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Physics-Informed Neural Networks in Aerospace:
A Structured Taxonomy with Literature Review
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Purpose. This study aims to develop a structured four-tier taxonomy that systematically organizes aerospace
engineering tasks suitable for the application of Physics-Informed Neural Networks (PINNs), while validating this
classification through a literature review and identifying opportunities for future research. Design / Method /
Approach. The methodology involves grouping tasks into four distinct tiers—Physical Modeling, Dynamic
Analysis, Functional Assessment, and System-Level Assessment—based on their physical, operational, and
systemic characteristics. This framework is subsequently populated with real-world examples derived from the
analysis of 145 peer-reviewed studies. Findings. The reviewed literature confirms a balanced distribution of
PINNs applications across all tiers. Contrary to initial assumptions, studies were identified even in areas previously
presumed underrepresented, such as acoustic modeling, optical simulations, and environmental impact
assessment. This outcome reveals the broader applicability of PINNs and calls for a reassessment of current
assumptions regarding underexplored domains. Theoretical Implications. The proposed taxonomy offers a
coherent framework for structuring interdisciplinary PINNs applications by integrating physics-based modeling
with machine learning across aerospace engineering contexts. Practical Implications. It provides engineers and
researchers with a practical roadmap for selecting PINNs methods tailored to specific problem types, potentially
improving computational efficiency and enhancing predictive accuracy in aerospace design and analysis.
Originality / Value. The study’s originality lies in its empirically validated, four-tier taxonomy that synthesizes the
fragmented body of literature on PINNs in aerospace, offering a unified perspective for researchers and
practitioners. Research Limitations / Future Research. While the taxonomy covers a wide range of existing
applications, future studies should consider extending it with new tiers—particularly related to manufacturing-
aware modeling—and pursue methodological standardization to ensure reproducibility and scalability. Article
Type. Review.

Keywords:

Physics-Informed Neural Networks (PINNs), aerospace engineering, machine learning, mathematical simulation,
flight vehicles, aerospace design

MerTa. Lle gocnigpxeHHs Mae Ha MeTi po3pobuTn CTPYKTYpOBaHy YOTUPMPIBHEBY TAKCOHOMIIO, AKa CUCTEMAaTUYHO
BMOPSOKOBYE 3a4advi aepoKOCMIYHOI iHXeHepii, npuaaTtHi Ans 3actocyBaHHsA Physics-Informed Neural Networks
(PINNs), BogHouac 3abe3sneuytoun Bepudikauilo Takoi knacudikauii Yepes ornag nitepatypyu Ta BUSABMNEHHS
noTeHuiany Ans nopganslioro po3suTtky. Ausand /| Metop / NMipxia. Metogonoria rpyHTYETbCS Ha rpynyBaHHi
3agay 3a Yotupma piBHAMU — PisnyHi, AnHamiyvni, PyHkUioHanbHI Ta CuCTEeMHUI aHani3a — BiAMOBIOHO A0 iXHiX
di3nYHUX, onepavuifiHMX i CUCTEMHMX XapakTepucTuk. icns uboro 3aincHeHo aHani3 145 peleH3oBaHMX axepen,
O O03BOMMMO 3anoBHUTU KOXHY KaTeropito peanbHUMu npuknagamu 3actocyBaHHs PINNs. Pesynbratu.
PeueH3oBaHa nitepatypa AEeMOHCTpPyE pPiBHOMIPHY NpPeacTaBneHiCTb YCiX piBHIB TakCOHOMIl. HasBHICTb
nigTBepoxeHnx 3actocyBaHb PINNs HaBiTb y paHille HegoouiHeHMX Hanpsmax, 30Kkpema akycTuui, onTuui Ta
€KOroriYHoMy MOZENIOBaHHI, CBiAYNTb NPO LUMPOKY cepy OXOMMEHHS MeTody Ta BUMarae NepeoCMUCIEHHS
NMOTOYHUX YSIBMEHb NPO MEXi Noro 3actocyBaHHs. TeopeTU4yHe 3Ha4YeHHs. 3anponoHOBaHa TakCOHOMIsl HaJae
iHCTpYMeHT cuctemaTusauii mixgucumnniHapHux 3actocyBaHb PINNs, iHTerpytoun isvdHe mopgentoBaHHSA 3
MaLUWMHHUM HaBYaHHAM Y KOHTEKCTi CKMagHux iHxeHepHux 3agad. [pakTuvHe 3Ha4YeHHA. TakCoHOMis
3abe3neyye gocnigHWKiB NpakTudiHUM opieHTupoM ansa Bubopy PINNs 3anexHo Big Tvny 3agadi, niaTpumyoum
eeKkTMBHICTb 0BuYMCneHb Ta MiABULLYIOYM SIKICTb MPOrHO3YBaHHSI Y MpoLEecax aHamnisy Ta NPOEKTyBaHHA B
aepoKOCMiYHin ranysi. OpuriHanbHicTb / LliHHicTb. YHikanbHiCTb po6oTu nonsirae B nobynoBi Ta eMnipuyHi
nepesipLi LinicHOi YoTnpmpiBHEBOT TakcoHOMIT 3acTocyBaHHA PINNS, Lo 403BONSAE CUCTEMHO OXONUTU aKTyarbHi
JOCNiOXKEHHA y ranysi, 3amiCTb (hparMeHTapHOro nNpeacTaBMeHHs, NPUTaMaHHOro nornepeaHiM ornsaam.
O6mexeHHs pocnigxeHHA /| ManbyTHi pgocnigkeHHs. HesBaxatouyn Ha MOBHOTY OXOMMEHHS, noganbLui
JOCnigXKeHHs MaiTb OyTWM CnpsMOBaHi Ha iHTerpauilo HOBMX PIBHIB, 30Kpema MoB'si3aHuX i3 BUPOOHUYMMU
napaMeTpamy, a TakoX Ha CTaHgapTu3audilo MeTtogonorin  ana 3abesneyeHHs BiATBOPKOBAHOCTI Ta
maclutadosaHocTi PINNs. Tun ctatTi. Ornsa.
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Aerospace engineering faces complex modeling challenges,
from turbulent flows around hypersonic wings to thermal loads on
satellite structures. Conventional methods, such as finite elements
or computational fluid dynamics, provide accuracy but demand sig-
nificant computational resources and time, slowing down design
phases. Physics-Informed Neural Networks (PINNs) offer an alter-
native, embedding physical equations, like Navier—Stokes or con-
servation laws, directly into the loss function of neural networks,
enabling faster results while maintaining physical fidelity.

Physics-Informed Neural Networks (PINNs) occupy a distinct
position within the framework of Scientific Machine Learning
(SciML), falling under the category of Physics-Informed Methods.
They are distinguished by their integration of differential equations
into the loss function of a neural network, ensuring a rigorous incor-
poration of physical laws compared to other approaches, such as
Physics-Guided Neural Networks (PGNNs), which utilize physics
in a less formal manner. In contrast to Physics-Constrained Neural
Networks (PCNNs), PINNs focus specifically on differential equa-
tions rather than broader physical constraints, such as energy con-
servation. As a subset of Neural ODE/PDE Solvers, PINNs special-
ize in solving differential equations, though not all solvers qualify
as PINNS, as some may rely entirely on data-driven techniques.

In the broader context of SciML, PINNs constitute a formal-
ized segment of Physics-Augmented Machine Learning, explicitly
leveraging physical equations. They can serve as Surrogate Models,
approximating complex simulations, but not all surrogate models
are PINNSs, as many do not incorporate physics. Similarly, PINNs
may form components of Hybrid Physics-Al Models or Digital
Twins, yet these categories are more expansive, encompassing
methods that do not necessarily rely on neural networks or differen-
tial equations. Thus, PINNs represent a specialized tool that com-
bines the rigor of physical principles with the flexibility of machine
learning, carving out a niche within the SciML classification.

Therefore, Physics-Informed Neural Networks (PINNs) repre-
sent an innovative approach that integrates physical laws, expressed
as differential equations, into the training of neural networks by in-
corporating these equations into the loss function, ensuring physi-
cally consistent predictions even with limited data (Karniadakis et
al., 2021; Farea et al., 2024; Meng & Karniadakis, 2020;). This
method enables PINNs to model complex phenomena, such as tur-
bulence or thermal loads, with high accuracy, making them valuable
for resource-intensive fields like aerospace engineering (Raissi et
al., 2019; Cai et al., 2021; Faroughi et al., 2024; Zhao et al., 2024).
By embedding physics directly, PINNs offer a powerful alternative
to traditional computational methods, yet their broad application re-
quires a systematic framework to identify optimal use cases. In the
methodology section, we detail our approach to developing a tax-
onomy that organizes aerospace tasks suitable for PINNs, leverag-
ing literature to validate and refine this classification.

To provide a more comprehensive explanation of the capabili-
ties of Physics-Informed Neural Networks (PINNs), attention will
be given to the content of the referenced sources. In a review article
by Karniadakis et al. (2021), a systematic analysis of approaches to
integrating fundamental physical laws into artificial intelligence
models is presented. Particular emphasis is placed on the application
of these integrated models to address complex engineering prob-
lems. The article primarily focuses on PINNS, a class of neural net-
works that incorporate physical laws, such as differential equations,
directly into their training process. This approach enables models to
adhere to fundamental physical constraints even in the presence of
incomplete or inaccurate data. Specifically, PINNs can be effec-
tively utilized for modeling complex aerodynamic processes, heat
transfer phenomena, structural mechanics problems, and other
physical phenomena. The authors conclude that physics-informed
machine learning, particularly PINNS, represents a highly promis-
ing direction for addressing a wide range of complex scientific and
engineering challenges.

In a review study by Farea et al. (2024), a group of researchers
conducted an in-depth analysis of PINNs as an interdisciplinary ap-
proach that integrates machine learning techniques with fundamen-
tal physical laws to tackle pressing scientific and technical prob-
lems. The authors focused on elucidating the essence of PINNs,
thoroughly examining their foundational concepts and diverse ar-
chitectures. Particular attention was devoted to the methodology of
integrating physical principles into the neural network training

process and identifying key challenges hindering the further devel-
opment and broader adoption of this promising technology. Sum-
marizing their findings, the authors concluded that PINNs serve as
a powerful tool, effectively combining the advantages of data-
driven machine learning with a deep understanding of physical pro-
cesses. This enables the resolution of complex problems even under
conditions of limited experimental data. However, several existing
challenges were identified, including the high computational cost of
training, the scarcity of high-quality data for certain applications,
and the complexity of integrating sophisticated physical models.
The authors emphasized the need for further research to overcome
these obstacles and expand the scope of PINNs’ applications across
various scientific and engineering disciplines.

In an article by Meng & Karniadakis (2020), the authors ex-
tended the PINNs framework by proposing Multi-fidelity PINNs
(MPINNSs). The primary objective of the study was to develop a
composite neural network capable of leveraging a combination of
low- and high-fidelity data to approximate complex functions and
solve inverse problems associated with partial differential equa-
tions. The enhanced architecture integrates the strengths of physical
modeling with the capabilities of machine learning on data of vary-
ing quality. The proposed methods hold significant potential for ap-
plications in aerospace engineering, where high-fidelity experi-
mental data are often limited, yet there is a critical need to account
for fundamental physical laws in modeling complex aerospace sys-
tems and processes. The authors demonstrated that the developed
composite neural network and MPINNs can effectively learn from
a limited volume of high-fidelity data supplemented by a larger
amount of low-fidelity data. This enables high accuracy in function
approximation and the resolution of inverse problems related to par-
tial differential equations. The proposed approach opens prospects
for reducing reliance on costly experimental studies and enhancing
the efficiency of modeling complex physical phenomena across var-
ious scientific and technical domains.

The primary objective of the study by Raissi et al. (2019) was
to explore the feasibility of directly incorporating physical princi-
ples into the neural network training process to effectively solve
problems governed by nonlinear differential equations. The key el-
ement of the presented research is the concept of Physics-Informed
Neural Networks (PINNS). In their conclusions, the authors under-
scored that PINNs are a highly effective tool for addressing both
forward (predicting system behavior given known parameters) and
inverse (determining unknown system parameters based on obser-
vations) problems described by nonlinear differential equations.

In an article by Cai et al. (2021), the authors investigated the
potential of PINNs for solving heat transfer problems, which are
traditionally considered challenging for numerical methods. These
problems include cases with incomplete boundary conditions, lim-
ited experimental data, or complex physical behavior. Specifically,
in the context of forced and mixed convection problems, PINNs
demonstrated a significant ability to reproduce temperature and
flow velocity distributions, even under conditions of incomplete
boundary information. Notably, the developed models maintained
stability and exhibited high predictive accuracy while relying on a
limited amount of input data. Furthermore, the effectiveness of
PINNs was validated for solving classical two-phase Stefan prob-
lems related to phase transition processes, such as melting or solid-
ification. In these scenarios, the models accurately predicted not
only the position of the moving phase boundary but also the tem-
perature profiles in each phase. This capability is highly valuable,
as traditional numerical methods often encounter significant diffi-
culties in modeling such problems. Additionally, successful appli-
cations in analyzing thermal processes in power electronics were
presented, highlighting the growing maturity of the methodology
and its readiness for practical implementation in addressing press-
ing engineering challenges.

In a scientific paper by Faroughi et al. (2024), a group of re-
searchers reviewed four primary approaches to integrating funda-
mental physical knowledge into artificial neural networks: Physics-
Guided Neural Networks (PgNNs), Physics-Informed Neural Net-
works (PiNNs), Physics-Encoded Neural Networks (PeNNs), and
Neural Operators (NOs). The authors analyzed the application of
these methods in the context of scientific computing, particularly in
critical domains such as fluid and solid mechanics. Although the ar-
ticle’s primary focus was not exclusively on the aerospace sector,
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the authors highlighted the significant relevance of the discussed
methods for aerospace engineering. Specifically, they noted their
potential for modeling fluid and solid mechanics, which is critically
important in the design and analysis of various aerospace systems
and components. Summarizing their findings, the authors con-
cluded that integrating physical knowledge into neural networks
significantly enhances the accuracy and reliability of developed
models, particularly in scenarios with limited experimental data.

The study by Zhao et al. (2024) focused on analyzing advance-
ments in PINNs, with an emphasis on their application to modeling
complex hydrodynamic processes. The authors concluded that
PINNs demonstrate significant potential for addressing complex
hydrodynamic problems. However, several challenges were identi-
fied, including ensuring model accuracy, computational efficiency,
and the ability to generalize results to new, previously unseen sce-
narios. The authors underscored the need for further intensive re-
search to overcome these barriers and develop standardized bench-
mark problems specifically designed to evaluate the effectiveness
of PINNs in complex hydrodynamic scenarios.

However, the practical application of PINNs in flight vehicle
design remains fragmented — researchers demonstrate successes in
specific tasks like aecrodynamics, structural integrity, or control sys-
tems, but lack a consistent classification of effective application do-
mains. This absence of systematic organization raises questions:
which physical, dynamic, functional, or system-level tasks in aero-
space design are best suited for PINNs, and where do the greatest
research gaps lie?

This article addresses these challenges by proposing a compre-
hensive four-tier taxonomy of PINNs applications in acrospace en-
gineering. We group tasks into categories—Physical (aerodynam-
ics, mechanics, thermodynamics), Dynamic (trajectories, ballistics,
motion dynamics), Functional (control, op-
timization, identification, prediction), and
System Analysis (validation, safety analy-
sis, environmental impact). Each category
is illustrated with examples from peer-re-

4. To derive methodological and application-oriented insights
that support the selection and implementation of PINNs for specific
aerospace tasks, with emphasis on the integration of physics-based
modeling and machine learning.

5. To synthesize the findings into a unified analytical frame-
work that consolidates fragmented research on PINNs applications
in aerospace engineering, enabling comparative assessment and
promoting further optimization of computational and predictive per-
formance. This structured approach ensures that the taxonomy not
only serves as a theoretical contribution but also as a practical tool
for advancing the application of PINNSs in aerospace engineering,
guiding both current practices and future investigations.

Methodology

This study implements a reproducible procedure for construct-
ing a four-tier taxonomy of Physics-Informed Neural Networks
(PINNs) applications in aerospace engineering. The methodology
comprises three sequential stages.

1. Taxonomy Development

Based on a comprehensive review of aerospace engineering
problems, four hierarchical categories were defined for the potential
application of PINNs (see Figure 1):

— Physical Modeling (e.g., aerodynamics, heat transfer,
structural strength),

— Dynamic Analysis (e.g., trajectory computation, ballistics,
flight dynamics),

— Functional Assessment (e.g., control systems, operating-
mode optimization, parameter identification),

— System-Level Analysis (e.g., model validation, reliability
and safety assessment, environmental impact).

Four-Tier Taxonomy Chart
See Table 1

viewed publications, showing where I

PINNSs have been successfully applied and [T iiever 1)
where they remain underutilized, particu- | physical Modeling
larly in acoustic, optical, and environmental
modeling. This first-of-its-kind taxonomy
provides a clear roadmap for engineers and
researchers, aids in optimizing method se-
lection for specific tasks, and outlines direc-
tions for future research.

Problems (Level 2)
See Table 1, Column 1

Tasks (Level 3)
See Table 2

Aim and Objectives

Examples

Tier 2 (Level 1)
Dynamic Analysis

Tier 3 (Level 1)
Functional Assessment

Tier 4 (Level 1)
Systems-Level Analysis

Problems (Level 2)
See Table 1, Column 2

Problems (Level 2)
See Table 1, Column 3

Problems (Level 2)
See Table 1, Column 4

Tasks (Level 3) Tasks (Level 3) Tasks (Level 3)
See Table 3 See Table 4 See Table 5
Examples Examples Examples

The primary aim of this study is to
conduct a comprehensive and systemati-
cally structured literature review on the ap-
plications of Physics-Informed Neural Net-
works (PINNs) within aerospace engineering. This review employs
a four-tier taxonomy — categorizing aerospace engineering tasks
into Physical Modeling, Dynamic Analysis, Functional Evaluation,
and System-Level Assessment — as a framework to classify and an-
alyze existing research. By identifying key research directions, re-
ported implementations, and recurring methodological challenges,
this study aims to delineate the current state of research on PINNs
in aerospace contexts and to outline substantiated directions for fur-
ther investigation. To achieve this aim, the study pursues the follow-
ing specific objectives.

1. To develop a four-tier taxonomy that classifies aerospace en-
gineering tasks into four categories—Physical Modeling, Dynamic
Analysis, Functional Evaluation, and System-Level Assessment—
based on physical, operational, and systemic characteristics, thereby
establishing a structured framework for analyzing the applicability
of Physics-Informed Neural Networks (PINNs).

2. To perform a structured literature review of peer-reviewed
studies by assigning real-world examples to each taxonomic cate-
gory, in order to validate the taxonomy and to assess the extent and
maturity of PINNs applications in aerospace engineering.

3. To identify research gaps by determining underrepresented
or unexplored application domains, including but not limited to
acoustic modeling, optical simulations, and environmental impact
assessment.

Figure 1 — Chart of the Four-Tier Taxonomy of PINNs Applications in Aerospace Engineering

(Source: authors)

Classification criteria for each category took into account the
governing physical conditions, the level of integration into complex
technical systems, and the nature of PINNs-solvable problems.
Tasks not matching any of these categories were excluded. The pro-
posed four-tier taxonomy is presented in Table 1. Each tier in the
taxonomy is further subdivided into task-specific layers, forming a
structured three-layer hierarchy within each of the four tiers. A de-
tailed breakdown of tasks classified under each Tier is presented in
Tables 2-5.

2. Compilation of the Literature Corpus

Primary sources were selected via keyword queries derived
from the developed taxonomy — using English terms (“Physics-
Informed Neural Networks”, “PINNs”, “aerospace engineering”)
— in the Scopus, Web of Science and other databases. Priority was
given to articles published in peer-reviewed journals during 2019—
2025 that provided detailed implementations of PINNs for aero-
space or contextually analogous problems. Conference abstracts, re-
view papers without original results, and publications lacking tech-
nical specificity were excluded.

3. Systematic Content Analysis

Each selected publication underwent a structured content anal-
ysis along four dimensions:

— Nature of the problem studied — identification of the spe-
cific physical or engineering challenge addressed, emphasizing
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mathematical formulation and application context.

— PINNs implementation characteristics — examination of
the network configuration, including the governing equations in-
corporated, network architecture, and training strategy.

— Relevance assessment for aerospace engineering — eval-
uation of how the addressed problem, irrespective of its original
domain, aligns with aerospace-specific requirements.

— Authors’ conclusions — extraction of key findings, stated
limitations, and proposed directions for future research.

This approach ensures a consistent evaluation of each research
case, reveals prevailing application scenarios for PINNs, and high-
lights opportunities for their further integration into aerospace engi-
neering.

Table 1 - Overview of the Four-Tier Taxonomy of PINNs
Applications in Aerospace Engineering (Source: authors)

Tier 1. Tier 2. Tier 3. Tier 4.
Physical Modeling Dynamic Analysis Functional As-  Systems-Level
sessment Analysis

Aerodynamic Prob- Ballistic and Trajec- Control and Naviga- Model testing and

lems tory Problems tion Tasks validation
Structural Problems Motion-Dynamics ~ Optimization Tasks Safety-oriented
Problems physical condition
modeling
Thermal Problems  Rigid-Body Motion  Identification Tasks Subsystem interac-
Dynamics tion modeling
Acoustic Problems Prediction Tasks  Environmental vari-

able prediction

Electromagnetic
Problems

Optical Problems
Chemical and Ther-
mochemical Prob-
lems
Material-Environ-
ment Interaction
Problems
Multicomponent-
System Problems

Table 2 — Tasks (Level 3) within Tier 1: “Physical Modeling” by
Category (Level 2) with Examples (Source: authors)

Table 2 (continued)

Task (Level 3)
Thermal Problems (Level 2)
Engine heat-transfer calcula-  simulation of convective and conductive heat fluxes

Examples

tion in propulsion systems

Thermal expansion modeling prediction of deformation due to temperature
changes

Cabin thermal-environment  evaluation of temperature distribution for crew com-

analysis fort and equipment safety

Acoustic Problems (Level 2)
Engine noise prediction

simulation of sound-pressure levels generated by

propulsion systems

Cabin acoustic field modeling  analysis of sound-wave propagation and attenua-
tion inside compartments

Electromagnetic Problems (Level 2)

Antenna-radiation calculation prediction of far-field electromagnetic emissions

Engine electromagnetic-field  simulation of fields in electric or hybrid propulsion

modeling units

Optical Problems (Level 2)

Material optical-property com- evaluation of refractive index, absorption, and scat-

putation tering coefficients

Navigation-optics simulation  modelling of lens systems and imaging perfor-
mance

Chemical and Thermochemical Problems (Level 2)

Combustion-reaction modeling fuel bum in jet engines, resolution of reaction kinet-
ics and heat release

High-temperature thermo- atmospheric re-entry, prediction of gas-phase

chemical process calculation  chemistry and energy exchange

Material-Environment Interaction Problems (Level 2)

Corrosion-process modeling  simulation of oxide-layer growth and material deg-

under atmospheric conditions radation

Radiation-damage analysis  for space applications, evaluation of material prop-
erty changes under ionizing radiation

Multicomponent-System Problems (Level 2)

Fluid—gas interaction in fuel ~ modelling of two-phase flows and mixing phenom-

systems ena
Multicomponent-flow dynam-  fuel-oxidizer mixtures, prediction of mixture behav-
ics ior under varying thermodynamic states

Table 3 — Tasks (Level 3) within Tier 2: “Dynamic Analysis” by
Category (Level 2) with Examples (Source: authors)

Task (Level 3) Examples
Ballistic and Trajectory Problems (Level 2)

Task (Level 3) Examples
Aerodynamic Problems (Level 2)

Air-drag computation estimation of aerodynamic drag forces acting on
bodies in flow

Lift-force calculation prediction of lift generated by wings or airfoils under
given flow conditions

Turbulence modeling simulation of turbulent flow structures and eddy vis-
cosity distributions

Shock-wave calculation resolution of discontinuities and pressure jumps in
high-speed flows

Flow around a wing detailed modelling of pressure and velocity fields

adjacent to lifting surfaces

Flight-path simulation computation of rocket, projectile, or UAV trajectories

under gravity, drag, and other forces

determination of shape and atmospheric-condition

effects on trajectory

Space-flight trajectory model- - simulation of satellite or spacecraft motion in gravi-

ing tational fields

Motion-Dynamics Problems (Level 2)

Fluid-body interaction in mo-  parachute descent or vehicle, prediction of drag-in-

tion duced dynamics

Particle-dynamics analysis  study of particle motion in force fields, electromag-
netic or gravitational

Rigid-Body Motion Dynamics (Level 2)

Ballistic-coefficient analysis

Flow-separation modelling ~ analysis of boundary-layer detachment from sur-

faces, prediction of stall onset and reattachment

Drag-induced trajectory simu- descent paths of parachutes under varying drag co-
lation efficients

Aerodynamic-moment compu- roll, pitch, yaw moments, determination of moments
tation induced by pressure distributions

Interaction with control sur-  flaps or ailerons, simulation of flow changes due to
faces movable elements

Supersonic and hypersonic  high-speed vehicles, capture of compressibility and
flow analysis high-enthalpy effects for

Structural Problems (Level 2)
Stress—strain analysis in struc- prediction of internal stresses and deformations un-

tures der load
Vibration and resonance mod- identification of natural frequencies and mode
eling shapes

Strength and stiffness calcula- assessment of load-bearing capacity and rigidity
tion

Material failure simulation
Fatigue analysis

modelling of crack initiation and propagation
evaluation of structural durability under cyclic load-
ing, lifetime prediction under repeated stresses
Contact mechanics between  joint interfaces, analysis of stress transfer in con-
components nections

Elastic and plastic deformation for non-linear materials, capture of permanent de-
computation formations

Stability assessment buckling under compression, determination of criti-
cal loads for loss of equilibrium

Hydrodynamic-load modeling force distributions on vehicles in unsteady currents
Attitude-dynamics prediction  rotational response of bodies subjected to fluid-in-
duced moments

Table 4 — Tasks (Level 3) within Tier 3: “Functional Assessment” by
Category (Level 2) with Examples (Source: authors)

Task (Level 3) Examples

Control and Navigation Tasks (Level 2)

Flight-control algorithm devel- design of control laws for stability and maneuvering
opment

Flight-dynamics modeling simulation of closed-loop aircraft response

Trajectory-optimization algo-  course-correction strategies for aerial vehicles, mini-
rithms mization of fuel or time via optimal control

In-flight behavior modeling for prediction of vehicle states for guidance systems
navigation enhancement

Optimization Tasks (Level 2)

Wing-shape optimization for drag reduction, identification of aerodynamic ge-

ometries using driven solvers

Flight-path optimization for fuel efficiency, optimal trajectory generation un-

der mission constraints
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Table 4 (continued)

Task (Level 3)

Identification Tasks (Level 2)

Parameter estimation from ex- inverse problem solving to infer model parameters

perimental data

Fault diagnostics in systems  detection and localization of anomalies via data-
driven models

Examples

Prediction Tasks (Level 2)

Material-degradation forecast- remaining-useful-life estimation under operational
ing loads

System-behavior prediction in extrapolation of performance beyond tested re-
extreme conditions gimes

Structural-lifetime prediction  time to failure or maintenance need, cycle-based
durability assessment

altitude or speed changes

Aerodynamic-characteristic
prediction under variable con-
ditions

Thermal-load forecasting

during atmospheric re-entry, prediction of heat-flux
time-histories

Table S — Tasks (Level 3) within Tier 4: “Systems-Level Analysis”
by Category (Level 2) with Examples (Source: authors)

Task (Level 3) Examples

Model testing and validation (Level 2)

Physical-field reconstruction  pressure and stress fields from wind-tunnel or struc-
tural tests

Benchmark consistency verifi- comparison of PINNs outputs with CFD/FEA (Com-

cation putational Fluid Dynamics / Finite Element Analysis)
results

Error and sensitivity quantifica- approximation errors and sensitivity to boundary/ini-

tion tial conditions

Safety-oriented physical condition modeling (Level 2)
Critical-state simulation stress concentrations or thermal overload preceding

failure
Operational-regime identifica- PINNs-based detection of high-risk conditions
tion within safe limits

Parametric safety modeling  variation of safety margins under uncertain loads or

temperatures

Subsystem interaction modeling (Level 2)

Coupled multi-domain simula- joint aerodynamic-structural PINNs models

tion

Thermo-mechanical interac-

tion modeling nents

Subsystem integration unified PINNs framework for interacting sub-models

Environmental variable prediction (Level 2)

Pollutant-field approximation  transport-equation-driven concentration in flow envi-
ronments

Acoustic-field prediction near-field engine noise distributions

Environmental-impact simula- prediction of variables under modified boundary or

tion operational conditions

simultaneous loading and heating effects in compo-

Despite the structured approach adopted in this study, several
limitations must be acknowledged. First, the taxonomy itself, while
developed to comprehensively cover the principal categories of aer-
ospace-related PINNs applications, cannot claim to be exhaustive.
The domain of flight systems is inherently open-ended, with contin-
ually evolving configurations, mission profiles, and interdiscipli-
nary problem formulations that may give rise to new application
classes beyond the current classification.

Second, the literature review was necessarily constrained by
practical considerations. Although the time window of 2019-2025
was selected to reflect the most active and relevant phase of PINNs
development, it excludes earlier conceptual works and any recent
studies that may not yet be indexed. Moreover, the taxonomy-driven
search strategy, while systematic, may fail to capture publications
whose titles and abstracts do not explicitly reflect the underlying
physical or methodological relevance. As such, some relevant con-
tributions may have been unintentionally omitted due to limitations
in metadata exposure or terminological inconsistency.

These limitations do not diminish the validity of the taxonomy,
or the findings derived from the literature analysis but should be
considered when interpreting the scope and generalizability of the
results.

Publications Related to Tier 1: Physical Modeling

This section reviews studies where Physics-Informed Neural
Networks (PINNs) have been applied to model fundamental

physical processes relevant to aerospace engineering. These tasks
involve the solution of differential equations that govern fields such
as pressure, temperature, stress, or electromagnetic intensity, typi-
cally under complex boundary and initial conditions.

The focus is on how PINNs are used to capture these phenom-
ena with physical fidelity—without reliance on mesh-based dis-
cretization—and how they incorporate domain knowledge directly
into the learning process. By examining representative works, the
review highlights both established practices and unresolved chal-
lenges in applying PINNS to core physical modeling tasks.

Aerodynamic Problems

Muralidhar et al. (2019) proposed a methodology based on
Physics- guided Deep Neural Networks (PhyDNNSs), a subclass of
Physics-Informed Neural Networks (PINNs), for modeling drag
force on particles in moving fluids. By integrating physical priors
into the network structure and utilizing aggregated supervision dur-
ing the training process, their approach enhanced drag force predic-
tion accuracy by 8.46% compared to traditional models, while
maintaining physical consistency of the results. The findings
demonstrate the effectiveness of PhyDNNs for accurate and inter-
pretable modeling of complex hydrodynamic systems under limited
data conditions, which holds significance for aerospace flow mod-
eling tasks.

Mao at al. (2020) developed a PINN-based method for model-
ing supersonic flows governed by the Euler equations. Their re-
search focused on both forward and inverse problems, including
flows with shock waves and expansions. The PINNs accurately re-
produced velocity and pressure fields in two-dimensional super-
sonic flows, specifically when modeling oblique shock waves and
expansion waves, demonstrating high accuracy and physical fidelity
even with limited data. This method confirms the effectiveness of
PINNSs for modeling complex high-speed flows in aerospace appli-
cations.

Ang and Ng (2022) developed a PINN model for predicting
pressure and velocity fields during airfoil flow. This model inte-
grates the Navier-Stokes equations and boundary conditions di-
rectly into the neural network's loss function. The model demon-
strates accuracy comparable to that of traditional Computational
Fluid Dynamics (CFD) methods, yet performs computations up to
five times faster without requiring prior simulation or experimental
data. This work underscores the potential of PINNSs as an efficient
surrogate model for accelerating acrodynamic design in aerospace
engineering.

In their study, Jagtap et al. (2022) explored the application of
PINNSs and their extended version, XPINNs, for solving inverse
problems in supersonic flows. The primary objective was to recon-
struct density, pressure, and velocity fields using limited experi-
mental data, such as density gradients obtained from Schlieren im-
ages, along with inlet and partial wall data. To achieve this, the au-
thors integrated physical laws, specifically the Euler equations, en-
tropy conditions, and positivity constraints for density and pressure,
directly into the neural network's loss function.

In their study, Arzani et al. (2023) developed a novel architec-
ture called BL-PINN (Boundary Layer Physics-Informed Neural
Network). This architecture integrates perturbation theory and as-
ymptotic expansions to effectively model thin boundary layers char-
acterized by sharp gradients. BL-PINN demonstrates high accuracy
in solving both forward and inverse problems, outperforming tradi-
tional PINNs and XPINN (eXtreme Physics-Informed Neural Net-
work). Furthermore, it enables the generation of parametric solu-
tions without the need for retraining. This approach effectively
models boundary layer separation, thereby opening new possibili-
ties for aerodynamic design.

Hanrahan et al. (2023) applied PINNs to model turbulent
boundary layer flows with an adverse pressure gradient (APG) and
over periodic hills. Their approach utilized the Reynolds-Averaged
Navier—Stokes (RANS) equations, crucially without relying on tra-
ditional turbulence models. The PINNSs accurately reproduced mean
flow characteristics, such as shear stress and pressure, and were ca-
pable of inferring Reynolds stress fields directly, even with limited
experimental data. While computational costs did not increase with
rising Reynolds numbers, a reduction in accuracy was observed in
separation zones due to data scarcity. This methodology demon-
strates the potential of PINNs for efficient modeling of turbulent
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flows in aerodynamic analysis.

Sun et al. (2023) implemented an approach where PINNs sim-
ultaneously perform hydrodynamic modeling and geometric airfoil
optimization, directly incorporating the Navier—Stokes equations.
Instead of employing traditional adjoint analysis, the authors in-
cluded shape parameters directly within the PINN's input space.
This enabled the identification of optimal configurations without the
need for separate optimization codes. The methodology demon-
strated high accuracy in reproducing pressure and velocity fields
and successfully scaled from single- to multi-parameter cases. De-
spite a higher computational cost, this work highlights the signifi-
cant potential of PINNs for integrated aerodynamic shape optimiza-
tion.

The model proposed by Yan et al. (2023) implements an inno-
vative approach for reconstructing aerodynamic fields around
bridge structures by integrating the Navier—Stokes equations and
passive scalar transport into a PINN framework. Input data, derived
from flow visualizations, consists of concentration fields, which are
then used to reconstruct velocity and pressure fields, and to compute
lift and drag coefficients. The method's efficacy was confirmed
through case studies of flow around a bridge deck at Reynolds num-
bers Re=1250 and Re=5000 — the results demonstrate accuracy
comparable to classical Computational Fluid Dynamics methods. A
key advantage of this approach is its ability to operate with indirect,
visualization-based data, significantly reducing experimental re-
quirements and opening possibilities for analyzing objects with dif-
ficult access or high costs associated with direct modeling. Despite
its orientation toward bridge structures, the methodology shows
promise for application in assessing the aerodynamics of ground-
based aerospace systems, particularly launch vehicles, which are
characterized by similar hydrodynamic and geometric conditions.

Harmening et al. (2024) developed a PINN model for simulat-
ing turbulent flow around a DU99W350 airfoil at angles of attack
ranging from 10° to 17.5°. This model integrated the RANS equa-
tions and boundary conditions into its loss function, with the angle
of attack serving as an input parameter. The PINN accurately pre-
dicted pressure and velocity fields, including separation zones, out-
performing the traditional k-o turbulence model in terms of accu-
racy, particularly during interpolation and extrapolation of angles of
attack. Analysis revealed that accuracy was contingent on the distri-
bution of training data in high-gradient regions, such as the bound-
ary layer and stagnation point. This finding underscores the neces-
sity for labeled data to ensure generalizability in complex flow con-
ditions.

In their study, Michek et al. (2024) proposed a methodology
that combines PINNs with ensemble uncertainty quantification
methods for modeling aircraft flight dynamics. This approach ac-
counts for the variability of aerodynamic parameters and environ-
mental conditions. The methodology provides accurate predictions
of aerodynamic lift and drag coefficients, as well as flight trajecto-
ries under uncertainty, demonstrating high precision and reliability
compared to standard methods. The results underscore the potential
of integrating PINNs with ensemble techniques to create adaptive
models that enhance the safety and efficiency of acrospace systems.

In their work, Ren et al. (2024) proposed two modifications to
PINNs for modeling steady transonic flows around a cylinder at
high Reynolds numbers: PINN-RANS, which utilizes the Reyn-
olds-Averaged Navier—Stokes equations, and PINN—Euler, based
on the Euler equations. To accurately reproduce boundary layers
and shock waves without mesh-based methods, the authors incor-
porated a signed distance function, hard boundary conditions, and a
gradient-based weighting coefficient into the loss function. The re-
sults demonstrated that PINN-RANS accurately reproduced the
boundary layer and wake region using only local velocity data. Con-
versely, PINN-Euler proved effective in inviscid regions but was
less suitable for boundary layer modeling, despite requiring three
times less training time.

The application of PINNs for optimizing the parameters of the
k—o turbulence model is presented in the study (Yazdani & Tahani,
2024). The developed methodology integrates the physical equa-
tions of the model and experimental data, which enables the refine-
ment of turbulence model constants to enhance the accuracy of de-
scribing turbulent flow characteristics. Experimental validation
demonstrated that the optimized parameters provide a superior re-
production of velocity profiles and turbulent kinetic energy, and also

reduce discrepancies with experimental measurements compared to
standard k—» models. The proposed approach showcases the poten-
tial for developing more reliable turbulence models, which are crit-
ical for high-fidelity aerodynamic flow calculations in complex en-
gineering problems.

Zhang et al. (2024) applied physics-informed neural networks
(PINNSs) for two-dimensional modeling of turbulent airflow in en-
closed spaces. Their approach integrated the Reynolds-averaged
Navier—Stokes equations and the k—¢ turbulence model, along with
high-quality experimental data. The inclusion of this data signifi-
cantly enhanced the prediction accuracy of pressure, horizontal ve-
locity, and vertical velocity parameters by 82.9%, 59.4%, and
70.5% respectively, compared to classical methods. The results
demonstrate the effectiveness of combining physical equations and
empirical data to improve the modeling of complex aerodynamic
conditions within confined volumes. This has practical significance
for aerospace engineering, particularly in tasks where turbulent
flows are restricted by geometric obstacles, such as launch vehicles
or launch pads.

Cao et al. (2024) developed a numerical solver for modeling
subsonic flow around airfoils by integrating PINNs with grid trans-
formation. This approach allows the problem to be mapped from
physical space, where complex local velocity gradients exist near
the leading edge, to a computational space with simplified geometry
and more efficient implementation of boundary conditions. The re-
sults demonstrated accuracy comparable to a second-order finite
volume method (FVM) scheme, with an almost order-of-magnitude
reduction in error. The model also exhibited high efficiency in solv-
ing parametric problems, such as varying angles of attack, making
it a flexible tool for inviscid, incompressible flows and showing

Wassing et al. (2024) investigated the application of PINNs for
approximating parametric solutions to steady two-dimensional Eu-
ler equations under sub- and supersonic flow conditions. Their key
achievement lies in the implementation of an adaptive artificial vis-
cosity reduction procedure, which stabilizes network training and
prevents non-physical solutions. This represents the first successful
application of this concept within PINNs for complex conservation
laws in a high-dimensional space. The proposed methodology pro-
vides accurate approximations of solutions at various Mach num-
bers without traditional discretization, effectively solving problems
in a continuous parametric space and opening new avenues for op-
timization and sensitivity analysis in aerodynamic problems.

In their work, Lin et al. (2025) proposed a PINN-based method
for identifying aircraft aerodynamic parameters. This approach in-
tegrates the six-degrees-of-freedom equations of motion as physical
constraints directly into the network architecture. The method
demonstrated high accuracy and robustness to data noise during the
analysis of aircraft longitudinal motion, surpassing genetic algo-
rithms and traditional neural networks in both precision and gener-
alization capabilities. The proposed approach facilitates the creation
of efficient surrogate models without requiring detailed physical
models, thereby simplifying the modeling of aerodynamic charac-
teristics under conditions of limited or noisy data.

In their study, Wassing et al. (2025) developed an approach for
modeling transonic flows around a NACA0012 airfoil using PINNGs.
This approach was augmented with an analytical sensor function to
locally introduce artificial viscosity in shock wave regions. This in-
novation stabilized the training process and ensured accurate repro-
duction of compressional effects without the need for mesh discreti-
zation. The proposed method demonstrated an error of less than 1%
compared to classical Computational Fluid Dynamics algorithms
based on the finite volume method. Furthermore, it enabled the con-
struction of parametric models capable of approximating solutions
across a wide range of angles of attack. This work confirms the po-
tential of PINNSs in the context of transonic aerodynamic problems
and facilitates their further integration into industrial environments.

Structural Problems

Bastek and Kochmann (2023) successfully applied PINNs to
model small deformations in arbitrarily curved thin-walled shell
structures. They achieved this by employing Naghdi's shell theory
and formulating the problem in curvilinear coordinates, thereby
eliminating the need for mesh discretization. They demonstrated
PINNS' ability to accurately reproduce stress and strain fields, par-
ticularly in classic benchmark problems such as the Scordelis-Lo
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roof. Notably, the weak form of the equilibrium equations proved
more effective for solution convergence and stability. Despite chal-
lenges in training the network when using the strong form of the
equations, especially for thin shells with numerical stiffness due to
differing energy scales, this research highlights the significant po-
tential of PINNs as a promising alternative to traditional finite ele-
ment methods, avoiding issues like “locking” and complex mesh
generation.

In their study, Keshavarz et al. (2025) presented an innovative
approach for modeling the deformation of crystalline materials.
This involved integrating PINNs with object-oriented crystal plas-
ticity finite element (CPFE) methods. This synergy combined the
physical fidelity of CPFE with the computational efficiency of
PINNS, enabling rapid and accurate prediction of material mechan-
ical response across a wide range of conditions, including large de-
formations. The object-oriented architecture of the CPFE code sim-
plified the integration of complex constitutive models and numeri-
cal methods, enhancing the flexibility and scalability of simulations.
This was confirmed by the successful reproduction of complex de-
formation mechanisms and anisotropic plasticity in crystalline
structures, validated against experimental data.

Khalid et al. (2024) presented a comprehensive overview of
the applications of PINNs for modeling laminated composites. In
their work, they classified and analyzed the effectiveness of various
PINN approaches (traditional, Theory-Constrained, k-space, opti-
mal, and discrete) in addressing problems in composite mechanics.
The study highlighted the high accuracy of PINNs in reproducing
the mechanical behavior of composites, particularly noting k-space
PINNs for their ability to leverage spectral representations for vi-
brational characteristics and discrete PINNs for efficiently decou-
pling multi-physics problems into modular sub-networks. This
modularity significantly reduces computational costs without sacri-
ficing accuracy. The research underscores the potential of PINNs to
revolutionize the analysis of composite materials by integrating
physical laws into neural network structures, while also pointing to
the necessity for further research to overcome challenges related to
data scarcity, high computational demands, and complex boundary
conditions.

Niu et al. (2023) developed an innovative methodology for
modeling large-deformation plasticity, based on PINNs. Their ap-
proach directly integrates a rate-independent elastoplastic model
with isotropic hardening into the PINN structure, effectively ad-
dressing complex problems where traditional mesh-based methods
have limitations. The study confirmed the model's ability to accu-
rately predict stress and strain distributions under large plastic de-
formations without the need for mesh discretization, demonstrating
its versatility and reliability in adapting to various loading condi-
tions. This opens new possibilities for material analysis, as the inte-
gration of physical laws into neural networks reduces the reliance
on extensive experimental data and enhances prediction accuracy.

In a multidisciplinary study (Ramezankani et al, 2025) pre-
sented an advanced Physics-Informed Deep Operator Network (PI-
DON) model, representing a significant advancement for optimiz-
ing highly nonlinear systems, particularly in aviation composite
processing technologies. The authors' achievement lies in integrat-
ing nonlinear decoders, curriculum learning, and domain decompo-
sition, which enabled PIDON to effectively handle numerous input
functions and high nonlinearity, outperforming traditional
DeepONets. This innovative architecture provides “zero-shot” pre-
diction with accuracy two orders of magnitude higher and reduces
the maximum temperature prediction error in nonlinear regions
from 6.1°C to 2.3°C. By combining process modeling with material
science characteristics, PIDON demonstrates high generalizability
and predictive accuracy without retraining for new configurations,
making it an exceptionally valuable tool for accelerating the design
and optimization of composite processing.

Singh et al. (2024) investigated the application of PINNs to
solve a one-dimensional solid mechanics problem, modeling the
mechanical properties of a prismatic cantilever beam (helicopter
blade) under triangular loading. The authors demonstrated that
PINNs significantly outperform traditional artificial neural net-
works (ANNs) and fourth-order differential equation analytical so-
lutions in terms of accuracy, stability, and computational efficiency.
Integrating physical laws into the network's loss function allows
PINNS to accurately predict deflections and internal stresses without

complex numerical discretization. This makes them a promising
tool for aerospace engineering, where reducing computational costs
while maintaining high accuracy is essential.

Xu et al. (2023) developed an innovative approach for solving
inverse problems in structural mechanics by employing PINNs with
transfer learning. Their work aimed to reconstruct external loads on
engineering structures from limited displacement data in linear elas-
ticity and hyperelasticity problems. The use of multi-task learning
with uncertainty weighting allowed for effective resolution of these
inverse problems, even with noisy and incomplete data. Thanks to
transfer learning, the model significantly reduces adaptation time to
new loading conditions or geometries, making it a highly efficient
and flexible tool for identifying loads and assessing stress-strain
states in engineering applications.

Yan et al. (2022) introduced a novel computational framework
that integrates PINNs with the Extreme Learning Machine (ELM)
method for analyzing composite structures, specifically plates and
shells. Their objective was to develop an efficient approach for solv-
ing forward linear elasticity problems that bypasses traditional mesh
discretization. This was achieved by directly embedding the differ-
ential equilibrium equations and boundary conditions into the net-
work's training process. Numerical experiments confirmed the mod-
el's high accuracy in predicting the stress-strain state of composites,
including structures with variable stiffness, while the use of ELM
significantly reduced training time. This approach shows promise
for modeling complex geometries and inhomogeneous material
properties, offering an effective alternative to conventional meth-
ods.

Yucesan and Viana (2023) introduced a hybrid PINN for pre-
dicting the fatigue life of wind turbine main bearings. Their model
innovatively combines known physical laws, such as L10 life cal-
culation criteria, with machine learning to account for complex fac-
tors difficult to describe analytically, such as lubricant degradation.
The model's hybrid nature allows it to adapt to various operating
conditions by effectively integrating physics-informed layers with
data-driven layers. Although the study focuses on wind turbines, the
proposed approach holds significant potential for application in the
aerospace industry, where similar hybrid models could be adapted
for accurate fatigue life prediction of components subjected to com-
plex loads and environmental influences.

Thermal Problems

Aygun and Karakus (2022) investigated the application of
PINNSs for modeling two-dimensional incompressible thermal con-
vection, described by the Navier—Stokes equations and the heat con-
duction equation, while bypassing traditional mesh discretization.
They demonstrated the effectiveness of PINNs in solving both
steady and unsteady thermal convection problems across various
geometries, including channels and enclosed domains with temper-
ature gradients. Results, compared with analytical and numerical
solutions, confirmed the high accuracy of the model, specifically
highlighting the importance of tuning weighting coefficients in the
loss function to achieve optimal precision. The study underscores
the potential of PINNs for efficient and accurate modeling of com-
plex thermal phenomena, particularly in problems with intricate
boundary conditions.

Bararnia and Esmaeilpour (2022) investigated the application
of PINNs for solving problems involving thermal and hydrody-
namic processes within boundary layers. Their objective was to
model convective heat transfer and boundary layer flows, bypassing
traditional mesh-based methods and accommodating complex
boundary conditions. The authors successfully demonstrated that
PINNs effectively reproduce temperature and velocity distributions,
exhibiting good convergence with classical numerical methods and
avoiding issues related to stability and discretization. The study con-
firms PINNS' potential for accurate and flexible modeling of heat
and mass transfer in boundary layers, although it also indicates the
need for further refinement for more complex multi-dimensional
and turbulent problems.

In their article, Bararnia and Esmaeilpour (2022) investigated
the application of PINNSs for solving boundary layer thermohydro-
dynamic problems. They focused on modeling two-dimensional
temperature and flow velocity distributions, described by the Na-
vier—Stokes equations coupled with the heat conduction equation,
taking into account Prandtl and Grashof numbers. The authors
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demonstrated that PINNs can accurately approximate these systems
of differential equations, yielding convergent results for both the
temperature field and velocity profile without the need for labeled
data points. Network training was based on a loss function formu-
lated from the residuals of the governing equations and boundary
conditions, ensuring physically consistent behavior. This confirms
the potential of PINNs for efficiently solving thermohydrodynamics
problems without mesh discretization, offering flexibility for com-
plex geometric domains and reducing computational costs.

Bowman et al. (2023) investigated the application of PINNs to
solve the heat conduction equation with a heat source and various
boundary conditions, focusing on the interaction of laser radiation
with biological tissues. The study revealed that the optimal choice
of network architecture and activation functions significantly im-
pacts model accuracy: for problems with a heat source, the Tanh
activation function yielded the best results, whereas for problems
without a heat source, hybrid combinations were superior. This un-
derscores the effectiveness of PINNs for modeling complex thermal
processes, which has direct relevance for bioengineering and aero-
space medicine.

In their article, Zhang et al. (2023) presented a parametric
physics-informed deep learning (PIDL) methodology for the prob-
abilistic design of thermal protection systems (TPS) in aerospace
engineering. PIDL, similar to PINNS, is an approach that integrates
physical laws into deep learning models; however, PIDL can en-
compass a broader range of deep learning architectures, not limited
exclusively to neural networks that solve differential equations (as
PINNSs do). The authors' key achievement lies in incorporating par-
ametric uncertainties (e.g., variations in thermal conductivity and
heat capacity of TPS materials) to assess their impact on tempera-
ture distribution and system reliability. The proposed PIDL model
demonstrated high speed and accuracy in predicting temperature
fields under uncertainty, achieving results comparable to traditional
finite element methods but with significantly lower computational
costs. This makes PIDL a promising tool for rapid and reliable de-
sign and real-time evaluation of TPS, which is critically important
for aerospace applications.

Zhao et al. (2023) proposed an innovative approach for pre-
dicting temperature fields based on heat source locations, utilizing
a physics-informed convolutional neural network (PI-CNN). This
method obviates the need for labeled data, a common challenge in
engineering problems. PI-CNN, a variation of the broader PINNs
concept, integrates physical laws directly into the network's convo-
lutional architecture. It is trained based on the heat conduction equa-
tion and the finite difference method, employing a physical loss
function that accounts for the divergence between the network's pre-
diction and the analytical solution of the differential equations,
along with padding for hard boundary conditions. The study demon-
strated that PI-CNN yields results comparable to traditional numer-
ical methods but significantly accelerates the optimization process.
The application of online mining of important examples helps bal-
ance optimization across different pixels, rendering this approach
exceptionally efficient for engineering applications such as ther-
moregulation in electronic devices or spacecraft.

Fowler et al. (2024) investigated the application of PINNs for
modeling heat flow in a naturally convective cavity, utilizing a vor-
tex-stream function formulation of the Navier—Stokes equations.
They demonstrated PINNs' ability to autonomously generate solu-
tions for two- and three-dimensional geometries at various Rayleigh
numbers without relying on known data, confirming high accuracy
through comparison with analytical solutions. The study revealed
that for high Rayleigh numbers, the increasing nonlinear coupling
between thermal and hydrodynamic processes necessitates more it-
erations. Furthermore, the three-dimensional simulations confirmed
PINNSs' potential for operation in high-dimensional spaces, which is
crucial for thermal regime calculations in aerospace engines.

Gholampour et al. (2024) investigated the application of pa-
rameterized physics-informed neural networks (P-PINNs) for solv-
ing a transient thermal problem describing natural convection with
a heat source. Their work focused on the efficacy of P-PINNs in
multi-parameter problems, including Rayleigh and Prandtl num-
bers, without utilizing experimental data. The results demonstrated
P-PINNs' ability to accurately reproduce solutions comparable to
classical numerical methods; however, parameterizing one variable
increased computational cost by 15%, and three variables by 46%.

The authors emphasized the importance of employing specialized
normalization techniques for large parameters, as training might not
converge otherwise. This confirms the effectiveness of P-PINNs for
calculating thermal regimes in aerospace engines.

In their study, Jalili et al. (2024) investigated the application of
physics-informed neural networks (PINNs) for predicting heat
transfer and hydrodynamics in two-phase flows, focusing on mod-
eling gas bubble movement and heat transfer near heated surfaces.
The authors demonstrated PINN's high accuracy: maximum inter-
face tracking error was 5.2% at the phase boundary and 2.8% for
the bubble's center of mass position. Even without input velocity
data, the model remained accurate, showing a maximum root mean
square error of 0.28 for unknown fluid properties. In the case of
bubble movement near a hot wall, the maximum temperature error
was 6.8%, and the bubble's positional error was 3.6%. The study
also highlights PINN's versatility, evidenced by its independence
from geometry and fluid properties in convection and buoyancy
analysis, as well as significant computational cost savings compared
to CFD modeling, especially for inverse and extrapolation prob-
lems. Furthermore, modifications such as Bayesian PPNN (BPINN)
enhance robustness to noisy data.

In their study, Oddiraju et al. (2024) presented an innovative
application of physics-informed machine learning (PIML) for de-
veloping a real-time thermal simulator for spacecraft. PIML is a
broader paradigm that integrates physical laws directly into ma-
chine learning algorithms, whereas PINNs are a specific implemen-
tation focusing on using neural networks to solve physical problems
described by differential equations. The authors' key achievement
lies in creating a hybrid model that combines neural networks with
simplified physical models. This approach enables efficient and ac-
curate real-time prediction of thermal states, which is critically im-
portant for autonomous space missions. The proposed architecture
employs a neural network to predict a reduced node distribution
based on orbital thermal loads, followed by the application of a fi-
nite difference model. This model offers improved generalizability
and reduces computational costs by up to 1.7 times compared to
high-fidelity models, by integrating physical knowledge to enhance
interpretability and robustness, which is crucial for optimizing ther-
mal calculations and reducing spacecraft mass.

Yang et al. (2024) applied a PINNSs to solve the problem of
thermoelastic expansion of a cavity under plane stress conditions.
Their work focused on modeling the interaction of thermal and me-
chanical processes in geotechnical structures, demonstrating
PINN's effectiveness in solving complex problems without mesh
discretization. Simulation results confirmed PINN's accuracy in re-
producing temperature and stress distributions, accounting for non-
linear thermoelastic effects. This study highlights PINN's potential
as a powerful tool for thermoelastic problems with complex geom-
etries and boundary conditions. Its principles are directly applicable
in aerospace engineering, for instance, in analyzing thermal and me-
chanical loads on rocket engine components or high-temperature
heat exchangers.

Bobzin et al. (2025) applied PINNs to predict particle proper-
ties during plasma spraying, a crucial process for applying protec-
tive coatings in aviation. They developed a PINN model that di-
rectly integrates physical laws (equations of motion, heat exchange,
viscous drag, turbulent fluctuations) into the network, avoiding the
need for numerical grids or extensive experimental data. The study
showed that the model accurately predicts particle trajectory, tem-
perature, and velocity, ensuring stable convergence and low error.
This confirms the effectiveness of PINNs for modeling microscale
particle dynamics in plasma jet processes, offering a tool for the pre-
liminary design of coatings with good generalizability.

Acoustic Problems

Pettit and Wilson (2020) presented a pioneering application of
PINNs for modeling sound propagation in the atmospheric bound-
ary layer. This work integrates the acoustic wave equation directly
into deep neural networks, ensuring physical consistency of predic-
tions even with limited data. The proposed PINN model demon-
strates high accuracy in predicting sound exposure levels, surpas-
sing traditional data-driven models due to its generalization capa-
bilities. This research represents an important step in the develop-
ment of physics-informed modeling for acoustic phenomena, par-
ticularly for the needs of acrospace acoustics, where accurate noise
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propagation prediction is critically important.

In their work, Borate et al. (2023) proposed an innovative ap-
proach for predicting laboratory earthquakes by integrating physical
laws into the structure of neural networks. They developed a PINN
that utilizes ultrasonic monitoring data from shear zones in conjunc-
tion with physical constraints describing the elastic coupling of the
shear zone to the surrounding rock and the dependence of shear
zone stiffness on the ultrasonic wave transmission coefficient. This
hybrid approach significantly enhanced prediction accuracy (by 10—
15% compared to purely data-driven models), especially under con-
ditions of limited training data, and improved the models' ability to
transfer learning to new experimental conditions. It is important to
note that the application of PINNs for modeling acoustic phenom-
ena, particularly aviation noise, demonstrates the potential of this
methodology for scaling to aerospace acoustics tasks.

Mariappan et al. (2024) applied PINNSs to study complex ther-
moacoustic interactions in combustion chambers that lead to com-
bustion instability. Using acoustic pressure oscillations from three
points and the total flame heat release rate as input data, the re-
searchers demonstrated PINN's ability to effectively reconstruct the
full spatio-temporal acoustic field (pressure and velocity oscilla-
tions) and identify key model parameters. This approach provides a
powerful tool for optimizing existing and designing new thermo-
acoustically stable and structurally efficient combustion chambers,
which is critically important for rocket engines and industrial burn-
ers, and also holds significant potential for application in acrospace
acoustics.

In their study, Schmid et al. (2024) successfully applied PINNs
to solve the inverse problem of estimating acoustic boundary admit-
tance, even under conditions of limited and noisy data. The authors
trained a neural network to approximate the solution of the Helm-
holtz equation in 2D without explicitly specifying boundary condi-
tions. They then compared the estimated boundary admittance with
reference data from the finite element method and experimental
measurements in an acoustic impedance tube. This approach
demonstrated high accuracy in reproducing the acoustic field and
effectiveness in solving the inverse problem, including spatially var-
ying boundary conditions. This opens up significant prospects for
identifying material parameters and localizing noise sources in
acoustics and other fields of computational physics.

Yokota et al. (2024) developed an innovative PINN named
ResoNet for in-depth analysis of acoustic resonances in one-dimen-
sional pipes. Their model combines standard PINN loss functions
with a periodicity condition, enabling accurate modeling of reso-
nance phenomena in the time domain, accounting for energy losses.
The study encompasses both forward and inverse analyses of the
wave equation, demonstrating ResoNet's accuracy compared to the
finite difference method and its ability to successfully identify the
energy loss coefficient and optimize acoustic tube design. This work
opens new avenues for modeling and optimizing acoustic systems,
which is crucial for aerospace acoustics.

In their study, Zhu et al. (2024) presented a PGNN for predict-
ing aviation noise at airports. The authors integrated the European
Civil Aviation Conference (ECAC) model, which is based on aero-
dynamic and acoustic principles, into a deep neural network. This
hybrid approach significantly enhanced accuracy: the mean abso-
lute error (MAE) for predicting sound exposure level (SEL) was
only 0.98 dBA, outperforming traditional ECAC Doc. 29 models
(MAE 1.5-2.2 dBA). The model's effectiveness, which utilized Air-
craft Noise and Performance (ANP) and Automatic Dependent Sur-
veillance-Broadcast (ADS-B) data from Frankfurt (EDDF) and
Schiphol (EHAM) airports, persisted even with incomplete infor-
mation: with 30% missing flight trajectory data, the error increased
by only 12%, whereas in pure deep neural networks (DNNs), it rose
by 45-60%. This research demonstrates the significant potential of
PGNN for creating adaptive noise maps with updates every 15
minutes, marking an important step in the development of aerospace
acoustics and aviation noise prediction.

Schoder (2025) presented an extended application of PINNs
for predicting modal wave fields in three-dimensional room acous-
tics by solving the inhomogeneous Helmholtz equation. The re-
search focuses on improving the network's generalization capability
for realistic point excitation sources using methods such as hyperpa-
rameter optimization, adaptive refinement, feature engineering via
Fourier transformation, and locally adaptive activation functions.

The results indicate that the modified PINN architecture with fea-
ture engineering significantly enhances modeling accuracy, achiev-
ing a relative error of 0.086% for a point source. It also surpasses
the finite element method in terms of training time and the number
of tunable parameters, highlighting its potential for computationally
efficient modeling of acoustic fields in complex geometries, which
is crucial for aerospace acoustics.

Electromagnetic Problems

Baldan et al (2023) explored the application of PINNSs for solv-
ing inverse electromagnetic problems, a crucial aspect for diagnos-
ing and analyzing electromagnetic systems. The authors success-
fully demonstrated how PINNs can reconstruct unknown parame-
ters, such as current distributions and magnetic permeability, by in-
tegrating Maxwell's equations directly into the neural network's loss
function. The method exhibited high accuracy and stability in re-
construction, even with limited or noisy measurements, surpassing
classical inverse methods due to the absence of a need for mesh dis-
cretization and its flexibility with complex boundary conditions.
This approach holds promise for non-invasive diagnostics, material
and design optimization, and has direct applications in the acrospace
industry for analyzing and optimizing electromagnetic systems.

In their article, Qi and Sarry (2023) investigated the applica-
tion of PINNs for complex multiphysics simulations, focusing on
interconnected electromagnetic and thermal processes. The authors
successfully integrated equations from both domains into a unified
model, allowing for accurate modeling of phenomena where an
electromagnetic field induces material heating, and temperature
changes, in turn, affect electromagnetic properties. The results
showed that PINNs reproduce field distributions and temperature
profiles with high accuracy, comparable to classical numerical
methods, demonstrating flexibility in working with limited data and
complex boundary conditions. This approach is promising for re-
ducing computation time and optimizing complex systems, particu-
larly for analyzing electromagnetic fields in aerospace engine and
antenna components, where multiphysics interactions are crucial.

In their work, Wang et al. (2024) presented the application of
PINNs for modeling electromagnetic fields in the frequency do-
main, which is critically important for geophysical sounding and
analyzing subsurface structures. The authors successfully solved
Maxwell's equations in inhomogeneous media by integrating phys-
ical laws and boundary conditions directly into the PINN's loss
function, thereby avoiding the need for mesh generation. The results
demonstrate high accuracy in reproducing electromagnetic fields in
multi-layered and complex configurations, robustness to noise in in-
put data, and excellent generalization capability. This approach,
which significantly simplifies modeling and reduces computational
costs, can be extended to three-dimensional problems. Despite its
geophysical focus, it has direct applications for modeling electro-
magnetic processes in complex aerospace environments.

Chen et al. (2024) successfully tackled the complex inverse
problem of reconstructing surface profiles from measured electro-
magnetic fields using PINNs. Their model accurately reconstructs
the topography of intricate surfaces by integrating physical laws di-
rectly into the training process, even with limited observations and
noisy input data. The proposed approach demonstrated high accu-
racy and robustness, outperforming traditional inversion methods,
and showed versatility when applied to various surface types. This
methodology opens up significant prospects for remote sensing,
particularly in the aerospace industry for analyzing structural integ-
rity and planetary topography, as it allows for a reduction in the
number of necessary measurements and an increase in reconstruc-
tion reliability.

In their article, Fieramosca et al. (2024) presented an innova-
tive approach to predicting radio frequency (RF) signal propagation,
specifically considering the impact of human body movements in
indoor environments, using physics-informed generative neural net-
works (GNN). The authors developed a model based on a varia-
tional autoencoder (VAE) that integrates the physical principles of
electromagnetic wave diffraction by the human body. This model is
capable of quickly and accurately reproducing changes in the RF
field caused by human movements, which is critical for real-time
applications such as contactless localization and tracking. The re-
sults showed that GNN-VAE effectively reproduces the statistical
properties of signal propagation and provides a significant reduction
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in computation time compared to traditional methods, opening new
possibilities for RF sensing in complex environments.

Zucker et al. (2025) presented the application of PINNs for
modeling atmospheric radiative transfer, focusing on solving radia-
tion transfer equations. Their work demonstrates that PINNs can ac-
curately and efficiently numerically solve these complex equations
without traditional mesh discretization, reproducing radiation inten-
sity distributions in various atmospheric layers with high precision,
comparable to classical methods. The approach proved robust to
variations in environmental parameters and effectively handles in-
homogeneous absorption and scattering profiles, while also gener-
alizing well to new conditions. This research opens new possibilities
for reducing computational costs and increasing modeling flexibil-
ity in remote sensing, climate modeling, and aerospace engineering,
which is key for analyzing the propagation of electromagnetic radi-
ation in complex environments.

Optical Problems

Chen and Dal Negro (2022) presented an application of PINNs
to solve the inverse problem of image reconstruction and parameter
retrieval for photonic nanostructures from experimental near-field
data. The researchers demonstrated how PINNSs, by integrating
Maxwell's equations, can accurately reconstruct the spatial distribu-
tions of the refractive index and geometric parameters of nanopho-
tonic objects. The model exhibited high robustness to noise in the
data and effectiveness in parameter retrieval, even in cases where
traditional methods were less successful. This approach signifi-
cantly enhances the accuracy and physical fidelity of reconstruction,
opening new possibilities for the analysis of photonic systems.

In their study, Ghosh et al. (2022) presented the application of
physics-informed machine learning for modeling electromagnetic
modes in composite materials. They developed an approach based
on PINNs, which integrates physical laws directly into the training
process. This allows for more accurate and physically consistent so-
lutions to describe wave propagation in complex, inhomogeneous
media. The results demonstrated high accuracy and stability in re-
producing electromagnetic modes in composites, effectively incor-
porating physical constraints and exhibiting generalization capabil-
ities to new configurations. This approach strikes a balance between
accuracy, efficiency, and physical interpretability, significantly im-
proving the design and analysis of systems in high-tech fields like
aerospace engineering.

In their 2022 study, Saba et al. presented the application of
PINNs for solving diffraction tomography problems. The authors
focused on reconstructing the three-dimensional refractive index
distribution of objects from scattered light measurements, directly
integrating the physical equations of wave optics into the neural net-
work's training process. This approach significantly enhanced re-
construction accuracy and ensured the physical correctness of the
results, even under conditions of limited quantity and quality of ex-
perimental data. The model demonstrated high robustness to noise
and effectiveness, outperforming classical diffraction tomography
methods in accuracy and generalization capability. The use of
PINNSs in this field opens new possibilities for high-precision recon-
struction of the internal structure of materials, by combining exper-
imental data with fundamental physical laws.

In their work, Gigli et al. (2023) applied physics-driven neural
networks (PDNNG5) to predict nonlinear optical scattering in com-
plex materials. The authors successfully integrated the relevant
physical equations directly into the neural network's structure, al-
lowing the model to accurately reproduce complex nonlinear light
scattering processes, considering both spatial and spectral charac-
teristics. The proposed PINN approach demonstrated robustness to
noise and the ability to generalize to new configurations, providing
significant advantages in speed and accuracy compared to classical
methods. This opens new possibilities for analyzing and optimizing
optical systems with pronounced nonlinear phenomena, which is
critically important for developing new materials and devices in
photonics and optoelectronics.

Unal and Durgun (2025) presented a physics-aware neural net-
work — a variant of PINNSs for rapid and accurate prediction of the
effective refractive index of photonic waveguides. This approach,
which integrates physical knowledge directly into the network's
structure, eliminates the need for time-consuming numerical simu-
lations, such as the finite difference or finite element methods. The

developed model demonstrates high accuracy and significantly out-
performs traditional methods in computational speed for a wide
range of waveguide structures, including those with complex geom-
etries and inhomogeneous materials. This innovation will consider-
ably accelerate the design of photonic devices, providing a balance
between accuracy, speed, and physical interpretability, which is cru-
cial for the advancement of modern photonics and aerospace engi-
neering.

Zucker et al. (2025) explored the application of PINNs for
modeling atmospheric radiative transfer. They focused on solving
radiation transfer equations, which are crucial for accurate predic-
tions in climate modeling, satellite monitoring, and remote sensing.
The authors successfully integrated physical laws, specifically the
radiative transfer equations, directly into the neural network's struc-
ture. This allowed for highly accurate reproduction of radiation in-
tensity distributions in the atmosphere across various spectral
ranges and scattering conditions. The model demonstrated robust-
ness to noise, generalization capabilities, and speed advantages
compared to classical numerical methods. This opens new possibil-
ities for modeling the optical properties of the atmosphere and radi-
ation transfer in aerospace engineering and satellite technologies.

Chemical and Thermochemical Problems

In the study by Ghaderi et al. (2022), a PINN was developed
to model the pyrolysis and ablation of polymers, a process critically
important for thermal protection systems in aerospace engineering.
The authors successfully integrated relevant physical laws—en-
compassing heat transfer, chemical reactions, and material degrada-
tion—directly into the network's architecture. This innovative ap-
proach enabled the PINN to effectively solve complex multiphysics
differential equations. The model demonstrated remarkable accu-
racy in reproducing temperature profiles, pyrolysis rates, and abla-
tion depths, even when relying on limited experimental data. This
underscores its high precision and notable generalization capability
to novel conditions. Consequently, this methodology not only pro-
vides reliable predictions but also ensures the physical interpretabil-
ity of its results, a crucial aspect for its application in critical aero-
space processes.

The research by Thunde and Olorode (2022) zeroes in on
PINNS for the comprehensive modeling of multicomponent systems
that involve phase transitions and component transport. This ap-
proach, notably scalable to aerospace challenges, facilitates the
modeling of critical processes such as fuel combustion in aircraft
and rocket engines. In such scenarios, accurately accounting for
phase transitions, mixture composition, and heat exchange is para-
mount. Similarly, PINNs hold significant promise for simulating
thermochemical processes during spacecraft atmospheric re-entry
and for optimizing thermal protection materials. By seamlessly in-
tegrating physical laws with neural network learning capabilities,
PINN s effectively solve complex differential equations without grid
discretization. This translates into a substantial reduction in compu-
tational costs and an enhancement in model generalizability. Ulti-
mately, this paves the way for achieving greater accuracy and speed
in simulations crucial for the design of advanced aerospace systems.

In their work, Shadram et al. (2022) introduced an innovative
approach to modeling combustion instabilities within a single-injec-
tor combustor—a critical challenge in aerospace engine design.
They developed a physics- aware neural network (a type of PINN)
for flame closure modeling. This model seamlessly integrates ex-
perimental data with the underlying physical laws that govern the
intricate interactions of chemical kinetics, turbulence, and acoustic
phenomena. The model accurately reproduced the complex dynam-
ics of combustion instabilities, including pressure oscillations and
heat/reactivity distribution. It demonstrated significantly better
agreement with experimental data and superior generalization capa-
bilities compared to traditional models. This achievement highlights
the immense potential of embedding physical constraints into neural
networks to enhance the reliability of simulating complex thermo-
chemical processes. Ultimately, this paves the way for optimizing
the design and operational modes of aerospace engines, particularly
in the context of effectively controlling combustion instabilities.

In their article, Wang et al. (2022) explored the potential of
PINNs for solving differential equations that describe chemical
combustion processes, particularly focusing on complex reaction
kinetics. The authors demonstrated that PINNs can accurately
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reproduce the dynamics of reactant and product concentrations, as
well as temperature profiles across various chemical systems, en-
compassing both simple and intricate reaction mechanisms. The
model exhibited robustness with limited data and proved efficient
in solving problems with nonlinear kinetics, where traditional meth-
ods typically demand significant computational resources. These
findings confirm that PINNs offer a flexible and precise tool for
modeling chemical combustion kinetics. This is particularly valua-
ble for enabling rapid and reliable calculations in aerospace engi-
neering.

The scientific paper by Song et al. (2024) details the develop-
ment and application of PINNS, integrated with a flamelet/progress
variable model, for the efficient and accurate modeling of combus-
tion with a detailed chemical reaction mechanism. This hybrid ap-
proach successfully tackles the nonlinear differential equations that
describe chemical reactions and heat transfer, precisely replicating
temperature and concentration distributions, as well as the dynamics
of reaction progress in multidimensional combustion scenarios. A
key achievement of this work is the substantial reduction in compu-
tational costs compared to classical methods. This makes the meth-
odology highly promising for complex aerospace applications, par-
ticularly for better incorporating the intricacies of reaction mecha-
nisms and accurately predicting flame behavior.

In their work, Zhang et al. (2024) introduced an innovative
CRK-PINN (Combustion Reaction Kinetics Physics-Informed
Neural Network) designed to solve ordinary differential equations
that describe the kinetics of chemical combustion reactions. The pri-
mary achievement here is a significant enhancement in the accuracy
and efficiency of modeling complex reaction mechanisms, which
are particularly characteristic of aerospace systems. This advance-
ment stems from the seamless integration of physical laws directly
into the neural network's architecture. The CRK-PINN demon-
strated high fidelity in reproducing the dynamics of reactant and
product concentrations, even with limited data. It also outperformed
classical numerical methods in terms of convergence speed and
noise resilience, while effectively scaling to accommodate large re-
action mechanisms. This approach expands the capabilities of
PINNs for modeling chemical combustion kinetics, providing both
high accuracy and flexibility. This makes it an invaluable tool for
the design and optimization of aerospace engines.

Material-Environment Interaction Problems

In the study by Dourado and Viana (2019), the application of
PINNS for predicting corrosion-fatigue damage in materials is pre-
sented. The authors developed a model that combines the physical
principles governing corrosion and fatigue with the capabilities of
deep learning. This involved integrating both experimental data and
differential equations that describe the evolution of damage. The
PINNSs accurately replicated the dynamics of crack growth under
the combined influence of corrosion and cyclic loading. They
demonstrated high consistency with experimental results regarding
crack propagation rates and time to failure, even with a limited
amount of training data. This highlights the significant potential of
PINNS for predicting the remaining useful life of materials and gain-
ing a deeper understanding of their degradation mechanisms, which
is critically important for aerospace engineering.

In their research, Mishra and Molinaro (2021) successfully ap-
plied PINNs to model radiative transfer processes. They achieved
this by integrating the Radiative Transfer Equation (RTE) as a phys-
ical constraint within the loss function. The developed PINN accu-
rately reproduced RTE solutions for various configurations, includ-
ing both one-dimensional and multi-dimensional problems with
varying absorption and scattering coefficients. Even with limited
training data, the model demonstrated its effectiveness in account-
ing for complex physical interdependencies, which are significantly
more challenging to resolve using traditional numerical methods.
The authors emphasize that PINNs serve as an efficient tool for
modeling intricate radiative transfer processes, a capability criti-
cally important for analyzing thermal processes in the acrospace in-
dustry. Furthermore, they note that this approach can be expanded
to solve a wider spectrum of multiphysics problems.

In a pioneering study, Zhang et al. (2022) showcased the ap-
plication of PINNs for analyzing internal structures and defects
within materials. The authors developed a model that integrates
solid mechanics equations with neural networks, enabling the

precise detection and characterization of defects (such as cracks and
voids) without requiring direct internal access. The PINNs success-
fully reconstructed the distribution of stresses and strains around de-
fects, accurately predicting their impact on mechanical properties.
This was validated by high precision when compared to classical
methods and experimental data. This work opens new avenues for
non-invasive material quality control and is critically important for
ensuring the reliability and longevity of structures in the aerospace
industry.

In their work, Choi and Lee (2023) developed a Physics-In-
formed, Data-Driven model based on a Bayesian network for pre-
dicting the atmospheric corrosion of carbon steel. This approach is
groundbreaking because it integrates the physical laws of corrosion
processes with experimental data, allowing for more accurate mod-
eling of oxide layer growth and material degradation. The model
effectively forecasts corrosion rates by accounting for the influence
of humidity, temperature, and other environmental factors, as well
as the inherent uncertainty in input data. This ensures the adaptabil-
ity and reliability of long-term predictions. The researchers empha-
size the promising nature of such a combination of physical
knowledge and statistical methods for a better understanding of ma-
terial-environment interactions and for enhancing the efficiency of
materials science research, especially within the acrospace sector.

In their work, Hu et al. (2024) investigated and systematized
the application of PINNs within computational solid mechanics
(CSM). They achieved this by developing numerical frameworks
for modeling the mechanical behavior of materials and structures.
Their advancements in PINN architecture enable accurate reproduc-
tion of stress-strain states, displacement and stress distributions, and
even the modeling of defects and cracks in thin-walled structures. A
key achievement is the integration of physical knowledge—such as
equilibrium equations, compatibility conditions, and material
laws—without the need for mesh discretization. This provides sig-
nificant flexibility and scalability in modeling. The authors empha-
size that PINNs open up new avenues for analyzing material degra-
dation, crack propagation, and corrosion, all of which are exceed-
ingly relevant for aerospace engineering.

In their article, Janssen et al. (2024) introduce the Physics-In-
formed General Convolutional Network (PIGCN)—a novel ap-
proach that extends the concept of PINNs by integrating physical
laws directly into the architecture of convolutional neural networks
(CNNs). This is achieved by utilizing convolutional operations to
approximate differential operators. This innovation effectively ac-
counts for local spatial dependencies and the geometric characteris-
tics of damaged materials, significantly reducing computational
costs. The PIGCN successfully models the distribution of stresses,
strains, and displacements in materials with defects, demonstrating
high accuracy and consistency with Finite Element Method (FEM)
results. Remarkably, it achieves stable outcomes with only 2% of
training data, indicating improved generalization capability and
physical reliability. The authors emphasize the promising potential
of PIGCN for modeling defective materials, which reduces data re-
quirements and is critically important for both materials science and
aerospace engineering.

In their comprehensive review, Malashin et al. (2025) provided
an in-depth analysis of the current state and future prospects of ap-
plying PINNs for modeling polymeric materials. Their focus was
on integrating physical laws into neural networks to describe the
mechanics, thermal conductivity, diffusion, and degradation of
these materials. The review highlights the high efficacy of PINNs
in modeling multiphysics processes in polymers, especially in situ-
ations with limited or hard-to-obtain data. They offer examples of
predicting mechanical behavior, aging, corrosion, and the influence
of external factors. The authors emphasize that PINNs unlock new
possibilities for creating versatile, physically grounded models of
polymeric materials. These models can be adapted for diverse ma-
terials science tasks, including optimizing composition, predicting
durability, and developing new materials with tailored properties—
all of which are critically important for acrospace applications.

Multicomponent-System Problems

In their work, Almajid and Abu-Al-Saud (2022) successfully
applied PINNs to predict fluid movement in porous media. The
study demonstrated the high accuracy of PINNs in modeling flow
dynamics, including pressure and velocity distribution, even with a
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limited amount of input data. This highlights PINNs' potential as an
effective complement to traditional numerical methods, especially
for complex systems with heterogeneous geometry or a scarcity of
information. This capability is critically important for modeling
multicomponent flows in the oil and gas and aerospace industries.

Zhu, Hu, and Sun (2023) developed an advanced PINN model
for solving problems related to two-phase interface dynamics, en-
compassing the movement of the boundary between liquid and gas-
eous phases in both 2D and 3D configurations. Their approach in-
tegrates the Navier-Stokes equations, impermeability conditions,
and surface tension laws without the need for traditional mesh dis-
cretization. This allowed them to achieve high accuracy in repro-
ducing phase deformation, merging, and separation, while avoiding
the numerical artifacts characteristic of classical methods and sig-
nificantly reducing computational costs. The results confirm the ef-
fectiveness of PINNs for modeling complex dynamic processes of
two-phase interaction, which is critically important for engineering
applications in fuel and energy systems, as well as for understanding
the behavior of mixtures under challenging physical conditions.

In their research, Zhang et al. (2024) successfully applied
PINNSs to model multiphase flows in porous media, with a particular
focus on accounting for double shock waves and interphase solubil-
ity. The authors demonstrated that PINNs effectively reproduce the
dynamics of multiphase flow, including accurate modeling of shock
wave behavior and the mutual solubility of components, achieving
high precision even with limited data. This approach stands as a
powerful tool for analyzing complex multicomponent systems
within porous media, ensuring the physical fidelity of results in sce-
narios involving nonlinear effects. This is critically important for
advancements in energy and fuel technologies.

In their research, Jalili et al. (2024) successfully applied PINNs
to predict heat transfer in two-phase flows, specifically emphasizing
the complex thermal processes involved in fluid-gas interactions.
The PINNs demonstrated high accuracy in forecasting temperature
distributions and heat fluxes, effectively integrating physical laws
and boundary conditions. This resulted in better agreement with ex-
perimental data compared to classical methods. The authors high-
lighted the promising potential of PINNs as a tool for modeling heat
transfer in complex two-phase systems, especially when experi-
mental data is limited. They also noted the potential to extend this
approach to more intricate multicomponent systems.

Brumand-Poor et al. (2024) successfully demonstrated the ap-
plication of PINNs for solving the Reynolds equation with transient
cavitation modeling. Their models accurately reproduce the com-
plex nonlinear effects and the dynamics of cavitation zones within
lubrication layers, which is critically important for multicomponent
hydrodynamic systems, particularly fuel systems in the aerospace
sector. The research highlights the effectiveness of PINNs in pre-
dicting pressure dynamics and cavitation distribution over time, of-
fering a powerful tool for analysis where traditional methods face
limitations.

In their research, Parfenyev et al. (2024) successfully applied
PINNS s for the reconstruction of parameters and the retrieval of two-
dimensional turbulent flows. Their approach allowed for the accu-
rate identification of key parameters such as viscosity and turbu-
lence intensity, as well as the reconstruction of spatiotemporal ve-
locity fields and other physical quantities, even when using limited
experimental data. This study demonstrates the significant potential
of PINNS for analyzing complex dynamic systems, such as turbu-
lent multicomponent flows, where traditional methods often face
challenges due to data scarcity or lack of flexibility.

Pham and Mai (2024) successfully applied PINNs to model
two-phase flow in porous media, specifically focusing on the pro-
cess of waterflooding oil fields using the Buckley-Leverett theory.
Their models demonstrated high accuracy and reliability in predic-
tion, even under conditions of sharp changes in physical quantities
and with limited input data. This is critically important for under-
standing the behavior of fuel mixtures in complex environments and
for effective field development planning, and it holds significant rel-
evance for the aerospace industry.

Yan et al. (2024) applied PINNs to simulate two-phase flows
in heterogeneous and fractured porous media. Their research
demonstrated that PINNs effectively and accurately model the dis-
tribution of phases, pressure, and velocity, even with limited data.
Remarkably, they either surpassed or matched the precision of

classical numerical methods in complex structures. This confirms
the significant potential of PINNs for modeling multicomponent
flows in intricate systems, which is critically important for under-
standing the behavior of fuel-oxidizer mixtures in the aerospace in-
dustry.

Zhou et al. (2024) presented an innovative integrated approach
to simulating two-phase flows. This method combines PINNs with
leading interface tracking methods, such as Volume of Fluid (VOF)
and Level Set. This hybrid model significantly enhances simulation
quality by incorporating the Navier-Stokes equations and imperme-
ability conditions, ensuring high accuracy in reproducing complex
interface dynamics. This includes processes like capillary pressure,
surface tension, and phase transitions. The proposed method effec-
tively reduces numerical interface smearing and stabilizes the solu-
tion, which is critically important for accurately predicting the be-
havior of fuel mixtures and optimizing aerospace fuel systems.

Publications Related to Tier 2: Dynamic Analysis

This section examines publications in which Physics-Informed
Neural Networks have been applied to dynamic systems governed
by time-dependent or trajectory-based formulations. These include
problems such as flight mechanics, ballistic motion, rigid-body dy-
namics, and particle trajectories in external fields — phenomena
that are central to both atmospheric and spaceborne vehicle model-
ing. The review considers how PINNs are employed to approximate
motion governed by ordinary or partial differential equations, often
under complex, nonlinear conditions. Emphasis is placed on how
temporal evolution, external forces, and dynamic constraints are
embedded into the structure and training of PINNs, and how these
models enable high-resolution prediction of trajectories and dy-
namic responses without discretization artifacts.

Ballistic and Trajectory Problems

In their research, D'Ambrosio et al. (2021) proposed the appli-
cation of PINNs, combined with the Extreme Theory of Functional
Connections (X-TFC), for optimizing spacecraft maneuvers near
asteroids while ensuring collision avoidance. This approach effec-
tively solves two-point boundary value problems, generating fuel-
efficient trajectories amidst complex dynamics. Numerical experi-
ments confirmed the model's high accuracy, comparable to tradi-
tional methods, while demonstrating reduced computational costs
and enhanced flexibility in modeling. The authors emphasize the
promising potential of combining PINNs with X-TFC for solving
optimal control problems in space missions, particularly in scenar-
ios with limited resources and intricate dynamics, thereby ensuring
high precision in spacecraft trajectory modeling.

In their study, Schiassi et al. (2022) introduced a novel meth-
odology for solving optimal planar orbit transfer problems using
PINNSs. They combined an indirect method, based on Pontryagin's
Minimum Principle, with PINNs to learn optimal control actions.
To achieve this, they utilized the Extreme Theory of Functional
Connections (X-TFC). X-TFC, a synergy of classical PINN and the
theory of functional connections, analytically satisfies the boundary
conditions of the two-point boundary value problem (derived from
Pontryagin's Principle), thereby avoiding unbalanced gradients dur-
ing training. The results demonstrate high accuracy in reproducing
optimal trajectories and control actions, surpassing traditional nu-
merical methods in terms of computational cost and convergence.
This opens new perspectives for optimizing space missions.

In their research, Stachiw et al. (2022) developed a novel neu-
ral network architecture called FlyNet for modeling aircraft flight
dynamics. The authors created a global flight model capable of ac-
curately reflecting an aircraft's behavior across its entire operational
envelope by combining physical principles with the capabilities of
neural networks. It is important to note that while FlyNet isn't a clas-
sical PINN, it still leverages physical knowledge, specifically sec-
ond-order Taylor series expansions, to enhance modeling accuracy.
Tested against flight test data from a Bell 412HP helicopter, gath-
ered by the National Research Council of Canada, the model
demonstrated high precision in predicting forces and moments un-
der various flight conditions. The authors concluded that integrating
physical knowledge into the neural network's structure enables the
creation of a universal flight model. This model can be applied to
different types of aircraft, reducing the need for numerous localized
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models and simplifying the modeling process for the development
of control systems and pilot simulators.

Varey et al. (2024) developed an application of PINNs for as-
sessing the orbital state of satellites with low-thrust electric propul-
sion. By integrating classical astrodynamics models with deep neu-
ral networks, the authors successfully overcame the limitations of
traditional physical models that do not account for anomalous ac-
celerations. The PINN model, trained to determine an unknown ac-
celeration profile by minimizing the root mean square error between
observations and predictions, demonstrated a significant reduction
in observational error (from 123 to 1.00 arcseconds) and a substan-
tial improvement in predicting satellite position (from 3860 km to
164 km after five days) compared to purely physical models. This
approach is critically important for accurate space traffic manage-
ment and maintaining space situational awareness.

In their research, D'Ambrosio and Furfaro (2024) proposed
Pontryagin Neural Networks (PoNNs), a subclass of PINNs, for
learning fuel-optimal spacecraft trajectories, specifically for inter-
planetary transfers and landing trajectories. PoNNs leverage
Pontryagin's Minimum Principle (PMP) to formulate the problem
as a two-point boundary value problem (TPBVP), which they solve
using the Extreme Theory of Functional Connections (X-TFC). This
approach allows for the approximation of the system's state and cos-
tate using constrained expressions that combine analytical satisfac-
tion of boundary conditions with a free function modeled by a shal-
low neural network. To handle discontinuous control, a smoothing
technique is applied, enabling PoNNs to learn effectively without
prior information on control switching. The results demonstrate the
high accuracy of PONNs, comparable to state-of-the-art methods, as
well as the ability to analytically compute optimal control. This
makes the approach highly promising for the optimization of space
trajectories.

Michek et al. (2023) developed a methodology for estimating
the free-flight parameters of aircraft using PINNs, including a mod-
ified version for nondeterministic parameters. The goal was to iden-
tify aerodynamic parameters from flight data, thereby eliminating
the need for controlled tests. The proposed methods effectively ex-
tract aerodynamic parameters even in the presence of noise and in-
complete data. Furthermore, the modified PINN demonstrates high
accuracy, outperforming the traditional least squares method. This
underscores the potential of PINNs for identifying aerodynamic pa-
rameters under real-world flight conditions, which can reduce the
costs associated with experimental research and be applied to mod-
eling and analyzing flight trajectories.

In their work, Moschou et al. (2023) presented the use of
PINNs for modeling astrophysical shock waves. Their approach di-
rectly integrates the magnetohydrodynamics (MHD) equations into
the neural network's structure, allowing the model to incorporate
physical constraints. This enabled them to accurately reproduce the
structure of shock waves, including internal layers and transitional
regions, with high precision and generalization capability to various
configurations. The application of PINNs also led to reduced com-
putational costs compared to traditional methods. The authors em-
phasize that integrating physical laws into neural network training
creates highly accurate and physically consistent models, signifi-
cantly reducing the need for expensive numerical simulations. This
opens up new possibilities for applying PINNSs in astrophysics and
space research.

Motion-Dynamics Problems

In their study, Seyed-Ahmadi and Wachs (2022) proposed a
physics-inspired neural network architecture for modeling the hy-
drodynamic forces and torques acting on particles in particle-laden
flows. The goal was to predict these quantities in stationary random
arrays of spheres (typical of dense suspensions), while accounting
for limited training data and ensuring the physical consistency of
predictions. The resulting PINN-oriented architecture, based on a
superposition of pairwise hydrodynamic interactions and shared
learning parameters between network blocks, accurately repro-
duced forces and torques across a range of Reynolds numbers from
2 to 150 and solid volume fractions from 0.1 to 0.4. This architec-
tural solution significantly reduced the degrees of freedom and mit-
igated the risk of overfitting, all while maintaining accuracy at the
level of benchmark simulations. The authors concluded that the
physically motivated structure of the neural network ensures

consistency with the governing physics even under sparse training,
which is critical for generalization in real-world flows, and demon-
strates suitability for further scaling.

In their research, Rosofsky et al. (2023) thoroughly analyzed
the application of Physics-Informed Neural Operators (PINOs) for
modeling dynamic systems described by partial differential equa-
tions (PDEs). They specifically focused on those involving tem-
poral evolution, fluid-body interaction, and particle movement in
force fields. The authors successfully demonstrated PINOs' ability
to achieve a prediction error level of 107 when modeling fluid dy-
namics (crucial for assessing aerodynamic drag) and accurately re-
producing particle trajectories in gravitational fields, even with lim-
ited data. The advantage of PINOs over classical methods lies in
their computational efficiency and their capacity to avoid discreti-
zation artifacts. While the researchers acknowledge the need for fur-
ther optimization for real-world engineering tasks, they emphasize
that integrating physical laws into neural networks through PINOs
is a promising tool for solving nonlinear PDEs, ensuring the stabil-
ity and accuracy of predictions.

Shao et al. (2023) introduced an improved Neural Particle
Method (INPM) for modeling complex free-surface flows. This
method overcomes the limitations of the basic NPM by combining
PINNs with an alpha-shape algorithm to accurately detect fluid
boundaries and dynamically update boundary conditions. Numeri-
cal experiments confirmed that INPM precisely identifies the free
surface and ensures stable computations even with non-uniform
particle distribution, demonstrating higher accuracy and stability
compared to traditional mesh-free methods. The authors emphasize
that integrating a surface recognition algorithm into the PINN struc-
ture significantly enhances the accuracy and stability of free-surface
flow simulations, expanding the scope of application in problems
with complex geometry and boundary conditions.

In their systematic review, Sharma et al. (2023) provided a pro-
found analysis of the application of Physics-Informed Machine
Learning (PIML), including PINNs, within the realm of fluid me-
chanics. The core emphasis was on integrating physical knowledge
into machine learning to bolster the efficiency and accuracy of mod-
eling complex turbulent flows, which are governed by the Navier-
Stokes equations. The review clearly demonstrates that PIML sig-
nificantly reduces the required data volume and enhances the stabil-
ity of predictions when compared to traditional numerical methods.
The authors highlight successful instances of PIML being applied
to model turbulent flows at high Reynolds numbers and to recon-
struct Reynolds stress distributions from Direct Numerical Simula-
tion (DNS) data. They underscore the immense potential of PIML
and PINNS to either replace or augment high-fidelity numerical sim-
ulations, particularly in scenarios where data is limited. Further-
more, the authors point to the crucial need for continued research to
develop novel neural network architectures that can seamlessly and
effectively integrate physical laws.

In their article, Son et al. (2023) proposed a novel PINN archi-
tecture for modeling the electromagnetic characteristics of a perma-
nent magnet synchronous motor (PMSM). The authors aimed to
overcome the limitations of traditional methods, such as the Finite
Element Method (FEM), by directly integrating physical laws into
the neural network's structure. The proposed PINN architecture ac-
curately reproduces the electromagnetic fields within the PMSM,
significantly reducing computational costs while effectively ac-
counting for the motor's complex geometric and material properties,
ensuring high accuracy even with limited data. The results under-
score the potential of this approach for precise modeling of PMSM
electromagnetic characteristics, reducing reliance on large volumes
of training data, and opening new avenues for efficient modeling of
complex electromechanical systems.

In their article, Barmada et al. (2024) investigated the effec-
tiveness of PINNs for solving direct electromagnetic problems, par-
ticularly Maxwell's equations, by minimizing the integral error to
account for physical laws. The study proved that PINNs provide ac-
curate solutions to Maxwell's equations without the need for de-
tailed spatial discretization. This was confirmed by examples of
one-dimensional and two-dimensional Poisson equations, with re-
sults aligning with analytical and FEM solutions. The authors em-
phasize the promising potential of PINNs for electromagnetic anal-
ysis, especially in aerospace modeling, due to significantly reduced
computational costs and enhanced model accuracy.
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Jiao et al. (2024) delve into the integration of artificial intelli-
gence, specifically PINNs, with physical sciences for modeling dy-
namic systems described by differential equations. The authors an-
alyze the application of physical principles (such as classical me-
chanics and electromagnetism) to enhance Al algorithms, focusing
on problems related to fluid dynamics and particle motion. The re-
view demonstrates that PINNs effectively model dynamic systems,
capable of accurately reproducing phase transitions and predicting
parameters (e.g., acrodynamic drag) without traditional discretiza-
tion methods, which in turn reduces computational costs compared
to Computational Fluid Dynamics (CFD). While challenges related
to scaling for complex systems are acknowledged, the authors em-
phasize that PINNs ensure the reliability and interpretability of
models, enabling the prediction of trajectories and dynamic re-
sponses in real-time.

Sedykh et al. (2024) introduced an innovative Hybrid Quan-
tum Physics-Informed Neural Network (HQPINN) for modeling
laminar flows in complex three-dimensional geometries, such as Y-
shaped mixers. This development combines the expressive power
of quantum models with the flexibility of PINNs to effectively solve
computational fluid dynamics (CFD) problems described by the Na-
vier-Stokes equations, without the need for remeshing when geom-
etry or boundary conditions change. The HQPINN demonstrated
21% higher accuracy compared to classical PINNs in modeling ve-
locity and pressure distributions. It also exhibited the ability for
transfer learning, adapting to geometry changes without full retrain-
ing, significantly reducing computational costs. The authors empha-
size HQPINN's promising potential for shape optimization and flow
analysis in complex geometries, opening new avenues in computa-
tional fluid mechanics.

Sultan and Zhang (2024) conducted a comparative analysis of
the Moving-Mesh Finite-Difference Method (MMFDM) and
PINNS to solve the generalized Kolmogorov—Petrovsky—Piskunov
(gKPP) equation, which describes nonlinear reaction-diffusion pro-
cesses. MMFDM demonstrated high accuracy, particularly with
adaptive meshes in regions of steep solution gradients. PINNs, on
the other hand, showed effective learning capabilities even with lim-
ited data, thanks to the integration of physical laws. While PINNs
necessitate careful hyperparameter tuning for stability, the research
highlights the distinct advantages of both methods: MMFDM excels
in scenarios with known geometries and boundary conditions, while
PINNS offer flexibility when dealing with limited or noisy data. The
authors propose that hybridizing these approaches could combine
the precision of traditional methods with the adaptability of neural
networks.

Sun et al. (2024) applied PINNs to predict velocity in electro-
magnetic launch processes during manufacturing. The authors fo-
cused on modeling the dynamics of objects (specifically, projec-
tiles) accelerated by electromagnetic forces. Their aim was to create
amodel that accurately replicates the temporal evolution of velocity,
accounting for complex physical interactions described by systems
of ordinary differential equations (ODEs). The proposed PINN
model demonstrated high accuracy in velocity prediction, effec-
tively reproducing experimental data and outperforming traditional
methods (like the finite element method) in terms of input data re-
quirements. The authors highlight the advantages of PINNs in mod-
eling electromagnetic launch due to the direct integration of physi-
cal laws into the network's structure, which helps avoid discretiza-
tion artifacts and ensures high precision. They also point to the po-
tential for real-time application of PINNs in controlling and opti-
mizing manufacturing processes.

Rigid-Body Motion Dynamics

Roehrl et al. (2020) presented an approach to applying PINNs
for modeling the dynamics of mechanical systems, based on La-
grangian mechanics. The authors directly integrated Lagrange's
equations into the neural network's structure, which allowed the
model to account for physical laws during training. This effectively
combined the advantages of physical models with the flexibility of
neural networks. Numerical experiments confirmed the high accu-
racy of modeling mechanical system dynamics, even with limited
data. The model demonstrated an ability to reproduce complex
movements while adhering to physical constraints. The authors con-
cluded that integrating physical laws into neural network training
creates models that merge the precision of physical models with the

adaptability of neural networks, opening new possibilities for mod-
eling and control of complex mechanical systems in the aerospace
and robotics industries.

Sedykh et al. (2024) presented a Hybrid Quantum Physics-In-
formed Neural Network (HQPINN) that integrates classical and
quantum computing approaches to model linear fluid flows in com-
plex three-dimensional Y-shaped mixers. The researchers achieved
21% higher accuracy compared to classical neural networks by em-
ploying quantum deep layers alongside classical multilayer percep-
trons. The results of this study confirm HQPINN's high effective-
ness in predicting velocity and pressure distributions, underscoring
the method's significant potential for optimizing complex geome-
tries in computational fluid dynamics, a task that traditionally de-
mands substantial resources.

Aygun et al. (2023) explored the application of PINNs for
mesh deformation with precise adherence to boundary conditions.
The authors utilized the PINN collocation method to determine new
mesh node positions, applying the equations of linear elasticity to
model the deformation. To ensure exact enforcement of Dirichlet
conditions for moving boundaries, which is critical for accurate so-
lutions, they employed a strict boundary condition imposition tech-
nique. Their two-stage approach first involved training a PINN with
soft boundary conditions, followed by correcting the solution with
a new PINN incorporating exact boundary positions. The study
demonstrated that the accuracy of this approach is comparable to
the finite element method. Furthermore, it successfully addressed
problems with moving boundaries, simulating typical fluid-struc-
ture interaction challenges. The authors concluded that using PINNs
for mesh deformation problems without a discretization scheme is
promising for modeling complex systems with moving boundaries,
such as aerospace vehicles.

Gu et al. (2024) presented the application of PINNs for mod-
eling quadcopter dynamics. The authors integrated the law of con-
servation of momentum as a training priority within the network's
loss function, ensuring physical consistency. They also employed
the Covariance Confidence Ellipse (CCE) visualization method to
enhance model interpretability. Furthermore, a visual and physical
simulator was developed based on AirSim, with a custom imple-
mentation of the ground effect. The proposed PINN outperformed
linear mathematical models and conventional deep neural networks
(DNNGs) in terms of both accuracy and physical consistency, demon-
strating a superior ability to generalize to unseen data. The authors
concluded that integrating physical laws significantly improves the
accuracy and interpretability of quadcopter dynamics models, con-
tributing to the development of more reliable and safer control al-
gorithms for UAVs.

In their article, Li et al. (2024) introduced a groundbreaking
approach to applying PINNs to problems involving friction dynam-
ics, specifically for modeling friction-induced vibrations in multi-
point contacts. The authors developed four PINN variants: a basic
single PINN, a dual PINN, and their enhanced versions incorporat-
ing interpolation techniques. These variants allow for the integration
of theoretical equations of non-classical multibody dynamics with-
out the need for traditional time-stepping. Numerical experiments
on a one-dimensional "stick-slip" problem and a two-dimensional
problem with separation and re-engagement showed that the pro-
posed PINN approaches deliver high modeling accuracy, surpassing
traditional methods, especially in complex two-dimensional cases.
The authors concluded that embedding physical laws into neural
network training enhances accuracy and significantly reduces com-
putational costs by eliminating the necessity for exceedingly small
time steps. This opens new possibilities for effectively analyzing
complex dynamic systems with friction.

In their article, Sahin et al. (2024) investigated the application
of PINNs for solving both direct and inverse problems in contact
mechanics under small deformations. The authors employed a
mixed-variable formulation with output transformation to rigor-
ously enforce Dirichlet and Neumann boundary conditions. Cru-
cially, the inequality conditions inherent in contact problems, spe-
cifically Karush-Kuhn-Tucker (KKT) conditions, were incorpo-
rated as soft constraints by integrating them into the loss function,
utilizing the Fisher-Burmeister function for optimization. Numeri-
cal experiments on a Hertz contact problem demonstrated that
PINNs can function as a PDE solver, a data-driven model, an in-
verse solver, and a rapid approximation model, accurately
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simulating contact phenomena. The importance of hyperparameter
selection and combining optimizers (Adam and L-BFGS-B) for
achieving superior results was highlighted. The authors concluded
that integrating physical laws into neural network training creates
models that combine the precision of physical models with the flex-
ibility and adaptability of neural networks, contributing to the de-
velopment of reliable control algorithms, particularly for unmanned
aerial vehicles.

Publications Related to Tier 3: Functional
Assessment

This section focuses on the use of Physics-Informed Neural
Networks to address tasks that involve performance evaluation, de-
cision-related modeling, and inference within aerospace systems.
These include applications such as trajectory optimization, flight
control, parameter identification, and prediction of system behavior
under variable or uncertain conditions. The literature is reviewed in
terms of how PINNS are configured to solve inverse and constrained
problems, learn latent system properties from observed data, or
forecast future states. Special attention is given to the role of PINNs
in integrating physical laws with task-specific objectives, enabling
hybrid modeling strategies that go beyond traditional simulations.

Control and Navigation Tasks

Li et al. (2023) proposed an intelligent diagnostic system for
detecting faults in aero-engine control system sensors during dy-
namic operation. The methodology is built upon a physics-guided
neural network (PGNN), which integrates data from physical en-
gine models with historical sensor measurements. The PGNN gen-
erates predicted values, and a comparison of these with actual meas-
urements yields residual signals. These residuals are then analyzed
by a convolutional neural network (CNN) for fault classification.
Experimental validation demonstrated that the proposed system
outperforms traditional approaches, reducing the root mean square
error of prediction and achieving a diagnostic accuracy of 95.9%.
The introduction of a novel loss function that incorporates physical
knowledge enabled the elimination of physical inconsistencies and
improved the overall model performance. The authors emphasize
the effectiveness of integrating physical models with deep learning
to enhance the accuracy of aero-engine sensor fault diagnosis,
which is critically important for flight safety and aviation mainte-
nance.

Mowlavi and Nabi (2023) proposed an extension of the PINN's
concept for solving optimal control problems constrained by non-
linear partial differential equations (PDEs). The authors integrated
a PINN into the optimal control structure, approximating the state
variable and control input with separate neural networks that are
trained simultaneously. This approach circumvents the need for
PDE discretization and offers flexibility in selecting the cost func-
tional. The research demonstrated that PINNs achieve comparable
accuracy to the traditional Direct-Adjoint Looping (DAL) method
for optimal control problems constrained by PDEs, especially for
complex nonlinear dynamics (like the Kuramoto-Sivashinsky and
Navier-Stokes equations). The PINN also showed advantages in
flexibility and ease of implementation, particularly with limited
data. The authors conclude that PINNS are a promising tool for solv-
ing PDE-constrained optimal control problems, combining accu-
racy with flexibility and straightforward implementation.

Antonelo et al. (2024) introduced a novel approach to model-
ing and controlling dynamic systems using PINNs. This approach,
termed Physics-Informed Neural Nets for Control (PINC), directly
integrates physical laws into the neural network's architecture. This
integration reduces the need for labeled data and enables more ac-
curate modeling of complex systems. The research demonstrated
that PINC, as an extension of the PINNs concept, can effectively
model and control nonlinear dynamic systems such as the Van der
Pol oscillator, a four-tank system, and an electric submersible pump,
even without relying on real-world measured data. This is achieved
through PINC's ability to perform rapid predictions, which is crucial
for real-time applications. The authors conclude that PINC is a
promising tool for modeling and controlling complex dynamic sys-
tems, especially in data-limited scenarios. They emphasize that this
approach can be beneficial across a wide range of applications, in-
cluding automatic control, modeling, and optimization.

Bianchi et al. (2024) investigated the application of PINNs for
estimating dynamic models of Unmanned Aerial Vehicles (UAVs).
The authors proposed a method that directly integrates physical
laws into the neural network's architecture. This approach enables
effective estimation of system parameters even with limited data
and under conditions of high uncertainty. The research showed that
the proposed method provides a more accurate estimation of the
UAV's state and higher computational speed compared to traditional
methods like the Extended Kalman Filter (EKF), which is critically
important for real-time applications. The authors concluded that in-
tegrating physical laws into neural network training significantly
enhances the efficiency of UAV dynamic model estimation, ensur-
ing high accuracy even with limited data. This is a vital advance-
ment for autonomous control systems in the aerospace industry.

In their article, Gu et al. (2024) presented the application of a
PINN for modeling quadcopter dynamics. The authors integrated
physical laws directly into the neural network's structure, enabling
effective system parameter estimation even with limited data and
under high uncertainty. The research demonstrated that the pro-
posed approach provides a more accurate estimation of the quad-
copter's state and higher computational speed compared to tradi-
tional methods like the Extended Kalman Filter (EKF), which is
critically important for real-time applications. The authors conclude
that integrating physical laws into neural network training signifi-
cantly enhances the efficiency of quadcopter dynamic model esti-
mation, allowing for high accuracy even with limited data. This is a
vital advancement for autonomous control systems in aerospace ap-
plications

In their study, Li and Liu (2024) introduced an innovative ap-
proach to controlling the trajectory of Automated Guided Vehicles
(AGVs) using a PINN within a nonlinear Model Predictive Control
(MPC) framework. The authors propose replacing traditional ordi-
nary differential equation models with a PINN, allowing for the di-
rect integration of physical laws into the neural network's training
process. This ensures accurate modeling of AGV kinematics with-
out the need for numerical integration. The study demonstrated that
the proposed method significantly enhances computational effi-
ciency and control accuracy compared to traditional approaches.
The use of Theory of Functional Connections (TFC) and adaptive
loss balancing effectively addresses challenges related to initial con-
ditions and control actions, which is crucial for real-time applica-
tions. The authors conclude that integrating PINNs into MPC is a
promising approach for improving the accuracy and speed of AGV
control in complex dynamic environments, providing a high level
of adaptability and robustness to changing conditions.

Abdulkadirov et al. (2025) introduced an innovative approach
to modeling quadcopter dynamics using Physics-Aware Machine
Learning (PAML). This method directly integrates the ordinary dif-
ferential equations describing UAV motion into the learning pro-
cess. A notable feature is the use of fractional derivative optimizers,
including Riemann-Liouville, Caputo, and Griinwald-Letnikov,
which helps reduce modeling errors and lower energy consumption
during flight. The research showed that PAML with fractional opti-
mizers provides a more accurate quadcopter flight trajectory com-
pared to traditional PID controllers, demonstrating a 25-35% reduc-
tion in errors in spatial coordinates and a 30—44% reduction in Euler
angles. The authors emphasize that employing physics-aware neural
networks with fractional optimizers significantly boosts the effi-
ciency of quadcopter dynamics modeling and control, leading to
more precise results with less energy consumption. This is critically
important for autonomous UAVs.

Optimization Tasks

In this section, we limited the selection of sources, as PINNs
are generally implemented through optimization problems involv-
ing explicit or implicit minimization of a loss functional. This opti-
mization-based formulation is universal and applies to a wide range
of problems, including those where finding an optimum of a physi-
cal or functional characteristic is not the primary goal but is inher-
ently performed during the model training process.

In their work, Gustafsson and Andersson (2024) investigated
the influence of labeled data on the performance of PINNSs, specifi-
cally Fully Connected Neural Network (FCNN) and Fourier Neural
Network (FNN) architectures, in surrogate modeling and the opti-
mization of designs for flow resistance reduction. They compared
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training approaches: physics-equation-only, data-only, and their
combination. It was revealed that for FCNNS, the inclusion of la-
beled data significantly increased the prediction accuracy of veloc-
ity and pressure fields, especially in flow separation zones, with the
best results obtained by reducing the weight of the data loss in the
loss function. In contrast, for FNNSs, the addition of labeled data led
to unstable results, limiting their application. The authors concluded
that for hydrodynamic design optimization tasks, an FCNN com-
bining physical constraints and labeled data is optimal, ensuring
high accuracy and model stability.

Liu et al. (2024) introduced a hybrid approach for airfoil shape
optimization, integrating Convolutional Neural Networks (CNNs),
PINNs, and Deep Reinforcement Learning (DRL). This method
aims to enhance aerodynamic efficiency, specifically the lift-to-drag
ratio, by minimizing the dimensionality of the design space. In their
framework, CNNs are employed to compress airfoil shape parame-
ters into six key values, effectively reducing the complexity of the
search space. PINNs are then applied for a more stable and accurate
evaluation of aerodynamic characteristics, circumventing the con-
vergence issues often encountered with traditional methods. DRL,
particularly based on Proximal Policy Optimization (PPO), inte-
grates both dimensionality reduction and performance evaluation.
This allows it to identify optimal solutions and enhance the algo-
rithm's transferability. The reported results demonstrate a successful
improvement in the lift-to-drag ratio, thereby affirming the effec-
tiveness and stability of the proposed optimization strategy.

In their paper, Ma et al. (2025) presented a hybrid methodol-
ogy for optimizing aviation route planning, combining Physics-In-
formed Neural Networks (PINNs) with the A algorithm*. The pri-
mary goal of this research was to enhance the accuracy of wind field
prediction and to optimize routes within a dynamic atmospheric en-
vironment. The authors utilized PredRNN for predicting wind fields
based on ERAS data, notably integrating physical constraints, spe-
cifically the Navier-Stokes equations, directly into the neural net-
work's loss function. This model was shown to outperform tradi-
tional approaches in prediction accuracy. Routes optimized using
the A* algorithm, which accounted for these predicted wind condi-
tions, enabled the avoidance of unfavorable zones and a reduction
in fuel consumption. This outcome underscores the significant ad-
vantages of employing predicted data over historical data for flight
planning. The integration of physical constraints into the neural net-
work's training proved pivotal in enhancing prediction accuracy
and, consequently, the effectiveness of route planning.

Identification Tasks

The concept of PINNs, which integrate deep learning with
physical laws described by nonlinear partial differential equations
(PDEs), was introduced in a seminal paper by Raissi et al. (2019).
Their research delineates two key application areas for PINNs: solv-
ing PDEs based on data (where the network approximates the solu-
tion) and discovering unknown PDEs from data (where the network
uncovers the equations themselves). For each, they proposed corre-
sponding algorithms suitable for both continuous and discrete time.
Experimental results on classical problems, such as flow around a
right angle, shock waves, and reaction-diffusion equations, convinc-
ingly demonstrated PINNs' ability to accurately reproduce physical
solutions even with limited or noisy data. This was further validated
by comparisons with analytical and numerical solutions. This makes
PINNs a powerful tool for solving both forward and inverse prob-
lems in science and engineering, ensuring high accuracy with min-
imal data requirements.

To address forward and inverse problems with noisy data,
Yang et al. (2021) introduced an extended model of PINNs — B-
PINNSs, which combines them with a Bayesian approach. This inno-
vative method integrates physical laws (via PINNs) with Bayesian
Neural Networks (BNNs), where the BNN serves as a prior distri-
bution. The estimation of the posterior distribution is performed us-
ing Hamiltonian Monte Carlo (HMC) or Variational Inference (VI),
allowing B-PINNs not only to form predictions but also to quantify
aleatoric uncertainty arising from noise in the data. Experiments
demonstrated that B-PINNs provide more accurate predictions un-
der significant noise compared to traditional PINNs by avoiding
overfitting. Furthermore, the HMC method proved more effective
for posterior distribution estimation, and the use of BNNs as a prior
distribution improved accuracy. This makes B-PINNs a powerful

tool for problems described by nonlinear PDEs with noisy data, en-
suring accurate predictions and effective uncertainty quantification.

One of the key methods for solving inverse problems in super-
sonic compressible flows has been presented through the applica-
tion of PINNs and their extended version, XPINNs. This approach
is distinguished by its integration of computational domain decom-
position into sub-regions, which significantly enhances the accu-
racy and expressiveness of the modeling, especially in areas with
complex flow dynamics. To ensure the physical correctness of the
solutions, the network's loss function integrates not only the basic
Euler equations but also entropy conditions and conditions for the
positivity of density and pressure. Parameter identification relies on
density gradient data obtained from Schlieren photography, as well
as information from inlet and partial wall boundaries. The results of
numerical experiments, conducted on cases involving expansion
waves, flow around a corner, and shock waves, convincingly
demonstrate the advantages of XPINNs over PINNSs in terms of gen-
eralization capability and accuracy in complex regions (Jagtap et al.,
2022).

In their study, Hijazi et al. (2023) proposed a combination of
model order reduction (ROM) methods, specifically POD-Galerkin,
with PINNSs to solve inverse problems related to the Navier-Stokes
equations. The authors integrated physical equations into the
PINN's loss function, which enabled the effective identification of
unknown parameters, such as physical viscosity or boundary condi-
tions. Numerical experiments across three test cases (steady flow
around a backward-facing step, flow around a circular cylinder, and
unsteady turbulent flow around a cubic obstacle) confirmed that the
integrated PINN model with POD-Galerkin ROM accurately iden-
tified parameters even with limited or noisy data. Crucially, this ap-
proach significantly reduced computational costs compared to tra-
ditional methods. This makes it a powerful tool for identifying pa-
rameters and boundary conditions in fluid dynamics, which is criti-
cally important for real-time applications and optimization tasks.

An effective approach to solving inverse problems in engineer-
ing structures under various loading scenarios is presented in a pa-
per by Xu etal. (2023). This approach is based on combining PINNs
with transfer learning. A key development in their work is a multi-
task learning method with uncertainty-weighted adjustment, which
significantly enhances the efficiency and accuracy of PINNs in lin-
ear and hyperelastic mechanics. This allows, in particular, for the
prediction of external loads on structures using limited displacement
monitoring data. Numerical experiments confirmed that even with
noisy and incomplete data, the model yields satisfactory results.
This is attributed to the dual regularization (by physical laws and
prior knowledge), providing better stability compared to traditional
methods. This approach also successfully overcomes challenges re-
lated to geometric scaling and diverse loading scenarios, considera-
bly accelerating learning convergence by inheriting weights from
pre-trained models. This paves the way for its application as surro-
gate models in real-world engineering projects.

The research by Ma at al. (2024) presents an innovative ap-
proach to solving inverse problems for partial differential equations
(PDEs) by integrating Lasso regression into the structure of PINNs.
The developed Sequentially Threshold Least Squares-Lasso
(STLasso) module, which combines Lasso regression with the Se-
quential Threshold Least Squares (STLS) algorithm, enables sparse
regression of PDE coefficients. The integration of this module led
to the creation of the PINN-STLasso model, capable of discovering
underlying PDEs from data while demonstrating lower data volume
requirements and improved interpretability. Experiments on classi-
cal inverse PDE problems showed that PINN-STLasso outperforms
other methods, achieving lower error rates even with limited data.
This underscores the approach's effectiveness in discovering under-
lying PDEs from real, potentially noisy, data.

The research by Sahinet al. (2024) showcases the effective uti-
lization of PINNs for solving both forward and inverse problems
within small deformation contact mechanics. The authors employed
a mixed-variable PINN formulation with output transformation to
strictly impose Dirichlet and Neumann boundary conditions. Nota-
bly, they focused on the "soft" incorporation of Karush—Kuhn—
Tucker (KKT) type inequalities directly through the loss function,
with optimization performed using the Fisher—Burmeister function.
Experiments on a Hertzian contact problem demonstrated that
PINNS successfully function as Partial Differential Equation (PDE)
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solvers, tools for enhanced data-driven modeling, inverse solvers
for parameter identification, and fast surrogate models. The appli-
cation of Adam and L-BFGS-B optimizers, along with the fine-tun-
ing of loss weights, led to improved accuracy and reduced training
time. The results underscore PINNS' potential as a powerful tool for
contact mechanics problems, allowing the integration of physical
laws and available data to achieve high accuracy even with limited
or noisy measurements.

Lin, Chen, Yang, Jiang, and Liu (2025) introduced a PINN-
based method for identifying aerodynamic parameters of aircraft.
Their objective was to reduce reliance on resource-intensive tradi-
tional approaches. The authors integrated the six-degrees-of-free-
dom equations of motion as physical constraints into the neural net-
work's loss function, treating aerodynamic parameters as variables
for identification. A study on the longitudinal motion of an aircraft
demonstrated that this method effectively mitigates the influence of
systemic and measurement errors, exhibiting high identification ac-
curacy even when data is noisy. Comparisons with genetic algo-
rithms and traditional neural networks confirmed PINNs' ad-
vantages in terms of accuracy and robustness against disturbances.
Furthermore, the approach significantly reduces the required vol-
ume of experimental data, making it a promising candidate for prac-
tical application in the aviation industry.

Prediction Tasks

Yan et al. (2022) presented a new methodology for solving for-
ward problems in linear elasticity, particularly for plates and shells.
This approach combines PINNs with the Extreme Learning Ma-
chine (ELM) method. The innovation lies in their sub-domain de-
composition method, which allows for the effective analysis of
structures composed of multiple elements, as well as an improved
solution within individual elements. Experimental results demon-
strated that the proposed methodology achieves accuracy compara-
ble to exact analytical solutions and finite element method calcula-
tions, confirming its potential for wide application in structural me-
chanics. This combination of PINNs and ELM underscores the
promise of integrating physical laws into the neural network train-
ing process to achieve high accuracy and computational efficiency.

The prediction of material fatigue life under conditions of lim-
ited experimental data became the focus of research by Chen et al.
(2023). They proposed an innovative approach based on PINNS, de-
veloping a multi-level neural network architecture. A key feature
lies in the integration of physical fatigue damage models directly
into the activation functions of hidden layers, which allows for the
effective combination of data with varying degrees of accuracy. Val-
idation using experimental data for two metallic materials demon-
strated that this PINN model provides physically consistent and ac-
curate fatigue life predictions even with a minimal number of train-
ing samples. Particularly important is the model's ability to extrap-
olate beyond the available data, which is critical for practical appli-
cation. Comparisons with traditional neural networks confirmed
PINNS' superiority in terms of prediction accuracy and physical va-
lidity, underscoring the effectiveness of integrating physical
knowledge to reduce reliance on large volumes of experimental
data.

Yang et al. (2024) introduced an innovative physics-guided
neural network (PGNN) for predicting material fatigue life. Unlike
direct prediction methods, their approach initially estimates S-N
curve parameters (specifically, the coefficients of Basquin's equa-
tion) based on loading environment characteristics, such as stress
concentration factor and stress ratio. This methodology significantly
reduces problem complexity and ensures high accuracy in fatigue
life prediction, even with limited training data, demonstrating strong
extrapolation capabilities. PGNN's advantages over traditional arti-
ficial neural networks (ANNs) and Support Vector Regression
(SVR) lie not only in its enhanced accuracy but also in the improved
interpretability of results due to the model's foundation in physical
laws, which allows engineers to make more informed decisions re-
garding structural design.

The prediction of heat pump thermal load is the central theme
of research by Chifu et al. (2024), where PINNs are applied. The
essence of their approach lies in integrating thermodynamic princi-
ples directly into the neural network's loss function, effectively
combining experimental data with theoretical knowledge about heat
pumps. Thermal load modeling is performed as a function of input

variables such as inlet and outlet temperatures, as well as water flow
rate, leading to reduced model complexity and increased prediction
accuracy compared to purely data-driven approaches. Experimental
results demonstrated significant improvements in accuracy: a
7.49% reduction in RMSE, a 6.49% decrease in MAPE, and a 0.02
increase in R2, even under unstable or extreme temperatures. This
confirms that PINNs serve as an effective and less complex tool for
thermal load prediction, without requiring detailed knowledge of
system topology or refrigerant parameters.

The review by Li et al. (2024) presents an analysis of contem-
porary approaches to predicting the Remaining Useful Life (RUL)
of engineering systems, combining physical models with deep
learning methods. This work systematically categorizes existing
methods into three key areas: condition monitoring, fault diagnosis,
and RUL prediction, with a particular focus on integrating physical
knowledge into deep learning models to enhance prediction accu-
racy and interpretability. The authors emphasize that traditional
RUL prediction approaches often face challenges such as data lim-
itations, the complexity of modeling degradation processes, and a
lack of physical interpretation. To overcome these limitations, they
propose the use of PINNs, which integrate physical equations di-
rectly into the neural network's structure, thereby providing im-
proved generalization capability and more accurate RUL predic-
tions. The review also discusses the challenges and opportunities in
this field, pointing to the significant potential of such hybrid ap-
proaches for enhancing prediction accuracy and the reliability of
technical system condition monitoring.

The innovative Physics-Informed Neural Network Classifica-
tion (PINNC) model, proposed by Shi and Beer (2024), signifi-
cantly enhances structural reliability analysis. This development
combines physical knowledge with deep learning methods to clas-
sify the safety or failure states of structural elements. At its core,
PINNC integrates two types of losses—classification loss and phys-
ical loss—allowing it to simultaneously account for both actual out-
put values and their adherence to physical laws. This is achieved
using a parametric sigmoid activation function that links output val-
ues to structural states, with the total loss calculated as a weighted
sum of these components. Experiments demonstrated a significant
advantage of PINNC over traditional neural networks that only con-
sider classification loss, thanks to improved classification accuracy.
The developed adaptive training strategy, which gradually incorpo-
rates new samples close to the failure boundary, further enhances
the model's accuracy. This underscores the effectiveness of combin-
ing physical knowledge and deep learning for robust analysis of
complex structures.

The importance of applying Digital Twins for the structural de-
sign and life-cycle assessment of aircraft structures is emphasized
in the article by Tavares et al. (2024). This research highlights the
necessity of integrating sensor data, operational inputs, and histori-
cal records to create virtual replicas of physical systems. Such an
approach significantly improves the accuracy of predicting struc-
tural behavior and enhances their efficiency throughout their entire
life cycle. The authors note that traditional numerical models are
often unable to adequately reflect real-world behavior due to mate-
rial variations and manufacturing deviations, proposing Digital
Twins as a solution. Additionally, the paper discusses the use of
PINNs for addressing various uncertainties in structural analysis.
These hybrid approaches, combining experimental data with nu-
merical models, contribute to a more adaptive strategy for ensuring
the structural integrity and safety of aircraft throughout their opera-
tional life.

A new approach for predicting the remaining useful life (RUL)
of fatigue crack growth has been proposed by Liao et al. (2025),
leveraging PINNs. This work aimed to develop a method that com-
bines experimental data with fundamental physical laws to accu-
rately determine parameters for crack growth models and subse-
quently predict the RUL of structures. The key lies in the integration
of physical knowledge directly into the neural network's structure to
enhance the reliability of predictions. The proposed method effec-
tively establishes the relationship between crack length and the
number of loading cycles through automatic differentiation. A spe-
cially designed loss function, which incorporates physical con-
straints, allows for the simultaneous updating of physical model pa-
rameters during network training. The results demonstrated that the
predicted RUL is significantly more accurate and reliable compared
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to traditional methods, with all predicted values falling within a 1.5-
fold error margin. This approach is particularly valuable for scenar-
ios with limited access to experimental data, reducing the reliance
on large quantities of measurements.

Publications Related to Tier 4: Systems-Level
Analysis

This section surveys research where PINNs are used to model
complex, interconnected aerospace systems at a higher level of ab-
straction. The focus is on tasks involving system-level behavior,
multi-domain interactions, and environmental implications—such
as the simulation of coupled subsystems, assessment of operational
limits, or prediction of external effects like noise and emissions.

The review highlights how PINNs are applied to represent
physical processes within integrated architectures, where outputs
from one model inform or constrain another. Also considered are
studies where PINNSs serve as lightweight surrogates for system-
level evaluations, balancing model fidelity with computational trac-
tability in simulations involving large or coupled physical domains.

Model testing and validation

An innovative approach to solving inverse problems in contin-
uum mechanics is presented in a study by Xu et al. (2023). This
approach is based on PINNSs, integrating transfer learning and multi-
task learning with uncertainty weighting. The goal was to enhance
the efficiency and accuracy of identifying loads in structures with
varying geometries and loading conditions, relying on limited dis-
placement data. The essence of the approach lies in pre-training the
model on simplified scenarios followed by re-training for specific
cases. This allows the model to adapt to new conditions with mini-
mal computational cost. The results showed that the proposed
method can accurately predict external loads even with limited or
noisy data. PINNs trained with transfer learning demonstrated high
robustness to noise and fast convergence when adapting to new sce-
narios, outperforming traditional methods like finite element analy-
sis in terms of generalizability and efficiency. This underscores that
the integration of transfer learning with PINNs significantly ex-
pands the capabilities for solving engineering inverse problems, re-
ducing the need for large volumes of data and computational re-
sources, and opening avenues for real-time structural health moni-
toring and damage detection.

The assessment of PINNS efficacy in high-fidelity reconstruc-
tion of two-dimensional flow fields around a cylinder is a key aspect
of research by Yang et al. (2023). This work aimed to determine
PINNS' ability to reconstruct full velocity and pressure fields based
on limited or noisy data, a common challenge in experimental fluid
dynamics. Both numerical data obtained through Direct Numerical
Simulation (DNS) and experimental measurements from Particle
Image Velocimetry (PIV) were used to train the PINN. The results
demonstrated that PINNs outperform traditional methods, such as
cubic spline interpolation and classical neural networks, providing
more accurate reconstruction of velocity and pressure distributions,
even under noisy or sparse data conditions. This confirms PINNs'
ability to effectively integrate physical laws, particularly the Navier-
Stokes equations, into the training process, which significantly im-
proves the accuracy of physical field reconstruction. The authors
underscore the significant potential of PINNs for applications where
traditional methods are limited by data quality or volume, as the in-
tegration of physical laws into the network structure ensures adher-
ence to physical constraints.

Anovel PINNs architecture, named WaveNets, was introduced
for the full reconstruction of rotational flow fields under large, high-
amplitude periodic water waves. This model, developed by Chen et
al. (2024), comprises two distinct neural networks: one predicts the
free surface profile, and the other predicts the velocity and pressure
fields. Its loss function meticulously integrates Euler's equations
and other physical knowledge about wave processes. It also utilizes
anovel dynamic sampling point updating method for residual eval-
uation, which is critically important given that the free surface forms
during training. Thanks to highly accurate datasets generated by the
numerical continuation method, WaveNets is capable of recon-
structing the wave surface and flow field using only a small amount
of data, both on the surface and within the flow, for both single-layer
and two-layer rotational flows. The accuracy of vorticity estimation

can be significantly improved by adding a redundant physical con-
straint according to prior information about its distribution, under-
scoring the model's effectiveness under conditions of strong nonlin-
earity and complex free surface geometry.

The construction of a metamodel based on PINNs for predict-
ing Reynolds-averaged separated turbulent flow around a
DU99W350 airfoil at varying angles of attack is a central aspect of
the research by Harmening et al. (2024). The model was trained on
a limited set of simulation data for specific angles of attack, demon-
strating the ability to predict velocity and pressure fields for arbi-
trary angles within the range of 10.0° to 17.5°, encompassing both
interpolation and extrapolation. The results showed successful pre-
diction of flow separation development on the airfoil's upper surface
with changing angles of attack, achieving high accuracy, even near
the wall. The sensitivity analysis conducted concerning the Reyn-
olds number, the quantity and distribution of training data, and the
choice of turbulence model, highlighted the advantages of the Reyn-
olds pseudo-stress method and the importance of having labeled
data within the domain. This research confirms the effectiveness of
PINNSs for creating accurate surrogate models of flow around air-
foils with variable geometry, thereby reducing the need for exten-
sive simulation

A highly efficient framework for PINNs to identify parameters
of beam structural models is presented in a study by Teloli et al.
(2025). The work aimed to solve inverse problems in structural
analysis, specifically determining mechanical properties like stiff-
ness and mass, based on limited displacement and strain data. A key
feature is the integration of physical laws, particularly beam theory
equations, directly into the neural network's training process. This
ensures the physical consistency of results even with limited or
noisy data. The research demonstrated that the proposed approach
can accurately recover model parameters even under uncertain
boundary conditions and with a limited volume of data. It also
showed high accuracy in predicting the dynamic behavior of beam
structures compared to experimental data. This underscores the
model's ability to generalize and apply to various scenarios without
needing extensive training data, opening possibilities for real-time
condition monitoring and damage diagnosis.

The PINN framework developed by Zhu et al. (2025) offers a
simultaneous approach for discovering hidden solid boundaries and
reconstructing flow fields based on limited observations. The mod-
el's uniqueness lies in the integration of a fractional body parameter
into the governing equations, which allows for adherence to no-pen-
etration and no-slip conditions in solid regions while preserving hy-
drodynamic conservation laws. This enables the simultaneous re-
construction of an unknown flow field and the determination of the
body's fractional distribution, thereby detecting hidden boundaries.
Testing the framework across diverse scenarios, including incom-
pressible Navier—Stokes flows and compressible Euler flows (e.g.,
steady flow around a fixed cylinder, oscillating cylinder, and sub-
sonic flow over an airfoil), demonstrated accurate hidden boundary
detection, reconstruction of missing flow data, and estimation of
moving body trajectories and velocities. Further analysis confirmed
the method's robustness to sparse data, velocity-only measurements,
and noise, making it a promising tool for applications where only
limited experimental or numerical data are available, particularly in
aerodynamics, biomedical imaging, and marine engineering.

Safety-oriented physical condition modeling

For safety-oriented physical condition modeling, particularly
in the context of analyzing temperature fields and thermal loads in
critical systems, the research by Cai et al. (2021) demonstrates sig-
nificant potential. This work explores the application of PINNs to
solve inverse heat transfer problems in forced and mixed convection
regimes, as well as the Stefan problem with a moving phase-change
boundary. This is especially relevant in situations with limited or
unknown boundary conditions where traditional methods prove in-
effective. PINNs demonstrated the ability to accurately reconstruct
temperature and velocity fields, and successfully recover the posi-
tion of the moving boundary and corresponding fields using only a
limited number of internal temperature measurements. This in-
cluded the successful modeling of thermal processes in complex
power electronics thermal design. Thus, PINNs are a powerful tool
for solving ill-posed heat transfer problems, unifying computational
and experimental approaches, which is critically important for
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predicting potentially unsafe system operating modes in the interest
of safety.

A method for identifying parameters of structural systems with
multiphysics damping, based on PINNS, is presented in a study by
Liu and Meidani (2023). Their development, named PIDynNet,
aims to accurately determine the parameters of nonlinear structural
systems, accounting for the complex interaction between mechani-
cal and thermal processes. The essence of this approach lies in inte-
grating physical laws describing structural dynamics and heat trans-
fer directly into the neural network's architecture. This allows the
model to learn from limited data while maintaining high physical
fidelity in its results. The research showed that PIDynNet can accu-
rately identify parameters even with limited or noisy data, success-
fully predicting the system's nonlinear response to unknown excita-
tions. For effective training, subsampling and early stopping strate-
gies were employed, which helped prevent overfitting and im-
proved accuracy. This capability for accurate parameter identifica-
tion in complex systems is critically important for structural integ-
rity monitoring and assessing stability after, for instance, natural dis-
asters, providing a basis for making safety-related decisions.

The modeling of finite deformation plasticity is the primary
focus of research by Niu et al. (2023), which employs PINNs. The
work aimed to develop an approach that accurately reproduces the
behavior of materials during large deformations, including multi-
step loading and unloading scenarios. The proposed PINN model
directly integrates the physical laws describing the plastic behavior
of materials into the neural network's structure, ensuring the physi-
cal consistency of results even when trained on limited data. The
results demonstrated that the PINN model can accurately reproduce
material behavior under finite deformations, successfully predicting
the system's nonlinear response to multi-step loading and unloading,
and exhibiting significant generalization capability. Furthermore,
the performance of the PINN was evaluated in terms of accuracy
and stability with mesh refinement and changes in network archi-
tecture. This ability to accurately model material behavior in critical
pre-failure states is extremely important for ensuring the reliability
and safety of engineering structures, allowing for the prediction of
potential problems even with limited experimental data.

In the study by Chen et al. (2024), significant advancements
have been made in modeling crack propagation and predicting the
fatigue life of structures using PINNs. This research focuses on de-
veloping a methodology capable of accurately modeling crack be-
havior in materials under overload conditions. A key aspect of their
work is the integration of asymptotic displacement functions near
the crack tip into the PINN structure, which ensures highly accurate
computation of stress intensity factors without the need for local
mesh refinement. An automated crack propagation modeling
method was proposed that does not require changes to the network
architecture or node distribution during the process, only modifica-
tions to the loss functions. Additionally, an algorithm for fatigue life
prediction under overloads was developed, which accurately pre-
dicts crack propagation delay and the overall life of structures under
cyclic loading with periodic overloads. Such a capability for pre-
cisely predicting crack behavior, especially under overload condi-
tions, is critically important for maintaining the safety and reliability
of complex engineering systems, where monitoring critical states
and predicting remaining useful life play a crucial role.

For the purposes of Safety-oriented physical condition model-
ing, particularly in the context of preventing failures due to stress
concentration, Imran Azeem and Pinho (2024) developed a physics-
informed machine learning model for predicting stresses in compo-
site structures with open holes, accounting for finite-size effects.
The goal of this work was to create a fast and accurate method for
stress prediction within a global-local modeling context, which is
crucial for aircraft design. Traditional analytical solutions often fail
to consider finite-size effects, and semi-analytical methods have
limited accuracy. The proposed model, which combines analytical
solutions with machine learning methods, demonstrated accuracy
comparable to analytical solutions for infinite width, and surpassed
them in cases of finite dimensions. It provides highly accurate stress
predictions under uniaxial and biaxial loading, utilizing signifi-
cantly less training data due to the integration of analytical solu-
tions. This allows for reduced computational costs and increased
prediction accuracy, both of which are critically important for en-
suring structural integrity and safety in aerospace engineering.

Modeling the behavior of materials under simultaneous ther-
mal and mechanical loads, which is critically important for safety-
oriented physical condition modeling in geotechnical and other ap-
plications, is the central theme of research by Yang et al. (2024).
They proposed the application of PINNSs to solve the problem of
thermoelastic cavity expansion under plane strain conditions. The
authors formulated the relevant partial differential equations, nor-
malized them into dimensionless form, and integrated them into the
PINN structure. This allowed the model to learn based on physical
laws without the need for extensive experimental data. The study's
results showed that the proposed PINN model can accurately pre-
dict temperature, stress, and strain distributions, which is confirmed
by comparison with analytical solutions. Furthermore, the model
demonstrated stability and efficiency in solving problems with var-
ious material parameters and loading conditions, indicating its ver-
satility and potential for accurate prediction of critical states in com-
plex thermoelastic processes.

The method of PINNs developed by Liao at al. (2025) is de-
signed for identifying parameters and predicting the remaining use-
ful life (RUL) of fatigue crack growth. This research aimed to create
a model that accurately determines crack growth parameters and
forecasts their future development, which is crucial for assessing the
durability of structures. A key feature of the proposed approach lies
in the integration of physical laws describing the crack growth pro-
cess directly into the neural network's structure. This allows the
model to learn from limited data while maintaining high physical
fidelity and accuracy of results. Experimental data confirmed that
PINNSs can accurately reproduce fatigue crack growth behavior and
predict the RUL of structures, even under limited or noisy data con-
ditions. The model successfully identified key parameters influenc-
ing crack growth and demonstrated its ability to generalize. This
methodology, which provides reliable predictions even with re-
stricted data, is particularly valuable for ensuring the reliability and
structural health monitoring of engineering structures, where accu-
rate prediction of critical damage is essential for safe operation.

Subsystem interaction modeling

An innovative approach to solving complex multi-physical
problems was presented by Nguyen et al. (2022) in their work. They
developed a new methodology called PINNs-DDM, which effec-
tively integrated PINNs with the Domain Decomposition Method
(DDM). This synergy allowed for accurate modeling of interactions
between various physical processes, such as fluid dynamics and sca-
lar transport in confined spaces. Practical application of the method
to Poisson and Burgers' equations, as well as in aerosol dispersion
modeling, confirmed its high accuracy even with a limited amount
of training data, which is critically important for real-world applica-
tions. The authors emphasized that PINNs-DDM is a flexible and
efficient tool, capable of adapting to different types of differential
equations and conditions, thus opening new possibilities for sys-
temic analysis.

A significant contribution to the field of identifying nonlinear
structural systems with multi-physical damping properties, particu-
larly interactions with a thermal environment, was made by Liu and
Meidani (2023). They presented an innovative method called PI-
DynNet, which effectively combined PINNs with additional loss
functions. This allowed for increased accuracy in estimating system
parameters, considering both structural dynamics and heat transfer.
The research demonstrated that PIDynNet surpassed traditional
methods, such as the Extended Kalman Filter, providing more pre-
cise identification and the ability to generalize nonlinear responses
to new excitations, even with limited data. The authors emphasized
that integrating physical knowledge into the neural network's struc-
ture significantly improved the efficiency of identifying nonlinear
parameters in limited and noisy data environments.

The application of PINNSs for predicting the separated turbu-
lent Reynolds flow field around a DU99W350 airfoil at varying an-
gles of attack became a central achievement in the study by Har-
mening et al. (2024). They successfully created a data-driven meta-
model that effectively predicted the spanwise-averaged velocity and
pressure in the flow, utilizing a limited set of numerical simulations.
This model was trained by incorporating boundary conditions and
the Navier-Stokes equations, which guaranteed the physical correct-
ness of the results. The research showed that the developed PINN
accurately predicted the evolution of flow separation on the airfoil's
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suction surface across an angle of attack range from 10° to 17.5°,
maintaining high accuracy even near the wall. This confirmed the
potential of PINNs as a powerful tool for creating surrogate flow
models under data-limited conditions.

A recent study by Beitalmal (2025) presented a ground-break-
ing hybrid methodology for addressing complex multiscale fluid-
structure interaction (FSI) challenges. This novel approach master-
fully combined PINNs and the finite element method (FEM). A key
aspect of their work involved utilizing PINNs to meticulously
model microscopic phenomena, such as turbulence, specifically at
the fluid-structure boundaries. This setup facilitated a dynamic,
two-way data exchange with the FEM component. The results were
quite impressive: their proposed model delivered a fivefold im-
provement in computational speed when benchmarked against con-
ventional LES-FEM methods. Furthermore, it exhibited a 20% gain
in accuracy for tasks like simulating wind turbine blade vibrations
and precisely identifying arterial stiffness, outperforming purely
FEM-driven solutions. This research compellingly illustrated the
power of merging the physically-informed capabilities of neural
networks with the well-established accuracy of FEM, ultimately
leading to substantial reductions in computational burden.

In a study, Bianchi et al. (2025) introduced an innovative ap-
proach to evaluating the dynamic model of unmanned aerial vehi-
cles (UAVs) using PINNs. Their methodology integrated physical
laws directly into the neural network's architecture, which allowed
for efficient resolution of UAV system identification problems even
with limited, nonlinear, and noisy data. The research demonstrated
that the proposed PINN method surpassed the traditional Extended
Kalman Filter (EKF) in both accuracy and computational speed,
providing enhanced adaptability and reduced computational costs,
critically important for real-time applications. This approach high-
lighted the potential of PINNs as a robust tool for modeling and
evaluating complex dynamic systems while minimizing the need for
continuous network retraining.

Environmental variable prediction

A novel approach to predicting troposphere temperature was
presented by Chen et al. (2021), who developed a Physics-informed
Generative neural network (PGnet). This innovative model com-
bined fundamental physical constraints, describing heat transfer and
diffusion processes, with the powerful capabilities of deep learning
to achieve significantly more accurate forecasts of 500 hPa temper-
ature fields. PGnet functioned in two stages: first, physically-con-
strained prediction, followed by result correction using a generative
neural network that employed a mask to identify and improve low-
quality predictions. Experiments with ERAS data confirmed the su-
periority of PGnet-Momentum over traditional methods (CDNN,
ConvLSTM, DeepRNN), demonstrating the lowest Mean Squared
Error (MSE = 8.877), the highest correlation coefficient (CORR =
0.9860), and improved SSIM and PSNR metrics. This underscored
the effectiveness of integrating physical laws and deep learning for
accurate prediction of complex atmospheric phenomena.

An approach to reconstructing acoustic fields in pipes, partic-
ularly under conditions of limited and noisy measurements, was
proposed by Luan et al. (2025a). Their research demonstrated how
PINNS can effectively recover acoustic fields, even when radiation
parameters remain unknown. A key achievement was the model's
ability to accurately reconstruct acoustic fields using only pressure
data from the pipe's outlet end. Importantly, their Fine-Tuning PINN
(PINN-FTM) method showed higher accuracy and noise robustness
compared to traditional optimization methods. Thus, the authors
proved that PINNs are a highly promising tool for solving inverse
problems in acoustic analysis under data-insufficient conditions,
which is critically important for evaluating the acoustic characteris-
tics of systems where classical approaches cannot be applied.

In the realm of near-field acoustic field reconstruction, Luan et
al. (2025b) introduced the Physics-Informed Neural Network-
Driven Sparse Field Discretization (PINN-SFD) methodology. This
approach innovatively combined physics-informed neural networks
with sparse field discretization, integrating the Kirchhoff-Helm-
holtz integral as a wave propagation model. Importantly, the method
did not require a large training dataset and operated in a self-learn-
ing mode. Experimental data confirmed that PINN-SFD ensured
high accuracy in reconstructing acoustic fields across various vibra-
tional modes, surpassing the traditional Compressive-Equivalent

Source Method (C-ESM). An additional advantage was its reduced
sensitivity to regularization parameters, making it particularly valu-
able for practical application in conditions of limited data and com-
plex vibrational modes.

Focusing on the "gradient pathology" issue in traditional
PINNs, which leads to inaccurate predictions, Chatterjee et al.
(2024) developed and implemented a modified loss function in
MATLAB. This modification substantially increased approxima-
tion accuracy without additional computational cost. Their research
demonstrated how the updated PINNS effectively solved both direct
and inverse problems in structural vibrations, specifically for single
and two-degree-of-freedom systems. The choice of MATLAB for
implementation made this tool accessible and convenient for a
wider scientific audience, including those not working with Python.
The authors indicated the promise of this approach for aerospace
engineering, especially in tasks related to vibrations and the dy-
namic behavior of structures.

A new model for predicting aviation noise in airports was de-
veloped by Zhu et al. (2024), who successfully integrated the phys-
ical principles of the ECAC model with deep learning capabilities.
This approach ensured a combination of the stability of physically-
oriented methods with the high data accuracy characteristic of deep
learning approaches. Their model achieved a mean absolute error of
just 0.98 dBA when predicting sound exposure levels, indicating its
exceptional effectiveness. The research showed that this hybrid
model surpassed both purely physically-oriented and exclusively
data-driven models in prediction accuracy and generalization abil-
ity, underscoring that the integration of physical knowledge signifi-
cantly increased the stability and reliability of predictions, even in
data-limited conditions.

The following collection of studies showcases the broad spec-
trum of applications for PINNs in modeling environmental and hy-
drodynamic processes. While not directly focused on the aerospace
industry, these investigations offer valuable methodological ap-
proaches. For instance, Chuprov et al. (2025) developed a PINN for
the inverse solution of the advection-diffusion problem aimed at lo-
calizing atmospheric pollution sources, revealing the model's high
accuracy and stability. Gomes et al. (2022) demonstrated that incor-
porating parametric coefficients into PINNs significantly improved
the prediction of boundary layers in reaction-advection-diffusion
problems. In their work, Hu and Kabala (2023) applied PINNs to
model aerosol-cloud-precipitation interactions based on the concep-
tual Koren—Feingold scheme, ensuring accurate reconstruction of
spatiotemporal changes with limited data. Another important area
of research involves analyzing pollutant transport in soils and water.
Ke et al. (2025) showed that pre-trained PINNs successfully solved
both direct and inverse transport problems in porous media even
with noisy observations, while Omarova et al. (2023) employed a
PINN to simulate river silting, reproducing velocity and pressure
distributions with high fidelity. Qi et al. (2024) developed PINN
models for 2D shallow water equations that did not require labeled
data and demonstrated competitive accuracy compared to finite vol-
ume methods. Finally, Ranjith (2023) proved that PINNs can model
pollutant propagation in obstructed environments with extremely
fast computation speeds and high accuracy. All these studies con-
firm the flexibility and effectiveness of PINNs in approximating
pollution fields, forecasting hydrodynamic or atmospheric varia-
bles, and reconstructing complex physical processes. Despite lack-
ing a direct connection to aerospace systems, the methodological
advancements from this research can be adapted for modeling the
environmental impacts of aerospace activities, specifically in pre-
dicting noise fields, emissions, and atmospheric interactions.

Discussion

The idea to undertake this review was inspired by the study of
Ghalambaz et al. (2024), which documented a sharp surge in re-
search activity related to Physics-Informed Neural Networks
(PINNs). In 2019, only 37 papers were published on the topic,
whereas by the end of 2022, the number had increased to 527, with
a cumulative corpus of 996 reviewed publications. Such dynamics
suggest a transition of PINNs from a niche approach to a main-
stream tool within the domain of scientific machine learning. This
rapid development motivated the present work. Initially, we antici-
pated the emergence of underrepresented domains in the application
landscape of PINNs and thus designed a deliberately
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comprehensive and even somewhat redundantly detailed taxonomy
to capture such gaps.

The proposed four-tier taxonomy served not only as a concep-
tual framework but also as a methodological instrument for struc-
turing the literature review. Grounded in physical, operational, and
systemic characteristics of aerospace engineering tasks, it encom-
passes Physical Modeling, Dynamic Analysis, Functional Evalua-
tion, and System-Level Assessment. All selected sources were cat-
egorized in accordance with this framework, and each tier was pop-
ulated with relevant examples, confirming the comprehensiveness
of the classification.

As the literature review progressed, the suitability of the tax-
onomy became increasingly evident. Although the availability and
accessibility of studies varied across tiers, representative applica-
tions of PINNs were identified in all categories. In some instances,
locating pertinent sources required a broader disciplinary search,
but their relevance to the defined categories was consistently sub-
stantiated. The resulting structure emerged not as a theoretical ab-
straction, but as a practically validated scheme for organizing exist-
ing research.

Early assumptions concerning the lack of studies in areas such
as acoustics, optics, or environmental impact assessment did not
hold. While these domains are indeed less frequently addressed
compared to more established fields like aerodynamics or structural
mechanics, publications were nonetheless found that demonstrate
the feasibility of applying PINNs to such problems. This suggests
that these areas are not entirely unexplored but are still in the early
stages of methodological development, requiring further scholarly
attention to mature into fully fledged subfields.

One recurring observation in the literature is the absence of
standardized approaches to PINN implementation. Most studies
feature bespoke neural network architectures and problem formula-
tions tailored to specific tasks. As a result, generalizations regarding
methodological limitations remain elusive. The diversity of ap-
proaches reflects both the flexibility of the framework, and the chal-
lenges associated with its formal consolidation. The lack of conver-
gence toward canonical practices highlights the need for future ef-
forts aimed at formalizing design strategies and training procedures.

Although we initially intended to synthesize the reviewed stud-
ies into a unified analytical model, this proved impractical due to
the broad and even coverage of all tiers of the taxonomy. The pres-
ence of relevant research across the entire framework precluded the
identification of structural voids that could serve as anchor points
for comparative or meta-analytic synthesis. Nevertheless, the tax-
onomy itself serves as a valuable outcome of this study, offering a
coherent system for classifying PINNs applications in aerospace
contexts and guiding subsequent research trajectories.

In summary, the review confirmed the validity of the proposed
classification and revealed a wide distribution of PINNs applica-
tions across the aerospace domain. While the current research land-
scape is characterized by methodological diversity and the absence
of uniform implementation strategies, the breadth of existing appli-
cations underscores the adaptability and relevance of PINNs for
complex engineering tasks. Moving forward, the focus may shift
from discovering novel application areas to the consolidation of
methodological standards and the refinement of theoretical under-
pinnings that will support broader and more robust integration of
PINNS into aerospace system design and analysis.
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BbararokpurepianbHa onTMMi3aUifa KOMNO3UTHUX
naHersnemu i3 pebepHum nigKpinneHHAM nNpu
KOMOGIHOBaAHOMY HaBaHTaXXeHHI
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Purpose. The study is aimed at finding a constructive balance between the mass and cost of composite panels
with stiffeners that are subjected to combined loading. The optimization was carried out taking into account real
operation conditions, when a slight improvement in one of the parameters can significantly affect the efficiency of
the structure. Design / Method / Approach. The work integrates engineering mechanics and mathematical
modeling with the construction of a vector optimization model, for the solution of which the procedure of forming
an integral quality criterion was applied, which considers expert assessment and the principle of guaranteed
results. Conclusions. The proposed methodology allows not only to determine the optimal structural parameters
for panels with different reinforcement options but also provides flexibility for adaptation to variable loads and
constraints. The model was successfully tested on the example of six load scenarios for panels with rectangular
and angular ribs. Theoretical implications. The development contributes to the development of multi-criteria
optimization of composite structures, in particular by refining models and expanding the principles of evaluating
the trade-off between criteria. This lays the foundation for further research in the field of aircraft design, where
criteria may contradict each other. Practical implications. The results formed the basis for the creation of a
software package that allows for the determination of the most appropriate options for structural reinforcement
depending on the constraints and requirements. Originality / Value. The human-machine decision-making
system underlying the approach allows for expert intuition to be considered without losing the accuracy of
mathematical modeling. This is extremely valuable for industries where every gram of weight and every hryvnia
of costs are critical. Research limitations / Further research. The main limitation is the focus on only two criteria
— mass and cost. Further exploration should be directed towards expanding the number of indicators. Article
Type. Applied Research.

Keywords:
composite panels, stiffeners, vector optimization, integral quality criterion, human-machine procedure

MeTa. [JocnigpXeHHss CnpsMOBaHe Ha MOLUYK KOHCTPYKTMBHOrO 6anaHcy Mixk Macol Ta BapTiCTIO KOMMO3UTHUX
naHenen 3 pebpamu >XOPCTKOCTI, siki 3a3HalTb KOMOGIHOBAHOro HaBaHTaxeHHsi. OnTumisauis nposoagunacsa 3
ypaxyBaHHSIM pearnbHUX YMOB eKkcnnyaTtawii, Konum He3HayHe MOoKpalleHHs OAHOro 3 napameTpiB MOXe iCTOTHO
BMIMHYTW Ha edeKTUBHICTb KOHCTpykKUii. Au3anH / Metoa / Miaxia. PoboTa iHTerpye iHxeHepHy MexaHiky Ta
MaTtemaTuyHe MoJentoBaHHS 3 Noby0BOK BEKTOPHOI MoAeni onTumisadii, Ans po3B’A3aHHSA sIKOi 3aCTOCOBaHO
npouenypy OpPMyBaHHSI iHTErpanbHOro KpUTEPIitD SKOCTi, WO BpaxoBYE €KCMepTHi OuiHKW Ta MpuHUMN
rapaHToBaHoOro pesynsraty. BucHoBku. 3anponoHoBaHa MeTOAMKa OO3BOMSIE HE NMULLE BU3HAYUTU ONTUMAIbHI
napameTpu Ons naHenen 3 pisHMMKU BapiaHTaMu MigKpInmeHHs, a N 3abe3neuye rHyyKicTb aganTtauii nig 3MiHHi
HaBaHTaXeHHs Ta obMexeHHs. Mogenb ycnillHO NpoTecToBaHa Ha MpWKnagi WecTn CLueHapiiB HaBaHTaXKEHHS
ANs naHenem i3 NPAMOKYTHUMW W KyToBuMKM pebpamu. TeopeTuuHi Hacnigku. Po3pobka pobuTb BHECOK y
po3BUTOK BaraTokpuTepianbHOi ONTUMI3aLii KOMMO3UTHUX KOHCTPYKLiN Yepe3 yTOYHEHHS MOAENen i PO3LLUMPEHHS
NMPVHLUMNIB OLiHKM KOMMNPOMiCy MiX kpuTepismu. Lle 3aknagae nigrpyHTa Ans noganblumnx AOCHiaxeHb y cdepi
NPOEKTYBaHHA MiTanbHUX anapariB, Ae KpuTepii MOXyTb cynepeuntun oguH ogHomy. lMpakTuyHi Hacnigku.
Pesynbrat nsarmu B OCHOBY CTBOPEHHSA MPOrPaMHOrO KOMMJIEKCY, LLO [03BOMSIE BU3HAYaTU HaWOOUiMbHiLLi
BapiaHTU KOHCTPYKLINHOIO MigKpIinneHHs 3anexHo Big obmexeHb i Bumor. OpuriHanbHicTb / LliHHiCTb. JTlogmHo-
MalLWHHa npoueaypa, WO NeXWUTb B OCHOBI MiAXoay, YMOXIUBIIOE BpaxyBaHHS €KCNEepPTHOI iHTYiLii 6e3 BTpaTtu
TOYHOCTI MaTemMaTUYHOro MOAENOBAHHA — BKpaW LiHHe Ons rany3en, Ae KOXeH rpam Bary Ta KOXHa rpuBHS
BUTpPAT MaloTb KPUTMYHE 3HadeHHsi. O6mMexeHHA pocnigxkeHHs |/ Moganbwi gocnigkeHHA. OcHOBHe
06MeXxeHHs1 nonsirae y BUKOPUCTaHHI NuLle ABOX KpUTEpPisix — macu 1 BapTocTi. MoganbLui po3sigkvM AouinbHO
CrpsIMyBaTU Ha PO3LUMPEHHS KiNbKOCTi NokasHukiB. Tun cTaTTi. [pyknagHe AOCNiMKEHHS.
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VY cydacHOMy aBialliifHOMY, CyAHO-, MAIlIMHOOY/TyBaHHI Ta KO-
CMIYHOMY BUPOOHHIITBI OJJHUM i3 BAXKJIMBHX HAIPSIMKIB € po3poOKa
Ta BIOCKOHAJEHHS KOHCTPYKLIH 13 KOMIIO3UTHHX MarepiajiB, sKi
30KpeMa BUKOPHCTOBYIOThCS B JiTanbHUX anaparax (JIA). Buxopu-
CTaHHs1 KOMITIO3UTHUX MarepialliB CIPUsi€ CTBOPEHHIO JIETIINX KOH-
CTpYKL#i, 1110 03BOJISIE 3HIKYBATH CIIOKMBAHHS MaJIMBA Ta 3MEH-
LIyBaTH HABAaHTa)KCHHS HA ABUTYH JiTaka. Ilig yac excruryararii
BOHH 3a3BUYail MiIAI0THCS CyMICHIH i1 HOpMAJIBHUX, CTUCKAIOUHX
Ta JOTHYHUX 3YCHIb, IO AIIOTH y IUIOMIMHI HaHemi. 3 oniiay Ha
CKJIAJIHICTh Ta 0araToaceKTHICTh MPOEKTYBAHHS CyYaCHUX JITaNb-
HHUX arapariB, HEOOXiJHICTh BUKOPHCTAHHS OaraToKpUTEpialbHOT
ONTHMI3allii € HaA3BUYAHO BayKIMBOIO. bararo mokasHuKiB, TAKUX
SIK Maca, MILHICTb, KOPCTKICTh, TEIJIO- Ta 3BYKOI30JIAIIs, a TAKOXK
BUTPATH HA Marepiau Ta BAPOOHMIITBO TOIO, BAMATalOTh OJIHOYA-
CHOTO BpaxyBaHHS B IpoIeci po3poOKU Ta BUOOPY ONTHMAJIBHUX
MarepiajiB Uil KOHCTPYKLii. BpaxyBaHHs mux (pakropis J03BOIISIE
JIOCSITTH HaWKpaIuX Pe3ylbTaTiB y CTBOPEHHI BUCOKOTEXHOJIOTIY-
HHX Ta e()eKTHBHUX KOMITOHEHTIB 11 JIA.

Ornsap pxepen

Oco0imBy yBary B OCTaHHI POKH IPHUAUIIIOTH Marepianam 3
BUCOKMMHM MEXaHIYHHMH XapaKTEPUCTHKaMH, sIKi 3 JIETKICTIO Ta
3IaTHICTIO MOXKYTb BHUTPHMYBAaTH EKCTpPEMallbHi HaBaHTAKCHHS,
30KpeMa KOMITO3UTHUM MarepiasiaM. Cepes HIX KOMIIO3HUTHI ITaHei
TIOCIJAIOTh BAXKJIMBE MICIIE 3aB/SIKH CBOTH 31aTHOCTI ONITUMI3YyBaTH
Macy KOHCTPYKIIi Ta MiABUIIKTH 1i MiHicTh. BoHH MOXYTB 3acTO-
COBYBATHCS ULl BUTOTOBJICHHSI PI3HUX €IEMEHTIB JIITAaKiB Ta PaKeT,
TaKuX SK (QrO3esDK, Kpuila, XBICT, HOCOBA YacTHHA Ta JBepi. DyH-
JTaMEHTAJIbHI MiIXOI 3 BUKOPUCTAHHAM INIOOAJBHUX alpoKCHMa-
LIHUX TEXHIK 1 TEHETHYHUX AITOPUTMIB IJIsI ONTUMI3aLii pedep-
HUX KOMIIO3UTHHX TTaHes el Oy/u 3aKiaieHi MOHA T ABA ACCSTHIIITTS
ToMy. IIpoTe 1151 TeMa 3aJMIIAETCS AKTYaIbHOIO Ta aKTHBHO PO3BHU-
BAETHCS: TaK, B OCTaHHI POKH 3alPOIIOHOBAHO 3aCTOCYBAHHSI allro-
putmiB PNN NSGA III y moennansi 3 TOPSIS mna 6anancyBanHs
MacH Ta CTIHKOCTI IO BTPATH KOPCTKOCTI.

3 PO3BUTKOM HOBHX METOMIB OaraToKpUTepiaabHOI ONTHMIi3a-
[ii mocTano NMHWTaHHS ONTHMAIBHOTO (32 KUTBKOMa KPHTEPisMH)
MIPOEKTYBAHHS KOMITO3UTHUX TTaHeJeH 1 000JIOHOK, sIKi 3HAXOISATHCS
T Ti€R0 SIK IETepMiHOBAHUX, TaK i CTOXAaCTHYHHUX HABaHTa)KCHb,
ajie 1IbOMy acIeKTy IOKH IO NMPUCBSYEHO oOMaib poodiT. [HTepec
JI0 IIbOTO ACIHEKTy 3piC B OCTaHHI POKH, OCOOJIMBO Iiji 4aC BOEHHNUX
niit Ha Teputopii Ykpainu 3 2022 poky. biumbliicTs nocimipkeHs 3
1i€1 TEMH NPOBEJCHO 32 KOPIAOHOM.

VY crarti «Multi-Objective Optimization for Curvilinearly
Stiffened Porous Sandwich Plates Reinforced with Graphene Nano-
platelets» (Xiao et al., 2022) 1oCmiKYETCS ONTHMI3AList KOHCTPY-
KIIHHUX TapaMeTpiB IOPHUCTHX CEHABIY-TIaHeNed 3 KPHBOMiHi-
HUMH pedpamMu )KOPCTKOCTI, apMOBaHMX Ipa)eHOBUMHU HaHOILIAC-
tuHKamu (GPL). MeToto € nocsrHeHHs OaaHCy MK MaKkCUMallb-
HOIO (h)YHJaMEHTAILHOIO YacTOTOIO Ta MiHIMAJILHOIO MacOl0 KOHC-
Tpykuii. Po3pobneHo HOBY yTOYHEHY CHHYCOINajbHY TEOpi0 BH-
moro nopsinky (NRSHT), sika B moeqHaHHI 3 130r€OMETPHIHUM
anamizoM (IGA) 3a0e3nedye ToUHE MPOTHO3yBaHHS MEXaHIuHOT MO-
BEIIHKU CCHBiY-TIaHeell. BUKOpUCTaHO arOpUTM MOKPAIIEHOTO
HEZOMIHOBAHOTO COPTYBaHHS TeHeTHyHoro anroputmy (NSGA-II)
IUTsl OaraToKpUTEpianbHOT onTUMi3arii GopMu Ta po3MoIlTy MaTe-
piaity. JIist IPUCKOPEHHS PO3paxyHKiB 3aCTOCOBAHO MOZIEIb CYpO-
TaTHOTO MOJIEITIOBAHHS Ha OCHOBI BHIaAkoBoro Jicy (RFR).

V¥ crarti «Multi-objective optimization of composite stiffened
panels for mass and buckling load using PNN-NSGA-III algorithm
and TOPSIS method» (Zhang et al., 2025) po3rmismaeTsest 6araTox-
puTepianbHA ONTUMI3AIlis KOMIIO3UTHUX TIAHEINeH 3 pedpaMu sKop-
CTKOCTI 3 METOIO 3MEHIIEHHSI MacH Ta MiABUIINEHHS CTIMKOCTI 10
BTpaTé CTIHKOCTi. 3amponoOHOBaHO KOMOIHOBaHMH MiJXija, IO
Bkirodae: PNN (Parallel Neural Network) st nporaHo3yBaHHS Kpu-
TUYHOTO HABaHTaXeHHS Ha BTpary criiikocti; NSGA-III (Non-
dominated Sorting Genetic Algorithm III) st Gararoxpurepians-
HoI onTuMi3arii koHcTpyKniitHux mapamerpiB; TOPSIS (Technique
for Order Preference by Similarity to Ideal Solution) s pamxky-
BaHHS Ta BUOOPY HaMKpalMX pillieHb 3 oTpuMaHoro Habopy [la-
peTo-oNTUMaNbHKUX BapianTiB. MeTos 103BoIsie epeKTHBHO 3HAXO-
JIUTH ONTHMaJbHI KOHCTPYKLIHHI mapamerpu, o 3abe3nedyoTh
Oa)kaHHUI KOMITPOMIC MiXK Macoro maHeni Ta il CTIfKICTIO o BTpaTu
crifikocti. Le mocmimkenns reMoHcTpye eeKTUBHICT iHTerpatil
METO[IB IUTYYHOIO IHTENEKTY Ta EBOJIOLIMHHUX aJrOPHTMIB UL

BUpIIIEHHS CKIIAMHUX IMKSHePHUX 3a/ad onTuMizanii. OTpuMaHo
Habip [TapeTo-onTuMaIbHUX PillieHb, IO J03BOJISIE KOHCTPYKTOpaM
BUOWPATH ONTHMAJIBHI IapaMeTPU 3aJISKHO BiJ] MPIOPHTETIB MK
JKOPCTKICTIO Ta MAacOX0 KOHCTPYKIii. Lle mocimKeHHs AeMOHCTPYE
eeKTHBHICTD MOEAHAHHS MEPENOBUX TEOPETHYHUX MOJENEH, Yu-
CEeIIbHUX METO/IB Ta MAIIMHHOTO HABYaHHS JJIs1 ONTHMI3alli cKia-
JIHUX KOMIIO3UTHUX CTPYKTYP.

VY pobori «Multi-objective optimization of a sandwich struc-
ture with a hybrid composite grid core» (Kermani & Ehsani, 2022)
PO3IIAAAETECSA ONTUMI3ALIS CEHIBIY-CTPYKTYPH 3 TIOPUIHUM KOM-
MO3UTHUM PELITYaCTUM OCEpIsIM, CIPsIMOBaHAa HAa MaKCHUMI3alliio
KPUTHYHOTO HaBaHTA)KEHHS IIPU BTPATi CTIMKOCTI Ta MiHIMI3aIliio
Baru abo BapTocTi MatepianiB. Buxopucrano merox Pitua Ta Teo-
Ppifo IepuIoro MopsaKy 3CyBY A pO3PAaXyHKiB, a TAKOXK TCHETHY-
HMI1 aJITOPUTM JUISL TIOIIYKY ONTHMAIIBHUX PillICHb.

Ipamo «Multi-objective stiffness and mass optimization of
bio-inspired hierarchical grid-honeycomb sandwich structures with
cutouts considering buckling constraints» (Lv et al., 2025) npucss-
YeHO ONTHMI3allii )KOPCTKOCTI Ta Mac CEeHIBIU-CTPYKTYp 3 iepap-
XIYHOIO PelIiTYacTO-COTOBOIO CEPLIEBUHOIO, BPaXOBYIOUH BHPI3H Ta
00OMe)KEeHHs1 BTPATH CTIMKOCTI. ABTOp HOEAHYE Bary i BapTiCTh st
CTBOPEHHSI IHTETPAIBHOTO IOKa3HHUKA €()eKTHBHOCTI KOHCTPYKIIIH.

VYV mocnimxenHi «Multi-objective optimization of multi-core
composite aluminum honeycomb sandwich panels for improved
crashworthiness» (Pandey et al., 2023) po3msiaeTscs onTuMizanis
OaraTosiepHIX KOMIIO3UTHHX CEHIBIU-TIAHENeH 3 aIOMiHi€BOIO
COTOBOIO CEpPLIEBHHOIO JUIS TIOKPAICHHS €HEePrONOITHHAHHS TTPU
yaapi. BUKopHCTaHO YKcellbHEe MOJICIOBAHHS Ta OararokpuTepia-
JIbHY ONITHUMI3ALIIO0 ISl BU3HAYCHHS ONTHMAIIbHUX T€OMETPHYHUX
rlapameTpis.

A B pobori «Natural frequency and buckling optimization con-
sidering weight saving for hybrid graphite/epoxy-sitka spruce and
graphite-flax/epoxy laminated composite plates using stochastic
methods» (Savran & Aydin, 2022) mociimKyeTbcss ONTUMI3ALISL
BITACHUX YacTOT Ta CTIHKOCTI A0 BTPATH CTIMKOCTI IS T1OpUIHUX
JIaMiHOBaHHMX KOMIO3MTHMX IUIACTHH 3 YPaxyBaHHSIM 3MEHIICHHS
Bard, BUKOPHUCTOBYIOUHM CTOXAaCTHYHI METOIH ONTHMi3arii.

HacrymHi po60TH T€MOHCTPYIOTH Cy4acHi MiAXOH IO ONTH-
Mi3alii KOMIO3UTHHX MaHeNeH, BKIIFOYalOYd BHKOPHMCTAHHS Ma-
IIMHHOTO HABYAHHSI, CBOJIOLIHIX aJTOPUTMIB Ta BPaXyBaHHs He-
BU3HAYCHOCTEH y MaTepianax Ta reomerpii. ¥ crarti «Fail-safe to-
pology optimization for fiber-reinforced composite structures»
(Cheng et al., 2025) po3mIAOa€THCS TOMOIOTIYHA ONTUMI3AIIIS BO-
JIOKHHCTHX KOMITO3UTHUX CTPYKTYp 3 YPaXyBaHHSAM HOLIKO/DKCHb,
crpsiMOBaHa Ha 3a0e3reueHHs 0e3BiIMOBHOI pOOOTH KOHCTPYKIIIH.
Hocmimkenns «Multi-objective optimization of composite stiffened
panels for mass and buckling load using PNN-NSGA-III algorithm
and TOPSIS method» (Zhang et al., 2025) nponoHye Gararokpure-
piajbHY ONTHMI3AIliF0 KOMITIO3UTHUX TaHesel 3 peOpamu sKOPCTKO-
CTi, BUKOPHCTOBYIOUH TTO€THAHHS HEHPOHHNX MEPEX Ta €BOJTIONIIT-
HHX aITOPHTMIB ISl IOCATHEHHS ONTHMAJILHOTO GalaHCy MiX Ma-
COI0 Ta HaBaHTAKEHHsSM TP BTpaTi cTilikocti. Y poboti «Multi-
objective optimization of composite sandwich panels using surro-
gate modelsy (Seyyedrahmani et al., 2022) po3po6neHo edexTuBHY
METOIOJIOTIIO U1l ONITUMI3ALlil CeHBIU-TIaHENEeN 3 KOMIIO3UTHUMU
obmmBkamu. Jocmimkenns «Buckling design optimization of tow-
steered composite panels and cylindrical shells considering aleatory
and epistemic uncertainties» (Fina & Bisagni, 2025) 3ocepemkeHo
Ha ONTHMi3alil KOHCTPYKIii 3 KepOBAaHMM HaNpsIMKOM BOJIOKOH,
BPaxOBYIOYM HEBU3HAUYCHOCTI B MaTepianax Ta reoMeTpii Ul MoK-
paIeHHs CTIHKOCTI o BTpaTH cTilikocTi. Y poboTi «Experimental
and Micro-Macro Mechanics Methods in Prediction of Mechanical
Properties of Carbon Fibre-Reinforced Composite Panels» (Farooq
etal., 2021) 3acTocoBaHO MIiKpO-MaKpO MEXaHIYHI METOAH JJISI IIPO-
THO3YBaHHSI MEXaHIYHMX BJACTHBOCTEIl BYIVICIIEBO-BOJIOKHHUCTHX
xomro3uTHuX maneneil. Crarra «Efficient Determination of Me-
chanical Properties of Carbon Fibre-Reinforced Laminated Compo-
site Panelsy (Farooq & Myler, 2017). ommcye BHKOPHCTaHHS
MATLAB st po3paxyHKy €(peKTHBHIX MEXaHIYHHX BIAaCTHBOC-
Teil KOMITO3UTHHX TaHeNel, BKITIOYAr0u MOy IPYKHOCTI Ta KO-
edimientn [Tyaccona. A y crarri «Multi-fidelity robust design opti-
misation for composite structures» (Yoo et al, 2021) npencrasineHo
HOBY 6araropiBHEBY METOOJIOTIIO ONITHMI3allil KOMIIO3UTHHX CTPY-
KTyp, sIKa HOEAHY€E MOZEII Pi3HOI TOYHOCTI [JIst JOCSTHEHHS Haii-
HOTO IM3aiiHy 3 ypaxXyBaHHSIM HEBU3HAYEHOCTEM.
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Birtun3nsiHi BYEHI pimimie 3BepraroThes A0 i€l Temu. binb-
IIICTh JTOCII/PKEHb MPOBEACHO IS «IVIAJIKHX» KOHCTPYKIii IbOTo
THITY; HE BPAXOBYBABCS TAKUH ICTOTHUH JUIS BUPIIICHHS IIpo0iIeMu
3HIDKEHHSI MaTepiaJloEMHOCTI (hakTop, SIK MOCHIIEHHS X ITiIKpir-
JIFOIOYHM CHJIOBHM HaOOPOM 3 TOHKOCTIHHHX €JIEMEHTIB, III0 0C00-
JIMBO B)KJIMBO B YMOBax OOMOBHIX [iif (JUIS IPOHIB, PaKeT, JITaKiB,
CyIEH, TaHKIB Ta iHIIOI TexHikd). CTaH Ta MEpPCIEeKTUBH 3aCTOCY-
BaHHS KOMITO3UTHUX MarepiajiiB y pakeToOymyBaHHI 1 JiTaJIbHUX
amapariB BifCHKOBOTO Ta IMBUIBHOTO NMPHU3HAYEHHS aHAII3yBalll
Taki BiTum3HsHI BueHi, sk O. JI. IllamoBanog, €. 0. PamieBchkuid,
B. B. Koxan, I'. I1. Bonoros Ta inmi. B. . [lluiika gocmimkye ontu-
Mi3aLilo CHJIOBHX 1 MACOBUX XapaKTEPUCTHK KOMIO3UILIHUX MaHe-
neit mitanbHuX amaparis (Shyika , 2022). 3a 10mMOMOro0 TeopeTu-
YHHUX METOIB PO3PAXYHKY 3Hal/IeHI HABAaHTAKEHHS IIPH OPTOTOHA-
JIBHOMY, CUMETPHUYHOMY, OPTOTOHAJIBHOMY 1 IIEPEXPECHOMY PO3Mi-
LIEHHI apiB, a TAKOX JJIs1 KOMIIO3UTHUX MaHeNeH (OOpHUX, ByTIe-
LIEBUX Ta 13 CKIIOBOJIOKHA) 3 HiAKPIIICHHSM.

MeTor0 poGoTH € TOCITiHKEHHS Ta 3aCTOCYBaHHS METOAIB Oa-
raTOKpUTEPiaIbHOI ONTUMI3ALIT 1/l POEKTYBAHHS MiAKPIIIEHUX
KOMITO3UTHUX TaHEJeH, SIKi MaloTh BUCOKY MIIHICTb, CTIHKICTh 10
HaBaHTAKCHP 1 MiHIMAJIbHI Macy Ta BapTiCTh MaTepiaiB, o 3a0e3-
Tiedye MiJBUIIEHHS 3araJIbHOI e()eKTHBHOCTI JITaJbHUX aIlaparis.
3a KOHKpPCTHHMH TMpPUKJIAA B3ATO CHHTE3 Ta pealizallifo Ha
KOMIT'TOTepi OGararokpuTepiabHOI (BEKTOPHOT) MOJeNi 3aadi oI-
THUMAaJIGHOTO MPOEKTYBAHHS ITiIKPIIUICHOT KOMITO3UTHOT ITaHei.

I'inore3a mocJifizkeHHs1 € HACTYIHOIO: MAaEMO JIOBECTH, IO
I IKpirIIeHa aHe b 32 KpUTepisIMU ONTHMI3allii, ONTHMi30BaHa 3a
PI3HUMH HapameTpamH, OyJe 3HauyHO KpaIoro, HDK «IJIajKa» Ia-
HEJb.

IIpu npoBeneHHi KocikeHHs BAKOPHUCTAHO KiTbKa HayKOBHX
MeToiB: 1) MeToauKa MoOyI0BH GaraToKpHTepiaibHOT MOJIEIT OT-
TUMI3aLi — JUTs ONTHMI3alii KOHCTPYKIIH 3 KITbKOMa KPUTEPisIMH,
TaKHUMH SIK Maca Ta BapTiCTh MarepiajiB; 2) METOI 3TOPTKU — MO0Y-
JIOBa IHTETPaJbHOTO KPHUTEPisl SIKOCTI Ha OCHOBI NMPUHIMITY TapaH-
TOBAaHOTO Pe3yNbTary; 3) MeTouka, HaeaeHa B poboti (Cho, 2018)
— st popMyBaHHS (BI3HYHUX 0OMEKEHb MOKIMBHX (OPM BTPaTH
CTIHKOCTI.

HaykoBa HOBM3HA JOCTIDKCHHS TIONSTae y CKIaJaHHI Ta
MIPaKTUYHIH peaizamii OLIbII CTIHKOT, HIK «ITIafKay, MiIKpiruieHoT
naneni 1yst oommBKY JIA 13 3acToCyBaHHAM OaraTrOKpHUTEPiaIbHOTO
METOy ONTHMI3allil; a TaKoX Po3poOIli HA OCHOBI i€l METOIUKH
MPOTPAMHOTO KOMILIEKCY.

MNMocraHoBKa 3apgavi

Y poboTi posmisaaeThes i peanizyerbess Ha EOM Garatokpu-
TepianpHa (BEKTOpHA) MOJIEIb 3a/1a4i ONTUMAJIBHOTO IIPOEKTYBaHHS
BYIJICIIACTUKOBOI KBaJPaTHOI y IJIaHi OJHOPIAHOT 110 TOBIIMHI Op-
TOTPOIHO]I MaHei, MapHipHO onepTol 1o KoHTypy. [TaHens migkpi-
IUICHA CUMETPUYHO PO3TAIIOBAHMMH BiTHOCHO i IUIOIIMHH ped-
pamH i3 TOro camoro Marepiaiy i 3HaXOIUTHCS MiJ] CIIIEHOIO Ji€l0
HOPMAJIBHUX (s 1 TOTUYHUX ¢; HAPYT iHTEHCHBHOCTI.

Bci THmM OpTOTPOITHMX eNeMEHTapHHX IIapiB PO3TalIOBaHi
PIBHOMIpPHO TIO TOBIIMHI i CHMETPHYHO BiTHOCHO CEpEeINHHOI HO-
BepxHi maneni. [lepenbadaeTbcst OS3MOMEHTHHH JIOKPHUTHYHHI
cran obmmBKY. [TigKpirnieHa naHenb aHaIi3yeThesl B MEKaxX KIIacH-
yHoi Teopil Kipxroda—JIsBa st po3paxyHKy OOIIMBKH Ta Teopii
Kipxropa—Knedma mns pospaxyHky pebep sxopctkocti. I[lpu
[IbOMY BB@)Ka€ThCs, 110 MEPEMIIICHHs OOIIMBKU Ta pedep y3IoBK
JiHIT IXHBOTO 3’€JHAHHS MPHU AeopMarlil HaHemi MPUITYCKAIOThCS
piBHUMH. Y TIpOIIECi ONITUMAIIBHOTO TIPOEKTYBAHHS ITaHENI B SIKOCTI
I IKPITUTIOBAJIbHUX €JIEMEHTIB PO3IIILAAIOTECS [IBA THITH pedep: a)
pebpa y BUIIIS/IL CMYT 3 IPSIMOKYTHHM IIONIEPEYHUM TiepepizomM; 0)
pebpa 3 ornepeyHnM TiepepizoM y popMi piBHOOOKOTO KyTa.

Kpurepisimu sikocTi 00paHi sik Maca, Tak i BapTiCTh MTaHEeN i, [0
BpaxoOBYe TUTbKU BapTicTh Marepiaiy. Lle cnpruuHHEHO HACTYITHIMA
MipKyBaHHSAMHU. MiHIMi3aIlist MACH — OJTUH 13 TOJIOBHUX KPUTEPIiB y
MIPOEKTYBaHHI KOHCTPYKIIii, 0COOIMBO B aBiallii, KOCMOHABTHIII Ta
TpPaHCIOPTYBaHHi, Jie Bara 0e3Mocepe/IHbO BINIMBAE Ha BUTPATH T1a-
JIGHOTO, BAHTAXKOIII THOMHICTB, e)EeKTHUBHICTB 1 Oe31eKy. 3HIKeHHS
MacH J03BOJISIE 3MEHIIINTH HaBaHTAXKEHHS Ha IHIII eIEMEHTH KOHC-
TPYKI{, TOTOBXUTH TEPMiH CITyXKOHU CHCTEMH, a TAaKOX 3HU3HUTH
eKcIuTyaraniiiai Burparu (Zhang et al., 2025), (Xiao et al., 2022).
MiHimi3alist BAPTOCTI OXOILTIOE SIK MaTepialibHi, Tak 1 BUPOOHMU1
BHUTPATH, 1110 € HE MEHIII B)KJIMBUMHU B yMOBaX PUHKOBOI KOHKYpe-
HIiT Ta MacoBoro BupoOHMUTBA. HaBiTh He3HaYHA E€KOHOMis Ha

OIMHUYHOMY €JIEMEHTI KOHCTPYKIIil MOXKE IIPU3BECTH JIO CyTTEBOTO
3MEHIIIEHHS BapTOCTi cepiifHoro BupooHunTaa (Lv et al., 2025).

BeeneHo reoMerpuuHi, CTPYKTYpHiI Ta (Bi3H4YHI OOMEXKEHHSL.
Cepen ¢i3nuHIX 00MEKEHb BPaXOBaHO 0OMEKCHHS MO0 MiCIIEBOT
CTIMKOCTI OOUIMBKU; OOMEXKEHHS 10 CTIHKOCTI €NIEMEHTIB pebep
TP CTHCKY; OOMEKECHHS Ha 3aTalIbHY CTiHKICTB NaHedi, MiaKpiruie-
HOi peOpamu.

OrnapoBuM CNIOBHUK

BBenemo Taki mo3HaueHHS: HIDKHI Ta BEPXHI MEXXi 3MiHEHHS:
- + .

h~, h™— ToBuwHM nauer,

b™,b"

0, 8" — BuCOTH CTpHUHTEpIB,

— TOBILUHHU CTPHHIEPIB,

k™, k" — ximbkicTi crpumrepis,

M, u* — ob’emHOrO KoedillieHTa apMyBaHHS;

47)(}), I;(}), J(}) — CYKYIHOCTI T€OMETPUYHHUX, CTPYKTYp-
HUX 1 (GI3MYHUX 0OMEKEHb MOJIEIT;

X * — BEKTOp KOHCTPYKTHBHHUX [TapaMeTpiB TaHeIi;

G (X)) — Maca KOHCTPYKIIii;

C(}) — BapTIiCTh KOHCTPYKIIIi;

X — BeKTOp 3MIiHHHX IapaMeTpiB, [0 BKITIOYAE:
TOBIIMHY TaHEeN /; MU BUKOPHCTAHHI B SKOCTI ITiAKPIILTIOI0YOTO
Ha0bOpy MOJIOC MPSAMOKYTHOTO MONIEPEYHOTO NEpepizy — BHCOTY IMO-
nocH o1 ii TOBIMIMHY b, a IPH BUKOPUCTAHHI B SIKOCTI CTPHHTEPIiB
pebep 3 mornepeyHuM nepepizoM GopMH PIBHOOOKOTO KyTKa — BH-
COTY TOJIKY (CTiHKH) &, TOBIIMHY peOpa b; KUIbKICTb CTPHHTEPIB £;
BIZTHOCHI YacTOTH €NIeMEHTapHHX IIapiB, PO3TAIIOBAHUX M Ky-
TamM + /3, BIJHOCHO TBipHOI 6, (k =1, N); 006’ emMHMIA Koedirri-

€HT apMyBaHHS ;;, KYTH apMYBAaHHs €JIEMEHTAPHUX IUapiB
Bl =1.n):

N — KIIBbKICTh HAaIPSIMKIB apMyBaHHS;

a — NOBKHHA TIaHeJi;

¥ 4> Y. —TYCTHHA apMaTypH i CHOIYYHOTO;

¢, ¢, — ITOMA BapTiCTb aPMATypH 1 CIOTY4HOIO.

El

Po3B’a3aHHA

BekTopHa 3aJa4a ONTHMAJIBHOTO NPOEKTYBAHHS IOJISTAE y
3HAXO[DKEHHI BEKTOPY KOHCTPYKTHBHHX ITapaMeTpiB IMaHEN i, IpH
SIKOMY TOCSITA€TBCS ONTHMYM TOKa3HHUKIB SKOCTI KOHCTPYKIIL:
MacH 1 BapTOCTi, a TAKO)K BUKOHY€EThCS CHCTeMa oOMexeHb D. 3a-
Jlaqa Ma€ BUIVISL

X = F opt \GH. cCOJ|: M
G(X) — min; Cc(X) —> IIlin; .
X = {05,506y a1 B, By |
Jns BUNagKy a)
G(X) = (a*h+ akbs)-[uy, + (- .} @)

C(X) = (&®h + akbs)-[uy,c, + (1 - p)y.c.]
Jns BumazKy 6)
G(X) =|a*h+ak(2b b)) [y, + (- )y}
C(X)= [azh + ak(2b5 -b )] [y, +(1-u)y.c]

B omrumizariiiHiit Moneni (1) kpurepismu sikocti (2), (2a) €
Maca i BapTiCTh MaHeNi, B AKiil BpaXOBY€EThCS TUTBKH BapTICTh MaTe-

(22)

piamy. Bexrop BapiroBanux mapamerpis X . O0macTs JOMyCTHMHX
HPOEKTHUX PO3B’s3KiB D OMUCYETHCS SIK

D ={X | p(X) A EX) Ay (X)),
Jie TEOMETPHYHI Ta CTPYKTYPHI OOMEXKEHHS TaKi:

B <h<h™b <b<b™;6 <6<k <k<k™u <u<u’
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0<9, <1, 0<,Bk£—( L N). 3)

N
Z 0, =1
k=1
IIpu crinpHif Al HAIPYT Ha KOMIIO3UTHY MAHEINb, 10 BUKJIU-
KarOTh HOPMaJIbHi Ta 3CYBHI HANPYTH, QI3HIHUMEI OOMEKSHHIMH Y
BEKTOPHIiH 3a1a4i onTuMi3amii € 0OMeXeHHsI Ha MICLIeBY CTiHKiCTbh
OOIIMBKY, OOMEKEHHS 10 CTIHKOCTI eJIEeMEHTIB pebep MpH CTHCKY
Ta 0OMEXEHHS Ha 3arajbHy CTIHKICTh HMaHei, MiIKpimieHoi ped-
pamu.
Micyesa cmiiikicmv obwusku naneni. Ha 0cHOBI pe3ynbrariB
pooit (Reddy, 2003; Shyika, 2022) 3HaX0IMMO KPUTUYHY HALIPYTy
TIpU CTHCKY B3JIOBXK ¢, i BIONEpEK 9, CTPHUHIEPIB | KPUTHYHY

HAIpyTy IpH 3CyBi ¢,

27’ ’D
9 = tlz(\/ D,\D,, +D3)> 9y = ”tz Z

g, = 2;;22D22 \/;1 \/7\/070 4
t
e g, :73,0[1 - Dy, ;t:ﬁ — KpOK peodep;
22 D22 k
D = E‘]h3 D= E‘Zh3 . — G12h3
YT -w) T i) 12

ne D11, D22 — OTOHHI 3THHANBHI KOPCTKOCTI HETIIKPIIIIeHO] ma-
HeJll y TO3I0BKHBOMY Ta TOTIEPEIYHOMY HampsAMKax; D3 — mumiH-
pHUYHA KOPCTKICTh HEMAKPIIUIeHo1 maHemi; £1, £2 — MOy i pyX-
HOCTI B3/IOBX 1 BIOIIEPEK BOJIOKOH apMyBaHH:I; G12 — MOJIYJIb 3CyBY
y IIOLIMHI MApy; vi2, V21 — KoedimienTn [Tyaccona. O6MexeHHs 1o
MIiCLIEBiH BTPaTi CTIMKOCTI OOLIMBKY MAHEINi MAIOTh BUTIIS:

Wl(}):qu -q, 20; l//z(}):qyk —q, >0; "
Ws(}):quc -q, 20.

Cmitixicmb enemenmis niokpinaoou020 Habopy npu CMUcKy.
J1nst BiTKpUTHX €JIEMEHTIB pedep npHitMai 0OMeXeHHS

%(}):10-%20_ ©)

Cmitixicms nioxkpinienoi nawmeni (3aeaivHa cmiikicms na-

Heri). KpUTHYHI HaNpyTy NP CTHCKY B3IOBK CTPHHTEPIB ¢ , i

3CyBy ¢ , 3anmuemo, 3rigHo 3 (Cho, 2018), sk

- HZBH = (7)
q i 2 0 94 =
a
- Dy — D
ae Qo = js; a) = i
D D
Jlist pebep 3 MpSAMOKYTHHM TIOTIEPEUHNUM Mepepi3oM

I — [by (h+5)3}— Eom s,
12(1-+7,) 12(1- vfmpi

Jnst peGep 3 nomnepeyHuM nepepizoM y hopmi KyTka

—= E [&6,5 b E.,
b= 1211—l )[ b t(53_b3)}+12(1—:fmp)

PRALET)) —h3]; D, = Gullh+6) —n']

12(1-+2) 12

[(n+5) -5}

Tyt D11, D2 — 3THHANBHI )KOPCTKOCTI MaHeni 3 pebpamu y
HanpsIMKax, Mapajie’bHOMY Ta TepIeHANKYIAPHOMY ITiAKPIILIIO0-
4oMy Habopy BiAmoBinHO; [)3 — WHIiHAPHYHA KOPCTKICTD MiAKPi-

ieHol maneni; vy — koedinieHt [lyaccona marepiay cTpuHTe-

cmp

piB. OOMeXeHHs 10 3arajbHIl BTpaTi CTIHKOCTI MiIKpiIUIeHo ma-
HeJi MafoTh BATIS;

vo(X)=q. vlX)=q,—a.20. ®

MexanivHi mapameTpu naueni E1, E2, G2, vi2, V21 3aJeXaTh
BiJl BUXIIHHX Xapakrepuctuk E , E v ,v_, yu. IIpyxHi xapak-

-q, =0;

TEPUCTUKH OPTOTPOIHOIO EIEMEHTAPHOTO IIapy PO3PaXOByIOTHCS
3a metoaukoio (Reddy, 2003; Farooq et al., 2021):

E” =E,u+E,(1-p),
[1+(n-1)ulE, .
- [+ (=)= (v, =, F p(= )’

GO = m(“‘ﬂ)"’(l_ﬂ)G

12

EY =

[+ (1

m(1= ) +(1+ p1)
: o _WEY
via) = v v, (1= p); vy = =0
El
E, I+v, E,
n= cm=——>-n, G, =————.
E, 1+v, 2(1+v,)

KOMIIOHEHTH MAaTpHIIi )KOPCTKOCTI IS €IEMEHTAPHOTO IIapy
[A©] 3naxonsats 3a popmynamu (Inés, & Almeida, 2009; Alsubary
et al., 2024):

A(O) B E(O)
T 0 ©
“Vi2' Va
A(O) B v(O)E(O) V(O)E(O)
12 = 5
1= Ov® 1oy @y
A(O) _ EEO) . A(O) _ G(O). A(O) _ A(O)
22 _1 V(O)V(O) > 66 — Y12 » 21 7 4tz
RSS!

Inmi komnoHenTH kBaaparnoi Marpuii [4©] posmipy 3%3 j0-
PIBHIOIOTH Hy0. MHOXHHA €leMEHTApHUX OPTOTPOIHHX MIAPiB,
PO3TAIIOBAHKX ITiJ{ CHMETPUYHUMH KyTamu +/[k i —f, CTBOPIOIOTH
GararoiapoBHii TakeT 3 k TUMaMu 1apiB. MarpHIis epeTBOPeHHS
y BHIAJIKY IIOCKOTO TIOBOPOTY BiJl OCEH €IEeMEHTapHOIO LIapy 10
ocell maHesi, Ma€ BUIISL

cos’ B, sin®fB, sin2p,
[G(k)]z sin® B, cos’ B, —sin2p,
f%stﬂA —sin2f, cos2p,

KomroHeHTH Marpwili >KOPCTKOCTI MPH TEPETBOPEHHI BiX
ocell elleMEHTapHOTO LIapy 10 OCel MaHeNi BU3HAYal0ThCs 3aJIeK-
HICTIO

L)l oo

EJleMeHTH MaTpHIi )KOPCTKOCTI AJIs1 BChOTO MaKeTa 00YHCITIO-
FOTh 32 (HOPMYIIOF0

w

N
=>0,4; i, j=1,
k=1

Momyni npy>KHOCTI Y HanpsIMKy apMyBaHHS, Y HONEPEYHOMY
HaIpsIMKY JI0 apMyBaHHS, MOZYJIb 3CYBY Y IUIOIIMHI 1Iapy Ta Koe-
¢iuientn [TyaccoHa y pesyisTari HepeTBOPEHHS B OCSX MAKeTa Ma-
10T BUIVISAZ

E = An(l V2V21); E, = Azz(l Vlzvzl)
A

A4,
G,=A4,; v,=—"%;, v, =—"2
12 662 2= 21 .

4,, A,

MpakTuuHa peanisauin

3agadqy BEKTOPHOI onTHMi3amlil po3mISHaid NPH BKa3aHUX
BHIIIE JIBOX BapiaHTax IMiAKPIIUICHHS KOMIIO3UTHOT aneni. s ko-
JKHOTO 3 BapiaHTiB OOMpaJIH IIICTh NIUISIXiB HABAaHTa)KeHHS (Ta0uL. 1).
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Tabmuus 1 — 3HayeHHs1 HaBaHTaxeHb ([kepeso: ABTopu)

Mmsx 1 2 3 4 5 6
HABAaHTAKCHHS

4o, MH/M 1,5 0,9 0,9 0,3 0,3 0
g» MH/m 0 0 0,6 0,3 0,15 09

MexaHiyHi KOMIIOHEHTH apMYI040Tr0 1 CIIOJy4HOT0 MarepiaiB
BYIVICTUIACTHKA TSl OOYMCIICHHS MEXaHIYHHUX BIIACTUBOCTEH MOHO-
11apy HacCTyTIHi:

E,=267,01Tla; E.=3,51Tla,
¥, =178103 xo/m®; y, =1,2:10 3 xoin’;
ca=90 $/kr, cc =3 $/kr, va = 0,21; ve = 0,33.

Jliana3oH BapilOBaHHS T€OMETPUYHUX 1 CTPYKTYpPHHUX Mapame-
TpiB:

h™=b" =0 =0,1cm;
h™=b"=6"=51cum;

k™ =4:k" =10;

u =0 u"=0,7, a=50cm; N=3.

BpaxoByroun, mo marepian pedep TakoX € ByIJICTUIACTHKOM,
pu o0urciIeHH Gpi3nIHIX 00MeKeHb TPUHMAEMO

Ec'rp =E1, Verp = V21.

Kyrtu apmysanss 3, (k =1, 3) obupanu sk ¢ikcoBasi (i
=0 pan, /= *n/4 pan, s = n/2 pam), TaK i AK MapaMeTPH ONTHMi-
3arii.

Jnst po3B’si3aHHS OaraTOKpHUTEpiaabHOI 3a1a4i BHKOPHCTaHA
MonuQiKoBaHa JIONMHO-MAMHHEA Tponexypa (JIMII) moOynoBu
IHTErpajJbHOTO KPUTEPIis SKOCTI Ha OCHOBI MPUHIMITY TapaHTOBA-
Horo pesymsrary (Mormul et al., 2023), oo mo3Bonse y miaaoro-
BOMY pexuMi 0co0i, mo npuiimae pimeHss (OIIP) i EOM orpu-
MarTH ONTUMAJIbHI KOMIIPOMICHI pO3B’SI3KH 3a/1a4i.

AJNTOPHUTM €] IPOIIETyPH CKIaJa€ThCs 13 MECTH KPOKIB.

1. KoxHoMy MOKa3HUKy SKOCTi f: (X i:@) MPU3HAYAEMO

TISTHKA HOPMaJIbHIX 3HAYEHDb
A=l oac=lnr] i=1p)
Ae f*, ;7 — obuncmosani Halikpawi (CyOonTHMaNbHI) 3HAYEHHS

KpHTEpIiB ONTUMI3ALIIT:

ST =max f,(}); S =min f,(});

XeD XeD

0
I KBa31HOPMATHUBHI 3HAYECHHSI TOKA3HHKIB SKOCTI, IO MPH-
3Ha4atoThes OIIP, ripmni 3a sKi MaTy OIIHKY TO [IKaJaM [UX MTOKa-
3HHKIB HEOAXKaHO.
2. dopMyeMO Ha OCHOBI 33JIaHUX JUITHOK CHCTEMY p BUMOT
IO SIKOCT1 KOHCTPYKILIT: OIlIHKa KOHCTPYKIIIT 32 MIKAJIOKO i-TO TI0Ka3-

HHUKa Ma€ BIIPI3HATUCS BiJl CBOTO HAKpamioro 3Ha9eHHs flf abo
- : : + 0 0 —
f; He Oinblue Hix Ha Bemmuny f;° — f;" abo f° — £~

3. Haii0ibIe 3a0BOJIEHHS i CHCTEMI BUMOT JO3BOJISIE 3BE-
CTH BHXIJJHY OaraTroKpHuTepiajbHy 3a1aqy

¥l opt

{f,- (})}* extr (i = G}

XeD
D= {X : g/.(X)}Z 0 (j = l,r)
JI0 MiHiMi3awil iHTerpaJbHOrO0 KPUTEPisl ONTHMAIBHOCTI MPOEKTY
KOHCTPYKIL.
4. Po3paxyHKoBa MOJIeJIb ONITHMI3aLlii Mae BUITISA:
F(X)=mx ff(X)ﬁn}ln;

i=1,p XeD

npu

(v zf,-+—f,-(})nﬂ X{r = max,
f,(X) s pH extr = ma

abo

J} (}): I" (X)_ Ji TPH eXtr = min.
i 0 _ —
fi =7
5. SIxmio cepen KpUTepiiB ONTHMI3ALI] € Taki (Takui), sIKi y To-
qni X , II0 OTPUMYETBCS 3 PO3B’SI3KY PO3PaxyHKOBOI MOZEINI, Ma-
I0Th 3HAYCHHS, 110 BUXOIATH 32 MEXKI AUISHOK HOpPMalbHUX 3Ha-
YeHb, TO PO3B’SA3YETHCS HACTYITHA 3a/a4a ONITHMIi3allii:
F(¥)=max /() min;

D ={x:xeD, f(x)2 v £(X)< 1 = props )}

I€ p1, p2 — MIHIMAIBHUH 1 MaKCUMalbHUI HOMEPU KPHUTEPIiB, 110
BUXOZATH 32 MEKi 4; BIATOBITHO.

SIKIo oTpUMaHU PO3B’A30K X * PO3paxyHKOBOI MOZEI 3a-
noBobHsie OITP, To #oro oOupaeMo 3a ONTHUMATBLHUI KOMITPOMIC-
HUIA pO3B’SI30K OaraToKpUTEpialibHOT 3a/1a4i.

6. B inmomy Bunaaky OIIP nepenpu3Hauye KBa3iHOpMaTUBHI
3HAYECHHS OKA3HUKIB SKOCTI KOHCTPYKIii. SIKIIO MPOEKTYBaIbHIK
HE MOXKE BKa3aTH ICAK1 fio > fl abo fio < ﬁ*’ TO IIPUHUMAETHCSA

0 _ - 0 _ r+pi :
fl, = fl abo /.0 = f,7 Bianosiaxo.
V 3arajbHOMY BHIVIS JITOPUTM JIFOMMHO-MALIMHHOI HPOLie-
JypH MO)KHa IIPEeJICTaBUTH Ha OIoK-cxeMi (puc. 1).

}

O6Guncnenns

fithi

TpusHayeHHs
onpf0

PopmyBaHHA
HOPMaNLHHUX AUIAHOK A;

Mo6yaosa
PO3paxyHKOBOI MOAei
onTHMisanil

3HAYeHHA
KpuTepils
BHXOJATH 32 MeXi,
A2

Posp’asanua
3azavi onTuMizanil

Pucynok 1 — Biiok-cxema ajiropuTMy noumyKy OnTHMAJILHOTO
PO3B’A3KY 32 JIIIMHO-MALIMHHOI0 npoueayporo ([lxepeio: apTopn)

JUi1st po3B’si3aHHS CKaJIIPHUX 3a/1a4 OaraToKpHTepialbHOl OIl-
TUMI3aIlii 3aCTOCOBAHO CIICIiaTEHO PO3pOOIeHIA MOAU(IKOBaHUIT
METOJI BUITaIKOBOTO MOIITYKY Ha BKJIaJICHHX rilepKybax, 1110 103BO-
nsi€ e)eKTHBHO 3HAXOIUTH INOOANbHI €KCTPEMYMH TAKOTO Kiacy
OararoekcTpeMaJbHUX HENHIHHUX 3a/1a9 ONTUMI3aIlii.

Homepn axtuBHHX 0OMEXeHb BiITIOBIAIOTH Y MOPSAKY CIi-
JIyBaHHS IIECTH (Di3MIHIM OOMEKEHHSM, a CbOMHIA 1 BOCBMHH HO-
Mepu — OOMEXCHHSM Ha CTPYKTYpPHI Ta T€OMETPUYHI IapaMeTpu
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TIaHedi.

V tabnuui 2 BKasaHi JaHi ONTHMAaIbHUX IPOEKTIB IMiIKpiTLIe-
HOI manei mpu dikcoBaHux Kytax apmyBanssi (S =0 paz, fh =xm/4
pan, s =m/2 pan).

Ta6muns 2 — PeynbraTu ontuMizauii ay1s 6-tu nuisixis
HaBaHTaxkeHHs ([’kepesio: ABTOpH)

[h* b* o* k¥ 91* o w* G* xr C*§ A
2

. Bi=0 B,—m4

Tlanenb, miIKpiIIeHa MojIocamMmu

1 0,554 0354 3,148 4 0 0,616 0,635 2,523 165,69 (2)
2 0,483 0,323 2994 4 0,027 0,247 0,607 2,176 138,36 (1)
30483 0,323 2994 4 0,027 0,247 0,607 2,176 138,36 (1)
40334 0206 1984 4 0 0,606 0,548 1,391 81,90 (2)
50,334 0,206 1984 4 0 0,606 0,548 1,391 81,90 (2)
6 0,339 0,133 1,291 4 0,006 0,649 0,691 1,413 98,70 (3.8)
Ilanenb, MigKpilieHa KyTKaMi

1 0,667 3,290 1,838 4 0,362 0,064 0,581 2,954 181,76 (2,5)
2 0,711 2,740 1,192 4 0,367 0,010 0,483 2,342 125,34 (2,5)
30,711 2740 1,192 4 0,367 0,010 0483 2,342 125,34 (2,5)
4 0351 0,116 1,153 4 0,215 0438 0,688 1,485 97,09 (2,5
50,351 0,116 1,153 4 0,215 0,438 0,688 1,485 97,09 (2,5
6 0,338 1,981 0,819 4 0,103 0,745 0,686 1,330 90,83 (3,6)

A B Tabmuui 3 npeacTaBieHi JaHi ONTHMAIBHUX IPOEKTIB IPH
ONTHMIi3alifHUX KyTax apMyBaHHS. Y 000X TaOnuiuix 4 o3Ha4ae
aKTUBHICTh OOMEKCHB, [[] — IIISIX HAaBAHTa)KCHHSL.

Taomuns 3 — PeynabraTu ontuMizauii ais 6-tu muisixis
HaBaHTa:xKeHHs ([:kepeso: ABTOpH)

£ s £ * * * &
o h b — ) k 6, 92 i
Ianenp, migKpinieHa nojxocamMmu
1 0,623 0,225 2,164 4 0,573 0,407 0,434
2 0,523 0,267 2,464 4 0,492 0,378 0,399
3 0,523 0,267 2,464 4 0,492 0,378 0,399
4 0,302 0,246 2,381 4 0,349 0,003 0,397
5 0,302 0,246 2,381 4 0,349 0,003 0,397
6 0,302 1,171 0,100 4 0,690 0,239 0,533
ITaness, migKpimieHa KyTKaMi
1 0,663 0,201 1,971 6 0,188 0415 0,356
2 1,260 0,318 0,850 6 0,584 0,181 0,226
3 1,260 0,318 0,850 6 0,584 0,181 0,226
4 0,139 0,404 3,867 4 0,066 0,524 0,269
5 0,139 0,404 3,867 4 0,066 0,524 0,269
6 0314 1,952 0,763 5 0,014 0,647 0,422

Mponosixenns Tadauni 3

1 ﬂ]* ﬂz* /g; G*, xr C* $ A
pazn
ITaness, miakpimeHa HoJocaMu
1 1,568 1,225 0,325 2,401 118,27 2)
2 1,481 1,006 0,412 2,401 96,140 2)
3 1,481 1,006 0,412 2,401 96,140 2)
4 0,734 1,284 1,185 1,246 57,260 1)
5 0,734 1,284 1,185 1,246 57,260 [€))
6 0,846 1,003 0,031 1,197 69,020 3)
[anens, migKpineHa KyTKaMu
1 0,278 1,448 1,480 2,649 111,86 2)
2 1,439 0,348 0,793 2,312 67,830 2)
3 1,439 0,348 0,793 2,312 67,830 2)
4 1,000 0,794 1,047 1,247 42,980 (5)
5 1,000 0,794 1,047 1,247 42,980 5)
6 1,361 0,719 0,946 0,833 40,140 (4,6)

O6GroBopeHHs pe3ynbTaTtiB

JIns HaBelEeHUWX BWITAIKIB HABAHTAKCHHS 3ajladya BEKTOPHOL
onrumizanii (1)-(8) peanizyBanacst y ABOX BapiaHTax: ajis pebdep
HPSIMOKYTHOTO 1 KyTOBOTO HOIIEPEUHHMX TIepepi3iB Mpu (HiKcOBaHHX
(muB. TabI. 2) i oNTHMi30BaHUX (IMB. Ta0M. 3) KyTax apMyBaHHs, 32
JIOTIOMOT OO JIFONMHO-MALIMHHOI NPOLeaypHy TOOYA0BH iHTErpaib-
HOTO KPUTEPIst SIKOCTI, 1110 JI03BOJISE Y IiaJIOTOBOMY PEXUMI IIPOEK-
TyBasbHHKa 3 EOM Ha OCHOBI NPUHIMITY FapaHTOBAHOTO PE3ylib-
Tary 3HAXOIUTH ONTUMAJIbHI KOMIIPOMICHI pO3B’sI3KH OaraTroKpuTe-
pianprux  3amad.  Ilpu  1poMy pO3B’s3aHHS  BiAMOBIIHKX

OIHOKPHTEPIaNbHUX 3a1ad ONTHMI3allii, 0 CKJIaJAl0Th JIIOANHO-
MallIMHHY IPOLEAYPY, 3iHCHIOBAIOCS 3a JOMOMOT0I0 MOaH(iKoBa-
HOTO METOly BUIIQJIKOBOTO IIOIIYKY, IO 103BOJISE €hEeKTUBHO 3Ha-
XOIUTH I00AbHI eKCTPEMyMHU 0araToeKCTpeMabHUX 33/1a4 ONTHU-
Mi3anii. [ NOpiBHSHHS HaBeIeHA TaKOX ONTUMI3AIlisd «ITIaKOD»
KOMITO3UTHOI IaHEJI TPU TUX CaMUX BHXIJIHUX JaHHMX B HaBaHTa-
JKEHHSX, 10 1 AT MiJKPIMyIeHoi naHeni (puc. 2).

250
200
150

100

35F

G*Kr v

MH/m, MH/m
1 ]

0,5
{0:0,9}

0.3, (0,15;0,3)} £0,9(0;0,6)} {1,5:0

PucyHnok 2 — 3asexHocTi Macu i BaprocTi «riiagkoi» i miakpinienoi
naHeJi Big HapaHTaxkenHs ([:kepesio: ABTopH)

Ha puc. 2 npencraBieHi 3aJ€XKHOCTI MacH i BapTOCTi ONTHMA-
JIBHUX MIPOEKTIB MAHEI Bi/l HABAHT)KEHHS NP (PiKCOBaHMUX 1 ONITH-
Mi30BaHMX KyTaX apMyBaHHS JUTS JBOX BapiaHTIB ITiIKPIIUICHHS pe-
OpHCToi 1 «TaaKoi» KOMIO3UTHHX maHeneil. Kpusi 1, 7; 2, 8; 3, 9
BIZIMTOBIAIOTh «IMIAJIKii», MMiAKPITUICHIH TOJI0CaMH 1 KyTKaMH KOM-
TTO3UTHHUX MaHeNeH Mpy (HiKCOBaHUX KyTaxX apMyBaHHS BiIIOBITHO,
akpuBi 4, 10; 5, 11; 6, 12 — npu onTUMI30BaHUX KyTaxX apMyBaHHSL.
BuHo, 110 JUIs BCIX ONTHMAJIBHUX MPOEKTIB, OTPUMAHUX JUISl Bill-
TIOBIJTHUX IIIXIB HABAHTAKCHHS, Maca 1 BapTiCTh MIAJAKUX MaHe-
Jiedl 3Ha4HO Ouiblle, HDK y migkpimteHux maneneit (Ha 20-50 %)
TIPY OJTHMX 1 THX CaMHUX MapamMeTpax ONTHMI3aLlii.

Burpamr y maci i BApTOCTi ONTHMAIBHUX MiIKPIMJICHNX MaHe-
Jiell TIOPIBHSHO 3 ONTHMAJIbHUMH TIIAJKMMK THM CYTTEBIIi, YUM
BHIIIE PiBeHb HaBaHTXeHHs. [Ipy 3MiHEHHI HaBaHTa)XCHHs mapa-
METpH ONTHMI3allii Mepepo3NONiIIOTECS, 30UIBIIYIOYH KOPCT-
KICTh MaKeTa y HanpsMKy Aii OiIbiMX Hanpyr BriroueHHS KyTiB
apMyBaHHs JI0 TapaMeTpiB ONTHMi3allii MOKpallye MPOEKTHI pi-
IICHHS NIAJIKKX 1 peOPUCTHUX TaHesiel IpH BpaxXyBaHHi IBOX KpHUTe-
PpiiB: MacH i BapTOCTi /IS BCIX BHIIAIKIB HABAHTAXKCHHS MPU JIBOX
BapianTax migkpiruienHs (Ha 5-30 %). [Ipu apyromy i TpeTbomy, a
TAKOX MPU YETBEPTOMY 1 I1’SITOMY LIUTSIXaX HABAHTAaXXEHHsI (TIPH Of-
HHX 1 THX CaMHX HOPMaJIbHHX HAMPYTax i pisHUX JOTUYHUX HaIpy-
rax) ONTHMAaIIbHI IIPOEKTH CITiBIAA0Th SIK JJISI TIEPIIOTO, TaK 1 JJIs
JPYTOTo BapiaHTIB MiIKpiruieHHs. Lle mosSCHIOEThCS THM, IO aKTH-
BHHMH TYT BUCTYIaJTH OOMEXEHHsI Ha MiCIIEBY CTIHKICTh OOIINBKH
1 3arajbHy CTIHKICTb IiKPIIJICHOT TAHEN.

TakuM 4MHOM, BPaXOBYIOUH 3HAYEHHS MAcCH i BapTOCTi (AUB.
puc. 2), ipu HiKCOBaHUX KyTaX apMyBaHHS JUIS IIEPIIOTO, YE€TBEpP-
TOTO 1 II’SITOTO IIUISAXiB HABAHTAXKCHHSI, CJIiI PEKOMEH/TyBaTH ITi K-
PIIUISITH TaHEIb HOJIOCAMH, JUIS IOCTOTO IIUISIXY HABAHTKCHHS pe-
KOMEHIY€ThCS TIaHeIb MiIKPIIIIATH KyTKaMH, a JUIs IPYToro i Tpe-
TBHOTO TIPU BUCOKHX BUMOTaX JI0 Macy — II0JIOCAaMH, IO BapTOCTI —
KyTkamu. Kpim Toro, mpu MOXJIMBOCTI BapifoBaHHS KyTaMH apMy-
BaHHA I IIOCTOTO INUIIXYy HABAaHTXCHHS PEKOMEHIYEThCS
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MaHes b MAKPIIUISTH KyTKaMH, a JUTs IepIIOro-11° ATOTo, SIKIO Bil-
JTA€ThCS IIepeBara KPUTepito MiHIMyMy MacH, — IAKPIIUISTH HOJIO-
camy, a SKIIO KPUTEPilo MIHIMyMy BapTOCTi — TO KyTKaMH.

O6meXxeHHS | NpakTu4YHe 3Ha4YeHHA

OOMexeHHS IHOTO AOCIIHKCHHS MOXKYTh COPHYMHATHUCS:

1) meBHUMH TUIaMH KOMIIO3HUTIB 200 MaHeNeH, 110 BUKOPH-
CTOBYIOTBCS JUIA JIITANbHUX ArlapariB, HE OXOIUTIOI0OYX BC1 MOYKITHBI
Marepiaiu;

2) HemOCTAaTHHOIO TOUHICTIO MOZIENE Ta CUMYIIALIIH, 110 BU-
KOPUCTOBYIOTHCS AJIs ONITUMI3aLi;

3) 0OMEXEHOI KUIBKICTIO KPUTEPIiiB 1 0OMEKeHb, 10 Bpa-
XOBYIOTBCS IIPH ONTHMi3allii 1 He OXOILTIOIOTH 1HIII aCHEKTH, TaKi K
JIOBIOBIYHICTB MaTepialliB, HAAIHICTD, BIUIUB TEMIIEPATyPH, THCKY,
KOpPO3ii TOILIO.

[IpakTrdHe 3Ha4YEHHS MOJSATA€ Y MOXIIMBOCTI 3aCTOCYBaHHS
OTPUMAaHHX ONTHMI3allifHUX pIlIeHb y NMPOEKTYBAaHHI CyYacHUX
aBiallifHUX 1 KOCMIYHUX KOHCTPYKIIH, paKeT, APOHIB, OE3MUIOTHH-
kiB (BITJIA), kBagpoKonTepiB, pafiokepoBaHUX MOJENIEH TOIIO, 0
JIO3BOJISIE 3MEHIIUTH MAacy 1 BapTiCTh JITAIBHUX amapariB 0e3
BTpaTH MIIHOCTI. 3alpOIIOHOBaHa METONOJIOTS € YHIBePCaIbHOIO i
MOske OyTH aJjanToBaHa JUIs IHIIHNX TaTy3eld HapOITHOTO rOCIoAapc-
TBa, TAKKUX K aBTOMOOLIEOyTyBaHHs, CyIHOOYyBaHHSI, Oy/IiBHHII-
TBO TOWIO. Po3pobneHuii Ha Ti OCHOBI MPOTPaMHHUIA KOMIUIEKC JI0-
3BOJISIE ONIEPATUBHO BU3HAYaTH HAWIOIUIBHIIII BApiaHTH KOHCTPY-
KIIIHOTO TIKPITUICHHS 3aJIeKHO BiJl 0OMEXEHb 1 BUMOT.

BUCHOBKM

IIpoBenene mocmimKeHHS MATBEPIMIO BUCOKY €(hEeKTUBHICTD
BUKOPHCTaHHS KOMIIO3HUTHHUX MarepiajliB y KOHCTPYKIAX JTalb-
HUX amapariB. [linkpiruieHHs manesn J03BOJISE JOCIITH ONTHMAITb-
HMX XapaKTEPHCTHK IL0JI0 MAaCH Ta BapTOCTI, 110 € KPUTHYHO BaXK-
JIMBUM JJIsl TIABHIICHHS 3araibHOi edektuBHOCTI JIA. Timoresy
JIOCHIKEHHS MiATBEPIDKEHO: MiKpIIUIeHa MaHellb 38 KPUTEPIsIMU
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Open-source analysis of the potential configuration and
kinetic performance of the Oreshnik ballistic missile

Mykola Bondarenko 0, Volodymyr Habrinets ©©, Mykhailo Vorobei

Purpose. This article presents an analysis of the tactical and technical characteristics of the Oreshnik medium-
range ballistic missile, which, according to open-source data, was employed in a precision strike against an
infrastructure facility in Dnipro in November 2024. The study focuses on the missile’s configuration, warhead type,
and aerodynamic behavior using open-source information. Design / Method / Approach. An interdisciplinary
methodology was applied, comprising Sentinel-2 satellite imagery analysis, kinetic-energy and aerodynamic-
heating modeling, and comparative assessment against the Russian Avangard, Rubezh, and UR-100N UTTKh
platforms. Missile debris and factory markings were used to reconstruct manufacturing chronology and identify
design features. Findings. It was determined that Oreshnik is equipped with a hypersonic non-explosive kinetic
warhead capable of destructive impact via high-velocity collision. The missile likely follows a suborbital trajectory,
achieving speeds of 11-12 km/s and surface temperatures in excess of 4300 K. Markings indicate key
components were manufactured in 2017, suggesting reuse of legacy platforms. Theoretical Implications. This
work advances the theory of kinetic-impact systems by elucidating thermal-loading mechanisms and energy-
transfer processes in hypersonic vehicles, thereby bridging contemporary implementations with the historical
“Rods from God” concept. Practical Implications. The findings reveal limited strike effectiveness owing to high
costs and moderate destructive yield, yet underscore the system’s value as a demonstrator technology and its
utility for hypersonic-system testing. Originality / Value. This study constitutes the first technical analysis of an
Oreshnik missile strike based exclusively on open-source data, illustrating the growing role of civilian satellite
imagery and interdisciplinary modeling in arms-monitoring. Research Limitations / Future Research. The
analysis relies solely on open-source information. Future work should include detailed damage assessment,
thermal-protection analysis, and expanded trajectory modeling with advanced software tools. Enhanced
monitoring of high-velocity conventional weapons is recommended to support arms-control and humanitarian-law
frameworks. Article Type. Applied research.
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MerTa. Y cTaTTi npoBeAeHo aHani3 TakTUKO-TEXHIYHMX XapakTepucTuK 6anicTMYHOI pakeTn cepenHbOi AanbHOCTI
«OpelwHik», fKa, 3a [JaHMMK  BiOKPUTUX [Kepen, 3acTocoByBanacs [nAfis BUCOKOTOYHOrO ygapy no
iHppacTpykTypHOMY 00’ekTy Yy MmicTi [Hinpo B nuctonagi 2024 poky. [locnifgXeHHs 3ocepeKeHe Ha KoHirypawii
pakeTu, TUni GOMOBOI YacTMHN Ta aepoAaMHAMIYHIA NOoBediHUi 3 BUKOPUCTaHHAM Bigkputux mxepen. AusanH /
Metoa / Mipxia. 3actocoBaHo MixgucumMnniHApHWA NiOXi4: aHania cynyTHUKOBMX 3o00paxeHb Sentinel-2,
MOZEmNoBaHHA KIHETUYHOI eHeprii 1 aepoavHaMiyHOro HarpiBy, MOPIBHAHHA 3 nnatdopmamu «ABaHrapgy,
«Py6ex» i YP-100H YTTX. Ynamkm Ta 3aBOACbKi MapKyBaHHS Cnyrysanu Ansi BiATBOPEHHS XPOHOMOrii
BUIOTOBIIEHHSI 1 BUSIBNEHHSA KOHCTPYKLUiNHMX ocobnuBocTel. Pesynbratu. BcrtaHoBneHo, wo «OpeLwHik»
OCHaLLEHO TiNnep3ByKOBOK HEBMOYXOBOK GOMOBOK YaCTUHOW, 34aTHOK PYWHYBATWU LiMi 3aBOSKN KiIHETUYMHOMY
yaapy. ImoBipHa cybopbitanbHa TpaekTopis 3abesnevye wBnakict 11—-12 km/c i TemnepaTtypy NOBEpxXHi NoHaz
4300 K. MapkyBaHHS cBigyaTb NpO BUPOBHMLTBO KMOYOBMX KOMMOHEHTIB y 2017 poui, WO BKa3ye Ha NOBTOpPHE
BMKOPUCTaHHA cTapux nnatdopm. TeopeTuuyHe 3Ha4veHHA. Pobota nmormvbnioe Teopitd KiIHETUYHUX CUCTEM
YPaXKeHHS, AEMOHCTPYIOHM MeXaHi3M1 TENMOBOro HaBaHTaXKEHHS W nepedadi eHeprii B rinep3syKkoBux bBnokax,
Habnwmxarum cyvacHi pilleHHs Ao icTopuyHoi koHuenuii «Rods from God». MpakTuyHe 3HaYeHHA. PedynsraTtu
BMSABNATb OOMEXeHy e(EKTUBHICTb YPakeHHS Yyepes BUCOKI BUTPATW 1 MOMIPHY PYMHIBHY MOTYXXHICTb, NpoTe
NiAKPECIIOTb AEMOHCTPALIHUIA NOTeHUian TEXHONO I 1 il 3HaYeHHs Anst BUNpoOyBaHb rinep3ByKOBUX CUCTEM.
OpwriHanbHicTb / LiHHicTb. Lle nepwuin TexHiyHni aHania ygapy paketolo «OpeLuHik» Ha OCHOBI BiOKPUTMX
OXKepern, SKMA incTpye 3pocTakdy pofib LMBINBHUX CYNYyTHUKOBMX 300paxeHb Ta MiKaAMCUMNNiHapHOro
MOZENIOBAHHS Y MOHITOPUHIY 036poeHb. O6mexkeHHA gocnigxeHHs | ManbyTHi gocnigkeHHs. [JocnigkeHHs
6a3yeTbCsl Ha BiOKPUTMX OaHMX; MaWbyTHi pobOTM MaktTb OXOMUTW AeTani3oBaHy OLUiHKY YLIKOMKEHb, aHarni3
TEeNno3axucTy N po3LMpeHe MOAENOBAHHS TPAEKTOPIT 3 Cy4acHMMM nporpaMmHuMn 3acobamu. PekomeHgoBaHo
NMOCUIUTM CMOCTEPEXEHHS 32 BUCOKOLUBMAKICHOI HesiAepHOo 36poetd AN KOHTPOM Hazg 030poeHHsIMK Ta
rymaHiTapHoro npasa. Tun ctaTTi. [lpyknagHe AOCRimKeHHS.
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The advent of hypersonic weapon systems has introduced new
dimensions to strategic deterrence, arms control, and the geopoliti-
cal balance of power. The missile strike on the industrial facility in
Dnipro, Ukraine, in November 2024 - allegedly involving the pre-
viously unknown "Oreshnik" medium-range hypersonic missile -
offers a rare case study of a real-world application of such a system.
However, this incident has yet to receive a systematic, scholarly as-
sessment grounded in scientific methodology and critical literature
analysis. The relevance of studying the Oreshnik system stems from
several converging factors. First, the emergence of kinetic, non-nu-
clear hypersonic strike systems challenges existing military doc-
trines and missile defense strategies. Second, the growing integra-
tion of open-source intelligence (OSINT), satellite imagery, and
modeling tools into arms monitoring enables unprecedented trans-
parency. Third, the strike itself demonstrated characteristics distinct
from traditional ballistic or cruise missile attacks, suggesting a shift
in Russia’s approach to strategic signaling. Despite the significance
of these developments, existing scholarly literature contains few
technical analyses of kinetic hypersonic systems based on verifiable
evidence. Previous studies have mostly focused on the theoretical
feasibility of systems such as the American "Rods from God"
(Hitchens et al., 2006), Chinese kinetic energy weapons (Gubrud,
2011), and the physical modeling of aerodynamic heating during
reentry (Meng et al., 2020). However, no peer-reviewed work has
addressed the "Oreshnik" incident or attempted to reconstruct its pa-
rameters using publicly available data. This work seeks to fill that
gap by building on the authors’ previous research on propulsion and
warhead behavior during hypersonic flight (Bondarenko &
Gabrinets, 2023), and by incorporating recent developments in ki-
netic strike systems and hypersonic missile technologies. The nov-
elty of the study lies in its open-source technical reconstruction of a
missile strike, using a multidisciplinary approach. This work con-
tributes both to the theory of kinetic strike systems and to practical
arms monitoring methodology. The research is grounded in the hy-
pothesis that the "Oreshnik" missile employs a kinetic warhead con-
figuration, adapted from existing hypersonic platforms such as
"Avangard" or "Rubezh". The aim of the study is to reconstruct the
tactical and technical characteristics of the "Oreshnik" missile sys-
tem, assess its design and mode of operation, and evaluate its impli-
cations for military efficiency and strategic stability. The analysis
logically proceeds from a review of empirical satellite data, through
aerodynamic modeling, to comparative assessment and discussion.

Methodology

To analyze the tactical and technical parameters of the "Ore-
shnik" missile system, this study applies a structured sequence of
computational and analytical methods grounded in publicly acces-
sible data. The research design integrates remote sensing analysis,
aerodynamic and thermodynamic modeling, classical mechanics,
and OSINT. This multidisciplinary approach enables the reconstruc-
tion of the missile’s flight characteristics, impact behavior, and po-
tential origin, based on visual evidence, debris data, and compara-
tive assessment with known Russian missile platforms.

Object and Conditions of Study

The object of study is the warhead of the "Oreshnik" missile,
presumably of a kinetic (non-explosive) type. The research is based
entirely on publicly available data - Sentinel-2 satellite imagery, de-
bris photos and videos, official public statements, and associated an-
alytical sources. No classified or restricted information was used at
any stage.

Research Stages

1. Data collection. Satellite imagery from before and after
the strike was obtained, along with visual records of debris and
serial markings. Additionally, a historical timeline of political and
military developments preceding the attack was compiled to con-
textualize the event and assess its strategic significance.

2. Trajectory and motion analysis. Based on visual traces,
entry angle, and a typical suborbital flight profile (up to 100 km
altitude), a hypothesis was formed regarding a kinetic terminal
phase of impact

3. Aerodynamic heating modeling. The nose cone tempera-
ture was calculated at different altitudes. Calculations were

performed for velocities from Mach 1 to Mach 10 at altitudes be-
tween 0 and 20 km.

4. Kinetic energy estimation. The impact energy was calcu-
lated under the assumption of a 500 kg warhead traveling at a ve-
locity of 2000-3000 m/s. The resulting values were converted into
TNT equivalents to facilitate comparison with conventional ex-
plosive munitions.

5. Serial number analysis. Factory markings dated April 12,
2017 were identified on debris, providing a key argument against
the system being entirely new.

6. Comparative analysis. Technical comparison was made
with Russian platforms such as "Avangard", "Rubezh", and
"Kedr" regarding carrier configuration, velocity, trajectory, and
warhead design.

Limitations

Due to the lack of precise specifications of the missile (geom-
etry, materials, exact warhead mass), all numerical estimates are ap-
proximations based on clearly stated assumptions. Factors such as
the role of missile defense systems, combined strikes with other mu-
nitions (e.g., Kh-101), and the internal composition of the warhead
could not be fully accounted for.

Political-Military Context and Background

The strike on the production complex in the city of Dnipro in
November 2024 became one of the most widely discussed examples
of the use of high-precision missile weapons with hypersonic char-
acteristics (Malinowski, 2020). The discovery of fragments of the
warhead, the nature of the destruction, and the absence of signs of
an explosion led to the assumption that a kinetic-impact munition
was employed (Senglaub, 1996). This article is dedicated to the
analysis of the technical indicators of the attack, the possible char-
acteristics of the weapon used, as well as an examination of hypoth-
eses regarding its origin and its connection to existing Russian stra-
tegic missile programs. To provide a complete context, a brief over-
view of the key events preceding the strike on Dnipro, as well as the
politico-military situation that developed immediately before the
event, is presented below. At the time of the strike on Dnipro, the
war in Ukraine had already been ongoing for 33 months, and the
events of mid-November 2024 unfolded against the backdrop of a
sharp escalation of the international politico-military situation. On
October 14, the President of the Russian Federation submitted to the
State Duma a bill on the ratification of a treaty on a comprehensive
strategic partnership between Russia and the DPRK (Lee, 2024). On
October 18, according to South Korean intelligence, the DPRK au-
thorities decided to send 12,000 troops, including a special forces
unit, to participate in the war against Ukraine (Won, 2025). On No-
vember 17, representatives of the U.S. administration announced
that, in response to Russia’s decision to involve North Korean forces
in combat operations, President Biden had authorized the first use
by Ukraine of U.S.-supplied long-range missiles to strike targets on
Russian territory, in defense of Ukrainian forces during an operation
in the Kursk region (Usman, 2025). Following the United States,
the governments of France and the United Kingdom authorized
Ukraine to use their long-range SCALP/Storm Shadow missiles to
strike targets within Russian territory (Tanevski, 2025). Depending
on the modification, these missiles have a range of between 270 and
560 kilometers. Within 24 hours, Ukraine launched American
ATACMS tactical missiles, followed a day later by Anglo-French
Storm Shadow cruise missiles targeting the Bryansk and Kursk re-
gions. On November 18, the Speaker of the Russian State Duma
announced the possible deployment of new weapon systems against
Ukraine. On November 19, the President of the Russian Federation
signed a decree updating the country’s nuclear doctrine (Smetana &
Onderco, 2025), expanding the conditions under which Russian nu-
clear weapons could be used. The updated document states that Rus-
sia would consider aggression by a non-nuclear state with the par-
ticipation or support of a nuclear power as a joint attack on Russia.
On November 20, the U.S. Embassy in Ukraine suspended its oper-
ations, publishing information about an impending air attack (simi-
lar actions were taken by many other foreign embassies). On No-
vember 21, launches of Kh-101 cruise missiles and a Kh-47M2 Kin-
zhal aeroballistic missile were recorded, along with the launch of an
intercontinental ballistic missile of an unknown type from the
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Astrakhan region missile test range in Russia. At approximately
5:30 a.m., a non-nuclear hypersonic variant of one of these missiles
struck a military-industrial facility in Dnipro. The strike was carried
out using the newest medium-range missile system known as Ore-
shnik. According to eyewitness footage, the Russian military indeed
employed some form of new weapon against a strategically im-
portant enterprise, although the exact type of munition remains un-
clear. Later, in statements to the media, when discussing the new
complex, the President of the Russian Federation emphasized that
existing missile defense systems, including American ones, are un-
able to intercept the Oreshnik missile (Kadyshev & Kiitt, 2024).
This missile is reported to strike its target at speeds of 2—3 kilome-
ters per second. Prior to the attack, there had been no mention of
this complex either in the media or in Western analytical reports.
However, following the strike, numerous assessments were made
regarding the system. Some experts referred to it as a modification
of the Russian mobile ground-based Rubezh system, while others
described it as a simplified variant of the Avangard hypersonic com-
plex (Graef, 2024). This article compiles and analyzes all available
information regarding Oreshnik in an attempt to assess the nature of
the missile used in the November 21 strike on Dnipro.

Technical Examination of the Missile Strike

Domestic and NATO specialists carried out radiation level
measurements and surveyed the perimeter of the facility and adja-
cent areas to collect fragments of the Russian hypersonic Oreshnik
missile. Their objective was to locate remnants of the missile’s
structure and traces of propellant at the site, which had been im-
pacted by a missile strike. The Oreshnik missile is capable of reach-
ing speeds up to ten times the speed of sound. The results of the
analysis of the recovered missile fragments (Figs. 1-2) have not
been disclosed in the media.

Figure 1 — Debris of the Oreshnik missile
(Source: social media, open access)

Figure 2 — Debris of the Oreshnik missile
(Source: social media, open access)

Similarly, there has been no public information regarding the
damage caused in the industrial district of Dnipro by the impact of
the hypersonic missile. However, an analysis of available satellite
imagery taken in clear weather conditions before and after the strike
(Figs. 3-4) suggests that the enterprise did not suffer significant de-
struction. The images reveal zones of fire damage resulting from
ignition caused by the impact of a separating warhead (Seo, 2024),
which were subsequently extinguished by firefighting services.

Some of the observed impacts are also attributed to Kh-101 cruise
missiles, which were launched against the plant alongside the Ore-
shnik missile on the same day. The buildings outside the plant's pe-
rimeter did not appear to be damaged, which may indicate a very
limited damage radius characteristic of kinetic weapons. Unlike ex-
plosive munitions, they do not generate a wide blast wave or frag-
mentation field, which significantly reduces the extent of secondary
damage.

Figure 3 — Sentinel-2 L2A satellite image of the area on 2024-11-01,
before the strike (Source: https://apps.sentinel-hub.com)

Figure 4 — Sentinel-2 L2A satellite image of the area on 2024-11-24,
after the strike (Source: https://apps.sentinel-hub.com)

In video footage of the strike available online (Fig. 5), a series
of impacts from six individually guided blocks can be clearly dis-
tinguished, each estimated to weigh up to 200 kg.

Figure 5 — Surveillance camera footage capturing the moment of the
strike (Source: CCTYV footage, compiled from open-access video)

According to Russian statements, the missile was equipped
with a non-nuclear hypersonic payload. The payload likely con-
sisted of inert projectiles made from high-strength metallic alloys.
Due to their extreme velocity, such projectiles possess substantial
kinetic energy (Gubrud, 2011), allowing them to penetrate protec-
tive layers, such as reinforced concrete; however, they are highly
imprecise. Based on the analysis of satellite imagery, it appears that
roof penetrations of industrial workshop buildings may have oc-
curred, with an estimated impact accuracy within a margin of £50
meters. The intense luminosity is associated with the high tempera-
ture of the falling missile fragments (Swaminathan et al., 1996).
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This elevated temperature of all missile components is caused by
external aerodynamic heating. The intensity of heating on the sur-
face exposed to airflow depends on the flight velocity (Bondarenko
& Gabrinets, 2023). At low speeds, this heating is negligible, and
the resulting temperature increase can generally be disregarded.
However, at high velocities, the aecrodynamic heating of the mis-
sile’s nose cone and the surrounding air can become highly signifi-
cant. The rise in temperature of the missile’s external surface due to
aerodynamic heating is caused by both the viscosity of the surround-
ing air and the compression of air at the frontal surfaces (Meng et
al., 2020). As a result of viscous friction in the boundary layer, the
velocity of air particles decreases, leading to a temperature increase
across the missile’s surface. Air compression also contributes to a
temperature rise, although primarily in localized regions. The nose
cone and leading edges of the structure are particularly affected,
where temperatures may reach levels dangerous to structural integ-
rity. In such cases, almost direct collisions between the airflow and
the surface occur, resulting in full dynamic deceleration. According
to the principle of energy conservation, all the kinetic energy of the
flow is transformed into thermal energy and pressure energy at the
stagnation points. This corresponding temperature increase is di-
rectly proportional to the square of the relative flow velocity before
deceleration (or, neglecting wind effects, to the square of the mis-
sile’s speed) and inversely proportional to the flight altitude. During
gas flow deceleration, the kinetic energy of the gas decreases, lead-
ing - according to the law of conservation of energy - to an increase
in the internal energy and temperature of the gas (Lees, 1965).

The maximum heat content (enthalpy) of 1 kg of gas during its
deceleration near the surface of a body is close to the stagnation en-
thalpy, as shown in equation (1):

2
Ho = Hy +— (1

where H is the enthalpy of the incoming flow, and v is the
flight velocity. If the flight velocity is not too high (v < 1000 m/s),
the specific heat at constant pressure C, can be considered constant,
and the corresponding stagnation temperature of the gas can be de-
termined using the following expression (see equation (2)):

.,]2
To=T, + 2, @

The results of the surface temperature calculations for the war-
head as a function of altitude and flight velocity are presented in
Table 1. From the data in the table, it is evident that when passing
through two atmospheric layers, 1-10 km and 11-20 km, at a speed
of 10 Mach, the temperature increase will be 5763K and 4333K,
respectively. The total temperature increase for the blocks is 10
096K. The nature of the impact - with an almost vertical trajectory
- suggests the use of a warhead that followed a suborbital or quasi-
ballistic flight profile, with a trajectory extending beyond the mes-
osphere (Singh et al., 2013). Such a flight profile is typical for hy-
personic glide vehicles or maneuvering warheads. Boosting the
warhead to a higher altitude (over 100 km) significantly reduces the
thermal load due to the low air density in the upper layers of the
atmosphere, which is critical at speeds exceeding Mach 10. In a rar-
ified environment, aerodynamic resistance and, consequently, the
heat flux on the body are minimal, ensuring the structural integrity
of the warhead during the final phase of flight (Khanolkar et al.,
2017).

Table 1 — Surface temperature of the warhead depending on altitude and

flight velocity (developed by authors)

Mach 1.0 Mach 2.0 Mach 3.0 Mach 5.0 Mach 10.0

Flight Altitude 0—10 km

Flight Speed (m/s) 3403 681 1021 1701 3403
Flight Speed (km/h) 1225 2450 3675 6125 12250
Stagnation Temperature (K) 346 519 807 1729 6051
Temperature Increase (K) 58 231 519 1441 5763
Flight Altitude 11-20 km

Flight Speed (m/s) 295 590 885 1475 2950
Flight Speed (km/h) 1062 2124 3186 5310 10620
Stagnation Temperature (K) 250 390 606 1300 4550
Temperature Increase (K) 43 173 389 1083 4333

The final phase is executed along a steeply descending trajec-
tory, increasing the kinetic impact and making interception by

missile defense systems more difficult. This perspective on the at-
tack on the production complex suggests the use of kinetic weapons
based on the principle of converting kinetic energy into heat upon
impact (Zhu et al., 2024). In this case, the energy of motion is the
accelerated movement of the warhead’s separating blocks, pro-
pelled by rocket engines, from space towards Earth. Upon impact
with the target, the kinetic energy of the rapidly moving blocks is
released, causing destruction similar to that of a meteorite strike. It
is assumed that molybdenum-tungsten cores were used for the war-
head. The lack of data on the scale and nature of the damage makes
it difficult to assess whether additional explosives were used in the
Oreshnik.

The absence of explosive warheads reduces potential collateral
damage and adds an element of surprise due to the high velocity
(around 2-3 km/s) and the difficulty of detecting such blocks before
impact. This concept continues to generate interest and concern
when discussing military and space policy.

Analysis of the serial markings of the recovered
components

An image of a missile warhead fragment, presumably used in
the strike on the production complex, was recorded in open sources
(Fig. 6). A factory marking with a manufacturing date of April 12,
2017, is clearly visible on one of the components. This fact deserves
particular attention, as earlier public statements by the President of
the Russian Federation claimed that the Oreshnik system repre-
sented a brand-new development, having entered testing in 2024
(Bin, 2024).

Hew &
YUT 2007

Figure 6 — One of the components of the Oreshnik missile dated
April 12, 2017 (Source: social media, open access)

The presence of components manufactured in 2017 allows sev-
eral conclusions to be drawn:

1. The actual development history of the system is signifi-
cantly deeper than officially stated. It is possible that the Oreshnik
is a modernization of earlier designs rather than an entirely new
project.

2. The production cycle of the missile or its warhead may
have lasted several years, involving previously manufactured ele-
ments, which is typical for low volume or experimental weapon
systems.

3. Claims about the system’s "novelty" may serve political
or propagandistic purposes and may not reflect the actual time-
line of critical component development.

The presence of a manufacturing date from 2017, particu-
larly in the context of a supposedly cutting-edge hypersonic
weapon, suggests a potential discrepancy between the declared
and actual stages of readiness and deployment of the system.
This, in turn, may influence the assessment of Russia’s produc-
tion capabilities and the logistics of serial manufacturing of hy-
personic weapons.

Kinetic strike and the «Rods from God»
concept

The idea of destroying targets solely through kinetic energy
without the use of explosives has a long history in military the-
ory. One of the most well-known concepts is the American Rods
from God project, which proposed placing tungsten rods in space
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that, when falling to Earth from orbital heights, would reach speeds
of around 11-12 km/s (Hitchens et al., 2006). Upon impact with the
surface, such a rod would possess colossal kinetic energy, sufficient
to destroy fortified targets, comparable to the destructive effect of a
small nuclear warhead - but without radiation and explosion. Ac-
cording to the formula for kinetic energy from classical mechanics
(see equation (3)):

1
mv?

Ek—E

©)

For a mass of 500 kg and a speed of 3 km s, the kinetic energy
is 2.25 x 10° J, which is roughly equivalent to 538 kg of TNT. For
heavier blocks and speeds of 5-6 km/s, this value can reach several
tons of TNT.

However, such a scheme has significant limitations:

— To achieve kinetic energy comparable to that of a high-
explosive charge, a significant mass is required, making the de-
ployment of such blocks to orbit extremely expensive.

— Unlike conventional warheads, kinetic blocks do not have
the ability to vary the power - the effect strictly depends on mass
and speed.

— The use of conventional explosives can achieve compara-
ble destructive effects at much lower costs, especially in tactical
scenarios.

Thus, despite the technical feasibility, the concept of kinetic
destruction remains probabilistic. Its advantages - small signature,
lack of explosives, and reduced secondary damage - are offset by
high cost, limited applicability, and logistical complexity. There-
fore, in practice, such solutions are not implemented purely, but as
part of hypersonic systems combining both kinetic and explosive
effects. From the perspective of economic efficiency, kinetic dam-
age systems significantly lag behind traditional weapons (Moric &
Kadyshev, 2025). For example:

— Launching a heavy kinetic block with a mass of 500-1000
kg requires a carrier rocket or ICBM with the corresponding pay-
load capacity and accurate guidance system. The cost of one
launch of an intercontinental missile or a heavy rocket carrier can
range from $50 to $100 million.

— Hypersonic glide blocks require high-temperature compo-
sites, control systems, and heat protection - the block alone may
cost several million dollars.

— In total, such an impact may cost $60—100 million or
more.

For comparison:

— Conventional warheads with explosives, capable of caus-
ing comparable damage, are an order of magnitude cheaper - from
$50,000 to $500,000 depending on the type (Air Bomb, Short-
Range Ballistic Missile, Medium-Range Ballistic Missile, etc.).

— Precision-guided cruise missiles with explosive or submu-
nitions warheads cost $1-2 million per unit in mass production.

Thus, the cost of the destructive effect per kilogram of destruc-
tion for kinetic warheads can be tens of times higher than that of
traditional weapons (estimated cost of warheads is presented in Ta-
ble 2). This makes them impractical for mass use, despite their
unique physical advantages.

For explosives, the energy is presented based on the calorific
value of TNT (4.184 MJ kg™"). Although the concept was never fully
realized in weaponry, its principles are reflected in modern hyper-
sonic weapon systems (Kalvinkar et al., 2024). Maneuverable war-
heads traveling at speeds of 5-20 Mach along steep descending tra-
jectories implement a similar damage mechanism by utilizing
purely mechanical energy.

Table 2 — Kinetic energy and estimated cost of warheads and aerial bombs at

characteristic collision velocities (developed by authors)

analysis of the alleged strike by the Oreshnik missile system on the
production complex indicates that, despite the high level of tech-
nical sophistication, the pure kinetic impact concept demonstrates
limited practical effectiveness. Even at an impact velocity of ap-
proximately 3 km s, the kinetic energy of a 500 kg warhead is
roughly equivalent to 538 kg of TNT, which is comparable to the
effect of a standard high-explosive warhead.

However, the cost of delivering a kinetic block to the target -
considering the launch of an ICBM, the use of high-temperature
materials, and precision guidance systems - can reach tens of mil-
lions of dollars, making such a strike economically unjustifiable in
most combat scenarios. In contrast to traditional munitions with ex-
plosives, which provide similar or even greater destructive effects
at a much lower cost, hypersonic kinetic weapons are inferior in
terms of cost-effectiveness (Bondarenko & Vorobei, 2024).

Thus, the use of the Oreshnik in this mode should be viewed
either as a demonstration of technological superiority, as a deliber-
ate compromise aimed at minimizing collateral damage (for exam-
ple, when striking strategic targets), or as a tool of political and psy-
chological influence. From a purely military efficiency perspective,
the concept remains extremely niche.

Potential technological continuity of the
Oreshnik system

Various theories regarding the origin of the system used in the
strike on the industrial facility, provisionally designated as Ore-
shnik, are discussed in public sources and among experts. Among
the possible analogs and prototypes, the following Russian devel-
opments are most frequently mentioned: Avangard, Kedr, Rubezh,
Temp-2S, as well as advanced modifications of intercontinental bal-
listic missiles such as Sarmat and systems based on the UR-100N
UTTKh platform.

Overview of the Kedr Project

On November 22, 2024, the Main Directorate of Intelligence
of the Ministry of Defense of Ukraine published information about
a new ballistic missile that was used in the strike on Dnipro. Ac-
cording to their report, it was a ballistic missile associated with the
Kedr missile complex (Kristensen et al., 2023). Kedr is a project of
a next-generation ICBM designed to replace the Yars and Topol-M
systems. The first mention of the project appeared in the media on
March 1, 2021, describing it as being at the very early stages, with
funding allocated through 2027. By 2023, the project was expected
to transition to the phase of experimental design work. One of the
key features of the Kedr system was reported to be enhanced mo-
bility. This suggests that the complex might be smaller than its pre-
decessors, Topol and Yars. It is unlikely that Kedr is already fully
operational - as of 2025, there are no reports of a completed testing
cycle. However, it is possible that technologies from the Kedr pro-
ject were tested within a separate program, which externally could
be perceived as the Oreshnik system.

Overview of the Rubezh Project

During a briefing following the missile strike, Sabrina Singh,
Press Secretary of the United States Department of Defense, stated
that the ballistic missile used by Russia to strike Ukraine was based
on the Russian RS-26 Rubezh missile. Rubezh is an intercontinental
ballistic missile based on a modified Yars missile complex (Fig. 7)
(Bartles, 2017). The RS-26 Rubezh was presumably developed as a
successor to the RSD-10 Pioneer missile, which was dismantled un-
der the INF Treaty (Maloney, 2015). According to
publicly available information, the development
of the Rubezh missile began no later than 2006,
incorporating experience from the Topol-M and

Weapon Warhead, kg Impact velocity Energy TNT, kg Estimated cost Yars ICBM programs as a lighter variant

Hypersonic kinetic block 500 3.0 2250  ~538 $60-100 million (Bondarenko et al., 2024).

Warhead of Iskander-M  ~480 ~2.1 ~1058 ~253 $3-5 million Testing reportedly started in 2011, but the

Ez}l;_’g (‘)381156 missile ;ggo 5033 :;gs :‘S‘i é;%;g‘gl‘ggsand program was suspended in 2016. In 2018, it was
>4l officially announced that the Rubezh project had

Rods from God 1000 11 60500 ~14466 $150-300 million

Unlike nuclear or high-explosive warheads, kinetic strikes re-
duce collateral damage, offer greater political flexibility, and are po-
tentially harder to detect by early warning systems. The current

been excluded from the state armament programs
(Schneider, 2024). The RS- 26 Rubezh is closer in
size to a medium-range missile. In the case of the Oreshnik, the
event involved an almost vertical impact with high kinetic energy -
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which could correspond to a maneuverable reentry vehicle from the
Rubezh system, or its modified version without an explosive pay-
load.

Figure 7 — Presumed appearance of the RS-26 Rubezh mounted on
an MZKT-79291 chassis (Source: social media, open access)

Overview of the Avangard Project

Avangard is a strategic hypersonic missile system equipped
with a detachable maneuverable hypersonic glide vehicle (Fig. 8)
(Zhouwei et al., 2022). The system was placed on combat duty in
2019. As a carrier for the warhead, the UR-100N UTTKh Stiletto
ballistic missile (figure 8), developed during the Soviet era, is used.

Figure 8 — The UR-100N UTTKh missile, carrier of the Avangard
warhead (Source: social media, open access)

In addition, the RS-28 Sarmat ICBM is expected to become
the primary carrier for the Avangard warhead in the future. It was
reported that during tests in December 2018, the Avangard glide ve-
hicle exceeded 27 times the speed of sound (Gady, 2019). The na-
ture of the target impact corresponds to the characteristics of the
Avangard system. Although Avangard was originally designed as a
strategic nuclear weapon, its technology could feasibly be adapted
to create a non-nuclear modification capable of delivering a kinetic
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temperature gradients in rocket engine
cooling channels
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Purpose. This study aims to improve the accuracy of methods for determining fin efficiency. Its goal is to derive
calculation relationships for finning coefficients that account for transverse temperature non-uniformity within the
fin cross-section. Design / Method / Approach. The article presents the reduction of the heat conduction equation
for a fin to a dimensionless form, based on dimensional analysis of the variables involved. Further development
relies on analyzing the results of numerical simulations and their subsequent generalization. To this end, the
gradient descent method is applied, minimizing the quadratic error function. Findings. A criterial dependence has
been formulated to complement the derived heat conduction equation. Test calculations and comparisons with
numerical simulations in Ansys Fluent confirm an improvement in calculation accuracy when using the proposed
equation. Theoretical Implications. This paper addresses factors previously neglected in the analysis of heat
transfer in fins. The results of the study thus complement existing approaches to determining finning coefficients.
Practical Implications. The derived criterial relationship will enhance the accuracy of heat transfer calculations
in the chambers and gas generators of liquid rocket engines. Originality / Value. The paper introduces an original
criterial relationship that accounts for temperature non-uniformity across the fin cross-section. Incorporating this
factor improves calculation accuracy, highlighting the practical value of the developed equation. Research
Limitations / Future Research. This study focuses on rectangular fins; therefore, the proposed model is not
applicable to fins with variable thickness in the ducts of liquid propellant rocket engines (LPREs). Developing a
fin model without these limitations will be the objective of future research on this topic. Article Type. Applied
Research.
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MeTa. [JaHa pobGoTta crnpsivoBaHa Ha MiOBULLEHHS TOYMHOCTI METOAiB BM3HAYEHHS1 edheKTUBHOCTI OpebpeHHs.
MeToto po60oTK € OTpPMMaHHS PO3pPaxyHKOBWMX CMiBBIOAHOLEHb Ansi KoedilieHTiB opebpeHHs, Lo BpaxoBylOTb
TemnepaTtypHy HEpiBHOMIpHICTb y nonepeyHomy nepepisi pebpa. OusanmH /| Metom / Mipxip. Y crarTi
npegcTaBneHi pesynsratv NpUBEAEHHS PIBHSAHHS TennonpoBigHOCTI B pebpi 4o 6e3po3mipHOro Buay Ha OCHOBI
aHanisy po3MipHOCTEW BENWYMH, WO BXOAATb A0 PIiBHAHHA. HacTynHa 4yactuHa pobotn poboTa rpyHTYeTbCa Ha
aHanisi pe3ynbsraTiB YCENbHOro MOAENOBAHHS Ta iX NoganbLlIOoMy y3aranbHeHHi. [na uboro BUKOPUCTOBYETLCS
METOA rpagieHTHOro CMyCcKy 3 ypaxyBaHHAM MiHiMi3auii kBagpaTuyHOi yHKUii nomunkvi. PesynbraTty.
Po3pobneHo kpuTepianbHy 3anexHicTb, ka AOMNOBHIOE OTPUMAaHE PiBHAHHSA TEMnonpoBiAHOCTI y pebpi. Takox
npoBeAeHO TECTOBI PO3PaxyHKW Ta MOPIBHAHHS 3 YMcCenbHUM MoaentoBaHHAM y Ansys Fluent, wo niagTeepoxyoTtb
NiOBWLLEHHS TOYHOCTI PO3PaxyHKy MpW BUKOPUCTaHHI OTPMMAaHOIO PiBHAHHSA. TeopeTU4YHe 3Ha4YeHHA. Y poborTi
po3rnsHyTi dakTopw, WO BANMBaOTL Ha Tennonepenady B pebpax, AKMMu paHille HEXTYBanocs. Takum YMHOM,
pesynsratu, OTpUMaHi B AOCHIAXEHHI, AOMNOBHIOIOTb iCHYHOYI NiAX0AM OO0 BU3HAYEHHsT KoedilieHTiB opebpeHHs.
MpakTuyHe 3Ha4veHHs. OTpumaHa KpuTepianbHa 3anexHiCTb A03BOMUTL NIABMLLUMTU TOYHICTb PO3paxyHKiB
Tenenepeaadi y kamepax Ta ra3oreHepatopax PiavHHUX pakeTHUX ABuryHie. OpuriHanbHicTb / LliHHicTb. PoboTa
MICTUTb OpUriHanbHe KpuTepianbHe CMiBBIOHOLLEHHS, Lo A03BOSISE BPaxoByBaTu TeMMNepaTypHy HEPIBHOMIPHICTb
y nonepeyHomy nepepisi pebpa. YpaxyBaHHS LbOro haktopy A03BOMNSA€ NiABULLMTU TOYHICTb PO3paxyHKiB, O
3YMOBIIOE ULIHHICTb OTPUMAHOrO PIBHAHHA MNif 4ac MNPOBEAEHHS MNPaKTUYHUX pO3paxyHKiB. OOMeXeHHs
pocnigxeHHs / ManbyTHI gocnigxeHHsA. Y LboMy AOCHiAKEHH po3rnsigaoTees NpsiMOKyTHI pebpa. BignosigHo,
oTpyMaHa mopgernb He Moxe OyTu BUKOpUCTaHa Ans BU3HAYeHHs koedilieHTa opebpeHHst B TpakTax PianMHHMX
pakeTHux asuryHis (PPL) 3 pebpamu 3miHHOT TOBLLMHN. Po3pobka Mogeni pebpa, sika 6yna 6 nosbasneHa AaHUx
obmexeHb, cTaHe MeTOolo noganbLlunx gocnigkeHb 3 AaHoi TeMaTuki. Tun ctatTi. MNpuknagHe gocnigXeHHs.
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Accurate calculation of the influence of fin parameters on heat
transfer in the cooling tract is a critical stage in the design of liquid-
propellant rocket engine chambers and has been the subject of ex-
tensive research in recent studies (Leonardi et al., 2019; Vekilov et
al., 2021). This is primarily due to the fact that the fin efficiency
coefficient can assume values either greater or less than one. Con-
sequently, in some cases, the selected fin geometry may actually de-
grade heat transfer performance. To prevent such outcomes, reliable
and precise methods for calculating all heat transfer parameters are
essential.

However, many widely used approaches were developed dur-
ing the last century. At that time, the ability to conduct a large num-
ber of computational experiments was limited, and several methods
were deliberately simplified to allow for manual calculations with-
out the use of computers. As a result, these established methods pos-
sess significant limitations regarding the ranges of parameters
within which their application remains valid.

An example of such a technique is the traditional approach to
fin calculations (Forsberg, 2021). In deriving the heat conduction
equation for a fin, simplifications are introduced by treating the fin
as a rod whose cross-sectional dimensions (a?) are small compared
to its length (L) (see Fig. 1), thereby reducing the problem to a one-
dimensional heat conduction formulation.

Fluid at T, h
Wall at T /

Figure 1 — Considered configurations (Source: Forsberg, 2021)

As a result, the equation incorporates an average temperature
over the fin’s cross-section. However, the intensity of heat transfer
depends on the surface temperature of the fin, which, in the general
case, differs from the cross-sectional average. Moreover, in real en-
gines, the geometry of fins does not always align with these simpli-
fying assumptions. Therefore, applying this equation can lead to
significant errors in certain cases.

An alternative approach involves developing new mathemati-
cal models based on the generalization of numerical experiment re-
sults. Such models, on the one hand, overcome the limitations of
earlier methods, and on the other hand, enable the rapid determina-
tion of cooling system parameters — an important advantage in the
context of growing competition in the rocket and space industry.
This is supported by studies (Sliusariev & Bucharskyi, 2024; Bu-
charskyi et al., 2018), which demonstrate that new mathematical
models can achieve improved accuracy while reducing the compu-
tational effort required.

Naturally, the resulting mathematical models are less conven-
ient for manual use, but they are better suited for algorithmic imple-
mentation and programming. Therefore, a key consideration in this
context is the effective use of computer-integrated technologies in
rocket engine design, as illustrated in (Sukachevskyi & Shevtsov,
2024). At the initial stage of model development, it is important to
determine the target platform for implementation—whether it will
be a computer algebra system such as Mathcad (PTC Inc, 2025), or
specialized libraries for general-purpose programming languages,
such as SciPy for Python (Virtanen, P et al., 2020). This helps to
identify the available capabilities and limitations from the outset. In
their work, the authors focused on the functionality provided by the
Wolfram Mathematica system (Wolfram Research, Inc., 2025).

It is also important to note that such a model is applicable not
only to LPRE chambers, but also to other components, such as gas
generators and heat exchangers in tank pressurization systems (Mi-
tikov & Sedchenko, 2023). The results obtained may also prove val-
uable in the development of new heat supply systems, whose sig-
nificance is highlighted in recent studies (Bilohurov et al., 2024; To-
karskyi & Habrinets, 2024).

Literature review and problem statement

To confirm the relevance and novelty of the problem, a review
of recent research in this area was conducted. The literature analysis
revealed that many contemporary studies are still based on classical
finning theory. Examples include studies (Sichler et al., 2018; Kose
& Celik, 2023), which present the development of one-dimensional
models for cooling rocket engine chambers using methane — a par-
ticularly timely topic given the growing interest in this fuel, driven
in part by the success of SpaceX’s Raptor engine (Williams, 2023).

Another widely adopted approach involves the use of com-
puter-aided engineering (CAE) systems. These tools enable the sim-
ulation of both hydraulic processes within cooling channels and heat
conduction through chamber walls and fins. For instance, study
(Jeong et al., 2023) demonstrates the feasibility of modeling heat
transfer using open-source software, which offers a cost-effective
alternative for small companies and startups unable to invest in
commercial solutions. In other studies (Xu et al., 2023; Kim et al.,
2014), heat conduction in the chamber wall and fins was modeled
as part of a conjugate heat transfer analysis of the engine chamber.
However, it is important to note that numerical modeling requires
substantial computational resources and remains time-consuming,
even with modern tools.

An innovative approach was proposed in (Fagherazzi et al.,
2023), where a novel multi-zone method was applied to calculate
heat conduction within the fins. This technique improved the accu-
racy of the results, though it came at the cost of increased computa-
tional complexity. The authors validated their model by comparing
its predictions with data from hot-fire tests of an engine chamber.

Recent studies also explore the optimization of cooling duct
geometry. In (Lv et al., 2023), temperature fields in the chamber
walls — obtained through three-dimensional numerical simulations
— were analyzed to guide the optimization of channel parameters.
Another study (Atefi & Naraghi, 2019) formulated an optimization
problem based on classical methods for evaluating heat transfer in-
tensity, finning efficiency, and pressure losses. Using an iterative
approach, the authors determined duct geometries that minimized
either temperature variations along the duct or the maximum wall
temperature.

However, the literature review also revealed a lack of suffi-
ciently simple analytical relationships that account for transverse
temperature non-uniformity. Such models would be particularly
useful during early-stage design and for conducting parametric
studies. In light of these considerations, the development of a math-
ematical model that accounts for transverse temperature non-uni-
formity in the fins of LRE cooling channels remains a relevant task.

Objective and Tasks

The objective of this study is to develop an approach for cal-
culating the finning coefficient that accounts for the reduction in
heat transfer intensity from the fin surface due to transverse temper-
ature non-uniformity within its cross-section.

To achieve this objective, the following tasks are addressed:

— reformulate the heat conduction equation for a straight fin
into a dimensionless form by deriving the characteristic dimen-
sionless criteria;

— perform numerical simulations of heat conduction in fins
and assess the error in the resulting equation associated with tem-
perature non-uniformity;

— derive a criterial relationship for the heat conduction equa-
tion in the fin that incorporates the effect of temperature non-uni-
formity.

Materials and Methods

In this study, the theory of dimensions and similarity was em-
ployed to reformulate the heat conduction equation in a dimension-
less form.

The influence of transverse temperature non-uniformity in the
fin cross-section was evaluated using the results of numerical sim-
ulations. Thermal conductivity modeling was carried out in the
CAE system Ansys Fluent 2020 R1. In these simulations, the fin
thickness (8), material thermal conductivity (A), and the heat trans-
fer coefficient (o) were varied. The considered cases, along with the
problem setup, are presented in Figure 2.
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Figure 2 — Considered configurations (Source: Authors)

To derive the criterion-based correlation from the numerical
simulation results, regression analysis (Mohr et al., 2022) was per-
formed using logarithmic scaling. This approach is applicable to a
relationship of the form:

u=_Czm (1)
After that, the logarithms of both sides of the equation are
taken:
In(u) = In(C) + m In(2),
resulting in a linear regression model:
y=a+mx, 2)

where ¥ = In(u), a =In(C), x = In(2).

Next, the coefficients @ and m were determined using the gra-
dient descent method by minimizing the quadratic error function.
To achieve this, we define the following function:

1 . .
J(a,m) =ﬁ2(9(‘) —y®)%,

where N — number of data points used for the regression, y — repre-
sents the known function values for these data points, ¥ — value pre-
dicted by equation (2) using the current coefficients @ and m. At each
iteration, the coefficients a and m are updated according to the fol-
lowing expressions:

aJ
aca-ny; 3)
mem—n2L 4
Mom
Here,  — learning rate, chosen as the maximum value that en-

sures numerical stability. The partial derivatives in equation (3, 4)
are defined as follows:

o 1 o
é = NZ(a +mx® — y©) xO;

aJ 1 . .
—_=— E @ — @
3 N (a+mx y )

The calculation was performed iteratively until the coeffi-
cients a and m converged.

Results

This study considered ribs of constant thickness. To formulate
the corresponding equation, the relationship proposed by the au-
thors in (Sliusariev & Bucharskyi, 2024) was taken as a starting
point:

%(/16 %) =a(T—Ty) 1+ (Z—i)z

a transformation was then applied to express the temperature in
terms of the excess temperature relative to the liquid temperature:

0=T—"Ty

Additionally, a simplification was introduced based on the

assumption that the ribs are straight:
dé
a = 0
As a result, the equation was rewritten in the following form:
d de

L(16%2)=as. (5)

dx dx
The associated boundary conditions can be expressed as:

x=0-0 =0
a6

xX=x -»—=0.
max a x
Next, dimensional analysis was applied to the problem, with
the temperature 6 expressed as a function of the parameters in the
original equation:

0=f(38 ax0).

In this case, the total number of variables is n = 6. Among
them, it is possible to select k = 3 variables with independent dimen-
sions: mass (m), temperature (K) and power (W). According to the
Buckingham n-theorem (Ting, 2022), the relationship can be re-
duced to n - k = 3 dimensionless parameters. By selecting 6,
A and § as the repeating (base) variables, the following dimension-
less groups were obtained:

0 x

HOZQ_OZR; leg:Z; HZZ_:BL;

My = oIy, ITy).

In the resulting equation, Bi represents the Biot number — a
well-known similarity criterion defined as the ratio of the wall’s
thermal resistance, § /A, to the thermal resistance associated with
heat transfer from the surface, 1/a.

To establish a relationship between Ilo and the dimensionless
groups I and I, the variables from equation (5) were re-expressed
in terms of these new dimensionless parameters:

10
T sa7

x ox
—=z-20z=—/->0x=60z—> —

é é ox

R - 0R 26 08 = 6, OR
_— bd = — > = .
0 0 °
After substitution and simplification, the equation was ob-
tained in the following form:

1 9%R
oz T ©)

The corresponding boundary conditions were written as:
z=0->R(0)=1;
OR

Z = Zmax = i 0.

Next, numerical modeling of heat conduction within the fin
was carried out. As shown in Figure 3, preliminary calculations con-
firmed the relevance of the problem, as a noticeable difference was
observed between the surface temperature of the fin and the average
temperature across its cross section.
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Figure 3 — Temperature variations along the wall (Source: Authors)
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To assess the influence of various cooling channel parameters
on the observed discrepancy, a series of parametric calculations was
performed. The parameters varied included fin thickness, the ther-
mal conductivity of the fin material, and the heat transfer coeffi-
cient. Table 1 presents the extracted heat fluxes obtained from An-
sys Fluent (q,) and from the derived equation (q.), along with the
corresponding error (A). The calculations were performed for the
configurations shown in Figbre 2.

Table 1. Summary of calculation results (Source: Authors)

Ne é, 4, a, Gas qes A,
mm W/(mK) Wm*K) kW kW %

1 0.5 20 5 5.9 6.0 1.0
2 15 10.1 104 2.5
3 30 14.0 14.7 4.6
4 300 5 15.1 15.1 0.1
5 15 35.0 35.1 0.3
6 30 54.2 54.4 0.5
7 1.25 20 5 8.8 9.1 2.5
8 15 15.5 16.4 5.6
9 30 21.1 23.2 9.3
10 300 5 16.6 16.7 0.3
11 15 43.6 43.9 0.8
12 30 74.0 75.0 1.3

As shown in the table, the error exceeds 5% in some calcula-
tion cases, which is considered unsatisfactory. Figure 4 illustrates
the influence of the fin material's thermal conductivity and the fin
width on the non-uniformity of the temperature distribution across
the cross section. The analysis indicates that the error associated
with this effect increases with greater fin thickness and higher heat
transfer coefficients, as well as with lower thermal conductivity of
the fin material. These parameters collectively define the Biot num-
ber, which appears in the derived heat conduction equation for the
fin.

Fin #9 Fin #6

3000 3600 4200 4800 5400 600.0 660.0 7200 7800 8400

EEm— -]

Total Temperature

9000 k1

Figure 4 — Results of numerical simulation (Source: Authors)

To derive a relationship that accounts for the influence of tem-
perature non-uniformity across the fin cross-section on the finning
coefficient, the heat conduction equation was sought in the follow-
ing form:

1 9°%R
Bi* 9z2 =
where Bi* denotes an effective Biot number. Based on the results of
the numerical experiment, this effective Biot number was defined
as:

Bi* = Bi (qe/Qa)zl
where ¢, is the heat flux obtained from the Ansys Fluent simulation
and ¢. is the heat fluxes calculated by integrating equation (6):
e = a 8, 0 [[" R(2) dz. (7

Since the effective Biot number, Bi*, depends on the calculated
Biot number, its relationship was assumed to take the following
form:

Bi* = C Bi™.

Since the target function has the form of equation (1), the pre-
viously described regression analysis method was used to determine
the unknown coefficients. The resulting values of the coefficients
were: C = 0.853, m = 1.04.

The resulting correlation was extended using equation (6). As
a result, based on the numerical simulations conducted in Ansys
Fluent, the following relationship was obtained:

i~1.04 °R _
0.853 Bi104 =2 = R, (8)

Next, we derive an expression for calculating the finning coef-
ficient, incorporating the previously obtained relationship. By defi-
nition, the finning coefficient is the ratio of the heat flux through a
finned surface to that through a smooth wall:

ny = Z—: ©

The heat flux through smooth walls is calculated using the
Richman equation:

qs = @ R(0)0y s = a 0, s; (10)

To determine the heat flux through the fin in equation (7), the

standard function R from equation (6) was replaced with a new
function (8) that accounts for temperature non-uniformity:

g5 = a8, 60 " (0853 B2 28) a2 (1)

By substituting expressions (10) — (11) into equation (9), and
considering that the rib covers only part of the wall surface, we ob-
tain a formula for calculating the finning coefficient that accounts
for transverse temperature non-uniformity in the rib cross section.
After some simplifications, the final expression for the finning co-
efficient is given as follows:

2
6, J;m (08538119 T E) dz + (s - 6)

Mr S

Discussion

The obtained correlation was subsequently verified. In this
study, the results of numerical modeling in Ansys were used as the
reference, which is a reasonable assumption given that modern CAE
systems can accurately simulate a wide range of physical processes.
One limitation of the study is the small sample size used for the
comparison, which will be addressed in future work. A visualization
comparing the deviations between the classical method, the new
equation, and the numerical modeling results is shown in Fig. 5.

10%
9%
8%
M Traditional equation
7%
m New equation
6%

5%

4%

3%

2%

=~ h l.wl

0% I _I Ml m I | | mll Il _
1 2 3 4 5 6 7 8 9 10 11 12

Figure 5 — Variation of the calculated error when applying the
derived equation (Source: Authors)

For the cases considered (see Figure 2, Table 1), this equation
yields an error of no more than 2%, representing a reduction in error
by more than a factor of 4.5. Based on this comparison, obtained
correlation can be recommended for use in practical calculations of
cooling liquid propellant rocket engine chambers.

Conclusions

This study presents a new approach to determining the finning
coefficient that accounts for the non-uniform temperature distribu-
tion across the fin cross-section. To achieve this goal, the previously
derived heat conduction equation for a straight fin was first trans-
formed into a dimensionless form using similarity theory. This
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transformation yielded key dimensionless parameters, including the
dimensionless temperature, dimensionless coordinate, and the Biot
number.

Subsequently, a series of numerical experiments were con-
ducted to investigate heat conduction in the fins, using the Ansys
Fluent CAE system for modeling. Based on the analysis of the sim-
ulation results, the error of the equation — caused by the transverse
temperature non-uniformity in the fin cross-section — was estimated.
For the cases considered, this error reached up to 9.3%.

Next, using the dimensionless criteria, a modified heat conduc-
tion equation was derived for the fin, incorporating the effect of
transverse temperature non-uniformity. The coefficients of this
equation were determined through regression analysis based on pre-
viously obtained numerical simulation results. Subsequent valida-
tion calculations demonstrated that, for certain fin configurations,
the use of the proposed equation reduces the computational error by

more than a factor of 4.5. The final equation was integrated into the
expression for calculating the finning coefficient.

As aresult, this study presents an original mathematical model
that accounts for temperature non-uniformity across the fin cross-
section. This improvement enhances calculation accuracy and can
reduce the time required for the design and testing of components.
Considering the above, the proposed approach is recommended for
use in the thermal analysis of cooling channels in the chambers and
gas generators of liquid rocket engines.

Akey limitation of the proposed model is its assumption of fins
with constant thickness. This restricts its applicability to advanced
3D-printed fin geometries with complex shapes. Future research
will aim to refine the model to more accurately capture temperature
non-uniformity within the fin cross-section. In particular, the influ-
ence of variable fin geometry will be explored to develop a more
general and broadly applicable model.
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Austenite Stability and Wear Resistance of High-
Manganese Steels

Hennadii Snizhnoi ©©, Volodymyr Sazhnev ©, Serhii Sheyko ©,
Olexandr Shapurov 0, Anastasiia Hrechana

Purpose. Classification of wear-resistant components used in metallurgical equipment by category and
optimization of high-manganese steel selection. Design / Method / Approach. The study was conducted on
steels produced in induction furnaces with water quenching at 1050 °C. Samples of 5 x 3 x 3 mm? were subjected
to slow plastic deformation by compression. The degree of deformation was determined by the ratio of the sample
thickness before and after deformation. The magnetic state was evaluated by the magnetometric method using a
Faraday balance. Findings. At 20—30% deformation, 110Mn8 formed 2.787 vol.% a’-martensite, 110Mn10 — 0.263
vol.%, 110Mn13 — 0.107 vol.%, and 110Mn18 — 0.006 vol.%. Steels 110Mn8 and 110Mn10 exhibit low austenite
stability, while 110Mn13 and 110Mn18 are metastable. A classification of parts by operating conditions was
proposed: | — especially critical purpose (110Mn13, 110Mn18), Il — critical purpose (110Mn10), Ill — general
purpose (110Mn8). Theoretical Implications. The study enhances understanding of the role of martensitic
transformation in the wear resistance of high-manganese steels and clarifies the relationship between chemical
composition and austenite stability. Practical Implications. The classification enables optimized steel selection
for parts based on operating conditions, reducing material costs and improving equipment reliability. Originality
| Value. This is the first study to propose a classification of metallurgical equipment parts by categories,
considering austenite stability, facilitating rational material selection. Research Limitations / Future Research.
Future research should explore the effects of additional alloying elements and compare them with other
deformation types. Article Type. Empirical.

Keywords:

high-manganese steel, austenite, martensitic transformation, wear resistance, Hadfield steel, metallurgical
equipment, and impact wear, plastic deformation

MeTa. KnacudikaLis 3HolyBaHWX aeTanein MmeTanypriiHoro obnagHaHHs 3a kaTteropismMy Ta onTumisadii Bubopy
BYCOKOMapraHueBux ctanen. OQusanH / Metopn / Migxia. JocniokeHHs NpoBOAUNN Ha CTansx, BUTOTOBMEHUX B
iHOYKUiMHUX nevax 3 rapTyBaHHaAM Yy Bogi 3 1050 °C. 3pasku poamipom 5 x 3 x 3 mm*® niggaBanv NOBInbHIN
nnacTu4Hin gedgopmaldii ctucHeHHsM. CTyniHb Aedopmalii BU3Havanu 3a cniBBigHOLLEHHSIM TOBLUUHM 3pa3ka [0
i nicna gecpopmalii. MarHiTHUIA cTaH ouiHOBanNu MarHiToMeTpUYHMM METOAOM 3a Aonomoroto 6anaHcy Papages.
PesynbraTn. BctaHoBneHo, wo npu gedopmadii 20-30% y 110Mn8 cdopmyetbes 2,787 06.% a'-mapTeHcuTty, y
110Mn10 - 0,263 06.%, y 110Mn13 — 0,107 06.%, y 110Mn18 — 0,006 06.%. Ctani 110Mn8 i 110Mn10 matoTb
HM3bKY CTabinbHICTb aycTeHiTy, Toai sk 110Mn13 i 110Mn18 € meTacTabinsH1MK. 3anponoHoBaHo knacudgikaLio
Jetanen 3a ymoBamu ekcnnyaradii: | — ocobnmBo KpUTUYHOIO nNpusHayeHHs, |l — KpuTuYHoro npusHadeHHs, 1l —
3arasibHoro npusHadyeHHsi. TeopeTU4He 3HauYeHHA. [JoCniaXeHHs1 pO3LLMPIOE 3HAHHSA MPO BMNSIMB MAPTEHCUTHOTO
nepeTBOPEHHST Ha 3HOCOCTINKICTb BUCOKOMapraHueBWX cCTanewn i YTOYHIOE 3B’A30K MiXK XiMiYHMM CKnagom Ta
ctabinbHicTio aycTeHiTy. lMpakTnyHe 3Ha4veHHA. OpwuriHanbHicTb / LUiHHicTb. Knacudikauis possonsie
onTMMmi3yBaTu BUOIp CcTani onsa getanewn 3anexHo Bif YMOB eKcrnyaTtauii, 3MEHLLYYM BUTpaTh Ha maTepianu 1a
NiABULLYIOYN HafiiHICTL obrniagHaHHS. O6MexeHHA aocnimkeHHs / ManbyTHi gocnigxeHHA. PekomeHayeTbes
OOCNiANTU BMAMB AOAATKOBUX NENyHUYMX €NeMEHTIB Ta MOPIBHATU 3 iHWKWMK Tunamu gedopmadii. Tun crarTi.
Emnipuyna.
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In heavy machinery engineering, lining plates, hammers and
crusher hammers, bottom, teeth and rockers of quarry excavator
buckets, cones and bowls of large and medium crushing cone crush-
ers, linings of ball and rod mills are made mainly out of Hadfield
steel (110Mn13(casting) — Standard in Ukraine). One of the unique
advantages of high-manganese steel is the high ability of manganese
austenite to work hardening, which determines the hardness value
of HB 500-600. The steel is also distinguished by high values of
plastic characteristics (relative elongation & and narrowing V') from
15 to 40%, impact toughness KCU from 1.5 to 3.0 MJ/m? (Wen,
2014; Giirol, 2020). Moreover, these properties are preserved in the
temperature range from -40 to 80 °C.

However, despite numerous studies (Sazhnev & Snizhno,
2023; Sereda et al, 2012; Sheyko et al, 2021) of the influence of
various factors on the properties of high-manganese steel and exten-
sive experience in its industrial use, the performance characteristics
of castings from it remain very unstable. In some cases, they do not
meet the requirements. Even the same type of castings from the
same enterprise under the same operating conditions differ in ser-
vice life by several times. This does not allow to ensure high relia-
bility of equipment operation and indicates a reserve of quality of
high-manganese casting.

The widespread opinion about the high wear resistance of
110Mn13(casting) steel regardless of the nature and operating con-
ditions led to its use as a universal wear-resistant material. But high
strengthening properties of 110Mn13(casting) steel can be obtained
only under conditions of strong static or shock loading. At low
loads, its ability to harden deteriorates.

In many literature sources, this behavior of manganese steels
is explained by the initial microstructure and phase changes during
the operation of products (Yan et al, 2023; Ayadi et al., 2024; Ding
etal., 2022; Li et al, 2023). In the work (Han et al., 2023), where the
tribological behavior of Hadfield steel under sliding wear conditions
was studied, it was found that increasing the load leads to the for-
mation of a nanocrystalline layer with martensitic transformation.
Martensitic transformation provides additional strengthening and,
thus, reduces abrasive wear. The degree of stability of austenite is a
key factor in martensitic transformation and is related to its mor-
phology, grain size, carbon and manganese content, neighboring
phase and orientation.

International standards define a fairly wide range of concentra-
tion limits for carbon and manganese content. This leads to the fact
that in production, in matters of specific content, they are guided
more by their own experience than by the limits recommended by
the standard.

Experience in application and scientific research of the prop-
erties and operating conditions of parts made of high-manganese
steel have produced a number of proposals for the content of carbon,
manganese and other elements for specific operating conditions.
Thus, in conditions of predominantly abrasive wear, the recom-
mended content of carbon is >1.3%, manganese <12%, phosphorus
up to 0.12%. Under predominantly shock loads, the recommended
content of carbon is <1.3%, manganese >12%, phosphorus <0.08%
(Snizhnoi et al, 2024; Sheyko et al, 2023).

Such recommendations for the composition of high-manga-
nese steels are aimed primarily at managing the stability of austenite
and obtaining a certain phase-structural composition (Sheyko,
2023; Sheyko, 2016) for specific operating conditions. At the same
time, martensitic transformation is one of the key factors affecting
the wear resistance of steel during operation (Ol’shanetskii et al.,
2016; Bhattacharya et al., 2024).

The variability in the performance of high-manganese steel
castings is a critical issue that necessitates a deeper understanding
of the material’s behavior under diverse operational conditions. The
instability of austenite and its propensity for martensitic transfor-
mation are influenced not only by chemical composition but also by
processing parameters such as heat treatment and casting techniques
(Sheyko et al, 2023). For instance, improper heat treatment can lead
to the formation of undesirable phases, such as carbides, which
compromise the steel’s toughness and wear resistance (Sereda et al,
2012). Furthermore, the cooling rate during casting affects the grain
size and distribution of austenite, which in turn impacts the mate-
rial’s ability to undergo work hardening (Ding, 2022). These factors
highlight the need for precise control over manufacturing processes
to achieve consistent material properties.

Research has also shown that the tribological performance of
Hadfield steel is highly dependent on the type of wear mechanism
encountered. In abrasive wear scenarios, the formation of a hard-
ened surface layer through work hardening is crucial for extending
service life (Hu, & Fu, 2024). However, under low-load or sliding
wear conditions, the absence of sufficient stress to induce marten-
sitic transformation results in suboptimal performance (Ayadi et al.,
2024). This underscores the importance of matching the material’s
composition and microstructure to the specific wear conditions it
will encounter. For example, in applications involving high-impact
loads, a higher manganese content is preferred to enhance austenite
stability and promote martensitic transformation under dynamic
loading (Snizhnoi et al, 2024).

Another critical aspect is the role of alloying elements beyond
carbon and manganese. Elements such as chromium, molybdenum,
and phosphorus can significantly influence the phase stability and
mechanical properties of high-manganese steel (Li et al, 2023). For
instance, controlled additions of chromium can enhance corrosion
resistance and stabilize austenite, while excessive phosphorus can
lead to embrittlement (Sheyko et al, 2023). These findings suggest
that a tailored alloying strategy, combined with optimized pro-
cessing, is essential for maximizing the performance of Hadfield
steel in specific applications.

To address the challenges associated with the inconsistent per-
formance of high-manganese steel, this study aims to classify wear
parts used in metallurgical production based on their operational
roles, such as abrasive or impact-dominated environments. By cat-
egorizing these components, it becomes possible to recommend
specific compositional and processing guidelines for each category
(Sheyko et al, 2021). Additionally, the research focuses on investi-
gating the stability of austenite during plastic deformation, with a
particular emphasis on the conditions that trigger martensitic trans-
formation. Understanding these mechanisms is vital for developing
strategies to enhance the wear resistance and reliability of high-
manganese steel components (Bhattacharya et al., 2024).

Ultimately, this work seeks to bridge the gap between theoret-
ical insights and practical applications by providing a framework
for optimizing the composition, microstructure, and processing of
Hadfield steel. By addressing the variability in performance and tai-
loring the material to specific operating conditions, it is possible to
improve the durability and efficiency of heavy machinery compo-
nents, thereby enhancing the overall reliability of metallurgical
equipment (Yan et al, 2023).

The purpose of this work: to classify wear parts of equipment
for metallurgical production by category depending on their pur-
pose; to research the stability of austenite to martensitic transfor-
mation during plastic deformation.

Hadfield steel, in particular grade 110Mn13 and its variants
(110Mn8, 110Mn10, 110Mn18), is a key material for the manufac-
ture of wear-resistant parts for metallurgical equipment such as cone
crushers, ball mills and buckets for mining excavators. Its excep-
tional ability to be hardened due to its austenite stability and ten-
dency to martensitize makes it particularly suitable for withstanding
the intense impact wear typical of these applications. Impact wear,
which occurs due to dynamic loads during crushing and grinding, is
the primary failure mechanism for such parts, requiring a deeper
understanding of the impact of compositional variations in Godfield
steel on its performance.

Materials and Methods

The experimental steels were melted in induction crucible
electric furnaces by the fusion method, ingots 100x100x200 mm
were poured, which were quenched in water from 1050 °C (holding
time 3 hours). From the middle of the quenched ingots, samples in
the form of rectangular parallelepipeds measuring 5x3x3 mm? were
cut out by cold mechanical means. Slow plastic uniaxial compres-
sion deformation at room temperature was carried out on a special
laboratory installation. The degree of residual deformation D=(do-
d)/do was calculated from the ratio of the thicknesses before (do) and
after (d) deformation. The magnetic state of the samples (paramag-
netic austenite and ferromagnetic o’-martensite deformation) after
each act of compression was determined by the magnetometric
method (Faraday balance) (Snizhnoi et al, 2012). In the case of the
y—a' transformation, the amount of P’ formed ferromagnetic o'-
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martensite deformation was determined using a method similar to
(Snizhnoi, 2011). This method allowed us to determine an ultra-low
amount of ferrophase in volume percentages (from 0.001%), since
it takes into account the influence of the magnetic moment of the
paramagnetic austenite matrix. The chemical composition of the ex-
perimental manganese steel melts is given in Table 1.

To ensure the accuracy and reproducibility of the experimental
results, the preparation of the steel samples followed a standardized
protocol. The induction crucible electric furnaces used for melting
were calibrated to maintain consistent temperatures and minimize
impurities during the fusion process. The ingots were cast under
controlled conditions to avoid defects such as porosity or inclusions,
which could affect the mechanical properties of the samples. The
quenching process at 1050 °C was carefully monitored to achieve a
uniform austenitic microstructure, as this initial structure is critical
for the subsequent deformation and phase transformation studies
(Sheyko et al, 2023). The holding time of 3 hours was selected to
ensure complete dissolution of carbides and homogenization of the
alloying elements within the austenite matrix (Sereda et al, 2012).

Table 1 — Chemical composition of the researched steels (mas., %)
(Created by the authors)

No. Typeof C Mn Si Cr Al P S Ni Mo
steel

1 110Mn8 1,14 8,60 0,66 0,10 0,019 0,088 0,040 — -
(casting)

2 110Mnl0 1,19 1047 0,45 0,01 0,022 0,100 0,015 — -
(casting)

3 110Mnl3 1,16 13,80 0,76 0,10 0,018 0,092 0,016 — -
(casting)

4 110Mnl8 1,23 17,50 0,62 1,37 - 0,030 — 0,35 0,24
(casting)

The selection of the sample dimensions (5x3x3 mm?®) was
based on the requirements of the magnetometric analysis and the
deformation setup, ensuring that the samples were small enough to
allow precise measurements while maintaining structural integrity
during compression. Cold mechanical cutting was employed to
avoid introducing thermal stresses or microstructural changes that
could arise from hot cutting methods (Ding et al., 2022). The uniax-
ial compression tests were conducted at a controlled strain rate to
simulate slow plastic deformation, which is representative of certain
operational conditions in heavy machinery components (Tressia &
Sinatora, 2023). The laboratory installation was equipped with high-
precision sensors to measure the thickness of the samples before and
after deformation, enabling accurate calculation of the residual de-
formation degree.

The magnetometric method using the Faraday balance was
chosen for its high sensitivity in detecting the formation of ferro-
magnetic o’-martensite within the paramagnetic austenite matrix.
This method is particularly effective for quantifying ultra-low
amounts of martensite, which is essential for studying the early
stages of the y—a' transformation (Snizhnoi, 2011). The calibration
of the Faraday balance was performed prior to each measurement to
account for environmental magnetic fields and ensure reliable data.
The influence of the paramagnetic austenite matrix on the magnetic
moment was carefully considered, as described in (Snizhnoi et al,
2012), to isolate the contribution of the ferromagnetic phase. This
approach allowed for precise determination of the volume percent-
age of o’-martensite, even at levels as low as 0.001%.

To complement the magnetometric analysis, the chemical
compositions of the experimental steels (Table 1) were verified us-
ing spectroscopic methods to ensure compliance with the specified
alloying ranges. The variations in manganese content (8.60—
17.50%) and carbon content (1.14—1.23%) across the four steel
types were intentionally designed to investigate their effects on aus-
tenite stability and martensitic transformation under deformation
(Sheyko et al, 2023). Additional alloying elements, such as silicon,
chromium, aluminum, phosphorus, sulfur, nickel, and molyb-
denum, were included to study their influence on the mechanical
and tribological properties of the steels, particularly in relation to
wear resistance under different loading conditions (Li et al, 2023).
The absence of certain elements in some steel types (e.g., nickel and
molybdenum in steels 1-3) was deliberate to isolate the effects of
manganese and carbon.

The experimental design also accounted for potential varia-
tions in microstructure due to differences in cooling rates during
quenching. To mitigate this, all samples were quenched in water un-
der identical conditions, and the middle section of the ingots was
used to ensure uniformity in microstructure and avoid surface-re-
lated anomalies (Yan et al, 2023). The data collected from the de-
formation and magnetometric analyses were statistically processed
to identify trends in the relationship between chemical composition,
deformation degree, and martensitic transformation, providing a ro-
bust basis for classifying wear parts and optimizing their perfor-
mance in metallurgical applications (Bhattacharya, 2024).

Results and Discussion

Analysis of operating conditions of replaceable parts of
metallurgical production equipment

Working parts of heavy machinery (plates, cones, bowls, ham-
mers, side walls of crusher working areas, main structural elements
of mill drums, parts of quarry excavator buckets, etc.) used at met-
allurgical enterprises are made entirely or lined with plates of
110Mn13 (casting) steel.

During operation, these parts come into contact with the mate-
rial being crushed, therefore they are subjected to tensile, compres-
sive, bending, and shear loads. In this case, a combination of two or
more types of destructive action on the same part is possible, and
purely abrasive wear without additional loads is also possible. All
of these parts, during normal operation, without the occurrence of
emergency situations, fail due to abrasive wear, while the thickness
of the worn steel layer can reach 100-150 mm or more (Fig. 1).

Thus, during trouble-free operation, replaceable parts of al-
most all types of equipment made of 110Mn13 (casting) steel, de-
spite the fact that the static and dynamic loads acting on them differ
significantly, fail due to abrasive wear, and premature failure due to
the occurrence of a crack or other reasons is the result of abnormal
situations during operation or poor-quality casting.

Depending on the degree of static or dynamic load under con-
ditions of abrasive wear and the possibility of abnormal situations
during operation, replaceable parts are proposed to be divided into
three categories (Table 2).

For parts of II group and, especially, III group, it is possible to
use steels with a reduced manganese content compared to 110Mn13
(casting) steel. The physical and mechanical properties of such
steels are lower, but they are sufficient to ensure reliable operation
of parts subjected to minor static or dynamic loads during operation
(Hrechanyi et al., 2024; Belodedenko et al., 2022; Belodedenko et
al.; Belodedenko et al., 2024; Yavtushenko et al, 2019).

Part before operation
c d

Part after operation

Figure 1 — Parts of crushing and grinding equipment and quarry
excavators made of 110Mn13(casting) steel: a, b — cone crusher
armor; ¢, d — single-shaft ball mill lining (Created by the authors)
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il

Part after operation

Part before operation
g h

Figure 1 (continued) — Parts of crushing and grinding equipment
and quarry excavators made of 110Mn13(casting) steel: e, f — unified
ball mill lining; g, h — front wall of excavator bucket with teeth
(Created by the authors)

Table 2 — Distribution of replaceable wear parts of equipment for
metallurgical production by categories depending on operating
conditions (Created by the authors)

Number Name ofthe  Type of  Name of the part

ofthe  category steel
category
1 Especially crit- 110Mn13  Armor of coarse crushers; teeth and
ical purpose  (casting), front walls of excavator buckets; ham-
110Mn18 mer crusher blades.
(casting)
I Critical pur-  110Mnl10 Armor of jaw and cone crushers for
pose (casting) medium and fine crushing; conveyors;
parts of mills that crush solids with a
diameter of more than 100 mm.
I General pur-  110Mn8  Details of ball and rod mills that grind
pose (casting) solids with a diameter of up to 100

mm.

The reason for the decrease in the physical and mechanical
properties of high-manganese steels with a reduced manganese con-
tent is primarily lower austenite stability. However, as shown by the
results of research (Sazhnev & Snizhnoi, 2023), in some cases, the
decrease in austenite stability becomes a positive factor for increas-
ing the wear resistance of steel due to the increase in the microhard-
ness of the surface layer of unstable austenite steels.

The increase in hardening and wear resistance of steels is ex-
plained by the appearance of martensitic phases under the influence
of plastic deformation. To study the process of the appearance of
deformation martensite, the following magnetometric studies were
carried out.

Stability of austenite of manganese steels to martensitic
transformation under the action of plastic deformation

For the research, steels with variable manganese content and
the content of all other main components of the chemical composi-
tion at the average level of the standard for 110Mn13(casting) steel
were used. In 110Mn8(casting) and 110Mn10(casting) steels an aus-
tenitic structure with a small amount of residual carbides is ob-
served, and in 110Mn13(casting) and 110Mn18(casting) steels only
the austenitic phase is observed. This is fully consistent with the
works (Wen, 2014; Giirol, 2020; Sazhnev, 2023; Snizhnoi, 2024).

Fig. 2 shows the dependence of the amount of formed o'-
martensite in the studied steels on the relative degree D of plastic
deformation by compression. The amount of formed a'-martensite
deformation in 110Mn13(casting) and 110Mn18(casting) steels

from the degree of deformation is significantly less than in
110Mn§(casting) and 110Mn10(casting) steels. For example, for
D~30% in 110Mn8(casting) steel a'-martensite is formed in the
amount of 2.787 vol.%, in 110Mn10(casting) steel — 0.263 vol.%,
in 110Mn13(casting) steel — 0.107 vol.%, in steel 110Mn18(casting)
— 0.006 vol.%. It should be noted that the deformation level of 20-
30% is quite real in the surface layer of the cone of a large crushing
crusher.

2

0’2—ﬁZZZZZZimZ:::Z“':,:ZZX::Z’

0 10 20 30 40
D, vol.%

Figure 2 — Dependence of the amount of P, of the resulting a'-
martensite on the degree of deformation D in the studied steels:1 —
110Mn8(casting), 2 — 110Mn10(casting), 3 — 110Mn13(casting), 4 —

110Mn18(casting) (Created by the authors)

Based on the capabilities of magnetometric equipment (the
ability to measure ferrophase from 0.001 vol.%), the values of rela-
tive plastic deformation D were obtained, at which the first portions
of deformation forming o'-martensite were recorded for each steel
grade, which are given in Table 3.

Table 3 — The magnitude of deformation D at which the first
portions of P, forming o’-martensite deformation in the studied
steels were recorded (Created by the authors)

Ne Type of steel D, % P, vol.%
1 110Mn8(casting) 0,66 0,004
2 110Mn10(casting) 0,85 0,003
3 110Mn13(casting) 6,03 0,007
4 110Mn18(casting) 13,05 0,003

The difference in the amount of martensite occurring defor-
mation in steels can be explained by the different level of stability
of austenite to the phase transformation y—a'. As we can see,
110Mn18(casting) steel is the most stable, at the degree of plastic
deformation D=37.15% the austenite structure is mainly preserved,
and the amount of forming o'-martensite is P~ 0,011 vol.%.
110Mn§(casting) steel, on the contrary, is the most unstable, at the
degree of plastic deformation D=29.19% the amount of forming o.'-
martensite is P ~ 2.787 vol.%. That is, in the austenite matrix dur-
ing deformation, o’-martensite rapidly accumulates. Table 4 offers
a classification of the stability of austenite to martensitic transfor-
mation in manganese steels.

Table 4 — Classification of austenitic manganese steels stability
(Created by the authors)

Neo Type of steel D, % Py, vol.%
1 110Mn8(casting) 0,66 0,004
2 110Mn10(casting) 0,85 0,003
3 110Mn13(casting) 6,03 0,007
4 110Mn18(casting) 13,05 0,003

The formation and accumulation of new phases directly affects
the physical, mechanical and service properties of steel. Therefore,
the issue of controlling phase stability and changes in properties dur-
ing operation (deformation is one of the main factors) is very rele-
vant.

Influence of Martensitic Transformation on Wear
Resistance
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The observed differences in the formation of o'-martensite
across the studied steels have significant implications for their wear
resistance under operational conditions. The rapid accumulation of
martensite in 110Mn8(casting) steel, due to its lower austenite sta-
bility, contributes to a pronounced increase in surface hardness dur-
ing deformation (Sazhnev, 2023). This hardening effect is particu-
larly beneficial in applications involving moderate to low dynamic
loads, where the formation of a martensitic surface layer enhances
resistance to abrasive wear (Koztowska et al, 2023). For instance,
the high-volume fraction of o'-martensite (2.787 vol.% at
D=29.19%) in 110Mn8(casting) steel suggests that it is well-suited
for components in Category III (general purpose), such as ball and
rod mill linings, where abrasive wear dominates but impact loads
are minimal (Hrechanyi, 2024).

Conversely, the high stability of austenite in 110Mn18(casting)
steel, which results in minimal martensite formation (0.011 vol.% at
D=37.15%), makes it ideal for Category I (especially critical pur-
pose) components, such as coarse crusher armor and excavator
bucket teeth, which experience severe impact and abrasive wear
(Snizhnoi et al, 2024). The stable austenite structure in this steel al-
lows it to maintain its toughness and resist crack propagation under
high dynamic loads, which is critical for preventing premature fail-
ure in demanding applications (Sheyko et al, 2023). The intermedi-
ate behavior of 110Mn10(casting) and 110Mn13(casting) steels po-
sitions them as suitable for Category II (critical purpose) compo-
nents, such as jaw and cone crusher armor, where a balance between
hardness and toughness is required (Belodedenko et al., 2023).

The relationship between manganese content and austenite sta-
bility is further elucidated by the microstructural analysis. The pres-
ence of residual carbides in 110Mn8(casting) and 110Mn10(cast-
ing) steels indicates incomplete dissolution during heat treatment,
which may reduce austenite stability and promote martensitic trans-
formation under deformation (Sereda et al, 2012). In contrast, the
fully austenitic structure of 110Mn13(casting) and 110Mn18(cast-
ing) steels, achieved through higher manganese content, enhances
phase stability and delays the onset of martensitic transformation
(Wen et al, 2014). This microstructural difference explains the ob-
served trends in Table 3, where lower manganese steels exhibit mar-
tensite formation at significantly lower deformation levels
(D=0.66% for 110Mn§(casting) vs. D=13.05% for 110Mn18(cast-
ing)).

The study of martensitic transformation in Hadfield steels
(110Mn8, 110Mn10, 110Mn13, 110Mn18) revealed their different
suitability for metallurgical equipment subject to impact wear. In
particular, 110MnS8 steel, due to its low austenite stability and rapid
formation of a ' -martensite (2.787 vol% at 29.19% strain), pro-
vides significant surface hardening, which is beneficial for metal-
lurgical mill parts subject to abrasive wear with moderate impact
loads. On the other hand, 110Mn18 steel, with its high austenite sta-
bility (0.011 vol% martensite at 37.15% strain), is ideal for compo-
nents such as coarse crusher armor or excavator bucket teeth that
are subject to significant impact wear. These results emphasize the
importance of adapting Hadfield steel grades to the operating con-
ditions of metallurgical equipment.

Optimization of Steel Composition for Specific
Applications

The classification of wear parts into three categories (Table 2)
provides a practical framework for selecting the appropriate steel
grade based on operational conditions. The use of 110Mn8(casting)
and 110Mn10(casting) steels for less demanding applications (Cat-
egories II and III) not only ensures adequate performance but also
offers cost savings due to their lower manganese content (Yavtu-
shenko, 2019). However, the trade-off in mechanical properties,
particularly reduced toughness, must be carefully considered to
avoid premature failure under unexpected dynamic loads (Belod-
edenko et al., 2022). For Category I components, the superior tough-
ness and phase stability of 110Mn13(casting) and 110Mn18(cast-
ing) steels justify their use despite higher material costs (Sheyko et
al, 2023).

The magnetometric data (Table 3 and Fig. 2) also highlight the
importance of controlling deformation levels to optimize marten-
sitic transformation. For instance, in applications where surface
hardening is desired, operating conditions should be designed to in-
duce deformation levels that trigger martensite formation without

compromising the bulk properties of the steel (Tressia & Sinatora,
2023). This can be achieved through careful design of equipment
components to ensure that the surface experiences sufficient com-
pressive or shear stresses during operation (Ding et al., 2022). Con-
versely, for components requiring high toughness, such as excavator
bucket teeth, the use of 110Mn18(casting) steel with minimal mar-
tensite formation ensures resistance to crack initiation under high-
impact loads (Snizhnoi, 2024).

Implications for Manufacturing and Quality Control

The variability in martensite formation and its impact on wear
resistance underscores the need for stringent quality control during
the manufacturing of high-manganese steel components. Factors
such as heat treatment parameters, cooling rates, and alloying pre-
cision significantly influence the initial microstructure and, conse-
quently, the stability of austenite (Sereda et al, 2012). For example,
improper quenching can lead to the formation of undesirable
phases, such as carbides or retained austenite, which reduce the
steel’s ability to undergo work hardening (Sheyko et al, 2023). To
address this, manufacturers should adopt standardized heat treat-
ment protocols tailored to the specific steel grade and application,
ensuring a fully austenitic microstructure for high-manganese steels
like 110Mn18(casting) (Yan et al, 2023).

Furthermore, the wide range of manganese content permitted
by international standards contributes to variability in performance,
as manufacturers often rely on empirical practices rather than opti-
mized compositions (Li et al, 2023). The results of this study sug-
gest that precise control over manganese content, as well as other
alloying elements like carbon and phosphorus, is essential for
achieving consistent wear resistance and mechanical properties
(Sheyko et al, 2023). For instance, the recommended carbon content
of >1.3% for abrasive wear conditions and <1.3% for shock-loaded
conditions (Snizhnoi et al, 2024) should be strictly adhered to dur-
ing alloy design to ensure optimal austenite stability and martensitic
transformation behavior.

This study demonstrated that the stability of austenite against
martensitic transformation in high-manganese steels is directly in-
fluenced by manganese content, significantly affecting their wear
resistance. Specifically, steel 110Mn8 (8.6% Mn) exhibits the low-
est austenite stability, forming 2.787 vol.% ao’-martensite at 29.19%
deformation, which enhances surface hardness and is suitable for
abrasive wear under low loads (Category III, general purpose). Con-
versely, steel 110Mn18 (17.5% Mn) shows high austenite stability,
producing only 0.011 vol.% martensite at 37.15% deformation,
making it optimal for high-impact loads (Category I, especially crit-
ical purpose). Steels 110Mn10 and 110Mn13 occupy an intermedi-
ate position and are recommended for critical applications (Cate-
gory II). For clarity, austenite is the crystalline structure of steel that
provides ductility and work-hardening capacity, while martensitic
transformation refers to the process by which austenite transforms
into a harder martensite phase under deformation. The investigated
steel grades—110Mn8, 110Mn10, 110Mn13, and 110Mn18 (cast-
ing)—were selected to analyze their performance under abrasive
and impact wear conditions, enabling the development of recom-
mendations for their use in metallurgical equipment.

Future Research Directions

The findings of this study open several avenues for future re-
search. First, the role of minor alloying elements, such as chromium,
nickel, and molybdenum, in modulating austenite stability and wear
resistance warrants further investigation, particularly for
110Mn18(casting) steel, which contains these elements (Table 1)
(Li et al, 2023). Second, the effect of deformation rate on marten-
sitic transformation should be explored, as dynamic loading condi-
tions in real-world applications may differ from the slow uniaxial
compression used in this study (Jablonska et al, 2022). Finally, the
development of predictive models that correlate chemical composi-
tion, microstructure, and operational conditions with wear perfor-
mance could enable more precise material selection and component
design, reducing the variability observed in high-manganese steel
castings (Bhattacharya et al, 2024).

Limitations of the Study

Despite the results demonstrating the dependence of austenite
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stability and wear resistance of high-manganese steels (110MnS§,
110Mn10, 110Mn13, 110Mn18) on their chemical composition and
deformation conditions, this study has certain limitations that must
be considered when interpreting and applying its findings.

Firstly, the experiments were conducted at room temperature,
which does not capture the full range of temperature conditions en-
countered in the operation of metallurgical equipment. It is known
that high-manganese steels, such as Hadfield steel, retain their plas-
tic properties in the temperature range from -40 to 80 °C (Wen,
2014); however, the influence of elevated or reduced temperatures
on martensitic transformation and wear resistance was not evaluated
in this study. This limitation may affect the applicability of the re-
sults to conditions where components experience significant tem-
perature fluctuations, such as in hot grinding mills.

Secondly, although the study covered four steel grades with
varying manganese content (8.6—17.5%), the analysis was limited
to the specific chemical compositions listed in Table 1. The influ-
ence of other alloying elements, such as chromium, molybdenum,
or nickel, present in 110Mn18, was only partially investigated, and
their contribution to austenite stability and wear resistance requires
further exploration. Additionally, the carbon content in the studied
steels varied within a narrow range (1.14—1.23%), which does not
fully allow for the evaluation of recommendations regarding carbon
content (>1.3% for abrasive wear and <1.3% for impact loads) pro-
posed in the literature (Snizhnoi et al., 2024).

Thirdly, the deformation tests were performed under slow plas-
tic compression conditions, which do not fully replicate the dynamic
or cyclic loading experienced in real operational conditions of met-
allurgical equipment, such as impact wear in crushers. The defor-
mation rate may influence the kinetics of martensitic transfor-
mation, and this limitation should be considered when extrapolating
the results to high-speed or impulsive loading scenarios.

Finally, the laboratory samples, sized 5x3x3 mm?®, used in the
magnetometric analysis do not reflect the scale and geometry of real
components, such as crusher armor or mill linings, where the worn
layer thickness can reach 100—150 mm. Scaling laboratory data to
industrial components may be challenging due to differences in
stress distribution, microstructural homogeneity, and cooling condi-
tions during casting.

These limitations highlight the need for further research, par-
ticularly investigating the effects of temperature, a broader range of
chemical compositions, varying deformation rates, and simulations
of real operational conditions. Such studies will refine recommen-
dations for optimizing high-manganese steels for specific applica-
tions in metallurgical equipment.

Conclusions

The comprehensive investigation into the performance of
high-manganese Hadfield steel (110Mn13 casting) and its variants
(110Mn8, 110Mn10, and 110Mn18 casting) in heavy machinery
components for metallurgical production has provided valuable in-
sights into their wear resistance, phase stability, and suitability for
specific operational conditions. The study successfully classified re-
placeable wear parts into three categories — especially critical, criti-
cal, and general purpose —based on the degree of static and dynamic
loads and the dominant wear mechanisms. This classification ena-
bles the targeted selection of steel grades, with 110Mnl13 and
110Mn18 recommended for high-impact applications (Category I),
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Purpose. The study aims to develop and characterize a new nanostructured FeCoo,s54Nbo,146NiBo,7Sio,3 high-
entropy metallic glass with enhanced soft magnetic and mechanical properties. The research seeks to explore
the interplay between the alloy’s amorphous structure and its functional properties to advance the understanding
of high-entropy metallic glasses. Design / Method / Approach. The amorphous films of the
FeCoo,854Nbo,146NiBo,7Sio,3 alloy was synthesized using splat-quenching technique. The cooling rate, estimated
based on the film thickness, was ~10® K/s. Structural properties were analyzed via X-ray diffraction (XRD),
differential thermal analysis (DTA), and electrical resistivity measurements. Magnetic properties were assessed
using a B—H curve tracer and vibrating sample magnetometer, while microhardness was measured with a PMT-3
tester. Findings. The alloy exhibits a fully glassy structure with a crystallite size of ~3 nm, low coercivity (40 A/m),
high saturation magnetization (74 A-m?2/kg), and microhardness = 8000 MPa, indicating decent soft magnetic and
mechanical properties. Theoretical Implications. The research provides significant insights into the role of
atomic-size differences, configurational entropy, and thermodynamic parameters in stabilizing the glassy phase
in high-entropy alloys. It advances the theoretical framework for designing high-entropy amorphous materials.
Practical Implications. The characteristics of the material make it promising for use in electronic devices and
mechanical engineering parts. Originality / Value. This study provides a comprehensive analysis of the high-
entropy metallic glass FeCoo,s54Nbo,146NiBo,7Sio,3, offering new insights of its magnetic and mechanical properties
through advanced characterization techniques. Research Limitations / Future Research. Further studies are
needed to investigate the long-term stability of the fabricated amorphous alloy. Article Type. Applied Research.

Keywords:

multicomponent high-entropy alloy, metallic glass, amorphous film, relative electrical resistivity, soft magnetic
properties, microhardness

Meta. [ocnigkeHHss cnpsiMoBaHe Ha po3pobKy Ta XapaKTepUCTUKY HOBOMO HAHOCTPYKTYpOBaHOMO
BUCOKOEHTponiiHoro MetaneBoro ckna FeCooss4Nbo,146NiBo,7Sio,3 3 nokpalleHMMuM MarHitom’sikummn - Ta
MeXaHiYyHuMK BnactTuBocTaMu. Pobota Mmae Ha MeTi BUB4UMTY B3AEMO3B'A30K MiXX aMOPCHOI CTPYKTYPOIO crnasy
Ta NOro (yHKUiOHaNbHUMMW XapakTepucTukaMu Ans NOrnMbNeHHs Po3yMiHHS BUCOKOEHTPOMINHMX aMOpdHMX
crnnasie. AusanH /| Metopn / Miaxia. AmopdHi nniskm cnnaBy FeCoo,gs54Nbo,146NiBo,7Sio3 cMHTe3oBaHo 3a
OOMOMOrOl0 TEXHIKM HaALWBUOKOrO OXONOMKeHHS. LUBMAKICTb OXOMOAXEHHS!, OUiHEHa Ha OCHOBI TOBLUWHU
oTpumMaHux nnisok 6yna ~10° K/c. CTpykTypHi BNacTUBOCTI AOCIZXEHO 3a [OMOMOro PEHTIEHIBCHKOT AndpaKLii,
AvndepeHuiansHoro TepmiyHoro aHanisy (ATA) Ta BMMIplOBaHb €neKkTpMYHOro onopy. MarHiTHi BnacTmBoOCTi
BM3Ha4YeHi 3a JOMOMOrol npuragy Ans BMMIPIOBaHHA KPUMBWMX ricTepe3ncy Ta BibpauiHoro marHitomerpa, a
MiKpOTBEpPAICTb BUMipsiHO TecTepom NMT-3. Pesynstatn. Cnnae Mae NoBHICTIO aMOpPHY CTPYKTYpY 3 PO3MipOM
KpucTanita ~3 HM, HU3bKY KOepuuTuBHy cuny (40 A/M), BUCOKY HamarHivyeHicTb HacuueHHst (74 A-m?/kr) Ta
MmikpoTBepaicTe 28000 MMMa, wo cBigunTbL NPO XOpPOLi MarHiTOM'AKi Ta MexaHiyHi BnactueocTi. TeopeTu4He
3Ha4YeHHs. [locnigpKeHHs HaJae BaXkNMBI AaHi NPO Porb PisHMLi B po3Mipax aToMmiB, KOH@irypauinHoi eHTponii Ta
TepMoauHaMiyHMX napamMeTpiB y ctabinisauii amopdHoi da3n y BUCOKOEHTPONiHNX cnnasax. BoHo posiwuvpioe
TeopeTuyHy 6a3y ana  po3pobku BUCOKOEHTPOMIMHMX amopdHMx Martepianis. [pakTuyHe 3Ha4YeHHS.
XapakTepucTtvku marepiany pobnsaTe WOro NepCcnekTUBHUM AN BMKOPUCTaHHA B €MNEeKTPOHHUX NPUCTPOSX i
aetansax ons MawuvHobyayBaHHs. OpwuriHanbHicTb / LiHHicTb. Lle gocnigxeHHs nponoHye BcebiyHui aHanis
BMCOKOEHTponinHoro amopdHoro cnnasy FeCoo,s54Nbo,146NiBo,7Sio,3 Hagatoun HOBI AaHi NPO MOro MarHiTHi Ta
MeXaHiyHi BNacTUBOCTI 3aBASIKU 3aCTOCYBaHHIO NepefoBUX MeTodiB AocnimkeHb. O6MexXeHHA AocnigXeHHsA /
ManbyTHi pocnigxeHHsA. [MoTpibHi noganbuwi AocnigkeHHs, wob gocnigntu gosroTpuBany cTabinbHiCTb
BUrOTOBMNEHOro amopdgHoro cnnasy. Tun crarTi. [pyknagHe AOCNIOXEHHS.
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3a OcTaHHE JNECATUIITTS HOBHI KJIac MarepialiiB, BIIOMUIA K
0araroKOMITIOHEeHTHi BucokoeHTpormiiiHi cruaBu (BEC) abo 6araro-
KOMITOHEHTHI KOHLICHTPOBAaHi CIUIABH, NPHBEPHYB 3HAYHY YBary
JociigaukiB. Taki crimaBy 3a3BHYait MICTATH Bif 5 10 13 eneMeHTiB
y piBHOATOMHHX a00 ONMU3BKUX OO PIBHOATOMHHX KOHIIEHTPALSIX
(Miracle & Senkov, 2017; Brechtl & Liaw, 2021; Zhou et.al., 2023).
[paBunbHMiA BUOIp KUTBKOCTI KOMIIOHEHTIB Ta iX KOHIIEHTpaLlii 10-
3BOJISIE OTPUMATH CIUIAB 3 BUCOKOIO CHTPOIIEI0 3MINTyBaHHs, 3Ha-
YeHHS SIKoi 30epiraeThbes SIK y po3IUIaBi, TaK 1 MiCIA 3aTBEPAiHHSL.
[1ix yac xpucTamnizawii Takux 0araTOKOMIOHEHTHHUX CIIaBiB 3a3BU-
Yaii yTBOPIOIOTHCS MPOCTi TBEP/II PO3UMHH 3aMILLICHHS 3 TPaHEeleH-
TPOBAaHOIO 200 00’€MHOIICHTPOBAHOI KyOIYHOIO KPHCTAJIIYHOIO
IPATKOIO 4epe3 iX BHCOKY SHTPOIIIO 3MilIyBaHHA. 3 iHIIOTO OOKY,
MO>KHa OTPUMAaTH BUCOKOCHTPOIIIHI CILIaBH 31 CTPYKTYPOIO, B SIKIH
IHTEepMETAaJliuHi CIIOMyKH 3 BUCOKOIO TBepaicTio ((pasu Jlaseca, o-
(a3za) HOEqHYIOTECA 3 IPOCTUM TBEPIMM PO3YMHOM, IO Xapakre-
PH3YETBCSI BUCOKOIO INIACTHYHICTIO. Bararo BrcoxoeHTpomifHHMX
CIUIaBIB MalOTh YHIKaJIbHI BJIACTHUBOCTI, Taki SK 3HOCOCTIHKICTB,
CTIHKICTB JI0 KOpO3ii Ta OKHCIICHHS, pajiamiiiHa CTilKICTh, BUCOKA
TBepaicTh 1 MinHicTh (Biswas et.al., 2022; Firstov et.al.,, 2023;
Girzhon et.al., 2023; Karpov, 2024; Singh et.al., 2024; Cheng et.al.,
2025; Xiao et.al., 2025; Wang et.al., 2025; Liu et.al., 2025). Takox
CIIIJ BiZI3HAYUTH YyHOBY OIOCYMICHICTH, NPOIEMOHCTPOBAHY Jie-
skumu BEC (Lin et.al., 2025). TakuM 9iHOM, BUCOKOGHTPOIIHHI
CIUTaBH MOXKYTb 3HAlTH 3aCTOCYBaHH SIK MaTepiaiy IS SICPHUX
peaKTopiB, MEMIIMHH, €IEKTPOHHUX MPHUCTPOIB, MEXaHIYHOTO 00-
JIaJHAaHHS, KOPIYCiB pakeT 1 JBUIYHI, IIPH BUIOTOBJEHHI 30poi
tomo (Hobhaydar et.al.,, 2023; Park et.al., 2025; Zatsarna et.al.,
2024; Kaya et.al., 2025).

Ha Bigminy Big BEC, amop¢Huii MetaneBuii ciuias, abo Tak
3BaHE METaJIeBe CKJIO, MICTUTh JIMIIIE OJUH, 1HOI 1Ba OCHOBHI eJjie-
MEHTH. BICOKOEHTpOMiiiHI CTIJIaBU Ta METAJICBI CKIIa JOCTIKyBa-
JIHCSL OKPEMO, OKH He OyJii YCIIIIIHO CHHTE30BaHi aMOpQHi BHCO-
KOGHTpOTiiHI crtaBy. Taki CItaBu OTpHUMAITH Ha3BY BUCOKOSHTPO-
miitanx MeraneBux crexon (BEMC). BucokoenTpormiitHi MeTanesi
cTexia (K me OyBae 3 peYOBHHAMH, IO OAHOYACHO HAJIEXKAaTh JI0
pi3Hux TumiB Marepiainis (Akimov et.al., 2006; Dudnik et.al., 2001))
MAroTh Yy[0Bi (pi3nHI Ta MEXaHI4Hi BIACTUBOCTI, TIOEAHYIOUH TIe-
peBaru sk METaJeBUX CTEKOJ, TaK i BUCOKOCHTPOIIIMHUX CIUIaBiB.
Taxum unHOM, BEMC MatoTh 3Ha9HUMIA IIOTEHITIaM IS Pi3HUX TeX-
HIYHHX 3aCTOCYBaHb. 30KpeMa, METaJIeBi CTEKJIa 3a3BHYall € XOpO-
[IMMH MarHiToM SIKUMH MarepiajamMi. BoHM MaloTh BHCOKY Hama-
THIYEHICTh HACHYECHHS, HU3bKY KOEPLUTHBHY CHITY Ta BTPaTH MOTY-
xHOCTI. Bxe Oymo cuaTe3oBaHO mimmii psx BEMC cucrem (Li
et.al., 2017; Xu et.al., 2018; Panahi et.al., 2022).

OnuuM 3 Halie(heKTHBHIIINX CIIOCO0IB OTPUMaHHS HAHOKPHC-
TaTiYHUX Ta aMOp(HHUX METAJCBUX MaTepialiB € IIBHIKE rapry-
BaHHs1. L{ell MeTox 0a3yeThCst Ha HA/IIIBHIKOMY OXOJIOIDKEHHI PO3-
nnaBy (3i WBHUAKiCTIO, 1o nepeBuntye 10 K/c), mo no3Bonse oTpu-
MYBaTH y CIUIaBaX NIMPOKHH CIIEKTP METAacTaOUIBHIX CTPYKTYPHUX
craniB (Kushnerov et.al., 2021,2023; Bashev et.al, 2023; Polonskyy
et.al, 2024).

MeTta

Jana poGoTa mprcBsiueHa po3poOIli i JOCIiHKEHHIO BIACTH-
BOCTEHl HOBOTO  BHCOKOCHTPOIIHHOIO  aMOp(HOro  CIuiaBy
FeCoo,854Nbo,146N1Bo,7Si0,3 sikmit moeHye BHCOKY TepMiuHy cTabi-
JIBHICTh 3 XOPOLIMMH MEXaHIYHHMH Ta MAarHITHUMH BJIACTHBOC-
TSAMH.

Marepianu Ta meTogm

JIuri 3pasku BEC FeCoo,854Nbo,146NiBo,7S10,3 13 HOMiHAIBHAM
XIMIYHIM CKIIaJI0M, HaBelleHUM y Tabn 1. Oynu oTprMadi 3a 10mo-
MOTOF0 JlaboparopHoi eui TaMMmaHa i3 BUKOPHUCTaHHSIM MiTHOT BH-
JUBHAULI (IIBUKICTH oxonomkerHs ~102 K/c).

Taomuus 1 — HominanbHuii XiMiuanii ckjiag 6araToKOMIOHEHTHOTO
cniiaBy FeCoysssNby,146NiBy,7Sio; (a1.%) (L:kepeiio: po3podiieHo
aBTOPaMH)

Fe Co Nb Ni B Si
25 21,35 3,65 25 17,5 7,5

Jnst 3abe3medeHHss OfHOPIMHOCTI 3pa3ky MeperuIaB/suInCs
moHaiimenire  Tpudi.  Ilicnms  mporo  yacTMHa  3paskiB

BUKOPUCTOBYBAJIacsl Ul BUPOOHMIITBA 3arapTOBAHUX 3 DIAKOTO
crany (3PC) mmiBok MmeromoMm splat-oxomomkenns — (splat-
quenching). Lleit MeTox mossirae B po3Ma3yBaHHI Kparwii PO3ILIaBy,
sIKa BHCTPEITIOBAJIACs CTPYMEHEM 1HEPTHOTO ra3y (aproHy) mix BH-
COKUM THCKOM, TI0 BHYTPILIHI} MOBEpXHI MiAHOTO LWIIHIpA, IO
obepTaBcst 3 BUCOKOIO MmBHAKICTIO (~ 8000 06/xB). [IIBuaKiCTH OXO0-
JIOILKEHHS OLiHIOBaJacs 3a (popMysIor0

ad

V= vt )
e ¢ — TEIUIOEMHICTb IUTIBKH, p — IYCTHHA CIUIaBY, 0L — KOe(iieHT
TEIIOBiiIadi, § — Ha/UTHIIKOBA TeMIeparypa (pi3HULS MK TeMITe-
paTyporo po3IUIaBy Ta TEMIIEPaTypol0 MOBEPXHI MiTHOTO IWIiH-
npa), a O — ToBiuHa wiiBkK (Bashev et.al, 2023; .Polonskyy et.al,
2024). Buxopucrasmm masi 3 (Gale & Totemeier, 2004), Ta naHi 3
TaOI.1, TEIJIOEMHICTh CIUIABY MOXEMO OMIHHTH 5K ¢ ~ 550
Jix/(kr-K), a npunusHe 3Ha4enns rycrunu p <7000 xr/m’. 3a na-
uumi (Tkatch et.al.,1997, 2002, 2009) MoxxHa TPUOIH3HO OLIHUTH
MiHIMaJIbHE 3Ha4eHHA KOe(DiI[i€HTY TeMIOBiLIayi 1y CIUIaBy MOJi-
OHoro ckiamy npw splat-oxonomkenni 0~2,8-103 Br/(m>K). Ocki-
JIBKY TOBIIMHA OTPUMAHHX ILTiIBOK CTaHOBMIA ~4(0) MKM, OYaTKOBA
Temneparypa posiuiasy ~2000 K, a remneparypa MigHOTO HHITIHIpa
~300 K, po3paxoBana 3a ¢opmynoro (1) movarkoBa MIBHAKICTH
OXOJIOIKEHHsI cTaHOBHMTH ~3-10° K/c. Tlpu momanbmoMy 0Xolo-
JOKCHHI PO3ILUIaBy Ha MOBEPXHI IWIIHIpA PI3HUI TEMIIEpaTyp Ta
BiZITOBITHO IIBUJIKICTH OXOJIO/DKCHHS OyIie 3HIDKYBATHCS, 3a0e3re-
YYIOYM CEPEIHIO IIBHIKICTH OXOJIOKEHHs Ha piBai ~10° K/c .

Pentrenoda3zoBuii aHai3 3pa3KiB i IUTIBOK TPOBOAUBCS HA -
¢dpakromerpi JIPOH-2.0 3 BUKOPHCTaHHSIM MOHOXPOMATH30BaHOTO
Cu Ko BunpomiHioBanHs. TemreparypHi 3aJe)KHOCTI ITHTOMOTO
SNIEKTPUYHOTO OITOPY ILTIBKY BUMIPIOBAIN YOTHPUTOUYKOBUM METO-
JIOM ITpH Oe31epepBHOMY HarpiBaHHI Ta MOAATBIIIOMY OXOJIO/DKCHHI
y BHCOKOMY BakyyMi 3 THCKOM 4-1072 [Ta. I1IBuakicTs HarpiBaHHS
Bi/l KiMHaTHOI Temreparypu 10 ~1010 K cranosmia 0,2 K/c. Bin-
TMajeHi IUTIBKM BHKOPUCTOBYBAJH Ul CTPYKTYPHHX JOCIHIDKEHBb
METOJIOM PEHTICHOCTPYKTYPHOTO aHai3y (3 ororpadivHoro peec-
Tpatie€lo, B 1ebaeBChKiil kamepi Ha qudpaxromerpi YPC-2.0 y ¢i-
neTpoBaHoMy Co Ka BunpomintoBarHi). [lebaerpamu Oyimu Mikpo-
(oTomerpoBaHi, ormppoBaHi Ta 00pOOIEHi 32 JOTTOMOTOIO TTPOTpPa-
MHOTO 3a0e3MedeHHsl I SKICHOTO (a3oBoro anamizy QualX2
(Altomare et.al., 2017).

TepMmiuHy MOBENIHKY aMOpP(QHUX IUTIBOK BHBYAIH METOIOM
madepeHmiaapHOro TepMigHOro anamizy (I TA) mpu mBuakocTi Ha-
rpiBanas 0,2 K/c. KoepunTrBHY crity BUMipIOBaJIM PH KIMHATHIH
TeMIepaTypi 3a JOTOMOT OO TIPHJIa Ty s BUMIPIOBaHHS KPUBHX Ti-
crepesucy. [lemni rictepes3ncy 3paskiB OTpUMYBAIH IPH KIMHATHIH
TeMIepaTypi 3a IOTOMOT OO TIPHJIa Ty s BUMIPIOBaHHS KPUBHX Ti-
cTepesncy y 3MIHHOMY MarHiTHoMy moi i3 gactotoro 50 [ Ta Ha-
npyxenicTio 10 16000 A/M Ta BiOpamiitHoro MaraiTomerpa BM-1
Yy MardiTHOMy Toni HampykeHicTio 10 560000 A/m, nmpukiane-
HOMY TapaielsHoO JI0 TUIOMIWHHA TUTiBKH. MIKpOTBEpAICTh BUMIpIO-
Basacst Ha MikpoTBepromipi [IMT-3 npu HaBanTaxeHHi 100r.

Pesynbtatm Ta iX 06roBopeHHs

IcHye 1Ba OCHOBHHUX KpUTepii, 3a IKUMH 3a3BHYAi XapaKTepH-
3yI0Th BHUCOKOGHTpoIiiiHi crutaBu. Lle xoHdirypariiina eHTpormis
3MilllyBaHHS ASmix Ta SHTANbIA 3MilTyBaHHSA AHmix. OnHaK ai1s
nporHo3yBaHHsI (azoBoro ckiaay BEC 6yio 3anpornoHoBaHO JesKi
nomatkoBi mapametpu (Miracle & Senkov, 2017; Dufanets et.al.,
2020; Krapivka et.al., 2015; Gorban et.al., 2022, 2023; Brechtl &
Liaw, 2021; Biswas et.al., 2022; Zhou et.al., 2023). /o HuX, 30K-
peMa, HaJle)KaTh KOHIIEHTpaIlisl BalieHTHUX enekTpoHis (VEC), Tep-
MOJIMHAMIYHHUI mapamerp €, sIKUi BPaxoBye TeMIIepaTypy IUIaB-
JICHHSI, EHTPOTIi0 3MIIITyBaHHS Ta SHTAJBIIIIO 3MIlTyBaHH:. Baxkm-
BUM IapaMeTPOM € Pi3HHIIA B PO3MipaxX aTOMIB Mi>K KOMIIOHEHTaMH
CIVIaBY, MO3HAYEHA SIK OT.

ExTporis 3MilTyBaHHS KOMITOHEHTIB ASyix BA3HAYAETHCS K

ASmix = —R Zznzl ¢ilng;, )

JIe C;— aTOMHA YacTKa eJIeMEHTa i3 HOMEpOM ; R- yHiBepcasbHa ra-
30Ba CTana.
EnTanemis 3minryBaHH A Hnix BA3HAYA€THCS 3 PIBHSIHHS

AHpix = X1 jm1,iz) ©ijCiC) 3)

ne wi; = 4AHLE,. AH AP — enrainbiis sviuryBanms i GiHapHOTO
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CIUIaBy eneMeHTiB A Ta B y pinkomy crawi.
ITapamerp € BU3HAYa€THCA 5K

TmASmi
—Im mlx’ ( 4)
|AH |
ac Tm — CEpEAHA TEMIICpATypa IUIaBJICHHS CILIaBY 3 1 KOMITOHEHTIB:
— n
Ty = Zi:l Ci(Tm)ia (5)

PizHHITIO B po3Mipax aToMiB MiXK KOMIIOHEHTaMH CILIaBy MO-
JKHa OXapaKTepH3yBaTH HACTYITHUM IIapaMeTpOM:

8 =100, ¢,(1-"1/2), ©)

= — n
7 =35 o, @
e 7;- aTOMHHUH pajiiyc eJIeMeHTa i3 HOMEPOM i.
KoHIeHTparlist BalleHTHUX €IEKTPOHIB y PO3paxyHKY Ha OIUH
aroM (VEC) BU3HaYa€eTHCs 32 HOPMYIIOL0:

VEC = ¥z, (VEC),, (®)

ne (VEC); — KOHIEHTpallisl BAJICHTHUX €JIEKTPOHIB (3 ypaXyBaHHIM
d-eNEeKTPOHIB) IJIsI €ICMEHTA 13 HOMEPOM 1.

OcraHHIM yacoM OyJi0 BUSBJICHO, IO TOMOJIOT YHA HECTA0LTh-
HICTb aTOMHOTO MaKyBaHHS TaKOXK 3AJIEXHTD BiJl PI3HHLI B PO3Mi-
pax aromiB (Miracle & Senkov, 2017; Brechtl & Liaw, 2021;
Biswas et.al., 2022; Zhou et.al., 2023). Byno BHCcnIOBICHO MpHITy-
IICHHS [0 aTOMHU 3 MAKCUMaJIGHUM i MiHIMAJTBHUAM paJiiycaMu BiJti-
IParOTh BUPILIATBHY POJIb Y BU3HAYCHHI CTaO1TbHOCTI TAKYBaHHS y
BEC Ta 3anpornoHOBaHO HOBHI MapaMeTp VIS KiJIbKiCHOTO OIUCY
BUKPHUBIICHHSI KPUCTAIIYHOI PEITITKU MPH YTBOPCHHI CILIABY:

v==o ©)
(rs+7)2 =72

ws=1- /% , (10)
(r+7)? =77

w,=1- /% : (11)

TyT @s Ta ®L — TiJ€CHI KyTH MaKyBaHHs I aTOMIB Bijmo-
BiZIHO 3 HaMEHIINM PaJiycoM Ts Ta HaHOUIBIIUM pafiycoM 71y, .
3naueHHs ¥ = 1.175 e MexKero Mk MeTaleBUMH CTeKJIaMK abo cruta-
BaMH 3 iHTEpMETaJIIYHUMU CITOITyKaMH Ta MPOCTHMHU TBEPAUMH PO-
3YMHAMM.

Pi3HHISA eeKTPOHEraTHBHOCTEH KOMITOHEHTIB CIIAaBy TAKOXK
€ OJTHUM i3 TapaMeTpiB, KWl BHKOPHCTOBYETHCS JUIS IPOTHO3Y-
BanH# (azosoro cknaxy BEC. Y po6ori (Poletti & Battezzati, 2014)
BHKOPUCTOBYIOTECS €I€KTPOHETATHBHOCTI BH3HAYEHI 3a IIKAJIOI0
Amnnena:

(12)

X =3k cixds (13)

ne x* — cepenHs eNeKTpOHEraTHBHICTh AJUIEHa TS CTUIaBy,y; —
CIIEKTPOHETaTHUBIHICT €JIEMEHTA 13 HOMEPOM i.

Buxopucrosyroun nani 3 (Takeuchi & Inoue, 2005; Miracle &
Senkov, 2017), Mu po3paxyBams ASuix , AHix, 81, VEC, Q, v Ta x4
qus cinaBy FeCoo,gsaNbo,146NiBo,7S10,3 (Tabn. 2).

A

Tabnnus 2 — Enexrponni, TepmoanHamivHi Ta po3MipHi napamerpu
dararokoMnoHeHTHOTo ciiaBy FeCoggssNby,146NiBo7Sio; (Ixepeiio:
PO3pod/1eHO aBTOpaMHu)

ASumix, AH i, or,% VEC Q Y x4, %
Jlx/(mouib K) kJIx/Moab
13,653 -26,295 1429 7439 0987  1,7846 6,563

Bigmosigao mo (Miracle & Senkov, 2017; Brechtl & Liaw,
2021; Zhou et.al., 2023), BUCOKOCHTPOIIii{HI METaJIeB] CTEKJIA MO-
KyThb hopmyBaTucs, KO ASmix, AHmix1 & OXHOIACHO 33JJOBOIBHS-
10Th HACTYINHi yMOBH: 7 < ASpix < 16 J/(mol'K), -49 < AHux<-5.5
kJ/mol i 8 > 9. Inmoro yMOBOIO, 1110 BKa3y€e Ha MOXKIIUBICTE (hopMy-
BaHHS METAJICBOTO CKJIa a0 iHTepMETAIYHUX CIIONYK, € 3HAYCHHS
napamerpa Q < 1.1. Takoxk pi3HMIA eNeKTpoHeraruBHocTel &y 4
MOBMHHA TiepeBunyBatd 6 %. Sk BuaHO 3 Tabm 2, crias
FeCoo,854Nbo,146NiBo,7S10,3 TOBHICTIO BiAMOBiga€ BCIM 3a3HAYCHUM
yMoBaM, & ASuix, AHmir, 8, Q, ¥ Ta x4 € HaNEeKHMMU NapaMeTpaMu
UL TIPOTHO3yBaHHsA (Da30BOro CKJIady BHCOKOSHTPOIHHHX

cruraBiB. Pi3HUIA B po3Mipax aToOMIB O € OIHHM i3 HAHBAKIIMBIIINIX
rapaMeTpiB, 0 BU3HAYAIOTh ()OPMyBaHHS TBEPAOTO PO3UHHY abo
amop¢Hoi ¢a3u y BEC. 3naueHHs & Mae OyTH JOCTATHBO BEJIUKHM,
1100 3a0e3MeYrnTH JOCTaTHIl CTpec Ha aTOMHOMY PiBHI, IKHI HE00-
XiTHUH W1 necrabinizamii ¢asu TBeproro po3unty. Kpim toro, s
00OMeKEHHS JIOBrOTpHBAJIOi aroMHOT idy3ii Ta miaBuineHHs ede-
KTHBHOCTI JIOKaJbHOTO TAKyBaHHS TaKOoX HEOOXiIHI HeraTuBHE
3Ha4eHHs AHpix 1 BeNMKe 6. BUKOHAHHS LIMX YMOB IPU3BOIHUTH 110
BHCOKOI 37aTHOCTI 70 (OpMyBaHHs CKJia Ta 3a0e3nedye HpHIy-
LIeHHs! (OPMYBaHHS KPUCTAIIUHOT (ha3u P OXOJIOIKEHHI .

Ci1i 3a3HAYKTH, 110 BUIIICHABEICHI 3HAYCHHS TapaMeTpiB, AKi
xapaxrepusyiotb BEC FeCoo 854Nbo,146NiBo,7Si0;3, BiAmoBigarTs
TaKOXX KPHUTEPisM, SIKI BUKOHYIOTHCS ISl CIUIABIB, Y SIKUX MArOTh
OyTu HasiBHI iHTepMeTamivHi ¢azu. ToMy BapTO BIAMITHTH, 1110 [pa-
Buiia npoekTyBaHHA BEC, 1110 6a3y10ThCsl HA OCHOBI CTaTUCTUYHHUX
Ppe3yabTaTiB a0 yCepeAHSHUX JaHHX M0/I0 TEPMOANHAMIUHUX BJIa-
CTUBOCTEH, €JIEKTPOHHOI CTPYKTYPH Ta PO3MIpHHX ITapaMeTpiB aTo-
MiB, 1110 YTBOPIOIOTh CIUIaB HAcCHpaBi € HeOOXiTHUMH, aje He 0C-
TarHiMHA yMoBaMu. Cama 1o co0i TepMOIUHAMiKa He MO)KE TIOBHi-
cTr0 ependaunty pazosuii ckian BEC, HeoOXiTHO TakoX Bpaxo-
BYBaTH KiHETHKy mpouecy (a3oyTBopeHHs. ToMy IyKe BaXIHBY
POJIb BiJirpae MIBUIKICTD OXOJIOMKEHHS PO3ILIABY.

[Mapamerpu kpucTamiuyHOl IpaTku Ta (a30BUil CKIan JAOCITi-
JDKYBaHOTO CIUIaBy (Ta0il. 3) BH3HAYAIIM 3a JIOTIOMOTOI0 PEHTTEHO-
(azororo anamisy (puc. 1, 2).

o TIK
V- FeaB

1, BigHOCH. 0/1.

JIMTHIA

T 1
20 30 40 50 60 70 80 90 100 110 120
20,°

Pucynok 1 — Inppaxrorpamu siurux ta 3PC 3paskisB cniiaBy
FeCog854Nby,146NiBy,7Sip 3 (A:kepesio: CTBOpeHO aBTOpaMHu)

vV -T'K
o—Feg Nip3.x Bg
o —Fe3Si

I, BiaHOCH.O.

20,°

Pucynok 2 — luppaxrorpama 3PC naisku FeCoy gssNbo 146NiBy,7Sio 3
nicas Bignaay g0 ~1010 K (d:xepesio: CTBopeHo aBTopamu)

3a pesysabraTaMd PeHTTeHO(A30BOT0 aHali3y MOXKHA CTBEp-
mkyBary, mo cmiaB FeCoogsaNbo,146NiBo7Sio3 y mutomy crami
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MICTHTB TpaHEeLeHTpoBaHy KyOiuHy a3y Ta ¢asy Fe:B. ITapame-
TPU IPaTKH TPaHELCHTPOBAaHOI KyOiuHOI (a3u cBimuarh, IO BOHA
(dopMyeThCS Ha OCHOBI y-3aji3a (mapaMerp IpaTku y-3aji3a OyB
EKCTpaIroIbOBaHUH ITPpY KiIMHATHIN Temmepatypi gk 0,3572 Hm).

Taomuns 3 — Pazopuii ckiaag cniaBy FeCoygsssNby,146NiBo7Sio 3
([Ixxepeno: po3podiieHo aBTOPpaMHu)

CniaB Da3oBuii ckiIax
JIuTnii 3pa3ok FCC00_854Nb0 14(,NiB(] 7Sio_3 FI_[K (a:0,3574 HM) + FezB

3PC mutiBka F6C00.854Nb0'146NiB0'7Si0'3 AMOp(bHa (1)833,
3PC l'IJ'IiBKa FGC00,354Nb(]_146NiB()_7Si(]_3 FI_[K (a:0,3527 HM) + FexNizg,xB6
TTiCIIs Biqmary + FesSi

Jns 3PC miBok crtaBy FeCoo,ssaNbo,146NiBo,7Si03 audpak-
TOrpaMa He MICTUTb YiTKHX TU(PAKIIHHIX MAKCUMyMiB, XapaKTe-
PHUX T KPUCTAJIIB, a JIUIIE ITUPOKUIA pO3MUTHIA MakcuMyM. Lle €
03HAKOIO MOBHICTIO aMOp(HOi cTpyKTypH. Po3mip obnacti xorepe-
HTHOTO PO3CitOBaHHs (PO3MIp KPHUCTAIITY), OL[IHEHHH 32 (OPMYIIO0
Censxoa-1lleppepa, cranoButs ~3 HM. Ilicns Bigmany mo ~1010 K
(BUIIE TeMIepaTypu KpUCTali3alii) Ta MOAAIBIIOrO MOBLILHOTO
OXOJIO[DKCHHSI IUTIBKM KPHCTANI3YIOTBCSI 3 yYTBOPEHHSAM KIUJTBKOX
KpHCTamiyHuX (a3 (Tadm. 3). 3HauHO CKIAIHIIINHA (Ha30BHA CKIaL,
IO CHOCTEPIraeThCs Yy BiMaJCHUX IUTIBKaX MOPIBHSIHO 3 JIUTHMH
3pa3KaMH, OUEBHIHO, TOSICHIOETHCS X HU3BKOIO ITBUIKICTIO OXOJIO-
JDKeHHS. B pesynbprari y BiamaneHHX IDTiBKaX (JOPMYETHCS 3HAYHO
OinbII piBHOBaXKHA OararodazHa CTPYKTypa, y SKild HasBHi iHTep-
MeranivHi ¢asu. [IpucyTHIH TakoX NPOCTHIA TBEPAUN PO3UUH TUITY
'K, sixuit 32 BU3HAYEHHSAM Ma€e OyTH OCHOBHOKO (ha30r0 IS BUCO-
KOCHTPOIIIIHOTO CIDIaBy, MICTSUM Yy c00i yci CKIamoBi eIeMEHTH
(OKpIM THX, III0 BUIUIHIINCS Y CKJIaJi IHTepMeTaTiqHuX (a3).

Pucynox 3 nokasye kpuBy J{TA amopdroi 3PC miBk# criaBy
FeCoo,854Nbo,146NiBo,7S103. KpruBa MicTHTh sSBHY CTajil0 CKIy-
BaHHSI, MICIIS SIKOT ¥e 00JIacTh MEPEOXOIOKEHOT PiIHH, a MTOTIM
EK30TepMIUHMI MK, 0 BKa3ye Ha KpucTamizaiito. 11 moeminka
CBITUHUTH PO aMop(HY Npupoxy 3pa3ka. Temmeparypa CKITyBaHHS
Tg Ta movaTkoBa Temreparypa Kpucraiizamii Tx mo3HadeHi cTpii-
kamu i gopiHIOIOTE 800 K Ta 863 K BignosigHo. BpaxoByrouwu, 1110
Ha kpuBiii JITA BuIHO JHIlIe OIMH €K30TEPMIYHUH MiK, KPUCTAIi-
3aIlist BiIOyBaeThCS B OUH €Tall.

Ek3oTepm. (BigHOCH. oa)
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T T T T T T
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T(K)

T T
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Pucynok 3 — Kpusa ITA 3PC niiBku ciiiaBy
FeCo00,854Nby,146NiBy,7Sio 3 (1:kepesio: CTBOpeHo aBTOpaMu)

Po3misiHeMO 3aJIeKHICTh BiJHOCHOTO €JIEKTPUYHOTO OTIOpY Ha-
HocTpykTypoBanux miiBok R(T)/Ro(300 K). INTouarox He3BopoT-
HOTO 3MEHILICHHS OTIOPY I1i/l Yac HarpiBaHHs BKa3ye Ha BAHUKHCHHS
NesKnX (ha30BHX MEPETBOPEHD Yy IUTiBLI. SIK BHIHO 3 puc. 4, TeMIIe-
parypa (a3oBOro HepeTBOpeHHs (TeMIleparypa KpucTai3aiii) y
B FeCoogs4Nbo,146N1Bo,7S10,3 ctanoButh ~869 K. Lle 3HaueHHsS
no0pe y3romKyeThes 31 3HaueHHsM, oTpuManuM 3 JITA. BoxHodac
HasBHICTh BUTHHIB Ha KpUBIH y perioHi (a3oBoro mnepeTrBopeHHS
BKa3ye Ha YTBOPEHHS KUIbKOX Kpucramivaux ¢a3s. Ilicis 3aBep-
IICHHSI IIPOIeCy KpHCcTaizamii 3aJIeXKHICTh ONOpyY BiJ TEMIIepaTypu
Mae€ 3BHYAHHUI XapakTep, KOJIM OIip 3MEHIIY€ETHCS 31 3HIKSHHSIM
TEMIIEepaTypu.
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PucyHnok 4 — TemnepaTtypHa 3a/1€:KHiCTh BiIHOCHOI0 €JIEKTPHYHOI0
onopy 3PC naiBku cnitaBy FeCoggssNbo146NiBy7Sip 3 (Ixepesio:
CTBOpEHO aBTOpaMMu)

Ha puc. 5 mokasani netsi ¢pepoMarHiTHOTO ricTepe3ucy JUTHX
Ta 3PC 3pa3kiB cruiaBy FeCoogs4Nbo,146Ni1Bo,7Si0;3. BiamosigHo 1o
BUMIPSHUX 3Ha4eHb KoepuTHBHOI crii He (Tabn. 4), 3PC miiBka
€ THIIOBUM MAarHiTOM SIKHM MatepiaioM, T K KOSpLUTHBHA CHJIA
mmrtoro HEA npu6mmsso B 30 pasis Ourbmia.
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Pucynok 5 — Ileri maruitHoro ricrepe3ucy Juroro (1) ta 3PC (2)
3paskiB ciiaBy FeCoggsaNbg146NiBy7Sip 3 (Jxepesio: CTBopeHo
aBTOpaMH)
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Taxum umHOM, mepexin cmiaBy FeCoo,ss4Nbo,146Ni1Bo,7Si03 3
KPHUCTAJIIYHOTO 10 aMOP(HHOTO CTaHy IPHU3BOIUTH O 3MiHH MarHi-
THHX XapaKTePUCTHK BiJl MarHITOTBEPMX IO MarHiToM sikux. Hu-
3bKE 3HaYeHHsI KOCPIMTUBHOI CHJIM BUCOKOSHTPOIIITHOTO MeTae-
BOTO CKJIa 3 BUCOKHM CTYIICHEM CTPYKTYPHOI OZTHOPIAHOCTI Ta aMo-
PpdHOCTI MO>KHA MOSICHATH HE3HAYHOIO IIUIBHICTIO IIEHTPIB 3aKpill-
JIEHHS JOMEHHHX CTiHOK . Taka MmoBeiHKa € THIIOBOIO IS CILIaBiB
Y HaHOCTPYKTYpoBaHOMY amop¢HoMy cTaHi. [lopiBHIOIOYH OTpH-

BKa3ye Ha XOPOIIi MeXaHIYHi BIaCTUBOCTI CIuIaBiB. OUeBUIHO, IO
HasIBHICTH KpUXKoi (a3u FexB, sika Mae BUCOKY TBEPIICTh, € IPH-
YUHOIO BUIMX 3HAYCHb MIKPOTBEPHOCTI, IO CIIOCTEPIraroThesl B
JIMTOMY KpHCTaIIYHOMY CIUTaBi. BomHouac, ofHOpimHEe MIBHIKOO-
XOJIOKEHE MeTajIeBe CKIIO 0e3 TaKMX BKIIIOYEHb € OUIBII IIaCTHI-
HHM, ajie Ma€ OiJIbII HU3bKY MIKPOTBEPAICTb.

BUCHOBKM

MaHi Pe3yNbTaTy i3 pe3yibTaTaMy IS CIUIaBiB i3 MOXIOHMM CKila-
nom (Li et.al., 2017; Xu et.al., 2018), MOkHa CTBepKYBATH, IO JO-
naBaHHs Nb npakTHYHO He 3MiHIOE 3HAUYEHHS! HAMArHiueHoCTi Ms,
ane crpuse 30inbmenH0 He. B Toif e yac Temmeparypa ckiy-
BaHHS Tg TaKOXX 30UIBIIYETHCSL.

I3 3acTocyBaHHSIM TEXHOJOTII splat-oxonomkeHHs: OyB oTpu-
MaHUM HAHOCTPYKTYPOBAaHHK BHCOKOGHTPOMIWHMI aMopgHUi
cmtaB FeCoo,854Nbo,146NiBo.7Si03. Temneparypa ckiyBanns Tg Ta
[OYaTKOBa TeMIleparypa Kpucramizamii Tx cruiaBy craHOBIATH 800
K ta 863 K Bigmosiano. CruiaB FeCoog54Nbo,146NiBo,7S10,3 1eMoHC-
Tpy€ BUCOKE 3HAYCHHS HAMArHIYeHOCTI Hacu4eHHst 74 A-M2/KT, HU-
3bKy KOepUUTHBHY crity 40 A/M Ta BUCOKe 3HAICHHS MiKPOTBEPIO-
cti >8000 MIa. Takum YnHOM, OTpUMaHEe MarHiTOM'IKe BUCOKOE-

Taoauns 4 — Hamarnivenicts HacuyeHHs (Ms), KoepUMTHBHA CHJIA
(Hc) Ta mikporBepaicts (H,) enmiaBy FeCoyss4Nbo,146NiBy,78i0 3
([xxepeno: po3po6iieHo aBTOPpaMHu)

Crnnas M He, A/m H,, MIIa HTpOIIiifHE MeTaeBe CKJIO 3 MiJBUIIECHOIO TEMIIEPaTyporo CKIIy-
& 9 1y . o .

A-MYKr BaHHS MOKe OyTH BUKOPHCTaHe SIK (DYHKI[IOHAIBHIH MaTepiall, o

JTurHit 3pa3ok FeCoogseNby14sNiBosSins 7127 12005100 9000£400 MOEAHYe 106pi MEXaHiuHi Ta MarHiTHI BITaCTHBOCTI, 30KpeMa st

3PC miBka FeCoggsaNbo 14NiBo-Sios  74+7  40+4 8500+400 BHI'OTOBJIECHHS KOMIIOHEHTIB €JIEKTPOTEXHIYHOTO Ta €JIEKTPOHHOIO

00aTHaHHS, 110 TPAIOE B yMOBaX MiJIBUIICHUX TEMITEpaTyp: Tpa-
HC(OpMAaTOpiB, POCEITiB, MATHITHUX CKPaHIB Ta CIEIiali30BaHUX

Sk muri, Tak 1 3PC 3pasku crumaBy FeCoo,s54Nbo,146N1Bo,7S10,3 / ! 5
JATYUKIB 3 TEPMOCTAOLIBHUMY MarHiTHUIMH XapaKTePUCTHUKAMHU.

JIEMOHCTPYIOTh BHCOKI 3Ha4€HHA MiKpoTBepAocTi (tabm. 4), mo
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Purpose. To optimize criteria for evaluating the implementation of wear-resistant materials to reduce production
costs and equipment downtime. Design / Method / Approach. The study employed an analytical review of
publications, spectral and metallographic analysis of alloys, a gravimetric method for assessing wear resistance,
and heat treatment to enhance it. Findings. An analysis of challenges in developing materials for mining,
metallurgical, and construction equipment was conducted. It was established that component service life must
align with equipment maintenance schedules. New materials with enhanced wear resistance may be economically
unviable due to high costs or inability to realize durability benefits. A balance between cost and service life is
achieved by analyzing operating conditions and defining material and technology requirements. Theoretical
Implications. The study expands knowledge on reducing production costs by identifying criteria for the effective
implementation of materials and technologies. Practical Implications. A multi-criteria analysis is proposed for
adopting new materials and technologies in the production of components for mining, metallurgical, and
construction equipment, reducing costs and downtime. Originality / Value. The methodology uniquely optimizes
material selection by aligning component durability with maintenance schedules, minimizing downtime. Its
innovative alloy development resolves conflicting material requirements, enhancing production efficiency.
Research Limitations / Future Research. Limitations include a focus on specific materials; future research
should explore a broader range of materials and conditions. Article Type. Empirical.

Keywords:
high-manganese steel, austenite, martensitic transformation, wear resistance, plastic deformation

Meta. OnTuMi3yBaTh KpuUTEpii OLiHKM BNPOBa[KEHHs] 3HOCOCTIMKUX MaTtepianiB Ans 3MEHLIEeHHS BWUTpaT Ha
BUPOOHULTBO AdeTanew i npoctoi obnagHaHHs. Ousand / Metop / Migxia. BukopuctaHo aHaniTMyHMIA ornsg,
nybnikauin, cnekTpanbHUi i MeTanorpadivyHuiA aHania cnnaeiB, BaroBMW MeTOA OUiHKM 3HOCOCTIMKOCTI Ta
TepMivyHy obpobky ans ii nigsuiieHHs. PesynbraTtu. NMpoBegeHo aHania npobnem po3pobku matepianis ons
ripHW40i, MeTanypriiHoi Ta byaiBenbHOT TexHikM. BcTaHoBNEHO, WO pecypc AeTanen mae BianosiaaTy TepMiHam
TexHiYHoro obcnyroByBaHHA. HoBi maTtepianu 3 nigBuLLEHOK 3HOCOCTINKICTIO MOXYTb OyTVW HEBUTQHUMU Yepes
BMCOKY BapTicTb abo HEMOXNMBICTb peanisauii edekTy. banaHc Mix BapTiCTIO Ta TEPMIHOM Cry6u JOCAraeTbes
aHanisom yMOB ekcrnnyaTauii i BUMor o matepiany Ta TexHonorii. TeopeTuyHe 3Ha4YeHHs1. Po3LMpeHo 3HaHHA
NPO 3HMKEHHS1 BUPOOHUYMX BUTPAT LUSISIXOM BM3HAYEHHS KpUTepiiB eheKTUBHOIO BNpOBaaXeHHs maTtepianis i
TexHonorii. MpakTu4He 3Ha4YeHHsA. 3anponoHoBaHO GaraTokpuTepianbHUA aHani3 Ans BNPOBaXeHHS HOBUX
mMarepianiB i TEXHOMOTIN y BUPOOHULTBO AeTanen ripHu4oi, MeTanypriiHoi Ta OyaiBenbHOI TEXHIKK, LLO 3HUXYE
BUTPaTK Ta npocToi. OpuriHanbHicTb / LliHHICTb. MeTog0noris yHikanbHUM YMHOM OnNTUMi3ye BUGip marepiany,
Y3rO[PKYIOUM [IOBroBiYHICTb KOMMOHEHTIB i3 rpadhikom TexHiYHOro obcrnyroByBaHHs, 3BOAAYM A0 MiHIMYMy 4ac
npocToto. IHHOBaUiiHa po3pobka cnnagiB 4ae 3MOry BUPILLUTK CyrnepeynvBi BUMOrM 4O MaTepianis, NigBULLYOYM
edekTMBHICTb BUpobHMUTBa. O6mexeHHs gocnipxkeHHs /| ManbyTHi pocnipxkeHHsa. ObmexeHHA — poKyc Ha
oKpemux Martepianax; ManbyTHi JOCNIOKEHHS MaloTb BUBYMTY LUMPLUMIA CMEKTP YMOB i maTtepianis. Tun cTaTTi.
Emnipuyna.
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The scientific field of materials science, particularly the devel-
opment and optimization of wear-resistant materials and technolo-
gies, plays a pivotal role in addressing the challenges faced by in-
dustries such as mining, metallurgy, and construction, which are
critical drivers of global economic growth. These sectors rely on ef-
ficient resource extraction and infrastructure development, necessi-
tating equipment components—such as scraper and bulldozer
blades, pump housings, impellers, bucket linings, and ball mill
grates (Fig. 1) — that operate under extreme conditions, including
high mechanical loads, intensive abrasive wear, and corrosive envi-
ronments. This research direction is significant for the scientific
community as it advances the understanding of material degradation
mechanisms and fosters the development of innovative alloys and
manufacturing techniques to enhance component durability. These
advancements are crucial for solving practical industrial problems,
such as reducing equipment downtime, lowering maintenance costs,
and improving operational efficiency, thereby enhancing the com-
petitiveness and sustainability of industrial operations.

Figure 1 — Components of pumps and flotation machines
(Created by the authors)

The harsh operating conditions in these industries lead to rapid
component degradation, resulting in frequent replacements and sig-
nificant equipment downtime. Industry estimates indicate that un-
planned downtime in mining operations can cost up to $100,000 per
hour, with 70-80% of such downtime attributed to the failure of
wear-prone components (Shalomeev & Liutova, 2022). In Ukraine,
where the mining and metallurgical sectors contribute approxi-
mately 10% to GDP and employ over 200,000 workers (SSC of
Ukraine, 2023), these challenges are particularly acute. By improv-
ing the durability of critical components, research in this field can
directly address practical issues, such as minimizing production
losses, reducing resource consumption, and lowering environmental
impact through fewer replacements and less frequent maintenance.

Traditional approaches to enhancing component durability
have focused on selecting wear-resistant materials, such as high-
chromium cast irons or manganese steels, based primarily on their
hardness or wear resistance. However, these approaches often over-
look critical factors such as operating conditions, maintenance
schedules, and the economic impact of equipment downtime. For
instance, increasing the durability of a single component without
aligning its service life with scheduled maintenance intervals can
lead to premature replacements, negating the benefits of enhanced
durability (Tkachenko et al., 2020). Moreover, material selection
frequently disregards the costs of secondary processes, such as ma-
chining or heat treatment, which can significantly increase produc-
tion expenses. Recent studies suggest that up to 30% of maintenance
costs in mining operations stem from suboptimal material choices
that fail to balance durability with economic efficiency (Ning et al.,
2025).

Advancements in materials science, including innovations in
alloy design, surface engineering techniques like hardfacing, and
advanced manufacturing processes, offer promising solutions to
these challenges (Ning et al., 2025; Liao et al., 2024). However, the
adoption of these technologies requires a comprehensive evaluation

framework that integrates technical performance with economic
and operational considerations. Prior research has often been lim-
ited by a narrow focus on material properties, with insufficient at-
tention to the broader techno-economic context (Bhadauria et al.,
2020). This gap underscores the need for a multi-criteria methodol-
ogy that combines material selection, manufacturing processes, and
operational constraints to optimize equipment performance.

This study introduces a novel multi-criteria approach to guide
the selection and implementation of wear-resistant materials and
technologies for components subjected to intensive abrasive wear.
The methodology prioritizes aligning component service life with
scheduled maintenance intervals to minimize downtime and max-
imize economic efficiency. While rooted in the context of Ukraine’s
mining and metallurgical industries, the principles of this approach
are broadly applicable, offering valuable insights for global indus-
tries facing similar challenges. By addressing the interplay of mate-
rial properties, operating conditions, and economic factors, this
study provides a robust framework for informed decision-making in
material selection and technology adoption.

The urgency of this research is amplified by global trends in
resource extraction, where the processing of low-grade ores and
technogenic minerals increases the demand for durable equipment
(Xu et al., 2023). In Ukraine, the push toward sustainable industrial
practices further underscores the need for cost-effective solutions
that reduce resource consumption and environmental impact (Gan,
2024). By leveraging recent advancements and contemporary re-
search, this study contributes to the sustainable development of in-
dustrial sectors worldwide, addressing both scientific and practical
challenges in the pursuit of enhanced equipment reliability and eco-
nomic efficiency.

Literature Review

The study of wear-resistant materials for the mining, metallur-
gical, and construction industries is a critical area of materials sci-
ence aimed at enhancing the durability of equipment components
under conditions of intensive abrasive and hydroabrasive wear, as
well as corrosive environments. Contemporary literature explores a
wide range of approaches to developing materials such as high-
chromium cast irons, manganese steels, and high-entropy alloys,
alongside processing technologies including heat treatment, hard-
facing, and surface strengthening. However, these studies often lack
a comprehensive approach that integrates technical, economic, and
operational factors essential for practical industrial applications.

High-chromium cast irons and manganese steels, such as
110G13L, are traditionally regarded as universal wear-resistant ma-
terials due to their high hardness and capacity for work hardening.
However, their effectiveness is highly dependent on operating con-
ditions, including the type of wear (dry abrasive or hydroabrasive),
load levels, and environmental corrosiveness (Xu et al., 2023; Liao
et al.,, 2024). For instance, 110G13L exhibits optimal wear re-
sistance only under significant static or impact loads that promote
martensitic transformation in its austenitic microstructure, whereas
its performance diminishes in hydroabrasive conditions with low
loads due to insufficient hardening (Ning et al., 2025). The micro-
structure, particularly grain size, carbon and manganese content,
and other alloying elements, plays a pivotal role in austenite stability
and its propensity for phase transformations, which directly affect
wear resistance.

Heat treatment, such as normalization and quenching, signifi-
cantly enhances the wear resistance of high-carbon and high-nitro-
gen steels in dry abrasive conditions by forming a robust micro-
structure with an optimal carbide distribution (Filippov et al., 2006).
However, in hydroabrasive environments, high-chromium cast
irons like 300Kh28N2 are prone to brittle fracture due to low impact
toughness caused by hypereutectic carbides (Netrebko et al., 2022).
In such conditions, corrosion resistance is critical, requiring a chro-
mium content above 12% and minimal carbide presence to reduce
intergranular corrosion, as demonstrated by the superior perfor-
mance of 280Kh22G2N in hydroabrasive environments (Netrebko
& Volchok, 2020). These findings highlight the need to tailor mate-
rial composition and microstructure to specific wear conditions.

Innovations in materials science, such as the addition of vana-
dium to high-chromium steels, improve impact-abrasive and corro-
sion resistance by forming a uniform microstructure with finely dis-
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persed carbides (Liao et al., 2024). However, the use of costly al-
loying elements like vanadium or molybdenum limits their applica-
bility in resource-constrained industrial settings. Similarly, high-en-
tropy alloys, such as AICoCrFeNi2.1, exhibit exceptional wear re-
sistance due to their unique microstructure but are impractical for
large-scale production due to high costs (Lozinko et al., 2022). In
contrast, cost-effective materials like 45Kh2GSL steel and
280Kh22G2N cast iron offer a balanced combination of perfor-
mance and affordability, which is critical for industrial applications.

Surface strengthening technologies, particularly hardfacing,
are effective in enhancing wear resistance but are hindered by high
costs and complexity, limiting their use in mass production (Ning et
al., 2025). Alternative methods, such as casting and normalization,
achieve comparable performance at lower costs, as demonstrated by
150Kh20G2N cast iron, which provides machinability in the as-cast
state and high wear resistance after heat treatment (Tkachenko et
al., 2020). Economic considerations, such as downtime costs (ac-
counting for 70-80% of total losses in mining operations) and
maintenance expenses, are often overlooked in traditional material
selection approaches, leading to suboptimal solutions (Shalomeev
& Liutova, 2022). Aligning component service life with mainte-
nance schedules is crucial for improving economic efficiency but is
rarely addressed in the literature.

Environmental considerations are gaining increasing im-
portance. Life cycle assessment of materials, which accounts for en-
vironmental impact, is essential for sustainable industrial develop-
ment but often lacks integration with technical performance metrics,
such as wear resistance in hydroabrasive conditions (Garcia Gutiér-
rez et al., 2024). Innovations in materials science aimed at reducing
resource consumption highlight the need for cost-effective solu-
tions, yet specific methodologies for their implementation in indus-
trial settings are scarce (Gan, 2024). Surface coatings, such as ther-
mal spraying, offer potential for further improving wear resistance,
but their economic feasibility requires further investigation (Zaw-
ischa et al., 2021). Statistical data underscore the economic signifi-
cance of Ukraine’s mining and metallurgical industries, contributing
10% to GDP and employing over 200,000 workers, emphasizing the
importance of developing cost-effective materials for this sector
(SSC of Ukraine, 2023).

Despite significant progress, contemporary literature reveals
several critical gaps. First, most studies focus on technical proper-
ties, such as hardness and wear resistance, while neglecting eco-
nomic factors, including production and maintenance costs, down-
time expenses, and alignment with maintenance schedules
(Bhadauria et al., 2020; Filippov et al., 2006; Liao et al., 2024). Sec-
ond, high-performance materials, such as high-entropy alloys or va-
nadium-alloyed steels, are costly, limiting their use in resource-con-
strained industrial settings (Lozinko et al., 2022; Xu et al., 2023).
Third, hydroabrasive conditions, critical for components like slurry
pumps, are underexplored compared to dry abrasive wear (Netrebko
et al., 2020; Netrebko et al., 2022). Fourth, there is a lack of com-
prehensive methodologies integrating technical, economic, and en-
vironmental factors for optimizing material selection (Gan, 2024;
Garcia Gutiérrez et al., 2024). Finally, the influence of processing
parameters, such as heat treatment or cooling rates during casting,
on microstructure stability and material performance in real-world
conditions requires further investigation.

The proposed study addresses these gaps by developing a
multi-criteria methodology that integrates technical properties
(wear resistance, impact toughness, machinability), economic fac-
tors (production, maintenance, and downtime costs), and opera-
tional constraints (maintenance schedules). The development of
cost-effective  materials, such as 45Kh2GSL steel and
280Kh22G2N cast iron, provides practical solutions for industrial
applications, particularly in hydroabrasive conditions. The empha-
sis on sustainability through reduced resource consumption and
equipment downtime enhances the methodology’s applicability in a
global context, contributing to both scientific advancement and
practical solutions for industrial challenges.

Research Aim and Objectives

The scientific aim of this study is to develop a multi-criteria
methodology for the informed selection and optimization of wear-
resistant materials and their processing technologies, integrating

technical, economic, and operational factors to enhance the durabil-
ity of equipment components under intensive abrasive and hydroa-
brasive wear conditions. This aim addresses the issue identified in
the literature review, namely the lack of a comprehensive approach
to material evaluation that considers not only technical properties
but also economic efficiency and suitability for specific operating
conditions, particularly in hydroabrasive environments prevalent in
the mining and metallurgical industries.

The practical aim is to provide industrial enterprises, particu-
larly in Ukraine, with cost-effective solutions to improve the relia-
bility and service life of critical equipment components, such as
slurry pumps, bucket linings, and ball mill grates, thereby reducing
downtime costs, maintenance expenses, and component replace-
ments, while contributing to sustainable development through min-
imized resource consumption and environmental impact.

To achieve the stated aim, the following objectives have been
established:

— To analyze the influence of microstructure and chemical
composition of wear-resistant materials (high-chromium cast
irons and steels) on their performance in hydroabrasive condi-
tions, with a focus on austenite stability and carbide phase char-
acteristics.

— To develop a multi-criteria evaluation methodology that
incorporates technical parameters (wear resistance, impact tough-
ness, machinability), economic indicators (production, mainte-
nance, and downtime costs), and operational factors (alignment of
component service life with maintenance schedules).

— To experimentally assess the wear resistance and corro-
sion resistance of proposed materials (45Kh2GSL, 280Kh22G2N,
150Kh20G2N) in hydroabrasive conditions compared to conven-
tional counterparts (e.g., 300Kh28N2).

— To determine optimal processing technologies (casting,
normalization, heat treatment) to achieve a balance between wear
resistance, economic efficiency, and material machinability.

— To formulate practical recommendations for industrial en-
terprises on the selection of materials and technologies that mini-
mize costs and enhance equipment efficiency under abrasive and
hydroabrasive wear conditions.

These objectives are designed to establish a scientifically
grounded framework for addressing the issue of suboptimal mate-
rial selection identified in the literature, while delivering practical
outcomes that enhance the competitiveness of industrial sectors,
particularly in Ukraine, where the mining and metallurgical indus-
tries play a significant economic role.

Materials and Methods

To systematically investigate the degradation mechanisms and
wear performance of components used in mining, metallurgical, and
construction equipment, an experimental study was conducted on a
range of steels (110GI3L, 40KhL, 34KhNML, 60Kh2SML,
45Kh2GSL) and cast irons (300Kh28N2, 280Kh22G2N,
150Kh20G2N) under dry and hydroabrasive wear conditions. The
study aimed to simulate the operational environments of compo-
nents such as ball mill grates, slurry pump impellers, and scoops
(Fig. 1, Fig. 3, Fig. 4). Samples were prepared as rectangular prisms
(20 mm x 20 mm x 50 mm) and cylindrical specimens (diameter 25
mm, height 30 mm), with 10 samples per material to ensure statis-
tical robustness. Surfaces were ground to a roughness of Ra 1.6 um
using a surface grinder to standardize initial conditions. To evaluate
the effect of heat treatment, half of the samples were tested in the
as-cast condition, while the remaining samples underwent normali-
zation at 1000°C for 4.5 hours in a muffle furnace, followed by air
cooling. Chemical compositions were verified using an optical
emission spectrometer (ARL 3460) to confirm compliance with
nominal alloy specifications. Wear resistance was assessed using a
modified household concrete mixer (BRS-130, 130 L capacity) de-
signed to replicate abrasive and hydroabrasive wear. The mixer was
loaded with 10 kg of normal electrocorundum (grade 14A, particle
size 3.5 mm) as the abrasive medium. For hydroabrasive tests, 5 L
of deionized water (pH 7.0) was added to form a slurry, simulating
conditions in slurry pumps and ball mills. The mixer operated at a
constant speed of 30 rpm to ensure uniform abrasive interaction.
Each test ran for 124 hours, with samples removed every 24 hours
for measurement.
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Figure 2 — Diagram of the algorithm for evaluating and searching for optimal efficiency of implementation (Created by the authors)

Dry abrasive tests followed the same protocol without water.
Wear was quantified gravimetrically by measuring mass loss using
an analytical balance (accuracy +0.001 g). Samples were ultrasoni-
cally cleaned in ethanol, dried at 80°C for 30 minutes, and weighed
before and after each 24-hour interval. Wear rate was calculated as
mass loss per unit time (g/h), with three measurements per sample
averaged to account for variability. Microstructural analysis was
performed using an optical microscope (Nikon Eclipse MA200) at
magnifications of X100 to x1000. Samples were polished to a mirror
finish and etched with 4% nital (for steels) or Marble’s reagent (for
cast irons) to reveal phase boundaries, grain size, and carbide distri-
bution (Fig. 5, Fig. 9). Five fields of view per sample were analyzed
to ensure representative data. Hardness was measured using a Rock-
well hardness tester (HRC scale, 150 kg load) at five points per sam-
ple, with the average reported. Impact toughness (KCU) was deter-
mined using a pendulum impact tester (Charpy method, 300 J ca-
pacity) on notched specimens (10 mm x 10 mm x 55 mm).

i’ » '\’3-4//

L
Y

Figure 3 — Grate of the ball mill (Created by the authors)

Spectral analysis confirmed the absence of unintended impuri-
ties. Testing procedures adhered to ASTM G65 for dry abrasive
wear and ASTM G75 for slurry abrasion where applicable. Envi-
ronmental conditions were controlled (temperature 20-25°C, hu-
midity 40-60%), and all equipment was calibrated prior to testing.
Data were analyzed using one-way ANOVA to identify significant

differences in wear rates and mechanical properties (p < 0.05), with
post-hoc Tukey tests for pairwise comparisons. Results were re-
ported as mean + standard deviation. Detailed records of sample
preparation, testing parameters, and measurement protocols were
maintained to ensure reproducibility. This methodology provides a
comprehensive framework for evaluating material performance un-
der abrasive and hydroabrasive conditions, enabling precise com-
parisons and informed material selection for industrial applications.

Figure 4 — Ball mill scoop (Created by the authors)

Results and Discussion

The experimental investigation into the wear performance and
mechanical properties of steels (110G13L, 40KhL, 34KhNML,
60Kh2SML, 45Kh2GSL) and cast irons (300Kh28N2,
280Kh22G2N, 150Kh20G2N) under dry and hydroabrasive wear
conditions provided critical insights into their suitability for compo-
nents in mining, metallurgical, and construction equipment, such as
ball mill grates, slurry pump impellers, and scoops (Fig. 1, Fig. 3,
Fig. 4). The study’s multi-criteria methodology (Fig. 2) enabled a
comprehensive evaluation of material performance by integrating
operating conditions, mechanical properties, manufacturing tech-
nologies, and economic factors. The results demonstrate that opti-
mal material selection requires balancing wear resistance, tough-
ness, and machinability while aligning component durability with
scheduled maintenance intervals to maximize economic efficiency.
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Wear Performance in Dry and Hydroabrasive Conditions

In dry abrasive wear tests, cast iron 300Kh28N2 exhibited the
lowest wear rate (0.012 + 0.001 g/h), attributed to its high hardness
(58-60 HRC) and dense network of hypereutectic carbides (Fig. 5).

This performance aligns with findings by Xu et al. (2023), who
reported that high-chromium cast irons with vanadium and nitrogen
additions excel in dry abrasion due to their resistance to surface
scratching and micro-cutting. The carbide-rich microstructure of
300Kh28N?2 effectively resisted abrasive particle penetration, min-
imizing material loss. However, in hydroabrasive conditions, its
performance deteriorated significantly, with a wear rate of 0.035 +
0.003 g/h. This was primarily due to brittle fracture, driven by its
low impact toughness (0.06-0.08 MJ/m?) (Table 1), which made it
susceptible to crack initiation and propagation under cyclic slurry
impacts. This observation is consistent with Netrebko et al. (2022),
who noted that high-hardness cast irons often fail in hydroabrasive
environments due to insufficient ductility.

Figure 5 — Zeytectic carbides of Me7C3 in cast iron 300X28H2, x400
(Created by the authors)

Table 1 — Classification of austenitic manganese steels stability
(Created by the authors)

Reason
Average for Re-
Alloy Grade Mechanical Properties Durability,
place-
Months
ment
o8B, MPa HB,MPa KCU, MJ/m?grate scoop
300Kh28N2 700...750 HRC = 0.06...0.08 0,8...1 Fracture
58...60
110G13L  700...730 2000...2150 2.20...3.40 7 Wear
40KhL 680...710 2100...2250 0.20...032 5,5 1,5 Wear
34KhNML 765...790 2100...2310 0.70...0.85 6 Wear,
Defor-
mation
60Kh2SML 850...900 2600...2700 0.14...0.16 6,5...7 Break-
age
45Kh2GSL  850...900 2600...2700 0.20 7..9 2 Wear

Steel 45Kh2GSL, developed specifically for this study,
demonstrated balanced performance across both conditions, with
wear rates of 0.018 + 0.002 g/h (dry) and 0.022 + 0.002 g/h (hydro-
abrasive). Its optimized mechanical properties (c_B > 850 MPa, HB
> 2600 MPa, KCU > 0.20 MJ/m?) enabled it to withstand abrasive
wear and impact loads, making it ideal for ball mill grates and
scoops (Fig. 3, Fig. 4). The martensitic structure of 45Kh2GSL,
combined with minimal carbide content, provided a robust matrix
that resisted both surface abrasion and subsurface crack formation.
This balance is critical for components subjected to dynamic loads,
as highlighted by Liao et al. (2024), who demonstrated that vana-
dium-modified high-chromium steels achieve superior impact-abra-
sion resistance through microstructural homogeneity.

In contrast, steel 110G13L, known for its austenitic structure
and work-hardening capacity, exhibited higher wear rates (0.025 +
0.003 g/h dry, 0.030 £ 0.003 g/h hydroabrasive). Its relatively low
hardness (20002150 MPa) under low specific loads limited its ef-
fectiveness in hydroabrasive environments, where continuous

slurry flow eroded the surface before significant work hardening
could occur. This finding aligns with Ning et al. (2025), who noted
that austenitic steels like 110G13L are less effective in slurry condi-
tions due to their reliance on high contact pressures for hardening.
Similarly, steel 60Kh2SML, despite its high hardness (2600-2700
MPa), failed prematurely in hydroabrasive tests, with fractures ob-
served after approximately 80 hours. Its low impact toughness
(0.14-0.16 MJ/m?) led to brittle failure under cyclic impacts, under-
scoring the trade-off between hardness and ductility in high-strength
alloys.

Hydroabrasive wear tests highlighted the advantages of mate-
rials with single-phase structures and high chromium content
(>12%). Cast iron 280Kh22G2N, characterized by a carbide-free
microstructure (Fig. 9), achieved a wear rate of 0.020 £ 0.002 g/h in
hydroabrasive conditions, outperforming 300Kh28N2. The absence
of hypereutectic carbides reduced the formation of microgalvanic
couples, minimizing intergranular corrosion in slurry environments.
This result corroborates Liao et al. (2024), who emphasized that sin-
gle-phase alloys with chromium additions enhance corrosion re-
sistance in abrasive-corrosive conditions. Steel 40KhL and
34KhNML, while moderately durable in dry conditions (wear rates
0f 0.022 £ 0.002 g/h and 0.020 £ 0.002 g/h, respectively), showed
progressive wear in hydroabrasive tests due to microstructural de-
fects and insufficient hardening depth, leading to deformation and
reduced component functionality.

Mechanical Properties and Microstructural Insights

The mechanical properties of the tested materials (Table 1)
were critical in determining their operational durability. Steel
45Kh2GSL met the target specifications (c_B > 850 MPa, HB >
2600 MPa, KCU > 0.20 MJ/m?), achieving a durability of 7-9
months for ball mill grates and 2 months for scoops, depending on
ore hardness. Its martensitic structure, with finely dispersed car-
bides, provided a balance of hardness and toughness, reducing wear
and preventing deformation under impact loads. This performance
was particularly evident in ball mill grates (Fig. 3), where
45Kh2GSL maintained slot integrity, ensuring consistent mill
productivity. In contrast, steel 34KhNML exhibited microstructural
inhomogeneities, such as coarse austenite grains, which led to pro-
gressive wear and slot deformation, reducing mill throughput. This
issue was also noted by Garcia Gutiérrez et al. (2024), who high-
lighted the importance of microstructural uniformity in maintaining
component performance under abrasive loads.

Cast iron 300Kh28N2, while highly wear-resistant in dry con-
ditions, suffered from low impact toughness, leading to frequent
fractures in scoops (Fig. 4) after 0.8—1 month of operation. Its mi-
crostructure, dominated by large hypereutectic carbides (Fig. 5),
contributed to brittleness, as confirmed by Netrebko et al. (2022).
The low yield of acceptable castings (70—90%) for grates further
limited its practical application. Cast iron 280Kh22G2N addressed
these limitations by eliminating hypereutectic carbides (Fig. 9),
achieving satisfactory machinability in the as-cast state and high
wear resistance after normalization. Its application in slurry pump
components (Fig. 1) simplified casting processes by removing the
need for steel inserts (Fig. 6, Fig. 7, Fig. 8), reducing production
costs by 15%.

Figure 6 — Injection molds with steel inserts St..3
(Created by the authors)

Cast iron 150Kh20G2N resolved the conflicting requirements
of machinability and wear resistance, a challenge also explored by
Bhadauria et al. (2020). In its as-cast state (33—38 HRC), it offered
adequate machinability for components like pump impellers and
protective discs, eliminating the need for complex insert technology
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used with 300Kh28N2. After normalization at 1000°C for 4.5 hours,
its hardness increased to 54-55 HRC, providing superior wear re-
sistance in hydroabrasive conditions. This dual-state functionality
reduced manufacturing and maintenance costs for the GrAU 400/20
pump, aligning with the cost-reduction strategies proposed by
Tkachenko et al. (2020).

L

Figure 7 — Disc made of cast iron 300X28H2 with inserts made of
steel Steel 3 after machining by cutting
(Created by the authors)

Figure 8 — Keyway in a wheel made of 300X28H2 cast iron with a
steel insert made of Steel 3 after machining
(Created by the authors)

Figure 9 — Microstructure of cast iron 280X22G2N, x400
(Created by the authors)

Economic and Operational Implications

The multi-criteria methodology (Fig. 2) proved instrumental in
optimizing material selection by integrating technical performance
with economic considerations. For ball mills, replacing 110G13L
with 45Kh2GSL for grates extended service life to 7-9 months,
aligning with the 9—12-month maintenance cycles of other mill
components. This reduced unplanned downtime by 25-30%, equiv-
alent to annual savings of millions of hryvnias at large metallurgical
enterprises (Shalomeev & Liutova, 2022). The economic analysis
showed that while 45Kh2GSL components were 20% more expen-
sive than 110G13L, their doubled durability reduced specific oper-
ating costs (cost per hour of operation) to equivalent levels. Addi-
tional savings were realized through reduced labor for component
replacement and minimized production losses from downtime,
which can account for 70-80% of total downtime costs in mining
operations (Shalomeev & Liutova, 2022).

For slurry pumps, the adoption of 280Kh22G2N eliminated
the need for steel inserts (Fig. 6, Fig. 7, Fig. 8), which required ad-
ditional machining and cleaning steps in the casting process for
300Kh28N2. This simplification reduced casting costs by 15%
while maintaining comparable durability, demonstrating the meth-
odology’s ability to balance performance and cost. Similarly, the use
of 150Kh20G2N in pump components reduced maintenance ex-
penses by streamlining production and enhancing wear resistance,
supporting the findings of Gan (2023) on the importance of cost-
effective material innovations for sustainable industrial develop-
ment.

The methodology’s emphasis on aligning component durabil-
ity with maintenance schedules addresses a critical gap in traditional
material selection approaches, which often prioritize maximum du-
rability without considering operational constraints. For example,
extending the service life of a ball mill grate beyond the mill’s
maintenance cycle (e.g., to 15 months) would result in premature
replacement during scheduled maintenance, negating the benefits of
enhanced durability. By targeting a service life that is a multiple of
maintenance intervals (e.g., 9 months for grates vs. 9—12 months for
the mill), the methodology maximizes economic efficiency, as ar-
ticulated by Tkachenko et al. (2020).

Comparative Analysis with Contemporary Research

The results align with and extend recent advancements in ma-
terials science. Xu et al. (2023) demonstrated that high-chromium
cast irons with vanadium and nitrogen additions enhance wear re-
sistance but increase production costs due to complex alloying. The
current study’s development of 45Kh2GSL and 280Kh22G2N,
which avoid scarce elements like nickel and molybdenum, offers a
cost-effective alternative without compromising performance. Liao
et al. (2024) highlighted the role of vanadium in improving impact-
abrasion resistance, supporting the superior performance of
45Kh2GSL in dynamic load conditions. However, their focus on
high-cost alloys limits their applicability in resource-constrained
settings, whereas the current study prioritizes economically viable
solutions.

Ning et al. (2025) reviewed hardfacing techniques that en-
hance wear resistance but noted their high cost and complexity. The
current study’s use of casting and normalization for 150Kh20G2N
achieves similar wear resistance at a lower cost, making it more
practical for large-scale industrial applications. Zawischa et al.
(2021) explored scratch adhesion testing for hard coatings, suggest-
ing that surface treatments could further enhance the performance
of 45Kh2GSL and 280Kh22G2N. While coatings were not tested in
this study, their potential integration into the multi-criteria method-
ology warrants future investigation.

Lozinko et al. (2022) investigated high-entropy alloys, which
offer exceptional wear resistance due to their unique microstruc-
tures. While promising, these alloys are currently cost-prohibitive
for widespread industrial use. The current study’s focus on conven-
tional steels and cast irons, optimized through tailored compositions
and heat treatments, provides a more immediate solution for indus-
tries like mining and metallurgy. Garcia Gutiérrez et al. (2024) em-
phasized the importance of life cycle assessment in material selec-
tion, a principle reflected in the current methodology’s considera-
tion of production costs, maintenance expenses, and downtime
losses.

Broader Implications and Global Applicability

While the study was conducted in the context of Ukraine’s
mining and metallurgical industries, its findings have global rele-
vance. The processing of low-grade ores and technogenic minerals,
a growing trend worldwide, increases the demand for durable equip-
ment (Xu et al., 2023). The multi-criteria methodology offers a uni-
versal framework for optimizing material selection in such condi-
tions, applicable to mining operations in Australia, Canada, or South
Africa, where similar challenges are encountered. The methodol-
ogy’s focus on economic efficiency aligns with global sustainability
goals, as reducing downtime and maintenance costs lowers energy
consumption and resource waste, as noted by Gan (2023).

In Ukraine, where the mining sector contributes 10% to GDP
and employs over 200,000 workers (SSC of Ukraine, 2023), the
methodology addresses critical economic challenges. However, its
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principles are adaptable to any industrial setting where abrasive
wear and corrosion limit equipment performance. For example, the
methodology could guide material selection for construction equip-
ment in developing economies or metallurgical plants in Asia,
where cost-effective solutions are paramount.

Limitations and Future Research Directions

Despite its contributions, the study has limitations that warrant
further exploration. The focus on neutral hydroabrasive environ-
ments (pH 7.0) may not fully represent acidic or alkaline slurries
encountered in some mining operations, such as copper or phos-
phate processing. Future research should test the developed alloys
under varied pH conditions to broaden their applicability, as sug-
gested by Netrebko et al. (2020). Additionally, the study evaluated
a specific set of steels and cast irons, excluding emerging materials
like high-entropy alloys or ceramic composites. Lozinko et al.
(2022) demonstrated the potential of high-entropy alloys, and their
integration into the methodology could yield further improvements
in durability.

The economic analysis focused on direct costs (production,
maintenance, downtime), but indirect costs, such as environmental
impact and energy consumption, were not quantified. Garcia Gutiér-
rez et al. (2024) advocated for life cycle assessments to evaluate
material sustainability, and future studies should incorporate such
metrics to align with global environmental standards. Advanced sur-
face treatments, such as thermal spraying or laser cladding, could
also enhance the performance of 45Kh2GSL and 280Kh22G2N, as
explored by Zawischa et al. (2021). Pilot testing of these treatments
in industrial settings would validate their cost-effectiveness.

The methodology’s reliance on scheduled maintenance inter-
vals assumes consistent operational practices, which may vary
across enterprises. Future refinements should incorporate flexibility
to accommodate variable maintenance schedules, ensuring broader
applicability. Finally, the study’s focus on ball mills and slurry
pumps could be expanded to other equipment, such as crushers or
conveyor systems, to test the methodology’s versatility.

Practical Recommendations

The results provide actionable recommendations for industrial
practitioners. For ball mills, adopting 45Kh2GSL for grates and
scoops is recommended due to its balanced durability and alignment
with maintenance cycles. For slurry pumps, 280Kh22G2N and
150Kh20G2N offer cost-effective alternatives to 300Kh28N2, sim-
plifying production and reducing maintenance costs. Enterprises
should implement the multi-criteria methodology (Fig. 2) to evalu-
ate material options, prioritizing alloys that minimize downtime and
align with operational schedules. Regular microstructural analysis
and wear monitoring, as conducted in this study, should be inte-
grated into maintenance protocols to predict component failure and
optimize replacement timing.

In summary, the study demonstrates that optimal material se-
lection requires a holistic approach that considers wear resistance,
mechanical properties, manufacturability, and economic factors
(Table 2). The developed alloys, 45SKh2GSL and 280Kh22G2N, of-
fer practical solutions for enhancing equipment reliability and re-
ducing costs, with significant implications for the global mining and
metallurgical industries. The multi-criteria methodology provides a
robust framework for decision-making, bridging the gap between
technical performance and economic efficiency.

Conclusions

This study has advanced the understanding and optimization
of wear-resistant materials and their processing technologies for
components subjected to intensive abrasive and hydroabrasive wear
in mining, metallurgical, and construction equipment. By fulfilling
the research objectives, it has yielded significant outcomes relevant
to both the scientific community and industrial practice.

The analysis of microstructural and chemical factors revealed
that the performance of high-chromium cast irons and steels is
highly dependent on their composition and operating conditions.
Notably, the developed steel 45Kh2GSL proved highly effective
due to its martensitic microstructure with minimal carbide content,
achieving a service life of 7-9 months for ball mill grates and 2
months for scoops. Similarly, the cast iron 280Kh22G2N exhibited

superior performance in hydroabrasive environments, attributed to
its carbide-free microstructure that reduces intergranular corrosion.
These findings underscore the importance of tailoring material com-
position to specific wear mechanisms to ensure optimal durability.

Table 2 — Material requirements for different operating conditions
and process requirements (Created by the authors)

Operating Condi-
tions and Techno-
logical Require-
ments

Requirements for Properties and Structure

Abrasive Wear Martensitic or austenitic (capable of work hardening)
base with a maximum amount of carbides, without large

hypereutectic carbides. Hardness greater than 50 HRC.

Corrosive Environ- Single-phase base structure (ferrite) containing more

ment than 12% Cr and a minimal amount of carbides.
Hydroabrasive Single-phase metallic base structure with maximum
Wear in Neutral ~ hardness, containing more than 12% chromium.
Environment with-

out Pulp

Hydroabrasive Single-phase metallic base structure with maximum
Wear in Neutral ~ hardness (martensite) and a minimal amount of car-
Environment with bides.

Pulp

Machinability with Hardness up to 40 HRC. Absence of hypereutectic car-
Cutting Tools bides. Metallic base not prone to work hardening during
mechanical cutting.

The proposed multi-criteria methodology facilitated the opti-
mization of material and technology selection by effectively inte-
grating technical performance with economic and operational con-
siderations. This approach ensured alignment of component service
life with scheduled maintenance intervals, reducing unplanned
downtime by 25-30% and achieving substantial cost savings. The
methodology provides a robust foundation for informed decision-
making, addressing shortcomings in traditional approaches that of-
ten overlook economic efficiency.

Experimental evaluations confirmed the superior performance
of the proposed materials in hydroabrasive conditions. Steel
45Kh2GSL and cast iron 280Kh22G2N outperformed conventional
counterparts, such as 300Kh28N2, which exhibited higher wear
rates due to brittle fracture. Cast iron 150Kh20G2N successfully
balanced machinability and wear resistance, offering adequate ma-
chinability in its as-cast state and enhanced hardness after normali-
zation, making it suitable for slurry pump components. These re-
sults validate the effectiveness of the proposed materials in enhanc-
ing equipment reliability.

The study established casting and normalization as cost-effec-
tive processing technologies that achieve a balance between wear
resistance and affordability. The use of 280Kh22G2N eliminated
the need for steel inserts in pump components, reducing production
costs by 15%. Normalization of 150Kh20G2N at 1000°C increased
its hardness to 54-55 HRC, optimizing performance in hydroabra-
sive conditions. These advancements demonstrate the potential of
tailored processing techniques to deliver high-performance materi-
als at reduced costs.

The findings offer practical solutions for industrial applica-
tions, particularly in Ukraine’s mining and metallurgical sectors,
which play a vital economic role. The adoption of 45Kh2GSL and
280Kh22G2N enables minimization of downtime, reduction of
maintenance costs, and enhancement of equipment reliability. The
universal applicability of the multi-criteria methodology ensures its
relevance to global mining operations, where demand for durable
equipment is rising due to the processing of low-grade ores.

In summary, this study has established a scientifically
grounded and practically viable approach to optimizing wear-re-
sistant materials and technologies. The proposed methodology and
materials address critical challenges in component durability, eco-
nomic efficiency, and sustainability, offering a scalable solution for
enhancing industrial equipment performance worldwide.
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Evaluation of dynamic characteristics of a linear time-
varying system

Volt Avdieiev

Purpose. The development of methodological support for the construction of an algorithm for calculating the
coefficients of the transfer function of the second order link, which is equivalent to a time-varying system in the
selected time interval from the point of view of the smallest average value of the modulus of the difference of
dimensionless state vectors. Design / Method / Approach. Mathematical models of a time-varying system and
a second-order link are used, along with a criterion that determines the transfer function coefficients. The
Levenberg-Marquardt algorithm finds the minimum, and the Runge-Kutta algorithm solves differential equations.
The output of the time-varying system is obtained numerically, while the second-order link’s output is an analytical
solution. Findings. Based on the calculations carried out for the selected data example, the possibility of
determining the transfer function coefficients of the second-order link is shown, which, from the point of view of
the smallest average value of the modulus of the difference of dimensionless state vectors on the selected time
interval, is equivalent to time-varying system. Theoretical Implications. It is possible to have an estimate of the
margin of stability, type and duration of the transient process during the selected time interval of the system
operation by using the mathematical apparatus of linear stationary systems. Practical Implications. It leads to
the expansion of the methodological base of analysis and synthesis of linear time-varying systems. Originality /
Value. It lies in the using the Levenberg-Marquardt method to determine the coefficients of the transfer function
which is equivalent to the equations of a time-varying system at a certain time interval from the point of view of
the selected criterion. Research Limitations / Future Research. The algorithm was developed for the rocket
rotational control system in one plane. The transfer function coefficients depend on constraints and the test signal
within 15%. Further research includes an equivalent stationary approximation considering actuator inertia and
center of mass disturbances. Article Type. Conceptual.

Keywords:
time-varying control system, transfer function, equivalence criterion, Levenberg-Marquardt algorithm

MeTta. Po3pobka meTogmyHOro 3abesneyeHHs MoOydoBM anropuTMy po3paxyHKy KoediuieHTiB nepenartHoi
YHKLIT NaHK1 Apyroro NOpsiAKy, O € EKBiBaNEeHTHOK YaCOBO-3MiHHI cucTeMi Ha o6paHoOMy YacoBOMY iHTepBarni
3 TOYKM 30pYy HANMEHLLOrO CepeaHbOro 3Ha4YeHHs MOAYns pisHuLi 6e3po3mipHux BekTopiB cTaHy. insanH / Metop,
/ Nigxig. BUKOPMCTOBYOTHCS MaTeMaTUYHi MOAENI YacOBO-3MiHHOI CUCTEMM Ta NaHKU OPYroro nopsiaky, a Takox
KpuTepin Ans BU3Ha4YeHHs koediuieHTiB nepegartHoi dyHKuii. MiHimisauisa 3gincHioeTsca metogom JleBeHbepra-
Mapkyaparta, po3B’a3aHHsa AndepeHuianbHuX piBHAHb — MeTogoM PyHre-KyTTa. BuxigHui curHan 4acoBo-3MiHHOI
CMCTEMW OTPUMYETLCH YNCENBHO, a NaHKW ApYroro nopagky — aHanitnyHo. PesynbraTu. Ha nigcrasi pospaxyHkis,
npoBegeHux Ans obpaHoro npuknagy AaHuX, NPOAEMOHCTPOBAHO MOXIUBICTb BU3HAYEHHS KoedilieHTiB
nepegaTtHol YHKLiT NaHK1 Opyroro MopsaKy, sika 3 TOYKM 30pY HaNMMEHLLOro cepefHbOro 3HayeHHs Moayns
pisHMUi 6e3po3MipHMX BEKTOPIB CTaHy Ha obpaHOMYy 4acoBOMY iHTepBani € eKBiBaneHTHOK 4YaCcOBO-3MiHHIl
cuctemi. TeopeTM4He 3Ha4eHHA. 3a JOMOMOIOK MaTemMaTU4YHOro anapaTty MiHIAHUX CTauioOHapHUX CUCTEM
MOXIMBO OLHUTM 3anac CTIAKOCTi, TN Ta TpMBanicTb MEepPexiAHOro NpoLecy NpOTsiroM 06paHOro 4acoBOro
iHTepBany ekcnnyaradii cuctemu. MpakTuvHe 3Ha4YeHHA. Lie cnpusie po3wmpeHHio MeToam4yHoi 6asum aHanisy Ta
CVHTE3Y NiHINHMX YacoBO-3MiHHMX cucTem. OpuriHanbHicTb / LliHHicTb. BoHa nonsrae y 3actocyBaHHi meToay
JleBeHbepra-MapkyapaTa ons BU3HavyeHHs koedilieHTiB nepeaaTHol yHKLIi, WO € eKBiBaneHTHOK PIBHAHHSAM
4acoBO-3MiHHOI CMCTEMM Ha MEBHOMY 4acOBOMY iHTepBani 3 Todku 3opy obpaHoro kputepito. OB6mexeHHs
pocnigpkeHHs /| ManbyTHi gocnigkeHHA. Anroputm po3pobrneHo Ansi CUCTEMU KepyBaHHS 06epTaHHSIM pakeTu
B OAHIM nnowwmHi. KoediuieHTn nepepatHoi cyHKUii 3anexaTb Big obmexeHb i TectoBoro curHany (ao 15%).
Mopanbli AocnifxeHHs OXONMIoTb eKBIBaNeHTHY CTauioHapHY anpoKcumaliio 3 ypaxyBaHHSIM iHepUiNHOCTI
BMKOHABYOro NpUCTPOIO Ta 30ypeHb LeHTpy Mac. Tun ctarTi. KoHuenTyanbHa.
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The analysis of dynamic characteristics of linear time-varying
(LTV) systems compared to stationary systems is significantly more
complex due to several fundamental reasons. Firstly, the classical
concept of stability requires reformulation when applied to LTV
systems. Unlike time-invariant systems, where stability can be di-
rectly assessed through eigenvalues of the system matrix, in LTV
systems, there is no direct correlation between stability properties
and the eigenvalues of the coefficient matrix of the system of equa-
tions. This complicates the derivation of general stability criteria
and necessitates alternative analytical approaches.

To determine an appropriate control law that ensures the de-
sired dynamic characteristics of an LTV system, various mathemat-
ical approaches have been explored. These include differential ine-
qualities, parametric Lyapunov equations, predictive control mod-
els, and differential equations with constant coefficients approxi-
mated around specific time intervals. Each of these methods offers
advantages and limitations depending on the class of LTV systems
under consideration.

The construction of a Lyapunov function (LF) for LTV systems
is particularly challenging, as it requires solving a scalar differential
equation that incorporates both improper and double integrals
(Zhou et al., 2020). For scalar LTV systems, an LF construction
method based on the integral of system parameters with a weight
function over a finite time interval has been proposed. Specific con-
straints are imposed on the weight function to ensure that the Lya-
punov function remains positively defined and uniformly bounded.
Furthermore, its time derivative, when evaluated according to the
governing equations of the LTV system, must be negatively de-
fined—fulfilling a necessary stability criterion.

Several novel methods for constructing LF for specific classes
of LTV systems have been introduced (Kawano, 2020), including a
proof of Lyapunov’s inverse theorem for asymptotic stability. Nec-
essary and sufficient conditions for stability have been established
based on differential inequalities derived from Lyapunov’s ap-
proach (Zhou, 2016). Additionally, stability assessment algorithms
employing Riccati equations and matrix inequalities have been de-
veloped to handle LTV systems subjected to disturbances con-
strained by quadratic bounds (Seiler et al., 2019).

The application of stability theory to achieve predefined tech-
nical performance characteristics in LTV systems has been demon-
strated in various practical domains. Examples include spacecraft
orientation control (Zhou, 2021; Mullhaupt et al., 2007) and the reg-
ulation of perturbed aircraft motion in pitch dynamics (Xie et al.,
2022). Despite these advancements, an analysis of the available lit-
erature reveals that insufficient attention has been dedicated to the
development of methodological frameworks with direct applied
value for LTV system analysis and synthesis.

In classical control theory, the transfer function (TF) is used to
determine the dynamic characteristics of a linear sta-tionary system
and is defined as the ratio of the Laplace transform of the system’s
output signal to the Laplace transform of its input signal. The deter-
mination of the TF coefficients for a second-order link that is equiv-
alent to an LTV system over a finite time interval requires approxi-
mating the time-dependent coefficients of the governing differential
equations. One approach involves representing these variable com-
ponents as exponential functions (Avdieiev, 2024a), whose products
with the system state variables and their derivatives are subse-
quently transformed via Laplace methods. Iterative refinement of
these transformations ensures the accuracy of the resulting TF coef-
ficients.

To further simplify the computational algorithm for determin-
ing TF coefficients, as compared to the methodology presented in
Avdieiev (2024a), the present study aims to develop a methodolog-
ical framework for constructing an algorithm that minimizes the av-
erage absolute deviation between the dimensionless output state
vectors of the LTV system and its second-order link approximation.
This optimization is performed using the Levenberg-Marquardt al-
gorithm, which provides a robust numerical approach to achieving
the desired coefficient accuracy.

Addressing this problem is particularly relevant, as the existing
literature does not sufficiently cover the methodological support
necessary for the practical analysis and synthesis of LTV systems.
By refining the methodological foundations of transfer function ap-
proximation, this study contributes to the broader effort of improv-
ing control strategies for complex time-varying systems.

Mathematical Framework

The solution to the named task is shown on the example of a
time-varying system for controlling the rotational movement of a
rocket in one plane.

Without taking into account the executive device inertia, the
disturbed movement of the mass center, fuel fluctuations and the
body final stiffness, the system equation is as follows:
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In equation (1) ¥, v are the rotation angle of the missile body
and its time derivative; yg(?) is the input signal depending on time,
that means the specified value of the missile body rotation angle;
qo(?), q1(9), po(?), pi(?) are variable coefficients that depends on the
rocket inertial mass and aerodynamic characteristics, altitude and
flight speed.

The solution of system (1) can be obtained numerically, for ex-
ample, by the Runge-Kutta method, its results are presented in a ta-
ble, denote them 1, (t) and v, (t). They will be used in the iterative
process of determining TF coefficients using the Levenberg-Mar-
quardt method.

As you know, TF is the Laplace transform ratio of the output
signal of the system y(t)

L@} = [ p(®) - e~ - dt = 9(s)

to the Laplace transform of the input signal yg(s), i.e.
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where L is the designation of the Laplace transform operator, s is a
variable of complex type.

To obtain the first approximation of the TF based on equation
(1), the coefficients go, g1, po, p1 are assumed to be constant and
equal, for example, to their value at the midpoint of the selected time
interval. This makes it possible to transform these equations accord-
ing to Laplace and determine the TF of the second-order link in the
form:

Y(s) _  pistpo P1-S+Do @)
Pg(s)  s?-pys+qe  sP-2as+a?+p?

w(s) =

where a, 3 are the real and imaginary part of the roots of the equa-
tion s%- pr:s+qo=0.

As can be seen from (2), the search for a TF equivalent to a
time-varying system should be carried out in the four-dimensional
space of coefficients a, f3, po, p1.

To reduce the duration of the iterative process of finding the
TF coefficients of the second-order equivalent link the solution of
its differential equation

Yp-2a-yp+ (@ +p?) -y =
=p1 - Pg(0) +po - Py (D), 3)

which follows from the TF (2), the initial conditions and the input
signal y¢(7), must be obtained analytically.

In this work, two variants of input signals are considered:

— in the form of the parabola equation with a vertex in the cen-
ter of a certain time interval, for example 0...2t,, and equal to zero
at its edges

Ygi(t) =ay - t> + by -t +cy; 4)

—in the form of two equations that specify the program for
turning the rocket body to a given angle during the 2¢, time interval

lpgz(t) =
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®)

f.(t)=em-(ﬁ+i—%) o<t<t,
- f.(t,) +em- ( ) (t—t)—f(t-t,) t,<t<zt,

where the coefficients depend on the given value of the parabola at
the top in the center of the interval, the magnitude of the angle of
rotation and the desired transition process profile.

For the case of zero initial values and the signal yg1 (4) at the
input of the system, the solution of equation (3)

Y(a,B,po,p1,t) =
=e® . (A.-cosBt+Ag-sinft)+
+A-t2+B-t+C, (6)
where

_ Poaq
T a?+p?

B=—— (2a; p;+po: b +44A-a),

2+ﬂ2

C=—— (a; p1+py:- ¢4 —24+2a-B),

112+[5’ 2
A, =—C,

—(B+a-Ac)
—5

For the case of zero initial values and signal yg2 (5) at the input
of the system, the solution of equation (3) can be written in a form
like (6), but with other coefficients in its terms.

In the first half of a certain trajectory section

lp(a; ﬂ; pO;pi;t) = eat :
-(A;-cosBt+Ag-sinft)+

Ag =

+A-t2+B-t+C+f,-e%t,

0<t<t, @
where
__Dpoem
T 2(a?+p?)
—_em_, Po .
B=—m-(p+B+44-a),
—_1 . (emPi_ .
T a?+p? ( d 2a B)'

___—em (@)
fe= d-(d?-2a-d+a?+B2)’

A, =—-C _fe'

—d-f,~B—Ac
Ay = e
B

In the second half of a certain trajectory section
Y(a,B,po,p1,t) =
= ev(t=t%) . [A, - cos B (t — tp) +

+As - sinfB(t—t,)+A-(t—tp)* +

+B-(t—t,)+CH+fp- ed (t=tp), ®)
t, <t <2t
where
_ —em-pg
 2:(a?+p2)
B =iz |fa(ty) -po—em- (% +py) +2a-4]
1 po- fi(ty) +
P1 em

T 4y fu(ty) - —24+2a-B|

om (542

fe = Z@aarairgy
Ac zlp(tp)_c_fe'
=5 [¥(t) A~ f - d],

f(t) =em- (t + I_Zd't).

The equivalence of a link with a TF of type (2) to a time-vary-
ing system is established by comparing their transient processes at
the selected test signals yg1, We2 (4, 5). The coefficients of the link
are found by minimizing the criterion, the value of which quantita-
tively characterizes the results of the transient processes compari-
son.

The work considers variants of criteria from the point of view
of local extrema. Part of them is described in (Avdiciev, 2024b).

Criterion of the minimum sum of the squares of the difference
in the angles of missile body rotation

Q1(r) =X, (Y. t) — ¥, (t)]% ©)
ti = l . At,
2t,
==L

where At is the integration step of the system of equations (1),

r = [a,B,p0,p1]"

is the vector of TF coefficients introduced to shorten the record.
Criterion of the minimum square of the difference of the angles
of the state vector direction
tb(r,tl)
Y(r, tl)

arctg

Q:(r) = (10)

wH (tl)

Criterion of the minimum square of the difference of the mod-
ules of the dimensionless state vector
Q3(r) = XL [m(r, t;) — m,(t)]?, 11

where

m(0) = W0l + 00l

ma(6) = [0 + ) e

Wm, Wmt are the angle and angular speed of the body rotation, used
for the transition to dimensionless quantities.

Criterion of the minimum value of the area difference under
the curves of transient processes

Qa(r) = At - |XiL1 [ (r, t) — Y, ()] (12)

The criterion for the minimum of the average value of the dif-
ference between the state vectors

Qs(r) = 13)

n \/[[w(r.m—wm] + [¢<r.r,»)—¢u<ti>]]
lljm]z wmt]z

The criterion of the minimum value of the difference in the
area of phase portraits

Qs(M) = |Sp(r) =S4, (14)

where
Sp(r) = [, 6) - dip(r, £) =
= [27(r, 002 - dt = At - Ty, £)?,

Su = At Xy Py (:)?
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From the point of view of the local extrema location, the prop-
erties of criteria (9-14) were established experimentally using the
Levenberg-Marquardt method on the example of the data in the ta-
ble 1 with test signals wg1, wga (4, 5).

As the conducted experiments have shown, after studying the
results of using a certain criterion for the purpose of quantitative
analysis of the equivalence level of equations (1) and TF (2) de-
pending on time, it may be appropriate to construct a difference
phase portrait in coordinates

P = P P — Y.

Table 1 — dependence of TF coefficients on time

(developed by author)

t 9o Do D

s 57 s

0 3.31 -4.53 -1.87
16 4.56 -5.52 -2.28
32 7.14 -7.51 -3.10

Based on the location of local extrema in the space of TF co-
efficients, that is, coordinates of vector r, and the minimum values
of the criterion, option Qs (13) is preferred. The results of its use are
in the table 2.

Table 2 — TF coefficients before and after minimizing
the criterion Qs(r) (developed by author)

Test signal ~ Definition o B Po )2 Os
point

Vel primary —120 1.88 —-585 -24 0.075
final -123  0.57 -220 -37 0.046

Ve primary —1.20 1.88 —-585 -24 0.340
final -1.02  0.63 -1.60 -37 0.091

Based on the final results of determining the TF coefficients
(2) in the case of the test signal g1 (table 2), we will obtain an esti-
mate of the following dynamic characteristics of the time-varying
system in the relative time range 0...32 s (table 1): stability margin
on the roots plane of the characteristic polynomial 1.2 s/, the dura-
tion of the transient process is 2.4 s, the frequency of the oscillatory
component of the transient process is 0.09 Hz, the amplitude-phase
dependence on the circular frequency ®

References

PY(jw) _ -4-11.50w*+jw-(1.3+3.7w?)
Yg(jw) - w*-3.7w2%+17

w(w) = 2
where 2=~ 1.

The named estimates of dynamic characteristics can be used to
make technical decisions in the process of designing systems with
time-varying parameters.

Conclusions

Based on the calculations performed for the selected data ex-
ample, this study demonstrates the feasibility of determining the
transfer function (TF) coefficients for a second-order link. From the
perspective of minimizing the average absolute deviation between
the dimensionless state vectors over a selected time interval, the ob-
tained TF is equivalent to the given linear time-varying (LTV) sys-
tem.

The application of the transfer function approach enables the
estimation of key dynamic characteristics, including the stability
margin in the root plane of the characteristic polynomial, the nature
and duration of transient processes, as well as the system's gain as a
function of input signal frequency. This allows for a comprehensive
analysis of amplitude-frequency and phase-frequency dependen-
cies, which are crucial for assessing system behavior under various
operating conditions.

A novel aspect of this study is the use of the Levenberg-Mar-
quardt method to determine the TF coefficients, ensuring their
equivalence to the governing equations of an LTV system over a
specified time interval based on the selected optimization criterion.
This approach enhances the accuracy of TF-based approximations
and provides a refined tool for analyzing time-varying dynamic sys-
tems.

The practical significance of this work lies in expanding the
methodological framework for the analysis and synthesis of LTV
systems. The proposed methodology offers a structured approach
for approximating LTV system dynamics using TF representations,
contributing to the development of more effective modeling and
control strategies.

A potential direction for future research is the determination of
an equivalent stationary approximation for the LTV system govern-
ing the rocket’s rotational motion. This would involve accounting
for the inertia of the actuator and the effects of disturbed motion of
the center of mass, further refining the accuracy of system modeling
and control.
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Purpose. The research purpose is to improve the data flow management of the air traffic control system of the
Danylo Halytskyi International Airport “Lviv’. Design / Method / Approach. The following methods and
approaches were consistently used in the research: system approach; modeling; content analysis; statistical
analysis; project approach; economic analysis. Findings. Recommendations have been developed for optimizing
data flow processing, including improving technological solutions, increasing the level of automation, and
implementing strategies to reduce stress on controllers. The features and effectiveness of air traffic management
and the data flow network of the automated control system of the Danylo Halytskyi International Airport “Lviv”
have been studied. The program has been developed to improve the effectiveness of air traffic management and
the data flow network of the automated control system of the Danylo Halytskyi International Airport “Lviv”. The
effectiveness of the implementation of the program to improve air traffic management and the data flow network
of the automated control system of the Danylo Halytskyi International Airport “Lviv’ has been substantiated.
Theoretical Implications. Methodological aspects of data flow management of the automated air traffic control
system network have been investigated. Practical Implications. Directions for increasing the efficiency of air
traffic control and data flow management of the automated control system network of the Danylo Halytskyi
International Airport “Lviv” have been developed and substantiated. Originality / Value. The implementation of
the modern technical and methodological solutions proposed in the article for the automation of air traffic control
and data processing will contribute to reducing risks, increasing the speed of decision-making and ensuring the
stable operation of all aviation processes. Research Limitations / Future Research. Future research into
mechanisms for improving air traffic management and data flows at airports is an important task from both a
scientific and a practical point of view. Article Type. Applied Research.
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MeTta. BgockoHaneHHs ynpaBniHHA NOTOKOM AaHUX CUCTeMMU ynpaBniHHA MOBITPAHUM pyxoM MixHapogHoro
aeponopty «JIbBiB» iM. Oanuna Manuupkoro. OusanH / Meton / Migxia. Y pocnigxeHHi 6yno nocnigoBHo
BMKOPUCTAHO Taki METOAM i Migxoaun: CUCTEMHWUIA NiOXia; MOLENOBAHHS; KOHTEHT-aHani3; CTaTUCTUYHUI aHanis;
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NOTOKIB AaHuX, BKMOYaOYM BAOCKOHANEHHSA TEXHOMOrYHMX pilleHb, NiABULLEHHS piBHA aBToOMartu3auii Ta
BMPOBaXXEeHHSA CTpaTeril 3HWKEHHS CTPECOBOIO HaBaHTaXXEHHS Ha aucnetyepiB. JocnigkeHo ocobnuBocTi Ta
eEeKTUBHICTb YNpaBmiHHA NOBITPAHUM PYXOM i MOTOKaMWU JaHUX Mepexi aBTOMaTM30BaHOI CUCTEMU yrnpaBniHHSA
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METOAONONMYHNX PilleHb Ans ynpaBsniHHA MOBITPSHUM pyXOoM i aBToMatu3auii 06pobkM AaHux [OOonoMoxe
3MEHLUWTU PUBMKW, MIABULLMTY LWIBUAKICTE MPUAHATTS pilleHb, 3abesneunTtun ctabinbHy poboTy BCixX aBiaLiliHMX
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Modern airports operate in a complex environment, where it is
necessary to ensure the coordinated operation of various systems:
flight control, ground handling, logistics, security and interaction
with airlines. Optimizations of data flows and automation of man-
agement processes allow for to increase in the throughput capacity
of airports, reduce flight delays, improve passenger service and en-
sure compliance with international flight safety standards.

Given the constant increase in air traffic and the growing com-
plexity of operations, research into mechanisms for integrating air
traffic control systems and airport information networks is im-
portant for increasing the efficiency of the industry, reducing costs
and minimizing the environmental impact of aviation.

Air traffic management (ATM) is a critically important ele-
ment of the functioning of the global aviation system, ensuring the
safety, efficiency and optimization of aircraft movement in airspace.
Modern challenges associated with the growth of air traffic, the de-
velopment of unmanned aerial vehicles and the need for environ-
mental sustainability require improved methods (Kalashnyk & Kal-
ashnyk-Rybalko, 2024a) and approaches to the organization of air
traffic control.

Danylo Halytskyi International Airport “Lviv” is an important
part of the transport infrastructure of Western Ukraine, which is of
strategic importance for the city of Lviv and the region as a whole.
Since its opening in 1929, the airport has gone through various
stages of development, from a military facility to an international
hub. Of particular significance was the reconstruction before Euro-
2012, which provided the airport with new opportunities for serving
passengers. Since then, it has been developing steadily, expanding
routes and improving service. However, starting in 2022, the airport
experienced a significant crisis due to the full-scale Russian inva-
sion, which led to the cessation of civilian air traffic and a shift in
emphasis to humanitarian and cargo transportation. This was the
main reason for the sharp changes in the airport’s financial results,
in particular, a sharp reduction in revenues and gross profit. These
financial difficulties require a review of the airport’s development
strategy, including cost optimization and the search for new sources
of income.

At the same time, the restoration of air traffic after the end of
the war will be an important stage in returning to a stable financial
situation. If conditions permit in 2025, the opening of the Danylo
Halytskyi International Airport “Lviv”’ for commercial flights will
be an important step towards the economic recovery of not only the
Lviv region but also all of Ukraine.

Formulation of the problem

Theoretical and practical aspects of the problem of air traffic
control and automated airport management systems have become
the subject of research by such Ukrainian scientists as
Nedilko S. M., Baranov G. L., Bezverkha K. S., Borozenets 1. O.,
Shylo S. G., Shcherbak G. V., Brusakova O. V., Vasylenko D. E.,
Tymochko O. 1., Mazhara 1. P., Yanovytsky O. K. and others.

However, despite the significant contribution of these scien-
tists to solving this problem, many aspects of this issue remain in-
sufficiently disclosed. In particular, the issue of integrating auto-
mated control systems with the latest technologies, such as artificial
intelligence, machine learning and Big Data, requires further devel-
opment.

Cybersecurity issues in the processes of data exchange be-
tween airport subsystems, which are of critical importance for en-
suring flight safety and the effective operation of the aviation com-
plex, are also insufficiently covered. In addition, the issue of opti-
mizing data flow remains relevant to increase the efficiency of man-
agement decision-making, minimize flight delays and reduce oper-
ating costs.

The main goal of each airport is to serve the maximum number
of aircraft with minimal costs for each of them while ensuring flight
safety. Among the requirements of airspace users for the services of
the air traffic control system, the following can be distinguished:
increasing the throughput capacity of the air traffic management
system; flexible use of airspace; the ability to perform flights both
along optimal trajectories in the horizontal plane and at optimal al-
titude; dynamic correction of the flight plan during its execution;
reducing time delays for flights arriving at airports; minimal devia-
tions of aircraft from planned trajectories while preventing possible
collisions with other aircraft or ground obstacles and when avoiding

dangerous meteorological events; simplified and unified procedures
for pilot-controller interaction during air traffic control.

The use of modern algorithms allows for significant reductions
in delays, increases the efficiency of airspace use and improves
schedule consistency (Aditya et al., 2024). At the same time, limi-
tations of existing models have been identified; in particular their
insufficient ability to adapt to changes in real time (Aditya et al.,
2024; Chen et al., 2024). Modern data-driven models (machine
learning, big data, digital twins of airports) demonstrate high accu-
racy in predicting delays and conflicts, but require significant com-
puting resources and are sensitive to the quality of input data (Chen
etal., 2024).

Modern air traffic management systems place all responsibility
for flight safety and effective air traffic management on the control-
ler. He not only gives instructions to pilots, but also allows (prohib-
its) the performance of certain flight procedures. The controller’s
capabilities are largely limited by the density of air traffic. In turn,
the controller’s psychological and physiological capabilities to pre-
dict and resolve several potentially conflicting situations simultane-
ously are limited, which is a limiting factor for the growth of air
traffic intensity and the development of the entire air traffic man-
agement system (Jameel et al., 2023). Among the innovations that
will help improve the efficiency of air traffic controllers’ infor-
mation processing, including information overload, the concept of
a digital air traffic controller (Jameel et al., 2023) has been pro-
posed, which integrates into the controller’s workplace and per-
forms tasks such as conflict detection and resolution, command cre-
ation, and communication with pilots via CPDLC (Controller Pilot
Data Link Communications).

A new approach to assessing and optimizing air traffic com-
plexity based on system stability metrics by adjusting the departure
time of some flights will help significantly reduce the workload on
controllers and increase the safety and efficiency of air operations
(Wang et al., 2023). To help reduce the stress on controllers, a dy-
namic routing and scheduling approach for aircraft taxi automation
that adapts to the current situation on the airport surface has been
developed (Kang et al., 2025). This approach optimizes aircraft
movements on the ground, ensuring efficient planning and joint
control for all aircraft, as well as more balanced use of runways.

The development of a modern architecture for a real-time air
traffic control system that uses big data processing technologies has
significant potential for improving the efficiency and predictability
of air traffic control (Vaidya et al., 2023). The use of modern data
processing technologies allows for rapid response to changes in traf-
fic and provides flexibility in system scaling.

The modern strategy for developing air traffic control systems
involves the creation of unified complexes, on the one hand, and the
phased modernization of existing complexes, on the other. One ex-
ample of the creation of unified complexes is the development of a
single graphical interface for the Flow Management Data and Ser-
vices (FMDS) system (Abdulhak et al., 2024), which replaces more
than fifty disparate applications of the previous TFMS (Traffic Flow
Management System) platform of the US Federal Aviation Admin-
istration (FAA). The unified interface significantly reduces the exe-
cution time of standard operations and can significantly optimize air
traffic management processes, forming a solid foundation for the
next stages of implementation in real operating environments.

With the growth of air traffic, such traditional approaches as
the use of statistical models, fuzzy logic and data mining algorithms
face limitations, including high computational complexity and the
inability to effectively process large volumes of data (Aghdam et
al., 2021) of airspace. Further increasing the level of automation of
solving operational management tasks is possible only with the use
of new approaches and information technologies. Among the key
approaches and technologies aimed at improving ATC manage-
ment, the following can be distinguished:

1. Optimization of air traffic flow management. Air traffic flow
management is the basis of modern aviation, ensuring safe and effi-
cient aircraft movement in conditions of increasing airspace conges-
tion. The study (Aditya et al., 2024), based on an analysis of 162
publications from 2014-2024, emphasizes the importance of opti-
mizing aspects such as delay minimization, airspace congestion
management, and schedule planning.

A new approach to air traffic management in dense airspace,
based on network flow optimization, includes a model that



Challenges and Issues of Modern Science
2025, Vol. 4, No. 1

75

represents the airspace as a network with nodes and arcs, where each
arc has a limited capacity (Hu et al., 2025). This model allows taking
into account dynamic changes in traffic and adapting flight routes
in real time, ensuring efficient use of airspace and reducing delays.

2. Applying Deep Learning to Improve Control Accuracy. The
paper (Pinto Neto et al., 2023) analyzed the current level of the use
of deep learning for traffic forecasting, conflict detection, route op-
timization, speech recognition, and unmanned systems integration.
It also considered technical aspects such as architecture selection,
data processing, model training, and computational resource re-
quirements. However, many challenges must be overcome to fully
implement deep learning in air traffic control optimization, includ-
ing ensuring data quality and availability, model interpretability, in-
tegration with existing systems, and compliance with safety require-
ments. The authors emphasise the importance of interdisciplinary
collaboration to overcome these barriers and further develop intel-
ligent air traffic control systems.

In paper (Aghdam et al., 2021), a hybrid deep learning model
is proposed to improve the efficiency of air traffic control by com-
bining two architectures: Bidirectional Long Short-Term Memory
(Bi-LSTM) and Extreme Learning Machine (ELM). The model was
trained on data from Kaggle and evaluated using MATLAB using
various statistical performance criteria. The results showed a signif-
icant improvement in the accuracy of aircraft arrival and departure
time predictions, as well as a reduction in errors compared to previ-
ous methods.

3. Use of Big data and decision support system. The paper
(Aditya et al., 2024) emphasizes the role of big data in optimizing
ATC data flow management. The use of historical flight path data
allows balancing air flow density, reducing congestion. For exam-
ple, the integration of trajectory data with route capacity optimiza-
tion models resulted in a reduction in operation time by 18.6% (Ad-
itya et al., 2024).

A method for dynamically managing the movement of ground
equipment and aircraft at an airport, taking into account the chang-
ing traffic situation and the priorities of potential conflicts, based on
the analysis of large volumes of traffic data, is proposed in the paper
(Bao et al., 2025). The implementation of the proposed approach
managed to reduce the average waiting time on taxiways and park-
ing lots by approximately 12—18%, as well as reduce the number of
conflict situations to 25% of the initial levels (Bao et al., 2025).

4. Integration of modern technologies and automation. Inte-
grating explainable artificial intelligence into air traffic manage-
ment decision support systems can significantly increase operators’
trust in automated decisions, especially under high workload and
uncertainty (Xie et al., 2021). The authors developed a machine
learning-based operational risk prediction tool using the XGBoost
algorithm to analyze data on aviation events and meteorological
conditions. The proposed approach demonstrates the potential to
improve the safety and efficiency of aviation operations while
providing the necessary transparency and human control.

Improving of data flow management in ATC systems requires
a comprehensive approach that includes the use of big data, deep
learning methods, automation, and modern software architectures.
Research shows significant progress in minimizing delays, optimiz-
ing airspace capacity, and improving safety. However, challenges
remain in integrating new technologies into existing systems, taking
into account unforeseen factors and the need for cooperation be-
tween all stakeholders. Thus, further research into mechanisms for
improving air traffic management and data flows at airports is an
important task both from a scientific and a practical point of view.

The purpose of the research

The purpose of the research is to improve of data flow man-
agement of the air traffic control system of the Danylo Halytskyi
International Airport “Lviv”.

Research methods and the research information
base

The following methods were used in the research: system ap-
proach (to consider air traffic control as a complex system); model-
ing (to study the methodological aspects of data flow management
in an automated system); content analysis (to analyze information
flows between subsystems of the automated control system);

statistical analysis (to characterize and analyze the activities of the
Danylo Halytskyi International Airport “Lviv”); project approach
(to develop a program to improve the efficiency of air traffic control
and data flows); economic analysis (to substantiate the effectiveness
of the implementation of the air traffic control improvement pro-
gram).

The research information base is official data and financial re-
porting of the Danylo Halytskyi International Airport “Lviv”.

Discussion and results

Modern air traffic control is impossible without automation
systems that use artificial intelligence and big data analysis to im-
prove work efficiency. In addition, the environmental aspect is taken
into account, as aviation activities have a significant impact on the
environment, which encourages the implementation of environmen-
tally friendly routes and technologies (Kalashnyk & Kalashnyk-
Rybalko, 2024b). An important challenge today is the integration of
unmanned aerial vehicles (UAVs) into the overall airspace manage-
ment system. With the development of technology, drones are in-
creasingly used for both civil and commercial a purpose, which re-
quires clear coordination and regulation of their movement. The
components of air traffic control are given in Table 1.

Table 1 — Components of Air Traffic Control (Ministry of Transport
of Ukraine, 2010; Ukrainian State Air Traffic Services Enterprise,
2025)

Characteristics

Planning and allocation of airspace between

civil, military and special users to ensure flight

safety and efficiency

Air Traffic Service (ATS) Includes air traffic control (ATC), flight control,
information and emergency services

Air Traffic Control (ATC) Real-time monitoring and coordination of air-
craft movements by controllers to prevent con-
flict situations

Communications, Naviga- Ground and satellite navigation systems are

tion and Surveillance Sys- used to determine the aircraft's precise location

Components
Airspace organization

tems (CNS) and routing
Connection and commu- Organisation of effective interaction between
nication controllers, pilots, airport services and other

participants in air traffic

Providing up-to-date information on weather
conditions to improve safety and optimise
flights

Meteorological support

Forecasting and Air Traf-

fic Flow Management Analysis and regulation of air traffic intensity to

avoid airspace congestion and minimise delays

(ATFM)

Automated Air Traffic Using modern digital technologies, artificial in-
Management systems telligence, and big data to optimise the work of
(ATM automation) dispatch services

Aeronautical Information Collection, processing and dissemination of aer-
Management (AIM) onautical information for all participants in air
traffic

Organisation of emergency response, coordina-

Emergency and rescue

support tion of rescue operations in aviation incidents
Environmental manage- Implementing measures to minimise the envi-
ment ronmental impact of aviation, reduce noise lev-

els and reduce CO, emissions.
Unmanned Aerial Vehicle Coordination and regulation of UAV movement
Integration (U-Space) in shared airspace together with manned aircraft

Air traffic control is a complex system that ensures the safe,
efficient and orderly movement of aircraft in controlled and uncon-
trolled airspace. Its main goal is to prevent collisions, optimize
routes and reduce flight delays. The air traffic control system covers
three main directions (Figure 1).
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Air Traffic Control directions

Air Traffic Management (ATM) Air Traffic Services (ATS)

Direct flight management and
provision of dispatch control

General organization and control of
air traffic

Air Traffic Control (ATC)

Monitoring and regulation of aircraft
movement in airspace and on the
ground

Figure 1 — Air Traffic Control directions
(Ministry of Transport of Ukraine, 2010)

The air traffic control (ATC) automation system is a key ele-
ment of modern aviation, ensuring the safety, efficiency and relia-
bility of air traffic. The development of air traffic control service
continues, and current trends include the integration of unmanned
aerial vehicles, the expanded use of artificial intelligence and the
increasing role of digital technologies in the interaction between pi-
lots, controllers and aviation companies. The air traffic control
(ATC) automation system is a set of technical, software and organ-
izational tools that provide monitoring, control, planning and coor-
dination of air traffic in real time using modern information tech-
nologies and communication means (Ministry of Transport of
Ukraine, 2010). The characteristics of the air traffic control automa-
tion system are presented in Table 2.

Table 2 — Components of the Air Traffic Control automation system
(Ukrainian State Air Traffic Services Enterprise, 2025)

Characteristics
Functional purpose

Description

Air traffic control, ensuring flight safety, optimising
airspace use

Automated dispatch systems, radars, satellite naviga-
tion, digital communications, meteorological ser-
vices, and traffic forecasting systems

Main components

Working principle ~ Real-time data collection, processing and transmis-
sion for air traffic coordination
Advantages Improving flight safety, reducing delays, optimising

routes, and reducing the impact of the human factor
Connection to global air navigation systems, military
and civil aviation services

Using artificial intelligence, integration of unmanned
aerial vehicles, and automated management of air-
port operations

Integration with
other systems
Development pro-
spects

One of the key components of the air traffic control automation
system is the network data streams that provide operational infor-
mation exchange between control centers, aircraft, satellite and
ground stations, meteorological services, airports and other air traf-
fic participants.

Data streams in the ATC network are formed based on a large
number of sources and transmit a variety of information, including
data on flight trajectories, weather conditions, aircraft telemetry, ra-
dar images, controller command signals, automated trajectory cal-
culations and airspace conflict prediction. This data must be trans-
mitted in real or near real time with minimal delay, which requires
the use of high-speed, reliable and secure communication channels
(Ukrainian State Air Traffic Services Enterprise, 2025).

The air traffic control automation system network data streams
are structured digital information flows transmitted between air traf-
fic control system components in real time or with minimal delay to
ensure flight coordination, safety, and efficient use of airspace (Bru-
sakova, 2019).

The main purpose of data flow management in the network of
the air traffic control automation system is to ensure reliable, fast
and secure information exchange, which allows the aviation activity
to effectively coordinate aircraft movements, reduce the risk of in-
cidents and improve the quality of air navigation services. The main
tasks of data flow management in the network of the ATC automa-
tion system, which arise from this purpose, are presented in Fig-
ure 2.

Data flow management tasks in the air traffic control
automation system network

Timely transfer of information
between all elements of the air
traffic control system
(controllers, aircraft, satellite
services, etc.)

Optimisation of data flows to
avoid delays and overload of
communication channels

Protection of information flows
from unauthorised access,
failures and cyberattacks

Ensuring the accuracy and
reliability of information
received in real time

Y
Adaptation of the system to
changes in air traffic and growth
in air traffic

Figure 2 — Tasks of data flow management in the Air Traffic Control
automation system network
(Ukrainian State Air Traffic Services Enterprise, 2025)

Information flow management in the air traffic control system
has many features that distinguish it from other areas of data organ-
ization and transmission.

1. Real-time implementation, since aviation data must be trans-
mitted instantly without any delays, since even a second of slow-
down causes critical situations in air traffic.

2. High level of security and data protection, since aviation in-
formation is critical, its transmission must be protected from inter-
ception, disruption and potential interference by attackers. Encryp-
tion methods, communication channel redundancy and multi-level
authentication mechanisms are used.

3. Integration of different types of data. Data flow management
involves combining information from many sources, including
global navigation satellite systems (GNSS), radars, meteorological
stations, automated air traffic control centers and airports.

4. Flexibility and scalability, since the system must adapt to
changing air traffic conditions, for example, in the event of an in-
crease in air traffic or the occurrence of emergency situations (e.g.
adverse weather conditions, technical failures (Mashkov et al.,
2022), aviation incidents).

5. Process automation. Thus, the use of modern technologies
(artificial intelligence, machine learning, Big Data) allows for auto-
matic analysis, filtering and distribution of data, reducing the bur-
den on controllers and reducing the likelihood of human error.

6. Global data synchronization, since air traffic is international,
data flow management must ensure uninterrupted communication
between aviation services of different countries in accordance with
the standards of the International Civil Aviation Organization
(ICAO).

Therefore, data flow management in the air traffic control au-
tomation system network is a key component of modern aviation
infrastructure. As technology continues to develop, data flow man-
agement in the ATC automation system network also needs to be
modernized and improved. The main reasons why effective data
flow management is extremely important are shown in Figure 3.

Air mraffic safety
Data on the current coordinates, altitude, course and speed of aircraft must be
received without delay and with high accuracy. Any errors or delays in the
transmission of information can lead to a dangerous convergence of aircraft or|
a disruption of the route

Operational decision-making
Air traffic controllers and automated systems need reliable information to
adjust routes, make decisions about landing, takeoff or changes in flight paths

Airspace Optimization
A modem air traffic control system provides for the effective distribution of
routes and altitudes to reduce congestion in airspace and prevent conflict
situations

Resource Saving
Optimal data flow management allows airlines to reduce fuel costs, shorten
flight times and reduce environmental impact by optimizing routes

Seamless communications
Ensuring high-speed and secure information exchange between airports, control
rooms, and aircraft helps avoid disruptions in flight coordination

The need for effective data flow management in the network of the
air traffic control automation system

Figure 3 — The need for effective data flow management in the
network of the air traffic control automation system
(Source: Developed by the authors)
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The methodology of data flow management in the network of
the air traffic control automation system is presented in Table 3.

Table 3 — The methodology of data flow management in the network
of the air traffic control automation system (Ukrainian State Air
Traffic Services Enterprise, 2025; Permiakov et al., 2021)

Table 4 — Dynamics of financial condition indicators of the Danylo
Halytskyi International Airport “Lviv” in 2021-2023 (Source:
Developed by the authors based on official sources of financial
reporting data: LLC Clarity App, 2021; LLC Clarity App, 2022;
LLC Clarity App, 2023)

Indicators Years Deviation
Methodological Description 2022/ 2023/
aspect 2021 2022 2023 5051 H0p)
Real-time principle  Data is transmitted, processed and analysed in real Liquidity indicators
timf% which ensures instant response to changing air Absolute liquidity ratio 4,13 454 241 041 -2,13
_ trathic parameters __ : : Coverage ratio 500 586 332 066 2,54
Process automation  Using artificial intelligence, machine learning, and - -
. . . Quick liquidity ratio 499 565 3,15 0,66 -2,50
big data algorithms to automatically analyse and op- e ital
timize information flows I;Ilet Word III}gAEI pital,
Integrating data from Combining information from radars, satellites, thousan 3485,95, 314294 182383 -34301 -131911
different sources weather stations, navigation systems, airports and air Solvency indicators
traffic control centres Working capital ratio 081 08 0,70 0,02 -0,13
Global Data consistency between National and International ~ Equity agility ratio 0,18 0,10 0,07 -0,08 -0,03
synchronization systems according to ICAO standards for seamless Solvency ratio (autonomy) 096 098 097 0,02 -0,01
air traffic coordination Funding ratio 0,05 0,02 003 -0,03 0,01
Information Implementing multi-layered encryption, user authen- Business activity indicators
protection tication, and cybersecurity mechanisms to prevent Fixed assets turnover ratio (re-
unauthorised access turn on assets) 274 080 09 -194 016
Flexibility and adapt- The system is capable of dynamically changing con- Asset turnover ratio 3,900 1,09 1,32 2,81 0723
ability gz‘agferflgﬁ:;éigeigzﬁzrtg;llg:sges inair traffic, “Accounts payable tumover ratio 178,34 63,02 159,11 -115,32 96,09
Forecasting and risk Using analytical tools to predict possible threats, ﬁccoun:s paygbliirlitmw date 205 3,79 229 374 35
analysis failures or network overloads, which allows you to i ceounts recetvable tumover ra- 111,08 45,89 7231 -65,19 26,42
avoid critical situations 10 - -
Data monitoring and Regularly verify the correctness, accuracy and rele- Receivables maturity, .days 329 795 505 466 -29
quality control vance of information used for air traffic control Inventory turnover ratio 420,72 201,41 270,10 -219,31 68,69
Scalability The system is able to support the growth of air traf- Equity turnover ratio 4,02 1,12 1,35 -29 0,23
fic without loss of productivity, adapting to new Profitability indicators
technological standards Return on assets ratio 1,03 -23,55 10,26 -24,58 33,81
Efficient load man- Balancing data flows between servers and network Return on equity ratio 1,07 2430 10,55 -25,37 34,85
agement nodes to prevent overload and delays in information Profitability ratio 027 21,65 7,79 21,92 2944
processing Product profitability ratio 028 -19,32 831 -19,6 27,63

This methodology ensures the reliability, safety and efficiency
of data flow management in the automated air traffic control system
network, which is critically important for the stable functioning of
the aviation infrastructure.

Thus, effective data flow management in the air traffic control
system network is the basis for safe, reliable and optimized air traf-
fic management. Not only air traffic coordination, but also the over-
all level of flight safety depends on the quality and speed of data
processing. The use of modern technologies, such as artificial intel-
ligence, satellite communications, cloud computing and quantum
encryption, makes these processes even more efficient and ready for
future challenges in the aviation industry.

Important tasks of data flow management are to minimize de-
lays, ensure the safety and stability of the entire aviation system.
Also, an urgent direction of development is the integration of new
technologies to ensure more accurate and rapid coordination be-
tween controllers, pilots and other participants. Therefore, data flow
management is critically important for the effective functioning of
aviation infrastructure, and its improvement will become the basis
for achieving higher safety standards and optimizing air transporta-
tion, in particular at the Danylo Halytskyi International Airport
“Lviv”.

The Danylo Halytskyi International Airport “Lviv” is an im-
portant part of the transport infrastructure of Ukraine, which is of
strategic importance for the city of Lviv and the region as a whole.
The financial analysis of the airport’s activities for 2021-2023
demonstrates a catastrophic decline in revenue and an increase in
losses, which is directly related to the cessation of passenger trans-
portation.

In particular, in 2022, net income decreased by 87.1%, and in
2023, by another 98.3% compared to 2021. Expenses also de-
creased, but this was not enough to maintain financial stability. The
net profit indicator turned into significant losses, which reflects the
crisis state of the airport.

Despite the difficult conditions, the management is taking
measures to support its vital activities, optimizing costs and looking
for alternative sources of income. Further development of the air-
port will depend on the security situation in the country and the pos-
sibility of resuming air traffic. The financial condition of the airport
is analyzed in Table 4.

Analysis of the dynamics of liquidity indicators allowed us to
conclude that at the beginning of the analyzed period, all liquidity
ratios had rather high values, indicating the enterprise's ability to
promptly cover its obligations. In 2022, there is a tendency to im-
prove these indicators, which is the result of a decrease in short-term
liabilities. At the same time, an increase in the value of liquidity in-
dicators in 2022 indicates excessive diversion of the enterprise's re-
sources to the formation of cash, which leads to inefficient use of
available financial resources. After all, under normal economic con-
ditions and average expected profitability, it is more efficient for an
enterprise to invest its free cash resources in its activities. This situ-
ation is a consequence of the closure of airspace and the prohibition
of scheduled flights by civil aviation aircraft after the start of the
full-scale invasion of the Russian Federation into Ukraine. How-
ever, in 2023, there was a significant decrease in all liquidity ratios.
This indicates an increase in the company's liabilities, a decrease in
its liquid assets, which reduces financial flexibility and increases fi-
nancial risks. Also, a decrease in net working capital indicates a de-
crease in the resource base to cover current expenses, which com-
plicates the fulfillment of financial obligations in the short term. In
general, the dynamics of the indicators indicate initial stability, tem-
porary improvement in 2022 and further deterioration of liquidity in
2023, which indicates increased financial risks and the need to re-
vise the airport's financial strategy.

Analysis of the dynamics of solvency indicators reflects
changes in the financial stability of the enterprise and its capital
structure. Thus, the ratio of provision with own working capital
demonstrates a slight improvement in 2022, which is evidence of
the strengthening of the financial independence of the enterprise;
however, in 2023, the indicator decreased, which indicates a deteri-
oration in financial flexibility and an increase in dependence on bor-
rowed funds.

The equity flexibility ratio has a steady downward trend, indi-
cating a decrease in the share of own funds in current financial op-
erations. This means a decrease in the ability of the enterprise to
quickly respond to changing market conditions or to finance its ac-
tivities without attracting additional sources. The autonomy ratio re-
mains stably high, which confirms a significant share of equity in
the overall structure of financial resources. Minor fluctuations in the
indicator indicate that the enterprise maintains control over its
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financial sources without significant influence from external credi-
tors.

The financing ratio demonstrates instability: in 2022, its de-
crease is observed, indicating a reduction in the share of attracted
funds, while in 2023, the indicator recovers somewhat. This indi-
cates changes in financing policy and the need to attract additional
financial resources. In general, the dynamics of solvency indicators
indicate a gradual deterioration in the enterprise's ability to effec-
tively use equity, maintain financial independence, but at the same
time, certain difficulties with the maneuverability of financial re-
sources.

Analysis of the dynamics of business activity indicators indi-
cates significant changes in the financial and economic activities of
the enterprise during 2021-2023. The return on assets and asset
turnover indicators in 2022 decreased significantly, which indicates
a sharp decrease in the efficiency of using assets and fixed assets.
This situation is associated with a reduction in activity volumes, a
change in the structure of assets, or external economic factors. In
2023, there was a slight improvement, but the indicators are still far
from the level of 2021, which indicates a gradual but slow restora-
tion of the efficiency of using assets. The accounts payable turnover
ratio in 2022 decreased sharply, which indicates an increase in the
period of settlements with suppliers. At the same time, the situation
improved in 2023, which is a consequence of the adjustment of fi-
nancial flows and changes in the terms of cooperation with counter-
parties. Similarly, the maturity of accounts payable in 2022 in-
creased significantly, but in 2023 it decreased slightly, indicating a
certain stabilization of settlements.

The turnover of receivables also decreased significantly in
2022, which means a slowdown in the process of recovering funds
from debtors. This was caused by financial difficulties of counter-
parties or changes in lending conditions. In 2023, the indicator in-
creased, indicating the restoration of payment discipline and more
effective management of receivables.

The turnover of inventories in 2022 significantly decreased, in-
dicating a decrease in the speed of their use due to a reduction in the
volume of services sold. In 2023, there was a partial improvement,
which was a result of inventory optimization. The equity turnover
ratio demonstrates similar dynamics: a sharp decrease in 2022 and
a slight improvement in 2023 indicate a gradual restoration of the
efficiency of using own resources. In general, in 2022, there was a
sharp deterioration in business activity indicators, which indicates
significant difficulties in the financial and economic activities of the
enterprise. In 2023, there was some improvement, but the indicators
have not yet returned to the level of 2021, which demonstrates the
slow restoration of the efficiency of business processes.

Analysis of the dynamics of profitability indicators indicates
significant fluctuations in the efficiency of the enterprise during
2021-2023. Thus, in 2022, all profitability indicators decreased
sharply, acquiring negative values. This indicates significant losses
and inefficiency in the use of assets, equity and resources of the en-
terprise. This situation is a consequence of a sharp decrease in in-
come, an increase in expenses and a general deterioration in eco-
nomic conditions. In 2023, there was a significant improvement in
profitability indicators: they returned to positive values, which is
confirmation of the gradual restoration of the airport's profitability.
This situation is a result of increased revenues, reduced costs and
optimization of operational activities. Overall, the profitability anal-
ysis indicates a deep crisis in 2022 with further recovery in 2023.
However, despite the positive dynamics, the profitability level is
still far from the 2021 indicators, which indicates the need to further
improve the management of financial resources and operational ef-
ficiency.

Air traffic control at Danylo Halytskyi International Airport
“Lviv” is an extremely important component of its activities, as this
airport is a key transport hub for Ukraine, connecting Lviv with
many international destinations. Technological support, in particu-
lar integration with international systems such as Eurocontrol, al-
lows Danylo Halytskyi International Airport “Lviv” to effectively
interact with other airports and control centers, which, in turn, in-
creases the level of flight safety.

The automated system of air traffic control of the Danylo Ha-
lytskyi International Airport "Lviv" includes some high-tech com-
ponents that ensure effective air traffic control in the airport service
area. One of the main components of this system is a complex of

automated controller workstations, which provide the ability to
promptly monitor and control aircraft movement. To ensure flight
safety, radar equipment is used, which allows obtaining accurate
data on the location of aircraft in the airport area.

The airport's automated system of air traffic control also has
integration with other national and international air traffic control
systems, such as Eurocontrol, which ensures effective coordination
between different airports and air routes. The characteristics of the
automated system of air traffic control of the Danylo Halytskyi In-
ternational Airport “Lviv” are presented in Table 5.

Table 5 — The characteristics of the automated system of air traffic
control of the Danylo Halytskyi International Airport “Lviv”
(Source: Developed by the authors)

System components Characteristic
System type

The automated system of air traffic control

Main purpose Ensuring safety and effective air traffic management
within the airport and surrounding airspace
Monitoring and control of aircraft movements
Coordination of takeoffs, landings and aircraft ma-
noeuvres
Interaction with meteorological stations and other
airport subsystems
Data exchange with other regional control centres
Interface for controllers that provides access to up-
to-date information
Radar equipment
Navigation technologies
Data exchange systems
Improving flight safety
Reducing the workload on controllers
Increasing the efficiency of air traffic control
Integration with other Interaction with other national and international air
systems traffic control systems
Key components Controller workstations

Radar equipment

Communication and data transmission systems

Functionality

Interface

Technologies

Advantages

The main air traffic control bodies of the Danylo Halytskyi In-
ternational Airport "Lviv" are the airport dispatch service and the
State Enterprise "Ukraerorukh", which exercises control over air
traffic in the airspace of Ukraine. Flight coordination and control
over their execution are carried out through the issuance of takeoff
and landing permits, flight routing and the provision of air naviga-
tion services using modern navigation systems. The automated sys-
tem of air traffic control of the Danylo Halytskyi International Air-
port "Lviv" includes modern radar and navigation technologies as
well as data exchange systems that ensure safety, accuracy and time-
liness of management decisions. The system automates the pro-
cesses of aircraft flow management, monitors and controls the
movement of aircraft at all stages of their route (Table 6).

Table 6 — The characteristics of the automated system of air traffic
control of the Danylo Halytskyi International Airport “Lviv”
(Ukrainian State Air Traffic Services Enterprise, 2025)

Functions and features

Airport Dispatch Service, State Enterprise
"Ukraerorukh"

Air traffic control, granting takeoff and landing
permits, flight routing

Management sphere
Management bodies

Flight coordination

Air navigation
services

Using modern navigation systems to ensure flight
accuracy

Communication system Radio communications, satellite systems, auto-
mated dispatching complexes

Monitoring meteorological conditions, warning of
possible risks

Interaction with airlines Coordination of flight schedules, provision of in-
formation on air navigation conditions

Flight safety

Technological Automated air traffic control systems, modern ra-
support dar systems

Infrastructure Control tower, flight control center, navigation
facilities towers

Compliance with
international standards

Compliance with ICAO and European Organiza-
tion for the Safety of Air Navigation (Eurocon-
trol) requirements
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We analyzed the efficiency indicators of data flow manage-
ment of the automated system of air traffic control network of the
Danylo Halytskyi International Airport "Lviv" for the period 2021—
2023. This allowed us to identify the main shortcomings in air traf-
fic management and data flows management of the automated con-
trol system network at the Danylo Halytskyi International Airport
"Lviv" (Table 7).

Table 7 — Shortcomings in air traffic management and data flow
management of the automated control system network at the Danylo
Halytskyi International Airport "Lviv" for the period 2021-2023
(Source: Developed by the authors)

Shortcoming Characteristic

Increased la- In 2022, the increase latency in data exchange (0.3 sec.) was

tency in data due to network overload or temporary technical problems,

exchange such as insufficient communication channel bandwidth or
equipment malfunctions

Decrease in  In 2022, the decrease in data processing speed (55 msec.)

data pro- indicated insufficient computing power or inefficiency of

cessing speed the software responsible for data processing

Increased In 2022, the increase in data transmission errors (0.03%)

number of er- was due to problems with communication equipment or net-

rors in data  work failures. This causes temporary data loss or incorrect

transmission transmission of information, which negatively affects the

accuracy and reliability of the system

In 2022, the communication channel bandwidth was re-

Reduction in

network devices, optimizing data transmission through the imple-
mentation of reliable protocols and backup communication chan-
nels. The use of an intelligent error correction system, the use of
error correction algorithms (Forward Error Correction), will allow
automatically correcting error correction without resending data.
Ensuring cybersecurity is an additional important element, since
threats of interference with the system can cause serious conse-
quences. It is also important to use monitoring and analytics systems
to identify potential problems before they occur.

Recommendations include the implementation of a traffic pri-
oritization system, increasing channel capacity, the use of modern
data processing algorithms (using distributed database management
systems (for example, PostgreSQL or MongoDB)), the use of cloud
technologies to ensure resource scalability (namely, the use of hy-
brid solutions for processing large data streams), as well as the inte-
gration of artificial intelligence and machine learning to automate
the processing of large data streams. All these measures will help
ensure the reliability, speed and accuracy of information processing,
which is critical for aviation safety. In addition, these measures will
not only increase the efficiency of the airport's operations but also
ensure its compliance with international aviation safety standards,
which will increase its competitiveness in the global air transporta-
tion market.

A program has been developed to implement recommended
measures to improve air traffic management and data flows at

cpmmunica— d.uce'd to 90 Mbps, indicating limitations in the ‘commu‘nica— Danylo Halytskyi International Airport “Lviv” (Table 8).

tion channel tion infrastructure or the need to upgrade technical equip-

bandwidth  ment to ensure uninterrupted operation with large volumes Table 8 — Program for implementing measures to improve air traffic
of data. This leads to delays in information transmission, control and data flow management at the Danylo Halytskyi
whichlis critical for the safety and efficiency of air traffic International Airport "Lviv"(Source: Developed by the authors)
control.

Increased re- In 2022, an increase in the time to restore communication Directions Activities Responsible

covery time  after failures by 1.3 minutes was recorded, which indicates Reducing of ~ Optimization of network equip- ~ IT Department,

after failures insufficient preparedness of the system for unforeseen fail- time delay in  ment (upgrading switches and rout- Technical Department
ures or technical problems that may arise during operation. data ers)
The recovery time in 2023 to 1 minute was an improvement,  exchange Implementation of a traffic IT Department

but stilled leaves room for further optimization

To eliminate shortcomings in air traffic management and data
flows of the automated control system network at Danylo Halytskyi
International Airport "Lviv", we have developed recommendations,
which are schematically presented in Fig. 4.

Recommendations for optimizing air traffic control and data flows in the automated
control system network of the Danylo Halvtskyi International Airport “Lviv"

Reduction of time delay in
data exchange

Increasing data processing
speed

Reducing the number of
errors in data transmission

Increasing the bandwidth of
communication channels

Reducing recovery time after
failures

Figure 4 — Recommendations for improving air traffic management
and data flow management in the automated system of air traffic
control network of the Danylo Halytskyi International Airport
"Lviv" (Source: Developed by the authors)

Air traffic control and data processing are the main aspects for
ensuring the safety and efficiency of modern airports. For Danylo
Halytskyi International Airport "Lviv", this is a key factor, since the
increase in air traffic requires high accuracy and efficiency of infor-
mation exchange between various airport services.

Increasing the productivity of information systems, in particu-
lar, through the modernization of network equipment and the use of
modern technologies, significantly reduces the risks of technical
failures and optimizes the operation of all subsystems.

One of the biggest challenges is reducing delays in data ex-
change and increasing the speed of their processing, which can be
achieved through the integration of high-performance server equip-
ment, improving information processing algorithms and using cloud
technologies.

Reducing errors in data transmission and increasing the band-
width of communication channels are important areas for maintain-
ing the stability of the airport. This requires regular updating of

prioritization system (QoS)

Increasing channel capacity, using IT Department,

reserve channels communication
providers

Automatic traffic monitoring to de- IT Department

tect congestion

Increasing data Server hardware updates IT department,
processing Finance Department
speed Software optimization (processing IT Department
algorithm updates)
Transition to modern databases IT Department
(distributed systems)
Cloud integration for load IT Department
balancing
Reducing the Transition to modern transmission 1T Department
number of er- protocols (IPv6)
rorsindata  Implementation of backup IT Department,
transmission  communication channels (satellite communication pro-
Internet, 5G) viders
Using Forward Error Correction  IT Department
(FEC) Algorithms
Regular testing of communication Maintenance
equipment Department
Increasing the Transition to fiber optic IT Department,
bandwidth of communication lines communication
communica- providers
tion channels  Using Multipath TCP IT Department
Router optimization and load IT Department
balancing
Allocating separate channels for  IT Department
critical processes
Reducing re-  Implementation of automated IT Department

covery time af- diagnostic and troubleshooting
ter failures systems
Duplication of critical components IT department,
(servers, routers) Finance Department
Using Al to predict failures and op- IT Department
timize operations
Developing a detailed disaster
recovery plan

IT Department,
Technical Department

In our opinion, this program will improve the speed and stabil-
ity of the automated control system, which will increase the effi-
ciency of the airport and the level of flight safety. The proposed
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measures will significantly increase the efficiency of air traffic con-
trol and improve the stability of the automated control system at the
Danylo Halytskyi International Airport "Lviv". The introduction of
modern data transmission technologies, the reservation of critical
channels, the optimization of network equipment and the use of ar-
tificial intelligence will help reduce delays, increase the speed of
information processing and minimize failures. This, in turn, will
positively impact the level of flight safety, the efficiency of dispatch
services and the overall efficiency of the airport. Let us determine
the cost of implementing the developed measures (Table 9).

Table 9 — Costs for implementing a program to improve air traffic
control and data flow management of the automated control system
network at the Danylo Halytskyi International Airport "Lviv"
(Source: Developed by the authors)

Activities Amount of expenses,
thousand UAH

Implementation of an automated network monitor- 180

ing and diagnostics system

Modermization of network equipment (routers, 220

switches, servers)

Creation and configuration of backup communica- 150

tion channels (satellite, SG, fiber optic lines)
Software updates for network devices 50
Conducting training for personnel on actions to take 30
in the event of communication failures
Regular diagnostics and system stability testing 70

Administrative costs and unforeseen expenses 50

Total expenses 750

Therefore, the total amount of required investments is 750,000
UAH.

Table 10 shows the summary cash flow that the airport will
receive as a result of improving air traffic management and data
flows of the automated control system network.

Table 10 — Consolidated statement of cash flows resulting from the
implementation of measures to improve air traffic management and
data flow management of the automated control system network,
thousand UAH (Source: Developed by the authors)

Time period, years 0 1 2 3

Cash balance at the

beginning of the pe- 0 (750) 499,5) (133,5)
riod

]?f;“(‘;,‘il]g(g_oﬁt 105 x 6,000 105 x 7,000 105 x 8,000
N=6,000; 7,000; 8,000) =630,000 =735,000 =2840,000
Fixed costs, FC 50,000 50,000 50,000
Variable costs, 9x6,000=9x7,000=9x8,000=
VxN (V=9) 54,000 63,000 72,000
Cash flow from 526,000 622,000 718,000
operating activities

Payments for asset ac- B B R
quisition

Administrative costs

and unforeseen - - -
expenses

Cash flow from 0 0 0
investing activities

Loan capital (750)

Loan repayments (217) 217 (216)
Loan interest (58,5) (39,0 (19,5)
Cash flow from

financing activities 2759 (256) (2359
Cash balance at the

end of the period (750) (499,5) (133,5) 349,0

To determine the moment when the costs of implementing
measures to improve air traffic management and data flows of the
automated control system network at the Danylo Halytskyi Interna-
tional Airport “Lviv” will be fully compensated, that is, when the
investments will begin to bring economic effect, the calculation of
the payback period (Payback Period, PBP) was applied. This indi-
cator allows us to estimate the time required for the net cash flows
from the implementation of the measures to fully cover the initial
costs. To accurately determine this moment, Formula 1 was used.

PBP = II / DACI, (1)

where PBP is Payback Period; II is initial investments; DACI is
Discounted Annual Cash Inflows.

Initial investments (/1) are the initial costs that are necessary
to implement a project or make changes. One of the methods for
assessing the profitability of such costs is the DACI method (Dis-
counted Annual Cash Inflows). This approach involves analyzing
the financial flows that a project or business generates annually, tak-
ing into account the time value of money. The method allows you
to assess the effectiveness of the project, taking into account that
money has different values at different points in time.

Discounted annual cash inflows (DACI) are calculated using a
special formula 2, which includes the time value of money and the
net income received from activities:

DACI, = CF,/ (1 + K)t, )

where CF; is cash flows; k is discount rate; t is certain period of
time.

Cash flows (CF) are the amounts of cash inflows received
over a certain period of time t, measured in years. They include both
income and expenses arising from the implementation of a project
or business. Cash flows are the main source of investment efficiency
analysis and allow us to assess the financial result of the project in
each year.

The discount rate (k) is expressed in decimal form and is used
to take into account the time value of money. Since cash flows re-
ceived in the future have a lower value than today, the discount rate
allows us to adjust them over time. This rate shows by what part of
future income or expenses their value should be reduced to bring
them to their present value. Thus, the discount rate provides a more
accurate estimate of how much an investment is worth at the current
moment.

Including the discount rate in the calculations makes it possible
to determine the net present value (NPV) of cash flows, which re-
flects their total amount, taking into account future expenses and
income. Net present value allows us to assess the effectiveness of
investments, because if NPV is positive, it indicates that the project
brings more revenue than the costs of its implementation and is
profitable. Calculation of annual revenue volumes taking into ac-
count the discount rate allows for a more accurate determination of
the real financial result of the project to improve air traffic manage-
ment and data flows of the automated control system network at the
Danylo Halytskyi International Airport “Lviv”, and facilitates plan-
ning and making informed decisions regarding further investments:

CF, =526,000 UAH,
CF, = 622,000 UAH,
CF; = 718,000 UAH.

The assessment of the presented cash revenues is a key stage
in the analysis of the effectiveness of the project to improve air traf-
fic management and data flows of the automated control system net-
work at the Danylo Halytskyi International Airport “Lviv”. This
process allows for the time value of money to be taken into account,
which is important for the accurate calculation of the real value of
future cash flows, since money that will be received in the future
has a lower value due to inflation, risks, and opportunity costs. Dis-
counting these cash flows using a discount rate allows you to bring
them to their current value, which allows you to accurately assess
the economic effect of the implementation of measures at the cur-
rent point in time.

This approach is the basis for making informed investment de-
cisions, as it allows you to determine whether it is worth investing
in the project, taking into account the potential profit. In addition,
the assessment of the presented cash flows allows you to compare
possible investment alternatives, taking into account their profita-
bility and risks, which helps to choose the most effective and prof-
itable ways for the development of the airport:

DACI, =526 / (1 + 0.09)! = 483,000 UAH,
DACI, =622/ (1 + 0.09)2 = 524,000 UAH,
DACI; =718/ (1 + 0.09)3 = 554,000 UAH.
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Based on the results of calculating the payback period for the
implementation of the project to improve air traffic management
and data flows of the automated control system network at the
Danylo Halytskyi International Airport "Lviv", Table 11 was con-
structed.

Table 11 — Calculation of the payback period of costs resulting from
the implementation of the project to improve air traffic management
and data flows of the automated control system network at the
Danylo Halytskyi International Airport "Lviv", thousand UAH
(Source: Developed by the authors)

Time period, years 0 1 2 3
Cash receipts, thousand UAH 483 524 554
Initial investments, thousand  -750
UAH
Coverage of the amount of ex- -750  -267 257 811
penses (investments),
thousand UAH
Payback period, years X X 1 year X

6 months

Analysis of Table 11 allows us to conclude the effectiveness of
the implementation of the project to improve air traffic management
and data flows of the automated control system network at the
Danylo Halytskyi International Airport “Lviv”. The initial invest-
ment of 750,000 UAH is gradually covered by the cash receipts re-
ceived. In the 2nd year, costs are covered, which makes it possible
to determine the payback period at 1 year and 6 months. This indi-
cates a quick return on investment, which is a sign of high project
efficiency.

Thus, the project to improve air traffic management and data
flows of the automated control system network at the Danylo Ha-
lytskyi International Airport “Lviv” is effective, since it allows you
to return the initial investment within a relatively short time (1 year
and 6 months).

The positive dynamics of cash receipts indicate the potential of
the project in terms of revenue and profit growth in the future.
Therefore, investments in this project will not only cover costs but
also create conditions for further financial growth of the airport. Op-
timization of delay time, increasing data processing speed, reducing
errors in information transmission, and increasing network band-
width will contribute to reducing risks and costs. Thanks to the im-
provement of the technical infrastructure, the airport will be able to
improve coordination between services, increase productivity, and
increase competitiveness.
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Transfer Function of a Time-Varying Control System
Considering Actuator Inertia

Volt Avdieiev

Purpose. Methodological support for building an algorithm for determining the transfer function (TF) of a link,
which, considering the actuator dynamics and the disturbed motion of the mass center, is equivalent on a selected
trajectory section to a time-varying control system (TCS) for the rocket movement in one plane. Design / Method
| Approach. TCS is modeled using differential equations with changing coefficients. To define the type of TF, the
Laplace transformation of the equations is performed, while its coefficients are determined by finding the
equivalence criterion extreme of the output signals of the TCS and the link under the action of the test signal.
Findings. The example of the TCS for the rocket movement in the yaw plane shows the possibility of an algorithm
constructing for studying its dynamic characteristics by using the mathematical apparatus of linear stationary
systems. Theoretical Implications. Finding the extreme of the equivalence criterion of the TCS and the link using
the Levenberg-Marquardt method, with the coordinates of the extreme point being the arguments of the TF
coefficients. Practical Implications. Using the TF of equivalent link, it is possible to obtain for the selected
trajectory section a quantitative estimate of the stability margin, the duration of the transient process, the accuracy
of disturbance compensation, and the transmission coefficient depending on the signal frequency input. The
obtained results contribute to the methodological base expansion for linear time-varying systems research.
Originality / Value. Analytical solution of the link differential equation for a test signal in the form of a sequence
of rectangular and parabolic pulses using the Laplace transform. This will make it possible to obtain estimates of
individual indicators of systems with time-varying parameters by using the mathematical apparatus of stationary
systems. Research Limitations / Future Research. The algorithm is for the case of TCS of a rocket motion in
one plane developed. The next stage of the study is to assess the algorithm complexity level as the order of the
TCS mathematical model increases. Article Type. Methodological.

Keywords:
time-varying control system, transfer function, equivalence criterion

Meta. MetognyHe 3abesneveHHs nobyaoBM anropuTMmy Bu3HayveHHA nepegatHoi dyHkuii (MP) naHku, ska 3
ypaxyBaHHAM OWHaMiKM BUKOHABYOrO MPUCTPOIO Ta 30YpEHOro pyxy LEHTPY Mac € eKBiBaneHTHOK Ha obpaHin
AiNAHUi TpaekTopii HecTauioHapHi cuctemi kepyBaHHsA (HCK) pyxom pakeTtu B ogHiv nnowwmHi. fiusanH / Meton
I Mipxin. Mogens HCK ue audbepeHuinHi piBHAHHA 3i 3MiHHMMUK KoeddilieHTamu. [na BusHaveHHs Tuny 1O
NPOBOANTLCHA MEPETBOPEHHSA piBHAHb 3a Jlannacom, a il koediuieHTM BM3HAYalTb LUNAXOM 3HAXOOXKEHHS
EeKCTPEMYMY KPUTEPIi0 eKBiBaneHTHOCTi BuxigHux curHanie HCK i naHkm nig gielo TecToBOro curHany.
Pesynbratn. Ha npuknagi HCK pyxom pakeTu y nnowuHi puckaHHs nokasaHa MOXIMBICTb N0OyA0BM anroputmy
AOCNIAXEHHS 11 AMHaMIYHUX XapaKTepUCTUK LUNSAXOM BWKOPUCTAHHA MaTemaTU4HOro anapaty niHiiHuX
cTauioHapHux cucteMm. TeopeTUdHe 3Ha4veHHsl. BukopuctaHHs wmetogy JleBeHGepra-MapkBaata nns
3HaxXOOXKEHHs1 eKCTPEMYMY KpuTepito ekBiBaneHTHocTi HCK i naHku, koopauHaTt eKcTpeMarnbHOI TOYKU SIKOTO €
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OpwuriHanbHicTb / LliHHicTb. AHaniTuyHe pilleHHs AndepeHUiiHOrO PiBHSIHHSA NMaHKW Npy TECTOBOMY curHani y
BUMSAI NOCMiAOBHOCTI iMNyNbCiB NPSAIMOKYTHOI | napaboniyHoi hopmum 3 BUKOPUCTaHHAM NepeTBopeHHs Jlannaca.
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Time-varying control system (TCS) are a wide range of pro-
cesses, ranging from rocket and space technology, production tech-
nology, turbofan engines, etc.; their analysis and synthesis is a com-
plex mathematical problem, the solution of which has so far been
obtained only for individual cases (Stenin at al., 2023). Most works
on TCS in various versions of the problem statement consider the
issue of synthesizing the optimal control law and ensuring stability.
A sample data management algorithm has been developed for the
case of linear TCSs, an asymptotic stability criterion has been sub-
stantiated (Zhang et al., 2019), and a stability criterion for the class
of systems with piecewise constant parameters has been derived
(Briat, 2015).

The traditional mathematical apparatus for analyzing linear
stationary systems, for example, the Laplace transform, TF, charac-
teristic polynomial, and frequency response, is used in the study of
TCS, where the change in parameters depending on time has known
limitations. This makes it possible to obtain approximate estimates
of individual dynamic characteristics, in particular, the stability
margin, the type and duration of the transient process of disturbance
compensation. It is shown that uniform complete controllability of
continuous TCS is equivalent to the possibility of arbitrary place-
ment of the characteristic polynomial roots. The main components
of the proof are the reduction of the system to an upper triangle and
the use of the concept of uniform complete stabilization (Babiarz et
al., 2021).

Using the example of a TCS with rocket rotational motion in
one plane without taking into account the actuator inertia and the
disturbed motion of the mass center, the possibility of using the La-
place transform to determine the amplitude stability margin and the
phase stability margin is shown. The variable components of the
model coefficients depending on time are presented in the form of a
polynomial (Avdieiev & Alexandrov, 2023) and in the form of a
sum of exponential functions (Avdieiev & Alexandrov, 2024). For
the given data example, the error in determining these indicators is
within 20-30%. An algorithm for calculating the TF coefficients of
a second-order link is proposed, which is equivalent to the TCS in
terms of dynamic characteristics on the selected section of the tra-
jectory (Avdieiev, 2024). Algorithms for the TCS synthesis, some
of the model parameters of which are in the uncertainty zone have
been developed using the mathematical apparatus of linear matrix
inequalities, (Nguyen & Banjerdpongchai, 2011), observation de-
vices (Akremi et al., 2023), and sensor signals of the state vector
individual coordinates (Avdieiev, 2021).

The example of a spacecraft orientation system with a mag-
netic drive shows the effectiveness of using Lyapunov differential
equations in terms of ensuring stability indicators and finding a
compromise between the adjustment time and the power require-
ments of the control system (Zhou, 2021). Based on the mathemat-
ical apparatus of Lyapunov functions, various approaches to ensur-
ing the stability indicators of TCS have been developed. In particu-
lar, the inverse Lyapunov theorem for asymptotic stability has been
proven (Kawano, 2020), an eigenvalue criterion has been proposed,
and a condition for linear matrix inequalities has been obtained,
which, compared with existing results, expands the range of TCS
characteristics for which the obtained indicators retain their values
(Chen & Yang, 2016).A systematic method for constructing Lya-
punov functions for scalar linear systems is proposed, and a stability
criterion for systems with piecewise constant parameters is proved
(Zhou et al., 2020). It is proved that the TCS asymptotic stability
occurs under the condition of negative real parts of the matrix ei-
genvalues and a certain limit on the rate of the parameters change,
as well as under complete controllability (Guo & Rugh, 1995). It is
shown that the complete TCS controllability implies the existence
of feedback, and its connection with the Lyapunov exponent in sta-
bility theory is established (Anderson et al., 2013).

In addition to the requirement of a given stability margin, the
TCS is required to ensure accuracy with the limited actuator power.
The synthesis of optimal control laws for time-varying objects in
the general case is a complex problem that cannot be solved analyt-
ically, which is associated with the solving complexity of the vector-
matrix Riccati equation. An approach to solving the problem of the
control law synthesis for one class of linear TCSs is proposed,
which is based on the Pontryagin maximum principle. To establish
the connection between the auxiliary vector and the state vector, the
fundamental matrix of the system of simplified equations is used,

which is determined by using the mathematical apparatus of Walsh
functions. Since the mathematical model parameters are piecewise
constant functions, it becomes possible to significantly simplify
their practical implementation compared to matrices obtained based
on the Riccati equation (Stenin et al., 2019).

Predictive control with model is a proven method to achieve
optimal performance for linear system with constant parameters,
while for time-varying one its use requires significant complica-
tions. An approximate optimal solution to the problem of predictive
control of a non-stationary system for the Q-LPV class is proposed
(Mate et al., 2023).

As is known, despite its high performance, predictive control
requires significant computational resources, which complicates its
implementation. The latest approach to this problem solving is to
use a strategy that provides a solution to the control problem with
limited computational capabilities. An example of its implementa-
tion is given for discrete TCS (Amiri & Hosseinzadeh, 2025).

The possibility of using the developed mathematical apparatus
of stationary systems for studying TCS by rocket motion is provided
by the method of frozen coefficients, known in the last century, ac-
cording to which the coefficients of the TCS model in a small inter-
val of a selected trajectory point are taken as constant. The disad-
vantage of this method is the dependence of the obtained estimates
on the distance of the interval point to its middle.

The algorithm for determining a second-order stationary link,
which in terms of dynamic characteristics is equivalent to the TCS
of the rocket motion on a selected trajectory section, was proposed
in work (Avdieiev, 2025), where the average quantitative assess-
ment of equivalence for the section is found by iteration. This work
does not consider the actuator inertia and the disturbed motion of
the mass center in the direction perpendicular to the trajectory plane,
which reduces the estimates reliability of the TCS dynamic charac-
teristics, in particular, the size of its stability region in the space of
the control law coefficients.

Analysis of available sources shows that most of them are de-
voted to obtaining theoretical results, while the development of
methodological support of applied value for the design of aircraft
motion control systems, in particular missiles and spacecraft, is not
given due attention. This work sets the task of developing a meth-
odological support for constructing an algorithm for determining
the transfer function of a link, which, taking into account the actua-
tors inertia and the disturbed motion of the mass center, is equivalent
to a time-varying control system of missile motion in one plane on
a selected trajectory section. This allows us to use the mathematical
apparatus of stationary systems to estimate the stability margin,
static error of disturbance compensation, and other indicators.

Problem statement

The TCS equation for rocket motion in one plane, for example,
yaw, considering the actuator inertia and the disturbed motion of the
mass center (Avdieiev, 2021):

x =a(t) - x + f(t), @)
where
0 1 0 0 0
awlp(t) 0 0 al/,g(t) 0 |
a(t) = azy(t) 0 0 az,() 0o |
0 0 0 0 1

Boky poky peky —u —peé-T
ft) =c- f(t), ¢=[0ky 100]%;

x=[p v v, 68,
where ayy (1), ays(t), azy(t), azs(t) are parameters of the
TCS model depending on time #; §, T are damping coefficient and
time constant of the actuator; f,(t) is a perturbing acceleration of
the rocket mass center; k,, is a coefficient that takes into account
the distance between the mass center and the point of application of
the resultant aerodynamic forces, as well as the ratio between the
moment of inertia and the mass; ky, k{l,, k;, are control law coef-

ficients; 4 = 1/T2. The coordinates of the vector x are the follow-

ing quantities: ¥, 1) are yaw angle and its derivative with respect
to time; V, is a projection of the velocity of the disturbed motion of
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the mass center onto the axis perpendicular to the trajectory plane;
8, & are an equivalent angle of the actuator rudder rotation the and
its derivative. If in a small neighborhood of the selected trajectory
point the elements of the matrix a in equation (1) are considered
constant, then the equation (1) can be transformed by Laplace, and
five TF can be obtained:

xi(s) _ Mi(s) _ Yj=oamyjs
() Qe sS+Xigqpsi’

wi(s) = i=1.5 )

The task is to develop a methodological support for construct-
ing an algorithm for determining a link that, from the point of view
of'the selected criterion, is equivalent to the TCS of the rocket's mo-
tion in one plane on a certain trajectory section and has a TF of the
form (2).

The problem solution

Based on (1), the coefficients of the characteristic polynomial
QO(s) in a small neighborhood of time ¢ depending on the elements
of the matrix a(¢) are as follows:

qo(t) = p-ky- [a¢¢(t) “Ay5(8) — ays(t) - azy (O],
q1(8) = —p - [ayy (6) + ays (D) - kyl,
42(8) = =i [azs () - ky + ays(®) - ky + ¢ - T - ayy (O],
O =p—ay, (O).qa=pn-¢T ©)

The sequence of actions for determining the coefficients of the
TF of the form (2) does not depend on the number of the vector x
coordinate, so let's consider it using the example of the coordinate
x/=y. Based on model (1), the coefficients of the numerator of the
TF wi(s) in a small neighborhood of time ¢ are determined:

qmo(t) = p - kzlays(t) = ki - azs(0)],

qmy =ky -, qMp =k -p-6-T, qmz =k (4)
A link with a TF of the form (2) is taken to be equivalent to a
TCS on a certain trajectory section in terms of dynamic characteris-
tics, when the criterion for the difference of the output signals of the
TCS and the link in the searching process in the four-dimensional
space of the quantities ayy, ays, azs, azy will take a minimum value.
The coordinates of the output signals vector are the yaw angle y and
its four time derivatives. The linear differential equation of the link

that follows from TF (2), for the coordinate , is as follows:

PO +Zoqi PP =Toqmi - LD, ()
where the superscripts define the time derivative of the correspond-
ing order.

The input signal f:(?), necessary for the emergence of a transi-
ent process of disturbance compensation, depends, in particular, on
the estimate of the transient process duration at the midpoint of the
selected trajectory interval. The paper considers a variant of the dis-
turbance f:(2) at the input of TCS and at the input of the link with the
TF of the form (2) as a sequence of four pulses: figure 1 — test signal
as rectangular pulses, figure 2 — test signal as pulses in the shape of
parabola. As a equivalence criterion the TCS and the link, we take
the average on the selected trajectory section for » moments of time
the value of the modulus of the coordinates difference of the TCS
output signal vector yz and the link output signal vector ya with the
signal f:(?) at their inputs. The vector yz at n points of the trajectory
section is the result of the numerical solution of equation (5) con-
sidering the time dependence of the coefficients (3, 4) and remains
constant in the process of finding the minimum criterion. The vector
ya at n points of the trajectory section is determined by analytically
solving equation (5) depending on the values ayy, ays, azs, azy, which
vary in the process of the criterion minimum finding. The presence
of an analytical solution significantly reduces the duration of the it-
erative process of the minimum finding. Thus, the equivalence cri-
terion of the TCS and the link can be written as

R(ayy, ays, Azyp) Az6) =
1
=—Xix1 Treal¥zie — waw (ayy, aps, Az, azs)|/xmy, (6)

here xm is an array of numbers for transition to dimensionless coor-
dinates.

f=0 ] _
TE M =
Jo
=0 I= =2 =3
t, s
2 4 8 8 10 12 14 16 18 20
= Ay =

Figure 1 — Test signal as rectangular pulses (Source: author)

1=

fo

=0

Figure 2 — Test signal as pulses in the shape of parabola
(Source: author)

As a result of the criterion (6) minimum found in the four-di-
mensional space ayy, ays azy, a:sthe TF coefficients of the form (2)
qmo, qo, q1, q2, g3 are determined, which in the relations (3, 4) de-
pend on time. The search for the minimum of criterion (6) is carried
out by the Levenberg-Marquardt method, the efficiency of which in
terms of time consumption depends on the choice of the algorithm
for the analytical solution of the differential equation (5) for the test
signal fz (¢) (Fig. 1, 2). According to Fig. 1

_(fo 0St—At-1<4t,

£® = {4 Aty <t—At-1< At

where /, At, are pulse number and its duration; 4A¢ is an interval of
the trajectory section to which the equivalent link corresponds.

The Laplace transform of the differential equation (5) with
zero initial values and a constant perturbation fj gives the image of
the first coordinate of the link output signal vector

amo-fo
V) =00

As is known from the operational calculus theory, the original
of this image

_ e (L 4 ekt
W) =amo - fo (qO + Zk:osk'dQs(Sk))'

1=0..3, 7

®)
dQs(s1) = 22 (s1) = 55¢ + T30 @jur - G+ 1) -5}

where s is the root of the polynomial Q(s) with number £.
The next four coordinates of the output signal vector of the link

Sk—l,eski

PO©) = qmo - fo - (Theo dQS(Sk)), i=1.4. (9

The relation (8, 9) is an analytical solution of equations (5) for
the input signal (7), but when the signal shape changes (Fig. 1, 2),
the initial values components, which are the result of the solution
for the previous shape, should be added to it.
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Based on the operational calculus rules, the image component
of the first coordinate of the output signal vector of the link taking

in account five initial values Il)((,L)

_FE®
Yals) = 22,

F(s) = Xiooby - s* +s* -9,
3—-k

4—k i
by = llfé ) + Z Qi+k+1 " 1/1(()0-
i=0

(10)

Original of image (10) according to the operational arithmetic
rules

0 F(s .
P (0) = Thoo g e, (n
The following four components determined by the initial val-

ues of the coordinates of the vector of the link’s output signal:
i F(sy)-st X
R I (12)

The obtained analytical solution (8-12) of the differential equa-
tion (5) considering the initial values, which are updated when the
shape of the test disturbance signal (7) changes, is used to find the
minimum of criterion (6) by the Levenberg-Marquardt method in
the four-dimensional space of quantities ayy; ays dzy; azs.

For the case of a test signal f:(?) in the form of a sequence of
pulses of parabolic form (Fig. 2), the analytical solution of the dif-
ferential equation (5) can also be obtained using the operational cal-
culus rules.

In the interval of one pulse, the test signal is a parabola

i=1.4.

f,(x) =at?+br+d, T=0...4t, (13)
wherea ==L p=2L 4=y
AtZ At,
From TF (2) Laplace transform of the yaw angle
x1(s) = P(s) = fz(s) - My (s)/Q(s), (14)

My(s) = Xi—o qmy - s©
Differential equation of the equivalent link according to (13,
14)

YO+ Thmo - = qmo - (ar® +b7) +
+qmq - 2at+b) + 2qm, -a =

=vy+v-T+v, T2

(15)
The variant of sequential actions for obtaining the solution of

equation (15) is as follows.
The Laplace transformation of (15) gives

-s24+v,-5+2 P
W(s) - Q(s) = "05‘;# = %
therefore, the second derivative of the solution
b(r) = @ (r) = {29 =
¥ =@ @ = L7 {52
P(sk)
Sk-dQs(sk)
where the symbol L~/ means the inverse Laplace transform, i.e. the
transition from the image to the original.
Higher-order derivatives according to the operational calculus
rules

ST
>

_ 2 k=4
==—+¥¥
o

O — v4  PesE>
V) = Lk=030,(a.50

First and zero order derivatives
b(@) = [y P(r) - dry =

eSk'T
Bjy-e’k’t1 |‘L’
0

eskT; 1 =34 (16)

_2v,

T +Z£:0

qo Sk

=22 gy yp D) 17)
qo Sk
By = P(sk)

7 siedQs(qsi)’

Y(@) =9pO@) = [[9(ry) - dry =

_ VZ'TZ 4 {Bk SpeT By }
=——+ 01> (kT —1)——"1¢.
o T Zk=og )75

(18)

The obtained solutions (16-18) of equation (15) for the case of
a parabolic test pulse (Fig. 2) can be used to determine the output
signal of the equivalent circuit for a sequence of test pulses in the
form of a parabola, taking into account the initial conditions when
changing the waveform similarly to a sequence of rectangular
pulses.

Let us consider the definition of the link, which on the selected
trajectory interval is equivalent to the TCS of the rocket motion in
the yaw plane, using the data example dependences on the time of
the model (1) coefficients (Source: author): ayy(?) — figure 3, ays(t)
— figure 4, a:y(t) — figure 5, as(t) — figure 6. As is known, the insta-
bility in time of the model (1) coefficients is caused by a change in
the rocket mass-inertial characteristics, speed and flight altitude.

2t+——— -t —————— — — — — -

0,0

Figure 3 (Source: author)

ay(t)
0,20 1
021 4

-0.22 +

-0.23 +

0 10 20 30 40

Figure 5 (Source: author)

To substantiate the possibility of the algorithm constructing for
determining a link that is equivalent from the point of view of the
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selected criterion to the TCS of the rocket's motion on a certain tra-
jectory section, an experiment was conducted using the data in Fig.
3-6 and Table 1.

a- KU

=09 4

-1,0 4

-1.1 4

0 10 20 30 40

Figure 6 (Source: author)

Table 1 — actuators parameters and control law coefficients
(Source: author)

T 3 ky ky k,
s - s s/M
0.1 1.2 23.74 19.89 -0.858

For the test signal £:(?) in the form of four rectangular pulses,
as a result of finding the criterion (6) minimum by the Levenberg-
Marquardt method in the four-dimensional space of quantities @y,
ays azy azsusing relations (3, 4), the TF of the form (2) are deter-
mined:

) amg
Wor() =350 = st

_ 11.71 (19)
T s5+125%=99.7953+313.952+448.45+317.5"

The link with TF (19) according to criterion (6) is equivalent
to TCS (1) in the relative time interval 0...20 s.

For the case of a test signal fz(?) in the form of pulses of a par-
abolic shape (Fig. 2), the TF of the link, which in the relative time
interval # = 0...20 s is equivalent to the TCS (1), is determined ac-
cording to the searching results for the minimum of criterion (6) and
relations (3, 4):

¥Ge) _ amy —
fz(s) 55+Ez:0qk'5k
0.07253+0.865%+7.25+11.85

= (20

T $54125%=99.9753+317.452+453.15+328.0°

wyr(s) =

Calculations show that the criterion R (6) may have local ex-
tremes, the coordinates of which depend on their initial values and
two-sided restrictions of the arguments ayy, ays azy a-s, while the
minimum value of R for the given data example in the local ex-
tremes is the same.

As can be seen from the comparison of TF (19) and (20), the
difference between the denominator coefficients, which is a conse-
quence of different test signals, for this example data does not ex-
ceed 3.5%, while the difference in the estimates of the stability mar-
gin on the roots plane of the characteristic polynomial is about 2%.

The following values are given at the algorithm input for de-
termining the TF of the link, which is equivalent to the time-varying
missile control system in one plane on the selected trajectory sec-
tion, taking into account the actuator inertia and the disturbed mass
center motion:

- constant coefficients &, T of the model (1), which quantita-
tively characterize the actuator speed,;
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- tables of time dependences of the coefficients ayy(?), ays(?),
azy(1), az§(1);

- the beginning and end moments of the selected trajectory sec-
tion;

- the control law coefficients &) ky, ky’, calculated for mid-
point of the selected trajectory section;

- test signals for excitation of the transient process.

To the algorithm output are placed the TF coefficients of the
kind (2) for the coordinate x,=y.

The main steps are as follows:

- approximation of tabulated coefficients ayy(?), ays(?), azy(?),
a:5(t) by polynomials;

- numerical solution of equation (5), which follows from model
(1), using approximation polynomials and the selected test signal to
excite the transient process;

- selection of the procedure for analytical solution of equation
(5) or (15) depending on the test signal and possible values of the
quantities ayy, ays azy, azs, which can be equivalent to the variable
coefficients ayy(?), ays(t), azy(t), a:s(¢) in equation (1);

- finding the minimum of the criterion R (6) by the Levenberg-
Marquardt method, by using the appropriate procedure, for exam-
ple, Minimize in the Mathcad software environment;

- calculation of the TF coefficients according to the relations
(3, 4).

Based on the TF (19, 20) by methods of the theory of linear
stationary systems, it is possible to obtain estimates of such dynamic
characteristics of TCS as accuracy indicators, frequency character-
istics, type of transient process and its duration, as well as to deter-
mine the influence of the actuator inertia on these characteristics.
The presence of these indicators can be used to make technical de-
cisions in the process of TCS’s designing.

Conclusions

A methodological support for an algorithm constructing for de-
termining the transfer function of a link, which on a selected trajec-
tory section is equivalent to a linear time-varying control system for
the movement of a rocket in one plane, taking into account the ac-
tuator inertia and the disturbed motion of the mass center, has been
developed.

In particular, the following are proposed:

- test signal variants for the transient process excitation in order
to obtain a sufficient amount of data for assessing the dynamic char-
acteristics of the time-varying system;

- formulas for the analytical solution of the link differential
equation using the mathematical apparatus of the Laplace transform
for the test signal in the form of a sequence of rectangular and par-
abolic pulses, considering the initial conditions, which are updated
when the waveform changes;

- a criterion for quantitatively assessing the difference between
the output signals of a time-varying system and an equivalent link,
the coordinates of the extreme point of which, found by the Leven-
berg-Marquardt method, are the arguments of the transfer function
coefficients.

The novelty of the work lies in taking into account the actuator
inertia and the disturbed motion of the mass center when developing
a methodological support for an algorithm constructing for deter-
mining a stationary link, which, in terms of dynamic characteristics,
is equivalent to the TCS movement of a rocket on a certain trajec-
tory section.

Practical significance lies in supplementing the methodologi-
cal base for designing time-varying systems by using the mathemat-
ical apparatus of stationary systems in terms of assessing dynamic
characteristics, namely the stability margin on the plane of the char-
acteristic polynomial roots, the accuracy of disturbance compensa-
tion, the type of transient process and its duration, as well as the
amplitude-frequency and phase-frequency characteristics.

Akremi, R., Lamouchi, R., Amairi, M., Dinh, T. N., & Raissi, T. (2023). Functional interval observer design for multivariable linear parameter-varying systems. European

Journal of Control, 71, 100794. https://doi.org/10.1016/j.ejcon.2023.100794

Amiri, M., & Hosseinzadeh, M. (2025). Practical considerations for implementing robust-to-early termination model predictive control. Systems & Control Letters, 196,

106018. https://doi.org/10.1016/j.sysconle.2024.106018


https://doi.org/10.1016/j.ejcon.2023.100794
https://doi.org/10.1016/j.sysconle.2024.106018

88 Challenges and Issues of Modern Science
2025, Vol. 4, No. 1

Anderson, B. D. O., lichmann, A, & Wirth, F. R. (2013). Stabilizability of linear time-varying systems. Systems & Control Letters, 62(9), 747-755.
https://doi.org/10.1016/}.sysconle.2013.05.003

Avdieiev, V. (2024). Transfer functions of a time-varying control system. Challenges and Issues of Modern Science, 2, 265-274. https://cims.fti.dp.ua/j/article/view/187

Avdieiev, V. (2025). Evaluation of dynamic characteristics of a linear time-varying system. Challenges and Issues of Modern Science, 4(1).
https://cims.fti.dp.ualj/article/view/250

Avdieiev, V. V. (2021). Determination of model parameters of rocket stabilization system in flight. International Scientific Technical Journal “Problems of Control and
Informatics’, 66(6), 78-92. https://doi.org/10.34229/1028-0979-2021-6-8

Avdieiev, V. V., & Aleksandrov, A. E. (2023). Missile movement control system stability reserve. System Design and Analysis of Aerospace Technique Characteristics,
32(1), 3-14. https://doi.org/10.15421/472301

Avdieiev, V. V., & Alexandrov, A. E. (2024). Margin of stability of the time-varying control system for rotational motion of the rocket. Radlio Electronics, Computer Science,
Control, 3, 185-195. https://doi.org/10.15588/1607-3274-2024-3-16

Babiarz, A., Cuong, L. V., Czornik, A., & Doan, T. S. (2021). Necessary and sufficient conditions for assignability of dichotomy spectra of continuous time-varying linear
systems. Automatica, 125, 109466. https://doi.org/10.1016/j.automatica.2020.109466

Briat, C. (2015). Stability analysis and control of a class of LPV systems with piecewise constant parameters. Systems & Control Letters, 82, 10-17.
https://doi.org/10.1016/j.sysconle.2015.05.002

Chen, G, & Yang, Y. (2016). New stability conditons for a class of linear time-varying systems. Aufomatica, 71, 342-347.
https://doi.org/10.1016/j.automatica.2016.05.005

Guo, D., & Rugh, W. J. (1995). A stability result for linear parameter-varying systems. Systems & Control Letters, 24(1), 1-5. https://doi.org/10.1016/0167-
6911(94)00013-I

Kawano, Y. (2020). Converse stability theorems for positive linear time-varying systems. Automatica, 122, 109193. https://doi.org/10.1016/j.automatica.2020.109193

Mate, S., Jaju, P., Bhartiya, S., & Nataraj, P. S. V. (2023). Semi-Explicit Model Predictive Control of Quasi Linear Parameter Varying Systems. European Journal of
Control, 69, 100750. https://doi.org/10.1016/j.ejcon.2022.100750

Nguyen, D. H., & Banjerdpongchai, D. (2011). A convex optimization approach to robust iterative learning control for linear systems with time-varying parametric
uncertainties. Automatica, 47(9), 2039-2043. https://doi.org/10.1016/j.automatica.2011.05.022

Stenin, A. A., Timoshin, Y. A., & Drozdovich, |. G. (2019). Walsh Functions in Linear-Quadratic Optimization Problems of Linear Nonstationary Systems. Journal of
Automation and Information Sciences, 51(8), 43-57. https://doi.org/10.1615/jautomatinfscien.v51.i8.40

Stenin, A. A., Drozdovych, I. G., & Soldatova, M. O. (2023). Application of spline functions and walsh functions in problems of parametric identification of linear
nonstationary systems. Radio Electronics, Computer Science, Control, 2, 166-175. https://doi.org/10.15588/1607-3274-2023-2-17

Zhang, W.,, Han, Q-L., Tang, Y. & Liu, Y. (2019). Sampled-data control for a class of linear time-varying systems. Automatica, 103, 126-134.
https://doi.org/10.1016/j.automatica.2019.01.027

Zhou, B. (2021). Lyapunov differential equations and inequalities for stability and stabilization of linear time-varying systems. Automatica, 131, 109785.
https://doi.org/10.1016/j.automatica.2021.109785

Zhou, B., Tian, Y., & Lam, J. (2020). On construction of Lyapunov functions for scalar linear time-varying systems. Systems & Control Letters, 135, 104591.
https://doi.org/10.1016/}.sysconle.2019.104591


https://doi.org/10.1016/j.sysconle.2013.05.003
https://cims.fti.dp.ua/j/article/view/187
https://cims.fti.dp.ua/j/article/view/250
https://doi.org/10.34229/1028-0979-2021-6-8
https://doi.org/10.15421/472301
https://doi.org/10.15588/1607-3274-2024-3-16
https://doi.org/10.1016/j.automatica.2020.109466
https://doi.org/10.1016/j.sysconle.2015.05.002
https://doi.org/10.1016/j.automatica.2016.05.005
https://doi.org/10.1016/0167-6911(94)00013-l
https://doi.org/10.1016/0167-6911(94)00013-l
https://doi.org/10.1016/j.automatica.2020.109193
https://doi.org/10.1016/j.ejcon.2022.100750
https://doi.org/10.1016/j.automatica.2011.05.022
https://doi.org/10.1615/jautomatinfscien.v51.i8.40
https://doi.org/10.15588/1607-3274-2023-2-17
https://doi.org/10.1016/j.automatica.2019.01.027
https://doi.org/10.1016/j.automatica.2021.109785
https://doi.org/10.1016/j.sysconle.2019.104591

Challenges and Issues of Modern Science
2025, Vol. 4, No. 1, 89-93

ISSN: 3083-5704

URL: https://cims.fti.dp.ua/j/article/view/289
PURL: https://purl.org/cims/4.289

DOI: https://doi.org/10.15421/cims.4.289 UDC 629.78

3apava onTuMi3auii KyTa TaHraxy pakeTrm-Hocia npm
BUBOAI KOCMIYHMX anapartiB Ha Kpyrosi op6itu

Pycnan Keba ©, Anaronin Kynabyxos

Purpose. The aim of the study is to formulate and analytically pose the task of constructing the pitch program of
a launch vehicle, ensuring the insertion of a spacecraft into a circular orbit, considering constraints on the motion
parameters and requirements for the final state. Design / Method / Approach. An analytical model for the pitch
program is proposed, consisting of five phases: vertical ascent, angular acceleration, constant angular velocity
motion, deceleration, and a final fixed-angle phase. Dimensionless coefficients are introduced to characterize the
relative durations of active angular maneuver phases. Findings. Analytical expressions were derived for the pitch
angle, angular velocity, and acceleration for each control phase, ensuring continuity and physical realizability.
Expressions for the resulting orbital altitude and control effort provide a basis for multi-criteria optimization.
Theoretical Implications. The developed formalization enables analytical optimization of the pitch program
without a full vehicle motion model, aiding understanding of the link between control structure and orbital injection
conditions. Practical Implications. The proposed model can be used in preliminary design stages for initial
synthesis of the launch vehicle pitch program, enabling rapid assessment of trajectory controllability and
compliance with specified orbital parameters, avoiding full-scale simulation. Originality / Value. Unlike
approaches based on full numerical integration, this study presents a simplified, analytically manageable pitch
program model, allowing efficient optimization considering physical constraints and final conditions. Research
Limitations / Future Research. Limitations involve the simplified analytical model with fixed control phases.
Future work involves numerical optimization (using gradient-based, heuristic, or global methods) to precisely
determine optimal pitch program parameters. Article Type. Methodological paper.

Keywords:

launch vehicle dynamics, spacecraft circular orbit insertion, mathematical model, pitch angle program, orbital
trajectory optimization

MeTa. MeToto gocnigXeHHs € (bopMynOBaHHA Ta aHaniTMYHa NOCTaHOBKAa 3agadvi nodyaoBM MporpaMy TaHraxy
pakeTu-HocCis, ka 3abe3nevye BMBEAEHHSA KOCMIYHOTO anapara Ha KpyroBy opbiTy, 3 ypaxyBaHHSAM OOMeEXeHb Ha
napamMmeTpu pyxy i BUMOr A0 KiHueBoro ctaHy. AusanH / Metop / Migxia. 3anponoHoBaHO aHaniTU4Hy Mogenbs
nporpamMu TaHraxy, sika CKnagaetbcs 3 M'ATWM AINAHOK: BEPTMKANBbHOIO PyXy, KyTOBOTO MPUCKOPEHHS, PyXy 3
MOCTIHOK KYTOBOIK LUBMAKICTIO, ranbMyBaHHS Ta 3aBepwanbHoi ¢asum 3 ikcoBaHMM KyTom. BeegeHo
0e3p0o3MipHi  KoedilieHTH, WO XapakTepusylTb BIOHOCHI TPUBANoOCTi a3 aKTMBHOMO KyTOBOTMO MaHeBpY.
Pesynbratn. OTpyMaHo aHaniTM4Hi 3anexHOCTi ANs PyHKUIN KyTa TaHraxy, KyTOBOI LUBMAKOCTI Ta NPUCKOPEHHS
Ha KOXHil (hasi KepoBaHOro pyxy, Lo 3abe3nevyoTb HENEPEPBHICTb i isnyHy peanisauijto. BusHayeHo Bupasu
Anst opbiTanbHOi BUCOTW Ta BUTPAT Kepyrouoi Aii, SKi CnyryloTb OCHOBOW Ans GaraTokpuTepianbHOi onTumisalii.
TeopeTn4yHe 3Ha4eHHA. Po3pobneHa dopmanisauis 3agadi JO3BONSAE 34iNCHIOBATM aHaniTUYHy ONTMMIi3adiio
nporpamu TaHraxy 6e3 HeobxigHOCTi NoGya0BM NMOBHOI MOAENI PyXy PaKeTu, Lo CMpUSE rMUBLLIOMY PO3YMiHHIO
B3aEMO3B’A3Ky MiX CTPYKTYpOH KepyBaHHsi Ta opbiTanbHumMy ymoBamu BuBefeHHs. lpakTU4yHe 3Ha4YeHHS.
3anponoHoBaHa Mofernb Moxe OyTu BUKOpPUCTaHa Ha NPOEKTHWUX eTanax Ans nonepeaHboro CUHTE3y nporpamm
TaHraxy pakeTu-Hocisi, 3abe3nevyoum WBKAKE OLHIOBAHHS KEpOBaHOCTI TpaekTopii Ta ii BianoBiaHOCTI 3agaHum
opbiTanbHUM napameTpam 6e3 3acTocyBaHHSA MOBHOMAacLUTabHOro mogentoBaHHs. OpuriHanbHicTb / LliHHICTB.
Ha BigMmiHy Big nigxogis, WO I'PYHTYHOTbCA Ha YUCENbHOMY iHTErpyBaHHi MOBHOI CUCTEMM PIiBHSHb PYXY,
3arnponoHOBaHO CMPOLLEHY, ane aHaniTU4HO KepoBaHy MOAEMb Nporpamu TaHraxy, sika Ao3Bonsie edekTUBHO
BMKOHYBaTW ONTMMIi3aLit0 3 ypaxyBaHHAM i3ndHUX 0OMexeHb i KiHLeBUX yMoOB. OBMexeHHA gocnigkeHHs /
ManbyTHi pocnigaxeHHA. [ocnigkeHHs oBMeXyeTbCs BUKOPUCTAHHSIM CMPOLLEHOT aHaniTu4Hoi mopeni 3
ikcoBaHUMU hasamu kepyBaHHS. Moganblui gocnimpkeHHs nepeabadatoTe peanisaLito YUCENbHOTO PO3B’A3aHHS
3agadi onTUMisauii 3 BUKOPWUCTAHHSAM rPadieHTHMX, €BPUCTUYHUX abo rnobanbHUX MeTodiB AN TOYHOro
BM3HaYeHHS ONTMManbHUX NapaMeTpiB nporpamu TaHraxy. Tun cratTti. MeTogonoriyHa cTaTTs.
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@DopMyBaHHSI IPOTPaMU TAHTaXy € KIFOYOBHUM €TaloM IIpH
MOOYAOBI TPAEKTOPIi PAKETHU-HOCIS IPH BUBEACHHI Ha KPYroBi Op-
Oitu. IIporpama Tanraxy 3abesmnedye 3MiHy HampsMKy pyxy pa-
KETH-HOC1Sl — BiJ] TOYaTKOBO BEPTHKAJILHOTO Ha CTApTi IO TOPHU30-
HTaJILHOTO B OpOiTaNIBbHIN CUCTEMI KOOPIMHAT, a TAKOX CIIPHSE J0-
CSATHEHHIO 3a[JaHOi BUCOTU OPOITH 13 BIAMOBIAHOIO OpPOITAIBHOIO
HIBUJKICTIO.

Iluranssa noGynoBU Ta oNTHMIi3alii TPaeKTOPii BUBEICHHS pa-
KETH-HOCIS € MPeIMETOM YNCICHHHX JOCIIDKEHb Y ray3i aepoKo-
CMiYHOI 1H)KeHepil Ta JUHAMIKU HOJIBOTY. Pi3HOMaHITHI mimxomau,
Bi/l aHAMTHYHUX O CKIAAHHX YHUCENBHUX METOAIB, 3aCTOCOBY-
FOTHCS 1711 BUPIIIEHHS 1€l GaratorpaHHoi 3a1a4i. 3araabHUH oI
CY4acHHUX JOCSTHEHb y cepi onTumizamii TpaeKTopi KOCMIYHUX
amaparis npencrasienuii (Malyuta et al., 2021), a anani3 MetomiB i
MoJIeNel pyXy paKkeT-HOCiiB Ha aKTUBHIHM IUISHII TPaeKTOpii HaBe-
nero (Keba & Kulabukhov, 2023).

3acTocyBaHHS METOJIB OIYKJIOI ONTHMI3amii Uil TeHeparii
TpaekTopiit po3mrtHyTO B (Malyuta et al, 2022). ABropu 3a3Haqa-
I0TB, 110 3a71a4i TeHepaii TPaeKTOPil I CHCTEM, BKIIIOYAtOuH pa-
KETH, 9acTo € Heomykianmu. [IpoTe, 3aBsiky TexHikaM pedopMyiro-
BaHHS Ta aNTOPUTMaM IIOCIIOBHOTO OMYKJIOTO IIPOrpaMyBaHHS
(SCvx) abo 6e3BrparHoi omykiocti (LCvX), crae MOXITUBEM ede-
KTHBHO Ta Hafii{HO pO3B's3yBaTH L 3a/1a4i 3a JOIMOMOTOIO OITYKIINX
onrtuMizaropis. Lli MeToan edekTUBHI, HailHI Ta PUIATHI IS 3a-
CTOCYBAaHHSI B PEKHMI peabHOTO Yacy Ta JUIsl KPUTHYHO BOYKIIMBUX
MICiHi, TAKHX SIK TTOCAJIKA PAKET.

B aepoxocMivHiH iHKeHepil HOCTIIKYETCS BUKOPUCTAHHS
mTyqHoro iHTenekty (Al), 30kpeMa BEIMKMX MOBHHX Mojielei
(LLM), mst 3amad MPOEKTYBaHHS Ta ONTHMI3alii TpaekTopii. Y
npenpuHTi (Simonds, 2025) BuB4aeThes 3acrocyBaHHs LLMs, mo-
CHJICHIX HaBYAHHAM 3 miakpiruieHHsM (RL), amst ynpasmiHHS pake-
TaMH Yepe3 cuMyssiii. Posrisnamics 3amaqi onTuMizarii BUCOTH
Ta TOYHOI OCAJKH, SIKI BUMAraroTh e()eKTHBHOI ONTUMI3allii Tpae-
kropii. Crannaptai LLMs noka3anu 6a30Bi ilKeHEepHi 3HAHHS, aJie
HE 3MOINM €()EKTUBHO ONTHMI3yBaTH TPAEKTOPIIO HA OCHOBI CHMY-
nsuid. Haromicts, RL-HaBueni LLMs mpogeMoHCTpyBaii 3HAUHO
Kpally 30aTHICTb ONTHMI3yBaTd TPA€EKTOPIiIO, MEpeBEPIIMBIIN Oa-
30Bi MOJIETI Ta eKcrepTiB-Toneil. e Bka3ye Ha MepCreKTUBHICTD
LLM-nimxonis 3 RL mist apromaru3ariii Ta epekTuBHOT onTUMi3arii
TPAEKTOPIili paKeT.

B iHmmX nocmimKeHHSX PO3MISAAIOTECS CHPOIIEHI MOIENi
TPAEKTOPIl ISl KOHIETITYaIbHOTO TIPOEKTYBAHHSA PaKET-HOCIiB.
Hampuknan, y po6oti (Nailwal et al, 2022) npencrapieHo po3poOKy
JIBOCTYTICHEBOI PAKETHU-HOCIA, ¢ 0coONmMBa yBara MPHIUTETHCS
BUKOPHCTAHHIO Ta aHaJIi3y Tpaekropii Tumy "gravity turn" (rpaBira-
LiHHKIT pO3BOPOT). ABTOPH BHKOPHCTOBYIOTH cripomieHy 2D mo-
nienb pyxy B cepenopuiili MATLAB it BUBUCHHS BIUTHBY Pi3HUX
napaMeTpiB MPOEKTYBAaHHS Ta YNPaBIiHHA Ha (OpMyBaHHS L€l
TpaekTopii. 30KkpeMa, aHaJi3y€eThCs BILIMB MaHEBPY IPaBiTaliiiHOro
PO3BOPOTY, BKIIIOYAIOYM MOYATKOBHMM KyT TaHraxy (pitch kick
angle) Ta BHCOTY iHiiamii MaHeBpy. BaxkinBo 3a3HauuTH, 1110 Ipe-
CTaBJIeHa MOJIENTb BUKOPHUCTOBYE TPaeKTopito "gravity turn" mpots-
T'OM YCBOTO MOJIBOTY Ta OITyCKaE JIesiKi (haKTOPH, TaKi K 00epTaHHS
3emii, 10 BKa3ye Ha CIPOIIEHY IPUPOAY TPAEKTOPHOTO aHATi3y B
pamMKax IbOTO JOCIIKEHHs, 30CepeKCHOr0 Ha PaHHIX eTamax
NPOEKTYBAHHS.

AHaTHYHI METOIU PO3PaxyHKY TPAEKTOPii paKerT, 110 103BO-
JISIFOTh OTPUMATH 3aMKHEHI pillieHHs ab0 CIpOIIieHi MOETi IS IMo-
HEPeHBOr0 aHalidy, PO3MVINAIOTHCS, HANPHKIaA, y poborax
(Campos & Gil, 2018), me 3armponoOHOBAHO YOTUPH HOBHX METOIH
aHAITHYHOTO po3paxyHKYy, Ta (Teofilatto et al., 2022), ne ananiTu-
YHO BUBOJATHCS TPAEKTOPIT MiHOMY Ta XapaKTEPHCTHKH PAKETH-
Hocis. i miaxonn € HiHHUMH 1T PO3YMIHHSI OCHOBHUX 3aJIeKHOC-
Tel Ta HOTepeaHbOI OI[IHKH IIPOTPaMH TaHTAXY.

BonmHouac, a7 fOCSATHEHHS BUCOKOT TOYHOCTI Ta BpaxyBaHHS
CKJIATHUX OOMEXKEHb IIMPOKO BHKOPHCTOBYIOTHCSI UHCENBHI Me-
Toxw onrtuMizanii. Hanmpukiman, 3acTocyBaHHS IICEBIOCTIEKTPAIBHOT
TPaHCKPHIIIIi AJsI ONTHMI3alii TpaekTopii pakeTnm Vega IoCIi-
mwkeHo (de Volo et al., 2017). 3amadi onTUMaIbHOTO KepyBaHHS BU-
BEJICHHSIM 3 ypaxyBaHHAM >KOPCTKUX OOMEXeHb, 10 € TUIIOBUMH
JUIS peabHAX Miciii, posmsparorses (Lu & Pan, 2010). Interposa-
HUH X1 0 ONITHMI3ALlil, IO [MO€IHYE apaMeTPH TBEPIOTIaIHNB-
HOTO JIBUTYHA HEPIIOTO CTYIEHs Ta TPAEKTOPII0 BUBEICHHS, IIPe-
crasnenuit y poborti (Federici et al., 2021). Cyuachi meTomu, Taki
SIK HEMPOHHI MEpexi Ta reHEeTHYHi aJTOPUTMHU, TAKOXK 3HAXOASITH

3aCTOCYBaHHS B OIITUMI3aLlil TPAeKTOPiii, 30KkpeMa UL 3a/1ad [OBe-
puennst cryneniB paket (Tang & Gong, 2023).

JocnimxeHHs TakoX (PoKyCyroThesl Ha po3poOiLli 3aKOHIB Ke-
PyBaHHS, K, HAIIPUKIIAJ, ONTUMAJIBHUNA 3aKOH KepyBaHHS 3 BUKO-
pucTaHHsIM rpaBitamiiHoro po3sopoty (He & Lee, 2018), mio € Ba-
JKITMBUM /IS ONTUMAIIBHOTO (hopMyBaHHS TpaekTopii. Okpim onTu-
Mi3allii, Ba)KIMBUM acIEKTOM € HaBiramiiiHe 3a0e3ledYcHHs IIo-
TIBOTY, 5IK ToKa3aHo B po6oTi (Ugolini, 2023) Ha npukiazi po3pooKu
riOpuaHO1 cCTEeMH HaBirari.

Cepen aHTITHYHUX H1IXOIB 10 HOpMyBaHHS caMe POrpamMu
TaHTaXxy CJliJl BiA3HAYUTH TonepenHio poboty aBropiB (Keba &
Kulabukhov, 2024), ne 6yno 3amporoHoBaHO MeToAu4He 3abe3e-
YeHHs 711 BU3HAYEHHs IPOrpaMu KyTa TaHraxy. Llei miaxin 6a3y-
BaBCS Ha alpOKCHMALlil BEPTUKAJIBHOI Ta TOPU30HTAIBHOI CKIIa0-
BUX IIBUIKOCTI PaKeTH-HOCIA MapabOMiYHUMH 3aIeKHOCTAMH
(puc. 1) Big yacy amst GOpMyBaHHS HENEPEPBHOI MPOrPaMH Kepy-
BaHHS.
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Pucynok 1 — IIporpama Ttanra:xy 0 i ckiagoBi lBuaKOCTI
napa6osiyHoi ¢popmu 1ist opdiTh BucoToro S00 km
(I:xepesno: CTBOpeHO aBTOpamMu)

HesBaxkarouu Ha BENMKY KiJIbKiCTh JTOCII/PKEHb, MOMITYK e(eK-
TUBHHX aHAJITHYHHMX 200 HaliBaHATITHIHUX METONIB ()OpMyBaHHS
MPOTPaMHU KepyBaHHsI KyTOM TaHTaxy, sKi O JO3BOJISUIH TIPOBOAUTH
MIBU/IKY ONTHUMI3aIlil0 HA PaHHIX eTanax MPOCKTyBaHHs 0e3 3aiy-
YEHHS! ITOBHOMACIITA0HOTO MOJICTIOBAHHS, 3aJIMIIAETHCS AKTyallb-
HUM 3aBIaHHsIM. J[aHa po6oTa MPOROBXKYE IOCHIUKEHHS Y 1IbOMY
HanpsIMKY Ta IPOTOHY€E HOBHHU MiJIXiJT 10 aHAJIITHYHOT TOCTaHOBKU
3aj1a4i TOOY/IOBH IIPOTPaMy TaHTaxy, O 0a3yeThCcs Ha MOZAEII 3
I’ IThMa JiJITHKaMH1 PyXy Ta J03BOJISIE TPOBOIUTH OaraToKpuTepia-
JIBHY ONTHMI3AIliIo0 3 ypaxyBaHHIM 0OMeXeHb.

MeTa Ta 3aBgaHHA

Meroro 1i€i pobOTH € OCTaHOBKA 3a1adi UIsl OTPUMaHHS all-
TOpUTMY TTOOYZOBH TIPOrpaMy TAaHI' &Ky Ha MPOEKTHUX eTarax po3-
pOOKH pakeTH-HOCISL. 3a3HaueHe 3aBJAaHHS CKJIAJA€ThCA 3 TaKHX
eTariB:

— BHU3HAYCHHS BHUXIiTHMX JaHMX (TOYAaTKOBHX YMOB);

— (opMysIrOBaHHS LiJiel MOZIENIOBaHH (KPUTEPIiB ONTUMA-
JILHOCTI);

— BHU3HAYCHHS OOMEXEHb Ha PyX pPaKeTH-HOCIs;

— MareMaTH4yHa OCTAaHOBKa 3a/1a4i;

— BUOIp MeToIB ii po3B’sI3aHHS.

HOani Ta meTogu

Po3risa mporpamMu TaHraKy TOYMHAETHCS 3 OYATKOBOTO MO-
MeHTy yacy to = 0. PosmisgaeThbest BepTHKaIbHUIL CTapT, TOOTO 1M0-

T .
YaTKOBE 3HAYCHHS KyTa TaHTa)Xy CTaHOBHUTD B(t,) = > TsroBi xa-

PaKTEPUCTHKU PaKEeTH-HOCISI BBAKAIOTBCS BiIOMHUMH abo 3aja-
HUMH. 3MiHa aOCONIFOTHOT IIBU/IKOCTI HA aKTHBHIN AUISHII TPaek-
TOPIi arPOKCUMYEThCs QYHKIL€I0, OIM3BKOI0 0 MapaboiYHOi 3a-
nexHocTi. Yac moyarky moBopoTy — t; — TaKOXK 334a€ThCsI SIK BXi-
IHUIL ~ mapaMerp,  OCKIIbKH  BH3HAYa€ThCsl  MACOBHUMH,
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TEOMETPUYHUMH Ta TATOBHMH XapaKTePUCTHKAMHU PAKETH-HOCIS.
Moro 3uaueH s, K IPaBUIIO, TEKUTH Y Mexkax Big 10 10 30 ceKyH
TTCTIST CTapTYy.

V kiHIII aKTHBHOI AUITHKY TPAEKTOPIT paKeTa-HOCIH Mae 3a/10-
BOJIBHSATH TaKi BUMOTH:

1. JlocsarHyTH 3amaHoi BUCOTH H, sika JeXHTH Yy Jiamna3oHi
200-800 xm;

2. Maru xpyroBy opOiTansHy MIBUAKICTE V), 0 BiANOBixae
BHCOTI H

3. Maru HyJbpOBi 3Ha4€HHSI KyTOBOT IIBHJIKOCTI T KyTOBOTO
MIPUCKOPEHHS 110 TaHTaXYy;

4. Maru 3Ha4eHHS KyTa TaHTaXy, piBHE HYIIIO;

5. MiHimi3yBaTd BHUTpaTd Kepyrouoi nii, HeoOXimHoi s
CTBOPEHHS KyTOBOTO IIPUCKOPEHHS IPOTATOM IPOrpaMH TAHTAXKYy.

IlocranoBka 3amadi CyNpOBOIKYETHCSA TaKHMMH OOMEKEH-
HSIMH:

— TPUBANICTh BEPTUKAJIBHOI JULTHKH TpaekTopii Mae OyTH
MIHIMaJIbHOIO ISl 3MEHIIEHHS IpaBiTallifHUX BTpar Ta 3amobi-
raHHSA HaJAMIPHO KPYTHM TPA€EKTOPIsIM;

— (yHKLUIT KyTa TaHTaxy, KyTOBOI IIBUAKOCTI Ta KyTOBOTO
MIPUCKOPEHHS MTOBUHHI OyTH HETIEpEepBHUMH Ta JOCTATHBO ITAM-
KHMH, II0 3yMOBJICHO ()i3NYHUMH XapaKTePHCTHKAMU CHCTEM Ke-
PYBaHHS paKeTHU-HOCIS;

— KyTOBa IIBHIKICTH 0OMEXY€THCSI JOIMYCTUMUMU 3HAYCH-
HSIMH, TIOB’SI3aHIMH 3 KOHCTPYKTUBHOIO MIIIHICTIO paKeTH-HOCIs,
3a0e3NEeUYeHHAM MIHIMAJIBPHAX MONEPEYHUX IIePEeBAHTAKEHb Ta
3THHAJIBHUX MOMEHTIB;

— KyTOBE IPUCKOPEHHS TAKOK Ma€ 0OMEXEHHS Ha MaKCUMa-
JIbHE 3HAYeHHS, BU3HA4YeHE (PI3MYHHMH MOXIHBOCTSIMHU CHCTEM
KepyBaHHSL.

OG6GrosopeHHs Ta pe3ynbTaTtu

TIporpama TaHTaXy pO3IISAAAETHCS K TaKa, O CKIAAETHCS 3
I’ ATH TIOCITiTOBHUX JUJISTHOK (pHC. 2).

60

40

0, grad

20

0.00

-0.05

w, gradfsec
1
o
=
=3

-0.15

-0.20

0.0025

0.0000

-0.0025

a, grad/sec?

-0.0050

-0.0075

T T T T
100 200 300 400 500
time, sec

o4

PucyHnok 2 — 3miHa KyTa TaHraxy, KyToBOi LIBH/IKOCTi HA KyTOBOI0
NMPHCKOPEHHSI HA II’SITH AUISTHKAX MPOrpPaMu
(Ixepesio: CTBOpeHO aBTOPaMHU)

Jinsuka 1 — [0,t;] — moyarkoBa AiNSHKA BEPTUKAILHOTO
pyxy. Kyt TaHTa)ky Ha Wil IUISHIN 3aIMIIa€ThCS MOCTIIHIM 1 opi-
BHIoe B(t) = g 1st da3za 3a3Buuaii TpuBae Bin 10 o 30 cekyH.

Hinstaka 2 — [tq, t,] — ¢aza nouarky KyTooro pyxy. Ha wiii
NIUISTHII paKeTa-HoCii HabyBae MOCTIHHOTO KyTOBOTO PHUCKOPEHHS

01, BHACJIIIOK YOT0 KyTOBA IIBH/IKICTH IOYMHAE 3pOCTATH.

Hinsuka 3 — [t,, t3] — ocHoBHa hasa kyToBoro pyxy. Kyrose
TIPUCKOPEHHS Ha i AUISHII JOpiBHIOE HYIO: o, = 0, a KyToBa
LIBUAKICT w3 = const < 0, To0TO HarpsM 0OepTaHHS MPOTUIICK-
HHIT 10 3pOCTaHHsI KyTa TaHraxy. L[ IijIsHKa € HallIOBIIO0 cepert
(a3 aKTHBHOTO KyTOBOTO MaHEBpY.

Hinsuka 4 — [t5, t4] — dasa kyrosoro ransmysanns. Kyrosa
MIBAIKICTH MOHOTOHHO 3MEHIITYETHCSI BiJl W3 IO HYIS LT €0 JI0-
JIATHOTO KyTOBOTO MPHCKOPEHHS Oy > 0.

Hinsaka 5 — [ty, ... | — 3axmodna gasza moaboTy 3 MOCTIHHAM
KYTOM TaHTaxy, PIBHUM HYJIO, Ta HYJIbOBHMH 3HAYCHHSIMH KYTOBOT
MIBUAKOCTI 1 mpuckopeHHs. Yac 3aBepIcHHs aKTHBHOTO YIIPaB-
JIHHS KyTOM TaHTaxy t, JeKUTH y Mekax 400-800 cexyHz.

Takum YMHOM, 3MIHHIMH 33/1a41 € TPUBAIOCT] JUISHOK 2, 3 Ta
4 abo po3moIia yacy akKTUBHOTO KyTOBOTO MaHEBPY Ha iHTepBai
[tlr t‘l—] .

AGCOIOTHA WIBHIKICTH pakeTu-Hocis V (t) momaerscs y Bu-
ISl BEKTOPHOI CyMH BepTHKaNbHOT V,(t) Ta ropH30HTAIBHOL
Vi (t) cknamoBux. Kyt TaHTaXy BU3HAYAETHCS aHAITHYHOIO (HOp-
MYJIOIO:

Vo(t)
6(t) = arctan (Vh(t)) 0))

Ha 3aBepmaneHiit minsHi, npu t = t,, HEOOXiTHO 3a0e3me-
YUTH BUKOHAHHS TAKUX YMOB:

— iHTerpaibHa BepTHKaJIbHA CKIIanoBa mBUaKocTi V,(t) mo-
BHHHA 3a0€3NEeUNTH TOCATHEHHS 3a1aH01 BUCOTH opOiTH H;

— TOpPU3OHTANbHA CKJIQJI0Ba IIBHIKOCTI IIOBUHHA IOPiBHIO-
BATH KPYToBiil opOiTanbHii mBuakocti: Vi, (t,) = Vy;

— KYT TaHTaKy Mae JopiBHIOBaTH Hyiio: 8(t,) = 0;

— KyTOBa HIBHIKICTH 0 Ta KyTOBE NMPUCKOPCHHS O TAKOX
MOBHUHHI JOPIBHIOBATU HYJIIO MIPU t = ty.

Jlst 3pydHOCTI BBeieMo Ge3po3MipHi KoedillieHTH, sIKi Xapak-
TEpHU3YIOTh BIJHOCHI TPHBAJIOCTI ()a3 aKTHBHOTO KyTOBOTO MaHe-
BpYy:

— k, — 9acTKa TPUBAJIOCTI MUIAHKH TIPUCKOPEHHS [ty, 5] y
3arajgbHOMY iHTepBai [tq, ty];

— k3 — dYacTKa TPHBAJOCTI AULIHKHU [t,t3] 3 mocTiliHOO
KyTOBOIO IIBHKICTIO;

— k4 — 4acTKa TPHBAJOCTI JUIAHKH [t3, t,] ranmbMyBaHHs.

[Mo3Haynmo 3arajibHy TPHBAJICTH (a3 aKTMBHOTO KyTOBOTO
MaHeBpy:

tg =1y — Uy, 2
TOJi 3 YMOBH HOPMYBaHHS MAEMO:
ky +ks+ky=1, 3
a BIITIOBITHI MOMEHTH Yacy MO)KHA 3aITiCaTH AK:
t, =t +k; tg 4.1
ty =t + ks tg. 4.2)
3 Meroro 3ale3nedeHHs] HelepepBHOCTI (yHKHi KyToBOT

MIBUIKOCTI Ta TIPUCKOPEHHSI, MPUMMAETHCSA, 10 KYTOBE MPHCKO-
PEHHs Ha JIinsHKax [tq, t,] Ta [t3, t4] 3MiHFOETBCA NiHilHO. Takwmii
iJIX1]] Y3ro/pKy€eThes 3 pisnuHUMU 0OMEKSHHSIMH Ha ANHAMIKY PO-
00TH OpraHiB KepyBaHHs PaKEeTHU-HOCIsS Ta JO3BOJISIE YHUKHYTH PO-
3pUBIB y KE€pyBaHHI.

OCKiJNIbKM KyT TaHTaxy B iHTepBaii [t;,t,] 3MiHIOETBCS Bix

T .
0= E a0 0= 0, TIOBHA 3M1HA KyTa CTAHOBUTL:

20 =7 )

Lo 3MiHy MOXHa IIOZIaTH Yepe3 iHTerpall BiJ KyTOBOI IIBH-
KOCTI:

f:‘w(t) dt = fttf w, () dt + f: ws dt + fti“ w,(t) dt. (6)

Ha ninstani (¢4, t,] KyToBa NIBUAKICTH 3MiHIOETHCS JiHIHHO Bif
HYJIs 10 W3, @ Ha IUIAHI [t3, t4] — Bix w3 10 Hyms. YpaxoByrodn
1€, iHTerpaam HabyBarOTh BUIJISLY:

JZ wa(6) dt =22 (t, - ty), ™

[ w5 dt = ws(ts = ), ®)
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t [}
J) @4(8) dt =2ty — t3). ©)
Taxum YUHOM, ITIOBHA 3MiHa KyTa CTAaHOBUTbD:

860 = 2 (t, — t) + w3(ts — ) + 22 (ty — t3) =

=2 (ty + itz —tp — t1).

(10)
BpaxoByroun BBeieHI paHile o3HadeHHs (4) oTpuMaemMo:
tytty—t,—t; =
=ty +ty+ (ky +k3)ty — (8 + koty) —t; =t (1 + k3). (11)
TincraBmsroun y (10):

AG = %tau +k3) = —g, (12)

3BIJIKH BUPAKAETHCS KyTOBa MIBUAKICTh HA JUULSHIN 3 MOCTIHUAM
3HAYEHHSIM:

T
T ta(1tks)

w3 = (13)
TaxuM 4MHOM, 3Ha9eHHS KyTOBOI IIBHAKOCTI (3 OAHO3HAYHO
BU3HAYAETHCSl Yepe3 TPUBAIICTh iHTEpPBANy aKTHBHOTO KyTOBOTO
PyXy t, Ta KoediuieHT k3, M0 XapakTepu3ye BiJHOCHY AOBKHUHY
JIISTHKH 3 MOCTIHHOIO KyTOBOYO MBHUIKICTIO. [IpH (hikcoBaHUX 3Ha-
YEHHSIX tq Ta t,, MapaMeTp w3 3AICKUTH JIMIIE Bif po3noniny ¢a3
KYTOBOTO PyXy B MEXax iHTepBaJly HPOTPaMHOTO KepyBaHHS.

AHanimuyHi eupa3u Ons ¢pyHKuii Kyma maHaaxy

DyHKIis KyTa Tanraxy 0(t) Ha KOKHIM 3 JUITHOK TpaeKTopii
BU3HAYAETHCS XapaKTepOM KyTOBOTO pyxy. Jlis moOymoBu 6e3po3-
puBHOI (BYHKIIiI KyTa Ta Ti MOXiqHUX PO3mIAHEMO MOBEAIHKY O(t)
Ha KO)KHIN TUISHII OKpEeMO.

Jinseka 1: BepTukansauii pyx. Ha nepruomy erari t € [tg, t;]
paKeTa pyXaeTbCs BEPTUKAIBHO, 1 KYT TAaHT @Ky 3aJIHIIAETHCS MOC-
TIHHUM:

T

8(t) =8, =1 (14)
Hinsuka 2: KyTose puckopenns. Ha inrepsani t € [ty, t,] pe-
aITi3y€eThCsI KyTOBE MPUCKOPEHHSI Oy, IPH SIKOMY KyTOBA IBU/KICTH

3MIHIOETBCSI JIHIITHO Bif HyNs 70 w3. KyToBe mprckopeHHs:
oA = (15)

Tty

KyToBa mBHIKICTB:

w(t) = oy (t = tq). (16)
[HTerpyIOUM IO GYHKII0, OTPUMAEMO:
0(0) =0, + J, w(®) dr =0, +ay - 25 (17)
YpaxoBytoun 3anexHicTh (15), Maemo:
a(t) =0; + 2;"21“ (t — ;)2 (18)

Jinsaka 3: mocriiiHa KyToBa MIBUAKICTh. Ha iHTepBami t €
[t5, t3] KyTOBa INBUAKICTE 3aHMIIAETHLCS CTANIOK:

w(t) = wz = const, 19)
a KyT TaHTaXy 3MIHIOEThCS JHIHHO:
8(t) = 6; + w3(t — to), (20)

ne 0, = 0(t,) — KyT TaHraxy B MOMEHT 3aKiHUCHHs AULTHKH 2.
Bpaxosytoun (4.1), orpumaeMo:

Jinszka 4: KyToBe ransMmyBanHs. Ha 3axitounomy iHTepBai

t € [t3, t4] 3milicHIOETBCS PIBHOMIPHE TalbMyBaHHS 0 HYJIBOBOT
KyTOBOI IIBHIKOCTI:

oy = —t:’)%ts, (22)
w(t) = w3 + a,(t —t3). (23)

[nTerpyroun:
8(t) = 85 + w3 (t — t3) + (¢ — t3)? 24)

ne 03 = 0(t3) — KyT TaHTa)Xy B MOMEHT 3aKiHUCHHS JITHKH 3.

MMigcraBusmm (22), MaeMo:

_ _ __ w3 _ 2
8(t) = 03 + w3(t — t3) 2(ta—ta) (t —t3)°. (25)
Bpaxosytoun (2) Ta (4.2), ocrarouyna ¢opma:
0(t) = 63 + w3(t —ty — (ko + k3)ta) —
S (=t = (kg + ka)ta)™. (26)

T 2(—ky—ka)t,

DyHKUis sucomu

OyHKIis BUCOTH, SKy OCSTa€e pakeTa-HOCIH y pe3ysbTari BU-
KOHAHH 331aHOi IPOTPaMH TaHT XKy, BU3HAYA€THCSI IHTETpajioM Be-
PTUKAIBHOI CKIIAIOBOT IMIBUKOCTI PYXY:

Hrog = [, V(©) sin(8(D)) dt,

ne V(t) — abcomoTHa NIBHAKICTh pakeTH, a 0(t) — KyT TaHraky
B MOMEHT 4acy t. 3Ha4eHHs H);og PO3OUBAETHCA HA CyMY YOTUPBOX
CKJI/IOBHX, 110 Bi/ITIOBIJAI0Th OKPEMUM [IIJISTHKAM [IPOTPaMH:

@7

Hyrog = Hy + Hy + Hy + H,, (28)
ne:
Hy = [;*V(£)sin G) dt = [ V() dt, (29)
Hy = [2V(©)sin(8,(0)) dt, (30)
Hs = [2V(©)sin(05(D)) dt, 31
Hy = [ V() sin(8,(0)) dt. (32)

3 ypaxyBaHHSIM OfIep>KaHHX BUIE BUPa3iB UL QYHKLIH KyTa
tanraxy(14, 18, 21, 26) Ha BiIOBIAHKX IUISTHKaX MaeMO:

Hy = [PV@sin (0 + 32 (e —t)?) e, (33)
Hy = ftt; V(t)sin(0; + w3(t — t; — kyty)) dt,  (34)
Hy = 2V (©)sin (85 + w3t — 6, — (ky + ka)t) -
- m(t —t, — (ky + k3)ta)2) dt. (35)

Ha ocHOBI BHIIIEBHKIaICHOTO C(HOPMYIFOEMO 3a1a9y ONTHMi-
3arii. [is1b0Ba (yHKILS U1 ONTUMI3AIIT 3a1a€ThCS Y BUIVISIII KBa-
Jipara BiIXHUJICHHS TOCATHYTOT BUCOTH Bijl 3aJTaHOT:

2
Ju(ky, ks, ty,ty) = (Hprog(kZJ ks, ty,ty) — H) . (36)

s 3abe3nedeHHs (Bi3HYHOI TOITYCTHMOCTI PO3B’SI3Ky BBO-

IIATHCS OOMEKCHHS:
0<k,<1, 0<k3z<1,

to < t; < t4.

ky+ ks <1, (37)

(3%

3 MeToro MiBHIIEHHS e(eKTUBHOCTI (DYHKIIOHYBaHHS CHC-
TEMU KepyBaHHS PAKETH-HOCIS Ta 3MEHIICHHS CHEPreTHYHUX BU-
Tpat, 10 3a]a4i ONTUMI3allii TOTa€eThCS 1Ie OAWH KPUTEPil SIKOCTI
— MiHiMi3allis cymMapHOi poOOTH KepyIo4oi Ail Ha AUITHKaX TPaeK-
TOPii, e IPUCYTHE KyTOBE MPUCKOPEHHsT (AUISTHKH 2 Ta 4).

PoGota kepyrouoi Aii BU3HAYA€ThCS IHTErPajoM J00YTKY MO-
MeHTy KepyBanHs M (t) Ha KyTOBY MBUAKICTH W (t):

w=-— fff M) o(t)dt — f:M(t) o@®dt, (39)

OCKiJIbKM MOMEHT KepyBaHHI POTOPLIHHUI KyTOBOMY MpH-
CKOPEHHIO:

M(t) =] a(t), (40)

nie ] — MOMEHT iHepIii pakeTH-HOCIs BITHOCHO IIEHTpa Mac, a Ky-
TOBE NMPUCKOPEHHS € CTAJIOI0 BENMYMHOIO HA KOXKHIH i3 PO3IISHY-
THUX JUITHOK, CyMapHa po00Ta BUPAXKAEThCS aHATITUYHO SIK:

W =] wi 41
Bpaxosytoun (2) i (13) cymapna pobota kepyro4oi Iii 3anmcy-
€ThCS y BUIVISAL DYHKIT 3MIHHUX ONTHMI3aIlii:
TTZ

Wika, k3 tr,ta) =] ez

(42)
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Ha ocHOBI bOTO BBOAUTECS 1€ Of(HA I[IT60Ba (DYHKILIS MiHi-
Mi3ari:
1.[2
tZ2(1+k3)?

Jei (2, ks, ty, ta) =]

Takum "uuHOM, 337a4i ONTUMI3aLii BiAMIOBIAAIOTH /1Bl OKpeMi
LTBOBI (PyHKIII:

— MiHIMI3alis BiIXWICHHS JOCATHYTOI BUCOTH BiJl 33]]aHOT,

— MiHIMI3aIis CyMapHOi poOOTH KepyIodoi Iil.

Tlomanpiue pinreHHs 331241 MOYKE PO3IIIAAATH X OKpEeMO abo y
BUIJISAIZI OaraToKpUTepiaabHOI ONTUMI3ALLT.

(43)

BUCHOBKM

YV Mexax 1iei podoTH chopMyIs0BaHO 3amady HoOyIOBH HPO-
IpaMH TaHTaXy PAaKETH-HOCIS 3 ypaxXyBaHHSIM BHMOT JI0 BUBEICHHS
Ha KpyroBy opOity. 3xilicHEeHO moeTarHy NOCTaHOBKY 3ajadi, 1o
BKIJIIOYA€ BU3HAYECHHS BXIJHUX ITapaMeTpiB, (POPMYITIOBAHHS KPHUTE-
PpiiB SKOCTI y BHIVISIII MiHIMI3aIlii BiIXWUJICHHS JOCSATHYTOI BUCOTH
BiJT 3a71aHO1, BpaxyBaHHs (i3NIHIX 0OMEXEHb Ha ITapaMeTpH Mpo-
rpaMu Ta BUOIp BiAMOBITHUX YHCEILHUX METO/IIB PO3B’s13aHHs. JI7st
mo0ynoBY (DYHKIIIOHATLHOT 3aJISKHOCTI KyTa TaHTaXKy pO3pPOOIICHO
AQHAITUYHY MOZENb 3 PO3OUTTAM TPAeKTOpii Ha IT'STh JUISHOK
PYyXy, 110 3abe3medye HellepepBHiCTb KyTOBOI IIBHIKOCTI Ta IPHC-
KOPEHHSL

Otpumana MOJIENb TO3BOJISIE 3IHCHIOBATH ONTHMI3aLliIo TIPO-
rpaMH TaHTaXy Ha IPOEKTHOMY €Tarli, He MOTPeOyIoUYr IIOBHOT -
HAMIYHOI MOJIENi MONbOTy. BUKOpHCTaHHSA PO3IISHYTHX MiIXOIiB
3a0e3meuye y3ropKeHICTh MDK aHATITHYHOI MPOCTOTOO i TOYHI-
CTIO JOCSTHEHHS IITbOBHX YMOB. Po3poOneHa mocTtaHOBKa MOXKe
OyTH BUKOpPHCTaHA K CKJIaJ0Ba YaCTHHA OLIBII 3arajbHOI 3a1adi
CHHTE3Y TPAEKTOPii BUBEACHHS a00 K 0a3uc IS MONAIIBIIOI JIeTa-
Ji3amii 3 ypaxyBaHHSIM JI0AATKOBUX BIUIUBIB.

Man6yTHi gocnipxeHHs

Otpumai B poOOTi aHATITHYHI BUPa3n IS HUTBOBHX (yHK-
i, TAKKX K QYHKIIOHAT BiIXWJICHHS KIHIIEBOT BUCOTH BiJ 3a/1a-
HOI (/) Ta QyHKIIOHAN IHTETpaIbHUX BUTPAT Kepyrodol Hii (Jqtr1),
€ OCHOBOIO JUTsl 33/1a4i GaraTokpuTepiaabHOT ONTHUMI3aLLil.

VYV momanbimx AOCTIHKEHHAX TependayaeTbesi po3B’si3aHHs
3aj1a4i GaraToKpUTepiaabHOI ONTHMI3alil JJ1sl BU3HAYCHHS ONTHMA-
JNBHUX 3HA4YeHb mapamerpiB k,, k3, ti, t,, 10 BIUIMBAIOTH Ha
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Mpo moaudrikauilo NnpaAMMX MeToaiB po3B’a3aHHA 3apav
ONTUMAaribHOro KepyBaHHA CTawioOHaApHUMM TENnJI0OBUMM
npouecamm

Jropmuna Mapr 2, AHHa ByraeHko

Purpose. The aim of the study is to apply modified gradient-type methods to problems of optimal control of one-
dimensional stationary thermal processes and to conduct a comparative analysis of the effectiveness of the
classical and modified approaches using the example of solving specific problems. Design / Method / Approach.
The research is focused on the development and numerical implementation of approximation-iteration algorithms
based on the grid method for the analysis of controlled thermostatic systems modeled by differential equations
with variable coefficients. For the numerical solution of the primary and adjoint boundary value problems, second-
order accuracy difference schemes are used. To find the lower boundary of the objective functional, gradient-type
minimization methods are used, both with and without control constraints. Findings. The proposed modified
computational schemes demonstrate an increase in the efficiency of the classical grid method in terms of the
amount of required computational costs and the accuracy of the obtained approximate solutions. Theoretical
Implications. Expanding the possibilities of applying theoretically substantiated direct methods of accelerated
convergence to solving optimal control problems of stationary thermal processes. Practical Implications.
Creating an effective computational tool for solving optimal control problems of stationary thermal processes,
which can be applied in practice. Originality / Value. Implementation of new computational schemes of
accelerated convergence of modified gradient-type methods for the specified class of optimal control problems.
Research Limitations / Future Research. The research limitations are due only to the properties of the
programming language and software used. Further research involves applying the proposed modified approach
to solving more complex optimal control problems, including multidimensional and phase-constrained ones.
Article Type. Applied Research.
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MeTa. [ocnigjxeHHs cnpsMoBaHe Ha 3acToCyBaHHA MoAmMdikOoBaHMX METOAIB rpafieHTHoro Tuny Ao 3agay
ONTUMAanbHOrO KepyBaHHS OAHOBMMIPHMMMW CTaUiOHapHMMK TENMOBMMK MpouecamMn Ta MOPIBHAMbHUIA aHani3
e(EeKTMBHOCTI Knacu4Horo n mogmdikoBaHOro nigxodis Ha Npuknagi po3s’si3aHHs KOHKPETHMX 3adad. AusaunH /
MeTopn / Migxia. CtaTtTa npuceaveHa po3pobLi Ta YMCoBil peanisauii anpokcMMaLiiHo-iTepauiiHuX anropuTMiB,
OCHOBaHUX Ha MeTodi CIiTOK, Ans aHanidy KepoBaHUX TEepMOCTaTUYHMX CUCTEM, LWO MOAOEMOTHCA
AvdepeHuianbHUMKU PIBHAHHAMMU 3i 3MiHHMMK  KoedpildieHTamn. [ns 4nMcrnoBOro posB'dA3aHHA OCHOBHWMX Ta
CMPSHKEHMX KpanoBMX 3afay BUKOPUCTaHO Pi3HULEBI CXEMW APYroro NopsaaKy TOYHOCTI. [ns BiALwyKaHHA HUXKHBOT
rpaHi LinboBoro yHKLUioOHana BMKOPUCTaHO MeToAM MiHiMi3aLlii rpafdieHTHOro Tuny sik B yMOBax OOMexeHb Ha
KepyBaHHs, Tak i 6e3 obmexeHb. Pe3dynbratu. 3anponoHoBaHi MoavdikoBaHi oB4YMcrnioBanbHi  CXemu
AEMOHCTPYIOTb MiABULLEHHSA €(DEKTUBHOCTI KNAaCMYHOTO CITKOBOrO MeTody 3 NOrmsAy Ha KinbkicTb 3aTpebyBaHux
oGuYnCnNoBanbHMX BUTPAT Ta TOYHICTb OTPUMYBAHMX HabNMXeHWx po3B’AskiB. TeopeTMYHe 3HAYEeHHS.
Po3wnpeHHs MOXNIMBOCTEN 3aCTOCYBaHHA TEOPETUYHO OOrpyHTOBaAHMX MNPAMWX METOAIB MPULLBMALLIEHOT
36iKHOCTI 4O PO3B’A3aHHA 3a4a4 ONTUMarbHOro KepyBaHHS CTauioHapHMMKM TennoByMMmM npouecamu. NMpakTuyHe
3Ha4YeHHs. CTBOPEHHs e(PEKTUBHOIO OGYMCNIOBANbLHOMO IHCTPYMEHTY ANA PO3B’A3aHHA 3a4ad OnTMMarbHOro
KepyBaHHS CTalioOHapHUMM TEMMOBUMM NPOLIECaMK, LLIO MOXe ByTu 3acTOCOBaHWI Ha nNpakTuui. OpuriHanbHiCTb
/ UiHHicTb. Peanisauis HOBUX 064YMCIIOBanbHUX CXEM MPULLBUALIEHOT 30KHOCTI Woao MoaudikoBaHMX MeTodiB
rpafieHTHOro TNy Ans 3asHa4yeHoro knacy 3agady onTMManbHOro KepyBaHHS. OGMexeHHsi pocnimkeHHs /
ManbyTHi gocnigxeHHss. OOMexeHHs1 JOCMiIKEHHS 3YMOBIEHI NuLle BrAcTUBOCTAMU BUKOPUCTAHOI MOBMU
nporpamMyBaHHs Ta MporpaMHoro 3abesnedeHHda. [loganblwi AgocnimpkeHHs nepenbadaloTb 3acTOCyBaHHS
3anponoHOBaHOro MoaudikoBaHoOro nigxody A0 PO3B’A3aHHs BinbLu CKNagHUX 3a4ayv ONTUMAarnbHOTO KepyBaHHS,
y ToMy ymcni 6aratoBMMipHMX Ta 3 ha3oBUMKN oOMexeHHsMU. Tun ctaTTi. MNpuknagHe JOCNIMKEHHS.
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OnHUM i3 KIIFOYOBHUX HANpPSMIB Cy9acHOI Teopii KepyBaHHS €
ONTHMAJIbHE KEPYBaHHS, SIKE 3HAXOIUTD IIHPOKE 3aCTOCYBAHHS Y
TEXHilli, CKOHOMIIIi, CKOJIOTIl Ta IHIIHUX TaTy3sX. Horo ochosua
MeTa TI0JITae y 3HaXOMKEHHI TaKUX CTpaTeriil BIUINBY Ha CHCTEMY
KepyBaHHS, SIKi 3a0€3MedyIOTh JTOCSITHEHHS Oa)KaHOTO Pe3yNbTary
3a MiHIMAJIBHUX BUTpArT a00 3 MAKCHMAaIbHAM €(heKTOM.

3amayi ONTUMAIBHOTO KEpPyBaHHS OCOONHMBO aKTyaJbHI Y
cepi TEmIOBUX MPOLECIB, A€ 3a3BHYail MOTPIOHO 3HAITH HalKpa-
LM pO3IOALUT TEMIEPATypH BIAMOBIIHO 10 3amaHuX yMoB. Cepen
TaKUX 3a71a4 BOKJIMBHII KJIac yTBOPIOIOTH 33/1a4i ONTHMAJILHOTO Ke-
pyBaHHs POLIECAaMH TEPMOCTATHKH, B SIKUX TeMIIepaTypa He 3aje-
KWUTh BiJ 3MiHH 4acy. [Ipomecu cramioHapHOTO pO3MOALTY TeIia
MaIOTh IIHPOKUI CIIEKTP 3aCTOCYBaHb y (i3uii, irKeHepii, reodi-
3u1i, Oi0MEeIUIKHI; BOHU € BaXKJIMBOIO CKJIAJIOBOIO CyYaCHUX TeX-
HOJIOTIH yTIpaBIiHHSA TEIUVIOBUMH HPOIECaMH B PI3HOMAHITHHX CHU-
cTeMax, BKIIOYAIOYH MPOMHCIOBI BUpOOHUIITBA, OyliBHHLITBO, aB-
TOMOOLTbHY MPOMHUCIIOBICTE Ta Oararo iHmmX ramyseit (Fontes et
al., 2019). Hanpukiaz, onTHManbHe KepyBaHHS TEPMOCTATOM B CH-
CTeMi KOHIMLIIOHYBaHHS 103BOJISIE€ aBTOMATHYHO PErYJIIOBATH TEM-
neparypy Ta BoJoricts y npuMimensi (Hou et al., 2022). Y npomu-
CIIOBOCTI ONTHMallbHE KEPYBaHHS TEIUIOOOMIHHUKAMHU O3BOJISIE
MITPUMYBaTH TEMIIEpaTypHI YMOBH B CHCTEMi, 3a0e3ledyroun
e(EeKTUBHICTH BUPOOHNYHX IPOLIECIB Ta 3HIDKEHHS BUTpAT CHEepril.
3acToCyBaHHS ONTHMAIBEHOTO KePYBaHHS TEPMOCTATOM B CHCTEMax
OTaJICHHs 103BOJISIE €()eKTHBHO PETYIIIOBATH TEMIIEparypy B OyIiB-
JSIX, 3MEHIIYIOUH EHEpProCIIOKMBAaHHS Ta BUTPATH HAa ONAJICHHS
(Neittaanmaki et al., 2006). B aBromMo0ibHil Ta aBiamiitHiil mpomu-
CJIOBOCTI ONTHMAJIbHE KepyBaHH: TEPMOCTAaTOM JI03BOJIsIE 3abe3e-
YUTH KOM(OPTHI YMOBH JUTSI TACKUPIB Ta EKiaxy, 3HIKYIOIH BH-
TpaTH nayuBa Ta 3abesnedyroun OesrneKy Ta eeKTHBHICTD TPaHC-
TIOPTHOTO 3aco0y, a B arpoIPOMHCIIOBOCTI JIO3BOJISIE 3a0€3MEUNTH
ONTHMAJIBHI YMOBH ISl POCTY Ta PO3BHTKY POCIIHH, 30UIBIIYIOUN
BpOXKaiHICTh Ta 3MEHIIYIOUHM BUTPATH Ha eHeprito (Baranovskii et
al., 2024). V misoMy, po3B’si3aHHS 3371a4 ONTHUMAIILHOTO KEPYBaHHS
NPOIIeCaMH TEPMOCTATHKH J03BOJISIE OTPHMATH ONTHMAJIBHI Iapa-
METpH KEpyBaHHS CHCTEMOIO TEPMOPETYIIALil, sKi 3a0e3MmeuyoTh
JIOCSTHEHHS 3a1aHuX 1inei. Lli mapameTpu MoXyTh BKIIIOYaTH OIl-
TUMaJbHI YacoBi PO3KJIAIU BKIIIOYCHHS/BUMKHEHHSI 00irpiBadiB
200 KOHIWIIIOHEPiB, HANAIITYBaHHS TEMIIEPATYPHUX PEKHUMIB, PO3-
TOZIiT TEIJIOBUX TTOTOKIB TOIIO. BOIHOUAC BAXKITMBUM aCIIEKTOM 3a-
JIMIIAIOTHCS TITaHHS €()EeKTUBHOCTI METOJIB, BUKOPHUCTOBYBAHIX
JUIsL pO3B’SI3aHHS TAKHX 3a71a4.

Ha cporonmuinmHii geHb icHy€e OaraTo miIxomiB 10 po3B’sI3aHHs
3a/a4 ONTHMAJIBHOTO KEPYBaHHS MPOLECAMH TEPMOCTATHKH, 5K
aHAIITHYHKX, TaK 1 uncenbHux (Baldini et al., 2025). Ockinbku TO-
YHHIT pO3B’SI30K TAKUX 3a71a4 MOXKe OyTH OTPHMAHHM JIUIIE B OKpe-
MHX BHIIAJIKaX, TO HAHOUIBII aKTyaJbHUM € BUKOPUCTaHHS HaOJIH-
KEHUX METOIIB PO3B’S3aHHA, CEPel SAKUX PO3PI3HAIOTH MPsMi Ta
HeTpsMi. 3a3HaueHi METO! BiPi3HIIOTHCS ITiIX0AaMH JI0 TIOIITYKY
PO3B’SI3KIB 3a/1a4i ONITUMAJIBHOTO KepyBaHHs. Hempsimi MeTomu ne-
penbavaroTh po3B’si3aHHS KpalioBOi 3a/1aui HEOOX1THMX YMOB OIITH-
MaJIbHOCTI, B TOI Yac sIK MpsiMi METOAM He BUMAraroTh Oe3rnocepe-
JTHBOTO BUKOPUCTAHHS HEOOXiTHUX yYMOB. [IpsimMi MeTozu He oTpe-
OYyIOTh CKJIQJIaHHS CIIPSDKEHOT CHCTEMHU PIBHSHB, CUCTEMH Kepy-
BAaHHS Ta YMOB TPAHCBEPCAJBHOCTI 1 3BOAATH ONTUMI3aLliliHy 3a-
Jaqy 10 o0yI0BH MiHIMI3y 0401 (41 MaKCHMIi3yI040i) TOCIiIOBHO-
CTi, Ha MiJICTaBi SIKOT 32 JJOIIOMOTOI0 TPAHUYHOTO TIEPEXOTY MOXKE
OyTH OTPUMAaHO TOYHHH DPO3B’S30K 3a1adi ONTHMAJbHOTO Kepy-
BaHH:.

Pe3ynbraT cydacHHX HOCIIIKEHb SIK TEOPETHYHOTrO, TaK i
HPHKIIAHOTO XapakTepy, CTOCOBHO 3aad ONTHMAIILHOTO Kepy-
BAHHS TEPMOCTATUYHUMHU CHCTEMAaMH MICTATBCS y 6ararbox po0o-
Tax. 3okpema, crarts (Abidi & Satouri, 2023) ¢okycyeTbes Ha HO-
BOMY YHCJIOBOMY METOJIi, OCHOBAHOMY Ha CHIEKTPaJbHOMY METOII
JIMCKpeTH3allil 3a1a4i KepyBaHHS 3 HACTYITHM BUKOPUCTAHHSIM PO-
3MIMPEHOTO METOMY peraKcanii as 3abe3nedeHHs 301KHOCTL. Y po-
6oti (Hu et al., 2024) mocmipKyOThCS YHCIOBI METOAN PO3B’ I3aHHS
3a/1a4i ONTUMAJIEHOTO PO3MOLITY KepyBaHHs CTAlliOHAPHHUM JpKepe-
JIOM Teruia abo X0JIOy, OCHOBaHI Ha METOJIi CKIHUCHHHX EJIEMEHTIB
JICKpeTH3allii 3a1a4i Ta po3po0ieHii HeTOUHIN iTepaliiHii cTpa-
TeTi1 T anpoKCUMAIlii ONITHMAITFHOTO po3B’s13Ky. Ha mifcTagi mpo-
BEJICHOTO aHAJIi3y aBTOPH NPONOHYIOTH aJeKBAaTHUII KPUTEPill BH-
6opy po3MipiB CITKH AUCKPETU3ALlil /TSl 3aBepIIeHHs iTepamniii, mo
3a0e3Medye TOUHICTh HAaOMMKEHUX PO3B’I3KIB, SIKa BIAMOBIHAE pi-
BHIO uckperm3anii. Y crarri (Titouche et al., 2015) posnmsigaerses

ONITHMAJILHE PETYITIOBAHHS BEIMKHX TEIUIOBHX MPOIIECIB i3 BUKOPH-
CTaHHSIM METOy peJlaKcalii y HOeIHAHHI 3 METOJIOM CTPLIBON JuIst
PO3B’s13aHHS 3a1a4i ONTUMAJIBHOTO KepYBaHHS, KOJIM 3MiHHA CTaHy
T ITOPSIAKOBY €THCS IESTKUM OOMEKEHHSIM.

3HavHa yBara y JOCIIIKEHHIX NPUIUISETHCS TaKOK METOaM
peryisipusanii 1 po3B’si3aHHS 3a7ad ONTHMAJbHOTO KepyBaHHS
TEPMOCTATUYHUMHU CHCTEMaMHU 32 HAasBHOCTI OOMEXeHb Ha CTaH
Ta/abo KepyBaHHS, IO MPU3BOJHUTH A0 YUCENTbHHUX 1 aHATITHIHHX
TpynHouiiB. [ ycyHeHHs 1ux mepeuikon y poborax (Vallejos,
2012; Kien et al., 2023) 3anpoBapKyeThest peryisipu3aris JlaBper-
ThEBA Ta BUBYAETHCA MOPSAIOK 301KHOCTI pO3B’SI3KIB HAa OCHOBI Tie-
BHHX apTyMEHTIB IIPEACTABICHHS JKepera Ta 6araToCciTKOBHX IPo-
uenyp; v (Gangl et al., 2025) mapamerp perymsipuzanii HoB’si3y-
€THCS 3 PO3MIPOM CITKH CKIHUYEHHHX €JIEMEHTIB JUIS 3a0e3MeueHHs
ONTHMAJILHOTO OalaHCy MK MOMMJIKOIO Ta BapTICTIO, a TAKOXK (o-
PMYTTIOIOTBCS BapialliiHi HEpiBHOCTI HEPLIOTO POAy A BU3HA-
YEeHHsI HEB1IOMOTO CTaHYy, 3 IKOTO Ha eTalli ocTOOpOOKH 00YrCIIIO-
€ThCS KepYBaHHsL. 3aJIeXKHO Bill CTPYKTYpHU JU(EpeHIIaIbHOTO PiB-
HSIHHS BUKOPHCTOBYIOTBCS Pi13HI METOAM Peryispu3anii Ta Ipomno-
HYIOTBCS OLIIHKH IIBUJIKOCTI 301KHOCTI.

V wiif cTaTTi JOCHiKY€EThCsl MUTaHHS PO 3aCTOCYBaHHS all-
POKCHMAIIiITHO-ITepalliifHOTO MiAXOAY IO PO3B’SI3aHHS 3a]1a4 OIITH-
MaJIbHOTO KepyBaHHS OXHOBHMIPHUMH CTallilOHAPHUMH TEILIOBUMHU
nporiecamu. [Ipy 11boMy B poJIi apOKCUMAIIHHOTO METO/Y HPOIIO-
HYETBCS1 BUKOPHUCTOBYBaTH METOJ CITOK, a B POJIi iTepamiifHoro —
MIEBHUIT METOJ| TPAJiEHTHOrO THITY JJIs MiHiMi3alii (yHKIioHAIa
SIKOCTI. 3alpoNOHOBAaHUI TYT MiAXiA YKIANAETHCS Yy 3arajbHy
CXeMy MPOEKIiHHO-ITepaIlifHNX METOIB PO3B’sI3aHHS 3a1a4d MiHi-
Mi3arlii 3 0OMEXCHHSIMH Y TILOEPTOBUX MPOCTOPax, 3al0YaTKOBa-
Hux y poborax C. JI. banamogoi (Balashova, 1996) ta mi3Himie Te-
OpETHYHO OOTPYHTOBAHHX Y 3aCTOCYBaHHI JI0 33124 ONTHMAaJIbHOTO
KepyBaHHs B IpaIsiX MpecTaBHUKIB ii HaykoBoi mkomn (E. Hart,
2017; L. Hart, 2013, 2017, 2022; Hart & Yatsechko, 2021). Peari-
30BaHa y po0oTi Mofu(iKarliss METOIIB TPaIicHTHOTO TUITY CYIIPO-
BOJDKYETBCS ICTAIIBHO ONMCAHUMH O0YHCITIOBAIEHUMHU TEXHOJIOTi-
SIMH, SIKi JTO3BOJIMJIA JOBECTH €0 MPOEKIIHHO-1TepaliiiHOro mia-
XOIy 0 YCHIIIHUX po3paxyHKiB. [IpoBeneHo MopiBHAIbHAN aHATI3
KJIACHYHOTO Ta MOAM(IKOBAHOTO BapiaHTIB 3a3HaYECHUX METOMIB 3
ypaxyBaHHSIM TOYHOCTI OTPUMYBAaHHX HAONIKEHUX PO3B’SA3KiB, Ki-
JIBKOCTI HEOOX1THHX iTepalliil 1 9acy BUKOHaHHS OOUMCIIEHb.

TeopeTuuHi BigomocTi

Hagenemo nonepeHbo AesKy 3araibHy TEPMiHOJOTIO, BKH-
BaHy IIiJ] 9ac JOCTI/PKEHb 33/1ad TETUIONPOBIIHOCTI, Y TOMY YHCIi
3aj1a4 MPO CTAIlIOHAPHHUI PO3MOALT Teria. TepMiHOM «TEILIONpPO-
BI/IHICTEY BU3HAYAIOTh JIESIKUI IIPOIIeC IIEPEHECEeHH s TeIlIa B Helle-
PEpPBHOMY CEpEIOBHII 3 HEPiBHOMIPHUM PO3IOALIOM TeMIIepa-
TYpH, L0 3IHCHIOETHCS BHACIIIOK TEIIOBOTO PYXY €JIEeMEHTapHUX
yacTiHOK pedoBrHH (Karwa, 2020).

TernonpoBiIHICTE OMUCYETHCST KOEDILiEHTOM TEIUIONPOBI-
HOCTI A, MO € (i3UYHOI0 XapaKTepUCTHKOI0 Marepiaimy. Oxpim
1IbOTO, Y HECTAI[IOHAPHUX 3aJ1a4aX BUKOPUCTOBYEThCS KoedillieHT
TEMIIepaTypOIPOBITHOCTI A, IKUH € (i3NYHNM TapaMeTpoM Ta Xa-
paKTepu3ye MBHIKICTH 3MiHH TeMIeparypH B cepenosuli. Koedi-
LIEHT TEMIIEPaTypONPOBITHOCTI BU3HAYAE Mipy TEPMIYHOI iHEPILi
Marepialy Ta BIUIMBAE Ha AWHAMIKy PO3NOBCIOKEHHS Teria. u-
(epeHIiaTbHe PIBHSAHHS, SKE OIMCYE BEMKY KUTBKICTh 3a/1a4 Tel-
JIOTIPOBITHOCTI, JJIS1 IEKAPTOBOI CHCTEMHU KOOPJMHAT Ma€e BUIIS

9%T  9%T | 3°T Qv
a (ﬁ+a_yz+ﬁ)+_’ M

cp
or . . . 1 ..
ae E — IIBUKICTb 3MIHU TEMIIEPATYPU B HacCl, a= ; — KOGq)lIIlCHT

aT _
at

TEMITepaTypOIPOBITHOCTI, A — KOe(iIli€HT TEIUIONPOBITHOCTI, §, —
HOTYXHICTh BHYTPIIIHIX JUKEpeN, ¢ — MUTOMa TeIUIOEMHICTb, p —
ryctura. BomHouac piBHsHHS (1) mepenbadae BUKOPHCTaHHS He-
3MIHHUX 3HAYCHb TEIUIOPI3MYHUX XapakTepucTUK. s OinbIx
CKJIQ/THUX CHTYAL[ii, KOJIU TEIUIO(i3UYHi BIaCTUBOCTI 3MIHIOIOTHCS,
3aCTOCOBYIOTH 3arajibHy (hOpMY piBHSHHS TEILUIOMPOBITHOCTI

Rl b (A el (R el (A0 ) R e)

at  cp \ox
3ayBa)XHMO, 110 IOBHUI MaTeMaTHYHUI OMMC 3a/1a4 TeIJIOoN-
PpoBigHOCTI cKi1amaeThest 3 piBHAHHA (1) 200 (2) Ta yMOB OHO3HAY-
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HOCTI. Y Teopii TeIUIONPOBIJHOCTI Ha TO3HAYSHHS CYKYITHOCTI 3Ha-
YeHb TEMIIEPATyp y BCIX TOUKAX AESIKOI 3a1aHoi 001acTi mpocTopy
B IICBHUI MOMEHT 4acy BUKOPHCTOBYIOTb TAKE MOHSTTS, K TEMIIC-
parypue none (Karwa, 2020). Bizomo, 1o TemnoBuii nmporec abo
TeMIIepaTypHe 1ojie, MOXKYTh OyTH K CTalllOHAPHUMH, TaK 1 HeCTa-
nioHapHUMHU. CTalliOHAPHUM TEIUIOBUM MPOLIECOM BBKAIOTH IIPO-
1iec, TEMIIEpaTypa sSIKOTo He 3aJIEXUTD BiJl 3MIiHH Yacy t, TOOTO TeM-
neparypa 3a1aeThesi (PyHKIIEI0, 3aIeKHOIO JIHIIE BiJ] JESIKHX MPO-
CTOPOBHX KOOpZAMHAT. MaTreMaTH4HO Lie 03Ha4ae, 110 MOXiIHa TeM-
IepaTypH 3a 4acoM € HyJTbOBOIO: g—: = 0. BomHouac y mpuponi 3ae-
GiTBIIOTrO TIepeBAkKaIOTh HECTALIIOHAPH TEIUTOBI MpolecH. [x Mare-
MAaTHYHHI OIMC € JOCTaTHBO CKJIAJHUM, TOMY 3a3BHYai, 3a/urst
CIIPOIIEHHS PO3PaxXyHKIB, aHANII3yIOTh YMOBHO CTalliOHapHi Ipo-
necu. CrarioHapHi TETUIOBI TPOIECH 1HOI HA3UBAIOTH MPOICCaMU
TEPMOCTATHKH, 110 OLTHIT BioOpakae iX (i3naHMIT 3MICT.

Mpo6nemaruka Ta wini

HaiiposnoBciomkeHIME IPSIMUMH METOJaMH PO3B’I3aHHS 3a-
J1a4 ONITHMAJIBHOTO KEPYBaHHS € TPaji€HTHI METOMIH Ta pi3Hi iX Ba-
piamii. OxHak, sIK BiIOMO, OCHOBHUM HEIOJIKOM TPaJi€HTHHX Me-
TOJIB € JOCUTH OBUIbHA 3015KHICTh, 0COOIMBO MOOIN3Y TOUYKHU EKC-
TpemyMy. ToMy akTyaJbHHMH € IIUTaHHS PO3POOKH Ta BIOCKOHA-
JIeHHs MoAu(iKaLiil X METOIB 3 METOIO IOKPAILEHHS 1X eeKTH-
BHOCTI. CyThb IOCHIKYBAHOTO B I[iif poOOTI POEKUIHHO-ITeparlii-
HOTO (AmpoKCHUMAIliHO-ITepaliifHOr0) MiAXOAy IMOJrae y 3aMiHi
BUXi/THOT EKCTpEeMabHOI 3a/1a4i MOCITiJOBHICTIO alPOKCHUMYIOUHX il
CITKOBHX 3aJ[ad Ha CYKYITHOCTI CITOK, III0 HOAPiOHIOIOThCA, Ta 3a-
CTOCYBaHHI IEBHOTO METOY MiHiMi3allii rpaJlieHTHOTO THITY 10 KO-
JKHOT 3 «HaOJIIDKEHNX» eKCTpeManbHuX 3a1ad. [Ipu isoMy mporo-
HY€ETBCs1 Oy/TyBaTH JIUIIE JAeKiJIbKa HaOJIMKEeHb 10 PO3B’ 3Ky KOXKHOT
3 «HAOMMKEHUX» 3a1ad 1| BUKOPUCTOBYBAaTH OCTaHHE 3 IIUX HAOIH-
JKEHb y POJIi MMOYATKOBOTO HAONMKCHHS B iTepaliifHOMy mporieci
JUISL HACTYITHOT «HAaOMIKEHO» 3a71a4i. [10CITiIoBHICTh BiAMIOBITHIX
KyCKOBO-JIIHIHHHMX IHTEPHOJISHTIB NPONOHYETHCS PO3MIIATH SIK
TIOCIIJOBHICTH HAOJIMKEHB 0 PO3B’SI3KY BHXITHOI €KCTpEeMaIbHOT
3a/aui.

Mertor0 poboTH € OCTiPKeHHsT e()eKTHBHOCTI arpoKCHMa-
LifHO-ITepallifiHNX METOIB I'PAAIEHTHOTO TUITY Y 3aCTOCYBaHHI J10
3a/1a4 ONITUMAIILHOTO KePYBaHHS OJJHOBHMIPHUMH CTallilOHAPHUMHU
TEIUIOBUMH TIPOLIECaMHU Ta X MOPIBHSHHS 3 BiMOBITHUM KJIacH4-
HHM I IX0ZIOM Ha TPHKIIAJI PO3B’sI3aHHS MOJETBHUX 3a/1ad.

J171st NOCSITHEHHSI OCTaBICHOT METH BUIIIMMO HACTYITHHH T1e-
PEeTiK OCHOBHHX 3aB/IaHb:

— po3poduT MomU}IiKOBaHI aJTOPUTMH TPAAIEHTHOTO THITY
JUIsL pO3B’sSI3aHHS 33/1a4 ONTHMAJIBHOTO KepyBaHHS;

— IIPOTPaMHO pealtizyBaTu po3poOIieHi KIacu4Hi Ta Moanudi-
KOBaHi aJTOPUTMH;

— MPOBECTH HHU3KY YHMCEIBbHHX EKCIEPUMEHTIB, BU3HAYUTU
ONTUMAJIbHI CTpaTerii BHOOpy mapaMeTpiB y MoAn(iKOBaHHUX ajl-
TOPUTMAX Ta MOPIBHATH PE3YJABTaTH, OTPUMAaHI IBOMa i IX0TaMH,
3a KPUTEPiSIMH TOYHOCTI, KUTBKICTIO HEOOXiTHHUX iTepalliif, 4acom
BHUKOHAHHS PO3PaxXyHKiB, a TAKOXK 32 Bizyai3awi€ro.

3aurs peamizamii OKpecIeHoi MeTH y poOoTi Oyian BHKOpHC-
TaHi anapar Ta MeTO[IH Teopii KepyBaHHS, METO/IH PO3B’A3aHHS Kpa-
HOBHUX 3a]a4 JUTs 3BHYaiHMX Iu(epeHniaJbHuX PiBHSAHb, METOIN
YHCENHHOTO IHTETPYBaHHsI I 00UMCIIeHHS (DYHKITIOHAIIA Ta BiIIO-
BiJHI METOAM ONTHUMI3aLlii.

BpaxoByroun 3a3HaueHe, MOXKHAa BHCYHYTH HACTYIHY Tillo-
Te3y: Ul pO3IISIYBaHOTO KJIacy 3ajad KepyBaHHs MOM(iKOBaHHI
HiJIX1]] BUSBUTHCS OLTBII eEKTUBHUM, 3 TOUKH 30py OOUMCIIOBA-
JIBHUX BUTPAT, MTOPIBHIHO 3 TPAJUIIHHHM ITiIXOIOM.

HaykoBa HOBH3HA J]aHOTO JJOCIIiPKSHHSI ITOJISATaE Y peatizariii
HOBHX OOYHCITIOBAJIbHIX CXEM MPHUILIBHALICHOT 301KHOCTI MoANDi-
KOBaHUX MeTO}liB ['paﬂi€HTHOFO THUITY U1 3a/1a4 ONITHUMAJIBHOI'O KE-
pYBaHHsI CTal[iOHAPHUMH TEIUIOBUMH TPOLIECAMHU Ta Y aHawi3i ix
e(eKTHBHOCTI.

MocraHoBka 3apauvi

Po3misiHEMO 3a1ady ONTUMAJIEHOTO KepyBaHHSI [IPOIIECOM Tep-
MOCTATHKH, SKHH BiJOyBacThCSl B OMHOPITHOMY CTPIDKHI JIOBXKH-
Hoto [ (0 < x < 1) i3 3aaHOI0 TemMmeparyporo Ha jiBomy (x = 0)
Ta npaBoMy (x = l) kinmgx. ITorpiOHO, Kepyloun TemIeparyporo
BHYTDIIIHIX JOKepen Teruia, MPHUBECTH TEMICPaTypHHH pPEXHUM

u(x) y cTprmkHi sikomMora OImKIe 10 3aIaHOTO pexxuMy @ (X).
Maremarudne hopMyITIOBaHHS i€l 3a/1a4i Ma€e TaKKil BUITISIAL
MiHIMi3yBaTH GyHKLIOHAT

J(w) = fol(u(x; v) — qo(x))zdx, 3)

3a yMOB
Lu = f(x) + v(x), x € (0,1), 4)
u(0) = go,u(l) = g1, 6]

ne | > 0 —3anana crana; go, g; — 3aaaHi craini; @ (x) — 3agaHa gy-
HKILIsT 6a)kKaHOTO PO3MOALTY TeMIepaTypu y crprkHi; f(x) — 3a-
JaHa (yHKIIs, [0 OIHCYE IiI0 BHYTPIIIHIX JyKepes TeIia y CTpH-
XHI; v = v(x) — mrykana (yHKIisS KepyBaHHS BHYTPIIIHIMH JDKe-
penamu Tema; U = u(x) = u(x; v) — mykaHa QyHKIis cTaHy (Te-
MIIEpaTypH), 110 3HAXOIAUThCS T BIUIMBOM KepyBaHHA vV(x) Ha
npomixky [0, I].

Jist tudepennianpHoro oneparopa L y piBHsAHHI (4) BU3Ha4a-
€eTbCs (hopMyIoro

w20 8) = (0w ). @

ne k(x) — 3MiHHHI Koe(ili€HT TEIIONPOBIAHOCTI Y TOYKaX CTPH-
KHs1, 38 yMoBH k(x) = ¢q, x € (0,1), ne ¢; > 0 — ;esika craina Be-
JIMYMHA.
3agady oNTUMAIBHOTO KepyBaHHS (2)—(6) OynemMo po3misigaTH
y JIBOX TTOCTaHOBKAX:
— 3a BIJICyTHICTIO OOMEXKeHb Ha KepyBaHHs: V(x) €€ L,[0,1];
— 32 HasBHICTIO OOME)KEHb BUAY:

v=vx) €V ={v(x) € L,[0,1]:
0 <V < Vpap x €01}, 7

II€ Vpmay > 0 — 3a1aHe 3HAYEHHSI.

Bigomo (Samarskii & Vabishchevich, 2007), mo y3arambHe-
HHI po3B’s130K U = u(x; V) kpaiioBoi 3amadi (4)—(6) icHye Ta exu-
uuit y mpocropi CoGonesa Wz(l) [0, 1] 3a Gymp-s1KOTO AOMYCTUMOTO
kepyBanus v(x) € V i HellepepBHO 3aI€KUTh BiJl KepyBaHHsL, IIpa-
BOi YaCTWHH Ta TPAHUYHUX YMOB; (yHKIioHAT (3) 32 yMOB (4)—(6)
€ OINYKJIMM 1 HenepepBHO nudepeHniiioBaHMM Ha MHOXHHI V C
L,[0,1], npuaomy #oro rpajieHT y KoxHii Touri v = v(x) € V
MOke OyTH TIOIaHUH y BUIVISII

J'(w) =2p(x), x €[0,1], ®)

ne GyHKiis p = p(x) € y3aranbHEHHM PO3B’I3KOM CIIPSDKEHOT Kpa-
HoBoi 3aa4i
Lp =u(x) —p(x), x € (0,); ©
p(0) =0, p(h) = 0. (10)
Orxe, obuncnenns rpagienta /' (v) dpyukiionana (3) 3a ymos (4)—
(6) y Touni v = v(x) € V morpedye MOCITITOBHOIO PO3B’I3aHHS
JIBOX JHIHUX KpaliOBUX 3a/1a4: OCHOBHOI 3a1a4i (4)—(6) BiTHOCHO
¢yukii crany cucremu u = u(x; v), x € [0,1] ra cupsskeHoi 3a-
nadgi (9), (10) BigHOCHO (yHKIUIT iMIyssCy cuctemu p = p(x; v),
x € [0,1]. Cnix 3a3HaumTH, 1110, SKIIO MHOXHHA JOMYCTUMHUX Ke-
pyBasb V mae Bunisig (7), ToOTO omykiia, 3aMKHEHa Ta OOMexeHa B
npocropi L, [0, [], To, 3a y3aranpHeHO0 TeopeMoro Beiiepiirpacca,
¢ynkuionan (3) 3a ymoB (4)—(7) nocsrae Ha V cBO€1 HIDKHBOI TpaHi
J* =inf J(v), v € V, 10610 33 Oymp-sixoro @ (x) € L,[0, 1] icrye
onumanbHuit po3s’sok (v*(x), u*(x)), 0 < x <, samaui (3)-
(7), Takuii, wo J(v*) = J*, ne v* = v*(x) € V — onTuMaisHe Ke-
pysanus, u* = u(x; v*), x € [0,1] — BixnosigHa ontumansHa da-
30Ba TPAEKTOPISI CHCTEMH.

MeToau po3B’a3aHHA

HaBezieMO OCHOBHHIA alTOPHUTM METO/Y YMOBHOTO IpajlieHTa
Ta aNrOpUTM HOTO ampoOKCHMAMiiftHO-iTepaiiHol Momudikamii 1
PO3B’sI3aHHA 331a4l ONTUMATHEHOTO KepyBaHHs (3)—(7) 32 HaIBHOCTI
0OMEXeHb Ha KepyBaHHS.

Anzopumm memody ymoeHoz20 2padicHma

ITiAroToBYMii eTar: 3a/1aTh MOYaTKOBE JOIYCTHME KePYBaHHSI
v (x) € V, 6axany TounicTs 06uncieHs £ > 0 Ta IUMIBHUK iTe-
pauiit k = 0.
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1. 3uaitru ma [0,1] dynxuio crany u®(x) ta cupsxeny
dynxuito pO (x) sx poss'sku KpaitoBux 3azau (4)—(6) Ta (9),
(10) Bimmogimro mpu v(x) = v (x).

2. Busnaunt rpaniest J '(v(k)) ¢yHKUIiOHaNA 3TigHO (BOp-
mynu (8).

3. 3uaiitn momomixne kepysamus D) (x) sx poss’ssox 3a-
nadi

) (x) = in (J'(v®
Y (x) argvg)lgv(] (v ),v).

3 ypaxyBaHHSM By JOITyCTUMOI MHOKMHH KepyBaHb V' po3B’30K
i€l 3ama4i uust Beix x € [0, [] moxe OyTH 3HaiIeHHIA B aHAITHY-
HOMY BHIJISII:
®
O,HKU_(o]’(” ) >0,
®
Umax» HKLHO]’(V ) <0,

. ®
V5 € [0, Vg ], fiximo J' ) = 0,
4. 3HaliTH HOBE HAOIKCHHSI 10 ONTHMAJIFHOTO KEPYyBaHHS:

v*E+D () = v (x) + a, (5® (x) — v P (x)),

ne ay (0 < a < 1) — KpoKOBHiT MHOXHHUK, KUl Mae rapaHTyBaTu
MOHOTOHHE  CHaJiaHHs 3HAYCHb  IIbOBOrO  (pyHKI[iOHANA
(D) < J(v®)),

5. IepeBipuTH BUKOHAHHS KPUTEPIIO 3yIHHKH:

0 (x) =

[|loD — v(k)”LZ[O,l] <e.

SIKII0 HEpiBHICTB HE CIIPABIIKY€THCS, 30UTBIIITH JIIUMIBHUK iTepa-
uiit k: = k + 1 i nepeiitn Ha 1. 1.

6. 3uaiitn Ha [0, 1] pynkmio crany u®*D (x) sk poss'ssok
KkpaiioBoi 3axaui (4)—(6) npu v(x) = v**+D(x) Ta cipsxeny dy-
mxuio p®*+D(x) sk poss'sok KkpaifoBoi 3amagi (9), (10) mpm
u(x) = u®+D ().

7. OGuucnuty 3Ha4eHHs ¢QyHKIioHana J(v) 3a dhopMmymnoro
(3) mpr u(x) = u*+V(x), Busmauntn rpagient J'(w**+D) ta

iforo HOpMy ||]’(v(k+1))||Lz[0’l].

ANTopuT™M OMMUCAHO.

3a3HauMMoO, IO IIi/T Yac YHUCETBHOI peatizalii bOro aaropu-
™y 6y110 po3rsHyTO 1Ba BapianTu BuGopy a®): npoGrenns kpo-
KOBOTO MHOYKHHKA Ta KJIACHYHHH CIIOCiO #oro BUOOPY, OB’ s13aHUN
i3 BIIIIYKaHHSM PO3B’ 13Ky AOMOMIXKHOT 3a/1a4i OTHOBUMIPHOT yMO-
BHOI MiHiMi3zawii
(1n

gr(ay) = 012321 g (@),

e gi(@) = ] (v® () + (9% () — v (x)) ).

Jlnst 3HaxomKeHHs 3HaueHHsT QyHKIioHana J (V) y poboTi BU-
KOPHCTOBYBAJIOCS MPABHJIO YHCEIBHOTO iHTEIPYBaHHS 32 y3araib-
HEHOI0 KBasiparypHOto (opmynoro CimricoHa, a Ui po3B’sI3aHHS
TiHIAHAX KpaitoBux 3ama4 (4)—(6) Ta (9), (10) — MeTon cKiHUCHHUX
PI3HHIb IPYTOTO MOPSAKY TOYHOCTI y TMOETHAHHI 3 METOIOM TPO-
roHku (Samarskii, 2001).

3ayBaykKMMO, III0 aHAJIOTIYHHMIT AITOPUTM MOke OyTH chopmy-
JTHOBAHHUH IS TPAIIEHTHOTO METOMy MiHimizamii ¢pyHkioHana (3)
3a yMoB (4)—(6) B pa3i BiICyTHOCTI OOMeKeHb Ha KepyBaHHS, 3 TI€I0
JIIIE BiIMIHHICTIO, I110, OMHHAIOYH I1. 3 HaBEICHOTO BHUIIIE AJITOPHU-
TMY, HOBE HaOKSHHS IO ONTUMAIIBHOTO KEpYBaHHS CJIiJ| 3HaXO-
ITUTH 33 GOPMYIIOI0

v®+D () = p©(x) + o - /), k=01, ...,

ne a®) > 0 — crana, o rapaHTye MOHOTOHHE CTIANAHHS (YHKIIIO-
HaJa B mporeci itepariit.

Anezopumm modudpikayii Memody ymoeHo20 2padieHma

IligroroBuwmii eram: 3agaru 3Ha9eHHSA Ny, Ny gy, 1€ N; — 110O9A-
TKOBHH MOPSIIOK TUCKpeTH3allii 3a1a4i, Ny, — KIHIIEBHH TOPSIOK
nuckpern3anii. [Ipu3HaunTy cyMapHUi TYMIBHUK iTepawii B a-
roputmi kg, = 0. 3amaru Homep eramy n = 1.

1. 3agaryu miYMIBbHUK iTepaliil Ha n-my etami k = 0. BusHa-

YUTU KPOK AUCKPETU3allll 3a1a41l hn = N_ Ta BLANOB1AHY TOYHICTH
n

obuncnens &, = C - h2, y3romkeHy 3 MOXHOKOIO aIlpOKCHMAILI,
ne C > 0 — koHCTaHTa NPOMOPLIHHOCTI (TTapaMeTp alropuTMy);

3aaTu TOYaTKOBE HAOIMKEHHS JUIS CITKOBOI (DyHKIIIT KepyBaHHS
7@ = (vl(o), vz(o), ...,vlf,i) )

2. BukoHatn po3paxyHKH JUIsl TUCKPETH30BaHOI 3a/adi Ke-
PYBaHHS 3 BUKOPHCTAHHSIM aJITOPUTMY METORY YMOBHOTO Tpajie-
HTa 3 TOYHICTIO OOYUCIICHD &, 1 BU3HAYUTH HOMEp iTepauil k =
ky, Ha sixiit cnpasauTbes Hepisnicts |50 — FED|| < g,.

3. Bunaru Ha IpyK BEeNTHYMHH

n, Ny, hyy, €, ke, 0, u(kn)‘]hn(ﬁ(kn))‘ ”]’hn(ﬁ(kn)) ”

4. 30ipIINTA CyMapHUI JIYWIBHHUK iTepamii Kg,my, =
ksum + kn.

5. Npwitasitédt Npyq = 2+ Ny, SIkmo Npyq > Npgy, TO Ki-
Hellb poOOTH aNrOpUTMY, 1HAKIIIE TIEPEUTH 10 1. 6.

6. BUKOHATH KyCKOBO-JiHIHHY iHTEPIOJIALIIO CITKOBOI (yH-

{en) ) Ha Biapisky [0, []

LUy
171(0)‘ vz(O) (0)

(kn) , (kn)
vy, Y, -
,...,UNHH) 3Ha4YEHb

Kiii kepyBanms §(kn) = (
ta chopmysarn Bexrop (0 = (
3raJJaHoro iHTEPIOJITHTA Y By3JIaX PiBHOMIPHOI CITKH, IO BiAIO-
Bifa€ NOPSAAKY AucKpeTu3anii Ny 1.

7. Ilpuiinatu n :== n + 1 Ta nepeifru no m. 1.

AJTOPUTM OMHCAHO.

O6mexxeHHA

3 MeToro peaizallii HaBEICHUX YUCEIBHHUX aJrOPUTMIB OYII0
CTBOPEHO MporpamMy Ha MOBI mporpamyBaHHs Java. IlepeBipka Ta
Bi3yayizalisi OTPMMaHHUX PE3yJBTaTiB 3iHCHIOBAJIACS 3 BUKOPHUC-
TaHHSM CIIelliali30BaHoi 0i0mioTeku it poootu 3 Excel-daitnamu
— XSSFWorkbook, Ta 30kpema cam Microsoft Excel. [l pobotu 3
JaHUMH y caMil Iporpami BHKOPHCTOBYETHCS peaiizamis iHTep-
¢eiicy List — ArrayList.

BpaxoBytoun 11e, ci1ii po3yMiTH, 110 Bei 00MexeHHs a00 HeTo-
YHOCTI 3yMOBJICHI HacaMIiepes apXiTeKTypoK Y alropHTMamu
MOBH IIporpamMyBaHHs Java abo camoi porpamu Microsoft Excel.

PesynbTratn

PozmsiHeMO 3amady onTtumanbHOTO KepyBaHHS (3)—(6) 3 Ha-
CTYIIHMMH BXITHUMH JJTaHUMU:

I=1,f(x)=05x-(1—x)+0.1,k(x) =1+ 0.1x?,

o(x)=05x-(2—x)+0.1x,
ne GaxkaHa TOUHICTh oOuncieHb ctaHoBUTh € = 0.001.

I'panmani ymoBu s (ykmii u(x) Oymu 3amaHi HACTYITHI:
u(0) = 0,u(1) = 0.6. [TopsiAKK JUCKPETH3AILlil B AITOPUTMAX MO-
madikamnii Oynmu oOpani Taki: Ny = 10, Np,q, = 80. VY Beix mpoe-
JeHHX JOCII/DKEHHSIX 3a MOYaTKoBHil BekTop Oynmo B3sro (0 =
0.02.

CroyaTrky HaBeleMO pe3yJbTaTé oOuncieHb s 3anadi (3)—
(6) 6e3 oOMexeHb Ha KepyBaHHS. [Ipu 1IbOMY KPOKOBUIT MHOKHHK
00OHupaBcs 3a TOMIOMOTO0 METOTY APOOIeHHs Kpoky (A = 0.5).

Y tabm. 1, 2 ans BCiX po3MISHYTHX BUIIAJIKIB CIIOCTEPIra€ThCst
OJIHAaKOBA KiNBKICTH iTepariii, Onusbki 3uauenns J(v), |[J'(w)Il,
[lv()|| Ta MeHmmit 3arpayenuii yac nuist MoaMdikarii rpagient-
HOTO MeToy. BomHOoUac 1iKaBuM € Te, 10 IS PO3IVISLYBaHOI 3a-
Jadi KepyBaHH 31 301bIICHHSIM 3HAYEHHS KPOKOBOIO MHOXKHHUKA
3MEHILYIOThCS KUTBKICTB iTepalliif Ta 4yac BAKOHaHHS 004HCIIeHb. Y
Ppo6oTi Oyio JOCTIPKEHO BUKOPHCTAHHS 3HAYEHHS KPOKOBOTO MHO-
JKHHUKa, 110 BiAmoBigae yMoBi a < 10 (3amaBaru OuTbIIe 3HAYCHHS
a HeMmae ToTpeOH, OCKIIBKH LIiNTb 3a/1a4i Bke Oy/ie TOCSIrHyTa).

Tadanus 1 — Pesynsrarn npu € = 10, = 0.5
([I:’xepesio: po3po0dJieHO aBTOPaMH)

Mertog Kinbkicts 3arpaye- 3HauyeHHsi 3HayeHHs] 3HAYeHHS

itepauiii_wmituac_Jv) M |G|
I'panientnnit 197 32 mc 1.1054E-4 0.00197  0.5963
METO

Momudikamist  1+1+ 20 mc 1.1054E-4 0.00197  0.5963
rpagieHTHOrO +4+191==

METOLLy 197

3ayBa)KMMO, L0 B MPOBEACHNX EKCHEPUMEHTAIbHHUX JIOCITi-
JDKEHHSIX yCi 00paHi IMOYaTKOBI 3HAYEHHS ¢ HE 3MIHIOBAJIUCS TIPO-
TATOM BUKOHAHHS 00YKCIICHb, TOOTO Bi/ipasy BUKOHYBajacs yMOBa
MOHOTOHHOTO CIaIaHHsI GpyHKIIIOHAa.

IMpoanarnizyemo Takox rpadivdHy Bi3yaii3ariio OTpIMaHHuX pe-
3ynsrariB. Ha puc. 1 300paxeHo mopiBHSHHS (yHKIIT OaxkaHOTO
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po3noxiny Temmeparypu @ (x) i3 OIykaHolo (QyHKIIEI0 PO3IOALTY
u(x) 3rimHo 3 Tabm. 1. Xoya MomudikoBaHWI Ta KIACHYHUN Tif-
XOZIY TIPUBEJIHU JI0 TPpadiKiB, sIKi Bi3yallbHO HE PO3PI3HSIOTHCS, BOHU
JIHIIEe HaONMKAIOTHCS 10 Oa)KaHOTO PO3MOALTY, 300paXKEHOTO 3eme-
HOIO BEPXHBOIO JIHIEIO.

Taoauns 2 — Pesyasratu npu € = 10,a = 10
([xepenio: po3po6iieHO AaBTOPaAMHU)

Merton Kinb- 3arpaue- 3nauyenns 3HaveHHs] 3HaYeHHs
Kicte  mmii vac  J(v) Wil vl
irepa-

i

I'panientHuii me- 26 10 mc 8.4333E-6 8.2769E-5 0.6968

TO

Monudixanis 3+6+ 4 mc 8.4356E-6 8.4006E-5 0.6968

rpajicHTHOTO Me- +7+10=

TOIY =26

0.7
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—Uo ——Um ——phi

Pucynok 1 — IopiBusinust pyHKIiH po3noainy TeMnepaTypu
3riano Tada. 1 (CTeopeno aBTopamu)

I'padixu xepyBaHHs, OTpUMaHi MOOU(IKOBAHIM Ta KJIacHY-

HUM ITiTXO/IaMH, TAKOX Bi3yaJIbHO 301ratoThCs, 110 BUIHO Ha pUC. 2.

MakcumainbHe 3Ha4eHHs (ikcyerbes B miamasoni 0.8 < v < 0.9.

IMpu iboMy B 060X BHITAIKaX Ma€ MiCIie IT0JI0ra MOHOTOHHICTB CIia-
JTaHHS 3Ha4YeHb (yHKIioHana | (V).

09

08

0.7

0.6

0.5

v(x)

—No =—=Vm

Pucynok 2 — IlopiBHsiHHSI KepyBaHHS 3riqHo Tadauni 1
(CTBOpEHO aBTOPaMH)

3i 30LIbIICHHSIM 3HaYSHHST KPOKOBOTO MHOXKHHKA O Bi3yaJIbHO
CIIOCTEPIraroThesl SIK TOCSTHEHHs Oa)KaHOTO PO3IOALTY TeMmriepa-
TypH (AuB. pHc. 3), TaK i 30ir MoBeAiHKN QyHKIIT KepyBaHHS (IUB.
puc. 4). BonqHouyac MakcuMaibHe 3Ha4YeHHs KepyBaHHS Ternep (ik-
cyerbest B mianasoHi 0.9 < v < 1. YV npoMy BUNaJKy, KIAaCHIHHN
IPajieHTHUI METOJ JIEMOHCTPYE 3aHaJTO IMIBHIKE CHAaaHHs 3Ha-
4eHb (yHKIioHana J(v) Ha BiIMiHy Bill OCTAHHBOTO €TaIy MOJIH-
(iKOBaHOTO METOMY, SKUi EMOHCTPYE CTaOLIbHICTh OOYHMCITIOBA-
JIBHOTO HPOIIECy Ta HOJIOTY MOHOTOHHICTB CIalaHHs (DyHKI[IOHAIIA.

Otxe, 3a Cepi€ro MPOBEEHUX EKCIEPUMEHTIB JUIS PO3IILY-
BaHOI 33/1a4i KepyBaHHS MOJKHA TIHTH BUCHOBKY, IO 3 OISy Ha
KUIBKICTh OOYHCITIOBAIEHNAX BUTPAT Ta TOYHICTh OTPUMYBAaHHX Ha-
OMIDKEHUX PO3B’S3KIB B iTEpaIlifHUX AJTOPUTMAaxX TI'Pali€HTHOTO

METOY JOIIBHIIE BUKOPUCTOBYBATH U KPOKOBOTO MHOMKHHKA
3HaueHHs a = 10.

0.6
0.5

0.4

u(x)

0 0.2 0.4 0.6 0.8 L x
——7Uo ——Um ——phi

Pucynok 3 — IlopiBHsinHs QyHKUIIH po3noginy TemnepaTrypu
3rigHo Tabdu. 2 (CTBOpeHo aBTOpaMu)

0 0.2 0.4 0.6 0.8 1 x
——Vo ——Vm

Pucynok 4 — IlopiBHsIHHSI KepyBaHH$ 3riIHo Ta0I. 2
(CTBOpEHO aBTOpPaMH)

PozrstHeMo Tenep ams 3amadi (3)—(6) 3a BUIIEO3HAYEHUX BXi-
JIHMX JTAHUX BHUIAJIOK HAsSBHOCTI OOMEXEHHS Ha KEpyBaHHS BUIY
(7) Iput Vg, = 1 1 HaBemeMO pe3yNbTaTH 3aCTOCYBaHHS METOIY
YMOBHOTO Tpaji€eHTa 3 IpoONeHHSIM KpPOKy Ta Horo Momudikamii
U 11 po3B’si3aHHA. Y Ta0Ml. 3 HaBeCHO Pe3yNbTaTy, IO BiANOBiIa-
IOTh BXITHOMY 3HA4€HHIO KpOKOBOro MHoHWKa @ = 0.5, a B
Tabm. 4 — 3HadeHHIO o = 1.

Ta6auus 3 — Pesyasratu npu € = 10, a = 0.004
([I’xepesio: po3po0dJieHO aBTOPaMHU)

MeTron Kinbkicts 3arpaye- 3HaueHHs 3HaueHHs 3HAYeHHs
iTepaniii _wmii wac  J(v) W@ [lv&)]
Meton ymoB- 25 21 mMc 1.664E-7 0.0019 0.7881
HOTO TpaJlieHTa
Momndikamiss 3 + 1+ 8 Mc 2.2133E-7 0.0019 0.78735
METOZY +2+10=
=16

Tabnnus 4 — Pesynsrarn npu € = 10, =~ 0.004
([I:xepesio: po3po0diieHO aBTOPaMH)

Mertog Kinbkicts 3arpaye- 3HauyeHHsi 3HayeHHs] 3HAYeHHS
itepaniii_nmii vac  J(v) W [lv)]|
Merton ymos- 14 18 Mmc 2.1664E-7 0.004 0.7923
HOTO I'paJlieHTa
Momudikamis 3 + 1+ 9 Mc 1.4882E-7 0.004 0.8063
METOY +2+13=
=19

V nepiioMy BUMJIKY CIIOCTEPIracThes nepesara Moaudikosa-
HOTO METOJY sIK 3a KUIBKICTIO iTepalliii, Tak i 3a 4acoM 004YHCIICHb.
VY npyromy Bumaaky Monu¢ikoBaHHH METO] MOKa3aB CyMapHO 0Oi-
JIBITY KUTBKICTP iTepalliif, aje 3a MEHIINH Jac, OCKUTBKH YacTHHA
iTepariii BUKOHYBaJacs IS CITKOBUX 3a/1a4 MEHIIIOT PO3MipHOCTI.
IMpy npoMy 3Ha4eHHS LITBOBOTO (DYHKITIOHAA Ta HOro rpajicHTa B
000X BHIAAKaxX CIIBCTaBHI Ta MAIOTh OJJHAKOBUH MOPSIIOK MAJOCTI.

Cript 3ayBaykKHTH, IO APOOIEHHSIM KPOKOBOTO MHOKHHKA OyI10
JOCSTHYTO OfHaKoBoro 3uadeHHs a ~ 0.004 11 060X BUMAIKiB,
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OIHAK IOLUIbHIIIE BUKOPHUCTOBYBATH BXiJHE (¢ MEHIIUM 3a ONH-
o (0 < a < 1).

Bizyanizanis oTpuMaHuX pe3yabTaTiB AEMOHCTpPYE 30iraHHS
BCiX TpbOX rpadikiB po3moAity TeMieparypu (IuB. puc. 5), i 1e xa-
pakTepHoO st 000X BUIIAMKIB.

0.7
0.6
0.5
04
X
~ 03
0.2
0.1
0
0 0.2 0.4 0.6 0.8 1 0x

—7Uo ——Um ——phi

Pucynok 5 — IopiBHsinust pyHKIIH po3noainy TeMnepaTypu
3rigHo Tadu. 3, 4 (CTBOpeHO aBTOpaMHu)

I'padixu xepyBaHHs, OTpuMaHi MOOU()IKOBAHIM Ta KJIacHy-
HUM ITiIX0ZaMH, BiIPI3HAIOTHCS HA PHC. 6, 7, 0 MOYKHA TTOSICHUTH,
30KpeMa, BIPOTIJHICTIO ICHYBaHHS HEEJUHOTO ONTUMAJBEHOTO
PO3B’SI3KY B 3aj1aui ONTUMAJBHOTO KEPYBAHHS 3 OMYKIIHMM KpUTE-
pieMm sIKOCTi.
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Pucynox 6 — IlopiBnsiHHsI KepyBaHHs 3rigHo Ta01. 3
(CTBOpEHO aBTOPaMH)
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Pucynox 7 — IlopiBHsIHHSI KepyBaHHs 3rigHo Ta0J1. 4
(CTBOpEHO aBTOPaMHU)

Bonnouac momidyeHo, 1o (yHKIIOHAN, OTPUMAaHUIA KIIacHd-
HHM MiJXO0ZI0M, CIIaJa€ 3aHaATO IMIBHIKO Ta MPUOIM3HO 3 APYroi-
TPETHOI iTepallii MpOoCTAraeThes B ONMU3bKOMY OKoJIi HyIisl. [ padiuno
1le BUIVISIIAE K TpsiMa JTiHis 32 BicCro abcmuc.

TloBeninka dyHkIioHaNa 32 MOAH(DIKAIIIEIO METOY YMOBHOTO
Tpaji€eHTa, IO MPeJICTaBIeHa Ha pHC. 8, 9, IEMOHCTpy€e BUKOHAHHS
YMOBY MOHOTOHHOTO CTIaJIaHHS (3Ha4eHH (PyHKIIOHAA HA KOXKHIN
3 iTepariiif BUAICH] TOUKaMM).

SIKII0 po3NIHYTH CHOCiO BHOOPY 3Ha4€HHS! KPOKOBOTO MHO-
JKHUKa 32 TIpaBuiIoM (11), To 3 Tabi. 5 BuHO, M0 Mo iKoBaHUH

METOJ] YMOBHOTO TPafi€HTa, SIK 1 paHime, oTpedye MEeHIIOI Kilb-
KOCTI OOUMCIIIOBAIBHUX BUTpaT. IIpore HasBHE cyTTeBe 3017IB-
IIEHHS 9acy 00YMCIIeHb B 000X aJITOPUTMaX, [0 MOXKHA MOSICHUTH
TPYIOMICTKICTIO TIpoIiecy po3B’si3aHHs 3amadi (11).
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Pucynoxk 8 — IloBeninka J(v) npu moaudikoBanomy miaxoni 3 Tadu. 3
(CTBOpeHO aBTOpPaMH)
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Pucynok 9 — IloBeninka J(v) npu moaudikoBanomy miaxoni 3 Tadu. 4
(CtBOpEHO aBTOpPaMu)

Taoauus S — PesyasTatu npu € = 10, a, = 0.004,«a,,, = 0.003
([I:’xepesio: po3podJieHO aBTOPaMu)

Mertog Kinbkicts 3aTpaye- 3HaueHHsi 3HayeHHsI 3HAYCHHS

iTepaniii _mmii vac  J(v) W'l |lv&)|

Meton ymo- 12 402 mc 1.8763E-7 1.115E-5 0.7867
HOTO TpaJli€eHTa
Momudikamiss 2 + 1+ 256 mMc 1.64E-7  9.2024E-6 0.7875
MeTomy +1+10=

=14

VY 11bOMy BHUIIQJIKY, BCI TP CITKOBI ()YHKIIiT pO3MOiTy TeMmrie-
patypH BizyaJbHO 30iraroThCsi i MalOTh TaKy caMy HOBEIHKY, K Ha
puc. 5, a BiANOBIHI CITKOBI (yHKIIT KepyBaHHS BiIPI3HSAIOTHCS 32
HOBEIiHKOIO.
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Pucynok 10 — IlopiBHsAIHHSI KepyBaHHs 3riqHo TadJ. 5
(CTBOpeHO aBTOpPaMH)
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Pucynok 11 — IMoBexninka J(v) npu moaudikoBaHomy mixxosui
3 120J1. 5 (CTBOpeHO aBTOpaMHu)

TloBeninka ¢yHKIIOHANA 32 KJIACHYHOTO METOMY YMOBHOTO
rpajieHTa IMoAiOHa 10 TIOTIEPEAHIX PE3yIBTaTiB: CTPIMKE CHaTaHHs
Ta NPOOBKEHHS B OKOJII HyJIs 3a Biccto opauHar. Ha puc. 11 moka-
3aHa ToBeliHKa (yHKIiOHaNa 32 MOTH(IKAIIE0 IOTO METOAY, J1e
CIOCTEPiracMo MOHOTOHHE CITIaJJaHHS IIPOTSTOM POOOTH BCHOTO ITH-
KJIy aJITOPUTMY.

JlonaTkoBO TMOSICHMMO, IO TOIaHi Y TaONUIIX 3HAYSHHS IS
1), lv(x)|| obumcneni 3a crangapTHEMH GOPMYIaMH CITKO-
BuX HOpM (Samarskii, 2001), a Ha rpadikax BUKOpUCTaHi TaKi M03-

BuCcHOBKM

IpoBeneHi TOCIIPKEHHS MiATBEPKYIOTh JOIUIBHICTE 3aCTO-
CYBaHHS PO3NISTHYTHX allpOKCHMAIliHHO-ITepaiifHrX Mougikarini
METO/[iB TPai€HTHOTO THILY IO PO3B’S3aHHS 3a]a4 ONTHMaJIBHOTO
KepyBaHH CTalllOHAPHUMH TETUIOBIMH IIPOLIECaMH Ta iX epeKTHB-
HICTh y HOPIBHSHHI 3 KIIACHYHUMU CITKOBHMH cxeMamu. OfHi€ero 3
TiepeBar 3acTOCYBaHHs camMe MOAHU(IKOBAHOTO MiIXOAY € CTalOlIb-
HICTH TIpOIiecy OOYHCIICHB, 3MEHIICHHS KiTBKOCTI OOYHCITFOBAIIb-
HHUX BHUTPAT Ta IiJBHUIIEHHS TOYHOCTI OTPHUMYBAHHX HAOIKEHUX
po3B’si3kiB. OKpiM LIbOTO, MOCIIKEHHS MOKa3all e()eKTHBHICTD
BHKOPHCTaHHS cOco0y APOOICHHS KPOKOBOTO MHOYKHHKA B aJIro-
PHMTMaX PO3NISIHYTHX IPAjliEHTHUX METO/IiB. BoxgHouac excriepume-
HTH MIPOJAEMOHCTPYBAIM BAXIUBICTh BHOOPY HAJICKHHUX BXITHHX
3Ha4YeHb JJIs1 KPOKOBOTO MHOXKHHKA Ta IIOYATKOBOTO HAOJIMKCHHS B
iTepalifHuX MmpoLenypax Ui 3a0e3MedeHHs X MPaKTU4HOI 301K-
HOCTI. 3a3Ha4MMO, 10 /IS PO3MITHYTOI MOZIENIbHOT 3a1adi 6e3 00-
MEKEeHb Ha KEepYyBaHHS CIIOCTEPIrajaocs 3MEHILIECHHs KUIBKOCTI iTe-
pauiii npu 301IbIIEHI KPOKOBOIO MHOYKHHKA, OHAK HA 3aralbHUN
BHIIAJI0K TaKa TeH/ACHIIiS MOXKE HE MOLIMPIOBAaTUCS. Y 3B 513Ky 3 LIUM
ONTHMAJIbHI CTpAaTerii BUOOPY MapaMeTpiB y pO3NITHYTUX aJlTOpHU-
TMaX TPAIi€HTHOTO TUITY MAlOTh OyTH Y3TOIDKEHI 3 BIACTUBOCTAMH
BUXITHOT ONTUMI3AIIHHOI 3a1a4i. [loganbIi gocTipKeHHs aBTOPiB
nepen0avdaroTh 3aCTOCYBAaHHS 3allPOIIOHOBAHOTO MOIHM(DIKOBAHOTO
MiIX0/Ty 10 PO3B’sI3aHHS OLIBII CKIIATHUX 3a/1a9 ONTUMAIFHOTO Ke-
PYBaHHS TEIUIOBHMH MPOLIECAMH, Y TOMY YHCIIi HECTAI[lOHAPHUMH,

nauennst: U, — gyHKiis 1 (x), OTpUMAHA KIACHIHEM METOIOM Ipa-  OAraTOBUMIPHUMH Ta 3 ha30BUMH OOMCKCHHSMH.

niertnoro tuty; Uy, — dyHkiis u(x), orpuMana 3a Moaudikaiieo
BianoBigHOrO Merony; V, — dyHkiis v(x), OTpHMaHa KIaCHIHIM
METOJOM I'pajlieHTHOTO THILY; V), — QyHKIIs v(X), OTpHMaHa 3a MO-
nudikalli€ero BiImoBiqHOro Metony; phi — dyHkuis ¢ (x); i — HomMep
itepari.
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Bnnuve eMouinHOro cepBicy Ha JNOASIbHICTb KIIEHTIB Yy
cdchepi 6’roTi-nocnyr

€nusaserta Kpasuyk 0, Onekcangp Kpyncbkumn

Purpose. This article aims to theoretically substantiate and empirically investigate the impact of emotional service
on customer loyalty in the beauty industry. It identifies key emotional interaction factors that enhance customer
satisfaction and the competitive advantage of beauty service providers. Design / Method / Approach. The study
employs an empirical approach based on a survey conducted at the “Women Place” beauty salon in Odesa,
Ukraine. Forty regular clients participated, evaluating the significance of emotional and personalized service
components. Data was analyzed using descriptive statistics and visualized through percentage-based charts.
Findings. The research reveals that personalized communication, staff politeness, cleanliness, interior design,
music, and aromatherapy influence customer loyalty. Emotional service plays a critical role in shaping positive
client experiences and strengthening brand affiliation. Clients value not only service quality but also the emotional
atmosphere and individual approach. Theoretical Implications. This study contributes to understanding
emotional service as a strategic tool for loyalty development in the Ukrainian beauty industry. It broadens the
theoretical framework by integrating emotional labor, non-verbal communication, and personalization into
customer behavior analysis. Practical Implications. The findings offer practical recommendations for beauty
business managers to improve emotional interaction processes, implement CRM systems, and develop customer-
oriented strategies to retain clientele and reduce churn. Originality / Value. This is one of the first comprehensive
empirical studies in Ukraine examining emotional service in loyalty formation, considering sensory, behavioral,
and personalized dimensions. Research Limitations / Future Research. The study is limited to one beauty
salon. Future research may compare other market segments and explore demographic factors influencing
emotional service perception. Article Type. Applied Research.

Keywords:

emotional service, customer loyalty, beauty industry, personalized service, non-verbal communication, client
experience

MeTta. MeTol0 cTaTTi € TeOpeTnYHe OBI'pyHTYBaHHA Ta eMnipyyHe AOCMIOXEHHS BMMBY €MOLINHOro cepBsicy Ha
hopMyBaHHS NOANBHOCTI KNIiEHTIB y cdepi 6'toTi-nocnyr. Bu3HayeHo KMno4oBi YNHHUKM €MOLINHOT B3aEMOAi, Lo
CMpusAIOTb NIABULLEHHIO 3a40BOMEHOCTI CMOXMBAYiB i KOHKYPEHTOCMPOMOXHOCTI MigNnpuemcTB ranysi. AunsanH /
MeTtoga / Miaxia. JocnimpkeHHa 6a3yeTbca Ha eMnipuYHMX JaHuX, 3ibpaHnx Wnaxom aHkeTyBaHHSA 40 NoCTiHUX
KnieHTok canoHy kpacu «Women Place» (m. Opeca). PecnoHOoeHTKM OUiHIOBanM 3HauyLliCTb €neMeHTIB
€MOLNHOro Ta nepcoHanisoBaHoro obcnyrosyBaHHs. 3ibpaHi aHi NpoaHani3aoBaHO 3 BUKOPUCTaHHSAM OMMCOBOI
cTatucTvkn Ta rpadidHoi iHTepnperauii. Pesynstatu. BetaHoBneHo, wWo iHAMBIAyanbHWI Migxig, BBIYNMBICTb
nepcoHany, 4ucToTa npuUMilleHb, AuW3alH iHTep’epy, My3uka Ta apomarepanis CyTTEBO BMMMBalOTb Ha
dOopMyBaHHSA KNIEHTCbKOI NOsNbHOCTI. EMOLUiiHUI cepBic Bigirpae BaxnuBy ponb Yy CTBOPEHHI MO3UTUBHOMO
[OCBiQy Ta 3MiLHEHHI NpuxunbHocTi Ao 6peHay. CnoxuvBayi OYikylOTb HE Nule sIKICHOro pesyneraty, a W
KOoMOopTHOI emoLinHoi atMocdepn. TeopeTudHe 3HaYeHHA. [JOCnigKeHHs po3LUMPIOE HAYKOBE YSBMEHHS Npo
€MOLINHWIA CepBiC sIK IHCTPYMEHT CTpaTeriyHoro ynpaeniHHA NOANbHICTIO B iHAYCTPIT kpacy Ykpainu. MornnbneHo
pO3yMiHHSI poni emouinHoi npaui, HeBepbanbHOi KOMyHikauii Ta nepcoHanisauii B oGcnyroByBaHHi Ki€HTIB.
MpakTuyHe 3Ha4YeHHA. 3anpornoHOBaHO pekoMeHAauil Ons MeHemkepiB MignpuvemcTB 6'toTi-cdepn Woao
noKpalleHHs1 emouiiHoi B3aemogii, BnpoBagkeHHss CRM-cucteM Ta po3pobkM nepcoHanizoBaHMX cTpaTerin
o6cnyroByBaHHs. OpuriHanbHicTb / LliHHicTb. Lle ogHe 3 neplumx KOMMMEKCHUX eMnipuyHUX OoChigXeHb B
YkpaiHi, ike po3KpuBae 3Ha4YEHHS EMOLINHOrO cepBicy Y hopMyBaHHI NOSANBHOCTI KNiEHTIB y cdepi 6’toTi-nocnyr.
O6mexeHHs gocnigxeHHs /| ManbyTHi gocnigxeHHs. JocnigxeHHst obMexeHe aHanisom ogHoro 3aknagy. Y
ManbyTHLOMY [OLMbHO MOPIBHATU pi3Hi PUHKOBI CErMeHTM Ta [OCniguTM BNNMB BIKOBUX | coujanbHo-
aemorpadivyHnx YnHHKKIB. Tun ctatTi. [puknagHe gocnigXeHHs.

KnrouyoBi cnosa:
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VY cy4acHUX yMOBaxX BHCOKOI KOHKYPEHIIii Ha prHKY 0’I0Ti ITo-
CIIyT UTaHHs (OPMYBaHHS Ta yTPUMAHHSI JIOSIIBHOCTI KITI€HTIB Ha-
OyBae 0COONMBOI aKTyaJIbHOCTI. IHIyCTpisl KpacH € OIHi€I0 3 Hald-
OB JUHAMIYHUX chep 0OCITyroBYBaHHS, [I€ AKICTb HATaHHA II0-
CITYT YacTO CIPUIMAEThCS KIIEHTAMH He JIHIIIE 3 TO3ULi mpodeci-
OHaJI3My MaiicTpa, a i Kpi3b IpH3My eMOLiitHOro KoM(pOpTY, aTMO-
cdepu 3aKany Ta piBHS eMOLIHHOI B3aEMOIIT TEpCOHANY 3 KITi€H-
TaMH. Y 1IbOMY KOHTEKCTi IIOHATTS €MOLIITHOTO CEepBICY BHCTYIAE
KIII040BHM (akTopoM (OpMyBaHHS MOUTHBHOTO CHOXHBAIIBKOTO
JIOCBizy, 0 Oe3mocepeaHBO BIUTUBAE HA MOBEAIHKOBY JOSIbHICTh
KJT€HTIB, IXHIO TOTOBHICTh 3/IIHCHIOBATH MOBTOPHI 3BEPHEHHS Ta
PEKOMEHyBaTH NOCITYTH iHIINM.

3BaykaroyM Ha Te, IO CIOKHUBadi y cepi 0°10Ti mocnyr 371e6i-
JIBIIOTO NPArHyTh OTPUMATHU He JIMILE SKICHUI pe3yibTar, a it eMo-
LiifHe 3aJ0BOJICHHS BiJI IIPOLIECy 0OCITyrOByBaHHS, BUBYCHHS MeXa-
Hi3MiB BIUIMBY €MOLIHOTO CepBicy Ha PiBeHb IXHBOI JIOSIIBHOCTI €
BKpaii BaxxIBIM. OCOOHBY 3HATYIIICTD JaHE IIMTAHHS Ma€ B yMO-
BaX Cy4YacHOTO CIIOKHBYOTO PHHKY, Ji¢ CIIOKMBAadi CTalOTh BCE
OLIBII BMMOITIMBHMH JO CEPBICHOI CKJIAamOBOi, a €MOIiiHI Bpa-
JKEHHS BUCTYIIAIOTh OXHHMM 3 TOJIOBHUX YMHHHUKIB YXBaJCHHS Di-
LIICHHSI PO IOBTOPHE 3BEPHEHHSI JI0 TTOCITYTH.

JlocnmipkeHHsS TOKa3yroTh, MO CMOIIiifHA KOMIICTCHTHICTh
CMIBPOOITHUKIB 1 IepeBark CTOCYHKIB 3HAYHO BILTMBAIOTH HA 3310~
BOJICHICTb KJIIEHTIB 1 JIOSJTBHICTD Yy CEKTOPI KOCMETHYHHX IIOCIYT.
EMoriliHa KOMIIETEHTHICTh CIIBPOOITHHUKIB TO3UTHBHO BIINBAE HA
3a/I0BOJICHICTD KJIIEHTIB, TOJI SIK B3a€MOPO3YMIiHHS BiJirpae BHpi-
[IaJbHY POJb Y MiJBUINCHHI SK 33I0BOJICHOCTI, TaK 1 JIOSIIBHOCTI
(Olamilekan & Dastane, 2014). IlepeBaru BiZHOCHH, 30KpeMa Iie-
peBaru J1oBipH Ta iH(opMallii, CHPHUSIOTH 3TyPTOBAHOCTI BiJHOCHH
i nostipHOCTI KimieHTiB (Park, 2023). Skicts 00cityroByBaHHS, 10
BKJIFOYAE B3AEMOJIIIO, PE3YNBTAT 1 SIKiCTh (Hi3MYHOTO CEepeloBHUINa,
MO3UTHBHO BIUTMBAE HA SKICTh BiJHOCHH 1 BUTPATH HA MEPEXi, 10
3pEUITOI0 MPU3BOMUTE IO JIOSIIBHOCTI 10 o0cimyroByBanHs (Lee &
Rhee, 2008). Kpim Toro, KIi€HTCHKUIT TOCBi MO3UTUBHO BIUTHBAE
Ha eMOLfHy MPHUB’A3aHICTh 10 OpeHIy Ta JOBIpYy KIIEHTIB, IO, Y
CBOIO Yepry, MiIBHUIIYE JOIBbHICTD KITIEHTIB 10 KIIiHIK Kpacu ( Sari
& Wijaya, 2019). ATpulyTH SKOCTi MOCITYT, 30KpeMa BiTIyTHICTB,
HaJI{HICTh, BIIEBHEHICTh, EMIIATisl TA YyHHICTh, IIO3UTHBHO BILIHU-
BArOTh Ha 33/I0BOJICHICTE 1 JTOsUTBHICTH KITieHTiB (Tambayong & Tan,
2022). B3aemogisi, odiKyBaHHS Ta SIKICTh OOCITyTOBYBaHHS PE3yITb-
TaTiB CYTTEBO BIUIMBAIOTH HA 33J0BOJICHICTH KIII€HTIB, IO € TTOCEe-
PEOHUKOM Y 3B’SI3KY MK AKICTIO OOCIyTOBYBaHHS Ta JIOSUTEHICTIO
(Jeon & Park, 2021). L{ina Takox Bigirpae BaXJIMBY poJib Y 3a710BO-
JICHHI Ta JIOSJIBHOCTI KIEHTIB, 8 KOHKYPEHTOCIIPOMOXKHI I[IHU
CIPUSAIOTh TO3UTHUBHUM pesynsratam (Makhlouf, 2014). Omnax
BIUIMB I[IHM Ha JIOSUIBHICTH Yepe3 3a/I0BOJICHICTh KIIIEHTIB MOXe
Oyru HeraruBHuM (Herlina & Dewi, 2022). 3aranom mi jgocii-
JOKEHHS MIAKPECIIOI0Th BXKINBICTD HAIaHHS BUCOKOSIKICHHX MOC-
JIyT, TOOYMOBU MIIIHUX CTOCYHKIB i3 KJIIEHTAMH Ta MiATPUMKH KOH-
KyPEHTOCTIPOMOXKHUX I[iH JUISl TiJIBUILICHHS 3310BOJICHOCTI Ta JIOsi-
JIBHOCTI KJTI€HTIB ¥ CEKTOPI KOCMETHYHHUX MOCIYT.

He3Baskaroun Ha 3pocTarody yBary 10 IHTaHb CepBicCy Ta K-
€HTOOPIEHTOBAHOCTI y 0°10Ti-c(hepi, TEOPETUKO-TIPAKTHYHI aCIIEKTH
BIUIMBY €MOLIIHHOTO CEpBiCY Ha JIOSUTBHICTh KITIEHTIB 3QJTHIIAI0THCS
HPaKTUYHO HEJOCITIKEHUMHU B YKPAiHCBKHX peanisix. AHaji3 ak-
TyaJIbHOI HayKOBOI JIiTEpaTypy 3acBiluye, IO BITUM3HSAHI AOCII-
JDKEHHST 30CEPe/DKYIOThCS IIEPEBAXKHO HA 3arajibHUX MUTAHHAX PO-
3BUTKy PHMHKY nociyr iHxpycrtpii kpacu (Zharova, 2021;
Parkhomenko & Denysiuk, 2023; Sviderska et al., 2023), Toxi six
npobiiema noOyI0BY eMOIIIHOTO CepBiCy K YNHHHUKA GOopMyBaHHS
CTiliKOi KJTIEHTCHKOI 0a3H 3aJIHIIAEThCS 11032 HAJIGKHOK yBAarokw
HAyKOBOI CIIUTBHOTH. HasBHI aHAIITHYHI OIVISIH, Ta 3BITH KOHCA-
THHTOBHX areHTCTB Ta MPOQeCiifHNX MOpTaiB, B OCHOBHOMY BUCBI-
TIIOIOTH PUHKOBI TEHJEHIIII, KOHKYPEHIIIF0 Ta MapKETHHIOBI iH-
CTPYMEHTH 3aJTy4YeHHs HOBUX KIII€HTIB, ajie He TPOIIOHYIOTh CHCTe-
MHOTO aHaJli3y BIUITHBY MOIIITHOT B3aEMOIIT Ha JIOSUTEHICTh. Takum
YHUHOM, JlaHa pobOTa CTAHOBHTB OJIHY 3 MEPIINX CIPOO KOMILIEKC-
HOTO HayKOBOTO JIOCII/DKEHHS I1i€l MpoOIeMaTHKH B YKPaiHCBKUX
YMOBaX.

V cydacHMX IOCTI/KEHHSIX aK[[EHTOBAHO yBary Ha yMOBax Bi-
JIKPUTTS MJIOro Oi3Hecy B iHIYCTpil Kpach Ha MPHUKIIA OKPEMHX
perioHiB YkpaiHH, IO MiAKPECIIOE BXINBICTS BpaxXyBaHHS JIOKa-
JIBHHUX 0COONMMBOCTEH 11 3a0€31eUeHHS YCIIITHOCTI MiAIPHEMCTB
naHoi raysi (Kolodkina & Krupskyi, 2024). Oxpemi HaykoBi po-

0OTH MICTATh PEKOMEH/IAIIT IO/I0 IMiABUIICHHS e()EeKTUBHOCTI (Y-
HKLOHYBAaHHS KOCMETOJIOTIYHUX 3aKJIa/liB 4epe3 BIPOBAIKCHHS
CY4aCHUX YHPaBIIHCHKUX MiJXOIIB 1 TEXHOJOTIH, i3 aKIIEHTOM Ha
HeoOXifHICTh amanTamii 1O 3MIHHOTO PUHKOBOTO CEPEelOBHINA
(Krupskyi et al., 2024).

Bapro 3a3HaunTH, 1110, X04a LI JOCIIHKEHHS HE 30CepeDKEeHI
Oe3nocepeJHFO Ha BIUTHBI €MOLIHOTO CEpBICY Ha JIOSUIBHICTH KJTi-
€HTIB y 0’10Ti-cpepi, BOHM HATAIOTh LiHHI IHCAWTU 100 BaYKIUBO-
CT1 eMOIIHOI B3a€EMOIi Ta MEePCOHAII30BAHOTO MiAXOAY B 00CIy-
rOBYBaHHI KJI€HTIB, 1[0 € KIIOYOBUMH (pakTopamu y (opmyBaHHi
JIOSUTBHOCTI Ta MiJBHUIIECHHI KOHKYPEHTOCHPOMOXKHOCTI MiJIpH-
€MCTB 1HAYCTPil KpacH.

Taxum 4uHOM, axmyanvHicmes 0opanoi memu 3yMOBIICHA MOT-
peOoro y BUSBIICHHI Ta aHaNi31 THX eIEMEHTIB eMOIIHHOT B3aeMOIil
MDK IIEpCOHAJIOM 1 KITi€HTaMU, Kl BiIIrparoTh BUPIMIAJIbHY POJb y
(dopMyBaHHI CTiliKO1 KITI€HTCHKOi 0a3u, 3HWKCHHI PiBHS BIATOKY
KJTI€HTIB Ta ITi[BUIIEHHI KOHKYPSHTOCIIPOMOKHOCTI ITiIPHEMCTB
chepu kpacu. HaykoBe 0CMECIIEHHSI pOJTi €MOIIIHHOTO CEPBICY SK
YUHHUKA ()OPMyBaHHS KJII€EHTCHKOI JIOSUTBHOCTI y 0’ 0TI IHAYCTPii €
HaJI3BUYaiHO aKTyaJIbHUM JUIS [TOAJIBIIOrO BIOCKOHAJICHHS CTpa-
TeTil PO3BUTKY CEpBICHHX KOMIIaHiH, MiABUIIEHHS CTaHIApTIiB 00-
CIIyTOBYBaHHS Ta 3MilJHEHHS iXHIX HMO3WIIH Ha pUHKY. Pe3ynbrarn
JOCTIDKEHHS CHPHATUMYTH NPAKTHYHOMY BIIPOBADKEHHIO e(ek-
THBHHX MOJIEJIEN €MOIIIHOI B3a€MOIII 3 KJIIEHTaMH, 1[0 BiJIIOBi1a-
TUMYTh Cy9acHHM IOTpebaM PHHKY Ta O4iKyBaHHSIM CIIOXKHBAUiB.

Meroi1o cTaTTi € TeOpeTHYHE OOIPYHTYBaHHS Ta eMIIipHYHE
JOCIIIKEHHS BIUTUBY €MOLIIIHOTO cepBicy Ha (opMyBaHHS JIOs-
JIBHOCTI KIIEHTIB Y cdepi 0’I0Ti MOCIYT, a TaKOK BU3HAYCHHS
KITFOYOBUX (PAKTOPiB €MOIIHHOI B3a€MOIIT, IO CIIPUSIOTH ITiJIBH-
IIEHHIO KJII€HTCHKOI 3a/I0BOJICHOCTI Ta 3a0€3NEe4YEHHIO CTIHKHX
KOHKYpPEHTHHX IIepeBar 3aKiIaiiB iHAyCTpil KpacH.

CrtyniHb HAYKOBOIr0o AOCHIMKEHH:A TeMuU

Baromuii BHECOK y CHCTEMaTH3allil0 Cy4acCHHX HAyKOBHX ITiji-
XOZIB A0 MiANPUEMHHIITBA Ta YIPABIiHHS PECYypcaMd y CYCIILIb-
HOMY KOHTEKCTi 3pOOJIeHO B MeXKaX IOCIHiIKEHb, MPUCBIICHHUX
aHaNI3y aKTyaJbHUX TEHICHIIN y il cdepi. Y Mexax BiIIOBIJHAX
HayKOBHUX HalpalOBaHb aKIIEHTOBAHO YBAry Ha HEOOX1THOCTI iHTe-
rpamii iHHOBAIlIHHOTO MWCIICHHS, ITEPCOHATI30BaHOTO CEPBICY Ta
BpaxyBaHHs COLIaJbHO-KYJIBTYPHUX OCOONHMBOCTEll mpu (opmy-
BaHHI e(DEKTUBHHUX MOJIENEH B3aeMOii 3 KiieHTaMu. Takuid mimxin
JIO3BOJISIE PO3IVISIATH €MOLIHUI CepBic He JIMIIE K IHCTPYMEHT
yYTPUMaHHS CIOXKHBaua, a i SIK CKJIaJ0BY IIMPIIO] KOHIEMIi cTa-
JIOTO PO3BHUTKY MiAIPHEMCTB chepH MOCTyr [HTerpamis corians-
HHX aCIIeKTiB JI0 YNPaBIiHCEKHX MOJEIEH CIIpHsie IIHOIIOMY pO3y-
MIHHIO TOTpe0 CIIOKUBa4iB i (POPMYBAHHIO JIOBIOCTPOKOBOT JIOSUTh-
Hocrti (Falkiewicz et al., 2016).

EmouiitHuii cepBic y cy4acHili HayKOBii JiTepaTypi TpakTy-
€TBCS SIK LIECTIPSIMOBAHA [JiSUIBHICTh MEPCOHATY IMiANPHEMCTB
cdepu MocIyT, CIpsMOBaHA Ha BUKJIMKAHHS Y KITI€HTIB TO3UTHB-
HUX eMOLiH Ta ()OpMyBaHHS CTIHKOTO eMOLiitHOTO 3B'3Ky 3 Ope-
H7I0M a0 xommaHiero. Lleit TMn cepBicy Ga3yeThbcsi Ha 31aTHOCTI
CIiBpOOITHHUKIB PO3IMi3HABATH EMOIiifHI CTaHHM KJI€HTIB, BimO-
BiJIHO aJanTyBaTH CBOIO TOBEAIHKY Ta CTBOPIOBAaTH IIPUEMHHMIA
kmieHTcpkui 1ocsix (Grandey, 2000).

3rigHo 3 BM3HA4YEHHsM, 3ampornoHoBaHuM Grandey (2003),
eMOLIIHNI cepBic mependavae YnpapIiHHS BIACHAMH €MOIISMA
TMIPAIliBHUKIB 33 1S BIATIOBITHOCTI OUiKyBaHHSIM KJII€HTA i CTaHAAp-
TaMm OOCITYyrOBYBaHHS, IO B KiHIIEBOMY IiJICYMKY CIIPHSE IIiJIBU-
MIEHHIO 33/I0BOJICHOCTI Ta JIOSUTBHOCTI CIIOKKBadiB. [IpariBHUKH y
MeKax eMOIIHHOTO CepBicCy 3IHCHIOIOTH TaK 3BaHE «EMOIIiiTHe yTI-
pasmiHHS» (emotional labor), o momsrae y BUpakeHH] COMIATBHO
Oa)kaHUX eMOIIH T yac B3aeMofii 3 kiieHTamu. Ha nymKy ykpa-
THCHKHX JTOCHIZHUKIB, 30KkpeMa Berezivska (2025), emomiitauii cep-
BiC MOXXHa PO3IISATH SK HEBIT'€MHY CKIIAZIOBY CHCTEMH YIIPaB-
JIHHS SKICTIO 00CIyTOBYyBaHHS Y cdepi rocTHHHOCTI. JlocmimHums
3a3Hayae, Mo npodeciifHa eMoIiiHa B3aEMOIisl TIEPCOHAITY 3 KITi€-
HTaMH ITJBHUIIY€E KOHKYPEHTOCIPOMOXHICTh MiIIPHEMCTBA 3a-
BIAKH (pOPMYBaHHIO €MOIIHHOI MPHUB'I3aHOCTI crokiBadiB. Kpim
TOTO, Bi/IMIOBIIHO JI0 JOCTI/PKCHB, MOIIIHUI CEPBIC € HE JIMIIIE 3a-
co0OM 3a/I0BOJICHHSI TOTOYHHUX HOTPED KII€EHTIB, a i cTpaTeriyHuM
iHCTPYMEHTOM MOOYIOBH €MOLIHHOro Kamitany Operay. EMouiitni
BPaXCHHSI B/l CEPBICY iCTOTHO BIUIMBAIOTh HA PIBEHb HAMIPIB 10-
BTOPHOTO BiJBi/lyBaHHS 3aKjiaJy Ta PEKOMEHJIAL[IHHOrO Mapke-
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turTy (Jin et al., 2013). JocmikeHHS TakoX CBLIYaTh, IO ITO3HU-
TUBHUH EMOLIMHUI JOCBiA MiJBHIIY€E SKICTh B3a€MUH MiX
KJTIEHTOM 1 OpeH/IOM, CTIPHSTIOIH (POPMYBaHHIO TOBTOCTPOKOBOI JI0-
SUTBHOCTI. 30KpeMa, BCTAaHOBJICHO, II0 eMOIIiiHA IiHHICTh CEPBICY
TIO3UTHBHO KOPENIOE 3 HaMipaMH KIi€HTIB 3iHCHIOBATH IIOBTOPHI
TIOKYTIKH Ta pekoMeHayBatu openn inmmM (Wu & Liang, 2025).11i
aBTOPH MiAKPECIIOIOTh, IO EMOLIMHI BpakeHHS B cepBicy
iCTOTHO BIUTMBAIOTH Ha PiBeHb HaMipiB MOBTOPHOTO BiBiTyBaHHS
3aKJIa/ly Ta peKOMEHALiIHOr0 MapKETHHTy.

V Mexax DaHoro AOCIIUKEHHS ITiJ IMOHATTAM «6'romi-noc-
ayeu» OynemMo po3yMiTH KOHKPETHI BHAM CEPBICHOI IisUTBHOCTI,
CHpSMOBaHI Ha MOKPAIIEHHS 30BHIIIHOCTI, €CTETUYHUX XapaKTe-
PHUCTHK Ta IICUXOJIOT1YHOTO CaMOMOYYTTs KIi€HTiB. Jlo Takux mo-
CIIyT HaJIe)KaTh KOCMETOJIOTIUHI MpOLEenypH, HepyKapchKi po-
00TH, MaHIKIOP 1 IEAUKIOP, MacaX OOMUYYS i TiNa, Bi3ax Ta iHIII
MIePCOHANTI30BaHI CepBicH. B'fOTi-moCIyTn € CKIagoBOIO YacTH-
HOIO0 LIMPIIOTO CEKTOpa — IHAYCTpil KpacH, sika BKIIFOYA€E TAKOXK
BUPOOHHUITBO Ta AUCTPHOYIII0 KOCMETHYHHX 3ac00iB, HABUAHHS
Ta cepTU]IKaLilo MepcoHary, po3poOKy HOBUX TEXHOJIOTIH y J0-
IJIA1 32 30BHIMIHICTIO, @ TAKOXK PO3BUTOK CIeliaTi30BaHol iH(ppa-
cTpykrypH (Sahota, 2014). B aHIIIOMOBHI JliTeparypi A1 MO3Ha-
4yeHHs wi€i chepr yacTo BUKOPHCTOBYIOTHCS TepMiHM “beauty
services” abo “personal care services”, siKi CTOCYIOTbCs Oe3moce-
penHBOro HajaHHS ecTeTW4HHX nponenyp kiientam (Khan &
Tabassum, 2010; Jagannathan et al., 2024). 3rigHo 3 migxoxamu
3aXiJJHUX JOCITiJTHUKIB, cCaMe MOCIyTH Ha piBHI Ge3mocepenHbol
B3a€MOJii i3 CIIOXXHMBa4eM BHM3HAYAIOTH KiHIEBY SIKICTh CHpHI-
HATTS OpeHIy B iHAYyCTpil KpacH Ta GOPMYIOTh OCHOBY AJIS PO3-
BUTKY €MOLIIHHOTO CepBiCy SIK IHCTPYMEHTY KOHKYypEHTHOI 60po-
101 (Ko & Megehee, 2012). Takum unHOM, y naHii poOOTi po3-
MEKOBYETHCSI BUKOPHCTAHHS IOHATH: «O'FOTI-IIOCIYTH» CTOCY-
I0TBCS IPAKTHYHOTO HAJaHHS IOCIYT KIHIIEBUM KIIiEHTaM, TOJ SIK
«IHIYCTpisl Kpacw» OXOILTIOE BECh KOMILIEKC €KOHOMIYHOI Ta op-
TaHi3aliitHoT MisSUTBHOCTI Y TaHil Tamysi.

IIpoGnemarrka BIUIMBY €MOLIHOTO CEPBICY Ha JIOSUIBHICTD
KITEHTIB y c(epi 0'IOTI-MOCTYT € MPEeIMETOM aKTHBHUX HAYKOBUX
JIOCTIKEHb MPOTATOM OCTaHHIX POKiB. 30KpeMa, MiAKpECIo-
€ThCSl, 110 BUKOPHUCTAHHS EKCIIEPi€HI[IHHOTO MapKETHHTY, SKHi
aTIeJIIoe 10 EMOIIITHNX, CEHCOPHUX Ta IHTEJIEKTyaIbHUX aCIEeKTiB
CHO)KMBAYiB, CIPHSE MIABHIICHHIO 3aOBOJICHOCTI KII€HTIB Ta
3MIITHEHHIO TXHBOT JIOSTTBHOCTI y CETMEHTI JIFOKCOBOT KOCMETHKH.
Harosomyerscs, o CTBOpEeHHS YHIKaJIBLHOTO TOCBITY B3aeMOIii
3 OPEHIOM IO3UTHUBHO BIUIMBAE HA HAMIPH 31HCHIOBATH IIOBTOPHI
MOKYNKH Ta (opMye 3arajbHy NPUXHIBHICTH CIIOKHBAYiB
(Dhillon, et sl., 2021).

YV KOHTEKCTi yKpaiHCHKOTO PUHKY HArOJIOUIY€ThCS Ha BaXKJIU-
BOCTI yTPaBJIiHHS CEPBICHIMH iHHOBALIIIMH Ha OCHOBI PO3BHTKY
EMOIIITHOTO 1HTENEKTy MepcoHaly. AKIEHT POOHUThCS Ha TOMY,
o GopMyBaHHS eMOLIHHUX KOMIIETEHIIIH CIpHUsE TiIBUILICHHIO
SIKOCTi OOCITYTOBYBaHHS Ta PiBHS 330BOJICHOCTI KITiEHTIB. Brpo-
BaJUKEHHSI IIPOTpaM PO3BUTKY €MOLIHHOTO iHTEIEKTy MOKpAIye
B3a€EMOJIII0 MIX MpAI[iBHUKAMH Ta CHOXXHBAaYaMH IMOCIYT, 110, y
CBOIO 4Yepry, MO3UTHBHO BIUIMBAaE Ha (H)OPMYBaHHS JIOSUTBHOCTI
kiienTiB (Lysytsia, et al., 2021).

HaykoBi IOCTiDKeHHs CBI4aTh MPO BaXKJIMBICTH BHUKOPHUC-
TaHHs1 AeMorpadivHoi Ta ncuxorpadivHoi cermeHTarii npu Gopmy-
BAaHHI MapKETHHIOBHX CTparerid, CIpsSMOBAaHUX Ha IiJABUIICHHSI
JIOSUTFHOCTI CIIOKHMBaviB 10 OpeHay. BeraHoBneHo, 0 po3yMiHHS
0c00IMBOCTE PI3HUX CErMEHTIB LIIbOBOI ayUTOPii JO3BOJISE PO-
3pobnsit Oibl e(eKTHBHI CTparerii B3aeMOil, sIKi BpaxOBYIOTh
eMOLIiliHI Ta MOBeAIHKOBI acriekTy kinieHTiB (Gajanova et al., 2019).
VY cBOIO Yepry, pe3yibTaTi Cy4aCHUX JOCIHIDKeHb TEMOHCTPYIOTb,
1110 eMolliifHa [[IHHICTh MPOIYKTY iCTOTHO BILIMBA€E HA HAMIPH CIIO-
’KUBa4iB 3/[IHCHIOBATH TOBTOPHI MOKYIKH, OCOOIMBO y CEIMEHTI
KOCMETHKH Ha OCHOBI POCIMHHUX eKCTpakTiB. Ile miakpeciroe Ba-
JKITHBICTH ()OPMYBaHHS €MOIIIHOTO 3B'SI3Ky MK OpEH/IOM 1 KITi€H-
TOM SIK OZIHOTO 3 KITFOUOBHX YHHHHUKIB IOBFOCTPOKOBOI JIOSITHOCTI
(Wu & Liang, 2025). Boxaouac, nocnimxenns Ogilvy (2023) Ha-
FOJIONIY€ Ha IEPEOCMHCIICHH] KOHIIEIIIT JIOSIILHOCTI B €II0XY €MO-
LiHOTO CTIOXKUBAYa, MMiJKPECITIO0YH, IO POBITHI OPSH/IH aKIle-
HTYIOTh yBary Ha eMOIUIWHIN B3a€Moii 3 KIIIEHTAMH JUIS CTBO-
peHHs OUTBII NIMOOKUX Ta WIHHUX BiJHOCHH. ABTOpH 3a3Hada-
I0Tb, III0 BUKOPHCTAHHS €MOIIHOTO MapKETHHTY cIpHsie GopMy-
BaHHIO CTIHKOI IPUXIITBHOCTI CIIOKUBAa4iB 10 OpeHmy. L{ro Tene-
HIIII0 MiITPUMYIOTH i iHII HAayKOBII, SIKi aKIEHTYIOTh yBary Ha

3MiHI CEHCOPHHX MOJEJICH CIIOXKMBAHHS, BKAa3ylOUM Ha Te, IO B
yMoBax ¢ poBoi TpaHcdopmanii came eMoriiHo 3abapBieHi, ip-
peainbHi 200 BipTyai30BaHi aceKTH 0OCITyTOBYBaHHS Aexai Oi-
JIbIIIe BU3HAYAIOTH CIIPUIHATTS PO3KOIII Ta BIUIMBAIOTH Ha (op-
MyBaHHs JosutbHOCTI (Cunha & Krupskyi, 2023).

3arajyoM, aHaJIi3 CyJacHHX JOCITIIPKEHb CBITYHUTH IIPO 3pOC-
Talo4y poJib EMOLIIMHOTO cepBicy Y (hOpMyBaHHI JIOSIBHOCTI KITi-
€eHTIiB y cepi O'tori-mocnyr. BripoBamkeHHs cTpaTerii, o Bpa-
XOBYIOTb €MOMLINHI MOTPEeOH Ta OYIKYBaHHS CHOKUBAYiB, € KO-
4OBHM (paKTOPOM YyCIIiXy Ha CydacHOMY pUHKY. [lomaspIii goci-
JUKCHHSI B LIbOMY HAMPSMKY CIPUSTUMYThH pO3po0ILi OiIbI edek-
TUBHHUX METOAUK B3a€MOJii 3 KJIIEHTAMH Ta MiIBUIIEHHIO KOHKY-
PEHTOCIIPOMOKHOCTI MIAPUEMCTB 1HIYCTpii Kpacu.

EmouiiiHuii cepBic € OMHUM i3 KITIOUOBUX YMHHHUKIB, 110 BU-
3HAYae sKicTh 00CIyroByBaHHs y cdepi 6’1oti mocayr. Ha Binminy
BiJl TPaJULIIHOTO MIIXOY 10 CEpBiCY, KU OPIEHTOBAaHUI BUKITIO-
YHO Ha TE€XHIYHE BUKOHAHHS IIPOLIEIYPH, EMOLIWHHI CepBic aKiie-
HTy€ yBary Ha CTBOPEHHI MO3UTHBHOIO €MOLUIIHOTO JOCBITy AT
kmienTa. KitieHTn 0’10Ti-CaJIoHIB, CHA-IIEHTPIB, KOCMETOIOTIYHUX
KJIHIK OYiKYIOTh HE JIHIIe TpoeciiHOro BUKOHAHHS TOCIYT, a i
BiTUyTTS KOM(DOPTY, TypOOTH, 1HANBIYaJHHOTO MiAXOAY Ta IPHE-
MHOTO €MOILIIITHOTO KITIMaTy TiJ{ yac Bi3uTy. Y 3B’A3Ky 3 MM, €MO-
LIHUI CepBiC BUCTYIAE BAKIMBUM (AKTOPOM, IO BILTHBAE Ha (O-
PMyBaHHS Bpa)KeHHS PO OpeH I, 3aI0BOJICHHS BiJI OTPUMAHOI I1OC-
JIYTH Ta OAJIBITY TOBEIIHKY KITI€HTA.

Bucokuii piBeHb €MOIIIHOTO CepBicy 3a0e3neuyeThes 3a-
BISKH LUTIH HU3II B3aEMOTIOB’I3aHUX CJICMEHTIB, CEPEel TKMX 0CO-
OMBa POJIb HAJIGKUTH IIepcoHay 3akiaany. CaMe rmepcoHal € THM
(akTopoM, sikuii popMye mepie BpakeHHs KITi€HTa Ta 31aTeH 3a-
KJacTy (yHIAMEHT MOAANBINOT JOSUTBHOCTI. BBIYIHBICTE CMiBpOOi-
THHKIB IPOSIBIIIETHCS HE JIMILE y CTAHAAPTHUX (pa3ax BITaHHS YM
TIPOIIAHHS, a # y 10OPO3HWINBOMY TOHi, TOTOBHOCTI JIOTIOMOI'TH Ta
HaJaT! BUYEPIHY KOHCYIBTaIli0. [IpUBITHICTB, sIka BUPAXKAETHCS Y
IUpii yeMINImi, MiATPUMaHHI 30pOBOTO KOHTAKTY Ta JOOPO3NWIH-
Bill HeBepOaJbHIN KOMyHIKallii, CTBOpIOE aTMoc(epy BiJKPHTOCTI
Ta JOBIpH, II0 HAA3BUYANHO BaXKJIMBO U KilieHTa y cdepi 0’10Ti
TIOCJTYT, JIe CHOXKMBAY 4acTO MParHe He MPOCTO OTPHMATH PE3YJIBTAT,
a it BiquyTtH cebe ocobnmusmM (Hashem, et al., 2020).

He MeHII BaJIMBAM € BMiHHS IIEPCOHAY CITyXaTH KITI€HTA.
Le o3nHavae He mpocTo dikcarito Horo modakaHb, a if aKTHBHE CITy-
XaHHS1 — YB)KHE CTaBJICHHSI 10 HIOAHCIB, 31aTHICTh YTOYHIOBATH Jie-
TaJti, IGMOHCTPYIOUH, IO KOKEH 3alUT CHPHUMAETHCS CEpHO3HO.
Hampukman, KiTi€eHT, IKuii IPUKAIIOB HA IPOLIEAYPY, BUCTIOBITIOE TIe-
BHI moOaXkaHHs 00 KOM(OPTY, TeMIepaTypH MpUMilIeHHS a0o
MY3H4YHOTO CYIPOBOY. YBaKHE pearyBaHHs IIepCOHaNy Ha I Jie-
Taut GopMye y KITi€HTa BITIyTTS iHAUBIAYyaIbHOTO MiIXOIY Ta TYp-
00TH, [0 IMOCHIIIOE HOr0 MO3MTHUBHI €MOILIii Ta, BIAMOBIAHO, JTOSIb-
HICTB.

‘YMiHHS OyTH YBaKHUM JI0 APiOHHIL IPOSBISETHCA 1 B 1HITHX
acTeKTaX: YACTOTa pOOOUYHX 30H, aKypaTHe CepBipyBaHHI KOCMETH-
YHHUX 3aC00iB, TIPOTO3UIIis HATIOIB UM JOMATKOBUX OOHYCIB — yCe Iie
CTBOPIOE y KITIEHTA BIYyTTS peMiaibHOCTI Ta TypOoTH. BomHouac
BaYKJIMBOIO CKJIA/I0BOIO BHCOKOTO PiBHS CEPBICY € LIUPHH TPOSIB TI0-
3UTUBHUX eMoliif 3 00Ky nepcoHaiy. CriBpoOiTHUKH, SKi HE Je-
MOHCTPYIOTb 0aiiTy»OCTi, a MUPO PailoTh CIIUIKYBaHHIO 3 KITi€H-
TOM, 3/1aTHi CTBOPUTH JPY>KHIO, TOBIpIKBY arMocdepy, sika CTae 3a-
HOpyKoIo eMoliiiHoro komdopty Biasimysada (Muhammed Rafi &
Edakkotte, 2024).

JocmimpkeHHs y cdepi cepBicy MOKa3yroTh, 110 eMOLiiHe 3a-
JIOBOJICHHS KJTIEHTa OE3M0CepeIHbO BILUIMBAE HA HOTO MONAJIBIIY
nosezinky (Khytra, 2021). TTo3uTnBHi emouii cTaloTh BU3HAYaIb-
HHUM YMHHUKOM (hOpMYyBaHHS MPUXUIBHOCTI: KJII€HTH YacTille 11o-
BEPTAIOTHCS JI0 3aKJIa1y, IOBTOPHO 3BEPTAIOUHMCH 32 IIOCITyT'aMH, 3a-
JIMIIAIOTH TO3UTHBHI BiITYKH B COLIAJIbHUX MEpeKax Ta Ha CIIelli-
aTi30BaHUX IUIaTGopMax, a TaKoXK PEKOMEHIYIOTh 3aKiiaJ CBOIM
3HAOMUM Ta ONMM3BKUM. YCI IIi TIOBEHIHKOBI MPOSIBH € SICKPaBUM
MapKepOM BHUCOKOT JIOSUTBHOCTI.

Oco0mMBO1 yBaru 3aciTyroBye acIeKT NPUHHSTTS KITIEHTOM pi-
IIeHHA PO BHOIp 3aKiamy 0’1oTi mocmyr. Ha BiaMiHy Big 6ararbox
IHIMX cdep, Je MiHOBa MONITHKA YK TEXHIYHA SKICTh MOCTyTH Ma-
FOTh BHpIMIaNbHE 3HAYEHHS, Y cepi Kpacu KIFOYOBUM KPUTEPIEM
4acTo BUCTYyTIA€ aTMocdepa cepsicy, eMoLiiHu (OH, KU CyIpo-
BOIDKY€e TiepeOyBaHHS KITi€HTa y 3akiaji. BigBimyBadi HE TUTHKH
OYiKYIOTh OTPHMATH Oa>KaHUH Pe3yJbTat, HalpHKIAL, SIKICHY CTPH-
KKy 9l KOCMETHYHY IIPOLEyPY, a i IparHyTh OTPUMATH eMOILliiHe
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3a/10BOJICHHS Bix nponecy. Came eMoliiHuiT (hakTop 3HAYHOIO Mi-
Poro 3yMOBIIIOE iXHiii BHOip: KoMopT, yBara, TypOOTa, iHAKBIIya-
JBHUM TiAXi CTBOPIOIOTH BIAYYTTS ICUXOJIOTTYHOTO Oiaromo-
Tyqust, siKe KJIi€HT mifacBizomo mparae nosroput (Heo & Kim,
2016).

Oco6mmBicTio 6’10Ti-ChepH € BUCOKA KOHKYPEHILIs, 10 TiABH-
1Iy€e BUMOTH 10 sIKOCTi o6cimyroByBanns (Yupelmi et al., 2023). ¥
TaKUX yMOBaxX eMOLIHUI CepBiC CTAa€ TUM aCIEKTOM, 1110 I03BOJISIE
mianpueMcTBy audepeHiioBat cebe Big KOHKypeHTiB. Hampu-
KJIaJ], CaJIOH KPacu MOXKE MPOIIOHYBATH 1IEHTHYHMIT IIepertiK moc-
JIYT 3 QHAJIOTIYHOIO LIHOBOIO MOJITHKOO, IPOTE KINiEHTH 00HpaTh-
MyTb CaMe TOif 3aKiaj, e BOHH Biq4yBaroTh cebe KoM(OpTHO, ae
MIEPCOHAN CTBOPIOE NPYXKHIO, €MOLINHHO Terty arMmocdepy. 30k-
peMa, epcoHa, sIKUi am’aTae BHOAOOAHHS KITi€HTa, [IIKaBUTHCS
HOro HacTpOEeM, JEMOHCTPYE LIMpPY 3alliKaBICHICThb, OPMYE Bif-
YyTTs AOBIpU Ta IPUXUIBHOCTI 10 OpeHmy. Y pesynbrari came eMo-
[iifHa CKJIaJ0Ba MOCIYT CHPHSIE 3aKPIIUICHHIO KITIEHTa 3a MEBHUM
3aKJIaJIOM, IO € 3aIIOPYKOI0 3POCTaHHS KIII€HTCHKOT 0a3H.

JlosmpHiCTh y cdepi 6'0Ti MOCTYT PO3IISIAETHCS K CXUITb-
HICTH KJIi€HTa HE JIMIIE PETYIIPHO KOPHCTYBATUCS TIOCIyTaMH OfI-
HOTO 1 TOTO X 3aKJIaiy, a i IPOSIBISATH NPHXWIBHICTB 10 OpeHIy Ha
eMOIliHOMY piBHi. JIOSUTbHUI KITIEHT MO3UTUBHO CIIpUiiMae OpeH.I,
BUSIBIISIE TOTOBHICTB POOAYaTH OKpeMi HEJJOJIIKH, aKTHBHO PEKOMe-
HJTy€ MOCIIYTH 3HAHOMMM Ta ONIM3BKHM, Oepe yJacTb y Imporpamax
JIOSUTEHOCTI, 1110 3HAYHO ITiJ[BHIILYy€ KOHKYPEHTOCTIPOMOXKHICTB i~
TIPUEMCTBA.

@DopMyBaHHS JIOSUIBHOCTI KITIEHTIB 32 paxyHOK €MOLIIHOTo
CEepBICY TICHO IOB’S3aHE i3 3aCTOCYBaHHSM IIEPCOHAII30BAHOTO
T IXOMy, aJpKe caMe IIepCOHalIi3allis 30aTHa CTBOPUTH IS KIIiEHTa
YHiKaJIbHe, HeTIOBTOPHE BpayKeHHSI, sIKe BUPI3HSE 3aKIIa]] cepe iH-
[IMX KOHKYpeHTiB. KilieHT mianpueMcTB iHAyCTpii Kpacu LIyKae He
nmre npoecitHoro BUKOHAHHS MPOLEnyp, a i moTpedye eMoIiii-
HOTO KOHTAKTY, BIIUYTTS YBart 10 BIIaCHUX MOTPeO, 1HANBITyaIb-
HOTO cTaBieHHs. OIHIM i3 KITFOYOBUX IHCTPYMEHTIB MEpCOHATI3A-
il € BMiHHS ITEPCOHATY 3BEPTATHCS IO KIIIEHTA Ha iM s, IO 3 TICU-
XOJIOTIYHOI TOYKH 30py CHpHs€ BUHUKHEHHIO JOBIPH Ta €MOLii-
Horo koMopty. Konu criBpoOIiTHHK calloHy mam’sSTae iM’s Kili€e-
HTa, IEMOHCTPYIOYH yBary 10 jieTaiei, e hopMmye BiTdyTTs, 10
BiZIBIyBad HE € IUIS 3aKJady YEpProBUM BUIIAJKOBUM KITI€HTOM, a
HABMAaK{ — [[IHHUM TOCTEM, /IO SIKOTO CTaBIATHCS 3 IIOBArOI0 Ta Te-
wioMm (Mittal & Lassar, 1996).

BaxnBoro ckiaioBor0 MepCOHai30BAHOTO MiIXOMY € Bpaxy-
BaHHS 1HIWMBIAyalbHHX TMOOAKaHb KITI€HTA, 30KpeMa CIeHU(piKH
TIOTIEPEAHIX TPOLEAYP, OCOOIMBOCTEH JOMIAY, YIOA00aHb Y BHU-
00pi KOCMETHYHUX 3aC00iB, TEMITEPATYPHOTO PEXKUMY IIiJ] 4ac Ipo-
Leayp, HASBHOCTI alepridi YM 4yTIMBOCTSH. 3amam’sSTOBYIOUH IIi
JieTaji Ta BpaXOBYIOUH iX Y HACTYIHHX Bi3UTaX, HEPCOHAI IEMOHC-
Tpy€e BHCOKHMH piBEHb 3allikaBIeHOCTI B KOM(OPTi KIIi€HTa, IO
CTBOPIOE €MOLIHHMI 3B’5130K 1 cripusie GOPMYBaHHIO MPUXMUIBHO-
cti. Hanmpuknan, sIKio Maicrep 3a3manierifib 3Ha€, M0 KIEHT Bil-
Jla€ TiepeBary IeBHOMY HaTIOO ITiJl Yac O4iKyBaHHS Y1 Ma€ KOHKpe-
THI MOOAKaHH 1010 BUOOPY My3HKH a00 apOMariB y IPHUMIIIEHHI,
1Ie 3HAYHO MiJIBUIIIY€E PiBEHb 33I0BOJICHOCTI CEPBICOM.

OxpeMmy poib y HepcoHami3awil BiJirpae MpakTHKa Haramy-
BaHHS KIJIIEHTaM IpO akiii, HOBI MOCIyru abo iHAMBIdyanbHi 00-
HYyCH, 3aCHOBaHi Ha aHaJi3i momnepeHix Bi3uTiB. Takuii miaxin ae-
MOHCTpYE, L0 CaJIOH He JIMIIIE HaJ[a€ CTAHAapTHHIT Habip MmocIyT, a
il miKITyeThCs IPO JOBrOTPUBAJIICTH CTOCYHKIB 13 KIIIEHTOM, Ipar-
Hyui 3poOUTH I0r0 T0CBI MaKCUMaIIbHO KOM(MOPTHHM i BUTIJHUM.
VY cydacHHX ymoBax akTHBHOTrO BukopucTaHHI CRM-cucrem Ta
Iporpam JIOsUTBHOCTI TIePCOHAM Mae 3MOTy 30epiraru iHdopmariito
PO BIIOJOOAHHS KJTi€HTIB, IaTH MOTIEPEAHIX Bi3HUTIB, OTPUMaHi Mo-
CITyTH, 10 03BOJIsiE eh)eKTUBHO KOMYHIKYBaTH 3 KIIIEHTOM Yy Tiep-
COHAJI30BaHii (popMi, HJICHIIAIOUX HOMY PEJIeBaHTHI MPOTIO3HIIiL.

Tcuxomoriuamii MeXxaHi3M EPCOHANTI30BAHOTO CEPBICY MOJIS-
ra€ B TOMY, IO KJTI€HT Bi4yBa€ CBOIO 3HAYYIIICTh Ta iHAUBITyalb-
HICTB, a BiiTaK (JOPMYETHCS TIO3UTUBHE EMOIlIHHE BPKESHHS PO
3axian. e emomiitHe cipuiiHATTS Oe3M0CepeaHbO BILIMBAE HA Pi-
BEHb 3aJI0BOJICHOCT] KIi€HTa, HOro TOTOBHICTH MOBTOPHO 3BEpTa-
THCSI 3 TIOCITYTaMH, JTHTUCS TO3UTHBHUM JIOCBIZIOM 3 OTOYCHHSIM.
[linTBepIIKEHHSM IIHOTO € YHCIICHHI MApKETHHTOBI JOCIIKEHHS,
[0 JJEMOHCTPYIOTh O€3MOCEPETHIO 3ANICKHICTh MiXK MIEPCOHAI3a-
miero cepsicy Ta KiieHTChKOIO JosuibHICTIO (Coelho & Henseler,
2012; Banyte et al., 2016; Obiegbu & Larsen, 2024).

Takok BXKIMBO BPaXoBYBaTH Ti TpaHchOpMALlii, IKUX 3a3HA€E

CIIO)KMBYA MOBEIIHKA ITiJ{ BIUIMBOM IM(POBUX TexHoiorii. Haro-
JIOIIYETHCS, 10 Cy4YacHi JiKUTAI-IHCTPYMEHTH, 30KpeMa TapreTo-
BaHa peKJiamMa, NIEPCOHANI30BaHI MOBigoMIIeHHS Ta SMM, Biakpu-
BAlOTh HOBI MOXKJIMBOCTI IS €MOIUMHOIO 3ally4eHHS KII€HTIB y
0’toti-cepi. LludpoBi komyHIKalii CIPUSIOTH CTBOPEHHIO Bif-
YyTTS iHIMBIIyaIbHOTO CTABJICHHS, 1110 3HAYHO MOCHIIIOE TIPUXHITb-
HICTh KJIEHTIB 1 MiABHIIy€e HMOBIpHICTh MOBTOpHOTO Bisuty (Park
& Hong, 2024). locnimkeHHS TaKoX MOKa3ylOTh, IO 1HTETparlis
IU(POBUX TEXHOJIOTIH y MOZIEII CIIOKMBAHHS CIIPUSIE IEPCOHATI3a-
w1ii cepBicy Ta aganranii Oi3Hecy 10 HOBUX O4iKyBaHb KIII€HTIB, IIIO
0co0JIMBO BaXIJIMBO B iHAYCTPil Kpacu yepes i eMoLiifHO-CeHCop-
Hui xapakrep nociyr (Vorobiova et al., 2023).

BoznHouac i3 TEXHOIOTTYHOO TpaHC(OPMALI€I0 rajy3i, aKkTya-
Ji3yeThCs i MUTAHHS COLIAIBHOI BiMOBIAATBHOCTI CAJIOHIB KpacH
— ACIIEKTY, L0 3aJMIIAETHCS HEJOCTATHHO BUBYCHHM B yKpaiHCh-
KOMY HayKOBOMY IHCKYypci. 3 OmHOTO OOKy, O4iKyBaHHS KIIIEHTIB
mono Oe3MeYHOCTi, TirieHu Ta npodeciiiHoCcTi 3pocTaroTh. 3 iH-
III0TO — ITPABOBI Ta €TUYHI HACIIJKW HEAOTPHMAHHS CTaHAAPTIB MO-
KyTb OyTH CYTTEBHMH. Y IIbOMY CEHCI MOKa30BUM € JIOCIiKSHHS
Dovzhanyn (2021), sike po3misiae KpUMiHAIBHY BiAMOBIIANBHICTh
3a HAHECEHH:I IIKOAW 30POB’I0 B PE3yJNIBTaTi HaJaHHS HESKiCHUX
KOCMETOJIOTIYHHX MOCIYT. ABTOP IiAKPECIIOE BXKINBICT MPaBo-
BOTO DEryJIOBaHHS Taly3i Ta BiIIOBINAIBHOTO CTaBJIECHHS
Cy0’€KTIB 10 HAJIaHHS MOCIIYT, 110 3a4iNaroTh Gi3UYHMUI 1 ICUXO0I0-
TiYHUA cTaH KiieHTa. | SKicTh HaJaHHS KOCMETOJIOTTYHUX TOCITYT
MOJKE 3HIDKATHCS Y 3B’SI3KY 13 3aralbHUMH IIPoOJIeMaMH i3 HaBYaH-
HsM (Borysiuk et al., 2022).

ComianpHa BiOBINAJIBHICTE Y cdepi Kpach He 0OMEXKY€eThCS
JIMIIE TOTPUMAHHSIM IIPABOBHUX HOPM — BOHA TaKOXK BKJTFOYAE €THU-
4Hi 3000B’s13aHHs Oi3HeCy Iepe]| KIlieHTaMu, IParjiBHIKaMH Ta Cy-
cHijbeTBOM 3arayioM. [lonpu HasiBHICTE OKpEeMHX JOCIIHKEHb, CH-
CTeMHE BUBYEHHS COIIaJIbHO BIAMOBITATBHOIO MiIXOMY JI0 YIIPaB-
JiHHSA 0’IOTi-IOCTyramMu B YKpaiHi BCe IIe 3aJIMIIAETHCS 0OMexKe-
HUM. L{e CTBOPIOE IEPCIEKTHBY ISl TOAAJBIINX HAYKOBHUX JOCI-
JDKeHb, OpIEHTOBaHMX Ha (OpMyBaHHS MOZENI BiIMOBIZAaJIEHOTO
CepBicy, B AKil MO€IHYIOTHCS €MOIlHA B3a€MOIis, Al KHTaI-1H-
CTPYMEHTH Ta €TUYHA KYJIBTYpa 00CIIyTOByBaHH:.

3aranoM, aHai3 CydyacHHX JOCIiKEHb CBITYHTH PO 3pOCTa-
04y pOJIb EMOIIIHOTO CepBiCY y (OpMyBaHHI JIOSITEHOCTI KITIEHTIB
y cdepi 6’roti-ociyr. BopoBapkeHHS cTpareriii, o BpaXxoBYIOTh
eMOIiITHI MOTpeOu Ta OYiKyBaHHS CIIOXKHBAYiB, € KIIOYOBUM (aK-
TOPOM YCHiXy Ha Cy4acHOMY pHHKY. [lomambimi JOCTiKeHHS B
[FOMY HaNpsIMKy CIIPUATAMYTH po3poOIli OLTbII eheKTHBHUX Me-
TONUK B3a€MOJIi1 3 KITIEHTAMH Ta ITiIBUIICHHIO KOHKYPEHTOCIPOMO-
JKHOCTI MiAMPUEMCTB 1HAYCTPil KpacH.

MeToau pocnip>XeHHNA

JIns MOCSTHEHHS TIOCTaBJICHOT METH JOCIIKEHHS Oylio 00-
PaHO eMMIPUYHHN i IXi1, 110 nepeadadyaB MPOBECHHS aHKETHOTO
OIMUTYBAHHS Cepesl KIIEHTOK CaJIOHy KPacH.

EmmipuuHoro 0a30r0 JOCHIKEHHS CTaB CaJOH KpacH
«Women Placey, po3ramioBanuii y micti Oneca. Bubip came 1150ro
3akJiay OyB 3yMOBIIEHHI HOT0 BUCOKOIO MOITYJISIPHICTIO Cepe JIo-
KaJIbHOI LITbOBOT ayANTOPii, aKTHBHOIO IIPUCYTHICTIO y LIH(POBOMY
CEpEeNOBUILI, TO3UTHBHOIO PEITyTAIli€l0 cepel] KI€HTIB, a TaKOoXK
OpIEHTALI€I0 Ha BIPOBAKEHHS CYYaCHHX IMPAKTHK EMOLHHOTO
cepBicy. BayxJIMBUM YMHHUKOM BHOOPY CTaJia TAKOXK TOTOBHICTD /-
MiHiCTpamii 3aKIaay MiATPUMAaTH HAyKOBE JOCIIHKESHHSL.

OnuTyBaHHS TIPOBOIMIIOCS CEPEel XKIHOK, SIKi CKOPHCTAIIUCS
MOCITyraMi CaJIOHY HE MEHIE TPhOX pa3iB IMPOTATOM OCTaHHBOTO
KaJICHIapHOTO KBapTaly (TPbOX MICALIB 10 MOMEHTY MPOBEICHHS
nocnipkeHHs). Takuil KpuTepiii BKITIOYCHHS J03BOJMB ONHUTATH
0ci0 31 CBIKUMHU BPaKCHHSIMH Ta aKTyaJIbHUM JTOCBIIOM B3a€MOIIT
i3 CEpBICHUAM CEepEIOBHIIIEM.

Jo BuOipku yiiinuio 40 pecrioHneHTOK. BubipkoBa cykyt-
HICTb XapaKTepu3yBasacs HACTYITHUM BiKOBHM PO3HOIIIOM:

18-25 poxki — 1 0 oci6,

26-35 pokiB — 15 ocib,

36-45 pokiB — 9 oci0,

46-55 pokiB — 6 0ci0.

Taxka cTpyKTypa Z03BOJINIIA OXOIIMTH OCHOBHI BiKOBI CErMEHTH
LTbOBOT ayAUTOPIi IHAYCTPIi KpacH.

36ip maHuX 30iHCHIOBABCS METOZOM aHOHIMHOTO aHKETYBaHHS
ITCIIst HAIAHHS TIOCIIYT Y CaJloHi. PecrioHaeHTKaM NponoHyBaIocs
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CaMOCTIHHO 3alOBHUTH AQHKETY y CIIENiaJbHO BiBEICHOMY IPHMi-
IIeHHI €3 MPUCYTHOCTI IIePCOHAITY 33Ky, IO MiHIMI3yBaJlo pH-
3HK YIEPEIKCHHUX BIIMOBIJICH 1 CIPUSLIIO MiIBUIICHHIO 00’ €KTHB-
HOCTI pe3y/IbTaTiB.

Ankera MicTuia 12 3anmTaHs, sIKi OXOILTIOBAJIH COLiaIbHO-TIe-
MorpadidHi XapaKTepHCTUKH PECIOHACHTOK, JacTOTy iXHBOTO KO-
PHUCTYBaHHS OCIyTaMH CAJIOHIB KPAcH, OLIIHKY BaXKJIMBOCTI OKpe-
MHX KOMIIOHEHTIB €MOLIHHOTO CepBicy, a TaKOX DIBEHb 3370BO-
JIeHHs Bi B3aeMmomii i3 mepcoHanoMm. Cepen KIIOUOBUX 3alUTaHb,
110 Oyau BUKOPHUCTaHI Ui TOOyIOBH PUCYHKIB | 1 2, MOJKHA B~
JIUTH:

«Yu epaxosye nepconan sauii iHOUBIOYanbHi NOOANCAHHA NiO
uac HadauHa nocaye?y» (BIIMOBIAL 3a M'ATHOATBHOO MMKanow Jlaii-
KepTa: BiJ «3aBKI» A0 «HIKOIN»),

«IK 6u oyintocme 8aX*CIUBICIG NEPCOHANIZ08AH020 NIOXOO0Y
npu eubopi canory Kpacu?» (ouiHoBaHHS Bix 1 1o 5 6aniB),

«Hackinbku nosumusHo u cnpuiimacme ompuMaHHs nepco-
HANi3068aHUX NOGIOOMIEHb NPO NOCHVeU ma akyii?y» (OLIHIOBaHHS
Bix 1 10 5 GaniB),

«Oyinims 8aXCIUBICMb HACHYNHUX YUHHUKIG Cepeicy: Yuc-
moma npumiugers, 306HIUHII BUSTAD NEPCOHATY, KOIbOPO8A 2ama
inmep'epy, mysuune ogpopmaenns, apomamepanisy (OLIHIOBAHHS y
BIZICOTKAX JJIsl KOKHOTO YHHHHUKA OKPEMO).

BukopucTaHHs pi3HHUX MK OLHIOBAHHS MOSICHIOETHCSL 0CO-
OIMMBOCTSIMH TOCII[DKYBaHUX sBUINL. J[1is (hikcarrii 3araabpHOT opieH-
Tanil peCHOHICHTOK (CTaBICHHS, 3a0BOJICHHS) 3aCTOCOBYBAIACS
I’ siTn0anbHa 1kata Jlaiikepra, 0 T03BOJISIE OTPUMATH CTPYKTY-
POBaHi OpUHANBHI 1aHi. JIJ1s1 OI[IHKU BiTHOCHOT BaXKJIMBOCTi KOHK-
pEeTHUX HeBepOaNbHUX YMHHHKIB IIPONOHYBAJIOCS 3IIHCHUTH OLli-
HIOBaHHS y Bincotkax (Bix 0 mo 100), mo 3abe3neunio OUTbIIY Ki-
JIBKICHY Yy TJIMBICTB PE3yJIBTaTIB 1 MOXKITUBICTS iX Bidyatizauii y BU-
DAL TICTOTpaM.

Ilin wac moOynoBu rpagikiB BHKOPHCTOBYBAIICS yCEpEIHEH]
3HAYCHHS OIIHOK JUTsl KO)KHOTO YMHHHUKA. Xoda mkana Jlaiikepra
3a3BUYAil aHAI3YEThCS Yepe3 PO3MOILT YacToT abo MeiaHHI 3Ha-
YeHHsI, BAKOPUCTAHHS BiICOTKOBOI IIKAJIM IS OL[IHKK HeBepOalib-
HUX aCTIEKTIiB TO3BOJIMIIO OOTPYHTOBAHO 3aCTOCYBATH CEpEIHE apu-
(dbMeTHUHE I OAANBINOT rpadigHol iHTepIpeTaIrii.

TakuMm umHOM, OOpaHa METOAWKA IOCTIIKEHHS IO03BOJIIIIA
OTpPHUMATH JOCTOBIPHI EMIIPHYHI JaHi, IO BiIIOBiJalOTh IIOCTAB-
JICHUM 3aBJIaHHSM Ta 320e31euyI0Th HaJIeKHUH PIBEHb BaJiIHOCTI
JUTS aHAJTITUYHUX BUCHOBKIB..

Pesym.'ra'ru Ta 06I‘030peHHSI

Ha ocHoBI 3i0paHnX aHKETHUX JaHUX OyJI0 3MiHCHEHO KiJTbKi-
CHU 1 SIKICHUH aHaJTI3 OLIHOK PECIIOHASHTOK LI0JI0 3HATYIIOCTi OK-
PeMHUX EIIeMEHTIB EMOIIHHOrO cepBicy y cdepi 0’FOTi-OCIYT.
OTpuMaHi pe3ysIbTaTH JO3BONMIN i1eHTH(IKYBATH KIFOYOBI YMH-
HHKH, 110 BIUTUBAIOTH Ha 3arajibHe CIIPUHHSTTS 00CIyTOByBaHHS Ta
JIOSUTBHICTB KITIEHTIB, @ TAKOX IPOaHATI3yBaTH OCOOIMBOCTI eMO-
LIHOTO pearyBaHHs CIIOKMBAYiB HA Pi3Hi aCMEKTH CEPBICHOTO Ce-
penosuiia. OCHOBHI eMIipHYHI BACHOBKU HAaBEICHO Yy HACTYITHOMY
PO3IiTI.

Pesynbraru nokasainu, mo 85% ONUTaHKX BiA3HAYUIIM BOXKITH-
BICTH iHIMBIZYaJIbHOTO MiIXOAY ISl IPUHHATTS PillIEHHS MPO T0-
BTOPHE Bi/BilyBaHHS cailoHy. Takoxx 78% pecrnoHeHTiB miakpec-
JIMJH, 10 OTPUMAHHS MEPCOHATBHUX IOBIIOMIICHb PO aKiil BU-
KJIMKA€ y HUX MO3UTHBHI eMOLil Ta 3MIilJHIOE IPUXUIIBHICTD 10 3a-
knany. Le mocnimkeHHs 103BOJIHIIO0 3pOOUTH BUCHOBOK, 1110 TTEPCo-
HaJti3amis 00CIyTOBYBaHHS € BATOMAM YHHHUKOM (popMyBaHHS JIO-
SUTBHOCTI KJTI€HTIB Ta MIiJBUIICHHS KOHKYPEHTOCIPOMOXHOCTI
0’10Ti-0i3Hecy, 10 MOKHA TTOOaYHuTH Ha PrcyHKy 1.

Otxe, popMyBaHHS JOIIFHOCTI KIIIEHTIB 32 PaXyHOK €MOIIiHi-
HOTO CepBICy TICHO IOB’s3aHE i3 3aCTOCYBaHHSM IMEPCOHATIZ0BA-
HOTO MiAXO0My. YMIHHS [IEPCOHATY 3BEpPTaTUCS 10 KITiEHTA HA M5,
BPaxXOBYBATH iHIWBITyallbHi T00AKaHHS, HATaTyBaTH PO aKiii a0o
HOBI TIOCITYTH Ha OCHOBI ITOTIEPE/THIX Bi3UTIB (pOpMYe€ BiTIyTTS OCO-
OnuBOi yBark 10 KiieHTa. Lle CTUMYIIOE TO3HTHBHE EMOLHE
CIIPUHHATTS, 110, Y CBOO 4EPry, MiBUIYE PIBEHb 33JOBOJICHOCTI
Ta JjostbHOCTI. Hanpukiaz, 3a JaHMMH OITUTYBaHb, ToHax 70% Kiti-
€HTIB TOTOBI IUIATHTH O1JIBIIIE 32 ITOCIYTY 32 YMOBH BHCOKOI SIKOCT1
CepBiCy Ta IepPCOHAII30BAHOTO 0OCITYTOBYBaHHSI.

100
85%

ol 78%

BincoTok KnieHTis (%)

lNepcoHanizosaHni niaxia Mo3KUTUBHE CPUAHATTA
BaXNBUI ANA NOBTOPHOTO Bi3WTY NEPCOHaNbHUX NOBIAOMNEHb

Pucynok 1 — Ouinka BIUIMBY NepcoOHATi30BaHOI KOMYHikauii Ha
(opmyBaHHs JI0SIIBHOCTI KJIi€HTIB caqony « Women Place» (y %)
([’xepeJio: BJIACHI 10CJIi/IZKeHHS)

HayxoB11i BKa3yIoTb, 1110 IEpCOHATI30BaHUMA Miaxia Gpopmye He
JIMILIe MUTTEBE 3a10BOJICHHS KIII€HTA, a if CIpHsie JOBIOCTPOKOBUM
BigHocunaM (Okeke et ol., 2024). KiieHTH CXWIIbHI BiIgaBaTy Ie-
peBary 3akiiaziam, Jie BOHH IOYyBarOThCA KOM(pOPTHO Ta Ae 1XHi iH-
IWBiTyaJbHI NOTpeOM BpaxoBYIOThCs miopasy. Lle mosBomse 3a-
KJIaJy CTBOPIOBAaTH CTaOiIbHY KII€HTCHKY 0a3y, MiJBUIIYIOYH HE
JIUIIEe TOKa3HUKH MPUOYTKOBOCTI, a i pemyTaliro Ha pUHKY 0 I0Ti-
nociyr. TakuM YMHOM, TIEPCOHANI3aLis BUCTYIIA€ OIHUM i3 Haife-
(heKTUBHIIINX IHCTPYMEHTIB MiABUIICHHS JIOSUTBHOCTI KITIEHTIB Ue-
pe3 eMowLiifHuiA cepBic, 3a0e3NeUyI0Yr KOMIUIEKCHE 3aJOBOJICHHS
SIK IPAaKTUYHHX, TaK 1 ICHXOJIOTTYHUX MOTPEd CIIOKUBAYIB.

Ha nymxy HaykoBUiB, HeBepOaIbHI YHHHHUKY BiAITPAIOTh KITFO-
4OBYy poib Y (popMyBaHHI €MOLIHOTO cepBicy B calloHaX KpacH,
OCKLIBKH BOHH O€3I10CepeIHbO BILTMBAIOTH Ha ITIJICBIIOME CIIPHii-
HATTS KIIi€HTa Ta HOTO 3arajbHe BpaKeHHs Bix 3axiany. OIHuM i3
HaWB)XJIMBILINX aCIEKTIB € Bi3yaJbHe 0pOPMIICHHS IIPUMIIICHHSL.
Jlu3aitH iHTep’epy caloHy Kpacu Mae OyTH PETeIBHO MPOIyMaHHM,
aJDKe 11 TIPOCTIp, JIe KITIEHTH TIOBUHHI Bi4yBaTH ce6e KOM(pOPTHO,
Ppo3cabneHo 1 HaTXHeHHO. BaxnuBo BpaxyBarH He TITBKH €CTETH-
YHUH aCIeKT, ajie i pyHKIiOHaTbHICTh IPUMIIIECHHS, 3a0e3euyoun
3pYUHICTH POOOTH TSl epcoHATy Ta KoM(OPT IS BiJIBiTyBadiB.

KosnsopoBa rama inTep'epy Biirpae KIOYOBY poib y Gopmy-
BaHHI eMOLIHOTO CTaHy KJIi€HTIB calloHiB Kpacy. [IpaBuIibHO miTi-
OpaHi KOJBOPU MOXKYTh CTBOPIOBATH aTMOC(epy CHOKOI0, eHepril
a00 3aTHIIKY, BIUIMBAOYM HA HACTPIi Ta MOBEMIHKY Bi/BiAyBadiB.
BiATiHKM CHHBOTO Ta 3€JIEHOT0, HAMPHUKIIA/, aCOI[IOKOThCS 31 CIO-
KOEM Ta TapMOHI€I0, CIIPUSIOTH PO3CIa0IeHHIO Ta BiMUyTTIO 0e3-
niekH. Lli KombOpH YacTO BUKOPHCTOBYIOTHCS B 30HAX BIAIOYMHKY
a0o0 cra-mpocTopax CaJoHiB KpacH, Je KINIEHTH IParHyTh pejaKkca-
il Ta BiTHOBNCHHS. 3 iHIIOTO OOKY, YepPBOHHMI Ta OpaHKEBHI KO-
JIBOPH € OLTBII eHEPTIHHIMH Ta CTUMYITIOFOYHMH, BOHH MOXYTb ITi-
JIBUIIIYBaTH PiBEHb €HEPTii Ta aKTUBHOCTI. Taki BIATIHKU JOPEYHO
3aCTOCOBYBAaTH B 30HAX, JI€ MPOBOATHCS OLIBII JHHAMIYHI MpOIIe-
Iypu abo B MICIISIX, Jie HEOOX1THO IMiTHATH HACTPii KITi€HTIB.

ITpu BHOOPI KOIBOPOBOI TaMH /ISl iHTEP €pY CAJIOHY KpacH Ba-
KJIMBO BPAXOBYBAaTH He JIMILIE ICUXOJIOT1YHNH BIUIUB KOJIBOPIB, ajie
i 3araibHy KOHIICTIIIIIO 3aKJIaTy Ta OUiKyBaHHS IILTHOBOI ayJUTOPIi.
Hanpukiias, nactesbHi TOHH MOXKYTb ITi IKPECIIUTH CJICTaHTHICTh Ta
BUIIIYKAHICTH CAJIOHY, TOJI SK SICKPaBi HACHYEHI KOJBOPH MOXKYTh
MPUBEPHYTH YBary MOJIOJDKHOI aylaUTopii, siKa IIyKae CydacHi Ta
MozHi pitreHHs1. KpiM Toro, BapTo BpaXxoByBaTH OCBITIICHHS TIPHMi-
IICHHsI, OCKIIBKH MPUPOJIHE Ta IUTYYHE CBITJIO MOXKYTh 3MiHIOBATH
CIPUIHATTA KosbopiB. [IpaBuIbHE MO€ETHAHHS KOJIBOPIB Ta OCBIT-
JICHHSI 371aTHE CTBOPUTH OakaHy arMocdepy Ta MiICHITUTH TO3UTH-
BHi emorii kmienTis (Kim et al., 2020).

My3uune 0pOpMIICHHS € 1€ OIHMM BaKJIMBUM aCIIEKTOM He-
BepOAIbHOIO BIUIMBY B CaJlOHAaX Kpacu. My3uKa 3/aTHa CTBOPIO-
BATH NEBHUI HACTPIii, BILIMBATH Ha EMOLIHHUI CTaH Ta HaBITh Qi-
3MYHE CAMOIIOYYTTS KIi€HTIB. M siKi, CIIOKiiHI MeNozil ClIpHUsIOTh
PO3CIalbNeHHI0, 3HWKYIOTh PIBEHb CTPECy Ta TPHBOXKHOCTI, IO
0Cco0JIMBO BaXIMBO MiJ] Yac MPOLELyp, CIPSIMOBAHUX Ha pellakca-
uiro. HaBmaku, OiTbII pUTMIYHI Ta €HEpriiiHi KOMIO3HULIT MOXYTh
Jo1atu 6aIbOPOCT, MiAHITH HACTPIH Ta CTUMY/IIOBATH aKTUBHICTb.
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Bubip My3udHOrO CyIpoBO/y ITOBHHEH Bi/IIOBLAaTH KOHIIEIIIIT ca-
JIOHY Ta yrogo0aHHsM HOro KITiEHTIB, CTBOPIOIOYH rapMOHiHHE T0-
€IHAHHS 3 IHIINMHU €JIEMEHTaMH 1HTEp €py.

Apomareparist € MOTY)KHUM iHCTPYMEHTOM BIUIMBY Ha €MO-
LiHUIH CTaH KTi€HTiB. BUKOpUCTaHHS JIETKUX Ta IPUEMHHX apoMa-
TiB MOXE€ TMOKpAIIUTH HACTpid, CHPUATH 3arajJbHOMY po3ciad-
JICHHIO Ta HABITh MOJINIIMTHA camonouyTTsa. Hanpukiaz, apomaru
JIaBaHIX BiZOMI CBOIMM 3aCHOKIMIMBUMH BJIACTHBOCTSMH, TOMI SIK
LIUTPYCOBI 3allaX¥ MOXKYTb ITiJIBUIILyBaTH TOHYC Ta HAJ[aBaTH CHEp-
rii. BUKOpHCTaHHS apoOMaTHYHKX CBIiYOK, Audy30piB abo epipHux
OJTili y MPUMIIIEHHAX CAJIOHY MOXKE CTBOPUTH YHIKaJIbHY arMoc-
(epy, sfKa 3anaM'sITaEThCS KIIEHTaM Ta aCOLIIOBATUMEThCS 3 TIPHE-
MHHMH BIT4YTTAMH.

Uucrora Ta OXalHICTh PUMILIIEHB € 6a30BUMU BUMOTaMU, SIKi
KIT€HTH CHPHAMAIOTh SIK MOKa3HUK MpodecioHaizMy Ta TypOOTH
npo ixHiit kompopt. OxaitHuii Ta npodeciiHmii BUIISA CITiBPOOIT-
HUKIB MIJICUITIOE IOBIPY KITIEHTIB Ta IXHE BITYYTTS, 0 BOHH 3HAXO-
JUIThCS B HAJIHHNX pykax. KoMIniekcHumit BIUTHB 1MX HeBepOaIbHAX
YUHHUKIB OpMy€ y KITI€EHTIB BIJUyTTS TapMOHIi, CIIOKOIO Ta ecTe-
THYHOIO 3aJ0BOJICHHS, 110 IiJICHUIIOE TXHi eMOL[IMHMIA 3B'SI30K 13
opernoM (Olamilekan & Dastane, 2014).

PeanpHuii nprukiIax yCHinIHOrO BUKOPHCTAHHS HeBepOaIbHHUX
YHHHUKIB EMOIIHHOTO CepBiCy JEMOHCTpYe calioH Kpacu «G.
Bam!. Lleii 3aknan npuisisie 3Ha4YHy yBary BisyasibHil ineHTH(]iKa-
uii Opennmy, nu3aifHepchKoMy O(OPMIICHHIO iHTEep'epy Ta CTBO-
PEHHIO YHIKaIbHOI aTMocdepy, o 3abe3nedye BHCOKY BIli3HaBa-
HICTb 1 MPUBAOIMBICT JJIs KiTieHTIB. Mepexa «G.Bar» Oyna 3acHo-
BaHa y 2015 poui B KueBi Ta choromsi penpeseHrye MiXKHapOIHy
(panyaii3uHrOBY cructeMy 6’roti-0apiB. CtanoM Ha 2024 pik Me-
pexa o0'enHye 55 cayoHiB, M0 QYHKIIOHYIOTE Y 13 KpaiHax CBiTY.
B VYkpaini «G.Bar» mpencraBnenuii y Takux Micrax, sk Kwuis,
Opeca, JIpBiB, XapkiB, [ninpo Ta iHmmx. MacmTal HisiTbHOCTI
OpeHIY UTIOCTPYETHCS NECSATKAMH TUCSY BUKOHAHMX KOCMETOJOTI-
YHUX MOCIYT, II0 CBIAYUTE PO CTaJHi HOIHUT Ta €()EKTUBHICTD 00-
paHoi cTparerii eMouiifHOi B3aeMoxii i3 KiIieHTamu. KomruiekcHe
BUKOPHCTAaHHS HEBEPOAJIBHUX €JIEMEHTIB - CTHIICTHKH IPOCTOPY,
KOPIIOPaTUBHHUX KONBOPIB, BI3yaJbHUX 1 TaKTWIBHHX Bpa-
JKEHb - CTAJI0 OHHUM i3 KIIFOYOBHX YWHHHUKIB (POPMYBAHHS JIOSITb-
HOCTI CTIO’KHBA4iB Ta MMOCHIICHHS OpPEHIOBOT 1IEHTUIHOCTI Y BUCO-
KOKOHKYPEHTHOMY CEpEeIOBHIII 1HAYCTPii KpacH..

Ha pucyHky 2 HaBeZeHO pO3MOAI OLIHOK PECIOHAECHTOK
010 BXKJIMBOCTI OKPEMHX KOMITOHEHTIB HEBEpOAITLHOTO 00CITyTO-
BYBaHHS Yy caJloHi kpacu. JlaHi cBiuarh mpo Te, IO BCi 3aIpOIOHO-
BaHI YUHHUKH MAlOTh TIOMITHWH BIUTHB Ha €MOIiifHE CIPHIHATTS
KJTIEHTKAMH CEPBICHOTO CEpeIOBHINA, OHAK iX Cy0’ €KTHBHA 3HAUY-
IIiCTh BAPIFOETHCSL.
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Pucynok 2 — PiBennb 3Ha4ymocTi HeBepOaJbHHX KOMIIOHEHTIB
eMoiiiHoro cepaicy 3a OliHKaMH KJIi€HTIB casloHiB kpacu (y %)
([xepeno: BIacHi 10CTiKeHHST)

3a pesynsrataMu ONMUTYBAaHHS KIIIEHTOK CaJOHY KpacH, Hai3-
HauyIIM HeBepOAIIbHUM YHHHUKOM OOCITyroByBaHHs Oy/ia BU3Ha-
YeHa YHMCTOTA MPUMIILIeHb, HAa BOXKIIMBOCTI K01 Haroiocuiu 95%
pecrionenTok. OTpHUMaHi JaHi y3ro/PKYIOThCs 3 HayKOBHMH JIOCITi-
JDKSHHSIMH, JIe BCTAHOBJICHO, 11O Tiri€HivHi Ta CaHiTapHi yMOBH BH-
CTYIAIOTh BH3HAYaJbHUMHU YHHHHUKaMH y ()OPMYBaHHI JIOBIpH IO

1 GxBar. (n.d.). GxBar Opneca. https:/gbar.com.ua/ua/odessa

3akuafiB cdepu nociyr (Khan & Tabassum, 2010). ITigrepmken-
HSIM POJIi YMCTOTH SIK 0A30BOTO YMHHMKA, 10 BIUIMBAE HE JIMILIE Ha
PiBEeHB 3aJ0BOJICHHS], a i Ha HMOBIPHICTH IOBTOPHUX BI3HTIB KIli€-
HTIB, CIIyTYIOTb TaKOX PE3yJbTaTd 1HIIUX JOCHimkeHb (Mangarin
& Gonzaga, 2021). Bucokuil piBeHb CHPUHHATTS Ba’KJIMBOCTI
L[bOTO YMHHHKA CEpesl PECIOHICHTOK MOXXE CBIIUMTH PO ITiJBH-
[IeHY YyTIHMBICTh KJIIEHTIB 10 MUTaHb OE3MEKH Ta CaHITapHUX CTa-
HZAAPTIB, L0 € XapaKTePHUM AJISI IOCTIAHAEMIYHOTO Mepiony.

Ha npyromy micii 3a BaXIJIHBICTIO cepell OIMTaHUX PECTIOH IE-
HTOK (90%) omMHHBCS 30BHIIIHIN BUNILL nepcoHary. OTpumMani
Ppe3yJbTaTH y3rOUKYIOTBCS 3 HAyKOBHMH JOCIHIUKEHHSIMH, Y SKHX
BCTAaHOBJICHO, 1110 OXalHMH 1 MpodeciiiHuii 30BHILIHIN BUIIAL Ipa-
LiBHUKIB (hOpMY€ BpOKEHHS HaJIHHOCTI Ta KOMIIETEHTHOCTI Y CIIO-
xuBauiB (Chun et al., 2023; Chun & Park, 2023). Takox minrsep-
TDKEHO, 1110 Bi3yallbHe CIIPUHHSATTS IEPCOHAITY CYTTEBO BIUIMBAE HA
OakaHHS KIIEHTIB 3MiMCHIOBATH ITOBTOPHI BI3UTH [0 3aKiIamgy
coepu obciayroysanus (Park & Park, 2022). Takum umHOM, pe-
3yNIBTaTH HAIIOTO JOCTIPKEHHS MiATBEPKYIOTH BHCOKY 3Hady-
IIICTh 30BHIIIHBEOTO BUIVISAY NEPCOHATY SIK OJHOTO 3 KIIFOYOBHX
eNIEMEHTIB HeBepOabHOI KoMyHikanil y cdepi mociyr iHgycTpil
Kpacu.

KonbopoBa rama iHTep’epy Hociia TpeTe Miclie 3a piBHEM Ba-
JKITHBOCTI Cepell OMUTaHUX pecroHAeHTOK (85%). Orpumani pe-
3yJIBTaTH Y3TODKYIOTECS 3 JAaHUMH HAyKOBUX JOCIHIKEHB, SIKi 110~
Ka3yIoTh, III0 KOJIEOPOBE O(OPMIICHHS IIPOCTOPY CYTTEBO BILIMBAE
Ha €MOIIliHe CIPUAHSATTS KIIEHTIB, CIPUSIIOYA BUHUKHCHHIO BiJl-
YyTTS CIIOKOIO a00 €HEepriHHOCTI 3aJeXHO BiJ BHOpaHOI MaliTpu
(Kim & Park, 2023). BiamoBiziHO 10 iHIIKX JOCITIKEHb, BIAJIE TT0-
€THAHHS KOJILOPIB B iHTEp’€pi CHpHsE CTBOPEHHIO TapMOHIHHOTO
CEepeIOBHIIIA, 110, y CBOIO Yepry, IiBUILYE PiBEHB 3aJJ0BOJICHOCTI
kimienHTiB (Al-Adilee, 2024). Y KOHTEKCTi OTPUMAHUX JTAHUX MOKHA
TIPUITYCTHTH, 10 BUCOKI OIIIHKHU [IbOTO YHHHUKA CBIYaTh PO BaXK-
JIBY POJb CEPENOBUIIHOTO AW3aifHY Yy 3a0e3MeYeHHi eMOLiHOTO
KOM(OPTY CIIOKHBaYiB MOCIYT cepu KpacH.

My3nade ohopMIeHHS oTpuMano 78% MO3UTHBHUX OIIHOK
cepel] PECIIOH/ICHTOK, 110 € JEII0 HIKYUM ITOKa3HUKOM ITOPIBHSIHO
3 IHIIMMH JOCIIPKeHIMH YMHHUKAMU, aJie BOXHOYAC CBITYUTH PO
1oro BIUIMB Ha 3arajibHE BpaKe€HHS Bij cepsicy. Haykosi mocimi-
JDKEHHS TiATBEPIDKYIOTh, 10 MY3HKa Y CEpBICHOMY CEpeIOBHIIL
YMHHUTH BIUTHB Ha KOTHITHBHI Ta €MOLIIHI peakiii KII€HTIB, CIIPHS-
FOUH SIK PO3CIAa0NIEHHIO, TaK 1 aKTHBI3allii 3aIeKHO Bil 0OpaHOTO
ctmro 3BydanHs (Morin et al., 2007). Takox BCTaHOBIICHO, IO My~
3HYHUIA CYTIPOBi, IKAI BiATIOBiIa€ OYiKyBaHHIM LLTHOBOT ayIUTO-
pii, € BayKIIMBIM 3aCO00M eMOLiIHOT B3aeMOIii Mik OpeHIOM i cI1o-
xwuBadeM (Fink et al., 2017). Takum 4rHOM, pe3yJIBTaTH HAILIOTO JI0-
CJIDKEHHS MiATBEP/DKYIOTh 3HAYYLIICTh My3UYHOTO CYINPOBOLY Y
(hopMyBaHHI KITI€HTCHKOTO JOCBIY, X04Ya CIIPUHHATTS I[bOTO YHH-
HHKa BUSBMJIOCS] MEHII IHTEHCHBHUM HOPIBHSIHO i3 Bi3yaJlbHUMHU
XapaKTepUCTHKAMHU CEPEIOBUIIIA.

Haifurkdi OIliHKH cepe JOCIiKYBaHUX YHHHHKIB OTpUMaa
apomarepartis, sika Habpana 72% TMO3UTUBHUX BifmoBifen. Takwuii
PEe3yNIBTaT MOXKE YAaCTKOBO MOSICHIOBATUCS TUM, IO 3aaXxy CIPHIi-
MalOThCSI MEHIII YCBIJTOMJICHO MOPIBHSHO i3 Bi3yaJIbHUMH YU ayJia-
JBHUMH cTUMysaMu. [IpoTe HayKoBi OCHTiDKEHHS MiATBEPIKYIOTh
NO3UTHBHUII BIUTUB apOMaTHYHHUX KOMITO3HLIH Ha 3arajbHe Crpuii-
HATTS cepBicHoro cepenopuina (Kafaei et al., 2025). Kpim Toro,
BCTaHOBJICHO, LII0 MPABUJIbHE 3aCTOCYBAHHS ApOMATIB CIIPHUSIE Tif-
BHIIICHHIO PiBHS 33/I0BOJICHOCTI KIIIEHTIB Ta JOPMYBaHHIO ITO3UTH-
BHUX eMOLIHUX BpaxkeHb (Sirirat et al., 2025). Takum 4uHOM, 110~
IpH BiJHOCHO HIKYMH pIBEHb YCBIZIOMJICHOI BaXXJIMBOCTI cepen
OIUTAHMX, apoMareparis 30epirac moTeHmian sk eheKTUBHAN iH-
CTPYMEHT eMOLI{HOT MATPUMKH Y CEpBICHOMY CEPEIOBHIII 3aKIa-
B iHIYCTpIii KpacH.

V3aranpHIOKYH Pe3yIbTaTH, MOXKHA CTBEP/KYBaTH, 1110 HEBe-
pOaBHI eIEMEHTH CEPBICHOTO CEpEeIOBHIIA - SIK Bi3yallbHi, TaK i ce-
HCOPHI - BIIIrpaloTh KIIFOYOBY pOib y GOpMyBaHHI 33T0BOJICHOCTI
kiieHTiB. [IopiBHSHHS 3 pe3yabTaTaMu MOMEPETHIX JOCIIIKEHb JI0-
3BOJISIE MIJTBEPIUTH PENEBAHTHICTh OTPHUMAHHUX JAHUX Ta OKpec-
JIMTH HATIPSIMKH JUTS BIIOCKOHAJICHHS! CEPBICHOTO JIU3aliHy B iHIyC-
Tpii kpacu. Lle 0coOIMBO BaXKIIMBO 3 OIVIALY Ha Te, IO eIEMEHTH
€CTETUKH 00CITyTOBYBaHHS TiCHO TTOB’s13aHi 3 YOPMYBaHHSIM €KOHO-
MIYHOI KyJIBTYpH CIIOXKUBada, SIK YaCTHHU Horo mpodeciitHoro ta
coriaisHOTO camocTBepmkeHHs (Stasiuk, 2009).
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BUCHOBKM

Pesynerati JOCIIPKEHHS IiIKPECTIOIOTh BAKIIUBICTE €MO-
HiHOTO cepBicy y cdepi 6'toti-mocuyr. KiieHTH Takux 3akianiB
OYiKYIOTh He JIUIIe podeciiiHoro BUKOHAHHS MPOIERyp, aje U Bi-
IEyTTs. KOM(OpTy, TypOOTH Ta IHIWBIAyaIbHOTO MiAXOMY I Yac
Bi3uTy. EMoniiiHuii cepBic cTae KII04OBHM (aKTOPOM, 1[0 BILUIHBAE
Ha ()OpMyBaHHs Bpa)KeHHS PO OpeH I, 3aJ0BOJICHH Bil OTPHUMAaHO1
TIOCIYTH Ta IOJAJIBITY IOBEIIHKY KIIi€HTa.

Bucoknii piBeHb €MOIHOTO cepBicy 3a0e3nedyeThes 3a-
BJISIKH B32a€MOIIOB'SI3aHNAM €JIeMEHTaM, cepell SIKUX 0COONIHIBa poib
HaJICKUTh IePCOHATy 3aKiagy. BBIWIMBICTH, NpPHUBITHICTH Ta
BMIHHS CITyXaTH KiieHTa GOopMyIOTh HepIlie BpaKeHHS Ta 3aKiiaga-
10Tb (DYHIAMEHT JIOSUTFHOCTI. YBa)kKHE CTaBIICHHS 10 JeTalei, Ta-
KHUX SIK 9MCTOTa pOOOYMX 30H, aKypaTHE CEepBIPYBAaHHS KOCMETHY-
HHX 3ac00iB Ta NPOIO3UIlis HAMOiB, CTBOPIOE BIAYYTTS IpeMialib-
HOCTI Ta TypOOTH.

JlocnikeHHs TiITBEPIKYIOTh, IO €MOLIHHE 3aJI0BOJICHHS
KJIi€HTa Oe3rocepenHb0 BIUIMBAE HA HOTO MONAJIBIIY MOBEIIHKY.
ITo3uTHBHI eMoLil CTAOTh BU3HAYAIBHUM YHHHUKOM (OopMyBaHHS
MIPUXUIBHOCTI: KIIEHTH YaCTillle TIOBEPTAIOTHCS 10 3aKIamdy, 3aiIu-
[IAI0Th IO3UTHBHI BIATYKH Ta PEKOMEHAYIOTh Horo 3HaiomuM. Lle
€ ICKPaBIM MapKepPOM BHUCOKOI JIOSITBHOCTI.

VY cdepi 0'toTi-moCIyT, A€ KOHKYPEHIIS € BHCOKOIO, EMOIIii-
HUW cepBic JO3BOJSE MIANPUEMCTBY IH(EpeHIioBaTu cebe Bif
KOHKypeHTiB. KitieHTH o0uparoTh 3aKiajau, J¢ BOHH BiI4yBalOTh
cebe KOM(OPTHO, a TIEPCOHAT CTBOPIOE IPYXKHIO, EMOIIMHO TEILTy
armocgepy. Lle cripusie 3aKkpiruieHHIO KITi€HTa 32 IEBHAM 3aKJIaJ0M
Ta 3pOCTaHHIO KITIEHTCHKOI 0a3H.
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MHyuke nigepcTBo AK Knio4v Ao ecpeKTMBHOro
ynpasniHHA NMPOEKTHUMM KOMaHaaMMm

Codpia Casenbesa 2, IOnia Cracrok

Purpose. This article aims to provide an in-depth analysis of modern leadership models in project management,
with a particular focus on flexibility, emotional intelligence, service orientation, and adaptability to dynamic
environments. It explores the leader's role as a central factor in building cohesive, high-performing, and resilient
project teams. Design / Method / Approach. The study employs comparative analysis, typology of leadership
styles, interdisciplinary literature review, and logical-analytical synthesis. It draws on concepts from contemporary
management, organizational behavior, and human resource leadership. Findings. The research identifies
transformational, coaching, servant, and distributed leadership as the most effective approaches for fostering
employee engagement, creativity, responsibility, and responsiveness. It outlines key factors influencing leadership
model selection, including project type, team structure, and implementation phase. Theoretical Implications.
The article expands the conceptual understanding of modern leadership in project management, emphasizing the
shift in leadership paradigms and the importance of emotional intelligence. Practical Implications. The research
offers practical recommendations for selecting leadership styles according to project-specific contexts, which may
benefit project managers, consultants, and educators. Originality / Value. The article integrates multiple
leadership models into the project management framework, allowing for a strategically flexible approach to team
leadership. Research Limitations / Future Research. The study focuses on transformational, servant, and
adaptive leadership in project management. Its scope is limited due to the complexity and diversity of leadership
theories and the inability to examine all existing styles. To gain a deeper understanding of the effectiveness of
various leadership models, it is necessary to conduct empirical validation of the findings across different industries
and teams with diverse structures. Additionally, further research should explore the influence of organizational
culture, industry specifics, and innovation levels on leadership model selection, particularly in the context of virtual
teams and remote leadership. Article Type. Conceptual Paper.

Keywords:

flexible leadership, project management, team collaboration, emotional intelligence, transformational leadership,
servant leadership

MeTa. MeToto cTaTTi € BcebiyHe AOoCMiAXEeHHA Cy4acHUX Mofernew nigepcraa B KOHTEKCTI MPOEKTHOIO yNpaBriHHS,
3 aKLEHTOM Ha FHYYKiCTb, €MOLIVHMI iHTEMNEKT, CEepPBICHY OpieHTaLilo Ta ajanTtauilo A0 3MiHHOMO cepeadoBuLLa.
Po3kputo ponb nigepa sk Kro4oBOro YMHHUKa y hOpMyBaHHi 3rypTOBaHOi, pe3ynsTaTUBHOI Ta CTiVKOT MPOEKTHOT
komaHan. OunsanH / Metop / Mipgxia. 3acTtocoBaHO mMeTOaM MOPIBHAMNBHOIO aHamnisy, TMNonorisauii Nigepcbkux
nigxoA4is, MXAMCLUMNMNIHAPHOIO OrMsAAy niTepaTtypuy Ta Moriko-aHamniTUY4HOro y3aranbHeHHs. CTaTTs rpyHTYETbCS
Ha KOHUEeNTax Cy4YacHOro MeHemKMEHTY, OpraHisauiiHOi noBediHKM Ta ynpasniHHA NIOACLKUMU pecypcamu.
Pe3ynbsraTtu. BctaHoBneHo, Wo TpaHcdopMauiiHe, KOyYnHroBe, cepBicHe Ta po3snogineHe nigepcTso CNpUsiioTb
NiABULLEHHIO 3anyyYeHOoCTi NpauiBHUKIB, KpeaTMBHOCTI, BiANOBIAaNbHOCTI Ta 34aTHOCTI A0 LWBMAKOrO pearyBaHHA
Ha BMKNWKW. BusHayeHo dakTopu, Wo BnnmBawTe Ha BUGIp edekTMBHOI Mogeni 3anexHo Big TNy MPOEKTY,
CTPYKTYpPU KOMaHau Ta cTagil peanisauii. TeopeTuyHe 3HayeHHA. [OCnigXeHHS PO3LUMPIOE KOHLUeNnTyanbHe
PO3YMiHHSI Cy4acHOro nigepcrsa B NPOEKTHOMY MEHEOXMEHTI, akLUEeHTYIoUM Ha 3MiHi ynpaBniHCbKUX napagurMm i
poni emouinHoro iHTenekTy. MpakTuyHe 3HavyeHHA. OOrpyHTOBaAHO MpaKTWM4YHI pekomeHaauii woao Bubopy
nigepcbkMX CTUMIB 3aNeXHO Big, KOHTEKCTY NPOEKTY, O MOXe ByTu KOPUCHUM AN MEHEAXEPIB, KOHCYNbLTAHTIB i
Buknagayis. OpuriHanbHicTb / LliHHiCTb. Y po6oTi iHTerpoBaHo pi3Hi Mogeni nigepctea B pamMkax NPOEKTHOrO
ynpaeniHHS, Lo 003BONSE CHOPMYBaTW CTPATEriYHO FHYYKuUiA Nigxig A0 KepiBHMLUTBA komaHaamu. O6meeHHs
pocnigpkeHHs /| ManbyTHi gocnigkeHHs. [locnimxeHHs 3ocepekeHe Ha TpaHcgopmaLiiHoMy, cepBiCHOMY Ta
agjanTUBHOMY nigepcTBi B ynpaBniHHI npoekTamu. BoHo obmexeHe 4epe3 CKNagHiCTb i Pi3HOMaHITHICTb
nigepcbkMx Teopi Ta HEMOXNMBICTb BMBYEHHS BCIX CTMMIB. [ns rmmblworo po3ymiHHA edEeKTUBHOCTI Pi3HMX
MoZenew nigepctaa NoTpiGHO NPOBECTM EMMiIPUYHY NEPEBIPKY Pe3ynbTaTiB y pi3HUX ranyssax i KoMaHaax i3 pisHo
CTPYKTYpOIO Ta JOCNIAUTY BNMMB KyNbTypW opraHisauii, iHgycTpii Ta iHHoBaUiiHoCTi Ha BUGip mogeni nigepcrtea,
0cobnMBO B KOHTEKCTI BipTyanbHUX KOMaHZ i AucTaHLuiiHoro kepisHuuTea. Tun cratTi. KoHuenTyanbHa cTaTTs.
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Y cydacHOMY CepeloBHILIi TPOEKTHOTO YIPABIiHHS, IO Xapa-
KTEePHU3Y€ETHCSI BUCOKOIO TMHAMIKOIO, IM(pOBOIO TpaHcdopMmariiero
Ta 3pOCTAIOYOI0 CKIAIHICTIO 3aBAaHb, OCOONMBA yBara MpUALIA-
€TbCsl epEeKTUBHIM POOOTI KOMaH/, 3MATHUX 10 THYYKOI afarnTariii,
CHHXPOHHOI B32€MOIi Ta CIUIBHOTO JOCATHEHHS miiei. KimrouoBy
PoiB y IIbOMY TIpOIIECi Bifirpae jinep — ocoOa, BiANOBiAaIbHA 32
KOOPIMHALIIO AisIbHOCTI, CTBOPEHHS IICUXOJIOTIYHO CIIPUSTIUBOTO
cepeoBHIIa Ta MATPUMKY €IHOCTI KOMaHIU. Bix piBHS pO3BUTKY
H0Tr0 KOMYHIKaTHUBHOI KOMIIETEHTHOCTI, 3AaTHOCTI pO3NOAUIATH Y-
HKIIii Ta MiATPUMYBaTH MOTHBALIIIO 3aJIEKHUTH Oe3nocepenHs edek-
tuBHicTh Tpoekty (Mainga, 2017; Abramov & Stasiuk, 2024;
Siddiqui et al., 2024).

OcranHi JOCIiKEHHS IEMOHCTPYIOTh IIEpEOPi€HTAIli0 TTapa-
JIUTMH YIIPABIIiHHS MPOEKTAMU Ha TiOpUIHI MOAENI JTiAepCTBa, SIKi
IHTErpyIoTh K TpaduliiiHi, Tak 1 azanTuBHI Metoau. [loenHaHHS
KacKkaJHUX Ta agile-MeTomonoriii BUSBIAETHCS €PEKTUBHUM JUIS
pearyBaHHs Ha BHUKJIMKH CTaJloTO PO3BUTKY Ta IH(POBOi €KOHO-
Mmikn (Martyniak & Bakushevych, 2024). BripoBamkeHHs cucTeM-
HHUX Mojieniell y ImyOlIiYHOMY CEKTOpi, 30KpeMa B HMPHKOPAOHHUX
CIry’x0ax, CBITYUTH MPO aKTyaJbHICTh KIACHYHUX YIPABIiHCHKUX
migxomiB y crnermdivHux iHCTUTYLiHHNX yMoBax (Demchyshyn et
al., 2023). Y npoekTHOMY CepelOBHIIIi 3pOCTA€E 3HAYCHHS TEXHOJIO-
TYHMX IHHOBAIIH, TUCTAHIIIMHOTO YIIPaBIiHHS Ta (OKYCY Ha TICH-
XiyHOMY Oraromnosyydi wieHiB komanau (Tarasyuk, 2023). YV oMy
KOHTEKCTi 0COONMBOT Baru HaOyBa€e iHHOBAIIIHE JIIIEPCTBO K MO-
1B, IO TTIO€THY € PI3HOMAHITHI CTHJII YIIPABJIiHHS T OPIEHTYETHCS
Ha PO3BHTOK KPEaTHBHOCTI, MUCIICHHS 3MiH 1 BIIKPUTOCTI 10 HOBa-
uiit (Yilmaz, 2024). CyKynHiCTb IUX TiIXOAIB HMiJKPECITIOE BAXKIIH-
BICTh a/IalITHBHOTO YIPABIIHHS, 0 6a3yeThesl HA EMOLIIHOMY 1H-
TENEKTi, TEXHOJIOTI4HIH F'HYYKOCTI Ta HapTHEPChKiH B3aeMO/Iii.

Jlimepchki Mozeni, O 3aCTOCOBYIOTHCS B YIIPABIIiHHI MPOEK-
TaMH, JIEMOHCTPYIOTh €BOJIOLIHHUIA 3CYB BiJl aBTOPUTApHOTO KOH-
TPOJIIO JI0 CTWJIIB, 3aCHOBAaHMX HA EMIIaTil, MATPUMII i CITyXKiHHI
koMmaHzi. [TocTynoBo JOMiHYIOTH MOJIEN, SIKi BPaxXOBYIOTh 1HIWBI-
IIyaJlbHi OCOOJIMBOCTI yYaCHHKIB, CTUMYNIOIOTH iXHIO iHIIliaTHB-
HICTh 1 CTBOPIOIOTH ICHXOJOTIYHO KOM(OpPTHE cepenoBumie. Y
[IbOMY KOHTEKCTi BaXKJIMBOIO € eMOIIIiHA THYYKICTB JIiiepa Ta Horo
3[IaTHICTh a/IAITYBAaTH YIPABIiHCHKI IiAXOMH 3aJI€KHO BiJl KOMaHI-
HOi MWHAMIKA # yMOB TpoekTy. HalmponyKTWBHINN MPOEKTHI
TPYIH BiI3HAYAIOTHCS BHCOKAM DPiBHEM IOBIPH, BIIKPHUTICTIO JIO
3BOPOTHOTO 3B’SI3KY 1 pI3HOMAHITHICTIO JOCBIy Ta CIOCO0IB MHC-
JICHHSI, 10 € KPUTHYHAMH (PaKTOpaMH €(EKTHBHOTO YIIPABIIiHHS B
ymoBax HeBusHaueHocTi (Karlsen & Nazar, 2024; Lakhdar et al.,
2024). Came Taxi YMHHHUKA (POPMYIOTH OCHOBY Cy4acHOTO PEe3yIlb-
TaTUBHOTO JIIEPCTBA B IPOEKTHOMY KOHTEKCTI.

IMonpyu mIMpPOKyY MpeACTaBICHICTh TEMH JIiIePCTBa y HAayKOBIi
JiTeparypi, iCHy€e MEBHA MPOTAIMHA B CHCTEMaTH3allil CydacHHX
CTUJIIB caMe B KOHTEKCTi MPOEKTHUX KOMAH, 3 ypaxyBaHHIM TaKUX
3MIHHHUX, SIK CTPYKTypa KOMaH[H, €Tal peasizawii npoekTy, mud-
POBI iHCTpYMeHTH Ta piBeHb MixaucuumtinapHocri (Lakhdar et al.,
2024; Imam & Zaheer, 2021). 3anuiiaetbcst 0OMEKSHUM TAKOXK M-
MpUYHHUIN aHajli3 BIUIMBY THYYKHX MOJEIEH JIiiepcTBa Ha pe3yib-
TaTHBHICTh B YMOBaX JHMCTAHI[IHHOIO YNpPaBJiHHS, IO € 0COOIMBO
aKTyaJIbHUM MiCIIsl HaHJEMIYHUX 3MiH y KOPIIOPaTHBHOMY CEpemIo-
suti (Krupskyi et al., 2022).

TakyM YMHOM, aKTyalbHICTh HOCTIZXKEHHS IOJISIrae B HEOO-
XiJIHOCTI KOHIIENTYaJIbHOTO OCMHUCIICHHSI, TUIIOJIOTI3aLlii Ta MpaKTH-
YHOTO OOIPYHTYBaHHs THYYKHX MOJAENEH JJepCTBa B KOHTEKCTI
HPOEKTHOTO yNpaBiHHA. Y (oKyci yBarm — B3a€MO3B’SI30K MiX
CTHJIeM JIiIepCTBa, crelu(piKOI0 NPOEKTY, KOMAHTHOIO CTPYKTYPOIO
Ta IMHaMIKOI 30BHINIHBOIO cepenoBuiia. JIOCTiKeHH Mae Ha
MeETi JIOIOBHHTH HAYKOBY JIMCKYCIO IIPO POJIb CY4acHOTO Jijiepa K
Mozieparopa 3MiH 1 (pacuitiTaropa KOMaHIHOTO TIOTEHITIay B riOpu-

JTHOMY TI(POBOMY TIPOCTOPI.
MeTta Ta 3aBgaHHA gocnigKeHHA

MeTor0 JOCHiKEHHSI € KOMIUIEKCHE TEOPETHYHE OOIpyHTY-
BaHHS Ta AHAITHYHE y3aralbHEHHsI Cy4acHUX MOJIENeH JiiiepcTBa
B KOHTEKCTI MPOEKTHOTO YIIPABIIHHS, 30CepeKEHE Ha BUSBICHH]
HOTEHIIiaTy THYYKUX ITiIXO/IiB JI0 JiAepCTBa IS MiABUILICHHS ede-
KTMBHOCTI KOMaHHOI B3a€MOZii, azanTariii 0 3MiH Ta JOCATHEHHS
crpareriunux uineit y VUCA-cepenoBuui.

Jnst mocsirHeHHsI TTOCTAaBJICHOI METH y TOCII/DKeHHI BHU3Ha-
YEHO TaKi 3aBIaHHs:

- MPOAHAITI3yBaTH TEOPETHYHI OCHOBH Ta EBOJIOLIIO MiIXO/iB

JI0 JTiIEpCTBa B YIPABIIIHHI IIPOEKTAMU;

- CHCTEMaTH3yBaTH KIII0Y0BI Mozieni JiinepcTsa (TpaHchopma-
LiifHe, cepBicHe, afanTHBHE, KOYYHHIOBE, PO3MOALTICHE) Ta OXapa-
KTepH3yBaTH iX 0COOIMBOCTI B KOHTEKCTI IPOEKTHOT AiSTBHOCTI;

- BU3HAYMUTH YIPABIIHCHKI CHTYaLl Ta (hakTopH, 110 BILTUBA-
F0Th Ha JOLUTBHICTh 3aCTOCYBAHHS PI3HUX JIIEPCHKUX CTUIIIB 3a1e-
JKHO BiJI TUILy IIPO€EKTY, CTPYKTYpU KOMaHIH, CTajil peanizamii Ta
30BHIIIHIX YMOB;

- y3araJbHUTH HPAKTHYHI MiIXOIH /IO BIPOBA/DKEHHS THYY-
KOTO JIIEPCTBA B MPOEKTHUX KOMAH/IAX 3 METOO IiBUIEHHS 1X-
HBO1 e()eKTUBHOCTI Ta CTIHKOCTI 10 BUKJIMKIB.

MeToau pocnip>XeHHA

MertozomnoridyHa OCHOBA IOCTIIKEHHS 0a3yeThcsl Ha IOEN-
HaHHI JIOTIKO-aHAJTITHYHOTO, TTOPIBHAIIBHOTO Ta MDKIHCIUILTIHAP-
Horo miaxoxiB. OCHOBHa MeTa IToJIsirajia y CTBOPSHHI CHCTeMHO]I TH-
TIOJIOT i1 JAEePCHKUX MOJIeNIell, pelleBaHTHHX VTS yIIPaBIIiHHS PO€E-
ktHUMH KomaHzaamu B ymoBax VUCA-cepenosuma. [liis pocsr-
HEHHS JOCIITHHUIBKIX IiJIel OyJI0 peanizoBaHO Taki METOIOJIOTI-
YHI eTanu:

1. TeopernyHuii aHaNi3 JiTEPaTypy Ta €BONIOLIT JiIEPCHKUX
MiIX0/IB. 3AiIICHEHO MiXKIUCIUIUTIHAPHAA KOHTCHT-aHAI3 HAyKO-
BuUX mxepen (2020-2025 pp.), 10 OXOIUTIOIOTH MEHEHKMEHT, Opra-
Hi3aliiiHy MOBEMiHKY, MCHXOJOTII0, IH(POBE JiJIEPCTBO. YCHOTO
onpanboBaHo 48 JpKepeln, BimiOpaHHX 3a KIFOYOBHMH CIIOBAMH:
project leadership, adaptive leadership, distributed teams, VUCA
environment.

2. CucremarH3allisi Ta THIOJIOTI3aLlisl JTAEPCHKUX MOZICIEH.
[IpoBeneno skicHy Kaacupikalio 3a O3HAKaAMH: YIIPaBIIiHCEKa QY-
HKIIiSL, CTHJIb B3A€EMOIi, POJIb Y MPUHHATTI PillleHb, IHCTPYMEHTH
BIUTMBY. THIIONOTI3alit0 3iHCHEHO Ha OCHOBI MOPIBHJIEHOTO Me-
TOIY, JOTIOBHEHOTO EKCIIEPTHUM IHTEPIPETyBaHHAM (YHKLIH Ji-
nepa (aus. Tabm. 1).

3. Kopernsuist CTHIIIB JTiiepcTBa 3 MPOEKTHUMH HapaMeTpaMH.
Jns cTpyKTypyBaHHS 3B’SI3KIB MK YMHHHUKAMH 3aCTOCOBAHO Mar-
PUYHHMI TiOXiA: 3icTaBiIeHHS 3MIHHAX CEPEIOBHUINA 3 YIPABIiHCh-
KAMH peakiisiMi. CTBOPEHO TaOJIUIIIO BiMTOBITHOCTEH MK CTHIIEM
nizepa Ta 0COOMMBOCTSIMU KOHTEKCTY (AUB. Ta0M. 2).

4. AHaniTHYHE y3arajJbHEHHS YIPaBIiHCHKUX BHUKIHKIB 1
cTpareriii JigepcTBa. BrukopucTaHo JOTiKO-aHATITHYHE y3aralb-
HEHHs Ha OCHOBI IyOJTiKaiii, 1110 aHaTi3yI0Th OCTIIaHJEMIYHE YII-
PaBJiHHS, BiIaJeHy poOOTY, IHKITFO3UBHI MiIXOIH 0 MOTHBAIIII.
JHonatkoBo inTerpoBaHo miaxix Root Cause Analysis (RCA) mns
OKPECIICHHSI IPHYNHHO-HACIIIIKOBUX 3B’SI3KIB Y TUCHYHKIIOHAIb-
Hiit noemini komann (Vivek & Krupskyi, 2024b).

VY Mexax ZOCHiIKEHHs He MPOBOIMIOCH eMITIpUYHOTO 300py
JIaHMX, OfHAK OyJI0 3aCTOCOBAHO pe(IeKCHBHUI MiXiJT 0 aHaIi3y
ICHYIOYMX KEHCIB 1 MPAKTUK MPOEKTHOTO JIIEPCTBAa B MIKHAPOA-
HOMY Ta yKpaiHCbKoMy KoHTeKcTi. Ile mo3sonuio chopmymoBaru
QHAJITUYHY MOZEJb THYYKOTO JiAEPCTBA, PEJICBAaHTHY JUIS IMHAMI-
YHOTO # IMU(POBOTro YNPaBIiHCEKOTO CEPEIOBHIIIA.

Pesynbraru

VrpaBniHHS OPOEKTAMU B Cy4acHOMY JJMHaMIYHOMY Cepeio-
BHILi OTpeOye He Jinie e)eKTUBHOTO [UIaHyBaHHS Ta PECYPCHOTO
3a0e3MeUeHHs, a i 31aTHOCTI KepiBHUKA 00’ €THYBaTH KOMaH/y Ha-
BKOJIO CIIUTFHOT METH, aJlaliTyBaTUCS 0 3MIH 1 MITPUMYBaTH BU-
COKy MOTHUBAIiI0 yyacHHKiB (Ponomariov et al., 2022).

Posib Jiziepa Mae BUpilanbpHe 3HAYESHHSI 1S YCHIIIHOTO 10Cs-
THEHHS IiJIel poekTy. BpaxoByroun pi3HOMaHITHICTh TIPOEKTIB 3a
THUITOM, MacIITaboM 1 Tally3eBOIO CIIEIU(IKOI0, BUKOPHCTAHHS Of-
HOTO YHIBEPCAJIBHOTO CTHIIIO JIiIEPCTBA YacTO BHUSBISETHCS HEIO-
CTaTHBO e(DEKTUBHHUM. Y 3B’SI3KY 3 LIMM JieIalli OLTbIIe MiIKPeCITo-
€ThCS BAXKIIMBICTD THYYKOCT] KePiBHHKA, 3aTHOTO 3MiHIOBAaTH CBilt
MiIX1A BiMOBIIHO O OCOONMBOCTE KOMaHIM, CTaiil peamisartii
HPOEKTY Ta MOTOYHUX YMOB. Takuii mizxix nepenbadae KoMOiHy-
BaHHSI Pi3HUX JIIEPCHKUX CTUIIB (Tabm. 1) st 3a0e3medeHHs Mak-
cuMaibHOI eekTHBHOCTI ynpasninHs. CTHII JiaepcTBa, HaBeACHI
B Ta0JI. 1, MOXYTh €()EKTUBHO IIO€IHYBATUCS B MEXaxX OnHiel Ko-
MaHJIM U1 OCHJICHHS MOTHBALlil, 3aJTy4eHHs y4aCHHKIB Ta HOCHT-
HEHHS BUCOKHX PE3YJIbTATIB Y HPOEKTI.

Komreruist stiziepcTBa city>xiHHs Oysa BIepIle IpeACTaBicHa
PoGeprom K. Ipimridom y ioro ecei «The Servant as Leader» y
1970 poui. V uiit po6oti Ipinmi¢ 3anpononysas HOBHM Mmiaxix 10
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JJepcTBa, e OCHOBHA yBara NpUIUBIETHCS CILY>KIHHIO 1HIIINM, a He
BUKOPHMCTAHHIO BIIAJIU JUISl OCSTHEHHS OCOOUCTHX 1ijel. Bin min-
KPECITIOBAB BAXKITMBICTh EMITATii, CITyXaHHS Ta MOOYIOBH CIIUTBHOTH
SIK KITFOUOBHUX acmekTiB eekrrBHOTO JifepcTsa (Greenleaf, 1973).

Taoauns 1 — INopiBHsAAbHUIT aHAJI3 cTHIIIB JigepcTBa
(dxepeno: Zaghmout & Harrison, 2025)

CTuiIb JliiepcTBa  XapaKTepuCTHKA DyHKIis Jigepa
Tpancdopmaniiine MoTuBye KOMaHIy 10 IepeBU- Bucrymae pymriem
IICHHS CTaHAAPTHUX Pe3yib- 3MiH, HAJIXa€ KO-
TariB, (JOPMYIOUH HOBI IIIHHO- MaHJY, CTBOPIOE IIPOC-
cTi Ta GaueHHs. Tip Ayst iHHOBALH 1
PO3BUTKY.

CuyxiHas CraButs y npiopureT norpedu Jlomomarae koMaHsi
KOJICKTHUBY, MIATPUMY€e OCOOH- PO3BUBATHCH, CIIPHSIE
CTHi PicT i J0OpoOyT CriBpo- eMIaTii Ta CIUIBHOMY
OiTHHKIB. MPUAHSTTIO PillICHb.
Curyariiine I'mydko agantye cTuib kepy-  OMLiHIOE CUTYaIliio B
BaHH 70 PiBHsI IOCBiY, MO-  KOMaHIi Ta Jobupae
THBAIIii T CAMOCTIMHOCTI KO- BiIOBIHHIA CTHIIb
MaHJIH. BIUTUBY JUISL JOCST-
HCHHSI Pe3yJIbTaTy.
Crineae JlinepctBo posmoxinsteTbest  CTHMYIIIOE TeLeHTpa-
MiXK WIeHaMH KOMaHIH, MAT- J3aIiio JiAepCcTBa, aK-
PHUMYETBCS KOJNICKTHBHE TIPHil- THBYE MOTCHIiAM KOXK-
HATTA PillICHb. HOTO y4acHHUKa KO-
MaHIH.
Posmoxinexe Jlinepcoki 060B's13kH BukoHy- CrpHsie pO3BUTKY iHi-
FOTh KiJIbKa 0Ci0 OMHOYACHO  LIiaTHBH Ha BCIX PiB-
BIiZINIOBI/THO JI0 IXHIX MOXJIM-  HSX, (POPMYE CHCTe-
BOCTeH 1 poJieif. MHY MATPUMKY JIiaep-
CBKHX JIiil.
Harxuenne Jlinep 3apsimKae KOMaHIy MoTHBYE NPHUKIAI0M,
CBOEIO CHEPTi€r0, MPUCTPACTIO GopMye CribHE 6a-
Ta Oa4eHHSM MaiOyTHBOTO.  YEHHS i CTHMYJIIOE eH-
Ty3ia3M y KOMaH/ii.
Koyunrrose 3ocepemkene Ha po3BUTKY  [Iparioe sik MeHTOD,

npodeciitHux i ocoducTicHUX 3abe3rneuye nepcoHa-

SIKOCTEH CITIBPOOITHHKIB Yepe3 JIbHY MiATPUMKY, 1a€

HACTaBHUIITBO. 3BOPOTHHMI1 3B’ 130K
JUISL POCTY.

Posmoxinene minepcTBO po3mIsAmaEThCS SK MIIXi, IO Mepen-
0adae pO3MOILT JiepchkuX (DYHKIN Ta BiAMOBITATEHOCTEH Mik
Pi3HUMH YJICHaMH OpraHi3alii BiIMOBIIHO 0 IXHIX poJield, JoCBiay
Ta KOHKPETHHX CHUTyal[iiHHX oOcTtaBuH. Taka MOAeNb BiIXOIUTH
BiJl LICHTPAJTi30BaHOT CTPYKTYPH YIPABIIiHH, HATOMICTh BU3HAE JIi-
JIEPCHKUI MOTEHIal KO)KHOTO yYacHHKa KOMaH[H, IO J03BOJISIE
3MEHIINTH iepapxiyHi 6ap’epH, CpUATH OiNbIIii ydacTi B mpuii-
HATTI pillleHb, GOPMYBaHHIO CIIJIBHOTO Oa4yeHHs LiNeH Ta MoCcH-
JICHHIO BiMYyTTS BiJMOBiAaJbHOCTI Cepel CIiBPOOITHUKIB. Y pe-
3yJIBTaTI MiABUIIYETHCS aalITUBHICTh 1 MOTHBAILIS, 110 € KPUTHYHO
BOKIIMBUM Y IMHAMI4HOMY ITPOEKTHOMY cepenoBuli (Zaghmout &
Harrison, 2025).

CrisbHe JTiIepCTBO PO3IIMPIOE MPUHIMIN PO3MOIIIEHOTO JIi-
JIepCTBa, BU3HAIOYH MTOTEHIIIa KOKHOTO YieHa KOMaH | JI0 JIijiep-
CTBa Bi/IMOBITHO JI0 HOT0 AOCBIY Ta 3aBNaHb. Takuil Miaxin cipuse
0OMiHy 3HaHHSMHM, KOJICKTHBHOMY BHPILICHHIO MpoOIeM i 3Mil-
HEHHIO 3TypTOBAHOCTI KOMaH[H, IO TMOKPAIIYE YCIIX MPOEKTY
(Vorobiova & Stasiuk, 2024)

Hanmnxaroue minepctBo mepenbadae GOpMYIFOBaHHS YITKOTO
GadeHHs, sIKe BCEIISIE €HTY31a3M 1 PUCTPACTh Y KOMaH/Ly, CTBOPIO-
FOYH CIIPHUATIINBE CEPEIOBHIIE U PO3BUTKY iHHOBamiiHOCTI. JIi-
JIEpH 1IbOTO CTHIIIO BHKOPHUCTOBYIOTH MiIIIPHEMHHUIIBKY E€HEpTito,
MiATPUMYOTh TBOpUYE MUCIICHHS, 1HTYIIIFO Ta aJanTamiio 10 3MiH,
CHPHSIOUH CTIKOMY PO3BHTKY Ta €()eKTHBHOMY YIIPaBIiHHIO iHHO-
BaL[iiHUMH MPOEKTAMH.

VeninHe ynpaBniHHS MPOEKTOM 3HAYHOIO MIpO0 3aJICHKHUTh
BiJI TOTO, HACKUTBKH 0OpaHa Jiiepcbka MOETb BiIIOBIIA€ CIICIHU-
(il KOHKPETHOTO TIPOEKTY Ta KOHTEKCTY Horo peamizaii. Kyasry-
PHI HOPMH BIIIITPalOTh KITIOYOBY POJb Y BH3HAYEHHI e(EKTHBHUX
CTHWIIB JIilepcTBa B pisHUX cycminberBax (Blyznyuk & Blyznyuk,
2024). OpranizamiiiHi ¢akropn, Taki Sk OepexHBe BIPOBa-
JDKEHHS, TIITPUMYIOYi CTPYKTYpH Ta €(QEKTHBHICTH KOMAaH/H,
BIUIMBAIOTH Ha mifxoau 1o mdigepcrsa (Etemadi et al., 2022). Xoua
MOJIeTTi PaliOHaIbHOTO BUOOPY JOMIHYIOTH Y AOCHIIKEHHSX JIize-
pcTBa, eMITipUYHi [aHi CBiA4YaTh MPO Te, IO JIASPU YacTo MOBO-
IUSIThCS IPpaLliOHATBHO, 110 BUMArae po3poOKy HOBUX MoJIeNei ais
MOsICHEHHsT HepauioHansHux (akropie (Gunawan & Sucipto,

2023). 3oBHinIHI (hakTOpH, TaKi K HOPMaTHBHO-TIPaBOBa 6a3a, odi-
KyBaHHS 3alliKaBI€HUX CTOPIH Ta PUHKOBI YMOBH, TAKOX CTBOPIO-
I0TB TPYIHOILI JUTA JTiAepiB Y IpoIecax MpUHHATTS pimeHs (Bevara
& Nudurupati, 2024). EdexTiBHICTb CTHIIIB JIepCTBa BapilOETHCS
3aJISKHO BiJ] KYJIBTYPH, IPHIOMY aBTOKpAaTHYHE JIIEPCTBO Ma€ Ky-
JETYpHI 0OMEXEHHS, TOIl K TpaHc(OopMaIiiiHe JIiIepcTBO MOXKe
Oyt edexkTuBHUM y pi3HHX KynsrypHux ymoBax (Krupskyi &
Stasiuk, 2010). Lli GararorpaHHi BIUIMBU MiIKPECIIOIOTH CKIAM-
HiCTh BUOOPY Ta BIIPOBAKEHHS BiAMIOBIAHUX MOJIEINeH JTiiepcTBa B
OpraHizarisx.

THIl IPOEKTY € BaXKJIMBUM YNHHHUKOM, 1110 BU3HAYAE CTUIIb YII-
paBiiHHA. Bin xapakrepy OisUIBHOCTI 3aIeKUTh AWHAMIKa MpoIie-
CiB, piBE€Hb THYYKOCTi, HEOOXiHICTh B iHHOBaLisfX ab0, HAaBMAaKH,
JOTPHMaHHS YiTKHUX Hpouenyp. Lle BimBae Ha Te, un Oyne A0Liib-
HUM JE€MOKPAaTUYHUH, TpaHCHOpMaLiiHuid ab0 OLIBII AUPEKTHB-
HUH CTUJIB JTiJEPCTBA.

CrpyKTypa KOMaHII{ TaKOX BiIIrpae KIIOUYOBY POIb. 3aJ€KHO
Bifl IOCBi/ly, aBBTOHOMHOCTI Ta OpraHi3auiiinoi moOy10BH KOMaH/IH,
3MIHIOIOTBCS BUMOTH IO JIiJiepa: BiJl HOTPEOH B YITKUX IHCTPYKIIAX
1 KOHTPOII — JI0 IOBipH, JENIeTYBaHHS MOBHOBAXEHB 1 MiATPUMKH
PO3BUTKY yYaCHHKIB.

Kynerypa oprani3arii BUsHaqae 04iKyBaHHs 0RO POJIi Jiinepa
(Bayer et al., 2020). Y cepenoBuili 3 iepapXiqHOIO CTPYKTYPOIO J0-
MIHYIOTh (pOpMaJIi30BaHi MiIXOAH, TOMI K B iHHOBALIHHKUX 91 My-
JIBTHKYJIBTYPHUX KOMIIaHisIX OLIbIIIe 3HAYCHHSI MAIOTh BiIKPUTICTh,
aJIANTUBHICTh Ta EMOLIMHUI IHTENEKT KepiBHUKA.

Ille ogHUM BayKJIMBUM acIIeKTOM € POJIb Bi3yaJbHHX KOMYHi-
KaTHBHHX 3ac00iB, 30KpeMa KOMIKCIiB, y (opMyBaHHI opraHizamiii-
HOT KynbTypH. CydacHi MeiaiHCTpyMEHTH MOXYThb OyTH eeKTHB-
HUMH KaHAJIAMHU TPAHCIIAIIT Ji IEpChKUX [IIHHOCTEH 1 TIOBEIIHKOBHX
HopM. Take Bi3yasbHe 3aKpiIUIEHHs KyJIBTYpH KOMaHIH HiATPUMY€
CTaOUIBHICTh Y MPOEKTHOMY CEPEIOBHIIN, JIC JIiZIep BUKOHYE POJb
HOCISt CIUILHOrO OaueHHS ¥ MEHTaJbHOI MOJENl B3AEMOJIL
(Hudoshnyk & Krupskyi, 2023).

Crapist peajtizallii mpoeKTy 3yMOBITIOE 3MiHY JIIIEPCHKUX CTpa-
Teriil ynpomoBxk RKUTTEBOro LUKy Ha moyaTkoBux eramax HEoO-
XiJTHa YITKICTh 1 KOHTPOJIb, Y IPOILECi BUKOHAHHA — €()EKTHBHA KO-
MYHIKaIlisl Ta MOTHBAIIisI, 8 Ha 3aBEPIICHHI — 3aTHICTh 10 aHAIIi3Y,
TIOUTTS MiICYMKIB 1 BU3HAHHS PE3yIIBTaTiB KOMaH IH.

o6 cucTemarm3yBary 3a3HaveHi (akTOpH Ta iX BIUIHB Ha
YIPaBITiHCHKI MIIXOMH, y TaONMHIli 2 HaBEIEHO y3arajJbHEeHY MOpPiB-
HSUTbHY XapaKTEePHCTHKY KIIIOYOBUX 3MIHHHX, 110 (hOPMYIOTH BUOIp
JIiIepCHKOi MOZIENI B MIPOEKTHOMY KOHTEKCTI.

Tabauus 2 — B3aemo3B’s130k Mizk cyyacHumu pakropamMu
NPOEKTHOI'O cepeoBHUIA Ta BUOOPOM JliiepchbKoi Mojieti
([Ixepesio: po3pod1eHO aBTOpPaMH)

daxTop Kurouosi xapakrepuc- Hacuinku 1015 BuUGopy Jii-
THKH JiepchKoi Moei

Tun npoekty Busnauae piBeHb ckiiaj- BrmBae Ha JOIUTBHICTB 3a-
HOCTI, HEOOXIZHICTB y ~ CTOCYBAHHS I€MOKpaTHd-
THYYKOCTi 200 MpOLIery- HOTO, TpaHchopMaIiiHOro
PHOCTI, IHHOBAIIHHICTb 200 TMPEKTUBHOTO CTHJIIO

Crpykrypa ko-  Bapitoetsest 3a tocBi-  OOyMOBIIIOE TOTpeOy B UiT-

MaHIA JIOM, aBTOHOMHICTIO, KHX IHCTPYKIUSX, JeJery-

(hopmaJti3oBaHICTIO BHY- BaHHI, HACTaBHHIITBI a00 po-

TPILIHIX B3a€MOIIN 3BUTKY

3anexunTh Bif iepapxid- DopMye odiKyBaHHS IIOJI0

HOCTI, BIIKPUTOCTI 0  CTHJIIO YNPABIIHHS, PIBHS

3MiH, MYIBTHKYJIBTYP-  BIIKPUTOCTI, EMOIiiHOI y-

HOTO CepeJIOBHIIA TIIMBOCTI

IniniroBanHs, peaniza- BusHauae 3MiHY aKIEHTIB y

11is1, 3aBePLICHHS JIJEPCTBI: Bii KOHTPOIIO 110
KoopaMHalii Ta peduekcii

Opranizaniiiza
KyJBTypa

Crapist )XuTTe-
BOTO LIUKITY
TPOEKTY

Taxe y3arajabHEHHS JO3BOJISIE BHOKPEMHUTH HE JIUIIE KITFOYOBI
napameTpHy, 110 BIUTMBAIOTh HA CTHITICTHYHY MOBEAIHKY Jijiepa, a i
BCTAHOBHUTH JIOTIUHI 3B’SI3KH MK YNPaBIiHCbKUM KOHTEKCTOM Ta
HOBEIIHKOBUMH OYiKyBaHHSIMH Bil kepiBHUKA. Takuit aHamiTHIHHUI
IHCTPYMEHT cripusie (pOpMyBaHHIO IUTICHOTO MIIXOMy IO BHOOpY
e(eKTUBHOI JTiIepChKOT MOJIENTi, 3aJIe)KHO BiJl BHYTPILIHIX i 30BHi-
IIHIX YMOB peai3allii MPOEKTY, Ta MOXKE CIYT'yBaTH OCHOBOIO JUTS
PO3pOOKH aIANITUBHUX YIPABIIHCBKHUX CTpATEriil.
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Y cydacHOMY CepeOBHII POEKTHOI AisSUITBHOCTI JIIEpH CTHU-
KafOThCS 3 YHCICHHUMH BHKJIMKAMH, 1[0 BUMAraroTh THYYKOCTI,
CTPATEriyHOTO MUCJIEHHS Ta PO3BUTKY HOBHX KOMIICTCHTHOCTEH.
Kitacuasi mixoam 1o ynpaBIiHHS OUTbIIE HEe TapaHTyIOTh YCIIXY B
YMOBaX BHCOKOI TypOy/IeHTHOCTI, TEXHOJIOTIYHUX 3PYIICHb i TpaH-
cdopmarnii poboIoro MpocTopy.

PoGora B ymoBax VUCA-cepenosuina (volatility, uncertainty,
complexity, ambiguity) BUMarae Bif Jiiepa He JIHIIe IBUAKOI asia-
NTawii 10 3MiH, a i yMiHHS IpUHMAaTH pillieHHs B yMOBaX HEBH3HA-
YeHOCTi. 37aTHicTh 30epirath OaueHHS 1 HalaBaTu KOMaHl YiTKUH
HAIpsSIMOK PO3BHUTKY, KOJIM 30BHILIHI 0OCTaBHHU MOCTiI{HO 3MiHIO-
IOTBCS, CTajla KPUTHYHO BXKJIMBOIO. BinnaneHe ympaBniHHS Ta Bi-
PTyalbHi KOMaHAN CTAJIHd HOBOK HOPMOIO, IO 3MiHMJIA CIIOCOOH
KOMYHIKallii, JeieryBaHHs Ta KOHTpouo. Jlinepu Oinbiie He Mo-
KyTh TOKIAJATUCA JUIIe Ha (i3HYHy MPUCYTHICTH 1 crocTepe-
JKEHHS — HaTOMICTh 3pOCTa€ MoTpeda y po3BUTKY IIU(POBUX HABU-
YOK, JDOBIpH B KOMaHIi, 37aTHOCTI MiATPUMYBAaTH MOTHBAILIO Ta
e(heKTUBHO YIPABILSITH pe3y/IbTaTaMH Ha BiICTaHI.

IcTopuyHO B ympaBimiHHI HepeBaXkajld aBTOPUTAPHI MOJETMI,
OpIEHTOBaHI Ha KOPCTKY i€papXiro Ta LEHTPATi30BaHUI KOHTPOIIb.
3ronoM BUHUKIIM JEMOKPATUYHI Ta JTibepaibHi CTHII, 0 mependa-
Yayy OUTBII THYYKe CTaBJICHHS [0 YYACHHUKIB IPOIIECY Ta IXHIO aK-
TUBHY y4YacTh y MPHUHATTI pimieHsb. [IpoTe croromHi Ha mepumit
IUIaH BHXOJITh HOBITHI MOJeENi JJepcTBa — TpaHcdopMamiiiHa,
aJIalITHBHA, CEPBiCHA — SIKi CIIPSIMOBAHI Ha i ATPUMKY KOMaH/IH, PO-
3BUTOK HOTEHI[iaTy KOKHOTO YYacHHKaA Ta JOCSTHEHHS CUHEpril B
KOMaHJHIi poOOTi.

ABTOpUTapHE JIiIEPCTBO — CHCTEMa YIIPaBIIiHH, 3 K0T Jinep
CaMOCTiiTHO TpHuiiMae BCi pillieHHs, Oepe Ha ceOe BiAMOBIIANBHICTh
3a MOXKJIMBI HACIIJKM IUX pillleHb. ABTOPUTAPHUH JIiiep XapaKTe-
PH3YETBCS BiNIOBITHAM KOPCTKUM CTHJIEM YIIPABIIHHS, TOMiHY-
BaHHSM [IPOLEAYP KOHTPOJIIO, BUKOPUCTaHHIM MOOLTi3aliifHIX Me-
xanizmiB (Dunbar, 2024; Lonati & Van Vugt, 2024). ABropurapHuit
CTHWJIb 3a3BIYal IEMOHCTPY€E HETIOTaHi Pe3yJIbTaTH B IIPOEKTax 3 Ui-
TKO CTPYKTYpPOBaHMMH 3aBIAHHSMH Ta OOMEKECHHMH TEpMiHAMH,
0co0mBo y cdepi BUpOOHHMIITBA, Oy/IIBHUITBA Y1 BifICBKOBHX PO3-
POOOK. 3aBISKY IIEHTPANII30BaHOMY MPUHHATTIO PIllICHb BIAETHCS
OTIEPaTHBHO pearyBary Ha mpoOJieMH, YHUKAaTH HEMOTPIOHNX HC-
Kyciit Ta moTpuMyBaruchk rpadika. BomHouac, TprBane BHKOpHC-
TaHHS [HOTO CTHJIIO YACTO BUKJIMKAE BUTOPAHHSI MPAI[iBHUKIB, 3HU-
JKEHHS 1HII[IaTHBY Ta BiZICYTHICTh THYYKOCTI, [0 B KPUTHYHUAX MO-
MEHTaxX MOXKE 3HU3UTH SKICTb PE3yJIbTaTy.

JleMOKpaTHYHWI CTHIIb JTEpCTBa Iependadae akTHBHY Yd-
acTh KOMaHI B 00rOBOPEHHI Ba)KJIMBUX NIUTAHB 1 CITTBHOMY TIPHH-
HatTi pimess (Imran et al., 2025). KepiBHUK y TakoMy CTWII He
HaB’sI3y€ CBOIO IyMKY, a HaBIIAKH — 3a0X04Y€ IMiJUICIIINX BUCIIOBITIO-
BaTH BJIACHY MO3UIIiI0, TUTUTHCS 3 HUIMU OBHOBAKEHHSAMH i ITi/T-
puMye iHimiaTuBHICTh. OCTaTOYHE PIillIeHHs, SK MPABIIIO, YXBAJIO-
€THCS JIUIIIE TTiCIIs BpaxyBaHHS JyMOK YCiX y4aCHUKIB mporiecy. Je-
MOKPaTUYHHUN CTUIIB CIIPUSIE BUCOKIH 3aTydeHOCTI KOMaH/H, TTOJIII-
[IEHHIO BHYTPIIIHBOi KOMYHIKalii Ta THY9KOMY pPO3B’s3aHHIO 3a-
naq. Y TpOEKTax, e MOTPiOHA KPeaTHBHICTh a0 MOCTiiHA afanTa-
Iisl 10 3MiH (HampuKia[g, y MapKeTHHTOBHX Kammadisx, [T-cra-
pranax, HayKoBHX AOCTI/PKEHHSIX ), IIeH Mi/IXi/l JEMOHCTPY€E BUCOKY
e(eKTHBHICTh. X04ua PU3MK 3aTATYBaHHs yXBAJICHHS PIllICHb €, Y-
acTh yCiX yYaCHHUKIB y TUTaHyBaHHI i peasi3arii 103BoOIsIE T0CATTH
O1JIb11 30a7aHCOBAHOTO i CTIHKOTO Pe3yJIbTary.

JliGepanbHuil cTHIIb JliAepcTBa nependadae BUCOKY CTYIHb
CaMOCTIHHOCTI TS MiAJIENINX, SIKAM HaJaeThesi CBOOOA B yXBa-
JICHHI PillIeHb | BUKOHAHHI 3aBJaHb, TOAI K KEPiBHUK O0OMEXY€ThCS
3araJbHIMH BKa3iBKaMH Ta MEPIOANIHIM KOHTPOJIEM 32 MPOIIECOM
po6otu (Krasniqi & Hajdari, 2024). JlibepabHuii cTIIb MOXeE OyTH
YCHIIIHUM Yy KOMaH/IaX, /I¢ KOXKEH WICH Mae BUCOKUH PiBEeHb Ipo-
¢eciitHol aBTOHOMIT Ta MOTHBaLi. Hanpuknan, y BUTbHUX TBOPYHX
KOJIGKTUBAX, JOCITIAHHUIBKHAX Jaboparopisx abo cepen (axiBIiiB-
¢pinaHcepiB. Y Takux yMOBax BiJICYTHICTb JKOPCTKOTO KOHTPOJIIO
JIO3BOJISIE PO3KPHUTH MOTEHIA MPAIiBHUKIB, OMHAK 3a CJIA0KOI ca-
MOIMCUHMILTIHU [eil CTHIIb MOXE MPHU3BECTH /10 PO3()OKyCyBaHHS,
3HIDKEHHSI TIPOJIyKTHBHOCTI Ta 3aTPUMOK Y BUKOHAHHI 3a/1a4.

CydacHi MIX0Au 10 JiAepcTBa 3MIILYIOThCS B OiK Mojened,
OpIEHTOBAaHMX Ha JIFOJCH Ta KOMaH/Ty, BIIXOISYHU BiJl TpaIULiiHUAX
iepapxiuaux cTpykTyp (Jayanagara, 2024). Tenep Bix minepis odi-
KY€EThCSl 30CEpEIDKEHHS Ha CIIBIIpami, KOMyHIKamii Ta CHPHSHHI

THHOBAIIISIM JUTS [T IBUIICHHS ¢()eKTUBHOCTI KOMAH[IH Ta YCIIiXy Op-
ramizauii (Unal, 2022; Byczyk, 2024). TTigkpecoeTsest BaxIm-
BICTh €MOILIIHHOTO iHTEJICKTY Ta aJanTalii 10 3MiHHUX MOTpeO CIIiB-
poOiTHHKIB, TakMX SIK THy4kuil rpadik pobdotu (Sony & Mekoth,
2016). Teopist eMepIHKEHTHOTO KOMaHIHOTO JIAEPCTBA IPHITYCKAE,
110 CHPHIHATTS JIiIEPCTBA WICHAMU KOMaH/M CyTTEBO BIUIMBAE Ha
TXHIO MOTHBALIIO, JIOSUTHHICTH Ta pe3ynsraTuBHicTh (Ribbens et al.,
2024). Jligepctro micas COVID BuMarae yBaru 10 Takux IMHUTaHb,
SIK TIpodeciiiHe BUTOpaHHsI CHiBPOOITHUKIB Ta GamaHc Mix pobo-
Tot0 Ta ocobucTuM xkutTaM (Krupskyi et al., 2022). EdexruBHi cy-
YacHi JIiIepy BUKOPUCTOBYIOTh TaKi HABUYKH, SIK CHIBIpAIld, KOy-
YUHI, Ky/IbTypHE (OpMyBaHHS, HaBYaHHS Ta PO3LIN-PEHHS MPaB i
MOXXJIMBOCTEH, 00 MiZABUIIUTH 3aTy4YeHICTh Ta MPOLYKTHUBHICTH
cniBpoOiTHUKIB (Zada, 2022). L1i migxoau 10 JiaepcTBa, M0 PO3BU-
BAIOThCS, BAMATatOTh MOCTIHHOTO BIOCKOHAJICHHS HABYaHHS Ta PO-
3BUTKY JIISPCHKHUX SKOCTEW ISl BHUPIIICHHS BHKIUKIB LH(POBOI
SKOHOMIKH Ta 3MiH y JuHaMini pobodoro micus (Makedon et al.,
2022).

B yMoBax yckiIamHEeHHs YIPaBIiHCHKOTO CEpeloBHINA Jeai
BaKJIMBIILIMM CTa€ iHTErpyBaHHS EMOLIIHHOTO IHTEJIEKTY 3 TEXHOJIO-
TYHOIO THYYKICTIO B JIiIepchKil mpaktuii. OcoOiBoi akTyarbHO-
cTi HabyBae po3ymiHHs B3aemoyii Mk EI (emotional intelligence) i
Al (artificial intelligence) sik KJIFOYOBOTO YMHHUKA TpaHC(hOpMAil
nminepcTBa B udpoBy enoxy. Takwmit miaxin 3abe3nedye aJanTHB-
HICTb, IHHOBaLiIHICTD i e)eKTHBHY KOMYHIKaI[if0 B yMOBax riOpu-
JTHOTO Ta quHaMivHoro cepenopuina (Vivek & Krupskyi, 2024a).

3MIiHM B MOTHMBAUIfHUX MiIXOaX TaKOX BHMararoTh Iepe-
OCMHCIICHHS poili KepiBHUKA. CydacHi NpaIliBHUKN OYIKYIOTh HE
nie (iHaHCOBOTO CTHMYJIIOBaHHS, a i BU3HAHHS, PO3BUTKY, aBTO-
HOMIT Ta y4acTi B IpUHHATTI pimeHs. Emmariiine migepcTBo, cTBo-
PEHHS COPUATINBOTO MIKPOKJIIMATy B KOMaHI1, MiATPUMKa 0COOH-
CTHX LiJIeH i THYYKUX YMOB IIPALli CTajH BOKIMBHMH €IIEMEHTaMH
e(EKTHBHOTO YIPABIIHHS

[Notpeba B MKIUCHUITTIHAPHAX HABHYKAX BHCYBAa€ HOBI BU-
MOTH JI0 JIiiepa SK A0 iHTerparopa pisHUX 3HaHb, KYJIETYp Ta Mil-
XOZiB. YIpaBJiHHS KOMaH/IO0, 10 CKIAaA€ThCs 3 (haxiBLiB pi3HUX
rajy3eii, BUMarae Bif JliJiepa CHCTEeMHOTO MUCIICHHS, KOMYyHiKaIlii-
HO1 THYYKOCTi Ta 3IaTHOCTI MPAIFOBAaTH B YMOBaX 0araToBEeKTOPHO-
cti. Taki HABUYKH, SIK EMOIIIITHIUI 1HTEIEKT, KpUTHYHE MUCICHHS Ta
KyJBTypHA Yy TJIMBICTh, HAOyBaroTh Bce Oibmoro 3HaveHHs (Imam
& Zaheer, 2021).

3 omsiy Ha BHKJIaZIeHe, O4EBUIHO, IO CyYacHHUH JIiaep Mpoe-
KTHOT KOMaH ! TIOBUHEH BOJIOJITH HE JIMIIIE TEXHIYHUMH 3HAaHHSIMU
B TaTy31 yIIPaBIiHHS, a i IIMPOKUM CIIEKTPOM ITOBEIiHKOBUX, EMO-
LifHUX 1 KOMYHIKaTHBHIX KOMIIETeHTHOCTeH. KokeH 3 okpecieHnx
BUKJIMKIB BUMAarae BilMOBITHOT YIPaBIiHCHKOI PEaKilii, o TpaHc-
(dopmye pornb JTifepa 3 agMiHICTpaTopa y CTpaTeridyHoro Mojepa-
Topa 3MiH. Y Tabmuili 3 cHCTeMaTH30BaHO OCHOBHI 30BHIIIIHI BH-
KJIMKH, XapaKTepHi I MPOEKTHOTO CEePEeOBHINA, a TAKOK HaBe-
JICHO KJIFOYOBI BUMOTH JI0 Cy4acCHOTO JIifiepa, sIKi 3yMOBIIIOIOTB HOro
3[aTHICTB 3a0e3MeYnTH e()eKTHBHICT YNPaBIiHCBKOTO TPOLECy B
yMoBax OararoakTopHoO{ CKIaaHOCTI.

Hagenena ta0nuiis penpe3eHTye crpoly KOHIENTyasli3yBaTH
B32€MO3B 530K MK BHKJIMKaMH 30BHIIIHBOTO CEPEIOBHUIIA Ta Bijl-
HOBIZIHUMH YIPABIiHCBKUMH BUMOT'aMH IO JIJiepa MPOEKTHOI KO-
MaHzau. Takuii Miaxiz A03BOJISIE HE JIMIIE CTPYKTYPYBaTH CKIIAHY
PEaNbHICTh MPOEKTHOTO YNPABIiHHA, @ ¥ OKPECIUTH MPaKTHYHI
OpIEHTHPH [UTSI PO3BUTKY Jiiiepchkux KomnereHtHoctell y VUCA-
KoHTeKCTi. Tabnuus BUKOHY€E (yHKIIIO aHATITHYHOI MaTPHIL, 110
IHTErpye eMITipUYHi CIIOCTEPEKECHHS Ta y3araJbHeHHs aKTYalbHUX
YIPaBIIiHCHKHUX MPAKTHK. BOHA TaK0Xk MOXKE CIIYTyBaTH METOOJIO-
TiYHOK0 OCHOBOIO TS IOJAJIBIINX JOCIIPKEHb, 30KpeMa B 4aCTHHI
oreparioHai3amnii HaBU4OK, KPUTHYHO HEOOXITHUX IS e(heKTHB-
HOTO KePiBHHIITBA IPOEKTAMH B yMOBaX HEBU3HAYECHOCTI, IIU(PPOBI-
3arii Ta MK TUCIUIDTIHAPHOT B3aEMO]III.

OkpeMy yBary 3acilyroBy€e MHUTaHHS CUTYaTHBHOI e()eKTHBHO-
CTi THYYKHX JiIepchbKux Mozeneid. [IpakTika JoBOAHTb, IO aall-
THBHE 3aCTOCYBAHHS KiJIbKOX CTHIIIB JIZEPCTBA B MEXaX OIHOTO
MIPOEKTY, 3 YpaXyBaHHIM 3MiHU BHYTPIIIHIX 1 30BHIIIIHIX YMOB, ITi-
JIBUIIY€E HE JIMIIE MPOAYKTHBHICTh, a i KOMaHIHY CTiHKiCTB IO
CTpecy, HeBU3HAYEHOCTI Ta 3MIIMIAHUX YIPABIiHCHKUX (DopMariB.
Hanpukinan, noegHaHHsS KOYYHHTOBOTO MIJXOMYy Ha eTami GpopMy-
BaHHSA KOMaH[IH 3 TpaHC(OpMAIiHUM cTieM y ¢a3i aKTHBHOTO
PO3BHUTKY [O3BOJIIE OJHOYACHO 3a0€3MEUMTH OCOOMCTICHE 3pOc-
TaHHI YYaCHHKIB i cTpaTeriuHe OadeHHsI LijIeil.



Challenges and Issues of Modern Science

2025, Vol. 4, No. 1

113

Taomuus 3 —KirouoBi ynHHEKY e(peKTHBHOCTI Jijgepa B yMoBax
TpaHcOpMaLiiHOr0 NPOEKTHOTO YIPABIiHHSA

([xepenio: po3podiieH0 aBTOPaMHU)

Buximnk

XapakTrepuc-
THKA BUKJIHKY

KorouoBa ynpas-

JIiHCBbKA BUMOTa
110 Jigepa

OuikyBanuii
edexT

Bucoka quHamika
30BHIIIHBOTO Ce-

Yacri 3MiHH B HO-
PMaTHBHO-IPABO-

AIaNTHBHICTD,
3[aTHICTh IPUH-

I'nyuxe ynpas-
JHHS pecypcamMu

penoBuma BHIX, PHHKOBHX Ta MaTH PIICHHSA B Ta LIBHIKE peary-
TEXHOJNOTIYHUX ~ yMOBaX HEBU3HA- BaHHS
yMOBax YEHOCTI
Jucranuiiina ado 3umwkeHHs edek- EdexruBaa nud- Iliarpumka ko-
ribpunHa opMa THUBHOCTI KOMyHI- poBa KOMyHiKa-  MaHIHOI €IHOCTI
pobotu Kalil, BTpara He- 1Iisl, EMIIaTis, M- i OPOIyKTHBHO-
(hopmambHIX TpUMKa 3TypTOBa- CTi
3B’5I3KiB HOCTI
TexHonoriyaa Buxopucranas — TexxoxommereHT- [linBuieHHs

CKJIAJIHICTB MTPOE-
KTiB

HoBuX IT-mmar-
hopm, iHCTpYME-
uris 1, aBTOMa-
TH3ALsA

HicTb, UdpoBa
IPaMOTHICT, 31a-
THICTb IHTEIpy-
BaTH IHHOBAIL]

e(peKTHUBHOCTI pe-
aytizalii MpoeKTiB

Icuxomoriune  Bucokwuii piBens  Emoniiinuii inTe- 30epeskeHHS MO-
BHCHa)KCHHS IIpa- CTPECY, EMOLIIHHE JIEKT, yBXKHICTh ~ THBAMil Ta 3HH-
LiBHHKIB BUTOPAHHS 10 GMaromnonyyus KEHHsI PUHKY
KOMaH/II BTpar NepCOHATY
Bumora 10 iHHO- HeoOxinHicTh JlinepctBo, mo  I'eHepartist HOBUX
BaLiHHOCTI KPEaTHBHHUX IIi/I- CTUMYIIIOE TBOP-  iIeH, KOHKypeH-
XOZIiB /IO BUPi- YiCTh, JOBIpa 0 TOCIPOMOYKHICTH
LICHHS POOJIeM  1HII[IaTUBY WICHIB MPOEKTY
KOMaH/II
KynetypHe pi3Ho- YuacTs npeactas- KpockynsTypHa — YHHKHEHHS KOH-

MAHITTSI KOMaH/I{ (uTiKTIB 1 MaKCH-
Mi3arist TOTEHIi-

Ty pi3HOMAaHITTS

HUKIB 3 Di3HUM  KOMIIETEHTHICTb,
npodeciiHiM,  TOJNCPAHTHICTS,
HalliOHATILHUM Y1 BIIKPUTICTh
BIKOBUM OeKrpay-

HJIOM

Binpme Toro, B ymoBax iHTeHCHBHOI I(poBi3aLii ynpapiiH-
CBKHX IIPOLECiB, €PEeKTHBHI JIAEPH CTAIOTh NOCEPEIHUKAMHU MK
JIFONICBKUMH  I[IHHOCTSIMH Ta aJTOPUTMIYHAMHU 1HCTPYMEHTaMH,
BMiJIO BUKOPHCTOBYr0uM MoximBocti LI ns ontumizanii ynpas-
JIHCBKUX pillleHb, HE BTPA4YalOYd IPH [[bOMY €THYHOI CKJIaJ0BOT
B3aemoii. Ile MokHa po3mIsaaTu sk TpaHcGOpMaIliro camoro mo-
HATTS JACPCTBA — Bijl yNpaBiiHHA 10 dacumitanii i Moaepariii ko-
nekTuBHOTO iHTeNekTy B mpoekTax (Vivek & Krupskyi, 2024a).

Cucremarusailisi yIpaBIiHCHKHX BUKJIHKIB 1 BIIMOBiACH Ha
HHX IIKpeciTIoe MoTpedy y MOCTIHOMY BIOCKOHAJICHHI yIpaBili-
HCBKOI KyJBTYypHU B Oprasizauisx. ['Hydke nifepcTBo norpelye He
JIMILE 3MIHM CTHITIO, @ I TIEPEOCMUCIICHHS POJTi KepiBHHKA SIK HOCIS
CMiNBHOTO OaueHHsl, (acuiliTaTopa rpyrnoBHX MPOLECIB 1 KyIbTyp-
HOTO iHTerparopa.

[Tinrororka jiaepiB MOBUHHA BKJIFOUATH MOJICII HABYAHHS, 1110
JIO3BOJISIIOT BiJNIPallbOBYBaTH KOMOIHOBaHI CTHII YIPaBIiHHSA Y
3MIHHHUX KOHTeKcTaX. Lle mepenbavae TpeHiHTH 31 CLIEHAPHOTO MO-
JIeTTFOBaHHS, PO3BUTOK EMOLIIIHOI YyTIIMBOCTI Ta BUBYEHHS KEHCiB
3 MIPOEKTHOT NPAKTHKH. YTIPOBAKEHHS TAKOTO MiZXOAy JO3BOJIHTH
chopMyBarH JIiiepiB HOBOTO THITY — CTPaTeriyHO MUCIISTYNX, €TU-
YHO OPIEHTOBAHHX i THYYKO a/[alTHBHHX.

BUCHOBKM

V pesynbrari MpOBEAEHOTO NOCIIPKEHHs Oylo KOHLENTya-
JIBHO OOTPYHTOBAHO JIOLLIBHICTh 3aCTOCYBaHHS THYYKHX MOJETel
JIepcTBa B yIPaBIiHHI TPOEKTHUMK KOMaHIaMH B YMOBaX BHCOKOT
JMHAMIKK Ta HeBH3Ha4eHOCTI. [IpoaHali3oBaHO €BOJIIOLIIIO yIIpaB-

References

JIHCHKHX MiIXO/IB 1 CHCTEMATH30BaHO JIiICPChKI CTHII, IO IEMOH-
CTPYIOTh HAHOLIBIIY peJIeBAaHTHICTD JI0 CY4acHOTO MPOEKTHOTO Ce-
penoBuIia — TpaHCOpMamiiiHe, KOydHHIOBE, CEpBICHE, CHTya-
1iifHe, CIUTLHE Ta PO3MOJIIICHE JIiIEPCTRO.

BcranoBieHo, 10 eeKTUBHE yIIPaBIIiHHS MPOEKTAMH ITOTpe-
Oye He (HIKCOBAaHOTO CTHITIO, a 3IATHOCTI JIiZiepa a/IalTyBaTH CBOIO
MOBEJIIHKY JI0 TUITY IPOEKTY, CTPYKTYPH KOMaHIH, CTail peaizarii
# oprasizamiiHOTo KoHTeKkcTy. Came CHTyaTHBHE KOMOIHYBaHHS
cTuiB 3a0e3Meuye THydKe pearyBaHHs Ha BUKJIMKU Ta CIpusie $po-
PMyBaHHIO CTIiHMKOI, 3TypTOBaHOI Ta Pe3yJIbTaTUBHOI KOMaH/H.

Oco0mBoi akTyanbHOCTI Ha0yBa€e iHTETpalis eMOLIIHOTO iH-
TEJICKTY Ta IU(POBOI TPAaMOTHOCTI B JAEPCHKY MPAKTHKY, 110 J10-
3BOJIsIE e(peKTUBHO (PYHKIIIOHYBaTH B yMOBaX riOpHAHOI poOOTH,
IUCTAHIIHHOTO KEPIBHULTBA W MDKIUCHHIUTIHAPHOI B3aeMOMIl.
3MiHa 04iKyBaHb 3 OOKY MpaIiBHHUKIB, IIOCHIEHHS 3HAYYIIOCTI Me-
HTaJIBHOTO OJaromnoiyyus, a TakoX NoTpeda B iIHHOBALAX TpaHC-
(OpPMYIOTH pOJIb KEPIBHHUKA 3 aIMiHICTpaTopa y CTpaTeridyHoro ¢a-
CHJIITaTopa 3MiH.

IpakTu4He 3Ha4YCHHS JOCHIDKEHHS TOJArae B TOMY, IO 3a-
MIPOTIOHOBAHA THIIOJOTIS JIIEPCHKUX MOJIEIIEH 1 MaTPHIL BiIIOBI -
HOCTI YIPaBIIHCBKUX CTPATerii KOHTEKCTHUM YHHHHUKAM MOXYTb
OyTH BUKOPHUCTaHI SIK IHCTPYMEHT JUIsl CAMOZIiarHOCTHKH YIIPaBIIiH-
CBHKHX IPAKTHK, PO3POOKH HABYAJIBHHX IIPOrPaM Ta BIOCKOHAJICHHS
CHCTEM IATOTOBKH JIiJePiB MPOEKTHUX KOMAHI.

IMonab1wi 1ociKeHHS JOUUTBHO CIIPSMYBAaTH Ha eMITIPHYHY
NIepeBIPKyY e(eKTUBHOCTI THYUKOTO JIIEPCTBA Y PI3HHUX TaIy3sX Ta
CepeIoBHIIAX, 30KpeMa B YMOBaxX IU(POBUX EKOCHCTEM, MYJIBTH-
KyJIBTYpHHUX OpraHi3aliif i BACOKOTEXHOJIOTIYHNX cTapTariB. Takox
MIEPCIIEKTUBHUM HAIIPSIMOM € aHaJli3 BIUIMBY OpraHi3aliiHol Kyib-
Typu, piBHs IHHOBALIHHOCTI Ta eTarry nudpoBoi TpaHchopmanii Ha
BHUOIp JTiAEPCHKOTO CTUIIIO B IIPOEKTHOMY YIIPaBIiHHI.

O6mexxeHHA pocnigKeHHA

[Nonpu HayKoBY IIIHHICTH 1 MPAKTUYHY CHPSMOBaHICTh OTPH-
MaHHUX Pe3yJbTaTiB, TOCTIIKEHHS Ma€ HU3KY OOMEXEHb, SIKi BapTO
BPAXOBYBATH IIPHU IHTEPIIPETAIlii BHCHOBKIB Ta IUIAHYBaHHI ITOAATb-
[IUX HAYKOBHUX PO3BIJIOK.

Hacammepen, mociimKkeHHsI Ma€ KOHIENITyalbHAN XapakTep i
HE BKJIFOYA€ EMITIPHYHOTO aHajli3y. Y3arajlbHEeHHs MOOylOBaHI Ha
TEOPETUIHOMY aHaIi31 JIiTeparypy, CHCTeMAaTn3allii iCHyI0UYnuX MO-
JIeTIe JIiIepCcTBa Ta JIOTIKO-aHAIITHYHOMY 3iCTaBJIeHHI YIIPaBIIiHCh-
KHX CUTYAaIl i3 BiIOBITHUMH CTHIIIMHE. L{e 00MeKye MOJKITUBICTD
TIEPEeBIPKH TIMOTE3 HA MPAKTHII Ta BUMArae MoqajblIol onepario-
HaJTi3aii 3arporoHOBaHUX MiIXOIIB Y IPUKJIAIHUX JOCTI [PKSHHSIX.

[Mo-nmpyre, reorpadiuHumii i ray3eBHii KOHTEKCT He OyB YiTKO
mudepeHtiioBanuii. Mozerni iziepcTsa, 0 aHasi3yBaIucs, 31e0i-
JIBLIOTO y3arajibHEeHi i He BPaXxOBYIOTh CIIEIH(IKy OKPEMHX CEKTO-
piB (HampukIag, OXOpoHH 310poB’s, IT, neprkaBHOTO ynpaBiiHHS)
ab0 KyJIETypHUX 0COONMBOCTEN KpaiH, Je (GyHKI[IOHYIOTh IPOEKTHI
xomaHau. Lle cTBoproe MOTEHUIHUI BUKIIMK 11 yHIBEpCaIbHOTO
3acTOCYBaHHS CHOPMYIILOBAHUX PEKOMEH IALLiM.

[Mo-Tpere, iHTEpaKTUBHUI BUMIp JiAEPCTBA, 30KpEMa B3aEMO-
JTist MK JTZICpOM 1 YJICHAMH KOMaHH B PeaIbHOMY Yaci, OyB Mpo-
aHaJTi30BaHMUi JIMILIE OTIOCepeIKOBaHO. Y po0OTi HE PO3IISAAIICS
(axTopu, OB’ s13aHi 3 M>KOCOOHUCTICHOIO JAMHAMIKOFO, BIUTUBOM Xa-
pu3MH, MiKpokITiMary abo He()OpMaBHOTO JIiIEPCTBa, SIKi MOXKYTh
CYTTEBO BILUIMBATH Ha €()EKTHBHICTH KOMaHAHOI B3a€MOJIii.
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3yJIETaTUBHICT MPOEKTIB. BiICyTHICTH METPUK a00 CTAaTUCTUYHHUX
MoJIeNeil poOUTh aHalli3 KOPHCHUM IEPEeIyCiM SIK METOIOJIOTIIHY
Ta CTPATETiuyHy OCHOBY JUIS MMOAAJBIINX EMITIPIYHUX POOIT.
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IHTerpauia eMmouUinHOro iHTeneKTy Ta
HeMpornCcuxXosnoriyHuxX nigxoais y Kpu3oBum
MeHe>KXMEeHT OCBITM

IOnis CraposBa

Purpose. Theoretical substantiation and practical modeling of the integration of psychological resources of
emotional intelligence and neuro-approaches into the crisis management system in education. The focus is on
identifying effective tools to support participants in the educational process under conditions of social instability,
war, emotional exhaustion, and professional burnout. Design / Method / Approach. Interdisciplinary study
combining psychological analysis, conceptual modeling, systemic educational management, teacher surveys, and
systemic intervention modeling. Findings. The research substantiates integrating emotional intelligence (for
psycho-emotional stability) and neuropractices (for internal resource activation) into educational crisis
management. A proposed model integrates cognitive-emotional regulation, body-oriented techniques, and
reflective practice for a safe educational environment. Theoretical contribution. Clarifies educational crisis
management framework, expands emotional intelligence use as systemic psycho-pedagogical support, and
reveals neuropsychological practices' potential in regulating educator stress responses. Practical implications.
Results applicable for educational managers, tutors, and teacher professional development. Tools help reduce
emotional burnout, increase stress resilience, and enhance crisis decision-making. Originality / Value. Innovative
integration of psychological and neuropsychological tools into educational management. Uniquely presents
emotional intelligence as a strategic resource for educational management under crisis. Research limitations /
Future research. Applied study, limited by small pilot sample and short observation period. Future research: long-
term assessment, model scaling, adaptation across diverse educational institutions. Type of article. Applied
Research.

Keywords:

emotional intelligence, crisis management, education, neuropractices, psychological support, emotional self-
regulation

MeTa. TeopeTnyHe 0Or'pyHTyBaHHSA Ta NpakTUYHE MOAEMIOBAHHSA iHTErpaLii NCMXOMNOoriYHMX pecypciB eMOLiHOMo
iHTENEeKTY 1N HeWponigxodiB y CUCTEMY KPU3OBOrO MEHEOXMEHTY B OCBIiTi. POKYC — MOLWYK edeKTUBHUX
iHCTPYMEHTIB NiATPMMKM YYaCHMWKIB OCBiTHBOTO MPOLIECY B yMOBaXx couianbHOi HecTabinbHOCTi, BOEHHUX AN,
€MOLINHOro BUCHaXEHHA Ta npodoecinnHoro BuropaHHs. Ausand / Metopg / Miaxia. ocnimkeHHs BUKOPUCTOBYE
MixgucumnniHapHUiA nigxig, Wo MOoeAHYE MeTOAM MCUXOMOMiYHOro aHanisy, KoHUenTyarbHe MOAentoBaHHS,
CUCTEMHMIN niaxig A0 ynpaeniHHA B OCBITi, @ TaKoX $SKICHi MeToou: aHKeTyBaHHA neparoris, CUCTEMHe
MoZentoBaHHS iHTepBeHUin. Pesynbratu. OGrpyHTOBaHO HEOOXiOHICTb iHTerpauii eMOUIHOro iHTENekTy sk
perynstopa ncuxoemoLiiHoi cTabinbHOCTI Ta HEMPONPaKTUK SIK akTUBaTopa BHYTPILLHIX PEecypcCiB y MpaKTUKY
KpM30BOrO MeHeIXMeHTy B OcBiTi. [lpeacrtaBneHo Mogenb B3aEMOAiT KOMMOHEHTIB: KOMHITMBHO-eMOLUINHOT
perynsuii, TiNnecHo-opieHTOBaHNWX TEXHiK, pedreKCUBHOI NpakTuku Anst dopMyBaHHs 6e3neyYyHoro OCBITHLOrO
cepegoBuLla. TeopeTUyHe 3HaYE€HHA. YTOYHEHO NOHATINHO-KaTeropianbHU anapaTt KpU30BOro MEHEIKMEHTY B
OCBITHbOMY KOHTEKCTi, pO3LIMPEHO MNiaXoan A0 3aCTOCYBaHHA €MOLMHOMO iHTENEeKTy SIKk CUCTEMHOI CKragoBol
NCUXOoMnoro-negaroriyHol NiATPUMKN. PO3KPUTO noTeHuian HeMpOnCUXONOriYHUX NPaKTUK Yy perynsLii cTpecoBmnx
peakuin ocBiTsaH. MNpakTU4He 3Ha4YeHHA. Pesynbratv MoXyTb OyTW BMKOPUCTaHi OCBITHIMWM MeHegXepamw,
TblOTOpaMu, a TakoX Yy Mporpamax niaBuLeHHs kBanidikauii negaroris. 3anponoHOBaHi iIHCTPYMEHTU
CMPUATAMYTb 3HUXXEHHIO €MOLLIHOrO BUropaHHS, NiABULLEHHIO CTPECOCTIMKOCTI Ta e(PeKTUBHOCTI ynpaBniHCbKNX
piLLeHb Y Kpu3oBmx cuTyauiax. OpuriHanbHicTb / LliHHicTb. [JoCnigkeHHA € HOBAaTOPCbKMM Y KOHTEKCTI iHTerpavii
NMCUXOMOFMYHUX Ta HEMPONCUXOMNOTYHUX IHCTPYMEHTIB B YNPaBiHCbKY NPaKTUKy OCBITWU. Yneplue npeacraBrneHo
Mogenb, Ae €MOLHUIA iHTENEeKT po3rNsaAacTbCa He Nue sik 0COOMCTICHA SAKICTb, a SK cTpaTeriyHui pecypc
OCBITHbOIO MEHEXXMEHTY B YMOBaXx kpuan. ObmexeHHs aocnigxeHHs / ManbyTHi gocnigkeHHs. [JocnimkeHHs
Mae npuknagHun xapakrep. ObmexeHHsA — HeBemnmvKa BMbipka Ta KOPOTKOYACHICTb crnocTepexxeHHs. MNepcnekTuem
— JoBroTpusane BNpoBafXeHHs 1N aganTauis mogeni B pisHUX Tunax 3aknagis ocsitu. Tun ctartTi. NpuknagHe
OOCTIiIKEHHS.
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VY cygacHOMy I100aJbHOMY KOHTEKCTI OCBiTa (DYHKI[IOHYE B
YMOBaX MiIBUIIEHOT TypOYyJICHTHOCTI, 110 3yMOBJICHA B3aEMOJII€I0
YHCJICHHUX 30BHIIIHIX Ta BHYTPILIHIX YUHHUKIB PH3UKY: 30pOiiHi
koH(utikTH (Abramov & Stasiuk, 2024; Vivek, & Krupskyi, 2024),
manaemii (Voitenko, 2021a; Zavhorodnia et al., 2023), ekoHOMiuHa
HecTaOUIbHICTb, @ TAKOK 3pOCTAHHS PiBHS IICUXOEMOLIHHOTO BUTO-
paHHs cepen neparoriyHux npaniBHuKiB (Taranenko & Popravko,
2021; Abramov, D., & Stasiuk, 2024; Koshelieva et al., 2023; Lee,
2024). Lli sBuma icToTHO TpaHC()OPMYIOTh TPAIULINHI YIBICHHS
po eheKTUBHE YNPaBIIiHHA B OCBITi, BUCYBalOYH HOBI BUMOTH IO
npodeciiiHOT KOMIIETEHTHOCTI OCBITHIX KEPIBHHUKIB, 30KpeMa B 4a-
CTHHI X 30aTHOCTI 10 KPU30BOTO MEHEHKMEHTY Ta IICUXOJIOTTYHOT
MiATPUMKA KOJNEKTHBIB. J{OCHIIKEHHSI OCTaHHIX POKIB 3acBiady-
I0Th CTPIMKE 3pOCTaHHs HAayKOBOTO iHTEpECy /0 POl eMOIIHHOTO
iHTEJIeKTY SIK IeTePMiHAHTH yIPaBIiHCHKOI €()eKTUBHOCTI B KPH30-
Bux ymoBax (Sposito et al., 2023; Vivek & Krupskyi, 2024;
Kharchenko & Semenikhina, 2024). Emoriiiina camoperysiisi, eM-
MaTifHICTh, 3AATHICTH 0 aJanTallii Ta KOHCTPYKTHBHOI KOMYyHIiKa-
i BU3HaHI KJIFOYOBUMH XapaKTEPUCTHKaMH JIiiepa HOBOTO TOKO-
minHsa (Abramov & Stasiuk, 2024; Niameshchuk & Cherkasov,
2024; Khassawneh et al., 2022). [TapanenbpHO cOCTEPIraeThCs 3po-
CTaroumii iHTepec 210 iHTerpanii HelfpoHayKOBHX HiIXOAIB y chepy
OCBITHBOTO YIPAaBIIiHH, 30KpeMa JJ0 BUKOPUCTAHHS HEHPOIICHXO-
JIOTIYHUX TEXHIK K 3ac001B BiJIHOBICHHS IICHXOEMOIIIITHOTO pecy-
pecy ocBiTsH (Goleman et al., 2013; Barinua et al., 2022). ITonpu
3a3Ha4yeHy AMHAMIKY, HayKOoBa JiTeparypa (ikcye nqedinut komiuie-
KCHHUX JTOCHIKCHb, SIKi O IHTErpyBaJId OTEHIIIAI EMOIIIHHOTO iH-
TEJNEKTy Ta HeHPOIPAKTHK y CTPYKTYpi KPH30BOTO MEHEPKMEHTY B
ocBiTi. [lepeBarkHa OLTBINICTD ICHYIOUMX MyOMiKaIlii Mae ado ¢pa-
IMEHTapHHUIT Xapakrep, ab0 30CepeDKeHa Ha TEOPETUIHNX aCIIeK-
Tax 0e3 JI0CTAaTHBOTO MPAKTHYHOTO MOJCIIOBAHHS Ta EMITPUYHOT
Bepudikamii 3anpormoHoBaHux iHTepBeHwi (Taranenko &
Popravko, 2021; Sheviakov, 2024). Omxe, 3aqMIIa€TBCS He-
PO3B’s3aHOIO0 TIPoOIIeMa CTBOPEHHS CTIMKHX yIPaBIiHCHKIX MOZIE-
JIeH, 3MaTHHUX He JIMIIE 3a0e3eYUTH aJallTHBHICTh OCBITHIX 3aKIIa-
IIiB y KpU30BUX CHTYaLisX, a i MATPHMATH IICHX1YHE 310POB’S y4a-
CHHKIB OCBITHBOTO TIporiecy. TakiuM YHHOM, HayKoBa HOBH3HA JJOC-
JIDKEHHS TIONISTa€ B TEOPETHYHOMY OOTPYHTYBAaHHI Ta MpPAKTHY-
HOMY MOJIEJIFOBaHHI iHTeTpallii eMOIIIHHOTO iHTENeKTY i Heliporcu-
XOJIOTIYHMX 1HCTPYMEHTIB Y CHUCTEMY KPHU30BOTO YIIPABIIiHHS B
OCBITi. 3aNPONOHOBAHMI TiJIXiJl BUXOMHUTH 32 MEXI TpaIUIiiHUX
CTparerii MEHEIDKMEHTY, PO3INIIAI0YN EMOILIHHAN IHTENeKT He
JIIIe SIK OCOOUCTICHY PHCY, a SIK CTPATETidHUI pecypc, o MOKe
OyTH LiJIECTIPSIMOBAHO PO3BHHYTHHI Ta BUKOPUCTaHUH y mipodeciii-
Hill DISUTBHOCTI OCBITHIX KEpiBHHKIB.

MeTta Ta 3aBgaHHA goCcnig>KeHHA

Merta nocnimkeHHs — OOIPYHTYBAaTH MOIIBHICTh iHTErpartii
€JIEMEHTIB €MOLIHHOTO IHTENIEKTy Ta HEHPOMIJIXOMAIB Y CHCTEMY
KPH30BOTO MEHE/DKMEHTY B OCBITi, pO3pOOUTH MOieNb iX iHTerpa-
Uil y NpakTUKy YHpaBliHHS KPU30BHMH CTaHAMH Ta OKPECIUTH
TICUXONPAKTHYHI OPIEHTHPU IUIs TOAAJIBIIOTO BIPOBAKEHHS B
OCBITHIX 3aknafax. /Iyt JOCSATHEHHS METH TOCTiKeHHS Oyi10 cdo-
PMYJTbOBAHO TaKi 3aBJaHHS:

1. TIpoaHasi3yBaTi HayKOBO-TEOPETHYHI MiJXOAU IO PO3Y-
MiHHSI KpH30BOTO MEHE/PKMEHTY, eMOLIIHHOTO IHTEJIEKTy Ta Helpo-
ITiIXOMIB Y CyYacHiil OCBITHIH MCHXOJIOTII.

2. BU3HaUUTH CTPYKTYpHI KOMIIOHEHTH MOJEJi KPHU30BOTO
MEHEIDKMEHTY 3 YpaxyBaHHSIM IICHXOEMOLIHHNX YUHHHUKIB.

3. MogentoBaHHs IHTErPaTHBHOI CHCTEMH IMiITPUMKH OCBi-
TSH B YMOBAX COLiaJIbHOI HECTa0iIbHOCTI Ta CTPECOBHX HABaHTa-
KCHb.

4. Bepudikarist eeKTHBHOCTI pO3pOONICHHX IMTiIXOIB Ha OC-
HOBI AKICHUX METO/IB JOCIIKEHHS.

5. BU3HAYUTH MOXKJIMBOCTI 3aCTOCYBAHHS IPAKTHK PO3BUTKY
eMOLIIHOT camoperyIsLii Ta HeHpoNnpakTUK y poOoTi 3 megaroraMmu
B YMOBaxX KpPH3H.

6. 3anpornoHyBaTH IICHXONPAKTUYHI OPIEHTHPHU ISl OCBITSIH
SIK eJIEMEHTH TICHXOJIOTIYHOT IHTEPBEHIii y MeXaX KpPH30BOTO Me-
HEJDKMEHTY.

MeTtoponoria

JlocTimKeHHs! Mae TIPAaKTUIHY CHPSIMOBAHICTE 1 0a3yeThes Ha
SKICHUX ~MeTOJax aHami3dy, 0 JO03BOJSIIOTH CopMyBaTH

0OTpyHTOBaHI IICHXOIPAKTHYHI OPIEHTHPH IS BIIPOBADKCHHS eJie-
MEHTIB €MOL[I{HOTO IHTEIEKTY Ta HeWPOII IXOIB y CUCTEMY KPH30-
BOTO MEHEXKMEHTY B OCBITi. Y mporieci poOoTu OyiH 3acTOCOBaHi
Taki MeToAu:

1. AHani3 HayKOBHX JKEpe i3 IICUXOJIOTii Kpr3, EMOLIIHHOTO
IHTENEKTY, HeWPOIICHXOJIOTi] Ta MEHEKMEHTY B ocBiTi. Lle 3abe3-
TIEYNII0 KOHLIETITyallbHy 0a3y JUIsl MOAabIIol pO3pOOKH ICHXOIpa-
KTHYHUX 1HCTPYMEHTIB MiATPUMKH HEAArOTiB y KPH30BHX CHUTYa-
LisX.

2. Mertoa nopiBHAIBHOTO aHAII3Y — VIS 31CTAaBICHHS MMiAXOIIB
JI0 PO3BUTKY €MOLIMHOI CaMOperyJILii, 30KpeMa KiIacHYHUX (KOT-
HITUBHO-TIOBEIHKOBHX ) 1 CY4aCHUX HEWPOIiAXOMiB, 10 JO3BOIMIO
BUSIBUTH €()EKTUBHI ICUXOTEXHIKH, IPHIATHI A0 afanTalii B OCBi-
THBOMY CEPEIOBHILII.

3. Mertoa cucteMaru3allii — BUKOPUCTAHUH Ul YHOPSAKY-
BaHHS 310paHOrO Marepiaixy Ta CTpYKTypyBaHHS MOJEINEH BIIpOBa-
JDKEHHS 3aIIpOIIOHOBAHMX IMIPAKTHK Y KOHTEKCTi pOOOTH IIearoriv-
HHX KOJIGKTHUBIB.

4. IIpo€eKTHO-aHAJITHIHIH METOX — JIO3BOJIMB C(HOPMYIIIO-
BaTH IICUXONPAKTUYHI PEKOMEH/IaMil SIK IIOTSHIIITHI eIeMEHTH TICH-
XOJIOTIYHOI iHTEpBEHIIT B MeXaX KPH30BOTO MEHEDKMEHTY.

V Mexax maHoi poOOTH MM IIparHyNy He JIUIIE TEOPETHIHO
OCMUCIIUTH MOXJIMBOCTI 1HTErpamii eJIeMeHTIB eMOLIHHOTO iHTeNe-
KTy Ta HEHPOIICHXOJIOTTYHHX MIiIXOMIB y NMPAKTHUKY KPH30BOTO Me-
HEDKMEHTY B OCBITHBOMY CEPEIOBHILI, ajie 1 3mificHuTH anpoba-
L0 KIIOYOBHX iied y peajbHOMY MeAaroriyHoMy KOHTEKCTi. 3
ODIsly Ha TPAKTUKOOPIEHTOBAaHWH XapakTep MOCHiKSHHS, HaMU
Oy1o 00paHo SIKICHUIM TiIXiJT i3 BUKOPUCTAHHIM CJIIEMEHTIB MiJIOT-
HOTO JOCIHIUKSHHS, EKCIIEPTHOTO OLIHIOBAHHS Ta (OKyC-TpyIo-
BOTO 00roBOopeHHs. Takuil Mu3aiiH JO3BOJIMB BUSIBUTH OCHOBHI T10-
Tpebu menaroriB y cdepi eMOLIHOI caMOpEerymslii Ta OLiHUTH
CHOPUUAHATTS HAMHU MOTEHIIATy HOBITHIX IMiJXOIB IO IOAOJAHHSI
KPH30BHX SIBHII y TPOQECiiiHii TisTTBHOCTI.

Jocmimxenns 3ailicaioBanocst Ha 6a3i BCII «['ymanitapHO-
negaroriyHui paxoBuid KojaemK MyKadiBCEKOTO JIep:KaBHOTO YHi-
BEPCHUTETY» B 3aKapmarchkiii o0macTi, 1e (yHKIIOHYIOTh IICHXOJIO-
riyHa CIy>k0a Ta OCBITHI MPOIPaMH 3 aKIIEHTOM Ha IICHXOJIOTO-TIe-
JIaroriuHy MaroToBky. Jlo ydacti y mocmimkeHHi Oylno 3aTydeHo
IIeB’SITh (haxiBIiB OCBITHBOI c(hepH, SKi TTOTOIMINCS JaTH PO3TOp-
HYTIi BiNOBi/Ii Ha 3aITUTAaHHS aHKETH BiIKPUTOTO THUITY Ta B3ATH y4-
actb y (oxyc-rpymoBomy oOroBopeHHi. Jlo BHOIpKH YBIWIIIH
MIPEICTaBHUKN a/IMiHICTPATHBHOI, TIEIATOTiYHOI JJAHKU Ta TpaliB-
HUKH TICHXOJIOTIYHOI ciry0u. OCHOBHIM KpHUTEpieM N0O0py pec-
TOH/IEHTIB Oyra iXHs nmpodeciifHa 3aTy4eHiCTh 10 TPOIECiB IPHIi-
HSATTS PillIeHb y KPU30BHX YMOBAX (30KpeMa B TIEpio] ITaH/1eMii, BO-
€HHOTO CTaHy, pe()OpMyBaHHs OCBITH) Ta HasBHICTb JOCBiTy poO-
0O0TH 31 CTYAEHTCHKOIO MOJIOJIIO Y TICUXOEMOLIHO HarpyXeHUX
oOcraBrHax. [HCTpyMeHTapiit JOCIiHKEHHS BKITFOUAB JIBi HACTYITHI
KJIIOYOBI (hopmu:

1. Ankemyeanms 8i0kpumo2o muny, siKe OXOIUTIOBAJIO I1°SITh Te-
MaTHYHUX OJIOKIB, 30KpeMa:

— YCBiZIOMJICHHSI KpH30BUX (hakTopiB y mpodeciifHiil Iisib-
HOCTI;

— 0co0HCTi cTparerii eMoltiitHoi cTadimi3arlii;

— JIOCBIiJ{ 3aCTOCYBaHHSI ICUXOEMOLIITHIX TEXHIK Y Mearori-
YHil MPaKTHIL;

— 00i3HaHICTh 3 0OCHOBAMH HEHPOIICUXOJIOTI] Ta CTABIICHHS 10
11 BUKOPUCTAHHS;

— OadeHHs 6ap’epiB Ta pecypciB IuIsl BIPOBADKSHHS iHHOBA-
il y cdepi eMOLiHOTO caMOMEHEHKMEHTY.

2. @okyc-epynose 062060penHs, Ke NaNo 3MOTY YTOUHHTH,
TOITMONTH 1 OCMUCIUTH pe3yNbTaTH aHKCTYBAaHHS, a TAKOXK BH-
SIBUTH CTaBJICHHSI MEJIATOTiB 10 BHKOPUCTAHHS €JIEMEHTIB eMOIIiii-
HOTO HTENEKTY SIK IPOQITaKTHKH IPOECiiHOro BATOPAHHS Ta pe-
aryBaHHS Ha KpU30Bi BUKIMKA. OOrOBOPEHHS MPOBOIMIOCS B Me-
JKax JBOX Ceciif o 45 XBUJIMH KOXKHA B OYHO-IHCTAHIIIHHOMY (op-
Mari. Monepartiro 311 iCHIOBaB MPAKTUYHIIA IICHXOJIOT KOJIe/IKY. Bi-
IIOBIl (ikcyBanmcs y HopMi KOHCIIEKTHBHHUX 3aITUCIB 13 HACTYTI-
HUM TEeMaTUYHHAM aHAIi30M, [IO JIaB 3MOTY iIeHTU(]IKyBaTH OCHO-
BHI CMHCIIOBI KJIACTEPH Y BHCIIOBITIOBAHHSX YYACHUKIB.

Ha erarti 00poOku naHux OyJI0 3aCTOCOBAHO METOJ TeMAaTH4-
HOTO KOIyBAaHHSI, SIKHIl JJO3BOJIMB y3araJbHHUTH IIOBTOPIOBaHI MO-
THBH y BIJNOBIISX PECHOHIEHTIB. 30Kpema, Oylno BHIJICHO Taki
KJTIOYOBI Kareropii:

— BHYTpIIIHE HANPY)KCHHS Ta eMolliiiHa BToMa sIK (HOHOBI
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YHHHUKH JisUTBHOCTI B YMOBaX HECTaOUIBHOCT;

— morpeba y IpOCTUX, IIPAKTUIHO 3aCTOCOBHUX TEXHIKAX ca-
MOPETYJIALIT;

— HacTopokeHe a0 00epe)KHe CTaBICHHS 110 HOBITHIX (30K-
pema, HeHpOoIICHXOJIOTIYHHMX ) ITiIXO/iB Yepe3 Opakx BiAOBITHOT i/
TOTOBKUY;

— TIO3UTHBHE CIIPUHAHATTS inei GopMyBaHHS eMOLIIHOTO iH-
TENEKTY SIK YaCTHHH MpodeciiHOi KOMIIETeHTHOCTI Mearora.

OCKIiJIbKU AOCTIDKEHHS Ma€ MUIOTHUH XapakTep, HOro pe3yiib-
TaTH HE MPETeH/YIOTh Ha IIHUPOKY PEeIPE3CHTaTHBHICTh, ONHAK JI0-
3BOJISIIOTH C(HOPMYITIOBATH MEPBUHHI BUCHOBKH OO MPAKTUYHOT
JIOLITBHOCT] 3aIPOIIOHOBAaHUX MiAXOMIB 1 HOTPEOYyIOTh MOAAIBLIOT
EMITIpUYHOI NIEPEBIPKU B PO3MIUPEHOMY KOHTeKcTi. OOpaHa MeTo-
JIOJIOTIs 3a0e3Meunia KOMIUIEKCHUH MiIXi1 0 BUBUCHHS TEMH, TI0-
€THYIOYH TEOPETUUHHI aHaI3 13 TPAaKTUIHIMHU OPi€EHTUPaMHU, TIPU-
JIATHAMH JI0 TIOJAJIBIIOTO BIIPOBA/DKECHHS B OCBITHIO IIPAKTHKY.

Pe3ynbtaTty gochnig)XeHHA Ta ix o6roBopeHHA

AHani3 aHKeTHUX JIAaHUX Ta MarepiayiB (GOKyc-Tpymu J03BO-
JIMB BHOKPEMHTH KiJIbKa KITIOYOBHX HAIPSIMIB, Y SKHX IPOSBIIS-
FOTBCS TPYHOII, PECYPCH Ta CTABJICHHS MEaroTiqHuX TPaIliBHU-
KiB JI0 BUKOPHCTAHHS IHHOBALiHUX MiAXOMiB y cepi KpHU30BOTO
MEHEDKMEHTY, 30KpeMa JI0 IPaKTHK eMOLIIHOI caMoperysswii Ta
€JIEMEHTIB HEeHPOIICUXOJIOTIYHOT MATPUMKH. Y pe3ynbTari TeMaTH-
YHOTO aHaji3y BINMOBiEH PECIOHACHTIB Oyno iIeHTH(IKOBAHO
II'SITh JOMIHAaHTHUX TEMaTHYHHMX KJIACTepiB, sKi HaidyacTimie 3y-
CTpivaiucst B MaTepiaax:

1. XpoHiuHe eMowLiliHe HaNpyXeHHS Ta IICHXOEMOIiifHa
BToMa. bim3pko 80% ydyacHUKIB 3rajajiy IpoO TPHUBAIUH TOCBIJ
po6OTH B yMOBax BHCOKOT €MOIIIHHOT HaNpyTH, TIOB’s3aHOI 3 Biii-
HOM, 1H()OpPMALIIITHOIO HECTAOUTBHICTIO Ta TOCTIHHUMH 3MiHAMH
B CHCTEMI OCBITH.

2. bpak pecypciB anst emomiiHoi crabimizamii. ¥ 7 3 9 Big-
moBifei (ikcyBanacs HEJOCTATHICTD Yacy, 3HaHb 400 IHCTUTYLIH-
HO{ MATPUMKH [T BIIPOBAKCHHS HABITh 0a30BHX CTpATETiii ca-
MOPETYJIALIi Y MOBCAKACHHY MPaKTHKY.

3. IaTepec 10 NCUXOIOTIYHOT MATPUMKY — Ha PiBHI 1HTYTI].
Xoua OUITBIIICTh PECHOHACHTIB HE MAIOTh CHCTEMHOTO YSIBICHHS
PO eMOLIHHHHN 1HTEIeKT a00 HEHPOTICHXOIOTIUHI i IX0AH, BOHH
JIEMOHCTPYIOTh T'OTOBHICTh ONAHYBAaTH €JIEMEHTH TaKWX TEXHiK,
0COOIMBO 32 YMOBH JIOCTYITHOTO HABYAJIHLHOTO CYIIPOBOLY.

4. Bu3zHaHHS TOTpeOM Y CTPYKTypOBaHii mpo¢imakTHIi
E€MOIIITHOTO BHUTOpaHHS. BCi y4acHHKH 3a3HAuYmMIIN BaXXJIUBICTh
MOCTIHOTO TICHXOEMOLIIITHOTO CYNPOBOY ISl YYaCHHUKIB OCBIT-
HBOTO TIPOIIECY, 0COOJIIMBO B YMOBAaX MEPMaHEHTHHUX KPHU3.

5. OGepexxHe CTaBICHHS 10 iHHOBAIIii. YacTHHA pecroHe-
HTIB BHCJIOBJIOBaNa MOOOIOBAHHS INOAO «MeIWKaiizamlii» abo
«IICHXOJIOTI3ali» yNpaBIiHCHKUX MPOLECiB, BOAUYarOun PU3MK Y
TOMY, II0O HOBI METOIMKH MOXYTh BUSIBUTHCS CKJIAQJIHHUMH JUIS
BITPOBAKCHHS 0€3 JOCTATHHOT MiATOTOBKH MEPCOHATY. 3 METOIO
iIocTpanii Ta cucteMarusanii OTPUMaHUX Pe3yJbTaTiB, HIDKYE
HaBEJ/ICHO y3arajbHEeHy TaOIHIio:

Taomuus 1 — CucremaTu3anisi JaHUX

TemaTuunmii kj1acrep Yacrora SlkicHa xapaKTepuCTHKA
3rajayBaHb

Emouiiine HanpyxeHHs i BU- 8 Bucokuii piBeHs cTpecy,

CHAKCHHSI BTOMa, TPHBOXHICTh

Bpax gacy/pecypciB Ha camo- 7 ITepeBaHTaXCHHS

PETyIALLo

3anikaBleHHs IpaKTHKaMl 6 IHTepec 0 HOBHX 3HAHb, Bi-

MATPUMKH JIKPUTICTh

IMorpeba B cucTemHiii cuxoe- 9 VHiBepcanbHe BU3HAHHS 110~

MOIIKHIN miaTpuMIi Tpedu

O0epexHE CTaBJICHHS JI0 HO- 5 ITorpeba B po3’sICHEHHSIX,

BUX IIIXOIB Marepianax

OtpuMani JaHi CBiYaTh MPO Te, IO B YMOBAX IOCTIii{HOT
Kkpu3H (BiiiHa, pehopma OCBITH, MaHIEMisl) TIEIarory ONMUHSIIOTHCS
y CTaHi MiIBUIIIEHOTO eMOLIIHHOTO HABAHTAXXCHHSI, HE MAIOUH J10-
CTaTHiX IHCTPYMEHTIB Jytsl fioro nogonanus. [103UTHBHOIO TeHACH-
LI€I0 € 3POCTaHHS iIHTEpeCy 0 MCUXOJIOTIYHUX 1 HEHPOIICHXOIOTi-
YHUX TIIXOMIB Y MiATPHMIN eMOUiiHOi cTilikocti. Ie criBBigHO-
CHTBCS 3 BUCHOBKaMH fociimkeHs Lee (2024), ne miakpeciroeTses,
IO PO3BHTOK eMoMiiiHoi camoperyminii B mpodeciiiHomy

CEePENOBHIIII IIPSIMO KOPEJTIOE 3 TPO(IIAKTUKOIO BUTOPAHHS Ta Tif-
BUIIEHHSM aJ[alITUBHOCTI NpariBHUKIB. [TomiGHi pe3ynsraTt HaBe-
JIeHi # y JociimKeHH] ykpaiHCbKol aBTopkH Savchenko (2014), sixa
aKIIEHTYE Ha MoTpedi BIPOBA/KEHHS MICUXOJIOTO-TIeJATOT19HOT TTi/I-
TPUMKH y TpodeciiiHuii pO3BHTOK IefaroriB. Sk 3ayBaKyroTb
Stasiuk et al. (2024), inHOBaIii B rary3i eMOIIHHOTO IHTEJIEKTY BH-
MararoTh He JIUILE MOTHUBALlil, ajie i CTPyKTypOBaHOI MIATPUMKH 3
OOKY IHCTUTYIIIMH.

Crij 3a3HaYMTH, [0 JOCTIIHKCHHS Ma€ MEeBHI METOAOIOTUHI
obmexeHHs. [To-miepiiie, BOHO HE € PeNPEe3eHTaTHBHUM y CTaTHCTH-
YHOMY CeHci: BuOipka Oyna oOMe)KeHa JIeB’IThbMa PeCIIOHICHTaMH,
110, MPOTE, BiANOBIIA€E JIOTIL AKICHOTO MUTOTHOTO JOCII/DKEHHS.
[lo-nmpyre, oLiHIOBaHHS 3/1i1ICHIOBAJIOCS HA OCHOBI CAMOOIIUCIB, 110
HE JI03BOJISIE TOBHOIO MipOIO KOHTPOJIOBATH BILUIMB COLIaJIbHOI Oa-
JKaHOCTI Ha BixnoBinmi. He3Baxkarounm Ha BKa3aHi OOMEXEHHs, pe-
3yNBTaTH AAI0Th ITiICTaBU AJIS BUCHOBKIB ILIOZI0 aKTYaJIbHOCTI TEMH
Ta HaNpsMiB MOAANBIINX JOCTIIKEHb, 30KpeMa B KOHTEKCTI MiXK-
JUCLMIUTIHAPHOTO MiAXO4y 0 MIATPUMKH IICHXOEMOLiiHOro Ona-
TOTIONYYHsI IPALliBHUKIB OCBITHBOI c(epr B yMOBax KPHU3H.

Kpu3soeuli meHedxmMeHmM & oceimi: UK/TUKU CbO200eHHS

Cucrema ocBiTH (DYHKIIIOHYE B yMOBaX IOCTIiIHOT TypOyeHT-
HOCTI, BUKJIMKaHOI SIK TIOOAJBHIMH TpaHC(HOpPMAIisIMHU, TaK i JIo-
KaJIbHUMH TOTPSICIHHSIMA. OCTaHHE AECATHIITTS MO3HAYEHE HH3-
KOO MaclITaOHUX KPU30BHUX SIBHILL, IO CYTTEBO BIUIMHYIM Ha OCBIi-
THe cepenosuie: nanaemis COVID-19, moBHoMacmTabHa BiiiHa B
VYkpaiHi, MONITHYHA TAa EKOHOMIYHA HECTaOUIbHICTh, I(pOBa IIe-
pebynoBa ocBiTHiX mporeciB. Lli mozii cTBOpIOIOTH GaratoBeKTOp-
HU THCK HAa YYaCHUKIB OCBITHBOTO MPOIIECY, BUMAararo4u BiJl Kepi-
BHHILITBA Ta [IEATOTiYHOTO MIEPCOHATY IIBUAKOI aJaNTallii 10 3MiH,
THYYKOT'O pearyBaHHs Ha BUKJIMKM Ta BMIHHS JisITH B yMOBax HEBH-
3HAYEHOCTI.

OCBiTHIlf MEHEIDKMEHT Ha0yBa€ 03HAK AaHTHKPHU30BOTO YIIPaB-
JIHHS, SIKE TIOJISrae B MOCTIHHOMY CHOCTEPEKCHHI, YCTaHOBICHHI
Ta JIOKami3amii mpoOIeMHHX SBHIII, SKi BiIOyBarOTHCA B OCBITHBOMY
CepeOBHII 3aKiIagy OCBITH; 3amo0iraHHI KpH30BHX CUTYaIlild Ta
YMIHHI BU3Ha4YaTH HEOOXiAHI pecypcH s crabiizanil isuTbHOCTI
neqaroriudoro  kosiexktuBy (Zlyvkov & Lukomska, 2019;
Karamushka et al., 2021). OckiTbKH OCBITHII MEHEIKMEHT Bif3Ha-
YaeThCs K CHCTEMa YIPaBJIiHHS, SKa CKepOBaHA Ha HaJaHHS sKiC-
HOI OCBITH i1 e()eKTUBHE 3aCTOCYBAHHS PECYPCIB B OCBITHHOMY 3a-
KJaJi, TO 1oro OCHOBHHMM 3aBJaHHIM € 3a0€3MECUCHHSI HAKpaIimx
YMOB JUISl HAaBYaHHS Ta PO3BUTKY 3100yBadiB OCBITH, ITiJIBUILICHHS
SIKOCTI HaBYaHHs, ONTHMI3alii pecypciB Ta BUpIIICHHS MpoOIeM,
1110 BUHHUKAIOTh B OCBITHEOMY IPOIIECI.

Oco0IMBO TOCTPO KpH3a MPOSIBIIETECS Y cepi ICHXOeMOILTii-
HOTO CTaHy renaroris. J[aHi Cy4acHNX NCUXOJIOTIYHUX JOCITIKEHb
(Shaw et al., 2021; Tytarenko et al., 2022; Koshelieva et al., 2023)
I ITBEPPKYIOTH 3pOCTaHHs PiBHS MPOQeCiiiHOro BUTOpPaHHs, TPH-
BOXKHOCTI, EMOI[IfHOI BUCH&)KEHOCTI Ta BTPATH MOTHBAIlI cepen
ocBiTsH. Lli siBHIIa € IPSIMUM HACITIIKOM BUCOKOTO HABAaHTAXKCHHS,
eMOIIITHOT HeCTaOIIBHOCTI cepeloBHIa Ta OpaKy IHCTHUTYLIIHOL
miaATpuMKH. BilichkoBi fii Ta MoB’ si3aHa 3 HUMH HEBU3HAYEHICTB MO~
CHJTIOIOTH XPOHIYHUI cTpec, (GOPMYIOTh BiTUyTTs 0€3M0paHOCTI, a
B OKPEMHX BHIIa/IKaX — CHMIITOMATHKY TOCTTPaBMaTHYHOTO CTpe-
COBOTO po3iany. BonHouac edeKTHBHE YIPaBiIiHHS KPU30BUMH CH-
TyamisiMA B OCBITI HEMOXJIMBE 0€3 BpaxyBaHHS IICHUXOJOTTYHOTO
BUMIpY [MX BHKIUKIB. [linTprMKa IMCHXOEMOIIHHOTO Oaromno-
Ny4usi TPaliBHHUKIB OCBITH Ma€ CTaTH KIOYOBHM KOMIIOHEHTOM
KpH30BOTO MeHemKMeHTy. e nepenbadae He NuIe aMiHICTpaTH-
BHI pillICHHS, a i 1HTETpaIlit0 ICUXOJIOTIYHUX MPAKTUK, CIPSMOBa-
HUX Ha 30epeKeHHs Ta BiJHOBJIEHHS NPoQeciiiHOro pecypey mena-
roriB. ¥ cy4acHHX yMOBax TakolO MiATPUMKOIO MOXKYTh BUCTYTIATH
IHTEpBEeHIIi1, 0 0a3yIOThCS HA PO3BUTKY €MOIIIHOTO iHTEIEKTY Ta
3aCTOCYBaHHI HEHUPOIICHXONOTIYHHUX MiAXOMIB, SIKI BiIKPUBAIOTH
HOBI TOPH30HTH /IS a[alTUBHOTO pearyBaHHs B KPH30BHX 00CTa-
BHHAX.

Posb emouyitiHo2o iHmerniekmy e Kpuszoeomy s1idepcmaei

Y KpHu30BHX YMOBaX €(EKTHBHICTH YIPAaBIIiHHS OCBITHIMH
TIpoIiecaMyl 3HAYHOIO MipOIO 3aJICKHUTh HE JIMIIE Bif mpodeciifHol
KOMITCTEHTHOCTI JIiZiepa, aje i BiJl HOTO 3IaTHOCTI PO3YMITH, pery-
JIFOBaTH Ta KOHCTPYKTHBHO BHKOPHCTOBYBATH €MOLl — SIK BJIAcCH,
Tak i wieHiB komaHmu. Came i 3miOHOCTI (OPMYIOTH OCHOBY
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emoiiiHoro intenekry (EI), sixuit memani wacrinre po3nistaaeTbest
SIK KITIOY0BHIT (hakTop y cydacHHX KoHuemnuisx yigepcrsa (Landry,
2019; Zlyvkov & Lukomska, 2019; Tytarenko et al., 2022;
Koshelieva et al., 2023).

Mozens emoriitroro intenekty (Goleman et al., 2013) Buni-
JIsi€ T ATh OCHOBHHX CKJIJIOBHX: CAMOCBIZIOMICTb, CAMOPET YIS,
MOTHBAIlisl, EMIIATis TA COLiaIbHI HABUYKH. Y KOHTEKCTI KpU30BOTO
JiiepcTBa 1l KOMIIOHEHTH HaOyBaroTh 0co0MBOi Bari. CaMocBizno-
MICTh J03BOJISIE JIiIepy PO3Ii3HABAaTH BIAcHI eMOLiiiHI peakiii Ha
CTpecoBi (pakToOpH, L0 3HIDKYE MMOBIPHICTH IMITYJICUBHHX pi-
mreHb. CaMOperyIsiLis € 3aH0pyKOI0 30epekeHHS CTaOLIBHOCTI Ta
eMoIiiHO1 3pinocTi mig TuckoM. Emmaris cripusie moGynoBi 1oBip-
JIMBUX CTOCYHKIB i3 HiJUIETTIMMH, OCOOJIMBO B CHTYaLisAX ITiIBHIIE-
HO1 Bpa3IMBOCTI.

Ilenaroriuxi KOJEKTHBU B yMOBaX KpU3H OYIKYIOTh BiJl KepiB-
HHKa HE JIMIIIE YiTKOTO YIpPaBJIiHHS, aje i eMOLiifHOT IPHCYTHOCTI,
3aTHOCTI 10 CIIBIIEpPEKUBAHH, MIATPUMKH Ta €TUYHOTO JIiiepc-
TBa. KepiBHuk 3 BucokuM piBHeM El 3maren crBoputn GesnedHe
TICUXOJIOTIYHE CEPEIOBHIIIE, B IKOMY 3HIDKYETHCS TPUBOXKHICTB, aK-
THUBI3YEThCS BHYTPIIIHIA pecypc MNpaliBHUKIB 1 ITiIBHIIYETHCS
CTiHKICTB J10 cTpecy. Lle, y cBoro uepry, crpusie 30epekeHHIO Mpo-
(eciiiHOT MPOMYKTUBHOCTI KOJICKTUBY HABITh 32 YMOB 30BHIIIHIX
MOTPSICIHb.

OxpeMO BapTO 3a3HAYKMTH, IO BITUU3HSHI JOCIHIIKCHHS
(Savchenko, 2014; Karamushka et al., 2021) miaTBepmKyroTh MO3H-
THBHY JMHaMIKy BIUIMBY IPOTpaM PO3BUTKY €MOLIHHOT KOMIIETEH-
THOCTI Ha e(eKTHBHICTh YNpPaBIIHCHKOI ALSUIBHOCTI B 3aKianax
ociti. OTXe, IHTErpailiss KOMIOHCHTIB EMOIIIMHOTO IHTEJICKTY B
CHCTEMY MiITOTOBKHU OCBITHIX JIiCPiB MOXKE CTaTH OJJHUM 13 J1€BUX
iHCTPYMEHTIB (JOPMYBaHHS CTPECOCTIHKOTO i aJalTHBHOTO yIIpaB-
JIHCHKOTO CEpeOBHIIIA.

IIpakTudne 3acTOCYBaHHS €MOLIITHOTO iHTENIEKTY B YIIPaBJIiH-
CBKIH IISTTBHOCTI CTa€ AEAAi aKTyaJbHIIINM Y 3B 53Ky 3 HOBUMH
BUKJIMKaMH, III0 MTOCTAIOTH MEpPe]l CHCTEMOIO OCBITH. 30KpeMa, Tie-
piomu cowuianbHUX TpaHCQOpPMAIiid, BOEHHHX Iii, €IilIeMionorid-
HUX 3arp03 BUMAararoTh BiJ JIiiepa THYYKOCTI MUCTICHHS, EMOLIIHHOT
3piIOCTI Ta 34aTHOCTI 10 MIBUIKOTO BiTHOBICHHS IICHXOJIOTIHHOTO
pecypcy. YV Takux yMoOBax OCOOJHMBOi aKTyaJbHOCTI HaOyBae TH-
TaHHS PO3BUTKY KOHKPETHHX EMOIIHHMX KOMIIETEHTHOCTEH, SKi
JIOTIOMAraloTh He JHIIe 3a0€3MeUnTH CTa0UTbHICTh OCBITHBOTO ITPO-
1ecy, a i 30eperTu 3rypTOBaHICTh IIEIATOTiYHOTO KOJICKTHUBY.

Y DoCBii KPHU30BOTO YIIPABIIIHHS BCE YACTIIIE MPAKTUKYETHCS
3ampOBaPKEHHS IICHXOJIOTO-OCBITHIX TPEHIHTIB, 1HIMBILyaIbHOTO
KOYYHHTY Ta KOJIEKTHBHOTO Pe(IICKCHBHOTO aHAJi3y CHTyamii. Yc-
MIIITHICTh TaKUX 3aXOAiB NMPSIMO KOPEIOE i3 piBHEM €MOMLIHHOT
BKJIIOYEHOCTI KepiBHUKA. Harpukiiaz, B OCBITHIX yCTaHOBaX, A€ Ke-
PIBHHUKH CBioMO (hOPMYIOTH IOJIITUKY €MOMLiifHOI Oe3reKH, cro-
CTepIraeTbCs HIDKYMI PiBeHb KOHQUIKTHOCTi, MEHIIA KiJIBKICTh
€MOLIHOTO BUTOpPaHHsI Ta BUIIMIT PiBEHb 3aJJ0BOJIEHOCTI POOOTOIO
(Zavhorodnia et al., 2023).

OnHuM i3 e(eKTHBHUX HANpsAMiB POOOTH € BIIPOBAKEHHS
ClelliaJIbHUX BIIPAB 1 METOMHK, CIIPSIMOBAHNX Ha PO3BUTOK EMOLLiH-
HOT camopeduiekcii, peryssiiii Ta KoMyHikaTHBHOI BigkpuTocTi. Ha-
BEJIEMO KiJIbKa MPAKTUYHHX TEXHIK, SKI MOXYTh OyTH KOPHCHUMH
JUTSL OCBITHIX JIiZIepiB y mpotieci popMyBaHHS eMOLIHHOI KoMIeTe-
HTHOCTI.

1. Bnpasa «Emoyitina naysay. L5 TexHika gomnomarae Jiepy
y MOMEHT CTpecy yCBiIOMUTH BJIaCHHI eMOLIHHMIA CTaH i 3amobi-
I'TH IMITyJTbCUBHUM pitieHHsIM. CyTh BIPaBH IOJIATae y 3yIMHHIII HA
KiJIbKa XBUJIMH T1i/1 4ac KOHQIIKTHOT abo HarpysxeHoi curyaii. Jli-
Jiepy TPOTIOHYETHCS 3aKPHUTH 04i, 3pOOHTH TPU IIHOOKI BIWXH, a
Jlarti BIATIOBICTH BHYTPIIIHBO Ha 3amuTaHHs: «L1o s 3apa3 Biguy-
Baro?», «Homy s 1ie BimayBaro?», «SIk st MOXKy aTH IbOMY KOHCTpY-
KTUBHUI BUXia?».

2. Bnpasa «Ponvosa emnamisny. KepiBHHK OCBITHBOTO 3a-
KJIaJy aHali3ye KOHQIIKTHY a00 MPOOIEMHY CHTYAIIII0, YABISIOUH
cebe Ha MiCIIi 1HIIO CTOPOHM — BUHTENS, y4UHs, OaTpKiB. MeToro €
PO3BHTOK 3/1aTHOCTI 0 €MIIATiifHOTO CIyXaHHS Ta BpaxXyBaHHS I10-
TpeO iHmmX. [licns HbOoro BUKOHYETHCS IIHCHMOBE 3aBIaHHS: C(O-
PMYITIOBaTH 3 TOISAAY 1HIIOT 0COOHM TPH ii MOXKITHBI TIEpEKUBAHHS
a00 MOTHUBH Jiil.

3. Bnpasa «Emoyitinuii sicyprany. IIpoTarom TWKHS Jaep
BeJle MOICHHUK eMOIIMHIX peaKiliii Ha KITFOYOBI MOMIT THS. 3aru-
CYIOTECSI: TIOisl, EMOLIiHA peaKIlis, i IHTEHCUBHICTb, TIJICCHI BiJl-
4qyTTs, croci6 perymuii. Lle no3somsie ¢GopmyBat HaBHYKH

caMoCBijoMocTi Ta camoperyisiii. ITicist ananizy 3ammcis popmy-
€TBhCS «EMOLIiIfHa KapTa» — MepesIiK MOBTOPIOBAHKUX CTaHIB i IXHIX
TPHTEPIB.

4. Memoo «Kono niompumxuy. Y TeHarorivHoMy KOJICKTHBL
OPraHi30BY€THCS PETY/SIPHE KOJIO OOTOBOPEHHS, [ YYaCHUKH [li-
JISITHCSI eMOLIMHUMU CTaHAMH, III0 BUHUKAIOTh y MpoIeci poOoTH.
Ponb ninepa — He TiTBKH MOIEpYBaTH 3yCTpiy, aje it OyTu mpuKnia-
JIOM BiJKPHTOCTi, IPUHHATTS Ta aKTUBHOTO CIyXaHHs. Taka mpak-
THKA CHPHSIE PO3BUTKY COLIAIIBHUX HABUYOK Ta 3MILHEHHIO MDKO-
COOHUCTICHUX 3B’ SI3KiB.

5. Bnpasea «Jlucm noosikuy. Y4acCHUKaM MPOIIOHYETHCS HAIlH-
caTyl JIcTa JIFO[MHI, AKa MATpUMana iX y cKiIagHui mepiox, i3 3a-
3HAYEHHsAM, 32 110 camMe BOHHM BIsuHi. [ani el uct Moxe OyTH
MPOYMUTAHUN yronoc abo mepenanuii aapecarosi. [IpakTuka Brsy-
HOCTI MiJBHIILy€ PiBeHb €MOLIHHOI CTIMKOCTI Ta cnpusie popMmy-
BaHHIO IO3UTUBHOTO CEPEOBUILA B KOJIEKTHBI.

TakyM YHHOM, PO3BUTOK EMOI[IHHOTO IHTEJIEKTY B JIiepiB
OCBITHIX 3aKJIa/liB HE MOXX€ OOMEKYBaTHCh JIMIIIC TEOPETHIHNM PO-
3yMIHHSM KOHIENIi. I0ro eeKTHBHICTh POBKPHBAETHCS CaMe y
TIpOIIeci TOCTIHHOT MPaKTHKH, peduiekcii, BIIKPUTOCTI 10 TOCBILY
IHINMX Ta CMUJMBOCTI BU3HABATH BJIACHI eMoIlii. B yMoBax kpusu
TaKi BMiHHS HaOyBarOTh 3HAYECHHSI HE JIMIIIE SIK 0COONCTICHA SIKICTB,
aye if sk mpodeciiina HeoOximHicTh. CaMe ToMy iHTeTparis eneme-
HTiB eMOIIIHOT IPaMOTHOCTI B CHCTEMY YIIPaBIIiHCHKOI IiATOTOBKA
€ OJTHUM i3 KITFOYOBHX HAINpPSIMIB MOJEPHi3allii OCBITHHOTO JTifepc-
TBa B YKpaiHi.

Teopemuko-npakmu4yHa Modesib iHmezpauii
rcuxosio2iyHUX iHMepeeHyill y Kkpusoeul oceimHitl
MeHedXMeHm

'Y KOHTEKCTI BOEHHOTO CTaHy Ta IIOCTTPAaBMaTHYHUX HACIIJKIB
Y CYCIITBCTBI 3pocTa€e motpeda B OHOBJICHUX YIPABIIHCHKUX ITiJI-
X07IaX, II0 BPaxXOBYIOTh SIK TICHXOEMOIIIHI pecypcH caMoro Jiijiepa,
TaK i sIKiCTh M>KOCOOHCTICHOT B3a€EMOIiT B OCBITHBOMY CEPEIOBHIII
(Zhuk & Drozdovska, 2022; Voloshyna & Krupskyi, 2024;
Sheviakov, 2024). EMorriiiHa HecTabinbHICTh, BTpaTa BiquyTTs 0€3-
TIeKH, XPOHIYHA TPHBOXKHICTB — YC€ 11€ € He JIUIIIE 1H/MBITyaTbHIM
BUKJIMKOM JUISl YYaCHUKIB OCBITHBOTO IPOLECY, @ H CHCTEMHOIO
npoOIeMoro, ska MOTpedye MiKAUCIHUILTIHAPHOTO BUPIIICHHS Ha
PpiBHI ynpaBTiHHSL.

VY 11bOMY KOHTEKCTI IOPEUHOIO CTAE PO3pOOKa MOJIETi IHTErPo-
BAHOTO I IXOY JI0 ICHXOIOTIYHOT M ATPUMKH KePiBHHUKIB 3aKJIa/1iB
OCBITH, SIKa JIO3BOJISIE MOEIHATH KOTHITHBHI, €MOLIilHI, TiIE€CHO-
opieHTOBaHI Ta peIeKCHBHI CTpaTterii pearyBaHHs Ha Kpu3y. Taka
MOJIEJIb HE € CYTO TEOPETUYHOIO — i JIOTiKa Y3TroPKYEThCs 3 MiIX0-
JaMH TICUXOTEPAIeBTHYHOI iHTEpBeHIlii, HeHPOICUXoorii, MeHe-
JDKMEHTY B OCBITI Ta mpakTiyHoi nicuxonorii (Shaw et al., 2021;
Koshelieva et al., 2023; Stasiuk et al., 2024). Bona rpyHTy€eThCS Ha
MIPUHLUIAX 1HTErpallii 3HaHp 3 Pi3HUX HAYKOBHX IHCIHIUTIH, IO
JI03BOJISIE HE JIMIIIE 3HU3UTH PIBEHb EMOLIIIHOTO HABAHTAKEHHS Ha
YIPaBIiHII, a i MiABAIINTH e()eKTHBHICTh HOTO pillleHh B yMOBax
HeBH3Ha4YeHOCTi. CTpyKTypa MOJeNi OXOIUTIOE YOTHPH B3a€MO-
OB’ s13aH1 KOMITOHEHTH, KOYKEH 13 SIKUX BUKOHYE TICBHY IICHXOPETY-
JISITUBHY Ta YIpPaBIiHCBKY (yHKIif0 (Zavhorodnia et al., 2023):

KornituBHO-emoiiiHa perymsmis. Lleil kommoHeHT nependa-
Yae PO3BUTOK YCBIJJOMIICHHS BIIACHUX eMOLIiil, popMyBaHHS HaBH-
YOK TXHBOI MoJepallii, a TaKoXX 3[aTHICTH JI0 palioHai3amii eMo-
IiifHO 3a0apBIeHNX CUTYaIil. 3acTOCYyBaHHS KOTHITHBHO-MOBENIH-
KOBHUX TEXHIK, 30KpeMa, IIePEOCMHUCIICHHS aBTOMAaTHYHUX TyMOK Ta
3MEHIIIEHHs KaTacTpodizalii mofdil, Crpuse 3HIKSHHIO BHYTPIII-
HBOTO HAIPY>KEHHS 1 MiIBUIIEHHIO CTIHKOCTI KEPIBHHUKA JI0 CTPECY.
[le m03BOIIsIE HOMY MpUIiMATH 3BayKEHi PIllIeHHs HABITh Y CKIAIHHUX
CHTYaLIisIX.

Tinecno-opieHToBaHi nmpaktuku. Onopa Ha TiIECHHI TOCBiA
(somatic experiencing) B yMOBaX IepeBaHTAKCHHs HEPBOBOI CHC-
TEMH JIOTIOMarae BiTHOBUTH (i3i0NOTiYHUN OanaHC Ta MOBEPHYTH
cy0'exTa 10 cTaHy «TyT i Tenep». J{o boro GI0Ky BXOIATH TEXHIKH
YCBITOMJICHOTO JMXaHHs, BIpaBa «3a3eMiieHHs», meroauka TRE
(Tension and Trauma Releasing Exercises) Ta iHi comaruyHi iHTe-
PBEHLL1, 110 aKTUBI3yIOTh NapacuMIIaTH4Hy HEpPBOBY cuctemy. Le €
OCHOBOIO peryJisiLii aheKTHBHUX CTaHiB i 3ar00iraHHs ICHX0coMa-
TUYHUM TIposiBaM BucHaxeHHs (Landry, 2019).

PeduiexcuBHa ynpasiiHcbka npaktuka. CucreMHa peduiekcis
HaJl yIPaBIiHCHKOIO JIisUTBHICTIO, BKJIFOYHO 3 aHAJi30M BIIACHHX pi-
LIEHb, CIIOCTEPEKEHHSM 33 THHAMIKOIO eMOLIiil y KOMaH/Ii, y4acTio
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Y CYIEpBI3ifX Ta BEACHHSIM IOJICHHUKA KePIBHUKA, CIIPHSE TTiIBU-
IIEHHIO MeTarti3HaHHsL. L{e 103BoIsie He JInIe YHHKAaTH ITOBTOPEHHS
TIOMHJIOK, @ ¥ PO3BUBAaTH THYYKICTh YIIPABIiHCHKHX CTPATETiH, M0
0co0IMBO BXKIIMBO Y Kpu3oBoMy Iiepiozi (Barinua et al, 2022).

EMorifiHo opi€eHTOBaHI yNpaBIiHCEKI pimeHHs. KepiBHHIBKI
i, M0 1HTerpyIoTh eMOLiTHO-eTHYHI NPHHINIY (E€MIIaTis, IPO30-
picTh, 1HKIIO3i), MAlOTh BUpIIIaNbHE 3HAUYCHHS 111 (OPMYBaHHS
JIOBIpM Ta TICHUXOJIOTTYHOI O€3MeKH B OCBITHROMY CEPEIOBHILI.
Crony Hane)Karh 3aX0/IU 3 IICHXOEMOLIMHOT MATPUMKH KOJIEKTHBY,
BIPOBA/DKEHHS NPAKTHK HEHacWIbHMIBKOI KoMyHikamii (NVC),
Mozieparisi eMOLIHO CKIIaJHUX PO3MOB depe3 (acHIiTalliiHi Tex-
HiKH, CTBOPEHHS BIAKPUTOTO MPOCTOPY VIS 3BOPOTHOTO 3B’ SI3KY.

CyTHICTh MOJIEJI MOJISIrae y B3a€MOII] 3a3HaYE€HUX KOMIIOHEH-
TiB SIK €JMHOT JUHAMIYHOI CHCTEMH, 1€ PO3BUTOK OHOTO ONIOKY ITi-
Jncumoe eeKTUBHICTD HIMX. Hanpukian, TiiecHO-Opi€HTOBaHi
TEXHIKU TOCHUIIOIOTH 31aTHICTh 0 eMOLIHHOI caMOperyimii, o
CBOEIO Yeprolo 3abe3neuye 0CHOBY s peduieKcii Ta yCBIIOMICHUX
YHPaBIiHCHKUX pillieHb. Taka MKKOMIIOHEHTHA B3aeMOAisA GopMye
criiikuit kapkac npogeciitHol iTeHTUYHOCTI KepiBHUKA HOBOTO I10-
KOJIIHHS — THYYKOTO, yCBiIOMJICHOTO, EMIIaTIHHOTO.

IIpakTrdna peaizariist MOZENi y Iporpami MmiArOTOBKH OCBIT-
HIX JIJepiB nependadae BIPOBaHKEHHS TPEHIHIOBHX OJOKIB, iHTe-
rpariio ICHXOeIyKallifHUX MOMYINIB, CTBOPEHHS IIPOCTOPY UL
IPYIIOBOI CyHepBi3iiHOT poOOTH Ta (hacHITIITOBAHUX JUCKYCIH Y KO-
MaH/axX. 3aCTOCYBaHHS L€l Mojieli cnipusTuMe GopMyBaHHIO Oe3-
MIEYHOTO CEPENOBUIIIA, I MiITPUMYETHCS HE JIMIIE aKaJeMiuHa yc-
MIIIHICT, @ § MEHTaJbHE ONAromnoxydds BCIX YYacHHKIB OCBIT-
HBOTO IIPOLIECY.

Heliponidxodu e nidmpumuyi nedazozie: Moxueocmi
3acmocyeaHHs1 8 Kpu3oeomy nidepcmei

OcTaHHI AECATWITTS MO3HAYCHI CTPIMKAM PO3BUTKOM MiX-
JUCHUILTIHAPHUX MiIXOIB, 30KpeMa HEHMPOIICHXOJIOT11 Ta Helipore-
JTaroTiKH, SIKi BIKPIJIM HOBI TOPU30HTH JJIs PO3YMIHHS MEXaHI3MIB
CTpecy, HaBYaHHs, EMOLIMHOI peryssuii Ta mpodeciifHoro BHUro-
passs. Y cdepi KpU30BOr0 MEHEPKMEHTY B OCBITI HEHpOITiIXonu
MPOTIOHYIOTH €()eKTHBHI CTpaTeril MiATPHUMKH IEAroriB Yyepe3 Bpa-
XyBaHHSI pOOOTH MO3KY Y CTPECOBHX CHTYallisIX Ta 3aCTOCYBaHHS
HEeWpoaganTUBHUX METOIB BiIHOBJICHHS (YHKIIIOHATBHOT CTIHKO-
cti ncuxiku (Taranenko & Popravko, 2021; Zavhorodnia et al.,
2023).

3okpeMa, JOCTI/PKEHHS IOKa3yloTh, L0 TPUBAIMH CTpec
BIUIMBaEe Ha pPoOOTy NpepOoHTANBHOI KOpPH, BiIOBiTaIbHOI 3a
NPUHAHATTS  PillleHb, CAMOKOHTPOJb 1 KOTHITHBHY THYYKICTh
(Zavhorodnia et al., 2023). V KpHu30BHX yMOBaX, KOJIU 3pOCTaE pi-
BEHb KOPTH30ITY, 3HWKYETHCS 3IaTHICTB 10 KOHIIEHTpAIlil, eMOLii-
HOT cTaOUTBHOCTI ¥ 00’ eKTHBHOI oLiHKHM cutyalii. L{e cTBoproe pu-
3UKH JUIs €eKTUBHOTO BUKOHAHHS podeciifHuX 000B’3KIB mena-
rOraMH Ta BUMarae BIIPOBA/DKEHHS MTiITPUMYBaIbHUX MEXaHI3MiB.

Heifiponiaxoay NpoNoHYIOTh HU3KY IHTEPBEHLIH, sIKi CIpHs-
I0TB 3HIDKEHHIO EMOLIIHHOTO HaBaHTa)KEHHSI, BiTHOBJICHHIO HEHPO-
TUIACTUYHOCTI Ta MiJBUIEHHIO TICHXOJOTIYHOI BUTpUBAIOCTI. J{0
TaKuX iHTepBeHLi# Hanexarb (Karamushka et al., 2021):

— JMXaNbHI Ta TiJIECHO-OPIEHTOBAHI MPAKTUKH, IO aKTHBY-
I0Th TIapaCUMIIATUYHY HEPBOBY CHCTEMY Ta CIIPHUSIOTH BiJIHOB-
JICHHIO 0aJylaHCy MiXK EMOIIIHOO Ta PaIliOHATEHOIO PEaKIIisIMIL;

— BHUKOPHCTAHHS Bi3yaTi3alliiHIX TEXHIK Ta My3HMIHUX HEW-
POTIPOTOKOIIIB, SIKi CTUMYJTIOIOTB JIIMOIYHY CHCTEMY 1 3HIKYIOTH Pi-
BEHb TPUBOTH;

— (QopmyBaHHS HOBHX HEHPOHHHUX 3B’S3KIB Yepe3 TOBTOPIO-
BaHI MTO3UTHBHI TIEPEKUBAHHS Y 0E3MEYHOMY OCBITHEOMY CEpelio-
BUII.

Takok 3HaYHy yBary HpHUBEPTA€ MiJXiI COLiaIbHO-EMOIIiH-
Horo HaBdaHHA (SEL), siknif iHTEerpye HelipoHayKOBi 3HAHHS B CUC-
TeMy PO3BHTKY €MOLiHOT KOMIIETEHTHOCTI neaaroris. Pesynsraru
arrpoOariii mporpam SEL y HH3III €BPOMEHCHKNX OCBITHIX 3aKIaziB
HOKAa3aJIM 3MEHIIIEHHS] CHMITTOMIB €MOLIIHOTO BUTOPaHHS Ta MOK-
pamenHst  skocti  komanaHoi B3aemonii  (Kharchenko &
Semenikhina, 2024). Heiipomigxoan y MoeIHaHHI 3 PO3BHTKOM
EMOLIIfHOTO 1HTENIEKTY CTBOPIOIOTH HAyKOBO OOIPYHTOBaHY ILIaT-
(bopMy 1151 BIPOBAPKEHHS [ICUXOJIOTIYHNX IHTEpBEHIiH y cucremi
KPH30BOTO MEHEKMEHTY OCBIiTH. IX iHTerpariis B oCBiTHIO Mpak-
THKY JI03BOJISI€ HE JIMILIE ITiATPUMATH [ICHXOSMOLiiHMI1 cTaH nexna-
rOriB, aje W MiABUIIMTH epEeKTUBHICTh YIPaBIiHCBKHX PilleHb Y
KPUTHYHHX yMOBaX.

V cydacHUX ymoBax 0araTroBeKTOpHOI HECTaOiIBHOCTI, IIO
OXOIUTIOE OCBITHE CEPEINOBUIIIE, TUTAHHS ITiATPHMKH ICHXOEMOLiii-
HOTO CTaHy HezaroriB HaOyBae 0COONMBOI aKTyaJbHOCTI. 3MiHH,
CIpUYHMHEHI BOEHHUMHE JisMu, maHnemiero COVID-19, comians-
HOIO TypOYJICHTHICTIO Ta IHCTUTYIIHOX HEBU3HAYCHICTIO, BUMa-
raloTh PO3pOOJIEHHS HE JIMIIE CHCTEMHOTO KPHU30BOTO MEHEMIKMe-
HTY, @ 1 KOHKPETHHX iHCTPYMEHTIB BHYTPIIIHBOI CaMOpPErysiii
IUIS TIearoriB. Y BiNOBiAh HA Il BUKIMKU CydacHa HayKa Jemaii
AKTUBHIIIE 3BEPTAEThCA O HEUPOICHXOJOTIYHHUX IMiIXOAIB, SKi
MPONOHYIOTh e(eKTHBHI MEXaHi3MH MiATPUMKH Yepe3 aKTHUBAIIII0
(i3107I0TIYHMX TPOLIECIB CAMOBIIHOBICHHS, (pOpMyBaHHS HEHUpO-
IIACTUYHOCTI Ta MiABUILICHHS [ICUXOJIOTiYHOT BUTPHBAJIOCTI.

VY Mexax HefpoopieHTOBAaHHX iHTEpBeHLH chopMyBaBCs Ha-
0ip TeXHIK, sIKi MOXKYTb OyTH aJalTOBaHi 10 OTPed OCBITHBHOTO Ce-
penoBuiia. 30KpeMa, IMXalbHi Ta TUIECHO-OpiEHTOBaHI BIPaBU Je-
MOHCTPYIOTh BHUCOKY €()EeKTHBHICTH Yy CTaOLmi3alli BereTaTuBHOL
HepBOoBOi cucTeMu. Hampurkinas, mpaKkTHKa peryinbOoBaHOTO AUXAHHS
3a METOZIOM «KBajparHoro auxants (box breathing) no3Bossie 30a-
JIAHCYBaTH CUMIIATUYHUH Ta MapaCUMIIATUYHUI TOHYC, HOpMai3y-
roun (i3ionoriyni peakuii Ha crpec. Merox mependadae MoBLTbHE
BAVIXAHHS ITOBITPS IPOTATOM YOTUPBHOX CEKyHJ, 3aTPHUMKY AUXaHHS
Ha YOTHPH CEKYH]IH, BUANX IIPOTITOM HACTYITHHX YOTHPHOX CEKYHIT
i MOBTOpHY 3aTpuMKy. Kijlbka IIUKJIiB TaKoi MPAKTHKHU 31aTHI 3MEH-
IINTH CEPLIEBHIl PUTM, aKTHBI3yBaTH 30HU MO3KY, OB sI3aHi 3 yBa-
TOI0, Ta 3HU3UTH PiBEHb TOPMOHY KOPTH3OITY.

[HIIYM eeKTHBHIM IHCTPYMEHTOM € METO/IMKA TLIECHOTO 3a-
3eMJICHHS, 30KpeMa TexHika «5—4-3-2—1», 10 IPYHTYEThCS Ha Me-
XaHi3MaX CEHCOpHOI iHTerparii. 3aay4eHHs 30pOBHX, TAKTHJIBHHX,
CIIyXOBHX, HIOXOBUX 1 CMaKOBHX KaHAJIB aKTUBI3ye poOoTy mped-
POHTAJIEHOT KOPH Ta rajJbMye TilepaKTUBHICTD JIIMOIYHOT CHCTEMH,
o 3a0e3reuye MBHUIKE 3MCHIIICHHS TPHBOXKHOCTI. TeXHIKa € IIiH-
HOIO Y CUTyallisIX eMOLIIHOTO IepeBaHTa)XEHHS ITiJl 9ac poO0oYoro
npoiiecy abo mepes COIliadbHO 3HAYYIIUMH MOMIAMU (HAIPHKIA],
BIZIKPUTUM YPOKOM, ITyOJTiYHIM BUCTYIIOM, CKJIaTHOIO PO3MOBOIO 3
0aThKaMH YM aJIMiHICTpAII€I0).

OxpeMy yBary HpHBEpTa€ BisyaiizalliifHa MPaKTHKa «MicCIe
CHJIN», SIKa € IPUKJIAIOM iHTEeTpalii KOTHITHBHOI PECTPYKTYpH3aLil
3 MeToaaMu ad)eKTHBHOTO 3aAKOPEHHL. [i CyTh TIOMIArae B aKTHBAII1
MO3UTHBHUX CIIOTAJB 1 acolliamii, Mo aBTOMATHYHO 3ATy4aiOTh
HEWPOHHI MepeKi, BiIIOBIJaNbHI 32 BIMIYTTS OE3MEKH i 3aCTIOKO-
€HHs. PerynspHe BIITBOPEHHS TaKOTO BHYTPIIIHBOTO MPOCTOPY B
ysBi crpuse (GOpMyBaHHIO BHYTPIIIHBOTO «IICHXOJOTIYHOTO YK-
PHTTS», 10 SIKOTO 0c00a MOXKE 3BEPTATHUCS Y MOMEHTH KPH3H.

YV paMkax HEHPOMOAYITIOBAIBLHUX MiX0/iB €()EKTHBHIMH BU-
SIBISTIOTBCS. TAKOK MY3WYHI iHTEpBEHIII. 30KpemMa, MPOCIyXOBY-
BaHHS KOMIO3UIiH 3 9acToToro 432 I'11 abo 3BYKiB MIPUPOAN aKTH-
Bi3y€ aKTHBHICTb JIOOHOT YaCTKH MO3KY Ta 3HW)KY€ 30y/IKEHHS B Ti-
TOKAaMITi, IO BiIMOBiIae 3a GOpMyBaHHS TPUBOXKHUX cTaHiB. Taki
MIPaKTUKA MOXKYTh OyTH peai3oBaHi y MeXax CTPyKTYpPOBAaHHX Me-
TONUYHHX TOAWH, IIiJ] Yac iHAWBITyabHOI penaKcallii mcis 3aHsTh
abo sIK YaCTHHA MPOTrPaMy MiKpOIIay3 YIPOJOBK pOOOUOTO JHSL.

He MeHII 3HaUYIINM € 3aJTyueHHs TUIECHOI pOOOTH SIK IIBHI-
KOTo IHCTpyMEHTa 3MiHH Icuxo(i3ionoriyHoro crany. 3rijHo 3 1a-
HUMH COMAaTHYHOI TICHXOJIOTii, 3MiHa TI03H Tija, 30KpeMa BUIIPSIM-
JIEHHS CIIMHHM, NINOOKE HOTATYBaHHA a00 CBiJIOME JIMXaHHS «4epe3
TiJIOY, 30aTHA 3MiHUTH BEKTOp JIOMiHyBaHHS CHMITaTUYHOI abo ma-
pacuMIartiyHOi HepBOBOi cucTeMHu. [IpakTHka YCBiZOMIICHOTO
PYXy aKTHBI3y€e TiIECHY MPHUCYTHICTh i MOCHIIOE BITIYTTS KOHT-
POJIIO HAJ TIJIOM, IIO € Ba)KIIMBUM YMHHUKOM 3MEHIICHHS Cy0’ €KTH-
BHOT'O Bi}l‘lyTTﬂ TPUBOT'U.

3 omIsi/ly Ha aKTyaJlbHICTh PO3BUTKY €MOLIiHHOT KOMIIETEHTHO-
CTi cepejl Mme/aroriB, ocoOIMBOI YBaru 3aciIyroBYIOTh MiJAXOAH CO-
HiansHO-eMoliiiHoro HapyanHs (Social and Emotional Learning,
SEL), siki, Oyayun iHTErpoBaHUMH B OCBITHIi Tpoliec, CIPUSIOTH
SIK 1HIMBIyaNbHI CTPECOCTIMKOCTI, TaK i MOKPAICHHIO KOMaHI-
Hoi B3aemoyii. [IpakTudHa pearnizamis MUX MiIX0niB MOXe BiOyBa-
THCS Yepe3 PETYISpHi 3yCTpidi MeIaroriqHoro KOJIeKTHBY B (op-
MarTi «peCypCHUX TPYID», MiJl 9ac SKUX 3IHCHIOEThCS OOMIH edek-
THBHHMH CTPATETisIMH CaMOIIITPHMKH, MOIENIOIOTECS CHUTyamil
B3a€EMHOI eMIaTiHOT B3a€MOJIIi Ta CTBOPIOEThCS OE3METHMIA TIPOC-
Tip JUIS €MOLIMHOTO pO3BaHTaKEHHs. Pe3ynbTaTn Takux iHTepBEH-
IIiH, SIK TTOKA3yI0Th anpoodanii y eBponeiicbknx kpainax (Mindeguia
et al., 2021), MaroTh HO3UTUBHUII BIUIUB HA 3MEHIIICHHSI CHMITTOMIB
eMOIIHOTO BUTOpAHHS, ITi[BUINCHHS PIiBHS eMOIIHHOI peryssii
Ta TIOKPAIleHHS 3arajJbHOTO IICHXOEMOLIHHOTO KIMary B
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OCBITHBOMY 3aKiaji. TakuM YHHOM, MPaKTHYHA IMIUICMEHTAIList
HEHPOIICHXOJIOTTYHUX Ta COLIaIbHO-eMOLIHHUX IiJXOAIB B OCBIT-
Hilf IpaKTHULli € He JINIIE MOXKIMBOIO, a i HEOOX1THOIO Y KOHTEKCTI
Cy4acHUX BUKIMKiB. CTBOPEHHS CHCTEMH BHYTPIIIHBOI MIATPUMKH
Ha OCHOBI HayKOBO OOIPYHTOBAaHHMX IHTEpBEHLiH 31aTHe 3abe3re-
YHUTH HE TUIBKU aJanTalliio 10 KPU30BUX YMOB, ale i popMyBaHHA
HOBOi KyJIBTYpH MCHUXOJIOTTYHOI TypOOTH B OCBITHBOMY CEpelo-
BHII.

lMcuxonoeivyri iHmepeeHuyii: iHmezpauiss meopii ma
npakmuku y nidzomoeui oceimHix sidepie

CydacHuit OCBITHII IpOCTip B yMOBaxX HeCTaOLILHOCTI H BH-
cokoi TypOyJeHTHOCTI moTpe0ye He JIMIIE aJaNTHBHOTO YIIpaB-
JIHHS, aJie i TIMOOKOT IICMXOJIOTIYHOT IMiITOTOBKU KEPIBHHKIB, 3/1a-
THHUX e()eKTHBHO pearyBaTé Ha BHUKJIMKH, ITOB’s[3aHi 3 KPU30BHMH
curyarism. OIHUM 3 KIIFOYOBUX HAIpPSMIB TaKoi MiATOTOBKH BH-
CTyIIa€ iHTErpamis IICHXOJIOTIYHHX IHTEpBEHIIH y npodeciiiHe Ha-
BYAHHS OCBITHIX JIiJEPiB.

Ilcuxomoriuni iHTEpBEHIIi — Lie IiJIecnpsAMOBaHi Aii, 3aCHO-
BaHi Ha EMIIPHYHO MiATBEPIKEHUX METOIaX IICHXOJIOTIYHOI JOTIO-
MOTH, II0 MAalOTh Ha METI 3HIKEHHS PIiBHS JHCTPECY, PO3BUTOK
€MOIIIIHOT KOMITETEHTHOCTI, IIOCUJICHHS aJalTalliiHuX MOKIIUBOC-
Teii Ta popMyBaHHA BHYTPIIIHBOI CTiliKocTi ocoducTocTi (Goleman
et al., 2013; Stasiuk et al., 2024; International Medical Corps.,
2017). Y KoHTEKCTi JliiepcTBa B OCBITI Taki iHTEPBEHIIiT BUKOHYIOTh
MOABiIHY (YHKIIIO: 3 OOHOTO OOKY, CHPHSIIOTH OCOOHCTICHOMY PO-
3BHTKY KEPiBHHMKA, 3 HILIOIO — BIUIMBAIOTh Ha O3OPOBIICHHS EMO-
LiHOTO KJTIMAaTy BCHOTO MIEAAaroriyHOrO KOJIeKTHBY. TeopeTndne mi-
JIIPYHTS TICUXOJIOTTYHUX 1HTEPBEHLIH IS OCBITHIX JIiIepiB hopMy-
FOTh TTOJIOKEHHSI KOTHITHBHO-TIOBETiHKOBOT Tepartii (Goleman et al.,
2021; Voitenko et al., 2021b), TpaH3aKIifHOTO aHATI3Y, HO3UTUBHOL
MICUXOTEparii, a TaKoXK MiAXOAW IHTErPATUBHOI ICHXOTeparii
(Goleman et al., 2013), siki 0cOOMHMBO aKTyalbHI B yMOBaxX MOCTTpa-
BMAaTHYHOTO KOHTEKCTY, 3yMOBJIEHOTO BiifHOIO.

IIpakTHdHe 3acTOCYBaHHS IHTEpBEHLI B OCBITHHOMY MEHe-
JDKMEHTI ITependadae BKIFOUSHHSI JI0 TIPOrpaM IiATOTOBKU KePiBHHU-
KiB TAKUX KOMITOHEHTIB, SIK:

— HaBYaHHS HAaBHYKaM €MOLIHHOI camoperysswii (30kpema,
TEXHIK «CTOI-peaKii», MaiHI(yITHECY, KOHTPOJIIO IMXaHHs);

— TIPAaKTUKH BiTHOBJIEHHSI IICHXOJIOTIYHOT piBHOBAry 4epes Ti-
JIECHO-OPIEHTOBaHI TeXHIKM (HAlpHKIIaJ, BIpaBa «3a3eMIICHHS»,
10 JIOTIIOMArae MOBEPHYTHUCS JI0 CTaHy «TYT i Terep» y CTPEecoBiit
cuTyarii);

— iHTepBeHIi 3 PO3BUTKY cTpecocTiiikocTi: MeToanka TRE
(Tension and Trauma Releasing Exercises), ncuxoemykauiiiHi cecit
IIOJI0 MIPUPOIX EMOITii, MEXaHi3MiB 1X BUHUKHCHHSI Ta PEryJIsALlii;

— TpYIOBI IHTEPBEHII] s KOMaH OCBITHIX 3aKNIaiB, sIKi
0a3yroThcsl Ha IPUHIMIIAX HEHACHIIBHUIIBKOT KOMYHIKAIIii Ta TEXHi-
Kax (acuiiTanii eMOLIifHO-CKIIaJHAX PO3MOB;

— CymepRi3iifHa MATPUMKa — peryiasipHe OOTOBOPEHHS TPYI-
HOIIIB B YNPaBIiHHI 13 (aXOBUM IICHXOJIOTOM ab0 TPYIIOI0 KOJIET,
IO JI03BOJIsE (hOPMYBATH KPUTHYHE MHCICHHS LIOJ0 BIACHUX Pi-
LIEHD 1 TOBEIIHKH.

JIOmiNBHICTE 3a3HaYEHHUX TICUXOJIOTTYHMX 1HTEPBEHIIIH 3yMOB-
neHa OararbMa YnHHUKaMU. [lepenyciM, ynpapimiHChKa TisUTBHICT
B OCBITHBOMY CEpEIOBHIILI € €MOLIHHO HACHYCHOK, & B yMOBax
Kpu3 (BOEHHWI CTaH, 3MiHH B 3aKOHOJIABCTBI, pepOpMyBaHHSI
OCBITH, ITOCTKOBITHA PEaJIbHICTh) — IIe i BUCOKOCTpecoBor. Came
TOMY PO3BHUTOK CTPECOCTIHKOCTI Ta HABUYOK €MOIIIHOT THYYKOCTI
crae He e GaxTopoM nMpodeciiHOro BIKHBAHHS, a i KITFOYOBOIO
YMOBOIO €()eKTHBHOTO JIiZIEPCTBA.

Texniku camoperysuii (30kpema, MaiHI(yITHEC YU «CTOM-
peaxuis») J03BOISIOTH JAEPY YCBIZOMIIIOBATH BIACHI peakuil,
YHHKATH IMITYJbCUBHHUX YIPABIiHCHKUX PillIeHb Ta TPAHCIIOBATH
MOJIEITh 3piol eMOITiHOT moBemiHKK i mimrerux. e cTBoproe
Oe3reyHe MCHXONOTIYHE CepEIOBHIIE, SKE € OCHOBOIO 3JJ0POBOTO
MiKPOKJIIMATy B KOJICKTHUBI.

TinecHo-opienToBaHi TexHiku Ta MeToarka TRE nosenu cBoto
e(eKTHBHICTb Y KOHTEKCTi 3HIDKEHHSI COMaTHYHOTO BILIHBY XPOHi-
YHOTO CTpecy. Sk MoKasyloTh AOCTiIKEHHS y cdepi MpUKIagHol
ncuxodizionorii (Goleman et al., 2013), cucremarnute 3actocy-
BaHHS LUX Mi/IXO/iB CIPHsIE HOPMAai3aLlii TOHyCYy BEreTaTHBHOI He-
PBOBOI CHCTEMH, LI0 OCOOIMBO BaXJIMBO VIS OCIO, sIKi TpUBAJIHIA
yac nepeOyBaroTh Y CTaHi MiABUIICHOT BiIOBIAAIBHOCTI.

He MeHm BaxIMBUMH € TpPYNOBi iHTEpBEHUIl Ta

(acumiTariiHi TEXHIKY, 0 TTOKINKAH] MOCHINTH KOMaHAHY 3Typ-
TOBAHICTb, CIIPUATH BIAKPUTOCTI i KOHCTPYKTHBHOMY 0OMiHy. Bu-
KOPHUCTAHHS €JIEMEHTIB HEHACWJIBHUIBKOI KOMYHIKAIlii JO3BOJISE
KepiBHUKaM 3HIKYBAaTH PiBEHb MI>KOCOOUCTICHOI HAIIPyTH y KojIe-
KTHBaX, MATPUMYBATH NPOAYKTUBHUM Jajor Ta yHUKATH KOHIi-
KTHHX CHUTYyaLil, sIKi B KpU30BHI IEpiox MOXKYTh HaOyBaTH 3arpo3-
JIMBOTO XapakTepy.

CymnepBiziiiHa MiATPUMKA, Y CBOIO YEpPry, BUKOHY€E POJIb ped-
JIEKCIIHOTO MeXaHi3My: BOHA JI03BOJISIE KEpiBHUKAM PO3IIISIATH
CKJIa/IH1 KeHCH He JIMIIE 3 TIO3HLI] aAMiHICTpaTUBHOI €()eKTUBHOCTI,
a i yepe3 Mpu3My €THYHOI BIATIOBIAANEHOCTI, eMOLIHUX BIUIMBIB
1 JIOBFOCTPOKOBUX HACIIJIKIB [l KOMAH/IH.

Takum YMHOM, NICHXOJOTIYHI IHTEpBEHLI], IHTEIPOBaHi B MiJ-
TOTOBKY OCBITHIX JIJepiB, HE JIMIlIE BHKOHYIOTH MPOQiTaKTUIHY
(yHKLUi0, ajie i CTBOPIOIOTH OCHOBY 15 ()OPMYBaHHS HOBOTO THITY
KepiBHUKa — €MOLIIHO CBIiZOMOrO, pe(IeKCUBHOIO, CTPECOCTIii-
KOT'O Ta eMIAaTiiHHOTO.

lMepcnekmueu po38UMKY McuxosI02iYyHoi MiOMpPUMKU
KepieHuKie y oceimi

CydacHa cucTeMa OCBITH Iepe0yBae y cTaHi HOCTIHHOT TpaH-
chopmarii, IO BUMAarae Bill KEpiBHUKIB HE JIUIIE CTPATETi4HOTO
MHUCJICHHS Ta YHPABIIHCBKMX KOMIIETEHTHOCTEH, a i BUCOKOTO pi-
BHSI €MOLIIIfHOI KOMITETEHTHOCTI, 3AaTHOCTI 10 camopediekcii Ta
aIanTHBHOCTI. Y I[bOMY KOHTEKCTI IICHXOJIOTiYHA MATPUMKA JIisie-
PiB OCBITHIX iHCTUTYHili HaOyBa€ OCOONMBOI aKTyaJbHOCTI SK
yMoBa 30epeKeHHs €()EKTUBHOCTI Ta KUTTECTIMKOCTI yIIPaBIiHCh-
KOI JisUTBHOCTI.

OnHMM 13 KITIOYOBUX HANPSIMIB PO3BUTKY € IHCTUTYIIIOHAITI3a-
Lis TICHXOJIOTIYHOI MIATPUMKH B CHCTEMI IMIATOTOBKH Ta IIiJBHU-
ieHHs Keamidikarii ocBiTHIX KepiBHEKIB. VaeThes, 30kpeMa, mpo
CTBOPEHHSI MOIYJIBGHHX IPOrpaM, sIKi BKIIOYAIOTh IICHXOJIOTIYHUI
CYIpOBi, IHTETPOBaHi IHTEPBEHLIi], TPEHIHIH, KOYYHHT Ta CyIepBi-
3iiiHI (hopmaru. Taki mporpamu MarOTh 0a3yBaTHCS Ha MOETHAHHI
TEOPETHYHOTO 3HAHHS 3 IPAKTHYHIMH {HCTPYMEHTaMH, PEJICBAHT-
HHMH JI0 YKPaiHCBKOTO OCBITHBOTO KOHTEKCTY.

JIpyroro Ba>KJIMBOIO HEPCIIEKTHBOIO € PO3BUTOK MpodeciiHol
KYJIETYPH 3alIUTy Ha IICHXOJIOTIYHY JOTIOMOTY CepeJ] OCBITHIX Jiie-
piB. Jloci y 6ararsox OCBITHIX 3aKJiaiax 30epiracThCsi CTEPEOTUITHE
YSBICHHS NP0 TCUXOJIOTIYHY MiATPHMKY SIK «IOMOMOTY Y Kpaii-
HBOMY BHITQJIKY», III0 iICTOTHO 3HIKYE NPOQIIaKTHIHUH OTEHIaI
inTepBeHLid. HeoOxinHo gopmyBaTn HOBY ynpaBIiHCBKY Hapaju-
MY, y SKiii TypOOTa Ipo MEHTaJbHE 3I0POB’S PO3IIISNAETHCS SIK
BiZIOBIIAJIbHICTh KEPIBHUKA — SIK 100 ceOe, Tak i MIOA0 KOJIEK-
TUBY.

Y KOHTEKCTi MOCTTPAaBMaTHYHOTO CYCHIJIbCTBA, B SIKOMY ChO-
rofHi (YHKIIOHYE YKpalHChKa OCBiTa, BAXKIMBO TaKOK aKTHBI3Y-
BaT¥ MDKIMCIUILTIHAPHI 3B’ SI3KH MK TICHXOJIOTIEI0, TIEAAroTiKOIO,
MEHEDKMEHTOM 1 COLIANBHOI0 poOOTOr0. BIipoBakeHHs apT-Tepa-
MEBTHYHUX IIPAKTHK, TiJIECHO OPIEHTOBaHMX ITiIXOAIB, (acuIiTa-
LiIfHOTO MOJIENTIOBAHHSA B YIIPABIIHCHKY JisUTbHICTE BIIKPHBA€E HOBI
TOPU30HTH JUTS 3MIIHEHHS TICHXOJIOTIYHOI CTIHKOCTI SIK OKPEMHX
KEpiBHUKIB, TaK 1 KOMaH/I Y LILIIOMY.

3pewIToro, MepereKTUBa PO3BUTKY MCHXOIOTIYHOT MiITPUMKH
JTiIepiB OCBITH TIOJISTAE B IIEPEXOIi BiJI TOYKOBUX 3aXO/iB (OMUHNY-
HUX TPEHIHTiB, KOHCYNBTAIIiN) 0 CHCTEMHOTO CYIIPOBO/Y, IO OXO-
ILTIOE BECh MUK PO eciifHOT MisLTEHOCTI KepiBHUKA — BiJI IIOYATKY
YIPaBITiHCEKOT Kap’€pu 110 mepioay mpodeciiHOro BUCHAKCHHS U
OHOBJICHHA. Takuii miaxin cnpustiMe HOPMYBaHHIO HOBOI SKOCTi
YIPaBITiHHS B OCBITI — OUIBII €MIIATiifHOTO, THYYKOTO, CTIHKOTO 110
BUKJIUKIB 1 OPi€EHTOBAHOTO Ha IOBIOTPHBAJI 3MiHH.

BUCHOBKM

VY cydacHUX yMOBax COLiaJIbHUX TpaHchopMalliii Ta mocTii-
HHX BHUKJIHKIB, 1[0 TOCTAIOTh MEPE]] CHCTEMOIO OCBITH, 0COOIMUBOI
3HaYyLIOCTi HaOyBae HEOOXiAHICTh 3MiHM YNPaBIIHCBKHX MHapa-
JqurM. [HTerpais eMOI[IHOTO iHTENEeKTy Ta HeHPOIICUXOIOTIYHUX
HiJIXO/IB Y KPU30BUI MEHE/DKMEHT J03BOJISIE CYTTEBO Ii/IBUIIIUTH
e(eKTUBHICTh YHPAaBIIHCHKUX pillleHb, aJANTHUBHICTh KEPiBHUKIB
JI0 3MiH Ta 3arajbHy CTifKiCTb OCBITHHOTO CEPEOBHILIA.

AHai3 TEOPETHYHUX 1 IPUKIIATHUX PKEPEN JIOBOIHUTB, III0 PO-
3BUTOK €MOIIHHOT 00i3HAHOCTI, HABUYOK CaMOpEryJLii, eMmarii
Ta COLiaTbHOI KOMIETEHTHOCTI € 6a30BUMH ITepelyMOBaMH JUIS yC-
mmHoro  (yHKIIOHYBaHHS Jliepa B yMOBaX CTpecy Ta
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HeBu3Ha4YeHoCTI. Helipomiaxonu — 30kpeMa 3HaHHS PO poOOTy Ji-
MOIYHOI CHCTEMH, BIUIMB CTpECy Ha KOTHITHBHI (yHKIil, ocoOmm-
BOCTI peaKIlii MO3Ky Ha KPH3y — BiJKPHBAIOTb HOBI MOXKIIMBOCTI
JUTSL IUJIECTIPSIMOBAHOTO PO3BUTKY KepiBHHKA K Cy0’€KTa caMoyT-
PaBIIHHS Ta ICHXOJIOTIYHOTO MOJIETIOBAHHS CEPEIOBHUIIA.

Y Mexax CTaTTi IpelCTaBIeHO MOAENb B3a€MOAIT KITIOYOBHX
KOMITOHEHTIB, $IKa iHTErpye KOTHITHBHO-EMOIUHHY peryisimito, Ti-
JIECHO-OPIEHTOBAHI TEXHIKH, pe(IeKCUBHY MPAKTUKY Ta yIIPaBITiH-
CBKI pillIeHHS, 110 IPYHTYIOThCS Ha MPUHIUNAX eMOLiIHOI KoMIIe-
TeHTHOCTI. Taka Mozesb CrpHsie CTBOPEHHIO LLTICHOT CUCTEMH M-
TPUMKH OCBITHIX JIiIepiB, MiABUILICHHIO TXHBOI CTPECOCTIMKOCTI, a
TakoX (popMyBaHHIO OE3MEUHOTO i ICUXOJIOTTYHO 37I0POBOTO OCBI-
THBOTO CEPETIOBMINA. 1i BNPOBAIKEHHSA BiIKPHBAE MEPCIIEKTHBU
JUISL CTAJIOTO PO3BUTKY 3aKJIa[liB OCBITH B YMOBAX KpHU3H, 3a0e3me-
Yylouyd He JIMIIe aJanTamilo 0 3MiH, a W TPOAaKTHBHY

TpaHc(OopMarlifo YIpaBIiHCEKHUX ITIIXOAIB BiIIOBIIHO 10 BUKIIHKIB
qacy.

INpakTrHi iHTEpBEHIIT — TPEHIHTY eMOIIHHOT caMOpeTryIIsii,
GacumiTaniiHi cecii, cymepsisisi, MalHA(YIHEC, TIIECHI IHpak-
THKH — MAlOTh CTaTH HEBIIIIJIFHOIO YaCTHHOIO MPOTpaM IiAToTO-
BKH Ta IIATPHMKH KEPIiBHUKIB OCBITHIX 3aKianaiB. Bonu He mmmre
MIBHINYIOTH e()eKTHBHICTh YIPABIiHHSA B KPU30BHX yMOBax, a i
(OpPMYIOTH HOBY KYJIBTYPY ICHXOJIOTTYHOTO J0OpoOyTy B 3aKiIaaax
OCBITH.

OTKe, BIPOBAIKEHHS HEHPOICHXOIOTIYHO OOIPYHTOBAHUX
IiIXO/1iB 10 PO3BUTKY €MOLIIHHOTO IHTENIEKTY KepiBHUKIB OCBITH €
HE JIMIIE aKTyaJlbHUM, aje i CTpaTeriyHo HeoOXiJHUM KPOKOM Ha
LUTSIXY JI0 CTIMKOT, JIFOJSIHOT Ta THYYKOi OCBITHBOI CHCTEMH, 30aTHOT
BUTPHMATH TUCK CYYaCHUX BHKJIMKIB 1 TpaHC(HOpMyBaTHCS BiANO-
BIZIHO /10 IOTPEO CyCIiNbCTBA.
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Purpose. This article analyzes the trade balance of the Republic of Turkiye for 2015-2024, examining import—
export dynamics over a ten-year interval and identifying the main drivers of the persistent deficit. Design /
Methodology / Approach. The study draws on data from Trade Map, international trade statistics for business
development, TURKSTAT, and open-data releases from other organizations; annual trade values and year-over-
year growth rates were compared using descriptive statistics and time-series comparisons to assess trends and
bilateral flows. Findings. Throughout the period, import values consistently exceeded export values, generating
a sustained trade deficit. Although exports grew steadily, the faster rate of import growth resulted in a widening
gap, indicating that Turkiye purchased more goods and services abroad than it sold. Theoretical Implications.
The results underscore the value of empirical statistical analysis for understanding structural trade imbalances
and support refinement of theoretical models addressing trade deficits in emerging economies. Practical
Implications. Strategic imports — particularly energy products and industrial raw materials — have driven the
deficit, with substantial volumes sourced from Russia and China; these insights can inform targeted import-
substitution policies and measures to strengthen domestic production. Originality / Value. The research
synthesizes multiple data sources to present updated empirical insights into Tirkiye’s principal export markets
(Germany, the USA, the UK) and largest import partners (China, Russia), and highlights diversification toward
Asian and Caucasus nations over the study period. Research Limitations / Future Research. Future research
should employ mathematical modeling techniques to test causality and explore counterfactual policy scenarios.
Paper Type. Applied, Empirical article.
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MerTa. Lia ctatTta aHanisye ToprosenbHui 6anaHc Pecnybnikn TypeuydmHa 3a 2015-2024 poku, AoChigxyoumn
OVHaMIKy iMNOpTYy Ta eKCNOopTy MPOTAroM OECATUPIYHOrO nepiogy Ta BM3HAYaKUYM OCHOBHI YMHHWUKM CTIAKOrO
aediunty. AnsanH /| Metoa / Miaxig. JocnigxkeHHs 6a3yeTbca Ha aaHnx Trade Map, MiXkHapogHOT TOProBenbHOI
CTaTUCTUKN ANA po3BUTKY GisHecy, AaHux Typeubkoro ctatuctnyHoro iHCTuTyTy (TURKSTAT) Ta BigkpuTmx
AXepern iHWWX OpraHi3auii; MOPIBHAHHA piYHMX OOCAriB TOpriBMi Ta TEeMMiB 3pPOCTaAHHA «PiK A0 POKy»
30iiCHIOBaNocst 3a AONOMOrOK OMMCOBOI CTAaTUCTMKM Ta YaCOBMX PALQIB AN OLUHKA TEHOEHUIN i ABOCTOPOHHIX
TOProBenbHMX NOTOKIB. Pe3ynbraTn. NpoTarom ycboro nepiogy iMAOPTHI NMOKa3HMKU HE3MIHHO NepeBuLyBanv
€KCMOPTHI, L0 MPM3BENO A0 CTIKOrO TOProBenbHOro AediunTy; xoda obcsArn ekcnopTy 3pocTanu crtabinbHo,
WBMALWI TEMMU 3pOCTaHHS iIMMOPTY PO3LIMPIOBanu po3pvB i CBiAYMIM Npo Te, WO TypevdrMHa KynyBana 3a
KopgoHoMm Oinblie ToBapiB i nocnyr, Hix npogaBana. TeopeTuyHe 3HayeHHA. OTpuMaHi pesynbraTy
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TopriBni Ta NigTBEPOXKYHOTb HEOOXIOHICTE YAOCKOHANEHHS TEOPETUYHNX MOZENEN, L0 CTOCYHTLCSH TOPrOBENBHOIO
Aediunty B eKoHoMikax, Lo po3BuBalTbcs. lNMpakTuyHe 3HayeHHA. CTpaTteriyHuii iMnopT — Hacamnepen
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Against the backdrop of dynamic changes in the global trade
system and the acceleration of economic integration, the Turkish
economy has achieved significant progress in foreign trade over the
past decade. Between 2015 and 2024, export-oriented strategies led
to a 54% increase in exports, which represents a crucial achieve-
ment in terms of enhancing production capacity and expanding ac-
cess to new markets. However, despite these positive developments,
the persistent surplus of imports over exports during the same period
has resulted in a structural trade deficit, posing challenges to the
country’s economic stability and resilience. A particularly critical
issue has been Turkey’s high dependence on imports in strategic
sectors such as energy, machinery, and electronics. While the need
to import raw materials and technology-based components is essen-
tial for industrial production, this dependence has simultaneously
increased financial risks and external borrowing.

Various perspectives exist in economic literature regarding
trade deficits. Nobel laureate Paul Krugman argues that a trade def-
icit does not necessarily indicate economic weakness, as it can
sometimes reflect strong consumption or investment demand
(Krugman et al., 2018). However, Jagdish Bhagwati warns that un-
less trade deficits are offset by foreign capital inflows, they can lead
to rising debt levels and external imbalances (Bhagwati, 1988).
Similarly, Nouriel Roubini and Robert E. Lucas highlight that a per-
sistent excess of imports over exports reflects structural weaknesses
in the economy and may limit long-term growth potential (Roubini
& Mihm, 2010; Lucas, 1988).

On the other hand, economists Dani Rodrik and Joseph Stiglitz
emphasize the importance of the quality composition of exports and
technological advancement. They argue that an economy relying
primarily on the export of raw materials and low-value-added prod-
ucts lacks long-term sustainability (Rodrik, 2007; Stiglitz, 2002).
According to their perspective, ensuring economic stability and ad-
dressing trade imbalances requires prioritizing the production and
export of high-value-added and technology-intensive goods.

In this context, while Turkey’s foreign trade strategy has
yielded positive results, further structural reforms are necessary to
reduce import dependence, promote technological development,
and enhance the quality of export composition. This study aims to
analyze these challenges and explore potential solutions to
strengthen Turkey’s trade balance and long-term economic resili-
ence.

Methodology

This research adopts a quantitative and descriptive methodol-
ogy based on the analysis of secondary statistical data. The primary
sources include trade databases such as the International Trade Cen-
tre’s Trade Map, the Turkish Statistical Institute (TURKSTAT), and
other publicly accessible datasets from international economic or-
ganizations. The data covers the period from 2015 to 2024, provid-
ing a comprehensive view of Turkey’s export and import activities
over the last decade. Time-series data was collected and analyzed to
identify trends in Turkey’s trade performance, particularly focusing
on export and import volumes, trade partners, and strategic product
categories such as energy and industrial raw materials. Excel soft-
ware was used for data processing. The research includes a compar-
ative analysis of top trade partners and key product groups to under-
stand the dynamics driving the trade imbalance.

Charts and tables generated from Trade Map were used to vis-
ually present the findings, showing both the annual progression of
exports and imports and the distribution of trade across major part-
ner countries. No primary data collection or survey methods were
employed; instead, the study is entirely grounded in statistical re-
view and synthesis of existing economic records. This approach al-
lows for objective interpretation of the trade patterns and supports
the identification of key factors influencing the persistent trade def-
icit. The methodology lays the groundwork for future studies to in-
corporate mathematical models and forecasting tools to simulate the
potential outcomes of trade policy adjustments and market diversi-
fication strategies.

Analysis of Turkey’s Foreign Trade (2015-2024)

Over the past decade, Turkey has significantly expanded its ex-
port and import activities in the global market. Based on data from
2015 to 2024, Turkey has exported goods to many countries and

imported products from various nations. However, during this pe-
riod, the difference between exports and imports — i.e., the trade
balance — has been negative. Firstly, as shown in Table 1, the coun-
tries to which Turkey exports the most include Germany, the United
States, the United Kingdom, and Iraq. Notably, in 2024, exports to
Germany and the U.S. exceeded 20 billion USD. Overall, a stable
and continuous increase in exports has been observed. On the other
hand, Turkey's main import partners are China, the Russian Feder-
ation, and Germany. In 2022, trade volume with Russia sharply in-
creased, reaching approximately 60 billion USD. China remained
one of Turkey’s most important suppliers in 2024 as well, and im-
ports from China continued at a high level. During this period, the
value of imports was significantly higher than that of exports. De-
spite the positive growth trend in exports, the faster increase in im-
ports resulted in a trade deficit for Turkey. In other words, Turkey
spent more money on goods and services purchased from abroad
than it earned from exports. “A trade deficit is not necessarily a sign
of economic weakness. It can be the result of strong investment de-
mand or consumption exceeding production.” (Krugman et al.,
2018, p. 456). The import of strategic products such as energy and
industrial raw materials particularly contributed to the growing
trade deficit. High-value trade with Russia and China has been one
of the main reasons for this negative balance.

Global Exports Overview: In 2020, Turkey’s exports
amounted to 169,657,940 thousand USD. This figure rose to
225,264,314 thousand USD in 2021, 254,171,899 thousand USD in
2022, 255,627,429 thousand USD in 2023, and reached
261,801,501 thousand USD in 2024. From 2020 to 2024, there was
approximately a 54% increase in exports. Between 2022 and 2024,
the growth rate slowed but remained steady. This indicates that Tur-
key’s export-oriented economic strategy is yielding positive re-
sults. Top Export Markets — Germany: 20.4 billion USD, USA:
16.3 billion USD, United Kingdom: 15.2 billion USD, Iraq: 13 bil-
lion USD, Italy: 12.9 billion USD. Countries like France, Spain,
and Russia are also among the top ten. The strengthening of trade
relations with these countries can be attributed to the rising demand
for industrial products and the competitive pricing of Turkish goods
in the market (Figure 1).

Germany: Export has increased each year, reaching nearly 20
billion USD in 2024.

United States of America: Remained consistently high. Peaked
in 2021 and 2022, then slightly declined.

United Kingdom: Rapid increase from 2015 to 2024, with sig-
nificant jumps in 2023 and 2024.

Iraq: Some fluctuations, but overall increase; growth resumed
in 2024.

Italy, France, Spain, Netherlands: Stable and positive export
trends.

Russia: Fluctuating export values; peaked in 2022 and 2023,
then declined.

United Arab Emirates: Volatile trend; peaked in 2022 but de-
creased afterward.

Between 2015 and 2024, Turkey increased its exports to many
countries. The top destinations were Germany and the United
States. Despite fluctuations with some countries, the overall trend
in exports was upward.

— Between 2020 and 2022, imports increased by 65.7%
(~$144 billion).

— The peak was in 2022 at $363.7 billion.

— Decline began in 2023 and continued in 2024 with a $18
billion decrease.

— This drop could be due to economic slowdown, foreign
currency scarcity, or import substitution policies.

Among the product groups with the largest negative trade bal-
ance for Turkey by HS codes, the largest deficit was recorded under
HS 99 (mainly hidden categories, including gold). This highlights
the country's high economic dependence on energy, electronics, ma-
chinery, and precious metals. “Persistent trade deficits can indicate
a structural reliance on foreign goods, pointing to weaknesses in do-
mestic production capacity” (Krugman & Obstfeld (2018), p. 459).
Product groups such as HS 99 — Unspecified Commodities, HS 71
— Precious Metals and Stones (gold, diamonds, coins), HS 84 & 85
— Machinery and Electronics, HS 27 — Mineral Fuels and Oils, HS
30 & 90 — Pharmaceuticals and Medical Devices, HS 29 — Organic



124

Challenges and Issues of Modern Science
2025, Vol. 4, No. 1

Chemicals, etc., were included. The countries with the largest neg-
ative trade balance were Russia (energy — oil, gas; chemicals),
China (electronics, machinery, industrial goods), Germany (ma-
chinery, automobile parts), and Italy (machinery, chemical prod-
ucts). Turkey's largest trade deficits are with China and Russia. In
these sectors, foreign dependency is high, which causes the country
to import more than it exports.

— Imports from Russia and China nearly doubled, mainly
energy (gas, oil) and machinery/electronics (Figure 2).

— Germany remains a key supplier with moderate growth.

— Strong increases also from Italy and the USA, especially
in industrial and technological goods.
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Figure 1 — List of importing markets for a product exported by Tiirkiye. Product: TOTAL All products (International Trade Centre, 20252)

Exports to Azerbaijan have also shown a steady upward
trend. In 2020, exports to (Figure 3) Azerbaijan stood at 2.08 billion
USD and increased to 3.08 billion USD in 2024, marking a 48%
growth. Azerbaijan’s trust in Turkish products, along with strong
political and economic cooperation between the two countries, has
played a significant role in achieving this result. Turkey’s export
markets continue to expand. Alongside traditional European coun-
tries, trade relations with Middle Eastern and Caucasus countries
are also strengthening. This demonstrates that Turkey is gaining a
more strategic position on the global trade map. Imports from
Azerbaijan increased 4.4 times, likely due to energy and raw mate-
rials. Trade with Asian markets (Malaysia, Vietnam, India) is ex-
panding rapidly, indicating Turkey’s diversification strategy.

China: Always Turkey's largest supplier. Steady growth from

Growth compared to 2020
160%
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44,930,563 44,018,616 27,084,551 19,316,177 16,227,487
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Figure 2 — Top 5 Import Partners, 2024
(World Trade Organization, 2025)

2015 to 2022, slight decrease in 2023 and 2024.

Russia: Sharp increase in 2022 — imports approached 60 bil-
lion USD! Slight decrease in 2023 and 2024 (Figure 4).

Germany: A strong supplier throughout; minor increase in
2024.

Italy and the United States: Key in both exports and imports.
U.S. imports increased sharply in 2023 but decreased in 2024.

Area NES (Not Elsewhere Specified): Spikes in 2022 and
2023.

France and Switzerland: Stable imports from France; sharp rise
from Switzerland in 2023.

Spain and South Korea: Smaller shares but increasing trend
over the years.
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Figure 3 — Countries Showing Strong Growth
(World Trade Organization, 2025)
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Research results show that over the past 10 years, Turkey's for-
eign trade indicators have undergone significant changes, and these
changes are closely connected to regional and global economic dy-
namics. The Russia—Ukraine conflict, especially since the launch of
full-scale military operations in 2022, has significantly affected the
region's economic relations and trade routes. Turkey, both geo-
graphically and economically, is one of the key actors within the
sphere of influence of this confrontation. On one hand, the conflict
has led to instability in the logistics and energy routes of the Black
Sea, which temporarily complicated Turkey’s trade with regional
countries. On the other hand, an intensification of economic rela-
tions with Russia has been observed. For instance, in 2022, trade
volume between Turkey and Russia reached a record high of 60 bil-
lion USD. This increase was mainly driven by imports of energy
products (oil and natural gas), deepening the negative balance in
Turkey’s trade.

At the same time, in the context of Western sanctions imposed
on Russia, Turkey has become an alternative trade platform for
many Western and Russian companies. This has positively contrib-
uted to the diversification of Turkey’s trade, yet it has also increased
its foreign economic dependency. Alongside energy resources, the
high-level import of industrial and technological products from
countries like Russia and China has not only weakened the struc-
tural trade balance but also highlighted the limitations of domestic
production capacity (Krugman et al., 2018, p. 459).

The Russia—Ukraine conflict has directly impacted Turkey not
only on the security and diplomatic levels but also in terms of its
foreign trade structure, energy dependency, and regional economic
strategies. These developments show that Turkey needs to further
diversify its trade policy, strengthen domestic production, and
deepen regional cooperation in the future. Over the past decade,
Turkey has faced a number of regional and global challenges. Par-
ticularly since the intensification of the Russia—Ukraine conflict af-
ter 2014, fluctuations in energy prices and a policy of diversification
of trade partners have significantly affected the structure of its for-
eign trade (Tiirkiye Istatistik Kurumu, 2025). Turkey’s location in
the Black Sea basin makes it an important transit and economic con-
nection point for access to both European and Asian markets. Since
2014, especially due to sanctions imposed on Russia and the result-
ing formation of new regional trade directions, Turkey’s export
strategies have been influenced, and the importance of alternative
markets — including Central Asian countries — has increased. At the
same time, cooperation with China within the framework of the
“Belt and Road Initiative” and the development of the East—West

trade corridor through Azerbaijan has brought new dynamics to Tur-
key’s import and export geography.

Conclusion

In the period between 2015 and 2024, Turkey achieved notable
progress in expanding its foreign trade and strengthening its export
performance through an export-oriented economic strategy. The
substantial growth in exports, particularly the 54% increase in ex-
port volume from 2020 to 2024, demonstrates the effectiveness of
these policies and underscores the importance of exports as a driver
of economic growth (Krugman et al., 2018). Turkey’s increasing
trade with key partners such as Germany, the United States, and
Azerbaijan also reflects its growing integration into global trade net-
works and its ability to build strategic economic relationships.

However, despite these achievements, the persistent rise in im-
ports — driven largely by dependency on energy and industrial raw
materials — has led to a continued negative trade balance. This
structural imbalance highlights Turkey’s ongoing vulnerability due
to high import dependence in strategic sectors. As Bhagwati (1988)
cautioned, unless trade deficits are offset by sufficient capital in-
flows, they may lead to increased borrowing and growing external
imbalances. The significant trade volumes with countries such as
China and Russia further contributed to the widening trade deficit,
even as Turkey attempted to diversify its trade portfolio through
partnerships with emerging Asian markets.

Moreover, Roubini and Mihm (2010) emphasized that a per-
sistent trade deficit can be symptomatic of deeper economic weak-
nesses, such as low savings rates and overreliance on foreign prod-
ucts. Similarly, Lucas (1988) noted that while a high level of imports
might boost current consumption, it may weaken a country's long-
term economic growth potential.

Opverall, while Turkey’s export-led growth strategy has yielded
positive economic outcomes, it has not yet fully resolved the chal-
lenges associated with trade imbalances. Going forward, Turkey
must implement deeper structural reforms aimed at reducing exter-
nal dependence, particularly in energy and technology-intensive
sectors. As Rodrik (2007) and Stiglitz (2002) argued, promoting
high-value, technology-based production and increasing the share
of such goods in exports is essential for improving trade balance
sustainability and ensuring long-term economic resilience. Without
such measures, the gains achieved through increased exports may
be undermined by vulnerabilities arising from excessive import re-
liance.
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The past few decades have seen growing interest in analyzing
the economic growth of countries amidst military conflicts, driven
by their capacity to cause profound economic and social disruptions.
Countries engaged in warfare face infrastructure destruction, capital
flight, disrupted trade relations, and losses of human capital, which
significantly complicate the application of traditional economic
models. Additionally, institutional transformations and political de-
cisions, such as governance reforms or policy shifts, play a critical
role in shaping economic dynamics under these conditions, yet their
impact is often underexplored (Cantwell et al., 2010). Such condi-
tions necessitate the adaptation of theoretical approaches to assess
prospects for economic development and recovery. Analyzing eco-
nomic growth in these countries becomes a crucial tool for under-
standing their potential for recovery and sustainable development,
particularly considering external factors such as climate change
(Odunsi & Rienow, 2025; Carvalho Marques et al., 2024; Yu et al.,
2025). The economies of Ukraine, Syria, and Palestine serve as il-
lustrative examples of the impact of military actions on economic
growth. In Ukraine, infrastructure destruction, population outflow,
and stagnation of the national economy are reflected in the country’s
macroeconomic indicators and its development, compounded by
challenges in implementing institutional reforms during conflict.
The civil war in Syria has led to humanitarian crises, the collapse of
the social sector, and an overall economic breakdown, exacerbated
by unstable governance and policy disruptions. Meanwhile, the Is-
raeli-Palestinian conflict creates obstacles in the trade sector and re-
stricts access to resources, with political decisions further limiting
economic stability. These cases highlight the need for new ap-
proaches to analyzing economic growth in wartime conditions, in-
corporating the influence of institutional and political factors. Stud-
ying economic growth during wartime enables us to address two
key questions: how traditional models can be adapted to wartime
conditions, accounting for institutional and political influences, and
which factors are critical for post-conflict economic recovery. Most
literature focuses on peacetime conditions, where institutional sta-
bility and access to resources are the norm (Smets & Wouters, 2007;
Romer, 1990). In the context of war, these assumptions do not hold,
necessitating model adaptation and the use of modern methods
(such as machine learning, artificial intelligence, and new econo-
metric techniques) to capture the complex interplay of economic,
institutional, and political dynamics. The aim of the study is to as-
sess the economic growth of Ukraine, Syria, and Palestine under
wartime conditions, compare the effectiveness of classical and mod-
ern growth models, and identify key factors for recovery, including
the role of institutional transformations and political decisions. The
results can be utilized by economists, policymakers, and interna-
tional organizations to develop recovery strategies. International do-
nors can apply these findings to efficiently allocate financial aid.

Table 1 — Economic Growth Models (Created by the authors)

The scientific novelty lies in comparing growth models in wartime
conditions, adapting endogenous models to limited access to inno-
vations, integrating institutional and political factors, and applying
machine learning methods to forecast growth during military con-
flicts.

Growth models

The study analyzes a range of economic growth models to as-
sess their applicability in wartime conditions. Below, we describe
the key models, their components, and their limitations, followed by
the data collection and forecasting methodology. The models in-
clude the Cobb-Douglas, Ramsey, Harrod-Domar, Solow, MRW
(Mankiw-Romer-Weil), Romer, and others, with a focus on three
selected models (Solow, MRW, Romer) and the Random Forest ma-
chine learning approach. The Cobb-Douglas model (Cobb & Doug-
las, 1928) is a straightforward framework that links economic out-
put to capital and labor inputs. It is useful for estimating the contri-
butions of these factors but overlooks technological progress, hu-
man capital, and economic shocks, making it less suitable for war-
time analysis. The Ramsey model (Ramsey, 1928) examines how
economies balance consumption and savings to maximize long-
term welfare, which can inform post-war recovery strategies but
struggles with short-term disruptions and assumes stable conditions.
The Harrod-Domar model (Harrod, 1939; Domar, 1946) empha-
sizes the role of savings and capital productivity in driving growth,
particularly relevant for countries receiving international aid, but it
ignores technological advancements and human capital and as-
sumes unstable equilibrium.

The Solow model (Solow, 1956) explains growth through cap-
ital accumulation, labor growth, and externally driven technological
progress, predicting that economies converge to a steady-state in-
come level. It is a foundational model but does not account for hu-
man capital or internal growth drivers. The MRW model (Mankiw
et al., 1992) builds on Solow by including human capital (e.g., edu-
cation), making it more relevant for analyzing recovery in countries
where education is critical, though it treats technological progress
as external, limiting its ability to model innovation. Romer s model
(Romer, 1990) focuses on internally driven technological progress
through research and development (R&D) and human capital, offer-
ing insights into post-war recovery, but its reliance on R&D access
is less realistic during conflicts. The DSGE model by Smets and
Wouters (2007) incorporates economic shocks, modeling their ef-
fects on production, consumption, and inflation, but its complexity
and data demands reduce its practicality in wartime settings. Other
models, such as those by Comin and Mestieri (2014), focus on tech-
nology diffusion influenced by institutions and trade, but lack for-
mal structure for empirical use.

Model Model Components Model Outcomes

Applicability for Economic Growth Recommendations in
Wartime

Cobb-Douglas  Production depends on capital and labor. Evaluates the contribution of capital and la-  Limited due to ignoring war-related shocks, technology, and hu-
(1928) bor but ignores technology and shocks. man capital. It can serve as a basis for assessing capital losses.
Ramsey (1928) Optimal allocation between consumption Determines the balance between consump-  Limited due to ignoring war-related shocks but useful for long-

and savings to maximize welfare. tion and savings but ignores short-term

shocks.

term recovery planning (balancing consumption and investment).

Harrod-Domar

Growth depends on the savings rate and Emphasizes the role of investments but as-

Limited due to ignoring technology but useful for assessing the

(1939-1946)  capital productivity. sumes equilibrium instability. role of international financial aid as investments.

Solow (1956)  Growth depends on capital, labor, and ex- Demonstrates conditional convergence and Moderate: assesses the impact of capital destruction but does
ogenous technological progress. growth through technology but does not ac- not account for war-related shocks. Useful for baseline forecast-

count for human capital. ing.

MRW (1992)  Growth depends on capital, labor, human Highlights the role of education in growth  High: accounts for human capital losses, useful for recommenda-
capital, and technological progress. and shows conditional convergence. tions on education investments for economic recovery.

Romer (1990)  Growth depends on endogenous innova- Explains growth through innovations but as- High: adaptable to limited R&D access, useful for assessing the
tions driven by R&D and human capital.  sumes access to R&D. role of innovations in recovery.

Smets and Production depends on capital, labor, and Shows the impact of shocks (e.g., war)on  Moderate: accounts for war-related shocks but complex due to

Wouters (2007) technology, accounting for shocks. growth, consumption, and inflation. data requirements. Useful for assessing short-term war effects.

Comin and Mes- Technology diffusion depends on institu-  Explains restricted technology access due to Moderate: useful for assessing technology access constraints

tieri (2014) tions, trade, and human capital. war and emphasizes the role of institutions. _but requires formalization for recommendations.

Bloom et al. Increasing difficulty in generating new Demonstrates innovation constraints during Moderate: complements Romer’s model, useful for understand-

(2020) ideas due to rising innovation costs. war due to high costs. ing innovation constraints but requires adaptation for recommen-

dations.
Stern and Taylor Climate risks impact economic develop-  Emphasizes the need to account for climate Limited: useful for long-term recommendations on adapting to cli-
(2007) ment, with ethical considerations. risks for sustainable development. mate change post-war.

Nordhaus (2021) “Climate clubs” for cooperation in ad-

Shows how cooperation reduces climate

dressing climate change. risks impacting the economy.

Limited: useful for recommendations on international cooperation
for sustainable development post-war.
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Bloom et al. (2020) highlight the growing difficulty of gener-
ating new ideas, relevant for understanding innovation constraints
in war, though their approach is largely conceptual. Stern and Taylor
(2007) stress the importance of climate risks for long-term planning,
but their model lacks mathematical rigor. Nordhaus’s “climate
clubs” concept (Nordhaus, 2021) explores international cooperation
to address climate impacts but remains theoretical. These models
are summarized in Table 1.

Three models were selected for analysis: Solow (Solow, 1956),
Romer (Romer, 1990) and MRW (Mankiw et al., 1992).

The Solow model

The basic formula (basic version).
Y, = K (AL)™ 7, ey

where Y; — output (GDP) at time (t); K: — stock of physical capital at
time #; A: — level of technology (total factor productivity, TFP),
which grows exogenously according to the law Ar = 4o e™{gt},
where Ao is the initial level of technology, g is the rate of technolog-
ical progress (usually g = 0.02); L — the amount of labor (labor
force) that grows at arate n, i.e. L= Lo e™{nt}, where Lo is the initial
amount of labor; a — elasticity of production of capital (usually o=
0.3), which reflects the share of income that is attributable to capital;
(1 — o) —elasticity of production by labor and technology. In a steady
state, GDP per capita (y: = Y:/ L¢) can be expressed in a regression
form:

In y, =1In A0+gt+—1n sk——ln(n+g+5) )

Explanation of additional variables: sx — share of GDP invested
in physical capital (investment rate); n — population growth rate; g
— rate of technological progress; 6 — capital depreciation rate (usu-
ally 5 =0.05).

Modified formula (taking into account the conflict).

The modified version considers the effect of conflict on total
factor productivity (4,):

A = Age9t e

Y, = KF (AL,

—B-Conflict; (3)

Regression form:
Iny, =In4y + gt — B - Conflict, +
+—In s, ——=In (n + g + &) )

where Conflict; — intensity of the conflict at time ¢ (number of casu-
alties per 100,000 population); B — the coefficient of the conflict's
impact on productivity (typically f = 0.001), which reflects how
much the conflict reduces TFP.

MRW (Mann-Romer-Weil) model
Basic formula.
Y, = KEHE (A L) F, ®)

where Y; — output (GDP) at time (7); K: — stock of physical capital;
H; — the stock of human capital, which depends on education ex-
penditures (sx); 4: — the level of technology that grows exogenously
(A:= Ao e™{gt}); L — the amount of labor that grows at a rate n; o —
elasticity of output with respect to physical capital (usually o= 0.3);
B — the elasticity of production of human capital (usually § = 0.3);
(1 — a— B) — the elasticity of production by labor and technology. In
the steady state, GDP per capita is expressed in a regression form:

Iny, =In4, + gt ti.5 ln Sk +
+—Lin 5, - 2F Ein(n+g+0), 6)
1-a-f h ™

where sk — share of GDP invested in physical capital; s; — share of
GDP invested in education (human capital); n, g, 3 — population
growth rate, technological progress and depreciation rate, respec-
tively.

Modified formula (considering the conflict).

The modified version takes into account the impact of conflict
on TFP (4)):

A = Aoegt . e—ﬁ(;onflictt, 7

Y, = KEH! (L)'~ F, ®)
Regression form:
Iny, =In4g+gt—p- Conflictt
+1_Z_ﬁln Sk + Ty 0 Sh = ln(n+g+6) ©)

Romer's model

Basic formula.
Y, = Kf(AcLe)' ™7, (10)
A increases endogenously through research and development:
At = 6HA,tAta (11)

where Y: — output (GDP) at time (¢); K: — stock of physical capital; 4;

— level of knowledge (technology) that grows endogenously through

R&D; L; - labor quantity; o, — elasticity of production with respect to

capital (o= 0.3); At — growth of knowledge at time (¢); d — productiv-

ity of the R&D sector (usually & = 0.05); H4, — human capital allo-

cated to R&D, which depends on R&D expenditures (sq).
Regression form:

Iny, =In4, +gt+—1nsk +—lns,l +

(12)

where sk — share of GDP invested in physical capital; s, — share of
GDP invested in education; s,7 — share of GDP invested in R&D; Aid;
— external aid per capita (in dollars);  — elasticity of human capital
(B=0.2); y— elasticity of R&D (y=0.1); n— elasticity of foreign aid
(m=0.05); n, g, & — population growth rate, technological progress,
and depreciation rate.

Modified formula (taking into account the conflict).

The modified version considers the impact of conflict on
knowledge growth (4;):

At — 6HA tAt . e—6~Conflictt7

Y, = K& (AcL)' ™.

+£ln Srq +nin Aid, —Eln (n+g+9),

(13)
(14

Regression form:

In 4, + gt — 6 - Conflict, +—lnsk +—ln sp+

(15)

In contrast to the reviewed models, which either ignore human
capital (Cobb-Douglas, Harrod-Domar, Solow), do not take into ac-
count war shocks (Ramsey, Cobb-Douglas, Harrod-Domar), or have
limited formalization (Comyn and Mestieri, Stern and Taylor,
Nordhaus), the selected models take into account key aspects: Solow
analyzes the basic growth trends through capital and labor, MRW
adds human capital that is lost due to war, and Romer explains the
role of innovation (Cobb & Douglas, 1928). It should be noted that
we also used a modern machine learning method, Random Forest,
which covers the problems of nonlinear relationships between varia-
bles (for example, between war, climate, and economic growth) and
allows us to predict growth in the face of a lack of data, which is typ-
ical for countries at war.

Iny, =
+§lnsm +nln Aid, —Eln (n+g+96)

Research data

To construct econometric models, panel data were collected
from international and national statistical resources, specifically from
platforms such as IndexMundi (2024), World Bank Group (2024),
Countryeconomy.com (2024), Trading Economics (2024), UNESCO
Institute for Statistics (2024) and MacroTrends LLC (2024). From
these sources, consistent time series were compiled for the following
variables: gross domestic product per capita in US dollars at purchas-
ing power parity (in current prices), the share of investments in GDP,
annual population growth rate, conflict intensity (number of casual-
ties per 100,000 population), human capital indicators (share of the
population with secondary education or total education expenditure
as a percentage of GDP), research and development expenditure (as
a share of GDP or number of patents per 1 million population), and
the volume of international aid per capita. The collected data covers
the period from 1990 to 2023.
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Addressing Methodological Considerations

To ensure clarity for readers unfamiliar with econometric mod-
els, the equations for the Solow, MRW, and Romer models can be
understood as follows. The Solow model (equations 1-4) predicts
how much an economy produces based on its resources (e.g., facto-
ries and workers) and technology, which grows automatically over
time. It was adjusted to show how war reduces productivity, like a
factory working less efficiently during conflict. The MRW model
(equations 5-9) adds education as a resource, recognizing that skilled
workers are crucial for recovery, with war again reducing efficiency.
The Romer model (equations 10-15) emphasizes innovation (e.g.,
new technologies from R&D) and foreign aid, showing how war
hampers new ideas, but aid can help. Each equation uses numbers like
a (0.3) or B (0.3) to measure how much each resource contributes to
growth, derived from historical data analysis.

Regarding data imputation, missing values (e.g., Syria’s invest-
ment data for 2022-2023 or Palestine’s education data for 2022—
2023) were filled using country-specific averages from available
years. This approach assumes that missing data follow historical pat-
terns, which may oversimplify reality, as wartime conditions can
cause abrupt changes (e.g., policy shifts or infrastructure destruction).
To address this, robustness checks were performed using linear inter-
polation for key variables where possible, and sensitivity analyses
confirmed that results remained stable, though some bias may persist
due to structural shifts not captured by averaging.

For the Random Forest model, forecasts for 2025-2030 were
based on three scenarios (optimistic, realistic, pessimistic), with var-
iable values grounded in historical trends and expert projections. The
optimistic scenario assumes full conflict resolution by 2030 (e.g., “0
conflict” for Ukraine and Palestine, reflecting peace agreements, and
near-zero for Syria, assuming political stabilization), supported by
post-conflict recovery patterns in countries like Bosnia. Investments
increase (e.g., Ukraine: 25% of GDP, based on 2019-2023 recovery
trends), and education/R&D spending rises (e.g., Syria: 4% and 0.1%
of GDP, aligned with UNESCO targets). The realistic scenario as-
sumes partial conflict reduction (e.g., Ukraine: 20 casualties per
100,000, based on de-escalation trends), moderate investments (e.g.,
Palestine: 22% of GDP), and stable education/R&D (e.g., Syria: 2.5%
and 0.05% of GDP). The pessimistic scenario assumes ongoing con-
flict (e.g., Syria: 100 casualties per 100,000, based on 2014-2023
peaks), low investments (e.g., Ukraine: 14% of GDP), and reduced
education/R&D (e.g., Palestine: 4.5% and 0.3% of GDP). These as-
sumptions were informed by World Bank reports, conflict databases,
and economic recovery studies, ensuring plausible projections.

Results

The analysis of economic growth in Ukraine, Syria, and Pales-
tine using the Solow, MRW, Romer, and Random Forest models,
based on data from 2000-2024, revealed varying degrees of forecast
accuracy depending on the incorporation of endogenous and exter-
nal factors. The baseline Romer model, which emphasizes endoge-
nous technological progress through research and development
(R&D) expenditures, human capital, and external aid, underesti-
mated Ukraine’s GDP per capita in 2008 ($9,935 versus the actual
$13,719) due to limited consideration of R&D. The modified ver-
sion, accounting for conflict and international aid ($1,450 per cap-
ita), forecasted $9,370 for Ukraine in 2023 against the actual
$16,231. For Syria, the baseline model underestimated growth in
2014 ($2,418 versus $3,800) and in 2023 (82,474 versus $3,137)
due to a low R&D level (0.02%). In Palestine, the modified Romer
model underestimated growth in 2023 (82,549 versus $3,245) de-
spite a higher R&D level (0.45%).

The Solow model proved the least accurate due to its assump-
tion of exogenous technological progress, which is misaligned with
wartime conditions. The MRW model, incorporating human capital,
improves forecasts but underestimates growth by neglecting institu-
tional factors and external support. The Romer model is the most
effective for Ukraine due to its consideration of endogenous pro-
gress and aid, but its accuracy diminishes for Syria and Palestine
due to limited R&D access.

According to Table 2, forecasts for 2025-2030 indicate GDP
per capita growth under conditions of reduced conflict intensity. For
Ukraine, the modified Romer model projects $13,456 by 2030, as-
suming conflict declines to 50 casualties per 100,000 people and

stable investments (sk = 0.13). For Syria, the forecast is $1,183, and
for Palestine, $3,012, reflecting slower growth due to lower R&D
and investment levels, though supported by international aid ($600
for Syria, $120 for Palestine).

Table 2 — Forecast of GDP per capita in countries with military
conflicts (Created by the authors)

Model Version 2025,$ 2026,$ 2027,$ 2028,$ 2029,$ 2030, $
Ukraine
Solow  Base 11550 11750 11953 12158 12366 12761
Modified 11510 11710 11913 12118 12326 12721
MRW  Base 11840 11931 12022 12113 12204 12223
Modified 11800 11891 11982 12073 12164 12183
Romer  Base 12540 12740 12944 13150 13358 13496
Modified 12500 12700 12904 13110 13318 13456
Syria
Solow  Base 4465 4537 4610 4684 4759 4930
Modified 4419 4491 4564 4638 4713 4884
MRW  Base 1095 1090 1085 1080 1075 1020
Modified 1050 1045 1040 1035 1030 975
Romer Base 1145 1160 175 1190 1205 1228
Modified 1100 1115 1130 1145 1160 1183
Palestine
Solow  Base 4450 4501 4553 4605 4657 4909
Modified 4404 4455 4507 4559 4611 4863
MRW  Base 2745 2777 2809 2841 2873 2875
Modified 2700 2732 2764 2796 2828 2830
Romer  Base 2895 2920 2945 2970 2995 3057
Modified 2850 2875 2900 2925 2950 3012

Table 3 (Random Forest model) projects Ukraine’s GDP per
capita growth from $14,912 (pessimistic scenario) to $23,792 (op-
timistic scenario) by 2030, for Syria from $2,607 to $6,819, and for
Palestine from $2,893 to $5,764. Key influencing factors include
international aid (29.8%), investments (24.6%), and conflict inten-
sity (19.7%). Table 4 outlines the stages of constructing the Random
Forest model in RStudio, including library installation, data pro-
cessing, normalization, model training with 100 trees, and accuracy
evaluation (R? = 0.847, MSE ~ 987,432). Table 5 provides assump-
tions for 2030 forecasts: for Ukraine, the optimistic scenario as-
sumes investments at 25% of GDP, R&D at 1%, and aid at $500;
for Syria, 20%, 0.1%, and $200; for Palestine, 25%, 0.5%, and $50.

Table 3 — GDP per capita forecast (Random Forest model) (Created
by the authors)

Country Year Optimistic Realistic Pessimistic
Ukraine 2025 18237.45 16789.32 14912.67
2027 20514.89 17923.76 14345.21
2030 23792.33 20102.54 13732.98
Syria 2025 4512.78 3623.41 3014.56
2027 5234.62 3917.83 2819.32
2030 6819.47 4326.19 2607.89
Palestine 2025 4216.34 3612.87 3108.45
2027 4813.56 3914.23 2997.62
2030 5764.89 4298.76 2893.41
Discussion

The results confirm the Romer model’s superiority in conflict
settings due to its incorporation of endogenous technological pro-
gress and external aid, aligning with findings by Gomez (2025). The
Solow model is the least accurate due to its exogenous progress as-
sumption, while the MRW model underestimates growth by insuf-
ficiently addressing education’s role in recovery, despite its recog-
nized importance in human capital formation (Wan, 2024). For
Syria and Palestine, limited R&D access reduces the Romer model’s
accuracy, necessitating adaptation to local conditions, as noted by
Shalaby (2024).

Comparisons with other studies highlight the need to incorpo-
rate governance quality (Ochi & Saidi, 2024) and digital innova-
tions (Huang et al., 2025) to enhance forecast accuracy. For
Ukraine, the Romer model effectively captures the impact of inter-
national aid, but for Syria and Palestine, deeper analysis of institu-
tional environments is required to account for corruption risks and
political instability (Ochi & Saidi, 2024). Practical recommenda-
tions, such as tax incentives or R&D development, require risk as-
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sessments in unstable contexts. For Ukraine, priorities include edu-
cation and R&D reforms (Wan, 2024); for Syria, infrastructure re-
construction and donor engagement; for Palestine, strengthening
human capital and reducing instability.

The Random Forest model (Table 4) demonstrated high accu-
racy (R~ 0.847, MSE ~987,432), but its limitations include a small

dataset and subjective assumptions (Table 5). Future research
should integrate climate factors (Petrovi¢, 2023) and hybrid meth-
ods combining machine learning with econometric models (Huang
et al., 2025) to improve forecast precision.

Table 4 — Stages of building a script in RStudio for the Random Forest model (Created by the authors)

Stage Description Code (R)

1. Installing Libraries
processing, and model evaluation.

Installing packages for Random Forest, data install.packages (c ("randomForest",
library (randomForest)

library (caret)

"caret", "dplyr"))

library (dplyr)

2. Loading Data Inputting historical data for the three coun-

tries. c (7497,

data_ukraine <- data.frame (Year =

S

2000:2023, GDP_per capita =

data_syria <- data.frame(...)
data palestine <- data.frame(...)

data <- rbind(data ukraine,

data syria, data palestine)

3. Handling Missing Values Filling NA with mean values. )

data <- data %>% mutate_all (~

ifelse(is.na(.), mean(., na.rm = TRUE),

X <- data

4. Variable Selection Identifying independent (X) and dependent

(Y) variables.

Conflict intensity,
y <- data$GDP per capita

AN
$>%

select (Investment, Population_growth,
Education, RD, Aid per capita)

5. Normalization Standardizing X for equal variable weighting.

preProc <- preProcess (X, method = c("center",

"scale"))

. scaled <- predict (preProc, X)

6. Data Splitting Splitting into training (80%) and testing

(20%) sets.

X _test <-

set seed (42)
trainIndex <- createDataPartition(y, p = 0.8,
X train <-

list = FALSE)
X scaled[trainIndex, ]
X scaled[-trainIndex, ]

y_train <- y[trainIndex]

y test <-

y[-trainIndex]

7. Model Training Building Random Forest with 100 trees.

rf model <- randomForest (x

= X train, y = y train, ntree = 100)

8. Model Evaluation Calculating MSE and R?on the test set. v _pred <- predict(rf model, X test)
cat ("MSE:", mean((y test - y pred)”2), "\n")
cat ("R?:", cor(y test, y pred)”®2, "\n")
9. Forecasting Forecasting for 2025-2030 based on sce-  new_data <- data.frame(Investment = c(25.0, ...), ...)

narios.

new_data scaled <- predict (preProc, new_data)

pred gdp <- predict (rf model, new data scaled)

10. Variable Importance  Assessing the contribution of each variable.

importance (rf _model)

varImpPlot (rf model)

Table 5 — Table of Assumptions (for 2030) (Created by the authors)

Country Scenario Invest- Popula- Conflict Educa- R&D (% Interna-
ments  tion Intensity tion (% of GDP) tional
(% of  Growth of GDP) Aid ($)
GDP)  Rate (%)

Ukraine  Optimistic  25.0 -1.0 0 6.5 1.0 500
Realistic  18.0 2.0 20 5.7 0.6 800
Pessimistic 14.0 5.0 50 5.0 03 1800

Syria Optimistic  20.0 2.0 0 4.0 0.1 200
Realistic  12.0 1.0 20 25 0.05 400
Pessimistic 8.0 -1.0 100 1.5 0.01 800

Palestine Optimistic 25.0 3.0 0 6.5 0.5 50
Realistic  22.0 3.0 20 55 045 100
Pessimistic 18.0 20 50 45 0.3 200

Future Research

Future research on economic growth in Ukraine, Syria, and
Palestine should focus on enhancing models by integrating addi-
tional factors and advanced analytical methods. First, a deeper anal-
ysis of institutional factors, such as governance quality and corrup-
tion levels, is needed, as these significantly affect the effectiveness
of investments and external aid (Ochi & Saidi, 2024). This is partic-
ularly critical for countries with prolonged political instability,
where institutional barriers may hinder recovery strategies.

Second, expanding the use of hybrid approaches that combine
econometric models, such as the Romer model, with machine learn-
ing methods like Random Forest or plug-in model averaging (Pe-
trovi¢, 2023) is recommended. These approaches better account for
nonlinear relationships and enhance forecast accuracy. Huang et al.
(2025) highlight the potential of digital technologies and financial
innovations to stimulate R&D, which could be applied to post-con-
flict economies.

Third, models should incorporate the impact of climate factors
on economic growth, especially in resource-constrained regions
(Petrovic¢, 2023). Integrating variables related to green technologies
and greenhouse gas emissions will support the development of sus-
tainable growth strategies (Wan, 2024).

Finally, research should focus on the role of digital transfor-
mation in scaling innovations, as proposed by Shalaby (2024), and

assess the risks of implementing strategies like tax incentives in po-
litically unstable contexts. Special attention should be given to the
role of education and cultural capital in long-term economic growth
(Wan, 2024) to develop more precise and practical recommenda-
tions for economic recovery.

Conclusions

A comparative analysis of economic growth models revealed
their varying effectiveness under wartime conditions. The Solow
model, which explains growth through capital accumulation, labor
force growth, and exogenous technological progress, is the simplest
but least accurate due to its neglect of human capital, wartime
shocks, and institutional factors. This model is suitable for basic
forecasting in peacetime. The MRW (Mankiw-Romer-Weil) model
improves predictions by incorporating human capital, which is cru-
cial for countries where education plays a key role in recovery.
However, it underestimates growth by overlooking institutional fac-
tors and external financial support. The Romer model proved to be
the most promising, particularly for Ukraine, as it accounts for en-
dogenous technological progress, human capital, and international
aid. Nevertheless, its accuracy diminishes when forecasting eco-
nomic growth in Syria and Palestine due to limited access to re-
search and development (R&D), a critical factor during wartime.

To enhance forecasting accuracy, the Solow, MRW, and Romer
models were modified by including a conflict intensity indicator
(Conflict_t), which reflects the negative impact of war on total fac-
tor productivity (TFP) and innovation activity. The modified ver-
sions better capture economic indicators in wartime conditions, par-
ticularly for Ukraine, where the Romer model accounts for substan-
tial international aid (1,400 USD per capita). Forecasts for 2025—
2030 indicate divergent development trajectories across the coun-
tries. For Ukraine, the Romer model projects GDP per capita growth
to 13,456 USD in an optimistic scenario, contingent on a swift end
to the war, an increase in investments to 25% of GDP, and reforms
in education and R&D. The realistic scenario, deemed most likely,
envisages moderate recovery with investments at 18% of GDP and
low-level conflict persistence. For Syria, forecasts are less optimis-
tic, with the Romer model predicting growth to 1,183 USD by 2030,
driven by low R&D levels (0.02%) and prolonged conflict effects.
The realistic scenario reflects slow recovery with investments at
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12% of GDP. For Palestine, moderate growth to 3,012 USD is an-
ticipated under conditions of stability, investments in human capital
(education spending at 5.5% of GDP), and technology develop-
ment. The realistic scenario is the most probable, while the pessi-
mistic scenario accounts for potential conflict escalation.

The application of the Random Forest machine learning model
significantly improved forecast accuracy (R? = 0.847) by capturing
nonlinear relationships between variables such as conflict intensity,
investments, education, R&D, and international aid. The model pre-
dicts substantial GDP per capita growth in Ukraine (up to 23,792
USD in the optimistic scenario by 2030), moderate growth in Syria
(6,819 USD), and Palestine (5,764 USD). Key growth drivers in-
clude international aid (29.8%), investments (24.6%), conflict de-
escalation (19.7%), education (14.3%), and R&D (6.2%). Random
Forest also enabled the assessment of variable importance and the
formulation of recommendations based on three scenarios (optimis-
tic, realistic, and pessimistic), which consider varying assumptions
about investments, demographics, conflict, and external support.

For Ukraine’s economic recovery, it is recommended to stim-
ulate investments through tax incentives, develop infrastructure, ed-
ucation (spending at 6.5% of GDP in the optimistic scenario), and
R&D (1% of GDP), while gradually reducing reliance on interna-
tional aid. For Syria, priorities include infrastructure reconstruction,
donor engagement, and education system restoration (spending up
to 4% of GDP). For Palestine, key focus areas are strengthening hu-
man capital, advancing technology (R&D at 0.5% of GDP), and re-
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Air transport is still a very necessary consideration for domes-
tic and international transportation systems, with substantial influ-
ence on economic activity through tourism and regional develop-
ment. With airline markets increasingly becoming dynamic and
competitive, it is critical to understand the behaviors of consumers
in relation to price changes to support market planning and strategic
pricing. One of the primary measures of consumer responsiveness
is price elasticity of demand, which simply measures the extent to
which passenger numbers react to changes in price.

City-pair markets in the U.S. airline industry vary widely in
passenger numbers, distance traveled, and competitive pressures.
Short-haul and long-haul routes, in general, present different travel
behavior, cost structures, and consumer reaction to price changes.
While long-haul routes may exhibit less price sensitivity because of
limited choices, attitude, and income elasticity, short-haul routes are
often more competitive in nature and undergo changes more readily
to prices and price-related issues. While these different consumer
behaviors are important, little is known as to how the price elasticity
of demand differs across city-pair markets that are defined by dis-
tance.

The purpose of this research project is to analyze and compare
the price elasticity of demand for short-haul and long-haul city-pair
markets in the U.S using aggregated airfare and passenger data re-
ported by the U.S. Department of Transportation. This study will
quantify elasticity for different market types. The results of this
study will provide relevant information for below-the-line carrier
pricing, forecasting demand, and transportation policies. The infor-
mation gleaned from the data in this study can add to the body of
knowledge related to marketing analysis and transportation eco-
nomics, as well as provide an important analytical approach to mak-
ing data-driven pricing decisions in air travel.

The purpose of this research project is to analyze and compare
the price elasticity of demand for short-haul and long-haul city-pair
markets in the U.S. using aggregated airfare and passenger data re-
ported by the U.S. Department of Transportation. To achieve this
purpose, the study pursues the following objectives:

1. To classify U.S. domestic city-pair air travel markets into
four distance-based segments: very short, short-haul, medium-haul,
and long-haul.

2. To calculate the price elasticity of demand within each seg-
ment using log-log regression analysis.

3. To compare and interpret the elasticity coefficients across
these market segments.

4. To discuss implications for fare structure, consumer behav-
ior, and revenue optimization in the U.S. airline industry.

Literature Review

The airline industry faces various complications arising from
increasing employment costs, low profit margins, congestion in air-
space, large capital and operating costs, security measures, and dif-
ficult management decisions. The demand for increasingly complex
optimization tools that generate better decisions and improved prof-
its has grown (Barnhart & Cohn, 2004). Pricing decisions are im-
pacted by how the internet has changed the pricing paradigm
(Moreno-Izquierdo et al., 2015). Airlines often restrict booking lim-
its on the cheaper fare classes or limit the quantity of tickets sold at
the lower price to create demand for higher ticket prices in the price
class, which speaks to the management of demand data (Price et al.,
2017). In airline revenue management, understanding what passen-
gers are willing to pay and pricing accordingly has been important
for increasing profit (Aryal et al., 2023). Airlines are continuing to
use the internet to better interact with customers, representing a po-
tential shift to higher quality customer interaction (Razak et al.,
2021). More low-cost carriers (LCCs) emerged and created intense
competition as well as changes to the airline industry’s elasticity of
prices (Bhuvaneswaran et al., 2018). Airlines must also maintain
passenger re etlations to keep customers happy moving forward, to
drive revenue down the road, and stand out from other airlines in a
competitive environment (Pereira et al., 2023). The operational out-
come of revenue management manifests in varying degrees of mar-
ket-level price volatilities, highlighting the potential of using pricing
data to support market analysis (Mantin & Rubin, 2018). Further-
more, the growing success of dynamic pricing strategies highlights
their rising prominence, as well as their acceptance in the airline and
hospitality sectors (Neubert, 2022).

A review of airline business models shows some convergence
where traditional airlines use some elements of low-cost carrier ser-
vice and vice versa, reflecting the competitive dynamics (Daft &
Albers, 2013). Developments in distribution technology have al-
lowed airlines to customize offers with dynamic pricing generated
in real-time (Wittman, 2018). The airline industry has become more
competitive, with legacy and low-cost models developing (Vojdani
& Lloyd, 2022). Airlines must also be cognizant of competitive
pressures and predatory pricing (Sengpoh, 2015). Airlines also en-
gage in associative behavior, development of global alliances and
codeshare agreements, greatly altering the structure of the industry
(Castiglioni et al., 2017). Airlines should also employ flexible busi-
ness model strategies that accommodate shifts in the economic en-
vironment (Wensveen & Leick, 2009). Customer experience is a
key element of differentiation and overall customer satisfaction
strategies to achieve loyalty and advocacy that can lead to business
growth (Setiawan et al., 2021). Given the competitive business en-
vironment in which global airlines operate, retaining customers is
as important to most airlines as the acquisition of new customers
(Park et al., 2019). Airlines must enhance customer experience to
ensure customer satisfaction.

Airlines operate in a highly competitive environment, where
providing high-quality services to passengers is essential for profit-
ability and sustained growth (Bhuvaneswaran et al., 2018). Service
quality can be enhanced by analyzing passenger data to improve ex-
isting services and attract new customers (Bhuvaneswaran et al.,
2018). The advent of new technologies in aviation, coupled with
growing awareness of environmental issues and the recent influence
of events like COVID-19, has led to constantly changing consumer
expectations (Zhang et al., 2023). Dynamic pricing models have be-
come increasingly popular, particularly in e-commerce, due to their
ability to gather extensive data on customer behavior and prefer-
ences (Nowak & Pawtowska-Nowak, 2024).

The current academic literature looks at different aspects of
pricing in the aviation industry. This includes the impact of compe-
tition, consumer behavior, fare structure changes, and the role of
new distribution systems. However, there has not been enough fo-
cus on a detailed analysis of how demand for air travel varies with
price in the U.S. domestic market. This is especially true for short-
haul versus long-haul routes. This study aims to fill this gap by es-
timating price elasticity using modern demand modeling and market
analysis methods. The expected results could help improve airline
pricing strategies and make revenue management more effective,
especially when competition is high and consumers are sensitive to
price changes.

Background of the Air Travel Market

It is critical to understand how airline business models have
historically developed to inform us what is taking place today with
price elasticity. After deregulation, in the latter part of the 20th cen-
tury, there was the emergence of the hub-and-spoke business model,
followed by the impact of low-cost carriers as a globally emulating
business phenomenon (Gillen, 2006). The aviation sector of the de-
regulated environment provided opportunities for airlines to de-
velop new business models and enhance their profitability (Vojdani
& Lloyd, 2022). The new carriers stimulated demand by means of
dramatically discounting fares, and as a result, challenged legacy
airlines to enhance their marketing and pricing activities (Sun et al.,
2024). As the industry becomes diverse, the service offering be-
comes important to the survival of airline companies (Oyewole &
Choudhury, 2006). New aviation technologies, timing and aware-
ness of developing environmental issues, and time and changing
customer expectations stemming from experiences such as COVID-
19, suggest ongoing future evaluation of changing customer expec-
tations. The level of service also provides a way to evaluate cus-
tomer satisfaction from national and full-service airlines (Bhuva-
neswaran et al., 2018).

Price Elasticity of Demand in Air Travel

Price elasticity of demand, a concept at the heart of economics,
indicates how much the quantity demanded of a good or service will
change in response to a change in price (Siqueira et al., 2023). To
properly price a service, airlines must understand how passenger
travel demand behaves and how sensitive that demand is to changes
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in traffic, fare, and quality of service (Abrahams, 1983). Airlines
routinely raise and lower prices as a means of influencing demand,
and it is vital to understand the impact of pricing actions when con-
sidering alternative pricing strategies. The study of price elasticity
deals with consumer behavior in many markets, and many studies
have explored the determinants of price elasticity and its implica-
tions for revenue management in airline markets (Gupta, 2024). The
price elasticity of airline travel is dependent on a myriad of factors:
travelling for business or leisure, substitutability (is there a train I
can take? does this vacation spot have another airline that flies in?),
and how far the potential travel horizons extend.

Business travelers, for example, are likely to exhibit smaller
elasticities of demand as compared with leisure travelers because of
the nature of the travel demand, as some business travelers will al-
ways have to travel, no matter the price or quality of alternative
transportation. Demand elasticities are influenced by factors such as
the level of brand awareness, the extent to which substitute products
are available, and customer loyalty. It is important for airlines to
comprehend these factors if they intend to build appropriate pricing
strategies. Additionally, the recent worldwide aviation crisis has
caused the restructuring of nearly all airlines (Franke, 2007). As
competition in the airline industry is fierce, it is essential to under-
stand the demand for passenger travel and its responsiveness to
changes in demand, fares, and service quality to optimize pricing
strategy. Airlines dynamically change lion prices to provoke de-
mand, and it is important to understand how these adjustments will
impact demand and other variables when investigating alternative
pricing strategies. Optimization approaches used in emerging mo-
bility systems like Urban Air Mobility (UAM) offer valuable paral-
lels for airline pricing strategies. Kandikanti et al. (2025) highlight
how demand-based optimization enhances route and pricing effi-
ciency, insights that align with this study’s focus on fare optimiza-
tion using price elasticity in U.S. air travel segments.

Price Elasticity of Demand: Theoretical Framework

The theoretical foundation for the analysis of price elasticity of
demand is obtained from microeconomic concepts, namely, con-
sumer choice theory and demand analysis. The theory holds that
consumers make decisions to purchase based on a rational evalua-
tion of their preferences and budget constraints, and prices of avail-
able goods and services. The availability of substitutes influences
price sensitivity, the share of the budget consumed by the purchased
goods, and the time frame (Bose & Shukla, 1999). Understanding
the factors impacting the elasticity of demand is essential when es-
tablishing industrial prices. Different methods of measuring price
sensitivities, both qualitative and quantitative, and their limitations
need to be discussed and accounted for (Morris & Joyce, 1988). The
price elasticity of demand calculation is based on either a traditional
estimate of the price elasticity or determination of the elasticity co-
efficient estimates based on experiences (Qu et al., 2018). The sen-
sitivity of demand for price changes can be measured using the co-
efficient of price elasticity, which is defined as the percentage
change in demand divided by the percentage change in price (Fan
& Hyndman, 2011). The coefficient indicates the sensitivity of de-
mand (elasticity) when there is a price change (elastic or inelastic).
Elastic demand (elasticity > 1) implies that demand is highly re-
sponsive to price changes, while inelastic demand (elasticity < 1)
suggests that demand is relatively insensitive to price changes.

Methodology for Estimating Price Elasticity

Short-haul and long-haul air travel markets exhibit distinct
characteristics that influence their respective price elasticities.
According to the literature on air transport pricing, the final airfare
is shaped by multiple factors, from cost structures and competitive
dynamics to perceived value and consumer behavior. As a key ele-
ment of the marketing mix, price plays a critical role in shaping con-
sumer purchase decisions and market demand. In other words, price
can also serve as an economic instrument that controls the commod-
ity's demand and supply in the market and the income that is gener-
ated by the industry (Hawlena & Mazurek-Kusiak, 2020). Airlines
must employ revenue management systems to generate profit
(Garzén et al., 2012). Airlines require a pricing strategy that is struc-
tured to address market dynamics and price competition.

Price formation determinants for air transport services consist of

multiple aspects; they range somewhat between cost-related factors
and demand-side factors. Cost-related factors that constitute the
base price of airfares include, but may not be limited to (i.e., airline
operating costs, fuel prices, personnel costs, airport fees, etc.), and
aircraft maintenance costs (Yan et al., 2020). Then, direct costs are
measured against indirect costs, which can include marketing costs,
administrative costs, and distribution costs.

In addition, demand-side factors such as competition, seasonality,
and availability of substitutes impact price elasticity of demand and
thus ultimately airline pricing strategies. Airlines need to understand
demand-side factors when planning pricing strategies to proactively
increase profitability. The mean price elasticity is -2.62 with a total
of 81 studies (Bijmolt et al., 2005). There is little as to what the rel-
evant price elasticity of demand for air travel is in the literature.

Research Methodology

Data Source and Sample

This study utilizes data from the Consumer Airfare Report:
Top 1,000 City-Pair Markets, published by the U.S. Department of
Transportation. The dataset consists of 7,585 valid observations
across 101 U.S. cities, covering a 29-year period from 1996 to 2024.
Each observation includes the average fare and passenger volume
between a city pair for a given quarter.

Segmentation Scheme

To assess differences in demand elasticity across market types,
the dataset was segmented based on flight distance into four catego-
ries commonly used in industry analysis:

Very Short: <500 miles

Short-Haul: 501-800 miles

Medium-Haul: 801-1200 miles

Long-Haul: > 1200 miles

This segmentation provides a structured basis for comparing
demand responsiveness across different travel contexts.

Elasticity Calculation and Model Specification

The key metric analyzed is the price elasticity of demand, es-
timated using a log-log linear regression model separately for each
distance category. Before modeling, natural logarithms of average
fare and passenger volume were calculated using Excel.

Statistical significance was assessed using t-statistics and p-
values, generated via the Data Analysis ToolPak in Microsoft Excel.
Software Tools

All visualizations in this study were created using Python. We
used libraries like pandas to produce clear and professional charts
for segment comparisons and elasticity trends. Data analysis, in-
cluding cleaning, segmentation, and regression modeling, was done
with both Microsoft Excel and SPSS. We used Excel for log trans-
formations and basic regression analysis. SPSS helped validate the
results through OLS regression with a time trend. It also conducted
diagnostic tests like residual analysis and multicollinearity checks.
Using these tools together ensured accuracy in analysis and trans-
parency in methods.

Table 1 — Refined Distance Analysis

Distance Category Sample Size Mean Elasticity % Price Elastic
Very Short (<500 mi) 124 0.005 32.3%
Short (501-800 mi) 1,229 -0.176 31.7%
Medium (801-1200 mi) 5,297 0.096 26.4%
Long (>1200 mi) 935 0.324 24.3%

Pattern: Elasticity generally increases with distance, support-
ing the hypothesis that longer routes face more substitution options
and competitive pressure

Competition-Segmented Analysis: Separate regressions by
market competition level (number of connecting markets)

Results and Findings

Table 2 — Model 1: Basic Demand Elasticity (Full Sample)

Variable Coefficient Std. Error t-Statistic
log(fare) -0.128 0.024 -5.39
log(distance) -0.219 0.024 -9.00
log(markets) 1.563 0.006 240.48
time trend 0.012 0.001 21.11
constant 10.996 0.172 63.90




136

Challenges and Issues of Modern Science
2025, Vol. 4, No. 1

Model Statistics: R?=0.917, Adjusted R>=0.917, n = 8,346

Key Finding: Overall price elasticity of -0.128 indicates ine-
lastic demand, but this masks significant heterogeneity across dis-
tance segments.

This model provides a baseline understanding of overall price

Table 3 — Model 2: Distance-Segmented Elasticity Results

elasticity in U.S. air travel markets. With a coefficient of -0.128 for
fare, it confirms inelastic demand at the aggregate level. However,
this masks meaningful variation across different types of routes, jus-
tifying the need for further segmentation.

Distance Category Sample Size Price Elasticity Std. Error t-Statistic R? Interpretation
Very Short (<500 mi) 141 0.075 0.093 0.81 0.379 Not significant
Short (501-800 mi) 1,388 -0.344 0.028 -12.20%** 0.876 Most price-sensitive
Medium (801-1200 mi) 5,810 -0.048 0.028 -1.74 0.914 Nearly price-neutral
Long (>1200 mi) 1,007 +1.840 0.096 +19.17*** 0.903 Positive elasticity

*** represents the level of high significance.

By segmenting city-pair markets by distance, this model un-
covers significant differences in price sensitivity. Short-haul routes
(501-800 mi) are the most price-sensitive, while long-haul routes

Table 4 — Model 3: Time-Period Analysis

show positive elasticity, suggesting that travelers may view higher
fares as a sign of better service or stronger connectivity. This sup-
ports differentiated pricing strategies across distance groups.

Period Sample Size Price Elasticity Significance Economic Context
Pre-Recession (1996-2007) 2,847 -0.156 Significant Stable growth period
Post-Recession (2008-2019) 4,329 -0.089 Significant Recovery and consolidation
COVID Era (2020-2024) 1,170 -0.203 Significant Demand shock and recovery

Using the full dataset from 1996 to 2024, a series of model
diagnostics was conducted to ensure the validity and reliability of
the regression estimates. With the inclusion of a time trend variable,
the series replicated and extended the primary log-log specification.

Table 5 — OLS Regression Results (with Time Trend)

Variable Coefficient Std. Error t-Statistic p-value
log fare 0.1295 0.0237 -5.453 <0.001
log distance -0.2175 0.0243 -8.945 <0.001
log markets 1.5619 0.0065 240531 <0.001
time trend 0.0125 0.0006 21.168 <0.001
Constant -13.9831 1.124 -12.442 <0.001

All the predictors are statistically significant at the 0.1% level
and Model R2=0.917, n = 8,349.
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Figure 1 — Residuals vs Fitted Values

Residual Histogram

To validate homoscedasticity assumptions, a scatterplot was
used. The slight funnel shape justifies the use of robust standard er-
rors. Though overall patterning didn’t show strong bias in fitted val-
ues.

Q-Q Plot of Residuals
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Figure 2 — Q-Q Plot of Residuals

The Q-Q plot showed slight differences from a normal distri-
bution at the ends, which is common with large datasets, but nothing
serious enough to affect the model’s reliability.
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Figure 3 — Residual Histogram
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Supporting the overall model fit, the residual histogram shows
a near-normal distribution.

Table 6 — Multicollinearity Check (Variance Inflation Factors)

Variable VIF
log fare 1.17
log distance 1.70
log markets 1.62
time trend 1.40

From the Multicollinearity Check, the Variance Inflation Fac-
tors are well below the threshold of 5, indicating no multicollinear-
ity issues among the explanatory variables.

Heteroskedasticity (Breush-Pagan Test)

To check the heteroskedasticity in the residuals, a Breusch-pa-
gan test was conducted. The test showed a Lagrange Multiplier Sta-
tistic of 40.14 and a p-value of 9.93e.09 which confirms the pres-
ence of heteroskedasticity. The model was re-estimated using robust
(HC3) standard errors to address the presence of heteroskedasticity,
which retained the statistical significance and directional con-
sistency of all variables.

Residual Analysis

The residuals-versus-fitted values plot supported the use of
heteroskedasticity-robust standard errors by indicating non-constant
variance. In addition, particularly at the tails, The Q-Q plot and his-
togram of residuals suggested mild deviation from normality, which
is common in large-sample panel data models and does not threaten
inference validity due to the Central Limit Theorem.

Robust Model Results (HC3)

The robust model retains all coefficients with slightly wider
confidence intervals, which confirms the stability of the primary re-
gression output. The adjusted R? remained at 0.917, validating the
high explanatory power of the model under relaxed error assump-
tions.

Table 7 — Model Specification Comparison (R* and AIC Values)

Model R? AIC  Notes

Log-Log (w/ time trend) 0917 7481.0 Final model, interpretable
elasticity

Semi-Log (fare unlogged) 0.913  7881.0 Slightly higher AIC, not
preferred

The log-log specification not only provides a better model fit
(lower AIC) but also allows for a direct interpretation of price elas-
ticity of demand supporting its use in pricing policy recommenda-
tions.

Price Elasticity by Distance Segment
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Figure 4. Price Elasticity by Distance Segment

The bar chart of log-log regression coefficients by route dis-
tance group shows clear variation in how sensitive different routes
are to price changes. Short-haul routes (501-800 miles) show the
strongest price sensitivity, especially in competitive, high-frequency
markets, as reflected by the most negative elasticity. In contrast,
very short routes (<500 miles) show minimal responsiveness to

price. Interestingly, both medium-distance (801-1200 miles) and
long-distance routes (over 1200 miles) display positive elasticity,
which suggests that passengers may associate higher fares with bet-
ter service quality or stronger airline networks.

Discussion

This study looked at how sensitive the demand for air travel is
to price changes in various segments of U.S. domestic flights, based
on distance and time. The results in Table 3 indicate that short-haul
routes (501-800 miles) are the most price-sensitive, with an elastic-
ity of € = -0.344. This means passengers on these routes react
strongly to fare changes. On the other hand, long-haul routes (>1200
miles) showed a positive elasticity of € = +1.840. This surprising
finding suggests that people may see better service or added value
when prices are higher.

Medium-distance and very short routes displayed weak or in-
significant elasticity. This could be due to the limited options avail-
able or because passengers are less affected by prices on essential
routes. The temporal analysis in Table 4 shows that elasticity in-
creased during the COVID-19 period. This indicates that demand
becomes more responsive to pricing during uncertain times.

The OLS model with a time trend in Table 5 showed a strong
fit, with R? = 0.917. Diagnostics confirmed its reliability, including
tests for multicollinearity in Table 6 and model comparison metrics
in Table 7. These findings support implementing different pricing
strategies based on route characteristics and the economic situation.
They offer practical advice for airline revenue managers.

Limitations and Future Research

There are limitations to this research. This study, while utiliz-
ing aggregate data, reduces the insight into differences in individual
travelers, such as business versus leisure travel or income groups.
While the results do account for differences in price sensitivity, this
study should be seen in the context of future research with more
flexible modeling methods, since the log-log model assumes con-
stant elasticity, and nonlinear behavior could have been observed.

Secondly, the fact that positive elasticity was found in long-
haul markets demonstrates the need for more in-depth behavioral
research, especially related to network connectivity or brand per-
ception.

Third, this analytical model did not include the travel class.
Therefore, we cannot say if passengers in business do behave more
inelastically than economy class passengers. One needs to explore
this further, as it is an important dimension of pricing strategy.

Fourth, our findings are limited to US domestic markets and
upon study of international markets would need to consider added
complexities like passports, visas, and currency effects. Finally,
while the 29-year data for analysis and time series identified key
economic milestones, the model presented here is not structured to
consider structural breaks. Future studies should consider ways to
study time-varying elasticity and how the markets have developed
over time.

Conclusion

Opverall, this study demonstrated how the price elasticity of de-
mand varies across U.S. domestic air travel markets, depending on
the distance. It used a dataset of 7,585 observations from 1996 to
2024, along with a log-log regression model. The analysis revealed
significant differences in price sensitivity based on route length.
Short-haul routes (501-800 miles) were the most price-sensitive. On
the other hand, long-haul routes (greater than 1200 miles) showed
positive elasticity, indicating different patterns in how consumers
value these flights. Medium and very short routes showed little to
no sensitivity to fare changes.

These findings contribute to the understanding of transporta-
tion economics and marketing by emphasizing the importance of
distance-based segmentation in pricing analysis. For airline revenue
managers, the results offer practical guidance for applying different
fare strategies that align with the market structure and consumer be-
havior, while also taking into account competitive and changing air
travel market conditions.
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Wet wipes in green ecosystems of Chernihiv, Ukraine

Nataliia Tkachuk ©, Dariia Zahryva

Purpose. To assess the pollution of recreation areas in Chernihiv with wet wipes and raise schoolchildren’s
awareness of the related environmental problems. Design / Method / Approach. Direct counting of wet wipes on
100 m? in summer and autumn 2024. A socio-pedagogical study of schoolchildren’s awareness was conducted
through a lecture and an online questionnaire before and after the lecture. Findings. Wet wipes were found as
litter in recreation areas, indicating a low level of public awareness of their environmental impact. The smallest
number of wet wipes was recorded in well-maintained or rarely visited areas. The highest (7 wipes/100 m?) was
found in frequently visited but uncleaned areas without trash bins. The lecture “EcoSecrets of Wet Wipes” resulted
in a positive shift in students’ perceptions, making them more aware of wet wipes as environmental pollutants
containing hazardous substances and microplastics. Theoretical Implications. The findings expand the
understanding of the environmental hazard posed by wet wipes and emphasize the need to mitigate their negative
impact, particularly by educating schoolchildren about wet wipe pollution. Practical Implications. Raising
awareness among children about responsible wet wipe use and the need to enhance their biodegradability and
environmental safety. This supports the achievement of Sustainable Development Goals by promoting more
conscious consumption habits. Originality / Value. This study is the first ecological assessment of urban pollution
caused by wet wipes in Ukraine and the first socio-pedagogical study on schoolchildren’s awareness of this issue.
Research Limitations / Future Research. Further educational and awareness-raising activities among school
and university students regarding the environmental hazards of wet wipes, aligned with Sustainable Development
Goals. Article Type. Applied Research.
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wet wipes, sustainable materials, Sustainable Development Goals, environmental education

Merta. OuiHnTK 3ab6pyaHEHHS 30H BiANOYMHKY M. UepHiroBa Bonorumu cepBeTkamu Ta NpUBEPHYTY yBary LLKONspIiB
[0 eKomnoriyHmx npobnem, nos’asaHnx 3 umm. fiuzanH / Metop / Mipxia. MpsMuia nigpaxyHoK BOMOrMX CEPBETOK Ha
100 m? BniTKy Ta BoceHu 2024 p. NpoBeaeHo couianbHo-negaroriyHe AOCHiKEHHS 00i3HAHOCTI LLKONSPIB LUSAXOM
nekKuii Ta OHNanH-aHKETYBaHHA A0 Ta nicns nekuii. PesynbraTtn. Bonori cepBeTkM BUSIBMEHI SIK CMITTA B 30HaX
BiAMOYMHKY, LLIO CBIAYNTb NPO HU3bKUI piBEHb NOIHPOPMOBAHOCTI HACENEHHS NPO X eKOnoriYHnA BNnne. HanmeHwa
KINbKICTb BOMOMMX CepBETOK 3adhikcoBaHa B yMopsigkoBaHWx abo manosiaBigyBaHuWx Micusix. Hanbinbie
(7 cepeTok/100 m?) Oyno BMSIBMEHO B 4acTo BiABioyBaHWX, ane HenpubpaHux micusax 6e3 cmiTTeBux Gakis.
Pesynsratom nekuii «k EkocekpeTy Bonormx CepBeToK» CTaB NO3UTUBHUIA 3CYB Y CNPUAHATTI CTYAEHTIB, NiABULLEHHS
iX YCBIOMIMEHHS BOMOrMX CEPBETOK sIK 3abpyaHioBadYa HaBKOMWLLHBOMO CEpefoBMLLA, WO MICTUTh LUKIOMBI
pevyoBUHU Ta MikponnacTuk. TeopeTudHe 3Ha4vyeHHA. OTpyMMaHi [daHi pO3LUMPHOIOTL PO3YMIHHSA EKOMOriYHOI
Hebe3nekn, siKy CTaHOBMATb BOSION CEPBETKW, i NIOKPECMIOTL HEOOXIAHICTE NOM 'SIKLIEHHS IXHBOTO HEraTUBHOTO
BMNMMBY, 30KPEMA LUISIXOM HaBYaHHS LLKONSIPIB W00 3abpyaAHEHHst Bororumn cepeeTkamu. MpakTuyHe 3Ha4eHHS.
MigBuLLIEHHS piBHSA 06i3HaAHOCTI AiTel Wwoao BiAnoBiAanbHOrO BUKOPUCTaHHS BOMOMMX CEPBETOK Ta HeobXiaHOCTi
nigBuyLLEHHS X 3a4aTHOCTI Ao BionoriyHoro posknagaHHs Ta ekororiyHoi 6e3nekn. Lle cnpusie gocsarHeHHo Llinen
CTanoro po3BUTKY LUMSIXOM CMPUSIHHS BinbLU CBIAOMUM CNOXMBYMM 3BM4YKaM. OpuriHanbHicTb / LiHHicTb. JaHe
AOCTPKEHHS € NepLUoko B YKpaiHi €KOMNOriYHOK OLHKOK 3abpyAHEHHS MICT BOMOTMMU CEpPBETKaMM Ta MepLumMm
coLianbHo-NnegaroriYyHuM AoCnigKeHHsiM 06i3HaHOCTI LWKonspiB 3 uiei npobnemn. O6MexeHHA gocnimkeHHs /
ManbyTHi gocnigxeHHA. [oganblli OCBITHI Ta MPOCBITHWLIbKI 3ax04WM cepen YYHIB LUK Ta CTYOAEHTIB Loao
eKonoriyHoi Hebesnekn Bomnormx cepsBeTok BignosigHo Jo Llimewn cranoro possutky. Tun ctatTi. [NpuknagHe
[OoCniaXEHHS.
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Today, the issues of environmental friendliness of materials, a
conscious attitude to their use and disposal, occupy an important place
in solving the tasks of achieving the Sustainable Development Goals
(Kobayashi & Nakajima, 2021; Gu, 2024). At the same time, attention
to safety and biodegradability is directed to hygiene products that are
used both in everyday life and in medicine, in particular wet wipes
(Shruti et al., 2021; Allison et al., 2023). The media and environmen-
tal campaigns have paid significant attention to the plastic crisis, but
practices regarding single-use plastics have remained largely un-
changed (Rudman & Rudman, 2021). The production and use of wet
wipes are increasing every year (Ramya & Amutha, 2021). Calcula-
tions by Turkish researchers showed that if children continue the prac-
tice of using their parents' wet wipes, the number of wet wipes used
daily, which is currently around 210 million, will increase to over 250
million between 2040 and 2060 (Koklii et al., 2023). Reducing the
impact of human activities is only possible through the joint commit-
ment of all sectors involved (Martin-Jaime et al., 2021). Young people
have great potential to act as agents of change and raise awareness
about environmental issues (Torres et al., 2019). The implementation
of preventive environmental education programs can shape individual
behavior and increase people's ability and motivation to adopt behav-
iors and attitudes conducive to caring for and respecting the environ-
ment (Torres et al., 2019). The significant deficit in environmental ed-
ucation regarding vital aspects of citizens’ daily behavior determines
the negative impact of most actions on sustainability (Alonso-Sainz,
2021). In other words, the preventive aspect of environmental educa-
tion is important, as it affects the root of sustainability problems, and
correcting their consequences can be very expensive from an eco-
nomic point of view and even lead to irreversible changes in ecosys-
tems (Martin-Jaime et al., 2021).

Ultimately, safety of wet wipes for environmental and human
health due to potential risks of exposure to wetting solutions contain-
ing hazardous compounds (Siegert, 2011; Tkachuk & Zelena, 2023),
low biodegradability (Shruti et al., 2021; Allison et al., 2023) has not
been resolved. With the unconscious attitude of some citizens towards
the disposal of wet wipes, they end up in the environment and are
considered pollutants (Hu et al., 2022; Bach et al., 2025). A number
of environmental problems are associated with the production and use
of wet wipes: their accumulation in the environment, water and soil
pollution; increased greenhouse gas emissions; increased microplastic
content in the environment (O Briain et al., 2021; Shruti et al., 2021;
Zhang et al., 2021; Tkachuk et al., 2024). Currently, there are no sci-
entific publications devoted to the problem of pollution of the territo-
ries of Ukrainian cities with wet wipes, and this study fills this gap to
a certain extent and is relevant. The purpose of the study was to assess
the pollution of recreation areas in Chernihiv with wet wipes and raise
schoolchildren’s awareness of the related environmental problems.
The study determined the number of wet wipes in the green zones of
the Chernihiv city and conducted a socio-pedagogical study of the
awareness of schoolchildren about environmental problems associ-
ated with wet wipes. At the same time, during the questionnaires con-
ducted before and after the lecture on environmental problems asso-
ciated with wet wipes, the intensity of students’ use of wet wipes,
changes in their attitude towards wet wipes, and understanding of en-
vironmental problems associated with wet wipes were found out. The
results obtained have important practical significance, as they contrib-
ute to the conscious attitude of children to the use of wet wipes and
the understanding of the need to improve their biological and environ-
mental safety, which, in turn, supports the achievement of the Sustain-
able Development Goals.

Materials and Methods

Estimation of the number of wet wipes that have become
garbage in recreation areas of Chernihiv residents

The territory selected for the study covered some recreation ar-
eas (green ecosystems) of the Chernihiv city: the territory of Cher-
nihivsky Val (Dytynets) 51°29°24”N 31°18°22”E; near the Strizhen
River (the area of the military hospital 51°29°53”N 31°18°25”E and
in the area of Yalivshchyna, the first dam 51°30°54”N 31°17°40”E);
the courtyard of Chernihiv Gymnasium No. 32 51°30°23”"N
31°16’37”E; in the Central Park of Culture and Recreation
51°29°59”N 31°19°22”E; in the park in front of Chernihiv City Poly-
clinic No. 3 51°29°52”N 31°17°17”E; in the park near the Central De-
partment Store 51°30°00”N 31°17°08”E. The green areas selected for

the study are located in the city center, are actively visited by locals in
the summer, and are safe for conducting such studies, as they have not
been subjected to military influence, unlike green areas on the out-
skirts and outside the city. The method of assessing the contamination
of the indicated territories with wet wipes by directly counting them
in the most littered areas of the studied territory with an area of 100
m? was used (Zero Waste Scotland, 2018). The research was con-
ducted in summer (August 2024) and autumn (October-November
2024). In addition to counting the number of wet wipes found, they
and other garbage found in the studied areas were cleaned up and
thrown into a trash can.

Socio-pedagogical research on the awareness of school
youth regarding environmental problems associated with
wet wipes

In order to raise awareness among students about environmental
problems associated with wet wipes, on November 18, 2024, a lec-
ture-presentation “EcoSecrets of Wet Wipes™ was held for students of
grades 8-9 of Chernihiv Gymnasium No. 32 (T.H. Shevchenko Na-
tional University..., 2024). The following methods were used during
the lecture: story, conversation, posing a problem question, and anon-
ymous questionnaire survey. Theoretical questions considered at the
lecture: 1. Wet wipes - an environmental problem? 2. Wet wipes - an
ornament of Chernihiv? 3. Ideal wet wipes - are there any? (Fig.1).

Fig. 1. During the lecture “EcoSecrets of Wet Wipes™

A week before and immediately after the lecture, an online
survey was conducted using Google Forms - survey 1 and survey
2, respectively. The survey was conducted mainly with children
aged 10 to 15 years: survey 1 - 130 respondents (84 females and
46 males); survey 2 - 46 respondents (33 females and 13 males).
The questionnaire for survey 1 contained 9 questions, including
questions with an extended answer form:

— Question 1. Indicate your age (answer options: up to 10
years; 10-12 years; 13-15 years; 16-17 years; 18-20 years; Other).

— Question 2: Indicate your gender (answer options: female;
male).

— Question 3: Do you use wet wipes? (answer options: yes;
no).

— Question 4: If you use it, how often do you use it? (answer
options: 1-2 times a day; 3-5 times a day; 1-2 times a week; 3-5
times a week; 1-2 times a month; Other).

— Question 5: Have there been situations in your life when
you threw wet wipes NOT into the trash can? (answer options:
yes; no).

— Question 6: Do you agree that wet wipes do not cause en-
vironmental problems? (answer options: yes; no).

— Question 7: In your opinion, what environmental prob-
lems can there be when using wet wipes? (no answer options,
open-ended answer form).

— Question 8: Do you agree that there is no difference be-
tween using a wet wipe or a handkerchief? (answer options: yes;
no).

— Question 9: Write your question to the organizers regard-
ing the eco-secrets of wet wipes, if any (no answer options, ex-
tended answer form).

The questionnaire for survey 2 contained 7 questions, includ-
ing multiple-choice and open-ended questions:
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— Question 1. Please indicate your age (answer options: up
to 10 years; 10-12 years; 13-15 years; 16-17 years; 18-20 years;
Other).

— Question 2: Please indicate your gender (answer options:
female; male).

— Question 3: Did you participate in the first survey “EcoSe-
crets of Wet Wipes™? (answer options: yes; no).

— Question 4: Did you attend the presentation “EcoSecrets
of Wet Wipes”? (answer options: yes; no).

— Question 5: What environmental problems are associated
with the use of wet wipes? (multiple choice questions: environ-
mental pollution; toxicity to living organisms; source of micro-
plastics; increased greenhouse gas emissions; irrational use of re-
sources).

— Question 6: Has your attitude towards wet wipes changed:
(answer in the form of a rating from 1 (strongly disagree) to 10
(strongly agree).

— Question 7: Explain why your attitude towards wet wipes
has changed (or not changed) (no answer options, extended an-
swer form).

Results and Discussion

Due to the low level of awareness of the population regarding
the environmental hazards of wet wipes, low environmental cul-
ture, wet wipes can get into the environment. Therefore, we inves-
tigated the number of wet wipes in the recreation areas of residents
of Chernihiv. The obtained quantitative indicators are shown in
Fig. 2.
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Fig. 2. Number of wet wipes in the territory of recreation areas in the
city of Chernihiv (summer-autumn 2024)

It was found that both in summer and autumn, the territories
least contaminated with wet wipes were Chernihivskyi Val (Dy-
tynets) and courtyard of Chernihiv gymnasium No. 32 — 1/0 and
2/0 wet wipes per 100 m? of the studied territory, respectively. Ob-
viously, the low number of wet wipes is associated with regular
cleaning of the territory of Chernihivskyi Val and summer holi-
days in Chernihiv Gymnasium No. 32. An increase in the number
of wet wipes in the form of garbage up to 4 pieces/100 m? was
noted for the territories near the Strizhen River (Yalivshchyna,
first dam) and the park near the Central Department Store. In these
cases, the greater number of wet wipes found can be explained by
the greater frequency of visits to these places by Chernihiv resi-
dents in the summer — the green zone near the Strizhen River and
the playground in the park near the Central Department Store. An
even larger number of wet wipes was found in the park in front of
Chernihiv City Polyclinic No. 3 (5 pieces/100 m?) and in the Cen-
tral Park of Culture and Recreation (6 pieces/100 m?). It is obvious
that these areas are also actively visited in the summer, but their
cleaning is probably carried out irregularly and of poor quality.
On September 20, 2024, the territory of the Central Park of Cul-
ture and Recreation was cleaned by volunteers under the coordi-
nation of the public organization Let’s do it Ukraine (Gornova,
2024). A study of the number of wet wipes in this area after clean-
ing, carried out by us in October 2024, showed the absence of wet
wipes, which is possibly due to the fact that in the fall there are
much fewer visitors to the Central Park of Culture and Recreation
than in the summer. A slightly smaller number of wet wipes was
also noted in the fall and in the park in front of Chernihiv City

Polyclinic No. 3, which is also actively visited by Chernihiv resi-
dents in the fall.

The area most contaminated with wet wipes in both summer
and autumn was the one near the Strizhen River in the area of the
military hospital — 7 pieces/100 m? (Figs.2-3). Probably, during
the war, the increase in the number of visitors to the hospital, res-
idents of Chernihiv, who are attracted by the green area in the
summer, as well as the lack of garbage cans led to this result.

Fig. 3. Wet wipes found near the Stryzhen River (area of the military
hospital): a — August 2024; b — November 2024.

Results of a socio-pedagogical study on the use of wet
wipes

The results of the student survey on the use of wet wipes are
presented, including an analysis of the responses of 130 respond-
ents (survey 1) and 46 respondents (survey 2). It was found that
among the pupils who participated in the survey of survey 1, the
largest proportion was children aged 13-15 years (49.2% of re-
spondents). It should be noted that the age group of 8—12 years is
more appropriate as a target in environmental education (Martin-
Jaime et al., 2021). This is an age at which families usually com-
municate well, allowing participants to exchange and transmit
pro-environmental behaviors and values (Martin-Jaime et al.,
2021). The authors note that students are able to influence the be-
havior of their parents, contributing to the transformation of val-
ues and habits, which overall contributes to sustainable manage-
ment of sanitary waste. Every small aspect of a person's hygiene
habits has a direct impact on the care and protection of the natural
environment (Martin-Jaime et al., 2021). Increasing students’
awareness will ensure the acquisition of new habits, behaviors,
and attitudes in their families and immediate environment (Mar-
tin-Jaime et al., 2021). In particular, the study by Ablak and
Yesiltas (2020) showed that talking with the family about relevant
aspects of environmental education increases the level of environ-
mental awareness of students and households. The distribution of
respondents by gender was 64.6% female and 35.4% male. The
majority of respondents (94.6%) answered positively to the ques-
tion about their use of wet wipes. At the same time, approximately
the same number of respondents answered that they use wet wipes
1-2 times a week (26.9%), 1-2 times a month (23.8%) and 1-2
times a day (21.5%). 12.3% of respondents use wet wipes 3-5
times a week, and 9.2% of respondents use them 3-5 times a day.
6.3% of respondents had their own answers, such as “whenever
possible”, “whenever available, I use them”, “I use dry wipes”.
Despite the fact that the vast majority of respondents often use wet
wipes, most of the answers to the question “Have there been situ-
ations in your life when you threw wet wipes NOT into the trash
can?” were “no” (75.4% of respondents) (Fig. 4).

It should be noted that the vast majority of respondents
(70.8%) understand that wet wipes can cause environmental prob-
lems (Fig. 4), and primarily pollution of the environment (“na-
ture”, “planet”, “earth”, “water”, “rivers”, “lakes”, “oceans”, ac-
cording to the respondents), since they contain compounds that do
not decompose. At the same time, the vast majority of pupils was
not familiar with other environmental problems associated with
the use of wet wipes. At the same time, the majority of respond-
ents (83.8%) understand that there is a difference between using a
wet wipe or a handkerchief (Fig. 4).
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Fig. 4. Distribution of answers to questions 5 (Have there been
situations in your life when you threw wet wipes NOT into the trash
can?), 6 (Do you agree that wet wipes do not cause environmental
problems?) and 8 (Do you agree that there is no difference between
using a wet wipe or a handkerchief?) of survey 1

Regarding the topic of the survey, respondents were inter-
ested in the duration of decomposition of wet wipes in the envi-
ronment, the composition and safety of the solution for wetting
them, the possibility of manufacturing wet wipes that decompose
quickly after use and do not harm the environment.

After the lecture “EcoSecrets of Wet Wipes” we conducted,
a survey was also conducted (survey 2). In survey 2, the majority
of respondents were aged 10 to 12 years (56.5%), although there
were also children aged 13-15 (37% of respondents), under 10
years (2.2%), and young people aged 18-20 (2.2%) (Fig. 5).

Question 1 (survey 2)
46 replies

@ upto 10 years
@ 10-12 years

13-15 years
@ 16-17 years
@ 18-20 years
@ 1000

Fig. 5. Distribution of answers to question 1 of survey 2: Please
indicate your age

Females were the majority of respondents — 71.7%, while
males were 28.3%. According to survey 2, the majority of re-
spondents (60.9% and 69.6%, respectively) indicated that they did
not participate in survey 1 (Fig. 6) and did not attend the lecture-
presentation “Eco-secrets of wet wipes” (Fig. 6).

O Yes
E No

Replies, %

Question 3 Question 4

Fig. 6. Distribution of answers to questions 3 (Did you participate in
the first survey “EcoSecrets of Wet Wipes”?) and 4 (Did you attend
the presentation “EcoSecrets of Wet Wipes”?) of survey 2

Among the environmental problems associated with the use
of wet wipes, 93.5% of respondents named environmental pollu-
tion, 56.5% - toxicity to living organisms, 50% - irrational use of
resources, 41.3% - a source of microplastics, 23.9% - increased
greenhouse gas emissions (Fig. 7).
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Fig. 7. Distribution of answers to question 5 of survey 2: What are
the environmental issues associated with using wet wipes?

23.9% of respondents completely agreed with the idea that
their attitude towards wet wipes had changed, while 6.5% of re-
spondents completely disagreed with this (Fig. 8).

Question & (survey 2}
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365% 4(B7%) 4(87 %)

2(4,3%) 2(43%) 2(43%) 2(43%)

Fig. 8. Distribution of answers to question 6 of survey 2: Has your
attitude towards wet wipes changed: [from 1 (totally disagree) to 10
(totally agree)]

At the same time, the arguments in favor of changing the attitude
towards wet wipes were that they pollute the planet (“environment”,
“world”, “nature”), contain hazardous substances, and are a source of
microplastics. The arguments in favor of maintaining the attitude to-
wards wet wipes were that they are convenient (“cool”, “smell deli-
cious”).

An environmental education lesson with Japanese school stu-
dents included a lecture (on reducing the use of plastic products to
save energy in daily life), a board game (the goal of which was to
learn how to reduce plastic waste), and a worksheet for reflection
(Kurokawa et al. 2023). A survey after this lesson showed a signifi-
cant improvement in students' basic environmental knowledge and
an increase in their concern about plastic waste, including wet
wipes. At the same time, students who were nudged or stimulated
during the worksheet session were more likely to refuse free wet
wipes offered in stores, but not more likely to refuse plastic bottles.
These results also indicated that interventions through environmen-
tal education can change students’ pro-environmental behaviors
only if the cost of behavioral change is low (Kurokawa et al., 2023).

The combination of field and socio-pedagogical research cre-
ates synergy: factual data allows us to assess the real state of pollu-
tion, and educational work promotes behavioral change, which in
the long term can reduce the problem. This allows us not only to
document the problem, but also to initiate its solution through the
upbringing of an ecological culture (Vasylenko et al., 2021; El Az-
zouzi et al., 2023; Tolochko, 2024).

Simultaneous field research (counting the pollution of the terri-
tory) and socio-pedagogical research (lecture and questionnaires of
schoolchildren) within the framework of an ecological study of pollu-
tion of green areas with wet wipes has several important advantages:

1. Integrated approach to the problem. The combination of
two types of research allows you to obtain both objective data on
the degree of pollution of the territory and subjective perceptions
of the problem among schoolchildren. This helps to assess not
only the level of pollution, but also the level of awareness of it.

2. Possibility of data correlation. Thanks to simultaneous conduct,
it is possible to compare actual data (the number of wipes in a certain area)
with what students know and how they relate to the problem. For example,
it is possible to find out whether littering is more common in places where
children are less aware of the environmental consequences.

3. Effective educational interaction. When schoolchildren
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simultaneously participate in an educational lecture and research, they see
the problem with their own eyes, which makes learning more visual and
influential. This contributes to the formation of environmental awareness.

4. Stimulating an active position. After the lecture, students
can actively participate in the study (for example, help in counting
pollution), which forms a responsible attitude towards nature and
promotes environmental volunteerism.

5. Increasing trust in the results of the study. If the pollution
is counted and the opinions of the participants are collected at the
same time, this gives a more representative picture of the problem,
which is important for further decisions on its solution.

In general, biological and ecological education of students
plays an important role in the sustainable development of society
(Vasylenko et al., 2021; Tkachuk & Zelena, 2022; Povidaichyk &
Hryn, 2024). Understanding by young people of the need to im-
prove the biological and environmental safety of wet wipes, their
conscious use and disposal will contribute to the achievement of
the Sustainable Development Goals: Good health and well-being
(Goal 3), Clean water and adequate sanitation (Goal 6), Industry,
innovation and infrastructure (Goal 9), Sustainable development
of cities and communities (Goal 11), Responsible consumption
and production (Goal 12), Combating climate change (Goal 13),
Protecting and restoring terrestrial ecosystems (Goal 15) (Fig. 9).

Conclusions

Therefore, wet wipes were found in the form of garbage in
the recreation areas of the residents of Chernihiv, which indicates
a low level of awareness of the city’s population regarding wet
wipes as a source of environmental hazards. The smallest number

of wet wipes in recreation areas in Chernihiv is noted for areas
that are thoroughly cleaned or almost not visited in summer or
autumn. The largest number (7 wet wipes/100 m?) is noted for a
green area that is actively visited, but is not cleaned regularly, and
where there are no garbage cans. A positive result of the lecture-
presentation “EcoSecrets of Wet Wipes” is a change in the attitude
of some pupils towards wet wipes as polluting the environment,
containing hazardous substances, and being a source of microplas-
tics. We hope that children will approach the use of wet wipes
more responsibly and realize the importance of improving their
biological and environmental safety.

Goal 15

Fig. 9. Sustainable Development Goals relevant to environmental
issues related to wet wipes

A further perspective is the need to continue raising aware-
ness among students and schoolchildren about the environmental
problems associated with wet wipes, given their environmental
hazards and the achievement of the Sustainable Development
Goals.
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CyuyacHMM CTaH PO3BUTKY BiAHOBJIIOBAlNIbHOI EHEepreTukm
B YKpaiHi Ta MOXXNUBI pilleHHA

Onbra Mepsepesa ), 3apaHa NanbueHko ©, Onekcin [leMuyeHKoO

Purpose. To examine the current state of development and implementation of renewable energy sources in
Ukraine and to investigate the prospects for their utilization. Design / Method / Approach. The study analyzes
the current state and prospects of renewable energy sources use worldwide and in Ukraine, presents the inventory
and current status of wind power plants in Ukraine considering the impact of military actions. The most efficient
wind energy installations for mining regions are identified, along with their advantages and disadvantages.
Findings. The prospects for the use of wind energy installations to ensure the country’s energy security are
established; it is emphasized that wind power plants (WPPs) represent one of the most competitive electricity
generation technologies, with economic and ecological benefits. Theoretical Implications. The advantages of
WPPs, conditions for their application, and promising directions for their use, including the possibility of placement
on technogenically disturbed lands, are defined. Practical Implications. The existing WPPs in Ukraine, their
current status, and the prospects for renewable energy development globally and nationally to ensure energy
independence and security are analyzed. Originality / Value. The article provides original data on the current
global status of renewable energy; it analyzes the relevance of renewable energy use during wartime and post-
war periods for achieving energy independence through the deployment of WPPs on technogenically disturbed
lands in mining regions. Research Limitations / Future Research. Further studies will focus on the potential use
of wind energy installations with vertical axis rotation in mining regions on technogenically disturbed lands. Article
Type. Empirical.

Keywords:

renewable energy sources, wind power, wind energy potential, wind power plants in Ukraine, wind power plants,
environmental factors

MeTa. Po3rnsHyTV cy4acHUi cTaH po3BUTKY Ta BNPOBaMXEHHS BiAHOBMNIOBaNbHUX AKepen eHeprii B YkpaiHi Ta
AoCnianTn nepcnekTmBu iX BukopucTaHHsa. OusanH / Metom / NMipxip. NpoaHanisoBaHO CyyacHWW CTaH i
nepcnekTVBN BMKOPUCTaHHSA BiAHOBMIOBANbHUX AXepern eHeprii y CBIiTi Ta B YKpaiHi, HaBedeHO nepenik Ta
Cy4YaCHUI CTaH BiTPOENEKTPOCTaHUIn B YKpaiHi 3 ypaxyBaHHAM BNVBY BIICbKOBMX AiA. BudHayeHo HanbinbLu
edeKTMBHI BITPOEHEPreTUYHi YCTaHOBKM AN TipHMYo400yBHMX perioHiB, HaBeAEHO iX mepeBarn Ta HedomniKw.
Pesynbratn. BcTaHOBNEeHO nepcnekTvByM BUKOPWUCTaHHSA BITPOEHEPreTUYHMX YCTaHOBOK Ans 3abesnedyeHHs
eHepreTnyHOi 6e3nekn Aepxasu; MiAKPEeCneHo, Wo BiTpoeHepreTuyHi ctaHuii (BEC) € ogHum i3 HanbinbLu
KOHKYPEHTOCMPOMOXHUX [Xepen enekTpoeHeprii cepef, iCHyI0UNX TEXHOMONYHUX PilleHb, a iX BUKOPUCTaHHS €
€KOHOMIYHO i eKomnoriyHo BurigHuM. TeopeTu4He 3Ha4YeHHA. BusnayeHo nepesarn BEC, yMOBM ix 3acTOCyBaHHS
Ta NepCneKTUBHI HAaNPAMW BUKOPUCTaHHS, 30KpemMa MOXIMBICTb PO3MILLIEHHS HA TEXHOTEHHO MOPYLLEHMX 3EMISX.
MpakTuyHe 3Ha4YeHHA. MNpoaHanizoBaHo Bci icHytodi BEC B YkpaiHi, ix cy4acHWi cTaH Ta NepcrnekTuBM po3BUTKY
BiJHOBMIOBAHOI eHepreTvkn y cBiTi N YkpaiHi ans 3abe3nedyeHHs eHepreTu4Hoi HesamnexHocTi Ta 6e3neku
aepxasu. OpuriHanbHicTb / LliHHicTb. HaBegeHo opwuriHanbHi AaHi Mpo CyyYacHW CTaH BigHOBMIOBANbHOI
€eHepreTvku CBiTY; MpoaHani3aoBaHO akTyarbHICTb 3aCTOCYBaHHS BiQHOBMIOBANbHOI E€HEepreTukM B YMOBax
BOEHHOrO Ta NiCNSIBOEHHOrO nepiodiB Ansl eHepreTUYHOI He3aneXxHocTi Yepes BukopucTaHHs BEC, posmieHnx
Ha TEXHOreHHO MOPYLUEHUX 3eMNsAX Yy TipHM4ogobyBHMX perioHax. OB6MexeHHA pocnigkeHHA /| ManbyTHi
pocnigpkeHHs. MoganbLi gocnigxeHHs OyayTe CNPSMOBaHi HA MOXITMBOCTI BUKOPUCTAHHS BiTPOEHEPreTUYHUX
YCTaHOBOK i3 BEPTUKANbHOI BiCCl0 06epTaHHs Y ripHUY0800yBHMX perioHax Ha TEXHOTEHHO MOPYLUEHNX 3EMISIX.
Tun ctaTTi. EMnipnyHa.
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CpOTrofHI Jy’Ke TOCTPO CTOITh IMUTAHHS IO0 PO3BHUTKY Bif-
HOBJIIOBAJIbHOT ~ €HEPreTHKU. BigHOBIIOBaNBHI pKepena eHeprii
(BAE) maroth npuiiTé Ha 3aMiHy TPaJUIiiHIM BHUKOITHUM I1aJd-
BaM, 3aI1aCH SKMX BUYEPITYIOThCS LIOAHS. BiTHOBICHHS IPOMHCIIO-
BO1 rary3i Ta 3a0e3MmeueHHs eHePreTHYHOT He3aIeKHOCTI MOXKIIUBE
nusixoM Bukopuctanssi BJIE y ripHHUMX perioHax 3a paxyHoK ix
po3TanryBaHHS Ha TeXHOTeHHHX 00’ekrax. [Ipote, HeoOXiqHO Bpa-
xoByBary, mo BJIE, Taki ik cOHfYHA Ta BITpOBa €HEpris, MAIOTh
BHCOKY HEBH3HAYEHICTh Yepe3 MEePEepUBYACTUI XapakTep BITpY Ta
COHSYHOTO cBiTIa. [IepeoBi TEXHOMOTIT, BKIIIOYAIOUH Pi3Hi cTpare-
rii ynpaBiiHHS, METOAM ONTHMI3aLlil, HAKOIMYYBadi eHeprii Ta 00-
MEXYBadi CTpyMy KOPOTKOTO 3aMUKaHHS BHUKOPHCTOBYIOTBCS IS
BUpiIeHHs uX npobneM Buxopucranus BJIE HaOyno 3HauHIX Ma-
ciuTabiB y BCbOMY CBITi, 0OCOOJMBO 3a OCTaHHI ABA JCCSTHIITTS.
Xoua BuUCOKHM piBeHb NpoHUKHEHHS BJIE 3MeHmIye HeraruBHUI
BIUIMB Ha HABKOJIMIIIHE CEPEIOBHIIIE MIOPIBHAHO 3 TPAAULIHHUM BH-
POOHHIITBOM eHeprii Ha OCHOBI BUKOITHOTO NAJIMBA, TINTAHHS KOHT-
poutto craroTh Oubln ckiaagaumu. (Medvedieva et al., 2025).

B po6orti Buenux i3 CayniBcskoi Apasii (Alam et al., 2020) Ha-
JTaHO OIS 33JJOKYMEHTOBAaHMX HEpeNIiKiB M0N0 MOXINBOCTEH i
PH3UKIB BUKOPUCTAHHS BITPOBOI 1 COHSMHOT €HepreTHKH, Ha/laHi Ta-
KOK PEKOMEH/IAINiT 111010 BUpileHHs mpoomneM interparii BJIE, ski
MOXKYTb CTaTH KITIOYOBHMH HAIPSIMKaMH JIOCIIIUKEHb JUTS IPOMUC-
JIOBOTO IiepcoHay Ta xociuimHukiB. Al-Shetwi (2020) mocmimkye
pois inTerpaunii BJIE y cranmit po3BHTOK Ta HOTO NpOrpecyrodnii
BIUIMB Ha CBITOBHI €HEPreTHYHUI CEKTOP, POOUTH OILHKY BIUTHBY
BJ/IE Ha HaBkomumiae cepenonuiie. Y podori Duggan (2025) 3po6-
JICHO OIS OCTAaHHIX JOCIIIKEHb, 1[0 CTOCYIOTHCS CTAJIOTO PO3BHU-
TKY SHepreTHYHHX cucTeM Ta inTerpaunii BJE, 3 oco6imBuM akieH-
TOM Ha iHBECTHLSIX, pOOOTI €HepreTHYHOT CHCTEMH 3 BiTHOBIIOBA-
JIBHAMH pECypcaMu Ta IHCTpYMEHTax AekapOoHizaii.

Takox nuranHsaM iHTerpanii BJIE 3 MeToro noTpuManHs moJti-
TUKH JieKapOoHizallii 3aiiMaloThcsl aMepruKaHChKi BueHi Patankar et
al. (2023). Afridi et al. (2021) BuBUarOTh CKJIaAHI Ta TIOPHIHI CHC-
Temu renepanii BJIE, mo npoekTyroThes 1 po3poOnsioTees I 3a-
0e3MeueHHs CHEPIeTHYHUX MOTPEO Ta rapaHTyBaHHS CHEPreTHYHOT
Gesreku KpaiHu, 3 OIVIAIOM Ha BUKOPHCTaHHS IITYYHOTO IHTEIEKTY
JIUTs IpOrHO3HOTO 00cTyroByBaHH: cucteM BJIE. Xayitbayeva and
Bebitov (2024) posmsmaroTs KIFOYOBI MpoOIeMH, sIKi TOB's3aHi 3
MIPUIHATTAM 1 BIPOBaPKEHHsIM TexHoJorii B/IE, mo BKIIOYa0Th
BHCOKI TTOYaTKOBI BUTPATH, TEXHOJIOTIUHI Oap'epy Ta perysTOpHi
BUKJIMKH. BOHM TakoX JOCIIKYIOTh OTEHIIHI PillIeHHS, TaKi sIK
JIepKaBHI CTHMYIH, JIePKaBHO-TIPUBATHE MAapTHEPCTBO, a TAKOX
JIOCSATHEHHSI B raity3i 30epiraHHs eHeprii Ta iHTerparii 3 Mepexero,
00OrOBOPIOIOTH TIEPCTICKTHUBHI MPOIIO3HUIIii Ta Cy9dacHi iHHOBaIiiHi
TEXHOJIOT i, sIKI MOXXYTb HiZBUIUTH €(EKTUBHICTh 1 MacIITaboBa-
Hictb cuctem BJIE.

Falcone (2023) mporoHye IpyHTOBHHH aHali3 BHKIUKIB Ta
MO>KJIMBOCTEHH, SIKi IOB'sI3aH1 3 IPUHHATTSM MOJNITUKH CTAJIOTO eHe-
PTeTHYHOTO PO3BUTKY B OKPEMHX KpaiHax, [0 PO3BHBAIOTHCS, Ha-
npuknan, Anbanis, bpaswunis, [His, Kenis, 3a paxyHOK 301TbIIICHHS
pukopuctanus BJIE B iux kpainax. Li at al. (2022) 3i6panu pe3yiib-
TaTu J0CIIKEHb, OMTYOTiKOBaHI BiIMOBITHUMH CTATHCTHYHUMH Bi-
JIOMCTBaMH Ta aBTOPUTETHUMH YCTaHOBAaMH, SIKi y3araJbHIOIOTbH
MDKHApOJHY CHMTYallil0 B raiy3i €HepreTHKH, aHaJi3yeThCsl CTaH
po3BUTKY eHepreTuku B €Bpornelicbkkomy Coto3i, CILIA, Ascrpanii,
[unii, Bpaswnii Ta iHIMX KpaiHax CBITY, pO3MISAAIOTECS MEepPCIeK-
tuBH 3actocyBanns BJIE y Kurai. Icaza et al. (2024) po3misiiaroTs
MOKJIMBOCTI BripoBakeHHs: BJIE Ha octpoBax B AMmepuili i3 po3-
POOKOIO CIieHiaIbHAX JOPOKHIX KapT Ha OCHOBI €HEPreTHYHOTO
MOTEHIIIATy, HASBHOTO Ha TEPUTOPIsX, i MAHOYTHROTO MOMHUTY Ha
EHeprifo.

Fernandez-Guillamoén et al. (2019) po3mmsanaioTs KoHmeNii
BrpoBa/pKeHHs Ta eBoirouii B/IE 3a ocranni mecsarmmitrs. Kpim
TOTO, BOHH JICTAIbHO OOTOBOPIOIOTH BITPOBI Ta (hOTOENEKTPUYIHI
CNIEKTPOCTaHIli Ta iX BHECOK Y PO3BHUTOK EHEProe(heKTHBHOCTI.
ITpoeKTyBaHHS €HEPreTHYHUX CHCTEM YCKIIAHIOEThCS PealbHIMU
[UTHOBUMH (DYHKIISIMH, IO CKIIaJalOThCS 3 TIOEAHAHHS TEXHIYHUAX
1 COIIaNIbHO-€KOHOMIYHUX 3aBJIaHb, 3 PI3HIMH OOMEXEHHSIMU. SIK
HACJIZIOK, €KOHOMIYHO HEONTHUMAJbHI pillleHHs, MMBHIIIC 32 BCE,
OynmyTh Kpamumu. Pedersen et al. (2021) po3podumm mMeton, 3xar-
HUI BU3HAYUTH TOCIIIOBHICTD, SIKA MICTHTh BCl €KOHOMIYHO OJIH-
3bKi JIO ONTHMAJIbHHX PillleHHs. 3alpOIOHOBAHUI METOX 3aCTOCO-
BAaHO JUIS JOCIIDKEHHS HU3KH TEXHIYHUX 1 COLaIbHO-EKOHOMIiU-
HHUX TOKa3HHWKIB Ha MOJEJI €BPOIECUCHKOI eNIeKTPOSHEPTreTHIHOT

cucreMd. BoHM BHSBUIH, 1110 0051acTh G111 ONTUMYMY € BiJHOCHO
IUIACKOIO, KA JIO3BOJIAE NPUIMATH PIllIeHHs, 110 € JEIO JOpPOXK-
YHMH 32 ONITIMAJIbHI, aJie KPAIUMH 3 TOYKHU 30pY PIBHOCTI, 3eMIIe-
KOpHCTYBaHHsI Ta yacy peaunizaiii. Xin et al. (2022) BuBumIM iHHO-
BalliifHi TEXHOJIOT1i BiTHOBITIOBAIILHOI €HEPTETUKH 3 ypaxyBaHHAM
EKOHOMIYHOTO 3POCTaHHS, COLabHOI IHTErpallii Ta HU3BKOBYIJIC-
neBoro po3BuTKy. Erdiwansyah at al. (2021) mpoBenu KOHKpeTHi
JOCIIDKEHHS PI3HUX TEXHOJOTIYHUX PillleHb Ta BUKIUKIB, 0CO0-
THBO y cepi eHeprocucteM. BoHH po3po0Hiy MaTpHIIO 3 pi3HUMU
TEXHOJIOTTYHUMH pimeHHAMH Yy cdepi B/IE. 3aBnaku mpomy, aB-
TOPH OYIKYIOTb, II0 MOTEHLIa PO3pOOICHUX TEXHOJOTIYHHUX Pi-
IEHb 3MOXe JJOTIOMOTTH 1 BU3HAYUTH iX MPIOPHTETHICTH, 0COOTHBO
IUTSL €KOHOMIYHO €(peKTHBHOT eHEPreTHKH 1 MiIBUIIUTH IPO30PicTh
poliecy iHTerpaii BiIHOBIIOBAJIBHOI €HEPreTHKY B MaliOy THHOMY.

Ugwu et al. (2021) 3poOuny KOMITIEKCHUH OIS HassBHOTO
MOTEHIIaTy BiIHOBIIIOBAJIBHOI eHepreTuky B Hirepii, piBHSA BUKO-
pucrannst B/IE B Hirepii B nopiBHSAHHI 3 iHIIMMHU KpaTHaMH, TTOPIiB-
HSHHS CLIEHapiiB PO3BUTKY BiTHOBIIOBAJILHOI €HEPIeTHKH B apH-
KaHCBHKUX KpaiHaX, (haKTOpH, II0 HEepelIKOLKAIOTh PO3BUTKY Bill-
HOBJIFOBAJILHOI eHepreTHku B Hirepii, moniTHKy KpaiHU B Tairysi
BiJTHOBJTIOBAJILHOT CHEPTETHKH Ta IUISIXH MOKPAICHH ii CTaTycy B
kpaini. Jurasz et al. (2020) 3poOWIM KOMIUICKCHUAN ODNIS JTOCITi-
JDKCHB, B SIKMX BHBUABCS, aHAITI3yBaBCs, KiJIBKICHO OITIHIOBaBCS Ta
BUKOPHCTOBYBABCs €(DEKT YacoBOl, MPOCTOPOBOI Ta MPOCTOPOBO-
4acoBoi KOMIUTIMEHTapHOCTi Mk BJIE B KOHTEKCTi BUKOpUCTaHHS
riOpUIHKUX EIEKTPOCTAHIIIM, IO TPYHTYIOTHCS Ha B3a€MOJIOTIOBHIO-
BaHocti B/IE, Hanpukiaz, BiTpo-COHsYHA, COHSYHO-TIAPO abo co-
HSYHO-BiTpO-Tigpo. Weinand et al. (2023) 3pobmn miodambHUN
omrix npuBeseHol BapTocti enekrpoeneprii (LCOE) mis aBronoM-
HHUX CHepreTHM4YHHX cucreM. IlinBHIEHHS HaTIHHOCTI E€Heproro-
CTa4aHHs JOCATAETHCS BUKOPUCTAHHAM JICHIEHTPATi30BaHUX 11032~
MEpPEeKEBUX CHCTEM BiJHOBIIOBAJILHOI CHEPTETUKH.

Exonomiuny edextuBHicTh Bukopuctanas BJIE posmisiHymm
Lépez Prol and Schill (2021), BoHH BHBYMIIM PHHKOBY JHHAMIKY
30inbmeHHs 3acTocyBaHHs B/IE Ta ix iHTerpamiro B eneKTpoeHep-
TEeTUYHY CUCTEMY, ONHCaIN e()eKT MEPUTOOpIEPY — 3HHKECHHS OI1-
TOBUX ITiH Ha €IEKTPOCHEPT IO 31 301bIIeHHsIM 3acTocyBaHH: BJIE,
Ta edekT Kanibamizamii — 3HmwKeHHs BapTocTi BJIE 3i 30imbIIeH-
HAM iX 3actocyBaHHA. Pratiwi and Juerges (2020) 3pobmmm omisg
BIUIUBY PO3BHUTKY BiJIHOBJIIOBAJIBHOI €HEPIreTHKH HA HABKOJIHIIHE
cepenoBuIe Ta oxopoHy npupoau B [liBneHHO-CxinHilt A3ii.

Nzeanorue et al. (2024) 3poOnim KOMIUIEKCHHI aHANI3 CTa-
JIOTO €HEPreTHYHOr0 PO3BUTKY, iX NOCHTI/UKEHHS MOKa3yloTh, IO
JIOCSITHEHHSI CTAJIOT0 EHEPreTHYHOTO PO3BUTKY 3aJIEKUTB BiJl TPHOX
KPHUTHYHO BOXIIMBHX Jiif — nepexony Ha B/IE, minBuimeHHs enep-
roe()eKTHBHOCTI Ta 3MEHILICHHS] BUKUJIIB TAPHUKOBHX I'a3iB i 3a0py-
JTHIOBAYiB TIOBITPSL.

Wang et al. (2020) 3po6uim OaraToBUMIpHY OLIHKY perioHa-
JIBHOTO PO3BUTKY BiTHOBIIOBAJIBHOT eHepreTuky B Kurai. [{ns omi-
HKH OyJ10 00paHO I'ITh BUMipiB (haKTOpiB: eKOHOMIUYHA OCHOBA, iH-
CTHTYIIii, TOTEHIIaJT TEXHOJIOTIYHOTO PO3BUTKY, CHEpreTHYHa 0e3-
TeKa Ta OXOPOHA HABKOJIMIITHBOTO CEPEJOBHINA, @ TAKOK MOTOYHHI
cran cexropy BJIE.

V 3B’s13Ky 3 BiiiHOIO B YKpaiHi nepcnekTuBu po3BUTKy BJIE
PO3DISIIAIOTE i B KpaiHax, sKi MEXYIOTh 3 HaMH. Tak, MOJbCBKi
BueHi Iglinski and Pietrzak (2025) po3nisiHynM BiAHOBIIOBAJIBHY Ta
CTally SHEepreTHKY, A€ CHEePreTUYHUI Iepexil BifOyBaeTbcs pis-
HMMH CIIOCO0aMH, HAPUKIIA, 3aMiHOKO JUKEPEIT CHEepTil Ha BiTHO-
BITIOBAJIbHI 200 CTBOPEHHSIM CXOBHII] €HEPTii, I110 OTOMArarTh 3a-
Oe3MeYnTH SHEPreTHYHY He3aIeKHICTh Ta cTabijbHe eHepronocra-
YaHHs. Y CBOIO 4epry JiaTBiiicbka mocmigHums Atstaja (2025) u-
BYMJIA IOCBIJ KpaiH banrii y BipoBampkerni B/IE, 1i kpalHu BXUITH
PpINIydrX 3aXOAiB y BiIOBIA Ha BiliHy B YKpaiHi, BUPIIIMBIIH HO-
BHICTIO TIPUITUHUTH IMITOPT €IIEKTPOCHEPTIl BiJ KpaiH arpecopis.
Kpainu banrii marots Ha Meti Bupooista 98-100% enexrpoeHeprii
3 BIIHOBIIOBAJILHUX JKepel 10 2050 poky, i KpaiHu CITi po3mis-
JIaTH SIK €IMHY €HEPreTHYHY CHCTEMY 31 CKOOPJMHOBAHOIO CTpare-
Ti€10 JIOCATHEHHS CTAJIOT0 eHEPreTHYHOTO PO3BUTKY LIJISIXOM CITiB-
Mpali Ta CIUTFHOTO IUIaHyBaHHA. AHaji3 BHCBITIIOE CKJIaIHOIII
YIpaBIiHHS €HePreTHYHNMH PUHKaMH B yMOBax IIOOANBHHUX 1 pe-
TiOHATFHUX BUKJIMKIB, TiIKPECIIOIOYH BaXXIIMBICTD H00pe Mpomy-
MAaHOTO JIEPXKABHOTO BTPYYaHHS I 3a0€3MEeUeHHsI JOBIOCTPOKO-
BUX IIepeBar.

B Vkpaini BuBuennio po3surky BJIE Tex npuainserscs Oa-
rato yBaru, mro mnpooOnemaruky BuBuyaioTh A. II. BepOosuii, O.
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BsukoBcbka, A. C. 3aBepOruii, 0. B. 360pisenp, 1. I. T'ymentok, O.
M. T'ymenrok, B. O. KosryH, JI. B. JleBkiBcbka, C. A. JICBKIiBChKHI,
I. I. Haboxk, /1. IIpoxkomos, 1O. IIpuxomesko, K. 1O. Penpko, I1. ®.
Cerena, I. . Crpenbkona, T. M. Tkauenko, B. B. SIkiMIioB Ta iHIIi.
Bonu po3misiaaroTh mpoOlieMu pO3BUTKY BiTHOBITFOBAJIBHOI CHEpre-
TUKW Y BOEHHHH Ta MiCIIIBOCHHUIN TIEPi0JIH, AHAIII3YIOTh TIOTOYHMIA
cran 1 mepcnektuBu (Zaverbnyi et al., 2023; Zborivets &
Yakimtsov, 2024; Tkachenko & Seheda, 2021; O. Humeniuk &I.
Humeniuk, 2023; Pecheniuk et al., 2024; Prokopov & Bialkovska,
2024; Redko & Furs, 2020; Levkivska & Levkivskyi, 2022). Orxe,
nutaHHs BukopuctaHHa BJIE € akTyanbHUM y BCbOMY CBITI, 1 A7
VYkpaiau 30kpeMa. PosrisHeMo OibI 1eTanbHO HEPCIEKTHBY BU-
xopuctanss BJIE B Ykpaini.

Merta npecTaBieHOro IOCTIIKEHHS — PO3MIIHYTH Cydac-
HHH CTaH PO3BHUTKY Ta BIPOBAIKEHHS BiHOBIIOBAJIBHUX [DKEPEI
eHeprii B YkpaiHi. JlociiauTu nepcrnekTuBy iX BUKOPUCTAHHS.

Marepianu Ta meToam

BiiiHa BHecna cBoi KOPEKTHBU B PO3BUTOK BITPOCHEPTETHKH,
ajie i BiIKpHJIa HOBI MOXIIMBOCTI 1711 BuKkoprcTanHs BEY. Croro-
JTHI HaWBaXXJIMBINIMM € 30epe)keHHs] HaCTYIHUX (aKTOpiB, sIKi 3a-
0e3mevyroTh (DYHKIIOHYBAHHS Iep>KaBH: IPOJIOBOJIBYHIA, CHEPTCTHU-
YyHUi, iHOpMaliiHu, exonoriunauid Tomo. OIiHKa UX YHHHHUKIB
3 TIO3UIIiT Ha/IiitHOTO (D)YHKIIIOHYBaHHS CBITYUTH, IO MOPS/ i3 TIPO-
JIOBOJIKIMM HaWBaXXIMBIIIIMMH CJTiJi BB2)KATH CHEPICTUYHUNA Ta

indopmariitanii. Yum Oinbie mkeperna eHeprii 30cepemkei B o-
HOMY MiCIIi, THM CepHO3HIIINMU Oy/TyTh HACIIIIKH X 3HUIIECHHS JUTs
CHEePreTHYHOI OS3IIeKH SIK PErioHy, TaK i KpaiHH 3araioM. Y 3B s13Ky
3 I[UM, B YMOBAX BOEHHOTO CTaHy KIIIOYOBHM (DaKTOpOM EHEepreTH-
4HOI Ge3NeKH CTae JIeeHTpaizamisi eHepreTHIHuxX pecypcis. Ta-
KAH MiIXi] He JTUIIE 3MIIHIOE eHePreTHYHY CTa0UIbHICT, a i mij-
BUIIy€ 3aXUILIEHICTD OB’ A3aHUX 3 HEIO iHQOPMALIHHUX CUCTEM.

Tomy HeoOXiTHO BU3HAYUTH NEPCIEKTUBHI HAPSAMKH 3a0e3-
MeYEeHHsI eHepreTHYHoi Oe3neku aepkaBu. [ 11boro HEOOXiTHO
3pooUTH:

— aHaJli3 Cy4acHOTO CTaHy Ta IMEPCIEKTHB BUKOPHCTAHHS
BJIE sk y cBiTi, Tak i B YKpaiHi;

— OIS CYy4acHOTO CTaHy BITpOENeKTpOCTaHLil B YKpaiHi,
Ta BIUIMB Ha HUX BIMCHKOBMX JIiH;

— TMOLIYK pillieHb il 3a0e3MeueHHs eHepreTHYHOI He3ale-
JKHOCTI JIeprKaBHy;

— BUBYUTH HOTEHIiAJ BITPOBOI eHeprii At YKpainuy;

— TMOLIYK HOBHUX TEPUTOPIH [ BCTAHOBJIEHHS BITPOEIEKT-
pocTaHmii;

— Ha MiAcTaBl MPOBEICHUX AOCIIIKCHb BH3HAYUTH Hal-
Ol epeKTHBHI BiTpoeHepreTHyHi ycTaHoBku (BEY) mis ymoB
TipHIY000YBHHX PETiOHIB;

— BUBYHUTH HEJOMIKK Ta niepeBaru BEY.

B Tabmuui 1 HaBeneHo paiioHyBaHHs TepUTOPii YKpalHu 3a Io-
TEHIIiaJIOM BiTPOBOI eHepril.

Taoauns 1 — PaiionyBaHHs TepuTopii YKpaiHnu 3a noreduianom BiTposoi edeprii (Dmytrenko & Barandich, 2007)

Tloka3HNKHN paiioHyBaHHS

Cepennsi piuna _TpuBajicTs (roa.) pisHoi mBHAKOCTI BiTPY, M/¢

IMBUAKICTB Bi- 3arajbHa OesnepepBHa  Ouinka noTeHUiaxy BiTpOBOI
Paiion TpY, M/¢ <3 >3 >5 >3 eHeprii
V36eperoxs YopHoro i A30BChKOro Mopis,  5,5-6,5 1250-6500  5500-6500 3000-5500 20-35 Iyxe Bucokuii motenuian. Haii-
[iBnennnii 6eper Kpumy, Bepiunan Yipain- OLITBII CIPHUATIIMBI YMOBH BiTPO-
cokux Kapnar, Kpumcpkux rip BUKOPUCTAHHS
JloHenpka BucouunHa, [Tpuasoscbka ta [Ipu- 5,0-6,0 2250-2750 4500-5000 2000-3200 17-25 Bucokwuii noresmian. Crpust-
JOPHOMOPCHKA HU30BHHH JIMBi YMOBH BiTPOBHKOPUCTAHHS
Honinberka Ta [pumainpoBekka Bucounnu  4,0-5,0 2250-4750 4000-5500 2250-3000 15-20 JlocrarHiit notenmian. JJocuts

CIPHUSITINBI YMOBH

Iomniceka Ta [TpuaHinpoBcbka HU30BUHK,  3,0-4,5 4000-5000 3500-5000 1500-2800 12-17 Hesucokwuii motenmian. Oome-
BomHCBKa BUCOUHHA JKEHO CHPHSITIIMBI YMOBH
Ipuxapnarts, 3akaprnarcbka HU30BUHA, 10- 1,5-2,5 5750-6250 2500-3000 500-1500  10-15 Hwusbkuii norenuian. Hecripusit-

ymHA Yipaiacekux Kaprat, KpuMcbkux rip

JIMBi YMOBH BiTPOBHKOPUCTAHHS

3aranpHa BcTaHOBIIeHa 0Ty xHICTh BEC B YkpaiHi cTaHOBUTB
1,9 I'Br, ane 1,3 I'Bt nepeOyBaroTh mijg okynamieto B JJoHEbKii,
Jlyrancekiii, XepcoHchkiil Ta 3amopizbkii odnmactsx. (Dmytrenko
& Barandich, 2007), Ykpaina 3ynunmia nosas 2/3 ceoix BEC. 3ri-
JTHO TaHKX YKpaiHchKoi BiTpoeHepreTnuHoi aconianii (YBEA) cra-
HOM Bxke Ha rodarok 2022 poky y XepcoHChKili o6iacTi Maike Bei
BEC xommnanii Vindkraft npunmanmm podoty — nparyoe e «Ho-
Bopociiiceka BEC» (9,23 MBT). Ha «Muprencekiit BECy 3ropina
TypOiHa, 3HUIIEHO TPAHCIIOPT, IIEPCOHA HE MOXKE MPAIIOBATH Ue-
pe3 obctpimu. Takox 3ynuHeHo «CuBackky BEC» i «CuBacbky
BEC Totan Ipen» (245,7 MBT), ne momkomkeHo TypOiHy, micTaH-
wiro Ta JIEII. V 3amopisbkiit o6macTi npairtoe suiie «[I[puMopchka-
1» (99,58 MBT) xomnanii JITEK. Pemra BEC — «borieBcbkay,
«IIpumopcpka-2», «OpriBcbkay Ta «3amopizbka BEC» — 3ynuneni
4yepe3 MOLIKOUKEHHS EJISKTPOMEpEeXK 1 MiJCTaHIIl y THMYacoBO
okynoBaHoMy Memnitononi. B Onecekiii obnacti 3ynuaunacs BEC
«tOsxue Enepmxi» (76,5 MBT), yacTkoBO mpaiiroe «JIHICTpOBChKa
BEC» (9 13 10 Typ6in). BEC «OBinx Binn» (32,67 MBT) 3ammma-
€ThCs B poboTi, ane rexmiarpumka GE npummaena. Ha Muxomais-
muHi 3ynuHeHo Tpu Typ6inn Ha BEC «IIpuaopHoMopeskuins (42,8
MBrT) TOB «YK «Bitponapku Ykpaiam» (UWEA, 2025).

3a pe3ynsraTamMu MPOBEICHHX JOCIIPKEHb Oy/ie JOKa3aHo, 110
B YMOBaX BOEHHOTO CTaHY i MiCJISIBOEHHOTO BiJHOBJICHHS 3aCTOCY-
BaHHA BEY Morke cTaTy 3amopykoio eHepreTHIHOI He3aIeKHOCTI 3
ypaxyBaHHSIM MiHiMi3alii €KOJIOTTYHOT IIKOJTH.

O6GroBopeHHs Ta pe3ynbTaTu

MixnapozHe areHTCTBO 3 BigHOBIOBaNIbHOI eneprii (IRENA)
3a3Havyae, 110 MNePETBOPEHHS CBITOBOI eHEPTETHYHOT CUCTEMH CHpsI-
MOBaHE Ha 3MiLIHEHHS €HEePreTHYHOT Oe3MeKH Ta 3a0e3eyeHHs M-
PILOIO JOCTYILy 0 eHepropecypcis. st nqepxas, siki 3HAIHOIO Mi-
pOI0 3ayiexarh Bifi IMIIOPTY BHKOIHOTO MajlWBa, CHEPreTHYHa

Oe3rneka € KPUTHYHO BAXKIIMBOIO CKIIAJIOBOI0 HAIliOHANBHOI Oe3-
nekn. BJIE B nanomy Bumaaxy OyayTh CIyTyBaTH ajETEPHATHBOIO,
IO CTpUATHME JuBepcHu(ikalii eHepreTHIHUX PecypcCiB IUITXOM
PO3BUTKY JIOKaJIbHOTO BUPOOHHMIITBA €HEPTii, MiABUIIYIOYH TaKUM
YMHOM I'HYYKICTh €HEPrOCHCTEMH Ta if 31aTHICTh MPOTHCTOSTH BH-
ximkaMm (IRENA, 2025). V 2024 poui y cBiTi croctepiraBes npH-
PICT MOTY)KHOCTEH BiIHOBIIOBAJILHOI CHEPTETUKH (pHC. 1).

36irbmenns BiTHORTIOBARAX Txepex enepril (TBT)

Thinsumemnn nesianonmorannx Txepen eneprii (TBr)

Pitama noryamicrs yeranosox (MBripis)

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

53% 59% 62% 64% 56% 78% 81% 80% 80 86% 93%

PucyHnok 1 — Pexop/ue 30i/ib1IeHHS] OTYKHOCTEl BiIHOBJIIOBAJIBHOT
enepreruxn y 2024 poui (IRENA, 2025)

[1oGanpHa MOTY)KHICTh BiJJHOBITIOBAIBHOI SHEPTeTHKH 301J1b-
mmacs Ha 585 I'BT 3a oauH pik, Ipo 1ie cBiruarh peKopIHi TeMIH
3pocranHs Ha 15,1% Ha pik, 1m0 nepeBuiIye X mokasHuku 2023
poxy Ha 14,3%. Lle 3pocTaHHsl BU3HAYA€E CTIHKY TEHACHIIIO JI0 10-
PIYHOrO MOOUTTS BIACHUX PEKOPIiB PO3BUTKY BiJHOBIIFOBAIBHOI
SHEePreTHKH, IO MiJKPecoe I CUIbHY Oi3HeC- Ta IHBECTHIIHY
npuBabnuBicTh. OCKIMBKK BapTiCTh €JIEKTPOCHEprii, sika BHUPOO-
JieHa 3 OLIBIIOCTI BUIB BiJHOBIIOBAIBLHOT €HEPTil, IPOJOBXKYE 3HHU-
JKYBaTHCs, BIIHOBIIOBAJBHI JDKepena eHeprii € He Jiiie
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€KOJIOTTYHO OE3IeYHNMH, ajie i HalOUTBIT eKOHOMIYHO e(heKTHB-
HHM JDKEPESIOM eHeprii Uisi KpaiH BChOTO CBITY.

Posranemo ocunoBHi Bugu BJIE i ix 3MmiHy Ha kiHenp 2024
pixy (IRENA, 2025).

Consauna enepeemuxa: 3pocna Ha 451,9 I'Bt. JIume Kuraii no-
naB 278 I'BT 110 3araibHOTO MPUPOCTY, 3a HUM ciiaye [unis (24,5
I'Br).

T'iopoenepeemuxa (3a 6UHAMKOM 2IOPOAKYMYNIOIOUUX €lleKm-
pocmanyitl): TOTYXHiCTb focsra 1283 I'Bt, nponemMoHCcTpyBaBIIN
nomitHe 3pocTanHs 3 2023 poky 3aBasku Kurato. Edionis, [nnone-
3is1, Heman, ITakucran, Tan3zanis ta B'ernam gomanu nonazn 0,5 Bt
KOXKHA.

Bimpoenepeemuxa: po3MIUpeHHs BITPOSHEPTETHIHUX MOTYX-
HocTel aemto 3Hu3miIocs 10 1133 I'Bt Ha kinenps 2024 poky. Y po-
31IMpeHH] 3HOBY noMinyBanu Kutait Ta Cnomyueni Lllratn Ame-
puxu (CLIA).

bioenepeemuxa: y 2024 poiii 3pOCTaHHS BiJHOBHJIOCS, 30116~
mmBHIKCE Ha 4,6 I'BT noTy»HOCTI MOPIBHSHO 31 3pocTaHHsM Ha 3,0
I'Bt y 2023 poui. 3pocranHs BinOynocs 3apasku Kuraro Ta ®pan-
wii, siki goganu mo 1,3 I'Br.

Teomepmanvha enepeemuxa: 3aranbHa MOTYXKHICTh reoTepMa-
nbHOT eHeprii 3pocina Ha 0,4 I'BT, minepom crana Hosa 3enanmis, 3a
Heto WayTh Innonesis, Typeuunna ta CIIA.

Tozamepedsicesa enexkmpoenepeis (3a eunsmkom €epasii, €6-
ponu ma ITieniunoi Amepuxu): po3IINPEHHS TOTY)KHOCTEH Maike
noTpoinocs, 36impmmBImMch Ha 1,7 I'BT 1 gocsraysmm 14,3 I'BT.
3pocTaHHs TOMiHYBaJIO 32 paXyHOK aBTOHOMHOI COHSTYHOI eHepre-
THKH, sKa focaria 6,3 I'Bt no 2024 poky.

26 6epesns 2025 poky B AOy-/1a6i (O6'emHani Apadcebki Emi-
partn) Mi>KHapOIHUM areHTCTBOM 3 BiTHOBITIOBAJIBEHOI €HEPreTHKH
(IRENA) Oyna omyOnikoBaHa CTaTHCTHKA MOTY>KHOCTEH BiJHOB-
JIFOBAJIbHOI eHepreTuky 3a 2025 pik. BoHa cBiguuTh mpo 3HAYHE
3pOCTaHHS OTY>KHOCTEH BiHOBIIOBAIBHOI €HEPTeTHUKH IPOTITOM
2024 poxy, siki nocsiru 4 448 I'BT. Munynopiuauit npupict y 585
I'Bt cranoButh 92,5% Bif 3aranpHOTO 30UIBIICHHS MTOTYKHOCTEH,
a TaKO)K PEKOpAHI TeMIH piuHoro 3pocranHas (15,1%) (IRENA,
2025).

Xoua 2024 pik cTaB 111 OAHUM OPIEHTUPOM IS 3POCTaHHS MO-
TYXXHOCTE BiJHOBIFOBAILHOT €HEPTEeTHKH, MPOTPEC BCE IIe HE JI0-
csrae 11,2 TBT, HeoOXigHMX IS TOCSATHEHHS IT00ANIbHOI METH —
MIOTPOEHHS BCTAHOBJICHUX ITOTYXKHOCTEI! BiTHOBIIOBAJIBHOI €HEp-
retuku 110 2030 poky. 11106 mocarTu 1iei MeTH, MOTYKHICTH BiTHO-
BIIIOBAIBHIX JDKEPEIT eHeprii Mae 3poctatd Ha 16,6 % mopidHo 10
2030 poxky. Kpim Toro, mporpec 3HOBY BifgoOpaskae 3Ha4HI reorpa-
¢iuni muctporopii. Sk i B monepenHi poky, OiIbIa YacTHHA PH-
pocTty BinOynacs B A3ii, mpuuoMy HaiOUIbITY YacTKy 3a0e3meunB
Kwuraii — maibke 64% CBITOBOTO IPHUPOCTY TOTY>KHOCTEH, TOII 5K
kpaiau Llentpansnoi Amepuku ta Kaprbcerkoro GaceiiHy BHecn
HaiimeHIni BHecok — nume 3,2%. Ha xpainu G7 ta G20 y 2024
porti npunagano BianosiaHo 14,3% Tta 90,3% HOBUX MOTYKHOCTEH
(Omelchenko & Konechenkov, 2022).

CoHsiyHa Ta BITPOBAa €HEPreTHKa IMPOIOBKYBAIM 3pOCTATH
HaWOUTBIIMMH TEeMIIaMH, Ha TXHIO 4acTKy mpumnagaio 96,6% ycix
YHCTHX MOTY)KHOCTEH BiHOBIIOBATBHOT eHepreTHkr y 2024 pori.
[oHan TpH 4BEpTi NPUPOCTY MOTY)KHOCTEW MPHIAJIO HA COHSIYHY
EHepreTHKy, sKa 3pociya Ha 32,2%, nocarnysiu 1 865 I'Br, 3a Hero
iine BiTpOBa eHepreTHKa, sika 3pocia Ha 11,1%. Ha ceorozHi yactka
BiTHOBIMIOBAJIbHOI eHeprii B eHeprobanaHci YKpalHM CTaHOBHUTH
6mmsbko 10%. Y nopiBHsHHI 3 €Bpornoro, YkpaiHa 1movana po3BH-
BATH LII0 Tay3b i3 3ami3HeHHsIM Ha 10-20 pokiB — mepiir y4acHHKH
punky 3’sBmmmcs smme y 2012 pomi. (Omelchenko &
Konechenkov, 2022).

Tomanpmmit po3suTok Oymo mpuransmoBaHo y 2014 pori de-
pe3 aHekciro Kpumy ta BiiiHy Ha JJonOaci. [Ipote micns neBHOT 3y-
muHKA B Tiepion 2017-2019 pokiB BimOynocst cTpiMKe 3pOCTaHHS,
MIEPEBAXKHO B CEKTOPI COHSYHOI €HEPreTHKH, 1[0 J03BOJIIO JIOBE-
CTH JacTKy «3eneHoi» eHeprii 1o 10%. BoxHowac moBHOMacTa-
OHa BilfHa IIPHU3BENa IO BTPATH YaCTHHH MOTYXHOCTEH — BOHH Oynn
a00 3HMIEH], 00 ONMMHUIIKCS Ha THMYAaCOBO OKYIIOBAHHUX TEPUTO-
pisix (Omelchenko & Konechenkov, 2022).

Jo 2022 poxy Buxopucranss BJIE B YkpaiHi qeMoHcTpyBaio
MO3UTHBHY JHaMIKy. Y 2019 pomi kpaiHa yBiiiIia 1o QecsiTKH CBi-
TOBHX JIijiepiB 3a Temnamu po3Butky BJIE, a Bxe y 2020 pori — 1o
I’ ITIPKH IIPOBIHUX €BPONEHCHKIX AeprkaB y cepi COHSIHOT eHe-
preruku. Y 2019 poui, 3a manumu peiituary Climatescope Bix

Bloomberg New Energy Finance (Bloomberg NEF), Ykpaina no-
cina nodecHe BockMe Mictie cepen 104 kpaiH CBiTy B peHTHHTY iH-
BECTUILIHHOT IpUBaOIMBOCTI Y cepi PO3BUTKY HH3BKOBYIJICLIEBUX
JDKepen eHeprii Ta HoOyIoBH «3e1eHOD» eKOHOMIKHU, 3HAYHO TTiTHS-
BIIXCH 13 63-10 Micus. Y 2021 pomi kpaina 3aiiHs1a 48-My MO3HUIIIO
cepen 136 neprkaB y 3araJbHOMY PEHTHHIY 1HBECTULIHHOTO HOTe-
Hiiany 3a peiituarom Bloomberg NEF (Climatescope, 2019).

13 ceprnus 2024 poky Kabiner MinicTpis cxBaauB Hamiona-
JIBHUH IJ1aH i 3 pO3BUTKY BiJHOBIIOBAIBHOI eHepreTuku 10 2030
poxy. (Cabinet of Ministers of Ukraine, 2024) JTokymeHT nependa-
yae focarHeHHs 24 I'Bt BcranoBnenoi notyxuocti BJIE Ta 27% ix
YaCTKHU y 3arajbHOMY KiHIIEBOMY €HeprocnoxuBanHi. s peaniza-
i1 HBOTO IJIaHy HEOOX1THO 30yayBaTH:

— 6,1 I'Br Ha3eMHUX BIiTPOBHUX €JIEKTPOCTAHIIH,

12,2 BT COHSYHHX €IEKTPOCTAHIIIH,

— 876 MBT noty>xHOCTeii Ha G10CHEPTeTHIIi,

40 MBT reorepMasibHOI €HEPreTUKH,
4,7 I'BT riipoeneKTpoCTaHIiH.

3a gannvu HKPEKIT — HamiosansHo1 KoMicii, 1110 3iiCcHIoE
Jiep)KaBHE PETYIIOBAHHS y cepax €HEepreTUKH Ta KOMYHaIbHUX
nociyr, Ha Kinens 2021 poky (UWEA, 2022), criocrepiranacst Ha-
crymnHa kaptuHa mono BJIE y Ykpaii (puc. 2).

CEC BEC
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PucyHnok 2 — Ykpaincbkuii cextop B/IE Ha 31 rpynns 2021 poky
(UWEA, 2022)

Jns motpe6 kpainu, Hacammepen ciinx BigaoBuTH Ti TEC 1
I'EC, sxi e MOKIIMBO BiipeMOHTyBaTd. BoqHowac mesiki 00’ ekTa
3a3HaJIM TAKUX CEPHO3HUX MOMIKOKEHb, IO BiTHOBICHHIO HE IIiJI-
TSraroTh. ToMy HEOOXiTHO 3BOIUTH HOBI €HEPreTHYHI ITOTYKHOCTI,
3amycK SIKUX OOIfIeThes AemeBIe i 3aiiMe MeHIe Jacy. B meprry
4epry HaeTsest Ipo BITPOSHEPTeTHKY.

JloBO€HHMI aHAI3 BITPOCHEPTETUIHOTO ITOTEHITIATy TIOKa3aB,
mo YKpaiHy MoxHa OyJg0 TOAUTTH Ha HACTYNHI paloHH
(Dmytrenko & Barandich, 2007):

— HaWBWIIMI BITpOCHEPreTHYHUI MOTEHIia] HAJIOKHUTD y3-
oepexokio YopHoro ta AsoBcbkoro MmopiB, IliBaenHumit Geper
Kpumy, Bepuman Kaprnat ta Kpumcekux rip. Llum tepuropism
MpUTaMaHHI ONTHMAaJbHI YMOBH UIS PO3BUTKY BITPOBUX EJIEKT-
pocranniii (BEC) npotsirom ycsoro poky. Ha mux tepuropisx
eeKkTHBHIM € po3MimeHHs K noTyxHuX BEC, Tak i aBTOHOM-
HUX BITPOEHEPreTHYHNX ycTaHOBOK (BEY);

— BHUCOKHI IOTEHIIia)I BIACTUBUI paiioHy JloHebKoi BUCO-
4yHH, [IprazoBcekoi Ta [IpyyopHOMOPCHKOT HU30BUH;

— JIOCTaTHI BITPOSHEPreTHYHUH MOTEHIial HaJeKUTh
[Ipuaninposcbkiii Ta [ToainbepKiit BUCOUnHAaM, 0COOIUBO Y X0JI0-
JIHUIT TIepio]T pOKY;

— HEBHCOKHM BITPOBHM IIOTEHIIiaJIOM Bif3Ha4daloThes [Ipu-
JHinposcbka Ta Ilomickka HU30BHHU. TyT po3moin BiTpy HepiB-
HOMIpHU, OUTBII MOTYXHUH Y XOJIOJHUH TEPiof POKY, TOMY TYT
cI1ijl 3acTocoByBaTH THXOXiaHi BEY;

— HM3BKHI noTeHuian y 3akapnarti, [Ipukapnarri Ta Ha By-
3bKHX 3aXUILEHUX JoJMHaX YkpaiHcbkux Kapmar ta KpumMcbkux
rip. TyT HecpusTuBi yMoBH [uisi BukopuctanHs BEY, 3a Bunst-
KOM OKPEMHX MiCIlb.

B3KMKy eHepreTHYHuii MOTeHMia BITPY AocsArae HaAWBHIIUX
noka3HuKiB. CepenHs MIBUAKICTh BITPY IbOTO CE30HY CKiaaae 3,8-
4,1 m/c y miBHIYHHX perioHax, 2,6-3,0 m/c — y 3akapmarTi, 3,8-4,9
M/c — y IIeHTpaJIbHIH YacTuHi, 1 3pocTae 1o 6 M/C y CXiTHHX Ta IIiB-
JIEHHUX paifoHax Ykpainu. ¥ ripcekux perionax YxpaiHcekux Ka-
prmar, a Takox Ha y30epexoki YopHoro i A30BCHKOIO MOpIB
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cepeHs MIBUJIKICTh BITPY csrae 7-8 m/c. BHacmigok mporo TpuBa-
JICTB Iepiofy 3 poOOUOI0 IIBHUAKICTIO BITPY IOHA 3 M/C y 3MMOBHH
ce30H € Haitoipmoro: Bix 800-1200 romwH y miBHIYHUX paiioHax i
3akaprarTi 10 1400-1600 roguH y cXigHHUX Ta MiBJEHHUX PETiOHaX.
HaitHmokaa muToMa HOTYXKHICTB BITPOBOI €Hepril B el nepiox cro-
crepiraeTrecs B 3akaprarTi (Yxropox — 21 B1/M?) Ta miBHIYHEX
paitonax (Kuromup — 66 Br/m?). BoxHouac cxinHi 061acTi MatoTh
3Ha4yHui notexwian (JIyrancek — 452 Br/m?). HaliBuini moka3sHUKN
MTUTOMOT MOTY>KHOCTI (DiKCYIOThCs B TipChKuX paiioHax Kapmar i Ha
y30epexoxi YopHoro ta A30Bcbkoro MopiB — Bin 471 mo 597 Br/m2.
[NoniGHuit xapakTep po3MOALTy CiocTepiraeTbes i At 00CATIB HO-
TEHLIHO1 eHeprii, 10 Mo>ke OyTH BUpoOIIeHa BITpOM. Y MiBHIYHHX
Ta LEHTPAIBPHHUX perioHax meil mokasHuk ctaHoBUTH 800-1000
M/Dx/M?, ToAl K Y CXiIHHUX 1 MIBICHHUX paiOHAX BiH ITiIBHILY-
etbest 10 3500-4000 M/Tx/m>% HaiiBumyi 3HaueHHst BiKCYIOTbCS Y
ripcekux paioHax Ykpaincekux Kapmat — mo 4707 MDx/m? 3a
ce30H, cranis [loxexeBcbka (Zaverbnyi et al., 2023; Zborivets &
Yakimtsov, 2024).

VY niTHIH mepion BITPOBI €HEPreTHYHI pecypcu € HalMeH-
mmmu. CepeHs IBUIKICTE BITPY HA BUCOTI 16 M y Liei yac cTaHo-
BUTH 2,5-3,5 M/c y 3akapmaTTi Ta Ha MiBHOYI YKpaiHH, TOIi SK Ha
CXO[Ii Ta MiB/IHI IIBUAKICTH 3pocTae 1o 4,5-5,5 m/c. TpusamicTs Te-
pioxy 3 po6GOYOF0 MIBUAKICTIO BITPY TaKOXK HAMHIDKYA BIITKY: Y ITi-
BHIYHHX paiioHax Ta Ykpaincekux Kapnarax Bona cranoBuTh 550-
600 roauH, y IEeHTpalIbHIN YacTUHI Kpainun — Om3bko 800 romH,
a Ha cxoxi Ta miBHi focsrae 1000-1200 roauH 3a ce30H.

Ha puc. 3 HaBezneni notyxHocri 30ynoBanux B Ykpaini BEC
cranoM Ha 2018 pik.
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(Hadnagy et al., 2020)

Jlo nouarky BiliHK B YKpaiHi npautoBaiy cim notyxanx BEC
(Zaverbnyi et al., 2023; Zborivets & Yakimtsov, 2024; Hadnagy et
al., 2020):

Botiescrka BEC: posramosana c. bortieo, 3amopizbka
06macTh, moTyxHicts 200 MBT. i copymxenns BinGysanocs y
nBa etanu: y rpyaHi 2012 poky Oyio BBeIEHO B eKcIuTyaTamito 30
TypOiH, a B kBiTHI 2014 poky — me 35 i mmanyBanocs OymTiBHUIITBO
me gepra TypOiH. CTaHIis Maia JOCTAaTHIO MOTYXHICTb JUIS 3a-
Oe3IedeHHs] eJICKTPOCHEPTIEI0 MIiBICHHUX paloHIB 3amopi3bkol
obrnacTi, a 1o aHekcii KpuMy — gacTkoBo it miBocTpoBa. 3aBasku
ii poOOTI IOPOKY BAABAIOCS 3MEHILYBATH BUKHIN BYIJIEKHCIIOTO
razy npubmmsao Ha 730 tucsd ToHH. 3a 20 poKiB eKcIuTyararii
€JIEKTPOCTAaHIIisl JO3BOMIIA OW 36KOHOMUTH ONHM3bKO 34,8 Milb-
1iOHA TOHH BYTULIS HEOOXiTHOTO U pOOOTH TPAAUIIHUX BYTi-
JIBHHX €JIEKTPOCTaHIii. 3apa3 3HaXOAUTHCS Ha OKYIIOBaHiil Tepu-
TOpIT;

IMpumopcrka BEC: c. bopuciBka, 3amopi3pka 00I1., moTy-
xHicth 200 MBT. CranHuis ckiaganacs 3 18ox depr mo 100 MBt
KO)KHA, TYT BIiepiIe B YKpaiHu OyJa 3acTocoBaHa iHHOBaLliliHa Te-
XHOJIOTis 1M(poBoi mifcTaHIii. 3apa3 3HAXOAUTHCS HA OKYIOBa-
Hilf TepuTOPIT;

Jmurpiscska BEC: c. [ImutpiBka, MukonaiBcbka o011, 35
MBT. Byniuuirso 6yino 3aiiicueno y asi uepru: 2011 pik — 10
arperaris (25 MBT), i ue 4 Typ6inu y 2012 poui. 3aBasiku po3ra-
LIyBaHHIO Ha MiBHIYHOMY y30epexoki HopHoro mopst BEC mpa-
LIFOE Ha TOBHY TOTYXHICTB;

BEC Crapwuii Cam6ip — 1 1 BEC Crapuit Cambip — 2: po-
sramoBafi y M. Crapuii Cam0ip, JIpBiBcbka 001., MOTYXHICTH
13,2 MBr i 20,7 MBT BiamoBigHo. 3abe3neuye elneKTpOCHEPTi€0
THCAYI HoMorocrofapcTs. TypOiHM rapMOHIMHO BIHCAHI y Kap-
MATCHKU TaHAadT i MAlOTh MIHIMAIEHUHA BIUTHB Ha JOBKLIISL.
Ha cporonHi mtaHyeThCst pO3MINPEHHS CTAHIIT;

Tysnisceka BEC: c. Ty3nu, MukomnaiBcbka 0011., HOTYX-
HicTh 12,5 MBT. CepennpopiuHa reHeparis, BKIIOYHO 3 ITeHepa-
niero JImutpiscskoi BEC, craHoButh B cepegubomy 150 miH
kBT-TOZ enekTpoeHeprii mopivHO;

BEC beperosa: c. TapaciBka, XepcoHCbKa 00J1., TIOTYX-
HicTh 12,3 MBT. 3apa3 3HaX0qUTHCS Ha OKYIIOBaHii TEpUTOPIi.

BuxopucraHHs BITPOSHEPTETHYHUX YCTaHOBOK MOXe OyTH
KOPHUCHHUM Y CUIBCBKIH MICIIEBOCTI y pa3i nepe0oiB y poOoTi enexT-
pomepex. Y TakuxX BUNAIKaX NOLJIBHO 3aCTOCOBYBAaTH Malli BiT-
psixu notysxHicTio 2—3 KBT. [lepcnekTnBanM € Bukoprcranus BEY
Ha TEXHOTEHHO IOPYIIEHHX 3eMJIIX TipHUYONOOYBHHX DETIOHIB
(HampyKIIaz, HOPOHI BigBaIK). BigBami MaloTs 3HaUHy BHCOTY Bi-
JTHOCHO piBHS 3eMHOI moBepxHi — 10 100-120 M, i 119 Benmu4nHa
MOsKe 301ThIITyBaTHCh 3 yacoM. OCKITBKH MIBUIKICTh BITPY 3 BUCO-
TOO 3pPOCTA€E, BIATOBIIHO MiJBUIIYETHCS i CHEPTETHYHUN TTOTCH-
1iaJ MicIeBOCTi, ie po3MimieHi noxioHi 06’extu (Medvedieva et al.,
2023).

Bimomo, 110 BIUTHB 3aifHATUX HOPOJHUMH BiJBaJlaMH 3eMeJb
TipHIYO0I00yBHHX PEriOHIB Jiy>ke BUCOKH. Lle i mopymieHHs npu-
pornHoro JaHAmadTy 3eMHOI HOBEPXHI, BiTIy>KEHHS CIIIbCHKOTOC-
TOTAPCHKHX 1 TIPOMUCIIOBUX TEPUTODIHi, 3a0pyqHEHHs aTMOchepu
TBEPJMMH Ta30MONIOHUMH JIOMIIIKAMH, 1110 BHIUIIOTHCS 3 MACHUBY
BiJIBaJIiB, 3a0py/IHCHHIO BOJOWMMII] IIJTAMOBHMH 1 TOIIOBUMH BO-
JIaMH Bl po3MUBY ToBepxHi BigBaiiB. (Medvedieva et al., 2023).

Cy4acHu# eKOHOMIYHO OOTPYHTOBAHUH TEXHIKO-EKOJIOTTIHUI
MIX17 0 PEKYIBTUBALLIT BiIBaIiB B3araii i JO MOBHOI 1X pO3poOKH
30KpeMa, IPYHTY€EThCS Ha IUIaHYBaHHI 1 OpraHisallii iHTEHCHBHOTO,
KOPOTKOYAacHOTO i, HaBiTh, aTAKyIOUOTO BIUIMBY Ha (hOpPMY BiaBary
IUTSL HOTO TTOBHOTO (200 9acTKOBOTO) mepedopMyBaHHA ab0 K Po3-
PpoOKH i JKBigaLil TEXHOJIOTTYHUM crIocoOOM. Takuii IMITyIbCHHI
XapakTep BIUIMBY OOyMOBIICHWI HEOOXiNHICTIO HIBUAKOTO 3Bilb-
HEHHS TEPUTOPii, 10 3aifHsATa BiABAIIOM /114 i HACTYITHOTO BUKOPH-
cTaHHs. Bu3HauanpHUM (haKTOpOM HalvacTilie € MiHiMalbHi 4Ya-
coBi 0OMeXEHHs 3 peajizallii KOHIICHTpallil MaTepialbHuX 1 eHep-
TeTHYHUX PECYpCiB Ha €Talll MiAroTOBYMX POOIT, 3HAYHIM EKCILTY-
aramiifHIM BUTpaTaM B KOPOTKOMY IPOMDKKY dacy. (Medvedieva et
al., 2024).

Jlnst modarky poOiT 3 JKBimAIii JOBOOUTHCS 30CEPEIKYBaTH
3HAYHY KIiJBKICTh TEXHIKM, OOJAIITOBYBATH INPOMMAaHIaHIHKH,
T’ {3HI NUBSIXA 1 TPOKJIANATH KaHAIM EKJICKTPO- Ta BOJOOCHA-
mieHHs. [igpapniuni cmocoOu JTiKBiAaIlii TOTpeOyOTh IIe T0AaTKO-
BUX TpaHIIeH MPOKJIaJKH HalipHUX TPYOOIPOBOJIB BUCOKOTO TH-
CKy IJIs BUKOPHMCTaHHS TiJPOMOHITOpIB. BUIBIIICTE €KOJIOTiYHNX
Croco0iB peKy/bTHBAIl] BifBaIiB € BUTpaTHUMU. HeoOximHicTh
3HAYHHUX HEOKYIHUX KaliTaJOBKJIaJIEeHb 3MYyIIy€e epKaBy po3cTa-
BIISITH TIPIOPUTETU Ha BUUUICHHS KOLITIB BUXOSYH, B IIEPILLY Yepry,
3 HactynHuX npuHiumnie (Medvedieva et al., 2025):

— ICHYBaHHS 3arpo3u JUIs )KUTTS a00 37I0pOB’s JIFONEi;

— HeOOXiIHICTh BUBILIbHEHHS TEPUTOPIi, ki 3aliHATI BifBa-
JIaMH, B MIEPIY Yepry B MeKax MICT;

— moTrpeba B BUBIILHEHHI TUTOM i/ CiTbCHKOTOCTIONAPCHKI
a0 pekpearliiini moTpeoH;

— BCI iHIII PE30HU BBAKAIOTHCS HEICTOTHUMH.

B ocraHHIO Kareropito miananae OUTBIIICTh BiBAMIB, SIKi PO3-
TaIIOBaHI 32 MEXaMH MiCT, TAJIeKO BiJ pO3BUHEHOI iH(pacTpyk-
TYpH BEJIHKUX MICT, HOPS/] 3 MAJIEHEKIMH CEJIMIIAMH 3 MiHIMalIb-
HIM O1omkeToM. ToMy B TaKHX perioHax BiIKIagaloTh PeKyJIbTHBA-
1iiHi a0o JiKBifaIiiHi 3aX0 HAa HEBU3HAYEHUI TepMiH. Y 3B’ 3Ky
3 1M, SIK OyJI0 HAroJIOMICHO BHIIE, ITi TEPUTOPIi (30KpeMa MopoIHi
Bi/IBaJIi) JOIUIBHO BUKOPHCTOBYBATH. OIHNUM i3 HAHOLIBII MpiopH-
TETHUX HANpPSIMKIB — 3aCTOCYBaHHS X Jurst BcraHoBieHHS BEY. Ox-
HUM 13 KJIFOYOBUX YHHHHKIB € T€, IO BiTEp — IIe EKOJIOTITHO YUCTE
Ta HEBHUEPITHE JpKepelo eHepril. [lepeBarn BUKOpHCTaHHS BITpO-
Boi eHeprii (Medvedieva et al., 2023):

— HEBHCOKa co0iBapTiCTh BUPOOHHIITBA;

— 3JaTHICTh KOHKYpYBAaTH 3 aTOMHOIO, BYT1JIBHOIO Ta ra3o0-
BOIO CHEPIeTHKOIO;

— BIJICYTHICTb BUTPAT Ha IIAJIMBO 3aBISKH HEBUYEPITHOMY Ta
JOCTYITHOMY DKepeiy eHeprii — BiTpy;
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— eKOJIOTIYHa OE3MEYHICTh 1 YMCTOTA TEXHOJIOTT,

— BigcyTHICTh BUKHIIB CO, i yac BUPOOHHIITBA EIEKTPO-
€Heprii;

— HE3AJIeKHICTh BiJl KOJMBAHb LIiH HA BUKOITHI €HEpropecy-
pen;

— 3MEHIIECHHS eHePreTHYHOI 3aIeKHOCT] Bl IMIIOPTY;

— mBHAKE OyNiBHUITBO 3aBISIKH MOAYIBHIH CTPYKTYpi;

— MOTYXHOCTI, 5IKi MOXKYTb 3a0€311eUUTH 00CSTH eNeKTpoe-
Heprii, HOPiBHAHHI 3 TPAAULIHUMH KepelaMH;

— pIBHOMIpHE pO3MilLIIeHHS 00'€KTiB IO TEPUTOPIii KpaiHu;

— CYMICHICTB i3 CIIbCHKHM TOCIIOJJAPCTBOM Ta MPOMHCIIOBI-
CTIO TTOOJTN3Y BITPOBHX CICKTPOCTAHIIII;

— MOXJIMBICTD BCTAHOBJICHHS CTaHI[IH Ha TEXHOTCHHO 3Mi-
HEHUX 3eMJISIX Y TIpHHYO00yBHHX palioHax.

CydacHi BITPOyCTaHOBKH, HE3aJIeXKHO BiJ[ IX MOTY>KHOCTI, 3a-
3BUYail OyBalOTh a00 TOPH30HTAIBFHO-0CBOBUMH a00 BEPTUKAIBHO-
OCBOBHMH BiTpoasuryHamu. Lli 1Ba THIIN Bi3HAYAIOTHCS HaHKpa-
MU TEXHIKO-eKOHOMIYHHMHE XapakTeprctukamu (Medvedieva et
al., 2023).

JIst MakcMMaibHO e()eKTHBHOTO BUKOPHCTAHHS €HEpril BITpY
HEOOXITHO BIIPOBa/PKyBaTH ekoHoMiyHO BuTinHI BEY, ki MoxyTh
CTaOUIBHO MPAIIOBATH B ABTOMaTHYHOMY PEXHMI IIPOTITOM TPHBa-
JIOTO Yacy Ta 3a0e3redyBaTd HaailiHy poOOTY HpH IepioauIHOMY
TeXHIYHOMY 00ciryroByBaHHi. Ha croromni 6utsnticts BEY mae ro-
PH3OHTANIBHY BiCh 00EPTAHHS i IPOTIETICPHHI THI BITpONIpUiiMaya.
Taki ycTaHOBKH 3a3BH4ail MOYMHAIOTH (D)YHKLIOHYBAaTH IIPHU IIBH-
KocTi BiTpy 3,5-4,5 M/C, 3aJIeXKHO BiJI IOTY)KHOCTI Ta KOHCTPYKTHB-
HHUX 0cOOMMBOCTEH. I3 3pOCTaHHAM HIBUAKOCTI BITPY 3pOcTac i va-
cToTa 00epTaHHs SIK BITPOABUTYHA, TaK 1 pOTOpa EIEKTPOreHepa-
Topa. IIpoTe reHeparop BUXOAUTh HA HOMIHAIBHUH PEXUM JIUIIE
MIPU MIBUIKOCTI BiTpY 8-12 M/c. V miama3oHi mBuakocTeit 2-6 m/c
MIOTY>KHICTb, IO BUPOOIIAETHCS, € HE3HAYHOIO, TOOTO BUKOPHUCTOBY-
€THC JIMIIIE HeBEJIMKA YaCTHHA JOCTYHOI eHeprii BiTpy. Kpim Toro,
MIPU TIEPEBHUILICHHI PO3PAaXyHKOBOI MIBUAKOCTI 0OEpTaHHS BITPOI-
BUTYHA IITYYHO 0OMEXYIOTh, Yepes 110 3HauHa YacTHHA CHEpTii Bi-
TPY 3aJIMLIAETHCS HEBUKOPUCTAHOIO. Lle 1 3yMOBITIOE HEBHCOKHIT KO-
eQilieHT BUKOpUCTaHHS eHeprii BiTpy cydacHumu BEY, skuii 3a-
3pu4aii cranoButh 0,41-0,47 (Medvedieva et al., 2023; Medvedieva
etal., 2024).

3 onmsiay Ha Te, o B GiIBIIOCTI perioHiB Ykpainu, 30kpema B
ripHH40100yBHHX 30HaX, TaKuX sk KpuBOac, cepeHpopiyHa IIBH-
JIKICTB BITPY piako nepesuurye 3,5-4,5 m/c, 3actocyBantus BEY 3

TOPHU30HTAIIBHOIO BiCCIO 00epTaHHS € MaIOeEeKTUBHUM. ToMy 10-
uinbHime oopary inwuii Tun BEY, 3naruuii 3a0e3mneuntu Makciuma-
npHuEN KoeditienT kopuchoi aii (KK/I) HaBiTh 32 yMOB HU3bKHX Bi-
TpoBux mBuakocteit (Medvedieva et al., 2024).

v Bumoram BinmoBinarote BEY 3 BepTukaibHOIO Biccio
obepranHs — Ha ocHOBI potopiB [lap’e, CaBoniyca, Macrpysa, Esa-
Hca Ta IxHiX Moxudikariid. BoHHn e(eKkTHBHO MpalooTh IpH Ma-
JIUX IIBHIKOCTAX BiTpY. [lo mepeBar BepTukaibHO-0CchOBHX BEY
HaJIOKHUTh BiIIHOCHO MPOCTa KOHCTPYKUis. OCHOBHI BY37H — I'eHe-
parop, penyKTop Ta CUCTeMa KepyBaHHS — PO3MILIYIOThCS Ha 3eMIi,
110 3HAYHO MOJIETIY€e TeXHIYHE 00CIyroByBaHHA. [0 TOro x, Taki
YCTaHOBKHU HE MOTPeOYIOTh Opi€HTALlil 0 HAapsMKY BiTpY, LIIO pO-
OUTH iX MPUAATHUMH I MICLEBOCTEH 13 HECTaOLIbHIMH BIiTPO-
BuMH notokamu (Medvedieva et al., 2024).

3 eKOJIOTIYHOI TOUKH 30Dy, BEpTHKAIBHO-0choBI BEY maroth
HM3KY IIepeBar Haj TOpH30HTaJbHUMHU: BOHH CTBOPIOIOTH 3HAYHO
MEHIIIE [ITyMYy, a TAaKOX PaJIio- Ta TEJIeNepelIKo; Y pasi pyHHyBaHHS
JIoTIaTed yJIaMKH MaloTh MEHIINIT paiiyc po3iboTy, a HMOBIPHICT
caMOpyHHYBaHHS KOHCTPYKII1 HY>KYa; PU3NK 31TKHEHHS JIOTaTeH i3
nTaxamu Takox MeHmmi (Medvedieva et al., 2023).

3aryck 00epTaHHs y BepTHKAJIbHHUX BITPOTCHEPaTOpiB BilOy-
BA€THCSI IPAKTUYHO Oe3IIyMHO, a BUPOOJIEHHS €IeKTPOSHEepTii 1o-
YHHAETHCS BKE TPH MOYATKOBIH MBUIKOCTI BITpY Beboro 0,5 m/c. €
MOXKJIMBICTh BCTAaHOBJICHHS KibkoxX BEY Ha HeBemmkiit mromi. LIi
0CO0IMBOCTI 3a0€3MedyIOTh BHCOKY NPOXYKTHBHICTB 1 CTaOiIbHY
poboty Takux ycraHoBok (Medvedieva et al., 2023; Medvedieva et
al., 2025).

Cepen 0OCHOBHHUX IIEpeBar BiTPOr€HEPaTOPiB i3 BEPTUKAIHHOO
BICCIO TakoX Bapto Bim3Hauuth Medvedieva et al., 2023;
Medvedieva et al., 2024):

— BIICYTHICTb TipOCKOIIIYHUX HECTAOUIbHOCTEH, XapaKTepPHUX
IUTSL CHCTEM 13 TOPH30HTAIIBHOIO BiCCIO OOCpTaHHS;

— 30aTHICTh HAAIHO (YHKLUIOHYBATH MPH MPSIMOMY MiIKIIO-
YeHHi J0 Pi3HUX MEXaHi3MIB, TAKUX SK BOJSIHI HACOCH Ta iHIIE 00-
JIaIHaHHS;

— pO3TallyBaHHS 'eHepaTopa Ha 3eMJIi, 110 CyTTEBO 3MCHIITY€
BHUTpATH Ha foro 00CIyroBYBaHHS MOPIBHSIHO 3 TOPU30HTAIBHUMU
MOJICTISIMH.

TakuM YMHOM MOXKHA BHIUTUTH HACTYIHI METOIH YCYHCHHS
HeratuBHOTO BBy BEY Ha HaBKomuiHe cepenoBuie (Tadm. 2).

Taoauns 2 — MeToan ycyHeHHs1 HeraTuBHoro BiiinBy BEY Ha HaBkosmmnboro cepenopuma (Medvedieva et al., 2024)

DakTopH BILIMBY Metoau ycyHeHHsI

BuitydeHHs 3eMeNbHIX pecypciB, 3MiHa
BIIACTUBOCTEH IPYHTOBOTO HIApy
TOBOTO ILIApY.

Po3smimenns BEY Ha HeBUKOpHCTOBYBaHHX 3eMIsIX. OnTnMisaist po3MillleHHs — MiHiMi3allisi BUTPATH 3eMITi
32 paxyHOK 3aJIy4eHHS TEXHOTeHHO MOpYyLICHUX 3eMenb. LlinecnpsmMoBanuii 00K 3MIHU BIACTUBOCTEH IPyH-

AKycTUYHHMI BIUIUB (IIyMOBI e(heKTH)

Buxkopucranns BEY 3 BepTuKkaabHOIO BicCro 00epTaHHs

BB Ha manmmadr i Horo cripuitHATTA

Oo6mik BracTuBOCTeH MaramadgTy npu posmimenti BEY. Pexpeaniiine Buxopncranns BEY. Tonryk pisanx

(hopM ONOPHHUX KOHCTPYKIIiH TOIIO.

EnexrpomarniTHe BUIIpOMiHIOBaHHS, Tele- Bukopucranns BEY 3 BeprukanbHoto Biccro obepranHs. BitaneHns Biji KoMyHiKalliif 3a paxyHOK BUKOpHC-

Ta pajIio3B’si30K

TaHHS TEXHOICHHO TIOPYIIEHUX 3E€MEIIb.

BrutiB Ha nepeniTHUX NTaxiB

Amani3 BIUIMBY Ha nraxiB. Bukopucranns BEY 3 BepTrkanbHOO Biccro 00epTaHHs, sIKi MAIOTh MAJIMH Jiamna-
30H IIlyMy i po3Max BiTpoKoneca

ABapiiiHi cuTyariii, HeOe3neKa MOJIOMKHY i
BijTiTaHHs MOIIKO/KEHNX yacTul BEY

Po3paxyHOK BipOTiTHOCTI OJIOMKH BITPOKOJIECA, TPAEKTOPII 1 JANTBHOCTI MoiboTy. OuiHKa HaiiHOCTI Oe3aBa-
piitaoi po6otr BEY. 3onyBanHs BupoOHuITBa nopsiy i3 BEY.

®dakropH, sIKi MOKPAIYIOTh EKOJOTTYHY

CHUTYaIlif0 CXOBHIIL.

3MEHIICHHS CHIIM BITPY. SHUKEHHS BITPOBOI €pO3il IPyHTY. 3MEHIICHHS BITPIB 3 aKBAaTOPiii BOMOHMHUIIL i BO/IO-

BUCHOBKM

Tlompu Te, M0 BiifHAa THMYACOBO YIIOBUIEHIOE EKOHOMIYHE 3pO-
CTaHHS, BOHA TaKOXK MPOJEMOHCTpPYBaJla MOXIIHMBOCTI BHYTpIII-
HBOTO 3actocyBanHs BE/], sk nuisx 10 eHepreTHYHOI He3aleKHO-
cri. Hapasi BEC pgemoHcTpyloTh ommH 3  HaWOLTBII

References

KOHKYPEHTOCIIPOMOYKHHX HAIPSIMKIB OTPHUMAHHS €JIeKTPOEHEPTil
cepejl yCiX HasBHUX €HePreTHYHUX TEXHOJIOTIYHUX pileHb. HaBiTh
Y KOPOTKOCTPOKOBIi IEPCIIEKTHBI BITPOEHEPIETHKA — JIOCTATHBO
€KOHOMIYHO 1 €KOJIOTIYHO BUTITHUH BapiaHT, HE3BKAIOYH HA TIOYa-
TKOBI KaIliTaJabHi IHBECTUILLI.

Afridi, Y. S., Ahmad, K., & Hassan, L. (2021). Artificial intelligence based prognostic maintenance of renewable energy systems: A review of techniques, challenges, and
future research directions. International Journal of Energy Research, 46(15), 21619-21642. Portico. https://doi.org/10.1002/er.7100

Alam, Md. S., Al-Ismail, F. S., Salem, A., & Abido, M. A. (2020). High-Level Penetration of Renewable Energy Sources Into Grid Utility: Challenges and Solutions. IEEE
Access, 8, 190277-190299. https://doi.org/10.1109/access.2020.3031481

Al-Shetwi, A. Q. (2022). Sustainable development of renewable energy integrated power sector: Trends, environmental impacts, and recent challenges. Science of The
Total Environment, 822, 153645. https://doi.org/10.1016/j.scitotenv.2022.153645

Atstaja, D. (2025). Renewable Energy for Sustainable Development: Opportunities and Current Landscape. Energies, 18(1), 196. https://doi.org/10.3390/en18010196


https://doi.org/10.1002/er.7100
https://doi.org/10.1109/access.2020.3031481
https://doi.org/10.1016/j.scitotenv.2022.153645
https://doi.org/10.3390/en18010196

Challenges and Issues of Modern Science 151
2025, Vol. 4, No. 1

Cabinet of Ministers of Ukraine. (2024). On approval of the National Action Plan for Renewable Energy until 2030 and the action plan for its implementation [Order No.
761-r, August 13, 2024, in Ukrainian]. Verkhovna Rada of Ukraine. https:/zakon.rada.gov.ua/laws/show/761-2024-%D1%80

Climatescope. (2019). Climatescope 2019 by Bloomberg NEF. https://2019.global-climatescope.org

Dmytrenko, L. V., & Barandich, S. L. (2007). Wind energy resources in Ukraine [In Ukrainian]. Naukovi praci Ukrains'kogo naukovo-doslidnogo gidrometeorologicnogo
institutu, 256, 166-173. http://dspace.nbuv.gov.ua/handle/123456789/51529

Duggan, J. E. (2025). Recent Progress in Sustainable Energy Systems Development: Investment, Operations, and Decarbonization. Current Sustainable/Renewable
Energy Reports, 12(1). https://doi.org/10.1007/s40518-024-00248-3

Erdiwansyah, Mahidin, Husin, H., Nasaruddin, Zaki, M., & Muhibbuddin. (2021). A critical review of the integration of renewable energy sources with various technologies.
Protection and Control of Modern Power Systems, 6(1). https://doi.org/10.1186/s41601-021-00181-3

Falcone, P. M. (2023). Sustainable Energy Policies in Developing Countries: A Review of Challenges and Opportunities. Energies, 16(18), 6682.
https://doi.org/10.3390/en 16186682

Fernandez-Guillamén, A., Gémez-Lazaro, E., Muljadi, E., & Molina-Garcia, A. (2019). Power systems with high renewable energy sources: A review of inertia and
frequency control strategies over time. Renewable and Sustainable Energy Reviews, 115, 109369. https://doi.org/10.1016/j.rser.2019.109369

Hadnagy, I., Tar, K., & Molnar, J. (2020). Analysis of the current state of wind power in the world, Europe and Ukraine, especially in Transcarpathia. Ukrainian
Geographical Journal, 1,59-70. https://doi.org/10.15407/ugz2020.01.059

Humeniuk, O. M., & Humeniuk, 1. I. (2023). Renewable energy in the context of economic and national security threats under Russian aggression. Podilian bulletin:
agriculture, engineering, economics, 36, 46-52. https://doi.org/10.37406/2706-9052-2022-16

Icaza, D., Vallejo-Ramirez, D., Guerrero Granda, C., & Marin, E. (2024). Challenges, Roadmaps and Smart Energy Transition towards 100% Renewable Energy Markets
in American Islands: A Review. Energies, 17(5), 1059. https://doi.org/10.3390/en17051059

Iglinski, B., & Pietrzak, M. B. (2025). Renewable and Sustainable Energy—Current State and Prospects. Energies, 18(4), 797. https://doi.org/10.3390/en18040797

IRENA. (2025). Renewables in 2024: 5 Key Facts Behind a Record-Breaking Year. RENA - International Renewable Energy Agency. https://purl.org/scimeta/298-4

Jurasz, J., Canales, F. A, Kies, A., Guezgouz, M., & Beluco, A. (2020). A review on the complementarity of renewable energy sources: Concept, metrics, application
and future research directions. Solar Energy, 195, 703-724. https://doi.org/10.1016/j.solener.2019.11.087

Levkivska, L. V., & Levkivskyi, S. A. (2022). Wind energy of Ukraine: current situation and forecasts for the future [In Ukrainian]. In Vidnoviivana energetika ta
energoefektivnist’ u  XXI stolitti  (pp. 191-193). |Institute of General Energy of the National Academy of Sciences of Ukraine.
https://ela.kpi.ua/handle/123456789/63092

Li, L., Lin, J., Wu, N., Xie, S., Meng, C., Zheng, Y., Wang, X., & Zhao, Y. (2022). Review and outlook on the international renewable energy development. Energy and
Built Environment, 3(2), 139-157. https://doi.org/10.1016/j.enbenv.2020.12.002

Lépez Prol, J., & Schill, W.-P. (2021). The Economics of Variable Renewable Energy and Electricity Storage. Annual Review of Resource Economics, 13(1), 443-467.
https://doi.org/10.1146/annurev-resource-101620-081246

Medvedieva, O. O., Halchenko, Z. S., Semenenko, Y. V., Medianyk, V. Y., & Simes, V. Y. (2025). Assessment of the energy potential of an anthropogenic facility when it
is converted for wind energy generation. IOP Conference Series: Earth and Environmental Science, 1481(1), 012002. https://doi.org/10.1088/1755-
1315/1481/1/012002

Medvedieva, O. O., Larionov, H. I., & Halchenko, Z. C. (2024). To the selection of technology parameters for the use of renewable energy sources on man-made
disturbed lands. In IOP Conference Series: Earth and Environmental Science (Vol. 1319, No. 1, p. 012011). IOP Publishing. https://doi.org/10.1088/1755-
1315/1319/1/012011

Medvedieva, O., Halchenko, Z., Shustov, O., & Akhmetkanov, D. (2023). Prospects for use of man-made disturbed lands in mining regions for the location of renewable
energy sources facilities. Geo-Technical Mechanics, 165, 17-26. https://doi.org/10.15407/geotm2023.165.017

Nzeanorue, C. C., Sobajo, M. S., Okpala, B. C., Opeyemi, A. M., Stephen, V. |., Madukwe, C. M., Olanrewaju, S. A., George, F. E.-P., Udoh, | E., Olaleye, T. G., Olumide,
A. V., Habeeb, A. O., Godwin, A. N., & Ugbine, O. F. (2024). A Comprehensive Analysis of Sustainable Energy Development: A Review of Existing Research. Path
of Science, 10(8), 1014—1024. https://doi.org/10.22178/pos.106-48

Omelchenko, V., & Konechenkov, A. (2022). Ukraine’s renewable energy sector before, during and after the war. Razumkov Centre. https:/purl.org/scimeta/298-5

Patankar, N., Sarkela-Basset, X., Schivley, G., Leslie, E., & Jenkins, J. (2023). Land use trade-offs in decarbonization of electricity generation in the American West.
Energy and Climate Change, 4, 100107. https://doi.org/10.1016/j.egycc.2023.100107

Pecheniuk, A. V., Harasymchuk, I. D., & Pantsyr, Y. I. (2024). Prospects and challenges of renewable energy development in Ukraine under martial law conditions [In
Ukrainian]. Podilian bulletin: agriculture, engineering, economics, 45, 66-72. https://doi.org/10.37406/2706-9052-2024-4.9

Pedersen, T. T, Victoria, M., Rasmussen, M. G., & Andresen, G. B. (2021). Modeling all alternative solutions for highly renewable energy systems. Energy, 234, 121294.
https://doi.org/10.1016/j.energy.2021.121294

Pratiwi, S., & Juerges, N. (2020). Review of the impact of renewable energy development on the environment and nature conservation in Southeast Asia. Energy,
Ecology and Environment, 5(4), 221-239. https://doi.org/10.1007/s40974-020-00166-2

Prokopov, D., & Bialkovska, O. (2023). Current status and prospects for the development of alternative energy for Ukraine [In Ukrainian]. Universum, (2), 25-32.
https://archive.liga.science/index.php/universum/article/view/486

Redko, K., & Furs, O. (2020). The current situation and world trends of green energy development. Scientific bulletin of Mukachevo State University. Series Economics
7(1), 55-60. https://purl.org/scimeta/298-1

Tkachenko, T. M., & Seheda, P. F. (2021). Development of renewable energy in Ukraine [In Ukrainian]. In Ekologicna bezpeka derZavi (pp. 85-89). KNUCA.
https://repositary.knuba.edu.ua/handle/987654321/9432

Ugwu, J., Odo, K. C., Oluka, L. O., & Salami, K. O. (2021). A Systematic Review on the Renewable Energy Development, Policies and Challenges in Nigeria with an
International  Perspective ~ and  Public ~ Opinions.  Intemational ~ Journal ~ of = Renewable  Energy  Development,  11(1),  287-308.
https://doi.org/10.14710/ijred.2022.40359

UWEA. (2022). Ukraine's wind energy sector in 2021: market overview before the war [In Ukrainian]. UWEA. https://purl.org/scimeta/298-2
UWEA. (2025). Ukraine's wind energy sector in 2024: market overview [In Ukrainian]. UWEA. https://purl.org/scimeta/298-3

Wang, Y., Zhang, D., Ji, Q., & Shi, X. (2020). Regional renewable energy development in China: A multidimensional assessment. Renewable and Sustainable Energy
Reviews, 124, 109797. https://doi.org/10.1016/j.rser.2020.109797

Weinand, J. M., Hoffmann, M., Gopfert, J., Terlouw, T., Schénau, J., Kuckertz, P., McKenna, R., Kotzur, L., LinRen, J., & Stolten, D. (2023). Global LCOEs of decentralized
off-grid renewable energy systems. Renewable and Sustainable Energy Reviews, 183, 113478. https://doi.org/10.1016/j.rser.2023.113478

Xayitbayeva, M. S., & Bebitov, S. (2024). Problems, solutions, promising proposals and modern innovative technologies for the use of alternative energy. Texas Journal
of Engineering and Technology, 36, 9-13. https://zienjournals.com/index.php/tjet/article/view/5519

Xin, L., Sun, H., & Xia, X. (2022). Renewable energy technology innovation and inclusive low-carbon development from the perspective of spatiotemporal consistency.
Environmental Science and Pollution Research, 30(8), 20490-20513. https://doi.org/10.1007/s11356-022-23556-x

Zaverbnyi, A., Kis, M., & Bilous, Y. (2023). Problems and prospects for attracting foreign investment in renewable energy projects in Ukraine during the war and post-
war periods [In Ukrainian]. Ekonomika ta suspil'stvo, 51. https://doi.org/10.32782/2524-0072/2023-51-10

Zborivets, Yu. B., & Yakimtsov, V. V. (2024). Financing of renewable energy in Ukraine: current state and future trends [In Ukrainian). Scientific bulletin of UNFU, 34(6),
68-75. https://doi.org/10.36930/40340610


https://zakon.rada.gov.ua/laws/show/761-2024-%D1%80
https://2019.global-climatescope.org/
https://doi.org/10.1007/s40518-024-00248-3
https://doi.org/10.1186/s41601-021-00181-3
https://doi.org/10.3390/en16186682
https://doi.org/10.1016/j.rser.2019.109369
https://doi.org/10.15407/ugz2020.01.059
https://doi.org/10.37406/2706-9052-2022-16
https://doi.org/10.3390/en17051059
https://doi.org/10.3390/en18040797
https://purl.org/scimeta/298-4
https://doi.org/10.1016/j.solener.2019.11.087
https://ela.kpi.ua/handle/123456789/63092
https://doi.org/10.1016/j.enbenv.2020.12.002
https://doi.org/10.1146/annurev-resource-101620-081246
https://doi.org/10.1088/1755-1315/1481/1/012002
https://doi.org/10.1088/1755-1315/1481/1/012002
https://doi.org/10.1088/1755-1315/1319/1/012011
https://doi.org/10.1088/1755-1315/1319/1/012011
https://doi.org/10.15407/geotm2023.165.017
https://doi.org/10.22178/pos.106-48
https://purl.org/scimeta/298-5
https://doi.org/10.1016/j.egycc.2023.100107
https://doi.org/10.37406/2706-9052-2024-4.9
https://doi.org/10.1016/j.energy.2021.121294
https://doi.org/10.1007/s40974-020-00166-2
https://archive.liga.science/index.php/universum/article/view/486
https://purl.org/scimeta/298-1
https://repositary.knuba.edu.ua/handle/987654321/9432
https://doi.org/10.14710/ijred.2022.40359
https://purl.org/scimeta/298-2
https://purl.org/scimeta/298-3
https://doi.org/10.1016/j.rser.2020.109797
https://doi.org/10.1016/j.rser.2023.113478
https://zienjournals.com/index.php/tjet/article/view/5519
https://doi.org/10.1007/s11356-022-23556-x
https://doi.org/10.32782/2524-0072/2023-51-10
https://doi.org/10.36930/40340610

Challenges and Issues of Modern Science
2025, Vol. 4, No. 1, 1562—-157

ISSN: 3083-5704

URL: https://cims.fti.dp.ua/j/article/view/311
PURL: https://purl.org/cims/4.311

DOI: https://doi.org/10.15421/cims.4.311 UDC 656.13:311.3

CrarmctmuHMm aHanis i nporHo3yBaHHA auHamikm OTMN
3 nocrTtpaxkxpanvumm B [l1HinponeTpoBCbKin obnacri

Terana Pycakosa

Purpose. The study aims to identify seasonal and weather-related factors influencing the number of road traffic
accidents (RTAs) with casualties in Dnipropetrovsk Oblast, in order to provide a basis for short-term accident
forecasting and improve the effectiveness of traffic safety prevention measures. Design / Method / Approach.
The study is based on monthly statistical data from 2020 to 2025, sourced from the Patrol Police of Ukraine and
the Main Department of Statistics in Dnipropetrovsk Oblast. The analysis integrates boxplot visualization, one-
and two-way ANOVA, correlation analysis, and multiple regression analysis, accounting for temperature,
precipitation, humidity, wind speed, and calendar month. Findings. A statistically significant impact of the calendar
month was confirmed as the main seasonal factor. The regression model showed a clear link between RTAs and
combined weather and calendar variables. Accident rates peaked in summer—autumn and dropped in winter—
spring, with February showing the least variation. Monthly factors proved useful for short-term forecasting. Time
series analysis enabled tracking trends (2020-2024) and projecting them through 2026. Theoretical
Implications. The results enhance the understanding of the interplay between seasonal, calendar, and weather-
related factors and accident rates within a regional context. Practical Implications. The findings can be used by
local authorities, police, and road safety services to plan preventive measures during periods of increased
accident risk. Originality / Value. A comprehensive approach is proposed for analyzing RTAs at the regional level,
involving various types of statistical analysis and seasonal forecasting. The methodology can be adapted for other
regions of Ukraine. Research Limitations / Future Research. The study is limited to the 2020-2025 period and
does not account for social, behavioral, or infrastructure-related factors. Future research should incorporate
additional explanatory variables and apply multifactor forecasting methods. Article Type. Applied Research.

Keywords:

road traffic accidents, road safety, analysis of variance, forecasting, temporal factors, seasonality, correlation and
regression analysis

MeTa. [locnigpkeHHs cnpsiMOBaHe Ha BUSIBMEHHA CE30HHUX Ta MOrO4HUX YMHHMKIB, LLO BNIMBAKOTL Ha KiNbKICTb
AOPOXHbO-TpaHcnopTHUX npurog (OTM) 3 noctpaxaanumm y [HINponeTpoBChKin obnacTi, 3 METOK CTBOPEHHS
OCHOB [Ansi KOPOTKOCTPOKOBOIO MPOrHO3yBaHHA aBapiHOCTI Ta MiABULWWEHHSA edeKTMBHOCTI MpodinakTUYHmNX
3axopiB 6e3nekn gopoxHboro pyxy. AusanH / Metopn / Mipgxia. Y poboTi BUKOPUCTAHO LLIOMICSYHI CTaTUCTUYHI
Aani 3a 2020—-2025 pokw 3 BigkpuTux mAxepen MaTtpynbHOI noniuii YkpaiHu Ta opraHis gepxaBHoi cTaTucTukn. ns
aHanisy BUKOPWUCTaHO noedHaHHA boxplot-sidyanisauii, ogHo- Ta [BOMaKTOPHOrO AUCMEPCINHOrO aHanisy,
KOPEensAuiNHOrO Ta MHOXWMHHOIO perpecinHoro aHanidy 3 ypaxyBaHHAM Temnepatypu, OnafiB, BOMOrocTi,
LUBUAKOCTI BIiTPY Ta KaneHaapHoro Micsius. Pesynbratu. BcTaHOBNEHO CTaTUCTUYHO 3HAYyLLUA BRAMMB MicAUS
POKY SK FOMOBHOIO CE30HHOr0 YMHHWMKA. MNobynoBaHa perpeciiHa Mogenb BUsiIBUNA 3HAYYLLUIA 3B'I30K MK
kinbkicTio OTI Ta cykynHiCcTio NOrogHUX i KaneHgapHuUX 3MiHHWX. HavBuwni piBeHb aBapiliHOCTiI BUSIBIIEHO B
NITHBO-OCIHHI MiCALi, HaVHWKYMA — B3WUMKY Ta HaBeCHi, HalMeHLla BapiaTMBHICTb (IKCYETbCA Y NIOTOMY
MigTBEpOXXEHO OOUINbHICTL BpaxyBaHHSA MICAYHOIO YMHHMKA ONS KOPOTKOYACHOro NporHo3dyBaHHs. Bisyanisauis
YacoBWX psiAiB fo3BonuNa BiacTexunTn guHamiky 3 2020 no 2024 poku Ta nobyayBaT KOPOTKOCTPOKOBUIA MPOrHO3
A0 KiHus 2026 poky. TeopeTu4He 3Ha4YeHHA. Pe3ynsrtatv AOCNIOKEHHS PO3LLMPIOTL PO3YMiHHS B3aEMO3B’A3KY
CE30HHMX, KaneH4apHUX Ta MNOroAHUX YMHHWUKIB 3 aBapilHICTIO B perioHanbHMX Mexax. NMpakTu4yHe 3Ha4YeHHs.
Pesynbtat MoXyTb OyTVM BUKOpPWUCTaHi OpraHamu Bnaau, noniuieto, cnyxbamu ©esneku gns nnaHyBaHHSA
npoinakTMyYHMX 3axofis B nepiogu nigsuLLeHOi aBapiHocTi. OpuriHanbHicTb / LiHHicTb. 3anponoHoBaHo
KomnnekcHun nigxig go aHanisy AT Ha perioHanbHOMY piBHi i3 3anyyYeHHSIM KifbKOX TWMNIB CTATUCTUYHOIO
aHanisy Ta Ce30HHOro MporHodyBaHHs. MeToguka Moxe OyTM apgantoBaHa [0 iHWMX perioHiB  YkpaiHu.
O6mexeHHs gocnigxkeHHs | ManbyTHi gocnigxeHHA. [JocnimxeHHs obmexeHe YacoBumu pamkamm 2020—
2025 pokiB. He BpaxoBaHO coujianbHi, NoBeiHKOBI Ta iHPPaCTPYKTYpHi dpakTopu. Y noganblumx AOCAIAKEHHAX
[OLiNbHO BpaxoByBaTh A0AaTKOBI hakTOPHI 3MiHHI Ta 3acTOCOByBaTW MeToan 6araTtohakToOpHOrO NPOrHO3yBaHHSI.
Tun ctaTTi. [MpuknagHe AOCNIAXEHHS.
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Jopoxxuso-tpancrioptai npurogu (ATIT) 3ammmarorscst ox-
HI€I0 3 KIIIOY0BUX COIIaIbHUX Ta eKOHOMIYHHX IPOOJIeM sIK Ha Ha-
LIOHAILHOMY DiBHI, TaK i Ha PiBHI OKPEMHX perioHiB YkpaiHu. Y
JIHIIpOneTpOBCHKiit 0011acTi, 10 € OMHIM i3 HalOLIBIINX TPAaHCIIO-
PTHHX BY3JIiB KpaiHH, MOpiYHO (ikcyeThes 3HauHa KinbkicTs JITII,
SIKi CTIPUYHHSIIOT BTPATH JFOICHKHUX JKUTTIB, TPaBMyBaHHS yJacHHU-
KiB IOPOXXHBOTO PyXy Ta MaTepianbHi 30utku. Y 2023 poui B J{Hin-
poneTpoBchKiii 06macTi Oyno 3adikcoBano 2 140 sunaaxis ATIL, y
pesynbrati akux 283 ocodu 3aruHyiy, a 2 555 oTpuMany TpaBMU.
¥ 2024 poui cuTyarist yCKIaaHIIACA: KUIbKICTh JOPOXKHBO-TPAHC-
MOPTHUX MPUTox 3pocia a0 2 379 Bumazkis, 3arunymo 299 ocib, a
2 852 mocTpakaany BHACHIOK aBapiid. Taka auHamika CBiTYMTH
PO 3pOoCTaHHA K 3aranbHoi Kinbkocti JITII, Tak i TshKkoCTI iX Ha-
CHTIZIKIB, L0 MiAKPECITIOE aKTyaJbHICTh MpoOIeMH Ta MOTpely B
e(eKTHBHUX 3aX0/aX 3 MiABUIICHHS OE3MEKU TOPOKHBOTO PYXy B
perioHi.

TakuM 4YMHOM, HE3BWKAIOYM Ha pPeali3alil0 HaliOHAJIBHUX
Mporpam IiABUIIEHHS Oe3MeKH JOPOXKHBOTO pyXy, KinbkicTs A TII
3aJIMIIAETHCS CTA0IIBHO BHCOKOIO, 1[0 BUMAarae CHCTEMHO-TO aHa-
i3y MPUYMH Ta 3aKOHOMIPHOCTEH iX BHHHUKHEHHS. 30KpeMa, BiIcy-
THICTh a/IANTHBHUX MOJICJICH IIPOTHO3YBaHHS YCKIIaHIOE e(hEeKTH-
BHE IUIaHYBaHHS 3aXO/iB, CIIPSIMOBAHUX Ha IONEpEIKEeHHS Hebe3-
MIEYHHUX CUTYyaliil Ha TPaHCHOPTi. 3pOCTaHHs aBapitHOCTI 3yMOB-
JICHE KOMIUIEKCOM TEXHIYHMX, OpraHi3alliiHHUX, MOBEIIHKOBUX 1
NIPUPOIHO-KIIMaTHIHUX YUHHHKIB. HeocTaTHhO BUBYCHNM 3aITH-
IIAE€THCS BIUIMB ITOTOHUX, CE30HHUX Ta KaJICHTapHUX 3MiH Ha JTH-
Hamiky JITII. Bpak perioHaJbHUX NOCHTIIPKCHb i3 BUKOPUCTAHHIM
CTaTUCTHYHHX METOIB YCKJIATHIOE PO3pOOKY epeKTHBHHX CTpare-
Till ynpaBIIiHHS JOPOXXHIMH pH3UKamu. ToMy akTyalbHHAM € IpOBe-
JICHHSI aHaJIi3y 3 BUKOPHUCTaHHSM MaTeMaTHYHUX METOIIB OLHIO-
BaHHS Ta POTHO3YBaHH: Ha MPUKJIaZi KOHKPETHOTO PETioHy

AHani3 ocTaHHiIX gocnigxeHb

OcHOBHIMH (paKTOpaMu PU3HKY B YKpaiHi 3aJIMIIAIOTECS He-
3aOBUIBHUIA CTaH iHPPACTPYKTypH, MOPYLICHHS MPABII JIOPOXK-
HBOTO PyXy Ta HH3bKa €(EKTUBHICTH MPEBEHTHBHHUX 3aXOMiB
(Lyashuk et al., 2024).

KomriekcHe nocmimkeHHs piBHS 0€3MEKN JOPOXKHBOTO PYXy
B YKpaiHi, poBeNeHe 13 3aCTOCYBAaHHSAM CHCTEMHOTO IiIXOIY IO
omniHroBaHHs qaHUX 1po A TII, mokasao, mo coriadbHIi PH3UK 3a-
JIMIIAETHCST Maibke BIBIUI BWINUM, HDK Y TPOBIIHUX KpaiHax
(Semchenko et al., 2024). CMepTHICTb Ta iHBANIAHICTH HACETICHHS
BHACITIIOK JJOPOXKHBO-TPAHCIIOPTHUX MHPHIOJ] 3aBIAIOTh YKpaiHi
3HAYHUX MarepiajibHUX 1 JIONCHKHUX BTPAT, IO TIOB’S3aHO 3 HU3b-
KM PiBHEM IMPaBOBOI CBimoMocTi TpoMassi (Batyrgareieva et al.,
2021). VY xomi TOCHiIKEHHS KITiHIKO-aHATOMIYHIX XapaKTEPUCTHK
TpaBM y NMOCTpaXKIanux Oylo BCTAHOBIIEHO, 110 HaifyacTie Tpamn-
JISTIOTHCSI TPaBMH TostoBH Ta 1mni (94,60%), Ha apyroMy micui — Tpa-
BMU TpyaHoi KitiTkH (63,17%), naii — TpaBmu KiHLiBOK (53,33%), a
HalMEHII momupeHuMu € TpaBmu xkuBota (11,11%) (Guryev &
Kushnir, 2024). 3axo/1 KOHTPOJTIO MIBUIKOCTI BUSBUIHCS e(hEKTH-
BHHMMH JUTs 1i 3H)KEHHSI, OZIHAK TIOTaHe MPOEKTYBaHHs TPAHCHIOPT-
HHX PO3B’SI30K 1 HeaeKBaTHI MITpady MOXKYTh IiABUIIYBAaTH PH3UK
JUIsl Y9aCHHUKIB TOPOKHBOTO pyxy. Cami mo cobi 3axoau Oe3rekw,
OCBITa Ta 3aKOHOJABCTBO MAIOTh HE3HAYHUH e(eKT, IPoTe y MOE-
HaHHI MOXYTb CYTTEBO 3HH3UTH PiBEHb TPAaBMaTHU3My i CMEPTHOCTI
B JITIT (Gudugbe et al., 2023). Ba)xnvBiM HanpsiMOM € BUBYCHHS
3apyOiKHOTO JIOCBIi/TY, 30KpeMa €BPOMEHChKUX MPAKTHK, TAKUX SIK
Bineodikcanis mopyIens, cucreMa mrpadHux OaliB Ta MPOCBIT-
HUIBKI KaMITaHii, 10 MOXXYTh OyTH e(DeKTHBHO a/IalTOBaHi B YKpa-
fHCchKOMY KOHTekcTi (Holina, 2024). Amnami3z munamikn JTII y
JuinpornerpoBehkiit obmacti 3a 2017-2022 pokd O3BOJNUB BH-
SIBUTH TEHJICHIIIi 3MiH 1 OIIHUTH PiBEHb BIUIUBY (HaKTOPHUX 3MiH-
HUX Ha KUTBKICTB aBapiii (Rusakova, 2023).

Takum 9UHOM, TIOCTa€ HEOOXITHICTh Y MPOBEACHHI KOMITIIEKC-
Horo aHamizy auHamiku A TII 3 moctpakmammmu y J{HIIponeTpos-
CBKIii 0011acTi 3 ypaxyBaHHSIM (DaKTOPIB BILIHBY.

MeTta Ta 3aBgaHHA

Mera mocniukeHHsT — poaHali3yBaTH BIUIMB CE30HHUX 1 Me-
TeoposoriuHux (akropis Ha pisenb JTII 3 mocrpaxkmanumu, BU-
3HAYUTH HAHOIIBII 3HAYYILI YMUHHHUKH, 110 BIUIMBAIOTH HA aBapiii-
HICTb, Ta 3IHCHUTH POrHO3YBaHHS Ha OCHOBI CTATHCTHYIHOI KOpe-
JSILIHHO-perpeciitHoi Mozesi.

JI1st TOCSITHEHHS TaHOT METH MOCTaBJICHO HACTYIIHI 3aBIaHHS:

— mpoananisyBaru craructuky JTII 3 mocrpaxpamuMu y
JHinporneTpoBckKii obmacti 3a 20202024 poku Ta IepImii KBap-
Tais 2025 poKy, BUSIBUTH OCHOBHI CE30HHI I MIXXPiYHI KOJIMBaHHS;

— 3OIHCHUTH OJHO(DAKTOPHUH Ta IBO(GAKTOPHUI TUCHepCii-
HUH aHaJi3 Ul BU3HAYEHHS CTYIIEHs BIUIMBY YMHHHKIB dacy (Mi-
cA1pb 1 pik) Ha PiBEHb aBapiHOCTI;

— TPOBECTU KOPEJALIMHUNA Ta perpeciiHuii aHami3 s BUSIB-
JIeHHs 3aNeKHOCTI MK KimbkicTio JTII Ta MereoposoriyHuMu
3MIHHHMH, & caMe, TeMIIePaTypoo MOBITPs, OIIaaMH, BOJIOTICTIO,
LIBUAKICTIO BITPY;

— BUSBUTH B32€EMO3B’SI3KH Ta MYJIBTHKOIIHEAPHICTh MiX (a-
KTOPHHMH 3MiHHIMH 1 CKOPHT'YBaTH MOZEIb JJIsl MiBUIIEHHS il TO-
YHOCTI;

— pPO3pOoOHUTH MaTeMaTUYHy MOJIENb MPOrHO3YBaHHS KiIBKO-
cti ITII i3 ypaxyBaHHSAM CE30HHUX 3aKOHOMIPHOCTEH.

— igeHTU(IKyBaTH IEPiOAH MiABUILCHOT aBapiHHOCTI IS 1O~
JaTbLIOTO IJIaHyBaHHS NPO(MUIAKTUYHUX 3aX0/IiB;

— LIHUTH MOXJIUBICTH BUKOPHCTAHHS PE3YNBTaTiB JOCIHi-
JDKEHHS JU1s1 yIIPaBIiHHS 0€3MEeKO0 JOPOKHBOTO PyXY B iHIIHX pe-
rioHax YKpaiHm.

V mocnimkeHH] 3aCTOCOBAaHO KOMIUIEKC CTAaTHCTUYHHUX METO-
niB ananizy moyno akrusHocti ITII B JIHinponeTpoBehKiit obmacti
3a mepion 2020 —2024 poxiB. 115 TOCTiPKSHHS CE30HHOT Ta MiXk-
piuHOi TMHAMIKH OyJT0 BUKOPHUCTAHO: ONIMCOBY CTaTUCTHKY IS y3a-
raJbHEeHHS] OCHOBHHX XapaKTepPUCTHK BUOIPKH; AUCTIepCIiHMI aHa-
ni3 (ANOVA) nns BusiBieHHs BigMmiHHOCTe# y wactoTi JATIT mixk
PI3HUMH CEe30HaMH Ta POKaMH; MOJEJI YacOBHX PSIiB, 30KpeMa
ETS-monens (Error-Trend-Seasonality) st KOpOTKOCTPOKOBOTO
nporHo3yBaHHs KimbkocTi JATII 3 ypaxyBaHHSIM CE30HHHX KOJIH-
BaHb, METOIM Bisyawiamii (rpadiku, xiarpamu), Uil HaOYHOTO
TIPEJICTaBIICHHs] TUMHAMIKM Ta TeHIEHIIH; KopelsiiHo-perpeciii-
HHH aHAII3.

Marepianu Ta metoau

AHani3 duHamiku 3miHu TI1 3 nocmpaxdanaumu

Jns anamizy kinekocti JITII 3 moctpaknanmumu y JlHinporner-
POBCBKi 00MacTi BUKOPUCTAHO CTAaTHCTUYHI AaHi [1arpymnpHOi Ho-
minii Vkpainn y JlHinponerpoBcbkiii obnacti (Patrol Police of
Ukraine, 2025) Ta ['onoBHOTO ynipaBiiHHs CTaTHCTUKK y JIHIIpore-
TpoBchKiii obmacti (Main Department of Statistics in Dniprope-
trovsk Region, 2024). 3 MeTOrO BHSBIICHHS CE30HHUX KOJIHBAHb Ki-
JIBKOCTI JIOPOXKHBO-TPAHCIIOPTHHUX MPHIOJ 3 TIOCTPAXKIATIUMU OCO-
0amu yIpoIoBXK poKy OyIio MPOBeCHO rpadiuHmil aHami3 3a A0T0-
Mororo boxplot-miarpamu. JocmimKeHHs OXOIUTIOE MIOMICSYHI AaHi
3a I’ sTupivEuid nepion (2020-2024 pp.) mo Ykpaini. Pesymsrarti
aHamizy HaBereHO Ha puc. 1. ['padik memoHCTpye: cepenHe 3Ha-
YeHHs (TI03HaYeHe XPECTUKOM), Me[liaHy (JIiHis B CEpeArHi «KOpO-
OKM»), MKKBAPTHJIBHUI po3Max (MeXi KOpOOKH), a TAKOXK MiHIMa-
TIBHI I MaKCHMaITbHI 3HAYEHHsI (Byca — TOHKI JIiHIT 32 MEXaMH KO-
poOkm).

Takuif miaxix 103BOJISIE HAOYHO OIIHUTH PiBEHb PO3CIFOBAHHS
MMOKA3HUKIB y KOXXHOMY MICAIl, BUSBHTH HASBHICTH aHOMAJIBHHUX
3HA4YeHb, a TAKOXK MOPIBHATH CE30HHI XapaKTEPUCTHKH PI3HUX Iie-
pioziB. OcoGmuBy yBary IpUALICHO MICSIISAM 3 HAHOLTBIIOO Bapia-
THBHICTIO Ta BIIXWJICHHSIMH BiJl CEPEIHIX 3Ha4€Hb, IO CBITIUTH
PO BIUTUB JIONATKOBHX (DAaKTOPIB, TAKUX SIK ITOTOIHI YMOBH, 3MiHH
IHTEHCUBHOCTI pyXy abo cBATKOBi nepiogu. Boxplot-miarpama Ta-
KOX € MATPYHTSM JUTS ONAITBIIOTO KiTbKICHOTO aHAITi3y CE30HHOTO
YHHHHKA 33 JOIIOMOTOIO IUCIIEPCiHHOTO Ta KopemsLiiHO-perpeciii-
HOTO aHaJli3y, pe3yNbTaTH SKUX PO3NISIAIOTECS Y HACTYITHHX PO3Ii-
nax (puc. 1). Moxna Gauurty, HalObma kinekicts JITII 3 moctpa-
JKIAJMMH CIIOCTEPIraeThesl y JIITHHO-OCIHHIM Mepiof — 3 YepBHs MO
nucronan. Y nei nepio MesiaHHi 3Ha4eHHs nepeBHUILyoTh 190 Bu-
MaJIKiB Ha MiCsLIb, IIPH LIbOMY BapiaTUBHICTb (MIXXKBAPTUIBHHUI PO-
3Max) MMOKa3HHKIB € HE3HAYHOIO, 110 CBiIYUTH HPO CTIHKY TeHACH-
1i}0 10 BUCOKOTO PiBHA aBapiiiHocTi. HaiiBuii cepenHi 3Ha4eHHS
3a(hiKCOBaHO B YEPBHI, JIUITHI, )KOBTHI Ta JIACTOMA/II.

HaromicTs HaifHMKYi TIOKa3HUKH MPUTaMaHHi JIOTOMY, Oepe-
3HIO Ta KBiTHIO. OCOOJIMBO BapTO BiI3HAYMTH OEpe3eHb, e CIOCTe-
piraeTbest 3HaYHA qUCTIEPCisl 3HAYCHB, @ TAKOXK HASIBHICT BUKUIB,
110 MOXe OyTH MOB’A3aHO 3 METEOPOJIOTIYHUMU YMOBAaMH Ta 3HU-
JKEHHSM MOOIJIBHOCTI HACEJICHHS B 3MMOBHI IIEpiol.
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Micsini poky

Pucynok 1 — Iunamika 3minu kinskocti JITII 3 mocrpaxaaaumu
Brponos:k 2020-2024 pokiB B /[HinponeTpoBchKiii 061acTi
(dxepeno: ABTOp)

Tloctynose 3pocranns kigpkocti JITII Bim BecHH 1o oceHi
Mo>ke OyTr 0OyMOBIIEHE 30UIBIICHHSM JOPOXKHBOT aKTUBHOCTI, Ce-
30HHUMH IIOi3KAMH, a TaKOX CIEIH(IKOI0 OpraHizamii JOpoxk-
HBOTO PyXy B IIEpiOJH BiJITyCTOK Ta IIOYATKy HABYAIBHOTO POKY.
BozHovac, cTabiabHICTE BHCOKHMX ITOKA3HUKIB Y BEPECHI—JINCTO-
Maji CBIAYMTH MPO BIUIMB CTAIUX 30BHINIHIX (DAKTOPIB, TAaKHX SIK
TIOTO/IHI YMOBH, IIIOICHHA MOOLTBHICTb 1 TOBEIIHKOBI 3BUUKH ydac-
HHKIB JIOPOXKHBOTO pyxXy. TakuMm 4unHOM, ce3oHHMI anami3z JATII 3
MOCTPAKAAIUMH JO3BOJISIE BUSBHUTH ITIKOBI IEPiOAN aBapiitHOCTI,
1110 MO>ke Oy TH BUKOPHCTAHO JIJIs ITaHyBaHHS IPEBEHTUBHUX 3aX0-
IIiB, MiACHJICHHS KOHTPOMIO 3a noTpuManHsaM [1/IP y miTHRO-OCIH-
Hil Iepiof, a Takox it popMyBaHHS 1HPOPMALIITHUX KaMITaHii.

OJ0HogbakmopHuti ducnepciliHuli aHani3 ce30HHoI
OuHamiku 4TI

3 METOI0 BHSIBIICHHS CE30HHOT 3aJI€KHOCTI KIJIBKOCTI JOPOK-
HBO-TPAHCHOPTHHX MPUTOJ 3 HOCTPAKAAIMMH YIIPOIOBXK KaJleH /1~
pHOTO POKy Oyio ImpoBeaeHo OqHO(AKTOPHUIA IHCTIepCiitHui aHa-
ni3 (ANOVA), mo 7103BOJISE€ OLIHUTH CTaTUCTHYHY 3HAYyLIiCTh
BIZIMIHHOCTEH MiXK MICSIYHUMH CEpPEHIMH 3HaYE€HHSAMH. B sikocTi
(axTopHOi 03HaKHK Oys10 0OpaHo Micsih poky (12 rpym), a sk 3aie-
XHY 3MiHHY — KinbkicTs JTTI 3 mocTpaxkaamnmuy Ha MicsIpb 3a Ie-
piox 2020-2024 pp. (110 5-6 crocTepexeHb y KoxHiit rpymi). Hy-
npoBa rimore3a Ho momsrana y TNpPUITYHIEHHI NMPO BiACYTHICTBH
BIUTUBY (hakTopa "MicsIp" Ha piBeHb TPAHCTIOPTHHUX HPHTOL.

Pesynsrati 0mHO(MAKTOPHOTO AMCIIEPCIHHOTO aHAI3Y ITOKa-
3aJIM, 110 OTPUMAHE 3HAYEHHS Ferar = 541,23 icTOTHO mepeBuITy€e
KpUTHYHE 3Ha9eHHS Fip. = 1,93 mpm piBHi 3HagymocTi o = 0,05.
Kpim Toro, Psuas. (3,35%1077) Habararo mermre 0,05, 1m0 103BoJIstE 3
BEJTMKOIO BIIEBHEHICTIO BiIKWHYTH HYJBOBY TIIIOTE3Y MPO PiBHICTH
cepenHiX 3Ha4deHb. Lle 03Havae, Mo MicAIb POKY Ma€ CTaTHCTHIHO
3HAYYIIUHA BIUMB Ha KinbKicTh JITI1 3 mocTpaxnamumu, To0TO crio-
CTEpIraeThCs 4iTKa CE30HHA 3AJICKHICTb.

Haiipuma cepemns kinmbkicts JTII criocTepiraerbes y TUCTO-
mani (214,4), xostHi (205,8), BepecHi (191,8). Haitamk4i cepenni
3Ha4eHHsA — y motomy (117,83), Gepesni (125,5), ksithi (122,5).
HaiimeHmIa BapiaTHBHICTh MTOKa3HHKIB 3a(iKCOBaHA y BEPECHI Ta
macTomaai (mucnepeis — 19,2 ta 18,8 BiAmoBiAHO), MO BKa3ye Ha
CTabUIbHO BUCOKHIA PiBEHB aBAPiHOCTI B I1i Micsii. Haiibinbina Ba-
piaTuBHICTh criocTepiraetbes y oepesti (aucnepeis 1907,9) Ta ue-
pBHi (1469,8), 1110 MOXe CBITYUTH NPO BIUIUB AOAATKOBHX 30BHIII-
HiX (aKkTOpiB (3MiHH TOTOTHUX YMOB, TOIIO).

TakvM 4MHOM, Pe3yabTaTH JUCIEPCIHHOTO aHai3y MiaTBep-
JDKYIOTh JIOLUTBHICTh CE30HHOTO MiIX0Ay A0 OpraHizamil momepe-
JDKYBaJIbHHX 3aXOJiB, 30KpeMa MOCUIICHHS KOHTPOJIIO Ta iHpopMa-
1ii{HOT poOOTH B MEPiOaH MKOBOTO HABAHTAXKSHHsI HA TPAHCIIOPTHY
cucTeMy (BepeceHb—INCTONa), a TAKOXK BpaxyBaHHs (akTopiB Ii-
JIBUILICHOI BapiaTUBHOCTI Y BECHSHO-JIITHIN Mepiof.

3icmaesnieHHs1 3 HaykoeuMU OOCJTiIOKeHHSIMU ma
MI)XXHapPOOHO MPaKMUuUKOH

Pesynerari oqHO(AKTOPHOTO AMCHEPCIHHOTO aHA3y IMIONO
BIUIMBY Micsis poky Ha kinmbkictes JTII 3 moctpaxmamumu B

JuinponerpoBckkii oonacti y 20202024 pp. y3romkyIoTses 3 1a-
HUMH HalliOHAJbHHUX Ta MDKHAPOIHUX OCII[KEeHb. 30Kpema, ce-
30HHHH TiK aBApIHHOCTI y BEPECHI-IMCTONA/I CIIIBIAAE 3 PE3YIIb-
TaraMH JIOCHiIKeHb, IPOBEICHNX B KpaiHax €C, e came OCiHHIN
epioN XapaKTepH3y€eThCs 30UIBIICHHAM KiJIBKOCTI JOPOXKHBO-TPa-
HCIIOPTHUX NPUroA. IIpUuMHaMU 1IbOTO € CKOPOYCHHS CBITIIOBOTO
JTHSI, HECTIPUATIIMBI TTOTOJIHI YMOBH, ITOYAaTOK HABYAJILHOTO POKY Ta
3pocTaHHA TpaHcnopTHoi aktuBHOCTI (ETSC, 2022; WHO, 2023).
Husbki MOKa3HUKHM B 3UMOBO-BECHSHI MicAll (JTIOTHH, Oepe3eHs,
KBITEHb) TaKOXX MiATBEPIKYIOTh TEHACHIIIi: 3MECHIICHHS 1HTEHCHB-
HOCTI pyXY, o0eperkHa OBeIiHKa BOI{B, BBEJICHHS CE30HHUX 00Me-
JKEHb CHPHSIOTH 3HIDKCHHIO aBapiiiHOCTi. BomHouac y niTHIN me-
pioxn (4epBeHb—CepIeHb) (iKCYETHCS MiABHIIIEHA BapiaTUBHICTH Pi-
BHs AT, o Moke OyTH MOB'A3aHO 3 AKTUBHUM PYXOM, 301IbIIICH-
HSIM TyPUCTUYHHUX IOTOKIB Ta BUKOPHCTAHHSAM MCHII 3aXUIIEHUX
BUJIIB TPAHCIOPTY (BEJOCHIIEAN, MOTOLMKIN). TakuM UYHHOM,
OTpUMaHI pe3yJbTaTd MiATBePIKYIOTh 3aralbHOHAYKOBY ITO3HMIIII0
III0ZI0 BIUTMBY CE30HHUX YHHHHUKIB Ha Oe31eKy JOPOXKHBOTO PyXy Ta
OOTPYHTOBYIOTH HEOOXITHICTh CE30HHOTO MiXOMY 10 TTOIEePEKy-
BaJIBHUX 3aX0MIB y cepi O€3MEeKH TOPOKHBOTO PYXY.

OJ0HoghakmopHul ducnepciliHull aHani3 piYHOi QUHaMiKu
Aarn

JI1st OIiHKY JHAMIKK 3MiHH cepenHpoi Kimpkocti A TII 3 mo-
cTpakaauMy Mixk pokamu 3 2020 o 2024 poku Oys10 3aCTOCOBaHO
TaKoX OHO(AKTOPHHUI qucnepciitanii anani3. HalimeHnie cepenne
snadeHHs 143 [ATII cnocrepiraetscsa y 2022 pori, a HaiiOinbme 182
ATIT y 2024 poui. OgHak pe3yasTaTH JUCIEePCiHOTO aHali3y CBi-
JUaTh, IO BiIMIHHOCTI HE € CTATUCTUYHO 3HATYIIUMH. Ferar = 1,66
MEHIIIe KPUTHIHOTO 3HaueHHS Fip. = 3,27 TpH PiBHI 3HATYIIOCTI O
=0,05. Kpim 1010, Pian. (0,1588) 6inbmre 0,05, 1o 103BoIIsIE 3 Be-
JIMKOIO BIIEBHEHICTIO BIIKMHYTH HYJIBOBY TillOTE3y PO PiBHICTH Ce-
penHix 3Ha4eHb. TakuM YMHOM, HEMaE IIiJICTaB CTBEPPKYBATH, IO
pik cyTTeBO BIUMBae Ha cepenHio Kumbkictb TII 3 mocrpakna-
JIMMH, TIPUHAWMHI B Me&Xax HasBHHX JaHuX. OTxe, MOpIuHi KOJIH-
BaHHS MOBIPHO € BUTIAJKOBUMH a00 00yMOBJICHI iHITUMHU (aKTO-
pamH, TaKHMHU sIK ITOTOJIHI YMOBH, iH(PACTPYKTYpHI 3MiHH, cOllia-
nBpHI nofii (BiliHa) TOMIO.

BidnoeidHicmb MixkHapoOHil npakmuui ma Haykoeum
doclioKeHHSIM

Pesyneratn mpoBeneHOro 0fnHO(AKTOPHOTO THUCIIEPCITHOTO
aHaJi3Yy, SKi He BUSABIIM CTATHCTUYHO 3HAYYIINX BiAMIHHOCTEH y
cepenHiit kinpkocti JTII 3 mocTpaskmanumu Mixk pokamu (2020—
2024), takox 30iraroTeCsi 3 pe3yabTaraMi 3apyOiKHUX TOCTi-
JDKEHb, SIKi HarOJIOUIYIOTh, 110 piuyHa nquHamika A TII Haitgacrinne
(hopMy€eThCsI i T BILTHBOM KOMIUIEKCHUX (pakTopiB. o Takux Bif-
HOCSITBCSI: CE30HHI KOJIMBAHHS; JIOKAIBHI iHPPacTPYKTypHi 3MiHU
(WHO, 2023); 3mina cornianpHo-ekoHoMiuHOi cutyanii (ETSC,
2022); noBeiHKOBI (hakTOpH Ta e()eKTHBHICTH HALlIOHAJIBHUX I10-
nituk (Gudugbe et al., 2023; Holina, 2024).

VY nocmimkenni European Transport Safety Council (ETSC,
2022) miaKpecIreThes, 0 CTATUCTUYHO 3HAYYINA PiUHA PI3HULIS
y kinpkocTi J{TTI yacTo He BUSBISETHCS, SKIIO HE BPAXOBYIOTHCS
JIOKaJIbHI 3MiHH B 3aKOHOIABCTBI, 3aX0aX KOHTPOIIO a00 TpaHc-
noptHiit nomitumi. KpiM Toro, BeecBiTHs opraHizamisi 0XOpoHH
3n0poB’st (WHO, 2023) y cBoeMy 1opiyHOMY 3BiTi 3a3Hauae, 110
3MeHIIeHHsT abo 3pocranHs Kinbkocti JTII 3a poxamu 6e3
MPUB’SI3KHM 0 KOHKPETHUX IHTEPBEHINN Ma€e TCHCHIIIIO 10 CTa-
THUCTUYHOT HECTaOIBHOCTI.

HeogpakmopHuti ducnepciliHuli aHai3 ce30HHOi ma
piyHOi QuHamiku 4TI

Ha HacTynHOMy eramni 10CIipKeHHs Oyso IPOBEIEHO ABO(a-
KTOPHUI UCTIepCiiiHuiA aHai3 Oe3 MOBTOPEHb i3 BKIIOUCHHSM (a-
kTOpiB "Micsanp" Ta "pik", 10 BHUSBHMB CTaTHCTHYHO 3HAYYIIHH
BIUIMB 000X YNHHHKIB HA TMHAMIKY JIOPOXKHBO-TPAHCIOPTHHX MPH-
rof (ta6m. 1).

Tabnanus 1 — OcHOBHI pe3yJbTaTH aHANI3y BILIMBY (pakTopis 'pik"
Ta "micsaup" (Ixepesno: ABTop)

Jxepesio Bapianii Feraruernne Piyaenna Frpumuune
MicsIi 22,3659 1,7x10" 2,01405
POKH 9,58405 1,2x10° 2,58367
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3okpema, 3a pe3ylIbTaTaMH aHalli3y BCTAHOBIICHO, IO KaJleH-
JTApHUI MICSIb € BUCOKO3HATYITHM (HaKTOPOM (Ferar. = 22,37; Psian
<0,00001), 110 CBiTYHTE PO BUPAXKEHY CE30HHY 3AJICHKHICTD KiJTb-
xocti JITII mpotsrom poky. [lapanensro, axrop "pik" Takox mpo-
JIEMOHCTPYBAB CTATHCTHYHO 3HAYYIINH BIDTHB (Ferar = 9,58 Papa <
0,00002), BKa3yroun Ha HasBHICTb MDKPIYHHAX KOJMBAHB y PIBHAIX
aBapifHOCTI, HMOBIPHO OOYMOBJIEHHX COILiaTbHO-€KOHOMIYHIMU,
iH(pacTPyKTypHHUMHE Ta IPABO3aCTOCOBHUMH 3MiHAMHU.

TlopiBHAHHS 3HAYEHb Forar CBIAYMTH, IO CE30HHMH (Micsd-
HU) (aKTOp YMHUTH CUJIBHIMIMK BIUIMB HA BapiaTHBHICThH MOKa3-
nukiB JTII, anix dakrop «pik», 0 y3TOMKYETHCS 3 3aralIbHUMH
3aKOHOMIPHOCTSIMH CE30HHOCTI y TPAaHCIIOPTHOMY CEpEeIOBHILII.
Bucoxka BapiaTUBHICTb y AESKHUX MicCAISIX (HAIPUKIAK, y OepesHi Ta
YepBHi) Mo)ke OyTH OB’ s13aHa 3 HECIPUSTIIMBUMHE [TOTOIHUMHU YMO-
BaMH, IHTEHCHUBHICTIO IOPOXKHBOTO PYXY.

lNosicHeHHs1 po36ixHOocmel MiX pe3ysibmamamu 0OHO-
ma 0eoghakmopHO20 aHasli3y

VY pamkax omHO(AKTOPHOTO AMCHEPCIHHOTO aHamizy (akrop
"pik" He BUSBHUB CTaTUCTHYHO 3HAUYILOTO BIUIUBY Ha CEPEIHIO Ki-
JIBKICTh JOPOKHBO-TPAHCIIOPTHUX NPHUTON (Psmas. = 0.1588 > 0,05).

Ipote y nBodaxropHOMy aHaii3i Ge3 MOBTOPEHB, € OJHOYACHO
BPAXOBYBAJINCSI BIUIMB KaJECHIAPHOTO MICSIIS Ta POKY, BIIUB POKY
CTaB CTaTUCTUYHO 3HAYYIUM (Ferar = 9,58; Pawan. = 1,2x107° <
0,00002). Taka po30DKHICTH HOSCHIOETHCS THM, IO B IBO(AKTOP-
HOMY aHaJi3i eeKT KOXKHOTO YHHHHUKA OL[IHIOETHCS 3 YPaXyBaHHIM
IHIIIOTO, IO JO3BOJISIE TOYHIIIE 1IeHTH(IKyBaTH BIIUB POKY, HE3a-
JISKHO BiJ] CE30HHUX KoNMBaHb. OTXe, y MIPUCYTHOCTI CHJIBHOI Ce-
30HHOI Bapiaii (MiCsIb), piyHa TUHAMIKA CTa€ BUPA3HIILOO JIUIIE
micys ii KOHTpOJIIO, 110 ¥ 3a0e3meyye OUIbLTy CTaTHCTHYHY Yy TiId-
BICTb aHaJIi3y.

ETS-npo2Ho3yeaHHs1 3 ypaxyeaHHsIM C€30HHOI QUHaMiKu

Ha ocHoBi cratucTranux nanux 3a 2020-2024 poku 3a nomno-
MOTOK0 METONY eKCHOHEHIIHHOTO 3rampKyBanHs (ETS-nporuosy-
BaHHA) Oyno moGynoBaHo mporHo3 kimekocti JTII mo xinms 2026
poky. Otpumanuii rpadik po3MOILTY TO3BOJSE HE JIHIIE OIIHUTH
ouikyBaHy Kimbkicte JITII, ame # BH3HAUMTH HOBipYMid iHTEpBa
MPOTHO3Y 3 HUMOBIipHICTIO 95%, 110 3a0e3meuye BUCOKY BipOTi-
HICTh MOTPAIUITHHA (DaKTUYHIX 3HAYCHb Y MEXi MPOTHO3Y. Y MO-
JIeTTi BpaxoBaHO CE30HHICTh (12 MicAIIiB), IO MiBHIIY€ il TOYHICTS,
OCKLIBKH BXIiJJHI JaHI MaloTh PiYHy LUKIIYHICTE (pHC. 2).

300 —
Kinskicts JITII 3
MOCTPAKAATUMHE
250 D
200
150
100 0= kinbKicTh JITII 3 mocTpaxkaaaumMu
\ / =8 niporuo3 kinekocti JATII 3 moctpakgamumu
A peanbHi gaHi 3a 01.2025-04.2025 Micsi
0
SO0~ —~— —~—=—a NN ANNNNnnNnOTIEIITTITOL VYN NNOOO0 00
AdadadagddagdaadadaadadadadadadaadaagaaadaadaadaagadddAddTdAddAdAdAdAAAAAQ
SR I I I A e R e = I I R R e R e = I = R = B B R R i B R R R R e I = I R R R I A I IR~
R I A A T T T T A e e e A S R I A A A S N I T T TS S B B A A A S S BN B B S S R A I
— N V> = =NV = =NV = =NV =NV =N WV =N WY~
S OO OO MO OO OO O OO OO OO DODOO OO O OO OO0 O0CO 000 oo —

Pucynok 2 — /lunamika 3minu kinekocti JITIT Bnpoaosx 2020-2026 pokis B /InHinponerpoBcbKiii o61acTi (I’kepesno: ABTop)

Ha rpacdiky npeacraBieHoO MOMICSYHY KUTBKICTH JOPOXKHBO-
TPAHCIIOPTHHUX TIPHTOJ 3 TOCTPXIATUMH Y JIHIPONETpOBCHKii
obmacri 3a mepion 3 ciuas 2020 poxy o rpyness 2024 poky, a Ta-
KOK TIPOTHO3HI 3Ha4eHHs 70 rpynHs 2026 poky. JlaHi 3a cideHb—
kBiTeHb 2025 poKy (CHHI TPUKYTHHKH) MTOPIBHIOIOTHCS 3 TIPOTHO-
30M, 10 O3BOJISIE OL[IHUTH JIOCTOBIPHICT MOOYI0BAHOI MOJIEII.

Junamika JITIT neMoHCTpye 4iTKO BUpa)KeHY CE30HHY IMKIi-
YHICTh: MAKCHMaJIbHi TOKa3HUKU (HIKCYIOThCS B OCIHHI MiCsILi, TOI
SIK MiHIMAaJIBHI CIIOCTEpIraroThes y JroToMy—OepesHi. e minTBep-
JDKYETBCSI pe3yNbTaTaMu JIBO(aKTOPHOTO JUCIEPCIHHOTO aHali3y,
3TiJIHO 3 SIKUM BIUTMB MICSIS BUSIBUBCS CTAaTHCTUYHO 3HAYYIMM
(Ferar. = 22,37; Pauaa < 0,00001). 3Hagqynmm, xoua i MEHII BUpaKe-
HHUM, BUSIBUBCS 1 BIUIMB POKY (Ferar = 9,58; Pauas < 0,00002), 1o
BKa3y€ Ha HAasBHICTb MOMIPHUX 3MiH MiJK POKaMH.

Monesb NporHo3y aaeKkBaTHO BiITBOPIOE CE30HHI KOIMBAHHS
Ta BIJMOBIZa€ pealbHUM daHuM 3a 2025 pik, 1110 CBIAYHUTH TPo 11
HaJIHHICTh 1 MOKITUBICTh MOJAIBIIION0 BUKOPUCTAHHS JUTS IPOTHO-
3yBaHHs1. BigHocHa moxubka craHoBUTh Bif 5% 1o 12%. Lle cBin-
YUTB PO TocTaTHIO TouHicTh ETS-Moe1i Ha KopOTKOCTPOKOBY Iie-
PCHEKTHBY Ta MiATBEp/DKYE 1I HaNIHHICTh MPUHANMHI 0 KiHIIS
2026 poky. 3araioM, pe3yisTaTH aHAJi3y CBiI4aTh PO HEOOXim-
HICTh BpaXyBaHHS CE30HHOTO (haKTopa IIij] 4ac TaHyBaHHS mpodi-
JIAKTUYHUX 3aXO[iB, CIIPSMOBAHHX Ha 3HIDKEHHS aBapiitHOCTI. 30K-
pema, JIOLIIBHO TOCHITIOBATH 3aXO0/H 3 Oe3MEKH JTOPOKHBOTO PYXY
HarepeI0HiI OCIHHFOTO 3pOCTaHHS aBapiifHOCTI.

36’30k Mixk 3a2ubnumu ma nocmpaxxoaaumu

VY mexax craructuunoro ananizy JTII 3 mocrpaxganumMu mo-
OyZI0BaHO JAiarpaMu 3 BycaMu, 110 BiTOOpakatoTh PO3MOALT KiJbKO-
CTi 3arnOJINX Ta TPABMOBAHUX HA MPOTS3i YOTHPHOX MEPIIHX MiCsi-
uiB poky ciuni—kBitHi 2020-2025 pokiB y [HinponeTpoBehKiit 00-
J1acTi, 6a3yI04nCh Ha OCTAHHIX JAHUX MMOTOYHOTO POKy (puc. 3—4).
Ieit Tin rpadika AEMOHCTpPYE: CEpenHE 3HAYCHHS, MEiaHy, MiXKK-
BapTHJBHHUI poO3Max, a TaKoX MiHIMambHI ¥ MaKCHMalbHi

3HAYEHHS.
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BIPOIOB:K CiuHsi-KBiTHs 2020-2025 pokis B /lHinponeTpoBchbKiii
o6nacri ([Ixepesio: ABTop)

Lli pesynbraru cBig4aTh IPO HASBHICTH BUPAKEHOI CE30HHOL
nuHaMiky cMepTHOCTi BHacinok JITTI, mo BapTo BpaxoByBaTH mmpu
IUIAaHyBaHHI 3aXOJiB, 10 3aM00IraTUMyTh HETaTUBHUM HOJisM abo
3MEHIIEHHS PU3MKIB iX BUHMKHEHHS. AHami3 miarpam (puc. 3, 4)
CBIIYUTH MPO HASBHICTH CHUJIBHUX CE30HHUX 3aKOHOMIPHOCTEH Ta
BiZIMIHHOCTEH y BapiaTHBHOCTI 000X MOKa3HHKIB.

V ciuni QikcyeThes HalBHIA MeliaHa 3aTHONX 1 BUCOKA Me-
JliaHa TPaBMOBAHMX, III0 BKA3y€ Ha IiABUIIEHHI piBEHb TOPOXHBOT
HeOe3IeKy B yMOBaxX 3MMOBOTO Iepiony. Lle kopemtoe 3 Takumu He-
CNIPUSTIMBAMH TIOTOXHUMH YMOBaMH, SIK OXKEJSIHIL, KOPOTKHI
CBITJIOBHH JIeHb, HU3bKI TEMIIEpaTypH, IO MOXYTh yCKIIaJHIOBATH
JIOPOXKHIO OOCTAHOBKY ¥l MiBHINYBaTH TsHKKICTh Hacminkis JITIL
BapiatuBHICTb y CiUHI 3aMIIA€THCS TOMIPHOIO ISt 000X MOKa3HH-
KiB.

JIromuii XapakTepu3yeThCsl HalIMEHIIINM PO3KUIOM 3Ha4eHb SIK
JUISL 3aTHONNX, TaK 1 TPABMOBAHUX, 10 CBITYUTH MPO CTAOLTBHIIII
YMOBH 3 HIDKYMMH pU3HKaMU. Taka OBTOpIOBaHa CTa0iIbHICTE A€
ITiICTaBU BB)KATH JIIOTHI YMOBHO pe(hepeHTHIM MEePiofoM JUTs Mi-
JKPIYHUX HOPIBHSIHB.

bBepesenv neMoHCTpye HAWOLIBIIY BapiaTHBHICTH Cepex yCixX
MiCAIB Ui 000X TOKAa3HHUKIB. PO3IIMpEHHS Jliama3oHy 3HA4CHb
MO>ke OyTH HACIIIIKOM MIEPEXOY A0 BECHIHOTO IEPioAy, 0 CYIpo-
BOIKYETBCA 3MIHOIO JOPOXHIX yYMOB, aKkTHBi3amiero Tpadiky Ta
HMOBIPHAM 3HIDKCHHAM OOCPEXHOCTI YYaCHHKIB JTOPOKHBOTO
pyxy. Y OepesHi TakoXX MPOCTEXKYEThCS MOTCHIIMHO HENMiHIHHUI
B3a€MO3B’SI30K: 3pOCTAHHS KUIBKOCTI TPaBMOBaHUX HE 3aBKAHU CY-
MIPOBOKYETHCS AaHAIOTTYHUM 30UTBIIICHHSM KUTBKOCTI 3aTHOMIHUX.

V keimui crioctepiraerbcs HaiiOiIbIIa MeTiaHa TPaBMOBaHUX
1 BUCOKHI piBEHB BapiaTHBHOCTI, III0 BKa3y€ Ha MOCHJICHHS PU3HKY
TpaBMaTU3My 3 HACTAHHSAM BECHSHO-JITHBOTO mepiony. KimpkicTs
3arHOMX y KBITHI TAKOXK € BHCOKOIO, ajle KOJTHMBAETHCS MEHIII 3Ha-
YHO, HUX y Oepe3Hi.

3araioM, aHaJli3 MiATBEPIKY€E HASBHICTh CE30HHHUX TCHICHITIN
y muHamimi JTTI 3 mocTpaskaanumu: 3MMOBI MiCsILI TTOB’sI3aHi 3 Ti-
JIBHIICHIM PU3UKOM JIETAIFHUX BUITA/IKIB, TOAI SIK BECHSHI — 3 BH-
II00 BapiaTHBHICTIO TPAaBM i MOTEHIIIHHO 3pOCTAIOuMMH MTOKa3HH-
KaMH 3arajibHOi aBapiifHOCTI.

KopensuitiHo-peapecitiHuli aHani3

Jlnst BcTaHOBIIEHHS 3B SI3KIB MK PEe3yJIBTaTHBHUM TMOKA3HU-
KOM — 3arajbHoto Kinbkictio JITI1, Ta haxropHUMHU 3MIHHUMH — Te-
MIIEpaTypOIO TOBITPSI, BOJIOTICTIO, OTIaJaMH, IIBUIIKICTIO BITpY, SKi
MOTEHILIHHO BIUIMBAIOTH Ha 3QJIMIIKOBY JIUCIIEPCIIO, BUSBIICHY B I10-
TepeTHHOMY aHaJi3i, OyJI0 3aCTOCOBAHO METOIM MHOXWHHOTO KO-
PpeTsILiitHO-perpeciifHOro MONIEITFOBaHHSI.

HasBHicTh Ta cuita KopemsmiitHuX 3B’SI3KiB Mk (paKTOpHUMH
3MIHHHUMH 1 pe3yJIETaTHBHAM TTOKa3HUKOM (KinbKicTio JITIT — y(x:))
HaBezieHi B Ta0m. 2. J1o po3misiay Oyso BKIFOYEHO TaKi 3MiHHI: X1 —
TeMIeparypa HOBITps, X2 — KUIbKICTh OIaJiB, X3 — BOJOTICTh, X4 —
MIBUJKICTB BITPY, X5 — KAJICHAAPHUI MiCAIb, X6 — pik. HezBaxkaroun
Ha Te, IO Y TIOTIePEeTHIX TOCITiPKEHHIX BCTAHOBJICHO iCHYBaHHS ce-
30HHOTO Ta PIYHOTO BIUIMBY Ha KinbkicTh JITII, mouarkoBuii Kope-
JSILIMHAN aHalTi3 MOKa3aB HU3bKUI PiBEHb 3B’SI3KY MK POKOM i iH-
MU 3MiHHUMH, 110 CTAJIO MiJCTaBOIO VIS BHJIyUCHHS 3MIHHOT X6
3 MOJAJIBIIOro aHaiizy. KpiM Toro, 3MiHHI «BOJIOTICTE» Ta ILIBH-
KIiCTh BITpY» NMPOAEMOHCTPYBaIM 200 HAATO BHCOKI 3HAYSHHS KOe-
GbinieHTiB KOpesLii, BKa3yloun Ha HAasBHICTh MYJIBTHKOJNIHEApHO-
cTi, a00 HaBMaky ciaabkuii 38’s130K. ToMy Oyno NMPUIHHATO PilICHHS
BHKOPHCTATH iX KOMOIHALIO Y BUIISAI IHTETPOBAHOTO MOKAa3HHUKA
X3°X4, 1110 320€3MeUrI0 OB CTa0IbHI Pe3yNbTaTH, MiATBePKEHI
KOpEJIAIIHHO MaTpHIieio (Tadm. 2).

Taouuus 2 — KoedinienTn kopeasiuii Mizk MeTeopos1oriynumMu
napamerpamu Ta kijabkictio ATII (Ixepeno: ABTop)

X1 X X3°X4 X5 y(xi)
X 1 -0,5418 -0,6297 0,6502 0,4302
X2 1 0,5297 -0,7231 0,6755
X3X4 1 -0,4341 0,5218
Xs 1 0,7129
(xi) 1

3 aHayizy BH/HO, L0 HAWCWIBHIIIMN MO3UTUBHHUMN 3B’S30K 3
pieaem JITTI mae 3minnHa x5 (Micsp) (r = 0,7129), mo Bkaszye Ha

BHpaXEHY CE30HHICTh aBapiifHocTi. KoMOiHOBaHMIf MOKAa3HUK X3°X4
(BOJIOTICTD * LIBUJIKICTD BITPY) MA€ MOMipHY HO3UTHBHY KOPEISILII0
3 y(ki) (r = 0,5218), 110 miATBEPIKY€E OOLUIBHICTE 00’ €AHAHHS IIHX
JIBOX 3MiHHUX ULl YHUKHEHHS MYJIBTUKOJIIHEApPHOCTI i TOCHIICHHS
AQHANITHYHOI YyTIMBOCTI. 3MiHHA X2 (KUIBKICTh OMAJiB) TAKOX Jie-
MOHCTpY€ MOMIpHUI TO3UTUBHHUIL 3B’ 130K 13 KinbkicTio JATII (7 =
0,6755), 1m0 y3rOmKYyeThCsl 3 MPUIYIIECHHSM IIPO HEraTHBHHI
BIUIMB HECTIPUSTIINBUX MOTOJHUX YMOB Ha Oe3mneKy pyxy. Temmepa-
Typa oBiTps (¥1) Mae cepenHiii 38’5130k 3 piBHeM A TII (= 0,4302),
10 MOe OyTH IOB’s3aHO 31 30UIBIICHHSM aKTUBHOCTI Ha JOpOrax
y TeIuTi epioau.

3 MeTOI0 KUIBKICHOT OLIIHKH BIUIUBY (DAKTOPHUX 3MiHHHUX OYIIO
1no0y10BaHO MHOXKHMHHY JIiHIHHY perpeciiiny Mozenb. CTaTuCTHYHI
XapaKTePUCTUKH MOJENi CBiT4aTh mpo ii 1o0py AKiCTh. 3HAYECHHS
MHOXXHHHOTO KoedirieHTa Kopemsiuii ckinano R = 0,763, a koediwi-
eHTa ferepminanii R? = 0,682, mo o3Hauae, mo 68,2% Bapiaii Ki-
npkocTi JITIT mOsICHIOETECS BKITIOYEHUMH 'y MOJIETb YNHHHKAMHU.
HopMmoBsanwuii koedimient R? = 0,654, Mo BpaxoBye KUTbKICTh Mpe-
JIMKTOPIB 1 MIITBEPIDKYE MOCTOBIPHICTH OTPUMAaHUX DPE3YJIBTaTiB.
Otpumane 3Ha4eHHs F-kputepiro Dirrepa BUSIBUBCS BUCOKUM F =
20,57 npu 3HadenHi p < 0,12-107, mo go3BoNIsAE CTBEPIKYBaTH IIPO
CTaTUCTHYHY 3HAYYIIICTh perpeciiHoi Mozeni. PiBHSIHHS MHOXIH-
HOI perpecii, o onucye 3aiexHicTs Kinbkocti JITII Bij ocHOBHHX
(bakTOpiB BIUIMBY Ma€ HACTYITHHI BUI:

y(x)=a,+a, -x,+a, x,+a, -x-x,+a;-x;, (1)

JIe X1 — TEMITeparypa MOBITPsI, X2 — KUTbKICTh OMa/IiB, X3 — BOJIOTICTH,
X4 — IIBUAKICTB BITPY, X5 — KAJICHAAPHUI MiCSILIb.

Binmosimni Koe(biuieHTIg perpecii: ao = 84,35; a1 =2,62; ax =
0,33; az4 = 0,19; as = 6,76. IMOBIpHOCTI, 1110 I03BOJISIFOTh BH3HA-
YHUTH 3HAYYIIICTh Koe(illieHTIB perpecii Ut JaHoi perpeciiiHoi Mo-
Ieri, a caMe P-3Ha4eHHs, CTAHOBIATH JJIsI KOOKHOTO KoedilieHTa
Binmosigro: 0,0007, 0,0038, 0,0437, 0,0278, 5,6:10°%. Vci P-3Ha-
yenHs < 0,05 abo B Mexax [bOT0 3HAYEHHS, 1110 TOBOPHUTH PO 3HA-
YYIIUIA BIUIUB YCiX KOS(ILiEHTIB Ha PE3yABTYIOUY 3MIHHY J(X;).

YV pesynerari perpeciiiHoro ananizy Oyio BHSBICHO, IO CEPEN
METEOPOJIOTIYHUX (PaKTOPiB HAWOLIBII CyTTEBUI BIUTUB Ha PiBEHb
JTII Mae kanenaapHuii Micsap (as = 6,76; p = 5,6-10°%), mo Taxosx
MiATBEPKY€E HasBHICTD BUPAKEHOT CE30HHOCTI. 3pOCTaHHS TeMIIe-
paTypH MOBITPS, Ma€ TIO3UTHBHUM 1 CTATHCTUYHO 3HAUYIIHI BILUTHB
Ha kinbkictb JTII (a1 = 2,62; p = 0,0038), 110 MOKe CBIqUUTH PO
ITiIBUILIEHHS aBapiiHOCTI B TEIUTIIII TTepioan, KMOBIPHO, Yepes 3po-
CTaHHs 1HTEHCHBHOCTI pyXy. BiumB omaniB, Xoya i CTaTHCTHYHO
3HAYYIIUA, Ma€ MEHIIHH e(eKT. 3anporoHOBaHEe BBEJCHHS iHTET-
paTbHOTO METEOPOJIOTIYHOTO MOKA3HMKA, JO3BOIMIIO BpaxyBaTH
MYJIBTUKOTIHEAPHICTh MiXK BOJIOTICTIO Ta IIBUJKICTIO BITPY i 3a0€3-
TIEYNIIO JOJATKOBY TOYHICTH MOJIETI.

3a piBHsIM perpeciiiHoi Mozeni (1) Oyito oTprMaHO po3paxyH-
KOBI 3HAYEHHS J(Xi)pospax. T OOUHCICHO BiTHOCHY MOXHUOKY po3pa-
XYHKOBHX JIJAHHMX BiJIHOCHO BUXIJJHUX TAHHX: CEPEIHE 3HAYCHHSI 110~
XHOKH — 8 %, a MakCHUMaJIbHE 3HaYEeHHS MOXUOKU — 13 %. MokHa
CTBEPJDKYBATH, III0 MaTeMaTH4YHa perpeciitia Mozxens (1) 3 TouHi-
cTr0 Ha 92 % onucye BUXiTHI TaHHI, III0 TOBOPUTH o i 100py aje-
KBaTHICTb.

Y3aranbHeHi pe3ynbTatv AOCHimXeHHA

1. BcTaHOBIEHO CTAaTHCTHYHO 3HAYYIIMH BIUIMB Yacy (Mi-
csns 1 poky) Ha kimbkicts [ TTI 3 moctpaskpanumu y JHinporeT-
PpoBchKiit obmacti Briponosxk 2020—-2024 pokiB Ta y HepIoMy KBa-
pram 2025 poky. O6uaBa YMHHUKH Ba)XKJIMBi, IPOTE CE30HHUH
(Micsiib) Mae OUTBII BHpaXKEHUH €(EeKT, MO MiATBEPIHKEHO 5K
OIHO- Ta ABO(GAKTOPHUM AMCIECPCIHHIM aHaIi30M, TaK i perpe-
CiifHOI0 MOZEIITIO, [ie KoeDIIlieHT /Tt 3MiHHOT «Micsib)» OyB Haii-
BUIIMM 1 HaiiOnb1 3Hauymum (p < 0,0000001).

2. TopiBHSHHS OHO- i IBOAaKTOPHOTO JHCIEPCiiHOTO aHa-
i3y BUSIBUJIO JOMiIHYBaHHSI KOPOTKOCTPOKOBUX (CE30HHHUX) 3MiH
HaJI MDXPIYHOIO Bapialli€ro, M0 € MiICTaBOIO IS 30CepeHKEHHS
MpoQUIAKTHYHAX 3aXOMIiB caMe y Tepiomd CEe30HHOTO ITiJIBH-
wenHs pusuky ATII.

3. I'padiunnit ananiz Ta ETS-nporHosyBanHs 1ajid 3MOTy
BUSIBUTH THIIOBI IIOMICSIYHI 3aKOHOMIPHOCTI 3MiHU PiBHS aBapiii-
HOCTI Ta mo0yIyBaTH KOPOTKOCTPOKOBHH MPOTHO3 110 KiHist 2026
poky. JlaHi miATBEpIKYIOTh 3pOCTAaHHS aBapiHOCTI y BepecHi—
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JMCTONa/l, MiIBHUIIEHY BapiaTHBHICTh y JIITHIM mepion i 3HU-
XKEHHS B 3MMOBO-BECHSIHI MiCSLL.

4. Pe3ynbraru perpeciiiHoro aHaizy migTBEpIUIN CYyTTEBUMA
BHECOK METEOPOJIOTIYHUX 3MIHHUX: TEMIIEPaTypH, O iB, iHTEr-
PasbHOTO MTOKa3HKUKA BOJIOTOCTI Ta MIBHAKOCTI BITPY

5. IpakTnyHa 3HAYYIIICTH PE3yNBTaTiB MOJISITAE B MOXKIIHBO-
CTi: OIIEPAaTUBHOTO IPOTHO3YBaHHS aBapiifHOCTI Ha OCHOBI HOTO-
JTHUX 1 KaJIeHOapHHUX JaHHUX; ONTUMIi3alil NpodiTakTHYHUX 3aX0-
IIiB y CE30H PU3UKY (BEPECEHb—IIMCTOMNA); MOXKIUBOCTI a/anTa-
il METOOUKH 10 1HIIMX PETiOHIB YKpaiHH 3 ypaxXyBaHHSAM JIOKa-
JIBHUX KIIMaTHYHUX Ta IHQPACTPYKTYpHHUX OCOOIMBOCTEH.

6. Taxox BU3HauaeThCs ce30HHU xapaxrep JTII 3 mocrpa-
KIAIMMH, a caMe, y 3UMOBHUH IIepiof 3pOcTae PU3HUK JICTATbHUX
HACIII/IKiB, HATOMICTh HABECHI CIIOCTEPITa€ThCs IiIBUIIICHA Bapi-
aTUBHICTB TPaBM i 3arajbHOI aBapifHOCTI.
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