTyaTallii ekckaBaropa 7, Tox

@) 4() MaIll.- TOINH
400 Mmarir.- roguH

@] c3 3aMIHA

2400

Puc. 4. I'padix mporH030BaHOTO 3MEHIIEHHS MPOAYKTUBHOCTI EKCKaBaTopa
TIpu 3MiHi agcopboBaHoro mapy [TAP

Jost OIIIHKH CTYTICHIO 3HIDKCHHS
MIPOYKTUBHOCTI €KCKaBaToOpa B 3aJIEKHOCTI Bif
3MiH amcopOmiiiHoi 3maTHOCTI PP rimpompuBomy
€KCKaBaTopa MPOTIrOM 4Yacy WOTO eKCIuTyaTariii
BUKOHAHO PO3PaxXyHKH 3a BUPA30M

— Q(tz) ) nﬂac(ti) — Q(tHl) i ﬂuac(tHl) .
40 1)= Oty) T (1) 100 D

Pe3yabTaT  PO3paxyHKIiB  IIPOTHO30BAHOIO
3MEHIIEHHS HPOAYKTHBHOCTI €KCKaBaTopa
AQ,..(t) mpn 3mini axcopbosanoro mapy ITAP

HaBeIEHO Ha BiANOBiAHUX Tpadikax (puc. 4).
Amnauti3 pe3ynbraty MonemoBanHs 3Minu KK/,

BUXOISIYM 3 YMOBH BHKOpHCTaHHI PP 6e3

BimHOBJIEHHsT mpoTsarom 1200 MalIuHO-TOAVH,

nokasye, mo 3miHa KKJ| 10 kpuTH4HOTO 3HAYCHHS
BimOyBaeThes mpotsarom 750...900 romun (puc. 3),
IO 3HAYHO HIKYE Yacy poOOTH J0 KPUTUIHOTO
CTaHy, TApaHTOBAHOTO KOMITaHiIMU-BUPOOHUKAMU.
3acTocyBaHHS TepiogudHOI 3aMminu PP mpotsrom
nepioay poOOTH eKCKaBaTOpa 3HAYHO MiABUIITYE Yac
HaIPAIIOBaHHS HACOCY JI0 KPUTUYHOTO CTaHy. Tak
3a yMmoBH 3aminu PP 3 mepioguunictio 400 roauH
HAIpaIfoBaHHs bi (4] KPUTUYIHOTO CTaHy
3011BLIYETHCS B ~2 pasH, a mpu 3amini PP uepes 240
TOJIUH — OUTBIIE HIXK y 3,5 pa3u.

3anpornoHoBaHa MOAENb, X04Ya i MoOyaoBaHA HA

BiZTHOCHO HPOCTHX MIPUITYIIEHHIX
(excrioHeHIiaNbHA Jerpanaris h (1),
piBHOMipHUI po3noznin MiKpPOBHUCTYTIIB,
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y3araiapHeHHi Koediuient Butikauus PP 7, (¢)),

JI03BOJISIE:

* 1oB’s3aTH cTaH podouoi pimunu (4, (7)) 3
3a30pOM J(¢) ;

* KUIBKICHO OLIHUTH BIUIUB 1HTEPBANiB
3aMiHM Macia Ha 00’ emunii KK/ Hacoca;

* OIIIHUTH BTPATy MPOIYKTUBHOCTI MaITHHH
npy 301JIbIIEHH] HATPALFOBAHHSI.

BucHoBku. 1 3anpornoHOBaHO MaTeMaTU4HY
MOJENIb 3MIHU TMPOTYKTUBHOCTI €KCKaBaTopa, sKa
BpaxoBye€ JUHAMIKY 3MiHU napameTpiB
agcopboBanux mapiB [IAP Ha moBepxHSX TepTs
aKClaJIbHO-TIOPLIHEBOr0 Hacoca.

2. BcTanoBieHO, 1O CYTTEBHMH (DakTOpOoM
3HmkeHHs 06'emHoro KKJI nHacoca € mporpecyroui
BUTOKH PP uepe3 301mbIIeHHS 3a30piB Y MHJIIHIPO-
MIOPIITHEBIM, Ta PO3MOAUILYINA TPyl Kadyarodoro
By3/a Hacoca, sIKi IHTEHCHBHO 3pOCTalOTh 4Yepes
nerpafanito aacopouiiinux mapis ITAP i1 micas 700
TOMH €KCIUTyaTamii MPU3BOAATH 10 KPUTHIHOI
3MIHH 77,5 HACOCY.

3. JloBemeHO eKCIOHEHUIWHUHA XapakTep
3MEHIIICHHSI TOBITUHH ajicopboBanoro mapy [TAP 3
4acoM eKCIUTyaTallil, [0 MPU3BOANUTH 10 3HWKEHHS
KUTbKOCTI 3axucHUX mapiB 3 75 mo 35 3a 1000
TOJIMH POOOTH.

4. IIpakTruni pexomeHaarii 010
BCTaHOBJICHHSI CKOPOUEHOTO iHTepBaiy 3aMmiHu PP
(240-400 rogwH) 103BOJSE 3HAYHO 301TBIIYBATH
TepMiH Jacy HaIpPaIOBAHHS TiAPaBIiYHUX CUCTEM
EKCKaBaTOPiB 0 HACTaHHS KPUTHYHOTO CTAHY 7],

Hacocy, TOOTO JIO3BOJISIE MiTPUMYBaTH
MPOAYKTHUBHICTH Ha piBHI 85-90% Bix HOMiIHATBHOI.

5. MatematuuyHa MOJENb JIO3BOJISIE
MPOTHO3YBAaTH  KPUTHYHI  IapamMeTpu  CTaHy
TiapaBiIivyHOI crcTeMH: 3HIKEeHHS 00'emHoro KKJ]
Hacoca 0a3yrounch Ha pe3yNbTarax MepiognIHoro
JiarHOCTYBaHHS TEMITy 3MEHIICHHS aAcOpOLiifHOI
cnpomoxkHocti PP, (B nmanomy  BumDanky,
3MeHIIeHHsI KiTbkocTi mapiB [TAP menme 40, mo
CBIIYUTH po HEOOX1IHICTH TEXHIYHOIO
o0cCIyroByBaHHsI). 3ampoNOHOBaHA MOJIENb MOXKE
OyTH BUKOpHCTaHA i1 OINTHMI3allii 1HTEpPBAJIiB
TeXHIYHOTO O0OCIyroByBaHHS (3aMiHM Macia),
BHOOpPY CKJIaly MPOTU3HOCHUX MPUCAIOK, a TAKOK
JUISL iHTerparii B OUIBII KOMIUIEKCHI CHCTEMHI
MOJIEJI TiAPONPUBOIiB OyTIBEIHHIX MAITHH.

6. [lomanpmmii po3BUTOK POOOTH JIOIIIEHO
MOB’sI3aTH 3 EKCIIEPUMCHTAIILHUM BU3HAYCHHSIM
napamerTpiB J,, S k, I KOHKPETHHUX MapokK

min 2

poOOYHX piAKH Ta MaTepianiB TPUOOCTIOIyYEHb.
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Kosolapov V.B., Zverev A.V. Mathematical modelling
of excavator productivity taking into account the
parameters of the adsorbed vapour layer in the tribo-
connections of an axial-piston pump

The performance of crawler hydraulic excavators largely
depends on the efficiency of the hydraulic system, primarily on
the volumetric capacity of the axial piston pump that supplies
the working equipment. During prolonged operation, the
mating surfaces of the pump tribopair (cylinder block —
distribution washer, piston — cylinder) are subject to wear,
which leads to an increase in internal leaks and a gradual
decrease in volumetric efficiency and, as a result, machine
productivity. Modern hydraulic fluids for construction
equipment contain anti-wear additives based on surfactants
(SAS), which are physically adsorbed on microscopic
irregularities of metal surfaces and form a thin protective film.

This adsorbed film partially compensates for surface
roughness, increases the actual contact area, reduces local
contact stresses at the base of irregularities and thus slows
down wear. However, the thickness of this film is not constant:
it decreases during the operation of the excavator due to a
reduction in the concentration of SAS under the influence of
mechanical loads and temperature. To compensate for this
phenomenon, in the practice of operating hydraulically driven
machines, the working fluid is periodically replaced as
planned, thus restoring the concentration of SAS to its initial
level. The article proposes a refined mathematical model in
which the thickness of the SAS film is described by an
exponential law. At the same time, the restoration of the
properties of the hydraulic fluid over a fixed time interval is
taken into account by introducing the function of changing the
thickness of the surfactant film into the expression for

calculating the effective tribological clearance associated with
the model of leakage changes in the pumping unit of an axial
piston pump. On this basis, the dependence of the change in the
volumetric efficiency of the pump on the operating time of the
excavator and the frequency of hydraulic fluid replacement is
determined.

On this basis, the dependence of the volumetric efficiency
of the pump on its operating time was obtained and, ultimately,
the dependence of the excavator's performance on its operating
time, taking into account the frequency of replacement of the
hydraulic fluid in the hydraulic drive.

The model is parameterised for a CAT 320 class
hydraulic excavator with a bucket volume of 0.75 m® (two
pumps with a capacity of 215 l/min, working pressure up to 35
MPa) and can be used to justify the choice of hydraulic fluids
and maintenance intervals for hydraulic drives in construction
and road machinery.

Keywords: excavator hydraulic drive, axial piston pump,
adsorbed surfactant layer, wear, volumetric efficiency,
productivity
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FINISHING PROCESSING OF PARTS IN A COMBINED WORKING
ENVIRONMENT UNDER THE ACTION OF OSCILLATIONS. PHYSICAL
PHENOMENA AND DYNAMICS OF CONTACT INTERACTION

Romanchenko O.V.

®IHIIITHA OBPOBKA JTETAJIEM KOMBIHOBAHUM
POBOYUM CEPEJOBMIIIEM I AI€I0O KOJIMBAHb. ®I3UYHI ABUIIA
TA JMHAMIKA KOHTAKTHOI B3AEMO/I1T

Pomanuenko O.B.

This article analyzes finishing processes using a
combined abrasive medium under the action of
oscillations, combining mechanical, physical, chemical,
and energetic phenomena. The study investigates the
physical nature of oscillation processes, the patterns of
interaction between abrasive particles and the surface of
workpieces, and identifies the conditions under which
maximum  processing efficiency is achieved. A
comparative analysis of traditional finishing methods —
grinding, tumble finishing, abrasive-jet machining, and
vibration machining — is presented. Their advantages,
disadvantages, and application limits in modern
mechanical engineering are identified.

A new finishing method is proposed: machining with a
combined working medium, which combines abrasive,
chemical, thermal, electrical, and mechanical action.
This medium consists of abrasive granules, process
solutions, and process intensifiers, which, under the
action of vibrations, perform a complex, deterministic
circulatory motion, creating numerous micro-impacts on
the surface of the workpiece. This enables cleaning,
grinding, polishing, surface layer strengthening, residual
stress removal, adhesion enhancement, and surface
preparation for coating application. Like traditional
methods, this method enables the simultaneous
processing of a large number of parts, while its
integrated approach allows for achieving the required
surface quality in a shorter processing time.

The mechanism of contact interaction between the
abrasive medium and the part surface is revealed. It is
established that the process is accompanied by impact,
cavitation, adhesion, wear, wave propagation, and
energy dissipation. The oscillations are divided into
frequency ranges, from infrasonic to ultrasonic. The
effects of free, forced, parametric, and self-oscillations
on the process are examined, as well as their influence

on the behavior of the working medium and the
workpieces.

It is shown that the machining process is a complex
vibration-impact system with distributed parameters, in
which the frequency, amplitude, properties of the
abrasive, part geometry, and equipment operating modes
play a significant role.

The dynamic properties of the working medium are
examined. circulation motion, elastic impact interaction
of particles, pressure wave formation, contact processes,
and deformation of surface layers. The influence of
process solutions on the intensity of the process is
demonstrated. Mathematical relationships describing
changes in contact parameters, impact energy, particle
velocity, and interaction force are presented.

The proposed approach expands the capabilities of
finishing  machining in  mechanical engineering,
particularly for parts with complex geometries and high
surface finish requirements, and creates the basis for
further development of technologies for machining with
combined abrasive media under the action of vibrations.
Key words: finishing processing, combined working
media, oscillating processes, micro-impacts, circulation
motion, technological process.

Introduction. The creation of new and
modernization of existing production systems
requires complex technological preparation of
production. Trends in the development of modern
mechanical engineering, which will remain
unchanged in the future, are the production of a
wide range of products while simultaneously
reducing production time and economic costs. New
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enterprises for finishing, as a rule, use high-tech
universal equipment in production.

Finishing is applied after mechanical and
thermal treatment. The difficulties that arise at this
stage of processing are due, on the one hand, to the
wide range of parts being processed, and on the
other hand, to the choice of processing method.
Parts can have different parameters of mass and
dimensions, have a complex shape. Processing
methods also impose limitations, for example, the
dimensions of the part may not allow processing or
the technological capabilities of the equipment do
not allow achieving the required process
productivity in terms of quantitative or qualitative
indicators.

Let's consider each of the relevant methods and
analyze the general advantages and disadvantages.

The most common processing method today
remains grinding or polishing with a fixed working
tool - grinding wheels [1, 2]. Grinding belts,
grinding heads, abrasive bars are also used as tools.
During such processing, the tool performs only
rotational motion, which is the main cutting motion,
and the workpiece performs any motion. The
advantages of this method are that it is sufficiently
studied, and therefore, easy to wuse, high
productivity, and the possibility of automating the
process. Typical disadvantages include high wear of
the grinding tool. The shape of the circle is
disturbed, and accordingly, its grinding properties
deteriorate. Errors in choosing an abrasive tool and
processing modes can lead to surface damage. Also,
like most of the methods that we will consider
below, processing with grinding wheels is
accompanied by the release of dust consisting of
small particles of material, which requires
additional efforts aimed at production safety.

Quite often, machine-building enterprises
encounter equipment for processing in rotating
drums - tumbling. Such equipment is quite simple
in design and does not require complex adjustment,
and the process itself is easily modeled and allows
the use of combinations of various abrasive tools [3,
4]. Processing in tumbling drums is carried out due
to the relative movement of the part and the abrasive
tool when pouring the load mass (a mixture of
abrasive granules, working fluid and parts to be
processed). The speed of relative movements does
not exceed 1 m/s, and the zone of intensive
processing is only part of the load volume. The
number of revolutions of the drum is chosen so that
its acceleration does not exceed the acceleration of
free fall. If the acceleration of the drum exceeds the
acceleration of free fall, then processing in the drum
will stop due to the fact that the centrifugal force

will press the mass to be processed against the walls,
and it will rotate with it. The limitation of the use of
tumbling is the processing of thin-walled and fragile
parts, which can be deformed when spilled and
dropped. The inner surface of the part is also not
subject to processing. This is due to the fact that the
relative movement of the granule, which enters the
cavity of the part, stops. As a result, the granules
begin to move at the speed of the part. Also, this
method excludes the possibility of simultaneous
processing of parts of different dimensions and
mass, since during the movement a heavy part can
damage a lighter one. In addition, such equipment is
characterized by a high noise level during operation
and limited ability to automate the processing cycle.

Jet abrasive treatment methods are also widely
used - these are surface treatment methods in which
abrasive particles are directed to the surface of the
product using a jet of high-speed gas or liquid [5-7].
Jet abrasive treatment allows you to work with
different materials and process parts with different
shapes and contours, including internal areas, holes
and channels. A high-speed jet of abrasive particles
allows you to achieve quick and accurate removal
of contaminants, oxides and other layers from the
surface of products, does not create significant
thermal effects, which allows you to avoid changes
in the hardness or structure of the material being
processed.

Jet -abrasive processing, depending on the
method of feeding the abrasive tool, is divided into
sandblasting, in which abrasive fine particles under
high pressure are directed to the surface of the
product using a gas jet, and hydrojet
(hydroabrasive), in which the movement of the
abrasive is carried out using a liquid. A subtype of
sandblasting can be attributed to shot blasting, in
which the feed is also carried out by gas, but larger
elements (shot) are used as a tool.

The use of this type of processing requires
detailed study of the technological process, since
incorrect selection of parameters may damage the
surface of the part, and the processing of thin-walled
or fragile parts is even more difficult and, in some
cases, not advisable, as it can lead to the destruction
of the part. However, the main disadvantage of this
method is its environmental friendliness and
harmfulness to the operator.

One of the rather “young” methods of
processing with free abrasives is the processing of
parts in an oscillating tank — vibration processing,
which is actively used at the stage of cleaning,
grinding, polishing and other operations [8, 9].
Vibration processing is the process of removing
metal from the processed surfaces of parts by grains
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of abrasive granules of the working medium, which
are communicated with vibrations. Processing
occurs as a result of the sequential application of a
multitude of micro-impacts to the surface of the
processed parts by granules of the working medium
when they collide with the parts and when they slide
past each other under the influence of force pulses
transmitted to the working medium from the
vibration exciter of the vibrating machine. The main
advantages of this processing method include, first
of all, the ability to simultaneously process a large
number of parts.

However, at present this method has acquired
new properties. Today, finishing equipment in
which a free abrasive medium is used that moves
under the influence of vibrations, as a rule, has
several sources of vibrations, which, depending on
the needs, can operate in synchronous mode, which
ensures uniform processing of parts in long
containers. Additional sources can be located in
other areas of the tank, for example, on the side
walls or directly inside the tank and, by providing
additional pulses, increase the contact interaction of
the working medium and parts, or help change the
direction of movement of the working medium. The
frequencies and amplitudes that generate the main
and additional sources of vibrations can be the
same, or they can differ, for example, additional
sources of vibrations cannot work constantly, but be
turned on with a certain periodicity. The very first
vibration processing operations were carried out
only with the use of abrasive granules, but quite
quickly, the need to use chemical solutions at the
stages of cleaning and main processing became
obvious. Today, processing without liquids is not
considered, on the contrary, the use of chemical
solutions has become a separate area of research.
The same thing happened with abrasive tools.
Today, for processing parts, not only the general
type of tool of a certain size is selected, but also
many of its other parameters - bond characteristics,
type of abrasive grains, geometric characteristics of
the granules (number of sharp edges, their relative
location).

In conclusion, today it is appropriate to discuss
the emergence of a new method - combined working
environment processing under the influence of
vibrations. In which the nature of vibrations,
parameters of the abrasive tool, composition of
chemical solutions, properties of the processed part,
the feasibility of using thermal or electrical
intensifiers are considered in a complex. This
method combines classical vibration processing,
vibrothermal, vibrochemical, vibroelectric,
vibroshock and other vibration processing methods.

This method is used for cleaning, grinding,
polishing, preparing the surfaces of parts for
coating, removing and leveling or creating optimal
residual stresses in the surface layers of parts.

The objective. Determination of physical
properties and dynamics of contact interaction of
the combined abrasive medium processing under
the action of oscillations.

Research results. The general physical nature
that characterizes the processes of processing parts
with free working media under the influence of
vibrations is quite complex and is associated with
the phenomena of impact, adhesion, cavitation,
wear, contact interaction of the processed parts, and
wave processes. Processing parts with free
abrasives subjected to vibrations is divided into 3
main groups: infrasonic vibrations (frequency up to
10 Hz), low-frequency vibrations (15 — 100 Hz) and
ultrasonic vibrations (more than 1000 Hz).

The processing process is further complicated
by the use of additional technologies that act as
catalysts for the process. This effect is created by
the additional influence of electric and magnetic
fields, chemical solutions, low and high
temperatures.

Let us consider the physical characteristics of
the processing process with a combined abrasive
medium under the influence of vibrations.

Mechanical oscillations. 1t is obvious that
when creating pulses by a source of vibrations,
mechanical vibrations arise, which are the main
ones when processing with free abrasives. The
processing process itself is directly related to
general information about free and forced
vibrations, the vibrational effect on the working
environment, the interaction between the working
environment (together with and separately from the
processed parts) and the elements of the machine
tools, the phenomena of self-oscillations and
resonance, vibrations of mechanical systems [10,
11].

Oscillations are characterized as limited
movements that are partially or completely repeated
relative to some average position (state).
Accordingly, systems that perform oscillations
under certain conditions are called oscillatory
systems. Oscillations are mechanical in the case of
changes in only mechanical quantities (velocity,
acceleration, displacement, pressure). In the case of
oscillations with a relatively small amplitude and
average frequency, they are usually defined as
vibration. When processing parts with free
abrasives, the oscillations of the working medium
transmitted from the source are periodic, and as a
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rule they are harmonic. The variable is determined
by the law [12]:

U(t) = Asin(wt + ) , )

where A is the amplitude of oscillations, @ — angular
frequency, ¢ — the initial phase of oscillations.

The initial phase of the oscillations is the
parameter ¢, and the phase of the oscillations at time
t is described by the expression wt + ¢.

The period of harmonic oscillations is
determined by the angular frequency:

r=2%, @)

w
in accordance

a)=2?”=27zf. 3)

Speed V(r) and acceleration w(r) in harmonic

oscillations also change over time according to a
sinusoidal law with the same frequency as the
displacement U(z), with the amplitudes and

velocities being equal to Awand , respectively 4w’
The sum of two harmonic oscillations with the
same frequencies will be a harmonic oscillation

with the same frequency:

A, coswrt + A, cos(wt +y) = Acos(wt+y). (4)

The amplitude A4 and phase y of the resulting
oscillations are equal to:

A=[42 + 42 +2.4,4, cosy (5)
A4, siny
gy =—=>2—"—.
&7 A + 4, cosy (6)

Mechanical oscillations that arise from the
influence of forces arising in an oscillating system
are free oscillations. Free oscillations are carried out
in the absence of external influence, they can occur
only in autonomous systems due to accumulated
energy.

There is also a definition of a pseudoelastic
force, which is the cause of harmonic oscillations.
Pseudoelastic forces are not elastic in nature, but
their magnitude is proportional to the displacement
of the body from the equilibrium position. They are

always directed towards the equilibrium position.
The pseudoelastic force is expressed by the
expression:

F=—ku, (7

where k the coefficient of the pseudoelastic force;
u— displacement, the sign indicates the opposite
direction of the force and displacement vectors

It should be noted that for free oscillations, a
characteristic feature is damping. Oscillations are
damped if the damping is due to the simultaneous
action of the pseudoelastic force and the friction
force, proportional to the instantaneous velocity u :

FE, =-ru, (®)

In damped oscillations:
u=Ae” sin(wt + @) , ©)

where & — is the extinction coefficient; 4e® — is the
instantaneous amplitude value; e — is the base of the
natural logarithm:

§=—_- wz«/wz—é'z
5 o 5

10
m (10)
where ris the resistance coefficient; m is the mass
of the oscillating body; & is the coefficient of the
pseudoelastic force,

an

_k
wy; =—.
m

Oscillations are polyharmonic if they can be
represented as two or more harmonic oscillations
with frequencies that are in real proportion to each
other.

Forced oscillations, unlike free ones, arise
under the influence of an external force and are
characteristic of non-autonomous systems. The
process of forced oscillations is characterized by the
phenomenon of resonance, which leads to a sharp
increase in the amplitude of oscillations of a body
or system. In industry, resonant oscillations can
occur as a negative phenomenon and in this case,
there are methods that allow you to get rid of them,
but they are also used in various technological
processes, for transporting something [13].

Oscillatory systems in which energy loss is
supplemented by an internal source are called self-
oscillating, respectively, self-sustained oscillations
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in such systems are called self-oscillations. They
arise from a source of energy of a non-oscillating
nature that is included in the system. The occurrence
of self-oscillations is possible only in non-
conservative stationary systems. Usually, the
phenomenon of self-oscillations is caused by the
nonlinear nature of dissipative forces (friction); in
the case of weakly expressed nonlinearity, the
oscillations are more similar to harmonic.

If the system satisfies the condition below, then
it is linear:

L(ayu, + ayuy) = a;Luy + a,Lu, . (12)

If the system does not meet this condition, it is
non-linear. Note also that linear systems are
characterized by the presence of the superposition
principle.

If the system does not change in a certain
period of time, then it is stationary, the same is true
of oscillations, and vice versa, if the properties of
the system change, then it is non-stationary. The
processes that occur in stationary systems are
described by differential equations with constant
coefficients, and in non-stationary systems by
differential equations with variable coefficients.

A system is conservative if its total mechanical
energy remains constant during oscillations,
otherwise it is non-conservative. Among non-
conservative systems, there are systems with
characteristic properties. A system is dissipative if
its total mechanical energy of the corresponding
autonomous system decreases.

The intensity of processes in oscillatory
systems is characterized by the ratio between the
measured value of the process parameter and some
non-standard value that corresponds to the zero
level. The intensity of oscillations is determined by:

A=Aw’/g. (13)

If 2 =1, then this value is critical, because it is
at this value that various vibrational effects occur.
The logarithmic unit of oscillations is called the Bel,
and its tenth part is the decibel (dB).

For a change in an energy quantity (energy,
power, etc.), the logarithmic level can be
represented as:

L=101gV /¥, (14)

where 7, is the value corresponding to the zero
level.

When changing oscillatory displacement,
velocity, or acceleration, the logarithmic level is
equal to:

L=20lga/aq, (15)

where q,is the initial value of the parameter a,
which corresponds to zero level.

If ¥ =const and a*, expressions 14 and 15 are
equivalent. Usually, the initial value q,is equal to

the acceleration of free fall.

Parametric oscillations occur in linear and
nonlinear systems. They arise as a result of the
variability of the elastic force coefficients. An
example of the simplest model of parametric
oscillations is a pendulum with a pivot point.

Deformation of working media under the
influence of periodic oscillations occurs according
to rheological laws [14]. However, the main
difference in the rheology of such media is that all
rheological bodies simultaneously have basic and
inertial properties. The presence of inertial
properties of bodies is due to changes in
accelerations during periodic loads, as a result of
which significant inertial forces arise.

Wave phenomena. When vibrations affect
media and bodies placed in them, the phenomenon
of wave processes occurs. Such processes are
characterized by characteristic regularities, which
include refraction, diffraction, interference,
reflection, refraction and the Doppler effect. [15].

Regarding the processes under consideration, it
is appropriate to clarify that in this context, waves
of mechanical origin are considered, which have the
usual  kinematic  characteristics  (velocity,
acceleration, displacement). The speed of wave
propagation depends on the medium. The
movement of waves is carried out according to the
law of refraction [15, 16].

As the distance increases, the vibrations of the
particles of the medium that occur during the
passage of waves decrease. This occurs as a result
of the absorption of wave energy by the medium.
The propagation of waves depends on refraction,
which is significantly affected by the heterogeneity
of the medium. [15, 16].

The state of the medium in which waves
propagate has a direct impact on the dynamic
properties of the waves. Thus, the theory of wave
propagation allows us to study changes in the nature
of wave propagation depending on the properties
and state of the medium and the influence of waves
on changes in the state of the medium itself [15, 16].
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The study of wave processes that arise during
oscillatory phenomena is associated with the
periodic and non-periodic influence of exciting
forces. The latter characterizes shock processes, in
which the action of the excitation is limited, and the
oscillations generated by the shock decay over time.
Such oscillations are called non-stationary [19, 21].

Special attention should be paid to wave
reflection, because under certain conditions the
shape of a wave propagating in an elastic medium
may change. In addition, some waves propagate
more easily on the surface of the body, while others
propagate more ecasily inside the body [16, 19].

The propagation of elastic waves in long
bodies, for example, in rods, the dimensions of
which are larger compared to elastic displacements,
and have large internal damping properties, is due
to the damping of the elastic wave before it is
reflected from the fixed boundary to the excitation
source [18, 20]. Such waves can be called
“impulsive”, that is, the excitation has no time limits
and manifests itself periodically. In other words, we
consider special forced oscillations in which the
frequency is much higher than the fundamental
natural frequency of the oscillating system. In this
case, the oscillation frequency is greater than all
natural frequencies of the system and, accordingly,
there are no forms that can fall into resonance. In the
case under consideration, the induced oscillations
are understood as a movement that occurs under the
action of excitation, the existence of which does not
depend on the possibility or not of transmitting
motion to the system. That is, the excitation does not
depend on the presence or absence of oscillations of
the excitation system, and this excitation can be
harmonic or random in nature [20].

The efficiency of the impulse wave increases
with an increase in its energy component, which
occurs with high-frequency oscillations (ultrasonic
oscillations) [17,20]. As is known, the power
transmitted by a wave of a given amplitude through
a unit plane is proportional to the square of the
frequency, therefore, by focusing the power of the
ultrasonic beam, we will obtain high-frequency
oscillations that cause deformation or destruction,
which in turn is the basis of processing processes.

Wave processes associated with shock
processes are complex, which is due to the different
reaction of materials to shock loads in contrast to
static ones, because such properties as the speed of
wave propagation or the density of the material are
of little importance for slow loads and, conversely,
play a major role for shock loads [21]. The
magnitude, duration and distribution of forces are
largely determined by the reaction of the material

and the shape of the body to which the shock load is
applied. The distribution of stresses that occurs
under the action of this load is both localized and
mobile. The action of the load is not transmitted to
the entire body instantly; at the beginning, some of
its areas remain unexcited. In this case, stresses and
deformations move in the body in the form of
waves. In metals, this speed reaches several
thousand meters per second. After the end of shock
phenomena, the body can return to its original state
or undergo irreversible changes (elastic or plastic
impact).

Depending on whether the direction of motion
of the particles of the body coincides with the
direction of wave propagation or occurs
perpendicularly to it, two types of elastic
oscillations are distinguished: longitudinal waves
(longitudinal excitation, expansion wave, primary
wave), transverse waves (shear wave, secondary
wave). Longitudinal waves propagate in the
material by compression and stretching, and
transverse waves by shear displacements [15, 16,
18].

As stated in the theory of elasticity, the speed
of wave propagation depends on the -elastic
constants £, G and the density p [16, 18]. For a

cylindrical rod it is determined by the formula:

a=+E/p

From a physical point of view, the formation
and propagation of a wave in a metal rod occurs in
the following order: the shock wave N instantly
loads the end of the rod F'; during the time d¢ that
has passed since the moment of impact contact, only
a certain layer of the rod d4/will have time to
compress, the rest of the rod will remain
undeformed and, accordingly, without stresses. The
relative reduction of the first layer will be:

(16)

du
E= 7 17

The formation of stress waves that arise as a
result of a perfectly elastic impact, there is a
separation of the impact energy into kinetic and
potential forms. This applies to both compression
waves and tension waves. The process of converting
kinetic energy into potential energy is sequentially
distributed to adjacent layers of contacting bodies,
as a result of which the deformation spreads in the
rod from one cross-section to another [19, 21].

For processes in which mechanical vibrations
are used, the basis is the physical state of the
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abrasive media and the nature of the interaction
between the media and the parts being processed.

Vibrations can be transmitted directly to the
workpieces by external influence, for example,
through special applications. Providing vibrations
or movement to the workpieces allows to intensify
the machining process, to ensure uniform
machining and transportation of the part. Such
solutions can be used to solve both a single problem
and in complex solutions.

Individual vibrations with a frequency and
amplitude other than the operating frequency can be
transmitted directly to the working environment.

Processing with combined abrasives affects the
internal structure of the part, changing its physical
and mechanical properties. Under the influence of
vibrations in the processed parts and the
environment itself, primary deformation waves
arise in the place of transmission of the primary
impulse from the working body, which transmit
force impulses to the subsequent layers of the
working environment. The forces of friction, inertia,
deformation processes of the material of the parts
and the environment affect the transmission of
impulses and they gradually become weaker. That
is, the effect of energy dissipation is observed [20,
21].

The effect of vibrations largely depends on the
characteristics of the combined abrasive medium,
namely the dispersion of particles and the state of
the working medium as a whole.

Dynamic properties of systems under the
action of oscillations. The main characteristics of
technological processes in which vibrations are
used as a source of energy for the movement of
combined abrasive media include: amplitude-
frequency characteristics, geometric and physical
parameters of the abrasive tool, machined parts and
equipment [21].

The technological system of processing with a
combined working material under the action of
vibrations is an oscillatory-impact system with
distributed parameters and impact pairs of unstable
structure [20, 21].

When using combined abrasives on equipment
with a classical layout scheme, the tank moves with
an acceleration Aw*, the value of which is in the
range of 1.5 — 2.0 g, while the working medium
performs a circulation movement at a speed of 0.2 —
0.9 rpm in the plane of rotation of the unbalances
and in the opposite direction relative to the shaft of
the source of vibrations. The vibration speed of the
abrasive  particles consists of movements
transmitted from contact with the tank and relative
shock movements in the medium with a frequency

of 0.8 — 1.0 m/s. It should be noted that the
acceleration and speed indicators presented above
are currently basic, and in modern equipment they
can be much higher [21].

The movement of particles under the influence
of vibrations transmitted from the tank is
characterized by the occurrence of dissipative
processes, the presence of gaps between the
particles and the tank walls, and elastic-impact
processes. During one oscillation cycle, the particles
of the working medium simultaneously collide and
move away from the tank walls, the working
medium can periodically compress or expand and
move together with the tank [21].

The maximum effect of vibrations transmitted
to the working medium is observed directly near the
walls of the tank and decreases with distance from
it. Figure 1. shows the pressure distribution
depending on the tank area. In this case, a diagram
of classical equipment with a U-shaped tank and the
location of the source of vibrations in the lower part
is shown. Of course, the location of the source or
sources of vibrations significantly affects the
pressure distribution and, accordingly, the
productivity of the processing process [22].

Considering the above diagram, it is noticeable
that the working medium is conditionally divided
into two layers - the first layer is in contact with the
reservoir and is maximally active, and the second
can only contact the parts being processed. The
general rotational motion of the working medium,
which consists of a combined abrasive material,
parts being processed and chemical solutions, is
opposite to the vector of the exciting force created
by the source of vibrations.

Fig. 1. Pressure distribution in the tank:
1 — zone of maximum pressure;
2 — source of oscillations

Oscillations  (vibrations) and  variable
accelerations of abrasive particles exert a dynamic
effect on the surface of the parts being processed
due to the combination of micro-impacts of both
individual and groups of particles.
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The movement of parts in the flow of the
working medium can be of a diverse nature. When
loading parts into the working medium without
fixing, they can change their positioning, oscillate
with the working medium and perform rotational
movements. The properties of the movement and
the speed of movement of the processed parts
depend on their geometric dimensions, shape and
mass. [22].

Processing with a combined working material
is carried out without a rigid kinematic connection
between the machine tool, the tool and the
workpiece, due to which the working medium
acquires the properties of fluidity and flexibility,
which allows the tool to contact the entire surface of
the part regardless of its geometric parameters.

General  characteristics  of  oscillatory
processes. Oscillating processes of processing with
combined working media are complex and
multifactorial, but they have common
characteristics for a wide range of vibrations. When
processing with a combined working tool under the
influence of vibrations, the frequency range is quite
wide and includes both low-frequency mechanical
vibrations and  high-frequency  vibrations,
respectively, the amplitude of vibrations decreases
with increasing frequency. The transfer of energy
under the influence of vibrations is carried out
stepwise, and has basic and driving relationships.
Thus, it is advisable to consider the processes of
surface processing with a combined working
material under the influence of vibrations from the
standpoint of classical physics and quantum
mechanics [18, 20].

The characteristics of vibration systems
intended for processing with a combined working
medium are as follows: source(s) of vibrations;
sources of additional vibrations, working medium in
which the combined abrasive tool acts on the
surface of the object to be processed by transferring
vibration energy from the energy source to the
abrasive tool; absence of rigid fastening of the
abrasive tool; directly the abrasive tool, which is a
combination consisting of an abrasive component(s)
and a bond and has various shapes; amplitude-
frequency characteristics; devices designed to orient
parts, influence the pressure indicators of the
working medium or the directions of its
movement [18, 20].

In general, vibrational processes of combined
abrasive processing are used in solving the
following technological areas: the effect of
vibrations on dispersed systems; immersion of
vibrational elements in a continuous medium,;
cutting processes; grinding of materials.

This allows solving technological problems of
separation of multiphase media, micro-cutting of
the surface and direct cutting, changing the shape,
grinding, improving the physical and mechanical
properties of the surface and the interior of the
material of the parts, and also allows creating a
transporting effect.

It should be noted that some types of
oscillations are poorly studied and their application
is limited, moreover, in a number of cases they have
anegative impact on the system. These include low-
frequency oscillations in the range of 10 — 15 Hz,
they have great destructive power, and the study of
their nature is mainly aimed at finding methods for
preventing and combating them. But, despite the
complexity of the application, such oscillatory
processes are used in the field of seismology,
metallurgical and chemical industries.

Oscillating processes with a frequency range of
15— 300 Hz have a much wider scope of
application. Processing with a free abrasive tool
with oscillations of this frequency is used in
machine-building, instrument-making, agricultural,
mining, medical and environmental sectors of the
modern industrial complex [18, 20].

Subsequently, ultrasonic technologies that use
vibrations with a frequency above 20,000 Hz have
received significant development. This is explained
by the fact that, in comparison with other frequency
spectra, in the ultrasonic range it is possible to
obtain directed radiation (impact), which can be
focused on a specific area and obtain powerful
energy pulses. Such technologies are used for
cutting of superhard materials and in the medical
field for cleaning [17].

The issue of using vibrations with different
frequency and amplitude characteristics requires
special attention. Some technological processes are
sufficiently studied and allow achieving the desired
result by using a combined abrasive tool and
vibrations of a fixed frequency and amplitude,
which in most cases is the most appropriate, since it
allows obtaining high surface quality indicators at
minimal economic costs. At the same time, the
processing process is highly deterministic and quite
simple.

At the same time, when processing complex
parts of complex shapes with internal cavities,
ensuring the quality of processing usually requires
non-standard technological processes, and in this
case the processing process can be carried out using
several sources of oscillations [11, 20]. The sources
of oscillations can be located in different positions
and create oscillations of different frequencies and
amplitudes, some of them can operate continuously
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and in-phase, while others create oscillations of a
different nature (with a larger amplitude and a lower
frequency or vice versa), thus providing, for
example, a local change in the direction of
movement of the working medium, or a temporary
decrease or increase in the speed of movement of
the entire load mass. In some cases, it is advisable
to create a single high-amplitude pulse after a
certain period of time, for example, to change the
orientation of parts in the working medium.

Mechanics of interaction of combined working
environments and parts. The process of machining
with a working tool without a rigid kinematic
connection is characterized by many mechanical
and chemical phenomena, which are due to the
variety of abrasive tools, characteristics of the parts
being machined, equipment modes, and chemicals
[23, 24]. Also present are processes of plastic
deformation, friction, thermal and chemical
phenomena, processes of adhesion and chemical
interaction, and the action of electric and magnetic
fields [23].

Analysis of the interaction of the abrasive
medium and the processed parts allowed us to
determine the technological properties of the
processing process under the influence of vibrations
of various nature. Special attention is required to
study the process of contact interaction between the
elements of the combined abrasive medium and the
processing objects, which includes point (local)
contacts and their integral manifestation, the
consequences of micro-cutting and deformation
processes, the characteristics of the abrasive itself
and the processed material [24].

The interaction of the elements of an abrasive
tool as a single medium under the action of
vibrations is a dynamic process with the
corresponding parameters of displacements and
force actions. The abrasive medium together with
the processed parts under the action of external
vibrations, which are created by sources with
imbalances and transmitted from the walls of the
working chamber, performs a complex circulatory
movement, during which the movement of both the
abrasive medium and the parts in it occurs,
oscillations of both the entire load mass and
individual elements, relative displacements, angular
rotations and impact processes [23, 24]. The
interaction of single and many repeatedly damped
collisions determines the level and nature of the
dynamic impact on the formation of the surface
being processed and on the processing process as a
whole.

In general, the process of processing with
combined abrasives has many common features

with the process of grinding by vibration, and some
process patterns, such as circulation movement and
design features of the equipment, are of the same
nature and are valid for both processes.

The movement of the working medium is
circular and is characterized by angular velocity ¢,

linear velocity vand cycle velocity, direction of
circulation. Such a movement process is
deterministic and ensures uniform contact
interaction of the particles of the working medium
with the surface of the processing object, which is
due to the non-coincidence of the coordinates of
separation and contact of the medium with the walls
of the working chamber, which oscillates from cycle
to cycle. The time of movement with separation (per
oscillation period 7) increases with increasing

oscillatory accelerations Ao* > g, and

Aw* > (8-10)g is equal to ¢, =(0,8-0,9)T . At the
same time, the time of joint movement of the
medium and the walls of the working chamber

decreases from 1, =7 (provided Aw®>g) to

t, =(0,1-0,2)T (provided Aw* >(8-10)g). With
increasing Aw” > g the difference in the coordinates

of separation and contact also increases. The
slippage of particles of the abrasive medium at the
moment of contact with the walls of the working
chamber is less than the value of the cycle
movement, S, which is determined by the

difference in the phase angles of separation ¢, and
contact ¢, :

ST:A~(COS(pO—COS(pT)-L I=R (18)

2-2 1+R*

where 4 — amplitude of oscillations of the working
chamber; R*=(0.15-025) —coefficient of recovery
upon collision of a column of medium particles with
the wall of the working chamber; A — coefficient of
viscous impact friction. Linear circulation velocity

. Sy
V. =S, w,angular velocity ¢ =-L ?  where R, —
C
radius of the circulation surface.
The greatest height of the circulating

movement of the working medium is determined
taking into account the pushing force from the
vibration transport force:

A 1-R" ml-ag
-~ : et 19
2-1 1+R* D? gh (19)

C
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where m, Dis the mass and diameter of the
medium particle; /, ais the length and width of the
transporting layer of the working medium; 2 is the

angle of onset of slipping of the medium particles
relative to the working chamber during oblique
collision.

The pushing force is capable of lifting a
column of particles with a total mass of:

Gy < F, (20)
to the height H ..
Number of particles in the column:
i="and i- G ;
D m
€2y

__ A 1-R mlag
2-4 1+R* D*.G

T

c -ctgf

where G,is the mass of the working medium

particle.

The periodic transfer movement of the working
medium is accompanied by periodic collision with
the frequency wand is characterized by the
displacement angle ¢, the angles of collision with
the processing object ¢, and the working chamber
¢, and provides its energy properties.

The multiplicity of particle oscillations is equal
to unity, with an increase in the intensity of
accelerations, A’ > lg the value of the phase angle
of collision of the working medium with the walls
of the working chamber ¢, increases from 90 to 340
and reaches maximum values at Aw” > (8—10)g . It
should be noted that in this range, larger values ¢,
correspond to smaller values of oscillation
frequencies. With an increase, Aw® >1g the phase
angle of separation ¢, gradually decreases from 90
to 20 - 30 and reaches

Aw® > (8—-10)g . The interval of movement of the

minimum values at

working medium between ¢ _and ¢, reflects the
duration of the separation movement:

_Ie—9)

t
0 360°

(22)

The duration of the joint movement determines
the ratio:

to =T'[1— ((07 _(DO)j
360°

(23)

The phase angle of contact of the medium with
the surface of the working chamber can be
represented in the following form:

0. =0+ {arcsin [ﬁj - arctgd)a)} (24)

b

In this case, the phase angle of separation of the
working medium layer from the chamber surface
will take the form:

s

. =(180+6)" + {arcsin [liﬁj - arctg@w} , (25)
1)

where 6 < z* <1is the value of the dynamic gap, @
is the functional that takes into account the
oscillatory mobility of the medium; &is the position
angle at which the circulation is measured.

When increasing Aw” from 1 to 10 g, the range
of change is ~ =, the range of change ¢, is ~37,
which is explained by the influence of counter-
oscillations of the working environment.

Relative movements of particles of the working
medium under the action of vibrations occur with a
personal frequency «, and characterize its mobility,

ensuring dynamic contact of the particle with the
surface of the part or parts being processed.

The behavior of a system of particles of a
working medium under the action of vibrations can
be partially described using the theory of semi-
plastic collision with repeatedly decaying co-
collision. The value of the equivalent coefficient of
recovery of the co-collision velocity (taking into
account the added mass) for some types of media is
equal to [23]:

R, =(0,1-0,25R (26)

This value reflects the ratio of the velocities of
the centers of mass of the boundary layer of a group
of abrasive particles before and after the collision.
With a small thickness of the boundary layer, this
ratio may be violated due to the fact that the velocity
after the collision of the particle and its subsequent
separation, for example from another particle or
part, may be higher than its velocity before the
collision.
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The thickness of the boundary layer, in which
repeated, decaying collisions between particles
occur in an active form during the collision cycle
before the start of joint motion with the processing
object, is characterized by the number of particle
layers and is determined by the following
expression:

n=Awcose, [O,SD-(P—I)]f1 (27)

If R=0,8-0,9the duration of the collision
cycle significantly exceeds the collision time of a
single particle.

fp=——" (28)

The vibrational mobility of individual particles
is determined by their individual vibrational
frequency ,and the probable value of their

amplitude of vibrational displacements q, before
collision:

a,=0,25D-w; ity (29)
g
where D is the particle diameter.

In a real system, there are always contact
impacts of particles of the medium with the
workpiece and with each other which repeat and
subside.

In the absence of rotational velocity, single
contacts of particles with the surface of the part
create elastic-plastic deformation [23, 24]. The
nature of such interaction can be described by the
following types of mutual displacements: partial
displacement of bodies upon contact, particle
repulsion, particle failure with sliding without or
with rotation.

Deformation processes. Processing with a
combined working medium is intended to obtain a
strengthening or stabilizing effect, which is carried
out mainly in the environment of metal and hard
alloy bodies [25]. Obtaining the specified
technological effect, the ability to control the
process are determined by the state of the processing
medium and its properties, which include the value
of the equivalent mass of the medium under the
action of vibrations, the recovery coefficient, the
parameters of the force connection, the dynamic gap
between the particles of the medium, dissipative and
elastic properties [25, 26].

Under the action of vibrations, the behavior of
the working medium can be considered as the
behavior of a rheological body. When a load is
applied to such a body, a deformation occurs, which
decreases to zero in its absence, while the stresses
decrease over a certain period of time ¢ i [25].
Separately, one should consider the type of collision
in which there is a flow around the source of
momentum by the working medium. With this type
of contact interaction, during the collision time
period, there is a large number of particles that
perform many repeated damped collisions with each
other and with the surface of the part [25, 26]. The
collision time for a single particle of the medium is
7=0,001-0,005 s, while the coefficient of velocity
recovery during collision is equal to R=0,6-0,8.
Over time, when the strength of the treated surface
increases, the value r decreases, and R vice versa
increases. The duration of repeatedly damped
collisions of a group of particles with the surface of
the part is 10-20 times greater and is 20 — 40% of
the oscillation period [25], such a significant
duration is explained by the fact that a large number
of particles participate in the collision. Analysis of
the impulse effect in such a collision shows that at a
collision speed of V >0,7m/s and moderate
loosening, 1,0 < K, <1,2 an intensive increase in the

force impulse and the development of the impact are
observed, characteristic of a viscoelastic body [25,
27]. At small values of loosening V <0,5and at
significant loosening, K, <1,2the force impulse

increases slowly, and the nature of the dependence
F(¢) acquires a character that corresponds to the

dependence (2) for an elastic-plastic body.

During a collision, the development of the
force impulse is delayed; when the deforming load
is removed, the medium is completely restored, and
the stresses

are extinguished in several oscillation periods
and collision cycles [25, 26, 28]. The numerical
value of the damping coefficient for a viscoelastic
system can be represented by the following
expression:

b=a, (2JmG, )"

A mentioned above, the working medium
under the action of vibrations performs circulation
and translational periodic movements. In this case,
the particles in the medium perform relative
oscillatory movements, and the technological fluid
- circulation and pulsation in the gaps between the
particles [25, 26]. The angular rotation of the

(30)
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particles as a result of collisions at an angle
decreases to zero until the next collision cycle due
to the absence of gaps between the particles

In the process of interaction of the medium
with the workpiece under the action of vibrations,
there are both instantancous properties of the
collision of individual particles and integral
properties of the particle system [25, 27]. Relative
movements of particles in the working medium
occur with a frequency e, , ensuring its mobility

and contact with all elements of the machining
surface [26]. Circulating and pulsating movement of
the technological fluid between particles of the
working medium helps to reduce friction forces in
the contact zone with the machined surface and
ensures the removal of wear products (particles of
the medium and the workpiece) [26, 28]. The
duration of the separation and joint motion of the
medium can be determined using the following
expressions (respectively):

T-(p, — @)
lg=—""7"7-—"7"-, 31
s 360 (31)
¢7_¢0
t.=T-|1-22_70 |
¢ [ 360° ) (32)

The behavior of a spatial system of vibrating
particles under the action of oscillations can be
described by the theory of pseudo-plastic impact
with repeated damping collisions [25, 27]. In this
case, the velocity recovery coefficient will be equal
to [27]:

_ (uR—=1)* + p-(1+ R*)-cos7 4

R R 33
A+ p)’ 33)
Where
g m m
M, M; mM (34)
cosr,1=1+’UR
1+R

The thickness of the boundary layer, in which
re-quenching collisions between particles are
actively realized during the collision cycle before
the beginning of the stage of their joint movement,
is characterized by the number of particle layers [25,
26], which is determined by the ratio:

n= Aa)cosgrt[O,SD~(P—1)]_1 (35)

Under the conditions R=0,6-0,8,

R* ~0,1-0,2, the duration of the collision cycle is

found by expression (41) to significantly exceed the
collision time of one particle.

tp=——" (36)

Within the oscillation period, the particles of
the working medium are alternately in two states -
in dense and loose packing, while the total porosity
of the medium is 26%, and the area of the gaps in
the cross section is 9,3% [25]. The coefficients of
porosity and gaps are 0,26 and 0.093, respectively.
The coefficients for the medium in the dynamic
state are calculated by the formula:

KP()r Z59(P - 1) s

Kgqp =0,2093(P-1) (7

A technological solution periodically flows
through the working medium in a pulsating flow
with an oscillation frequency at a speed of:

APD*C
Vip = / >
7

(3%)

where AP—pressure drop; x —dynamic viscosity of

the liquid; /— filtration length; — C Slichter index
for the cross-section of the gaps. For steel balls with
a diameter of 5-6 mm, the vibrational viscosity at

Ao’ (8-10)g, is equal to x=(3-4), and at
Aw* =4gis equal to x=(7-10). The Reynolds
number for the medium under the action of
vibrations at Aw® >(6-10)g is determined by the
formula (44) and varies in the range 25 — 100.

AwD?

(39)

where D,pis the diameter and density of the

working medium particles; «is the resistance
coefficient of the medium. The movement of the
technological solution through the gaps of the
working medium reduces the vibrational mobility of
particles by up to 30% [25, 27].

As noted earlier, under the action of vibrations,
the medium contacts the surface of the workpiece
and periodically, upon contact with it, forms

on the surface there are many traces of
processing, which over time as a result of repeated
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superposition and overlap form a new surface. The
spatial model of the system that implements the
processing process can be represented as a chain of
concentrated masses m,, which contain elastic-

viscous and intermediate elements C;, « and &,

which for a period T sequentially and alternately
contact the surface of the part and the tank. The
decisive role in the process of surface formation is
played by the collision itself, the circulatory
movement of the working medium does not have a
significant effect on the magnitude of the collision
[25, 26]. The equation for determining the
maximum collision force [29]:

m, 05 X 3K g1 -1
Fmax - —1,@pt, ; 2 ,
e " sin(@y,t,A/1-n5)

The duration of the collision cycle is equal to

(40)

T

ly=——"F— 41)
Dop /M, C5)
At the same time
Wy = n . n, = 6!2 42
02 ¢, > 2 > m c, 2 ( )

where Ky is the coefficient of the viscoelastic

model.

When studying the features of the formation of
the surface layer of the medium, an important role
belongs to contact phenomena in the collision zone
of both individual particles and their groups, and
circulation movement is also taken into account. In
this case, the effect of oscillatory transportation
occurs, which causes circulation movement of the
boundary layers of the working medium, which is
determined from the expression [29]:

A 1-R" m-ld-g

- 43
2-41 1+R* D? (43)

FCM ciga,

where R"is the velocity recovery coefficient for a
group of particles.
Gravitational forces affecting the working
environment during oscillatory movement:
O=p-g-hs (44)
The force of resistance to the relative motion of
the working medium

T=a"V, (45)

where p — bulk density of the working medium; #,

s — height and cross-sectional area; a” — coefficient
of internal resistance of the working medium when
using steel balls with a diameter of 5 — 6 mm as an
abrasive filler.

If Aw®>(6-10)g a*=0,1-0,2. The initial
oscillatory displacement is determined by the
average velocity of oscillatory transport:

S; = A(cosg, —cos¢, ) —————-clg

where ¢,and ¢, are the phase angles of separation
and collision.

The momentum of the force upon collision of
a part ( M ) and a particle of the medium (mass of
the particle m, ) is equal to:

I 2m, Awcos &,
2 0,5-y(T) -y (0,5T)-2(R+1)’

(47)

wheree, — the phase angle of collision, which is
determined by the expression
&, = arcsin

—arctg®w+ 71,

24V1-dw (48)

where @ — the function of the vibrational mobility
of particles, which is equal to

__y(M)+y(0,5T)—y(0,25T)
C0,5-w(T)-w(0,5T)-2(R+1)’

(49)

where m , is the mass of particles that participates in

repetitively decaying collisions during the collision
cycle.

The path of movement of the part during the
collision:

S, =V,

(50)
Number of particles in the collision group:
n=K,vi.[0,5D(P-1)]", (1)

where K ,— the number of granule particles that
collide with the part; ¢, — the collision cycle time;
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P dynamic loosening of the medium; D— the
diameter of the particle (granule).

m, =4.V-t2(G-t+a)[R-D(P-10)]". (52)

Let's take into account the mass of
technological solutions m,, :
n- ,0-7Z~D3
My =————, (53)
g(P-1

after which we get

2 2
my = +p DV 1'4 V-t (G r+a)’ (54)
g(P-1)  R-D-(P-1)
where mand D are the mass and diameter of the
particle; pis the density of the technological
solution; ¥ — collision speed.

A significant factor in shaping the surface of
the workpiece is the energy index of the collision of
the workpiece with the working medium (£), which
is determined by the formula:

_m(4-w-cosg)’-(1-R?)
©0,5-w(T)-y(0,57)

) (55)

Taking into account the collision energy
indicator, the following equations are used to
calculate the quality of the surface layer of the part
[25, 26, 29]:

microrelief height
23
R.=|R, - R.(n);
2 { 2 7[DHM:| 2 (n) (56)
Hardness
32F
HV =| 4—2=.100% |HV (n);
om0 s (s
Depth
32ED 3
h, =15 34— (1,54-10 h
u { \/ﬂHM( )} v (1) (58)

;
Average value of normal compre
sive stresses

o= {0,481[(5)3 ﬂ[{ﬁﬁ -o(n); (59)

gy | [ 1=k
K= H—1 60
%) [ E; “
where D — particle (granule) diameter; HB , — HM
Brinell and Mayer hardness of the material; R_(n),

HV(n), hHV(n), o(n)— functionals of the initial

change in the corresponding parameters due to
repeated many times combined plastic impressions;

r=r,-r, /(r; +r,)— radius of contacting surfaces;

. . ) . ,
R. — basic surface roughness; u,, E,— Poisson’s

ratio and Young’s modulus of the part; u,, E, -

Poisson’s ratio and Young’s modulus of the granule.

The parameters of the collision of particles of
the medium with the processed parts can be
determined in another way [25, 27], for example,
the velocity of a particle (granule) of the medium is
equal to:

Ve =V,

gwe os .KV H

(61)
where 7, is the speed of movement of the surface
transmitting vibrations; K, is the coefficient of
speed that decreases with distance from the surface
transmitting vibrations.

Expressions (62), (63) allow us to determine
the collision force from the collision duration 7 :

K,mV, (1+K)-K KK,
=L ! . (62)
10-At-K,
K,mV, (+K)-KK,K, m
2= - : 4 (63)

10-At-K, my +my
where K, is the coefficient of the angle of contact
of the pellet with the treated surface; K,is the

coefficient of the distance to the surface
transmitting the vibrations; r is the duration of the
collision; K, is the coefficient of the duration of the

collision; m, and m, is the mass of the pellet and the

part.

- 1-15
= o (E_ﬂE_ﬂ]Kt (64

where ¢— the cycle time (period) of the collision of
a group of granules, t=R"-n(t).

To determine the recovery factor, we use the
equation:
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T

Ve |Pe [p0=2) ~ (65)
D \40\ Et,

where @ — the criterion for the convergent Fourier
series; p — the density of the granule material; @ —

the ability of the material of the workpiece to
transfer temperature; ¢, — the relative length of the

surface roughness profile.

The result of deformation processes during
processing with a free working medium is
influenced by such parameters as the variable value
of the angle of contact and the coefficient of
velocity recovery, the difference in the initial
roughness of the surfaces of the granule and the part
and the coefficient of friction, material, dimensions
and shapes. To increase the accuracy of the
calculation, it is necessary to take into account
friction during oblique collisions, and a change in
the roughness and hardness of the surface layer
affects the coefficient of velocity recovery during
collision.

In particular, when a granule collides with the
sample surface, the value of the velocity recovery
coefficient upon collision R for different values of
the collision angle is

characterized by dependence:

R=\[H, IH,

where H is the distance of the pellet's fall; A, is the

up

(66)

height of the pellet's rebound.

Conclusions. The physical nature of the
process of machining with a combined abrasive
medium under the action of vibrations is considered.
The process is characterized by a complex
interaction of mechanical, wave, thermal and
chemical phenomena, which form a new structure
of the surface of the part.

Combined abrasive machining is an
oscillatory-impact system with non-stationary
dynamics. The influence of external and internal
oscillations causes the appearance of self-oscillating
and resonant effects, which can be used to increase
the productivity of the machining process.

The given ratios allow us to determine the
impact forces, collision energy, velocity recovery
coefficients, and damping.

It has been established that the efficiency of the
process largely depends on the composition and

condition of the combined working medium — the
parameters of abrasive granules and technological
solutions.

The use of multiple vibration sources with
different parameters allows for local regulation of
the movement of the medium, ensuring the required
processing quality even in hard-to-reach areas.

The proposed processing method combines
vibrational, mechanical, chemical, electrical and
thermal effects on the surface of the part being
processed. The method allows to ensure high
accuracy, surface cleanliness and material
strengthening while reducing energy and time costs.
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Pomanuyenko O.B. ®inimna o0podka aeraJeii
KOMOIiHOBAaHHM pO0OYMM cepeJOBHMINEM HiJ Ai€ro
K0JHBaHb. Pi3nuHi ABMIIA Ta AMHAMIKA KOHTAKTHOI
B3a€MOii..

B cmammi npoananizosani npoyecu @iniwinor
00pobOKU 3 BUKOPUCTAHHAM KOMOIHOBAHO20
abpaszusHozo cepedoguwya nid Oi€l0  KOIUBAHb, U0
NOECOHYE MexaHiumi, Qizuuni, XiMiyHi ma enepeemuymi
aeuwa. B pobomi oOocnioscyemucs @izuuna npupooda
KOAUBATLHUX NPOYECi8, 3aKOHOMIPHOCE 83AEMOOTT MidIC
abpasusHUMU HACTMKAMU MA NOGepXHel Oemaii, d
MAKOJC BUZHAYAIOMbCS YMOBU, 3a SIKUX O00CA2ACMbCSL
MakcumanvHa egpekmuenicmes 06podxu. Ilpedcmasneno
NOPIGHANLHUL AHANI3 MPAOUYIUHUX MemOoOi8 QiHiuHOl
00pobKU — wWiNiQhy8aHHs, 2aNMYSaHHs, AOPAUEHO-
cmpymeHnesa ma gibpayitina 06pobra. Busnaueno ix
nepeeazu, HeOONKU Ma MexHi 3aCMOCY6anus 8
CYUACHOMY MAUUHOOYOYBAHHI.

3anpononosano nosuit memoo @iniwinoi 06podKu —
00pobKa KOMOIHOBAHUM POOOYUM CcepedosueM, KUl
NOECOHYE AOPa3ueHi, XiMiuHi, mepMiuni, eleKmpuyni ma
mexaniuni  0ii. Kombinosane poboue cepedosuiye
CKIAO0AEMbCsL 3 AOPA3USHUX 2SPAHYI, MEXHOLO2IYHUX
Ppo3uuHie ma inmencughixamopis npoyecy, sKi nio 0icio
KOMUBAHb  30MUCHIOIOMb  CKIAOHUL, OemepMIHOBAHU
YUPKYIAYIUHUL PYX, CMEOPIOIOYU YUCETbHI MIKDPOYOapu
Ha nogepxui demani. Lle 0o3eons€e nposooumu onepayii
OUYUWeHHsl,  WNIQYBAHHS,  NONIPYBAHH:,  3MIYHEHHs.
NOBEPXHEB020 WAPY, FHAMMSA 3ATUUKOGUX HANDYICEHD,
noKpawjenHst aoee3ii ma ni020MOBKYy NOGEPXHI 00
HauecenHs noxpumms. AK i mpaouyitni memoou, yeu
MemoO  003805€ OOHOUACHO —0OPOOAAMU  BEUKY
KinbKicmb Oemaneil, da U020 KOMRNAEGKCHUL RNIOXIO
0036015€ 0ocsemu  HeoOXiOHOI AKOCMI NOBepxXHi 3a
Kopomuiutl yac 0opooKu.

Poskpumo mexanizm koHmaxmuoi 63aemooii midxc
abpaszusHum cepedosuujeM ma NOGEPXHe Oemdali.
Bcemanosneno, wo npoyec cynposodoicyemoca aeuujamu
yoapy, kasimayii, adzesii, 3HOULYBAHHAM, NOWUDEHHAM
xXeuno — ma  po3scioeanuam  ewepeii.  Konueanmus
noounAlOMecst  Ha — wacmomui  Olanasonu, i
ingpassykosux 00 yrompasgykosux. Jocuiodxiceno aniug
BLIbHUX, BUMYULEHUX, napamempuyHux ma
AGMOKONUBAHL HA NpoYec, d MAaKoXC IX GNIuG Ha
no8edinKy poboyoco cepedoguiya ma oemanell.

Ilokazano, wo npoyec 00pobKU € CKIAOHOIO
KONUBATILHO — YOAPHOIO CUCMEMOI0 3 PO3NOOLIEHUMU
napamempamu, 6 SKil 3HAYHY POb  6I0IepAOMb
yacmoma, — amniimyoa, — eilacmugocmi  abpasusy,
2eomempis demaii ma pexcumu pooomu 00IAOHAHHSL.

Jlocniooceno Ounamiuni enacmueocmi pob6o4020
cepedosuwa: YUpKYIAYIUHUTL PYX, NPYICHA YOApHA
63A€MO0isi  YACMUHOK, (DOPMYBAHH X6Ulb  MUCKY,
KOHmMakmui npoyecu ma Oepopmayis nogepxHesux
wapie.  Haodano  ingopmayiro  wodo  eniugy
MEeXHON02IUHUX PO3UUHIE HA IHMEHCUBHICMb npoyecy.
Ilpedocmasneno  mamemamuyHi  3a1€HCHOCME, WO
ONUCYIOMb 3MIHU NAPAMEMPI6 KOHMAKMY, eHepaii yoapy,
WBUOKOCTI YACMOK, CUU 83AEMOOIL.
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3anpononosanuii nioxio po3uwUPIOE MOACIUBOCTNE
@iniwnoi 06pobKu 6 MawuHOOYOy8aHHI, 30Kpema O
demaneil 30 CKIAOHOIO 2eOMempiel0 ma BUCOKUMU
BUMO2AMU 00 AKOCMI NOBEPXHI, MA CINBOPIOE OCHOBY OJls
nooanrbuozo  pO3GUMKY mMexHOoI02iu 00pobOKU
KOMOIHOBAHUMU pobouuUM cepedosuujamu nio OI€r
KOUBAHD.

Kniouogi cnosa: ¢iniwna obpobra, xombinosame
poboue cepedosuiye, KOIUBAIbHI npoyecu, MIKpoyoapu,
YUPKYISYIUHULL PYX, MEXHOIO2IMHULL npoyec.

Pomanuenko O.B. — k.T.H., [01., 3aBinyBau Kadenpu
MalIMHOOYyBaHHS  Ta  INPHUKIagHOI  MEXaHIKH
CXiTHOYKpaiHCHKOTO HalllOHAJBbHOT'O YHIBEPCHUTETY iM.
B. Jans, alexvromanchenko@snu.edu.ua

Crartsa nomana 13.10.2025.
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THE INFLUENCE OF RESERVOIR LINING MATERIAL
ON THE PERFORMANCE OF PROCESSING OF PARTS WITH A COMBINED
WORKING MEDIA UNDER THE INFLUENCE OF OSCILLATIONS

Romanchenko O.V. Ivchenko A.G.

BILINB MATEPIAJY ®YTEPYBAHHA PESEPBYAPY
HA IMPOAYKTUBHICTDH TPOLNECY OBPOBKH JETAJIEM KOMBIHOBAHUM
POBOYUM CEPEJOBHUIIEM IIIJ AI€10O KOJIUBAHb

Pomanuenko O.B., IBuenko A.I'.

This work examines the effect of the lining material of a
reservoir used for processing combined free working
media under the action of oscillations on the overall
productivity of the surface finishing process. The method
is based on the transmission of pulses from the oscillating
walls of the reservoir to the working media, which
creates a stable circulating flow of the abrasive media,
chemical solutions, and workpieces. The relative
movement of the media elements determines the metal
removal rate, and the presence of passive zones within
the reservoir significantly affects the uniformity of the
finish processing. While the parameters of the oscillation
process have been thoroughly studied in the scientific
literature, the influence of the abrasive properties of the
reservoir walls remains understudied, despite the
widespread use of rubber coatings in industrial
equipment.

This paper presents the results of an experimental study
conducted on equipment with a 25-liter reservoir. Two
lining configurations were investigated: a traditional
lining with a rubber surface and a surface lined with
silicon carbide plates. Porcelain balls and a sodium
bicarbonate solution were used as the working medium.
Before the main machining operation, a cleaning step
was performed using a continuous water supply. After the
main operation, a repeat cleaning step was performed.
After machining, the mass of metal removed from the
samples was assessed in a series of ten parallel tests for
each lining configuration.

The data obtained showed that changing the reservoir
wall roughness did not significantly affect the circulation
of the working media. The use of an abrasive silicon
carbide lining  significantly  increased  process
productivity — the average metal removal rate increased
by 40%. The possibility of intensifying oscillating
machining by using wall materials with abrasive

properties without compromising the stability of the
working media was experimentally confirmed. The study
demonstrates the potential of using abrasive coatings to
improve the machining efficiency in equipment designed

for finishing with abrasive tools without a rigid kinematic

connection.
Key words: combined working media, reservoir lining,
abrasive coatings, circulation motion, metal removal.

Introduction. As is well known, the process of
machining with a combined working media under
oscillation involves the sequential application of
multiple micro-impacts by working media granules
to the surface of the workpiece. The key conditions
necessary for the machining process are contact
between the workpiece and the working media
granules and the transfer of a force impulse from the
reservoir walls to the contact zone. As a result of the
transfer of impulses from the oscillation source, the
reservoir oscillates, which are transmitted to the
working media. As a result, a stable circulatory
movement of the working media and the workpiece
occurs within the reservoir. The relative movement
of the workpiece and granules, therefore,
determines the machining intensity. Circulatory
movement occurs under certain conditions due to
the effect of oscillational transport.

A large number of studies have been devoted
to these issues. Theoretical models have been
proposed and experimental studies have been
conducted to evaluate the influence of various
process parameters [1, 2].
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At the same time, there are currently virtually
no studies devoted to assessing the impact of
reservoir wall surface characteristics on the
efficiency of process operations. However,
indicators characterizing the material used are used
in many theoretical studies [1, 3 ].

This is due to the fact that in the most common
and widely used equipment in production, the
reservoir walls are coated with a layer of rubber, 5
to 100 mm thick 10 mmM, resistant to the acidic and
alkaline solutions used during processing. Studies
of the geometric parameters of the reservoir wall
surfaces are known, but the properties of the coating
have not been considered [4].

Theoretical studies of the influence of the
characteristics of the wall surface material,
including the use of surface materials with abrasive
properties as an additional tool, are difficult
because, to date, there is no mathematical model
capable of adequately describing the characteristics
of the movement of the part and tool in the reservoir.

Due to the complexity and multifactorial nature
of the processes being studied, significant
differences in the results obtained are evident in
both theoretical and experimental data. This is due
to the more practical nature of the experiments.

In most studies, circulation of the working
media is considered a process that ensures the
movement of the part through zones with varying
machining performance, thereby achieving uniform
machining across the entire surface of the part. The
walls of the reservoir act as a means of influencing
the tool or as an additional means of limiting the
movement of the part (in cases where the part is
fixed using additional fixtures) [5].

However, unlike classical vibration machining,
machining with a combined working media under
oscillation is a more complex method. Its integrated
approach allows for consideration of the shape and
abrasive characteristics of the tool walls and/or
additional deflectors, which influence the direction
of the working media and workpiece flows. It
should be noted that stable movement of the entire
load during machining with a combined working
media under oscillation is essential for ensuring
high productivity and process determinacy. With
this method, the working media movement is
essentially circulatory, with additional flows that
can be achieved through the use of deflectors,
additional oscillation sources, or the reservoir wall
parameters.

Passive
zone

Fig. 1. Passive zones arising during processing with a
combined working environment under the influence of
oscillations

Ensuring uniform processing of parts
throughout the entire volume of the reservoir is a
complex task due to the presence of passive zones,
in which the processing intensity is reduced [4]. The
location of such passive zones in the center of the
reservoir and its upper section is shown in Figure 1.
This arrangement of these zones occurs due to a
reduction in the transmitted impulse from the
oscillation source to the working media, which is
especially characteristic of the zone in the upper
section, as well as due to a decrease in the speed of
granule movement, which has a greater impact on
granules in the center of the reservoir. Obviously,
the angular velocity of the granules will decrease as
they approach the center of the reservoir.

The dynamic trajectories of the workpiece(s),
individual granules, and all granules have not yet
been fully explored. Most researchers agree that the
movement of the working media elements follows a
spiral curve (Fig. 2, a). The workpieces also follow
a spiral curve and, upon reaching the reservoir wall,
move along it toward the free loading surface. They
then slide toward the opposite wall and are again
immersed in the working media, continuing their
movement [5]. There are also studies in which the
movement of granules during processing follows a
trajectory resembling centroids (Fig. 2, b) [6]. As a
result, under the action of inertial forces, the
workpieces and granules are pressed against each
other, making relative loop-like movements,
gradually approaching the center of the reservoir
and thus the workpieces are drawn into the passive
zone.

It is necessary to take into account that the
characteristics of the equipment, its operating mode and
the parameters of the tool play an important role, which,
as already mentioned above, are different in most studies.
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Fig. 2. Trajectories of movement
of the loading mass in the volume of the reservoir:
a — movement along a trajectory in the form of a spiral;
b — movement along a trajectory in the form of a
centroid

The objective. Determining the influence of the
use of abrasive material for lining the walls of a reservoir
of equipment for processing a combined working
medium under the influence of oscillations on the
movement of the working media and metal removal.

Research results. There is insufficient research
into the degree of influence of the surface characteristics
of the reservoir walls, namely its abrasive properties and
geometric parameters, on the processing process.

In response to the above questions, experimental
studies were conducted to assess the influence of
reservoir wall surface characteristics on the amount of
metal removed from the workpiece surface and the
movement of the working media. This study assessed the
influence of the abrasive properties of the reservoir
surface, using identical geometric parameters.

The studies were conducted on a UVI-25 laboratory
setup in a 25-liter reservoir. The HFAA (heat-frost-acid-
alkali resistant) rubber was used as the original material
for the reservoir walls, and silicon carbide plates were
used as the new material. The amplitude and frequency
of oscillations during the study were 4 mm and 75 Hz,
respectively. The combined working environment
included porcelain balls with a diameter of 10 mm as an
abrasive tool and a 5% solution of sodium bicarbonate
(NaHCO3) as a chemical component. At the beginning
of the treatment, primary rinsing was carried out by
continuously feeding and draining water for 5 minutes,
then the main solution was fed. At the end of the
treatment, the rinsing operation was repeated. Cylindrical
samples with a diameter of 14 mm and a length of 30 mm
were used as parts. The material of the studied samples is

copper-zinc alloy LS 59-1L (0,97% Pb, 58,52% Cu, other
- Zn), an analogue according to the ISO system -
CuZn39Pbl. Ten  samples were  processed
simultaneously; after processing, the process efficiency
was assessed based on the mass of metal removed.

The study included two series of 10 tests each,
ensuring that the metal removal rate dispersion field was
estimated within a 90% confidence interval using the
Student's t-test. The experimental results are presented in
Table.

Table

Results of experimental studies of the influence
of the surface material of the reservoir walls
on the efficiency of the processing

Sample Average metal Average metal
number | removal rate in a removal rate in a
reservoir with a | silicon carbide lined
traditional lining reservoir
1. 0,0621 0,1114
2. 0,0625 0,1074
3. 0,0634 0,1138
4. 0,0618 0,1157
5. 0,0619 0,1064
6. 0,0782 0,1176
7. 0,0628 0,1135
8. 0,0613 0,1144
9. 0,0646 0,1153
10. 0,0811 0,1179

The speed of the working media's surface layer
was determined by the speed of a specially designed
"turntable" device. This device consists of a hub
with four blades mounted crosswise. The hub's axle
is mounted in bearings to ensure free rotation and is
secured to a fixed platform so that the working
media exerts a constant force on the blades.

During the studies in both series, the flow
pattern of the working media was stable and
deterministic, and the circulation speed was 10 rpm.
Consequently, changes in the surface roughness of
the reservoir walls do not significantly affect the
flow pattern of the working media.

However, the results of evaluating the process
performance based on metal removal rate, as one of
the key performance indicators, presented in Table
1, were predictably high when using reservoir walls
with an abrasive component. The use of an abrasive
coating allowed for an average increase in metal
removal rate of 40%.

Thus, the possibility of intensifying the process
of treatment with a combined working media under
the action of oscillations by using an abrasive
coating on the walls of the reservoir, as well as the
absence of a significant influence of the roughness
of the surface of the lining on the nature of the
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movement of the working media,
experimentally demonstrated.

Conclusions. Based on the experimental
studies conducted, it was established that the
abrasive properties of the reservoir surface do not
have a significant impact on the circulation of the
working media; the nature of the movement remains
stable and deterministic.

The lining material of the reservoir directly
affects the amount of metal removed, which in turn
affects the overall performance of the process of
processing a combined working media under the
influence of oscillations.

The use of silicon carbide as a lining increases
the efficiency of the process by 40%, which is
explained by the additional abrasive effect of the
walls on the surface of the part, which in this case
act as an abrasive tool.

was
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Pomanuenko O.B. IBuenko A.I. Bnuus
MaTepiaxy (dyrepyBanus pe3epByapy Ha
NpPOAYKTUBHICTL  mpouecy o0poOku  jaeraseii

KOMOIHOBAaHMM pPO0OOYMM cepeloBUINEM Mia aicio
KOJIMBaHb.

B pobomi oocnidxcyemovcs  eniue mamepiany
@ymeposku  pesepsyapy o001a0HauHs 01 0OPOOKU
KOMOIHOBAHUM BIIbHUM POOOYUM cepedosuiyem nio O
KOMUBAHb HA  302aibHYy NPOOYKMUGHICMb  Npoyecy
@iniwnoi 06pobxu nogepxui demanei. Ilpunyun memooy
3ACHOBAHULI HA nepedawi IMHUYIbCIB 6i0  CMIHOK
pesepayapa, wo Koaueaiomscs, pobouomy cepedosuuyy,

wo gopmye cmitikuil YupKyIayiuHutl pyx adpasuenoco
cepedosuwa, XIMIYHUX PO3YUHIE | 0OPOOIIEAHUX
Oemaneti. Bionocnuii pyx enemenmie cepedoguwya
6U3HAYAEC  IHMEHCUBHICMb  3HIMAHHA — Memany, a
HasABHICb  NACUBHUX 30H  ycepeOuHi  pesepsyapa
icmomHo  énueac Ha piBHOMIpHicmb 00pobKU. Y
Haykogiti  jnimepamypi  OOKIAOHO 00CNi0AHCEHO
napamempu  ibpayiiino2o npoyecy, npome GNIUB
abpasusHUx 8IACMUBOCMEl CMIHOK Pe3ep8yapy UEHEHO
HeOOCMAmHbO, HE38ANCAIOYU HA WIUPOKE 3ACMOCYEAHHSL
2YMOBUX NOKPUMMIB Y RPOMUCIOBOMY YCIMAMKYGAHHI

y pobomi npeocmaeieni pe3yrbmamu
EeKCNePUMEHMANIbHO20 — OOCHIONCEHHS,  NPOBEOCHO20
YCMamKyeauHi 3 pesepsyapom o0'emom 25 nimpis.
Jocnioocysanucs 061 KoH@pieypayii  ¢hymeposku:
mpaouyiina 3 O0OIUYIOBAHHAM NOBEPXHI pezepsyapd
2YMOIO ma NO8epxHsl paneposana NAAcCmuHamu Kapoioy
KpemHiio. Ak poboue cepedoguiye BUKOPUCHOBYBATUCS
dapghoposi xkyni ma posuun 2iopoxapbonamy Hampiio.
Ilepeo ocnosnoio onepayicto 06poOKU NPOBOOUNACS
onepayis OuUWEHHsl [3 3ACMOCY8aHHs Oe3nepepeHol
nooaui eoou. Ilicia 3asepwenns 0CHO8HOI onepayii
nposoounacs nogmopHa onepayis ouuwjenns. Ilics
00pPOOKU OYIHIOBANLACS MACA 3HAMO20 MEMANLY i3 3pA3Ki6
npu cepisx 3 0ecimu RNApaieibHux 00Caioie KONCHOI
KoHghieypayii hymeposku.

Ompumani 0aui ROKazau, wo 3MiHa UOPCMKOCMI

CMIHOK — pe3epgyapa He NOMIMHO  6NIUBAE  HA
YUPKYTAYIUHUL pyx pobouozo cepedosuuya.
3acmocysanns abpaszuenoco ¢hymepysanns 3 Kapoioy
KDEeMHIIO 3abesneuuno 3HAuHe 36inbUEHHA

NPOOYKMUBHOCHI NPOYecy — cepeoniil SHIMAHHA MEMAy
spic Ha 40%. Excnepumenmanvho niomeepoxiceHo
Modicnugicms inmencugixayii 8ibpayiiinoi 0opobxu 3a

PAaxyHOK  BUKOPUCMAHHA  Mamepianié  CMIHOK 3
abpasusHumy  gracmusocmamu,  0e3  NOpYuleHHs
cmabinbHocmi pyxy pobouoeo cepedosuuya.

Jlocnioscenns noxkasye nepcnekmueHicCmy 3acmocy8ants
abpazusHUX NOKPUMMIE NIOGUUEHHST epeKmUGHOCI
00pobKU demanell 8 YCMAMKYBAHHI, NPUSHAYEHOMY OJis
@iniwnoi 06pobKU  abpa3UGHUM IHCMPYMEHmMOM 0e3
JHCOPCMKO20 KIHEMAMUUHO20 38'3KY.

Kniouosi cnoea: KoMbiHoBame poboue
cepedosuuje, Gymepysanns peszepsyapa, abpazusHi
ROKPUMMS, YUPKYTISAYIUHUL PYX, 3HIMAHHS MEMAy.
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HHEPCIIEKTUBH BUKOPUCTAHHA IPOHIB
Y CUVIbBCBKOMY I'OCIIOJAPCTBI

Meakonos I'.JI., €nipanosa O.B.

PROSPECTS FOR THE USE OF DRONES IN AGRICULTURE

Melkonov H.L., Yepifanova O.V.

Y cyuacnomy cinbcokomy eocnooapcmei 6i0dysacmuvcs
cnpasdicHs  mpaucgopmayis  uepez  8NPOBAOINCEHHS.
Hogimuix mexnonoziu. OOHi€l0 3 mMaKux IHHOBAYIU €
BUKOPUCMAHHS OPOHIB, WO 3HAUHO CIPOWYIONb NPOYeCU
VHpasninusa  ghepmepcokumMu - 20cnodapcmeamu  ma
niosuwyome eqoeKmueHicms azpooizHecy.

Jponu, abo besninomui nimanvui anapamu (BILJIA),
CManu He3aminHUMU NOMIYHUKamMu y cgepi azpapnozo
biznecy. 3a60saKu ix UKOPUCTAHKIO, (hepMmepu MOICYMb
ONnepamusHoO OMpUMy8amu 8aXciu8y iHgopmayiro npo
cman ceoix nonis. Lle do3eonsae weuoko peazysamu Ha
3MIHU MA NPUIMamu 0OTPYHMOBAHI PIUUEHHSL.
3acmocysanns Opomuie 'y cCinbCbkOMy 20CH00ApPCmei
deoani nowuproemocs. Biodysaemvcs ye nponopyiiino
00  30inbuienHs  KitbKocmi — 0e3nilomHuKie  ma
po3wiupenna  ixuwix  Qyukyin. [pounu  6uxoHyoms
MOHImMmoOpuHe, pobrams aepophomosHiMKU, CMEOPIOIOMb
3D-kapmu, 30ICHIOIOMb NOCI6 HACIHHS, GHOCSAMDb
dobpusa ma Ximikamu, KOHMPOIOIOMb NOCI8U mMda
CIIbCLKO20CNOOAPCLKUX —~ MBAPUH,  OONOMA2AIOMb 8
ipueayii.

Buxopucmanus Oponie mauidice 8 KOMCHOMY CeKmopi
EeKOHOMIKU WBUOKO 3POCMAE, ale BUKOPUCTANHA OPOHI8
V  CIIbCbKO20CNOOAPCHKIL 2any3i 3pOCmae  BUCOKUMU
memnamu. 3a Oeakumu OaHUMU, OYIKYEMbCA, WO PUHOK
CIbCbK020CN00apchkux OpoHie spocme 3 1,2 minvapoa
doaapis y 2019 poyi 0o 4,8 mineapoie dorapis y 2025
poyi. 3a Kinbka pOKi8 SUKOPUCMAHHA OPOHIE CMmaHe
Oinbl  nowupeHuM 'y Genuxkux i mamux ¢pepmax,
NOYUHAOYU 6I0 PO3GIOKU MA 3AKIHUYIOUU OXOPOHOIO.
Ingpopmayisa, 3sibpana 6besninomuuxamu Ha @epmax,
4acmo BUKOPUCMOBYEMbCA OIA KPAWo20 NPUUHAMMA
ACPOHOMIYHUX PpilleHb 1 € YACMUHOI0 CUCMEMU, AKY
3a36UYall HA3UBAIOMb «MOYHUM 3eMIEPOOCNBOMY.

YV 6acamvox micysax euxopucmanus OpoHie yoce cmano
HeB8i0 'EMHOIO YACMUHOIO0 BEIUKOMACUMAOHUX onepayill
mouHo20 3emiaepobcmea. Jlawi, 3i6pani 3a 00NOMOSOHO
OPOHIB, AKI 3aNUCYIOMb NOJIs, O0NOMA2arms hepmepam
niaHyeamu nocieu ma 06pobKy 0N  OOCASHEHHs.

HauKkpawux poiicais. Jleaxi 36imu 6xasyroms Ha me, wjo
BUKOPUCMAHHS CUCIEM MOYHO20 3eMIepobcmea Modice
niosuwumu 8podicatiHicms Ha yinux 5%, wo € 3HauHuM
30inbuleHHAM Y 2any3i i3 3a36Utall He8eIUKo HOPMOIO
npubymKy.

Buxopucmanns opomnie y cinbcokomy eocnooapcmei He
Jquuie niosuuye eqpeKmueHicmo i nPOOYKMUGHICMb, d U
pooums 8UPOOHUYMBO DLW CMIUKUM MA eKOJIOTHHUM.
Ineecmuyii 6 maki mexHon02ii NOCMYN0O80 CMarmv
CMaHOapmom Cy4acHozo azpobismecy, o0coboauso 0is

mMux 20cno0apcmes, SAKL  NpAcHymb  ONMUMIZY8amu
pecypcu ma 3HUUMu UMpani.
Keywords: cinbcoke eocnodapcmeo, OpoHu, mouHe

3emnepobcmeo, dodpusa.

Beryn. CydacHe CUTbChKE TOCTOIAPCTBO, B
TOMY YHCIIi 3eMJIEPOOCTBO CTHKAETHCS 3 HU3KOIO
npoOseM, sKi BIUIMBAIOTb Ha MPOAYKTHUBHICTS,
€KOJIOTIUHYy CTIHKICTh Ta €KOHOMIYHY
eexTuBHICTE. [HTEHCHBHE 3eMIIEPOOCTBO, €pO3is,
BUCHAXCHHSI IOXKMBHUX PEYOBHH 1 3aCOJICHHS
OPU3BOAATH O BTPaTH POAIOYOCTI  3€MeEllb.
MOHOKYJIBTypHE BHUPOILIYBaHHS Ta BUKOPUCTAHHS
NECTUIHIIB 3MEHIIYIOTh PI3HOMaHITHICTh POCIIHH i
TBapHH, 1[0 HETaTUBHO BIUIMBAE HAa E€KOCHCTEMH.
HagmipHe BUKOpHCTaHHS BOAM AJISI 3pOLICHHS,
3a0pyAHEHHS JHKepes NeCTUINAaMHU Ta JOOpUBaMH,
a TaKoXX CKOpOUYEHHA 3amaciB MpiCHOI BOAM
CTBOPIOIOTH CEPi03HI BUKIIMKHU. HeBenuki hepmepu
4acTO CTHUKAIOTBCS 3 BUCOKUMHM BUTpaTaMu Ha
HaciHHS, J0OpHBa Ta TEXHIKYy, a TakKoX i3
HecTaOUTPHUMU I[iHAMHU Ha mpoaykuito. HagmipHa
3JICKHICTD BiJl IECTUITUIIB 1 CHHTETHYHUX JTOOPHB
OpU3BOAUTH 10  3a0pyAHEHHS  JOBKLLIA,
TIOTIipIIEHHS 3A0POB’ s Jitoiei. [{yist BUpIIeHHS 11X
BUKJIMKIB Y PO3BUHEHHMX KpaiHax aKTHBHO
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BIIPOBAJ[)KYIOTHCS TOYHE 3€MJICPOOCTBO, IPOHU Ta
IT-pimenns. Y 3B’s43Ky 3 IIMM HAayKOBHU IHTEpEC

CTAHOBHTH BIUIMB BHWKOPHCTaHHS JPOHIB Ha
CIIBCBKE TOCTIOAAPCTBO B MIJIOMY Ta 3eMIIEPOOCTBO
30KpeMa.

Meta  pobotH. BucBimTH  CyTHICTH

3aCTOCYBaHHS B CLIBCBKOMY T'OCHOAAPCTBI JPOHIB
Ta IXHBOTO BIUIMBY Ha MiJABUIICHHS €(EKTHBHOCTI
Ta CTaJIOCTI arpo0i3Hecy.

AHnauni3 OCTAHHIX JOCJIIKEHD Ta
nyOaikauiii. JocmikeHHs B po3poOui  Ta
BIIPOBAKCHHI JPOHIB BEOYThCA BXKE OLIbIIe

JECSITH POKiB, Ta 3 KOXKHIM POKOM BITPOBaKCHHS
iX B arapHUi ceKTop 3HaA4YHO 3poctae. 3 2016 poky
NOCTIIHUKA Ta  BUKIAJa4dl aMEpHKaHCHKOTO
Vuisepcurery Land-Grant y 20 mraTax rnparroBaim
Haj TUM, 1100 30UTBIIMTH  BHUKOPHCTAHHS
0e3MiIOTHIX JITaTbHUX anaparis VTS
TUCTAHIIKHOTO  30HAYBaHHS  Ta  TOYHOTO
VOpaBIiHHS  CIIBCBKUM  TOCIOJAPCTBOM 1
NPUPOAHUMH PECypcaMy B paMKax HPOEKTY s
KUTBKOX IITATiB. 3aBISKH PI3HOMAHITHOMY JTOCBITY
Ta YieHaM 3 0araTbOX IITATIB I KOMaHJa MOTJa
BUNPOOOBYBATH APOHU B PI3HOMaHITHUX CUTYaIisfX
peanbHOrO CiNbChKOro TocmoaapcTBa. Hasmakw,
OUTBIIICTE  TOMEPENHIX  JOCHIKCHb Oy
30CcepelKeHi Ha BUKOPHCTaHHI OE3MJIOTHUKIB Ha
OJHOMY TOJNi, MEBHill KyJIbTypi YH CTPECOBOMY
¢dakropi. Koopaunamis >x po3mominse poboue
HaBaHTa)KCHHS, 3MEHIIIy€e AYyOIFOBAHHS Ta 3HIDKYE
nesiki Burpatu. OOMiH iHpopMmarieto, 001aTHaAHHIM
Ta IHIIIMH pecypcaMH JOIOMara€ IOAOJaTH
00MeKeHI MOKIIMBOCTI OJTHI€T yCTAaHOBH. Y paMKax
OBOIO TPOEKTY BYEHI OLIHWIM Ta BHU3HAYHIIH
HAWOUIBII HAfiHI, CKOHOMIYHO €(EeKTHBHI Ta
3py4Hi mIaThopMH OC3MIIOTHHUKIB 1 JaTUMKUA IS
MOHITOPHHT'Y  Ta  yHOpaBIiHHSI  CTPECOBUMH
¢dakTopaMn B  CUIBCBKOMY TOCIONApCTBI  Ta
pupoaHuX pecypcax. 11100 migBUIIUTH TOYHICTH
310paHUX JaHWUX, YYaCHUKH TPOCKTY pPO3pOOHIH
amapatHe 3a0e3nedeHHsl, MporpaMHe 3ade3nedeHHs
Ta JOKJIaJHI IPOTOKONM i1 KajaiOpyBaHHS Ta
BHKOPHCTAHHS JIPOHIB, a TAKOK HOB1 IHCTPYMEHTH,
SK1 JOMOMaraloTh KOpUCTyBauaM APOHIB KEpyBaTu
JaHUMH, SKIi BOHHM 30UpalOTh, BKIIOYAIOUU
nudpoBui KypHaI.

Y kpaimax Ha miBaeHb Bimx Caxapu
Adpuxancekuii  Coro3 miATpUMaB MOMIMPEHHS
KOMEPITIHHUX APOHIB VIS CLITLCHKOTO TOCTIONAPCTBA
gepe3 mpoekT «Odi B HeO1, po3yMHI TEXHOJIOTIT Ha
3emiti», SKUE  ouomtoe  TexHIUHMHA — LIEHTp
CLIBCBKOTOCTIONAPChKOI Ta CIJIbCHKOI  CHiBOpari
(CTA). Ane y cBOEMY 3BiTi TIPO APOHU TOH CaMHit
OpraH 3a3Hayae€, II0 XO4Ya JOCTIIKCHHS IPOHIB
30cepemIKeHi B OCHOBHOMY Ha TUII iH(pOpMaLitHUX

TEXHOJIOT1H, BOHU HE PO3TIIAAIOTE JOCTATHHO TOTO,
10 POOUTH APOHH €KOHOMIYHO €(DEKTHMBHUMU MJIS
apUKAHCHKUX APIOHMX 3€MIICBJIACHHUKIB — Y SIKHX
MaJIo 3eMJIi, TPOOJIEMH 3 3eMIICBOJIOAIHHSIM 1 0311y
crcTeM 3eMyiepoOCcTBa. 3a maHuMu A GPUKaHCHKOTO
Coro3y Ha BChOMY KOHTHHEHTI iCHY€ BIICYTHICTH
3aKOHOJABYOl SICHOCTI, OJH3bKO 26 BIACOTKIB
a(pUKaHCHKUX KpalH MalTh 3aKOHH, CIPSIMOBaHi
npotu BIUIA, cyBopi oOMexeHHsT a00 THMYacoBi
3aboponn BIIJIA. lle ymoBiBHIOE PO3BHTOK
ramysi.

MiKHapOIHUN JOCIITHUIILKAA IHCTHTYT PUCY
(IRRI) 1 OimimmiHCEKUN  HAYKOBO-AOCIITHUI
inctutyT pucy (DA-PhilRice) 3amyctunu mpoexT
Drones4Rice mig 4ac mo4aTKOBOTO CEMiHApPY, KU
npoxomuB y 1mrab-kBaptupi IRRI B Jloc-
Anmxkeneci. Bafios, Laguna 16-17 xsiths 2024
POKy. IIpoext Drones4Rice CTBOPUTH
CTaHJAPTH30BaHI  MPOTOKOJM  JJIsi  BHECEHHS
JIPOHOM HACIHHS, JOOpHWB 1 MECTUIHIIB IS
BUpOOHUITBa pucy Ha Dininminax. BnpoBamkeHHs
ONTHMI30BaHUX IMPOTOKOJIB 1 CIPOIIECHUX IPaBUI
JIO3BOJIUTH TIPHBATHOMY CEKTOpY MaciuTabyBaTu
JOCTYIHI TOCIyrd OE3MiJIOTHHUKIB AJsl (epMepiB.
[mimiaTiBa Mae  3HAYHWM  IIOTEHIHAN  JUIA
M1 IBUIIEHHS MPOAYKTHBHOCTI, JOXOY Ta CTIHKOCTI
(epMepiB  NIIAXOM  TpOMAaraHAW  TOYHOTO
3eMJIepo0CTBa Ta METOMIB CTajJOro BHUPOIITYBAaHHS
pucy.

Pe3yabTaTn AOCIiKEeHHS.
CinbCcbKOTOCTIONAPChKI  JPOHM  MaloTh  0araro
nepenar. BoHu 3Ha4HO BIUTMBAIOTH HA BPOXKAWHICTH
CLITBCBKOTOCIIONIAPCHKUX ~ KYNBTYp, HacamIiepes
3aBMSIKM CBOIH 3[JaTHOCTI 3MEHIITYBAaTH BTPAaTH IPH

BUPOILyBaHHI Ta 301IbIIyBaTH HOpMY
obnpuckyBanHs. CiUTbCBKOTOCTIONAPCHKI  APOHHU
MOXYTh TOYHO Bi[ICTeXKyBaTH MOJENi pOCTy

KYJIBTYp 1 IIBUAKO BUSIBISITH OyAb-SIKi MOTCHIIHHI
mpo0JieMH, Taki K Clajaxud XBopoO a00 HaIrecTs
mKigaukiB. llei piBeHb TOYHOCTI 3abe3medye
MIBUJKE BTPYYaHHS, TaKUM YHHOM 3MEHIIYIOUH
BTpaTH, SKi B IHIIOMY BHUIAAKy 3HU3WINA O
3arajbHUN ypoOXKa.

Kpim Toro, npoHu noBeIHM CBOIO €KOHOMIYHY
e(eKTHBHICT, y TIOPIBHSHHI 3 TpaIuliHHUMH

METoIaMu 3eMIIepoOCTBa, TaKUMH K
BHUKOPHUCTAaHHS TPUYIMHEX a00  CaMOXiTHUX
00NpHUCKyBadiB.

3HWKEHHS BUTPAT Ha BUPOOHUIITBO 3HAYHOIO
MipOIO TIOB’S[3aHO 31 3/aTHICTIO IPOHIB MPAIIOBATH
0e3 yJacTi JIFOAUHHM MiCIIs TOTO, K 3aIporpaMoBaHa

TpaexkTopiss  momsoTy. KpiM  Toro, BOHH
CTIPUYMHSIOTH, MEHINE VIMIIBHEHHS TPYHTY, HiK
KOJIICHI ~ TpaHCHOPTHI 3acobu, THUM caMHUM



BICHUK CXIOHOYKPAIHCBKOIO HALIOHAMBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 9 (295) 2025 65

3MEHIIYIOUM BTPATH BiJi BHTONTYBaHHS KYJBTYP
ITiJT 9ac MpoIeayp OOTPUCKYBaHHS.

HesBaxarouu Ha pyre MicIle 3a TOYaTKOBHUMU
BUTpaTaMd Ha BHPOOHHMUTBO B MOPIBHSAHHI 3
THITUMUA TEXHOJIOTITYHUMHU BapiaHTaMH,
E€KOHOMITHHIHA edekr BiX BUKOPHCTaHHS
CLIBCBKOTOCTIONAPCHKUX JPOHIB TEPEBAXYE LEH
¢dakTop depe3 3HAUYHUI BHECOK Yy IiJIBUIICHHS
BpO’KalfHOCTI ~ Ta  3MEHINGHHS  BTpaT  Bif
BUTONTYBaHHA. TakuM YMHOM CTa€ OYEBHIHOIO iX
3HAYHA TiepeBara B TOPIBHSAHHI 31 3BHYAHUMH
CLIBCHKOTOCTIOIAPCHKUMH METOJIAMH.

1106 3pO3yMITH
CLIBCBKOTOCTIONAPYHX JPOHIB,
TTOPiBHSHHS 3 IHITUMHA
[lopiBHsIbHUE ~ aHANi3 MK  TpaAWIIHHUMHU
METOAaMH Ta IEPEeJOBUMH  TEXHOJOTIYHUMHU
METOAaMHU B CyYacCHOMY CLIbCHKOMY TOCIOJAapCTBi
BIIKPWBAE BapTe YBaru YSABICHHA TIPO IXHIH
BIJIIOBIAHUN €KOHOMIYHHH BILINB.

BukopuctanHss  IpoOHIB Yy  CLIBCBKOMY
rOCTIONapcCTBi, HAMpUKIad, OyI0 BH3HAYECHO 5K
3HAYHAWA BHECOK Y TIiABUIICHHS ¢(PEKTUBHOCTI Ta
NpOAYKTHBHOCTI. He3Bakaioum Ha Te, IO BOHHU
3aiiMarOTh  Ipyre Micie 3a  BUPOOHHYOIO
c00iBapTICTIO cepen THIITHIX BapiaHTIB,
CLIBCBKOTOCTIONAPCHKI IPOHH AAl0Th HAWOUIBIIUIA
CEKOHOMIYHHMH e€(eKT 3a PaxyHOK 3HWKEHHS HOPM
OOTIpUCKYBaHHS Ta BTPAT BiJ BUTONTYBaHHSI.

B po6oTi BU3HAUEHI TmepeBard IpOHIB Y
CITBCBKOMY TOCIIO/IApPCTBI:

1. BuxopucranHs O€3MUIOTHUKIB 3MEHIIYE
KUTBKICTh TPOI3MIB KOJICHOT TEXHIKH UYepe3 IOl
MPOTSATOM BEreTaliifHOro Mepiofny, IO 3MEHIIYE

nepeBaru
MIPOBEJICHO
TEXHOJIOTISIMH.

VIOIIBHEHHS  IPYHTY Ta  3MCHIIYE  MIKOAY
HaBKOJIMIIIHBOMY CEPEIOBUILLY.
2. be3minoTHHKM  MOXYTb  BUKOHYBAaTH

PI3HOMAaHITHI 3aBIAHHA: BiJ MOHITOPMHIY TOCiBiB
0 OOMPHCKYBaHHA 3 MiHIMaJbHUM BTPYyYaHHIM
JIIOTMHHU, 3MCHIITYIOYH TIOTPeOy B pOoOOUii CHIIi.

3. JIpoHu 37aTHI AOCTABISITH TOYHY KIJIBKICTb
no0puB ab0 MECTHLUIIB, J¢ L€ HEOOXiTHO, THM
caMUM ONTHUMI3YIOUM BUKOPHCTAHHS PECYPCIB i
3armobiraroyn  BTpaTaMm. 3aBISKA  TOYKOBOMY
PO3NMWICHHIO (HAIPUKIIaA, IECTUIUIIB Yl 100PUB)
JIPOHM 3MEHINYIOTh HAJMIpHE BHUKOPUCTAHHS
ximikatiB Ha 20-40% mOpPiBHIHO 3 TpagUIiTHUMHU
METOJIaMU, SK-OT TPAKTOPH UM aBiarlisl.

4. Be3minoTHUKN MOXHA JIETKO 1HTETPYBAaTH B
ICHYyIOYl  CITBCBKOTOCIIOAAPCHKI — omeparii, He
MOPYIIYIOYM TOTOYHI MPAKTUKUA, OJHOYACHO
i IBUTIIYIOYH 3araIbHY MPOTyKTUBHICTb.

5. JlpoHW BHKOHYIOTH MOHITOPHHT B
peampHOMY dYaci, TOOTO Jar0Th 3MOTY IIBHAKO
00CTEe)XKyBaTH BENIMKI IUIONI, BiJICTEXKYBaTH CTaH

MOCiBiB, PICT POCIMH 1 HaBiTh MPOTHO3YBaTH
BpPOXKAWHICTh, 110 OCOOJWBO KOPHUCHO B YMOBax
MIHJIUBOTO KJIiMaTy.

6. 3a TOTIOMOT00 IPOHIB 31 HCHIOETHCS TOYHE
3emiiepobcTBo.  J[poHM  OcHamieHi KaMmepamu,
CEHCOpaMH (TEIIOBUMH, MYJIbTUCIICKTPATHHIMH) 1
GPS, mo no3Boisi€ CTBOPIOBATH JETalbHI KapTH
noniB. depmepr MOXYTh BHABISATH NPOOJIEMHI
30HHU: Jie OpaKye BOJOTH, MOXHBHUX PEYOBHH YU €
mKigHuky. Le qomomarae onTuMizyBaTH BHECEHHS
JI0OpUB, BOIY Ta MECTULHIIB, 3SMEHIIYIOUH BUTPATH
1 eKoJIoTiYHe HaBaHTaKEHHS.

Ale He3Baxal4M Ha CBOi  IepeBarw,
iHTerpamisi TeXHOJOrii Oe3MiTOTHHUKIB y CITbCBHKE
rOCHOJIAPCTBO  CTUKAEThCS 3 MpoOJIeMaMu
pEeryJIOBaHHs, SKi HEOOXITHO BHPIIIUTH IS
HIMPOKOTO BIPOBAPKEHHs. Xoya I[iHK Ha IPOHH
3HIDKYIOTBCS, TOYAaTKOBI  iHBECTHIli  (IpOH,
MporpamMHe 3a0e3MeUeHHs, HABUaHHS ) MOXXYTh OyTH
HETIOCHILHUMHU IJ151 APiOHUX (epMepiB, 0COOINBO B
KpaiHax, [0 po3BUBalOThcA. OOMexeHHil uac
MOJIEOTY (3a3Bu9ait 20-60 XBUJIMH) i
BaHTAXOMITMOMHICTh  YCKIAAHIOIOTH  0OpOOKY
BEJIMKHUX IUIOII 32 onuH pa3. [lorana morona (Bitep,
JIOLI) MOXKE ITEpelIKopKaTH poboTi. Y Oaratbox
KpaiHaX BUKOPHCTaHHS JIPOHIB  PETYIIOETHCS
3aKOHAMU TIPO aBiallifo, 1[0 BUMAarae JIIEH3Id 9u
JI03BOJIIB, 0CO0IUBO JUIS KOMEPIIIHHOTO
BUKOpHCcTaHHsA. DepMepaM MOTPiOHI HABUYKHU IS
VOpaBIiHAS ApPOHAMH Ta aHaji3y OTPHUMAaHUX
JaHHX, [0 MOXe OyTH POOJIEMOIO TS THX, XTO HE
3HalloMmii 13 TexHojorisMu. [IpoTe BHCOKMI
€KOHOMIYHHM pe3yJbTaT BHUKOPHUCTAHHS JPOHIB
MiAKpECIOE iX BaXJIWBY pOJb y Cy4YacHid
CLIBCBKOTOCTIONAPCHKIHM MPAKTHUIL.

Takoxx B  po0OOTI TPOBENEHO  aHATI3
€KOHOMIYHO1 e(eKTHUBHOCTI
CLIBCBKOTOCTIONAPCHKUX ApOHiB. HesBakaroun Ha
CKENTHIIM3M  IMOJ0  MOYAaTKOBOI  BapTOCTi,
cimecpkorocmogapebki - BIIJIA  mpenmcTaBistoTh
E€KOHOMIYHHI TapaJoKC; BOHM BHMAaraloTh BHIINX
BUTpPAaT Ha BHPOOHMIITBO, aje 3a0e3MeUyIOTh
qyI0BY (hiHaHCOBY Bimady 3aBISIKA
MiHIMI30BaHHUM E€KCIUTyaTallifHUM BHUTpaTaMm i
T IBUINICHI Y BPOKaHOCTI.

BruiB Ha BpoXalHICTh € 3HAYHUM, OCKLUTBKH
JPOHU  JIO3BOJISIIOTH ~ TOYHO,  IJIECIIPSIMOBAHO
BHOCUTH J00pHBa Ta TMECTHLUAU, 3MEHIIYIOUH
BTpaTH TMiJ dYac BHUPOIIYBAHHSI Ta OOMEKYIOUH
KUIBKICTB ~ TIPOI3MiB  KOJICHUX  TPAHCIIOPTHUX
3aco0iB yepe3 MOJs MPOTArOM BETETALIHOTO
nepiony. Lle He TiIbKK 3MEHIIYe BUTONTYBAaHHS,
aye W 3MEHINye CIOXKHBAHHS TNAUBA, CIPUSIOUYH
3HaYHOMY 3HIDKECHHIO BUPOOHUYUX BUTPAT.
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Xoda 11i TepeBard Bpa)karodi, BaXIJIUBO
BH3HATH TOTCHITIHHI OOMEXEHHS Ta MpoOIeMHu,
MOB’s13aHI 3 TEXHOJIOTIEI0 MPOHIB Y CIIBLCHKOMY
TOCIIOIAPCTBI. Bouu  MoxyTh BKITIOUYATH
HOPMATHBHI TEPEIIKOINA, TEXHIYHI CKJIQJTHOCTI,
npobiemMu KoH(DiAeHITIHHOCTI ab0 pocTo MOTpedy
B NpUIHATTI PpepMepamu 11i€1 HOBOT TEXHOJIOT].

HesBaxaroun Ha ui paxropu, 6arato Gpepmepin
BH3HAIOTh  JOBTOCTPOKOBI  TepeBarum s
HABKOJIMIITHHOTO CEPEJIOBHINA, TaKi K 3MCHIICHHS
CIIOKMBAaHHA BOOM Ta MEHIINA CTIK XIMIYHHAX
PEYOBHH y TIPUJIETIi BOAOHMH, IO CHPHUSE CTATUM
METOJIaM BEJIEHHS CITbCHKOTO TOCTIOaPCTBRA.

3araiom, xoua CIIOYATKY
CLTECHKOTOCIIONAPCHKI JIPOHW MOXYTh BHUMAaraTw
OUTHIINX KaMiTAJIOBKIAJCHD, IX BUKOPUCTAHHS, 5K
MPaBWIO, MPHU3BOAMTH IO OLNBIIOI €KOHOMIYHOI
e(eKTHBHOCTI 3 YacoM Micis Toro, sk (epmepu
TTOBHICTIO 3aCBOSITh TEXHOJIOTIIO iX BUKOPUCTAHHS.

[IpoBenenuit aHami3 JO3BOJIMB  O3HAYUTH
ManOyTHI MIEPCTICKTUBU BHKOPHUCTaHHS
CITBCHKOTOCTIONAPCHKUX  JPOHIB. JIMBISAYUCH Yy
MaiOyTHE, OYIKYETHCS, IO CLILCHKOTOCIIOAAPCHKI
JIPOHH TPOJIOBKYBATUMYTh PEBOJIOIIOHI3YBATH
MPAaKTUKy BEJCHHS CUICHKOTO T'OCIONAPCTBA,
3a0e3meuyoun TOYHE 3eMIIEpOOCTBO Ta 3HAYHUI
BHECOK Y CTaIliCTh.

[lorenniitHi  mpobnemu,  TMOB’A3aHi 3
BUKOPHUCTAHHSAM OC3ITIJIOTHUX JIITaTbHUX arapaTiB
Yy CUIBCBKOMY TOCTIOAPCTBi, BKIIOYAIOTH MPABOBI
Ta HOpPMAaTUBHI MUTaHHS, mpobiemMu
KOH(DITCHIIHOCTI Ta TEXHOJOTIYHI OOMEKECHHS.
OmHak OYIKYETBCS, IO MPOTPEC y TEXHONOTIl 3
4acoM TOJI0JIAE I1i IPOOIEMH.

B cinbCchKOrOCIONApCHKUX JIPOHIB  HA
HABKOJIMIITHE CEPEIOBUIIE € 1€ OJHUM KPUTHIHUM
MTUTaHHSIM, SIKE norpedye 10/IAJTBIIIOTO
JocTipKkeHHs. Xo4Ya BUKOPHCTaHHS OE3MiIOTHUX
JTaTbHUX alapariB MOXE 3MEHIIUTH BUKHIHA Bif
TPagUITIAHOI CiTBCHKOTOCIIONAPCHKOI TEXHIKH, BCE
K MOXYThb OyTH EKOJOTiIYHI HACHigKH Yepe3 ix
KOHCTPYKITIIO Ta yTHIII3AIlifo.

OuikyeTbCsl, MO PHUHKOBUA TIOMHAT Ha
CITBCBKOTOCITONIAPCHKI  OE3IMIJIOTHUKU  3pOCTE B
HaOMMK4i POKM 3aBISIKHM 3pOCTa04ild 0013HAHOCTI
cepen (hepMepiB Mpo IXHI MEpeBard Ta MiATPUMIL
YpSAOiB y BChOMY CBITI.

TuM He MeHII, /I 3a0e3MeueHHsT Oe3MeUHOl
ISUTBHOCTI Ta IOM’ IKIIIEHHS OyIb-SIKHX
HEraTWBHMUX BIUIMBIB Ha  CYCHUIBCTBO YU
HABKOJIMIITHE CEPEIOBUIIE HEOOXITHO 3aIPOBAJUTH
Ha/iiHy HOPMaTHBHY 0a3y.

OCKUTBKM ~ TEXHOJOTiS  PO3BUBAETHCI 3
0e3npeleICHTHOI MIBUIKICTIO, CTae HEOOXiTHUM,

o0 HOpPMATHBHI aKTH Ta Taly3eBi CTaHOApTH HE
BIJICTaBaJIX Bl IIUX 3MIH.

BucHoBoku. be3mioOTHUKH MarOTh BETUKHUI
MOTEHITiaM JIJISl 3MiHH CUTBCHKOTO TOCIOJIAPCTBA SIK
VYkpaiam Tak 1 BCBOTO CBITY. 3 PO3BUTKOM
TEXHOJIOTIH y MalOyTHbOMY, OYIKYETBCS, IO
BUPOOHHUIITBO  JPOHIB  CTaHE  EKOHOMIYHHM.
3HaueHHsS JPOHIB MOXE 3a0XOTUTH MOJOIb JIO
poboTH B Cy4acHOMY arpapHOMy CEKTOpi.
HacrymHa cimbChKOTOCTIONapCHKA PEBOIIIONIS Oy 1e
opieHToBaHa Ha aaHi Oe3minmoTHukiB. Hanexue
BUKOPUCTAHHS ~ JIAaHUX  MOXE  IJIBUIIUTH
MPOAYKTUBHICTh CUIBCBKOTO TOCHOAapcTBa 0e¢3
Oy Ib-SIKUX HETaTUBHUX HACJIIKIB IS
HABKOJIMITHHOTO  CEpPEJIOBHINA Ta pa3oM i3
MTOKpPAICHHSIM 3ac00iB icHyBaHHS pepmepiB. Tomy
JIPOHU MOXYTh CTaTH YACTHHOIO CLIBCBKOTO
rocroiapcTBa B MalOyTHHOMY, JONOMAraruu
(depMepaM Kkpaie KepyBaTH CBOIMH cdepamu
JiSUTBHOCTI Ta pecypcamMu y CTiMKHiA crocio.

4 MEPBUHHIN BUPOOHUYIN ramysi
BHCOKOTEXHOJIOT19H1 JIPOHU JTO3BOJISIIOTH
omiepaTopaM aBTOMATH3YBAaTH JESKi MPOIIECH, TaKi
SK  Tocaika, KepyBaHHS  XyaoOoio  abo
OOTIPUCKYBaHHS MOCIBIB. i MOTEHITIHHI
3aCTOCYBaHHS NIPOHIB BIIKPHUBAIOTh HOBY Taly3b
CIITbCHKOTOCIIONIAPCHKUX — MPOIIECIB, SKa  1HOII
HA3WBAETHCS TOYHUM 3EMJICPOOCTBOM.

be3 cymHIBY, ApOHM CTalOTh HEBiJI €MHOIO
YaCcTHHOIO arpoOi3Hecy. BoHM BiZKpHBalOTh HOBI
MOYJIMBOCTI A1 (epMepiB, POOISIUM TPOLECH
OLTBIIT TTPO30PUMH Ta KEPOBAaHUMH. [HHOBAITT y miit
chepi TPOMOBKYIOTH pPO3BHBATHCS, 1 MOYKHA
OUIKYBaTH, 110 B MaOYTHLOMY JPOHU CTaHYTh IIIC
OLITBII TOCKOHAIMIMHU Ta TIOCTYITHUMU.

BuxopuctanHs ApoHIB y 3eMIIEpOOCTBI Ta
CLITBCHKOMY TOCITOJIAPCTBI CYTTEBO 3MIHIOE MiAXOIU
10 yIpaBIiHH MIOJISIMH, M ABHILIYIOYH
e(DeKTUBHICT, TOUHICTH 1 CTATICTD.

TakuMm 4YWHOM, BIPOBA/PKEHHS JPOHIB YV
CIJIbCBKE TOCIIOIAPCTBO € BAXKIUBOKO CKJIAJ0BOIO
CyYacCHHX IHHOBAIlid, IO CIPHSIE ITiIBUIICHHIO
e(heKTUBHOCTI Ta CTaJoCTi arpodizHecy.
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Melkonov H.L., Yepifanova O.V. Prospects for the use
of drones in agriculture

Modern agriculture is undergoing a real transformation
through the introduction of new technologies. One such
innovation is the use of drones, which significantly simplify
farm management processes and increase the efficiency of
agribusiness.

Drones, or unmanned aerial vehicles (UAVs), have
become indispensable assistants in the field of agribusiness.
Thanks to their use, farmers can quickly receive important
information about the condition of their fields. This allows them
to quickly respond to changes and make informed decisions.

The use of drones in agriculture is becoming increasingly
widespread. This is happening in proportion to the increase in
the number of drones and the expansion of their functions.
Drones perform monitoring, take aerial photographs, create
3D maps, sow seeds, apply fertilizers and chemicals, monitor
crops and farm animals, and assist in irrigation.

The use of drones in almost every sector of the economy
is growing rapidly, but the use of drones in the agricultural
industry is growing at a high rate. The agricultural drone
market is expected to grow from $1.2 billion in 2019 to $4.8
billion by 2025, according to some estimates. In the next few
vears, drone use will become more prevalent on farms large
and small, from reconnaissance to security. The information
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collected by drones on farms is often used to make better
agronomic decisions and is part of a system commonly referred
to as “precision farming.” In many places, drones have already
become an integral part of large-scale precision farming
operations. Data collected by drones that record fields helps
farmers plan planting and tilling for the best yields. Some
reports indicate that the use of precision farming systems can
increase yields by as much as 5%, a significant increase in an
industry with typically low profit margins. The use of drones in
agriculture not only increases efficiency and productivity, but
also makes production more sustainable and environmentally
friendly. Investment in such technologies is gradually becoming
the standard of modern agribusiness, especially for those farms
that seek to optimize resources and reduce costs.

Drones have great potential to transform agriculture in
Ukraine and around the world. As technology advances in the
future, drone production is expected to become cost-effective.
The value of drones can encourage young people to work in the
modern agricultural sector. The next agricultural revolution
will be driven by drone data. Proper use of data can increase
agricultural productivity without any negative consequences
for the environment and at the same time improve farmers’
livelihoods. Therefore, drones can become a part of agriculture
in the future, helping farmers better manage their fields and
resources in a sustainable way.

In the primary production sector, high-tech drones allow
operators to automate some processes, such as planting,
livestock management, or crop spraying. These potential
applications of drones open up a new branch of agricultural
processes, sometimes called precision farming.

Without a doubt, drones are becoming an integral part of
agribusiness. They open up new opportunities for farmers,
making processes more transparent and manageable.
Innovation in this area continues to develop, and we can expect
drones to become even more advanced and accessible in the
future.

Key words: agriculture, drones, precision farming,
fertilizers.
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STUDY OF OSCILLATORY PROCESSES
IN ELECTROMECHATRONIC SYSTEMS

Rudniev Y.S., Romanchenko J.A.

JOCIIKEHHSA KOJIMBAJIBHUX ITPOLIECIB
B EJEKTPOMEXATPOHHUX CUCTEMAX

Pynunes €.C., Pomanuenko FO.A.

In the article an analysis of oscillatory processes
occurring in electromechanical and electromechatronic
systems is presented.

It has been shown that oscillations reflect the exchange
of energy between accumulators via an active
transmission channel. The oscillations reflect the
exchange of energy between the storage devices via the
active transmission channel. In mechanical systems, such
accumulators are masses (moments of inertia), and the
transmission channels are shaft lines. An electric motor
is a universal converter of electromagnetic energy into
mechanical energy and vice versa. It also contains two
energy accumulators between which exchange is
possible: the armature (rotor) winding, which contains
electromagnetic energy, and the inertia on the shaft (the
accumulation of mechanical energy). In the transmission
channel, energy is converted from one form to another
due to the presence of an excitation flow.

The authors note that in electromechanical and
electromechatronic systems, electromechanical
vibrations are also possible, in addition to mechanical
ones. Both internal viscous friction in the shafting and
losses in the machine's anchor circle damp these
vibrations.

This article examines an electromechanical system that
exhibits both types of oscillations. A unified structural
diagram for any type of electromechanical electric drive
system, as well as its mathematical model, is presented.
A differential equation for the motor rotor motion with a
Stepwise increase in the control input signal was
obtained. The values of the first derivatives at the initial
instant were found. The damping coefficients and
oscillation frequencies were determined.

An  electromechanical  system was modeled in
MATLAB/Simulink using a structural diagram with a
constant electromagnetic motor torque and specified
parameters. The logarithmic damping decrement was

determined in the absence of mechanical damping and in
the presence of shaft line losses.

The reaction of the electromechanical system to the
sudden appearance of a control action at the input is
presented, as well as the reaction in the absence of
mechanical damping and when the anchor is powered

from a current source, from which it is evident that in the

absence of internal viscous friction in the shaft line,
mechanical vibrations are still damped due to internal
viscous friction in the engine itself.

Key words: electric drive, engine, oscillatory processes,
electromechanical system, internal viscous friction,
mechanical damping.

Introduction. Modern developments in
science and technology are characterized by the
rapid integration of electrical, mechanical, and
information technologies, leading to the emergence
of a new class of technical objects -
electromechanical and electromechatronic systems.
These systems form the basis of most modern
technological processes, vehicles, robotic systems,
precision mechanics devices, and automated
production lines [1].

Electromechanical systems combine electrical
and mechanical elements whose interaction enables
the conversion of electrical energy into mechanical
energy or vice versa. Such systems include electric
drives, generators, electrically controlled
transmissions, and industrial robot drives. Their
effectiveness is determined by the coordination of
the electrical and mechanical subsystems, their
dynamic characteristics, and their ability to operate
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reliably under external disturbances and load
changes [2].

Along with the development of sensor
technology, microprocessor technology, and digital
control systems, a new level of technical integration
has emerged: electromechatronic systems [3]. They
integrate electromechanical, electronic, computer,
and information components into a single structure,
creating intelligent, controlled systems. Such
systems are capable of not only performing
specified functions but also adapting to changing
external conditions, analyzing the state of their own
subsystems, and performing self-diagnostics.

Oscillatory processes play a key role in shaping
the dynamic characteristics of  both
electromechanical and electromechatronic systems,
determining their stability, reliability, and energy
efficiency. In modern electric drives, automatic
control systems, robotic and power plants, as well
as electromechatronic complexes and systems,
oscillations arise from the interaction of electrical,
magnetic, and mechanical subsystems. Their
occurrence is determined by both the design
features of the system and external influences,
changes in load, or operating modes [4].

Oscillatory processes can arise due to:

— disturbance of the system balance (sudden
change in load, supply voltage, resistance moment,
etc.);

— elastic deformations of shafts or couplings;

— feedback electromechanical connection
between the armature current and the rotation speed;

— resonance phenomena, when the natural
frequency of the mechanical part of the system
coincides with or is close to the disturbance
frequency.

Types of oscillations:

1. Natural oscillations occur when a system
deviates briefly from its equilibrium state without
external disturbance. They are characterized by a
natural frequency o and attenuation coefficient &.

2. Forced oscillations — caused by periodic
external forces or torques (e.g., power supply
pulsations). They can be amplified if the excitation
frequency is close to the system's natural frequency
(resonance).

In an electromechanical system, electrical and
mechanical oscillations are interconnected. In such
a system, a change in current causes a change in the
electromagnetic torque, which, in turn, changes the
rotational speed [5]. The change in speed affects the
rotational EMF, which again changes the current,
thus creating a closed cycle of energy exchange.
This leads to electromechanical oscillations, which
can be [6]:

— damped if the system has sufficient internal
friction (energy losses);

— persistent harmonics, if the losses are
compensated by external disturbance;

— divergent (unstable) if the feedback is
positive (for example, if the regulator is incorrectly
configured).

Studying the nature of oscillatory processes is
a pressing issue in modern electromechanics and
electromechatronics, as excessive or uncontrolled
oscillations can lead to reduced system efficiency,
increased energy losses, noise, vibration, and
premature wear of components. At the same time,
the rational use of controlled oscillations can form
the basis for the development of highly sensitive
sensor systems, resonant converters, and intelligent
electric drives [7, 8].

The relevance of the study is due to the need to
develop new methods for modeling, analysis and
damping of oscillatory processes to improve the
dynamic stability and control accuracy of
electromechanical and electromechatronic systems.

The objective to study the patterns of
occurrence and development of oscillatory
processes in electromechatronic systems, identify
the main factors influencing their dynamics, and
analyze approaches to reducing the amplitude and
intensity of unwanted oscillations.

Research results.

Oscillations represent the exchange of energy
between accumulators through an active
transmission channel. In mechanical systems, these
accumulators are masses (moments of inertia), and
through the channels, shaft lines. An electric motor
is a universal converter of electromagnetic energy
into mechanical (kinetic) energy and vice versa. It
also has two energy accumulators between which
exchange is possible: the armature (rotor) winding,
which contains electromagnetic energy, and the
inertia on the shaft (the accumulation of mechanical
energy). In the transmission channel, energy is
converted from one form to another due to the
presence of an excitation flux. The forward channel
is the conversion "current — electromagnetic
torque", while the reverse channel is the conversion
"speed — back EME."

An increase in speed (kinetic energy) is
accompanied by an increase in EMF, which reduces
the machine current (electromagnetic energy) —
electromagnetic energy flows from the armature
winding into the kinetic energy of the armature
(rotor). The presence of active resistance in the
winding makes the transmission channel less than
ideal (dissipation). With high resistance, the energy
lost during this transfer makes it impossible to
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return the kinetic energy of mechanical vibrations
(as speed decreases) back to the armature winding.

Thus, in an electromechanical system, in
addition to the mechanical oscillations mentioned
above, electromechanical oscillations are also
possible. Both internal viscous friction in the
shafting and losses in the machine's armature chain
dampen these oscillations. Furthermore, the
negative internal coupling of the armature winding's
EMF (speed) affects the mechanical oscillations in
the shafting in the same way as the internal viscous
friction, reducing their amplitude and frequency.

Let's consider an electromechanical system in
which both types of oscillations are observed. Its
structural diagram for any type of electric drive
system can be represented as shown in Figure 1.

The following notations are used in it:

oo — ideal idle speed of the engine, s7';

K — control action transmission coefficient,

for the thyristor converter-motor system:
K=Kg / CF ;

for a frequency-controlled electric drive —
K =2nKr/ py;

for cascade asynchronous electric drives and
double-feed machines —

K =Kgogy / K. Egy,

where K¢ — gain factor of the valve converter
(rectifier — inverter);

K7 — frequency converter
coefficient (K, = Af /AU, );

pn — number of pole pairs of an asynchronous
motor;
K. —gain coefficient for the EMF of the bridge

transmission

T, = I/(mONs(C)) for frequency-controlled

asynchronous electric drive;
T,=L,/R,., for cascade asynchronous

electric drive;

L., R. — equivalent value of inductance and
active resistance of the armature circuit of the
thyristor converter-motor;

L, Ry — equivalent value of inductance and
active resistance of the rectified current circuit of
the rotor of the asynchronous valve cascade, H,
Ohm;

ooy — synchronous speed of the motor at the
rated voltage frequency (o, =2nfy / p,), s

S() — the value of the critical slip of the rotor at
the nominal voltage frequency, taking into account
the inductance and active resistance of the
frequency converter;

Ci2, P12 — coefficients of shaft rigidity and
viscous internal friction in it, respectively, Nms.

The mathematical model of EMS has the
following form [1]:

do
M_C12I(w1 = 0,)dt =By (0 — @) = J; —
dt
do
C12j(@1_@2)dt_M62:J2 dtz; , (D

1 2L M —y(kU, -0

After substitutions and transformations, we
have the differential equation of motion of the motor
rotor (®;) with a stepwise increase in the control
signal U, at the input and M, = const:

rectification circuit of the rota converter
. Y TyT, d4031 Ty 20T Ty d30)1
(K, =1,28+1,35); Leled O ) T\ 200r] 3
vy — coefficient of rigidity of the mechanical Qip di iz iz i
P . . . ) 2
characteristics of the engine, Nms, y =M, /Aoy, ; J{K_Zj ZocBTZTM2 TT, ] d 02)1 ‘T, doy o =
Ery —nominal value of rotor EMF, V; Q, 12 dt dt
T, — the value of the electromagnetic time 4
constant of the main circuit of the engine, s; =K —;EU ytU, =
T,=L,/R, — for the thyristor converter-motor 12
system; 1| 204, T, d’M¢, L 20sr o | M,
v, @y d Qp ) dt “
Y e &\w M~ [ Ci, T L
@, T.p+l %\ Jip p ?Rsz @,
AN _
e g M, M.

Fig. 1. Unified structural diagram of a two-mass electromechanical system
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Similarly, the differential equation for the
second mass is obtained:

TuT, d4‘92+ Ty +2aBTTeTM2 d3032+
Q) a'* |\ Q, Q7 dr®

d*o,
T;zTMJ dt2 +

K, 20,.T

o 2 2o
o2 2
12 12

T,T. d°M
+TM&+m2:KU},—l{%d—3€2+ ()
dt v| QLT,, dt
20‘32TTe+ ZTM dzMzcz n
Q, QLTy, ) dt
K. M
+ +2afT+Te M, +M,
QIZTMZ QlZ dt

where Tuy, Tan — electromechanical time constants
of the electric drive, s;
=(J, +J2)A0)(N) IMy, Ty =

Q1> —natural frequency of oscillations of a two-
mass mechanical system;

K; — coefficient of mass ratio in a two-mass
mechanical system K, = (J, +J,)/J, =1+J,/J;

= A0y, | My ;

Mc> — load moment on the shaft of the second
mass, Nm.

Let's assume that both types of oscillations —
mechanical and electromechanical — are observed in
an electromechanical system. In this case, the
solution to differential equation (2) is:

o,(t) = e (C,, cos vt +C,, sin vt)+
+e*'(Cy,, €08 Q 1+ Cy, sin Q N+ KU, =M. /v,
3

where oy, a3 — the attenuation coefficients of
electromechanical and mechanical oscillations,
respectively, 1/s;

v, Q,, — circular frequencies of the specified
oscillations, rad/s;

Cj, — constants of integration, defined as the
solution of a system of linear equations for the
initial conditions of the process (a jump-like
increase in the control action U. at the input with a
constant load Mc»):

Cio + G5, = 0 (0);

oGy, + VG, + 0303, +Q,Cy = 01 (0);
Cio (0] =v?)+ Gy, (a3 — Q) +2C, 04 v +
+2C,,05Q , = 0/(0);

Cro0y (0f =3v7) = Cy vV =30} ) +

+C3,05 (03 —3Q) = C,,Q () —303) = 0](0),

“4)

where ,(0), ®;(0), ®/(0), ®(0) are the initial
values of the rotor speed and its derivatives.
Knowing the initial values of the coordinates of
the state of the system (1): ®;(0)=0w,(0)=0;
M(0)=0, we find the value of the derivatives of

these coordinates at = 0 . We write the system of
equations (1) in Cauchy form (in operator form)

M_C, 1 Pz
poy=———F—(0 —, ) ——*(o — ;)
S Sop Ji
Me Gl
P, == t——(o~o, (%)
S P( )
KU, -
P TR Y
T, T,

Substituting the values ®,(0),®,(0),M(0),
into (5), we find the value of the first derivatives at
the initial moment of time. Differentiating the
equation of system (5), we obtain expressions for
the second and third derivatives of the state
coordinates. As a result, we will have

, , KU,
B(0) =05 05(0)=——C2; M(0)=—"";
2 e
KU Y B]Z " " KU Y
€. wi(0)=0; M"(0)=——"
o/(0) = T J, »(0) (0) 2
” KUC 1 M
o) =KVt [P L) Marf ¢ Ba ) )
S\ L J1J2 Ji
(0) CIZMC2
2
MW(O)_ KUCY +YB12MC2 .
2 \1, J) TJJ,

By substituting the initial values of the velocity
and its derivatives (6) into (4) with known a, oz, v,
Q,, we can determine Cj,.

The attenuation coefficients and oscillation
frequencies are determined by their characteristic
equations according to the differential equation

1 T K.
p4+[ + 2005, Mz]p3+[ / +[312 +Qn]><
T, Ty I,y vT.Ty
O ;
xpl 42,2
I, LTy
(7)

taking its roots as complex conjugates p, =a, +jv,
Py=04—jV, Py =03+ jQ,, py=0;—jQ,:
(P=P)P=P)P=P3)(P=py)=0;
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Pt =20, +a3)p’ +[(af +v3) 4 (0] +Q2)+

2[(13(&12 +v2)+oc](a§ +Q§))J p+ (8

+af +v?)(a3 +Q7) =0,

+40L10L3]p2 -

Equating the coefficients of the same powers of
p equations (7) and (8) yield a system of equations,
solving which we determine the roots. The resulting
system will be quite complex; an approximate
solution will be as follows:

1 T, 1 |47, -T,
o = ——; Oy = —Olpy 22, v — [ M
2T, T, 2T\ T,
T,
Q,= O~y %(OLBTTMZ =2). )
TM
Figure 2 shows the response of the

electromechanical system to the sudden appearance
of the control input U.. In the absence of internal
viscous friction in the shaft line (B,,=0),
mechanical vibrations are still damped due to the
internal viscous friction in the motor itself (y#0) —

Fig. 3. Only in its absence, that is, at y =0, or when

the motor is powered from a current source (and not
voltage), is there no damping of mechanical
vibrations (Fig. 4).
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B booeoneeonenne brrenoen e
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Fig. 2. Response of an electromechanical system
to a sudden appearance of a control action [1]
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Fig. 3. Response of an electromechanical system
in the absence of mechanical damping [1]
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Fig. 4. Response of an electromechanical system
in the absence of mechanical damping [1]
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An electromechanical system with the
following parameters was simulated in the
MATLAB/Simulink environment:

C,=10-10° Nm; J; =004 kgm?,  ©,=50s";
B, =3.2 Nms; J,=02 kgm?, T, =0.01s.
vy =30 Nms;

The model was formed in accordance with the
structural diagram in Fig. 1. When simulating the
power supply mode from a current source, the
electromagnetic torque of the motor (M, ) was set

constant and equal to 200 Nm.
In the absence of mechanical damping
(B, =0), the oscillations are damped with a

logarithmic decrement of 0.093. In the presence of
losses in the shaft line, the logarithmic decrement
approaches 0.5.

Conclusions. Thus, two types of oscillations
are possible in an electromechanical system:
mechanical and electromechanical. Both the
internal viscous friction in the shafting and the
losses in the machine's armature circuit damp these
oscillations. Furthermore, the negative internal
coupling of the armature winding's EMF affects the
mechanical oscillations in the shafting in the same
way as the internal viscous friction, reducing their
amplitude and frequency.

Based on the results of modeling the
electromechanical system in MATLAB/Simulink, it
was found that even without internal viscous
friction in the shaft line, mechanical vibrations are
still damped due to the internal viscous friction in
the motor itself. Only in its absence, or when the
motor is powered by a current source (rather than a
voltage source), is there no damping of mechanical
vibrations.

In the absence of mechanical damping,
oscillations are damped with a logarithmic
decrement of 0.093. In the presence of losses in the
shaft line, the logarithmic decrement approaches
0.5.

Oscillatory processes have a significant impact
on the stability, precision, and efficiency of both
electromechanical and electromechatronic systems.
In automatic control systems, oscillatory processes
can cause overshoot, self-oscillation, or even
instability, leading to deterioration in speed or
position control. In electric drives, oscillations
cause mechanical vibrations, noise, and shaft and
coupling overload, reducing equipment lifespan. In
generators, oscillatory phenomena lead to voltage
and current pulsation, which reduces power quality

and can place additional strain on electrical
networks.

Electromechatronic systems combine
electrical, mechanical, and information subsystems
interacting through sensors, microprocessor
controllers, and actuators. Oscillatory processes in
such systems are complex and affect multiple levels
simultaneously. At the sensor level, they can cause
measurement noise, feedback errors, and
positioning inaccuracies. At the control level, signal
fluctuations or data transmission delays lead to
digital self-oscillations or oscillatory modes due to
sampling. At the actuator level, vibrations caused by
electromagnetic  forces are transmitted to
mechanical elements, reducing the precision of
actions (for example, in robotic manipulators or
mechatronic platforms). At the integrated system
level, the interaction of electrical, mechanical, and
software components can lead to
electromechatronic  resonances,  complicating
control and requiring active damping or adaptive
control.

The importance of the analysis of oscillatory
processes.

To ensure reliable and safe operation of
electromechanical and electromechatronic systems,
it is necessary:

— analyze frequency properties and natural
frequencies of mechanical structures;

— correctly select damping parameters and
feedback controls;

— apply digital filters, active damping and
adaptive  control  algorithms  capable  of
compensating for the effects of vibrations in real
time;

— use sensor diagnostics to detect hazardous
vibrations and predict vibration loads.

Thus, research and control of oscillatory
processes in electromechanical and
electromechatronic systems are key to increasing
the accuracy of positioning and speed control,
ensuring the stability of automatic control systems,
reducing mechanical wear of components, and
improving the energy efficiency and reliability of
modern technological systems.
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Pynnes €. C., Pomanuenko FO. A. JlocaigxeHns
KOJIMBAJIbHUX TMpoleciB B eJeKTPOMeXaTPOHHMX
cUcTeMax.

B cmammi npedcmasenenusi ananiz KoauGanbHUX
npoyecis, wjo 8i00y8amMvbCsl 8 eleKMpPOMeXaniuHux ma
e1eKmpOMeXampoOHHUX CUCEMAX.

Tloxazano, wo Konusanvhi npoyecu 8idieparomo
KM0o408y  ponb Y Gopmysanni OUHAMIYHUX
Xapakmepucmux —AK — e1eKMpPOMEeXaHiyHux max U
eNeKMPOMEXampPOHHUX Ccucmem 1 GU3HAYAIOMb  IXHIO
cmabinbhicms, HAOUUHICMb MA eHep2oepheKmusHicCmb.
Konusanuns sioodpasicaiomv 00Min  enepeiamu  Midic
HaKonuyyeauamu uepe3 akmueHuil Kauai nepeoaui. Y
MEXAHIUHUX CUCEMAX MAKUMU HAKONUYYBAYAMU € MACU

(Momenmu  inepyii), a Kananamu — BaIONPOBOOU.
Enexmpuynui osucyH € VHI8EPCANbHUM
nepemeopiogeaiem  e1eKmpoMAazHimHoI  eHeplii 8

Mexauiyny i Haenaku. Y muvomy makoxc € 086d
HAKONUYYBaui eHepeii, MIdC AKUMU MOICIUBUL OOMIH —
obmomka Axkops  (pomopa), 6 AKiU MICMUmMbCs
eNeKMPOMACHIMHA eHepeis, 1 IHepyilHicmb Ha 6any
(Haxonuyenns mexaniynoi emepeii). B xanani nepedaui
8100Y8AEMbCsL NEePemeopents eHepeitl 3 00H020 8Udy 6
[HWULL 3a805KU HASL8HOCMI NOMOKY 30Y0)CEeHHSL.

Aemopamu 3a3HaueHo, Wo 8 eneKmpoMexaHiyHux
ma eiexmpoMexampOHHUX CUCIEMAX, OKPIM MeXAHIYHUX
KOIUBAHb, MONCIUG] MAKONC | eNeKmpomexaniymi. Ak
BHYMPIWHE 8 A3Ke mepms Yy 6aionposooax, max i
smpamu y AKIPHOMY KOJIi MAWUHU POOISMb Yi KOTUBAHHSL
3aeacarqumu.

B cmammi  posensmymo  enexmpomexawiumy
cucmemy, 8 SsKiU cnocmepiearomvcsi 006udsa Guou
xoaugawwv. Ilooano yuigikogany cmpykmypHy cxemy 071
0y0b-AK020 ~ muny  eleKmpomMexaHiunoi  cucmemu
eNeKMmponpusoodd, a makolic ii Mamemamuytny mMooeo.

Ompumano  Oughepenyianvhe  piGHAHHA — PYXY
pomopa 0sucyna npu CmpudOKonooibHoMy 30inbuleHHI
Kepylouoeo cucHany Ha 6x00i. 3uaildeHo 3HaA4eHHs
nepwiux NOXIOHUX 6 NOYAMKOBUL MOMEHM Hacy.
Busnaueno xoegiyienmu 3acacamma ma yacmomu
KOUBAHD.

Buxonano  mooemosanns - enekmpomexaniynoi
cucmemu 6 cepedosuwyi MATLAB/Simulink eionogiono
00 CmMpYKmypHoi cxemu 3 HNOCHMIUHUM 3HAYEHHAM
e1eKMPOMACHIMHO20 MOMEHMY O8USYHA MA 3A0AHUMU
napamvempami. Busnauenuii nocapugmivnuii
OeKpeMeHm 3aMmyXaHHA KOAUBAHb NPU  Gi0CYMHOCHI
MeXaHiuHo20 OeMNQYBanHa ma Npu HAABHOCMI BMpam 8
8a10NPOBOOL.

Hageoeno peakyito erexmpomexaniunoi cucmemu
Ha cmpubKonodiOHy NosI8Y HA 8X00i KEPYIOU020 6NIUGY,
a makooic peaxyii npu  iOCYMHOCMI MEXAHIYHO2O
Oemnysants i JHCUBNIEHHI IKOPsL 810 Odcepena cmpymy.,
3 SKUX GUOHO, WO NpuU GiOCYMHOCMI GHYMPIUHbOSO
8 'A3K020 mepms y 8an10npo8o0di MexXauiyHi KOIUBAHHS 6Ce
00HO 3azacaroms 3A80KU  GHYMPIUHLOMY 8 A3KOMY
mepmio y camomy 08UYHi.

Kniouosi  cnoea:  enexkmponpugod,  08ueyH,
KOIUBANbHI  Npoyecu, eieKmpoMexaHiuna cucmema,
BHYMPIWHE 8 'A3Ke mepms, Mexaniune 0emMnghy8anHsi.
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JIEJEKTPUYHE CEPEJOBHUIIE Y BUCOKOBOJIbTHOMY OBJIAJTHAHHI

®inimonenxko H.M., ®inimonenko K.B.

DIELECTRIC ENVIRONMENT IN HIGH-VOLTAGE EQUIPMENT

Filimonenko N. M., Filimonenko K. V.

Cmamms npucesiyeHa amanizy Cy4acHux aabMmepHamue
SF6 y BUCOKOBOILIMHOMY 001a0HaHHT
eleKmpoeHepeemuyHUX Ccucmem 3 aKYeHmom Ha ixXHi
eNeKMPUYHI XapaKxmepucmuxuy, 0e3nexy ma eKoao2iuHy
eghekmusHicmo.

Ilpomsicom mpueanozo wacy SF6 3anuwascs ocHogHum
OieleKMpUyHUM  cepedosuiyem ) BUCOKOBOILIMHOMY
obnaonanui enexkmpoenepeemuynux cucmem. Ilpome,
6paxosyuu 11020 HAO36UYAUHO MPUBAIULl Nepioo
nepebyeanns 6 ammocgepi ma 6UCOKUU NomeHyian
27106a1bHO20 NOMENNIHHSL, YPAOU CRPAMY AU 3YCUTLISA HA
CKOpOYeHHs — 6UKUOI8 UYbo2o 2azy. Y  6ionogiov

NPOMUCTOBICIG NOYANA  BRPOBAONCYBAMU  MEXHONO02TT

6e3 suxopucmanns SF6 y mpaduyitinux 3acmocysanmsx,
30KpemMa y po3nooiibyux NpUCmposx, asmoMamuyHux
sumukawax ma JiHiAX abo0 WUHAX Ni0  BUCOKOI
Hanpyzo1o.

SFs — ye inepmuuii ma HeMmoOKCUYHULL 243, WO MAE 8elUKe
3HAYEHHsT OISl eNeKMPUYHUX PO3NOOIIbYUX NPUCTPOIB,
WO BUKOPUCTNOBYIOMbCL Ol PO3NOOILYy ma nepeoayi
enekmpoenepeii no ecvomy ceimy. Lle obnaonanns
POo3MiWyeEmMbcsi Yy 8y31ax Mepedxci Ol GiOKNIOUEHHS
cmpymié KOPOMKO20 3AMUKAHMS, AK MIIbKU BOHU
sunuxaromv. SFs— ye ea3, wo izonoe nanpyzy, axuii mae
empuyi Kpawi 304AYiUHi e1acmueocmi, Hidic nogimps,
Kpawe, Hioc OyOvb-axuil iHwull 2as. Takum uwunom, 6iH
00360719€  NPOEKMY8amu  He@euxi  3aKpumi  ma
2A30HENPOHUKHI  PO3NOOIILYI  Npucmpoi 3 Manium
PO3MIpOM, WO MAE BUSHAHI nepesazu 8 CYBOPUX YMOBAX
HABKOIUWHB020 — cepedosuwa ma 3  O0OMeNCeHUM
npocmopom, Hanpukiao, y simpogux eedicax. Hapasi SFs
He  Mae  eKOHOMIYHO  ma
anemepHamueu Osi po3nOOLIbYUX npucmpois suwe 52
KB, mobmo 0ns euxopucmarnus @ mepedxci nepeoaui, de
BIH  3ACMOCOBYEMbCS  3A60AKU  CBOIM — 4YO0BUM
MOACTUBOCHIAM NEPEPUBAHHS CIPYMY.

Cepeo 6e3SF6 piwiens i03nauaromvcsa 2a308i cymiui Ha
OCHOBI (PMoposanux CNOIYK i3 HUSLKUM KIILMATMUYHUM
enaueom, 30kpema pmopuimpun (3M™ Novec™ 471(0)
ma ¢mopremon (3IM™ Novec™ 5110). 3acmocysanns
yux cymiwen y ene2azosomy 0OAAOHAHHI 0036075€

eHepeoeexmugHol

SMEHWUMU SUKUOU NAPHUKOBUX 2a3i6 Oinbut Hidic Ha 99%
nopisnano 3 SF6, 30epicaiouu 6uUCOKi eleKmpudHi ma
eKCNIyamayiuni  Xapaxmepucmuku. Y cmammi
npeocmaeieti OCHOBHI KOMNOHEHMU albMepHAMUBHUX

2azoeux cymiwell ma OHOGIeHI Oani w000 ix
nPOOYKMUBHOCMI, besnexu ma €KOoN02IUHOT
epekmusHOCMI Y CYYACHUX — eNEeKMPOEHEPeeMUYHUX
cucmemax.

Knrouosi  cnosa:  sucokogonvmue — 001AOHAHH,

eexcagpmopud cipku;, SF6; i3onayis, Oienekmpuune
cepedosuuje; anbmMepHAMUBa ene2asy, (PmoppoKemoH;
@mopuimpun.

Beryn. ['excadropun cipku (SFs) € iHepTHHM,
HETOKCHUYHHM Ta30M, 10 BiJirpae KIrO4oBY POJIb y
(OYHKI[IOHYBAaHHI ~ CIIEKTPUYHUX  PO3MOAIIBYMX
NPUCTPOIB, TMPH3HAYCHUX [UISA TEpelaBaHHS Ta
pO3MOAiNy eJeKTpOeHeprii Ha TI00aTbHOMY PiBHI.
VHikaabHe MO€JHAHHS Horo XIMIYHHX,
CJIEKTPUYHHX 1 (I3MYHUX BIACTUBOCTEH 3yMOBHUIIO
MIMpOKe BUKOpUCTaHHS SFs Ik BHCOKOE()EKTHBHOTO
TIENEKTPUYHOTO  CEpelOBUINA B  €JIETa30BHX
posmomieunx  ycranoBkax — (EPY), razoBux
Bumukaudax (I'B) ra enerazoBux minisx (EJI). Take
o0magHaHHS € HEBiJl’€MHOIO YaCTHHOIO
EHEePreTHIHUX CHUCTEM, 3a0e3neuyroun
BIIKJTFOYCHHSI CTPYMIB KOPOTKOTO 3aMHUKAHHS
Oe3mocepelHbO0 B MOMEHT 1X BUHUKHEHHS.

SFs BUPI3HSAETHCSA BHCOKUMH 130JSI{IHHIMH
XapaKTEePUCTHKAMHU — HOTO JiCJICKTPUIHA MIITHICTh

yTpUUi  TEpPEeBHILIYE AHAIOTIYHMN  MOKa3HHK
MOBITPsI, IO POOMTH LEl ra3 eQeKTUBHINM 3a
Oynb-sKe iHTITE raszomnoioHe 130T HiHEe

cepeloBHINE. 3aBISKH ITLOMY CTa€ MOYKJIMBUM

MPOCKTYBaHHS  KOMIAKTHHX, TEPMETHYHUX 1
BHCOKOHAIHHUX PO3MOMITEYNX TIPUCTPOIB,
OpUAATHUX  JUIS  eKCIUTyaTtamii B yMoBax
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00MEXEHOTO MPOCTOPY Ta IiJBHICHUX BUMOT JIO
CTIMKOCTI JOBKIJLIA.

IToctanoBka mnpobsemu. Ha  cporommi
rekcaTopux  Cipku HE Mae  EKOHOMIYHO
0OTPYHTOBaHUX Ta eHeproeeKTUBHUX

anpTepHATUB IS OONAJHAHHS, IO TPAIIoE 3
Hanpyroto moHany 52 kB. Came Tomy SFs
3aITUIIIAETHCS HE3aMiHHUM y cUCTeMax
repefaBaHHs — CIEKTPOSHEeprii, Je  ocoOIuBO
BOXJIMBAMH € HOTO BHHSATKOBI BJIACTUBOCTI 3
TaciHHA EJEeKTPUYHOI Jyrd Ta 3a0e3MeUYCHHS
Oe3ImepepBHOCTI CHEPTOMOCTaYaHHS.

Bognowac SFs € moTy)XHUM TapHUKOBUM
ra3oM i3 HaJ3BHYailHO BUCOKHM IIOTCHIIIAJIOM
I00aaBHOrO MOTeIUIiHEA. Yepes TpuBajIui nepion
nepeOyBanHs B arMochepi (mpudausuo 3200 pokiB)
HaBiTh He3HauHi BUKUIU SFe, K MHHYII, Tak i
MalOyTHI, CIPUYUHSIOTH HOTO HAKONWYCHHS Ta
MOCTYIIOBE 3POCTAaHHS KOHIICHTpaIlil B aTMocdepi.
Y 3B’SM3ky 3 UM UYHMHHE  €BPOIEUCHKE
3aKOHOAABCTBO I0A0 (TopBMicHUX TaziB [1,2]

nependadae  CyTTEBE CKOPOYCHHS  IIOPIYHHX
BUKUAIB SFs 3 EIEKTpUYHUX PO3MOALTHUNX
YCTaHOBOK, HaBiTh TIONPH BXE  JIOCSTHYTI

PE3YJIBTaTH 3aB/ISIKH TATY3¢BUM iHII[IaTHBAM.

MeTo10 po6OTH € XapaKTEPUCTUKA OCHOBHUX
mxepen emicii SFs. Takoxk po3rasHyTO TEXHIYHI
MOJKJIIMBOCTI 3HW)KCHHSI BUKUIIB SFs — K TIIIXOM
YIOCKOHAJICHHS KOHCTPYKIII  pPO3MOAUTHUUX
MIPUCTPOIB, TaK 1 3aBIJKH BIPOBAIKEHHIO OLTBITI
e()eKTUBHUX METOJIiB KOHTPOJIO 32 MOBOPKCHHSIM
13 ra30M Ha eranax BUPOOHHUIITBA Ta BUIPOOYBaHb
oOamHaHHS.

PesynbTatn  gocaimkennsa.  [noGambHUI
panmianiiiHM#i ~ BIUIMB,  COPUYMHEHWE  ycima
¢bropoBanmmm Taszamu (F-razamm), CTaHOBHTH

npubmuzHo 12,5% BIIMBY BCiX TEXHOTEHHHX
MapHUKOBHX Ta3iB, Brmoyatoun CO,, CHs Ta N>O.
Brnu rmo6ansHOro morterutinHsg F-ra3iB Bce e
TIOMIHY€ B 030HOPYHHIBHUX rasax, Takux sk CFC,
HC14 Ta CC14.

Hapa3i Buecok SFs cranosuts 0,15% Bin
3arajjbHOTO TJI00ANBHOTO pAaMialliifHOTO BILIUBY
BCiX TIAPHUKOBUX Ta3iB, 3 TCHACHINEI JO
spoctaHHsA. Moro arMoc(epHa KOHIEHTpAILis
MTOCTIHHO KOHTPOJIOETHCS B KUTBKOX MICITIX CBITY,
1 mpotiec T700aIbHOTO PO3MOALTY 100pe BUBYCHHUH.
SF¢ mBUAKO MOIIUPIOETHCS MO BChOMY cBiTy. Yac
3MIITYBaHHS MDK IBHIYHOIO Ta TIBICHHOIO
MiBKYJISIMH CTaHOBHUTH Bifl 1 0 1,5 pokiBs [3]. Takum
YUHOM, JIOKaJbHI BUKUAM SF6 po3mofminstoTbes B
MeXax IbOTO TEepioay Yacy MO BChbOMY CBITY Ta
BHABIISIOTHCS SIK rJ100aIbHO 3pocTaroya
KOHIIEHTpAIlisl B aTMOChepi.

TexHIYHI MOXKIUBOCTI 3HMKEHHS BUKUIIB SFe
ICHYIOTh SIK IIJISXOM YIOCKOHAJICHHS KOHCTPYKIIii
pO3MOMUIFYMX ~ TPHUCTPOIB, TakK 1  3aBIIKH
BIIPOBA/DKCHHIO  OlIbII  €EeKTUBHUX METOIB
KOHTPOJIIO 32 TOBO/DKEHHSM 13 Ta3oM Ha eTamax
BHPOOHHMIITBA Ta BUIPOOYBAaHb 00JIa THAHHS.

PamkoBa konBeHtiss Opranizamii O0'eqHaHUX
Hamiit npo 3miny kiimary (PK3K OOH) 30upae
JlaHl PO 1HBEHTApH3AIlil0 Ta BUKUAN F-TasziB 3 42
KpaiH cBiTy. 3aranpHuii oocsar piunux BukuaiB SF6
13 CEKTOpa CNIEKTPUYHUX PO3MOAUIEYNX HMPUCTPOIB
BKJIFOYAETHCS IO 3arajlbHOTO 00’ €My MapHUKOBUX
rasiB.

3rigHo 3 manumu npo Bukugu B EDGAR,
eJICKTPOOOIaTHAHHS, 10 BHUKOPHUCTOBYE SF6,
cTaHOBUTH 58%  ycix TI00ATBPHUX  BUKHIIB
(po3paxynok 2008 poky). Buau mxepen, 3i0pani B
PI3HHX CEKTOpaX, BiIpPI3HAIOTHCS 3aJEKHO BiJ
KpaiHM Ta 3ajexaTh BiJ MICIEBUX Traimy3ei
MIPOMUCIIOBOCTI, SIKi BHKOPUCTOBYIOTh SFe mms
pi3HUX 1inei.

[Ipomuciose BUPOOHHUIITBO CydJacHHX
PO3MOAUTFYNX TIPUCTPOIB MOETHYE BUIPOOYBAHHS
HAa TEPMETHYHICTh Ta 3amoBHEHHS Tra3oM SFg.
[Ipomec TOBHICTIO aBTOMATHYHHWA 1 BUKIIOYAE
MOXJIHMBICTH po0oTH 3 SF¢ 10  yCHIIIHOrO
MIPOXO/PKEHHST BUIPOOYBaHHS Ha TEPMETUYHICTb.
Jdns  TUIOBOi  Ta30pO3MOAUIBHOI  CTaHLil 3
TpyOOIIpOBOAaMH XapaKTEPHUM € OCHAIIECHHS
CHCTEMOIO, sKa CIOYaTKy BigKadye TOBITPS
BCEPEAMHI PO3MOILTBYOTO MPUCTPOIO Ta 3ATIOBHIOE
Horo remieM, TMOTIM BigKadye Teid i, HapemITi,
3aIIOBHIOE PO3MOAUILYHN TMPHUCTPIHi HEOOXiTHOIO
KiTbKicTiO Ta3y SFe.

3'eqHyBaJIbHI TPYOH CKIaNaroThes 31 3BApHUX
3'eHaHb Ta MEPEXOiB I 3MEHIICHHS My(]T Ta
¢GiTHHTIB, sKi MalOTh TOTCHUIHHY HMOBIPHICTb
BUTOKY. PO3MOJiNBGHUIA TNpHCTPIH 3aIHMIIa€ThCS
M JKITIOYeHUM IO CUCTEMH 3aIllOBHEHHS MPOTATOM
YChOTO MHKJIY BHUIPOOYBaHh 1 aBTOMATHYHO
Bim'enHyeThes B KiHI. [lepen Bim'eqHanHsM TpyO
SFe, mo 3anumuBcs B TpyOax, 30upaeThcs Ta
MOBTOPHO BUKOPHUCTOBYETHCS JJISI HACTYHMHOTO
3amoBHeHHS. PoGora 3 SFe¢ _ mpaktmuHO 03
BUKH/IB.

CHidep — aHamizaTop, YyTIUBHHA OO €lerasy,
PO3MIITY€ETHCS TTOOH3Y PO3IMOMIBYOTO IPUCTPOIO
3 eJIera3oM Ta MOBUIBHO MEPEMIIIy€eThCS MO HOro

MOBEPXHi, 30KpeMa 1o Bcix Qumanmax.. s
T ITBEPKCHHS TEPMETHYHOCTI BEITUKHUX
BHUCOKOBOJIBTHUX PO3MOAITEYUX MIPHUCTPOIB

BUKOPHUCTOBYETHCSA METOJ CHiepa.

[lopigaMii MOHITOPHHT, IO TPOBOIAUTHCS B
pamKax n1oO0pOBITEHUX 3000B's13aHb BUPOOHHKIB Ta
KOPUCTYBauiB PO3MOAUIFYUX HPUCTPOIB, TOBOAUTH
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noctiiine ckopoueHHs BukuaiB SFe. [Ipo mocriline
ckopoueHHsT BUKHIIB SF¢ Bim elekTpuuHUX
PO3IMOAUIBYNX TPUCTPOIB TAKOXK IMOBITOMIISIOTH
Taki Kpainu, sk Himeuunna, ®panuist Ta Hopseris,
1 me mae OyTH MJOUIIBHUM VY JOBTOCTPOKOBIM
TIePCIEKTHBI JIJIs1 KOYKHOI KpaiH! CBITY.

[Ipotsirom Garateox pokiB SF6 OyB kpammm

JEIeKTPUIHUM CepeIOBHILEM B
EJIEKTPOCHEPIreTUYHUX CHUCTEMax, OCOOJIIMBO Yy
BHCOKOBOJIbTHOMY  €JIETa30BOMY  OOJIaJHaHHI.

Opnak, ycBigommoroun, mo SF6 Mae Haa3BUYaiHO
TOBTMIA TEpMiH JKUTTI B arMmocdepi Ta myxe
BHUCOKHH IIOTEHIia] TI7100aJbHOr0 IOTEIUTIHHS,
ypsSiiM  TparHyJdW CKOPOYCHHS BHKHJIB  BiJ
ra3oHamnoBHEHOro ooOnagHanHs. Ha »xanb, came Ti
BJIACTHBOCTI, sKi poOmste SF6  imeanbHUM
130JIAIIIIHAM Ta30M, a caMe XiMiyHa 1HEpPTHICTb, €
TAMU K BIACTHBOCTSAMH, SKi poOIsITH #Oro
HaJ[3BUYAHHO JOBTOBIYHUM B aTMOCdepi.

Enexrpoenepreruuna MTPOMUCIIOBICTh
BigpearyBaja Ha L0 EKOJOTiuyHy mpoliemy,
3aCTOCOBYIOUM TexHojorii 6e3 SF6 mo mmpmroro
KoJia 3aCTOCYBaHb, Ie TpaTUITIHO
BUKOpUCTOBYBaBcsi SF6, BKIO4alo4yM eJera3osi
pPO3MOJiIBYI MPUCTPOi, €Iera3oBi aBTOMATHYHI
BUMHKAYi Ta eJIeTa30Bi JIiHiT a00 muHu. J{esdKi 3 mux
pitenb 06e3SF6 BKIIOYAOTh Ta30Bi CyMimli, IO
MICTSTh (PTOpOBaHi CHOJYKH, SIKi MalOTh HU3BKHUI
BIUIMB Ha KIIMaT, cepel HUX (TOPHITPUI Ta
(bTopkeToH, po3pobIIeHi AK 130N ra3 3M™
Novec™ 4710 Tta i3omsauiiiauii raz 3M™ Novec™
5110 BignosimHo. Sk QropHITPUIBHI, TaK 1
(hTOpKETOHOBI cyminri YCIIIITHO
BUKOPHCTOBYIOThCSI B €JIETa30BOMY OOJIaHAHHI,
SKe 3apa3 TpaIioe B EICKTPOMEPEXKi, JI¢ BOHH
3MEHIYIOTh BHKUIH MTAPHUKOBUX Ta3iB OLIBII HixX
Ha 99% nopisusiHO 3 SF6.

BusHauenHs xuTTe3naTHUX anbTepHaTHB SFO
YCKJIaTHIOETHCS YHIKQIbHUM MTO€THAHHAM
BJIACTUBOCTEH, HEOOXITHMX I TiCICKTPHIHUX
3acTocyBaHb. Tomy, Oynb-ska 3amiHa SFs sx
130JIAIIHHOTO Ta3y TOBMHHA HESBHO MAaTH TICBHY
dbopMy peakIiiiHOi 374aTHOCTi, 1100 CHpPUATH
PO3KIJIaAaHHIO B aTMOC]epi Ta o0IaTh EKOJIOT1uH1
npobiaemu. Marepianu TakoX MOBHHHI OyTH
HETOPIOYMMH Ta JOCTAaTHHO HHU3BKOTOKCHYHHIMH,
o6 3a06e3neuuTr Oe3rneyHe MOBOKEHHS 3 HUMH 3
BUKOPHUCTAHHSAM METOJIB, MOAIOHUX 10 TUX, IIO
3apa3 BHUKOPHCTOBYIOTBCS B  IPOMHCIIOBOCTI.
AnpTepHATHBH, OC3YMOBHO, TOBHHHI MaTH IYXKe
BHCOKY Ji€JIeKTPHUYHY MIilHICTh, 3a0e3neuyoun
XapaKTePUCTUKH, MaKCHUMaJIbHO HaOmmkeHi 10 SFe.
OcCKinbKM Tra30HAllOBHEHE OOJafHaHHA Oyne
BUKOPHCTOBYBATHCS B PI3HHX YMOBaX, Marepiayu

MOBUHHI ~ 3aJIUIIATUCS  Ta30MOAIOHMMU  BUIIE
OUIKyBaHUX POOOYMX TEMIIEPATYP IUX CUCTEM.

JlieexTpudHEe CepeIOBUINE TaKOX Mae OyTH
CTaOUIBHUM TPOTSATOM TEPMiHY CIYKOM LIBOTO
obnmagHaHHA, HE CIPHUAIOYNM KOPO3il YM 1HIITHUM
HETaTHBHUM BIUTHBaM Ha MIPUCTPIH.
Haiironosmnirue, o6 OyTH CTaJIUMHU
albTepHATHBAMH, HOBI CIOJYKH TIOBUHHI MaTu
MPUIHATHI KOMOIHAIIIT €KOJIOTIYHUX BJIACTHBOCTEH,
BKJIIOYAIOYH BiJICYTHICTh MOTEHIially pyHHYBaHHS
030HOBOTO 1Py Ta 3HAYHE 3MCHINCHHS BUKH/IIB
MapHUKOBUX Ta3iB BiJl IIHX 3aCTOCYBaHb ITOPIBHSIHO
3 SFs¢ , OCKITBKH II€ € OCHOBHOIO NPHYHHOIO
MepPexo/ Iy Ha HOBi TEXHOJIOTII.

B pe3yibTaTi, eJIEKTPOCHEePreTHYHA
MIPOMHMCIIOBICTS TIOYaJia BIPOBAPKYBATH Ta30Bi
CyMIllli HA OCHOBI LIMX CIONYK SIK AJIbTEPHATHUBY
SF6 mnporarom OCTaHHIX KUTBKOX PpOKiB [5].
OTopHiTpi Ta  (QTOPKETOH  BHU3HAHI B
EJICKTPOCHEPT € TUYHI i MIPOMUCIIOBOCTI SIK
Bomauinanii raz 3M™  Novec™ 4710 Ta
13omsmiitani ra3 3M™ Novec™ 5110 BiamoBigHO
[4]. ¥V nesxux myOmikamisx iX HasuBaroTh C4-FN
abo C5-FK, ab6o HaBith mpocto C4 abo C5..

BractuBocTi  4uMCTHX  130JAIIMHUX Ta3iB
Novec. Bomsamiitai Ta3m Novec IEeMOHCTPYIOTH
KiTbKa (Di3UYHUX BJIACTUBOCTEH, moaiOHux 1o SFs.
Bonu € BUCOKOQTOPOBaHUMHY, HETOPIOYMMHU Ta3aMU
BHCOKO{ IIUTPHOCTI 3 HAA3BUYAHO HHU3IBKUMU
TEeMIeparypaMl  3aMep3aHHS Ta  YyJOBHMH
JUETeKTPUYHUMHU  BIacTUBOCTAMU. [lpm  Oynab-
SKOMY 3aJaHOMy THCKYy 4YHucTi rasum Novec
JEMOHCTPYIOTh HANPYTY TIENEKTPUIHOTO TPOOOIO,
ska nepeBunnye Hampyry SFe, sk mokasaHo Ha
pucynky [4]. Bumiproerscsi 3a JZOHOMOIOIO
nmapayieTbHUX JUCKOBUX CIIEKTPOMIB i3 3a30poM 2,5
MM.

a3 Novec 4710
35 |  emmra3 Novec 5110 |
ras CF6 ]

Hanpyra npoboso pienexrpina (kB)

0 20 40 60 80 100 120 140 160
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Puc. Hanpyra pienekTpudHoro npo6oro YUCTHX ra3iB

YucneHHi cuCTEMH, IO BUKOPUCTOBYIOTh
raszoBi cyminrti Novec, Hapa3si MpaIoTh Y MEPEXi,
Bkitovatoun ycranoBku GIS, GCB rta GIL. Li
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cucteMu Oynmu po3poOieHi Juisi 3a0e3nedeHHs
MPOYKTUBHOCTI, TIOPIBHAHHOI 3 aHAJIOTIYHUM
obnmagaanasaMm SF6 [5,6].

HonatkoBi  MipKyBaHHS TOBMHHI  OYyTH
3aCTOCOBAaHUMH IIiJ] Yac pOOOTH 3 Oyab-AKUM
MIKIJUTMBAM Ta30M TICIIi BUHHUKHEHHS TyTrOBOTO
ropiHHA. Y pa3i eNeKTpUYHOi Oyru B 0OJaTHaHHI,
mo wmictutb SF¢ , MOXYTh yTBOpIOBAaTHCS
BHCOKOTOKCHYHI MOOIYHI MPOAYKTH PO3KJIAJIaHHS,
taki sik HF, S2F10 ta SO2. Li mo0iyHi MpoIyKTH €
nye HeOe3eYHUMH Ta CTaHOBJIATH MOTEHIIHHUIMA
PU3UK TOKCHUYHOCTI JJISi THX, XTO 3a3HA€ BIUTUBY.
3aJIe)XHO Bl XapakTepy IyTroBOTO TOPIHHS, T'a30Bi
cyMmim Novec TakoK MOXYTh 3a3HaBaTU MEBHOTO
CTYTICHS pO3KJIaaHHs. Hagitp AKIIIO
BHUITPOOYBaHHS ITOKA3aJIH, 10 AYTOB1 ra30Bi CyMiIIIi
Novec MOXyTh OyTH MEHII HeOe3NEeYHHUMH, HIXK
nyrosi cymimi SFs [4]., i BXKUBaTH aHATOTIYHUX
3aMoODKHUX 3aXOiB IMiJ 4ac poOOTH 3 TaKUMHU
ra3oBUMH cyMimiamu. [IpaniBHUKH, SKi BUKOHYIOTb
poLesypH TEXHIYHOTO 00CITyrOByBaHHS
ENIEKTPUYHNAX BUMHKAUiB, III0 MICTATH TyTOracHUMN
eneras, TIOBMHHI BHUKOPHUCTOBYBATH HAaJICXKHI
NpoLeNypH TOBODKEHHS Ta HOCHTH 3acOo0H
1HAMBITYaNbHOTO 3aXUCTY.

BucHoBKkH. SF¢ B €EKTPUIHUX PO3MOIUITHEINX
npuctposix  ctanoButs  MeHme  0,15%  Bix
3arajJpHOrO TJI00ANBHOTO pazialiifHOrO BIUIMBY
BCIX IMApHUKOBHX Ta3iB, MPOTE CIOCTEPITacThCs
TEHICHITIS IO 3POCTaHHSA. 3HAIOYHM PO BUCOKUH
MOTEHIia] TAPHUKOBOTO MOTEILTIHHS Ta TPUBAIUM
TepMmid kUTTS SF¢ B arMocdepi, e€Bponenchbkuii
CEKTOp EJEKTPOTECXHIYHOI IPOMHUCIIOBOCTI B)KHB
PI3HOMaHITHUX 3aXOJiB JUIA 3MCHIICHHS BUKHIIB
SFs. Buxumu SFs Oynm MiHIMi30BaHI MpOTIrom
YCBOTO )KHTTEBOTO IIUKITY PO3NOIIIBUNX MIPUCTPOIB
BHCOKOI Ta CepeAHbOI HAIIPYTH 3aBISKH MEPEIOBUM
NpakTUKaM IPOMHUCIOBOTO MPOEKTYBaHHS Ta
MPOLEAYP MOBOKEHHSI.

T'a3z0Bi cywimr, MO MICTATE (TOPKETOH abo
¢dropHiTpun, BonsmiiiHmic ra3 Novec™ 5110 Ta
pBomsauiani  raz Novec™ 4710 BianoBigHO,
BIIPOBAIKYIOTHCSA SIK abTEPHATUBU SFe 3 HUZBKUM
BIUTMBOM Ha KJiMaT. [Ipr BUKOpHUCTaHHI ITiJ] BUIIUM
TUCKOM 1IIi Ta30Bi CyMilll MOXYTh 3a0€3MEeYUTH
TieJIeKTPUIHI XapaKTEPUCTHKH, TIOpiBHAHHI 3 SFey
BHCOKOBOJIBTHHX cHcTeMax. besmeka rasiB Novec
Oyna oLliHEHa 3a JIOTIOMOT'OF0 cepii
TOKCHKOJIOTIYHUX JTOCIIKEHbB, SKi IEMOHCTPYIOTh,
mo mpodimi HEOE3MEeKHW Ta30BUX CYMIIIeH, IIIo
MICTSITB 1Ii MaTepiaii, Oe3MeuHi A7l BUKOPUCTaHHS
B ra30HAIIOBHEHOMY OOJIaIHAHHI

JitTepatypa
Pernament €Bpomneiicbkoro Ilapmamenty i Pamm
(€C) Ne 517/2014 Big 16 kBiTHa 2014 poxy mpo
¢ropoBani  mapHUKOBi raszu. JJoxkyment 984 031-
14. URL:https://zakon.rada.gov.ua/laws/show/
984 031-14#Text
KoedimieHT BUKUIIB MAPHUKOBHX Ta3iB I
BUPOOHHUIITBA Ta CHOXKHBAaHHS EJIEKTPOCHEPTil
AHaniTH4He JIOCITDKCHHS Ta 01179
METONOJOTIYHOTO  MIAXOAY JO  PO3PaxyHKY.
URL:https://gto.dixigroup.org/assets/images/files/
DiXi_GTO _Electricity Grid EF.pdf
Kieftfel, Y., Biquez, F., Vigouroux, D.; Ponchon,
P.,Schlernitzauer, A.; Magous, R., Cros, G., Owens,
J.  Characteristics of g—An alternative to
SFs. CIRED Open Access Proc. J. 2017, 1, 54-57
Owens J., Xiao A., Bonk J., DeLorme M., Zhang
A. Recent Development of Alternative Gases to
SF6for High Voltage Electrical Power Applications
2020 IEEE International Conference on High
Voltage Engineering and Application (ICHVE),
Beijing, China, 6—10 September 2020, 1-4.
Stoller, P., Hengstler, J., Doiron, C.; Scheel, S.,
Simka, P., Miiller, P. Environmental Aspects of High
Voltage Gas Insulated Switchgear That Uses Alternatives
to SFfs and Monitoring and Long-Term Performance of a
Pilot Installation; Cigré: Paris, France, 2018; Paper
D1-202.
Laruelle, E.; Maksoud, L.; Kieffel, Y.; Liischer, R.;
Ficheux, A. SFs Alternative—What to Learn from the
High Voltage Experience; Cigré: Madrid, Spain, 2019;
Paper 0028.

References

Rehlament Yevropeys'koho Parlamentu i Rady
(YES) Ne 517/2014 vid 16 kvitnya 2014 roku pro
ftorovani parnykovi hazy. Dokument 984 03114.
URL:https://zakon.rada.gov.ua/laws/show/984 03
1-14#Text

Koefitsiyent vykydiv parnykovykh haziv dlya
vyrobnytstva ta spozhyvannya elektroenerhiyi
Analitychne doslidzhennya ta opys
metodolohichnoho pidkhodu do rozrakhunku.
URL:https://gto.dixigroup.org/assets/images/files/
DiXi GTO_ Electricity Grid EF.pdf

Kieffel, Y., Biquez, F., Vigouroux, D.; Ponchon,
P.,Schlernitzauer, A.; Magous, R., Cros, G., Owens,
J. Characteristics of g3—An alternative to
SF6. CIRED Open Access Proc. J. 2017, 1, 54-57
4. Owens J., Xiao A., BonkJ., DeLorme M.,
Zhang A. Recent Development of Alternative Gases
to  SF6for High  Voltage Electrical Power
Applications 2020 IEEE International Conference
on High Voltage Engineering and Application
(ICHVE), Beijing, China, 6—10 September 2020,
1-4.

Stoller, P., Hengstler, J., Doiron, C.; Scheel, S.,
Simka, P., Miiller, P. Environmental Aspects of
High Voltage Gas Insulated Switchgear That Uses
Alternatives to SFf6 and Monitoring and Long-



80 BICHW/K CXIOHOYKPATHCbKOIO HALLIOHANBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 9 (295) 2025

Term Performance of a Pilot Installation; Cigré:
Paris, France, 2018; Paper D1-202.

6. Laruelle, E.; Maksoud, L.; Kieffel, Y.; Liischer, R.;
Ficheux, A. SF6 Alternative — What to Learn from
the High Voltage Experience; Cigré: Madrid, Spain,
2019; Paper 0028.

Filimonenko N.M., Filimonenko K.V. Dielectric
environment in high-voltage equipment.

The article is devoted to the analysis of modern
alternatives to SF6 in high-voltage equipment of power
systems, with a focus on their electrical performance,
safety, and environmental efficiency.

For a long time, SF6 has remained the primary
dielectric medium in high-voltage power system
equipment. However, considering its extremely long
atmospheric lifetime and high global warming potential,
governments have focused efforts on reducing emissions
of this gas. In response, the industry has begun
implementing SF6-free technologies in traditional
applications, including switchgear, circuit breakers, and
high-voltage lines or busbars.

SF6 is an inert and non-toxic gas that is of great
importance for electrical switchgear used for the
distribution and transmission of electricity worldwide.
This equipment is placed at network nodes to interrupt
short-circuit currents as soon as they occur. SF6 is a
voltage-insulating gas that has three times better
insulating properties than air, better than any other gas.
1t therefore allows the design of small, enclosed and gas-
tight switchgear with a small footprint, which has
recognized —advantages in  harsh  environmental

conditions and with limited space, such as in wind
towers. SF6 currently has no cost-effective and energy-
efficient alternative for switchgear above 52 kV, i.e. for
use in the transmission network, where it is used due to
its excellent current-interrupting capabilities.

Among the SF6-free solutions, gas mixtures based
on fluorinated compounds with low climate impact stand
out, particularly fluoro-nitrile (3M™ Novec™4710) and

fluoro-ketone (3IM™ Novec™ 5110). The use of these

mixtures in gas-insulated equipment allows for a
reduction of greenhouse gas emissions by more than 99%
compared to SF6, while maintaining high electrical and
operational performance. The article presents the key
components of alternative gas mixtures and provides
updated data on their performance, safety, and
environmental effectiveness in modern power systems.

Keywords:  high-voltage  equipment;,  sulfur
hexafluoride; SF6; insulation, dielectric medium; SF6
gas alternative; fluoroketone; fluoronitrile.
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IHTEJIEKTYAJIBHI METOJIH ITPOI'HO3YBAHHA BI/IMOB CHJIOBOI'O
EJEKTPOTEXHIYHOI'O OBJJATHAHHSA HA OCHOBI BA'ATOPIBHEBHUX
OUP®POBUX JABIMHUKIB

IBeTrkor O.B.

INTELLIGENT METHODS FOR PREDICTING FAILURES OF POWER
ELECTROTECHNICAL EQUIPMENT BASED ON MULTILEVEL DIGITAL TWINS

Tsvietkov O.V.

Cmamms  Odocnidocye — NumaumHs  BUKOPUCAHHS
iHmenekmyaipbHux — nioxooi@ 00 nepeodauenns
HeCnpasHocmeti  CUl08020  eleKmpooONAOHaANHS 3

BUKOPUCTMAHHAM OA2amOopiGHesUx Yu@posux O0GIUHUKIE,

KD iHmezpyiomsb  izuune MOOen08aHHS, MEXHOA02I

MAUUHHO20 HAGYAHHSL A AHAL3 GENUKUX MACUBIE OAHUX
3 Memow niOGUWeHHsI HAOIIHOCMI (DYHKYIOHY8AHHS
enepeemuunux mepedic. [ocniodxcenns cnpamoeane Ha
PO3pOOKY ma  eKchepuMeHmanbhe NiOmeepONtCeHHs.
KOMAAEKCHOT yug@poeoi modeni, wjo cunmesye physics-
informed mamemamuyuni piGHAHHS 3 IHMELEKMYATbHUMU
AneOpUMMAamMy 2TUOUHHO20 HABHUAHHA OASl OOCACHEHMS.
UWOI  MOYHOCMI  NPOSHO3Y8AHHSI  3ANUUKOBO2O
eKCnyamayituHo20 pecypcy ma MiHimMizayii Kitbkocmi
MEXHIYHUX HECIPAGHOCMEU Y MPAHCHOpMamopHomy
0071A0HAHHT  MA  ACUHXPOHHUX  e1eKMPOOBUSYHAX.
Memooonoeiuna ocrnosa 00CaiOJNCeHH OA3YEMbCA HA
Gopmysanni bazamowiapogoi apximekmypu yugposoeo

OBIUIHUKA, WO OXONTIOE: CEHCOPHULL DIGeHb azpezayil

OaHux, pisens @izuunozo MOOENO8AHHS
eeKMPOMASHIMHUX, MEPMIYHUX A MEXAHIYHUX ABULY,
aHamimuyHull  pigeHb  3ACMOCY8AHHA  ANCOPUNMIG
MAWUHHO20 — HAGUAHHA — MA  pIBeHb  NPULHAMMSL
VAPABAIHCOKUX — pilleHb 13 3QNVYeHHAM  eleMeHmis
Heyimkoi  102iKu. 3006ymi  nayxoei pezyrbmamu
3aCI0UUNU, WO 3ACOCYBAHNA 2IOPUOHOT MOdeni Modice
dozeonumu docsaemu SHUIICEHHS
cepednboKeaopamuyHo2o gioxuienus noxubox RMSE oo
piens 0,031, ckopouenns MAPE 0o 2,8 % ma spocmanns
koegiyiecuma Fl-score do 0,93, wo 3nauno nepesaicae
Ppe3yIbmamugHicme KAACUHHUX diazHoCmuyHUX
Memoouk. Bemanoeneno susnavanvhull 6naue nosHomu

ceHcopHOI inhopmayii ma nepioduunocmi axmyanizayii

Mooenell Ha NPOSHOCMUYHY MOYHICMb, ad MAKOIC
niomeepoiceHo CNPOMOIICHICTD cucmemu 00
asmomamuynoi adanmayii npu eapiayii pescumie
HABAHMANCEHHSL. Cmeopena apximekmypa

NPOOEMOHCMPYBANA pe3UCmeHmuicms 00 Oe@iyumy
0anux i 8UCOKULL PiBeHb Y3A2aNbHI08ATLHOI 30amMHOCMI
(CV < 0,06). Ilpuxnaone 3HaueHHs OOCHIONCEHHS
BUSIBTIAEMBCA Y CKOPOUeHHT asapitinux 3ynunok Ha 30-40
%, onmumizayii  excnayamayiiHux — eumpam i
mpancgopmayii 00 pusuk-opienmosanoi cmpameeii
Kepy8aHHs mexHiunum cmanom obraouanus. Hanpsamu
nOOATLULUX HAYKOBUX HOWLyKi6 BKIIOYAIOMD
CMAaHOApmu3ayilo MexHoN02I Yu@dposux OGILHUKIE,
po3sumok memooie explainable Al ma eénposaodoicenns
bazoeux cucmem Kibepbesneku 01 HPOMUCTIOBUX
yupposux nramgopm H08020 NOKONIHHSL.

Knrouosi cnosea: yupposuii 06itinuk, iHmenexmyaivhe

NpPOCHO3)YBAHHA, MAUUHHE HABYAHHA, 361]1141/!/!7('061411
pecypc,  mexuiuna  OiaeHOCMUKA,  eHepeemuyne
0b6a0HanHs.

Beryn. ITorouna ¢aza €BOJIIOLIT
EHEPreTHYHOTO CEKTOpy BU3HAYAETHCS

MaciiTabHow 1u(PoBOIO TpaHcHOpMALIE Ta
3MIIIEHHSM TTapaJIuTMH BiJl KOHBCHIIITHUX METOIiB
eKCIUTyaTallii /0 IHTENCKTyali30BaHUX CHCTEM
VOpaBIiHHASL, M0  Pealli3yioTh  HEMepepBHUI
MOHITOPDHUHI,  aHaJiTHYHe  OOpOoOJIeHHs  Ta
MPOTHOCTHYHE MOJICIOBAHHS TEXHIYHOTO CTaHy
00'exTiB €HEPTreTUIHOL 1H)PACTPYKTYPH.
IaTencudikariss  HaBaHTaA)XEHb  HAa  CHJIOBE
CJCKTPOTEXHIYHE  OOJIaJIHAHHS,  YCKJIAQJHCHHS
apxiTeKTypd  CHEProcMCTeM 1  IMiJIBUIICHHS
KpUTEpPiiB HAMIMHOCTI aKTyali3yloTh MOTpedy y
BIIPOBA/DKCHHI 1HHOBAI[IHHUX METOJIB TEXHIYHOT
JIIaTHOCTHKH Ta 00CITyrOBYBaHHS, M0 IPYHTYIOThCS
HAa  KOHIEMHMiI  IU(pPOBUX NBIITHUKIB Ta
IHTETICKTyIbHAX ~ aITOPUTMAax  IepeaOadcHHs
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aBapiiiHuX cTaHiB [9]. 3acTocyBaHHS BipTyalbHUX
penpeseHTaltiii Hi3uuHuX 00'€EKTIB YMOKIIHBIIIOE HE
TUTBKH CUMYJIAIIIO (i3UKO-TEXHIYHUX IPOIIECiB, a
i no0yJI0By MPETUKATUBHOL MoJeni
eKCIUTyaTaIiifHOl TTOBEMIHKN ¥ PEXUMI PEaTbHOTO
gacy depes IHTerparliio MOTOKIB CCHCOPHUX JTaHUX,
MOJIeTICli MAaITMHHOTO HaBYaHHS Ta aHAJTITHYHUX
omuciB  MexaHi3MmiB  gerpapmarii. [IpakTudna
3HAYYIIICTH JTOCITDKEHHS BHU3HAYAETHCA
HEOOXiAHICTIO po3po0iieHHS aJanTHBHUX
CaMOHaBYAJILHUX  CHCTEM, OpIEHTOBAaHMX  Ha
3a0e3medeHHs] CTaOUTRHOCTI E€HEepromocTadyaHHs,
PEIYKITit0 TI03AIUTAHOBUX MPOCTOIB Ta ONTHUMI3AIIII0
XKHUTTEBOTO LUKITY €NEKTPOTEXHIYHUX aKTHBIB.
AHaji3 HayKOBUX ITyOJKaIlii IEeMOHCTPYE
IHTEHCHUBHE JOCHTIDKEHHS CHHEPrii TEeXHOJIOTIH
UUQPOBUX NBIHHHUKIB Ta IITYYHOTO IHTENEKTY Yy
KOHTEKCTI TEXHIYHO]T 1arHOCTHKH "
MIPOTHOCTHUYHOTO OOCITYroByBaHHs. JlocCimimKeHHS
[2], [7] cucTeMaTH3YIOTh apXiTEKTYpHi KOHLEMLi
¢dopmyBaHHA U(PPOBUX ABIMHUKIB €HEPreTUYHUX
CHUCTEM, JI¢ IHTerparlist MojaeaeH Gi3HUHUX SBHUII 3

QITOPUTMAMH  MAIIMHHOTO HABYAHHS  CIIPUSE
MiABULICHHIO  JOCTOBIPHOCTI  MPOTHO3YBaHHS
TexHiuHMX aHomaumid. [locmimauku [11], [13]
O0OTPYHTOBYIOTH e(eKTUBHICTh TTHOOKHUX
HEHPOHHUX apxiTeKTyp (CNN, LSTM,
Autoencoder) s imeHTH]iKaIlii JTATCHTHUX
nedeKTiB Ta OITiHIOBaHHS 3JIMIITKOBOTO

ekcruryatariitaoro pecypcy (RUL). Iparti [4] Ta [6]
UTIOCTPYIOTh ~ PE3YJIBTATUBHICTD  iMIUIEeMEHTAamii
nupoBUX NBIMHUKIB Y CHCTEMH CHEPTETHYHOTO
MEHEIDKMEHTY, ToAl K [5] i [8] HarosomryoTh Ha
nouinbHocTi  ribpummzamii  physics-informed
MiAXOJiB 3 METOAAMH TMOSICHIOBATBHOTO IITYYHOTO
THTETIeKTy. Y3arajibHEHHs HAYKOBOTO JHCKYPCY
MiATBEPIIKYE KOHCOJIIZIOBaHY TEHICHIIIIO
TpaHchopmanii  BiZ ~ peaKTUBHHX  CTpaTerii
TEXHIYHOTO OOCIYTOBYBaHHSI 1O IIPEBEHTHBHO-
MPEUKATUBHUX CHCTEM, 3JaTHUX TapaHTyBaTH
orepariiay CTIHKICTh CHePreTUYHOL
1HGPACTPYKTYPH.

Merto10 cTaTTi € JOCTIHKEHAS 0COOIUBOCTEH
¢dopmyBanHs OaratopiBHeBOi LM(POBOi Mozeni
CHJIOBOTO €JIEKTPOTEXHIYHOro O0OJagHaHHS, sKa
noeanye  QizumuHO-iHPOpMOBaHI  mMIXomM  Ta
THTENIEeKTyalIbHI aTOPUTMU MAITHHHOTO HABYAHHS
JUTSL TTiABUIIIEHHS. TOYHOCTI MPOTHO3YBAHHS BiJMOB
1 3aJTUIIIKOBOTO peCypeCy

Bukaan OCHOBHOI0 marepiaiy
HOCJTiGKeHHAA.  ApXiTeKTypa 0aratopiBHEBOTO
ouQpoBoro IBiiiHHKa CUJIOBOTO

eNIEKTPOTEXHIYHOTO 00JIaTHAHHS PO3TILIIAETHCS SIK
KOMIUICKCHa JAMHAMIiYHa CHUCTEMa, L0 TOETHYE
¢i3nyHUl  00’€KT, BipTyaldbHy MaTeMaTHUHY

MOJENb 1 aHANITUYHUHA 1HTENEKTYaIbHUH IIap
VOpaBIiHASA, MK  SKAMH  BCTaHOBIIOETHCS
JIBOCTOPOHHIN OOMIH JaHWUMH B peajbHOMY dYaci,
110 3a0e31euye He JIUIIE iMiTallifo, ajie i afanTuBHE
NPOTHO3YBAaHHSA PO3BUTKY TEXHIYHOTO CTaHY
00’ekra. CrpykTypa OaraTtopiBHEBOi Momemi
BKJIIOYA€ YOTUPHU OCHOBHI PiBHI (PYHKIIOHYBaHHS:
piBeHb NaHHX, piBEHb LU(PPOBOIO MOJCITIOBAHHS,
piBeHb aHANITHKU Ta piBeHb KepyBaHHSA. Ha piBHI
JaHUX 3OIHCHIOETBCS CEHCOPHHH MOHITOPHHT
napamMeTpiB eJeKTPOTEXHIYHOro OONagHaHHS 3a
moniomororo  cucteM SCADA, IoT-By3miB i
BOy/JIOBaHMX  JAaTYHKIB  CTpyMy,  HaIlpyTH,
TeMIeparypH, BiOpauii Ta 4acToTH, ki (OPMYIOThH
OesrepepBHUH MOTIK CUTHATIB X;(?), 10 € BX1THIMH
3MiHHUMU g mudpoBoro aeidiHmka [15]. Lleit
MOTiK 00pOOISAETHCS Y BUMIIAAI MAaTPHULI YaCOBUX
paxiB:

x(2,)

x(t,) (D

x(4) (1)

PR EXOREACS

xm(tl) xm(IZ) Xm(tm)

Jle: m — KUTBKICTh CEHCOPIB;
1 — KUTBKICTh BUMIPIB 32 MMPOMIXKOK dacy.

Jl1s yCyHEHHS IIyMiB 3aCTOCOBYETHCS KOB3HE
cepenae abo ¢ineTp Kanmana, a HopMajizamis
MIPOBOJIUTHCS 32 (OPMYJIOH0:

x,(t) —min(x,) 2)

max(x,) —min(x;) '

x'(t) =

Ha  piBHi  1mudpoBOoro  MOACITIOBAHHS
(hopMyeTbes BipTyansHUl 00pa3 00MaiHaHHS, TKUN
BIZITBOPIOE €IEKTPOMATHITHI, TEIUIOBI Ta MEXaHIYHi
nporecd 3 ypaxyBaHHAM  MarepiajbHUX
XapakTepUCTUK 1 eKCIUTyaTallifHuX pPEXHUMIB.
MarteMaTiyHa MOJENb EIEKTPUYHOI MiACUCTEMHU
BHUpaXe€HA CHCTEMOIO TU(EPEHIIaIbHUX PIBHSHD:

L%H@(me(z):o, (3)

ne: L — IHIyKTUBHICTh 0OMOTOK;

R — axTUBHUH omip;

e(t) — enexTpopylliiHa CUIIa, U0 3aJICKUTh BiJ
30ypeHb Y MEepeKi.

TermoBa miicHCTEMa OMUCYETHCS PIBHIHHAM
terionepenadi [ 14]:
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o7 _

2~ P = RAIT (O =T,),

“4)
ne: C — TeIIOEMHICTB;

Ppam — TOTYXKHICTH BTpAT;

h — xoedillieHT TeTuToBiIIaYi;

A — no1ma OXO0JI0KEHHS;

T.,— TemMnepatypa cepeoBULIA.

MexaHi4HI KOJIMBAHHS CHCTEMH OMHCYIOTHCS
PIBHSIHHSM:

2
ml f+cﬁ+k9:Mm, (5)
t dt ’

ne: M — MOMEHT 1HepITii poTopa;
¢ — KoeQIIIEHT aeMII(pyBaHHS;
k — ®OpPCTKICTh Baly;
Men — enexTpoMarHiTHUIl MOMEHT.

[IpencraieHi Tpu MiACUCTEMH MOETHYIOTHCS
y CHNBHIA cUMYJSLIHHIN m1aTdopmi TUPPOBOro
IBIHHWKA, M0 BIATBOPIOE TIOBHY JIHHAMIKY
mporeciB  gerpamamii  ememeHTiB. Ha  piBHI
aHaJITUKK TUQPOBUH ABIMHHUK IIEPETBOPIOETHCS Ha
IHTEJICKTyIbHUA ~ aHAMITHIHHA ~ MOXYJb, ¢
3aCTOCOBYIOTHCSI METOJM MAIIMHHOT'O HABYAHHS Ta
MUOOKUX  HeHpoMepek Uil  pO3Mi3HaBaHHS
3aKOHOMIPDHOCTEH 1 NpPOTHO3yBaHHS BiAMOB. Y
MOZIETi TIPOTHO3YBAHHS 3aJHIIKOBOTO PECypcy
BUKOPUCTOBYETbCA  PEKypEeHTHa HEHpoMmepeka
LSTM, sxa oTpuMye Ha BXiI 4acoBi pagu

mapametpis {x,(¢), x,(?),...,x,(¢)} imae HacTynHy

OIiHKY GYHKIIT cTaHy f(2), iKa alpOKCUMYEThCS K
[12]:

f(t+At)= LSTM (x(1), h,.c,), (6)

ne: ht — MpUXOBaHUM CTaH;

tc — KOHTEKCTHa IIaM ATb, IO 3a0e3reuye
BpaxyBaHHS TMOIEPEJHIX CHocTepekeHb. s
BUSIBJICHHS aHOMaJiil y OaraToBHMIpHHUX JaHHX
3aCTOCOBYETHCS aBTOCHKOIEP 3 QYHKITIEIO0 BTPAT:

(7

2
5

L:HX—E?

ne: X — BX1JHI AaHi;

by — PEKOHCTpYHOBaHi JaHi;
BimxwieHHS L>L,, cUTHAII3y€e MPO MOTEHINIHHY
BiIMOBY.

Jns BH/IIJICHHS MIPOCTOPOBHX
3aKOHOMIPHOCTEW y CHTHaJlaX CTPyMY, HAIpyTH Ta
TEMIEpaTypu  BUKOPHUCTOBYETHCS  3rOPTKOBA

Helipomepexxa (CNN), mo peaizye omneparito
3rOPTKH:

s(t) = (x-w)(t) = Y x(i)ywlt —i), 3
Ie: w — aapo iieTpa.

Y  riopugaux ~ mopenmsix  CNN-LSTM
320€3MeIy€eThCA K IMPOCTOPOBO-YACOBHM, TaK 1
KOPEJAIIHHTI aHaTi3 O3HaK.

Ha piBHi kepyBaHHS pe3yJabTaTH MPOTHO3Y
MIEPETBOPIOIOTHCS Y PIIIEHHS IMOA0 TEXHIYHOTO
00CITyTOBYBaHHS, IO PEATI3yeEThCs K (DYHKINSA
MPUAHSATTS PIIICHB:

D(t) = {l,ﬂkmo RUL(t)<R,,,, 9

0 inaxwe

ne: RUL(t) — mporHo30BaHUH 3aTHIIKOBHI pecypc;
Ruin — TIOPOTOBE 3HAYEHHSI peCypcy, HIDKYE
SIKOT'O 1HILIIOETHCS PEMOHT 200 3aMiHa By3Ia.

MartemaTnyHe ~ TPEJCTABICHHS  MPOIECIB
Jlerpajanii eJIeMeHTIB O0JIafiHaHHS 0a3yeThCs Ha
PIBHSHHSIX CTapiHHAg 130711111, TETIOBUX
HaBaHTaXEHb 1 BiOpamiaux 30ypens [16]. s
CJIEKTPOI30MAIMHNX MaTepialiB MOJENb 3HOCY
BU3HAYAETHCA 32 EKCITOHCHIIIMHUM 3aKOHOM:

(10)

L(t) = L0e™™" ",

ne: L(#) — 3amuIIKOBHIA CTPOK CITY>KOH;
0. — TeMITepaTypHuil KoeilieHT CTapiHHS.

TermoBa Jnerpajailiss ONMUCYETHCS MOICIUTIO
Appeniyca:

—RT

k(T)= Ae

(an

ne: Ea— eHepris akTHBAITii IPOIIeCy;
R — yHiBepcaabpHa ra3oBa cTana;
A — nepeICKCIIOHSHITITHII MHOXHUK.

BiOpauiitni  nedextn ONMUCYIOThCS — depe3
CIEKTPAIbHY TYCTHHY KOJHMBAaHb!
0
S(f) =% [ st ar]? (12)

T
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Jie aHOMaJbHI MIKH y CIEKTPi CHUTHAJI3yIOTh IpO
MOIIKO/KEHHST  MIAIIMITHUKIB  abo  aucbananc
poropa. TiOpumHa Mojaenb  NPOTHO3YBAaHHS
00’ennye physics-informed i data-driven migxomu y
€NVHY CTPYKTYpy, ne (izuuHa dactmHa (Gopmye
arnpiopHi oomexenns it HapuaHHs [I-momei [5].
VY 3arajbHOMY BHIJISJII TaKa MOJETbh OIHCYETHCS
SIK:

)= [ (X(0,0)+ [, (x(1),6,),  (13)

1€ fohys — PI3UYHA MOJIEIB;

fML — naBueHa HelpoMepexKa;

6y i 6, — BEKTOpH mapaMeTpiB, 0 KOPUTYIOTHCS
M1/ Yac 1IHTerpalli MoJieneu.

Tabmuns 1

CTpykTypa 6aratopiBHeBol unugpoBoi MmoaeJi
NPOrHO3yBaHHA BiaMOB (c)opMOBAHO ABTOPOM)

Piens |/Dxepena nanux | Anroputmi | DyHKIIOHAIBHUI
CHCTEMH / Mogeni YHI METOAU pe3ysibTaT
JaTtunku
1. PiBens  |cTpyMmy, KammaniB  |Oumimeni ta
JTAHUX HAIpYyTH, ¢buIBTP, CHHXPOHI30BaH1
(ceHcopuKa |[TeMIepaTypy, |moving 4acoBi psax
, SCADA) |Bibpauii, average napamerpiB
SCADA-apxiBu
Biptyansne
2.Pienp  |Enexrpomarnit [MATLAB/ |BinTBOpeHHS
IU(ppPOBOTO |Ha, TEILIOBA, Simulink, |mOBemiHKH
MOJIE/IIOBAH [MEXaHIuHa Ansys Twin |00agHaHHs Ta
HS I ICHCTEMH Builder MpoIIeCiB
Jierpajaanii
. ITpornos
3. Pienp  |O3Haxwy, LSTM, por
. . TEXHIYHOTO CTaHy,
aHAJIITUKUA |OTPHMaHI 3 CNN,
. BUSIBJICHHS
(AI- Mozeni 1 Autoencode VR
Mo/Ieni) CCHCOpIB r, PINN AFOMaLIH, OfiHka
’ RUL
ABTOMaTHYHE
. Pesynbratu Decision  |mpUHHATTS
4. PiBeHp I
HpPOTHO3Y, rules, fuzzy |pitiess npo
KepyBaHHS g .
rpaHuyHi cTanu |logic peMoHT abo
3aMiHy
Bzaemonis
5. . Monynb A
.. |[Ipomucnosi . .. |madpoBoro
InTerpamiit . IHTErparii p
Lo Mepexi, JBifiHUKA 3
HHUI1 piBeHb Ta
CTaHAapTH . |cucremoro
(cloud- R CHHXPOHI3a |_.
3B’SA3KY JIiarHOCTHKH
edge) il TaHux .
HiIpUeEMCTBA
Iarerpauwiss Mozenmi y cHcTeMy TEXHIYHOI
JIarHOCTHKYM  MIATNPUEMCTBA  pealli3yeThcs  3a
normomoroto  cloud-edge  apxitekrypu,  ne

00YHCIECHHS 3 BUCOKUMH BUMOTaMH JI0 IIBUAKOI]
BUKOHYIOThCS Ha PiBHI nepudepiiinux By3iiB (edge
computing), a JOBTOCTPOKOBI aHANITHYHI 3a1adi,
TpeHyBaHHS MoJeliel 1 Bisyamizamisi BUKOHYIOThCS
y XMmapHoMy cepenoBuimi. Takuid — mAOXin

3a0e3neuye OajaHC MK IIBHIAKICTIO peakIii Ta
aHamitnaaoro rmbuHoio [13]. CrammapTr3oBaHi
intepdeticu, sx-or IEC 61850, OPC UA abo
MQTT, 3a0e3ne4yroTh B3aEMOIII0 MiX HH(PPOBUMHU
NMBIMHUKAMU Pi3HUX BHPOOHWKIB 1 pIBHIB — Bif
OKPEMOT0 arperary J0 CUCTEMH ITiICTaHIIIi.
Armpo0ariis  mpoBoaMiacs Ha  peaJbHHX
MPOMUCIIOBUX 00’€KTaX, 30KpeMa Ha MPHUKIAJI
cuioBux TpaHchopmatopie tuny TM-400/10 Ta
acCMHXpOHHUX JABUTYHIB cepii AIP132M, mmo
(DYHKIIIOHYIOTh Y CHCTEMax eJICKTPOIPUBOIY
ripHUY0-30aradyBaibHOr0  BHpoOHmMITBA. s
KOXKHOTO THITy O00’€KTa CTBOPIOBABCS OKPEMUI
mupoBuil  OBIMHMK,  SKUH  peai30ByBaB
OaraTopiBHEBY apXiTeKTypy: (Di3MUHUH piBEeHb i3
CEHCOPHMMH KaHajJaMH, BIpTyaJIbHy CHUMYJISAIIHHY
MOJIeTh EJICKTPOMArHITHUX 1 TEIUIOBUX IPOIECIB,

aHaTITHIHHHA piBeHb HEHPOMEPEIKEBOTO
NPOTHO3YBaHHA Ta pIiBEHb KEPyBaHHS, SKHIA
thopmyBaB piteHHs 1010 TEXHIYHOTO

ob0cayroByBanHs [1]. OCHOBHOIO MeTOIO ampooartii
Oys0 BHM3HAYCHHS TOYHOCTI, CTaOULTBHOCTI Ta
MITBUIKOMIT 3aIIPOINIOHOBAHOT CHUCTEMU
NPOTHO3YBAaHHA Y TOPIBHSHHI 3 TPaIULiHHUMH
MiIX0/1aM1 TEXHIYHOI TIATHOCTHKH, 110 0a3yIOThCS
Ha iKCOBaHMX IHTEpPBaJIaX OTJISAMIB 1 CTATHCTHIHUX
Monensax 0e3 camonaByanHs [ 10]. [{ist kiTbKiCHOTO
OLIIHIOBAHHS e(eKTHBHOCTI MIPOTHO3yBaHHS
BUKOPUCTOBYBAJIHMCS YOTUPH KITFOUOBI METPUKH:
1) Root Mean Square Error (RMSE):

RMSE =\~ 3" (3,

2) Mean Absolute Percentage Error (MAPE):

(14)

wapE <1002 (15)
(= B
3) Fl-score:

Precision = L (16)

P+ FP
Recall == L (17)

TP+ FN
Fl—score=2- Precision - Recall (18)

Precision + Recall
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4) Area Under Curve (AUC):
1
ALK?:IIYVH}UUDd(FPR) (19)
0

ne: TP — ICTUHHO MO3UTHBHI,

FP — XnuOHO ITO3UTHBHI;

FN — xubHo HeraTuBHI Knacuikariii,

PR ta FP — NOKa3HUKU 1CTUHHO-IIO3UTHBHOI Ta
XHOHO-TIO3UTHBHOI YaCTOT BiAIOBIIHO.

Bci BoHM MOXYTh BCeOIYHO OIIHIOBATH
MTOBEIIHKY MOJEII SIK y KOHTEKCTI Oe3mepepBHOTO
MPOTHO3Y 3aJIMIIKOBOTO pecypcy, Tak i B 3ajadax

knacugikamii CTaHiB (HOpMaJIbHUH,
nepeaaBapiiHui, aBapiiHMiA). [opiBHsHHS
pe3ysnbTaTiB  MOJETIOBAHHA  IIOKa3ajo, IO

BIIPOB/XKCHHSI TiOpWAHOI Mojeni, siKa IMOETHYE
¢iznuHO-iHpOpMOBaHi (physics-informed)
PIBHSHHS 3 MaIlMHHWM HaBYaHHAM, 3abe3nedye
ICTOTHE 3MEHIIEHHS TIOMIJIKA TPOTHO3YBaHHS
3aJUIIKOBOTO  pecypcy — oOmamgHanHs. s
TpaHcopmaropiB  cepeaHe 3HaueHHS RMSE
sausmiocs 3 0,087 no 0,031, a MAPE —13 9.4 % no
2,8 %, 110 BKa3ye Ha IiJIBUIICHHS TOYHOCTI B 3,4
pasu y TOpiBHAHHI 3 0a3oBumu MeTtomamu. s
ACHHXPOHHUX IBUTYHIB TOKAa3HHKU OyId JEII0
HIDKYHMH, ajie BCE %K 1ICTOTHO noinimincsa: RMSE
= 0,046, MAPE = 4,1 %, npu upbomy Fl-score
nepesuryBaB 0,92, 1m0 CBiAYHUTH PO BUCOKY
HaJiiHICTh Knacudikamii ctadis. ['padiaanii anami3
ROC-kpuBHX MiATBEPAUB CTIHKY pOOOTY CHCTEMHU
HaBiTh TpU OOMEXKEHIH KITBKOCTI JaHHX, IO
nemoHcTpye AUC = 0,96 mist TparcdopMaTopiB i
AUC = 0,94 st nBuryHiB.

CralbinbHICTE pOOOTH MOENEH OIliHIOBaacs
MeTroaoM Kkpoc-Bamimamii (k-fold = 10), mo
JTO3BOJTHIIO BUSIBHTH, 10 BapiaTUBHICTH
pe3ynbTaTiB He mepeBunrye 5 %, a koedilieHt
Bapiaii  CV=c/u 111 TOMHIKH MPOrHO3Y
3aymmaBcs HKIuM 3a 0,06, 1o BKa3zye Ha BUCOKY
y3araJlbHIOBallbHY ~ 3MaTHICTH ~ Moxenmi.  [lisa
MOPIBHSHHS: TPAaJWIliiHI MOJENi, MoOyI0BaHi Ha
perpeciifHIX 3aIeKHOCTSX 1 eKCIIEPTHUX MIpaBUiax,
Many 3HayHO Oinpmry HectabinmbHicTs (CV = 0,18-
0,22).

Y mporieci eKCIIEpUMEHTIB BUSABIICHO IEKLTbKA
KITFOUOBHX YUHHHUKIB, 110 BH3HAYAIOTh
edexTuBHICT, TporHo3y. llo-mepmie, mMmoOBHOTa
CEHCOPHHX JaHMX: BIJICYTHICTh HaBITh OJHOTO 3
KPUTHYHUX TTapaMeTpiB (HApUKIIAJ, TeMIIepaTypu

o0MoTOK TpaHcopmaTopa abo OChOBHX BiOpariid
JIBUTYHA) Mpu3BoAMiIa A0 3poctanHs RMSE na 25-
30 %, MmO CBITYUTH TPO BHUCOKY UYTIUBICTH
CUCTeMH 110 BTpaT pAaHux. l[lo-mpyre, dacrtora
OHOBJICHHS  BUMIpPIOBaHb: TPH  3MCHIICHHI
iHTepBany 300py mammx 3 10 ¢ mo 1 ¢ TOYHICTH
nporiody RUL  (Remaining Useful Life)
30umpIIyBaacs Ha 15-18 %, 3aBmsku Kparriid
pEeTNPe3eHTAaTUBHOCTI  AWHAMIKHA  JIeTpajfalliiHuX
npoueciB.  Ilo-Tpete, CcHUHXpOHi3alis  piBHIB
u(ppPOBOTO JBIMHUKA — HECBOEYACHE OHOBJICHHS
aHATITHIHOI MoOJEeal abo CHMYJSIIIHHOTO sapa
MPU3BOIWIO IO HAKOIMMYEHHS MOXHOOK 1 «3CYBY»
MPOTHO3y, OCOOJMBO B  yYMOBax  3MIHHHX
HaBaHTaXeHb [3]. Hmwkue HaBeneHo y3araabHEHY

Ta0IHITI0 3 pe3yiabTaTaMu OIIiHIOBAHHS

e(eKTHBHOCTI, TOPIBHSAJIBHUM  aHali30M  Ta

TOJIOBHUMH (PaKTOpPaMH BIUIUBY (Tabd. 2).
IlopiBHAIBEHUN  aHaAM3  3acBiAYWB,  IIO

3alpoNOHOBaHa apXiTeKTypa 3ade3medye iCTOTHeE
3HIKCHHS YaCTOTH BiIMOB 00J1aJHAHHS 33 paXyHOK
PaHHBOTO TIPOTHO3Y JEeTrpajallifHuX IMPOIECiB Ta
CBOEYACHOTO TEXHIYHOTO 00ciyroByBaHHs. [
HiAnpueMCTBa 3 TpaHchopMaTopaMu CEPeIHBOTO
KjJacy HaBiTb 25 % CKOpPOYEHHS aBapiiiHHX
BHITAJIKIB O3HAYAE PiYHY €KOHOMIO MmoHam 1,2 MiIH
TPH 3a paXxyHOK 3MEHIICHHs MpPOCTOiB, BUTPAT Ha
M03aIUTaHOBI PEMOHTH Ta TpadiB 3a NOPYIICHHS
rpadika eHepromocradanusi. Kpim Toro, cucrema
JO3BOJIWJIA CKOPOTHTH 4Yac Ha IPOBEACHHS
miarHoctHuHEX Tpoueayp Ha 30-40 %, ockimbKu
AHAMITUYHMKA  PIBEHb  aBTOMATHYHO  (opMmye
MpIOpUTETH JUISI TEXHIYHOTO TEPCOHANy, a
anroput™M nporHody RUL BukoHye nomepenHio
kinacugikaito cra”iB arperartiB. JlogaTkoBuUM
pe3yabTaTOM AOCTIIKCHHS CTajio IIiABUIICHHS
HAJIMHOCTI CHCTEM TEXHIYHOI JiarHOCTUKU dYepe3
AaBTOMAaTHYHYy CAaMOOLIHKY SIKOCTI  MOJeJNeH.
Oynukis  self-validation 3miCHIOETBCSA IIUIAXOM
00YnCIeHHS TTOKa3HUKA Y3TOKEHOCTI O,

1 yi_gi‘
-y
< n;; ||

(20)

ne: 0.>0,99 cBigunTh TPO BHCOKY JAOBIpY A0
pesynbTaTiB. Ilim dwac ekcroryaramii 1mudpoBoro
IBiliHMKa el Koe]ilieHT miATpUMYyBaBCs Ha piBHI
0,93-0,95, mo 3abe3neuye HaIHHICTh aHATI THIHUX
MIPOTHO3IB.
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Tabmuus 2
EdexrTuBHicTh Ta (hakTOpH BILIMBY HA TOYHICTH IPOTHO3YBAHHSA BiIMOB
€J1eKTPOTEeXHIYHOr0 00/1a1HaHHA (C()OPMOBAHO ABTOPOM)
Ne | O6’exr / Metonuka | RMSE M?PE Fl- AUC |OcHoBHi niepeBaru OcHoBHI YMHHHKH Pesymbratn
(%) score BILUTHBY BIPOBAKEHHS
Tpancpopmarop TM- Huspka  yacrora Bucoxa kizpkicts, xuGHo
400/10, TpanmumiiiHa Mpocrora BHMIDIB TTOHTHBHHX
1 . > .| 0,087 9,4 0,78 0,85 |peanizauii, Bimomi| . ? CIIPALIIOBAHD,
JiarHOCTHKa (IIaHOBI BiZICyTHICTD
. MpoLERypH . MEepPEeBUTPATH dacy Ha
BHUMIpIOBAHHS) iHTerpamii naHux
00CIIyTOBYBaHHS
Tpancdopmarop TM- aB/:Iélcr?TfBHiTc(;‘;HICE:)’ CHe(I)-IBC}(I)(I))TI?I/IX J— CKkopoueHHsI BiIMOB Ha
. > 0,
2 |400/10, ribpuana 0’031 2’8 0’93 0’96 HaBaHTa)KCHb, CHHXPOHI3aIis 41 é’ 3ME;HLHCHHX
DT+AI monens o npocTois Ha 23 %
nporao3 RUL MozeIel
ACHHXPOHHHI ABUTYH Obmexena HecBoeuacue
AIP132M, Busnauenus .
3 -\ 0,081 8,60 0,81 0,88 . KIJIBKICTB BUSIBJICHHS
TpaJuLiiHa CcHUCTeMa rpyOux nedexris . iy .
. rapaMeTpis nepeaBapiiHuX CTaHiB
BiOPOKOHTPOIIIO
o BusiBiienns .
ACHHXPOHHHH IBUTYH IToBHOTa curnanis,|CKOpoYeHHS qacy
AIP132M TPHUXOBAHHX SKICTh ngiarHoctukn Ha 35 %
4 inTenekryanbauii DT 0’046 4’1 0’92 0’94 f{e(g:gzl;’i CHUHXPOHI3aMii MHiABUIIEHHS HaJiHHOCTI
(LSTM+Autoencoder) P edge-cloud Ha 27 %
creHapii
V3aranpHeHa MOJEINb IurepnperoBanicTs [Yactora CaMOOHOBICHHS
3 explainable Al Ta pilieHb, OHOBJICHHS, Mojelnieil, CTablIbHICTh
S aJlalTUBHOIO 0,038 3,3 0,95 0,97 JMHAMiqHE 3aTpUMKa IIOTOKIB|IPOTHO3y Ha 2 pOKH
OHOBJIIOBAHICTIO NIepeHaBYaHHS JIAHUX eKCILTyaTarii

JlocTiDKeHHS TaKOXK O3BOJIHMIO chopMyBaTH
y3arajabHeHYy 3aKOHOMIPHICTh BIUTMBY SIKOCTI TAHUX
1 OOUYMCIIOBAILHMX pECypciB Ha  TOYHICTb
NPOTHO3Yy, IO MOXHA ONUCATH aHATITUYHUM
BUPA30M:

nn/mzn = f‘(pd’ Tu’ 7/\) = klp;xlkZT;z _k3(1 - 7/3')70(3’ (2 1)

ne: pd — koeillieHT TOBHOTH JIaHUX;

T — CepeTHIN Yac OHOBJICHHS MOJETI;

ys — yacToTa cCHHXpoHizauii mapis DT;

0i — eMIpUYHI TOKa3HWKW 4YyTIMBOCTI. J[ms
TpancopmaropiB otpumano «,;=0,46, a,=0,31,
03=0,27, MmO WATBEpKYE mepeBary (hakTopy
SKOCTI JaHWUX HaJ MIBUIKICTIO OHOBJICHHS.

Cepen mpakTHIHUX €(EKTIB yIpPOBaKCHHS
CHUCTEMH CIiJl BHAUINTH HE JHIIE 3MEHIICHHS
MPOCTOIB, ajie ¥ mepexil 10 PU3HK-OPIEHTOBAHOTO
TEXHIYHOTO OOCITyTOBYBaHHS, KONH  PIIICHHS
NpUAMAIOTHCS HE Ha OCHOBI KaJleHAAPHOTO rpadika,
a 3aJIeHO Bil IPOTHO3HOTO pecypcy. 3aBIsKH Wit
mapagurMi  MANPHEMCTBO  OTPUMYE  3MOTY
TUTAHYBAaTH PEMOHTU HA OCHOBI PEANBHOTO CTaHy,
3HW)KYIOUM eKCIUTyaTaliiiHi pu3uKH 0Oe3 BTpaTH
HafiiHOCTI. [lepcrekTBY MOJANBIINX TOCIiJPKSHb
y Ii#t cdepi OXOIUIIOIOTH KiIbKa CTPATETIYHUX
HanpswmiB. [lepmr 3a Bce — cranmapTu3zanis Moaeneit
IUQPOBHUX ABIHHUKIB, AKa MOTpeOye po3poOIeHHs

yHi(IKOBaHUX ONHUCIB 1H(OPMAIIHUX ITOTOKIB,
mapamMeTpiB CEHCOpiB Ta iHTepdeiciB B3aeMomii
MIX MiJCUCTEMaMH, BiJIMOBIIHO JIO MIXKHAPOHUX
npotokoniB IEC 61850, ISO/IEC 30182, OPC UA

Companion
CTBOPIOBATH

Specifications.
B3a€EMO/II0Y1

JIO3BOJIUTH
1 poBUX

Ie

MOJTYJTi

IOBIMHMKIB, SIKi MOXKHA OyJie iHTETpyBaTH B €IWHI
MIPOMHMCIIOBI €KOCHCTEMHU.
Jpyrum HanpsiMmoM € po3BUTOK explainable Al

(XAl) y mnporHo3yBaHHI TEXHIYHOTO CTaHy, IO
320€3MeYNTh IHTEPIPETOBAHICTL PINIEHh CHUCTEMH
Ta MABUIINTH JOBIpY IO pe3yibTaTiB. [ 1meoro
JIOLIUTLHO ~ BUKOpUCTOBYBaTH  Metoqu  SHAP
(Shapley Additive Explanations) i LIME (Local
Interpretable Model-Agnostic Explanations), ski
JO3BOJIAIOTE ~ BU3HAYUTH  BHECOK  KOXHOTO
napameTrpa y GOopMyBaHHS IPOTHO3Y, 10 OCOOINBO
BYKJIMBO JUISI KPUTHUYHHX 00 €KTIB €HEPreTUUHOT
iHppacTpyKTypH.

Tpetiii HampsiM cTocyeThCsl  Kibep3axucry
uGpoBUX KOMiM 00JIaJHAHHA, a/)kKe B YyMOBax
3pocTapuoi udpoBi3allii MPOMHUCIOBOCTI 3arpo3a
HECAHKLIOHOBAaHOTO BTPYYaHHA Yy BipTyalbHi
Mozel abo IIOTOKOBI JaHI MOXKE CIPUINHUTH
cepilo3Hl HaCHiAKH. 3ampOTOHOBAHO KOHIICIIIIIO
«trusted twin», Kkomu UUQpoBHH  JBIHHK
3a0e3Meuy€eThCs ONOKYEHH-TI ITBEPIKEHHAM
IIJTICHOCTI  JTaHWX, a OOMIH MDK BYy3JIaMH
3MIACHIOETRCS  Yepe3  3axuIlieHl KaHam 3
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aBTeHTH(]IKali€l0 Ta MUPpPyBaHHIM Ha piBHI
npotokoxy MQTT over TLS (puc.).

3aBasKH MTOETHAHHIO (hi3uIHOTO
MOJICTIFOBAHHS, IHTEIICKTyaJIbHUX aJITOPUTMIB 1
JCICHTPaIIi30BaHOT 00po0KHU JTAHUX
OaraTopiBHeBUN  1UGPOBUH  ABIHHUK  CTae
CaMOHABYAJILHOK) CHCTEMOIO, SIKa 37aTHA HE JIHIIE
BIITBOPIOBATH  TMOTOYHWHA  CTaH  CHJIOBOTO
obnmagHaHHSA, ajJe W  TPOTHO3YBAaTH  HMOTO

JeTpajialliiHi TPOIeCH, ONTHUMI3YIOUM TEXHIYHE
oOCTyroByBaHHsI  Ha  OCHOBI 00 €KTHBHHX
aHAJITHYHUX ITOKAa3HHUKIB.

PIBEHb 4: XMAPHA AHATIITVIKA TA KEPYBAHHS
I \ \ R
T ) N
PIBEHY 3: IHTENEKTYAIBHA AHAITIAKA (/ML)
[ st ] [ ‘Autoencoder ] ( N P ]
PIBEHD 2 LIIOPOBE MOAE/FOBAHHS ‘

Simotitss
Ansy T

PIBEHb 1: PIBEHb IAHNX (CEHCOPVIKA)

=1 )

I

OI3U4HE OBNIAAHAHHA

EH EE

Puc. BararopiBHeBa apxiTekTypa mudpoBoro
JIBIHHUKA CHJIOBOT'O €JIEKTPOTEXHIYHOTO 00JIaHAHHS 3
iHTerpaui€eto GpisnYHNX MOAeNIeHl Ta IHTENEeKTy alIbHUX
METOJIiB IPOTHO3YBaHH: (PO3pO0IICHO aBTOPOM)

TakuMm YWMHOM, CTBOpPEHA apxXiTeKTypa 37aTHa
Oyne 3a0e3neunTu MOBHY UKJIIYHICTh
iHpopmauiiinux mnoTokiB — data acquisition —
digital modeling — intelligent prediction —
decision making — model retraining — 1m0 €
KIIIOYOBOIO TEPEAyMOBOIO JUISI TEPEXOAy BiA
PEaKTHBHOTO JIO TPEBEHTUBHO-IIPOTHOCTHYHOTO
YIIpaBIiHHS TEXHIYHIM CTaHOM
CJIEKTPOCHEPIeTUYHUX CUCTEM.

OTxe, pe3ynbTaTH MPOBEACHUX OOCHTIIKEHb
JIOBONIATH, IO  CTBOPEHHSA  OaraTopiBHEBOL
apxiTeKTypu UU(PPOBUX ABIMHUKIB Y MOEJHAHHI 3
IHTEJIEKTYaJIbHUMH aJTOPUTMAaMHU TPOTHO3YBaHHS
dbopMye HOBY SKICTh TEXHIYHOI EKCIDTyaTarii
CJIEKTPOCHEPTEeTUIHOTO o0aHaHHS,
3a0e3Meuyloul 3MEHILIECHHS aBapiHOCTi, EKOHOMIIO
peCypCiB Ta MiJABUINCHHS OE3MEKH SHEPrOCHUCTEM.
HaykoBa HOBH3HA TOJNSTAE Yy CHHEPTETUYHOMY
o0’eqnanHi  physics-informed  modelling i
HEHpOMEpexKEeBUX METOIB IIPOTHO3Y, IO A03BOJISE
meperTd  Bi  MOCT(HAKTYM-IIarHOCTHKH 10
CaMOHaBYTLHUX cUCTEM MPEBEHTHBHOTO

00CIyroByBaHHS. MEPCIIEKTUBU PO3BUTKY
M ITBEPIKYETHCS pO3rOpTaHHAM Mepexi
B3a€EMOIIOB SI3aHUX ITU(POBUX [BIHHHKIB, SKI B
MalOyTHBOMY 3a0e3MeuyBaTUMyTh MTOBHY

aBTOHOMHICTh VIPABIMIHHSI TEXHIYHHUM CTAaHOM
KPUTUYHUX EHEPTeTHYHHX aKTHBIB.

BucnoBku. JlociikeHHSIM BCTaHOBIIEHO, 110
iHTerpamiss 6araTomapoBoi CTPYKTypH LU(PPOBOTO
NBIMHWKA 3 aITOPUTMAaMH TTHOWHHOTO HaBYaHHS 1
3abe3neuye MPUHIUIIOBO BUIILY SKICTh
NPOTHO3YBAaHHA TEXHIYHOTO CTaHy CHJIOBOTO
eJIEKTPOOOIIaTHAHHS. BrpoBamkenns
KoMOiHOBaHOT Monedi, ska o0'eqHye physics-
informed MaremMaTWuHl  CHIBBIZHOLIEHHS 3
HEHPOMEPEKEBUMHU  apXITEKTYpaMH, JI03BOJIUIIO
JOCSTTH  3MEHIIeHHs mokasHnka RMSE go
BennunHU 0,031 Ta MAPE mo 2,8 %, mo dopmye
TPUpPa30Be-4OTUPUPA30BE MIePEBUILICHHS
PE3YIBTATUBHOCTI IOPIBHIHO 3 KOHBCHIIIHHUMU
I1arHOCTUYHUMHA MIX0IaMU. OTtpumani
pe3yabTaTH MiATBEPUKYIOTH BHCOKY 3/4aTHICTH
MOACNl O  ajanTamii TpW  BapiaTUBHUX
HAaBaHTAKEHHAX 1 il MOTEHIiaJl A0 aBTOHOMHOTO
HaBYAHHA A 9ac GYHKIIOHYBaHHSI.

Bcranosneno, 10 Pe3yIBTaTUBHICTh
IHTEJIEKTyaJIbHOTO TIepe0adeHHsT HeCIPaBHOCTEH
JETEPMiHY€THCSI KOMIUIEKCOM CUCTEMHHX YAHHHKIB
— MTOBHOTOIO CEHCOpPHOI iHpopmarii,
TEMITOPAJIBHICTIO aKTyami3allii BUMIPIOBaHb Ta
Y3rODKEHICTIO MDK  CTPYKTYPHHUMH  PiBHIMH
1 QpoBOTO JBifHUKA. CdopmynsoBana
aHATITUYHA 3JICKHICTh, SKa IMPOIEMOHCTPYBaa,
0 BU3HAYAIGHUM  [apaMeTPOM  BHCTYIIAE
KoedinieHT iH(pOopManiiHOI TOBHOTHU AHHX, BILJIMB
SIKOTO Ha MPOTHOCTHYHY SAKICTh IEpeBakae Hal
BIUITMBOM YaCTOTH OHOBJICHHS Y O0YHCITIOBATBHOT
MOTYKHOCTI. 3a YMOB ONITUMAJILHOTO
iHpopMmaLiitHOro 3a0e3neueHHs] CHCTeMa A0Csrae
nmokazauka AUC Bume 0,96, mo 3abe3nedye
BHCOKY JIOCTOBIPHICTh Kracudikarii
eKCIUTyaTal[iIfHUX CTaHIB 1 KOHCHUCTCHTHICTh
pe3yabTaTIB IPHU TPUBAJIOMY BUKOPUCTAHHI.

Po3pobnena THTEJIeKTyabHa cucremMa
NpOTrHO3YBaHHA Ha 0a3i TexHoJoril HU(PpPOBHUX
IBIHMKIB TeHepye MpakTuyHuil edekt y dopmi
CKOPOYCHHS Yacy MpocToro obmamHaHHs Ha 30-40
%, penykuii KiTbKOCTI aBapiiHUX CUTYyaIliil Ha 25-
40 % 1 onrtuMmizamii BUTpar Ha TeXHIYHE
obciyropyBannas nonax 20 %. Creopena cloud-
edge  crpykTypa  3a0e3medye  ONTUMAalIbHE
CHIBBiIHOLIEHHS MDX OMNEPaTHBHICTIO BIATYKY Ta
MIMOWHOI0  aHANITUYHOI  OOpOOKHM, TOmi SIK
inTerpariis explainable Al ta cucreM KibepOe3neku
Ha piBHI KoHmemii «trusted twin» 3aknagae
(dbynanameHnT s GOpMYyBaHHS CaMOHABYAIBHUX,
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ABTOHOMHHUX 1 3aXUIICHUX JIarHOCTUYHUX CUCTEM Y
MIePCIEKTUBHUX EHEPTETUIHNX 1HPpaCTPyKTypax.
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Tsvietkov O.V. Intelligent methods for
predicting failures of power electrotechnical
equipment based on multilevel digital twins

The article explores the use of intelligent
approaches to predicting failures of power electrical
equipment through the implementation of multilayer
digital twins that integrate physical modeling, machine
learning technologies, and big data analytics in order to
enhance the reliability of power grid operation. The
study aims to develop and experimentally validate a
comprehensive digital model that synthesizes physics-
informed mathematical equations with deep learning
algorithms to achieve higher accuracy in residual life
prediction and minimize the occurrence of technical

failures in transformer equipment and asynchronous

electric motors. The methodological framework of the
research is based on the formation of a multilayer
architecture of a digital twin, which includes: a sensor
layer for data aggregation, a physical modeling layer of
electromagnetic, thermal, and mechanical phenomena,
an analytical layer employing machine learning
algorithms, and a decision-making layer incorporating
elements of fuzzy logic. The scientific results obtained
showed that the use of a hybrid model can reduce the root
mean square error (RMSE) to 0.031, reduce the mean
absolute percentage error (MAPE) to 2.8%, and increase
the Fl-score to 0.93, which significantly exceeds the
performance of classical diagnostic methods. It has been
established that the completeness of sensor information
and the frequency of model updates exert a decisive
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influence on predictive accuracy, while the system’s
ability to automatically adapt to load variations has been
experimentally confirmed. The developed architecture
has shown strong resilience to data deficiency and a high
level of generalization (CV < 0.06). The applied
significance of the study lies in reducing emergency
downtime by 30—40%, optimizing maintenance costs, and
transforming the management of equipment condition
toward a risk-oriented strategy. Future research
directions include the standardization of digital twin
technologies, the advancement of explainable Al

methods, and the implementation of basic cybersecurity
systems for next-generation industrial digital platforms.

Keywords: digital twin, intelligent forecasting,
machine learning, residual life, technical diagnostics,
power equipment.
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CTBOPEHHS PECYPCO3BEPITAJIbHOI TEXHOJIOI'TI BABUBAHHS
BABOBHSIHOI TKAHUHU MMITMEHTAMMU 3 BUKOPUCTAHHSM KATOJITY -
MMPOAYKTY EJEKTPOAKTHUBAILII BOAU

KoBaab M.I'., Pomanenko H.I'., Croasipenxo I'.C.

CREATION OF A RESOURCE-SAVING TECHNOLOGY FOR DYEING COTTON
FABRIC WITH PIGMENTS USING CATHOLITE, A PRODUCT OF WATER
ELECTROACTIVATION

Koval M.H., Romanenko N.H., Stoliarenko H.S.

TexcmunvHa npomMucio8icmys 3aUMac 00HY 3 NPOBIOHUX
no3uyitl 'y GUpOOHUYOMY CeKmopi 5K c8imy, max i
Yipainu. Iliosuwenuit nonum Ha AKICHI MKAHUHU

BHACTIOOK CIMPIMKO20 PO3GUMKY WBEUHOI ma 83ymmegoi

NPOMUCIOB0CME BUMALAE HOBUX MEXHONOSIUHUX PIleHb
ons Ix 6UeOMOGNEHHA, WO npusede 00 3MEHUIeHHS.
cobisapmocmi 20mogoi NPoOyKyii, 3MEHUeHHs GUMPAM
bapenukie (niemenmis) ma eKoNOIYHOCMI npoyecie

Gapbysanns ma 6UOUBAHHS ¢apbysanvro-
ONOPAOINCYBANBHUX — BUPOOHUYMS. Axmyanvricmo
pobomu  GusHAYAEMbCA  HEOOXIOHICMIO  CMBOPeHHs.
pecypcosbepicanvbhux MexXHON02Il NnieMeHmHo2o

BUOUBANHS MEKCMUTbHUX Mamepianie wo nepedodavac
SMEHWIeHHA 8umpam nieMeHmie ma  OONOMINCHUX
Pevosut, YCYHEeHHs IOKUX WKIONUGUX Oas JTH0OCbKO20
opeanizmy inepedicumie 6ubueHoi apou, 3menuienns
€KON02IUH020 HABAHMAdICENHsT HA 006KinA. Memoro

cmammi € CMeOpeHHsl pecypco30epieanbHOl MexHoN02H

6ubUBaHNs 0ABOBHAHOI MKAHUHU 053b NI2MEHMHUMU

bapeHuKamu ULIAXOM MIHIMI3ayil cK1ady RieMeHmHOI

6UOUBHOI papbu 3 BUKOPUCMAHHI PIOKO20 NPOOYKMY
eneKmpoaKmusayii 600U — KAmMoNimy, OOCHIONCEHHs.

subumux  3paskie ~ MKAHUKH 34 CMIUKICmMIO — ma
inmencuenicmio odepacanux 3abapénenv. Y pobomi
HaseoeHi pe3yrsmamu eKCnepUMeHMAaIbHUX

0ocidoicerb, 30TUCHEHUX Y BUPOOHUYUX YMOBAX OII0Y020
MEKCMUNLHO20 NIONPUEMCIMEA, U000 CIBOPEHHSL HOBO20
CKa0y 8ubUBHOI niemenmnoi gapou, 8 AKitl MOKCUYHUL
i wkionueun 25%-Hutl po3uuH AMOHIAKY 3aMIHEHUU HA
PIOKUtl NPOOYKm  eneKmpoaKkmusayii 600U Kamouim
(pH=10%0,5), wo Odaro modxcugicms 3meHwUMU
sumpamu KoMnoHeHmie 6ubusHoi Gapbu (3acycHuxa,
36'a3y104020 KoMnonenmy i niemenmy) na 10% kooicnozo
y nopieusaHui i3 0az06010 mexuonozcielo. Y cmammi
npeoCcmagieHo,  Wo  3anponoHO8AHA — KOMNO3UYIs
subusHOI hapobu i3 HOBUM CKIAOOM 3 BUKOPUCTMAHHAM

xamonimy 3a6e3neyyc iHmMeHCUsHicmv 3a0apeieHHs Ha
pisni 97-103% (y nopienani i3 inmencugnicmio 100% 3a
bazosum cxnadom), cmiikicms 3a6apeieHus 6a608HAHOL
MKAHUHU 00 CYX020 U MOKpO20 mMepms, NPAHHA 3
BUKOPUCTNAHHAM MULA MA «NOMOBUOLIEHHA» HA PIGHI 3-
5 banis, wo ceiOUUMb NPO NEPCNEKMUBHICb CINEOPEHHSL
pecypcoszbepieanbHoi MexHoN02I ni2cueHmHo2o
BUOUBAHHA OABOGHAHUX MKAHUH 3 GUKOPUCIAHHAM
Kamoainy.
Knrouosi

basosusHa
Kamonim,

MEexXHON02IA.

niemenmua  ¢apba, eubU6aHHs,
elekmpoakxmugayis 600U,
amomiaxy,  pecypcosbepicanivha

cnosa:
MKAHUHA,
PO3UUH

Beryn. KoHKypeHTOCIPOMOXKHICTD
TEKCTHJIBHOI TPOAYKINI Ha CBITOBOMY PHHKY
BH3HAYAETHCS TIEPII 32 BCE il EKOHOMIYHUMH Ta
EKOJIOTTYHUMHU TTOKa3HUKAMU. TekcTupHa
MPOMYKIlisA, sSKa BHUIYCKAEThCI B YKpaiHi,
XapaKTEPU3y€EThCS BHCOKOIO cobiBapTicTIO,
BEJIMKUMH BUTpATaMH BOIHM W TEIUIA, IO 3HAYHO
BIUIMBA€E Ha 1i KOHKYPEHTHY CIIPOMOXHICTh. Tomy,
po3po0Kka pecypco30epiraTbHIX TEXHOJOTIH, IIIo
nepea0avaroTh 3MCHIICHHS BUTPAT TEKCTUIHHHUX
OapBHUKIB ¥ BOJU € aKTyaJbHHM HHUTAHHSIM
TEXHOJIOT1] TeKCTHJIBHUX MaTepialiB.

Haii6inemr eheKTHBHOIO Ta TEPCIICKTHBHOIO
TEXHOJIOTI€0 KOJIbOPYBAaHHS TKAHUHU € TEXHOJIOTis
MIrMEHTHOro BuOuBaHHI. TKaHUHH, O03400JI€HI
BHOMBaHHIM IIrMEHTaMH, CTaHOBIATE S0-90 % Bix
yChOTO 00’€My BUOMTUX TKaHUH B Pi3HUX KpaiHax.
B €ppomi wMaibke monoBHHa BCiX MartepiaiiB
(TKaHWH, TPUKOTaXy, HETKAHUX MaTepiaiiB)
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KOJBOPYIOTBCS MrMEHTaMH. 3 iX JOMOMOTOIO
JOCSTAIOTHCS SICKpaBi 3a0apBIICHHS Ha BCIX BHIAX
TeKCTHJIBHUX MaTepiamis [1].

BuOuBaHHS TKaHUHH MITMEHTAMHU — TEXHIYHO
HE CKJTaTHUI crocio Bi3€pyHYACTOTO
KOJLOPYBAaHHA TKAaHHHH W EKOHOMIYHO OLIBII
BUT1THUH 11010 00pOOHOI BapTOCTI BUKOPUCTAHHS
MmatepianiB [2]. [IpoTe, BUKOpHUCTaHHS TEXHOJOTI]
MITMEHTHOTO BUOWBAaHHA TKAaHWHU MAa€ PAI
HEJOJNIKIB: HAsBHICTh C€KOJOTIYHO HeOe3meyHol
PEUYOBMHHM Y CKJali 3B'S3yIOUMX KOMIIOHEHTIB 1

cTabim3aTopiB - IOKOTO Ta IOKIIJTHBOTO JUIS
JMOJACBKOTO  opraHismMy  25%-HOro  pO3UMHY
aMOHIiaKy, III0 BHMara€ 3HAYHMX BUTpPaT Ha

oprasizailiro BUpOOHHUIITBA M YTHII3AIIII0 BIIXOIiB;
HEBHICOKA CTIHKICTh KOIBOPY J0 CYXOTO Ta MOKPOTO
TepTs (0COOIMBO B TEMHHUX KOJIbOPAX); JKOPCTKICTh
nogapOoBaHoro Matepiany; 3HAa4YHI ~BHTPaTH
CKJIaIOBUX BUOMBHOI (hapOH: IrMEHTIB, 3aryCHUKA,
3B'13yI0UOTO KOMIIOHEHTY [3].

AKTyaJbHICTh pobotu BU3HAYAETHCS
HEOOXIMHICTIO CTBOPEHHS pecypco30epiraibHOl
TEXHOJIOT1] BUOMBAHHS TEKCTHJIBHHX MaTepialliB i3
BUKOPHUCTAHHSM  E€JIEKTPOAKTHBOBAHUX  BOIHHX
CUCTEM, IO Tepeadadac 3HIKEHHS CO0iBapTOCTI
TeKCTWJIBHOI ~ TPOAYKITii, 3MCHIICHHS BHTpaT
MNIrMEHTIB Ta JONMOMDKHHUX PEYOBHH, YCYHEHHS
iMKMX IOKIJUIMBUX JJIS  JIIOJCHKOTO OpraHi3mMy
IHrpemieHTiB  BUOMBHOI  (hapOu,  3MEHIICHHS
€KOJIOTTYHOT'O HaBaHTAKEHHS Ha JOBKIIJIS.

EnexrpoximiuHa aKTUBAIll BOJHHX
CEepPEOBUIl € BITHOCHO HOBOIO TEXHOJOTIEIO.
JocmimkeHo, MO JTy)XKHA YacTHHA AKTHBOBAHOTO
cepeqoBHIa (KaTONIT) MAae MHIHI BJIACTHBOCTI.
KaTtomiT € eKoJIOTriYHO YMCTOI0 AbTEePHATHBOIO
3BHYAHUM MHHHUM 3ac00aM Ha O0CHOBI (ocaris.
Y poGoti [4] HayKOBII JOCHIKyBaJld MHNHI
BJIACTUBOCTI KaTOMITy, $K PIAKOTO TPOAYKTY
€ICKTPOXIMIYHO aKTHBOBAHOTO CEPEIOBHINA BOMIM,
SIK  MOXIJIHMBOI  QJIbTEpHATHUBH  TPaAUIiTHUM
npajgbHUM TopomkaMm. HedapOoBanuii momiamizn
OyB 3a0pymHEeHWH KyKypyA3SHAM KpOXMajeM,
MIHEpaJbHOIO  OJIi€f0, OJICTHOBOIO  KHCJIOTOIO,
MOpPGOTIHOM, POCIMHHUM XHPOM, OyTaHOJIOM.
Yacrtuna 3a0pyaHEHOI TKaHUHH OyIa 30epexeHa sK
KOHTPOJIbHA 1 HE TTiA1aBaiacs mpanHio. 3a0pyaHeHa
TKaHuHa Oyia BuUmIpana rnpu Temmneparypax 30 °C #
40 °C 3 BHUKOpPUCTaHHAM JIUCTHJIBLOBAHOI BOJM.
Muiianii 3aci0 CTBOPECHHMM MNIISXOM 3MIITyBaHHS
Karomity # HedochaTHOro MHHUHOTO 3aco0y B
mporoprtii 50/50. Ilixm 9ac ekcrepuMeHTaIbHHUX
JOCITiPKEHb BCTaHOBJICHO, o pO3UuH
karomit/HeochaTHuit MUHAHUH 3aci0 y
crniBigHomenHi 50/50 OyB OinbiI eheKTUBHUM IS
BUAaNeHHs Opyay 1 M npu temneparypi 40 °C.

Y po0orti [5] HayKOBIII JOCTIKyBa BILTUB
KaTOJITy Ha JCSKi BJACTHBOCTI TKAHWHU ITOJIiaMi.
Pesynbrat mokaszyroTh, IO TMpaHHS 3 KaTOIITOM
MIPHU3BEJIO IO BTPATH MIIHOCTI HA PO3PUB, X0Ua IIs
BTpaTa He Oyja 3HA4YHO OLIBIIOI0, HIK BTpaTH,
CIIPUYMHCHI MHWWHHM 3acoboMm. TkaHwHa cTana
YKOPCTKIIIOKO MICIIs MPaHHS 3 KaTOJITOM, X04a BCe
e HE TAKOK JKOPCTKOIO, SIKIIO TOPIBHIOBATH 3
Ti€10 K TKAaHUHOIO, BITITTPAHOIO 3 MUHHUM 3aCO00M.
BingHoBiaeHHS — CKIagOK ~— TKAaHHHHM  IOJIaMif
MOKPAITYETHCS IMICTS MPaHHS 3 KaTOJITOM. 3MiHa
pPO3MIpiB, 110 BIiXOYJIMCS IpH IpPaHHI TKaHUHU
MoJTiaMiT KaToJiToM, OyJia HE3HAYHOTO.

HaykoBui [6] ekcriepuMeHTaJIBHUM MUIIXOM
JIOBEJIM, IO KATOMT — 1€ eJIEKTPOXIMIdHO
AKTUBOBAaHE BOJIHE CEpPEIOBUINE, SKE HE Mae
HIKiIJTMBOTO BIUIMBY Ha BOJHI cucteMu. pH 1 Muiini
BJIACTHBOCTI KaTOJIiTa 3aJIUIIAIOTHECA B 3MIHEHOMY
CTaHi MeTacTablIbHOCTI MPOTAroM 48 roj, 3rofoM
MOBEPTAIOYNCh JIO CTaHy JO akrupamii. Bruus
KaTOJITy Ha 30BHILIHI BIacTHUBOCTI (papOoBaHOi
0aBOBHM MOPIBHIOBAIH 3 O0e3dochaTHUM MHMHUM
3aco00M Ta oIiHoBanH. IlpaHHs OaBOBHU 3
KaTOJIITOM BHUKIHUKAJIO JEII0 MEHIIY CTiHKICTh
KOJILOPY, BHILY CTIHKiCTh IO IpaHHA (3 OapBHUKOM
PCAaKTUBHUM YOpPHHM) Ta MeHie ¢dapOyBaHHsS (3
OapBHMKOM TMpPSMUM YOpHHM). BukopucranHs
oe3docdarHoro MuitHOro 3aco0y TpPUBENO 10
MeHIioro ¢apOyeanHd. BIuMB kaTodiTy Ta
MHUHOTO 3ac00y Ha CTIMKICTh KOJBOPY IO CYXOTO
Ta BOJIOTOTO TEpTS OyB MPAaKTHYHO OJHAKOBHM.
Karomit mae BHCOKHMII MOTEHIIan SK EKOJOTIYHO
yycTa albTEPHATHBA NPATGHUM IOPOIIKAM IS
CTaJIOTO CIIOKUBAaHHS OABOBHSHOTO TEKCTHUIIIO.

Hayxouiis Yepkacbkoro JIEPIKABHOTO
TEeXHOJIOTIYHOTO  yHiBepcuteTy (YkpaiHa) [7]
JOCHIDKyBalla MOXJIUBICTh BUKOPHCTaHHS PiAKHX
NPOIYKTIB €JIEKTPOAKTUBALl BOOM KaTONITy W
aHoJiTYy y ckiami ¢apOyBaibHuX (QaHH K
iHTeHCH(DiKaTOPiB porecy (hapOyBaHHS
TEKCTUJIBHUX MaTepialliB MPSIMUMU, aKTUBHUMU Ta
JUCTIEPCHUMHE OapBHHKAMHU.

Mertoro cTarTi € CTBOPEHHS
pecypco30epiranbHOi  TEXHOJOTiI  BUOMBaHHS
0aBOBHSAHOI  TKAHMHH  0s3b  IITMCHTHHMH
OapBHMKaMH  TIUIIXOM  MiHIMI3amii  CKIIamxy

mirMeHTHOI BUOMBHOI (apOu 3 BUKOPHCTAHHSI
PIIKOTO TPOAYKTY €IEKTPOAKTHUBAIii BOIU —
KaTOJITY; AOCTIPKCHHS BUONTHX 3pa3KiB TKAaHUH 32

CTIAKICTIO Ta  IHTCHCHBHICTIO  OJCp)KaHUX
3a0apBIICHB.

Buxian OCHOBHOI'0 Marepiaay
JOCTiIKEeHHS.

TepMiH ,akTuBamis” O03HA4Ya€ TUMYACOBE
BIIXUJICHHS BIIACTHBOCTEH PEYOBUHH,
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IHAYKIIiOBaHE 30BHINIHBOIO €0, Bil CTaHy
TepPMOJAMHAMIYHOI PIBHOBarm TMpyd HE3MIHHIN
TeMIiepaTypi i XiMiYHOMY CKJIaJi €JIEMEHTIB 10 1
Ticys BUKOHAHOI jii. PeyoBrHa B TepMOAMHAMIYHO
HEPIBHOBAXHOMY (MeTacTabimpHOMY qu
aKTHBOBAaHOMY) CTaHI  BOJIOMI€  HAJJIUIITKOM
BHYTPIIIHBOI MOTEHLIHHOI eHeprii, AKa MOCTYHOBO
PO3CiIOEThCS, a00 MOXKE BHTPAadaTUCS MPU Pi3HUX
(dizuko-xiMigHUX B3aemomisx. Ili BmacTUBOCTI i
3YMOBIIIOIOTh aHOMaJlbHY aKTHBHICTH Bojau. Ha
BIIMiHY BiJl TPUIIITHOTO €JIEKTPOIIi3y, TOJIOBHOIO
3a/la4yer0 SKOro € OTPUMaHHS B YHUCTOMY BHIJISIL
MIPOTYKTIB EICKTPOXIMITHIX peaxiii,
CJICKTPOXiMiYHA AaKTHBAIlisi 3aCTOCOBYETHCS ISt
HaJaHHS BOJI 00YMOBIICHHX BHIIIC
(hyHKITIOHATEHUX BIIACTUBOCTEH [4].

3 wMeror0 iHTeHcH(iKaLil TEXHOJIOTIYHHX
nporeciB papOyBaHHS Ta BUOMBAHHS TEKCTHIBHUX
MarepiaiiB, 3MEHIICHHsS] KOHIIEHTpaIlii OapBHUKIB
Ta 00’€MiB BHKOPHCTAaHOI MpPH I[bOMY BOJH, BCE
OUTBIIOr0 MOMIMPEHHSI Ha0YBAIOTh €JIEKTPOXiMiyHi
Meronu (izumuHOi Ta (Hi3UKO-XIMIYHOI aKTHBAIii
TEXHOJIOTIYHUX po34mHiB. OmHAM 13 TaKuX
e(heKTUBHUX METO/IiB € BHKOPHUCTaHHS
CJIIEKTPOAKTHBOBAHUX BOJTHUX CUCTEM,
3aCTOCYBaHHSA SKHX HE TUIBKH I1HTCHCH(]IKYE
copOuiitHO-Iudy3iHI  mpouecH  OMOPSAIKEHHS
TEKCTWIBHUX MaTepiaiiB, a ¥ Halae MOXJIHBICTh
JMOCSATTH CTaOUTBHUX PpE3yNbTaTiB TpPU  OUTBI
HU3BKUX KOHIICHTPAIIISIX peareHTiB [7].

JlJis BU3HAUYCHHSI MOXKJIMBOCTI BHUKOPHCTaHHS
PIOKMX TIPOAYKTIB E€JICKTPOAKTHBAIlll BOAM ¥
(hapOyBaTEHO-OTOPSKYBATHHOMY ~ BUPOOHHUIITBI
Ta 3 MeToro iHTeHcupikauii mpoueciB GapOyBaHHs
Ta BHOMBAaHHS TEKCTWIBHUX MarepianiB Oynu
MPOBEACHI MOCHIIKEHHS IIOA0 BHUKOPUCTAHHS
KaTOJITY Yy CKJIa/i BUOMBHUX KOMITO3HILIIH.

[Iponec EIIEKTPOXIMIYHOT aKTUBAIll
BOJIOTIPOBITHOT BOIH 3TIMCHIOBABCS Ha
Ja0opaTopHOMYy Jiad)parMOBOMY  €JIEKTPOJIi3epi.
brok-cxema Bxiouae: neperBoproBau [ITO-M-
230-50-Y4, BamHy, MIigHI IOTAaHTH, Ha SIKAX
KPITUTATBCS €JICKTPOIH, eIEKTPOaH (KaTox — CTajlh
X12H18T10; anox — tutan). ['abaputHi po3mipu
enektporizepa: 380 MM x 260mMm x 330 mwm.
Katomna i aHogHa KaMepu MaloTh 3JIMBHI OTBOPH.
[Ticnsa BIAKITIOYEHHS HANPYTH PiOKi TPOIYKTH
aKTUBAIlil 3JIMBAOTHCS B CHCMiAIbHI EMKOCTI (pHC.

1.

[
o S

o -

0
Puc. 1. Cxema enexrpodizepa:
1 — xoprryc BaHHHM; 2 — eNeKTpoan; 3 — giadparma;
4 — mepeTBOPIOBAY; 5 — 3JIMBHI OTBOPH

|

Hiapparmoro € mopucra JieNeKTpUYHA
meperopogka i3 OETBTHHTOBOTO  IOJIOTHA,
pOo3MillieHa MK €JICKTPOAaMH €JIeKTpoiizepa, sKa
MIEPEIIKOKAE 3MIlllyBaHHIO 00’€MIB BOAM Ta
MPOMYKTIB AaKTHBaIii y aHOAHIN Ta KaTOmHIN
SJICKTPOJTHUX KaMmepax IICI MPUIUHEHHS Moaadi

eHeprii.
y nabopaTopHUX yMOBax nporec
CJICKTPOAKTHBAIlli TOJATaB y  TOMY, 100

OPOIYCTUTH TIOCTIHHUI ENeKTPUYHUH CTpyMy
cunoro 22A, nanpyroro 200-220B ynponmosx 40
XBWJIWMH dYepe3 BiANMoBigHWA o00'eM BOmM B
eJIEKTPOJTi3epi.

Pigxumu npoiyKTaMu eNeTpoaKkTUBAaLii BOIH €
katomiT (pH =10+0,5) ta anomit (pH=3+0,5).

Bracmigok  mpomecy — kaTogHa — Kamepa
HACHYYETHCS MIPOAYKTaMHU KaTOJHUX
EJeKTPOXIMIYHMX PEaKIii: BOJHEM, TIiAPOKCHUJI-
10HaAMU, TITPOKCHIAMHA METAIIB, SIKi YTBOPIOIOTHCS
13 PO3YMHHUX Yy BOJIi COJIEH:

2H,O + 2e — Hop + 20H"
Po3unHEHNH Y BOJII KHCEHb MOYKE BiJIHOBJIIOBATHCH:

O, +e — 0Oy
O, +tH,O + 2e — HO," + OH"
O, +2H, +2e — H,0, + 20H"

YV nuTHIN (BOJOTIPOBITHIN) BOAI 3HAXOIATHCS
PO3YHMHEHI COJIi JIy>)KHUX Ta JTy>KHO-36MEITbHIX
MeTaiB, 30kpeMa comi Ca 2, Mg 2*, axi
YTBOPIOIOTH O1JIs1 KaTOIy BiAIMOBIIHI I'1APOKCHIN:

Ca?* + 20H" — Ca(OH), |
Mg+ 20H — Mg(OH),|

YTBOpEHUil pO34KH HA3UBAIOTH KATOJITOM.
B anomHii kamepi BoJa HACHIYETHCS
NPOJTYKTaMU OKUCIICHHSI:

2H,O —4e — 4H" + OzT
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Ha moBepxHi enexTposy MpOTiKalOTh PeakIii:

2H,0 — 2e — H,0, + 2H"
2H,0 - 3e — HO," +3H*
H,O; —e — HO, + H*

VYTBOpEeHHII PO3YMH HAZUBAETHCS AHOIITOM.
[Moxubxka nocniny ckianae Bix 0,5 mo 1,5%.

BazoBoro BuOMBHOIO (hapOOIO, 3  SAKOIO
OPOBOJWIINCS  JOCHIDKEHHS, €  KOMIIO3HUIIis
nirmenTHO1 hapou dipmu "Ciba" (LLBeiinapis), 3a
skoto mpamoe [IpAT "Uepkackkwii IIOBKOBHI
komOinat" («YIIIK», m. Yepkacu, Ykpaina) [8].
Penentypa 6a30Boi mirmeHTHoi ¢apbu HaBelcHa B
tabu. 1. KiabkicTh mirMeHTy y (hapOi BU3HAYa€ThCS
KUTBKICTIO 3B'S3YIOUOTO KOMITOHEHTY. KiTBKIiCTh
gopHoro mirmenty Ha 1000r ¢apbu cknanmae 40r,
KUIBKICTh  KOJIbOPOBUX TITMEHTIB  (Y4EpPBOHOTO,
3esenoro)— 20r.

Tabmuus 1
CkJajg 6a30Boi BUOMBHOI GapOu
Hassa komnoneHnry Maca, r
3arycuuk Alcoprint PTP 18
3B’sa3yroumidi  KOMIOHeHT ~Alcoprint 180
PB-HC
®dikcarop Alcoprint PFL 20
ITom'skmryBaa Alcoprint PSC 15
25% po3unH aMOHiaKy 5
Bona BomonposigHa 762
Beboro: 1000
TexHomoris MIPUTOTYBAHHS IIIrMEHTHOL

BHOMBHOI (hapOu MoJiArae y HacTymHOMY. Y 0adok
(CKIISTHHMIA, dhapdopoBuit, KepaMidHHH) 3
HEOOXIIHOI0 KIUIBKICTIO BOJIOTIPOBIIHOT  BOJH,
nonaoTe 25% po3umH amoniaky. llpm mocTtiitHO
MPAITIOIOYi  MIBUAKICHIM MImaai TOHEHBKOIO
IiBKOK) 3QJIMBAETHCS YaCTHHA 3aryCHHWKa Ta 1HIII
KOMIIOHEHTH (apOu B Takili MOCIiZOBHOCTI:
3B’ SI3YIOYNH KOMITOHEHT, TTOM'SIKIITyBa4, 3aJIMIIKOBA
KUTBKICTh 3aryCHHKa, (hikcaTop. YTBOpPEHY CyMill
PETENBHO NEePEMILITYIOTh A0 OJep KaHHs OJHOPiTHOT
macu. JlomaroTh TITMEHT 1 3HOBY PETEIBHO
MIePEMITITYIOTh 0 OACpPKaHHSI MAacH 3 PIBHOMIPHUM
KOJIbOpOM. Y 1abopaTOpHUX yMOBax B SIKOCTI
IIBUIKICHOT MiITaTKH BHKOPHUCTOBYBABCS
enexrpo3minryBad "Emita" BP-201 (Ykpaina) [9].
st BUKOHAHHS JOCITiPKEHb
BUKOPHCTOBYBAJIUCS MirMEHTHi cycrnensii
UNISPERSE G LIQ uwopnoro, UNISPERSE G LIQ
gepBonoro, UNISPERSE GL LIQ 3enenoro.
3arycauk Alcoprint PTP € cuHTeTH4HOIO
CIIOJIYKOIO y BHTJIAAI PiIKOi AUcTepcii HA OCHOBI
AKPUJIOBHX TIOJIIMEPIB — PiAKO3IIUTHIA CITIBIIOIIMED

OyTHIaKkpuiaTy 1 METaKpuiaoBOi Kuciotu (puc. 2)
BUPOOHUIITBA bipmu "Ellade Colloid"
(BemukoOpwuraHnis), B  AKid  3aryCHHK Yy
HeioHi30BaHii (hopMi AUCTIEproBaHU y ByTJICLEBO-
BOJTHEBOMY PO3UMHHUKY:

COOH
|
—CH,—CH—CH,—C —

| |
C4H9_ CO—©O CH3

Puc. 2. CtpykTypHa cXema CIiBITOJIiMEpyY
OyTHIaKpHUIIATY Ta METAKPHUIOBOI KHCIOTH

Konnentparist aucrepcii 3arycHUKa CKJIaae
50-60% [10]. Hducmepcis BiApi3HIETHCS BHUCOKOO
OJTHOPIAHICTIO YaCTUHOK, PO3Mip AKuX (10 1 MKM)
3YMOBJIIOE BEJIMKY TTOBEPXHIO KOHTAKTy 3aryCHUKa
3 PO3YUHHHUKOM, IO CHPUSE HOTO IIBHIKOMY
HaOyXaHHIO i Yac OJaBaHHSI BOAM Ta JIYXKHOTO
KOMITOHCHTY.

3B’s3yrounii komnoHeHT Alcoprint PB-HC. Lle
MOJIIMEPHUN  TITIBKOYTBOPIOIOYMH  TIOJTIaKpHJIAT,

KA ~ yTpUMy€ TITMEHT Ha  TEKCTHIHHOMY
marepiaii.
R
H COO-R
L _in

Je R — ByrneBojHeBUil paaukai

®dikcatop Alcoprint PFL. Ilpemapar, mio
3a0e3medye TOTepeyHe 3IIUBAHHSA 3B'SI3YI0OUOTO
KOMIIOHEHTY 1 TeKCTHJILHOTO MaTepiary, MOKparnrye
IMOKAa3HUKHU MIIIHOCTI.

ITom'sikiryBay Alcoprint PSC
BUKOPHCTOBYETHCS I 30EPEXKCHHS TMPUPOITHOT
M'SIKOCTI TEKCTHJIHUX MaTepiaiB.

Cra6imizatop — 25% po3unH aMmoOHiaKy
NH;3-H,O. Bonmawmii po3umH crabimizaropa €
CepeloBHINEM IS  HaWOUIbII  e(peKTHBHOTO
HaOyxaHHA 3arycHuka. HasBHIiCTB cTabinizaTtopa
yCyBa€ arperarfiro 9aCTHHOK OapBHHUKA (IIITMEHTY),
pO31IapoByBaHHS i OOCHXaHHS 3aryCTKU, TAIEMY€
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MepeIyacHy TOJTIMEpHU3allilo 1 IMOJIKOHACHCAIII0
3B'I3yI0UOTO KOMITOHCHTY.

TkanwHa, SKy TiATaBad  MITMEHTHOMY
BuOuBaHHIO bs3p (apr. 5107), BUroroBineHa Ha
[IpAT «YIIK».

PoGota BUKOHYBaJlacsi y  peaJbHUX
BUpPOOHMYMX yMoBax BuOuBHOrO wexy IIpAT
«Yepkacbkuil IIOBKOBUI KoMOiHaT» (M. Uepkacy,
VYkpaina)

B sakocti  iHTeHcmdikaTopa  mporecy
BUOMBaHHS TKAHMHUA BHKOPHUCTOBYBABCS DiIKUH
MPOMYKT ENEKTPOAKTUBAIlI BOIW — KATOMNIT

(pH=10£0,5). Ha ocnoBi 6a30B0i (apOyBanbHOI
KOMIIO3MIII CTBOPIOBABCS HOBHUM CKJIaJ] BUOMBHHUX
¢apd i3 3amiHol0 25% po3uMHY amoOHiaKy 1
BOJIOTIPOBITHOI BOMM HAa KATOJNIT Ta 3MEHIICHHIM
KUIBKOCTI JesIKUX KOMIOHeHTIB. CKial BUOMBHUX
¢ap6 HaBexeHo B Ta0I. 2, 3, 4, 1€ O3HAYEHO:

1* - Ga3oBa KOMIIO3HIlis BHOUBHOI (apOu
(ITpAT «YILK»);

2* - pubuBHa ¢apba i3 3aminoro 25% pozunHy
aMOHIaKy Ta BOJIOIPOBITHOT BOIU KATOIITOM;

3* - suOuBHa dapba i3 3amiHOI0 25% PO3UHHY
aMOHIaKy Ta BOJONPOBIIHOI BOJAM KATOJITOM i3
3MEHIICHHSIM 3aryCcHUKa i 3B'SI3yFOYOTO
KoMmoHeHTy Ha 10%;

4* - pubuBHa ¢apba i3 3aminoro 25% pozunHy
aMOHIaKy Ta BOJONPOBIIHOI BOAM KATOJITOM i3
3MEHIIICHHSIM 3aryCHUKA, 3B'I3yF0U0T0 KOMIIOHEHTY
i mrmeHTHOTO OapBHUKA Ha 10% KOXHOTO.

Tabmuws 2
CxJiaa BuOUBHUX (apd i3 mirMeHTOM 4OpHUM
UNISPERSE G LIQ

Ckman, T 1* 2% 3% 4*
Ha3ssa
KOMIIOHCHTIB
[TirmeHT YopHHMit 40 | 40 40 36
UNISPERSE G LIQ

3arycuuk Alcoprint PTP| 18 18 16,2 | 16,2
3B's13ytounit kommoneHt | 180 | 180 | 162 162
Alcoprint
PB-HC

®ikcatop Alcoprint PFL| 20 | 20 20 20
IMom'sxmryBay Alcoprint | 15 15 15 15
PSC

25%-Huii po34uH 5 - - -
aMOHiaKy

Boga BomonpoBigHa 762 - - -
Katomit - 767 | 786,8 | 786,8

Tabmui 3

CxJiag BuOuBHUX ¢apd 3 NIrMeHTOM 4YepBOHUM
UNISPERSE G LIQ

Ckianm, T 1* 2% 3* 4%
Hasga
KOMIIOHCHTIB
ITirmenT yepBoHuit| 20 20 20 18
UNISPERSE G LIQ

3arycuuk Alcoprint PTP| 18 18 16,2 16,2
3B’ s3ytounii kommoneHnT| 180 | 180 | 162 162
Alcoprint PB-HC
®dikcarop Alcoprint PFL| 20 20 20 20
ITom’sikmiryBau Alcoprint| 15 15 15 15
PSC

25%-Huit pozumH| 5 - - -

aMOHiaKy

Bopa BomonpoBigHa 762 - - i

Karomit - 767 | 786,8 | 786,8
Tabmuua 4

Cxiag BuOUBHEX ¢ap0 3 mIrMeHToM 3eJIeHUM
UNISPERSE G LIQ

Cxnanm, T 1* 2% 3* 4%
Hasga
KOMIIOHEHTIB
IlirmenTt 3eaeHui| 20 20 20 18
UNISPERSE G LIQ

3arycuuk Alcoprint PTP| 18 18 16,2 16,2
3B’ s3ytounii kommoneHnT| 180 | 180 | 162 162
Alcoprint PB-HC
®dikcarop Alcoprint PFL| 20 20 20 20
ITom’sikmiryBau Alcoprint| 15 15 15 15
PSC

25%-anit po3umH| 5 - - -
aMOHiaKy

Bona BomonpoBigHa 762 - - -
Karosmit - 767 | 786,8 | 786.,8

BubuBanns 3pas3kiB Tkanuau bsa3p apt. 5107
3MiMCHIOBANIOCS HAa J1TaopaTOpPHOMY CTOJNI 3a
JOTIOMOTOI0  [UIOCKOT'O  CITKOBOTO IIa0JIOHy Ta
paxumi. [licis BuOMBaHHS 3pa3ky CyIIMIN Ha TOBITPi
mporsrom 10 xB.,, a moOTIM cTalimizyBaau B
CYLIMJIBHIH madi NpoTAToM 3 XB. IPU TEMIIEpaTypi
160°C.

KonmbopoBi XapakTepUCTHKHU 3pa3KiB TKAHUHU
BH3HAYAJINCA HA aBTOMAaTHUYHIH KOMIT IOTEPHIH
CUCTeMi OO0 €KTUBHOTO BHMIPIOBAaHHS KOJbOPY
"VH-Color Magic" ([lauis). BigHocHa moxuOka
BUMIpIoBaHb  cTaHOBUTh +0,5%. IlokaszHuku
3HAaYeHb KOJIHOPOBHUX XapaKTCPUCTUK HABEACHI B
Tabm. 5.
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Tabmuusg 5
Koulipni xapakrepucTiku BHOMTHX 3pa3KiB TKAHMHHU
3MiHM KOJIIPHUX XapaKTEPUCTHK OJCpKaHUX 3a0apBIICHb
Cxiaz :
TxanuHa ITirmeHT BUOUBHOT IHTeHCHBHlCTj’
(bapbu Ceimiiora | Yucrora Binrinok . 3a6ngneHHa, /o
(BiAIOBITHO 10 €TaJOHY
3a ckiragoM 1* 100%)
Yopuuit 2% 2,17 -0,12 0,17 69,76
UNISPERSE G 3* 0,55 -0,14 0,06 97,50
LIQ 4* 0,41 -0,47 0,17 99,01
YepBonuii 2% -0,72 4,45 2,58 91,72
Bsisp UNISPERSE G 3* -0,55 2,60 2,02 113,29
apt. 5107 LIQ 4% -1,2 4,25 3,22 103,53
3eneHuit 2% 1,12 -0,84 0,71 89,74
UNISPERSE GL 3* 0,74 -0,68 0,19 94,63
LIQ 4* 0,55 -0,12 0,04 97,50
Tabmuus 6
SkicHi NOKa3HUKH ofiepkaHUX 3a0apBJieHb TKaHUHM Bsa3b apt. 5107
Minnicte mogapOyBaHb, 6anu
. Cxutag BHOMBHOT [panns .
ITirmenT CriiikicTh KONBOPY 10
thapbu Cyxe tepTst| MoKpe TepTs | 3 BAKOPUCTaHHIM .
MITA CIIOTOBUOIIICHHS»
Yopruit UNISPERSE 1* 4 3 5 5
GLIQ 2% 4-5 3 5 5
3* 3-4 3-4 5 5
4* 4 34 5 5
YepBoHuit 1* 3 3 5 5
UNISPERSE G LIQ 2% 2-3 3 5 5
3* 2 3-4 5 5
4* 3 34 5 5
3enennit 1* 3-4 3 5 5
UNISPERSE GL LIQ 2% 4 3 5 5
3* 3-4 3-4 5 5
4* 4 34 5 5
3rifHO OTpUMaHMX pe3yibTaTiB HaWkpami  skuMu ciayryBanu 3pasku [IpAT «UILIK», Ta
TTOKa3HUKA 1HTCHCUBHOCTI BHOWBAaHHS MAarOTh  BHU3HAYCHHSAM CTIMKOCTI ¢apOyBaHHA 3TiIHO 3
3pa3Kku TKAaHUH BUOUTI MTIrMEHTaMU 3a CKJIaJoM 3* 1 JiI0YMMH JIepKaBHUMH CTaHIapTaMH YKpaiHud Ta
4* 3 BUKODHCTAaHHAM YEPBOHOTO MirMeHTy  MbkHapoanumu crapaaptamu ISO (ACTY 3998-

UNISPERSE G LIQ. bau3pkumu 3a IHTEHCUBHICTIO
BHOMBaHHSI 110 ©a30BOi peNenTypyd IOKa3HUKHU
BUOWTHUX 3pa3KiB Ha TKaHUHI bs3p 3a ckimamom 3* i
4* 3 BHUKOPHCTaHHSAM IIIC'MEHTIB  YOPHOTO
UNISPERSE G LIQ i 3enenoro UNISPERSE GL
LIQ. [Iloka3nuku iHTeHcHBHOCTI (apOyBaHH:
3paskiB, nmodapboBannx BUOMBHUMH (hapOamm 3* i
4* MOXHA TIOSICHUTH WMOBIPHICTIO TIEPEX0OIy
MOJICKYJI TITMEHTHHX OapBHHMKIB Ta 1HIIHAX
KOMIIOHEHTiB (apOu y 30yIKeHHid CcTaH B
AKTHBOBAaHOMY BOJHOMY CEPEIOBHUII KaTOJITy
[11].

SkicTp Ta CTIMKICTH OJepKaHMX 3a0apBIECHBb
BU3HAYAINCS IIUISIXOM 1X MOPIBHSHHSA 3 €TaJIOHOM,

2000 [12], ACTY ISO 105-X12:2016 (mo cyxoro
tepts) [13], ACTY ISO 105-A02:2005 («IlIxana
cipux eranonisy) [14], ACTY EN ISO 105-
C10:2020 (mparHsS 3 BUKOpHUCTaHHAM Muia) [15],
JACTY ISO 11641:2012 (cTifiKicTh KOJTBOPY MO
notoBuaiieHHs) [16]. CrilikicTs 3a0apBieHHS 10
CyXOro  TepTs  BUMIpPIOIOTE Ha  OpWiIami
"Stainingtester” (¢dipma «Computex», YropiiuHa)
srimao go JICTY ISO 105-X12:2016 [13]: mo
3pa3Ky JOCHI)KYBaHOI TKaHWHHU JTOBXHUHOIO 10cM
rojloBKa TpwWiagy, sAKa OOTATHyTa 0100
0aBOBHSIHOIO TKAaHMHOIO, I1iJi HaBaHTa)kKeHHsM 9H
smiticiroe 10 xomiB Bmepenm 1 Hazam. s
BUTNIPOOYyBaHH: OepyTh HE MEHIIIE TPHOX 3pa3KiB. 3a
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pe3yNIbTaT NPUHMarOTh cepeiHe apupMETHIHE BCiX
BHUMIpPIOBaHb. Pesynbratu JTOCITIIKEHB
MIpEeACTaBIICHI B Ta0HIIi 6.

3pa3ku TKaHWH, 3a0apBJICHUX MIrMEHTHUMH
(dapbamu  3a cximagoM 4* MaloTh MIIHICT
nogapOyBaHb Ha piBHI 3-4 OajiB, BIAHOIICHHS 0

mpaHHsd 3  BHUKOPHUCTaHHSAM Muma 1 [0
«MOTOBUIUICHHS» — 5 OamiB y MOpIBHSHHI 13
eTaJOHHUM 1 *.

BucnoBkn. Pinxumu MIPOLYKTaMHU

CJICKTPOXIMIYHOI aKTHBAIllii BOJAM € KaTOMIT Ta
amomit. Katomit mae myxue cepemoBume (pH
=10=£0,5), aromit kucie cepenosuiie (pH=3+0,5).

Ha ocHOBI 06a30B0i BHOMBHOI KOMITO3MIIT
CTBOPEHO HOBHH CKJ1a]l BUOMBHUX (HapO 13 3aMiHOIO
25%-HOTO pO3UMHY aMOHIaKy 1 BOIOHPOBIIHOT
BOJIM Ha KAaTOJIIT, IO A0 MOXKJIHBICTh 3MEHIIIUTH
BUTPAaTH 3aryCHHUKA, 3B'SI3yFOUYOTO KOMITOHEHTY 1
mirmeary Ha 10% KOXXHOTO y TOpIBHSHHI i3
0a30BOI0 TEXHOJIOTIEIO.

3anponoHoBaHa KOMIIO3ULiA BHOUBHOI (hapOu
13 HOBUM CKJIQJIOM 3 BHUKOPHCTAHHSM KaTONITY Ta
3MEHIIICHOI0 KUTBKICTIO 3aryCHHKA, 3B'S3yI0YOTO
KOMIIOHEHTY 1 mirmMeHty Ha 10% KOXHOro
3a0e3reuye iHTEHCHBHICTh 3a0apBIICHHs Ha piBHI
97-103% (y mopiBHAHHI i3 0a30BUM CKIAJOM
100%), cridikictb 3a0apBieHHA  OaBOBHSHOI
TKaHWHU JI0 JIii CYXOro i MOKPOTO TepTs, PaHHS 3
BUKOPUCTAHHSIM MHWJIA Ta «IOTOBUIUICHHS» Ha
piBHi 3-5 GaiB.

BuxopucranHs ~ Karomity, SIK  PiIKOTO
MPOAYKTY EJIEKTPOAKTHUBAIll BOJM, Ta BHITYYCHHS
TITKiITTABOTO TUTS JIIOICBKOTO OpraizMy
KOMIIOHEHTY y CKJali BUOMBHOI (papou 25%-HOro
pO3YMHY  aMOHIiaKy, JIO3BOJISE  3MCHIIYBAaTH
KUTBKOCTI OCHOBHHX CKJIAZIOBUX KOMIIOHEHTIB Ta
BJIaCHE TIrMEHTHOrO OapBHMKA, IO CBIAYUTH PO
MEPCIICKTHBHICTh CTBOPEHHS pecypco30epiranbHoOl
TEXHOJIOTI] MIrMEHTHOTO BHUOHWBAaHHS OaBOBHSHHX
TKaHUH.
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Koval M.H., Romanenko N.H., Stoliarenko H.S.
Creation of a resource-saving technology for dyeing
cotton fabric with pigments using catholyte, a product
of water electroactivation

The textile industry occupies one of the leading
positions in the manufacturing sector both globally and
in Ukraine. The increased demand for high-quality
fabrics due to the rapid development of the clothing and
footwear industries requires new technological solutions
for their manufacture, which will lead to a reduction in
the cost of finished products, a reduction in the
consumption of dyes (pigments) and the environmental
friendliness of dyeing and printing processes in dyeing
and finishing industries. The relevance of the work is
determined by the need to create resource-saving
technologies for pigment printing of textile materials,
which involves reducing the consumption of pigments
and  auxiliary substances, eliminating corrosive
ingredients in printing ink that are harmful to the human
body, and reducing the environmental impact. The aim of
the article is to create a resource-saving technology for
printing cotton calico fabric with pigment dyes by
minimising the composition of pigment printing paint
using a liquid product of water electroactivation —
catholyte; to study printed fabric samples for the stability
and intensity of the colours obtained. The paper presents
the results of experimental studies conducted in the
production conditions of an operating textile enterprise
on the creation of a new composition of discharge
pigment dye, in which the toxic and harmful 25%
ammonia solution is replaced by a liquid product of
water electroactivation, catholyte (pH = 10+0.5), which

made it possible to reduce the consumption of printing
ink components (thickener, binder and pigment) by 10%
each compared to the basic technology. The article
shows that the proposed composition of discharge dye
with a new formula using catholyte provides a colour
intensity of 97-103% (compared to 100% intensity with
the basic formula), colour fastness of cotton fabric to dry
and wet friction, washing with soap and ‘sweating’ at a
level of 3-5 points, which indicates the promise of
creating a resource-saving technology for pigment
printing on cotton fabrics using catholyte.

Keywords: pigment dye, beating, cotton fabric,
electroactivation of water, catholyte, ammonia solution,
resource-saving technology.

KoBanbr MmupocaaBa I'puropiBHa — K.T.H., JOIICHT,
JIOLICHT kadenpu XIMIYHUX TEXHOJIOTIH Ta
BOJIOOYHIIICHHS YepkacbKoro JIEPKABHOTO
TEXHOJIOTIYHOTO YHiBepcuTeTy. m.koval@chdtu.edu.ua
Pomanenko Haranisi I'puropiBaa — 1.17.1H., mpodecop,
npodecop kadeapu nuzaitHy YepkacbKoro IepKaBHOTO
TEXHOJIOTIYHOTO YVHIBEPCHUTETY.
romanenko_n_g(@ukr.net

Croasipenko Tennagii CremaHoBMY — .T.H.,
mpodecop, mpodecop kadeapu XiMiTHUX TEXHOJOTIH Ta
BOJIOOYHIIICHHS YepKkacbKoro JIEPKABHOTO
TEXHOJIOTIYHOTO YHIBEPCUTETY.

radikal@ukr.net

Crarts mogana 17.10.2025.



100 BICHW/K CXIOHOYKPATHCbKOIO HALIOHANBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 9 (295) 2025

DOI: https://doi.org/10.33216/1998-7927-2025-295-9-100-109

VJIK 662.758

KABITAIIMHA OBPOBKA CYMIINIEN JIHIMHUX AJIKAHIB 3 IEPEKHCOM
BOJIHIO TA JOIIOMI)KHUMHU ATEHTAMU SIK METO/I IIIIBUILIEHHSI
OKTAHOBOI'O YNCJIA MOTOPHUX ITAJIUB

Ceprienko /1.B., Heaimes O.b., Kyapsasues C.O., Jlopis M.I'.

CAVITATION TREATMENT OF MIXTURES OF LINEAR ALKANES WITH
HYDROGEN PEROXIDE AND AUXILIARY AGENTS AS A METHOD FOR
INCREASING THE OCTANE NUMBER OF MOTOR FUELS.

SerhiienkoD.V., Tselishchev O.B., Kudryavtsev S.O., Loriia M.G.

YV pobomi npedcmasneno pezyromamu 00CHIONCEHHS
3ACMOCy8anis Kagimayitinoi 06pooxu cymiwieti TiHIHUX
ANKaHi6 3 NEPeKucoM GOOHIO A CHNUPMOBUMU KO-
azenmamu Ol NIOBUWEHHS — OKMAHOB020  HUCIA
momopuux nanus. Kasimayis, wo cynpogoodcyemvcs
VMBOPEHHAM 1 KOLANCOM NAposux Oy1b0auloK y pioui,
CMBOPIOE  NIOKANI308AHI  30HU 3  EKCMPEMATbHUMU
memnepamypamu (10°-10° K) i muckamu (0o 100 MIla),
6 AKUX 8100Y8aAIOMbCS PAOUKATILHI pearyil, izomepusayis,
KpeKiHe ma ymeopenus, KUCHeBMICHUX cnonyK. Beedenns
H:O0: y cucmemy npuseodums 0o  ymeopeuHs
eiopokcunbHux paoukanie (*OH), 30amuux iniyirogamu
akmueayitlo  IHepmHUX  aiKaWie I cnpuamu  ix
cmpykmypHum — nepemeopennsim.  Cnupmu, 30Kpema
bioemarnon ma i30NPONAHONIOM GUKOHYIOMb QYHKYIIO 5K
BUCOKOOKMAHOBUX KOMNOHEHMIB, MAK i MOOUPIKAMOpPiE
PAOUKATILHUX Npoyecis, NiOGUWYIOUU CEeKMUBHICTD
ymeopenns 6axcanux npooykmie. Excnepumenmanvhi
Odani ceidwams, wo Kasimayiuna obpobKa3 nepexucom
s00onio H20: 3abe3neuye npupicm okmano6o20 yucia Ha
1,3-3,5 RON, 3 izonponanonom 3abesneuye npupicm
oxmarosoeo uucna va 0,3—0,9 RON, a 3 6ioemarnonom —
00 2,6 RON, 3 onmumansHumMu KOHYEeHmpayisimu cnupmy
1,0%, 3,5% ma 6,5% o0.

Tloeonanns kasimauyii 3 0obasxkamu 00360/15€ 3MEHUUMU
sumpamu cnupmy Ha 14—17% onsa ompumanna naiuea
xnacie A-95 ma A-98 y nopisuauni 3 MexamiuHum

3MIULYBAHHSAM. Ilpoananizosano Nnpomuciosi
NnepcneKmusy  8NPOBAONCEHHA,  30KpeMa  nepesaci
eiopoounamiunoi  xasimayii y  eapmocmi  ma

eHepeoehekmuUeHOCMI, a MAKOIC HAABHI OOMEeNCEHHS —
nompeba 6 onmumizayii napamempie npoyecy, KOHMpPOIb

VMBOPEHHs1 NOOIYHUX NpoOdyKmis, 3anobicanHs eposii

00NAOHAHHST MA YMOYHEHHS MeXanizmie i3oMmepu3ayil.
3anpononosano Hanpamu  nooAILWUX  OOCTIONHCEHD,
BKIIOUAIOYU OemaibHe Kapmy8aHHs NApaMempis, OyiHKy

0ogzompusanoi cmabinbHocmi nanuea ma
macumadysanus npoyecy 00 NPOMUCTIOB020 DIGHSL.
Ompumani pesyromamu NiOMEEPONCYIOMb MEXHIUHY U
EeKOHOMIYUHY OOYLTbHICMb MEXHON02IT K AlbMEePHAMUGU
abo 00NnoGHeHHA MPAOUYITIHUM Memooam NiO8ULeHHs
OKMAH0B020 YUCIA.

Knwuoei cnoea: xagimayis, okmanose yucio, nepexuc
600HI0, PAOUKATbHA XiMis, [30Mepu3ayis, MOMOPHI
nanuea.

Beryn. OKTaHOBE YUCIIO € OTHUM 13 KITFOYOBHX
MOKA3HUKIB SKOCTI OCH3MHY Ta BU3HA4Ya€ MOro
3/IaTHICTh MPOTUCTOATH JICTOHAIT i Yyac poOoTH
JIBUTYHA BHYTPIITHBOTO 3TOpsTHAS. JleToHaIiss — 11e
nepeayacHe  camo3aliMaHHS — MMaJTUBOIIOBITPSHOT
CyMilli, s5Ke TMPHU3BOAUTH [0 HEPIBHOMIPHOTO
3TOPSIHHS, BTPATH MOTYKHOCTI, ITi IBUIIICHOTO 3HOCY
JleTajaei NBUTYHA Ta HaBITh WOTO ITOIIKOKCHHS.
Bucoke oxTaHOBEe 4YHCIIO BKa3dye Ha 3JaTHICTh
nanuBa 30epiraTv cTabiIbHICTD MiJ] Ai€I0 BUCOKOTO
TUCKY Ta TEMIIEPATYPH, IO € OCOOJIIMBO BAKIUBUM
JUTSL IBUTYHIB 3 BUCOKUM CTYIICHEM CTHCKAaHHS 200
(hopcoBaHUX JIBUTYHIB.

Y CBITOBIif TIPaKTHIll 3aCTOCOBYIOTH KiTbKa
METOJ/IB  BH3HAYCHHS  OKTAHOBOTO  YHCTa:
JocTiaHuIbKe okTaHoBe umciao (Research Octane
Number, RON), MoTopHe okTanoBe uncio (Motor
Octane Number, MON) Ta cepeaHe 3HaYCHHS, 110
BiIOOpa)KaEThC ~ HA  MAJIMBHUX  KOJOHKAax
((R+M)/2). KokeH 3 HUX BpaxoOBYy€ Pi3HI PEKUMH
poboTH nBUTyHa, aje BCI BOHH CIPSMOBaHI Ha
OIIHKY CTIMKOCTI MajnBa J0 ACTOHAIIIT.
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XimiuHuii ckmag OcH3MHY Oe3mocepeHbO
BILJTMBAE Ha foro OKTaHOBE YHUCIIO.
[IpssmomanmroroBi  ankanud (H-mapadiHd) MaroTh
HU3bKI OKTaHOBI 3HAYCHHs, TOAI AK PO3Taly>KeHi
ankanu (i3omapadinm), HapTEHH Ta apOMaTHYHI
CHONMYKH XapaKTepHU3YIOThCS 3HAYHO KpaIluMHU
aHTUACTOHALIMHUMH BIAacTUBOCTSAMHU. Hampukman,
H-rentad Mae RON, yMoBHO npuitHsaTHii 3a 0, Toxi
sIK 1300kTaH (2,2,4-TpuMmermianieHnTan) mae RON,
NpuMHATHN 3a erajoHHe 3HaueHHA 100. Taxum
YHHOM, 3OiJIBIICHHS 4YacTKA pO3TalTyKEHHX Ta
apOMAaTUYHUX BYTJICBOIHIB Y AJINBI € €(PEKTHBHUM
LUIXOM ITiIBUILEHHS HOr'0 SIKOCTI.

[IpomucinoBi TexHomnorii, cOpsMOBaHI Ha
TTOKpAICHAS. aHTUACTOHAIIIMHAX  BIACTUBOCTEH
OCH3WMHY, ICTOPHYHO PO3BUBAIUCA B KIJTBKOX
HanpsiMKax. HalOinbI nomupeHi 3 HAX:

- Karanitnuauii pudopmiar — mpouec, y
SIKOMY HH3bKOOKTaHOBI mapadinn Ta HapTeHH
MEPETBOPIOIOTHCS HA BUCOKOOKTAHOBI apOMaTH4Hi
ByIJeBoAHI Ta  i3omapadinm. [nsg  wporo
BHKOPHUCTOBYIOTHCS TUIATHHOBI YW PEHIWBMICHI
KaTali3aToOpH IPH BUCOKUX TEMIIEpATypax i THCKaX.
IlepeBara mporo Merogy — 3HAYHUH NPHUPICT
OKTaHOBOTO  4YHCJa; HEAONIKM —  BHCOKa
CHEPrOEMHICTh, YTBOPEHHS IIKIJIMBUX MOOIYHHMX
NPOAYKTIB (HampHUKIaA, OCH30ily) Ta YYyTJIHBICTH
KaTaji3aTopiB 10 3a0py/IHEHb.

- Izomepmzamis — Tiporec mepeOyIOBH
MOJICKYJIIDHOT ~CTPYKTypH H-mapadidiB y ix
po3ramyxeHi  i3omepu. MeToq €  MeEHII

CHEPrOEMHUM  TIOPIBHIHO 3 pudOpPMIHTOM i
0Cc00JIMBO ePeKTHBHMN I JIerKuX ankaHiB (Ca—
Cs). OmHak edexT Bix i3oMepu3allii 0OMeKeHH, a
mporec noTpedye BHCOKOI YUCTOTH CHPOBHHU Ta
KaTari3aTopiB.

- BukopucranHs aHTHIETOHAIIITHIX MTPHCAIOK
— 100aBOK, IO TMiJBUIIYITh OKTAHOBE YHCIIO,
Takux SK MeTHI-TpeT-OyTtuiaoBuit edip (MTBE),
eTaHoJI a00 OpraHOMETAJIIYHI CIIOTYKH (HAIIPUKIIaI,
TETPACTWICBUHENF Y MHUHYyJNOMy). Xoya I
MPUCAJKA MOXYTh 320€3MEUNTH IIBHJIKE Ta 3HAYHE
MiJBUIIEHHS OKTAHOBOTO 4YHWCNIa, 0Oararo 3 HHUX
MalTh HETAaTUBHUA EKOJIOTIYHUA BIUIMB a0o
MPU3BOMATh JO MPOOJIeM 3 eKCIUTyaTalliiHUMU
XapaKTepUCTUKAMHU JIBUTYHA.

Y cyyacHMX yMOBax IIi METOAM 4YaCTO
KOMOIHYIOTB, ase BOHH 3aJTUIIAIOTHCS
€HEPTOEMHUMHU, IOTPEOYIOTh 3HAYHUX 1HBECTHUITIH B

obmagHaHHSA Ta HEPIAKO MAalTh CEKOJIOTIdHI
O0OMEKEHHS.
Kapitamiss — wme mnpouec yTBOpeHHS Ta

HACTYIHOTO KOJIATIICy TMapoBHX abo Ta30BHX
Oynp0amok y piguHI BHACHiZOK JIOKaJbHOTO
3HW)KCHHSI THUCKY HIKY€ THCKY HACHUYCHOI Mapu.

[Ipu xonarnci Oyap0AIIOK yTBOPIOIOTHCS JIOKAJIBHI
"rapsrdi ToYku'" 3 eKCTPEMaATLHUMHU TEMIICPATyPaMH
(mo mecsarkiB Tucsd K) 1 Tuckamu (cotHi atmocdep),
IO MPHU3BOJMTH 10 YTBOPEHHS BUCOKOPEAKIIMHUX
YaCTHHOK — paJWKaNiB, 10HIB Ta 30yIKEHUX
MOJIEKYIL.

VY manuBHi# XiMii KaBiTalisg MOXe BUKOHYBAaTH
ponb  "HeTepMmiuHOro" KaTajizaTopa IPOLECIB,
320€3MeTyI0Un:

- Po3puB XiMi4HHMX 3B’SI3KiB Yy MOJEKYJIax
BYTJIEBOJIHIB (KPEKiHT).

- ImimiroBaHHS pamuKaTbHAX pPEaKIii, IIo
BEIIyTh IO i30MepH3allii abo apoMaTu3ariii.

- OKHCHEHHS HeOaKaHMX JIOMIIIIOK,
HaIPUKJIAA, CIPKOBMICHHUX CIOJYK, IO € OCHOBOIO
TEXHOJIOTIH jgecyibdypm3armii. Kapitammis moxe
OyTH peanizoBaHa y TBOX OCHOBHHX (OpMax:

INiapomunamivna KaBiTaris (T'K) —
CTBOPIOETBCSI 332 PaxXyHOK TIPOIYCKaHHS pPIiAWHA
yepe3 3BY)KCHHS, 10 BUKIUKAE MagiHHA THUCKY 1
3apOJKEHHSI OYyJIHLOAIIIOK.

YsTpa3BykoBa KaBiTaIlis (YK) —
YTBOPIOETHCS  TIpH BILTUBI Ha  piawHy
ynbTpasBykoBuMu  xBuwiasimu  (>20 kl'm), mo
YepryrTh (Da3u CTUCHEHHS 1 PO3P1IKCHHSL.

OOuagBa THOKM MAarOTh IIOTEHIAN  JUIA
MOJIEpHi3allii  majnuB, aje  TiApoJuHaMidHa
KaBiTalis 3a3BUYan BBAKA€THCS OLIIBII
eHeproe(heKTHBHOIO Ta MIPOCTIIITOI0 TUTS
MacmTabyBaHHS.

HonaBanHs y cHCTEMYy TMEpPEKHCY BOIHIO
(H:0:) BimkpWBa€e MOAATKOBI NUIAXH aKTHUBAI]
ximiyanx peakmiit. Ilim giero kapitamii H:0:
pO3KIIafaeThcs Ha TiApokcuibHI pagukanu (*OH)
— OIHI 3 HAWCWIBHIIIMX OKHCHHUKIB, 3IaTHUX
aTaKyBaTH HaBITh XIMIYHO iHepTHI amkaHu. lle
MOYKe MPU3BOAMTH K IO YACTKOBOTO KPEKiHTY, TaK
i 1o mnepeOyooBH MOJIEKYJSPHOI CTPYKTYpH
(izomepmzamii). Crmpta (€TaHOd, 130MPOTAHOI,
1300yTaHO) y MBOMY TMpOIeCi BUKOHYIOTH Bl
hyHKIIIT:

- IlpsMe MiABUIEHHA OKTAHOBOTO YHCHA SK
BHCOKOOKTAaHOBI KOMITOHEHTH CYMIIIT.

- Monudikanis pagukalpHUX MPOLECIB, IO
BiOyBalOTHCS B yMOBax KaBiTalii, 3 MOXIJIUBICTIO
CEJIEKTHBHOTO YTBOPEHHS OaxxaHnX
npoaykTiB.KomOinamist kasitartii, H.O2 Ta ciupris
CTBOPIOE CHUHEPriYHUN eQeKT, SKUH JT03BOJISE
MiJBUIIUTH OKTAHOBE YHCJIO TaMBa Ta 3HWU3UTH
noTpedy y JOPOTHUX MPUCAIKAX.

Kagiranis moxxe 0yt rinpoannamiuHoro (I'K)
abo ymerpasBykoBoro (VK). OOuaa Ttumm
320€3MeIyIOTh TEHEpaIlif0 BHCOKHX JIOKAJIBHUX
temmneparyp (10°-10° K) i Tuckis (go 100 MIla), mo
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MPU3BOJIUTh  JI0  YTBOPCHHS
(dbparmeHTarii MOJIEKYII.

OcobOnuBHii iHTEpeC BUKIWKAE TIO€THAHHS
KaBiTaIiiHOT 00poOKHU 3 TIepeKkrcoM BOJHIO (H20:),
SIKAA M7 €0 KaBiTallii po3KIamgacTbesl 3
YTBOPECHHIM T1APOKCHIBHUX pamukaiiB (*OH) —
MOTY>KHUX OKHCHHKIB, 3JaTHUX 1HIIIIOBATH peaKiii
BYTJIEBO/HIB, 30KpeMa KPEKIiHT, i30MepH3alilo Ta
YTBOPEHHS ~ KHCHEBMICHUX  BHCOKOOKTaHOBHX
KOMITOHECHTIB.

[Monpu yucieHHI MOCTiIKEHHS KaBiTaliiHUX
METOMIB OOpOOKM TmMannBa, 3acCTOCYBaHHA iX Yy
noetHaHHi 3 H20:2 Ta CHUPTOBUMH KO-ar€HTaMH IS
OpsIMOTO  TIJBHINEHHS ~ OKTAaHOBOTO  YHCIA
3aJIMIIAETHCS BITHOCHO HOBHM HAIIPSIMOM.

B po6otax [1,2] po3risHYyTO TiApOAMHAMITHY
KaBITaIlil0 sIKa TEHEPYETHCSI 32 PaXyHOK IEperaliB
TUCKY B TIOTOIl PiAMHU Yepe3 CIeIliaibHI HaCaIKU
a6o BeHTYpi-TpyOKH [1]. Ilepesazuyboco memody €
BHCOKa CHEProc)eKTUBHICTh, BiJIHOCHO HH3bKa
BapTICTh yCTaTKyBaHHS, IIPOCTOTA
MacimrtabyBanHs. OpHak Mae MICTO  €po3is
€JIEMEHTIB amapaTtypu Ta HEOOXiTHICTh TOYHOTO
nigbopy rigpaBmiuHUX napamerpiB  [2], 1m0
YCKIIAHIOE TIPAKTHYHY pealtizalilo.

ABtopu [3,4] mocnmimKyBad yJIBTPA3BYKOBY
KaBiTalIlito, o0 CTBOPIOETHCS 3aBJISKH
BHCOKOYAaCTOTHUM KojuBaHH:IM (>20 kl'm), ski
BHUKJIMKAIOTh JIOKAJLHUN KoJlarc Oyab0armok y
pimuHi [3]. Memoo Xapakmepuzyemscs
MOKJIUBOCTIO TOYHOTO KOHTPOIIIO IHTEHCHBHOCTI,
MOXJIMBICTIO JIOKATHHOI 00pOOKH MaJTHX 00’ €MIB Ta
BHCOKHM BHUXOJOM paiuKaliB. Aye Hedonikom ¢

paauMkaimiB - Ta

BHCOKA €HEPrOBUTPATHICTH, CKJIQJTHICTh
MacITabyBaHHS JJIs IPOMHUCIIOBHX TIOTOKIB.
[Toennanus TiApOAMHAMIYHOT i

YJIBTPa3BYKOBOI KaBiTallii OCTIKEHO Y poOoTi [5].
MeTo/ 103BOJISIE CYMICTUTH BUCOKY IHTCHCHBHICTh

YTBOPCHHS paguKaiiB i3 O1IBIIIO0
NPOAYKTHBHICTIO  cuctemMu. lLle  mo3Bosuth
MiABUIIYBAaTH  €(EKTUBHICTH  OOpOOKHM  Ta

MOJKJIMBICTh POOOTH 31 CKIAQAHMMHU CyMimamu [5].
Oonax cxiagHa KOHCTPYKITS YCTAaHOBKH, BEJHKI
KalliTalbHi ~ BUTpaTH OOMEXYIOTh IpaKTHYHE
BUKOPUCTAHHS METOY.

Y pobGoti [6,7] aBTOPH DOCTITWIA BBEICHHS
H:O,, mo  mnpu3BOAWTH 10  YTBOPEHHS
rigpokcmpHUX panukaniB (*OH), sxi iHIOIIOIOTH
TIEPETBOPCHHS  BYIJIEBOMHIB [6]. []e 3HaA4HO
migBuirye RON Ta mepembadae MOXIIHBICTH
00poOKH IHEPTHHUX aJIKaHiB.
Ane motpeba y Tounomy pgosyBanHi H.O. s
3armobiraHus HaJTUIIKOBOMY OKHCHEHHIO
YCKIJIaJHIOE MPOIIEC Ta HOTO MPaKTHYHY peai3amilo.

Kapitamiss 31 choupramMm SK KO-ar€éHTaMHU
po3risiHyTO 'y poboti [8]. CmmpTtu (eraHoi,
130IpONaHoj, OyTaHOJ) BHKOHYIOTH (YHKIIIIO
BUCOKOOKTAHOBUX KOMIIOHEHTIB 1 MOIU(iKaTOpiB
pamuKadbHUX  PEaKIiid. ye npuzeooums 00
momatkoBoro migsuiieHHs RON, 3MeHIIeHHS
BUTpaT CHHUPTY IpH KaBiTauilHiN akTuBauii. 4ze ¢
00MeNCYE BUKOPUCMARHS MEMOOY 3ANENHCHICTb BiJl
KOHIICHTpAIIi{ Ta CKIIaly MaJluBa.

MeTton KaBiTaIiifHOT necynbhypuzamii
JI03BOJISIE€ 3MEHIIUTH BMICT CIpKOBMICHHUX CIIONYK Y
MajJuBl IUIIXOM OKHCHOTO PYWHYBAaHHS i JIi€r0
panukaniB [9]. lle mae exonoriunuii edekr Ta
MOYJIMBICTD 1HTETpauii y BUpoOHMYI JiHil. OoHax
icHye PpV3WK YTBOpPEHHS HeOaKaHMX MOOITHUX
MIPOTYKTIB.

lNpgpoanHamiuHa 1 yJbTpa3ByKOBa KaBiTallis
YCHIIIHO 3aCTOCOBYIOTHCS JUIS iHTEHCHUQiKaIlii
BHPOOHMIITBA O610113€IIs 3 pocTuHHNX 0oilt [10]. L]e
CKOpOYY€E 4Yac peaklii Ta 3MEHIIYE BHUTPATY
KaTtajizaTtopa,  anec OOMEXEHHS  MIOMO
MacmTaOyBaHHSI POIIECY Yepe3 MHOYTBOPCHHS.

Ilpy  mOpiBHAHHI  AOCTIPKCHb  MOJKHA
cTBepmKyBatH, mo, mo [K € exoHOMi4HO
BUTIAHIIIOK [JI1 BEJIHUKHUX IIOTOKIB, ToAl Ik YK
MiIXOIUTE JJIs JIA0OPATOPHUX Ta CIEIiali30BaHUX

ycTaHoBOK. CydYacHi BHKJIMKH — TOTpeda ¥y
MiBUINCHHI SKOCTI TaluBa TpH 3MCHIICHHI
CHEPTOCIIOKMBAHHSA Ta BUKHIIB — POOIATH
KaBiTaIliiHi TEXHOJIOT1{ MIEPCIIEKTUBHOIO
aJTBTEPHATHBOIO TpaUIliTHIM MeTOoJIaM
MiZIBUIIICHHS OKTaHOBOTO uwWcia. [loenHaHHS

kaBitamii 3 H20: Ta cIUPTaMH 1a€ 3MOTY AOCATATH
3HAYHUX CTPYKTYPHHUX 3MiH Yy TaJMBI 332 HIDKYUX
EHEPrOBHUTPAT 1 3 MEHIIIMMHU BUTPATaMU MPUCAJIOK,
10 BH3HAYa€ HAYKOBY Ta MPAaKTHYHY 3HAYYIIICTh
MOJIABIIUX JOCTIKEHD Y IIbOMY HAIPSIMKY.

Metoro po0OOTH € BHU3HAYCHHS MOKJIHBOCTI
3aCTOCYBaHHS KaBiTallifHOi 0OpoOKM cyMmirmeit
TMHIHHAX aJIKaHiB 3 TIEPEKUCOM BOJHIO Ta
CITUPTOBUMH  KO-areHTaMH  JUIS  ITiJIBUIICHHS
OKTaHOBOTO YHCJIa MOTOPHHUX TAJIHB.

Jlns mocsTHEHHS METH HEOOXiTHO PO3B’SI3aTH
Takl 3a1a4i:

— JIOCHIJTUTH BIUIMB KaBiTallil y TIO€IHAHHI 3
H:0: Ta cniupramMn Ha OKTAaHOBE YMCIIO MOTOPHUX
MaNB, BUSBUTH ONTHMAJbHI MapaMeTpHu MpOIecy
Ta OL[IHUTH HOTO MPOMHCIIOBY AOLIIBHICTD;

—  JOCHTUTH TPOMUCIOBI  IMEPCHEKTHBH
BIIPOBAKCHHS TEXHOJIOT11 H1IBUIEHHS
OKTaHOBOTO uucia OeHsuHy A-92 wMeromom
TiApONMHAMIYHOT KaBiTamii 3 BUKOPUCTAHHSAM
KHCHEBMICHUX areHTIB.

OCHOBHMMHU 00’€KTaMU JTOCIiPKEHHS OyIu
MOJICJIbHI TAJIMBHI CyMIiIlli HA OCHOB1 KOMEPIIITHOTO
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OeH3nHy Mapku A-92, a TakoX IHIUBiAyaibHi
JiHIMHI aTKaHu (30KpeMa H-TENTaH) SK MOJCTbHI
MPEICTaBHUKKA HU3bKOOKTAHOBUX KOMITOHEHTIB.
Bubip A-92 o0ymoBIeHU# HOT0 MOMIMPEHICTIO Ta
BiIHOCHO HHU3BKMM OKTAaHOBHUM YHCJIOM, IO Ja€
3MOTY 4YITKO OILIHUTH €(EKTUBHICTh METOIiB
Moaudikarii.

JUis  miABMINEGHHS  peakiiHOi  3MaTHOCTI
CHUCTEMH 3aCTOCOBYBAIIN OKUCIIOBAIbHUMN areHT —
nepekuc BoaHio (H202) TexHiunoi umctotn. B
SIKOCT1 KO-areHTiB BUKOPUCTOBYBAJIM CIIUPTH Pi3HOT
OynoBu: Oioeranon (C:HsOH), i3ompomanon
(CsH70OH), mo mo3BOMSUIO MOCHIAWTH BIUIUB SK
MOJICKYJIIDHOI MacH, TaK 1 pPO3raly:KEHOCTi Ha
e(eKTUBHICTh KaBITaI[iitHOT MO TubiKarIii.

PosrnssHemMo mepeayMoBH 3ampOIIOHOBAHOTO
mporiecy. KagiTaris, sBUIE, 1[I0 BKJIIOYAE
YTBOPEHHS Ta KOJAIC TMapoBUX Oyian0amok y
pimuHi, TeHepye eKCTpeMaibHi  JIOKaTi30BaHI
YMOBH, Taki SIK BUCOKI TemIiepaTypu Ta TUCKH. LIi
YMOBH MOXYTb 1HAYKYBaTH XiMidHi IEPETBOPECHHS
y  BYIJICBOOHAX, 10  poOUTh  KaBiTaIlilO
MMePCIEKTUBHOIO TEXHOJIOTIEI0 JUIS MOIEpHi3amii
MOTOPHHUX TajJWB, 30KpeMa JUIs  IIiJIBUIICHHS
iXHpOro  okTaHoBoro umcia. JlocmimkeHHs
MMOKa3yloTh, IO KaBiTaIlii MOXE  CIPHUATH
Moudikamii JiHIHHUX aTKaHiB, MEPEBaKHO Yepes3
paauKanbHi peakuii, i30MepHu3aliio Ta YTBOPEHHS
BHCOKOOKTAHOBHX KOMITIOHEHTIB.

[Ipyn moemxHaHHI 3 MOTMOMDKHMMH ar¢HTaMH,
TaKMMH K TICPEKUC BOJHIO Ta CIUPTH, OKTAHOBE
qucio OeH3MHY MOXKe OyTH 3HAYHO ITiJIBHINCHE, 3
TTOBITOMJICHHSIMH TIPO 301IBIICHHS 10 2,6 MyHKTIB.
Xoua icHyr0Ui IPOMHUCIIOBI 3aCTOCYBaHHS KaBiTawii
B MOJIEpHi3amii nanuBa (HANPUKIAA, 3HIKCHHS
B'I3KOCTI, Jecyibdypusalisi) AEMOHCTPYIOTh i
KOMEPIIHHY KHUTTE3IATHICTh, HEOOX1THI ITOAabIII
JOCHIDKEHHS IS IOBHOI  omTuMmizamii il
3aCTOCYBaHHS IS TIPSIMOT 130MepH3aIlii ajKkaHiB Ta
BHpIIICHHsT MPOOJieM MacIiTa0yBaHHSA, TaKuX SIK
MOIIKO/PKEHHST ~ OOJNIafHaHHA Ta  YIPaBJIiHHS
MOOIYHIMHY TIPOAYKTaMu. PO3riIssHEMO MeXaHi3MH,
¢(EeKTUBHICT, Ta IMPOMMCIOBI  IEPCIEKTUBU
KaBiTaLiiiHO1 00po0KH JUIS 1 IBULLEHHSA
OKTaHOBOTO YHCJIA.

OxTaHOBE YHCIO € KPUTHYHUM TMOKa3HUKOM
CTifikocTi mammBa 1O  camo3aiimaHHsi  abo
"neroHanii" y ABUTYHaX BHYTPILIHBOTO 3TOPSHHA.
Bumi oktaHOBI YmMCia BKa3ylOTh Ha OUIBITY
CTaOUIBHICTD IAJIMBA 11T TUCKOM, 1[0 € Ba)KJIMBUM
i1 €(peKTUBHOCTI, TOTYKHOCTI Ta JTOBrOBIYHOCTI
IBUTYHA, OCOOJHMBO Y BHCOKOIPOAYKTHBHUX a0o0
BHCOKOKOMIIpECIHHNX ABUTYHAX. OKTaHOBE YHCIIO
3a3BUYAl BUMIPIOETHCS SIK JTOCIITHUIIEKE OKTAaHOBE
gucao (RON) abo MOTOpHE OKTaHOBE YHCIIO

(MON), npu 1pOMYy OKTaHOBE 4YHCJIO Ha Hacoci
(R+M)/2 € ix cepeaHiM 3HAYCHHSIM.

JocmimxyBasHuit OcH3MH TIepeBaKHO
CKJIQIA€ThCS 3 BYTJICBOJHIB, BKIFOYAIOYH JIiHIHHI
ankann  (mapadinm),  posramyXeHi  aJKaHH

(izomapadinm), IUKIIYHI ankaHu (HapTeHH) Ta
apoMaTu4Hi crmonyku. [IpsMOIaHIIOroBi amkaHHU
MalOTh HU3bKI OKTAaHOBI YMCIA Ta CXWIbHI JO
caMO3aliMaHHsI, TOHI SK pO3TATyKCHI aJIKaHU
(i3oMepH) AEMOHCTPYIOTH 3HAYHO BHILI OKTAaHOBI
nokasHuku.> Hanpukiaj, H-rentad Mae OKTaHOBE
gucio 0, Tomi Ak 1300KkTaH (2,2,4-TpUMETHIIIICHTAH)
Mae etanonne 3HaueHns 100.! 36inpmenns cTynens
po3ranyxeHHs B JIETKHMX allkaHaxX Oe3rmocepenHbo
T IBUIIY€E IXHE OKTAHOBE YHCJIO.

TpanuiiiftHi METOIM MiIBUIICHHS OKTAHOBOTO
yycna O€H3MHY B  OCHOBHOMY  BKJIIOYAIOTh
MOIU(]IKAII0  MOJEKYJISIPHOI  CTPYKTypd Ta
BUKOPHUCTAHHS MPHUCATIOK. Karamitnaamit
PUPOPMIHT € KIIFOYOBUM IMPOMHUCIOBHM MPOLIECOM,
SIKUH ~ TEPeTBOPIOE  HHU3BKOOKTAHOBI  JIHIiHHI
ByIUIeBOMHI (mapadiHn) Ha pO3rady)KeHI aJKaHh
(i3omapadinu) Ta mukaivHi Hagrenu. L{i cronmyku
MOTIM YacTKOBO JETiAPYIOTBCS IJIsi OTPHUMAHHS
BUCOKOOKTAHOBHUX apOMaTHYHUX BYIJIEBOJIHIB,
Takux sk OeH3on, Tomyon Ta Kcumon.’ Tlpouecu
i3oMepu3aii TaKoX Oe3mocepe1HBO
NEePEeTBOPIOIOTh H-MapadiHu Ha i30-mapadinu s
MiIBUIIEHHS OKTAaHOBOrO uwmcia. Kpim Toro,
BHKOPHCTOBYIOTBCS Pi3HI XIMIUHI TpHUCATKH 5K
OKTaHOBI OycTepu, BKIIOYAIOYM OKCHI'CHATH
(HampuKIa;, €TaHojd, JUMETHIIKapOoHaT), edipu
(mampukan, CTUII-TPET-0y THITOBU edip),
AHTUICTOHALIMHI areHTH (Hampukian, (epoueH),

HAHOYACTHMHKM Ta apoMathyHi croiyku. Lli
mpucaakd  abo  TOKpamyioTh  e(GEKTHBHICTH
3ropsiHHA, a00  WiABHINYIOTH  CTIMKICTE 110
JOeToHalii, abo  Oe3mocepeqHbO  CHPUSIOTH
OKTaHOBOMY YHCILY.

Ilepekuc Bomaio (H:0;) € KIIOYOBUM

JIOTIOMKHAM areHTOM Yy KaBiTaliliHii Moudikarii
namuBa. llix giero muHamiunoi kaitamii H>O»
PO3KIIATAEThCS HA BHCOKOPEAKTHUBHI T1IPOKCHITBHI
pamukanu  (*OH).!? Ile poskiazaHHs 3HAYHO
NPUCKOPIOETBCS  yIBTPa3BYKOBOIO  BiOpatie€ro,
30UTBITYIOYN IBUAKICTE poskimamanas H202 mo
400% mnopiBHAHO 3i 3BMYaliHMMHM MeToAaMu.'’
YTBopenHs camoro H202 moxke OyTtu mocuieHe
yJIBTPa3ByKOBOIO KaBITAII€0, OCOOJUBO Ha MEXKI
po3ainy Boga-HadTa, gepe3 KacKaaHy peakiliro, 1o
BKIIIOUAE€ PO3YMHCHUN KUCEHb Ta CYNEPOKCHIHI
pamukamu (02 — 02— — H>0).

T'igpokcubHi pagKamn €
BHCOKOPEAKTUBHUMH MPOMIKHUMHU TIPOyKTaMH B
XiMmil BYTJICBOJHIB, BiJOMUMH CBOEIO 3JaTHICTIO
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aKTUBYBaTH iHEPTHi MONEKYJIU aJKaHiB. IXHs
B3aEMOJIiSI 3 alKaHaMM  3a3BUYail  BKJIIOYAE
BUJIAJICHHS aTOMa BOJIHIO, YTBOPIOIOYH BOJAY Ta
ankinpHul paaukan (Re). Leit ankinpHuid paaukan
MTOTIM MOYE pearyBaTH JaJi, HalPHUKIIAl, 3 KHCHEM,
YTBOPIOIOUH TIEPOKCHITLHUH pamukal. [IpucyTHiCTh
*OH pagukaiiB € BUPIMIATBHOIO TS 1HII[IFOBAaHHS

BIIbHOPAAMKAJIbHAX  JIAHIIOTOBUX peakwiii y
BYTJICBOIHSX.

CropTH, Taki K 6i0€TaHOJI Ta 130HPONAHO €
e(peKTUBHUMH  JOIMOMDKHMMH  areHTamd B

KaBITaIIiHUX Tporecax. BOHW MOXyTh BUCTyIIaTH
SIK BHCOKOOKTAHOBI KOMIIOHEHTH JJIs1 3MIITyBaHHS,
OCKUIBKH CITUPTH 32 CBOEIO MPUPOJIOI0 MAOTh BHII
OKTaHOBI 4YHCJa, HDXK OaraTo JIHIHHUX ajKaHIB.”
Bonu TaKOX MOXYTb Oyt
MOTJIMHAYAMU/ IOHOPAMH  PaJTUKaIiB, MOTEHIIIHO
BIUTMBAIOYM Ha [UIAXU PEaKI[iil Ta POo3MOIiI
npoaykTiB. KpiMm TOTO, KaBiTaIlis, K 3a3HAYAETHCS,
iHIIiIOE peakiii MiX BIIBHHMH paauKalaMH Ta
cnupramu. Ll cuHepris Moxxe NPU3BECTH JIO
YTBOPCHHS 1HIIMX KHCHEBMICHUX CITOIYK (CITHPTIB,
KETOHIB, aJIBJIETIAIB), SKI JOJATKOBO IiIBUIIYIOTh
OKTaHOBE YHCJIO.

Xo4a mepeKkrc BOJIHIO € KPUTHYHO BaKIUBUM
JUTSL TeHepallii BUCOKOPCAKTUBHUX YACTHHOK, SKi
akmugyroms THEPTHI aJIkaH!, HOT0 OCHOBHA POJIb Y
nioBUWeHH] ~ OKMAHO08020  HUCIA  UUIIXOM
i30Mepu3ayii/po3eanyicents MOXKE oyTH
HETIPSIMOI0 a00 YACTHHOIO IMUPIIOI peaKIifnHOl
Mepexi. [Ipsave posramykeHHs JiHIHHUX ajKaHiB
o i3omapadiHiB IS TABUIICHHS OKTaHOBOTO
gmcna, SK Ie NpAMO 3a3HA4eHO y Ta K MeTa
130mMepu3aii, MIPUIHCYETHCA cKopime
EKCTpeMaJbHIUM yMOBaM caMoOi KaBitamii abo
IHIMUM ~ KaTaJiTHIHAM  [poriecaM, a  He
cneuugpiaHoOMy MeXaHi3My pO3TamyXeHHs,
onocepeakoBanomy H202. Pomp H202 wmoxe
MoJIsATaTH B IHIIIIOBaHHI 3arajbHOI aKTHBAIl]
aJKaHiB, MO MPHU3BOIUTE 0 KPEKIHTY, OKUCICHHS
abo crpusie MOTANTBIITIF
peKOMOIHaIIi/TIeperpyyBaHHI0, a00 BHPOOJICHHIO
BHCOKOOKTAHOBUX OKCHUTeHaTiB. Lle po3pizHeHHS €
KPUTUYHAM ISl PO3YMIHHS TOYHHX XIMIYHHX
IUTSIXIB.

Yei XiMIYHI pearcHTH BIJIITOBITAJTH
mabopaTOpHUM  CTaHAapTaM YHUCTOTH Ta HE
moTpeOyBaI JOJAaTKOBOI OYHCTKY: O¢H3WH A-92
— npumbanmii  Ha  ceprudikoBanii  A3C,
Oioeranon, i3ompomanon — 4ucrota 99,8%
(Merck),H-0.  (30% wmac.) —  BHPOOHHK
«XiIMpEaKTUBY.

JUtst  oTpuMaHHS IITICHOTO VSBJICHHS TIPO
MpoIleCH, IO BinOyBarOTbcs B OeH3uHI, Oymn
MPOBEJCHI  CKCICPUMEHTANbHI  JOCIIJKCHHS,

CIPSIMOBaHI Ha BU3HAYCHHS BIUTUBY TMEPEKHUCY
BOJHIO Ha TIepeOir KaBiTaiHHOTO MPOIIeCy.

VY nmocmimax sk (OPCYHKH 3aCTOCOBYBAIHCS
3BYXKYIOUl TPHUCTPOi, T€OMETpPisl KaHANIB SKHX
HaOmwKkeHa 10 GopMu T03BYKOBOTO cortura Jlapass.
BuxopuctoByBanucs popcyHKy miamerpom 1,0 M.
MoTopHe manuBO MOJABANOCS 3 HAMPHOI EMHOCTI
00’emom 80 11, TOAl SIK BOOHHUI PO3YUH MEPEKHCY
BOJHIO HAJXOAWB 3 OKPEMOi EMHOCTI 00’eMOM 8 11
0e3mnocepeIHO HA BCMOKTYBaHHS HACOCY BUCOKOTO
TUCKY. JIn1s1 BUpPIBHIOBAaHHA THUCKY OOWABI €MHOCTI
OyJu 3’€qHaHI MK CO00I0 TPYOOIIPOBOIOM.

11100 3abe3me4nTd PIBHOMIPHE 3MIIITyBaHHS,
PO3YMH MEPEKUCY BOJHIO Ta CIUPTU BBOIMIUCS Y
CTpyMiHb nanmBa. OTpUMaHi IPOAYKTH TepepOoOKH
30upanucss B Ookpemiii emHOCTI 00’emom 100 i1,
micas Yoro iX miggaBaJd BiACTOIOBAHHIO W
BIJUIIICHHIO BiJ 3aJMIIKIB BOJHOTO PO3YUHY
nepekucy. [ami npoOu aHami3yBajucs METOIOM
xpomarorpadii.

BurpaTta MOTOpHOTO ManuBa mija 4ac JOCIIIiB
3MiHIOBanacs B Mexkax Big 0 1o 7 JI/XB, a BUTpara
po3unHy mnepekucy BoxHo — Big 0 mo 0,7 ji/XB.
Kontpo:s nogaudi 3aidicHIOBaBCst BUTpaTOMipamH, a
perymoBaHHS ~ BigOyBajocsi 3a  JOIOMOIOIO
BEHTWJIIB, YCTAHOBJICHUX Ha JIIHISIX MOJavi MalnBa
Ta PO3UMHY MEPEKHCY IO HACOCY BUCOKOTO THCKY.

HBET H KE I=:>I 3K

Puc. 1. CtpykTypHa cxemMa YCTaHOBKH JIJISl KaBiTaIliHHOT
epepoOKH MOTOPHUX TaJIUB:
HBT — nacoc Bucokoro tucky, KE — kaBitaminnui
enemenT, 3K — 30Ha kaBiTarii

S ol e

Jns  pgocmipkeHHS BIUIMBY — KOHIIGHTpAil
MEepeKUCcy BOJHIO Ta CIHPTIB HAa  MPOIEC
KaBiTaliiHOI TMEepepoOKH OCH3MHY B  SKOCTI
CUpOBUHHU Oyno oOpaHo OeH3uH A-92. Cxnan
BUXIJIHOTO OCH3WHY Ta aHaii3 HOro OKTaHOBOTO
qucia:

— H-mapadinu (HopmanbHi ankann) — 10-20
%

— Izomapadinm — 25-40 %

— Onmnedinu — 10-20 %

— Hadtenn (uuknonapadinn) — 5-15 %

— Apowmarnysi ByrieBonaHi — 25-35 %

— y TomMy umcmi Oemzon < 1 % (3a
cTaHgapToM €Bpo-5).

OxranoBe umncio (OY) — me MOKa3HHUK
JeTOHAIlIHOT CTiliKOoCcTI OeH3WMHYy, TOOTO MOTO
3ATHOCTI 3ropaTH y ABHUTYHI 0e3 caMo3aiiMaHHS.
BumMmiproetscsi 'y  BiIcOTKax  CIHiBBiIHOIICHHS
13ooktany (OY = 100) Ta g-rentany (OY = 0) B
erajoHHii cymimi. Yum Bume OY, TUM MeHIIe
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CXWJIBHICTh TajiuBa A0 neroHarii. Jis ToBapHHX
OCH3MHIB 3aCTOCOBYIOTH B METOJIN:

1. RON (Research Octane Number) -
JOCITIIHE YHWCJIO, BU3HAYCHE TMPU «M’ SKOMY»
pexuMi poOOTH NBHWTYHa (HH3BKI OOEPTH, JIETKE
HaBaHTaXeHHA). [l A-92: He Huk4e 92.

2. MON (Motor Octane Number) -
MOTOPHE YHCJO, BU3HAYCHE IIPU «KOPCTKOMY»
pexkuMi (BHCOKI 00€pTH, BUCOKE HABAHTA)KCHH).
Jia A-92: npudansno 82.

IHoni Ha 3ampaBkax y €Bpomi BKa3ylOTh
cepeane 3HaveHHs1 (RON+MON)/2 = AKI, ane B
VYkpaini TpagumiitHo 3acTocoByeThest RON.

OY (RON): > 92 — 3abesneuye crabinbHY
pob6OTy ABUTYHIB CEPEIHBOTO CTYIICHS CTHCKAHHS
(8,5-10). O4 (MON): = 82 — Hmxue 3a A-95 (y
akoro MON = 85), ToMy y BaXKHX pEeKHMax
JBUTYH Ha A-92 Oinblll CXUIBHUHN 710 JAeTOHAii. Y
mopiBHsAHHI 3 A-95 Ta A-98, Oem3un A-92
JCWIEeBIINH, ane  MeHIm  eQeKTHBHUH Yy
BHCOKO(OPCOBaHUX MOTOpax. A-92 Mae jgocTaTHeE
OKTaHOBE YHCJIO JJis OUTBIIOCTI «KIACHYHUX)»
OCH3WHOBUX JBHUTYHIB, TIPOTE€ [UISI CydYacCHHUX
BHCOKOHABAHTAXCHUX MOTOPIB PEKOMECHIYIOTh A-
95 abo Bume, mOO0 YHUKHYTH JETOHAII,
M BUIIATH €PEKTUBHICTh Ta PECYPC IBUTYHA.

Jlis BCTAHOBIICHHSI 3aJIE)KHOCTI OKTaHOBOTO
yrciaa OeH3WHY Michs KaBiTaliiHoi oOpoOku 6e3
MIePEKHUCY BOIAHIO OYIIO MTOCTABICHO CEPit0 JOCTIIIB,
B SIKUX JOCTIIKyBaHHMN OCH3UH BHTPATOIO S5 JI/XB
MPOKAaYyBaBCs 4Yepe3 KaBiTalliliHy YCTaHOBKY.
Butpara po3umHy mnepekncy BomHIO ckiamana 0
1/xB. Tuck 3minroBascs Big 0 qo 30 MIla. [liameTp
comna ckmanaB 1 mMm. Pesynbratu mocimimkeHHS
3MIiHH OKTaHOBOTO YHMCJIa Bifl 3MIHH THUCKY IEpel
(hopCyHKOIO HaBeICHI Ha pHC.2.
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Puc. 2. 3MiHa OKTaHOBOTO YKCIIA TIPU KaBITALIHHIH
00po061i 6eH3uHy A-92 6e3 IepeKUCY BOIHIO:
1 — MOCHiAHUIIBKUI METOT; 2 — MOTOPHHIA METOJ

STk ciig 3 aHaJi3y 3aJIeKHOCTEH, 110 HABEICHO
Ha puc.3, mpu TUcKy MeHmomy 3a 10 MIla nHiskux
3MiH 3 JIOCIiPKYBaHUM OCH3MHOM HE BiIOyBa€ETHCA.
[Ipu 36impmeni tucky 3 10 MIla mo 20 Mlla,

OKTaHOBE 4UCIIO 3pocTae 3 82 A0 83,5 onuWHULB 32
MOTOPHUM MeTonoM 1 3 92 mo 94,7 ogwHMIB 3a
JMOCITIAHUIIBKUM. Pe3ynpTat XpomMaTorpadiyHoro
aHaJi3y BKa3yloTh Ha Te, IO MiCisi KaBiTalliiHOI
00poOKH B O€H3WMHI  3’SIBMBCS  TOJYOIL
Konnentparnis Tonyomny ckiana ~ 3%. [Ipu npomy
MacoBa KOHIIEHTpAllisl TeKCaHy 3MEHIIWIacsd 3
9,15% 10 5,92%. Takox He3HAYHO 30LILIINAIACS
KUTBKICTh 13omapadiniB 3 31,22% no 32,61%.
BinOyBaerbcst e 3a paXyHOK Mpolecy KaBiTalii,
mo BimOyBaeThcss B OeH3mHi. B Hacmimok
KaBITAIlIHHOTO BILTUBY pyHHYIOThCS 3B’ s13ku C-C B
agkaHax (mepeBaXHO B TeKcaHi) 1 Hamami
BiZOyBa€eThCs yTBOPEHHs 130mapadiHiB i TOIYOIy.

MakcuMaiabHe OKTaHOBE YHCIIO, IO BAATIOCS
mocsrth  BigmoBimae  tmcky  20MIla.  Ilpm
NOJANBIIOMY 301TBIIEHH] THCKY CIIOCTEPIraeThCs
3BOPOTHIH €(QEeKT - OKTAHOBE YHUCIO MMOYMHAE
3menmryBarucs. [Ipu Tucky Bume 23 MIla HisIKUX
3MiH B CKJaai O€H3WHY BKE HE BiZOyBa€ThCA.
[MosicHIOETBCA TIe THM, IO MPH TAKUX ITapameTpax
3a (POPCYHKOIO BeCh OCH3WH IEPEXOIUTH B ITAPOBHI
cTaH i edeKTy KaBiTarlii He BiIOyBa€ThCA.

Jlis BU3HAYCHHS BIUIMBY 3MiHU KOHIICHTpAIIi1
NEepeKUCy BONHIO Y BOJHOMY PO3YHHI, IO
MOJAEThCS B KaBIiTAIifHWI peakTop, Ha IPOIIEC
KaBiTaniiHoi 00poOKK OeH3MHY OyJI0 TTOCTaBICHO
cepilo JOoCHiaiB, B sIKid BUTpaTa OCH3MHY CKIIajaia
5 7n/xB., a BUTpara BOJHOTO PO3YMHY MEPEKUCY
BoaHIO ckianaia 0,5 1/xB. KoHieHTpalis nepekucy
BOJHIO Yy BOJHOMY pO3YHMHI 3MiHIOBaJlacsi B
mianmazoni Bix 0 mo 20%. Tuck mepen ¢hopcyHKOIO
ckmagas 20 MIla. PesympTatél  DOCTiIKCHB
HAaBEJICHO Ha puc. 3.
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Puc. 3. 3anexHicTh OKTaHOBOTO YKCIa OCH3UHY
(mOCTiAHUIIBKUI METOT) BiJl KOHIICHTPALIIT IEPEKHUCY
BOJHIO B BOJIHOMY PO3YHMHI TPH CITiBBITHOIICHHI
OCH3UH - PO3unH nepekucy BoaHio 10:1
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Cymim OeH3MHY 1 PO3YHHY MEPEKUCY BOIHIO,
o0 HEe TpopearyBajia, 30MparoTh y 30ipHHUKY Ta
MMCIsS  BIACTOIOBAHHS  PO3IUISIOTH.  beH3uH
MiAAI0Th XpoMaTorpadiuHOMy aHami3y.

3 aHaJIi3y 3aJIKHOCTI, IKYy HaBEJICHO Ha pHC. 3,
MOXKHa 3pOOWTH BHICHOBOK, IO JIOJABaHHS JIO
OCH3MHY, IO TOJIAETHCS B KaBITAI[IHHUIA pEeaKTop,
BOJHOTO  PO3YMHY  MEPEKHCYy  BOAHIO 3
KoHIeHTpatiero 10 10% npru3BOIUTH 10 CYTTEBOTO
30iJIBIIEHHST OKTAHOBOTO 4YHCIA. TakuM YHUHOM
BIAJIOCS IIABUIIUTH L€V TOKA3HUK 10 98 OQMHULIE.
[Monmaspie 30UIBIICHHS KOHIEHTPAIl MEPEKHCY
BOJIHIO HE MPU3BOJIUTH JI0 TOJAIBIIOTO CYTTEBOTO
301JTBIIIEHHS] OKTAHOBOT'O YKCJIa OKTAHOBOT'O YHCJIA.

AHami3  HaBeIeHMX  JAaHUX  JIO3BOJISIE
CTBEp)KYBaTH, IO B HACHIIOK KaBiTaIliitHOL
00poOkn OeH3nHY A-92 y MPHUCYTHOCTI MEPEKUCY
BOJIHIO B OCH3WHI YyTBOPIOETHCS METAHOJ Ta TOIYOIL.
Kpim TOro, BigOyBaeThcs mporieC YacTKOBOL
i3oMepu3anii ankaHiB. Bce 1me mnpusBoauTh 10
30iJIBIIEHHST OKTAaHOBOTO 4uWcia OeH3uHy Ha 3-6
onuHUIG. OTXKE IPSMY KOHBEPCito aimkaHiB psaay C5
— C10 (6en3nHiB) B METAHOJ MOKHA PO3TIIAIATH SIK
CIOCIO MiNBHINEHHS SKOCTI MOTOpHUX manwus. Lle
JOKa3ye MPaBWIBHICTH po3pobaenoro y [3]
TEOPETHUYHOTO OOIPYHTYBaHHS IMPOIIECY B3a€EMOJIIT
QJIKaHIB 3 TIPOKCUIBHAM PaTUKAIOM.

LikaBuM € TO# (akrt, MmO Npu KaBiTaumidHii
00po0Ii 3MiHK BIiTOYBAIOTHCSA HE y BCIX Tpymax
CKJIQJIOBUX 4YaCTHMH OCH3MHY H OUIbII TOTO
ycepenuHi ofHi€l rpynu 3MiHH BiIOYBalOThHCS HE Y
BCiX TOMOJIOTIB.

JUtst  TiABMINEHHS peakKIiiHOi  3MaTHOCTI
CHUCTeMH 3aCTOCOBYBaJM CIHPTH Pi3HOI Oya0BH:
6ioetanon (C-HsOH), i3onponanoxn (CsH,OH) ta B-
oyranon (CsHoOH), mo no3Bomsio mocmiantu
BIUTMB K  MOJCKYJSpHOI  MacH, Tak 1
pO3ranmyeHOCTI Ha eQEeKTUBHICTh KaBiTallilHOI
Moudikarii.

Crmptu (6ioeranou, 130TIPOTTAHO)
BUKOHYIOTh TOJIBIifHY pOJIb — MiJBUIIYIOTh
OKTaHOBE YHCJIO SK KOMIIOHEHTH CyMilm Ta
BIUTMBAIOTh HA  XIMIUHI  NUIIXH  PEAKIIH,
CTaOUII3yI0uX pauKaibHi MPOMIXKHI CIIOTYKH.

Ha puc.4 moka3aHa 3aJIeXKHICTH OKTAaHOBOTO
gucina 0eH3uHy A-92 Bing KOHIIEHTpaIii OioeTaHOITy
IIPH TiAPOIMHAMIYHIN KaBiTalliiHii 00poOIIi.

I'padix 3ameXHOCTI  OKTaHOBOTO  YHCIa
Ocu3uHy A-92 Bim KOHIIGHTpAIlil €TaHOIYy WIpH
TiApoAMHAMIYHIN  KaBiTamiiiHii  00poOmi  Mae
XapakTepHy BHUTHYTY (opmy (mapabomiyHui TUI
kpuBoi). Ha mouatky (0—2% 00. eTanomny): mpupicTt
OKTAaHOBOI'O 4YHMCJa MaibKe JIHIMHUN 1 IOMITHUH,
OCKUIBKH HaBiTh MaJi 03U €TaHOJy MalOTh BUCOKE
BrnacHe RON. Cepenni konuenTparii (6—10% 00.):

KpUBa BUXOIUTh Ha MakcUMyM. Jlis eTaHody
ONTHUMYM 3MIIIY€E€TbCS JEMI0 Jaimi, HDK IS
130mponaHoy: 3a3Bu4ail y mianazoHi ~9—10% o0.
crioctepiraeThbest mik. Bucoki koHnentpamii (>10%
00.): edexr mpupocty RON crabimizyeTscs abo
MOYMHAE 3HWKYBaTHCS. Lle 3yMOBIIeHO 3pocTaHHIM
BMICTY KHCHIO B  CyMilli, BIUIMBOM Ha
TEIUIOTOYTBOPECHHS Ta MapIliaibHI XapaKTEPUCTUKU
ropinans. [lik g 6en3uny A-92 i3 eTaHOJIOM TiCsI
TiApOIMHAMIYHOI KaBiTaliiiHOT 00POOKH CTAHOBUTH
npuOIU3HO: KOHLEHTpalis eraHomy: ~9-10% o0,
MPHUPICT OKTAHOBOTO dHcha: Omm3pko +2.5...3.0
myHKTiB RON (3anexHo BiJf yMOB €KCIIEPUMEHTY ).
3a pesynbraTamMul JIOCIIPKEHh MOXHa 3pOOHTH
BHCHOBOK, 1IN0  TiIpoaWHaMidyHa  KaBiTaIis
MOKpaIlye AUCIICPIYBaHHSI Ta MIiKPO3MIITyBaHHS
etaHoiy B OewnsuHi. Lle mae Oimpm cTabinbHY Ta
ONHOPIIHY TaIMBHY CYMIll, M0 MiJCHJIIOE
AHTUICTOHALIHHUIN e(peKT. 3aBAIKHU bOMY HaBITh
MEHIIII  KOHIIGHTpAllii  eTaHOJNy  MpPAaIfOIOTh
e(eKTHBHIIIE, HIXK Y 3BUYaifHOMY 3MilllyBaHHi.
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Puc. 4. I'padik 3aJ1e:KHOCTI OKTAHOBOTO YHCIIa
Oen3uHy A-92 BiJ KOHIIEHTpAIlii 010€TaHOIy TpH
rigpoanHaMIYHIN KaBiTalidHi# 00poOII

Ha pI/IC5 MMOKa3aHa 3aJIeKHICTh OKTAHOBOIO

gyucina  OeHsmHy  A-92  Bim  KOHIGHTparlii
130TIPOTIAHONyY TIPH TiAPOAVMHAMIYHIN KaBiTaIiitHii
00poOIi.

I'padik mokasye, 110 3a 30LIBLICHHS YaCTKH
13ompoma”oay mpupict okrtaHoBoro umcia (RON)
CIEpIIy 3pOCTae MIBUAKO, HOCITAIOUYN MaKCUMYMY
3a ~7-8% 00. Ilicns miky egekT MmocTynoBo
3menmyerscsi (mpu 10-12% 006. mpupict yxe
HIDKYHHN, HDK Ha MakcumyMi). Lle MokHa mosicHUTH
TUM, IIO0 i30IpONAHON —  KHCHEBMICHUHI
KOMTIOHEHT 13 BUCOKUM BiacHIM RON 1 Bifi’eMHOIO
YYTIWBICTIO; KaBITaIlisd TOKPAITy€E AWCTICPTYBAHHSI
Ta  MIKPO3MIIIIyBaHHS,  CIPHUSIE  YTBOPCHHIO
CTaOUIBHIMIKUX MiKpoda3, TOMy aHTUACTOHAIIHHUN
e(heKT MOCHIIOETHCS. 3a OLIBIIMX KOHIICHTpPALiH
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3’ ABISIOTHCS 30HHA cHagHol Bijyaui  KaBiTamiiHUX  OyapOamiok y  pimuHi, 100
(MepeHacHYeHHsST KUCHEBMICHHM KOMIIOHEHTOM,  CYIPOBOJKYEThCS JIOKaJIbHUMU BHUCOKHMH
3MiHU TEIIOTBOPHOCTI, JIETKOCTI, 9yTJIMBOCTI), TOXK  THCKaMH, TEMIIepaTypaMH Ta  IHTEHCHBHHAM
npupict RON crmagae. 3 mpakTUYHUX JOCHIIPKEHb  MIKPO3MIIITYBaHHSM.
MOXHa 3pOOWTH BHCHOBOK, MmO i A-92 3 JlocmimKeHHsT TIOKa3yloTh, IO TO€THAHHS
KaBITaIlifHOI0 00pOoOKOI0 onTUMaNbHHMK miamazoH ['JIK 3 momaBaHHAM KHCHEBMICHHX arcHTIB
i3onponaHony — Omu3pko 7-8% 00.; Bume —  (OioeTaHON,  i30MPOMAHON, TIEPEKHC  BOJHIO)
3MEHIIICHHS. BUTOJM Ta MOXJIMBI MOOiIYHI eeKTH  J03BOJSIE €(PEKTHUBHO IMiJBUINYBATH OKTAHOBE
(JTeTKiCTh, XOJOMHI BIIACTUBOCTI, CYMICHICTH 13  umcio OeHsmHy A-92. MexaHi3M  BIUIUBY
MaTepiaaamHu). TipoJVHAMIYHA KaBiTallii € B TOMY, IO
KaBiTaLliHi IMILI0311 320€3IMeyI0Th
] VIbTpaJAUCIIepCHE  3MINIYBaHHs,  3MCHIICHHS
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Puc.5. I'padik 3aJ1e:KHOCTI OKTAHOBOT'O YHUCIIa
Oen3uny A-92 Bix KOHIEHTpalii i301ponaHoy npu
TLAPOMHAMIYHIN KaBiTalliifHii 00poOIi
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Puc. 6. [TopiBHSAHHS BILTUBY 130MTPOIIAHONY Ta
OioeTaHONy Ha OKTaHOBE YHCIIO OeH3MHY A-92

[Ipu mopiBHSAHHI BIMBY OiloeTaHONMy Ta
130mporanony s OeH3uHy A-92 3 KaBiTamiiHOIO
00poOKOI0 MOXKHAa 3pOOMTH BHCHOBOK, IO
130mponaHoI: ONTUMYM OJH3bK0 7.9% 00., mpupict
~2.6 1. RON, 6ioeTaHoI: ONTUMYM 3CYHEHHUH maji
— ~9.2% 00., mpupict ~2.6 . RON.

Lle o3nauae, mo: i30mponanon epeKTUBHIIIE
migeuirye RON Ha HKYWX KOHIICHTPAIISAX, TaF0Ud
MBUOKAA  TpUpicT. ETaHOn  Mae  CXOXuit
MaKCUMalbHHUN e(DeKT, aje HOro MK 3CyBa€ThCS JI0
BHIIOi KOHIICHTpAIIii.

3pocTaHHs BUMOT JI0 SKOCTI MOTOPHUX ITAJTHB
1 TIOCWJICHHS EKOJIOTIYHHX HOPM CTHMYJIIOIOTH
MOIITYK TEXHOJIOTIM, IO J03BOJISIOTh iIBUIITYBATH
OKTAaHOBE YHCIIO OCH3WHIB 0€3 3acTOCYBAaHHS
TOKCHYHHUX apOMAaTUYHHUX TPUCATOK Ta CKIATHUX

HapTOXIMIYHUX MPOLIECIB. Onaum i3
MEPCICKTUBHUX ~ METOIIB €  TipoJuHaMivHa
KaBiTallis — TIPOIEC YTBOPECHHS Ta KOJAICy

(azoBoi cerperaifii Ta MiABUIINEHY CTaOLIbHICTH
NaJMBHUX KOMMO3WLiHA. BOHM MaioTh BHCOKE
BJIACHE OKTAHOBE YKCJIO Ta CIIPHSIIOTH MTOKPAIICHHIO
MIPOIIECIB 3TOPSHHS 3aBISKH HASBHOCTI B MOJICKYIi
KuCHIO. CHHEPreTUYHUHN eeKT MONIATae B TOMY, 1110
CyMiCHE BUKOPHCTAaHHS T1IpOAWHAMIYHOI KaBiTalii
1 areHTiB JO3BOJISIE NTOCSATATH BHIIOTO IPHUPOCTY
OKTaHOBOTO YHWCJIa TPU MEHIIMX KOHLEHTPALisAX
J100aBOK.

3pobuMO TIOpIBHSUIBHWMA  aHai3 arcHTIB.
Bioeranon mac RON ~108, GioreHHe MOXOIKEHHS,
BiHOBIIOBaHMH pecypc. Ontumym OGioeTaHory
cxinagae ~9—10% 06., mpupict RON no +3 nyHKTIB.
IlepeBaru GioeTaHONy 1€ MOCTYITHICTD, 3HUKCHHS
Bukuaie CO i CH, idTerpauiss y mnporpamu
BiZTHOBJIIOBAHOI €HEPreTUKU. TaKoX € W HEJOMIKH:
TITPOCKOMIYHICTh, PU3HK ()a30BOTO PO3IIAPyBAHHSI
npu 30epiranni. [3ompomnanon mae RON >100, €
MIPOYKTOM HadTOXIMil abo OpomiHHSI.
OntuMymanbHe 30UTBIICHHS OKTAaHOBOTO YHCIIA
~7-8% 006., mpupict RON mo +2.6 myHKTIB.
[lepeBaramu  i3ompomanHony €  e(EKTHBHICTb
BUKOPDHUCTaHHS MpH HWKYMX J03aX, Jobpa
PO3YMHHICTh y OcH3UHI. Alle B YKpaiHi oOMexeHe
BUPOOHHUIITBO 130MpoNaHoly Ta € ToTpeda B
imnopti. Ilepekuc BomHio (H20:2) € cunpHuM
OKHMCHHKOM, BOJHOYAC HECTAOITbHUN y MaTUBHUX
cymimax. OnrtumanpHa Kimbkicte 15-20% 06.,
3piCT OKT@HOBO 4YMClIa 10 § IyHKTiB. Aje Mae
HEJIONIKU: IIBUJIKHNA PO3KJall, YTBOPESHHS BOJIH,
PHU3HUKHU KOPO3ii.

Posrnsgatoun rigpoavHaMivHy KaBiTallito 3
MO3UINM MPOMUCIIOBOI JOIIBHOCTI, HacamIepe.
BapTO aKIEHTYBATH yBary Ha TOMY, 10 00JIaTHAHHS
JUISL peati3aliii I[boro MPoIecy iCTOTHO MPOCTIIIE 3a
KOHCTPYKII€I0, HDK TpaAulifiHi  KaTamiTH4HI
YCTaHOBKH, SIKI BHMAaralTh CKIQJHUX CHUCTEM
KOHTPOJIO Ta BUCOKOTEMIICPATYPHUX PEXKUMIB.
Kagitamiiini peakTopu, y CBOIO uepry, He JIHIIE
KOMIIAKTHIII ¥ TEXHOJOrIYHO MEHII BHOArJIuBi,
aje W y 06araTto pasiB ACIHIEBIII 33 yJIETPa3BYKOBI
aHaJorH, 1o 3abe3nedye iM 3HaYHy MepeBary mpH
MacmTa0yBaHHI BHpOOHHMLTBA. Taka JOCTYMHICTb
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BIIKpPHBAa€E MOXJIMBICT iHTErpamii TeXHOJOTI]
HaBiTh y BIAHOCHO HEBENIWKI HadTOomepepoOHi
KOMIUIEKCH, IJIs SKUX KalliTadbHI IHBECTHINI Yy
CKJIaJIHI CUCTEMHU € EKOHOMIYHO HEBUTIPABIaHUMH.

IIle ogHIM BaroMuM apryMeHTOM Ha KOPUCTh
rigpoaMHAMIYHOI KaBiTamii € 11 BHUHATKOBA
eHeproedextuBHictb. CepenHi eHEproBUTpaTH
cranoBiaates gume (.1-0.3 kBtrom ma 1 ™3
00pobyieHoi manmBHOI cyMmimmi, mo y 3—5 pasiB
MEHIIIC TOPIBHSHO 3 TPAIUIIHHUMH METOJaMu
MEXaHIYHOTO JUCTEepPryBaHHSI. Taka eKOHOMis
eJeKTpoeHeprii HaOyBae 0COOIMBOTO 3HAYCHHS B
YMOBaXx 3pOocTaHHs TapudiB 1 MiABUIIEHOT YBark 10
CHEePreTUYHOI HE3aJeXHOCTI, apke IO03BOJIIE HE
TUTBKH 3MEHIITUTH COOIBapTICTh BUPOOHHIITBA, ajie
W MIHIMI3YBaTH BYTJCHEBUNA CIIJ ITAJTUBHUX
i AMPHEMCTB.

Baxxnuroro CKJIaJJOBOIO €KOHOMIYHOT
JOTIUTBHOCTI €  MOYKJIMBICTD BiIMOBH BiJ JOPOTHX
HapTOXIMIYHHUX TPHUCATOK, 30KpEMa METHII-TPET-
oytunosoro erepy (MTBE) ta meTunmerakpunaty
(MMA), sxi TpaguIiitHO BUKOPUCTOBYBAIUCS IS
i IBUIIEHHS OKTAHOBOTO YHCIA. IXHs 3aMiHa Gibi
JOCTYITHUMU KHCHEBMiCHUMU areHTaMu
(GioeraHom, izompomnaHon), e(QeKTUBHICTH SKUX
3HAYHO 3POCTAE 3a paXyHOK KaBiTaliiHOT 00pOOKH,
JO3BOJISIE  ICTOTHO  3HMU3WTH  BUTpPAaTH  Ha
BUPOOHHUITBO KIHLEBOIO NPOAYKTY 0€3 BTpaTH
HOTO eKCINTyaTaIHIX XapaKTePHUCTHK.

Hapemti, cimig migkpecouTH W eKOJOTidHWH

BUMID: BIIPOBAKEHHS TEXHOJIOT11
TiApOAMHAMIYHOI  KaBiTalii B TMO€THAHHI 3
BUKOPHUCTAHHIM BiJTHOBITFOBAHO{ CHPOBUHU
(30okpema  OioeTaHONy) CHpHUSE  CKOPOYEHHIO

BUKHJIIB TOKCHYHHX apOMAaTUYHHUX CIIOJyK Ta
MPOJAYKTIB HEMOBHOTO 3rOpsHHS. TakuM YHHOM,
€KOHOMIYHI BUT'OJIA JOTIOBHIOKOTHCS €KOJOTTYHUMHU
TUBIZCHIAMH, IO OCOOJMBO Ba)XJIMBO B YMOBax
MMOCWJICHHS ~ MDKHApOOHMX  CTaHJApTiB  Ta
PETYISITOPHUX OOMEXeHb y cepi HabHOTO.
Cepen cCroekTpa MOXJIMBAX KHCHEBMiCHUX
arcHTiB, SKi  pO3MVBINAIOTBCS B KOHTEKCTI
MOETHAHHS 3 TIOPOJWHAMIYHOIO  KaBITaIli€ro,
0ioeTaHON BHUCTYNMa€ HAWOUIBII PEATICTUYHUM 1
CTpaTeriyHo  BHMpaBIaHMM  BHOOpoM.  Moro
nepeBarn  3yMOBJIGHI HE  JIMIIE  BUCOKUMH
aHTUICTOHAIITHUMU BJIACTHBOCTSIMU Ta
CKOJIOTIYHMUM TIOXO/DKCHHSM, a ¥ TIOJITHKO-
€KOHOMIYHMM KOHTEKCTOM: Ha TJi PO3BHUTKY
OloeHepreTkd B €BpormeiicbkoMy Coro3i  Ta
AKTUBHOI HOPMATHUBHOI IiITPUMKH BiTHOBJIFOBAaHHUX
JoKeped eHeprii  3acTocyBaHHS OloeTaHONy  SIK
MaguBHOI J00aBKM OPraHidHO BIIMCYETHCS Y
CydyacHy mapajgurmy «3eJaeHoi» Tpancdopmarrii. e
O3Hauae, MO0 BIPOBAKCHHS TaKOI TEXHOJOTII HE

TITBKU TOKpAINy€ SKICTh MAJTBHOTO, alle i CIpuse
rapMOHi3aIlii 3 €BPONECHCHKUMHU CTaHIAPTaMH Ta
BIIKpHBAE TOCTYIT JO MD>KHAPOTHUX PUHKIB.
KagiTamiiino-momomixkaa 00podka 3 H20: Ta
CIUPTOBUMH  JI0OaBKAMU €  TEPCHCKTUBHUM
METOJIOM  MiJBHUINECHHS  OKTaHOBOTO  YHCTA
MOTOpDHUX MalMB. i mHepeBard INONATalOTh Y
MOJKJIMBOCTI JTOCSITATH 3HAYHUX CTPYKTYPHHUX 3MiH
Opd  HWKYUX  CHEPreTHYHHWX  BUTpaTax Ta
CKOPOYCHHI BUKOPUCTaHHS JOPOTUX MPHUCATIOK.
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SerhiienkoD.V., Tselishchev O.B., Kudryavtsev
8.0., Loriia M.G. Cavitation treatment of mixtures of
linear alkanes with hydrogen peroxide and auxiliary
agents as a method for increasing the octane number of
motor fuels.

The paper presents the results of a study on the use
of cavitation treatment of mixtures of linear alkanes with
hydrogen peroxide and alcohol co-agents to increase the
octane number of motor fuels. Cavitation, accompanied
by the formation and collapse of vapour bubbles in a
liquid, creates localised zones with extreme temperatures
(10°-10° K) and pressures (up to 100 MPa), in which
radical reactions, isomerisation, cracking and the
formation of oxygen-containing compounds occur. The
introduction of H:0: into the system leads to the
formation of hydroxyl radicals (*OH), which are capable
of initiating the activation of inert alkanes and promoting
their structural transformations. Alcohols, in particular
bioethanol and isopropanol, act as both high-octane
components and modifiers of radical processes,
increasing the selectivity of the formation of desired
products. Experimental data show that cavitation
treatment with hydrogen peroxide H:0: provides an
octane number increase of 1.3-3.5 RON, with

isopropanol provides an octane number increase of 0.3—
0.9 RON, and with bioethanol — up to 2.6 RON, with
optimal alcohol concentrations of 1.0%, 3.5% and 6.5%
by volume.

The combination of cavitation with additives
reduces alcohol consumption by 14—17% for A-95 and A-
98 fuel grades compared to mechanical mixing. The
industrial prospects for implementation have been
analysed, in particular the advantages of hydrodynamic
cavitation in terms of cost and energy efficiency, as well
as the existing limitations — the need to optimise process
parameters, control the formation of by-products,
prevent equipment erosion and refine isomerisation
mechanisms. Areas for further research are proposed,
including detailed parameter mapping, assessment of
long-term fuel stability, and scaling of the process to an
industrial level. The results confirm the technical and
economic feasibility of the technology as an alternative
or supplement to traditional methods of increasing the
octane number.

Keywords: cavitation, octane number, hydrogen
peroxide, radical chemistry, isomerisation, motor fuels.
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