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This paper presents a comprehensive approach to enhancing the collective cybersecurity of autonomous
maritime platforms through the integration of intelligent data analysis methods, decentralized coordination
mechanisms, and a custom hybrid architecture that combines Long Short-Term Memory (LSTM) neural
networks with onboard large language models (LLMs). The core innovation lies in augmenting traditional
LSTM-based anomaly detection with LLM-driven semantic interpretation of navigational inconsistencies — a
fundamentally novel strategy for self-governing maritime environments.

Particular attention is paid to the detection, explanation, and decentralized coordination of responses to
Global Positioning System (GPS) spoofing attacks, which pose a significant threat to navigational accuracy,
operational safety, and the overall coherence of fleet activities. The proposed system, built on a proprietary
LSTM-LLM configuration, equips each vessel with multi-level cognitive capabilities: real-time anomaly
detection, natural language generation of contextual explanations, and autonomous formulation of strategic
responses without dependence on centralized oversight or communication infrastructure.

Unlike conventional centralized solutions, the system empowers each vessel to independently analyze
situational data, derive human-understandable contextual insights, and adapt its behavior accordingly. The
architecture includes a lightweight protocol for structured message exchange in JavaScript Object Notation
(JSON) format, enabling efficient, resilient, and secure inter-vessel communication. Additionally, a
decentralized consensus mechanism, based on a dynamically updated trust matrix, enhances the fleet’s
robustness against partial compromise and improves operational integrity.

The effectiveness of the proposed approach is demonstrated through a simulated GPS spoofing scenario
involving one compromised vessel within a five-vessel fleet. The results confirm the system’s ability to detect
anomalies accurately, isolate the compromised unit, and successfully adapt the navigational strategies of the
remaining vessels — thus maintaining uninterrupted mission continuity despite active cyber disruption.

Key words: autonomous vessels; collective cybersecurity; large language models; decentralized coordination;
Ollama; Long Short-Term Memory; artificial Intelligence; cyber resilience; multi-agent systems; trust matrix
consensus.

DOI: 10.33815/2313-4763.2025.1.30.006-015

Introduction. The active development of autonomous maritime transport creates new
opportunities for improving the efficiency, safety, and economy of maritime transportation. Modern
autonomous vessels increasingly rely on navigation, communication, and computational systems
that function without direct human intervention. Under these conditions, ensuring cybersecurity
becomes a critical issue, both for individual platforms and for entire fleets.

Modern autonomous vessels heavily rely on complex navigation, communication, and
computational systems that must operate reliably without direct human intervention. These systems
process vast amounts of real-time data, including Global Positioning System (GPS) signals,
Automatic Identification System (AIS) broadcasts, inertial navigation system (INS) inputs, and
environmental sensor data. A disruption or manipulation of this information can critically impact a
vessel’s decision-making processes, making cybersecurity not merely a technical concern but a
foundational requirement for safe and efficient operations.

One of the most dangerous threats is GPS spoofing attacks, where an attacker falsifies global
positioning signals, causing the vessel to incorrectly determine its own location. In multi-vessel
(collective) missions, where movement coordination relies on shared routes, even a single attack
can have critical consequences for the entire fleet, including collisions, loss of orientation, mission
disruptions, and more.

@ Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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In response to these challenges, this article proposes a hybrid system for collective response
to cyber threats, combining:

— Neural network models for anomaly detection in navigation data;

— Large Language Models (LLM), particularly Ollama, serving as situational interpreters
and strategic decision generators onboard,

— Mechanisms for decentralized interaction between vessels, allowing coordinated responses
to attacks without a centralized control point.

The proposed system enables an autonomous vessel not only to detect its own vulnerabilities
but also to inform other fleet participants, initiate consistency checks for coordinates, receive
recommendations from local artificial Intelligence (Al) assistants, and adjust the collective
trajectory. Thus, it ensures collective cyber resilience capable of adapting to dynamic threats in real-
time.

Analysis of Recent Research and Publications. With the increasing level of automation in
vessel navigation, autonomous vessels become more vulnerable to cyber threats. Cyberattacks on
autonomous maritime vessels can vary in nature and impact vectors, affecting navigation, sensors,
communication, and software components. One of the most dangerous types of attacks is GPS
spoofing, in which an attacker alters the coordinates perceived by the vessel, misleading it about its
actual location [1]. Another common threat is GPS jamming, which can lead to a complete loss of
navigation capability. Similarly, the AIS, responsible for information exchange between vessels,
can also be spoofed. Furthermore, interference with the INS is possible, leading to accumulated
errors in coordinate determination over time.

These threats can disrupt navigation systems, creating significant safety risks. Research [2]
highlights that cyberattacks can result in loss of vessel control, physical damage, and navigational
system disruptions.

Resource [3] describes a new type of Distributed Denial of Service (DDoS) attack, the
largest in history, which resulted in a 30-minute outage affecting 15% of global internet services
and several major providers, significantly impacting maritime systems as well. Special attention
should be given to the vulnerability of satellite navigation systems. Work [4] emphasizes the
necessity of enhanced protection against cyberattacks for maritime systems, especially when
combined with terrestrial components of advanced long-range navigation systems.

Among contemporary approaches for detecting anomalies in navigational data, neural
network models such as Long Short-Term Memory (LSTM) show promise. Specifically, study [5]
demonstrates the effectiveness of the LSTM encoder-decoder algorithm in identifying deviations in
Automatic Dependent Surveillance-Broadcast message sequences within air transportation. The
proposed method autonomously models expected object behavior and detects discrepancies, an
approach equally applicable to GPS spoofing detection in maritime environments. Despite the
aviation focus of the research, its principles can directly transfer to tasks involving the safe
navigation of autonomous vessels in open waters.

Recently, the Ollama platform has attracted researchers' attention due to its ability to locally
deploy LLM, even in resource-constrained environments. Work [6] analyzed the performance of 28
quantized Ollama models deployed on Raspberry Pi devices, evaluating energy consumption,
accuracy, and inference latency. Results demonstrate that local LLMs can effectively handle real-
time tasks on autonomous devices. In an industry-specific context, research [7] explored using
Ollama to develop PDF bots capable of efficiently processing technically complex documents. The
authors underline the importance of adapting Retrieval-Augmented Generation (RAG) architectures
to domain-specific requirements, particularly relevant to maritime contexts with extensive
regulatory data, routing charts, and instructions.

The integration of LLMs, such as Ollama, into autonomous vessel systems opens new
possibilities for interpreting and explaining detected threats. LLMs can provide clear
recommendations to crew members or automated systems regarding further actions upon detecting
anomalies caused by cyberattacks. Research [5] underscores LLMSs' potential for contextual
understanding and response generation, enhancing cybersecurity systems' effectiveness.

ISSN-print 2313-4763; ISSN-online 3041-1939
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Analysis of current research [8-11] indicates that effective cybersecurity in autonomous
maritime navigation requires a comprehensive approach, encompassing anomaly detection,
decentralized coordination, and intelligent systems for threat interpretation. Integrating large
language models into these systems can significantly improve their effectiveness and adaptability to
emerging challenges.

Purpose and Objectives of the Research. The purpose of the research is to develop and
experimentally verify a hybrid intelligent system for detecting and collectively responding to
cyberattacks (particularly GPS spoofing) within a network of autonomous maritime vessels,
utilizing a local language assistant based on an Ollama, which ensures decentralized adaptation and
cybersecurity resilience of the fleet.

Main Section. Within the framework of this research, a hybrid cybersecurity system is
proposed, combining anomaly detection in navigational data using neural network models [12-16]
with LLM for interpreting and explaining threats, as well as forming context-dependent actions. A
critical aspect of the system is its distributed nature, enabling autonomous vessels to exchange risk
assessments and coordinate collective responses without centralized management.

The system comprises the following functional modules:

— Anomaly Detection Module: Built on an LSTM network trained on normal GPS/AIS
coordinate behavior to forecast subsequent values. Deviations from actual values indicate potential
attacks. LSTM networks represent a special class of recurrent neural networks (RNNs) specifically
designed to learn and model temporal sequences and long-range dependencies. Unlike traditional
RNNs, which often suffer from the vanishing gradient problem, LSTM networks utilize a gated cell
structure that enables them to retain information over extended periods of time. Each LSTM cell
incorporates input, output, and forget gates, allowing the network to dynamically control which
information is stored, updated, or discarded. This architecture makes LSTM models particularly
effective in tasks involving sequential data analysis, such as time series prediction, natural language
processing, and anomaly detection. In the context of autonomous maritime systems, LSTM
networks are widely employed for detecting anomalies in navigation data, predicting vessel
trajectories, and enhancing situational awareness by modeling complex temporal patterns.

— Language Model: Implemented via the local Ollama platform which are advanced Al
systems built upon large-scale transformer-based architectures capable of understanding,
generating, and reasoning over human language with high contextual awareness. These assistants
leverage pre-trained deep learning models, often containing billions of parameters, fine-tuned to
perform a wide range of tasks, including question answering, decision support, summarization, and
real-time information retrieval. Due to their ability to process complex queries and generate
contextually relevant responses, LLM Assistants are increasingly integrated into autonomous
systems to enhance their decision-making capabilities. In autonomous maritime platforms, LLM-
based assistants can provide real-time situation analysis, interpret anomalous sensor data, and
support the coordination of collective behavior among multiple vessels, offering a significant
improvement in operational autonomy and cyber-resilience.

— Inter-Vessel Communication Module: Implemented through a lightweight JavaScript
Object Notation (JSON) protocol (via Transmission Control Protocol/User Datagram Protocol), it
enables the dissemination of threat alerts (including coordinates, timestamps, IDs, and
recommendations).

— Collective Decision Mechanism: Each vessel performs a local verification of the attacked
node's coordinates, assesses trust levels, consults its own LLM assistant, and subsequently adjusts
its trajectory according to the new coordination strategy.

The system features a three-level structure (Fig. 1):

1. Sensory Level — Acquisition of GPS, AIS and INS data;

2. Analytical Level — Anomaly detection, LLM initiation for explanations;

3. Coordination Level — Dissemination of decisions, creation of new routes.

@ Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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Sensor level:
GPS/AIS/INS

l

Analytical level:
LSTM model (anomaly detection)

\ 4

LLM helper (Ollama)
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Message exchange (incident, Trust evaluation of coordinates
coordinates, timestamp) received from other vessels

\/’

Collective decision:
route strategy update

Figure 1 — Overview of the Decentralized Three-Layer Architecture Used in the Al Module

The proposed method for detecting anomalies in navigational data is based on the use of a
LSTM network combined with a LLM assistant for explanation and decision support. A sliding
window approach is used, where a fixed-length sequence of recent GPS coordinates is continuously
processed. The LSTM model is trained on normal (non-spoofed) GPS sequences to predict the next
expected position based on the historical input sequence.

During real-time operation, the system receives new GPS data points and updates the latest
sequence accordingly. The LSTM model predicts the next expected coordinate, and the predicted
value is compared to the actual received value using the Haversine distance formula, which
measures the geographical distance between two points on the Earth's surface. If the calculated error
exceeds a predefined threshold the system flags an anomaly.

When an anomaly is detected, the onboard LLM assistant is triggered to generate a
contextual explanation of the incident and recommend appropriate actions. Additionally, an incident
alert is broadcast to other vessels in the fleet, allowing the collective to respond in a coordinated
manner. This hybrid LSTM-LLM approach ensures real-time anomaly detection with autonomous
situational assessment and collaborative fleet behavior adjustment without reliance on centralized
systems. The LSTM model is illustrated using pseudocode in Fig. 2.

The methodology is highly adaptable and scalable, as the LSTM model can be retrained for
different vessel types, operational scenarios, or navigational environments. Moreover, by relying on
learned sequential patterns rather than static thresholds, the system significantly reduces the
occurrence of false positives caused by typical navigational noise. Finally, the architecture is
designed with efficiency in mind: both LSTM networks and locally deployed, quantized LLMs can
operate effectively on modern edge computing hardware, ensuring that real-time processing
requirements are met without excessive energy consumption.
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Sequencelength = number of points in the window (e.g., 18)
GPS_Data = list of coordinates [(lat:, loni), (latz, lonz), ..., (lat,, lon,)]
Threshold = acceptable error threshold (e.g., 30 meters)

Train LSTM_Model on normal (non-spoofed) sequences:
for each i in {1, len(GPS_Data) — Sequencelength):
InputSequence = GPS5_Datali : i + Sequencelengthl
Target = GPS_Datali + SequencelLength]
Train model to predict Target from InputSequence

Function Detect_Anomaly(Latest_Sequence):
Predicted = LSTM_Model.predict(Latest_Sequence)
Actual = GPS_Datal[-1] # last observed value
Error = Haversine_Distance(Predicted, Actual)

if Error = Threshold:
return “"ANOMALY", Error
else:
return "NORMAL"™, Error

Loop:
Continuously receive new GPS point
Update Latest_Sequence with sliding window
Status, Error = Detect_Anomaly(Latest_Sequence)

if Status == "ANOMALY":
Trigger AI Assistant (LLM) for explanation and recommendation
Broadcast incident to fleet J

Figure 2 — Pseudocode of LSTM Algorithm for Anomaly Detection

Let us consider a fleet F = {Si, Sz, ..., S;} of autonomous vessels operating in a distributed
environment and interacting with each other through communication channels with limited latency.
The input parameters include the coordinates of vessel SiS_iSi at time ttt and the magnitude of its
positional change.

pi(t) = (lat(t),lony(t)) € R?; )

Api(t) = ||pi(t) - pi(t — 5t)||; 2)

where p;(t) — the coordinates of the vessel at a given point in time, Ap;(t) — the magnitude of
movement Vessel Sk registers a potential deviation if:

MSE (5, (1), p(®)) > T (3)

where py(t) — the coordinate prediction from the LSTM model, T — the threshold value of the
reconstruction error, MSE (Mean Squared Error) — the mean squared error
Vessel S generates a message:
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Ax = (& Sw pr(D), Api(t), recLLM(Sy, 1)), (4)

where recLLM is a recommendation generated by the local LLM assistant based on the Ollama
platform. The message Ay is broadcast to Sj. Each vessel S; calculates the relative discrepancy:

dix(® = [Ip;(® — px(®II, (5)

and determines the trust in the coordinates Sy:

. - 1, ifd-k(t)gn
uir(t) = {D, ifd;c(t) >n ©)

where 1 — the allowable inter-vessel error (GPS drift margin).
The vessels construct a trust matrix:

M(®) = [n(®]j € F\ {i. )
Final trust:
e () = = D (0. ®)

If w,(t)<0,me0€[0,1] — a threshold value (e.g., 0.5), then S, is considered
compromised. The fleet transitions to a new state Sj € F' and performs local trajectory optimization
vj(t) taking into account the exclusion of the compromised node:

v';(©) = Optimize(y;j(t) | S, €/Nj(1), (9)

where Nj(t) — a set of neighboring vessels for coordinated navigation.

This approach ensures decentralized fleet resilience against GPS spoofing attacks, enabling
autonomous agents to respond independently yet coordinately. The experimental part of this study
aims to validate the functionality of the proposed collective cybersecurity system for autonomous
vessels, integrating local detection of navigation anomalies, explanatory capabilities of the LLM
language model, and decentralized fleet interaction under GPS spoofing conditions.

The experiment sought to confirm the LSTM model's capability to detect anomalous
coordinate changes in real-time, assess the responsiveness and quality of explanations provided by
the local Al-assistant (Ollama), verify the correctness of collective fleet decision-making during a
simulated attack on one of the vessels, and evaluate the overall resilience of the system against
partial disruption of coordinated navigation control.

The following software was used to model the system:

— OpenCPN - as a visualization platform for autonomous fleet navigation;

— gps-sdr-sim — to generate fake GPS signals using pre-prepared NMEA sequences;

— Python — an environment for processing coordinates and implementing the LSTM-based
anomaly detection model;

— TensorFlow/Keras — for constructing and training the neural network model,

— Ollama — a local platform for running the LLM;

— Docker — for containerizing each vessel as a separate node with a network API;

— JSON communication — for exchanging incident information and coordinates between
vessels.

The simulation modeled a fleet of five autonomous vessels S= {S1, S2, S3, S4, S5}, initially
following identical routes in a parallel formation at a speed of 10 knots. The attack scenario
included:

— At t=120 seconds, vessel S3 was subjected to a GPS spoofing attack, shifting coordinates
by 70-90 meters within 2 seconds;
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— The LSTM model was trained on 10,000 normal observations (without anomalies);
— Each vessel is equipped with a local LLM-assistant using the Ollama API, which receives
incident data structured as JSSON (Fig. 3).

{
"vessel id": "53",
"timestamp": "2025-04-12T14:36:00Z",
"coordinates": [48.4650, 35.8455],
"mse _error": 8.0037,
"recommendation": "Switch to INS and notify fleet"
s

Figure 3 — communication APl with LLM

Upon receiving the message, other vessels compare their coordinates with S3, assess the
trust level, consult their local LLM-assistants to generate recommendations, and collectively
exclude vessel S3 from the coordination matrix.

Main Results and Discussion. To evaluate the results, the following metrics are utilized:

— MSE — widely used to measure prediction accuracy or data reconstruction in machine
learning, particularly in regression and anomaly detection tasks;

— LLM response time — the duration taken by the language model to respond to queries;

— Correctness of collective decision-making — evaluating whether the fleet’s collective
response to the threat was appropriate;

— Time To Detect (TTD) — the interval from the attack’s initiation to its detection (Fig. 4).

MSE during GPS Spoofing Attack and Time To Detect (TTD)
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Reconstruction Error (MSE)
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Figure 4 — MSE detection visualization
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The experimental simulation results demonstrate that the system can promptly detect GPS
spoofing attacks with an average detection delay of 1,8 seconds after the anomaly begins. The
developed LSTM model provided high detection accuracy, achieving precision = 0,97 and recall =
0,94, confirming its ability to identify coordinate deviations even under minor external
disturbances.

The local Al assistant based on the Mistral model deployed via the Ollama platform
generated situational explanations in approximately 0,8 seconds on average, allowing its real-time
use. In 100% of the simulation runs, the system correctly identified which vessel was compromised,
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and all other fleet participants successfully excluded it from collective coordination, adapting their
routes according to the new fleet configuration.

These findings confirm that the proposed system can swiftly and reliably detect coordinate
anomalies related to GPS spoofing, generate meaningful and practical recommendations using a
local Al assistant, and ensure stable collective response among autonomous vessels without the
need for centralized control. Thus, the approach ensures functional cyber-resilience of the fleet,
even when one of its elements is compromised.

The hybrid system's advantages demonstrate high efficiency under realistic GPS spoofing
attack scenarios. Key advantages of the system include

— Decentralization: The system requires no centralized control or server; each vessel
autonomously detects anomalies and generates recommendations.

— Intelligent Explanation: Through local deployment of LLM models, each agent can
articulate the causes of incidents and suggest actions understandable both by humans and other
software.

— Resilience to Partial Fleet Disruption: Even if one fleet participant is compromised, the
collective behavior system maintains adaptability.

— Scalability: The architecture enables adding new vessels without modifying interaction
principles.

Despite the successful results, the system has certain limitations:

— Model Quality Determines Reliability: An improperly trained LSTM model may fail to
detect anomalies or produce false positives.

— Resource Requirements: Running the local LLM assistant demands adequate
computational resources, particularly CPU and RAM.

— LLM Security: Language models can be susceptible to prompt injection or may generate
ambiguous instructions under complex conditions.

— Network Reliability: Loss of communication between vessels could disrupt the collective
coordinate verification mechanism.

— The current evaluation involved a relatively small group of vessels. To ensure robustness
and scalability, the system should be validated in larger fleets and more diverse maritime
environments.

Conclusions. This study introduces a cybersecurity architecture for autonomous maritime
vessels that integrates real-time anomaly detection in navigational data, interpretative capabilities of
a locally deployed Al assistant based on a LLM, and decentralized coordination mechanisms among
fleet units. The system was evaluated in a simulated GPS spoofing scenario involving a five-vessel
autonomous group.

Compared to traditional centralized methods, the proposed solution offers significant
advantages in autonomy, scalability, explainability of decisions, and rapid situational response.
These attributes make the system a strong candidate for integration into next-generation maritime
platforms - including unmanned patrol, cargo, and oceanographic research vessels — where
resilience and independence are mission-critical.

Prospects for Further Research. Future directions for research and enhancement of the
proposed system may include:

— Multimodal Attack Detection: combining GPS, INS, AIS, and other sensor data into a
unified anomaly detection model.

— Contextual Training of the LLM Assistant: adapting responses based on vessel type,
mission objectives, and weather conditions.

— Model Optimization for Onboard Platforms: using lightweight models (such as
Gemma2B) capable of operating on edge devices.

— Agent Voting Mechanisms: instead of simply excluding a compromised node,
implementing opinion consensus algorithms (e.g., weighted consensus-based approaches).
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Ko3zauok 10., CimanenkoB A., 3inuenko C. KOJIEKTMBHA KIBEPBE3IIEKA ABTOHOMHUX
MOPCBKUX CYAEH HA OCHOBI JJEHHEHTPAJII3OBAHOTI'O IHTEJIEKTYAJIBHOI'O AHAJII3Y

YV oaniii cmammi npedcmaesneno nioxio 0o 3abesneyents KOJeKmMuHol Kibepbe3neku asmoHOMHUX MOPCbKUX
naam@opm wisixom iHmezpayii Memooie iHmeneKmyaibH020 aHauizy 0aHux, 0eYyeHmpariz08anoi KOOPOUHayil
ma enachoi 2ibpuonoi apximexmypu, wo noeonye Long Short-Term Memory (LSTM) 3 noxaneno 60y008anowo
senukoo Mognow moodewnto (LLM). Ocuosna innosayis nonseae y oonoenenni mpaouyitinoi LSTM-mooeni
xomnonernmom LLM — 3 memoro ne nuwie 6uUsGneHHs, dne U CeMaHmuyHo20 IHMepnpemy8aHHs aHoManit y
HaGieayitiHux OaHux, Wo € NPUHYUNOBO HOBUM NIOX0OOM O/l ABMOHOMHO20 MOPCLKO20 Cepedosuyd.

Ocobnusa ysaza npuoinacmucsa UABNIEHHIO, NOACHEHHIO Md O0eYeHMpAi308anil KOOpOUHayii peazy8ants Ha
amaxu muny GPS-cnygine, axi cmanoensims cymmegy 3a2po3y mouHocmi Hagieayii ma 3nazo0dicenocmi Oiil
A8MOHOMHUX (riomis. 3anpononosana cucmema, 3acHosana Ha eiacHitl moougpikayii LSTM-LLM, 3a6e3neyye
cyoHam 6azamopiene8y KOZSHIMUGHY 30AMHICMb: BUAGIEHHA GIOXUNEHb Y DealbHOMY 4dci, 2eHepayiro
KOHMEKCMYanbHUX NOACHEHb NPUPOOHOI0 MOBOI0, d MAKONMC PO3POOKY cmpameziuHux Oill 6e3 HeoOXiOHoCcmi
YeHmpanizo8ano20 ynpaeiiHHs.

Kniouosa 6iominnicme 6i0 HAAGHUX pileHb NONA2AE 6 JIOKAIbHIU ABMOHOMHOCMI: KOJNCHE CYOHO 30amHe
CAMOCMIUHO AHANIZY8AMU CUMYAYIUHI OaHi, Gopmysamu HOOUHOOPIEHMOBAHI NOSICHEHHS MA 3MIHIO8AmMu
N06eJIHKY 8IONOBIOHO 00 NOMOYHOI 3aeposu. Apximekmypa cucmemu NIOMPUMYE JlecKull RPOMOKOL OOMIHY
CMPYKMYpo8aHumu nogioomnenusmu y gopmami JavaScript Object Notation 0nsi weuoxkoi midccyornosor
KOMYHIKaYii ma OeyeHmpanizo8anuii KOHCEHCYCHUL MeXAHi3M Ha OCHO8I mampuyi 008ipu, wo OUHAMIYHO
OHOBIHEMBCA.

Eghexmuenicmo nioxo0y npodemoncmposano na cumynboeanomy cyenapii amaxu GPS-cnyghine npomu oonozo
3 n’samu agmoHoMHUX cyoen. Pesynomamu niomeepounu 30amuicms cucmemu MoYHO JOKALIZY8amu 0x4cepeno
3a2posu, niompumyeamu yinicHicme Micii ¢pnomy ma adanmugHo nepedy0o8ysamu HAaGieayiuHi piuleHHsa y
8i0N08i0b Ha KibepiHyuoeHm.

Knwuosi cnoea: asmomomui cyoma; xonexmusHa Kibepoesnexa;, GPS-cnyghine; eenuxi mosui mooeni;
Odeyenmpanizoéana koopounayis;, Ollama; Al-nomiunux; Kibepcmilukicms, MyJbMUASEHMHI  CUCEMU,
Mampuyst 008ipu.

© Kozachok Y., Simanenkov A., Zinchenko S.
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ABTOMATHYHE HAJAIITYBAHHSA HAJVIMIIKOBOI CTPYKTYPHU
CUCTEMHU JMHAMIYHOI'O IO3UINIOHYBAHHA 11O AETEPMIHAHTY

3inuenko C. M., 0.m.n., doyeum, npogecop kagheopu yYnpasiinHs CyOHOM, XepCcoHCbKA
oepoicasna  mopcbka — akademis, M. Xepcow, Vrpaina, e-mail:  srz56@ukr.net,
ORCID: 0000-0001-5012-5029;

ToBcTokopuii O. M., x.m.1., doyenm, 3a8idysay Kagheopu ynpasiiHusa cyoOHoMm, XepCoHCbKA
oepoicasna mopcvbka akademisi, M. Xepcow, Yxpaina, e-mail: otovstokory@gmail.com,
ORCID: 0000-0003-3048-0028;
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e-mail: Onushkodn@gmail.com, ORCID: 0009-0005-8394-3091;
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O6'exkmom 0ocniddceHHs € npoyecu OUHAMIYHO20 NO3UYIOHYBAHHA CYOHA 3 080MA KOPMOBUMU A3UNOOAMU |
HOCO8UM NIOPYIIOIOYUM NPUCMPOEM. A8momamuszayisi npoyecié Kepy8aHHs pPYXOoM O003601A€ 3HAYHO
nioguWUMYU  eheKMUBHICIMb CUCHEM KePYBAHHs 3d PAXYHOK GUKOPUCMAHHA CYYACHUX Memodie 06pobKu
iHGhopmayii, exmouarouu onmumizayiio. Hoei moosicniusocmi niosuwjenHs eexmueHocmi cucmem KepyeauHsi
3'A6UNUCS 3 GUKOPUCTIAHHAM HAOIUWKOBO20 KEPYBAHHA. Y MOpCHbKill eany3i HAOIUWKOGI CMpPYKmypu
HaubiNbU020 NOWUPEHHA HADYAU Y CUCMeMAaX OUHAMIYHO020 no3uyionysanns. OOHIE i3 uMo2 00 MAKUX
cucmem € 3abe3neyeHHss MaKkCUMAIbHOT MOYHOCME NPOYeCie NO3UYIOHYBAHHS, Y MOMY YUCTE npu OLi 3068HIWUHIX
6naUBI8 3 0y0b-1K020 HAnpsAmKy. Ha OymKy aemopie, maky MONICIUSICIb CUCHEMU KepPYBAHHS MOJICHA
3a6e3neuumu MaKCUMAanibHUM PO36e0eHHAM KepyIouUx 6eKmMopie CMpyKmypu (MaKcumizayiero 0emepmiHanmy).
Y pobomi pospobreno memoo HanawimyeanHa HAOIUWKOBOI CMPYKMYpU, AKUll 3a0e3neuye  maky
Mmoorcnugicms. Ompumanuil pe3yrbmam NOACHIOEMbCSA: BUKOPUCIAHHAM Y CUCMeEMI Kepy8aHHs OOpmo8oco
00uUCTIO8AYA;, 3HAXOONCEHHAM HA KOXNCHOMY Kpoyi OOpmo6o2o 004UCI08aYd ONMUMATLHOZO CHAHY
CIMPYKMYpU, AKUN BUSHAYAEMBCA MAKCUMATbHUM OeMepMIHAHMOM, 13 6DAXY8AHHAM O0OMedceHb muny
pisHocmell, 01 CIMBOPEHHA CMPYKMYpPOlo HeOoOXIOHUX KepyeaHb, md muny HepigHocmel, Ol 8Pax)y8aHHs
o0OMedceHb CMPYKMypUu No MAKCUMATbHIU CUNi ynopy i Kymy nO8OpoOmy 26UHMI8; NepeHaNaumy8aHHIM
cmpyKkmypu y GusHauene onmumaibHe nonodcenns. Ilpayezdoamuicmv ma  egexmuenicmv  Memooy
niomeepoIIceHi MamemMamudHum Mo0enosannam y cepedosuwyi MATLAB.

Knrouosi cnoea: inmenexmyanvHi mpancnopmui cucmemu, Hagieayitina 6e3neka, HAOTUWKOSI CIPYKMYypu;
ONMUMANbHI HALAUWMYBANHSA, OUHAMIYHE NOZUYIOHYBANHS, OeTEPMIHANM CIPYKMYDU.

DOI: 10.33815/2313-4763.2025.1.30.016-030

Beryn. ABTomarusaiisi MpoleciB KepyBaHHS pPYXOM JO3BOJISIE 3HAYHO IMIJBUIIUTH
e(eKTUBHICTh CHCTeM KEpYBaHHS 3a pPaxXyHOK BHUKOPHUCTAaHHS CY4YacCHHX METOMdIB OOpOKHU
iH(popMallii, BKIIFOUAIOYU ONTUMI3AIi0. ABTOpaMH CTATTi, Y MOTIEPEIHIX poOOTaX, TOCIIKYBAITUCS
MUTaHHS aBTOMAaTH3allii Ta ONTUMIi3alii MPOIECiB KEpyBaHHS PyXOM CyJHA JJs BHUKOHAHHSA
IBapTOBUX orepamiit [1], po3xomkeHHs 3 OaraTbMa MaHEBPYIOUUMH IUIsMH [2], imeHTH KA
MaTteMaTu4Hoi Mozem cyaHa [3] Tomo. HoBi MOXIMBOCTI MifgBUIIEHHS €(PEKTUBHOCTI CHCTEM
KepyBaHHS 3 SBUJINCS 3 BUKOPHCTAHHSM HAJUIMITKOBOTO KEpyBaHHA. HaMIIKOBI CTPyKTypH
BUKOHABYMX TMPHUCTPOIB TPATUIINHHO TMOYaTd BUKOPUCTOBYBATHCS [JJIsi pPE3epBYBaHHSA Ta
MIBUIICHAS HAIMHOCTI CUCTEM KEpPYBaHHS, NUISIXOM BHKIIOUEHHS 13 POOOTH MPHUCTPOIB, IIO
BIIMOBWJIM. 3TrOJIOM, BOHU TIOYaJIM BHUKOPUCTOBYBAaTHCS TaKOX JMJIs ONTHUMI3AIlil MpoIleciB
KepyBaHHS y KOCMIYHIN Ta aBianiiHiid ramy3i [4], 3BaproBaIbHOMY BUPOOHUITBI [5], KepyBaHHI
MaHIMyJIITOpaMU TOLIO. Y MOPCHKIM rajty3i Ha/UIMIIKOBI CTPYKTYpPH HaMOIIBLIOrO MOIIMPEHHS
HaOyJIM y CUCTEMax AMHAMIYHOTO MO3HIIOHYBaHHS [6, 7]. BukopucTaHHs HAJTUIIIKOBUX CTPYKTYD
BUKOHABYMX TPHUCTPOIB CYACH MJs ONTHUMI3allii €HEeProcloXMBaHHS 1 KepyBaHb PO3TJISAAIUCS
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panime y pob6orax aBtopiB [8—10], mOCHIIKCHHIO MIiHIMAIGHO HAJUIAIIKOBOI CTPYKTYPH
orropHoro cyaHa mpucBsideHa pobota [11], mepeHanamITyBaHHS HAIIHIIKOBUX CTPYKTYp Oe3
30ypeHb pO3TisHYTO y poboti [12]. V maHiii cTaTTi HOCHTIIKYETHCS MOXKIUBICTh BUKOPHCTAHHS
HAJJIMIITKOBOTO KEPYBAHHS AJIsl 3MEHILICHHS TUHAMIYHHUX MMOXUOOK MO3UIIOHYBaHHA. 3abe3neueHHs
MaKCHUMAaJIbHOI TOYHOCTI MPOIIECIB MO3HIIOHYBaHHS, Y TOMY YHCII TPH Jii 30BHINIHIX BIUIMBIB 3
OyIb-SIKOTO HAMPSIMKY, € OJIHI€I0 13 HaWBAXIMBIIIUX BUMOT 10 TakuX cucteM. Ha mymky aBTOpiB,
TaKy MOJJIMBICTh CHCTEMH KEpPyBaHHS MOXKHA JIOCATTH 332 PaXxyHOK MaKCHMAaJIbHOTO PO3BEICHHS
KEpYIOUUX BEKTOPIB CTPYKTYpH (MAaKCUMI3ALIEIO IETEPMiHAHTY ).

OO6'eKTOM JOCHIPKEHHST € TPOLECH JHWHAMIYHOIO IIO3MLIOHYBaHHS CyJHAa 3 JBOMa
KOPMOBHUMH a3UII0JIaMH 1 HOCOBUM I1APYJIIOI0YUM IPUCTPOEM.

[IpeameTom pochipKeHHS € MOJAENI Ta METOAW 3MEHIICHHS JIUHAMIYHUX TIOXHOOK
MO3UIII0HYBaHHS.

IloctanoBka mnpoGaemMu. Po3poOuT MeTOon KepyBaHHS HAJUIMIIKOBOI CTPYKTYPOIO
BUKOHABUMX MPHUCTPOIB CyJHA 3 JIBOMa KOPMOBHUMHM a3MIIOIaMU Ta HOCOBUM HiPYJIHOIOYUM
MIPUCTPOEM, IKUH JO3BOJUB OM 3MEHILUTH AUHAMIYHI MOXUOKH MMO3UI1I0HYBAHHS.

AHali3 ocTaHHiX gocailzkeHb Ta myoOaikauniii. Onrumisamiss MpoleciB KepyBaHHS,
BUKOPUCTAHHS HAUIMIIKOBUX CTPYKTYD IUIsl pe3epBYBaHHS Ta ONTUMI3aIlil paHille po3Tisaaincs y
6araTbox pobOTax aBTOPIB.

JlocmiKeHHST CHCTEeMH KepyBaHHs aBTOHOMHUM HaJBOJHHM CYTHOM, sKa 0 3a0e3neuyBaiia
Oe3meyHe Ta TOYHE BUKOHAHHA (YHKIIOHAJBHUX 3aBJaHb 3a HAsABHOCTI BITpY, Tedwii Ta
XBUJIIOBaHHS, HaBeneHO Y poOoTi [13]. IlpencraBiena HOBa TOMOJOTISI KOHTPOJEpa, 3aCHOBaHA Ha
noennanHi [IIJI- perynaropa Ta omnTuManbHOrO KepyBaHHS. HamamTyBaHHS —perynsaropa
chopMoBaHI Ha OCHOBI OTPUMAHHMX PE3yJIbTaTIB ONTUMAIBHOTO KEpPyBaHHSA, IO 3a0€3MeYnIIo
MiHIMi3aIlil0 MOJIETbHUX HeBHU3HaueHocTel. [Ipare3gaTHicTh Ta e()eKTUBHICTh METOAY MEpeBipeHi
Ha MaTEeMaTUYHIA MOJIEJl peaabHOro cyaHa 3 3 cTymneHsmu cBoboau (moaenb DoF). Pesynbratu
MOJIeNIoBaHHs nokazanu, mwo [II/I-perynsTop, HajgamToBaHUI BIAMOBIIHO 1O 3alpOIIOHOBAHOTO
METOJIy, 3AaTHUH MPALIOBATH 32 PI3HUX MAPAMETPUYHUX HEBU3HAYCHOCTEH.

VY crarti [14] po3mIsiHYTI MUTaHHS ONTHMAJIBHOTO KEPYyBaHHS CTPUIOBUMHU KpaHAMH, IO
BUKOPUCTOBYIOThCS Ha CyaHaX. Mojenb TUHAMIYHOTO CTPIJIOBOTO KpaHa JHEapH30BaHA MUISTXOM
po3knananHa B psa Telnopa HaBKOJIO poOOYOi TOUKH, sIKa MepepaxoByBajacs Ha KOKHOMY KpOIIi
KepyBaHHs. sl po3paxyHKy KoedilieHTa MiJCUICHHS Y KaHalli 3BOPOTHOTO 3B'S3KYy peryisropa
po3B's3yBasiocsi anreOpaiuHe piBHAHHSA PikkaTi. 3anpomoHOBaHMM TMIiAXiA 10 ONTHMAJIbHOTO
KepyBaHHS 3a0€3MeUrB IIBUAKE Ta TOYHE BiJICTE)KEHHS 3MIHHUX CTaHIB CTPUIOBHX KpaHiB IpHU
MOMIpHUX (UIYKTYaIlisIX BXITHUX KEPYIOUHX CUTHAIB.

JlocmiKeHHIO MBUAKOIT aBianiifHoro maneBpy Kymnw0it, mpu cTBOpeHHI 0a3u MaHEBpIB,
npucBsiueHa podota [15]. 3a mormomororw MeToay 3aMiHM 3MIHHUX 1 HakJIaaeHHS QyHKIIT mTpady,
3aada ONTUMAJIFHOTO KEPYBaHHS 3 BUIBHMM KIiHIIEBUM CTaHOM 1 4acOM IEpETBOPEHA y 3a/1ady
ONTUMAJILHOTO KepyBaHHS 3 (iKCOBAaHUM KIHIIEBUM CTaHOM. Pe3ynbTaTu MOJENIOBaHHS MOKa3allu,
110 3aIPOIIOHOBAHUI METO/ I03BOJISIE ONTHMI3YBaTH Y Yaci KepyBaHHA 11l MaHeBpY KynbOiT.

VY crarti [16] po3mIsSIHYTO MIBapTOBHUK MaHEBpP aBTOHOMHOTO HaaBoaHoro cynHa (AHC) 3
BUKOPUCTAHHSAM Moau(pikoBaHoi MexaHiku (Tpocy). Mama IMIBHAKICTH CyJIHA IMpH IMIBapTyBaHHI
ICTOTHO 3HWXY€E WOr0 MaHEBPOBI MOKJIMBOCTI, a BIiT€p 1 XBWJIIOBAHHS 3HAYHO MiJACHIIOIOTH IIEH
edexT. BHecok crarTi B po3poOky meroxiB mBapTyBanHs AHC 3 BuKopucTaHHAM MOIU(IKOBaHOT
MEXaHIKU TOoJsrae y BpaXyBaHHI MpPOBHUCAHHs KaHarta. Lle MOCSITHYTO 3a paxyHOK BHKOPHCTaHHS
kol mrpadHoi GyHKINT Ta JIIHIHHOTO KOMIUIEMEHTAPHOTO PillleHHS.

VY crarti [17] mochmimpkeHo 3amady ONTHUMI3Allii BEPTUKAJIBLHOTO 3HIKEHHS KOCMIYHOTO
KOpalJist i1 4ac MOCAJAKH Ha IUIAHETy, 3 ypaxyBaHHAM OOMEXEHb Ha TIicaay Ta TATYy JABUTyHa. B
SIKOCT1 KPUTEPit0 ONTUMAJILHOCTI MPUHHATA QPYHKIlIS MiHIMI3aIlii eHeproBuTpar. Bnepie noBeaeHo
dopmy Max-Min-Max abGo Max-Singular-Max onTUManbHOrO KepyBaHHS 3a MPUHIIMIIOM
MakcumyMy [loHTpsarina. OTpumaHuil pe3ynbTaT MOMIMPEHO Ha 3aJadi KepyBaHHS 3 ypaxyBaHHSIM
BIUMBY arMmocdepu. [TokazaHo, MO CHHTYJSIpHA CTPYKTypa HE BUHUKAE B PO3MIMPEHHX 3a/Jadax
KepyBaHHSI.
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Tak, y po6orti [ 18] po3mIsiHyTi TUTaHHS ITiIBUICHHS HAIMHOCTI MAMUITHUKIB 3 MAarHITHUM
MiBICOM Y KOHCTPYKIISX 13 pe3epBYBaHHSIM, 32 PaxyHOK peKOH]Irypaiii KOHCTPYKIIi y pasi
BiTMOBH OKpeMHX KOMIOHEHTiB. KoedimieHT cTpyMy 3MIIIEHHS € OJJHUM 13 KJIFOUYOBUX (DAaKTOPIB y
CTIIKOMY 110 BiZIMOB KOHTpOJIi. ABTOpaMU PO3pOOJIECHO METOJA ONTHMi3allii KoedillieHTa CTPyMy
3MIIIEHHS B PE3€pBHIA CTPYKTypi. 3a JOMOMOTOI MAaTEMAaTWYHOTO aHali3y Jdialma3oHy 3MiHU
koedimieHTa CTpyMy 3MIIICHHS JOBEJICHO ICHYBAaHHS ONTUMAJBHOTO pimieHHsA. Po3po0ieHo
QITOPUTMU MOIIYKY ONTUMAIBHOTO PillICHHS.

Y crarti [19] po3risHYTI NHUTaHHS CTBOPEHHS BIJMOBOCTIHKOI CHCTEMH PYJIbOBOTO
KepyBaHHS O€3MUIOTHUX MiABOJHMX amapatiB. I[IpoBeneHuid aBTOpamMH aHali3 IOKa3aB, IO
HAJIMHICT CHCTEMU KepyBaHHS, s5Ka BHUKOPHUCTOBYE CTpAaTeril0 Ta alrOPUTMH KEpyBaHHS
pe3epByBaHHIM, 3HAYHO Kpallla, HiXK TpaJuLiiiHa KOH(ITyparis.

MeToau KepyBaHHS PE3EPBHOI0 CTPYKTYPOIO EIEKTPOTiIPaBIiYHUX IMPHUBOJIIB HAa OCHOBI
HEYITKOI arperaiiii, mpaBuj HEUiTKOi Jorikh MampaaHi Ta Teopii HEYITKMX HEHPOHHUX MEpex
nociipkeHo B [20].

VY kepiBHUNTBI [21] MICTATHCS peKOMEHAIIT 11010 MPAKTHYHOTO MAHEBPYBaHHS CYJTHOM 3
JBOMa KOPMOBUMH a3uMyTalbHUMU mnpuctposimu (All). Po3riasHyTo MOXIMBOCTI KIIBKOX
¢bikcoBaHMX pexuMiB. BpaxoByroum, m0 Ii peXUMH peaizyloTbcs BpyuHy, Kytu All y Beix
pexuMax BHOMPAOTHCA KPAaTHUMH 45 KpiM PEKHUMIB IIBHUIKOTO MEPEMIIIEHHS BJIIBO Ta BIIPAaBO.
CrpykTypa 3 nBoMa kopmoBuMH All MOXe BUHUKHYTH, KOJIH HOCOBUH 1 KOPMOBHUH MiIpYITIOIOYi
MPUCTPOi BUXOIATH 3 JIaAy 4Yepe3 3acMiueHHS MICKOM abo MysoM. Taka KOHCTPYKIISl € OCTaHHIM
«pyOexxem», iKui 3a0e3nedye TpHBUMIpHE KEpYBaHHS, TOMY BOHA OCOOJIMBO IIiKaBa.

Y crarti [22] po3po0iieHO BiIMOBOCTIMKHI KOHTPOJEp JUIS aJalTHBHOI BHCOTHOI
KOHCTPYKIIIi, IKWiA 31aTHUIA aJanTyBaTUCS O MHOKUHHHUX BiIMOB ITPUBOJIB 1 € BAXKJIMBUM KPOKOM
JUISL aBTOMATHU3allli aIallTUBHUX CTPYKTYp. 3alpONOHOBAaHUI 3aKOH KepyBaHHS CKIAAA€ThCA 3 JBOX
YacTUH — CTAaTHUYHOI KOMIIEHCalii 3MIIIEHHs, sKa NPOTUIIE TOCTIHHIA CWIi, NPUKIAACHIN
HECIIPaBHUMH TPUBOJAMHU JI0O MEXaHIYHOI KOHCTPYKIIi, Ta PEeKOH(IrypOBaHOTO JIIHIHHOTO
KBaJ[PaTUYHOTO DPETYJIATOPA, KU ONTHMAJIbHO MiHIMI3ye BiOparii KOHCTPYKIi 3a JTOTIOMOTOIO
pemTH (QYHKITIOHYIOYHX MPUBOIIB. 3aPONOHOBAHMH MTiIX1 MEPEBIPEHO MOJICIIOBAHHSAM B YMOBax
BITpOBUX 30ypeHb. Pe3ynpTaTh MOJENOBaHHS IOKa3ajiH, IO BiJIMOBOCTiiiKa cxema KepyBaHHS
3a0e3neuye Ounblml edexTuBHy poOoty cucreMud (1o 33% y TOpIBHAHHI 3 HOMIHAJIBHUM
KOHTPOJIEPOM).

VY crarti [23] 3agada CHUHTE3y CHCTEMH KEpyBaHHS JIITaJIbHUM amapaToM TIIOB’si3aHa 3
MOJIMBICTIO CTPYKTypHOi mepeOynoBu (pexoHpirypariii) 3akoHIB KepyBaHHS TpU 30epexeHHi
JUHAMIYHUX BIIACTUBOCTEN 3aMKHYTOTO KOHTYPY «JIiTaK — CHCTEMa KEpyBaHHS» y pa3i BIIMOB 1
MOIITKO/IKCHb.

MonynbsHi noBiTpsiHI poOoTu3oBani cuctemMu (Modular Aerial Robotic Systems, MARS)
CKJIaJalOThCsl 3 0araThbOX MOJYJiB-JPOHIB, 310paHUX B €IMHY IHTETPOBaHY JiTalo4y IUIATGOpMY.
3aBasku BOyAoBaHiN HammumKoBOocTi MARS Moxe camMoCTiHHO 3MiHIOBaTH KOH(DIiryparito ais
MOM’SIKIIICHHSI HECTIPAaBHOCTEH Ta MiATPUMYBaHHsS CTaOUTFHOTO MOJKOTY. B HasBHUX poboTax i3
camopekoHdirypamnii MARS dacto He BpaxoBYe€ThCs TMpaKTHYHA KEPOBAHICTh MPOMIKHHX
CTPYKTYP, IO 0OMEKY€ TXHIO 3aCTOCOBHICTh. Y cTaTTi [24] po3risHyTa ntuHaMivHa Moaeab MARS
13 BpaxyBaHHSIM OOMEXKEHb IMPOMINKHHUX CTPYKTYp Ta 3ampOIOHOBAHO HaAiMHUN 1 e()EeKTUBHHUIA
QITOPUTM CaMOBIJTHOBIICHHS, SKHH MaKCHMIi3ye€ 3amac KEepOBAaHOCTI Ha KOXKHOMY MPOMIKHOMY
eTari.

PezepByBaHHS ~ KepylOUHMX  TOBEPXOHb  JIa€  MOXIIUBICTH  CHCTEMi  KepyBaHHS
pekoH]IrypyBaTH 3aKOH KepyBaHHS NMPU BUHUKHEHHI HECIPABHOCTEH IIiJ 4ac MOJIBOTY. Y PoOOTI
[25] 3amporoHOBaHO MOXJIHMBI HECHPAaBHOCTI PO3AUTMTH Ha JBI Kareropii: mepeadadyBaHi Ta
HeriepenOauyBani. IlepenbadyBaHi  HeCcHpaBHOCTI  OOpOOJSIOTHCS — aNAallTUBHOK  CXEMOIO
nepeMuKaHHs MK MojenssMu. HemependauyBaHi HeCTpaBHOCTI  OOpOOJSIIOTBCS — MPOCTOIO
aIaTITUBHOIO CXEMOIO KePYBaHHsI, 100 3MyCHUTH CTaHI[IIO 3 HECIIPABHOCTSAMU BiJICTEXKYBATU 3a/1aHy
€TaJIOHHY MOJieNb. Pe3ynbTaT MOIeIOBaHHS TOKA3alIH, 1[0 PO3pOOIIEHA CTpaTeris peKoH(iryparii
3/1aTHA IIBUKO BUSBUTH HECTIPABHICTH 1 CTa01Ii3yBaTH JiTaTbHUM anapar.
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MonynbHi camopekoH(pirypoBaHi kocmiuni kopabni (MSRS) ckimamaroThest 3 OHOPITHUX
abo pI3HOPIIHHUX MOAYNIB, SKI MOXYTh aBTOHOMHO TpaHchopMmyBaTu KoH(pirypamio 6e3
30BHIIIHBOTO BTpy4aHHs. Y crarti [26] posrmsHyTi KiarowoBi TexHonorii MSRS. Ommcano
KOHIIETILii MOJTyJIbHUX peKoH}irypoBaHux kocMiuyHux anapatiB (MRS) i MSRS Ta npoanainizoBaHo
nepeBarn octaHHboro. BBemeni TumoBi MSRS. IlpoananizoBano kimo4oBi TexHoiorii MSRS:
TEXHOJIOT1Sl MPOEKTYBAHHS CKJIAJANbHOI KOHCTPYKIIIi, TEXHOJIOTisI onTuMizalii koHpiryparii Micii,
TEXHOJIOTIS TUIAHYBaHHS CaMOCTIMHOI peKkoHQIrypallii Ta TEXHOJIOTisI KOOIEPaTUBHOIO KEPyBaHHS
no3utismu. [Ipencrasneni TenaeHuii po3BuTky MSRS.

OnTumizalis BiIrpae BUpIIAIbHY POJIb Y KEPYBaHHI KIHEMAaTUYHUM PYXOM Ha/JIMIIKOBHX
MaHimyasITopiB. YMHHI KIHEMaTHYHI CXEMHU HE BPaxXxOBYIOTh ONTHUMI3allil0 MaHIMYJISTUBHOCTI, a00
BAMAralTh TEPETBOPEHHS HEOIMYKJIOi 3agadi B OMyKIy, IO MOXE BIUIMHYTH Ha ONTHMAaJbHY
MaHIMyJISATUBHICTh. TakoX, YMHHI KIHEMaTHYHI CXEMH DIJKO BPaxOBYIOTh MEpelIKoau. Y poOoTi
[27] nponoHyeTbCsl ONTUMI3allisl MaHIMYJIATUBHOCTI 3 BUKOPHUCTAHHSM PEKYPEHTHOI HEHPOHHOI
Mepexi (metaheuristic-based recurrent neural network MRNN) Ha OCHOBI METaeBpPHUCTUKH, sKa
MOXKe Oe3mocepelHbO OOpOOATH HENIHIAHY Ta HEBUIIYKIY 3a7adyy 3 OOMEXEHHSMHU Ta
3a0e3nedyBaTd JOCATHEHHS TIJoOanbHOro onTuMyMy. HaBeneHi pe3ynbTaTH KOMIT IOTEPHOTO
MO/IEJIIOBAHHA Ta (PI3UYHUX €KCIIEPUMEHTIB, SIK1 IEMOHCTPYIOTh IIepeBaru 3alpOOHOBAaHOI CXEMHU.

OnTumizaiiis (QyHKIIOHAIBHOT HAATUIIKOBOCTI € OJHUM 13 Halle()eKTUBHILINX CIOCOOIB
MOKpAIIUTH MPOAYKTUBHICTH poOora. Kommpomic MK IMJIaBHICTIO pyXy poOoTa Ta IHIIMMU
BAXJIMBUMH aclleKTaMd pPOOUTH HpoOjeMy oONTuMizalii HaATO HEIIHIMHOI0, SIKY HEMOKJIMBO
PO3B’s13yBaTH NpH (hpesepHux oneparlisx. Y crarti [28] mokazano, mo pyx podora Oy/ie mpruOIH3HO
TUTABHUM, KOJIU (PYHKITIOHATIBHI HAUIMIIKOBOCTI Pi3Ild € 3MIHHUMH (YHKII1 3riIaKyBaHHsa. Ha mii
OCHOBI IOOYZIOBaHO CyporaTHy Mojaeib Jlexanapa Ui miiaHyBaHHS ONTUMAIIbHOT (PYHKITIOHATBHOT
HQ/UIMILIKOBOCTI, sIKa [JO3BOJSIE 3HAYHO CKOPOTHUTH OO4YMCIEHHSA. Pe3ynabratu peanbHOro
eKCIIEpUMEHTY 3 (pe3epyBaHHS TPUBUMIPHUX S-MOJAIOHUMX KAaHABOK 3alpONOHOBAHUM METOAOM
MoKa3aJid, 110, y TMOPIBHAHHI 13 BIJOMHUMH METOJAMH, OCATA€ThCS OLIbIa MPOXYKTHBHICTH
(dpe3epyBaHHs Ta €PEKTUBHICTH OOYHCIICHB.

VY po6ori [29] po3rasHyTi MUTaHHS MaKCHMI3aIlil KEPYIOUYOro MOMEHTY y KaHalli PUCKaHHS
CYJICH 3 HAJUTUIIKOBUMH CTPYKTYypaMH BUKOHABUUX MPHUCTPOIB.

Merta Ta 3ama4i gocaixxeHHss. MeTor JOCHIKEHHS € 3MEHIIEHHS JUHAMIYHUX [MOXMOO0K
MO3UIIOHYBaHHS OQIIOPHOTO CyJIHA 3 JBOMAa KOPMOBHMH a3UIOJaMHU 1 HOCOBUM IiIPYITIOIOUNM
MPUCTPOEM. 3aJadyaMu JIOCHIPKEHHS €. BU3HAYEHHsS MATpULl CTaHy CTPYKTypu Ta ii MIHOpIB;
3HAXO/PKEHHSI CUHTYJISIPHUX CTaHIB Ta CTaHIB, MAaKCHMaJbHO BIJIAJICHUX BiJl CHUHTYJSAPHHX;
po3po0Kka METOAy ONTHUMAJIBHOIO HAJAIUTYBAHHSA IO JAETEPMIHAHTY; BUOIp Ta HaJaIITyBaHHS
MpoIeIypd YMOBHOI ONTHMi3allii; TmepeBipka Mpane3JaTHOCTI Ta e(QEeKTUBHOCTI METOdy
MaTeMaTUYHUM MOJEIIOBAaHHSIM.

OcHoBHa yacTuHa. CxeMa KepyBaHHS Cy/JHOM 3 JBOMa KOPMOBHUMH a3UIOJaMH i HOCOBUM
HiAPYJIOI0YUM IPUCTPOEM HaBeIeHa Ha puc. 1.

BT

G
P vy,

Pucynok 1 — Cxema kepyBaHHS CyTHOM 3 JBOMa KOPMOBUMH a3UIOAAMHU
1 HOCOBUM IiAPYJIIOI0UYNUM MPHCTPOEM
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Ha pucynky 3o00paxkena 3B’si3aHa cucrema koopauHaT (3CK) OXiY1Zi, modarok sikoi
3HAaXOAMThCSA y LEHTpl oOepTaHHs cynHa. Bice OXi nexuTh y JIiaMeTpasibHIN IUIOIIMHI Cy[JHA,
napajiensHa namyOi cy/iHa 1 HampaBlieHa B HOCOBY 4acTuHy cyaHa. Bice OY1 mepneHmukyisipHa
JiaMeTpaibHIM TUIONIMHI CyJHA 1 HampaBleHa B CTOpOHY mpaBoro 6opty. Bice OZ1 nmomoBHIOE
CHCTEMY 10 «IpaBoi». Takoxx Ha PUCYHKY 300paxeHo aBa kopmoBux asumnoaun ACDi ta ACD:2 i
HocoBuH minpymorounii npuctpiit BT. Ilonoxenns nepioro asunoxy ACD1 y 3CK Bu3HavaeTbest
koopauHartamu  (—a,—b,0); monoxkenns apyroro asunmoxy ACD2 y 3CK BusHauaerbes

koopauHatamu  (—a,b,0); TOMOKEHHS HOCOBOrO minpymowdoro mpuctporo BT 'y 3CK
BU3HAYAETHC Koopaunatamu (c,0,0). [lepumii asunon ACD1 CTBOPIOE BEKTOP CHIIM yIOPY TBHHTA
Pp=(P cosaq,Psinay), 1e P — MOIyJb CHIM YIOPY TBUHTA MEPLIOTO A3WMIOAY, Of — KyT
[IOBOPOTY IEPIIOTO a3UIOAY, Ta Ma€ OOMEKEHHs Ha KepyBaHHs |P1| < leax’ || <. Opyruit
asunon ACD2 cTBOpIOE BEKTOp CHilM ymopy TBUHTa Pp =(Po cosap, Posin oy ), 1e P, — Momysb

CHUJIM yNOpY I'BUHTA APYTOro a3UIoONy, o.p — KyT IOBOPOTY APYIroro a3uropay, Ta Ma€ OOMEKEHHS Ha

maXx . - o .
KepyBaHHS |P2|S P2 , |OLZ|STE. HocoBuii migpynorounii OpucTpiii CTBOPIOI0 OOKOBY CHILY

P3 2(0, Pg), AKa 0OMEKEHA BEJIMYUHOIO |P3| < P3max. 3amuuIeMo MaTPULIO CTaHy CTPYKTYpH i3
BeKTOpiB Py, Py, P3
P cosa; Pisinay
S=|Pycosa, Psina,|. (1)
0 Ps
Marpunst S[3,2] npsMokyTHa 1 ii paHr BU3HAYA€ThCS HAWOUIBIIMM IOPSIKOM HE HYJBOBOI'O
MiHOpY. 3anuIIeMo MiHOPH JpyToro mopsaky marpui S[3,2].

[Tepmuit miHOp

_|Picosay  Rysinoy )
" |Pycosay  Pysinan|’
det M1 = PP, sin a5 cos oy — PPy sin oy cos oy = PP sin(aip — oy ), (3)
detM1:0—>(a2 —al)zinn,n=0,1,2,.. (4)
Hpyruit MiHop
P cosa; Pisinag
2= , (5)
0 Ps
detM, = B P3cosay, (6)
detM2:o—ml:ginn,nzo,l,z,.. )
Tperiit miHOp
P, cosay P,sinagp
3= ) (8)
0 Ps
detM3 = P,P3cosas, 9)
detMg =0 —> o :ginn,nzo,l,Z,.. (10)
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VY 3aranbHOMY BWITQJKy BCi TPH BHU3HAUYHUKM MIHOPIB HE JOPIBHIOIOTH HYJIO 1 MaTpPHUILA
CTaHy CTPYKTYpH Ma€ paHr rang(S)=2, To6TO CTPYKTypa y BCiX BHUIIaJKaX, 32 BUKIKOUECHHSIM

CHUHTYJISIPHUX (BUPO/IKEHHX) CTaHiB, MOKE CTBOPIOBATH KEpyBaHHs y miiommHi OX,Y; . CUHTYISpHI
CTaHU CTPYKTYpPH BU3HAYAIOTHCS PIBHSIHHIM

oy = oy :ginn,n:O,l,Z,.., (11)

OTpUMaHUM 13 piBHAHB (4), (7), (10), Koau Bci TpU MIHOPU APYToro NOPSAKY AOPIBHIOIOTH HYJIIO.
V CUHTYISpHHX cTaHax Bektopu Pj,P,,P3 komineapHi, paur marpuii crady rang(S)=1 i
CTPYKTypa BTpada€ MOMKIIUBICTh CTBOPIOBATU KEPYIOUy CHIIY B3J10BK ocl OXj .

[Ipy mnpakTHUYHOMY 3aCTOCYBaHHI OaXaHO YTPUMYyBAaTH CTaH CTPYKTYpPH TOAAi Bif
CHUHTYJIIPHOTO, III0 JOCATAETHCS MaKCUMI3AIli€l0 BU3HAYHUKIB MIHOPIB

detM1|= R Pysin(aco —ag ) > max, (a2 —aq)==2mn,n=012,.. (12)
;

det M| = Py P3|cosay| — max, o = +nn,n=012,... (13)

|det M 3| = PyP3|cosap| — max, ap = +rn,n=01,2,... (14)

YmoBu (12)—(14) He MalOTh CyMICHOTO pILIEHHS, IPOTE, BUKOPUCTAHHSA OYIb-SIKOI 13 HUX
rapaHTy€ MakCHUMaJbHY BiJJIaJ€HICTh CTPYKTYPH BiJl CUHTYJISIDHOTO CTaHy 1 CTBOPEHHs Haikparioi
KepoBaHOCTI cyaHoM. lle 103Boisie 3MEHIIUTH AMHAMIYHY 3aTPUMKY CHCTEMH KepyBaHHS Ta
NOXHOKY, BUKJIHMKaHI 1€t 3atpuMkor. Takoxk, ymoBu (12)—(14) MoXHa BUKOPHCTOBYBATH JUIS
pekoHdIrypatlii CTpyKTypu IpU BiJIMOBI OJIHOTO 13 BUKOHABUHX MPUCTPOIB, a came, yMoBy (12) —
npu Bigmosi HIIII, ymoBy (13) — npu BigmoBi ACD», , ymoBYy (14) — npu BiziMoB1 ACD; .

YmoBu (12)—(14) € 1u1bOBUMHU (QYHKIISIMHU, SIKI MaKCHMI3yIOTh BU3HAUHUK (J€TEPMIHAHT)
CTPYKTypU 1 3a0e3nedyroTh HaiKpally KepoBaHICTh CyJHOM. Takoxk, J10JaTKOBO MOTPiOHO
BpaxoByBaTH OOMEKEHHS TUITy PIBHOCTEH, K1 3a0€3Meuy0Th CTBOPEHHS CTPYKTYpPOIO HEOOX1THHUX
KEepPYIOUUX CHJI 1 MOMEHTIB, a TaKOX OOMEXEHHS THIy HEpIBHOCTEH, SIKi BPAaXOBYIOTH JIOIYCTHMI
Jiana3oHU 3MIHHU MApaMETPIB CTPYKTYpPH

Q =[sin(otg —ag | > max

P cosaq + P> cosan — P; =0
Plsinoc1+P25ino,2+P3—P;=0

Pibcosaq —Pybcosay —Pasinag —Prasinan + Psc—M ; =0- (15)
|Pl|s leax,|oc1|Sn

|P2| < szax ,|0.2| <n

|P3|£ P3max

Bupimenns onrtumizaniitnoi 3amadi (15) mpoBoautbess y OOpTOBOMY OOYMCIIOBadi 13
BUKOPUCTAHHSAM TIPOLICypPH HENIHIHHOI onTuMmizamii 3 OOMEXKEHHSMU THITy pPIBHOCTEH Ta
HEpPIBHOCTEH.

MaTtemMaTH4YHe MOJEJIOBAHHS TMpoueciB IHHAMIYHOrO mNoO3uUioHyBaHHsA. J[ns
MiATBEP/KEHHS TPAIe31aTHOCTI Ta €()EKTUBHOCTI PO3POOJIEHOTO METOLy TIPOBEIECHO MaTEMAaTUYHE
monemoBanHs y cepenounli MATLAB. OcHOBHI XapaKTepHCTUKH MaTEMAaTUYHOI MOJIENI CyAHa
BIJIMOBIIal0Th XapakTepucTukam odmopHoro cyaqaa ESNAAD-224 i naBeneni y Tabmmii 1.
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Tabmurs 1 — OCHOBHI XapaKTePUCTHKH MaTEMAaTHIHOI MOJIEII CyHA

Haiimenysannsa napamempa 3Hauennsn napamempa
Maca cynna M, xr 4,02e6
Jlosxuna cyqaa L, m 70,4
Iupuna cyana B, m 15,77
Ocanka cyana d , m 4,85
MakcuMaipHa IBUIKICTE CyIHA Viyay » M/C 59
Jliama3oH 3MiHM CHJIM YTIOpY M'BUHTA NEpIIOro P, Ta Apyroro +2 27a2
P, asumnony, H
Hiamazon 3minu cuim yropy reunta HIIIL, v + 0,57e5
Jliana3oH KyTa IOBOPOTY IBUHTA NEPUIOTO o1 Ta APYTOro o 7
a3uIomy, paj

JUiss  MOJENIOBaHHS BUKOPUCTOBYBAJIMCS: JucCHeTdep 3afad (OopraHizalist BHKIUKY
npouenyp, GopMyBaHHS MacuBiB JJis MOOyJ0BH TpadikiB); Mojeidb 00’€KTa KepyBaHHs (cucTeMa
17 nudepeHUiitHUX PiBHAHD, 13 HUX 6 TUHAMIYHUX PIBHSAHB JIHIMHOTO Ta KYTOBOTO pyXy CyaHa, 6
KIHEMAaTUYHUX PIBHSHb JIHIHHOTO Ta KYTOBOIO PYyXYy CyIHA, 5 Mu(EpeHLIMHUX pPIBHSAHb, SKI
BPaxoBYIOTh 1HEPLINHHICTh 3MIHM CHJIM YIIOPY T'BUHTA 1 KyTa MOBOPOTY I'BUHTA MEPLIOTO Ta IPYroro
a3WIIO/IIB, a TAKOX CHUJIM YNOPY I'BUHTA HOCOBOTO MIJPYJIIOIOYOrO MPHUCTPOIO); MOENb CUCTEMHU
KepyBaHHS (pO3paxyHOK KEpYIOUMX CHJI 1 MOMEHTY PHCKaHHS, HEOOXITHMX JJs MiATPUMYBAaHHS
3ajaHoi mo3uuii abo mepeMillleHHs, BUpIIIEHHS 3anadyl yMoBHoOi ontumizauii (15); monensb
30BHIIIHIX BIUIMBIB; MeTOA iHTerpyBaHHs Pynre-KyTtu 4-ro mopsaky; Tomio. Y SKOCTI Ipoueaypu
YMOBHOI ONTUMI3allil BUKOpucToByBaacs npoueaypa MATLAB

f min con(@ func, x0, A, b, Agq, begq, Ib, ub, @ nonlcon), (16)
ne @ func — nocunaHHd Ha LiTKOBY (YHKILIO, X0=(P1(0),0L1(0), P,(0),a2(0), P3(0)) -
MOYaTKOBUH BEKTOpP CTaHy CTPYKTYpH, A — MaTpHld CHUCTEMH IiHIHHHUX OOMEXKeHb THITY

HEPIBHOCTEH, y HAIIOMY BHUNAIKy BiACYTHS, D — BekTOp mpaBoi 4acTMHHM CHUCTEMH JIiHIAHHX
00OMEXCHB TUITy HEPIBHOCTCH, y HAIIOMY BHIT4/IKY BIACYTHIH, Agq — MATPHUII CHCTEMH JiHIHHUX

OOMeIKEeHb THITy PIBHOCTEH, y HAIIOMY BUIAAKY BiACYTHS, Dgq — BEKTOp MPaBoi 4acTHHM CHCTEMH
JTIHIMHAX 00MexeHb TUITY piBHOCTEHH, y HaIIoMy BUIAJKY BIZICYTHI,

max max max . )
Ib= (— P A —1,—P a ,—1,—P3 4 - HUKHI 3HAYECHHS napameTpiB KepyBaHb,

ub = leax , T szax T, Pgmax) — BEpXHI 3HAUYEHHS MMapaMeTpiB KepyBaHb, @ nonlcon — mocuianHs

Ha ¢aiin HeTiHIMHX 00MeXeHb TUITY PIBHOCTEH.

Excnepument 1. Mera ekcrnepuMeHTY: TeEpeBipka MOXKIUBOCTI IepeHalallTyBaHHs
CTPYKTYpH Y HECTalllOHAPHUX PEKAMax pyxy CyaHa. YMOBH €KCIIEPUMEHTY: IIiJI dYac
MO37I0B)KHBOTO TIEPEeMIIIEHHs] CyJHa TPOBECTH TIepeHANaITYBaHHS CTPYKTYpH Yy CTaH 3
MaKCHMAaJIbHUM JICTEPMIHAHTOM.

Pe3ynbratu MomentoBaHHS HaBEICHI Ha pHC. 2 y BHIJIAAI TpadikiB 3MiHH y daci: MO3J0BXHBOT
mBUAKOCTI Vy[m/c] Ta NO3M0BXKHBOTO IEpeMillleHHs Xg[M] CynHa, OOKOBOi IIBUIKOCTI

Vy[M/C] Ta GOKOBOrO IepeMilleHHs Y [#] cymna, kyTOBOi MIBUAKOCTI ®,[2pad/c] Ta KyTa

puckanHs Psi[epad] cynHa, cuin ynopy reuHta Pi[x] Ta KyTa mOBOpOTYy I'BHHTa o[2p] mepuioro
asunojay, CUIU ymnopy rBuHTa Pp[x] Ta KyTa MOBOPOTY I'BUHTA o.p[ep] APYroro asuIony, CHIH
ynopy TBUHTa P3[x] HOCOBOro MHiAPYIIOIOYOrO IMPUCTPOIO, 3HAYEHHS NETEPMIHAHTY CTPYKTYpH
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Det, cymapHoi o310BxHb0i cunu crpykrypu Py[n], cymaproi 6okoBoi cuiu crpykrypu Py[x] Ta

CyMapHOro MOMEHTY PUCKaHHA M ;[nm].
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Pucynok 2 — [lepenanamryBaHHs CTPYKTYpH B PEXXHMI HECTAIIOHAPHOTO PYXy CyIHA
Sk Buano i3 rpadikis Vy(t), Xg(t), cynno 30inbuye MBHAKICTb Ta NEPEMIlLy€ThCS y
M03/I0BKHBOMY HanpsMKy. OIHOYACHO, BiOYBAETHCs MEPEHATAIITYBAHHS CTPYKTYpH — BEKTOP

CWJIM yNOpy TBUHTAa MEPHIOTO a3HWIONY IOBEPTAETHCSA 3 modaTkoBoro monoxkenns oq(0)=0"y
nonokenHst o (t) =45°, a BekTOp CHJIM YNOpYy T'BMHTA JPYTrOro asWIOAy MOBEPTACTHCS 3

nouatkoBoro mnosoxends oo(0)=0° y momokenns o(t) =—45". Ha MOMEHT 3aBepuICHHS

MepeHaNalITyBaHHs, KyT MK BEKTOPOM CHJIM YNOpPY TFBUHTA MEPIIOTO a3WIOay 1 BEKTOPOM CHIIU

T .
yHnopy TBHHTa JApPYTOrO asWIIONy CTaHOBHUTb O — Ol =3 (BEeKTOpU NEPIEeHIUKYISIpHI), a

JCTePMIHAHT CTPYKTypu gopiBHioe Det(t) =—-1 (cTpykTypa MakCHMalbHO BijganeHa Bij
CUHTYJSIpHOTO cTaHy). [li1 yac mepeHanamTyBaHHS, BIIXWICHHS Yy KaHalaXx OOKOBOTO pyXy
Vy (t), Yq (t) Ta xyToBOTO PYXY ®,(t), Psi(t) Hesnauni. Takox, Ha rpadikax BHIHO He3HAUHI 3MiHH
Gokosoi cnu Py (t) Ta KEPYIOYOr0 MOMEHTY CTPYKTYPH Y KaHalli PUCKaHHS M, (t). 3HauHi 3Minu

T03/10BKHBOT CHIIM CTPYKTYpH Py (t) BUKITMKaHI HEOOXiIHICTIO PO3TOHY Ta TalbMyBaHHs Cy/HA TIPU
MepeMIIlIeHHI.

BucHoBok 1o excrnepuMeHTy 1. Po3poOiienuii Meron [03BOJIS€ MEpeHaNAlITOBYBATH
HQ/UTUIIKOBY CTPYKTYPY Y NOJIOKEHHS MaKCUMAJIbHOTO JIeTepMiHaHTa O6e3 30ypeHb.

Excnepument 2. MeTa eKCIepUMEHTY: BU3HAYCHHS JMHAMIYHUX MOXUOOK MO3HIIIOHYBaHHS
CyoHa TIpH CTPYKTYPH,
JE€TepMIHAHT. YMOBH €KCIIEPUMEHTY: MOJENIIOBaHHS MPOIECiB AMHAMIYHOTO TO3MIIIOHYBaHHS 3a

BUKOPUCTAHHI  HAJIJTUIIIKOBOT HaJIAIITOBAaHOI HAa MAaKCHMaJILHUM

HAassBHOCTI TIOPUBIB BiTpy. Pe3ynbratn MaTeMaTHYHOTO MOJICIIIOBAaHHS HAaBEACHI y BUTIISI TpadikiB
y "aci, puc. 3, Ta Ha pazosiil mommni X g[m] Y [m], puc. 4.
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Pucynok 3 — JluHamiuHi TOXUOKH MTO3UI[IOHYBaHHS IIPH BUKOPUCTAHHI HAJIUIIKOBOI CTPYKTYPH,
OIITUMIi30BaHOI 110 IETEPMIHAHTY 1 MiHIMAJILHOMY €HEpPTOCIIOKUBAHHIO
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Pucynok 4 — JIlnnamiuHi OXMOKY MO3UITIOHYyBaHHS Ha (a30Biil MIIONNHI

YepBOHUM KOJIBOPOM 300pakeHi rpadiku, OTpUMaHi 3 BUKOPUCTAHHSIM METOAY ONTHUMI3allii
CTPYKTYpH MO JAETEPMIHAHTY, a CHHIM KOJIbOPOM 300pakeHi Tpadiku, OTpUMaHi 3 BUKOPUCTAHHSIM
METO/ly MiHIMi3allii eHepProCIOKUBaHHS, paHillle OMcaHoMy y poboTax [8—11].

[TouaTkoBi 3HaU€HHS BCIX MMapaMeTpiB JIOPIBHIOIOTH Hym0. Ha iHTepBani yacy t € [10 —12]c
imiTyeThest iepumii mopus BiTpy mBuakictio W =15u/¢ i nanpsmkom Ky, =45°. Ha inrepani
yacy te[20-22]c imiryerbes apyruit mopus Bitpy wmBuakictro W =15u/c¢ 1 nHampsmkom
Ky =-45°".

I3 HaBegeHux pe3yibTaTiB BUAHO, IO B IHTEpBaJl 4yacy Aii nmopusiB BiTpYy t €[10—-12]c Ta
t e[20—-22]c 3’ABIAIOTHCS AMHAMIYHI TOXMOKM TMO3WI[IOHYBaHHA B KaHalaX IMO3J0BKHBOTO

Vy ('[), Xg(t), OOKOBOTO Vy(t),Yg (t) Ta KyTOBOTO , (t), Psi(t) pyxy, a Takox Kepyroui CHIN

Py (t), Py (t) Ta MOMEHT M, (t) CTPYKTypH ISl BiJNpalfoBaHHs [IUX HOXHOOK. I3 rpadika Det(t),

puc. 3, BUIHO, IO KEPYBAaHHS CTPYKTYPOIO IO AETEPMIHAHTY HMOCTIHHO MIATPUMY€E MaKCHMaJbHE
(3a Momynem) 3Hau€HHS JAETEpPMiHAHTA, y TOW dYac SK IUIbOBa (YHKIIS MiHIMAaIbHOTO
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EHEPTOCIOKMBAHHS JOMyCKae 3MiHy 3HAY€HHs JeTepMiHanTa B Mexax 0 < |Det(t)| <1, Bximouaroun

3HaueHHs Det(t) =0. I3 rpadikiB a4(t), as(t) TaKoX BUAHO, IO |a1(t)—a2(t)|:g, TOOTO
Kepyoul BEKTOpU P, P, 3aBXKIU OPTOrOHAJIBHI.

Ak BuaHO 13 HaBeAeHUX TpadikiB, AMHAMIYHI MOXHOKH, PH HAJAIITYBaHHI CTPYKTYpPH Ha
MaKCHUMAaJIbHUH JETEPMiHAHT, CyTTEBO MEHIII JUHAMIYHHUX MOXUOOK, IPU HAJAIITYBaHHI CTPYKTYpH
Ha MiHIMaJIbHE €HEProCIOKMBaHHA. MaKCHUMallbHI BIAXWJICHHS TMapaMmeTpiB, MpU Ail 30BHINIHIX
BIUIMBIB, /ISl PO3TJITHYTUX 3aKOHIB KEPyBaHHsI, 3B€JICHI y TaOIUIIO 2.

Ta6muus 2 — JluHaMivHi MOXUOKHY MO3UIIIOHYBaHHS

3axon xepyeanns AVylmlel | AXglul | AVyLulcl | AYg[m] | Awgleple] | APsi[zp]
Q, =PR? + P + P - min 0,02 0,6 0,15 5,0 1,3 11
Q, = |det My| — max 0,018 0,4 0,01 0,1 0,8 2,5
BucHoBok mo ekcnepuMmenty 2. HanamTyBaHHS —HaJIMIIKOBOI  CTPYKTYpH IO

MaKCUMAaJIbHOMY JIETEPMIHAHTY JO3BOJSIE 3MEHIIUTH TUHAMIYHI TOXWOKH TO3WI[IOHYBaHHA, Y
MOPIBHSHHI 13 BIIOMUM METOJIOM MiHIMAJIBHOTO €HEPTOCIIOKUBAHHSI.

OcHOBHi pe3yabTaTH Ta iX 00ropopeHHsi. Po3poOneHo wmerox HajamTyBaHHS
HA/JIMILIKOBOI CTPYKTYpPH BHMKOHABUMX IPHCTPOIB CyJHA, SKUH J103BOJISAE, IIJ] 4ac IMPOBEICHHS
orepariii TMHAMIYHOTO TMO3HIIIOHYBaHHS, 3MCHITUTH JMHAMIYHI TTOXUOKH Ta ITiIBUIUTH TOYHICTb.
OTpumaHuil pe3yabTaT IOSICHIOEThCS: BUKOPUCTAHHSAM Yy CHUCTEMI KepyBaHHS OOpTOBOIO
o0uKCITIOBayYa, 3HAXOKEHHAM, Ha KO)KHOMY KPOIli 60pTOBOro 004HCIIOBaYa, ONTUMAILHOTO CTaHy
CTPYKTYDH, 1110 BU3HAYAETHCS MAKCUMAIbHUM JI€TEPMIHAHTOM, IUIIXOM BHUPIILIEHHS 33134l YMOBHOT
onTtuMmizamii, i3 BpaxyBaHHSIM OOMEXEHb THUIy piBHOCTEH (11 OJHOYACHOTO (HOPMYyBAHHS
HEOOX1THUX KepyBaHb), Ta TUITYy HEPIBHOCTEN (I1s1 BpaxyBaHHs (i3UYHUX OOMEXEHb CTPYKTYpH HA
CHJly yHOpy Ta KyTH IIOBOPOTY TBHUHTIB); IEPECHANAITYBAaHHIM CTPYKTYpH Yy BHU3HAUCHE
onTUManbHe ToJoKeHHS. OTpuMaHi pe3yJbTaTH BIAPIZHAIOTHCS BIJ BIIOMUX pIlIEHb THM, IO
JI03BOJISIIOTh  HAJIAIITOBYBATH Ta MIATPUMYBATH HAJUIMIIKOBY CTPYKTYPY Y TIOJOXKEHHI 3
MaKCUMAaJIbHUM JIETEPMIHAHTOM, 1110 JIO3BOJISIE 3MEHIINTH AMHAMIYHI HOXUOKH CUCTEMU KepyBaHHS.
Meton po3poOiieHuit UIsi BUKOPHCTaHHS B OOpPTOBOMY OOYHCIIOBAadi aBTOMATHUYHOI /
aBTOMAaTH30BaHOI CUCTEMM KEpyBaHHS PYXOM CyJHa 3 HaJJIMIIKOBHUMM CTPYKTYpaMH BHKOHaBUYMX
MPUCTPOIB 1 HE MOXKE BHUKOPHUCTOBYBATHCA Ui PYYHOTO KepyBaHHs, ab0 Ha cyaHax 0e3
Ha/UTMILIKOBOTO KepyBaHHS. OTpuUMaHi pe3yJbTaTu € BIATBOPIOBAHHUMHU 1 MOXYTh 3aCTOCOBYBAaTHUCS
npu po3podii aBTOMATHYHUX / aBTOMAaTHU30BAHUX CHUCTEM KEpyBaHHS PYyXOM CyJeH 3 JBOMa
KOPMOBHUMHM a3UIOJAaMH 1 HOCOBUM HiIPYJIIOIOYUM HpUCTpoeM. [lomanbii JOCHIAKEHHS MOXKYThb
OyTH TOB’si3aHI 3 PO3POOKOI0 METOMIB TEpPEHANAINTYBAHHS I IHIIMX CTPYKTYP BHKOHABYHMX
IIPUCTPOIB.

BucHoBku. IlpoBeneHo aHami3 JiTepaTypHHUX JDKEped, Y SIKUX PpO3TJSAaIvcs HUTAHHS
ONITUMAIILHOTO KePYBAaHHS Ta BUKOPHCTAHHS HA/UTHIIKOBHX CTPYKTYP IS MiABHUINECHHS HAIHHOCTI
cUcTeM KepyBaHHs 1 onTuMisauii. BcraHOBIEHO, 110 HaWOMMKUl TEXHIUHI PIlIEHHs peali3oBaHi B
CHUCTeMaX JMHAMIYHOTO TIO3UIIIOHYBaHHS, $KI JO3BOJIAIOTh BHKOPUCTOBYBATH HAJIMIIKOBI
CTPYKTYpPHU SIK JUISl MiJBUINEHHS HaJIIHHOCTI, TaK 1 JUId ONTHUMI3aLii mpoleciB kepyBaHHsA. Pazom 3
THUM, Cepe]l BIIOMHUX pillleHb aBTOpaMH HE 3HAWIEHO TaKWX, IO JIO3BOJISIOTH BUKOPHUCTOBYBATH
HQ/UTUIIKOBI CTPYKTYpU JJs 3MEHIICHHS JUHAMIYHMX IOXMOOK UUIAXOM HAaJalllTyBaHHS Ta
MIATPUMYBaHHSI CTPYKTYPH Y TOJIOKEHHI 3 MaKCHUMaJlbHUM JeTepMiHaHTOM. Po3poOieHo meron
KEepYBaHHS HAJUIMIIKOBOIO CTPYKTYPOIO O(IIOPHOrO CyJIHA 3 JBOMa KOPMOBHMH a3UMOIaMH 1
HOCOBUM  TIJAPYJTIOIOYMM TPUCTPOEM, SKHH  JIO3BOJIIE 3MEHIIMTH JUHAMIYHI  MTOXHOKH
no3unionyBanHs. [lIpanes3naTHicTh Ta eQEeKTHBHICTh METOAY IEpeBipeHi MaTeMaTUYHUM
MozemoBanHIM y cepenouiiii MATLAB. Otpumanuii pe3ysibTar MOsSCHIOETHCS: BUKOPUCTAHHIM Y
cUCcTeMi KepyBaHHsS OOpTOBOTO OOYMCIIOBAaYa; 3HAXO/KCHHAM Ha KOKHOMY Kpoli OOpTOBOro
o0uuciIOBaYa  ONTUMAJIBHOIO  CTAHy  CTPYKTYpH, SIKHM  BU3HAYa€TbCd  MaKCHMAaJlbHUM
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JNETEPMIHAHTOM, 13 BpaxXyBaHHSIM OOMEXKEHb THIy pIBHOCTEH, 110 BHU3HAYAIOTh HEOOXIJIHI
KepyBaHHS /IS MATPUMYBaHHS MO3MLIT a00 3aaHOT0 PyXY, Ta TUILYy HEPIBHOCTEH, 1110 BPaXOBYIOTh
00MEXEHHS CTPYKTYpH; MIePEHATAMTYBaHHIM CTPYKTYPH Y BU3HAUCHE ONTUMAIIbHE TTIOJI0KECHHSI.

TeopernuHe 3HAYEHHS OTPUMAHUX PE3YJIbTATIB MOJATae y po3poOIli METOLy KepyBaHHS
HAQ/UTUILIKOBOIO CTPYKTYpOIO, IO ONTHUMI3y€ IETEPMIHAHT CTPYKTypW Ta 3a0e3rnedye 3MEHIICHHS
JUHAMIYHUX MOXHOOK MO3UI[IOHYBaHHSI.

[IpakTHyHEe 3HAYEHHS OTPUMAHHUX PE3YNbTATIB IOJIATAE y MEPEBIpI Mpame3laTHOCTI Ta
e(EKTUBHOCTI METOJy MaTeMaTHUYHUM MOJICJIIOBAHHAM, MOXKJIMBOCTI BUKOPUCTAHHS METOAY IpHU
po3po0IIi crcTeM aBTOMAaTHYHOIO / aBTOMAaTH30BAHOTO KEPyBaHHA CyJHAMH 3 HaJUIMIIKOBHUMHU
CTPYKTYpaMU BUKOHABYMX IPUCTPOIB, IS MIABULIEHHA TOYHOCTI JUHAMIYHOIO TIO3ULIIOHYBaHHS.
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Zinchenko S. M., Tovstokoryi O. M., Nosov P. S., Onyshko D. M., Kozachok Yu. A. AUTOMATIC
ADJUSTMENT OF THE DYNAMIC POSITIONING SYSTEM REDUNDANT STRUCTURE BY
DETERMINANT

The object of the study is the dynamic positioning processes of a vessel with two stern azipods and a bow
thruster. Automation of motion control processes allows to significantly increase the efficiency of control
systems by using modern methods of information processing, including optimization, and is used in many
industries: space, aviation, marine, welding production, etc. New opportunities for increasing the efficiency of
control systems have appeared with the use of redundant control. Redundant structures of actuators have
traditionally been used for redundancy and increasing the reliability of control systems by excluding failed
devices from operation. Over time, they have also been used to optimize control processes. In the marine
industry, redundant structures have become most widespread in dynamic positioning systems. One of the
requirements for such systems is to ensure maximum accuracy of positioning processes, including under the
influence of external influences from any direction. According to the authors, this ability of the control system
can be ensured by maximum dilution of the control vectors of the structure (maximization of the determinant).
The paper developed a method for tuning a redundant structure that provides this possibility. The obtained
result is explained by: using the on-board computer in the control system; finding the optimal state of the
structure at each step of the on-board computer, which is determined by the maximum determinant, taking into
account the constraints of the type of equalities, to create the necessary controls by the structure, and the type
of inequalities, to take into account the constraints of the structure on the maximum thrust force and the angle
of rotation of the screws; reconfiguring the structure to a certain optimal position. The operability and
effectiveness of the method are confirmed by mathematical modeling in the MATLAB environment. The
modeling results showed that the reconfiguration of the structure can be carried out against the background of
the execution of the main functional tasks, without creating disturbing forces and moments. The obtained
results are reproducible and can be used in the design of dynamic positioning systems.

Key words: intelligent transportation systems; navigational safety; redundant structures; optimal settings;
dynamic positioning; structure determinant.
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JIATHOCTUKHU TA MOHITOPUHTI'Y I'lBPUIHOI'O CYIHOBOI'O
TYPBOKOMIIPECOPA 3 HEYITKOIO MOAEJIJIIO

Jledbenenko 1O. O., x.m.n., doyenm, doyenm rkagedpu iHpopmayiinux ma KOMn'tomepHUx
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asmomamuxu, XepcoHcbKa 0epicasHa Mopcbka —akademis, M. Xepcow, Vkpaina,
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Cmamms npucesiuena axmyanvtil 3a0a4i ni08UWeHHs eqpeKmueHocmi, Ha0IUHOCmI ma 6e3neKu eKCnIyamayii
cyoHosux enepeemuunux ycmanogox (CEY) uepes yoockowmanenns cucmem MOHIMOpuney ma Oia2HOCuKu
K10406020 0baaonanHs. Posenanymo  kowyenyilo ma cmpykmypy —inmenekmyanvhoi  inghopmayitino-
sumipioganvnoi cucmemu (IBC) 0Ona KOMNIEKCHO20 MOHIMOPUHSY MEXHINHO20 cmany ma OiaeHOCMUKU
2iopudHux cyonosux mypooxomnpecopie (I'TK), saki noednyromo enepeito 8ionpaybo8anux 2azie i 000amxosull
eleKmpuyHUll npusio, OOHAK IX CKIAOHA KOHCMPYKYIsL Mda JHCOPCMKI YMOBU eKCHIyamayii eumazaromo
nepeoogux 0iaeHOCMUYHUX Ni0X00i8.

3anpononosana IBC ¢yHkyionye Ha oCHO8I Oe3nepepeHozo auanizy 0OazamonapamempuyHux OaHuXx,
OMPUMAHUX Y PEANbHOMY 4acCi 80 KOMMIEKCY 0amuukie, wo @ixcyioms kuouoei poooui napamempu I TK:
memnepamypy 2asie, Mmuck HAOOYS8aHHA, GIOPAYIiHI XapaKmepucmuxu, dacmomy obepmauHs pomopd, a
maxkodc napamempu pobomu enexmpuunoi mawiuny. Cucmema nepeddaiac GUKOPUCTNAHHS THMENEKMYANbHOT
00pobru iHgopmayii, 3 akyeHmom Ha aneopummu Hewimkoi aoeiku. Taxuil eubip 0OIPYHMOBAHUU 30AMHICIIO
HeuimKux cucmem epexmueno o6pooasimu HemouHi, HenosHi abo AKICHO supadiceni 0ani ma opmanizysamu
eKCNepmHI 3HAHHSL THIICEHePI6-MeXaHIKie, wo 3a0e3neuye a0ek8amuy OYinKy CImamny.

Kniouosoio gpynxyicio IBC € eucoxomouna ma enyuxa 0iaeHOCMUKA MEXHIYHO20 CMAHY mMypOOKomnpecopa.
Cucmema onepamusHo po3nizHae ma Kiacugikye mpu OCHOBHI pedcumu pobomu. cmabintbHull HOPMATbHULL,
CMau i3 NOMeHYIHUM BIOXUIEHHAM, WO NOMPeDYE NPeGeHMUSHUX 3aX0018; MA KPUMUYHO HECNPABHUTI CIAH,
Wo suMazae He2aliHo20 8MpPYyYants. 3anedxcHo 8i0 diacHo3y, cucmema Gopmye ingpopmayiiny niOMpumKy 01s
NPUHAMMA Piluenb Wo0o KOpUSy8anHs Nnapamempis KepyeanHs, 30Kpema onmumizayii pooomu acunxpornoi
mawunu I'TK Ona niompumxu eghexmusnoco HaA0Oy8auHsa, ma ONa AKMUBAYIl MeXaHizmie aeapitinoco
DpecynioeanHs.

Bnposaooicennss  po3pobnenoi  inmenekmyanvroi  cucmemu  CHpusmume NiOGUUEHHIO  eeKmusHocmi
mypboxomnpecopa, 3a06e3neuums paHie 8UABNIEHHA MA NPOSHO3YEAHHA HECHPASHOCHEN, ONMUMIZYE MexXHIuHe
obcryeogysanns ma kepysauna. Lle mae eadcnuse npaxmuune 3HaAueHHA ONA NIOSBUWEHHS HAOIUHOCMI,
EKOHOMIMHOCMI Ma NpOOYKMUBHOCMI CYOHOBUX OBUSYHI6 Y PIZHUX eKCHIYAMAYIUHUX YMO8AX, a MaKoic OJis
3a2anbH020 nidgUUen s be3neKu cyOHONIA8CMEd.

Kniwouosi cnosa: cyonosa enepeemuuna ycmaumosxka, 2iOpuonuil  mypookomnpecop;, ingopmayitino-
BUMIPIOBATILHA CUCMEMA, HeYIMKA 102IKA;, a0anmuseHe Kepy8anHts, OlaeHOCMUKA CMAHY, MOHIMOPUHE.
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Beryn. CyyacHi CyJTHOBI €HEPreTHUHI CUCTEMH CHPSMOBaHI Ha MiABUILEHHS €(EeKTUBHOCTI
Ta HAAIMHOCTI, J€ KJIIYOBY pPOJb BIAIrpae ONTHUMI3allisl HAJJyBaHHS IBUTYHIB BHYTPIIIHBOTO
sropsHHs ([IB3). EdextuBHe kepyBaHHS TypOOKOMIpecopamu, OCOOJIMBO TiOPHIHOIO THITY 3
ACMHXPOHHOIO MAIIMHOIO, 3a0e3Medye Kpallle 3rOpsSHHS NanuBa, 30UIbIIyE MOTYKHICTh Ta 3HUXKYE
BUKHUIH.

Cucremn kepyBaHHS TypOokommpecopuumu yctaHoBkamu (TKY) BUKOpPHCTOBYIOTH
00epTOBI YaCTOTHI epeTBOPIOBAYI Ul afanTaiii poOOTH KoMIpecopa 10 3MIHHUX YMOB, TaKuX SIK
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m ABTOMaTH3allig Ta KOMII IOTE€PHO-IHTErPOBaHi TEXHOAOTII

HAaBaHTAXXCHHSA JIBUTYHA, TEMIIEpaTypa Ta3iB Ta TIapaMeTpH HAaBKOJHIIHHOTO CEPEOBHUIIA,
MiATPUMYIOYH ONITHMATBHUH THCK 1 BUTpATy moBitps [1].

[HdopmaniiHO-BUMIpIOBaTIbHI YaCTHHH € KPUTUYHO BaXKJIMBUMH, 3a0€3MEUyI0UH Mepenady
JaHUX Y KEPYIOUYUil MOAY/Ibh Ta BUKOHYIOYHM MIEPBUHHY J11arHOCTUKY. 30ip JaHUX 3 NaTYHUKIB THCKY,
TEeMIIepaTypu, OOEpTiB Ta HAaBaHTA)KEHHS J03BOJIIE€ TPOTHO3YBAaTH HECIPABHOCTI Ta NpUHMAaTH
YIPaBIIHCHKI PIIICHHS.

InrenexryanbHa 0OpoOka iHpOpMaLii 3a TOIOMOTr0I0 HEHPOHHUX MEPEX Ta HEUITKOI JIOT1KH
PO3IIMPIOE MOXKJIUBOCTI IIMX CHUCTEM, JO3BOJISIOYM OIEPaTHUBHO KOPUTYBaTH NapaMeTpu Ta
MiABHUILYBAaTH HaiiHICT TypOOoKommpecopa. Taki cHCTeMH CaMOCTIHO ajanTyroThCs 0 3MiH,
3a0e3neuyrun cTablIbHy pOoOOTY ABUTYHA.

IMocTanoBka mpoOjemu. OnTuMizaiis NPOIECIB HaATyBaHHS [BUTYHIB BHYTpPILIHHOTO
3TOPSHHSA € KJIIOYOBHM HAMPSIMKOM JJIs 3a/I0BOJICHHSI BUMOT 11010 €(EeKTUBHOCTI, €KOJIOTTYHOCTI Ta
HafiitHOoCcTI. TypOoKoMITpecopu TiOpPHIHOTO THIY, IO BUKOPHUCTOBYIOTH CHEPTiI0 BUKHIHUX Ta3iB
Ta JOJIaTKOBUI MPHBIJ BiJl aCHHXPOHHOT MAaIlIMHU, € TIEPEOBUM PIIlICHHAM Y 11iH Taiy3i [2]. OnHak,
iXHs CKJIaJIHA TIPUPO/Ia BUMArae BUCOKOTOUYHUX Ta aJJallTUBHUX CUCTEM KEPyBaHHS.

Binomi cuctemu kepyBanns TKY 3a0e3neuyioTh peryiroBaHHS MapaMeTpiB HaJIyBaHHS 3a
JIOTIOMOTOI0  00EpTOBOTO YAaCTOTHOTO TIEPETBOPIOBAYa, SIKUH JO3BOJSE aJanTyBaTd pPoOOOTY
KOMIIpecopa 10 3MIHHHUX €KCIUTyaTalllfHUX YMOB, TaKHX SIK HaBaHTa)KCHHS JABUTYHA, TEMIEpaTypa
BUXJIOIHUX Tra3iB 1 OajaHC eHeprocmnoxkuBaHHs. lIpore, CkiagHicTh B3aeMoJii MiX TypOiHOIO,
KOMIIPECOPOM Ta ACHHXPOHHOI0 MAIIMHOIO, a TaKOXX BIUIUB JTUHAMIYHMX 3MIH Y CyAOBId
€JIEKTPOCHEPTeTUYHIN CHCTEeMi, CTBOPIOIOTHh 3HAYHI BUKIIMKH JUTsl 3a0€3MEUeHHs ONTUMAaIbHOI Ta
cTabiIbHOT pOOOTH.

[Torpu HasABHICTH PO3TaTy’KEHUX IITATHUX CUCTEM KOHTPOJIIO, iX (yHKIIOHAI 3/1€01IBIIOTO
O0OMEXXEHHI peeCTpalliero mapameTpiB Ta aBapiiHOK CHUTHAJI3AINE0 TPH BUXOJI 3a KOPCTKO
BCTaHOBJICHI MEXI.

IcHyroui 1H(MOpMaIiHHO-BUMIPIOBAJIBHI CUCTEMH, X0U 1 3a0€3MEUYIOTh NIepeaady napameTpiB
JI0 KePYIYOTro MOJYJIsSi Ta BHKOHYIOTh 0a30BY JIarHOCTHKY, YaCTO CTUKAIOTHCS 3 OOMEKEHHSIMU
o0 TAUOOKOro  aHalmi3y JIaHMX Ta [POTHO3YBaHHS  HECHpPaBHOCTEH. 3acTOCyBaHHA
iHTEeNeKTyanbHO1 00poOKH iH(OpMalli, 30KpeMa HEHPOHHUX MEpEeX Ta AITOPUTMIB HEYIiTKOI
JIOTIKH, BIJIKpUBA€ HOBI MOXJIMBOCTI JJIS TIiABUINCHHS HAIIMHOCTI Ta €(PEKTHUBHOCTI POOOTH
TypOOKOMIIpecOpa INUIAXOM TPOTHO3YBaHHS TOTCHLIWHUX BIAXWIEHb Ta OINEPATUBHOTO
KOpHUTyBaHHS poOOYMX MapaMeTpiB.

Takum unmHOM, pPO3poOKa HOBHX MiAXOJIB IO CTBOPEHHS iH(OpMAaIiitHO-BUMIPIOBATBHUX
CUCTEM TypOOKOMIIPECOPHUX YCTAaHOBOK, YIOCKOHAJIEHHS METOJIIB MOHITOPHHTY, aHami3y Ta
QJIalITUBHOTO KEPYBaHHA € aKTyaJIbHUM HAayKOBO-TEXHIYHUM 3aBJaHHAM. Po3B’s3aHHS 1€l
npoOJieMHd CHpUATHME TIJBUIIEHHIO €()EKTUBHOCTI CYTHOBUX JBUTYHIB, 3a0€3MEUYeHHIO iX
cTabUIbHOT pOOOTH B IIMPOKOMY Jiana3oHi eKCIUTyaTaliiHUX yMOB, MiHIMi3alii 9acy mpocTo Ta
3HIKEHHIO eKCIUTyaTalliiHuX BUTpAT.

AHaJi3 ocTaHHIX JociaigxkeHb Ta myOuaikaunii. CydyacHUNH MOpPCBKHUN TpaHCIOPT IparHe
MIJIBUINUTA €(PEKTUBHICTh CYIHOBHUX eHepreTnuHux YycrtaHoBok (CEY) mmisxom omrumizarii
€HEeproCcrloXKMBaHHSA Ta aBToMaTm3aimii. KirouoBy poib y 1[bOMY BiIrpalOTh CHCTEMHU
TypOOHaTyBaHHs, ocob0auBo riopuani  TypOokommpecopu (I'TK). T'TK ckmamarorbes 3
KoMIIpecopa, TypOiHH Ta aCHHXPOHHOI MalllMHH, sSiKa a00 10/1a€ 00epTaIbHUI MOMEHT KOMITpecopa
(IBUTYHHHIA pesKUM), a00 BiIOMpae HAIUIIKOBY MOTYKHICTh TypOiHH (TeHepaTopHuii pexum) [3].

TypOina, 3'eqHaHa 3 BUIYCKHUM KOJIEKTOPOM, Ta KOMIIPECOP, MiAKIIOUEHHHA 10 BITyCKHOTO
KOJIEKTOpa TOJIOBHOTO JIBUTYHa, 3a0e3MeuyroTh mepeposnofin eHeprii. Kommpecop BUKOpHUCTOBYE
€Hepril0 BUXJIONMHUX ras3iB, 1o ob0epraioTh TypOiHHE Kojeco. [IoBiTps Ha BXOAiI KOMIIpecopa
OUUIIYETHCS, a HA BUXO1 — OXOJIOJKYEThCS, 110 TapaHTye edekTuBHy podoTy ['TK 3a pisHuX ymOB.
Takum umnoMm, ['TK ¢yHKIiOHYe y ABOX pekuMax, 3a0e3ledylodyd ONTHMAajJbHE BHUKOPHCTAHHS
eHeprii. JlocaimkeHHs MOKa3yl0Th, 110 TaKi CUCTEeMU MOXYTh 3Ha4HO miaBumuTi KKJ[ aBuryHiB —
Mitsubishi moBimomisie mpo MOXIHMBICTE reHepyBaHHs 10 250 kBt enexrpoeneprii, a Bowman
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Power Group 3BiTye Nmpo 3HMKEHHS BUTPATH NaiuBa Ha 7% Ta 30UIbIICHHS MOTY>XHOCTI Ha 15%
[4].

Cucrema kepyBaHHS riOpuaHUM TypOOKOMITpecopoM (puc. 1) aHami3zye mapameTpu IBUTYHA:
HIBUAKICTh ®p, TEMIEPATypy BHUKUAHUX Tra3iB Tg, piBeHb HAIAyBaHHS P) Ta ONTUMIZYE PEXUM
po0OTH, BUKOPUCTOBYIOUM YAaCTOTHHH TIE€PETBOPIOBAY IS PETYNIOBAHHS YacTOTH OOEpTaHHS
ACMHXPOHHO1 MaluHu [5].

JlonatkoBuM (pakTOpoM, 110 BIUIMBAE HA PEXHUM pPoOOTHU TypOokomIpecopa, € OanaHc
eJIEKTpOeHepreTu4Hoi cucreMu cynHa Pc. KopuryBaHHs napameTpiB peryistopa 3iHCHIOETbCS Ha
OCHOBI IIOTOYHOI'O PiBHSI BUPOOJIEHOI 1 CHOXKUTOI MOTYX HOCTI. OKpiM LbOTO, CHCTEMA BPAaXOBYE
3MiHHI €KCIUTyaTaliiiHi yMOBH, 110 J03BOJISIE€ 3a0€3MEUYUTH I'HyUYKe HAlAIITyBaHHs PEKUMIB pOOOTH.

—y| Typbina [E 3 .
=5 [ = E a :
CyzHoBa Cy/HoBa = Kommpecop |E =
EHEePreTHYHA eHepreTHYHA Sz
CPIETI EPTELIT  [Acumxporma |.= 2 !
YCTaHOBKa YCTaHOBKA : MAaIIHHA mg mg :
V| Cumomit | S S
' | meperBoproBay|~* = |
oo ?_ .
P & |
s i )
B v {0y Pop, Tc‘.-‘_f?'
BrumipioBanbHa :> Cucrema
MijcHcTeMa KepyBaHHA

Pucynok 1 — CTpykTypHa cxema CUCTEMH TiOpuIHUM TypOOKOMIPECOPOM

Excrmyaraniss CyTHOBUX TypOOKOMIIPECOPIB HE3MIHHO BiAOYBA€ThCSI B EKCTPEMajbHO
CKJIQJIHUX yMOBaX, II0 T€HEPYIOTh 3HAUHI Ta PI3HOIUIAHOBI HaBaHTa)XCHHS HAa BCI KOHCTPYKTHBHI
enemeHTH cuctemu [6]. 3okpeMa, TypOiHHA yacTHHA (DYHKI[IOHY€E B yMOBaX HaJI3BHYAHO BUCOKHX
TEeMIEepaTyp poOOYOro CepemoBHINa, sIKIi MOXYTh peryispHo csratu 600-700°C, a iHkonmu i
TIEPEBUIIYBATH 11 TTOKA3HUKK. Taki TeMrepaTypHi PeKHUMH MPU3BOJATH 10 BHHHUKHCHHS 3HAYHHX
TEPMIUYHUX HANPYKEHb y MeTalli, CIPUYMHEHUX IUKIIYHIUM HArpiBaHHSM Ta OXOJIO/KEHHSM, IO
HEMHHYy4YE BeJe 10 MOCTYNOBOIO TEPMIYHOTO 3HOIIYBAHHS MaTepiajiB, BTPATH iX MIIHICHUX
XapaKTEPUCTUK Ta MOTEHIHHOI MoB3y4yocTi. /[0MaTKkoBO, IHTEHCHBHI MEXaHIYHI HaBaHTa)KCHHS,
BKJIFOUAIOYM 3HAYHI BIIIIEHTPOBI CWJIM, IO BUHUKAIOTH MiJ 9ac OOEpPTaHHS POTOpa 3 BUCOKOIO
HIBUAKICTIO, CTBOPIOIOTH TMOCTIHHUI pU3HMK IUIaCTUYHOI JedopMmalriii Ta BTOMH OKPEMHX
MpeHU3iHHIX KOMITIOHEHTIB, OCOOJIMBO 1€ CTOCYETHLCS JIOMATKOBOTO arapary Ta caMoro poTopa.

KpiM TepMmiyHMX Ta MEXaHIYHMX BIUIMBIB, CYJHOBHUM TypOOKOMIIPECOpaM JOBOIUTHCS
MOCTIHHO KOHTAaKTyBaTH 3 BHCOKOArpeCMBHHUM KOpO3iMHMM cepemoBuiieM. BukumHi rasu
TOJIOBHOTO CYJTHOBOTO JBUTYHAa MICTATHh Pi3HOMaHITHI XIMIYHO aKTHUBHI CIOJYKH, TaKl SIK OKCHJIH
CIpKM Ta BaHAJil0, SKi YTBOPIOIOTHCS MPU 3TOPSHHI BaXKUX COPTIB MalMBa, 1 34aTHI IHTEHCHBHO
pyiiHyBaTH MeTaneBi moBepxHi. [Ipomecu epo3ii, CIpUYMHEHI TBEPAMMH 4YacTKaMH CaXi Ta
HeJlorapy, a TaKOX BHCOKOTEMIIepaTypHa ra3oBa KOpo3is HAMOIIbII IHTCHCHBHO MPOSIBISIFOTHCS Ha
pobounx Ta HAMpPSIMHUX JOMAaTKaxX TypOiHM, SKi OE3MepepBHO MAIAIOTHCS il WX arpecUBHUX
ra3iB. OKpiM KOPO31HHO-epO3IHHOTO 3HOCY, BAXKIUBUM JecTaliTi3aliiHuM (aKTOpOM € 3HauHi
BiOpaIliiiHi HaBaHTa)KCHHSI. BOHM MOXyTh OyTH CHpPUYMHEHI HE JIMIIE HECTallIbHOK POOOTOIO
CaMoro JIBUTYHA YM HEPIBHOMIPHUM PO3MOIIIIOM MOTOKY ra3iB depe3 TypOiHy, ane i 30BHIIIHIMHU
JDKepenaMu, TAKUMU K BiOparlii Bii TpeOHOTrO TBUHTA YU KOPIyCy cyAHA. TpuBaiuii BIJIMB TaKHX
BiOparliii 31aTeH BUKIMKATH TIOPYIICHHS MPEIU3iHHOr0 OallaHCy poTopa, M0, Y CBOIO Y4epry, MOXKE
MIPU3BECTH JI0 3HAYHOTO 3HIKEHHS €()EeKTHUBHOCTI POOOTH KOMIIPECOPHOI YaCTUHU, MPUCKOPEHOTO
3HOCY Ta MEePeaYacHOro BUXOY 3 JIay IMiJIIUITHUKOBUX BY3IiB.
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[lle onHi€ro 3 KIOYOBHMX EKCIUTyaTalllMHUX MpoOsieM TypOOKOMIIPECOPIB € MPOrpeCcUBHE
3a0pyaHEHHs IXHBOI MPOTOYHOT YaCTUHH. BUKUIHI Ta3u, HABITh MICJIS CUCTEM OYMIIECHHS, MICTAThH
MEBHY KUIBKICTh TBEPAMX YACTHHOK — CaXi, 307U, MPOAYKTIB HEMOBHOTO 3TOPSHHS MalnBa Ta
Mactuna. L{i 9acTMHKHM MOCTYNMOBO OCIJalOTh Ta HAKOMUYYIOTHCS HAa BHYTPIIIHIX MOBEPXHSIX
KOMIIOHEHTIB, TaKMX $K JIONAaTKH KoMmIpecopa, Iudy3op Ta COIIOBUHM amapaT TypOinu. Taxi
BIJIKJIAJICHHA 3MIHIOIOTh aepOJMHAMIYHI XapaKTePUCTUKH TPOPUTB, 3MEHIIYIOTh €(PEKTUBHY
MPOMYCKHY 3/aTHICTh KaHANIB Ta HETaTHMBHO BIUIMBAIOTh HA 3arajibHi po0oYi XapaKTePHUCTUKU
yCTaHOBKH, npu3Bosun 10 3HmkeHHs: KK Ta 3611bimenHs ButpaT nanupa. OKpiM 1IbOT0, 3 4aCOM
MOXJIMBI ~ TOPYIIEHHS TE€PMETUYHOCTI YUIUIBHEHb pPOTOpa, MI0 MOXYTb  CIPHYUHHUTH
HEKOHTPOJIbOBaHI BHUTOKH poOodoro Tinia (moBiTps abo rasiB), BTpaTy THCKY HaJTyBaHHS,
MNOTPAIUITHHS MacTWiIa Yy MPOTOYHY YACTHHY, 1 K HACHIOK — JI0 TOJANbIIOr0 3HUKECHHS
e(heKTUBHOCTI TypOOKOMIIpecopa Ta HaBiTh HOTO CEPHO3HOTO MOIIKOKEHHS.

OnHuM 13 OCHOBHHMX BUKJIMKIB y 3a0e3neueHHi eeKTUBHOI Ta HaAiiHOI poOOTH CYJHOBUX
riOpuIHUX TYpOOKOMIIPECOPIB € TaKOX HEOOXIIHICTh IMOCTIHHOTO BpaxXyBaHHS Ta ajarTaiii 10
IIMPOKOTO CHEKTpa 3MIHHMX YMOB eKcIutyartamii. Jlo Takux yMOB Halle)kaTh HE JIMIIE AMHAMIYHE
HAaBaHTAXXCHHsI TOJIOBHOTO JBUTYHA, aje i 3aranbHUil OajaHC CYJHOBOI €JeKTPOCHEPTreTUYHOI
CHUCTEMH, a TaKOX NapaMeTpd HaBKOJMIIHBOTO CEpEelIOBHINA, TakKi K TeMIeparypa, THCK 1
BOJIOTICTh TMOBITPS Ha BXOJ1 B KoMmmpecop. ToMy cydacHi cMCTeMH KepyBaHHS MOBHHHI BOJIOJITH
PO3IMIUPEHUMH MOKJIMBOCTSIMH, BKJIIOUAIOYH 3[aTHICTh IO MPOTHO3YBAHHS PO3BUTKY MOTCHIIHHUX
HECIPAaBHOCTEH, HIBUAKOTO pearyBaHHS Ha IO3allTaTHI CUTyalil Ta THYYKOro aJalTHBHOIO
HanamTyBaHHs pobounx mapametpiB TKY. BomHodac anami3 miTepaTypHUX Kepell MOKa3ye, M0
OULTBIIICTh YMHHUX CHCTEM 30CEPE/DKEHI Ha KepyBaHHI, TOAI K 3a7adi TJIMOOKOI 1HTEICKTyaIbHOT
JIarHOCTUKM Ta MPOTHO3YBAaHHS TEXHIYHOTO CTaHy 3aJMINAIOTBCA MEHII JOCHiKeHUMH [7].
[IIupoke BUKOPHUCTAHHS CYYacCHMX TEXHOJIOTIH KOHTPOJIIO, 30KpeMa PO3Taly>KEHUX CEHCOPHHX
cucTeM sl Oe3MepepBHOI OLIHKM KIIIOUOBHX IapaMeTpiB, TaKUX SK TeMIlepaTypa KOMIIOHEHTIB,
piBHI BiOpaliii y pi3HUX TOYKax, TUCK TOBITPS Ta Ta3iB, €JICKTPUYHI MapaMeTpd aCHHXPOHHOT
MAIIMHU JT03BOJISIE 3HAYHO MIJABULIUTH 1HPOPMATHUBHICTH CUCTEMH KEepPYyBaHHS, HAAiiHICTh poOOTH
camoi YCTaHOBKH Ta MIHIMI3yBaTH pU3HKU BUHUKHEHHS aBapiiHUX HECIIpaBHOCTEN. 3aBISIKH TAKUM
KOMIUIEKCHUM TiJIX0AaM, IO MOEAHYIOTh TOYHMK MOHITOPWHI Ta IHTENEKTyaJbHE KepyBaHHS,
eKCIuTyaTalliss TypOOKOMIIpECOpiB cTae OUTBII €PEeKTUBHOK, EKOHOMIYHOIO Ta JOBTOBIYHOIO, IO €
KPUTHYHO BaXJIMBUM IS 3a0€3MEUeHHS KOHKYPEHTOCIPOMOXHOCTI Ta O€3MeKH MOPCHKOTrO
TPaHCIIOPTY.

Tpaauuiitai MeToM MiarHOCTYBaHHS, SIKI YacTO 3aCTOCOBYIOTHCS B IH)KEHEPHUX CHUCTEMax,
3a3BUYail 0a3ylOThCS Ha UYITKUX, OIHAPHUX KPHUTEPIAX Ta MKOPCTKO BHU3HAYEHHUX MOPOTOBHX
3HAYEHHSX, [II0 PO3MEKOBYIOTh CTAHU «HOPMa» Ta «HECIpaBHICThY». OJHAK, ISl TAKOTO CKJIaIHOTO
Ta JUHAMIYHOTO O00'€KTa, SK CYJIHOBUH TypOOKOMIpEcOp, TMOMIOHUN MiAXiJ BHUSABISETHCS
HE/IOCTaTHHO THYYKUM Ta aJIeKBaTHUM, OCKUIbKHA HE BPaXOBY€E IUIABHICTh JIETpalalliiHUX MPOIIECIB.
VY peanpbHUX YMOBax eKcruryaralii TexHiyHui ctan TI'Y XapakTepu3yeTbcsi HU3KOK OCOOIMBOCTEH,
10 YCKJIAIHIOIOTh 3aCTOCYBaHHS KIIACHYHUX JETEPMIHOBAaHUX MOJIENeHt:

1. TloctynoBuii po3BUTOK nAedeKTiB: BuIbLIICTh HecnpaBHOCTEH Yy TypOOKoMIpecopax
(HampuKkJad, 3HOC MiALIMITHUKIB, 3a0pyIHEHHS JIOMATOK, YTBOPEHHS Harapy) pO3BUBAIOTHCS HE
MUTTEBO, a MOCTYNOBO. TEeXHIYHUIA CTaH IUIABHO MEPEXOAMUTH BiJ 11€abHOTO J0 aBapiifHOTo dyepes
HU3KY NPOMIDKHHUX, YaCTKOBO JIETPaJOBAHUX CTaHIB, 110 MOIaHO OMUCYIOTHCS OIHAPHOIO JIOTIKOIO.
YiTKO BU3HAUYUTH MOMEHT NEPEXO/Y BiJ] «IIe HOPMAIHHOTO» J0 «BXKE HECHPABHOTO» CTaHY YacTO
OyBa€e HEMOKJIUBO.

2. Bzaemuwmii BIMB pi3HHMX mapametpiB: Poboui mapamerpu TI'Y (TemmepaTypu, THCKH,
BiOparii, o0epTu TOIIO) TICHO B3a€EMOIOB's3aHi. 3MiHA OJHOTO IapaMeTpa YacTo CHPUUHUHSIE
JAHIFOTOBY PpEaKIlii0 3MiH IHIIUX, 1 HE 3aBXKIW I 3aleKHICTh € JIHIHHOK UM JIeTKO
dbopmamizoBaHol0, 10 POOWTH  130JIbOBAaHY TIOPOTOBY  OIIIHKY OKPEMHX TIOKa3HHKIB
Majioe(heKTUBHOIO.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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3. HeBusHaueHicTh TpaHUYHUX 3HA4YeHb: HOMIHANBHI Ta TPAaHWUYHO OMYCTHMI 3HAYCHHS
pobounx TmapamMeTpiB MOXYTh MaTH TI€BHI JOMYCKH, 3aJIeKaTH BIJT YMOB HaBKOJHUIITHHOTO
cepenoBuina (TeMIepaTypa Ta BOJIOTICTH TOBITPS), PEXKUMY pOOOTH TBHUTYHA, SIKOCTI TMajuBa Ta
MacTHJIBHUX MaTepialliB. BcTaHOBJIEHHS yHIBEpCAIbHUX «UITKUX» MEX Ul BCIX MOXIIMBUX YMOB €
CKJIaJHUM 3aBJIaHHSM, SK€ YacTO NPU3BOAUTH a00 O MOMMJIKOBHX CIIPallbOBYBaHb, a00 10
MPOIYCKY 3apO/KyBaHUX Ae(EKTiB.

4. Cy0'eKTUBHICTh €KCIIEPTHHX OLIHOK: 3HayHa YacTWHA 3HaHb NpPO JAiarHocTUKy TI'Y
HAKOMHWYEeHA y BUIVIAMI JOCBily KBasli()iKOBaHUX 1H)KEHepiB-MexaHikiB. L{i 3HaHHS yacTo MarTh
SAKICHUH, OIIMCOBUI XapakTep 1 BaXKKO MiJJIAIOTHCS CTPOTid MareMaTH4Hii (opmaiizanii B pamkax
TPAIUIIAHUX JTOTIYHUX CUCTEM.

TexHika HEYITKOI JIOTIKM HaJae TMOTY)XHUH MaTeMaTWYHUN amapar, 00 J03BOJIIE
(dbopMalbHO OMHCATH Ta BpaxyBaTH BHIIE3a3HAUCHI THUIM HEBU3HAYCHOCTEHW, BIIACTHBI CKIIAJHUM
TEXHIYHUM cucTeMaM. BoHa omepye MOHATTSAM CTYNEHs HaJeKHOCTI O NMEBHOI MHOXHHH, a HE
auiie OIHApHUMM 3HAYEHHSMH, 110 A€ 3MOTY MOJENIOBaTH IUIaBHI MEPEXOJU MIXK CTaHAMU,
0o0poOIATH HETOYHY Ta sKiCHy iH(popMalilo Ta MpuiiMaTH OOIPYHTOBaHI pillIEHHS B YMOBax
HenoBHOI abo HewiTkol BXigHOI 1H(popmauii, 3a0e3nedyrouyd TakKUM YHHOM OLIbII aJEeKBaTHY,
THYYKY Ta peaiCTUYHY OLIHKY (PaKTUYHOIO TEXHIYHOTO CTaHy TypOOKOMIpecopa.

AHani3 axkTyaJbHUX HAYKOBHMX IyOJiKaliil MIiATBEpIKY€ 3HAYHYy MEpPCHEKTUBHICTh
IHTEJIEKTYaTbHUX METOJIIB y J1arHOCTHUII CKJIAJHOTO MPOMHCIOBOrO OONagHaHHS. € pIlIeHHS A
JIarHOCTUKU TYpOOKOMIPECOPHHX YCTaHOBOK, CHpPSIMOBAaHI Ha BHSBICHHS HECHpPaBHOCTEH Yy
CHCTeMax MiHEpaJbHOIO MacThia TypOOreHepaTOpiB Ha IUIaByYyuX BUAOOYBHHX Iuiatdopmax [8].
B OCHOBI TakMX JiarHOCTHYHUX MOJENEH JIeKHUTh TOEIHAHHS TIMOOKHX EKCIEPTHHX 3HaHb,
¢dopmai3oBaHMX Yepe3 aHajdi3 BHJIB, HACHIOKIB Ta KPUTUYHOCTI BIAMOB, 3 pEaJIbHUMHU
eKCIUTyaTallliHUMH TaHUMH, OTPUMAHUMU BiJl OOPTOBUX TaTYUKIB.

Takuii miaxig IEMOHCTPY€ BUCOKY €(EKTHBHICTH JIarHOCTHKM HaBiTh 3a YMOB JAe(ilUTy
ICTOPHYHHX JaHUX TPO BiJIMOBH, IO € TUIIOBUM JUIS IIPOMHUCIIOBUX CHUCTEM 1 YCKIIAJHIOE HAaBYAHHS
TpPaIUIIHHUX MOJeNleld MallMHHOTO HaB4YaHHs. HeuwiTki JOriyHi cucTeMu 3a0e3NneuyroTh TOYHY
Kjacu@ikalio HECHpaBHOCTEH Ta HOPMAJIbHOTO (YHKIIOHYBAHHS, YCHIIIHO BHSBIISIIOUM SIK
aHoMauii, Tak 1 MTAaTHUM cTaH. BaxJInBoIO mepeBaroro € MOXKIUBICT NMPSIMOi iHKOpHOpalii 3HaHb
€KCIIEePTIB Yy MOJIEJb, 0 pOOUTH ii HE JIUIEe TOYHOIO, ajle ¥ IHTEPIPETOBAHOIO AJISl 1HKEHEPHOTO
NepCoHay.

BoaHouac amanramisi Takux MoOJENeH IO IHIIMX TijcucTeM TypOoreHeparopiB abo 10
CKJIQHIMUX TIOPUAHUX TYpPOOKOMIIPECOPIB 3 IHTCHCHBHOIO B3a€EMOJIIEI0 KOMITOHEHTIB BHMAarae
JOJATKOBUX JOCTIKeHb. TaKoX aKTyallbHOIO 3aJMIIAETHC MpobjemMa BIOCKOHAJICHHS MOJEen
Ui eEeKTHBHOI JIarHOCTMKM IIBUJIKOIUIMHHMX MEPeXiAHUX MpOLeciB Ta THUMYACOBUX
PO30IKHOCTEH Y IOKa3aHHSX MaT4uKiB [9].

Meta Ta 3agaui gociaigkeHHsl. METO IOCITIDKEHHS € po3poOKa Ta BIOCKOHAJICHHS
iH(pOpMaIiifHO-BUMIPIOBAJIEHOI CUCTEMHU KEepyBaHHS TiOpHIHHUMH TYpOOKOMIIpECOpaMH CyIHOBHX
JBUTYHIB IIJITXOM 1HTErpallii aJJaiTUBHUX IHTEJIEKTYaJTbHUX METOIB MOHITOPHUHTY Ta JIarHOCTUKHU
JUIL TIIBUIICHHS €(EeKTHBHOCTI, HATIHHOCTI Ta 3a0e3nedyeHHs cTabiTbHOI pPOOOTH y 3MIHHHUX
eKCIUTyaTalliiHUX YMOBaXx.

Bukian ocHoBHoro wmarepiaay. CyuacHi cHCTEMH KepyBaHHS TypOOKOMIIpecopaMu
CYy/JIHOBHX JIBUTYHIB MOTPEOYIOTh BHCOKOTOYHOI iH(OpMaIiifHO-BUMIPIOBAIbLHOT YaCTUHH, SKA
3a0e3rneuye HE JHIIEe KOHTPOJb poOOYMX TapaMeTpiB, a W JMIarHOCTUKY CTaHy OOJaJHaHHSI.
CrpykTypHa cxema iH(OopMaIliHHO-BUMIPIOBAIBHOI ~ CHUCTEMHU MOHITOPHUHTY CTaHy
TYypOOKOMIIPECOPHOT YCTAHOBKM HAaBEJICHA HA pUC. 2.

OCHOBHOIO 33/1aY€l0 CUCTEMHU € MIATPUMKA €(EKTUBHOI'O HAJyBaHHS JBUT'YHA HUIIXOM
KOMOiIHOBaHO1 poOOTH TypOiHM Ta acCHHXPOHHOI MammHU. OCKUIbKH KepyBaHHS 3IIHCHIOETHCS Ha
OCHOBI CKJIQJIHUX B3a€MO3B’SI3KIB MDK TMapaMeTpaMH [ABUTYHA, BaXXJIHMBY pOJIb BiJirpae
Oe3mepepBHUIl MOHITOPUHT TaKWX BEJMYWH, SK THUCK Yy BIyCKHOMY KOJEKTOpi, TeMIieparypa
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BUXJIOTTHUX Ta3iB, 4acToTa o0epTaHHS KOMIIpecopa Ta HaBaHTAKEHHs IBUTyHA. JlaHI mapamerpu
BU3HAYAIOTHCS Y€Pe3 CHCTEMY JaTYHKIB, iHPOPMAIIis 3 SKUX HAIXOAUTH 0 MOJYJISl KEpYBaHHS.

[IpononoBana iHTenekTyanbHa iH(opMariiiHo-BuMiptoBanbHa mincucrema (IBIT) e
0araTOKOMIIOHEHTHUM PIIICHHSIM, CIPOEKTOBAHUM Ui BCEOIYHOTO MOHITOPUHTY, TIUOOKOI
JIarHOCTUKY TEXHIYHOTO CTaHy Ta peasizalii aIalTHBHOIO KepyBaHHS KOMOIHOBaHUMHM CyIHOBHMHU
TypOokoMIipecopanmu ycranoBkamu (TTY).

[lenTpansHuUM elleMEeHTOM € OJIOK 300py [aHUX, IO BIAIOBiJAa€e 3a OMEpaTUBHE Ta
CHUHXPOHI30BaHE OTpI/IMaHHH BHUEpIHOI iHpopMarlii mpo napamerpu poootu TI'Y.

IHti)opmaui}“IHO-BHMipmnanLHa. [Tizcucrema (IBII)

of
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Pucynok 2 — CtpykTypHa cxema iH(opMaIliifHO-BUMIPIOBAIBHOT
CHCTEMH MOHITOPHHTY CTaHy TiOpuaHOro TypOOKOMIIpecopa

Haniifiny Ta mBuAkicHy mepenady 3i0paHux JaHux 3a0e3leuye KaHal KOMYHIKallii,
peaiizarisi SKOTO 3aJeKHUTh BiJl BUMOT JIO IIBHIKOCTI, BiJICTaHI Ta HamiiHOCTI. lleHTpanizoBaHe
30epiraHHs ICTOPUYHUX JaHWX mapamerpiB TI'Y, pe3ynabTaTiB MiarHOCTUKH, TOJINA, aBapiHUX
CUTHAJIB Ta HaJaIITyBaHb CHUCTEMH 3JIHCHIOEThCS creriamizoBaHoo 06azor0 manux (BJI).
Oyukiionan bJ[ oxommtoe 3amuc, 3abe3nedeHHs IUTICHOCTI, IIBUIAKWAN JOCTYIN Jid aHami3y Ta
Bi3yauisarlii, a TAKOX JJOBIOCTPOKOBE apXiByBaHHI.

Ilepen anamizoM [aHi MPOXOIATH Yepe3 OJOK MomnepeaHboi 0OpOOKH, IO BKIIOYAE
¢inpTpamniro, HopMali3alio/CTaHapTU3AII0, arPerallilo Ta BUIIJICHHS O3HAK.

brox niarHOCTMKM Ta MPOTHO3YBAaHHSA CTaHy aHallidye 0OpoOJeHl JaHi AN BUSBICHHS
MOTOYHUX HECIPABHOCTEH, aHOMANii Ta MPOTHO3yBaHHS MaiOyTHHOro TexHiuHOro crany TI'Y,
BKJIIOUAIOYM HMOBIpHICTH BiIMOB. OCHOBHUMH (YHKLIAMU OJIOKY € BHSBJICHHS BIJIXUJICHbD,
kiacuQikarisi HeCIPaBHOCTEH, OIIHKAa 1X CEPWO3HOCTI Ta MPOTHO3YBAHHS 3aIUIIIKOBOTO PECYPCY
KOMITOHEHTIB.

ExcriepTHa cucteMa Haslae oniepaTUBHI peKOMEH/AIlll orepaTopy Ha OCHOBI JIaTHOCTUKHU Ta
3aKJIaJCHUX 3HaHb 32 JJOTIOMOTOI0 MEXaHI3MY JIOTIYHOTO BUBOJLY.

B3aemonisi omeparopa 3 CHUCTEMOIO BiIOYBAa€ThCs depe3 JIIOJUHO-MAIIUHHUK iHTepdeiic,
KU Bi3yadi3ye TMOTOYHI MapaMeTpu, ICTOPUYHI TPEHIH, Pe3yJIbTaTH IIarHOCTHKH, MPOTHO3H,
pexkomeHalii Ta TreHepye 3BiTH, 3a0e3lmeuyroud orepaTHBHE i1HQOPMYBAaHHS dYepe3 CUCTEMY
CTIOBIIIEHB Ta TPUBOT.

IlepeBarm Takoi cTpykrypu IBIl BKIIOYarOTh pO3IMIMPEHUH MOHITOPUHT, pPaHHIO
JIarHOCTHUKY, TPOTrHO3YBAaHHS B1IMOB JJi €()eKTUBHOIO IIaHyBaHHS 00CIYTrOBYBAaHHS Ta JOMOMOTY
eKinaxy, U0 MiABUIILY€ HaJiHICTh, Oe3neKy Ta ontumizye podory TI'Y.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Sxkmo B mpoueci anamizy IBII ¢ikcye 3miHM, SKi MOXYTb TMpPH3BECTH A0 3HWKECHHS
e(eKTUBHOCTI poOOTH KOMIIpecopa, BOHA 1HIIIIOE Mepeady BiAMNOBIIHUX KEPYIOUUX CUTHAIIB abo
pexoMeHaamii Uit KOopekuii mapamerpiB. [H(popMmarliiiHo-BUMipIOBalIbHA ITiJICUCTEMA 3IIHCHIOE
KOMIUIEKCHY OLIIHKY TEXHIUYHOTO CTaHy TypOOKOMIIpecopa depe3 MOHITOPHHI YOTHPbOX OCHOBHHUX
TpyI apaMeTpiB, 10 XapaKTepU3yIOTh Pi3HI acTieKTH (yHKIiOHyBaHHs arperary [10, 11]:

1. TemnepaTypHi XapaKTEpPUCTHKH BiAIrpaoTh (yHIAMEHTaJIbHY pOJIb y JAIarHOCTHI
TypOOKOMIIpecOpa, OCKUIBKH BiJOOpaXaroTh €EHEPreTH4Hy e(EeKTUBHICTh TEepMOIUHAMIYHHX
MIPOILIECIB Ta CTaH TETUIOHANPYKCHUX €IEMEHTIB KOHCTpyKIii. TeMmeparypa rasiB nepea TypOiHOO
T: xapakTepusye eHepreTHUHUHN MOTEHIIal po0oUYOoro Tijia Ta 6e3MmocepeHLO BIUTMBAE HA TEPMIdHI
HaIpy>XeHHs B JIOMATKOBOMY amapaTi TypOinu. TemmepaTypa rasiB micis TypOiHu T2 BimoOpaxae
CTYIIHb PO3IIKMPEHHS po00OYOro TuIa B TYypOIHHOMY CTYIEHI Ta XapakTepuszye e(QeKTUBHICTb
€HEePTeTUYHOTO NIEPETBOPEHHS. 3pOCTaHHA Pi3HUIN T1 — T2 CBIIYMTH MPO 3HIKCHHS €(PEKTUBHOCTI
TypOIHM BHACHIZOK 3a0pyJHEHHS MPOTOYHOI YaCTUHU a00 €po31IHOr0 3HOIIYBAaHHS JIOMATOK.
Kontponp TemmepaTypyu mMOBITpS TICAS KOMIpecopa I3 J03BOJISIE OIHUTH €(EKTHUBHICTH
KOMIIPECOPHOI ~ CTyIN€HI Ta BMSBUTU MPOLECH Jerpajaunii KOMIIPECOPHOTo KoJjeca, MI0
IPOSIBISIIOTECA Y 3pPOCTaHHI TeMIepaTypu CTUCHEHHA. OcoOsinBe 3HA4YeHHS Ma€ MOHITOPUHT
TEeMITepaTypH MiAMUITHUKIB Tp, OCKIIBKY IEH apaMeTp 0e3mocepeHb0 XapaKTepHU3y€e MEXaHIYHUMA
CTaH OIOPHUX BY3JIIB POTOpA.

2. Cuctema MOHITOPMHTY TlapaMeTpiB THCKY 3a0e3ledyye OIIHKYy aepoauHaMIvyHOT
e(eKTUBHOCTI TypOOKOMIpecopa Ta BUSBICHHS JErpajalliifHUX MPOLECiB y NMPOTOYHIN YacCTHHI.
Tuck HammyBHOro moBiTps P1  Xapakrtepusye MNPOJYKTUBHICTb KOMIIPECOPHOI CTyIeHI Ta
Oe3rmocepeIHbO BIUIMBAE HA MOKA3HMKH IMOTY>KHOCTI JIBUTYHA. 3HMKEHHS I[bOI'O MapameTpa MpHu
HE3MIHHMX PEXUMHHUX YMOBAaX CBIAYUTH MPO MOTIPIICHHS aepOAMHAMIYHUX XapaKTEPUCTHUK
KOMIIpecopa BHACHIJOK 3a0pyIHEHHs, epo3ii abo MeXaHIYHUX MOILIKOJKEHb POO0YOro KoJjeca.
KoHTposb THCKY BUITyCKHUX Ta3iB P2 03BOJIsI€ OLIIHUTH TiIpaBIiYHUN OMip BUIIYCKHOT'O TPAKTy Ta
epeKTUBHICTh TYpOIHHOI CTyIeHi. 3pocTaHHs LBOTO MapaMeTpa MOXe BKa3yBaTH Ha 3a0pyaHEHHS
TypOiHHOrO Kojieca abo 30UTBIICHHS TigPaBIiYHUX BTpaT y BUMYCKHIH cuctemi. OcoOauBo
BXJIMBUM JIIarHOCTHYHHUM ITapaMeTPOM € Tepernaj TUCKY Ha koMiipecopi AP, sikuii 6e3nocepeHpo
XapaKTepu3ye CTYIIHb CTUCHEHHS Ta EHEPreTUYHY e(PEeKTUBHICTh KOMITPECOPHOI CTYIICHI.

3. BiOpoakycTuuHi mapaMeTpu € KIYOBHM 1H(GOPMATUBHUM KAaHAJIOM ISl JTIarHOCTUKU
MEXaHIYHOTO CTaHy TYpOOKOMITpecopa, J03BOJISIOYHN BUABIATU J1€()EKTH POTOJUHAMIYHOI CUCTEMU
Ha panHHix cramisx [12, 13]. CepenHbokBaapaTHuHe 3HA4YCHHs BiOparilii BimoOpaxkae 3araibHy
JMHAMIYHY aKTHBHICTH arperarty i BHKOPHCTOBYETBCS JUISl iHTErpanbHOI OmiHKH. Moro 3pocranus
MOXE CBIAYUTH TIPO AucOaaHC poTopa, OciaablieHHs KpilieHb a00 MpoOJIeMH 3 MiIITUITHUKAMHU.
CnektpanbHuii  aHaii3 BIOpOCHUTHANly HaJa€e JeTalbHy 1H(OpMalil0 Mpo MPUPOAY Ta
MICIIe3HAXO0KEHHS 1ePeKTiB, 1ICHTU(IKYIOUH XapaKTepHI 4acTOTH 00epTaHHs pOTOpa, JOMATOK Ta
pe3oHaHCHI KonmBaHHSA. KOHTpONIb piBHSA IIyMy JOTOBHIOE JIarHOCTHKY iH(OpPMAIE Mpo
aepoJIMHAMIYHI MPOIIECH, BKa3yIOUH Ha MOKIIMBUI IMOMIIaX Yd KaBiTailiro [14].

4., MOHITOPUHT  IBHUAKICHMX MapaMeTpiB  3a0e3mnedye  KOHTPOJIb  KIHEMaTHYHHX
XapaKTepUCTUK POTOpa TypOOKOMIpecopa Ta BHSBIEHHS MNOPYILIEHb PEryJspHOCTI OOepTaHHS.
Yacrora o0epTaHHS pOTOpa N € OCHOBHUM PEXUMHUM MapaMeTpoM, 110 BU3HAYAE MPOTYKTHUBHICTh
arperaTy Ta piBeHb JAMHAMIYHUX HaBaHTaXeHb. HepiBHOMIPHICTH OOEpTaHHS XapaKTepHU3ye
CTaOUIbHICTh KIHEMAaTHYHOTO PEXHMY Ta MOXKE BKa3yBaTHU HAa PO3BUTOK MEXaHIYHHX Je(eKTiB abo
MOPYIIEHb y CUCTEMI PEryiIlOBaHHA. 3pPOCTaHHS HEPIBHOMIPHOCTI MOXKE CBIIYMTU PO PO3BUTOK
nucOanaHcy, Ocia0JIieHHs IMOcaJkd poOOYMX KOJiC Ha Baylly ab0 HECTaOUIBHICTH IPOLECIB Y
MPOTOYHIN YaCTHHI.

5. EnexTpuyHi XapaKTepUCTUKN aCHHXPOHHOI MammHu. Lls rpyna napameTpiB € KIF04OBOO
JUI TIaTHOCTUKHM caMe TiOpUAHOI YaCTHHHM YCTaHOBKHA. MOHITOPHHT CITOKMBAHOTO cTpymy |,
Hanpyru U Ta eNeKTpuYHOl TOTY>KHOCTI Pay T03BOJISIE OMIHUTH €(PEKTHBHICTH pOOOTH MAIIMHU SK Y
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PYXOBOMY, TaK 1 B I€HEpaTOPHOMY peKuMaxX. AHOMaJIbHE 3pOCTaHHsS CTPYMy IpU HE3MIHHOMY
HaBaHTAKEHHI MOXKE CBIIUYMTH TPO MpoOJeMH 3 OOMOTKaMH a0 MiAMIUITHUKAMU EJIECKTPUIHOL
MaIllMHHU, a aHATi3 TTOTY>KHOCTI JIa€ 3MOTy OLIHUTH 11 BHecOK y 3aranbanii KK/ CEY.

EdexTuBHICTh Ai1arHOCTUYHOI cHCTEeMH 3a0e3euyeThCsl KOMIUIEKCHIM aHaIi30M BCIX Tpynn
napaMeTpiB 3 BUKOPUCTAHHSIM aJITOPUTMIB OaraTOMipHOi CTaTUCTUYHOI OOpOOKH Ta pO3Mi3HABAHHS
oOpasiB. lle no3Bosisie BUSBIATH CKJIaJHI KOMOIHOBaHI Je€(pEKTH Ta NPOTHO3YBaTH PO3BUTOK
JerpajaliiftHuX MpoIIeCiB.

Jlst moOyA0BH IarHOCTUYHOI MOJIETIi Ha OCHOBI HEUITKOI JIOTIKM KJIFOYOB1 KOHTPOJIHOBaHI
napametpu TT'Y Ta 11 y3araJbHEeHMH TEXHIYHUN CTaH MPEJCTABISAIOTHCS Yy BUIJISAL JTIHIBICTUYHHUX
3MmiHHMX [15]. KoxkHa JiHrBicTUYHA 3MIHHA XapaKTepU3yeThCs HAOOPOM TEPM-MHOXKHUH (TEpMIB) —
SAKICHUX OIIHOK, IO ONHCYIOTb MOXJIMBI 3HAuU€HHs Ili€] 3MIHHOI MOBOIO, HAOJIMKEHOI [0
MIPUPOJIHOT JIFOJICHKOI MOBH. {151 KO)KHOTO TepMy BH3HAYa€ThCS BIANOBIIHA (YHKIIS HAJIEKHOCTI,
sKa BCTAHOBJIIOE CTYIIHb, 3 SIKUM KOHKPETHE UYMCJIOBE 3HAYEHHS MapaMeTpa HAJIEKHUThb 10 L€l
HEYITKOI MHOXHWHU (TEpMY).

Jlis  KOXKHOTO KOHTPOJBOBAHOTO TapaMeTpa, HaHi mpo skuil Hamxoaats Big IBII,
BHU3HAYAIOTHCS BIAIIOBIAHI JIHIBICTAYHI 3MIHHI:

1. Temnepatypa rasiB nepen Typ6iHoro (T1): Lleil mapameTp € BaKJIMBUM i1HAMKAaTOPOM
TEIUIOBOTO HaBaHTA)KEHHS Ha TypOiHy Ta e(pEeKTHUBHOCTI MpOLECy 3ropsiHHs B ABUTrYyHi. [lj1si HbOro
MOYTb OyTH BU3Ha4Y€HI TaKi TEpM-MHOKUHU:

— «Hwuzbka» (p1): Bkazye Ha MOXIIHMBI POOIEMH 31 3TOPSHHIM, HEAOCTATHE HABAHTAXKECHHS
a00 HECMPaBHOCTI B MAJTUBHIN CHCTEMI.

— «Hopmanbhaay (p2): OnTumansHuit pobouHii qiana3oH.

— «Bucoka» (u3): Moxe CBIJUUTH MNpO IEPEBAHTAKEHHsS, IIOYATKOBI MpodiieMu 3
OXOJIO/DKEHHSIM a00 SIKICTIO IanBa.

— «Kputnuna» (p4): Curnamizye mpo 3HAYHE NEPEBAHTAXEHHS, CEPHUO3HI MpolieMu 3
OXOJIO/IPKEHHSIM, HAOIMKEHHS 10 HEOE3MEUHHUX PEXKUMIB.

2. Biopanis migmmnaukoBux By3niB TI'Y (V): PiBens BiOpamii € mpsMUM MOKa3HUKOM
MEXaHIYHOTO CTaHy pOTOPHUX YACTHH, CTaHy IHIJAUIMIIHUKIB Ta 3arajbHOro OanaHCyBaHHs
YCTaHOBKH.

— «MinimanbHay (v1): [neanbHuil cTaH, HU3bKUI PIBEHb MEXaHIYHUX IIYMiB.

— «lomyctuma» (v2): HopmansHuii piBeHb BiOparlii qisi JaHOTO THUITy OOJagHAHHS B
poboYOMY peKuMi.

— «ITomipna» (vs3): Bkasye Ha MOXJIMBHI NMOYaTKOBHH 3HOC, HE3HauHUI nucbamanc abo
noTpedy y nepeBipili KpirjeHb.

— «3HayHa» (v4): CurHamizye mpo CyTT€BUH 3HOC MiJIIMITHUKIB, CEpHO3HUHN aucOaaHc,
MO>KJTUBE TIOIITKO/PKEHHS JIONATOK a0 1HIIT MeXaHIuHi IpobIemMu.

— «Henmomycrumay (vs): Kputndnuii piBeHb BiOpailii, 10 MOXe MPHU3BECTH 10 PyHHYBaHHSI
TTYy.

3. Ctpym acunxponHoi wmamuau (l): Xapakrepuszye HaBaHTaKEHHS Ha EJICKTPUUHY
gactuHy. Tepm-mHokuaM: «Hmbkuit» (1), «Hominampauity (), «IlizBumenuit» (13),
«Kpurnanuin» (14).

BuxinmHot JIHTBICTUYHOK 3MIHHOKO JTIarHOCTHYHOI CHCTEMH € Yy3arajbHEHa OIliHKa
«Texniyamii cran TI'Y» (K). Llg 3minHa iHTerpye iHpoOpMaIio BiJ aHali3y BCIX BXITHHX
napaMeTpiB i BifoOpakae TOTOYHY IIpalle3JaTHICTh Ta PiBeHb JErpajiallii yCTaHOBKHM. 1i Tepm-
MHOXKHHA MOKE BKJIFOUATH:

— «Bigminnuit» (61): YcTaHOBKaA MpAIfo€ B ONTUMAIbHOMY PEXKHMI, MapaMeTpu B HOpPMI,
03HAaKH 3HOCY BiJICYTHI.

— «/lo6puit» (c2): He3HauHi BiIXWMJICHHA OKPEMHUX IapaMeTpiB, II0 HE BIUIMBAIOTH Ha
Mpare3aaTHiCTh, MOYKJIMBHH MOYaTKOBHIA IPUPOJTHUAN 3HOC.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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— «3agoBunbHUI» (03): HasBHI TeBHI BIAXWICHHS, IO BKAa3ylOTh HAa HEOOXIIHICTh
MOCHJICHOTO KOHTPOJIFO a00 TUIAHOBOTO OOCITYTOBYBaHHS; C(EKTUBHICTH MOXE OYTH JEIIo
3HIKEHA.

— «He3anoBinbHuit» (04): 3HA4YHI BIAXWICHHS [MapaMeTpiB, BHCOKAa HMOBIPHICTb
nporpecyBaHHs AedeKTy, MOTpiOHe HaWOIMKIe BTPYYaHHS IS 3aM00iraHHs B1IMOBI.

— «Aapiitauit» (os5): Kputnunuii craH, 10 BUMarae HeraiHoi 3yNMMHKHM Ta PEMOHTY JJs
3armo0iranHs CEpPO3HUM MOIITKOKEHHSIM a00 KaTacTpo(iYHIUM HACTIIKaM.

JUis  KOXHOI TEepM-MHOXKHHM, UII0 XapaKTepU3ye€ JIHTBICTUUHY 3MIHHY B CHCTEMI
JIarHOCTUKU CYAHOBOTO TYpOOKOMIIpecopa, BU3HAUYAIOTHCS (PYHKLII HaNEXHOCTI. Y MpPaKTUL
MOOYTIOBM HEYITKUX CHUCTEM JIarHOCTUKH YacTO BUKOPHUCTOBYIOTHCS TpaIelienoAiOHl Ta TPUKYTHI
(GyHKIIT HAEKHOCTI 3aBASKH iXHIM IPOCTOTI, HAOYHOCTI Ta 0OUNCITIOBANIBbHIN e(heKTHBHOCTI:

0, x<a;
E, a<x<b;
x—Db
px) = _d—x' b<x<c; @
d-c
1 c<x<d;
0, x>d.

[Mpuknaan GyHKIIA HANEKHOCTI A BXIAHUX JIHTBICTUYHUX 3MiHHUX T1, V Ta [ HaBeaeHO
Ha puc. 3, 1y BuxiaHoi 3MiHHOI K — Ha puc. 4.

w W2 B3 ]

0.1 0.2 0.3 0.4 0.5 0.6
input variable "T1"

[ | = I 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
input variable *V*

input variable *I*

Pucynok 3 — OyHKIiT HaEKHOCTI BXiJHHX JIIHTBICTHYHUX 3MiHHUX T1, V Ta |
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Ha ocHOBI 1MX JIHTBICTUYHUX 3MIHHHX Ta iX TePM-MHOXHH (popMmyeThcsi 0aza mpaBWI
HEYITKOTO JIOTIYHOTO BUBOY:

[IpaBuno 1: Skmo Temmeparypa rasiB mepen TypOiHoio € «Bucoka» abo BiOpamis €
«Henomyctumay, To TEXHIYHUHN CTaH € « ABapiiHUII.

ITpaBuio 2: Skmo Temneparypa rasis nepea TypOiHoio € «Bucoka» Ta BiOparis € «3HauHa»
TA TuCck HanayBY € «3HIKECHUI», TO TEXHIYHUHN cTaH € «He3amoBuTbHMITY.

[Tpaswio 3: Skmio Bci mapamerpu € B Mexax «HopManbHHX» 3HAYECHb, TO TEXHIYHUHI CTaH €
«BigMigHAD.

[TpaBuno 4: Skmo BiOparis € «3HauHa» Ta CTPyM aCHHXPOHHOI MamuHu € «[ligBuieHuin,
TO TEXHIYHUN cTaH € «He3amoBinpHU».

I ] | ] I
o5 o4 a3 a2 ot

1 | 1 bl

output v;r:iab!e K
PucyHok 4 — @yHKINIT HAIE)KHOCTI BUXiMHOIT 3MiHHOT K

Otpumani Bix ONOKy momepenHboi OOpOOKM  KUIBKICHI  3HAY€HHS IapaMeTpiB
($ha3udikyroThCs, 0OPOOISAIOTECS CHCTEMOIO HEYITKOTO BHBOAY 3a JIONMOMOrow 0a3u MpaBui, 1
pesynbrar aeda3udikyeThcsi, MEPETBOPIOIOYHMCH HA YITKY KiIBKICHY a0o0 SKICHY OIIHKY, SKa
MEepesIaeThCsl  ONEepaTopy Ta BHUKOPHUCTOBYETBCS EKCHEPTHOK CHCTEMOK Uit  (HOpMyBaHHs
pexomenaaniii [16, 17]. Le#t migxin 3a0e3nedye rHy4Ky Ta aJlaiTHBHY JIarHOCTUKY, IO BPAXOBY€
BCIO CKJIAJHICTh Ta HEBHU3HAYCHICTh pEAIbHUX YMOB CKCIUTyaTallil CyJHOBOIO TypOOKOMITpecopa
[7].

Jlnst nedazudikariii BAKOPHCTOBYETHCS METO/I IICHTPA Baru:

in'ﬂ(xi)
TS @

TexHiuyHMil cTaH TypOOKOMIIpEcopa XapakTepU3y€eThCs IHTETpabHUM TMOKa3HUKOM K, skuii
O0YHCIIOETHCA HAa OCHOBI HEYITKOTO BUBEICHHS:

K=F{T,T,,T,.T,.R.P, AP,V n}, 3)

ne F — oneparop HEYITKOTO BUBEICHHS.
JUIs  TIpOTHO3YBAaHHS 3QJIMIIIKOBOTO PECYpPCY BHKOPUCTOBYETHCS JIWHAMIYHA MOJEIb
Jerpajailii TeXHIYHOTO CTaHy:

X

d—Kz—a(K)~ f(L,E), 4
dt
ne a(K) — (yHKIis mBHAKOCTI Aerpajaaliii, 3aje)Ha BiJ MoToYHOro crany; L — excruryaramiiiai
HaBaHTaXeHHs; E — 3oBuimHi Brutuey; f (L, E) — dyHKIls BIUIMBY eKCIUTyaTaliiiHux (hakTopis.
3anumkoBHi pecypc Tres BA3HAYAETHCS K YaC JIOCSTHEHHS TPAHUYHOTO CTaHy Kmax

K max dt
B REEaT:) ®

Yac BigMoBU T, BU3HAUAETHCS LUIAXOM IHTEIPYBAaHHS 3BOPOTHOI BEIMYMHU IIBHIKOCTI

nerpanarii «(K)- f (L, E) B miama3oni Bix motounoro crany K(t) 10 rpanuusoro crany Kmax.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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OcHoOBHi pe3yJbTaTH Ta iX oO0roBopenHs. Jlus po3poOku Ta KOMII IOTEPHOTO
MOJICJIIOBAaHHS HEYITKOi MOJIeNl JIarHOCTUKM TEXHIYHOI'O CTaHy TYpPOOKOMIIPECOPHOi YCTaHOBKU
(TT'Y) Gyno BukopucTaHO penakrop HeuiTkux cucreM FIS y mporpamuomy xomriekci MATLAB.
VY 1mpoMy penakTopi MOJeNb HEWITKOrO BHCHOBKY IpEJCTaBlIeHa SIK i€papXiyHa CTPYKTypa, IO
IHTETpy€ BXi/JHI AaHi, 6a3y MpaBWII Ta MEXaHI3MHU TeHepallii BUXITHUX 3HAYCHb.

Jlis  nocnigKeHHsT TOBEIIHKH pPO3pO0JIeHOT MojeNi MiarHOCTUKUM B cepenosuili FIS
MATLAB noOynoBaHi noBepxHi pimieHb. [Ipuknan Takux noBepXxoHb HaBEJIEHO Ha pUC. 5.

Bonu HaouHO BigOOpaXkaroTh 3aJIeXKHICTh BUX1IHOI AlarHOCTUYHOI 3MiHHOT K BiJl KIIFOUOBHX
BXIJHUX @apaMeTpiB, 110 JA€ MOXJIUBICTh BI3yaJlbHO OI[IHUTH KOPEKTHICTh ©0a3u MpaBui Ta
TOYHICTh HAJIAIITYBaHb (DYHKIIM HAJIEXKHOCTI.

> -

Pucynok 5 — IloBepxHi pimieHb HEUITKOT MOAEITI
CHCTEMHU MOHITOPUHTY CTaHy TiOpUAHOTO TypOOKOMITpecopa

Ominka e(EeKTUBHOCTI CTBOPEHOI MOJEN 3IIHCHIOETBCS MUISXOM KOMIT IOTEPHOTO
monemoBanHs B MATLAB Simulink i3 3acrocyBansM imitaniiinoi moxeni [5]. Otpumani
pe3ysbTaTh O3BOJSIOTH BU3HAYMTH PIBEHb TOYHOCTI JIarHOCTHKH, INBUIKICTh peakiii Ha
BUSIBJICHHSI HECTIPABHOCTEH Ta 3arajibHy HaliifHICTh CUCTEMH.

BucnoBku. Peanizariis 3anponoHoBaHoi iH(GpOpMaIliifHO-BUMIPIOBAIBHOT CHCTEMH JI03BOJISIE
3HAYHO TIJBUIIMTH €QEeKTHBHICTh POOOTH TypOOKOMIIpecopa, 3a0e3MEeUUTH IPOrHO3yBaHHS
MOTEHI[IHUX HECTPaBHOCTEH Ta ONTHMIi3yBaTH NPOIIECH KepyBaHHs. BoHa BHKOHye (QyHKIIIIO HE
auie 3aco0y 300py JaHWX, a ¥ IHTEJIeKTyaJbHOTO aHali3y TEXHIYHOTO CTaHy OOJaJHaHHS, IO
cripusie Oe3nepepBHOMY iIBHIICHHIO HAIIMHOCTI Ta MPOAYKTUBHOCTI CYJJHOBOTO JIBUTYHA.

IlepcnekTHBM MOAANBIIMX JOCTiAKeHb. Po3po0iieHa KOHICMISI 1HTEICKTYalbHOI
iH(pOpMaLliHHO-BUMIPIOBAIBHOT MiJICUCTEMH JI1 MOHITOPUHTY CTaHy CyJAHOBUX TYpOOKOMITpECOpiB
BIIKpUBA€ HHU3KY TEPCICKTHBHUX HAMPSAMKIB JUIS TOJANBIIAX HAYKOBHX Ta TPAKTHYHUX
nociimkenb. [lo-nepiie, icHye 3HaUHUN MOTEHIIaNl y BAOCKOHAJICHHI aJTOPUTMIB J1aTrHOCTUKH Ta
MPOTHO3YBAHHS NIISXOM 3aCTOCYBaHHS CKIIATHINIMX MOJENICH MAITMHHOTO HAaBYAHHS, TaKUX SK
rOoKi HeMpoHHI Mepexi abo TiOpUIHUX MIAXOIIB, 10 MOEAHYIOTH MEpeBaru HEYIiTKOI JIOTIKH,
HEHPOHHUX MEPEXK Ta EKCIEePTHUX cucTeM. [lo-apyre, BAXKITMBUM HAMPSMKOM € PO3BUTOK METO/IIB
CEHCOPHOTO 3JUTTS ISl 1HTeTrpallii JaHuX 3 PI3HOMAHITHHUX JIATYUKIB, IO JTI0O3BOJIUTH OTPUMYBATH
OUTBII TMOBHE Ta HajiiHe ysBiieHHs mpo ctaH TI'Y. Takok MEePCHEKTUBHUM € JIOCIIKESHHS
iHTerpaii po3pobnenoi IBII 3 konueniieo nndpoBoro ABiitHIKA TypOOKOMIIPECOPHOI YCTaHOBKH,
10 YMOKJIMBUTH TIPOBEJICHHS CUMYJISIIN, aHATI3 «I0-SKII0» CIICHAPIiB Ta ONTUMI3aIlil0 CTpaTerii
TEXHIYHOT'O 00CITyroByBaHHS. Hapemiri, OCIIKEHHSA MOYKJINBOCTENR oInThMI3arii
eneproedgexTuBHOCTI TI'Y Ha OCHOBI J€TaNbHUX AAHWX MOHITOPHUHTY Ta MPOTHO3IB CTaHy MOXKE
MPHU3BECTH 10 PO3POOKHM HOBHUX CTpaTeriii KepyBaHHS, IO 3MEHIIYIOTh BUTpPATH MalWBa Ta
IIKIJTAB1 BUKHJIH.
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Lebedenko Yu. O., Tymofeev K. V., Voronenko S. V., Bihun S. V. INTELLIGENT INFORMATION-
MEASUREMENT SYSTEM FOR DIAGNOSTICS AND MONITORING OF A HYBRID MARINE
TURBOCHARGER WITH A FUZZY MODEL

This paper focuses on enhancing the efficiency and reliability of modern marine power units through advanced
diagnostic and monitoring systems. It presents an intelligent information-measuring system (IMS) designed for
real-time condition monitoring of hybrid marine turbochargers (HMTCs), which integrate exhaust gas
recovery with auxiliary electric motor/generator support. Due to their complexity and demanding operational
conditions, HMTCs require sophisticated diagnostics. The proposed IMS leverages fuzzy logic for adaptive
control and predictive maintenance. The IMS is structured to process multi-parameter data streams from
sensors that monitor not only key parameters of the turbo-gas-dynamic components (such as temperature,
pressure, rotational speed, vibrations, and lubrication) but also the operational parameters of the electrical
machine. Fuzzy logic algorithms enable precise sensor data interpretation, addressing real-world uncertainty
and formalizing expert knowledge. The system employs fuzzification, fuzzy inference rules, and defuzzification
to generate accurate diagnostic assessments, distinguishing normal operation, potential deviations, and
critical faults. With growing industry demands for fuel efficiency and reliability, conventional diagnostics often
fail to account for HMTC complexities. The scientific novelty of this research lies in its adaptive diagnostic
process using fuzzy logic, which models expert-derived rules for nuanced fault detection. The IMS aids in
optimizing control parameters, regulating supercharging, and activating emergency systems, thereby
improving early fault detection. This IMS has significant maritime applications, particularly for vessels with
hybrid turbocharging. By supporting condition-based maintenance, it reduces downtime and enhances
operational efficiency. Its ability to ensure reliable engine performance promotes safer maritime operations
and contributes to sustainable shipping through improved fuel economy. Future research could explore
experimental validation and broader integration into ship energy management systems.

Key words: marine power plant; combined turbocompressor; information-measuring system; fuzzy logic;
adaptive control; condition diagnostics; monitoring.
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MEKI 3ACTOCYBAHHA METOAIB BUSHAYEHHSA 3MIHU OCAJIKH
MOPCBKOI'O CYJHA BHACIIAOK 3MIHU I'YCTUHM BOJN

AnapeeB A. M., 0.ned.n., npoghecop, 3asioyeau kKaghedpu 3aeanvbHOi ma NPUKIAOHOL
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Y cmammi posenanymo npobnemy usHaueHHsa 3MiHU 0OCAOKU MOPCbKO20 CYOHA, 00YMOBIEHOI 3MIHOIO 2YCIUHU
600u. Ii npaxmuune 3navenns micno nos’sasame 3 po3e azaunaM 3aé0anb besneurnozo niaeanus. OOHUM i3
MAaKux 3a60amb € PO3PAXYHOK NOCAOKU CYOHA HA emani po3poONeHHs U020 6AHMAXNCHO20 WaaHy. IHuum
3A60aHHAM € BUIHAYEHHS MACU 8AHMAICY HA OCHOBI BUMIPIOBAHHA OCAOKU CYOHA 00 MaA NiCiA 8AHMAXACHOL
onepayii. IlopiensanbHuil ananiz 0esaKux mMemooié GU3HAYEHHS 3MIHU OCAOKU CYOHA 3i 3MIHOK 2YCHUHU 600U
BUABUB MEJICT IX NPAKMUYHO20 3aCMOCy8anua. Bowu eusmauaiomvca npunyweHusamu, 3pobreHumu nio yac
ompumanus pobouoi gpopmynu. Hespaxysanmnsa yux messc modice npuszgooumu 00 GUHUKHEHHSL 2pYOUX NOMUNOK Y
PO3PAXYHKAX NOCAOKU CYOHA, d HA NPAKMUYi — 00 HENPAGUILHO20 1020 3a8anmadicens. Pozenanymi memoou
npoINIOCMPOBAHi KOHKPEMHUMU RPUKIAOAMU. Y cmammi makodc NOKA3AHO MOICIUSICIb PO3UUPEHHS
NPAKMUu4HOi 3HAWYwocmi Memooy SpaHudHoi OYinKUu 0N BUSHAYEHHS 3MIHU OCAOKU He Juule NpAMOCMIHHUX
cyoen. MemooO € makodic KOpUCHUM y 8UNAOKAX: OYIHIOBAHHS 8EPXHLOI MediCi 3MIHU OCAOKU CYOHA, BUKAUKAHOL
3MIHOI0 2YCMuUHU 800U, BUSHAYEHHA 3MIHU OCAOKU Y UNAOKY, KOAU 2YCUHA 600U Npu nepexodi cyoHa
SMIHIOEMbCA He CYMMEBO. 3anponoHo8ano Kpumepii, wjo 003801A€ BCMAHOSUMU THOYHICMb Memoody
2PAHUYHOT OYIHKU 3MIHU OCAOKU CYOHA. 30Kpemd, NOKA3GHO, WO MOJICHA 3HAUmMu Ol NesHo20 O0ianazony
0CaA0OK Kpumuuni 3HAUeHHs Koe@iyienma 6epmuKanbHoi NOGHOMU, 3d AKUX NOXUOKA MemoOy 2pAHUYHOT
OYiHKU OOpigHI0O6aMUME Hanepeo 3a0aHOMY 3HAYEHHIO (3a KOHKpemHOI pisHuyi eycmunu 600u). Busnauenuii
Kpumepiii 00360JI€ OYIHIO8AMU YMOBU, KONU PO3OINCHICMb Y pe3yIomamax 3a «MOYHUMUY Memooamu ma
MEMOOOM 2PAHUYHOL OYIHKU MOJICe OYMU NPULIHAMHON0 OJid NPAKMUYHUX yineu. Bascauei nanpamu nooanrbuux
00Ci0HCeHb N0 A3aHI 3 NIOBUUIEHHAM TMOYHOCMI BUMIPIOBAHHSA OCAOKU CYOHA mMa 2YyCMUHU 800U, AdiCe
NOXUOKU YUX 8UMIPIOBAHb 3HAYHO 0OMEIICYIOMb MOUYHICMb 8U3HAYEHHS B0OOMOHHANCHOCTI CYOHA.

Kniwouosi cnoea: niasyuicms;, 6aHmMadnicHa mMapkda;, ocaoka cyOHA; 2yCMuna 800U, GNIUG 2YCMUHU 600U HA
0Ccaoky cyona, KoepiyicHmu nogHomu, Memoo SpAHUYHOT OYIHKU 3MIHU OCAOKU CYOHA.

DOI: 10.33815/2313-4763.2025.1.30.046-058

Beryn. OnHiero 3 HaBaXHMBIIIUX MOPEXiTHUX XapaKTEpUCTHUK CYJIHA, IO TOB’S3aHa 13
0e3MeKol0 IJIaBaHHA, € IaByyvicTh. Ll XapakTepucTrka BimoOpaskae 3JaTHICTh CyIHA XOJHUTH i3
MIEBHOIO OCAIKOI0 3a 3aJaHo0i KiTBKOCTI BaHTaxXy [1]. 3amac mmaBydocTi 3a0€3IeUy€eThCs BUCOTOIO
HAJBOJIHOTO OOpTa, OT0 MiHIMaJIbHE 3HAYCHHS PErJIaMEHTY€EThCs MIXKHAPOIHOI KOHBEHIIIEI) TIPO
BaHTaXXHY Mapky [2]. OTke, BayKIMBUM 3aBAaHHAM O€3MEYHOIO IIABaHHS € PO3PAaXyHOK MOCAIKU
CyJlHa Ha eTari po3poOJICHHS HOTO BaHTAXKHOTO MiaHy. lJis 1[s0ro, 30KpeMa, BU3HAYAIOTh OCAJIKU
cyaHa (HOCOM Ta KOPMOIO) BIATOBIAHO O KWOTO BOJOTOHHAXKHOCTI Ta TYCTHHU BOJH, B SIKIH
BiOyBaTUMeThCs Tepexif. Ha mpakTuili mpamssieTbesi TaKoK 3BOPOTHA 3ajava, Mo nepeadadae
BUMIPIOBAHHS OCaJKH CYyJIHA JI0 Ta TICJs HAaBaHTAKCHHS/PO3BAHTAXXEHHS 1 BH3HAUCHHS MAacH
BaHTaXy (30Kpema, HaBajgoyHOro). ToX ocaaka TICHO KOPETIE 3 EKOHOMIYHOK CKIJIaJIOBOIO
eKcrutyaTalii Mopcbkoro cynHa. Hampukman, 3mina ocamku cynHa «SUNRAY» nHaBiTe Ha 1 cMm
(3 9,50 M no 9,51 M), BignoBimae monan 56 ToHaM BaHTaxy abo mpubau3zHo 36400—42000 mour.
CIIA (mmst cupoi HadTH) 3alMeXKHO BiJl BIUIUBY pi3HHX (akTopiB (MapmpyTy, THITY CY/IHA,
reONOJITHYHHUX (aKTOPiB, IIiH HA OYHKEP TOIIO).

ITocTanoBka mpoo6aemu. Toxai sk 00’e€M 3aHYpeHOT YaCTHHHU CyJHA BU3HAYAETHCS JIMIIE
BOJIOTOHHaXHICTIO Ta TYCTHHOIO BOJH, HOTO OCajKa 3aJIeKUTh TaKOX BiJ (Gopmu koprycy (Horo
00BOJIIB) 1 IeW BIUIMB aHAJITUYHO BpaxyBaTh ckiagHo. Came 19 0OCTaBMHA YCKIIQTHIOE
BH3HAYECHHS 3MI1HU ocaku cyaHa AT 3a1eXHO BiJl 3MiHU TYCTUHU BOJY TIPH ITEPEXO/II.

AHani3 BiIOMHUX MiJIXOJiB BHU3HAUEHHS 3MIHH OCAJKU CYJIHA, 10 BUKIUKAaHA 3MiHOIO
TYCTHHH BOJIH, JIaB 3MOTY BHAUIATH PEKOMEH/ Al MO0 1X 3aCTOCYBaHHs B KOHKPETHHX BHUIAIKaX.
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Byno Takox BHSBIEHO INEBHI HEKOPEKTHOCTI y 3aCTOCYBaHHI METOJIB BH3HAUYEHHS 3MIiHU OCAJIKU
CylHa 31 3MIHOIO TYCTHHH BOJU. AJDKE KOXXEH METOJ Ma€ CBOI MeXl 3acTOCyBaHHS, IO
BU3HAYAIOTHCS MPUITYIICHHSIMH, 3pOOJICHUMH IIiJi 4Yac OTpUMaHHS poOo4oi (po3paxyHKOBOT)
¢dbopmynu. HeBpaxyBaHHS IUX MEX MOXKE MPU3BOAWTH O BUHHKHEHHS TPyOUX MOMUIIOK Yy
poO3paxyHKax MOCAJKH Cy/IHA, a Ha MPAKTHLIl — 0 HETPaBMJILHOTO HOTO 3aBaHTaKECHHS.

AHaJi3 ocTaHHIX AociaiIkeHb Ta myOJikanii. TeopeTHyHi OCHOBU TiAPOCTATUKH CYACH
posrisimanucs T. @occenom (Thor 1. Fossen) y po6ori [3]. Pi3ui acnekTr mpoOieMu BpaxyBaHHS
BIUTUBY TYCTHHHU BOJU Ha OCaIKy MOPCHKOTO CyJHa PO3MIISIANNCS y HayKOBId Ta HaBYalbHIN
miteparypi. 3okpema, npoBeneHuii B. B. [BueHkoM aHami3 BHECKY PI3HMX YMHHUKIB Ha TYCTHHY
3a00pTHOI BOJIM BUSBHB, 110 TIOMITHUN BHECOK y 3MiHY T'YyCTHHH BOJH, a, OTKe, H OCAJKU CyAHA,
YUHSATH 3MIHA COJIOHOCTI Ta TeMIiepaTypa Boau [4].

Jlesiki MeTOIM BU3HAYEHHS 3MIHM OCAJKH CyJHa 31 3MIHOIO TYCTHHU BOJMU HaBEIECHI Y
HaBuyanbHux mocionukax X. JIk. ITepci (H.J. Pursey) [5] ta I. K. Kmapka (I.C. Clark) [6]
PosrnsiHyTO, 30KpeMa, 0COOIMBOCTI BUBHAYCHHS 3MIHM OCAJIKU 3a JornoMororo nomnpasku FWA [6],
a TaKOX OUIBII 3arajJbHUN BHUIMAJO0K — 3a JOMOMOTOIO0 MMapaMeTpa «4YHUCIO TOH Ha 1 CM ocaakm
(mapametrp TPC) [5]. OxpemMo po3risiHyTO croci0 BHM3HAYEHHS 3MIHM OCAJKU y BHUIAJKY
MPSIMOCTIHHUX CyJeH [5], ogHaK HE HABOJAWUTHCS KPUTEPIH, 3a SIKUM MOKHa Oysio O OLHIOBATU
TOYHICTb I[LOT'O CIIOCO0Y y BUINAKY PEATbHUX CY/IEH.

TouHicTh METOMIB BU3HAYEHHS 3MIHM OCAJIKM CyJHA Ha MPAKTHUI[l OOMEXY€ETbCS TOUYHICTIO
BUMIpIOBaHHA caMoi ocaaku. Cepel MPUYMH MOXKJIMBHX IMOXMOOK MOXYTh OyTH Taki [7]: morasi
IIOT0/IHI YMOBH, XBHJII Ha IOBEPXHI BOAM; KPEH CYJIHA; SBUILE Mapajlakca Ipy 3UUTYBaHHI 3HAUYEHb
OCaJIK{; MPOCIIaHHS CyJHA BHACIIZOK Tedil, 0cOOJIMBO HAa MUIMHI; BEJIMKA PI3HUL TeMIIepaTypu
MOBITPSI 1 BOJM, IO MPHU3BOAUTH J0 PI3HMII B TEIJIOBOMY PO3LIMPEHHI 3aHYpPEHOI Ta HAJIBOAHOI
YaCTHHU KOPITyCY CyAHa; TU(PEPEHT CyAHA; 3HAYCHHs T'YCTUHU BOJAM MOXYTh JEIIO BiIPI3ZHATHUCS 3
NIMOMHOI0 Ta B PI3HUX MICISIX HaBKOJIO CyJHA; MOXJIMBUNA IPOTMH/TIEPErHH CyJHA. Y I[bOMY X
JOKYMEHTI BKa3y€ThCSl HA T€, IO HASBHY Ha CYJHI TaOJIMUYHY 3aJIeKHICTh BOJOTOHHAXKHOCTI BiJl
0CaJIK! TAaKOXK HE MO>KHA BBA)XKaTH a0COIIOTHO TOYHOIO (MOXUOKH METO/IIB OOUHCIICHB).

[TigBuIIeHHST TOYHOCTI BUMIPIOBaHHS OCaJKW CyJHA TaKOXK OyJI0 MpeIMETOM HayKOBHUX
JOCIIJKeHb. 30KpeMa, y cTatTi [8] ToCiKeHO BIUTUB MOXUOKH y BUMIPIOBaHHI OCAJKH CyJlHA Ha
pe3ynbTaTi BU3HAYEHHS] BOJOTOHHAKHOCTI 3a TIAPOCTATUYHUMH TaONMMISIMH. SIK anbTepHaTHBa
BI3yaJIbHOTO BUMIPIOBaHHS OCAJKH 3alPOIIOHOBAHO ONTOBOJOKOHHMW JATYMK PiBHS piauHUA. €
BIJOMHM TaKO CIOCIO KOHTPOJIIO Ta BUMIPIOBAHHS OCAJKU 32 JOIIOMOTOI0 PIAMHHUX MaHOMETPIB,
IIKaIM SKAX 3aKpIIUIIOIOTh HAa OJHAKOBIH BHCOTI 3 000x OoptiB cyana [7]. Y poboti [9]
3aMporOHOBAHO MPOTHUKOIMBATIBHUI MPUCTPIN, 110 JO3BOJISAE MiABUIIUTH TOYHICTh BUMIPIOBAHHS
OCaJKH CyJIHA B YMOBaxX XBWIIOBaHHS Ha TOBepxHI Bomu. Y pocmimpkeHHsx [10, 11, 12]
MOPIBHIOIOTHCS. METOAM BI3yaJbHOTO BHUMIPIOBAHHS OCaJKd Ta METOAM 11 BHU3HAUEHHS
pO3Mi3HABAHHAM 300pa)KEHHS, JPYTHi METOJ BBAXKAEThCA OUIBII TEPCHEKTUBHUM. TOYHICTH
BUMIPIOBAHHS OCaJKH CyJIHA ITMMHU METOJaMH OOMEXyeThcs (POPMOIO MEHICKa BOAM Ha MeXi 31
3MOUYEHOIO MMOBEPXHEIO OOpTa (32 MOBHOTO MITHIIIO).

Meta Ta 3axa4i gocjaigkeHHsi. MeTOO CTaTTi € MOPIBHSAJIBHUN aHaNi3 BIJOMUX METOJIIB
BU3HAYEHHS 3MiHM OCAJKU CyAHA, [0 O0yMOBJIEHA 3MIiHOIO T'YCTHHHU BOJH, a TAKOX 3 SICYBaHHS
MeX 3aCTOCYBaHHS IIMX METO/IIB.

BignosinHo 10 MeTr Oynu chopMyITbOBaHi Taki 3aBJaHHS JOCIIKSHHS:

1. IIpoananizyBaTu MpUITYIICHHS, III0 MAIOTh MICIIE ITi/T Yac OTpUMaHHS poOoyvoi popmMyin B
OCHOBHHX METOJIaX BU3HAYECHHS 3MiHHM OCAJIKU CyJHA, 00YMOBIJIEHOI 3MiHOIO T'yCTUHH BOJIH.

2. 3’sicyBaTu MeXi MPaKTUYHOTO 3aCTOCYBAaHHS ITUX METO/IIB.

3. OOrpyHTYBaTH MOJIMBICTh PO3IIMPEHHS NMPAKTHYHOI 3HAYYIIOCTI METOAY TPaHUYHOI
OLIHKH /i1l BU3HAYCHHSI 3MIHU OCAJKH CYJIEH, 3alPONOHYBAaTH KPUTEPiil 3aCTOCYBAaHHS METO/LY.

4. ITpoimocTpyBaTH PO3TIIIHYTI METOM KOHKPETHUMH MPHUKJIATAMU.

Buknaag ocHoBHOro martepiaiy. Hexail cyaHo nepexoauTs i3 BOJM TYCTHHOIO p; Y BOAY
TYCTUHOIO p,. Jlisd BHU3HAYEHOCTI MpHiiMeMo, MO p; > P, (puc. 1). BignoBigHO 10 3aKOHY
ApxiMena 3a TakKoro Iepexoay 3MEHIIEHHS cwid Apximena (CWIM MiATPUMKH) 3aBISKA
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3MEHIICHHIO TYCTUHH BoIu (p; — py)V; KOMIEHCYeThCs 30UTBIICHHSIM 1€l CHIM 3aBISKU
3pOCTaHHIO 00’ €My 3aHYPEHOI YaCTUHU CYJIHA!

(p1 — p2)V1 = po(V; = V). 1)
Brojsun nmosnaueHus Ap = p, — p,, AV =V, — V;, maemo:
Ap-Vy = —p,-AV. )

3 ¢opmynu (2) BUIHO, 110 3MEHIIEHHs I'ycTMHU Bogu (Ap < 0) mpusBene A0 301IbIICHHS
ocanku cynHa (AV > 0) 1 naBnaku. ®opmyna (1) € BUXiAHOIO Ui BUBEIEHHS poOouux (opmyi
OMMCAaHUX HW)XYE METOMIB BH3HAUEHHS 3MIHU OCAJKH CyqHA. Y CTaTTi OCAIKOK BBAKATHUMEMO
CepeIHIO OCAIKY Cy/IHa.

P = P

eH - r .\ 4 ___

Pucynok 1 — 3mina ocaaku cyana AT nipu nepexo/ii 3 BOJU T'yCTUHOO Pq
y BOJY TYCTHHOIO P, (p1 > p;): Ty — ocanka cyaHa y BOJIi TYCTHHOIO pq

MeTon BU3HAYeHHS 3MiHU 0CAJIKM 32 BOAOTOHHAKHICTIO cyiHa D ta napamerpom TPC.
ITapametp TPC (Tones per 1 cm) uucenbHO AOPIBHIOE Maci BaHTaXYy, IO CIIPHYUHSE 301IbIICHHS

OCaJKM1 Cy/JHa Ha 1 cMm:
5D 1 ( T ) (3)

6T 100’ \cm/’
I3 3anypeHHsM cyana Ha many BenmmuuHy 61 (1 cm) rutoma S BaTepiliHil NMPaKTUYHO HE
3MIHIOETHCSI, TOMY BIJIIOBI/IHA 3MiHA 00’ €My 3aHYpEHHS Cy/AHa JOPIBHIOE:

TPC = Gicm =

6V = S6T,
a 3MiHa BOJIOTOHHAXXHOCTI
6D = pSIT. 4)
[Ticnsa migcranoBku (4) B (3) oTpuMyemo:
_ P )
qiem = 100-

[Ticist 3aminu 06’emy V; y piBastani (1) dopmymnoro V; = D/p; Ta HaCTYIHOI ITiACTaHOBKH
dbopmynu (5) oTpumyeMo pobouy GOpMyITy METOY:

P1— P2 D (6)
P2 1OOQ1CM.

Ile#i meronm € HaWOIIBII 3aradbHUM 32 CHEPOI0 BUKOPUCTAHHS, OCKUIBKH J[03BOJISE
BHU3HAUaTH 3MIHY OCaJKd, OOYMOBJEHOi 3MIHOIO TYCTMHM BOJH, 3a JOBLIbHOI (ayje B1JOMOIi)
BOJOTOHHAXKHOCTI cynHa. [IpoTe /i fioro BukopucTanHs noTpidHo 3Hatu 1me i TPC (3a ryctunu
BOJAM p,), IO BIANOBIZAE i BOJOTOHHAXKHOCTI. BimmoBimHy iH(doOpMaliio MOXXHa 3HAWTH 3a
BaHTAKHOIO IIKAJIOIO CyAHA a00 TaOIUII TiAPOCTAaTHYHHX €JIEMEHTIB.

Ipuxnao 1. Cymno 3 BomoTroHHaxHIicTIO D = 40000 T 3aiiicHioe mepexin 3 paiioHy, ne
ryctuHa Boau p; = 1,015 1/M° 10 paifoHy 3 TycTHHORO BomH p, = 1,005 1/M°. 3HaiiTn 3MiHy fioro

AT =
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0CaJIKH, SIKIO YMCIIO TOH Ha | CM OCaKé B BOJi TYCTHHOKO py = 1,025 1/M° nopiBHIOE Gy ey ( Po) =
55,1 t/cm.

Po36’si3anns. TlpuBeneMo 3HAYEHHS (qq, A0 T'YCTHHM Bomu p; = 1,015 /M. Jlns mporo
CKOPHUCTAEMOCH OUYEBHIHUM CITiBBITHOIICHHSIM:

Gien(P1) _ P2 (1)
G1em(P0)  Po
CrpaBemmmBicts Bupasy (7) € HACHiAKOM TOTO, IIO B MEXaX 3MiHM OCaJKH CyAHA, BUKIHKAHOI
3MIHOIO TYCTUHH BOJIY, IJIOIIA BaTEPIIiHIl MPAKTUYHO HE 3MIHIOETHCS.
(8)

p
q1cm (pl) = p_l "Qicm (pO) = 54,6 T/CM-
0

3a ¢popmyoro (6), BpaxyBasiiu (8), BU3Ha4aeMo 3MiHy ocanku cyaHa: AT = 7,3 cm.
MeTon BU3HAaYeHHS 3MiHM 0caJKH 3a Bizomoro nonpaskorw FWA. IlomnpaBka Ha npicHy
Boay FWA (Fresh Water Allowance) Bu3sHnauaeThcst Ui KOKHOTO CyaHa. BoHa HOpiBHIOE 3MiHi
ocaZku cyaHa (y MM) 3 BOJOTOHHQ)XKHICTIO, 110 BiJIIMOBIJNA€ JITHIM BaHTaXHIA Mapli, Mpu HoOro
Iepexo/ii 3 MOPChbKOi BOAM B MpicHY Ta HaBmaku. [Hmumu cinoBamu, FWA 4ucensHO TOpiBHIOE
BiJICTaH1 (Y MM) MIX JITHBOIO BAHTA)KHOI MapKOIO Ta BAHTAXKHOIO MapKOIO B MPICHIH BOI.
@opmyny st po3paxyHky FWA moxna oTpumatu 3 (6). SIKIIO CyJHO NEpEeXonuTh 13
Mopcbkoi Boau (p; = 1,025 /M%) y mpicHy (p, = 1,000 /M%), dbopmyna mus 3minm ocamku (6)
HaOyBa€ BUTIIAY:
1 D 9)
40 100qqey
Sxmo y ¢opmyiry (9) miacTaBUTH 3HAYECHHSI BOJAOTOHHAXKHOCTI D, 10 CLIPUYMHSE OCAAKY CyaHA TO
JITHIO BAaHTaXXHY MapKy, a TaKOX BIAMOBIAHE Il Ocailli 3HAYCHHA (o, (TPC), orpumaemo
(dbopMyTy AJs IONPaBKU Ha MPiCHY BOAy. BupaxeHa B MM 1l IOIIpaBKa JOPiBHIOBATHME:

FWA = AT (Mm) =

AT =

(10)

1cm
Omxe, BW3HAYCHHS 3MiHM ocaaku cynHa AT 3a Bigomoro mompaBkoro FWA Oyne

KOPEKTHHUM, SIKIO, MO-TIepIIe, CYJHO 3aBaHTa)X€HE MOBHICTIO (TIOBHICTIO BHUKOPHCTaHa MOro
BAaHTAKOMIAHOMHICTE), Ta, HO-JIPYyTe, CYJHO TMEPEeXOAuTh i3 Mopchkoi Bomu (p; = 1,025 /M%) y
npicay (p, = 1,000 /M%) a6o HaBmaku. B immomy Bumaaxky (HampuMKIag, 3a HEHOBHOTO
3aBaHTa)KEHHS) MeToA OyJzie AaBaTH MOXUOKY.

Ipuxnao 2. Cyano mae ocaaky T; = 7,18 M y Mopchkiii Boxi rycturoro 1,025 /M. Skoro
Oyne ocajaka cyaHa B BoJii ryctuHo 1,009 /M3? [TonmpaBka FWA ny1s1 cyiHa nopiBHioe 122 mm.

Pose’azanns. TlonpaBka FWA cripaBemymBa Jutst BUNAJIKY, SIKIIO TYCTHHA BOAM 3MIHIOETHCS
Bix 3uHauennst 1,025 1/mM° mo 3uadenns 1,000 7/M° ta HaBmaku. Y 3amaui ms 3MiHa Bi/I0yBa€ThCS B
Mmexax Big 1,025 1t/mM° mo 1,009 T/M3, TOX MaeMO 1€ BpaxyBaTdh. BiamoBigHa CKOpUTOBaHa
NOTIpaBKa HAa3UBA€ETHCS TIONPaBKOO Ha «mopToBy» Boxy — DWA (Dock Water Allowance) [5]. Lo
MOMPaBKy 3HaX0ATh 3a nonpaskoro FWA nponopiiero:

DWA = FWA M’ (11)
Psw — Pfw
Jie Psw — TYCTHHA MOPCHKOI BOMH, Pgyy = 1,025 T/M°;
Pfw — TYCTHHA TIPicHOT BoaH, Pg,y = 1,000 /M3,
Paw — TYCTHHA BOAM, Ha Ky PoOUThCA Kopekilis FWA (TycTuHa «TOpPTOBOI» BOMH), Pqw =

1,009 1/M°.

OTtxe, 3rigHo 3 hopmynoro (11) maemo DWA = 78 MM, Tox HOBa ocanka T, =7,26 M.

MeToa BU3HAYEHHS 3MIHM OCAJIKH 32 BilOMOIO 3aJjIeKHIcTIO ocaaku T cyaHa Big Horo
BOJAOTOHHAKHOCTI D 3a mMeBHOro 3HaYeHHsl T'YCTHHM. Taxky 3aJeXHICTb MOXHA 3HAlTH 3a
BaHTKHOK IIKAJOK CyJIHA, 32 TAOIHIECIO TiIPOCTATUYHHX EIIEMEHTIB, 32 KPUBOI BaHTAKHOTO
po3mipy. Ha mpakTwili 4acTo TparuisiOThCsl BUMAAKH, KOJU 3aJIeKHICTh OCAJKH CyIHA Bij HOTO
BopoToHHaxHOCTI T = T(D) Bimoma i1 MEBHOTO 3HAYEHHS T'yCTHHU (HAMPHUKIA, UISI MOPCHKOI
BOJM TycTHHOW p = 1,025 /M%), a Tpeba 3HalTH ocaaky y Bofi iHmIoi rycturu. Hampuknazm, Ha
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Oankepax BaHTa)KHA IIKaja MOYKE MICTUTH 3aJIeKHICTh OCAIKW BiJl BOJAOTOHHAKHOCTI JIMIIE IS
Mopchkoi Boau [13], Tox mpu poOoTi 13 TAKUMH IIKaaMHd BUHHUKAE 3aBJIAHHS BU3HAYCHHS OCAIKH
a0o 11 3MiHM 7151 PaKTHYHOI TYCTHHU BOJHU. PO3riIsTHEMO KOHKPETHHIA IPUKIIAI.

Cynuo mae ocanky Ty y mpicHiit Boi (p; = 1,000 1/Mm%). IToTpibro 3maiitu ocanky T, B
MopceKiit Bomi (p, = 1,025 /M%), sxmo Binoma 3anexwnicts T = T(D) 3a BiamoBimHOi r'ycTHHHN.
s BuzHaueHHs T, HEOOXITHO CIOYATKy 3HAWTH BOJOTOHHAXHICTH cyaHa D. CkopucTaeMoch
IpPUHOMOM, IO IMOKJIAJEHO B OCHOBY METOAY, IO po3risinaeTbcs. OCKUIBKM 3a YMOBOIO 3ajaui
Bimoma 3anexHicte T =T(D) pansd MOPCHKOI BOAM, TOAYMKH JOBaHTOKHUMO CYIHO [0
BOJIOTOHHaXKHOCTI D™ Tak, mo0 Horo ocajka B MOPCHKIA BOJI 3aIMIIMIACH TAKOK CaMOI0 SIK Y
npicHiil. 3 piBHOCTI 00’€MIB 3aHYpEHOI YaCTHHM CYyJIHA B INpPICHINA Ta MOPCBHKIM BOAI OTPUMYEMO
BHpa3:

b _m (12)
D*  py
3 Bupasy (12) 3HaxoanMo BUX1IHY BOJOTOHHAXKHICTb CyJIHA:
P2

Omxe, 3a Bimomoro 3anexHictio T = T(D) mus MOPCBKOi BOIU 3HAXOJUMO 3HAYCHHS
BOJOTOHHAXXHOCTI D* cyqHa, 110 Mae B MOPCHKiil BOJII TaKy  caMmy ocanky T, 1o i y mpicHiil. I 3a
dopmynoro (13) Bu3HauaeMO BHXIJHY BOAOTOHHAXHICT, D cyaHa. 3a [HUM 3HAYEHHSIM
BOJIOTOHHA)KHOCTI BU3HAUYa€EMO OCa/IKy cysHa T, B MOPChKiil BOJ, a MOTIM 1 ii 3miHy AT.

CyTb MeTOdy, MIO PO3TISAAETHCA, MOKHA HAOYHO TOSCHUTH 32 JOMOMOrow rpadikiB
sasiexkHocTi T = T(D) (puc. 2). Skmo mig yac BuzHaueHHs AT oaHa 13 3aJI©KHOCTEH € BiJOMOIO
(HarmpuKIad, 3aJIeXKHICTh 32 TYCTHHH P, ), 1HINY (32 TYCTHHHU pq) MOKHA BU3HAYHUTHU 32 JOITOMOTOIO
dopmynu (13). Y Hamomy npukiiani Oyna Bizoma ocanaka Ty y mpicHiit Boai. Lliit ocanmi Bignosinae
T. A Ha TpadiKy 3a TYCTHHH p; Ta T. B Ha rpadiky 3a TYCTHHHU p,. AGcumcu ux To4ok D ta D*
BIIMOBIAHO MOB’s13aHi criBBiAHOMIEHHIM (13). Toxx Bu3HaumBIIM crioyatky D*, MoxkHa 3HaiTH i D
(BUXigHY BOJOTOHHAXKHICTH CYyJHA) 1 3a HEKO BXe 3HAUTH ocanky T, B Mopchkid Boxi (T. C Ha
puc. 2).

T A
P P1< P2
Tl ______________ Jil ____B P2
| |
D - |
2 'c I
I |
| |
| |
| |
! I
l |
|
[ ! >
D D* D

Pucynok 2 — I'padiku 3aj1e:KHOCTI OCaJIKK CyJIHA BiJl BOJOTOHHAXHOCTI
(BaHT@)XHUIA pO3Mip) 3a Pi3HOI rycTUHH BoaH (p1 < py)

3ayeasicennsa. Y ~ HaBUaJIbHO-METOJUYHIM  JIITEpaTypl 3yCTpIYaeTbCcs  HEMpaBUIIbHE
TiymMaueHHs popmyiu (13), mo HaueOTo BOHA BUpakae TOW (akT, 110 MPH NEepexoii CyaHa 3 BOAU
TYCTHHOIO p; Y BOJY TYCTHHOIO P,, HOTO BOJIOTOHHAXHICTh 3MIHIOETHCS BiAmoBiaHO 3 D mo D*.
Taxe TBep/KEHHS € MPUHIMIIOBO HE MPAaBUIBLHUM. BOIOTOHHAXHICTH CyZHA JOPIBHIOE HOTO Maci,
BOHA @)X HiSK HE MOXKE 3MIHIOBATHCS 31 3MIHOI TYCTHHH BOJH. 3MIHIOETHCS 00’€M 3aHYpEHOI
yacTUHU cyaHa (Horo ocanka). @opmyna x (13) onmucye BHUMANOK, KOJM CYyJIHO Ma€ OJHAKOBY
OCaJKy y BOJI pI3HOI TYyCTHHM, 3pO3yMiJO, IIO II€ MOXe OyTH IJHWIIe 3a pPI3HUX 3HAYCHb
BOJIOTOHHA)KHOCTI.
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Jlo mepeBar onmucaHoro MeToay Bu3HadeHHs AT MOXHa BITHECTH HOTO BIJHOCHY TOUYHICTD,
a/pke 3HAuYeHHS OCaJOK BIAMOBIAAIOTH (aKTUYHIM BOJOTOHHAXHOCTI cynHa. Ilpore mns
BHKOPHUCTAHHS METOJy Ma€ OyTH BiIOMHUI BEJIMKHUI MAaCHB JIaHUX, 30KpemMa, 3aiiexHicTe T = T (D),
noJlaHa, HaIpUKIIaa, y TaOauuHii (BaHTaXHa IKana) ado rpadivHiid (BaHTaXHUNA po3Mip) (Gopmi.
Corij TakoK 3Ba)KaTH HA Te, 110 CaMi I1i 3aJIE)KHOCTI MOKYTh MICTHTH MOXHOKH [7].

Mertoa BuzHauyeHHsi AT 3a ocankow T cynHa Ta koediunieHTamm moBHOTH. [lumu
koedirienTaMu y Teopii cyJHa BBaKarOTh 0€3pO3MIpHI YMCIIOBI MOKAa3HUKH, IO XapaKTEPU3YIOTh
¢dbopMy MiIBOJHOI YaCTUHHU KOPIYCy, Jar0Th iH(opMario mpo moBHOTY ioro o6soxis [14, 15].
Po3pizustoTh 1’SATh TakuxX KoOedIlieHTIB (TpU 3 AKUX € HesalexHuMmu). Jlis 1mined Hamoro
JOCTIPKEHHS PO3TIISTHEMO TaKi:

— Koe(iIlieHT 3arajabHOi MOBHOTH & — BiAHOIICHHS 00’eMy V 3aHYypeHOI YaCTHHH CyJHA 0
o0’eMy mapanenemineaa, MmO Mae AOBXKMHY L Ta mupuHy B, mo BiANOBialOTh CTOpPOHAM
MPSIMOKYTHUKA, B KW BIUCAHO YMHHY BAaTEPJiHIIO, a TaKOX BHUCOTY T, IO JOPIBHIOE OCaIIi
CyIHa:

%4 (14)

6 =—;
LBT

— Koe]ilieHT MOBHOTH IUIONII BaTEpIIiHii @ — BIJHOMICHHS IUIONI S YMHHOI BaTEpIiHii 10
IUIOLI MPSMOKYTHHKA, B SIKUI BIMCAHO YMHHY BaTEePIIIHIIO:
S (15)
LB’
— Koeili€HT BEpTUKAIBHOI IIOBHOTH Y — BIHOIICHHS 00’ eMy V 3aHypeHOi YaCcTUHH CyHA
0 00’eMy BEPTHUKAIBHOTO IMIIIHIpPA 3 TUIOIICI0 OCHOBH S, IO JOPIBHIOE IUIONII BaTepiHii, Ta
BHUCOTOMO T, 1110 IOPiBHIOE OCAIIIl CyIHA:
_V_$ (16)
=T o
st orpumanHs poOo40i GopMyITH IIBOTO METOY, BUpasumo o0’em V; Ta 3miny 06’ emy AV
it popmyiu (1) uepe3 mapameTpu cyHa: KOe(DillieHT 3arajibHOI MOBHOTH &, JOBXKUHY L, MIHPUHY
B, ocanxy T Ta mutony YMHHOI BaTepIiHii S
V, = 6LBT, a7
AV = SAT. (18)
[Ipunyckaemo, 1o B Mexax 3MiHM ocaaku AT cyaHa oro JoBKHHA, MIMPUHA, TUTOIIA BaTepIliHii Ta
KOEQIIIEHT 3arajbHOT MOBHOTU MPAKTUYHO HE 3MIHIOIOTHCS.
[TincTaBuBmm dopmynu (17) ta (18) y Bupas (1) ta Bpaxysasmu dopmynu (15) ta (16),
OoTpUMaeMO poboui (GOpMyJITH JIsl BU3HAYECHHS 3MIHU OCAJIKU:

a =

— 0 19
AT=u'T1'—, (19)
P2 a
abo
AT = M-Tl Y. (20)
P2

MeTton no3Bonsie 3HAUTH TOYHI 3HaueHHs AT 3a yMOBH, 110 KOE(II[iEeHTH MOBHOTHU §, &, X
BIAMOBIMAaOTh (pakTyHIN #Horo ocammi T. Skmio ms ymMoBa HE BHUKOHYETHCS (HANPUKIIA],
Koe(illieHTH MOBHOTH B3STI A7l BUMAJAKY OCAJIKH CyJHA 3 HETIOBHUM 3aBaHTAXKEHHSIM), METO]I 1a€
HaOJMKEHU pe3yJsbTaT, Xo4a U MPUHHATHUNA 3 MPAKTUYHOrO MOMIALY (AMB. METOJ I'PaHUYHOI
OIIIHKH).

Ilpuxnao 3. CynHo mepexomuTh 3 AtmantuyHoro okeaHy B CepemsemHe Mmope. Sk
3MIHUTBCS ocajika cyaHa? BogoTonHaxkHicTh cynHa D = 12000 T, #ioro poamipu L - B - T = 120M -
17M - 7,2M 3a yuHHOI BaTepiiHii miomer S = 1750 M. BBaxkatu TYCTUHY BOAM ATJIAHTUYHOIO
okeaHy piBHOI0 p; = 1,025 1/M%, a Cepenzemuoro mops — p, = 1,029 /m3.

Po3é’a3annsa. Po3Mipu cynHa B yMOBI 3a/adi BiANOBIIaOTh YMHHIA Batepmiii. O6’em
3aHYpEHOI YaCTHHHM CyJHA B ATIAHTHYHOMY oKeaHi: V = D/p; = 11707 m°,
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3a popmynamu (14), (15), (16) Bu3Hayaemo koedillieHTH MOBHOTH:

— koediuieHT 3aranpHoi moBHoTH § = 0,8,

— Kkoe(ilieHT NOBHOTH mIomi BarepiiHii & = 0,86;

— KkoediieHT BepTuKanbHoi moBHoTH ¥ = 0,93.

3MiHy OcaJIK¥ CyHa 3Haxoaumo 3a Gopmyioro (19) ado (20): AT = —2,6 cm. Orxe, ocaaka
3MEHIIUTHCA Ha 2,6 CM.

MeTo rpaHUYHOI OUIHKH 3MiHM OCAJAKH CyIHA (MPUIYIIeHHS] MPSIMOCTIHHOCTI Cy/JHa).
Skmo cyaHo mpsIMOCTiHHE (CYIHO 13 KopoOuacTuMu o0BojaaMu), 00’em V; y piBHaHHI (1) MoxHa
MIPEICTaBUTH J100YTKOM ocaiku T; Ta IUIONIl BaTepiiHii S, sfika Tenep He 3aJIeKUTh B OCAIKH.
BpaxyBaBmmu 11e, a Takox (opmyiny 3minu 00’emy AV = SAT, orpumyemo 3 (1) poboui popmynu
METOJly TPAaHUYHOI OL[IHKU:

AT =P P2, T, (21)
P2
abo
Y (22)
P2

Leit MeTon A03BOJISIE 3HAMTH TOYHI 3HAYEHHS 3MIHM OCAJKU ISl BUMAJAKY MPSMOCTIHHHX
cyneH. Ilpore 3HaueHHs MeTOAYy IpaHUYHOI OIIHKM LKUM He oOMexyerbcsa. IIpocrora meromy
pOOUTH HOTO IIHHUM Y BUIAKAX:

—  OUIHIOBAHHS GepxHboi Medci 3MiHU ocagku cyaHa AT, BUKIMKaHOI 3MIHOIO T'yCTHHHU
BOJIM, a/KE HE TIOOUHOKI BUIIAKH, KOJH MOTPIOHO BCTAHOBUTH, YM HE MEPEBHUILUTH OCA/IKa CyAHA
KPpUTHYHY MEXy (LIeé H TOSCHIOE Ha3By METOAY, IO po3risinaerbes). Lls ominka Oyne
CIPaBEITMBOIO JUIS CYJIH, y SKHX IUIONIA YUHHOI BaTEpiiHii 3pocTae i3 30UIBIICHHSM OCAJKU
(TOOTO 7151 IepEeBaKHOT OUIBIIIOCTI CY/ICH);

—  HaOmmxeHoro Bu3HaueHHs AT y BUNAAKy, KOJM T'yCTHHA BOJIM IPH IMEPEXOJi CyIHA
3MIHIOETHCS] HE 3HAYHO.

Ilpuxnao 4. CynHo nepexoauTh 3 ATIaHTHYHOTO okeaHy B CepenzemHe mope. OUIHUTH
3MiHy ocanaku cynHa. Ocaaka cynHa B ATIAHTHYHOMY OKeaHi JopiBHIOBana T; = 7,2 M. BBaxkaru
IYCTUHY BOAM ATJIAHTMYHOTO OKeaHy piBHOIO p; = 1,025 1/M3, a Cepea3seMHOro Mops — p, =
1,029 /M.

Po3z6’sazannsn. Meton rpanndHOil oiHKU (hopmyna (21)) m03BOJIIE TOCUTH MPOCTO 3HAWTH
HaOmmwkeHe 3HaueHHs |AT| = 2,8 cMm, He mOTpeOyOYHM I IHOTO JOAATKOBOI iH(poOpMaIii mpo
cynHo. Binxunenns Bix «touHoroy» 3HaueHHs |AT| = 2,6 cM, 3HaliieHOTO y TIpUKIadi 3, cKiajae 2
MM (8%). Llet mpukIaa € MOKa30BUM — 1HOZ1 TOYHICTH MOKe OyTH HaJMIPHOIO, HEBHUIIPABIAHOIO 3
MPaKTUYHOTO Horisiay. Tox y moaiOHUX BUIAAKaX KOPUCHO CHOYATKY OLIIHUTH «3BEPXY» MOMKIIHBE
3HaueHHs AT 3a JONOMOrOI METOJNy TpaHW4HOi omiHKH. [lepeBaroro Iporo MerTomy € ioro
MIPOCTOTA, OCKUIBKYU HE MOTPeOye JOAATKOBOI JOBIIKOBOI iH(pOpMAITii TPO CYTHO.

ITopiBusiHHS opmyn (20) Ta (21) ans TouyHOrO Ta HAONMXKEHOTO BU3HAYeHHA AT 103BoJIsiE
3’CyBaTH KPUTEPiI TOYHOCTI 3aCTOCYBaHHS METOAY TPaHMYHOI OLIHKU. [ 1IbOTO PO3IIITHEMO
BHUpa3u Ay aOCcomoTHOI A Ta BIAHOCHOI € MOXHOOK (po301KHOCTEH) HAOIMKEHOTO OOYHCIICHHS
3MIHU OCAJIKU METOJIOM TPAaHUYHOT OIIHKHU:

A= AT1-1a611 - ATTO'-IH = ATHa6JI(1 - X); (23)
A 1 24
E=——=—-—1. (24)

ATTO'—IH X

®opmyna (24) no3BoJIsiE€ 3HANTH KPUTHYHE 3HAYECHHS KOeQillieHTa BEPTUKAJIBHOI MOBHOTH
Xxpurs> BULIE SAKOTO BIJHOCHA MOXMOKAa BU3HAueHHs AT He MepeBUIIYBATUME HAIEPEN 3a/1aHOTO
3HAYCHHS &'
1 (25)

Xp = g+ 1
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Hampuxnan, 3 moxubkoro He Ounbmie 10% OynyTh pesynbratu BuzHaueHHs AT 3a METOIOM
IPaHUYHOI OLIHKH IS CYJIeH 3 KoedillieHTaMi BepTHKaIbHOI OBHOTH He MeHIIe x, = 0,91,

SIK UTIOCTpaIiio MOKJIMBOTO BUKOPUCTAHHS METOJy TPAHMYHOI OIIHKHM JJIsl BU3HAUCHHS
3MIHM OCaJKM CyJHAa [JIs BHIAJKIB 13 PI3HUMHU 3HAYCHHSIMH 3MIHM TYCTHHH BOJM HaBEIACHO
pospaxynku s cyaHa «SUNRAY» (tab6n.). Y Bumaaky HEBEIHMKOI PI3HHIN MiK 3HAUYCHHSIMH
ryctiHu Bomu (y Tabmmui mii ymoBi Bigmosimarots Ap = 0,005 /M° ta Ap = 0,010 /M%) meTon
IPaHUYHOI OLIHKHM BUSBISE TOYHICTH 10 | CM JJIsi BCHOTO Jiara3oHy MOKJIMBUX 3HAYEHb OCAJKU
cynHa (Big 4,5 M 1o 12,8 M). 3a mopiBHAHO BenuKoi pisnuIi ryctian (Ap = 0,029 1/M°) abcomoTHa
po30LKHICTh Y 3HaYeHHSIX AT, OTpUMaHMX TOYHUM Ta HAOMMKEHMM METOJIaMH, B)KE IEPEBUIIYE
1 cm, xoua ¥ A7 LBOrO BUNAJKY ICHY€E JESKUH 1HTepBasl ocalok (mpuOiu3HO A0 6 M) 3 Majo
PO301KHICTIO PE3YJIbTATIB.

Tabmuis 1 — [HopiBHSIHHS pe3yibTaTiB BUZHAYCHHS 3MIHU OCAJIKH CyJHA JIBOMa METOJIaMU: TOUHUM
(3a mapamerpom TPC) Ta HabmmwkeHHM (METOJ TPAaHWYHOI OLIHKH) JUISl JACSKUAX 3HAYCHb 3MiHU
TYCTHHHU BOJIU

Buxioni oani 3mina ocaoku 3a 3MiHU 2yCMUHU 800U
p1=1,029 t/m® 02=1,024 1/m° 02=1,019 1/m° p>=1,000 T/m°

A o z ) Po30ixH. A Po30ixH. 2l Po30ixH.

= & S é 2 < 2 g 5 g =
= 2 = L2 39 3| = = 2 S g 2 | =
S| osa | BN 3 g 9| Sleg| 9| | 4

M 7 & S &3 S & s

450 | 21460,0 [ 0,924 | 2,0 2,2 0,2 8 4,1 4,4 0,3 8 |121] 131 | 1,0 8
5,00 | 24051,1 | 0,923 | 2,3 2,4 0,2 8 4,5 4,9 0,4 8 [134] 145 | 11 8
5,50 | 26671,7 | 0,920 | 2,5 2,7 0,2 9 50 54 0,4 9 |[14,7] 160 | 1,3 9
6,00 | 29318,7 | 0,919 | 2,7 29 0,2 9 5,4 59 0,5 9 [160] 174 | 1,4 9
6,50 | 31988,3 | 0,917 | 2,9 3,2 0,3 9 59 6,4 0,5 9 [173] 188 | 1,6 9
7,00 | 34682,6 | 0,915 | 31 3,4 0,3 9 6,3 6,9 0,6 9 |186] 20,3 | 1,7 9
7,50 | 37401,2 | 0,913 | 3,3 3,7 0,3 9 6,7 7,4 0,6 9 |199] 21,7 | 19 9
8,00 | 401429 | 0,911 | 3,6 3.9 03| 10 | 7,2 79 0,7 10 (211] 232 | 21 | 10
8,50 | 429149 | 0,910 | 3,8 4,2 04 | 10 | 7,6 8,3 08 | 10 (224 | 246 | 22 | 10
9,00 | 45711,3 | 0,907 | 4,0 4,4 04 10 | 8,0 8,8 08 | 10 (23,7] 26,1 | 24 | 10
9,50 | 485335 | 0,903 | 4,2 4,6 04 (| 11 | 84 9,3 09 | 11 (249 275 | 2,7 | 11
10,00 | 51382,9 | 0,900 | 4,4 4,9 05| 11 | 88 9,8 10 ( 11 [ 261] 29,0 | 29 | 11
10,50 | 54259,0 | 0,897 | 4,6 51 05| 11 |92 | 103 | 11 | 11 | 273 304 | 31 | 11
11,00 | 57154,1 | 0,897 | 4,8 54 06 | 12 | 97| 108 | 1,1 | 12 | 286 | 319 | 33 | 12
11,50 | 60063,1 | 0,897 | 5,0 5,6 06 ( 11 j101 ] 113 [ 12 | 11 | 299 | 333 | 34 | 11
12,00 | 62984,3 | 0,898 | 5,3 59 06 ( 11 j106| 118 | 1,2 | 11 |312] 348 | 36 | 11
12,50 | 65916,6 | 0,899 | 5,5 6,1 06 ( 11 110 123 | 12 | 11 | 326 36,2 | 3,7 | 11
12,80 | 67681,1 | 0,899 | 5,6 6,2 06 | 11 |11,3| 126 | 1,3 | 11 | 334 371 | 3,7 | 11

Ha mnpaxTtumi TouHicts Bu3zHaueHHs AT oOMexyeTbcsi OaratbMa (pakTopamMu: MOXHOKa
BUMIPIOBaHHSI OCQJIKH CyJHa (JIOMYCTHMOIO MEXKEI0 BIAMOBIIHOI MOXMOKH YacTO BBaXamOTh | cM
[7]); moxubka miJ yac BUKOPUCTaHHS BAaHTAXKHOI IIKaTU (JOMYCTUMY MEXYy MOXMOKHM BBaXarOThb
1cm [1]); moxuOku BuMiproBaHHS (DaKTUYHOI TYCTHHH BOAM (IHCTPYMEHTAJIbHI Ta BHITAKOBI);
MOXUOKM BHACTIIOK TPUIYIIEHb, 3pOOJCHHMX MiJ Yac OTpPUMaHHA pPoOouoi (GopMyIH MeETomy
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(manpuknaa, y meroni BuzHaueHHs AT 3a mapamerpom TPC mioma BaTepimiHii MpuUAMaeThCs
HE3MIHHOIO JJIS BCHOTO Jlialla3oHy 3MiHHM OCAJKH BHACTIAOK 3MiHU T'yCTUHHU BOJM) Ta iHII. Tox y
JEeSIKUX BUMAIKax po30DKHICTh y pesynbraTax Bu3HaueHHs AT 3a «TOYHUMH» METOJaMHU Ta
METOJIOM TPAaHUYHOT OLIHKK MOX€e OYTH NMPUIHATHOIO JUI NPAKTUYHUX LIIICH.

[HKONMM MpaKTUYHMUK 1HTEpEeC Ma€ TaKOXK 3BOPOTHA 3ajavya: 3HAWTH JUIsl TICBHOTO Jiara3oHy
0CaJIoK Cy/lHa KPUTHYHI 3HAYECHHsS KOE(DillieHTa BEPTUKAIBHOI MOBHOTH Yypyr, 38 AKUX MOXHOKA

METOJly TPAaHUYHOI OLIIHKH JOPIBHIOE HAaNepe] 3aJaHOMy 3HAYeHHI0 A (32 KOHKPETHOI pi3HHULI
TYCTHHU BOJM). SIKIIO 3HAYEHHS X pur BIIOMI, TO MOPIBHAHHSA iX i3 (AKTMYHUMM 3HAYCHHAMH
Koe(ilieHTa BEPTUKAIBHOI MOBHOTH Ypaer WIS Cy[IHA Ja€ 3MOTY pPOOUTH BHCHOBOK MpPO
MOJKJTUBICTh BUKOPHCTAaHHS METOJy I'PAaHWYHOI OIIHKH i3 3a7aHo0 TouHicTio. CaMi K 3HaYeHHS
Xxpur MOXKHA 3HAWTH 3 BUpasy (23), BpaxyBaBuiu Takox ¢popmyiy (21):
p —1-— pz-A (26)
P (pr—p2) Ty

[IpoimocTpyemMo 110 MOXKIWBICTh Ha Tpukiani Bxke 3ragaHoro cyaHa «SUNRAY». [lns
IBOrO Cy/Ha Oy po3paxoBaHi (haKTHYHI 3HAYEHHS KOEDILlieHTa BEPTUKAIBHOT HOBHOTH X gyaicr IS
NeSIKUX 3HAa4eHb O0caaKu (AuB. Tabu.). {7 TUX caMuX 3Ha4eHb OCaaKu 3a GpopmyJioro (26) 3HaiieH1
KPUTUYHI 3HAYEHHS Y,pyur LBOTO K KOe(imieHTa 1y Hanepen 3amanoi Tounocti A na pisni 1 cm.
OTpumaHi 3aN€KHOCTI Xparr = Xopaxr(T) T& Xipur = Xipur(T) (W1 TPHOX BHNAAKIB pi3HHMII
ryctuad Boau (Ap = p; — p,) moaaHi rpadivHo Ha puc. 3.

3 rpadikiB, HaBeeHUX HA pUC. 3, BUIHO, IO JJS 3a3HAYEHOrO CyJHA y BUIAJIKy 3HAYHOI
pisHuni ryctunn Boau (Ap = 0,029 1/M%) dakTHuni 3HAUEHHS Xopaxr JI€KATh HIKIE KPUTHYHUX
Xxpur TIPAKTHYHO UIS BCIX 3HAY€Hb OCAJKU. 3@ TaKoi pi3HMII Ap METOJ rPaHHUYHOI OLIHKK Oyne

naBaTH HaOmmxkeHi 3HaueHHs AT 13 po30DXKHICTIO 3 TOUHUM METOA0M OiIbInoo 3a 1 cM. 3a pi3HuIi
ryctunn Boau Ap = 0,010 1/M> po36iKHICTE y TOUHHX Ta HAOMMKEHHX 3HA4YeHHAX AT mepeBHIIye
3a/laHe 3HA4YeHHA | cM Juie ans ocajok, Outbimux 3a 10 M. Y BHMAAKy >k Majioi pi3HHUI T'yCTHHU
Boqu (Ap = 0,005 T/M3) MO’KHa BUKOPUCTOBYBAaTH METO]I TPAHUYHOI OI[IHKU 3 MOXHOKOI0, 110 He
nepeBuInye 1 cM Ha BChbOMY Jiama30Hi MOXJIMBHUX 3HAUY€Hb OCAJKH (Il BChOTO Jliala30Hy 3HAYECHb

OCaliKH Fpa(i)iK Xxpur = Xxpur (T) JICKHUTD T I‘pa(i)iKOM Xpaxr = Xdaxr (T))

>
- 1,00
'_
2
§ 0,90 —o— XdaKT
g
r: 0,80 XKp 3a Ap=0,005 1/m Kyb.
e
=
& 0,70 —&— XKkp 33 Ap=0,010 T/m Ky6.
3
=
% 0,60 = Xkp 3a Ap=0,029 T/m Kyb.
=
-g- 0,50
x 4,00 6,00 8,00 10,00 12,00 14,00
Ocagka T, m

Pucynok 3 — IopiBHAHHS KPUTHYHHUX 3HAYEHb KOE(DilliEHTa BEPTUKATBHOT TOBHOTH Xy,
13 QaKTHYHUMU Y gaicr 38 JESKUX 3HAYEHD PI3HUII TYCTHHU BOIM Ap NpU MEPEXOi CyHa
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OcHOBHI pe3yJbTaTH Ta iX 00roOBOpeHHs. Y CTaTTI MPOAHAII30BAHO METOJM BU3HAYCHHS
3MIHM OCaJKH CyaHa, OOYMOBJICHOi 3MIHOIO TYCTHHH BOJM, BUIUICHO MEXKI 3aCTOCYBaHHS ITHX
METO/IiB, 10 BU3HAYAIOTKLCS MPUITYIIEHHSIMH, 3pO0JICHUMH TIi1 9ac OTpUMaHHS poOodoi hopmyIm.
AHai30M 0XOIUIEHO METOIH:

— 3a BOJIOTOHHAXHICTIO cyaHa D ta mapamerpom TPC. MeTon € HallOUTBIN 3arajibHUM 3a
cheporo BUKOPHCTAHHS, OCKIIBKH JIO3BOJIIE BH3HAYaTH 3MIHY OCaJKH, OOyMOBJICHOI 3MiHOIO
TYCTUHU BOJH, 3a JOBUIBHOI (ajie BiOMOI) BOAOTOHHAaXKHOCTI cynaHa. Jlyig Horo BUKOPHCTAHHS
notpioHo 3Hatu mapamerp TPC (3a meBHOro 3Ha4YeHHS TYCTMHHM BOJIM), IO BIANOBiJA€ il
BOJIOTOHHAXKHOCTI;

— 3a Bigomoro nomnpaBkoo FWA. Bru3HaueHHsS 3MIHH OCaJIKM CyJHA 3a IIMM METOIOM Oy1ie
KOPEKTHHUM, SKIO, MO-IeplIe, CYJHO 3aBaHTa)XXCHE IOBHICTIO (TIOBHICTIO BHUKOPHCTaHa HOro
BAaHTAKOMIAHOMHICTE), Ta, HO-IPYyTe, CYJHO IEPEeXOAuTh i3 Mopchkoi Bomu (p; = 1,025 /M%) y
npicay (p, = 1,000 /M%) a6o HaBmaku. B inmomy Bumaaxky (HampuMKIag, 3a HEHOBHOIO
3aBaHTa)KEHHs ) MeTO/] OyJie 1aBaTH MOXUOKY;

— 32 BIJIOMOIO 3aJISKHICTIO ocajku T cyqHa Bia #Horo BomoToHHaXkHOCTi D 3a meBHOro
3HAa4YeHHs TyCTHHHU. llepeBaror0 MeTOqy € MOro BiIHOCHA TOYHICTh, AK€ 3HAYEHHS OCAT0K
BIJIMOBIAAIOTh (PAKTUYHIM BOJAOTOHHAXXHOCTI CYyJIHA, OJHAK JJIi BUKOPHUCTAHHS METOIy Mae OyTH
BIIOMHII BEIMKUN MacuB JaHHWX, 30Kpema, 3anexHict T = T(D), mo momaHa, HampHKIA, Y
TabIMYHIN (BaHTaXKHa 1IKaja) ado rpadiuHiil (BaHTaKHUH po3Mip) hopwmi;

— 3a ocaakor T cynHa Ta KoedillieHTaMH MOBHOTH KOPIIyCYy CyAHa. MeToJI /103BOJISIE
3HAWTH TOYHI 3HAYCHHS 3MIiHHM OCAJIKH 32 YMOBH, IO KOCQIIIEHTH MOBHOTH O, &, ¥ BIIIOBIIAIOThH
(dakTuyHil fioro ocaai. JIKIIO 111 yMOBa HE BUKOHY€EThCS (HAPUKIIAJ, KOe(illieHTH MOBHOTHU B3ST1
JUIs BUIIAJIKY OCAJIKM CyJIHA 3 TIOBHUM BaHTa)KeM), METO/ Jla€ HaOIMKEHUH pe3ybTar;

— 3a I'PAaHUYHOIO OLIHKOIO 3MIHM OCaJKHU CyJIHA (IPUILYLIEHHS HPSIMOCTIHHOCTI CYJHA).
Metoa 103BOJIsIE€ 3HANTH TOYHI 3HAYCHHS 3MIHHM OCAJIKH JUTsl BUMAIKY IPSIMOCTIHHUX cyneH. [Ipore
TEOPETUYHUN aHali3 I[bOT0 METONy BHSIBUB MOKJIMBICTh PO3MIMPEHHS HOro0 MPaKTUYHOTO
3HAYEHHS: JUIsl OI[IHIOBAHHS BEPXHBOI MEXI1 3MiIHU Ocafku cyAaHa AT, BUKIMKAHOI 3MIHOIO TYCTHHH
BoaM (oLiHKa OyJe CHpaBeIMBOIO JUIS CYAEH, Y SKHX IUIOINA YMHHOI BaTepiliHii 3pocTae 3i
30UTBIICHHSAM OCAJKH, TOOTO JJIsi TMEPEeBAXKHOI OLIBIIOCTI Cy/AEH); Il HaOJIMKEHOTO BU3HAYECHHS
AT y BUNajKy, KOJIM TYCTHHA BOJM INPH MEPEXO/i CyJAHA 3MIHIOETbCS HE 3HAYHO. 3alpPONOHOBAHO
KPUTEPIid, 0 T03BOJISIE BCTAHOBUTU TOYHICTH IOTO METOAY. 30KpeMa, Ha MPHUKIIAlI KOHKPETHOTO
CyJlHa TIOKa3aHo, 10 B METOJIi TPAHUYHOI OI[IHKA MOXHA 3HAUTH JJIsl TIEBHOTO Jiana30oHy OCaJIoK
KPUTHYHI 3HAYEHHs KOE(Dili€HTa BEPTHKAIBLHOI MOBHOTH Yypur, 3@ SKUX MOXUOKA ILOTO METOMY
JIOPIBHIOE HAaTepe/1 3aJaHOMY 3HAYEeHHIO A (32 KOHKPETHOT Pi3HUII T'yCTUHH BOJN).

BucnoBku. ITopiBHSUIBHUI aHAI3 IESIKUX METOMIB BU3HAUYEHHS 3MIHM OCAJIKU CYy/HA, II0
00yMOBJI€Ha 3MIHOIO TYCTUHHU BOJH, TO3BOJIUB BUSIBUTH MEXI1 X MPAKTUYHOTO 3aCTOCYBaHHS, 1110
BU3HAYAIOTHCS MPUMYIIEHHSIMH, 3pOOJICHUMH ITiJl 4Yac OTpuMaHHS poOouoi dopmynu. [Tokazano
MOKJTUBICTh PO3ILIMPEHHS MPAKTUYHOI 3HAYYIIOCTI METOJY TPAaHWYHOI OLIHKHM JUIsi BU3HAUEHHS
3MIiHM OCAJK{ HE JIUIIE MPSMOCTIHHUX CyZieH. MeTo/1 € TaKOK KOPUCHUM Y BHUIIAJKaX: OIIHIOBAHHS
BEPXHBOT MeXi 3MIHM OCagKU CyJHA, BUKIMKAHOI 3MIHOIO TYCTHMHHM BOJM; BH3HAUEHHS 3MIHU
OCaJIK!l Y BUIAKY, KOJIA TYCTHHA BOJH ITPH MEPEXOl CyIHA 3MIHIOETHCS HE 3HAYHO.

3anpornoHOBaHO KpUTEPiH, IO 103BOJISIE BCTAHOBUTH TOYHICTh METOJY T'PaHMYHOI OI[IHKU
3MIHM OCAJKM CyAHA. 30KpeMma, MOKa3aHO, IO MOKHAa 3HAWTH JJIS TEBHOTO JMiana3oHy OCaloK
KPUTUYHI 3HAYEHHSA KOE(]IIIEHTa BEPTUKAIBHOI MOBHOTH Xypur, 38 AKAX MOXHOKA METOMY
IpPAaHUYHOI OLIHKM JOPIBHIOBAaTHME Halepe] 3aJaHOMy 3HayeHHI0O A (32 KOHKPETHOI Ppi3HHMII
TYCTUHU BOJIN).

VY 3B’M3Ky 3 THM, IO Ha MPaKTHIl TOYHICTb BHM3HAYCHHS 3MIHM OCaJKU OOMEXYETHCS
Oaratbma ¢akTopaMu (30KpeMa, IHCTpyMEHTaJIbHI Ta BHITAJKOBI MOXMOKHM BHUMIPIOBAHHS OCAIKH
cyaHa, (paKTUYHOT TYCTHHU BOJAM; MMOXMOKHM BHACIIAOK MPHITYIIEHb, 3pOOJECHHX i Yac OTPUMAaHHS
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pobodoi Gopmynau MeTomy Ta iHINI), MAIOTh MICIIE BWITAJKH, KOJU PO3ODKHICTh y pe3ysibTaTax
Bu3HaueHHs AT 3a «TOYHUMH» METOJAMH Ta METOJOM I'PAHUYHOI OLIHKUA MOXKe OyTH MPUHHSATHOIO
JUISL IPAKTUYHUX IUIEH.

IlepciekTHBH NOAAJNBIIMX AOCJHIAKeHb. BaxianBi HampsMH NOJANbIINX JOCHIIKEHb
OB’ s13aHi 3 MiABUIEHHSIM TOYHOCTI BUMIPIOBAaHHS OCAKU CyJHA Ta TYCTUHH BOJH, aJKe TIOXHOKH
LIUX BUMIPIOBaHb 3HAYHO OOMEXKYIOTh TOUHICTh BU3HAUYEHHS BOJOTOHHAXKHOCTI Cy/THA.
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Andreev A. M., Stovba T. A. LIMITS OF THE APPLICATION OF METHODS FOR DETERMINING THE
CHANGE IN THE DRAFT OF A SEA VESSEL DUE TO A CHANGE IN THE DENSITY OF WATER
Abstract The article considers the problem of determining the change in the draft of a seagoing vessel due to a
change in water density. Its practical significance is closely related to solving the problems of safe navigation.
One such problem is the calculation of a vessel's draft at the stage of developing its cargo plan. Another is
determining the cargo mass based on measuring the vessel's draft before and after cargo operations. A
comparative analysis of several methods for determining the change in a ship's draft due to a change in water
density has revealed the limits of their practical application. These limits are defined by the assumptions made
when deriving the working formula. Failure to consider these limits can lead to gross errors in draft
calculations and, in practice, to incorrect vessel loading. The methods under consideration are illustrated with
specific examples.

The article also demonstrates the potential for expanding the practical significance of the marginal estimation
method for determining draft changes not only in straight-walled vessels. The method is also useful in cases
such as: estimating the upper limit of draft change caused by a change in water density; determining draft
changes in cases where water density does not vary significantly during the ship’s passage.

A criterion is proposed that allows for evaluating the accuracy of the marginal estimation method for
determining draft changes. In particular, it is shown that it is possible to identify critical values of the vertical
fineness coefficient for a certain draft range at which the error of the marginal estimation method equals a
specified value (for a given difference in water density). This criterion allows us to assess the conditions under
which the discrepancy between the results of "exact” methods and the marginal estimation method may be
acceptable for practical purposes.

Important areas of further research are related to improving the accuracy of measuring the ship’s draft and
the water density, as the errors in these measurements significantly limit the accuracy of determining the
vessel's displacement.

Key words: buoyancy; load-lines; ship's draft; water density; the effect of water density on the draft of a ship;
fineness coefficients; method of marginal estimation of the vessel's draft change.
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Y cmammi npedocmasneno xommniexchy mamemamuyny Mooenb OYIHIOBAHHA PUSUKIE 8 YMOBAX 3HUICEHHS
weuoxkocmi pyxy mopcokux cyoen, pexcumy SIow steaming, 3 inmeepayicio nokasnukie enepeoeghexmueHocmi,
BUKUOI8 NAPHUKOBUX 2a3i6 ma ekcniyamayitinux eumpam. [Ipoeedeno modeniogants 0 pisHux munie cyoeH y
0eKibKOX WEUOKICHUX CYeHapiax, wo O0360AUN0 GUIHAYUMU 36 SI30K MIdC €eKOHOMIEI0 NaibHo20 ma
HaKONUYEHHAM GIONOGIOHUX PU3UKIB, NOG A3AHUX I3 NI0OCLKUM (DAKMOPOM, MEXHIYHUMU HECHPAGHOCMAMU MA
HeCnpuamIUSUMU NO200OHUMU YMOSAMU. 3anponoHO8aHO IHMeZPanbHUll NOKASHUK OYIHIOBAHHSA eheKmUBHOCMI,
Wo 8paxo8ye O0OHOYACHO eKOA02IUH) U200y ma NOMEHYiuHi eumpamu Ha 1iKeioayilo HACiOKie asapil.
Pe3ynomamu cumynayit 6uasuiu HAsBHICMb MAK020 0Ianda3ony weuoKocmetl 05 KOJICHO20 muny cyoHa, npu
SAKOMY 00CA2AEMbCI HAUKPAWUL KOMAPOMIC MIdIC eHepeOeKOI02IUHOI0 eheKMUBHICIIO ma eKCIYamayitiHoio
besnexoro. Junamiune MOOeNO8aHHA PUSUKY NOKA3AN0, MAKOMC, Wo mpusani pelicu be3 adanmayii cucmem
KOHMPOMO Ma APOQIIAKmuKku npuzeo0sims 00 CMPIMKO20 3POCMAHHS GUMPAM HA JNIKEI0ayilo HACNIOKIG.
Ompumani pesyrbmamy maromes HPAKMU4Hy YIHHICMb NpU NIAHYBAHHI pobomu @dromy CYOHONIAGHUX
KOMAAHIL i3 Memoi pO3pOONeHHs A0anmMueHUx 00 WGUOKICHUX DPeXCUMI8 pYXy cmpamezill YNPAGuiHHs, KL
NOEOHYIOMb eKOA02IYHI YLl i3 3a0e3neuenHsm Oe3neku ma QiHancoeoi cmanocmi MOPCbKUX Nepege3eHb.
Knrouosi cnoea: mopcokuii mpancnopm,; pyx cyoeH, WeUOKICHUU pexcum, NOSLIbHULl Xi0;, CYOHONIA8CMEB0;
pusux-ananis, emepeoegpexmusnicmo, euxuou COj; mexuiuni necnpagnocmi; mOOCbKULL (axmop, no2oowi
PUBUKU, ONMUMI3AYISL WBUOKOCMI, THme2panbia eQekmusHicmys, cmanuii poO3gUmoK,; CyeHapHe MoOent08aAnH s,
onmumizayis eumpam, npoQiIaKmuKa aeapill;, eKoI02iuHa 6e3nexa; YNPasiiHHsL PUSUKAMU.

DOI: 10.33815/2313-4763.2025.1.30.059-068

Beryn. V cydacHux ymoBax ri100anbHOrO MOTEIIHHS Ta OCHIIEHHS PeryJIIOBaHHs BUKUIIB
MApHUKOBHUX Ta3iB Yy MOPCHKiM Tamy3i, 0COOJIMBY yBary NpHBEpPTAIOTh CTPATETii, CIpsSMOBaHI Ha
3HMKEHHS €KOJIOIYHOI0 HAaBaHTa)KE€HHs BiJ] CyJHOIUIaBcTBA. OMHIEIO 3 TaKUX CTpATerid € Takui
MOBUTEHUHM pyX a00 Take 3HIKEHHS IIBHUIKOCTI CYAEH, SKi 3a0e3MeuyroTh 3HAYHE CKOPOYEHHS
CTIO’KMBAHHS IMajliBa Ta, MO 0e3yMOBHO, ofgHo4YacHO BHKHUAIB CO2 Ha OJWHHUIIO BAaHTAKOO0Iry.
BoaHouac moBII 3a TPUBATICTIO PEHCH, CYTTEBO 3MIHIOIOTH YMOBH €KCIUTyaTarlii, 0 MOTECHIIIIHO
BIJTUBA€ Ha PiBEHb aBapIMHOCTI Ta TOB'S3aHi 3 IIUM PU3UKH. 30UIBIICHHS TPUBAJIOCTI MOPCHKHX
MEPEXOAiB MPU3BOJUTH J0 KyMYJSTHBHOTO BIUIMBY IOTOJHUX (PaKTOpIB, JIOACHKOTO (hakTopa Ta
3HOCY OOJIaJJHaHHs, 1110, Y CYKYIHOCTI, MOK€ 3HU3UTH €(EKTUBHICTh PEXKHUMY TAKOIO MOBIIBHOIO
XO0dy, SK 3aranpHOi crparerii. Takum dMHOM, icHye moTpeda Yy KOMIUIEKCHOMY aHawi3i
B3a€MO3B'SI3KY MK €Heproe(eKTHUBHICTIO Ta piBHEM PU3UKY MpHU YMOBUILHEHHI PyXy CyleH abo ix
po0OTH B pEeXUMi 3MEHIIEHUX MIBHAKOCTEW, IIO TOB’S3aHO 13 NPAKTUYHUMHU 3aBIaHHIMU
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«HarmionanpHOT TpaHCHOpTHOT cTpaterii Ykpainu Ha mepiox a0 2030 poky» Ta 3aTBEpIKCHHUM
oTepariifHiuM IIaHOM 3ax0/1iB 3 11 peamizamii y 2025-2027 pokax.

AHaJi3 OCTAHHIX J0CJTiIKeHb 1 my0Jaikanii, B AKMX 3aM04aTKOBAHO PO3B'A3aHHS 1aHOL
NnpodJjieMl Ta BHUAIIEHHS] HeBHPIIIEHMX PpaHille YacTHH 3arajbHoi mnpodJemu. CydacHi
JOCITIJKSHHS 3 ONTUMI3allii 32 PI3HUMH KPUTEPISIMH IIBUAKOCTI CYJCH OXOILTIOIOTH Ty)Ke NIMPOKHUIA
CHEKTpP BUKOPHUCTAaHUX METOMiB 1 miaxoniB. Tak, y pobGotax [l, 6] 3ampomoHOBaHI METOIU
OaraTokpuTepiaJibHOT ~ ONTHUMI3alii  MIBUAKOCTI  CyJdHA, SKI  BPaxoBYIOTb  KpHUTepii
eHeproeeKTUBHOCTI Ta JOJATKOBI eKCIuTyartaniiiHi ¢pakropu. Ctparerii, siKi MO€JHYIOTh KEPOBaHY
3MiHY LIBUIKOCTI Ta HU3KU IU(depeHIIaIbHUX apaMeTpiB, PETEIbHO PO3MIIAHYTO Y [2], 30Kpema, 3
ypaxyBaHHSM 3aBaHTaKeHHs cyqaHa. Y pobotax [3, 10] ocobnmBa yBara 3po0ieHa Ha JOTPUMAHHS
€KOJIOT1YHUX CTaHAApTIB, HANpUKIAA, TaKWX, K MOKa3HUK Byrieuenoi iHTeHcuBHOcTI (CII), 13
9iTKUM (QokycoM Ha 3MeHIIeHHI CO2-BUKH/IB Ta MOKpAIlleHH] 3arajbHOi eHeproeeKTUBHOCTI. Y
crarti [4] O0OroBOPIOETHCS 3aCTOCYBaHHS «BIOCKOHAJIEHOTO alroputMy A’» s CHinbHOI
ONTUMI3alil MBHUIKOCTI Ta Kypcy TiOpuaHoro cyaHa. ¥ po0Ooti [5] mpOHOHYeThCS ONTUMI3aLlis
MapIIpyTy, IBUAKOCTI Ta 3apaBKU IS CYJIEH, IO MPALIOOTh Ha 3P1KEHOMY MPUPOTHOMY Tasi, 3
ypaxyBaHHSIM aJIbTEPHATHUBHUX NOPTIB OyHKepyBaHHSA. Y po0OoTi [7] aHami3yloThcs 3ajaui
ONTHUMI3aIlisl MIBUIKOCTI 32 3MIHHMX METCOPOJIOTIYHHX YMOB, a [8, 9] pO3MMPIOETHCS MAXiM, IO
BKJIIOYA€ BIIPOBAKEHHSI €KOTEXHOJIOT1H, YIpaBIiHHS 1HTEpBajJaMM Ta KOJMBAHHS ILiH HA HaJUBO.
Hapemri, [11, 12] po3risgatoTe KoHOIrYypalilo JBUTYHA, 3aJ€KHICTh Bl HOr0 BUXIIHUX JAHUX 1
MapLIpyTH3aLil0 Uil KPYi3HMX 1 JIHIMHHUX CyleH, L0 BIJKPUBA€ MEPCHEKTHBH i MOOYIOBU
MOJICJIE 3 HHU3bKHUM OOCSTOM IHIIMX BUXITHUX JaHUX 1 T1IOpuaHuUX Mojeneid. Takum YHUHOM,
HAyKOBi JpKepesia MiATBEPKYIOTh JOIUIBHICTh KOMIUIEKCHOT ONTHUMI3alil IIBHJIKOCTI, SKa
BpaxoBy€ HE JIMIIE NaJUBHY €(QEKTUBHICTb, aj€ ¥ MOXJIUBI PHU3UKU, 30BHIIIHI YMOBH Ta
eKCIUTyaTaliiiHi OOMEKEeHHS.

IlocTanoBka npo6Jemu. [Tonpu ynciaeHH1 JOCTIAKEHHS 3 EKOHOMIYHOTO OOIPYHTYBaHHS 1
BU3HAYEHHS MMOBUIBHOTO XOJy CYAEH, HEJIOCTaTHhO yBaru MPUIUIEHO HOro BIUIMBY Ha 3arajbHHUNA
PU3UK aBapiiHOCTI Ta TOB'A3aHI 3 HUM BHUTpaTU. binblmicte Mojeneil OIiHKK e(eKTHBHOCTI
30Ccepe/KeHI BUKIIOYHO HAa EKOHOMII MajMBa 1 CKOPOYEHHI BHWIKHIIB, ITHOPYIOYH TOTCHINIMHE
301UTBIICHHS PU3HKY aBapiil, JIOJCHKUX KEPTB, TEXHIYHUX BiAMOB 200 TOTIpPIIEHHS YMOB O€3IEKH.
BincyTHICTh KOMITIEKCHUX MOJENel, 10 BpaXxOBYIOTh JWHAMIUHY 3MiHY PU3HKY B YMOBaX 3MiHU
HIBHJIKOCTI PYXY, CTBOPIOE PO3PUB MK TEOPETHUYHUMH IJIXOJAaMU Ta pealisiMU EeKCIUTyaTarii
¢dory.

Mera i 3amaui pocaimkeHHsi. MeTor IOCTIPKEHHS € PO3poOKa KOMIUIEKCHOI MOJei
OIIIHIOBaHHS PU3UKY 3 YpaXyBaHHSAM JIFOJCHKHX, TEXHIYHHUX 1 MOTOJHUX YMHHHUKIB, ii 1HTErpallis B
€HepreTUYHI Ta EKOHOMIYHI pO3paxyHKH Ui ITSTH THUIIB CyJIeH, TpPOBEIEHHS CIEHAPHOTO
MOJICTFOBAHHS IS PI3HUX PEXHUMIB MBUAKOCTI pyxy (10—20 By37iB), BUBHAUYCHHS ONTHUMAaJIbHUX
MIBUJIKOCTEH 13 mo3uuii OajmaHcy MiX eHeproe(eKTUBHICTIO, PIBHEM pPHU3HMKY Ta BUTpaTaMH Ha
pearyBaHHs, a TakoX (OpPMYJIOBaHHS MpPaKTUUYHUX pEKOMEHAalid 1oJ0 Oe3nevyHoro
BIIPOB/KEHHS PEKUMY MOBUTFHOTO XO/1Y.

Buxaan ocHoBHoro marepiaay. /[ aHamizy BIUTMBY MOBILIRHOTO XOJy Ha 3arajbHUN
piBeHb pHU3HMKY eKCIUTyaTallil CyJeH po3po0iieH0 OaraToakTopHy MOJENb, IO BPaXxOBYE
WMOBIPHOCTI HaCTaHHS aBapiMHMX MO HA OCHOBI TPHOX KJIFOYOBUX TPHUTEPIB: JIOACHKUNA (aKTOp,
TEXHIYHI HECIIPAaBHOCTI Ta moroHi yMoBH. KoxkeH i3 (hakTopiB Ma€ CBili MeXaHi3M PO3BUTKY Y 4Yaci,
a iXHIM CcykynHUH edeKT BHU3HAYa€ 3arajbHuUi mpodiTb pHU3UKY peiicy. Bci #WmoBipHOCTI
MOJICTIIOIOTBCS y JUHAMII, 3 ypaxyBaHHSM il CHCTEMH KOHTPOJIO Ta TIOM SIKIIIEHHS HACIIiJKIB.
ba3oBe piBHAHHS CYKyIHOTO PU3UKY Ma€ BUIJISL

R=P(T)xP(AIT)xP(C| A)—M, 1)

ne P(T) — iMOBipHiCTh BUHUKHEHHs Tpurepa (iHiuirorouoi moxii), P(A|IT) — ymoBHa HMOBIpHICTb
aBapii mpu wHasBHOcTi Tpurepa, P(C|A) — WMOBIpHICTh HACTaHHSA HETaTUBHHUX HACIIJKIB,
M — edheKTUBHICTD ITOM’SIKIITYBaJIbHUX 3aXO0JIIB (CTpaxyBaHHs, aBapiiiHE pearyBaHHs TOIIIO).
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VIMOBipHiCTb TpUrepa po3riIsaaeThes SK KOMOIHALA TPHOX HE3AICHKHHX ITiICHCTEM:
P(I')zl—H(l— P(T)), 2)

ne P(T:) — AMOBIPHICTh OKPEMOT0 TpUrepa, sika MicTuTh migcucremu: P(T ) — Ar0ACHKHEA (aKTop;
P(T+t) — rexnivuna BigmoBa; P(Te) — BIUTUB 30BHIIIHIX (TIOTOJHKMX) YMOB.

Koxen Tpurep OLiHIOETHCS OKpeMo. J{71s 0 IChKOTo (haKTOpa BPaXOBYETHCSI BTOMA SKIMaKy
Ta PIBEHbB ITIITOTOBJICHOCTI (€()eKTUBHICTh HABUYAHHS):

P(M,)=P(F)x1-E), 3)

ne P(F) — iimoBipHicTh BTOMH, ET — €(DeKTUBHICTh HABYAILHUX 3aXO/IIB.
TexHiuHa HaJilHICTP CYJHOBUX CHCTEM OIUCY€THCS EKCIIOHEHLIHHOW (yHKIE€ 3
ypaxyBaHHSIM BiKy 00JIaTHAHHS:

P(T,)=1-¢"*, (4)

ne A — IHTEeHCHUBHICTh BIIMOB, t — TPUBAJIICTh pEHCY.
[TorogHi pU3UKM MOJAETIOIOTHCS 3 ypaxyBaHHAM HMOBIPHOCTI HACTaHHS HECHPUSTIMBHUX
YMOB Ta €(peKTUBHOCTI pOOOTH MOHITOPUHTOBUX CUCTEM:

P(T,) =PW)x(1-E,), (5)
ne P(W) — imoBipHicTh HecnpusTiuBoi moromd, Ew — e(eKTHBHICTh MPOTHO3YBaHHS Ta
3aroOiraHHs.
VYpaxyBaHHS 3aX0/1iB KOHTPOJIIO 3HIKY€E HMOBIPHICTD TpUrepa:
PT)=PM)x1-E), (6)

ne Ec¢ — eheKkTuBHICTh KOHTPOJIBHUX 3aX0AIB (peryiaMeHTH, aBTOMAaTHU3allisl, TPEKIHT PU3UKIB).
VIMoBipHICTH aBapii Micisl TpUrepa MOAENIOETHCS €KCITIOHEHIIIMHUM 3pOCTaHHSAM PU3UKY:

P(AIT)=1-e™, (7

1ie [ — IHTeHCUBHICTh PO3BUTKY HeOe3MeyHoi cuTyailii y Jaci.
HactynHuM eramom € oOIliHKa HacHiKIB aBapii, sfKa IPYHTYETbCS Ha 3BaXKEHIH cyMi

KOMITOHEHT:
C=caL+pE+yF+6R, (8)

ne L — monceki BTpatu, E — exonoriuni, F — ¢diHaHcoBi, R — pemyTaniiiHi BTpatyu; «, 5, ¥, 0 —
BiJITIOBI/THI BaroBi KOCQIIliEHTH.
3 ypaxyBaHHSM MOM SIKIITYBaJIbHUX 3aX0/IiB HACIIIKH 3HIKYIOTHCS:

C'=Cx(1-E,), 9)

ne Ev— eheKkTUBHICT CUCTEM pearyBaHHs (ITOKEKOTACiHH, €BaKyallis, CTpaXyBaHHS).
IMOBIpHICTB TSKKHUX HACHIJIKIB MPHU aBapii Mae hopmy:

P(C| A)=1-¢°° (10)

ne 0 — Koe(DilieHT TSHKKOCTI HACIIJIKIB.
[TincymxoBa Mozienb 3 ypaxyBaHHAM BcCixX MoauGiKaiiil HabyBae BUTIISTY:

R =P(T)xP(AI T")xP(C'| A)—M . (11)

Jlnst ouiHIOBaHHS OajaHCy MK €HEPreTHUYHUMH Ta €KOJOTIYHHMHU BUTOJAMHU TOBLIHHOTO
X0y Ta 3POCTaHHSAM pHU3UKIB c(HOPMOBAHO iHTerpanpHHUil Mmoka3Huk edextuBHocTi [13]. Lleit
MOKa3HHUK JI03BOJISIE€ KUTBKICHO TOPIBHIOBATH CIHEHApii 3 Pi3HOI MIBHJKICTIO XOAY 3a KpPHUTEpieM
KOMIUIEKCHOI JOIJIBHOCTI:

_ AEqq + ACO, 12)
" R, + Cres ’
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ne AEfel — exoHOMIisl eHeprii (B OAMHMIIX BUTpAT MaJbHOTO ab0 ekBiBajeHTy eHeprii); ACO2 —
3MeHIIeHHs: BUKuAiB CO2 y mopiBHAHHI 3 0a30BUM PeXUMOM; R’ — CyKyImHHI pU3UK, OTPUMAaHUH 13
TUHaMI4HO1 MoJeni; Cres — OYIKyBaH1 BUTPATH Ha JIIKBIAAIIIO HACTIIKIB aBapiii a00 1HIIMICHTIB.

Uum BUIIMM € 3HAYEHHS Enet, TUM OUIBII JAOUUIBHUM € CLIEHApIW, 13 MOTISAY BU3HAYEHOI
KOMIUIEKCHOI e()eKTHBHOCTI, HOro 3acTocyBaHHA. TakuM 4YMHOM, JaHMH IOKa3HUK J03BOJISIE
o0’eHATH Y €IWHUHA PO3PaxXyHOK 1 €KOJOTiYHY BUTOAY, I PHU3HMKH, IO BHHHUKAIOTH TPU 3MiHI
HIBUJIKOCTI.

Takum 4YMHOM, 3aIpPONOHOBAHUN QJITOPUTM 1 MOJENIb Ha HOro OCHOBI, BpPaxOBYIOTh
IHTErpaTUBHUM BIUIUB IIBUJIKOCTI Cy/JHA Ha PIBEHb PU3MKY, BIJOOpa)karoud B3a€MO3B’SI30K MIXK
3MEHILIEHHSAM TEXHIYHOTO HAaBAHTAXEHHS NPU MOBUILHOMY XOJ1, MOJOBXKEHHSIM MEpiOay BIUIMBY
[OTOJJHMX YMHHHUKIB Ta MOCTYNOBMM HAaKOIMUYEHHSIM BTOMH eKinaxy. IIpoBeneHuil TakuM 4nHOM
aHaJli3 J1a€ 3MOT'y BU3HAYaTH ONTUMAaJIbHI MIBUJKICHI PEXKUMH, K1 3a0€311€4yI0Th HE JIHILE NaJIUBHY
e(peKTUBHICTh, a H BHCOKUH pIBEHb EKCIUIyaTalliiiHOi Oe3MeKu Ta EKOHOMIYHO OOIPYHTOBaHI
BUTpATH Ha JIKBIJAIII0 MOKIMBUX aBapIHHUX CUTYaIlIH.

Bisyanizawis  sorikm Mopeai pusuk-anauaizy. IloOynoBana Moxenb — IHTErpye
MOCJIIJOBHICTh NEPEXOy BiJl MEPBUHHUX (PAKTOPIB PU3MKY /10 OCTAaTOYHMX HACHiAKIB aBapiid. Ha
puc. 1 npeacTaBiIeHO CTPYKTYpPHY CXeMY MPUUYUHHO-HACIIIKOBUX B3a€MO3B’SI3KIB MK OCHOBHHUMHU
€JIEMEHTaMH PU3UKY B YMOBaX €KCILUTyaTalii Cy IeH.

JliarpaMa OXOIUTIOE KJIFOYOBI TPUIepU PHU3UKY (JIOACHKHM, TEXHIYHUM Ta €KOJOTIYHUIN
¢dakropu), MoaudikaTopH ix Ail (HaB4YaJIbHI MPOTrpaMU, HOPMATUBHE PEryJIIOBaHHS, MOHITOPUHT), a
TaKO’K 3aCO0M IMOM SKILEHHS Ta pearyBaHHs.

SIK BUAHO 13 HaBEAECHOI CXEMH, BUXIJHI (aKTOpu pU3HKY (BTOMA, 3HOC TEXHIKH, MOTOJHI
YMOBH) MOXYTh aKTUBI3yBaTH aBapiiiHy cUTyalito yepe3 pi3Hi Tpurepu. Broma Ta iHII 3MiHH
KOTHITUBHUX YHHHUKIB CHPUSAIOTH BUHUKHEHHIO JIOJCHKHX TIOMHJIOK, SIKI YaCTKOBO YCYBArOTHCS
3aBASKH €(DEKTUBHMM HaBYAJILHUM IIporpamaM, MiABUIICHHIO KBamidikaiii, opranizaiii mpami ta
KoHTponro. TexHiuni 3001, CHPUYMHEHI CTapiHHAM CHCTeM a0 HEIOCTaTHIM ab0 HESKICHUM
TEXHIYHUM OOCIIyrOBYBaHHSIM, MOXYTh OyTH MiHIMI30BaHI NUISIXOM JOTPUMaHHS PETJIAMEHTIB.
HeratuBHmii BmiMB mnpUponHUX (AKTOPIB 3HUKYETHCS 3aBISKM CHUCTEMaM MOHITOPHHTY,
MMPOTHO3YBAHHSI 1 BIATIOBIAHUM TisIM.

VYci 1i eneMeHTH, y CyKymHOCTI, MOXYTh NMPHU3BOJUTH J0 aBapiil, a iX HACIiIKH, y CBOIO
4yepry, 3MEHIIYIOThCS HIITXOM BUKOPHUCTaHHs 3aco0iB Oe3neku, poOOTH pATYBaJIbHUX CIIyXkO, Ta
EKCTPEHUX MPOTOKOJIIB.

Broma HaguansHi nporpamu PerynatopHi BuMoru MoHiTopWHT norogu

I ! I
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Pucynok 1 — CtpykrypHa cxema pu3HK-(pakTopiB i MeXaHi3MiB BIUIMBY Ha HACIiAKH aBapii
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Came 1me MIAKPECTIOE BaXKJIMBICTD IHTETPOBAHOTO YIPABIIHHS PH3UKAMH, /1€ MIBUAKICTDH
CyJlHA JIUIIE OJMH 13 peryIioBaIbHUX MapaMeTpiB y CKIaAHIi O0ararodakTopHiii cucTemi.

Pe3yabTaTH it 00roBopeHHs. Y Mexax JOCITIDKEHHS MPOBEACHO IMITAIlifHE MOJICITFOBAaHHS
€BOJIIOLIT PU3HKY, SIKE BPAXOBYE XPOHOJIOTIUHY 3MiHY BIUIMBY TPhOX OCHOBHHX JIXKepes HeOe3MeKH:
JFO/ICEKOTO (PaKTOpa, TEXHIYHUX 3001B Ta MOTOJAHUX YMOB.

KoxxHe mxepeno po3risfaeThcs K TUHAMIYHA 3MiHHA, 110 pearye Ha 4ac, HaKONMWYEeHHs
BTOMH, CTapiHHS oOjagHaHHs a0o TpuUBaJICTh IepeOyBaHHS CyJHa B 30HI METEOPOJIOTIYHOI
HEeCTaOIbHOCTI. 3aCTOCYBaHHS IHTETPOBAHOI MOJEINI JI03BOJISIE OLIHUTH, K 3pOCTAa€ 3arajbHUN
PHU3UK aBapiil y mmporueci eKCIuTyaTarii.

Ha puc. 2 300paxeHo 3MiHy YaCTKOBHX 1 3araJibHOTO PU3MKIB Y 4aCOBOMY BUMII.
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Pucynox 2 — JIluHaMika pu3uKiB MPOTATOM Hacy: JIOJACHKHN, TEXHIYHUN, TIOTOTHAN, 3araTbHII

Amnaniz rpagiky, LOI0 HaBeJEHMH Ha pHUC. 2, TOKa3ye, II0 HaWIHTEHCUBHIIIE 3pOCTa€e
TEXHIYHUN PHU3UK, 110 € HACIIJKOM KYMYJISITUBHOI'O 3HOLIEHHS CHUCTEM 1 BIJICYTHOCTI HAJIEXKHOIO
TexoOcyroByBaHHs. JIIOACHKHI PU3HMK 301IbIIYETHCS MOMIPHO, OJHAK 3aJUIIAETHCS CTAOLIBHUM
3aBASKM TIOYATKOBUM KOHTp3axojaM (TpEHIHTM, HaBUaHHS, BYacHI 3MiHM ekinaxy). [loronni
PU3UKH MalOTh PIBHOMIpHE 3pPOCTAaHHS, OCKUIBKM TPHUBAJICTh MepeOyBaHHS B MOpi MPOMOPLIHHO
MIJBUIIY€E WMOBIPHICTh NOTparuiiHHA B HeOe3neuyHi yMoBU. CyKymHUIl pPHU3UK JIEMOHCTpYE
HEeJiHIHHE 3pOCTaHHs, K€ CTa€ MOMITHUM BKE MICIs TUXKHSA POOOTH.

Ha puc. 3 mpencraBnmeHo 3MiHM €(EKTHBHOCTI aBapiiHOTO pearyBaHHsS, BHTpaT Ha

3an00iragHs Ta JIKBIJALIO.
70 —— YcniwHe pearysaHHa (%)

——- 3anobiraHHa

— Jlikeigauis
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Pucynox 3 — PearyBanHs Ta BUTpaTH Y AUHAMIIT

3HmKeHHA e(EeKTUBHOCTI pearyBaHHA Ha HaJI3BUYaiHI cUTyalii BimoOpakae yCKIIaJHEHHS
YMOB JJIs1 PATYBAJIbHUX 3aXO[iB i3 4aCOM: BTpaTa pecypcy, BTOMa MEpCOHAITy, 0OMEXXEHHs 3B’ SI3Ky
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ab6o norictuku. [Tompu Te, mo BUTpaTH HAa MPODITAKTHKY 3TAMIAIOTHCS MOCTIHHUME (25 YMOBHHX
OJIMHUIIL), BUTPATH Ha JIKBIJAIiI0 3pOCTAIOTh EKCIOHEHIIMHO, M0 MiATBEPPKYE EKOHOMIUHY
JOLUTBHICTH IHBECTYBAaHHS B TIONIEPEPKEHHS PU3UKIB HA PaHHIX eTarnax.

TakuM YMHOM, XPOHOJIOTIYHA CUMYJIALIS MIATBEPAXKY€E KIIOUOBUI BHCHOBOK: PHU3HKH B
CYJTHOIUTaBCTBI MAIOTh HAKONMYYBAIBHUN XapakTep, 1 3aTATyBaHHS peiicy (K e MPOXOIUTh MPHU
MOBUTPHOMY XOJ11) TOBUHHE CYNMPOBOXKYBATHCHh MPOMOPIIHHUM MMOCHJICHHSM 3aX0/1iB KOHTPOJIO 1
BIJIMOBIAHMX A1, 1HAaKILIE 3pOCTAIOTh HE JinlIe HeOe3NeKH, a i1 eKOHOMIYH1 BTpaTH.

[I100 KiIBKICHO OILIHUTH 3MiHY PU3MKOBUX XapaKTEPUCTUK y 4aCOBOMY pO3pi3i, MPOBEIECHO
cumyssinito 10-neHHoro pericy 3 ¢piKCOBAaHUMHU YMOBAaMH €KCIUTyaTallii. ¥ MOJIeTIOBaHHI BPaxOBaHO
[IOCTYNIOBE 3pPOCTaHHS TPbOX OCHOBHUX KOMIIOHEHTIB PU3HKY: JIIOACBKOIO, TEXHIYHOTO Ta
noroaHoro. Kpim Toro, mozentoerbcss €()EeKTHBHICTh pearyBaHHS Ha HaJ3BHYaiiHI cuTyauii Ta
JMHAMIKy BHUTpAT, K Ha Mpo]iIaKTUKy, TaK 1 Ha JIKBiJalil0 HaciiAkiB aBapii. Bci oGuncienHs
BUKOHYBAJIKCh 3TIHO 3 QJIFOPUTMOM MOOYJI0BaHOI MaTeMaTW4YHOI MOJEINI, MOAAHOI0 paHime. Y
Tabi. 1 mpencTaBieHoO pe3yiabTaTH JUHAMIYHOTO MOJICIIFOBAHHS.

Tabmuus 1 — Pe3ynbraTi JUHAMIYHOTO MOJENIOBAHHS PU3UKY NpoTsAroM 10-1eHHoro peiicy

Jrwocoxkun | Texuniunuit | Ilozooni | 3azanvnui Yeniwne Bump am%’ Bump.anfu
Jens peazyeanns Hna 3anooi- Ha niKei-

PU3UK PU3UK pusuKu PU3UK (%) cann oaito
0 0.0000 0.0000 0.0000 0.0000 70.00 25.0 0.000
1 0.0059 0.0019 0.0049 0.3144 69.18 25.0 1.166
2 0.0114 0.0108 0.0095 0.7924 68.02 25.0 2.832
3 0.0167 0.0297 0.0139 1.5473 66.32 25.0 5.251
4 0.0218 0.0598 0.0181 2.6750 64.05 25.0 8.503
5 0.0267 0.1011 0.0222 4.2906 61.20 25.0 12.665
6 0.0312 0.1543 0.0261 6.5265 57.78 25.0 17.814
7 0.0354 0.2200 0.0297 9.5367 53.79 25.0 24.021
8 0.0393 0.2985 0.0331 13.4979 49.24 25.0 31.346
9 0.0428 0.3904 0.0362 18.6104 44.16 25.0 39.839

3 OTpUMaHMX JaHUX BUIHO, [0 TEXHIYHUN PU3UK 3pOCTAE HAHIHTCHCHUBHIIIE, HOTO 3HAYCHHS
Ha naeB’sTuil neHb y 20 pas3iB TNepeBUIye TodaTkoBe 3Ha4eHHS. Jlrojackkuit Qaktop 3pocTae
TUTaBHIIIe, aie CTa0UIbHO, TOJI SK TOTO/AHI PU3WKH MiABHILYIOTHCS JIHIKHO (32 BHU3HAYCHHUMHU
yMoBaMu MojietoBaHHs ). CYKYIMHHH PU3UK (CyMa BCiX KOMITOHEHTIB) IEMOHCTPY€E €KCIIOHEHITIHHE
3pOCTaHHs, MiCiast 6-TO JHA CHCTeMa BXOAUTh y (a3y MigBUINEHOI aBapiiiHOT HeOe3neKH.
VYcmimHicTh pearyBaHHsS TMaja€e TMPOTOPIIMHO 3POCTAaHHIO 3arpo3, a BHUTPATH Ha JIKBITAIlIO
HACJIIJIKIB 3pOCTaroTh OUThII HiXK y 30 pasiB 3a Bech mepioj. BogHouac BUTpaTh Ha 3armobiraHHs
3IMIIAIOTHCSA CTAJTMMH, IO CBIAYUTH NPO TOTCHIIHHY €KOHOMIYHY Hee(hEKTHBHICTh HE3MiHHOI
CHCTEMH NMPO(DITAKTHKH B yMOBaX 3pOCTAIOYHNX PU3HKIB.

Ileti aHami3 03BOJIIE POOMUTH BHCHOBKH OO0 HEOOXITHOCTI aJalTHBHOTO YIPaBIIiHHS
pU3UKaMH B JWHAMIMi, 30KpeMa, NpOMOpLiiHOro 30UIBIIECHHS 3aXOJiB pearyBaHHS Ta
00CITyTOBYBaHHs 3aJIe)KHO BiJ TpHUBAJIOCTI peicy. Takui MiaxiJy KPUTUYHO BAKIWBHH TIPH
BIIPOBA/KEHHI MOBUILHOTO XOAY SIK CTPATETii CTAIOr0 CyAHOIIABCTBA.

Jns  omiHIOBaHHS JOLUIBHOCTI BIPOBAKEHHS IOBUIBHOTO XOJy B PI3HMX YMOBax
eKCIUTyaTallii MpOBEJICHO MOPIBHIILHE MOJICIIOBAHHS IHTETPAIILHOTO IMOKa3HHKA €()eKTUBHOCTI
Enet, sikuil BpaxoBy€e CyMapHy €KOHOMilO eHeprii, ckopoueHHs BUKuAIB CO2, a TaKOXX PU3UKU Ta
OUiKyBaHI BUTPATH HA JIKBijaIito aBapii. Ha puc. 4 300paxeHo 3aJeKHICTh IHOT0 TTOKa3HUKA BiJ
IIBUAKOCTI JUIS I’ SITH PI3HUX THITIB CYJCH.
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Pucynoxk 4 — [aTerpanbaa epeKTUBHICTD Enet 3aJ1€5KHO Bij] IIBUIKOCTI U PI3HUX THIIB CyICH

AHauni3 OTpUMaHMX JAaHUX CBITYUTH MPO HASBHICTh XapaKTEPHOIo Mpodiito e(heKTUBHOCTI
JUTSL KOYKHOTO THITY CYyJIHA.

Tak, cynHa Tumy KoHTeiiHepoBO3 [14] meMOHCTPYIOTh CTAaOUTPHO BUCOKI 3HAYEHHS Enet y
nianaszoni 14—16 By3miB, 10 CBIAYMTH PO IXHIO BIHOCHY HEUYTJIMBICTD JO Bapialliii MBUAKOCTI B
Me)Kax THUIOBOTO eKCIuTyaraiiiinoro pexxumy. Haromicts muis Bulk Carrier 1 Tanker, mjo 3a3suuaii
MPaIOTh Ha MBUAKOCTAX 11-13 By3miB, 30UIbLIEHHS MIBHAKOCTI XO0Y 1 MiABUILYE Enet, ajne
CYIIPOBOJDKYETbCS 3POCTAHHSIM pHU3UKY Ta BUTpPAT, [0 CTaBUTh MiJ CYMHIB JOIUIBHICTb
npuckopeHHs. st mux cyneH 30epexeHHs (a0o, HaBITh, 3HIKCHHS) MIBUAKOCTI € PaIliOHAIBHOIO
CTpareriero 3 TMO3ulliii Oe3rneku il eKoHOMikM. Y BHMIAAKy 3 cyaHamu Tuiy RO-Ro Ta Reefer
CIIOCTEPIraeThCsl Maibke JIHIMHE 3poCcTaHHs €(PEeKTUBHOCTI 31 MIBUIKICTIO, IO CBIAYHUTH MPO iXHIO
MOTEHI[IIHY 3aJeXKHICTh BiJl CKOpOUYEHHS dYacy peiicy. BogHowac 1i TUOHM CyA€H MOXYThb
moTpeOyBaTH T0JaTKOBMX KOMIICHCATOPHHMX MEXaHi3MiB, 1100 3pooutu Slow steaming ekoHoMidHO
BUTIPABJIAHUM.

JluckyciiiHi pe3yabpTaTi oTpuMaHi uist cyaeH RO-Ro Ta Reefer: y nux Bumagkax Enet 3pocTae
3 MiABUIIEHHSIM MIBHIKOCTI, 10 CBIJYUTH MPO MOTEHIIHHY Hee(EKTUBHICTh MOBLILHOTO X0y JUIS
BUCOKOYYT/IMBMX a00 CIIeIiaTi3oBaHMX THIIB (I0Ty. VIMOBIpHO, MOJATKOBI BHTpATH uepes
TIOJIOBXKEHHS PEHCy TEepPEeBaXXyIOTh BUTOAM BiJ €KOHOMIii MAJBHOTO, a PHU3HKH HAKOIMUIYIOTHCS
3HAYHO IIBUJIIIIE.

Omxe, IHTErpaJbHUN TMOKa3HUK Enet /103BOJIsIE OO’€KTUBHO BPaXxOBYBAaTH CKJIaJHUN
KOMITPOMIC MIX €KOJIOTIYHOIO BHUTOJOI0 Ta OE3MEeKOr0, BUSBISIOYM ONTHMAIIbHI PEKUMH POOOTH
CyIeH He JIMIIE 3 TMOTJISIy BUTpAT, alle i 3 ypaxyBaHHSIM pPU3HMKOBOI CTIMKOCTI, a pe3yJbTaTH
MOXYTh OyTH BHKOPHUCTaHI K Oa3uc Il PO3pOOKHM pPEKOMEHIAId 010 BUKOPHUCTAHHS
HIBUJIKICHOTO PEKUMY ISl PI3HUX TUIIIB CYZCH.

OtpuMaHi pe3ynbTaTd JEMOHCTPYIOTh CKJIaJHy 1 OaraTOBUMIpHY MNPUPOIY BIUIUBY
MOBUTHPHOTO XOJTy Ha €KCIUTyaTalliiiHy e)eKTUBHICTh Cy/IeH. 3 OHOTO OOKY, 3MEHIIICHHS IIIBHIKOCTI
MPU3BOJIUTH JI0 TIOMITHOI €KOHOMIii majapbHOrO Ta 3HIWKEHHS BUkuAiB CO2, mo BiAMOBITAE
r100aNbHAM  €KOJIOTIYHUM HijsiM. 3 iHIIOro OOKy, TOJOBXKEHHS peicy CynpOBOKYETHCS
HaKOIMYCHHSM PH3HUKIB, IO CYTTEBO 3MiHIOE TIpodinb Oe3neku omepartiid. Ile miaTBepHKyeThCs
JMHAMIKOIO 3POCTaHHS 3arajbHOTO PH3MKY B cuMyiisiii 10-meHHOro peiicy, Ae Ha T CTajaux
BUTpPaT Ha 3amo0iraHHs CIOCTEPITaeThbCs 3pOCTaHHS BHUTpPAT HA JIKBIJAIIKD  HACHIIKIB.
[HTerpanpHuil MOKa3HUK €(EeKTUBHOCTI Enet, SKUI MOEAHYE €KOJOTIYHY BUTOJy Ta PIBEHb PU3HKY,
MIPOJIEMOHCTPYBAB, 110 ONTHMAaJbHA MIBHAKICTh PyXy HE 3aBXKIU BIAMOBIAA€ TOYI MiHIMAIBHOTO
CMOXKMBAHHS TAJIbHOTO. {7151 OUIBIIOCTI TUMIB CyAeH HaWKpalui 0ajaHC AOCATAEThCS B Jlara3oHi
11-13 By3mniB, TOAI SIK A crieniaiizoBanux cyaeH (Reefer, R0-R0) edexTuBHICTD MOBLIBHOTO X0y
€ cyMmHiBHOIO. [{e Bkazye Ha HEOOXITHICTh 1HIMBIAYaJbHOTO MIIXOIYy /10 BIPOBAIKEHHS CTpaTerii
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slow steaming, i3 BpaxyBaHHSM THUIy CyJIHA, MapuIpyTy, TPUBAJIOCTI PEUCYy Ta pPeCypcHOi
CTPYKTYPH.

KitouoBMM BHCHOBKOM MOJIENIOBAaHHS € Te, 110 pU3MKU [15] y cyAaHOIUIaBCTBI MaroTh
KyMYJSTUBHUH XapakTep, a iXx e(eKTHBHE CTpUMyBaHHS MOTpedye aJanTUBHOI TOMITUKU
yTpaBIiHHSA BiJ MacmTaOyBaHHS TEXHIYHOTO OOCIYrOBYBaHHS JO THYYKOi Mojeni 3a0e3rnedeHHs
eKiMaxxy Ta 1HBECTHUILH y SKICHUH MOHITOPMHI CyJHOBHX omnepariii. CTaTUuHa CUCTEMa 3aXOiB
0e3neKr He MOXKE a/IeKBaTHO pearyBaTH Ha 3MiHY OIEpalliiiHOro cepeloBuIla B yMOBaX MOBUIBHOTO
X0y Ta 30UIbLICHHS TPUBAIOCTI EPEXO/IIB.

BucnoBku. 3anpoBaKEHHS IIOBLJIBHOTO XOmy SIK cTparerii  MiABUIICHHS
€HeproeeKTUBHOCTI CYAHOIUIABCTBA Ma€ K Oe33amepeyHi €KOJOTi4HI BUIOJH, TaK 1 CYMyTHI
pU3MKH, SIKI TMOTpeOyIOTh KOMIUIEKCHOI oOIiHKU. [IpeacraBneHa Mojenab OLIHOK J103BOJISIE
BpPaxoBYBaTH JUHAMIUHY 3MIHY PU3UKY 3aJI€)KHO BiJl IIBUIKOCTI PyXYy, TPUBAJIOCTI pEHCy Ta BILIUBY
TPbOX OCHOBHHX (DAKTOpIB: JIFOJACHKOr0, TEXHIYHOI'O Ta MOTOAHOrO. IHTerpariis Mozieni pusMKy B
PO3paxyHKH J1a€ 3MOTY BUSBUTHU ONTUMAJIbHI IIBUKOCTI U1l KOXKHOTO TUITY CYJIEH, 3 ypaXyBaHHSIM
HE JIMIIE BUTPAT NaJIbHOTO, a i BApTOCTI MOTEHIIMHUX HACIII/IKIB aBapii.

PesynbraT MoOJENIOBaHHSA, TAaKOX JOBOJATh, IO TPU HEJOCTAaTHHOMY OHOBIJICHHI
KOHTpP3aXO0/iB 13 4aCOM PHU3UK 3HAYHO 3pOCTAaE, a BUTPATU HA JIKBIJAIIIO HACIIJIKIB [IEPEBUILYIOThH
CBOEYACHO TMPOBEACHI MpOQIIaKTUYHI 3aXoAu Ta OromkeT. HalOinbll MOUITBHOIO € CTparteris
aJIalTUBHOTO YIPAaBIIHHSA MIBUAKICHUM PEXKUMOM 1 pU3MKaMM, 110 Oa3yeTbCs Ha TUIIl CYyJHA,
MapupyTi, JOCTYIHOCTI MOPTOBOI 1H(PACTPYKTypu Ta peKUMax eKcIulyaTauii Ta Moxe OyTu
BUKOPUCTAaHUH SIK OCHOBA JUIsl pO3POOKM PEKOMEHJIAlIN P OLIHII PilIeHb 1010 ONTUMAaIbHOIO

PEXUMY PYXY.

CIIMCOK BUKOPUCTAHOI JIITEPATYPH

1.Li X, Sun B, Jin J, & Ding J. Ship speed optimization method combining
Fisher optimal segmentation principle. Applied Ocean Research, 140, 103743.
https://doi.org/10.1016/j.apor.2023.103743.

2. Xie X., Sun B., Li X., Zhao Y., & Chen Y. Joint optimization of ship speed and trim
based on machine learning method under consideration of load. Ocean Engineering, 287, 115917.
https://doi.org/10.1016/j.oceaneng.2023.115917.

3.Hua R, Yin J., Wang S., Han Y., & Wang X. Speed optimization for maximizing the
ship’s economic benefits considering the Carbon Intensity Indicator (CII). Ocean Engineering, 293,
116712. https://doi.org/10.1016/j.0ceaneng.2024.116712.

4. Wang C., Huang L., Ma R., Wang K., Sheng J., Ruan Z., Hua Y., & Zhang R. A novel
cooperative optimization method of course and speed for wing-diesel hybrid ship
based on improved A* algorithm. Ocean Engineering, 302, 1176609.
https://doi.org/10.1016/j.oceaneng.2024.117669.

5.He P, Jin J. G. Pan W., & Chen J. Route, speed, and bunkering optimization for LNG-
fueled tramp ship with alternative bunkering ports. Ocean Engineering, 305, 117957.
https://doi.org/10.1016/j.0oceaneng.2024.117957.

6. Li X., Ding K., Xie X., Yao Y., Zhao X., Jin J. & Sun B. Bi-objective ship speed
optimization based on machine learning method and discrete optimization idea. Applied Ocean
Research, 148, 104012. https://doi.org/10.1016/j.apor.2024.104012.

7.Luo X., Yan R. & Wang S. Ship sailing speed optimization considering dynamic
meteorological conditions. Transportation Research Part C: Emerging Technologies, 167, 104827.
https://doi.org/10.1016/j.trc.2024.104827.

8.Gu Y., Wang Y. & Iris C. Integrated green technology adoption, ship speed optimization
and slot management for shipping alliance under emission limits and uncertain fuel prices. Journal
of Cleaner Production, 494, 144939. https://doi.org/10.1016/j.jclepro.2025.1449309.

@ o pyopuku exnioueno cmammi 3a memamuunor cupamosanicmio « Tpancnopmui mexnonoziin



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

9.Gu Y., Wang Y., & Iris C. Integrated green technology adoption, ship speed optimization
and slot management for shipping alliance under emission limits and uncertain fuel prices. Journal
of Cleaner Production, 494, 144939. https://doi.org/10.1016/j.jclepro.2025.1449309.

10. Yan D., Chen C., Gan W., Sasa K., He G. & Yu H. Carbon intensity indicator (CII)
compliance: Applications of ship speed optimization on each level using measurement data. Marine
Pollution Bulletin, 212, 117593. https://doi.org/10.1016/j.marpolbul.2025.117593.

11. Marashian A., Boling J. M., Razminia A., Hyvonen J., Vettor R., Gustafsson W.,
Pirttikangas M., & Bjorkqvist J. Combined engine configuration and speed optimization
for  fuel savings on  cruise ships.  Ocean  Engineering, 322, 120387.
https://doi.org/10.1016/j.0ceaneng.2025.120387.

12. Hu C., Wang Y., Han X., Liu H., Sun Q. & Zhou B. Research on speed optimization of
fixed route ship with low data dependence. Ocean Engineering, 328, 121065.
https://doi.org/10.1016/j.oceaneng.2025.121065.

13. IMO GreenVoyage 2050, Energy-Efficiency Technologies Portal.
https://greenvoyage2050.imo.org/energy-efficiency-technologies-information-portal/.

14. Container-xChange, “How Slow Steaming Impacts Shippers and Carriers”.
https://www.container-xchange.com/blog/slow-steaming/.

15. Laine V., Valdez-Banda O. & Goerlandt F. Risk maturity model for the maritime
authorities: a Delphi study to design the R-Mare matrix model. WMU J Marit Affairs 23, 137-163
(2024). https://doi.org/10.1007/s13437-023-00328-z.

REFERENCES

1.Li, X., Sun, B., Jin, J. & Ding, J. (2023). Ship speed optimization method combining
Fisher optimal segmentation principle. Applied Ocean Research, 140, 103743.
https://doi.org/10.1016/j.apor.2023.103743.

2. Xie, X., Sun, B., Li, X., Zhao, Y. & Chen, Y. (2023). Joint optimization of ship speed and
trim based on machine learning method under consideration of load. Ocean Engineering, 287,
115917. https://doi.org/10.1016/j.0ceaneng.2023.115917.

3.Hua, R, Yin, J., Wang, S., Han, Y. & Wang, X. (2024). Speed optimization for
maximizing the ship’s economic benefits considering the Carbon Intensity Indicator (CII). Ocean
Engineering, 293, 116712. https://doi.org/10.1016/j.0ceaneng.2024.116712.

4. Wang, C., Huang, L., Ma, R., Wang, K., Sheng, J., Ruan, Z., Hua, Y., & Zhang, R.
(2024). A novel cooperative optimization method of course and speed for wing-diesel hybrid ship
based on improved A* algorithm. Ocean Engineering, 302, 1176609.
https://doi.org/10.1016/j.0oceaneng.2024.117669.

5. He, P., Jin, J. G., Pan, W., & Chen, J. (2024). Route, speed, and bunkering optimization
for LNG-fueled tramp ship with alternative bunkering ports. Ocean Engineering, 305, 117957.
https://doi.org/10.1016/j.0oceaneng.2024.117957.

6. Li, X., Ding, K., Xie, X., Yao, Y., Zhao, X,, Jin, J. & Sun, B. (2024). Bi-objective ship
speed optimization based on machine learning method and discrete optimization idea. Applied
Ocean Research, 148, 104012. https://doi.org/10.1016/j.apor.2024.104012.

7.Luo, X., Yan, R. & Wang, S. (2024). Ship sailing speed optimization considering
dynamic meteorological conditions. Transportation Research Part C: Emerging Technologies, 167,
104827. https://doi.org/10.1016/j.trc.2024.104827.

8.Gu, Y., Wang, Y. & Iris, C. (2025). Integrated green technology adoption, ship speed
optimization and slot management for shipping alliance under emission limits and uncertain fuel
prices. Journal of Cleaner Production, 494, 144939. https://doi.org/10.1016/j.jclepro.2025.144939.

9.Gu, Y., Wang, Y. & Iris, C. (2025). Integrated green technology adoption, ship speed
optimization and slot management for shipping alliance under emission limits and uncertain fuel
prices. Journal of Cleaner Production, 494, 144939. https://doi.org/10.1016/j.jclepro.2025.144939.

ISSN-print 2313-4763; ISSN-online 3041-1939



m [H>keHepia y TPaHCIIOPTHIN raaysi

10. Yan, D., Chen, C., Gan, W., Sasa, K., He, G. & Yu, H. (2025). Carbon intensity
indicator (CIl) compliance: Applications of ship speed optimization on each
level using  measurement  data. Marine  Pollution  Bulletin, 212,  117593.
https://doi.org/10.1016/j.marpolbul.2025.117593.

11. Marashian, A., Boling, J. M., Razminia, A., Hyvonen, J., Vettor, R., Gustafsson, W.,
Pirttikangas, M. & Bjorkqvist, J. (2025). Combined engine configuration and speed optimization
for  fuel savings on  cruise ships.  Ocean  Engineering, 322,  120387.
https://doi.org/10.1016/j.0ceaneng.2025.120387.

12. Hu, C., Wang, Y., Han, X., Liu, H., Sun, Q. & Zhou, B. (2025). Research on speed
optimization of fixed route ship with low data dependence. Ocean Engineering, 328, 121065.
https://doi.org/10.1016/j.oceaneng.2025.121065.

13. IMO GreenVoyage 2050, Energy-Efficiency Technologies Portal (2024).
https://greenvoyage2050.imo.org/energy-efficiency-technologies-information-portal/.

14. Container-xChange, “How Slow Steaming Impacts Shippers and Carriers” (2019).
https://www.container-xchange.com/blog/slow-steaming/.

15. Laine, V., Valdez-Banda, O. & Goerlandt, F. (2024). Risk maturity model for the
maritime authorities: a Delphi study to design the R-Mare matrix model. WMU J Marit Affairs 23,
137-163. https://doi.org/10.1007/s13437-023-00328-z.

Bulgakov M., Melnyk O., Aleksishyn A., Mazur O., Onishchenko O. INTEGRATION OF RISK
ANALYSIS IN THE ASSESSMENT OF ENERGY EFFICIENCY OF SHIPS AT CHANGING SPEED
REGIMES

The article presents a comprehensive mathematical model for risk assessment in slow steaming conditions,
integrating energy efficiency, greenhouse gas emissions and operating costs. Simulations for different types of
ships in several speed scenarios were carried out, which allowed the determination of the relationship between
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and adverse weather conditions. An integral performance indicator that considers both environmental benefits
and potential costs of eliminating the consequences of accidents is proposed. The simulation results have
revealed the existence of an optimal speed range for each type of ship, at which the best compromise between
energy and environmental efficiency and operational safety is achieved. Dynamic risk modeling has shown that
long voyages without the adaptation of control and prevention systems lead to a rapid increase in the cost of
eliminating the consequences. The results obtained are of practical value for shipping companies to develop
adaptive strategies for managing the speed of vessels that combine environmental goals with ensuring the
safety and financial sustainability of maritime transportation.

Key words: maritime transport; vessel traffic; speed mode; slow running; shipping; risk analysis; energy
efficiency; CO, emissions; technical failures; human factor; weather risks; speed optimization; integrated
efficiency; sustainable development; scenario modeling; cost optimization; accident prevention; environmental
safety; risk management.

© bynarakos M. I1., Mensuuk O. M., Anekcimun A. B., Mazyp O. M., Onumenko O. A.

CratTio ipuiiHaATO 110 peaakiii 16.06.2025

@ o pyopuku exnioueno cmammi 3a memamuunor cupamosanicmio « Tpancnopmui mexnonoziin



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

V]IK 656.61.052.484

®OPMYBAHHS OJISI TOYHOCTI OGCEPBAIII
CYJHA 3A JEKIVIBKOMA OPIEHTUPAMHA

Kykos J. C., K/[II, cmapwuii suxradau xkagedpu «Ynpasninus cyonom», Hayionanvnuil
yuieepcumem « Odecvka mopcvka akademisiy, m. Odeca, Yrpaina, e-mail: dsz@onma.edu.ua,
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Agnekceituyk b, M., cmapwui  euxnaoau  kagedpu  «¥Ynpasninna — cyoHOMY,

Hayionanonuii  ynisepcumem «QOodecbka Mmopcbka —akaodemisny, M. QOodeca, VYxpainua,
e-mail: navi.danedka@gmail.com, ORCID: 0000-0003-1043-5174.

Y pobomi siomivaemocs, wo HasABHICMb HAGIZAYIUHUX NEPEUUKOO Y 8USTA0L MITUH 0OYMOBTIONMb NiOGUUEeHU
pisens Hagieayitinoi asapitinocmi npu nAaéanui cyoen y cmuciux 00ax. Iloxubku HasieayitiHux sUMIpIo6aHs
ma MaHespy8aHHs CyOHA NOPOOJICYIOMb DU3UKU HagieayitiHol asapitinocmi. Y cmuciux 800ax maxodic
6i00y8acmvCsi IHMEHCUBHe CYOHONIABCMEO, WO 6ede 00 GUHUKHEHHS CUmyayili HeOe3neuHo2o 30UNCEHHs |
PU3BUKIG 3INKHEHHAL.

Iyoce cymmesum YUHHUKOM, WO BNAUBAE HA Oe3neKy CYOHOB0OIHHA, O0COOIUBO 6 DAUOHAX 3 HEeHAOIUHUM
NPULIOMOM CUSHATLY CYRYMHUKOBUX HABI2AYIUHUX CUCMEM, € XAPAKMEPUCMUKU MOYHOCMI 8USHAYEHH MiCYsl
CYOHA NO HABI2AYITIHUM OPIEHMUPAM.

Jna popmysanna nona mounocmi obcepsayii cyoua, saxke CmeoprOEMbCs OeKiIbKOMA OPIEHMUPAMU HEOOXiOHO
3ACocy8amu CKAAAPHY Mipy MOYHOCII KOHCHOI 3 MOUOK NPUOEPeNCHO20 palioHy NiasanHs cyona. Hailbinvw
8i0N0BIOHOI0 XAPAKMEPUCTNUKOIO O MAKOI MipU MOYHOCMI € OUChepPCis MOOYIA 8eKMOPIANbHOT NOXUOKU.
IIpusedeno eupas nokasHuka moyHocmi O GUNAOKY GUMIPIOBAHb OUCMAHYIL | NeIeH2y KOHCHO20 OpIEHMUpY,
NOXUOKU JIHIL NOJIOJCEHHSI AKUX MAIOMb HOPMATbHUL 3AKOH PO3NOOLTY.

s gopmysanns nonss mounocmi obcepsayii cyOHa 6 pauoHi 1020 NAAGAHHS NPOSOOULOCH IMIMayiliHe
KoMN'tomepHe MOOen08aHHsL.

3Hnauennsi ckarAPHO20 NOKAZHUKA MOYHOCMIE PO3PAX0BYEANOCS Olisl 080X, MPbOX MA YOMUPLOX OPIEHMUPIB, i 3
11020 3HAYEHHAM GU3HAYANACS CMYNIHb 3AMIHEHOCMI eleMEeHMAapHol OUISHKU NOJsi MOYHOCMI, NPU4omy 3i
3POCMAHHAM NOKA3HUKA 3amiHenicmb 30invuyemocs. Takooc nepedbaueno modxciuge oyupyeanwHs Nojs
MoYHOCMI, sIKe 8i000PANCAEMbCA HA eNeKMPOHHIL Kapmi i3 HAHeCEeHHAM 3HAYeHb NOKA3HUKA.

Knrouosi cnoea: o6eszasapiiinicmv cyOHO800iIHHA, Hagieayilina ©besneka, noxe MOYHOCMI; imimayiiine
KOoMR'tomephe MOOen08anHs.

DOI: 10.33815/2313-4763.2025.1.30.069-079

Beryn. IIpoGnema 3a0esnedeHHst O€3MEYHOTO CYTHOIUIABCTBA B YMOBaX CTHCIHMX BOJ €
OJIHIEIO 3 KITFOYOBUX Yy cepl HaBiraiiitHoi Oe3neku. Bucokuii piBeHb aBapiiHOCTI B TAKUX palloHax
00yMOBITIOETHCS. HU3KOK YMHHHKIB, Cepe/l SKUX OCOOJIMBO BHUIIISIOTHCS HASBHICTh HaBITaIliHUX
MePeIKo, OOMEXEHICTh MAaHEBPOBOT'O MPOCTOPY, IHTEHCHUBHE CYIHOIJIABCTBO, a TAKOXK MOXUOKU
HaBIralifHUX BUMIPIOBaHb. Y pe3ysbTaTi L[bOTO BUHHUKAIOTh CUTYyallil HEOE3MeuHOro 30JIMKEHHS
CyJ€H 1 MIJABHUIIYETHCS PU3HMK 3ITKHEHb Ta MOCAJAKKA HAa MUIMHY. 3 OIJISAY Ha 1€, T1IBUIIECHHS
TOYHOCTI BU3HAUEHHS KOOPJIUHAT CyJlHA Ta CBOEYACHE BMUSABICHHS 30H MiJBHUIIEHOIO PU3MKY CTa€
aKTyaJbHUM 3aBJAHHSM JIUISI CY9acHOI HaBIraliiHOI MPaKTHKH.

Oco06MBO roCTPO MUTAHHS TOYHOCTI MOCTAE B YMOBAaX HEHAJINHOrO MpUIIMaHHS CUTHAIIB
GNSS, ne ocHOBHUM JkeperioM iH(popMallli PO MOJ0KEHHS Cy/IHA CTal0Th HaBIraliiHi OpIEHTHPH.
VY Takux cuTyamisx e(QeKTHBHE CyIHOBOJIHHS HEMOXXIUBE 0e3 ypaxyBaHHsS HMPOCTOPOBO 3MiHHOI
TOYHOCTI BHM3HAUEHHS MICI CyJHA, IO TOB’s3aHa 3 KOHQIrypali€r OpiEHTHUPIB, TUIIOM JIHIN
TOJIOXKEeHHS (TIEJICHT, TUCTAHIIisI), IMOBIPHICHUMHU BIACTHBOCTSAMHU MOXUOOK.

ITocTaHoBKa NMpo0JieMu B 3arajJibHOMY BHIJISAI Ta 1i 3B'S1I30K 3 Ba:KJIMBUMH HAYKOBUMHU
a00 NPaKTUYHUMU 3aBIAHHIMM.

Jly’ke CyTT€BUM YHMHHHKOM, IO BIUIMBAa€ HAa HaBITalmiiiHy Oe3leKy, € caMe TOYHICTh
oOcepBalrii MOJOXKEHHS CyJHA y 3agaHoMmy paioni. TpamuiliiiHi HaBiramiiiHi 3aco0M — Taki SK
EKHIC, AIC, 3APII — 3a0e3neuyroTh KOMIUIEKCHE BiOOpaskeHHs HaBITalilHOI CUTYyallii, ajie He
naroTh iHGopMaIlli Mpo TOYHICTh KOOPAMHAT, 110 MOXE BBECTH CYJHOBOJIS B OMaHy B KPUTHYHIN
cutyarii. Came TOMy iCHye moTpeda y BIOCKOHAJIICHHI BIJOOpa)KEHHS HABITAIIMHOT CHTyaIil
IUIAXOM Bi3yali3allii moyst TOUHOCTi oOcepBallii Cy/IHa Ha eNeKTPOHHIN KapTi.
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Jlnst hopMyBaHHS TaKOro TOJS HEOOXiJHO BHKOPHCTATH CKAJSIPHY Mipy TOYHOCTI, sKa
JI03BOJISI€ KUTBKICHO OIIIHUTH AMCIEPCII0 MOy BEKTOPHOI MOXMOKH B KOXKHIM TOYIll paloHY
rraBanHs. lle BUMarae CTBOpPEHHsS MaTreMaTHYHOI MOJeNi, M0 BpaxOBYye KoBapiamiiiHi
XapaKTepUCTHKU BUMIPIOBaHb TMEJICHTIB 1 MAHWCTaHIINA, 3aKOH pO3MOJUTYy TMOXMOOK Ta iX
e(EeKTHBHICTh, a TAKOK MPOCTOPOBY KOH(]Iryparliro HaBiraiifHUX Opi€HTHPIB.

OTxe, moctae HEOOXIAHICTh Y po3poOLl MeToAy (OpPMyBaHHS IMOJII TOYHOCTI HaBiramiiHoi
oOcepsgallii, iK1l 0a3y€eThCsl HA MOEJIHAHHI CTATUCTUYHUX XapaKTEPUCTHK MMOXUOOK 1 MOJEIIOBaHH1
iX BIUIMBY Ha KOOPJIMHATHY HEBU3HAUEHICTh. Takui MmiaXiJ O3BOJUTH HaJaTH CYJHOBOJIEBI
IHTYITUBHO 3pO3yMily 1H(QOpMALi0 NpO HAMIMHICTL HOro MICLENOJNOKEHHS Ta aJalTHBHO
3MIHIOBATU TPAEKTOPIIO 3 ypaxyBaHHSIM 30H MiHIMaJbHUX MOXHOOK, IO CIPUATUME IMiJBUILICHHIO
PIBHS HaBITaIIHHOT OE3MEeKN B CKIATHUX YMOBaX.

AHaJi3 oCTaHHIX J0C/iIKeHDb 1 myOJaikaniii, B AKMX 3a10YATKOBAHO PO3B'A3aHHS JaHOI
npod/emMH i BUALICHHS] HeBHPIIIEHUX PaHille YaCTHHHU 3arajbHOI Mpo0dJemMH.

3HauyHa KUIBKICTH POOIT MO TeMaTHUIll OE3MeKH MOpeIiaBaHHS IMPUCBSIYCHA
npoOyieMi 3abe3nedeHHs Oe3aBapitHOCTI CyJAHOBOJMIHHS, IO Ma€ PsJ CKJIAJIO0BHX,

KOJXHa 3 AKX HAIIPABJICHA HA 3HU)KCHH: BIINIMBY CYTT€BOI'O YMHHHUKA aBapiﬁHOCTi.

Y pobGorax [1-7] BimoOpaxkeni po3poOKa 1 BUKOPHCTAaHHA IHOOPMAIIMHUX CHCTEM
IMITAIIITHOTO MOJICTIOBAHHS PyXY CYACH 31 CKIIATHUMHU JUHAMIYHUMHU MOZCIISIMH.

[HTeneKTyanbHy CHCTEMy NpPOTHO3YBAaHHS pyXy CyIHA, MO IMITy€ MpoIec HaBYaHHS
aBTOHOMHOT'O OJIOKY YIIpaBJliHHS, CTBOPEHOI'O 3a JIOIIOMOIOK IITY4YHOI HEMpOHHOI Mepexi
po3risiHyTO B poOoTi [1]. Biok ympaBmiHHA Hajae BXiJHI CUTHAIM 1 BHPAXOBY€ 3HAYCHHS
HEOOX1JHMX MAaHEBPOBUX NAPAMETPIB CyJIHA B CTUCIUX BOJAX.

Sk Bim3HavaeThcsi B poOOTI [2], y KOMI'IOTEPHHUX CHUCTeMax sl Oe3MEeYHOro IUIaBaHHS
CYJEH BHUKOPUCTOBYIOTHCSI NPOrHO3HI 1HCTPYMEHTH PyXy CYJAEH, Kl YCHIIIHO 3aCTOCOBYIOTBHCS
MPOTSTOM TPHUBAJIOrO Yacy. AJie CHpOIIEHI HasBHI MPOTHO3M OOMEXYIOTh X BUKOPHUCTaHHS IS
HETalHOTO TOTOYHOTO BiJIOOPaXXEHHS PyXy CyIHA B pas3i 3MIHM IOJIOKEHHS KepMma Ta 0O0epTiB
nsuryHa. HeoOxizgHa TOYHICTH peaitizalii KpPUBOJIHIHHOI TpaekTopii pyXy cCyaHa Moxke OyTu
3a0e3neyeHa OLIbIl yI0CKOHAIEHUMH POTHO30BaHUMU MOJIENISIMU PYXY CY/IHA.

[TutannsaMm ineHTH(IKALIi CyAHOBUX MOJeNeld MaHEBpYyBaHHs MpHUCBsUYeHa poboTa [3], sxa
MpU3HAYCHA JIUIS TOCTI/DKCHHS MaHEBPEHOCTI Cy/HA, NMPOEKTYBAHHS CHCTEMH YIIPABIIHHSI PYyXOM
CYJIeH Ta CIIPHUIOTH PO3BUTKY CUCTEMHM YIIPABIiHHS CYJAHOBUMH TpeHa)kepaMu. Y poOOTi CTBOpeHa
HeNiHIItHa MO/IeNTb MaHEBPYBaHHS Cy/1HA. J{JIs OLIHKM MapamMeTpiB MOJIEN PONOHYETHCS aJITOPUTM,
3aCHOBAHUH Ha po3UIMpeHii Teopii GpinpTpa Kanmana.

VY po6orti [4] po3rasHYTO po3poOKy 1HPOPMAIIfHOI CUCTEMHU IMITAIIHHOTO MOJICITIOBaHHS
PYXy CyleH 31 CKIaJHUMHU AUHAMIYHUMHU MOJENSMH, 3aJIEKHO BiJ] KyTa KJIAJKH KepMa i o0epTiB
JIBUTYHA, fIKa Mae€ 3a0e3MeunTH HOBUM THIN IUIaHYBAaHHS MaHEBPY CyJHa 1 KOHTpOJIb peaiizaiii
3aBJJaHOTO MaHeBpy. Y Mpolleci MaHEBPYBaHHs cHCTeMa MOBMHHA BiJ0OpakaTH 3aBAaHI MaHEBPU
OMHOYAaCHO 3 (aKTHUYHUM PYXOM CyJHA Ta 3 IHIUKAIIEI0 TPOTHO30BAHOI TpaEKTOpii, sKa
BU3HAYA€THCS peaIbHUMH JJAHUMU BiJl JaTYUKIB CyTHA.

VY pobotax [5, 6] po3rIsIHYTO MUTAaHHS BpaxXyBaHHS XapaKTEPUCTUK MOBOPOTHOCTI CyAHA
IIpU PO3PaxyHKy MapaMeTpiB HOro MmoBOpOTYy Ta 3abe3nedeHHs HEeOOXiJHOI TOYHOCTI MOBOPOTY
CyllHa CIOCOOOM TEpeMIllleHHs WOro KpUBOMIHIMHOI TpaekTopli, sSKi BHKOPUCTOBYIOTHCA B
3aMpoNOHOBaHIN iH(popMaliiHii cucTeMi YIPaBIiHHS CyIHOM.

VY poboti [7] HaBeneHO MaTeMaTH4HI MOJENl 3MIHHM KypCy CyAHAa IpH IMOBOPOTI 0e3
ypaxyBaHHs 4acy MepeKaJiaHHs repa KepMma. Bcboro nmpeacTaBieHo TpH MOJIENI Pi3HOTO CTYMEHs
a7ICKBaTHOCTI PEaJbHOTO TPOIIECY TMOBOPOTY 1 BHUSBICHO BIAMOBITHICTh MAaTEMATHUYHHUX MOJCIICH
€KCIIEpUMEHTAIbHUM HATyPHUM CIIOCTEPEKEHHAM KOHKPETHHUX CYICH.

Meron OIliHKM HaBiramiiHoi O€3meKkw TpH MPOBOMII CyJHA CTHUCIUM MapuIpyTOM
3amporoHOBaHO B poboTax [8, 9], skuil mae MOXIMBICTH 3a37alieriib BU3HAYUTHU BipOTiIHICTH
0e3aBapiifHOI TPOBOJKA BUOPAHMM MAapIIPyTOM, MEXi SKOTO (opMamizyroThCs 3a JOMOMOTOIO
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eNeKTpoHHOi KapTu. IIpu npomy, sik moka3zaHo B poOoti [10], BpaXOBYeTbCS 3aKOH PO3MOILLY
MOXUOKM OOKOBOTO BIIXUJICHHS BiJl MPOTPAMHOI TPAEKTOPIT PYXY.

OpauM 13 HAWOLIBII BaXKIIMBUX YHHHHKIB aBapidHOCTI SBISETHCS 3ITKHCHHS CYJICH, IS
MOTIEPE/KEHHS SIKUX PO3pOOJIEHO PI3HI CUCTEMM NMPHUHMHATTS PpIlIeHb, YOMY IMPHUCBSIYCHO 3HAYHE
YHCIIO POOIT.

Mownorpadis [11] npucBsiueHa 0COOIUBOCTSAM PO3XOKEHHS CY/AEH LUIAXOM 3MIIIEHHSIM Ha
JIHIIO NapajiesibHy IIISXY HepEeMILLECHHS.

Teopernune OOIPYHTYBAaHHS CHCTEMH YXWJIEHHS Bl 3ITKHEHHsS Ul aBTOHOMHUX CYJI€H
BHUKJIQJCHO y poOoTi [12], B #AKId MNpeACTaBICHO aJrOPUTM BHOOPY MaHEBPY PO3XOKCHHS.
[IpuBeneHO BUMOTH 710 aBTOHOMHOTI'O Cy/THOBOIHHS, IKI YPaxoBYIOTh (haKTOpH, 1110 BIUIMBAIOTH HA
MpoLEeC PO3XOMKEHHS. BinMiuaeThbcs, 1110 BUPILICHHA 3aJad aBTOMAaTH3alli yHpaBlIHHSA CYIHOM
IIPOBOJIATECS Y KJIACUYHOMY YHM KOMIT'FOTEpHOMY BapianTi. Kilacuunuii BapiaHT BHKOPHCTOBYE
MaTeMaTH4HI MOJIEN, a IPU KOMIT'FOTEPHOMY BapiaHTI 3aJlyuyeHl METOH IITYYHOTO 1HTEIEKTY.

VY poboti [13] Oyno 3ampomoHoBaHO rpadiyHi IHCTPYMEHTH Ui IOJETUIEHHS BUOODY,
OLIIHKM Ta KOPWUTYBAaHHS JIi 3amoO0iraHHs 31TKHEHHS B CUTyallisIX 3 PyXOMUMH Ta HEPyXOMHUMH
MEepenIKoJaMH, HPUIYCKalOYd, II0 TaKi CUTyalii He € eKCTpeMaJbHUMU abo 3BHYAWHUMM IS
BITPWJIBHUX CYJIEH 1 L0 IUIbOBI IMapaMeTpu pyXy € MOCTIMHMMHU abo iX MalOyTHS 3MiHa BiJoMa.
Posrnsaascs BuOip KOMOIHOBaHOTO Z-MaHEBPY YXWIECHHS (3MiHa KypcCy 1 IIBUIKOCTI B OJHIHM ToUIl
Ta MOBEPHEHHS 0 BUXIJHUX 3HAYE€Hb IMX [apaMeTpiB B 1HIIIM TOYIl) 1 OJIHIET KOMOIHOBAHOI ii
(3MiHa Kypcy 1 MIBUJIKOCTI Yy BHOpaHiii Touli). Po3pobieni rpadiuni 3aco0u MiCTATH Alarpamu, 10
B1IOOpaXarOTh BICIM 30H i, 1 CHEIlialdbHI IMO3HAYKH LI Yy MOMEHT iX MaKCHMaJbHOTO
HaOmKeHHs 10 BiIacHoro cyaHa. 3 orsiny Ha COLREG 1 xopoily MOpPCbKY MPakTHKY, LI 30HU
OyJii po3TalloBaHl B MOPSAKY MPIOPUTETY 3acTOCyBaHHA. s moOyaoBU giarpaM BHUKOPHUCTaHO
pe3ysbTaTh IepepaxyBaHHS PpENpe3eHTAaTUBHOI JUCKPETHOI MHOKMHH MOXIIMBUX BapiaHTIB
MaHeBpYy.

OCHOBHUM ME€TOJ]aM aBTOMATUYHOTO BU3HAYCHHS MAaHEBPY PO3XOJKEHHS CYJICH MIPUCBAYCHI
ctarti [ 14, 15], B IKMX TaKOX MPHUBEICHO PE3YJIHTATH MPOBEACHOTO aHATI3Y.

Y pobGoti [16] mpeacTaBieHO CHOCIO TOCTITOBHOTO PO3XO/KEHHS CyJIHA 3 JBOMa
HeOe3NMeYHNMH LISIMA 3 TpadidHUM BiOOpaXEHHSAM BHOPAHOTO MaHEBPY PO3XO/UKECHHS, a B
poboti [17] 3ampornoHoBaHO po3poOKy CyIHOBOI iHGOPMAIIHHOT CHCTEeMH 3amo0iraHHs 3iTKHEHbB 3
ypaxyBaHHSIM HaBiraliiHUX MEPEIIKO, Al YOTO BUKOPUCTOBYIOTHCS €IEKTPOHHI KapTH.

Ilocagka Ha MITMHY Ta 31TKHEHHS BCE 1€ CTAHOBJATh HAWBHUIIMHA BIJCOTOK MOPCHKHMX
aBapiif, HE3BaKAIOYM HA TOTOYHY YBary J0O MOPCHKOI OCBITM Ta HaBYaHHSA Ta IOKPAIICHHS
MOJKJIMBOCTEM JaTYWKiB 3a3HayaeThest B crtarTi [18]. 3iTKkHeHHsS BimOyBaeThcs yepe3 JHOACHKY
MOMMJIKY 3 HACNIiJKaMHU BiJ MOMIPHHUX J0 CEPHO3HUX, 31 3HAYHMM BIUIMBOM SIK Ha HaBKOJIMIIHE
Cepe/IoBHINEe, TaK 1 Ha >KUTTS HAa MOpi. Y IbOMY JOKYMEHTI KOPOTKI CTaTHCTHYHI JaHl IOJ0
JTFOICBKOTO  (paKkTOpa, SIK TEPIIONPUYMHU MOPCHKHX IHIWACHTIB, pa3oM 13 HENpPaBUIHHUM
PO3yMIHHSM TIpaBWJI 3ITKHEHb TpEJCTaBleHI sk 0a3oBuit po3min. Kpim Toro, y miii poGoTi
OOTOBOPIOETHCA APXITEKTypa CHCTEMH MIATPUMKH TPUHHATTA pillleHb, 00 3amporNoHYyBaTH
BIJIMOBIJIHI Jii, KOJHM BHABJICHO PHU3MK TOTCHIIIHHOTO 3iTKHEHHS. 3alpollOHOBaHAa CHCTEMa
apxiTEeKTypu 0a3yeThCsl Ha PI3HUX MOMIYJSX, IHTETPOBAHUX 13 BIAMOBITHUMH BXITHUMU JaHUMHU
JATYMKIB 1100 HABKOJMIIIHBOI 30HM HaBiraiii. SIk HacmioK, IHCTPyMEHT MOXE MiATPUMYBATH
BAaXTOBHX OQilepiB y mporeci MPUHHATTS pillleHb, HA/JIAal0YM 3aBYACHI MPOMO3HIIi BiAMOBIIHO 110
MIOJIOKEHb PO 3ITKHEHHSA. 3alpOlOHOBaHA CHUCTEMa NpU3HA4YeHa JJIsl BUKOPUCTaHHA Ha OOpTy
HE3aJIe)KHO BiJI CTYIICHsI aBTOMAaTH3allii Cy/iHa, i BoHa 0a3yeThes Ha AIC, sika € 000B’SI3KOBOIO, 110
poOUTH ii MUPOKO 3aCTOCOBHOIO. IIpaBuiIbHE BUKOPHUCTaHHS CHCTEMHM MOXE 3HAYHO 3MEHIIUTU
KUTBKICTh 31TKHEHb, SIK IPOIEMOHCTPYBAJIM OTPUMaH| pe3yJIbTaTH.

MeToro aociiakeHHs1 € po3poOka MeToxy hopMyBaHHS OIS TOYHOCTI oOcepBarllii cyaHa 3a
JIeKiIbKOMa OpieHTHpaMH ¥ ampoOallis MareMaTHyHOi Mozaesi (GopMyBaHHS Ta BiZOOpaKeHHS Ha
ENEeKTPOHHIM KapTi Modsl TOYHOCTI oOcepBallii CyAHa, IO BpPaxoOBYy€ KUIBKICTb, THN Ta
po3TalryBaHHs HaBIraliiHUX OPIEHTHPIB, a TAKOXX IMOBIPHICHY MPHPOJY MOXMOOK HaBiramiiHUX
BHUMIPIOBaHb.
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JUist TOCSITHEHHST METH JTOCIJUKSHHS, CITiI BUKOHATH PSAJl HACTYITHUX 3aBJaHb:

1. Po3poOutu mMaTemaTHuHy Mojenb (opMyBaHHS MOJS TOYHOCTI oOcepBaiii CyqHa, IO
BpaxoBy€ KOBapialiifHi XapaKTCPUCTHUKHA TOXWOOK TICJIEHTIB 1 AWCTAHIIA 1O OpPIEHTUPIB, 3
ypaxyBaHHSIM Pi3HUX 3aKOHIB PO3MOALTY HAaBIralliiHUX MOXHOOK.

2. OOrpyHTyBaTH BHOIp CKAIAPHOTO IOKAa3HWKA TOYHOCTI SK KPHUTEPIIO OIIHKH MOJIYJIS
BEKTOPHOI TMOXMOKM TMOJOXEHHA CyAHa Ta 3a0e3neunTH Horo OoO4YHMCIeHHS A1 JOBLIBHOT
KOH(Iryparii opieHTHpIB.

3. Po3pobutu anroputM 1 OporpaMHy peaji3alilo IMITAaliiiHOrO MOJAETIOBAaHHS MO
TOYHOCT1 B pailOH1 IUIaBaHHS CyAHA JUISl P13HOI KUIBKOCTI OPIEHTHUPIB, 3 YpaxyBaHHSAM 3MIIIAHOTO
PO3MOLTY TOXHUOOK.

4. PeamizyBaTu  BI3yali3alilo pe3yibTaTiB  MOJCIIOBAHHSA [UISIXOM  HaKJIaJaHHS
oln(ppOBAHOrO TMOJIA TOYHOCTI HA €NEKTPOHHY HaBIrauiiHy KapTy Ta HPOBECTH aHali3 BIUIMBY
KUIBKOCTI Ta po3TalllyBaHHS OPIEHTHUPIB HA PIBEHb NMO3ULIHHOT TOYHOCTI.

Bukian matepiany aociailikeHHsI 3 MOBHHM OOIPYHTYBAaHHSIM OTPHMAHHMX HAYKOBHX
pe3yabTartiB. 3 pO3BUTKOM i1H(MOPMAIIHHUX KOMITIOTEPHUX TEXHOJOTIA CHHTE3 HaBIramiiHol
cuTyallii fenani Ouible nokiagascs Ha TexHiuHi 3acoou. [lossa EKHIC, cynyTHrKOBOi HaBirarii,
AIC Ta Buxopucranus 3APIl 3a0e3nmeumnu cuHTe3 Ta B1IOOpaKeHHs HaBIralUiiHOI CHUTYyalli
KOMILIEKCHO, IPUYOMY 0a30BHM €JI€MEHTOM CTaJla €JIEKTPOHHA KapTa, Ha IKy HAHOCUThCS [TOTOYHA
MO3ULIS Cy/HA, O3ULIT Ta MapaMeTpH pyXy HaBKoIMIIHIX 1ied sk Big 3APII, tak 1 Big AIC. Take
BiIOOpa)XeHHs HaBIraliiHOi CUTYyallil CYTTEBO MOJETIIyE CYAHOBOJIIO NPUHHATTS €(EeKTUBHUX
pileHs mo/10 3a0e3neueHHs 0e3aBapiitHOro Cy THOBOIIHHS.

OnHak omucaHe BiOOpaKeHHS HaBirauidHoi cuTtyanii € HemoBHUM. Jly)ke CyTTEBUM
YUHHUKOM, IO BIUIMBa€ Ha O€3MEeKy CYIHOBOAIHHS, OCOOJMBO B palloOHaxX 3 HEHAIIHHUM
OpUAMaHHSIM CHUTHAy CYIYTHHUKOBHUX HaBITalliIMHUX CHUCTEM, € XapaKTepUCTUKU TOYHOCTI
BH3HAYCHHS MICIISI CYTHA TIO HABITAI[IHHUM OPIEHTUPAM.

Tomy Moxenb BinmoOpaskeHHs HaBiramiiHoi cutTyamii NMOTPIOHO JOMOBHUTH Bi3yaJbHUM
BiJOOpaXeHHSAM TOYHOCTI oOcepBallii cyJHa B pailoHI HOro IUIaBaHHS, 3 TUM, 00 MO)KHa OyIo
ONEPATUBHO TPOBECTH KOPEKTYpY MPOrpaMHOi TPAeKTOpli pyxy /Uil MiJBUILEHHS TOYHOCTI
KOHTPOJIIO MICISl Ta BUOOPY HAHOUIBII CHIPHATIMBHX YMOB, IO MiHIMI3YIOTh MO3HIIWHI MOXUOKH
oOcepBaniii cyana. Cmin 3a3HauYUTH, MO A KOXKHOI €JIEeMEHTapHOI IUIOLIMHM, MOPIBHSAHHOI 3
rabaputamMu CyJIHa, y paiioHI HOro IUTaBaHHS CIiJ pO3paxyBaTH TOYHOCTI XapaKTEPUCTHKH
BEKTOPHOI MOXMOKM 100 LEHTPY €JIEMEHTApHOI IUIOUIMHM, BHOMpPAIOYM Pi3HI IO€JIHAHHSA
OPIEHTHUPIB 1 MPOBOASYH 1HIUKAIIIO OIIHKM TOYHOCTI KOOPAMHAT 1 TPYyIy OPIEHTUPIB, IPU SKil BOHA
JOCSATAETHCSL.

Bisyamizamist Takoro mojis TOYHOCTEH Yy pailioHi pyxXy CyaHa MOXIUBA IIIJISIXOM
BUKOPHUCTAHHS KOJIPHOTO MPEJICTABIEHHS 3Ha4€Hb KPUTEPII0 TOUYHOCTI Ta HAKJIAZAAHHS TAaKOTO MOJIS
y MPO30pOMY pEeXHMi Ha €JIEKTPOHHY KapTy. Y TakoMy BHUNAJKY 10 MOJENi HaBirauiiHOi cUTyarii
JOJTA€ThCS HA0YHA 1H(OpPMAITis PO TOYHICTH KOHTPOJIIO MICIIS CY/THA.

Takum yuHOM, U1 (OPMYBAaHHS TOJSI TOYHOCTEH oOcepBamii cynHa HEOOXiIHO BHOpaTH
qyuceIbHUN (CKAJISApHUI) MOKAa3HMK, II0 XapaKTepU3y€ BEIMYMHY BEKTOpiaJibHOI MOXUOKH B
JIOBLIBHIH MO3UIIT TOJIA.

TouHicTh 0OcepBarlii MiCIIs CyJIHA XapaKTePU3YEThCS KOBapialliiHOK MaTPHUIICI0O BEKTOPHOT
noxubku K(AX,AY), ne AX i AY — ckinagoBi BekTOpHOI MOXHOKU. TOMY CKaJIIpHUIN MMOKa3HHK
TOYHOCTI TIOBUHEH BU3HAYATUCh KOBapIiaIiitHOO MaTpuIlero BekTopHoi moxubku K(AX, AY).

Po3paxyHOK KOOpIMHAT CynHAa TpW HAAMIPDHMX BHUMIpaX METOJIOM MaKCHUMAJbHOI
MPaBIOTOIIOHOCTI 3a0e3neuye X epeKTUBHI OIIHKU. Y IbOMY BHITaJIKY JIPYTi IIEHTPAIbHI MOMEHTH
(mucmepcii) 1 3MilIaHi MOMEHTH KOBapiamiiHOi MaTpuWIli MarOTh MiHIMallbHI 3HAY€HHS, TOMY
min- Y
pobotax [19, 20] moka3aHo, 10 KOBapialiifHa MaTpUId y pa3i, KOJU TOYHICTh JiHIN MOJI0KEHHS
pi3Ha, Ma€ TaKuil BUTIISII:

MaTpHIlsd BEKTOPHOI MOXWMOKH, OTpUMaHa 3a3HAYEHUM METOJOM, TO3HAYeHa K(AX, AY)
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n n
“1gin 2 g
. D si sin‘a; - si  sing; cose;
o= i=1 i=1
K(AX'AY)IT“n A n 1. n 1 ) '
" - D si sing; cosa; D si tcoste;
i1 i1

JIe N — YuCJIo JIHIM MOJIOKESHHS,
@jj — HaIpSMOK I'pajiieHTa i-i JIiHIT IOJI0XKEHHS,

0
. . . [z &
A, =| O cosa;)(D sin?a;) — (3 sina; cosar)? | s :.[ L dé,.
i1 i1 i1 R f(Si)
B ocrannpomy Bupasi f(&) — IIUIBHICTH PO3MOALLY HOXMOKM 1-1 JIiHII IOJOXKEHHS.

JliaroHanbHi e1eMEHTH KoBapiamiifHoi MaTpuui € mucnepciivu D1 Dy ta cxianoBux AX Ta
AY BexTopianbHOI TOXMOKM. IX cyma aucrHepciero MOmyns BeKTOpa MO3MIIHHOI BEKTOPHOI
MMOXHOKH Dmd , TOOTO Dmd = Dx + Dy.

KoxeHn 13 opieHTHpiB 3a0e3meuye MOXIUBICTH OTPUMAHHS JBOX JIIHIA ITOJIOKEHHS
(BUMIpIOBaHHSIM TMeNeHry Ta aucraHiii). OCKUIbKM KOXHa Iapa MICTUTb pPI3HOPIAHI JIiHIT

TIOJIOKEHHS, TO iX moxubku &; i §, € He3aleKHUMM Ta PISHOTOUHMMH. Y LOMY BHIAJKy BUPa3H

st uenepeiit D i Dy KOBapiallifHOi MaTpHIll MalOTh Takui BUTIsA [21]:

1N L2 2
= > [spisin “apj +SpiCOS ap;i];

D =
* A3

10 2 2 :

Dy :Z—_Z[sDicos opj +SpiSin“api];
ri=1

ac
N N N N N

ra 2 L2 L2 2 , 2
A= (Z;sDicos Opj +lespism “bi)(zllsois'n pj +Z£spicos “bi)‘[Z;J(SDi +5,,)siNaiCoSuy; ]
=] = = 1= 1=

0 2 0 2
[ foi (5] [ fei(Gi)]
SDi = aé:l d§| ] Spi = I aé:l

RI fDi (égl) RI fPi (é:l)

npuaomy fp; (&) 1 fpi (&) — WUIBHICTE po3nojly HMOBIPHOCTEH MOXMOOK JIiHIM MONOKEHHS

d&;,

BIJITIOB1/THO TIO JAWCTAHIIIi Ta TEJICHTY.
V' pa3i HOpMaJILHOTO PO3MOALTY MOXHUOOK JIIHIA MOJIOKEHHS HEBIACHI 1HTErpallk Sp; 1 Sp;

MaroTh BUTIISIA [22]:

S L 1s L
Di = 0_2 Pi = 0_2 '
Dj Pj
e Géj i O'EJ. — nucriepcii MOXUOOK JIiHIH MOOKESHHSI TUCTAHIIIT 1 IeJIeHTa.

Jns  popMyBaHHS TONST TOYHOCTI oOcepBallii cyaHa, $SKE CTBOPIOETHCS JAEKIIbKOMaA
OpIEHTHpAMHU, SIK paHille 3a3Hayanaocs, HEOOXITHO 3aCTOCYBATH CKAJSIPHY MIpy TOYHOCTI KOKHOI 3
TOYOK NpHOEpeHOro pailoHy MiaBaHHA cynHa. HalOinpIn BiZNOBITHOIO XapaKTEPUCTHKOIO JUIs
TaKoi MipH TOYHOCTI € AUCIIEPCis MOIYJISI BEKTOPiadbHOI TOXHOKH D
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VY po6orti [21] npuBeaeHuit BUpa3 i NOKa3HUKA TOYHOCTI D, A1 BUIIAJKY BEMiPIOBaHb

JUCTAHII 1 TIEJICHTY KOXKHOTO OPIEHTHPY 1 PO3MOAUTY TMOXHUOOK JIHIN MOJOKEHHS 32 HOPMAJTbHUM
3aKOHOM:

Z(7+7)
5 - =1 O'DJ O'PJ W
md 1 . 1 1 ’
st e et s

il _
j=1 O-D Dj Opi O pj %pi%j  %pi%p;j

ne N — 4ncio opieHTHPIB;

Bij — FOPU3OHTAIBHUN KYT MIXK 1-M 1 J-M Opi€EHTHpaMH.

Y pobGoti [22] 3a3HavaeThcs, IO MOXMOKM HaBIrauiiHUX BuMipioBaHb & 'y BuOipli
M1AIOPSAIKOBYIOTHCS 3MIIIAHOMY 3aKOHY PO3IMOALTY, UIUIbHICTD SIKOI'O MA€ TaKUM BUIJISIA:

A
f(5) =
22m (m!) m+1/2
7ie A, — HOpMYIOUH# MHOKHHUK, IpHdoMy Ay = ————— A ;
m M J2z(2m)

M — CyTTEBUI NapaMeTp, sIKUil HA0yBa€ LUTUX YUCEIT;
A — MaciTaOHUI napameTp.

Y pobGoti [22] moka3aHO, IO NPH pPO3PaXxyHKy OOCEPBOBAHMX KOOPIMHAT METOAOM
HaMEHIIUX KBAJpaTiB y BHIIAJKy, KOJM BHUIAJKOBI TOXHOKM HAaBIralliiHUX BHUMIPIOBaHb
PO3MOALIEH] 32 3MIIIAHUM 3aKOHOM, BiIOYBA€TbCs BTpaTa ix TOYHOCTI, a €()EKTUBHICTH OLIHKU €
OLIIHKKA MEHINIE OJMHMII, a 11 3HAYSHHS 3aJIS)KHO BiJl ICTOTHOTO MapamMeTpa m po3paxoBYIOTHCS 3a
dhopmyoro:

NPT o
2m° +3m+1

3HadeHHs eeKTUBHOCTI €, pO3paxoBaHi 3a JIOMIOMOTOI0 BHpa3y (2), HaBe/eHi B Ta0I. 1.

Ta6muist 1 — EQexTuBHICT 3MIIIAHOTO PO3MOJIUTY TIEPIIOTO THITY

m 1 2 3 4 5 6

e 0,5 0,8 0,893 0,934 0,955 0,968

TOMy B IbOMY BHUIIAJAKY BCIINMYHUHY CKAJIAPHOI'O ITIOKA3HUKA TOYHOCTI Dmd , PO3PaxoBaHOro

3a (popmyIoro (1), HeoOXiTHO PO3IUINTH HA 3HAYEHHS €(EKTUBHOCTI €.

Jliia hopMyBaHHS MOJS TOYHOCTI oOcepBallii Cy/iHa B pailoHI HOTo MaBaHHS MPOBOJIUIOCH
iMiTaliiHe KOMIT'FOTEpHE MOJETIOBAHHS.

3HaueHHs CKAJSIPHOIO IMOKa3HHMKAa TOYHOCTI PO3pPaxoBYBajocs 3a Jonomororw Bupasy (1)
JUIsL IBOX, TPHOX Ta YOTUPHOX OPIEHTHUPIB, 1 32 HOro 3HAYEHHSIM BH3HAYasacs CTYIIHb 3aTIHEHOCTI
CJICMEHTAPHOI JLISHKH OIS TOYHOCTI, IPHYOMY 31 3pocTaHHsM D . 3aTiHEHICTh 301IBLIYETHCS.

Takox MoOXJMBe OIU(PYBaHHS IO TOYHOCTI, SIKE BiJIOOpaKA€ThCS Ha EJIEKTPOHHIN KapTi i3
HAHCCCHHSM 3HadeHb D . y kBanpaTHuX Merpax. Jlmst pospaxyHky Bemuuuayn D . npuiimanick

. (0] v
=20 mi 0, =05"D. Ha puc. 1 nokasana enekTpoHa KapTa paiiOHy IUIaBaHHSI

3HaA4YCHHA JD p

CyaHa.
ITone TounocTi 0OcepBalliil cyiHa MpH 3aCTOCYBaHHI JBOX OPIEHTHPIB MOKa3aHe Ha puC. 2.
AHaJi3 Moysl TOYHOCTI, IO MOPOKYETHCS IBOMAa BUOpaAaHUMHU OpIEHTHPAMHU, MOKA3ye, 110
MiHIMaJIbHA TUCTIEPCisl MOAYJIA TPAEKTOPHOI MOXUOKM B pailoHi BXOAY B MOPT CTAaHOBUTH 25 M?%, a
Ha BIJCTaHi 10 8§ MIIb qUCTIepCis He ripmia 3a 50 M2,
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YuncenbHUN pPO3MOJIT 3HAYEHb IMOKAa3HMKA TOYHOCTI B MEXKax EJEKTPOHHOI KapTKU s
BUKOPUCTaHHS TPbOX OPIEHTUPIB HABEACHO Ha pUC. 3.

[IpoBonsiun aHami3 TOYHOCTI TOJIS, SIKE CTBOPIOIOTH TPU OPIEHTHPH, BiA3HAYAEMO, IO
MiHIMaJIbHA AMUCHEpCis MOJIYJs BEKTOpialbHOI MOXMOKM AopiBHIOE 17—-18 M? y pailoHi Bxoay B
opT, 1 BOHA He ripmia 3a 50 M? Ha BiacTadi 10 10 MU,

Ha puc. 4 nHaBeneHo rpadiuyHuii Ta 4YMCENbHUH PO3MOAUT MOJII TOYHOCTI YOTHPBOX
OpIEHTHPIB Y 33JJAHOMY paHOHI.
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Pucynok 1 — Enextpona kapra pailoHy IJIaBaHHS CyAHA

3029.25,29 22,2_
27 2705 B33 35 09
2H(25; 242219 18671125 28
2242371 1515190426 2
542500 5 2527 30

25 2524 TN A2 325 2608 B
SRTRITTR 24220 ¥24 25:26:28,30
2527123 2%27 26 25 24§25,26 27 29 31
25 27 29 30:28,26 25:25 25 26.27 29 31
gq:;;gz_qg%gg 26 25,25 25 26 2729 31
23313325 35 25,25 25'25 26,28 7931
20162192224 24 26 25 26.27 26,30 31
19141592 5524 25 26 26 26 2430
1T 2224 2526 2627 29 2
gt a A iR2T 28 29 30 3
2725,26 27,27 2829 30 30

Pucynok 2 — OmudpyBaHHS [TOJIT TOYHOCTI 7S IBOX OPIEHTHPIB
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Pucynok 4 — BinoOpaxxeHHs 1OJIsI TOYHOCTI AJIsl YOTHPHOX OPIEHTUPIB

I'padiune BitoOpaXkeHHs pO3NOUTY TOYHOCTEH Y pa3i BUKOPUCTAHHS YOTHPHOX OPIEHTUPIB
MOKa3y€e 3pOCTaHHsS TOYHOCTI JJIsl TOYOK BCHOTO paioHy. UncenbHEe 3HAYEHHS PO3NOJUTY MOKA3Ye,
IO 0 BCiM €JEeKTPOHHIN KapTi MakCHUMajbHE 3HAUY€HHS IMMOKa3HMKa TOYHOCTI (Aucmepcii Momyiis
BEKTOpPHOI MOXMOKH) BOMpaeThes y 70 M2, 110 BiAMIOBia€ TpaHUYHIN OXHOI 25 M.
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BucHoBkH. Y pe3ynbTaTi MpOBEACHOTO IOCHIHKEHHS YIOCKOHAJICHO METOX (hOpMyBaHHS
I0JIs1 TOYHOCTI oOcepBallii cy/Ha MO JEKIJIbKOX OpIEHTHPAaM 3 BUKOPUCTaHHSAM €JIEKTPOHHOI KapTH.
3anmporoHOBaHO 3aCTOCYBAHHS CKAJSIPHOTO TTOKa3HUKA TOJIE TOYHOCTI oOcepBallii CyaHa 3a JBOMa,
TpbOMa Ta 4YOTHpMa opieHTHpamH. [IpoBeneHe imitaliiiHe KOMO'OTEpHE MOJAETIOBAHHS IOJIs
TOYHOCTI oOcepBamii CyJHa TO IBOX, TPhOX 1 YOTUPHOX OPIEHTHUpPAX MiATBEPAWIO OUIIBHICTH
MIPAKTUYHOT'0 3aCTOCYBaHHS po3p00IEHOro crnocody GopMyBaHHS M0JIE TOYHOCTI.
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Zhukov D. S., Alieksieichuk B. M. FORMATION OF THE SHIP'S OBSERVATION ACCURACY FIELD
USING MULTIPLE LANDMARKS

Abstract. This paper highlights the fact that the presence of navigational obstacles, such as shoals,
significantly increases the risk of maritime accidents when vessels operate in confined or restricted waters.
Such obstacles create unpredictable conditions where the margin for navigational error is minimal. Errors in
navigational measurements, as well as inaccuracies in ship maneuvering, contribute to heightened risks of
grounding, collision, and close-quarter situations. In areas with high traffic density, the danger is further
amplified, increasing the likelihood of navigational conflicts and incidents.

A particularly critical factor affecting navigational safety, especially in zones with unreliable reception of
satellite navigation signals, is the accuracy of determining a vessel’s position using traditional navigation
landmarks. In such cases, reliance on visual or radar-based observation becomes essential. Therefore, it is
important to assess how accurately the position of a ship can be determined when using multiple fixed
landmarks.

To develop an observation accuracy field for a vessel, based on several landmarks, a scalar accuracy measure
is applied to each point within the coastal navigation area. The most appropriate measure for this purpose is
the dispersion of the modulus of the vector error. This measure provides a quantitative indicator of how
precisely the vessel’s location can be determined based on the geometry and accuracy of the observations.

An analytical expression for the accuracy index is presented for cases involving distance and bearing
measurements to each landmark, assuming normally distributed errors along position lines. To visualize the
field of observation accuracy across a navigational area, a computer simulation model was created.

The scalar accuracy index was calculated for scenarios involving two, three, and four landmarks. The index
value influences the degree of shading applied to each grid section in the accuracy field, darker shading
corresponds to higher accuracy indices. The resulting accuracy field can be digitized and displayed on an
electronic chart, offering mariners a visual representation of positional confidence throughout the area.

Key words: accident-free navigation; navigational safety; accuracy field; computer simulation modeling.
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ONTUMI3ALIA EKCILTYATAIT CYITHOBUX JU3EJIB 3A
JIOMOMOT'OI0 BE3IPOTOBUX CUCTEM MOHITOPUHI'Y

Hikonbcwkuii B. B., 0.m.1., npoghecop, npogpecop xaghedpu mexniunoi excnimyamayii pnomy
Hayionanvnoeo yuisepcumemy «QOoecvka mopcvka axademisiy, M. Odeca, Yxpaina,
e-mail: prof.nikolskyi@ukr.net, ORCID: 0000-0002-8123-4233;

Caobonsintok M. B., k.m.n., doyenm, cmapwuii 6uxiadau kageopu KkopabenbHoi enepeemuxu
ma e1eKmpoeHep2emuyHuUx cucmem Incmumymy Biucvkoeo-Mopcokux Cun
Hayionanvnoeo ynisepcumemy «QOoecvka mopcvka akademisiy, M. QOdeca, Vxpaina,
e-mail: nikgavrl234@gmail.com, ORCID: 0000-0003-2248-0255;

JleBincokuii M. B., x.m.n., doyenm, ooyenm xagedpu meopii aemomamuyHoco YnpaeiinHs;
ma obuucnosanvroi mexuiku Hayionanvnoeo ynieepcumeny «Oodecbka MopcbKa akademisiy,
M. Ooeca, Vkpaina, e-mail: maxlevinskyi@gmail.com, ORCID: 0000-0002-6544-5110;
Hikonbebkuii M. B., x.m.u., odoyeum, oOoyenm kagedpu asmomamusayii cyOHOBUX
eHepeemuyHux ycmanogok Hayionanenoeo ywnigepcumemy «(Ooecbka MOpPCbKA aKaoemisy,
m. O0eca, Ykpaina, e-mail: markdezert@ukr.net, ORCID: 0000-0002-3387-7402.

Y pobomi npeocmasneno pezynomamu 0ocniodlcenus epexmueHocmi nposaodiceHHs 6e30pomosoi cucmemu
MOHIMOPUHEY 01 CYOHOBUX OU3CIbHUX EeHEePeMmUYHUX YCMAHOBOK Y KOHMeKcmi onmumizayii ixwvol
excniyamayii ma nioguweHHsa HaOdillHoCmi. AKmyanbHicmb memu 3YMO8NeHa HeoOXiOHicmIo 3abe3neyeHHs
be3nepeperHoco KOHMPONIO KPUMUYHUX NApAMempie Ousenie, 30Kpema memnepamypu ma mucky 6 Cucmemi
0XON00JCEHHA, 0A 3anobieanHs asapiam 1 3MeHWIeHHA eKCHAyamayitunux eumpam. s 0ocAcHeHHs
NOCMABNeHOT Memu 3aCmMoCcO8AHO KOMNIEKCHUI MEMOOON02IYHUL NIOXIO, WO 6KIIOYAE AHANI3 8UMO2, PO3POOKY
anapamHo-npospamHoz0 KOMHIEKCY, NPOBeOeHHs eKcnepumenmie ma oyinky egpexmusnocmi. 06 e€xmom
odocnioxcents obpano asapitinull ouzenv-eenepamop Kohler S0EOZD, na 6asi sik02o peanizoéano cucmemy 3
damuuxamu, mooyuamu nepedaui oanux (Wi-Fi, PROFINET) i konmponepom PLCnext Control AXC F 2152.
Ompumano mouni noxasnuxu memnepamypu (£0,5°C) ma mucky (20,1 6apa) y pexcumi peanvbHo2o uacy.
Ananiz excnepumeHmanbHux OaHux 003601U8 6CHIAHOBUMY ONMUMATbHUL memnepamypHuti dianazon 80-95°C
i muckosuii pexcum 1,5-2,5 b6apa, dompumanns AKUX CHPUAE 3HUdICEHHIO eumpamu naiusa Ha 5—7% ma
sukudie CO: na 4—6%. Bnposeadoicenns npeduxmuenozo oociy208yeants ckopomuno npocmoi na 10—-15% ma
30inbwuno pecypc obnaonanna na 20-25%. Pospobnenuii éeb-inmepgpelic 3abe3neuug 3pyunui 00cmyn 00
cucmemu  yepe3 MobOinbHi  npucmpoi. Pesyiemamu  0ocniddcenns  niomeepoxicyioms  OOYiNbHICMb
8npOBadICceHHs 6e30pOMOBUX MEXHON02il Y MOPCHKIl 2any3i ma CMmeoplioms O0CHO8Y OJid NOOANbULOZO
PO3BUMKY IHMEZPOSAHUX THPOPMAYITIHUX cUCeM YNPABIIHHA CYOHOBUMU eHepeemuynumy ycmanoskamu. Taxi
cucmemu Makodc MOXACymb Oymu aoanmosami 0N GUKOPUCMAHMA 6 IHWUX 6udax mpancnopmy abo Ha
CMayioHapHux enepeemuiHux 0o’ €kmax, wo pooums 3anponoHO8aHy KOHYEnyilo yHieepcaibHoI.

Kniouosi cnosa: ousenv-zemepamop, cmapm-mexuonozii; oucmaunyitine Kepyeanws; 0e30pomosi cucmemu
MOHIMOPUH2Y, A6MOMAMUYHE KePYBAHHS, IHMeSPOGAH] CUCEMU YAPAGIIHHSL.

DOI: 10.33815/2313-4763.2025.1.30.080-091

Beryn. CydacHe cyaHOIUIaBCTBO TiepeOyBae Ha eram  [IHOOKWX TpaHchopmarlii,
0OyMOBJICHHX HEOOXIJIHICTIO BIJNOBIJaTH BHMOTraM, IO 3pPOCTAIOTh A0 €HEeproe(eKTUBHOCTI,
€KOJIOTIYHOI CTIMKOCTI Ta TEXHIYHOI HaAIMHOCTI MOPCHKHUX TepeBe3eHb. BrpoBamkeHHs
IHHOBAI[IfHUX TEXHOJIOTIM CTallo MPIOPUTETHUM 3aBAAHHSAM rajy3i B yMOBaX NNOOAJIbHUX 3MiH
KIIiMary, TWiJBHINEHOI YyBark JI0 OXOPOHW HABKOJHUIIHBOTO CEPEIOBUINA Ta TOCHJICHHS
MDKHApPOJAHOTO HOPMATUBHOT'O PETYIIOBAHHS.

3okpema, mocuieHHsT BUMOT MixHaponHoi Mopchkoi opranizaiii (IMO) mono 3HmkeHHsS
IIKIJIMBUX ~ BUKWJIIB,  BKJIFOYAOYM  [MAPHUKOBI ~ Ta3W, Ta  3allpOBADKEHHS  1HJCKCIB
eneproedexruBHoCTi (Energy Efficiency Design Index — EEDI, Energy Efficiency Existing Ship

Index — EEXI) cTUMymoOTh CYyIHOBIACHHKIB 1 CyIHOOYMIBHI KOMITaHIi 0 aKTHBHOTO
BIIPOBAKECHHSI TEXHOJIOTiii MOHITOPUHTY, YIPaBIiHHS Ta NU(POBi3alii eHePreTHYHMUX MPOIECiB Ha
00pTy CyIeH.

Y 1pOMy KOHTEKCTI OCOONMBOTO 3HA4YCeHHS HaOyBae IMiABUINEHHS €(QEKTHBHOCTI
(GYHKIIIOHYBaHHSI CYJHOBHX IU3CIbHHUX JIBUTYHIB, SIKI € OCHOBHUMH CHJIOBHMH YCTaHOBKaMH Ha
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nmoHan 90% xomepuidHUX cyaeH cBitoBoro ¢uory. HamiifHicTh, TalMBHA EKOHOMIYHICTBH 1
€KOJIOT14HI XapaKTEepUCTUKU IIMX arperaTiB Oe3mocepelHbO BIUTUBAIOTH Ha BApTICTh EKCILTyaTallil
Cy[Ha, piBeHb HIKiIJIMBUX BUKU/IIB Ta 3arajibHy 0€31eKy MOpPEIUIaBCTBa.

VIOCKOHAJICHHS CUCTEM KEpyBaHHA Ta MOHITOPUHTY TEXHIYHOTO CTaHy CYIHOBHX
€HEepPreTUYHUX YCTAaHOBOK, 30KpeMa 3 BUKOPUCTAHHSAM O€3POTOBHX CEHCOPHUX MEpEX, MOOITHHUX
mwiarGopM 1 JUCTAHIIIHOTO JOCTYymy JO eKCIUTyaTallifHUX TapaMeTpiB, BIIKpPUBAE HOBI
MOKJIMBOCTI JiJIs iX ontuMizanii. Taki miaxonu 103BOJSIOTh peani3yBaTy KOHLEMLIT TPEBEHTUBHOTO
o0CIIyroByBaHHs, 3HWXKYBaTH pU3MKM BIAMOB o0OnagHaHHA Ta 3a0e3lnedyBaTd aJalTHBHE
yIpaBJIiHHS B peajJbHOMY Yacl.

VYpaxoByloun 3a3Havy€He, JOCHIHKEHHS MOXJIMBOCTEH BIPOBAKEHHS Cy4acCHUX LU(POBUX
TEXHOJOTIH Yy CHCTEMY YIpPAaBIiHHS CYTHOBUMH JU3EIbHUMH YCTAaHOBKAMH € aKTyaJbHUM 1
CBO€YACHUM 3aBJIaHHSIM, 1110 Ma€ SIK HAYKOBY, TaK 1 IPaKTUYHY 3HAYYLIICTh U1 MOPCHKOI raysi.

IlocTtanoBKka mpo0ieMH B 3arajilbHOMY BHUIVISAI. Y Cy4acHMX YMOBaX 1HTEHCHUBHOTO
PO3BUTKY MOPCBHKOTO TPAHCIOPTY Ta BHMOI, 11O 3pPOCTAalOTh JO €Heproe(eKTUBHOCTI i Oe3mnexu
eKCITyaramii cyleH OcoOIMBOI aKTyalbHOCTI HaOyBa€ NHUTAHHS TMIABUIICHHS HAIIAHOCTI Ta
€(EKTUBHOCTI KOHTPOJIIO TEXHIYHOTO CTaHy CYIHOBHUX JAM3EIbHUX EHEPreTUYHHUX YCTAaHOBOK.
HasiBH1 migxomu 10 MOHITOPHHTY iX poOOTH, MO 31e01IhIIOro 0a3yroThCsi Ha BUKOPHCTaHHI
TpPaAULIWHUX CTalllOHAPHUX BHUMIPIOBAILHUX 3acO0IB Ta MPOBENCHHI MEPIOAMYHUX TEXHIYHUX
ONJIS/IB, MAalOTh HHU3KY CYTTEBHX OOMEXEHb. 30KpeMa, Il CHCTEeMH XapaKTepPU3YIOThCA
JMCKPETHICTIO 300py JaHUX Ta HEIOCTATHBHOIO ONEPATUBHICTIO y BUSBIECHHI 3MiH MapaMeTpiB, 110
YHEMOKJIUBJIIOE CBOEYACHE pearyBaHHs Ha KPUTUYHI BIAXWIECHHS B pOOOTI ABUTYHA.

HacnigkoM Takux TEeXHIYHMX OOMEXEHb € 3HIDKEHHS 3arajbHoOi  e(EeKTHMBHOCTI
(YHKI[IOHYBaHHSI CUJIOBUX YCTAHOBOK, 3pOCTaHHSl PU3MKY IO3aIJIAHOBUX PEMOHTIB, IiJIBUILECHHS
eKCIUTyaTalliiHUX BUTpPAT, a TaKOXK 3arpo3a BUHUKHEHHS aBapiHUX CUTYyalliil, SKi MOXYThb
CHPUYMHUTH LIKOJY SIK TEXHIYHOMY CTaHy Cy/lHa, Tak 1 Oe3meni ekinaxy. bpak iHrerpauii cydacHux
U(GPOBUX TEXHOJIOTH y MPOLECH MOHITOPUHTY Ta YIPaBIIHHSA 0OMEXY€e MOXKIUBOCTI MOJIepHi3aril
S€HEePreTUUHUX CUCTEM CYJCH y HalmpsMi aBTOMATH3Aallli Ta IUCTaHLIHHOTO KepyBaHHS.

Y 1bOMy KOHTEKCTI BMHHMKA€ HarajbHa MOTpeda y BIPOBA/HKCHHI HOBITHIX TEXHIYHHUX
pilieHsp, 31aTHUX 3a0e3MeunTH Oe3nepepBHUI MOHITOPHHT TEXHIYHOTO CTaHy CYTHOBHX JAM3EITbHHUX
arperaTiB 'y peXHMi peallbHOTO dYacy, 13 MOXJIMBICTIO JHCTAHIIIHOTO aHai3y IapaMeTpiB,
MIPOTHO3YBaHHS TEXHIYHOTO pECypcy Ta OINEpaTUBHOTO ympaBiiHHA. Takuil MiAXiJ € KIFOYOBUM
€JIEMEHTOM Y Iepexojii 10 HU(POBUX CTaHIAPTIB €KCIUTyaTalii CyIHOBHX E€HEPreTUYHUX CHCTEM,
10 BIATOBIZA€ 3arajJlbHUM TEHICHIIISIM PO3BUTKY CYIHOIIJIAaBCTBA B YMOBax YeTBepToi MpOMHUCIIOBOI
PpeBOTIOIT.

VY 3B’3Ky 3 UM JOIIBHUM € aHaji3 CydacHOro CTaHy JOCHTI/DKEHb 1 TEXHOJOTIIHHX
po3pobok y cdepi iHTenekTyam3amii Ta IUpoBi3amii MpPOIECiB MOHITOPHHTY Ta YIPaBIIHHS
CYIHOBUMH EHEPTreTHYHHMHU YCTaHOBKaMH, 30KpeMa i3 3aCTOCYBaHHIM O€3JpOTOBHX CEHCOPHHX
Mepex, MOOITEHUX TUTAT(HOPM 1 CHCTEM TUCTAHIIIHHOTO JTOCTYITY.

AHani3 ocraHHix aociaigxenb i myduaikaniii. CydacHuil po3BHUTOK MOpPCHKOI iHIyCTpil
XapaKTepU3Y€eTbCsSl IHTEHCUBHUM BIIPOBA/PKEHHSIM 1HHOBALIMHUX TEXHOJIOTIH, CIPSIMOBaHMX Ha
MiABUIIEHHS e(EeKTUBHOCTI Ta Oe3MeKd eKCIuTyaralii CyJHOBUX EHEpreTHYHUX YCTaHOBOK.
Oco0nuBe Miclie B IIbOMY MPOIECi 3aiMarOTh O€3IPOTOBI METOAW JHUCTAHIIIMHOTO YMpaBIiHHS Ta
MOHITOPHUHTY, 5IKi 320€3MeUyIOTh SIKICHO HOBUH piBEHb aBTOMAaTH3a1lii MOPCHKOTO TPAHCIIOPTY.

3acTocyBaHHs O€3ApOTOBMX TEXHOJOIIM y cHcTeMax [AWUCTaHLIMHOTO YIpPaBIiHHA Ta
MOHITOPUHTY JIEMOHCTpPY€E 3HA4HI MEpeBar MOPiBHAHO 3 TPaJUIIMHUMU Tinxonamu. Hacammepen
CiA BIA3HAYUTH THYYKICTh Yy pO3TallyBaHHI OONaJHAaHHS, WI0 JO3BOJSE ONTHUMI3yBaTH
KOH(Irypamio CHCTEM BIJNOBITHO 10 crenudiyHuX yMoB ekcruryatamii. IIBuakicTh iHCTAMAIIT
0€3pOTOBUX PILIEHb CYTTEBO CKOPOYYE Yac Ha BIPOBAKCHHS Ta HAJAIITYBAHHS CHUCTEM, ILO
0COOJMBO BaXXJIMBO B yMOBaX MOPCHKHMX TOPTIB 3 OOMEXEHHMH YaCOBUMH BiKHAMHU ISt
npoBeaieHHs PoOiT. KpiMm TOro, JerkicTh po3UIMpEeHHS Ta MOAEpHi3allii TaKuX cucTeM 3abe3mneuye ix
QIaNTHBHICTH 710 3MIHHUX TMOTpeO eKcIuTyaTamii, a 3HIKEHHS BapTOCTI OOCIyTOBYBAaHHSI CTBOPIOE
€KOHOMI4HI CTUMYJIH JUIsl IIMPOKOTO BIPOBAKEHHS.
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CyKkymHicTh 3a3Ha4eHUX (haKTOpiB pOOUTH OE3POTOBI TEXHOJOTIi 0COOIMBO MPUBAOIUBUMU
JUISL 3aCTOCYBaHHSI B MOPCBKIN Tany3i, 16 KPUTUYHO Ba)UIMBUMH € HAIiHHICTh, €(DEKTHBHICTh Ta
QJIaNTHBHICTG CUCTEM YIpaBIiHHSA. MOpCHKE CEpEeNOBHINE BHUCYBA€ CIEMU(IYHI BUMOTH JIO
TEXHIYHUX pIlIeHb, TMOB’S3aHI 3 BIUIMBOM AarpecUBHUX KIIMAaTUYHUX YMOB, BiOpailii,
€JIEKTPOMArHITHUX TIEPEIIKO/] Ta HeOoOX1HOCTI 3a0e3neueHHs O0e3rnepepBHOi poOOTH B aBTOHOMHHX
yMOBaXx IJIaBaHHS.

AHalti3 Cy4yacHOTO CTaHy HayKOBHUX JOCII/DKCHb CBIAYUTH NMPO aKTHBHUU PO3BUTOK JAHOTO
HanpsAMmKy. [llupokuii criekTp HayKOBUX IMyOiiKalii, MpeacTaBieHux y mpausx [1, 2], miarsepaxye
aKTYaJbHICTh Ta NEPCIEKTUBHICTh PO3BUTKY O€3IPOTOBUX METOAIB Yy CHCTEMax IUCTaHIIHHOIro
yIpaBlliHHSA Ta MOHITOPUHTY CyAHOBUX E€HEPreTHYHUX yCTaHOBOK. L{i nocnimkeHHs (HOpMYIOTh
TEOpPETUYHY 0a3y Ui TIONAJBIIOTO BIOCKOHAJCHHS HAsBHUX TEXHOJIOTIH Ta PO3POOKHM HOBHX
pillIeHb.

3Ha4yHy yBary AOCJIAHHUKIB IPUBEPTAIOTh MUTAHHS 1HTErpalii iHpopMaliiHUX TEXHOJIOT1H y
CHUCTEMH MOHITOPUHIY CYIHOBHUX IBHUIYHIB. Y cCTarTi [3] AeTajabHO pO3MIAAAIOTHCS BUKIIUKH,
1oB’si3aH1 3 BIpoBa/pkeHHAM [T-texnosnoriif, 30kpema npoOnemu kiOepOesneku Ta 3a0e3NedyeHHs
cTaOlIBHOCTI 0€3POTOBOrO 3B’S3Ky B CHEIM(PIUHUX YMOBaX MOPCBKOIO CepefoBuUIlNa. ABTOpU
0COOJIMBO MIJKPECIIOITh 3HAYHUK NOTEHIian 1H(QOPMALIMHUX TEXHOJOIIM Ui MiJBUIIEHHS
€HEeproe()eKTUBHOCTI CYIHOBHX YCTaHOBOK Ta BIPOBAKEHHS CHCTEM IPOrHO3HOTO TEXHIYHOTIO
00CITyTOBYBaHHS, IO JIO3BOJISIE TEPEXOJUTH BiJl PEAKTHBHOTO JIO TPOAKTUBHOTO ITiJXOAY B
eKCIUTyaTalii.

[IpakTH4HI  acHeKTH 3aCTOCYBaHHS  O€3IPOTOBMX CEHCOPHHX MEpEeX JAETajJbHO
JOCTIIKYIOTECSL B po0OTI [4], 1e OCHOBHA yBara NpUAUISETbCS MOHITOPUHTY apaMeTpiB CyAHOBUX
CUWJIOBUX YCTaHOBOK. ABTOPH MEPEKOHIUBO JEMOHCTPYIOTh €(peKTUBHICTh BUKOpHcTaHHA Wi-Fi Ta
ZigBee npotokomiB ais 3a0e3nedeHHs HaliHOT mepeaadi JaHMX y peanbHoMy 4aci. OcoOiauBo
BOXIUBUM € TOH (DakT, [0 BIPOBAPKEHHS TaKUX CHCTEM CIPHUSE ICTOTHOMY 3HIDKCHHIO
aBapifHOCTI, 1[0 MA€ KPUTHYHE 3HAYEHHS JUIs OE3MEKH MOPEILIaBCTBa.

[lepcriekTHBHMN HANMpPsIMOK 1HTErpalii XMapHUX TEXHOJIOTiH 13 0E3IpOTOBUMH CHUCTEMaMHU
MOHITOPUHTY PO3KPUBAETHCSA B JTOCHIIKEHHI [5]. ABTOpPU ONUCYIOTh KOMIUIEKCHE BIPOBAKECHHS
CMapT-TEXHOJIOTIH JJIsi YHpaBIiHHA CYJHOBUMH IH3EISIMHU, Ji€ OCOOJHMBHIA akIEHT 3poOJeHO Ha
BUKOPHCTaHHI XMapHUX IIaTGopM IS aHaNi3y TaHWUX, OTPUMAHHUX BiJ O€3IPOTOBUX JATYMKIB.
LleHTpanbHUM €IEMEHTOM JTOCIIKEHHS € MiABUIIECHHS €()eKTUBHOCTI MaJTMBHOTO CIIOKUBAHHS, 110
Ma€ BaXJIMBE €KOHOMIUHE Ta €KOJIOTIYHE 3HAUEHHS.

CyuacHi TeHJIEHIIi1 B Taly3i BUCBITIIIOIOTHCS B MyOiKalii [6] Ha aBTOPUTETHOMY MOPCHKOMY
noprani Marine Insight, ne aeranmpHO aHami3ylOThCS HAWHOBIII JOCATHEHHS Yy BIPOBADKEHHI
0e3IpOTOBUX CHUCTEM JJIi MOHITOPHHTY CYIHOBHX JBHUTYHIB. OcoOnuBY yBary NpHUAIJICHO
MEepCIEeKTUBAM BHMKOpPUCTAaHHS SG-TEXHONOTiH, sKi 3a0e3neuyroTh HIBHJKY IMepenady BETHKHX
00CSTIB JaHUX y peaJbHOMY 4Yaci, IO BiJIKpUBAE€ HOBI MOJMIJIMBOCTI JJISI PO3BUTKY CHCTEM
JTUCTAHIIMHOTO YIIPABITIHHS.

Hocmimpkennst [7] mpencraBisie KOMIUIEKCHUH MiIXiJg JO BIPOBaPKEHHS OE3IPOTOBUX
CEHCOPHUX MEPEX Ul MOHITOPUHTY CTaHy CYIHOBMX JAM3EJIbHUX JBUTYHIB. ABTOPH HarojoulyoTh
Ha iHTerpauii loT-TexHomoridd, sKi IO3BOJNSIOTH 3IIHCHIOBaTH O€3MEepepBHE BiJICTEKECHHS
KPUTHUYHMX TapaMeTpiB, TaKUX SK TeMIeparypa, TUCK 1 BiOpalis, y peXHMi peaJbHOro yacy.
[IpakTnyHe 3HAYEHHS IOCITI/DKEHHS MiATBEP/DKYETbCS KOHKPETHUMH pPe3yJIbTaTaMH: 3HHIKCHHS
BUTpAT Ha TeXHI4YHE 0OCIyroByBaHHS Ha 15% 3aBOsSKM BIOPOBAKEHHIO MPOTHO3HOIO MiJIXOMY, IO
JIEMOHCTPY€ €KOHOMIUHY €()eKTHBHICTH 3alIpONOHOBAHUX PIllIEHb.

PeBomrontiiianii moteHmian 5SG-TeXHOOTIN 1T MOPCHKOT Tary3i PO3KPUBAETHCS B CTATTI [8],
MPUCBSYCHIA JUCTAaHIIHHOMY MOHITOPUHTY CYIHOBHX CHJIOBUX YCTaHOBOK. ABTOPH JE€TalbHO
OIUCYIOTh apXITEKTYpY XMapHOi maardopMu Juis 0OpoOKH JaHMX, sKa 3a0e3neuye He JHIIE BUAKY
nepeaavy iHpopmarii, ane i MOXKIMBICTB IHTETpallii 3 iICHYIOUMMHU CHCTEMaMH YIPABIIHHS CYJTHOM.
Pesynbratu nochiykeHHs CBIIYaTh MpO MiABMIIEHHS HafiiHOCTI Ha 20% 3aBASKH ONEpaTUBHOMY
BUSIBIICHHIO HECIPAaBHOCTEH, IO Ma€ KpPUTHYHE 3HAYCHHS s 3a0e3redeHHs Oesnexu
MOpETIaBCTBA.

o pyopuku exnioueno cmammi 3a memamuunor cupamosanicmio « Tpancnopmui mexnonoziin



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

KoHmenTtyansHO HOBHUI MIIX1JT 10 TEXHIYHOTO 0OCITYTOBYBaHHS MPEICTABICHO B poOoTi [9],
7€ PO3IVISNAEThCA KOHIEMNLis "pO3yMHOro" TEXHIYHOTO OOCIIyTOBYBaHHS CYJHOBUX JAM3EIbHHUX
JIBUTYHIB 32 JIOTIOMOTOI0 OE€3IpOTOBUX CHCTEM. ABTOPH ONHUCYIOTh IHTETPOBaHY CHUCTEMY, IO
BKJIIOYA€ CTIEIiali30BaHl TaTYUKH AJI1 MOHITOPUHTY BiOpallii Ta TemmepaTrypu, a TaKoX aIrOpUTMHU
MAIIMHHOTO HABYAHHS IS MPOTHO3YBAaHHS MOTEHIIMHUX HecmnpaBHocTel. [IpakTuuHi pesynsratu
JI€MOHCTPYIOTh CKOpOUeHHsI pocToiB Ha 12% 1 3HmkeHHs BukuAiB CO2 Ha 5%, 1110 MiJKPECIIOE SK
€KOHOMIYHY, TaK 1 €KOJIOT14HY €()eKTUBHICTh 3alIPOIIOHOBAHOTO IT1IXO.TY.

CrenianizoBaHUH acleKT 3aCTOCYBaHHS O€3IPOTOBUX TEXHOJIOTIN JUIsl KpUTUYHO BAXKJIUBUX
CUCTEM po3IsiiaeThes B gociiakenHi [10], sike pokycyeTbes Ha cucTeMax yrnpaBiIiHHS aBapliHUMU
JM3elib-TeHepaTopaMu Ha CyaHaX. ABTOpU MpPEACTABISAIOTh JAETalbHUN OMHMC CHUCTEeMHM Ha 0asi
ZigBee-npoTOKOMIB ISl MOHITOPUHIY KJIIOYOBHX IMapaMeTpiB, TaKUX SIK 4acToTa OOepTaHHsS Ta
TeMIieparypa OXoJo/pKyBasibHOI piguHu. CHucTema 3a0e3nedye JUCTaHIIHHUM TOCTYH 10 KPUTHYHO
BaXUIMBOI 1H(OpMAIIl 1 3HWXKY€E Yac peakiii Ha aBapiiiHl cutyauii Ha 30%, 10 Mae BUpilIaIbHE
3HaUEHH JUIs1 3a0e3MeueHHsI Oe3MeKH CyaHa Ta eKIlaxy.

BaxnuBi acnektu kibepOe3nekud Ipu BIPOBAKEHHI OE3APOTOBUX CHCTEM JIETaJIbHO
aHaJizyroTbes B cTarti [11], ne po3msnarorbes crnenudiuHi BUKIMKH 3aXUCTY JaHUX Y MOPCHKHX
yMOBax. ABTOpY IPONOHYIOTh KOMIUIEKCHUN MIJX1] A0 3a0e3MeueHHs 0e3MeKy, BKIOYatould METOIN
mudpyBaHHs Ta aBTeHTH]iKalii, ajzanToBaHi 1O cHeuu(IYHUX BHUMOI MOPCHKOTO CEpEeAOBHUIIA.
JocnipkeHHsT 0COOJIMBO MIAKPECIIOE KPUTHUYHY BaXKJIMBICTh KiOepOe3neKku s YCIHILIIHOTO
MaciuTabyBaHHS 0€3pOTOBHX TEXHOJIOTIH Y MOPCHKIil rarysi.

[IpoBenenuit anai3 JiTepaTypHUX HKEPENl CBIAYUTH MPO aKTUBHUNA PO3BUTOK HANPIMKY
0€31pOTOBUX TEXHOJIOTIH Yy MOpPCBHKIH ramy3i Ta HasBHICTh 3HAYHOIO MOTEHILIATy Ul MOJAJbIINX
nociipkeHb. JlaHe TOCIHiPKEHHsI CIpsSMOBaHE Ha MOJANBIIMKA PO3BHUTOK LBOTO TEPCIIEKTUBHOTO
HanpsIMKy Ta BIPOBA/KEHHS 1HHOBAILlIMHMX pillleHb, OPIEHTOBAHUX HA MiJABUIICHHS €()EeKTUBHOCTI
Ta €KOJIOTTYHOCTI MOPCBHKOTO TPAHCIOPTY, IO BIAMOBIAA€ CyYaCHHUM BHUMOTAM CTaJIOTO PO3BUTKY
ranysi.

Meta Ta 3aaa4i J0CTiIKeHHSI — TPOJIEMOHCTPYBATH IEPEBArd BIPOBAHKEHHS 0€31pPOTOBUX
CHUCTEM MOHITOPHHTY JJII ONTHMI3aIlii poOOTH CyTHOBUX IW3€IiB. 3aCTOCYBAaHHS TaKOTO ITiIXOMY
JI03BOJIIE  3HAYHO TIJBUIIMTH €(EKTUBHICTh BHUKOPUCTAHHSA MOPCHKHX CYIEH, 3MEHIIUTH
HEeraTMBHMH BIUIMB Ha HAaBKOJIMILHE CEPEJOBUIIE Ta MIIBUILIUTH O€3M1EeKy MOPEIUIaBCTBa.

JInst TOCATHEHHS METH JOCHIKeHHs, Oylno cPOopMyTbOBaHO KOMIUIEKC 3ajiad, BUKOHAHHS
SIKUX 3a0e3reuye BceOiuHe BUBUCHHS TeMHU. Ha meprioMy erarri 3iHCHEHO aHali3 HAsBHUX CHUCTEM
MOHITOPHUHTY, 30KpeMa TPaJUIiHHUX METOIIB KOHTPOJIO MapaMeTpiB pOOOTH CYTHOBUX AM3EITBHUX
JIBUTYHIB. Y X0l IIOTO aHaji3y OyJI0 BH3HAY€HO OCHOBHI OOMEXEHHS TaKHUX CHUCTEM, 30KpeMa
JUCKPETHICTh 300py JaHWX Ta BIJICYTHICTH MOXKIHUBOCTI 3a0€3MEUYCHHS KOHTPOIIO B PEXKHUMI
peasibHOrO yacy. HacTymHUM KpOKOM CTaslo JOCTiIKEHHS €(EeKTHBHOCTI CydacHHX Oe3pOTOBHX
TEXHOJIOT1i, 1110 BKJIFOYAJIO aHaJI3 X 3aCTOCYBaHHS JIJIi MOHITOPUHTY ITapaMeTpPiB TEMIIEPATYPH Ta
TUCKY OXOJO/KYBaJbHOI PpIAMHM TEPIIOro KOHTYypy aBapiiiHoro nausenb-reHeparopa Kohler
S0EOZD. OcobmuBy yBary Oyio MpuaiIeHO po3poOili BIacHOI O€31pOTOBOI CHCTEMH MOHITOPHHTY,
peamizoBaHoi Ha 0a3i amaparHux MoxayniB TSL Ta mporpamsoro 3ab6esmedeHHss PLCNEXT
ENGINEER, mo 7no3Bonse 37iiiCHIOBaTH IUCTaHIIWHE KepyBaHHS (30Kpema, Mmoiady KOMaHI
«Ilyck/Ctomny), KOHTPOJIb YAaCTOTH OOEpTaHHA ABUTYHA Ta MOHITOPUHI TEMIIepaTypHHUX MapamMeTpiB.
[IpoBeneHo eKCepUMEHTAIbHE TECTYBaHHS CTBOPEHOI CHCTEMH B YMOBAaX, MaKCHMaJbHO
HaOIKEHUX JI0 peallbHOi eKCILTyaTallii, 3 MeTOI OIIHKH i €()eKTHBHOCTI 3a TAKUMH KPUTEPISIMHU,
K TOYHICTh 300py HaHWX, IIBUIKICTH Tepemadi iHopmarii Ta HaaidHICTh (YHKIIOHYBaHHS.
[TapanenpHO OyII0 MOCHTIPKEHO TMOTEHITAN 1HTeTpallli 0€3IpOoTOBOT CHCTEMH MOHITOPHUHTY 3 IHIIUMH
CYIHOBUMHU  IH(QOpPMAIITHO-KEPYIOUMMH  CUCTEMaMH, 30KpeMa  CHUCTEMaMH  yIpaBIiHHS
E€HEePTOCIIOKUBAHHAM, I (opMyBaHHS €auHOI 1H(pOpMaIiiHOI Mepexi cymHa. Okpemy yBary
MPUIUICHO aHalli3y EKOHOMIYHOI Ta EKOJOTi4HOI e()EeKTUBHOCTI 3alpOIIOHOBAHOTO pIllIeHHS, 3
ypaxyBaHHSIM MOXJIMBOIO 3HM)KEHHS EKCIUTyaTallliHUX BMTpAT, 3MEHILIEHHs BHUTpaT MajuBa Ta
3HWKCHHS pIBHS IOKI[UIMBUX BUKWAIB. Ha 3aBepmanbHOMYy erami JOCTDKEHHA —Oynn
chopMylbOBaHI PEKOMEHJAIll 1010 MEpPCHEKTUB MOJANbIIOI0 BIOCKOHAJEHHS O€3ApOTOBUX
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CUCTEM MOHITOPUHTY JIISl IABUIICHHS iX (YHKIIIOHATBHOCTI, HAJIIMHOCTI Ta aIallTABHOCTI 10 YMOB
eKCIUTyaTallii y MOPChKOMY CEPEIOBHIIIL.

Bukiaan ocHoBHOro marepiaay. Y Xomi JOCHiKEHHS OyJ0 3aCTOCOBAaHO KOMIUIEKCHUI
METOAOJIOTTYHUN MiAX1M, SKUM BKIIOUaE: aHami3 GyHKIIOHAJTbHUX BUMOT 10 CUCTEM TUCTAHI[IITHOTO
MOHITOPUHTY CyJAHOBHX JH3€JiB; pPO3POOKY amapaTHO-POrPaMHOTO  KOMIUIEKCY;  OI[IHKY
e(dekTuBHOCTI (DyHKIIIOHYBaHHSI OE€3APOTOBOI CHUCTEMH B YMOBaxX peajbHOrO EeKCILTyaTalliiiHOro
CEpEIOBHUINA; EKCTIEPUMEHTAIbHY MEPEBIPKY OOpaHUX MapaMeTPiB OXOJIOMKEHHS TU3EIsI B yMOBaX
aBapitHOTO PEXKUMY.

OcHOBOIO IOCTITKEHHS cTajia To0yaoBa O€3ApOTOBOI CUCTEMH MOHITOPHHTY, JI0 CKJIaay
SIKOT BXOJSTh TPU KIIIOUOBI KOMIIOHEHTH: [JAaTYMKH, MOMYJl MepeAadyi JaHUX Ta MPOrpaMHe
3abe3nedeHs. CeHCOpH PO3MINIYIOTHCS Ha KIIIOYOBHX By3J1aX JU3EIBHOTO JBUTYHA W J03BOJISIOTH
BHUMIPIOBATH TEMIIEPATypHI Ta TUCKOBI MapaMeTpH, BiOpallii, 4acTOTy 0OepTaHHs, a TAKOXK XIMIYHUN
CKJIa/l BUXJIONHUX ra3iB. 3i0paHa iH(opmallis nepenaeTbcsi MOAyJeM 3B si3Ky Ha 6a3i Wi-Fi abo
MIPOMMCIIOBUX MPOTOKONIB (Hanpukiaa, Modbus TCP) 1o o6uncnoBaibHOTO MOIYIIS.

VY poni 0a30BOro mpoOTOTHILY AJIsi JOCHIJDKEHHS OyJ0 BHUKOPUCTAaHO CHCTEMY aBapiiiHOro
mu3enb-reHepatopa  Kohler Ttunmy S50EOZD (puc. 1), mo pgano MOXIHBICTH AOCTIAUTH
TEMIIepaTypHO-THCKOBI MapaMeTpy OXOJOKYBaJbHOI BOAM TEpIIOTO KOHTYpY. JlaHi MOKa3HUKH
JO3BOJISIFOTH OIIHUTH €()EKTUBHICTh TEPMOAMHAMIUHUX MPOIECIB Ta 3a0€3MEUUTH MPOTHO3YBAHHS
TEXHIYHOTO CTaHy TeHepaTopa.

Pucynoxk 1 — Apapiitauii qusens-reaeparop Kohler SOEOZD:
1 — muzens; 2 — reneparop; 3 — MyJbT YIPaBIiHHS; 4 — IMyJBT YIIPaBIiHHSA HABAaHTAKEHHAM TeHeparopa

Jns peamizamii QyHkiiii 300py, oOpoOku Ta BinoOpakeHHA HaHUX OyJI0O 3aCTOCOBaHO
anapatHe pimeHHs Ha 0a31 koHTponepa PLCnext Control AXC F 2152 (Phoenix Contact,
Himeuunna) (puc. 2, 3), mo miarpumye cydacHi ctangapta Web-sizyanizamii (HTMLS) 1 no3Bosnse
KOpekTHe (YHKI[IOHYBaHHS 3 MOOUIbHUMH IuiaTGopMamu (cmapTdoHH, miaHmeTn). [loyaTkoBuii
npototun i3 BukopuctanHsaMm ILC 150 MaB oOMekeHHS 10JJ0 CYMICHOCTI 3 HOBITHIMU MOOUIBHUMU
MPUCTPOSIMU, 110 00YMOBHIIO HEOOX1AHICTh MOJIEPHI3allii CUCTEMH.

H:IHIJIJIJUUUIJIJLI

OooooooygT Jﬂﬂ]

Pucynok 2 — Cucrema BignaieHoro Pucynok 3 — Monynp BU3HaYEHHS OJIOXKECHHS
VIIpaBIIiHHAS Ha 0a3i KOHTPOJIEPY [HKpeMeHTaTFHUX SHKOIEPIiB
PLCNEXT Control AXC F 2152 AXL SE INC1 SYM
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Y sKocTi cepemoBumia mporpamyBaHHS Oyno Bukopucrano tiargopmy PLCNEXT
ENGINEER [12], mo Hamama IHCTpYMEHTH Ui peaii3alii MOBHOrO IUKIYy KOH]Irypamii Ta
TecTyBaHHs (yHKIiOHaTFHUX OnOKiB (puc. 4). CTBOpeHMi mporpaMHUil iHTepdeic m03BoIsIE
3I1IICHIOBATH 3aIlyCK JM3€Ns1, KOHTPOJIb TeMIepaTypu Ta TUCKY B PEKUMI PEabHOTO Yacy, a TaKoX
iHTerpyBaTy 1i QYHKII{ B €IUHY CUCTEMY MiATPUMKH NPUHHSATTS PillIeHb OTIEPATOPOM.

Ha ocHOBI cTpyKTypHOI cxeMu, MOJIaHOi Ha pHC. 5, AEMOHCTPYETbCA amapaTHa opraHizaris
TSL Box, sika cknamaerbesi 3 aBox PLC-xonTponepiB, touku poctymy WLAN, kepoBaHOTO
Ethernet-xomyrtaropa Ta moayns PROFINET. Lls kon¢irypauis 103BOJsi€ CTBOPUTH HaJiiiHe
CepeoBHILE /Ul TECTyBaHHs 0€3pOTOBUX TEXHOJIOTIH, a TAKOXK 3a0e3Meuye rHy4Ky aJanTalito mij
noTpeOu MOHITOPUHTY B yMOBaX MOpPChKOro cyasa [13].

R R
, TSL Box PLC
PLC
Sensor [ Managed ||-i WLAN |
Switch A a—
PROFINET =
10 — Freucnet Computer
Switch
TSL Box
PLC&PROFINEBox
Pucynok 4 — Intepdeiic y nporpaMmaOMy Pucynok 5 — Ctpykrypa amapaTHux MOIyJIiB
cepenosuili PLCNEXT ENGINEER TSL Ta iX miaKII0YeHHS 10 KOMII F0Tepa

PesyabTaTtH jgociaigkeHHsi Ta iX oOroBopeHHsi. I[IpoBencHi ekcrepuMEHTaIbHI
JOCIIJKEHHSI BKa3ylOTh Ha MEPCHEKTHUBHICTh BIPOBAKEHHS 0€3POTOBOI CUCTEMHU MOHITOPHHIY
JUI CyJHOBUX JIM3€NbHUX yCTaHOBOK. Cucrema 3a0esrnedye Oe3nepepBHUII KOHTPOIb POOOUYMX
(KpUTHYHUX) TApaMeTpiB Yy peadbHOMYy 4Yaci 3 TOYHICTIO BHMIPIOBAaHHS TEMIIEpAaTypH
0XO0JIOJUKYBaTbHOT piguHu B miama3oni 80-95°C 3 moxuoOkoro +£0,5°C Ta trcKy B Mexax 1,5-2,5
Oapa 3 Tounictio £0,1 Gapa [1].

AHami3 TeMIepaTypHoOro pexumy y mianazoHi 80-95°C € KpUTHYHO BaXKIIMBUM IS
3a0e3neueHHs] HaJe)XHOi B’S3KOCTI MacTHia Ta MiHiMmizamii BTpaT eHeprii Bing Ttepta. llpum
temneparypax Hmwkde 80°C crmocTepira€TbCsi 3pOCTaHHS MEXaHIYHHMX BHUTpAT 4yepe3 IiJIBUILIEHY
B’SI3KICTh MACTHJIA, TOJI SIK MepeBuIneHHs 95°C mpu3BOIUTH A0 Jerpajalii najauBa, BAHUKHECHHS
TEIUIOBUX HAINpyXeHb Ta CKOPOYEHHS pecypcy IBUTyHAa. KpuUTHYHOIO Mexer € Temmeparypa
100°C, nepeBHILIEHHS SIKO1 CIIPUYMHSE HEOE3MEeUHi SIBHIIA, BKIIFOYAI0UYX YTBOPEHHS MIKPOTPIIIMH Ta
TepMidHi AedopMaIrii KOMIOHEHTIB [14].

JlocImiKeHHST TUCKOBOTO PEXHUMY CUCTEMHU OXOJIOKEHHSI JOBEJH, 110 MiATPUMAHHS THUCKY
B Mexkax 1,5-2,5 Oapa € HEOOXigHOK YMOBOK sl €()EKTHUBHOI IUPKYJISAIT OXOJIOKyBaya.
3HIKEHHS THCKY HIK4e 1,5 Oapa MpU3BOIUTH 10 TMOPYIIEHHS OXOJIOJDKEHHS OKPEMHX BY3JIIB
JBUTYHA, 110 MOXE CHPUYMHHUTH JIOKaJIbHI meperpiBu. BoaHowac migBUIIEHHS THCKY MOHanA 2,5
0apa CTBOPIOE PU3UK PO3PHBIB 3’€JHAHb Ta BTPATH T€PMETUYHOCTI cuctemu [15].

BnpoBamkeHHss cucTeMH  MPOJEMOHCTPYBAJIO  HAsBHICTh  €KOHOMIYHMX  IepeBar.
CratuctuuHuil  aHami3 3i0paHUX JaHWX JIO3BOJIMB pEATi3yBaTH TNPUHIMI MPETUKTHBHOTO
TEXHIYHOTO OOCITYroBYBaHHS, 110 3a0e3meunsno ckopoueHHs npoctoiB Ha 10-15% mnopiBHSHO 3
TPaIUIIHHUM TUTAHOBO-TIONIEPE/HKYBATLHUM 00CiyroByBanHsM [2]. JlomaTkoBo, omnTuMizalis
TEIUIOBOTO PEKMMY JABUTYHA CHpHUsia MOJOBXKEHHIO TEpPMIHY CiykOu obnmaaHanHs Ha 20-25%. 3
€KOJIOT1YHOI MOTIIALY, CUCTEMA MPOJIEMOHCTPYBaJIa 3HIKEHHSI TUTOMOT BUTpaTH nayiuBa Ha 5—7%
Ta 3MeHieHHs BUkuaiB CO: Ha 4—6%, 1110 BiMOBiAa€ cydyacHUM BUMoraM MiKHApOaHOT MOPCHKOi
oprasizarii (IMO) o0 3MeHIIeHHs €KOJIOTTYHOTO BIUIMBY CyIHOTIIaBCTBA [1].

PeanizoBanuit BeG-inTepdeiic Ha 6a3i HTML 5 i3 Bukopuctanasm koHTpojepa PLCnext
Control AXC F 2152 3a0esneuuB iHTYiTUBHE yHpaBiiHHA cuctemoro [7]. OmepaTtop oTpumas
MOXIMBICTh IUCTAHIIITHOTO KOHTPOJIIO poO0YOro cTaHy uepe3 MOOUTbHI TPUCTPOi Ta MEPCOHAIIBbHI
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KOMIT'IOTEpH, BKJIIOYalouM BHKOHAHHS KoMaHna «Ilyck/Ctom» Ta BiICTeXKEHHS BCIX KPUTHUYHUX
napaMeTpiB Ha €IMHOMY eKpaHi. MoJyibHa CTPYKTypa CHUCTEMH Ta BHUKOPHCTAaHHS O€3ApOTOBUX
texHonorii ~ (Wi-Fi, PROFINET) 3a0e3neuwnu THY4YKiCTh  PO3MIIICHHS  JAaTYHKIB Y
BO)XXKOJIOCTYITHUX 30HAX MALIMHHOTO BIUIUICHHS Ta MOXJIUBICTh JIETKOI'O MaclITa0yBaHHS
(GYHKIIIOHAIBHOCTI JUII MOHITOPHHTY IIOJATKOBHX MapaMeTpiB, TakuxX sK BiOpamis abo ckiaf
BUXJIOITHUX Ta3iB [4-5].

CraTHCTUYHUEN aHaNi3 JaHWX, OTPUMAHHUX CHUCTEMOIO MOHITOPHHTY, TO3BOJHB BHSBISTH
aHoMaulii, SIKi He € OYeBUAHMMHU TMiJ Yac cTaHIapTHOI ekciutyaTauii. Lle 3a0e3neunsio nmepexin Bifj
(IKCOBaHUX I1HTEpPBAJIB TEXHIYHOTO OOCIYrOoByBaHHS IO THYYKOro rpagika, 3aCHOBAaHOTO Ha
peaNbHUX TOKa3HUKax craHy oOnamHaHHs [16]. Takwif migxim He JMIIE MiBUINYE HATIHHICTH
eKCIUTyaTallii CyJJHOBUX TU3EIiB, e ¥ 3HAYHO 3MCEHIIY€ BUTPATH HA OOCIyrOBYBaHHS Ta PH3HKHU
aBapiiHUX CUTYaIlii.

BaxxnuBum pe3ynbTaToM JIOCHIDKEHHS CTall0 MIATBEP/KCHHS MOMKIIMBOCTI 1HTETpariii
PO3po0IIeHOT CUCTEMH 3 IHIIUMH OOpPTOBUMHM iHpopMauiiiHuMu nigcucremMamu. CTBOPEHHS €1MHOT
iHpopMaLIiHOT Mepexl 3 CUCTEMaMM YIPAaBIIHHS EHEProcloXUBaHHSIM Ta HaBIraliiHUMU
KOMIUIEKCAaMH BIJIKpHBAa€ MEPCHEKTUBH (POPMYBAaHHS KOMIUIEKCHOTO 1H(OPMAIIIHOIO MpoCTOpy
CyllHa, W0 MiABUILY€E 3arajibHy e(EeKTUBHICTb YNpaBIIHHSI CyJIHOBUMHU cuctemamu [3].
MoaynbpHICTh apXITEKTYpU CUCTEMHM J03BOJISIE AJaNnTyBaTW ii U1 PI3HUX THIIB CYAHOBHUX
JN3EIbHUX YCTAHOBOK Ta PO3LIMPIOBATH (yHKIIOHAJIBHICTh BIAMNOBIAHO 10 crenuiyHUX MOTped
ekcrutyartanii. Lle cTBOproe OCHOBY Ui IIMPOKOTO BIIPOBAIKEHHS TEXHOJOTII B CyJHOIUIaBHIN
rajxy3i Ta MOTEHIIWHOT aganTaIli Jyisl 1HIIMX TPOMHUCIIOBUX 3aCTOCYBaHb.

JU1sl KOMIUIEKCHOI OLIIHKM MEPCIIEKTUB BIIPOBAXKEHHsI 0€3JpOTOBO CUCTEMH MOHITOPUHTY
nposeneHo SWOT-anaini3, pe3yiabTaTH SIKOTO IpejcTaBieHo B Tabmumi 1. AHami3 103BOJISIE
cUCTeMaTH3yBaTH BHYTPILIHI CHIIbHI Ta c1a0Ki CTOPOHU TEXHOJOT1{, a TAKOX 30BHILIHI MOXKIMBOCT1
Ta 3arpo3u, 110 BIUIMBAIOTh HA YCHIIIHICTS 11 peaiizalli y CyHOIUIaBHIH ramysi.

Tabmuns 1 — SWOT-anani3 6€31poTOBUX CHCTEM MOHITOPUHTY CyJIHOBHX JNU3EIHHUX YCTAHOB

Cunbvni cmoponu

Cnaéki cmoponu

(Strengths) (Weaknesses)
be3nepepBHmii MoHITOPHMHr Yy peajbHOMYy 4aci: | Bucoka mouarkoBa BapricTh: Po3poOka Ta
Cucrema 3a0e3neuye TOUHE BUMIpIOBaHHS TEMIIEPATypH | BIPOBAKEHHS CUCTEMH, BKJIIOYAIOYH
(80-95°C, +0,5°C) Ta tucky (1,5-2,5 6apa, £0,1 Gapa) | odnagnanns Phoenix Contact i mnporpamue
OXOIIOJKYBaJIbHOI PIAWHU, JO3BOJIAIOYM OIEPATUBHO | 3a0e3rneueHHs PLCNEXT ENGINEER,

BHSABIIATH BiaxwineHHs [1]

noTpeOye 3HAYHUX iHBeCTHIIHN 7]

Jucranuiiine kepyBanusi: \Web-cepsep na 6a3i HTML
5 (PLCnext Control AXC F 2152) no3BoJisie BUKOHYBaTH
koMagu «llyck/Crom» 1 BimcTexxyBaTH TapaMeTpu
yepe3 MoOUmpHI mpuctpoi Ta IIK, migBumryroun
€ProOHOMIYHICTH [7]

3anexuicTh Bin cradiabHOCTI 3B’SI3KY: Y
MOPCBKHMX yYMOBax MOXJUBI 1epedoi B
6e3aporoBomy 3B’s3ky (Wi-Fi, PROFINET),
0 MOKe BIUIMHYTH Ha HaAIHHICTH Tepenadi
JTAHUX

IIporno3ne TexHiuHe oOciayroByBanHs: CraTucThd-
HUM aHani3 JaHuX [03BOJISIE BHABISITH aHOMAanlii Ha
paHHIX cTamisx, ckopouyrounm mpoctoi Ha 10-15% i
MOJIORKYIOUM TEPMiH ClyOu oOnamHanHs Ha 20-25%

[2]

HeoOxignicTs HaBuYaHHs nepconany: Exinmax
1 TexHiuHI (haxiBIi MOTPeOYIOTH CIemiadbHOI
MIATOTOBKH JJI1 POOOTH 3 HOBHUM OOJIaTHAHHSIM
1 mporpaMHuM 3a0e3neveHHsM [6]

I'nmyukicte i MmacmtadoBanicTh: MoayneHa cTpyktrypa | O0MekeHa aBTOHOMHICTh MOAYJIiB:
Ta OE3IPOTOBI TEXHOJIOTIi JO3BOJIAIOTH PO3MINIYBAaTH | ABTOHOMHI [DKepella JKWBJICHHS MOaT4WKiB 1
JaTYMKH Yy  BAKKOAOCTYIIHMX  30HaX 1 JIETKO | MOAYJNIB  Tepedayl  JaHuX  HOTPeOYIOThH
posimproBatu cucremy [4-5] nepiouYHOI 3aMiHu ab0 3apsaKku

EneproedexkTuBHicTb: Onrumizanis TerioBoro | O6me:keHa  cyMicHicTb i3 3acTrapiium
peXMMy IBUTYHa 3HI)Ky€ BUTpaTy manmmBa Ha 5-7% 1 | oGagHaHHaAM:  [HTerpamiss  cuctemm 3
Bukuaun CO: Ha 4-6%, BIANOBIMAIOYM EKOJOTIYHUM | MU3ENMSMHA  CTapIIOTO  TOKOJIHHA  MOXE

Bumoram IMO [1]

noTpeOyBaTH TOJJATKOBUX MO IUdiKaIlii
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[Tponosxxenus Tadmuii 1

Moorcnueocmi 3azpo3u
(Opportunities) (Threats)
InTerpamis 3 immmmm cygHoBumu cucremamu: | KiGepOe3sneka: be3nporoBi cucremn BpasmuBi

MOXITHBICTh CTBOPEHHSI €TUHOT iH(pOpMaLiitHOT Mepexi
3 CHCTEeMaMH YIpABIiHHA CHEPrOCIIOXHMBAaHHAM 1
HaBiraifHAMH KOMIUTeKcaMmH [3]

J0 Kibeparak, MO MOXKE TPU3BECTH JI0 BHUTOKY
JaHux abo MmopymeHHs: podoTH cucteMu [5]

Po3mmmpennst pyHkuionanabHocti: Crucrema Moxke OyTH
MacmTaboBaHa  JAJs  MOHITOPHUHTY  JTOAAaTKOBHX
mapameTpiB, TakuxX SK BiOpamis 4M CKIaj BHXJIOIMHHUX
rasiB, IO IMiBHINYE i1 YHIBEPCATBHICTE [4]

CkaaanicTs aganraunii 10 cTapux CcyIeH:
MonepHi3zarist 3acTapiiux JU3EbHUX
YCTAaHOBOK MOXe OyTH YCKIaJHEHa 4Yepes
HECYMICHICTb 13 Cy9aCHUMH TEXHOJIOT1IMHU

BinnoBigHicTh exoJIOriYHUM cTaHaapTam: 3HIDKCHHS
nuToMoi BuTpaTu mnanuBa Ha 5—7% 1 BukunaiB CO: Ha
4-6% cnpuse BukoHaHHIO BuUMoOr IMO, BiakpuBaroun
JIOCTYTI IO €KOJIOTIYHUX TPaHTiB [1]

PeryasitopHi 00MeKeHH: [Mocunenns
MIXXHAPOJHUX CTAHAAPTIB 100 BUKOPUCTAHHS
0e3ApOTOBUX TEXHOJOTIH y CyOHOILIABCTBI
MOYKE YCKJIaIHUTH BIIPOBAKCHHS CUCTEMHU

3acrocyBannst B iHmmx  ramyssx:  JlocBin
BIIPOBA/DKCHHSI CUCTEMH MOXe OyTH aJanTOBaHWH s
IHIMUX THITIB JBUTYHIB a00 IPOMHCIOBHUX 00’ €KTIB,
PO3MINPIOIOYN PUHOK TEXHOMIOTI] [3]

Konxypenuis 3 aJIbTEPHATUBHUMH
TexHoJorismMu: PO3BHUTOK IHINMX METOIIB
MOHITOPUHTY (HAPUKIIAJ, MPOBOJOBUX CHCTEM
abo loT-mnardpopm) Moke 3HH3UTH IONUT HA

3aIpOIIOHOBaHEe PillICHHS

PozButox SG-texHogoriii: Bukopucranus 5G ans
MBUANIOI Ta HaNifHIMO! mepegadi JaHUX MOXe
MiJBUIINTH €(PEeKTUBHICTh CUCTEMH B MailOyTHEOMY [2]

Exonomiuni pusuku: 3MiHm B TioOanbHii
EKOHOMIIl MOXYTh OOMEXHUTH (hiHAHCYBaHHS
JUISL MOJIEPHI3aIlii CYTHOBUX CHUCTEM

[Tpoenennit SWOT-anami3 neMOHCTPY€, IO CHUIIBHI CTOPOHH Ta MOXJIMBOCTI CHUCTEMHU
3HAYHO TEPEBAXKAIOTh i1 c1a0Ki CTOPOHM Ta MOTEHIiIHI 3arpo3u. KimouoBumu (akropamu ycmixy €
TeXHIYHa €(EKTUBHICTh, CKOHOMIYHA JOIUIBHICT, Ta BIAMOBIIHICTh EKOJOTIYHUM BHMOTaM.
Bonnowac u1st yCHiIHOTro BIPOBAHKEHHSI HEOOXiJHO BpaxOBYBaTH MOTpedy B HaBUYAHHI MEPCOHATY
[6], 3a0e3meueHHi kibepOe3neku [S5] Ta aganTarii 10 cnenu@iuHUX YMOB eKCIUTyaTallli pi3sHUX THITIB
CYJIEH.

BucnoBku. IlpoBeneHe MOCTIIKEHHS MATBEPANUIO aKTYalbHICTh 1 IEPCHEKTHBHICTH
3aCTOCYBaHHA O€3pOTOBUX TEXHOJOTIH y CHCTeMax MOHITOPHHTY Ta YMPAaBIiHHSA CyJIHOBHMHU
TU3EIbHUMH  €HepreTUYHUMH ycTaHOBKaMu. OTpuMaHI HayKOBI pe3ylbTaTH J03BOJSIOTH
c(hOpMyITFOBaTH HACTYTTHI OCHOBHI BUCHOBKH:

BceranoBieHo onTuUManbHI TapaMeTpH eKCIUTyartallii CyJHOBHX JAM3EIIbHUX YCTaHOBOK:
eKCIEPUMEHTAIBHO MiATBEPPKEHO, 10 TEMIEepaTypHUN iala30H OXOJOKYyBaIbHOI pianHu 80—
95°C 3abe3neuye MaKCUMaJIbHY TEpPMOJIMHAMIYHY €()EeKTUBHICTh JBUTYHA, IPU I[bOMY TeMIIepaTypu
Hwkdye 80°C mpu3BOAATH 10 3pOCTaHHS MEXaHIYHMX BHUTpaT Ha 8§—12%, a mepesumeHas 95°C
CIpUYHUHSE AeTpajiallilo MajluBa Ta CKOPOUeHHs pecypcy nBuryHa Ha 15-20%. Kputuunoro Mexero
Bu3HaueHo Temmeparypy 100°C, mepeBUIICHHS SKOI BUKIMKae HeOe3NmeyHi TepMivHi nedopmartii
KOMITOHEHTIB.

OOrpyHTOBaHO KPWUTHYHI 3HAYEHHS THCKY B CHCTEMi OXOJOJDKEHHS: IOBEICHO, IO
MiITPpUMaHHSA TUCKY B Mexax 1,5-2,5 Gapa € HeoOXiTHOI YMOBOK s €(hEeKTUBHOI IUPKYJISIIT
OXOJIO/DKyBaua. 3HW)KEHHS THCKY HIK4e 1,5 Gapa mpu3BOIAWTH 10 MOPYLICHHS TEIIOOOMIiHY Ta
JIOKaJIBbHUX TEePerpiBiB, TOAl SAK ITIBUINCHHS TMOHAM 2,5 0apa CTBOPIOE PU3HMK PO3PHBIB 3’€THAHD 1
BTPATH T€PMETUIHOCTI CHCTEMHU.

Po3pobiieno Ta BUnpoOyBaHO apXiTeKTypy 0€31pOTOBOI CHCTEMH MOHITOPHHTY 3 TOYHICTIO
BuMiptoBanHss Temreparypu +0,5°C Tta tucky +0,1 Oapa, mo 3abe3nedye HaaiiiHHN KOHTPOJIb
KpUTHYHUX TMapameTpiB y peanpHoMy uaci. Cuctema 0a3yeTbcs Ha MOMAYJIBHHX TNPUCTPOSX 3
BukopuctanHsM TexHonorii Wi-Fi ta PROFINET, mo mo3Boisie poO3MIIyBaTH JaTYUKU Y
Ba)XKOJIOCTYITHUX 30HAX MAIIMHHOTO BiJITiICHHS.

JloBeZleHO eKOHOMIYHY €()eKTUBHICThH BITPOBAKCHHS CHCTEMH: CTATUCTHYHUHN aHAJ3 JTaHUX
MOHITOPHHTY JIO3BOJIUB pealli3yBaTy MPUHIUI MPEAUKTUBHOTO TEXHIYHOTO OOCIyrOBYBaHHS, IIO
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3a0e3neumio CKopodeHHsT mpocToiB Ha 10—15% Ta momoBkeHHS TepMiHYy CITy>KOM 0oOJaTHaHHS Ha
20-25% mopiBHSAHO 3 TPAAUIIHHUM IJIAHOBO-TIONEPEIKYBATLHUAM M1 IXO0I0M.

[TigTBep/HKEHO EKOJIOTIUHI MEepeBard CUCTEMH: ONTHMI3allis TEIUIOBOTO PEXHMY JBHTYHA
IpU3Besa 10 3HIKEHHS MTUTOMOI BUTpaTH MajuBa Ha 5—7% Ta 3MeHmeHHs BukuaiB CO: Ha 4-6%,
IO BiATOBiZa€ Cyd4acHUM BHUMOraM MixkHapoaHoi Mopckkoi opranizanii (IMO) mono 3MeHIeH s
€KOJIOT1YHOTO BILJIMBY CY/JHOIUIaBCTBA.

CrtBopeHo ¢yHKIIoOHaNBEHUHN BeO-iHTEepdelic Ha 06a31 HTML 5 3 BukopucranHaM KOHTpoJjepa
PLCnext Control AXC F 2152, mo 3a0e3meuye OUCTaHIIIfHE YHpaBIiHHS CHUCTEMOIO uepe3
MoOUTRHI TipucTpoi Ta IIK, Brimrowarounm BukoHanHs komaHp «I[lyck/Ctom» Ta BiJCTEKEHHS BCIX
KPUTUYHHX ITapaMeTpiB HA €IMHOMY €KpaHi.

OOrpyHTOBaHO MOXJIMBICTh MAacIITaOyBaHHS Ta IHTErparii: HiATBEPPKEHO, 10 MOJyJIbHA
apxiTeKTypa CUCTEMHU J03BOJIS€ 11 ajanTalliio A PI3HUX THUIIB CYJHOBUX JIU3EIbHUX YCTAaHOBOK
Ta IHTerpamip0 3 IHIMMH  OOpTOBUMH  1H(QOpPMALIMHMMM  MiJicUCTeMamMu  (cHCTEMU
C€HEeprOMEHE/DKMEHTY, HaBiraliiiHi KOMIUIEKCH) JUIsl CTBOPEHHS €IWHOro iH(opmariitHoro
MIPOCTOPY Cy/HA.

IIpoBeneno crpareriunuii ananiz BrnpoBapkeHHs: SWOT-aHani3 mpoaeMOHCTpYBaB, IO
CWJIbHI CTOPOHHM Ta MOXJIMBOCTI cucTeMu (Oe3nepepBHUN MOHITOPUHI, €HEProe(eKTUBHICTb,
BIJIIIOBITHICTh €KOJIOTIYHHUM CTaHAapTaM) 3HAYHO MEPEeBa)KalOTh ClIa0Ki CTOPOHM Ta 3arpo3u, II0
MIATBEPIKYE NEPCIEKTUBHICTD HIMPOKOTO BIPOBAPKEHHS TEXHOJIOT1].

Takum uymMHOM, poO3pobieHa 0e3ApoTOBa CHCTEMa MOHITOPUHIY CYAHOBHX JIU3EIbHUX
YCTAaHOBOK 3a0e31medy€e HayKOBO OOTpyHTOBaHE MIABUIIEHHS OMEPATUBHOCTI 00poOKM iH(OopMaii,
3HWKEHHS eKCIUTyaTallifHUX BUTpPAT, IOKpAIEHHS KepOBaHOCTI Ta O€3MeKu CyAHOBHX
€HePreTUYHUX yCTaHOBOK. OTpHMaHI pe3yibTaTH CTBOPIOIOTH HAYKOBY OCHOBY IJISi IIHPOKOTO
BIIPOBAPKEHHsI 0€3IpOTOBUX TEXHOJIOTIH y CYJHOIIABCTBI Ta MOXKYTh OyTH aJanToBaHi JUIs 1HIIHX
MIPOMHUCIIOBHX 3aCTOCYBaHb, IO MIATBEPUKYE TX TEOPETHUHY Ta MPAKTHYHY 3HAUYIIICTh.

IlepciekTHBH MOAAJBLIIMX AOCTiKeHb. PO3BUTOK O€3ApOTOBUX CHUCTEM MOHITOPUHTY
CYIHOBUX JU3ENiB MOTpeOye KOMIUIEKCHOTO MiJXOAY /0 BHPIMICHHS DALY HAyKOBO-TEXHIYHUX
3aBJaHb, KI BA3HAYAIOTh CTPATET1YHI HAMPSIMH TOAIBIINX JOCIIKEHb Y i Tamy3i.

[IpiopuTeTHUM HaAmMpsSMOM € BIPOBAKEHHS CYYaCHUX METOJIB INTYYHOTO IHTEIEKTY IS
MIIBUINIECHHS e()EeKTUBHOCTI OOpOOKHM Ta iHTEepmpeTalii TeIeMETPUYHHX JaHWX. BHUKOpHCTaHHS
QITOPUTMIB MAIIMHHOTO HABYaHHA Ta HEYITKOI JIOTIKH JO3BOJHUTH CTBOPUTH 1HTEIEKTyallbHi
CHCTEMH aBTOMATHYHOIO BHSBJICHHS aHOMaliid y poOOTI ABHIYHa, IO 3a0€3MEeYUTh CBOE€YACHE
MOTIEPE/KEHHS PO MOTEHI[iIHI BIIMOBU Ta ONTHUMI3AIlil0 PEKUMIB eKCIUTyaTallii 3 ypaxyBaHHIM
MMOTOYHOTO TEXHIYHOTO CTaHy OOJIalHaHHA. Takuid MiaXia CIPUATAME TIEPEXOy BiJl TPAJAUIIHHOTO
TUTAHOBO-TIONIEPEPKYBAILHOTO OOCIYTOBYBaHHsS /0 CTpaTerii oOCIyroByBaHHS 3a (pakTHIHMM
CTaHOM, III0 3HAYHO ITiIBUIINTH CKOHOMIYHY €()eKTHUBHICTh €KCIUTyaTallii cy/Ha.

Po3mmpenHss AiarHOCTHYHUX MOXIMBOCTEH CHCTEMH BHMAarae iHTerparii J0JaTKOBHX
CEHCOpPIB UII MOHITOPMHTY KPUTHYHO BXKJIWUBHUX TIapaMeTpiB, BKJIIOYAOUM BiOpalliiiHi
XapaKTePUCTHKH, MMOKa3HUKU THCKY B Pi3HUX KOHTYpax, BUTpATy MalluBa, CKJIAJ BiANpPabOBaHUX
ra3iB Ta 1HIII MapaMeTpH, L0 XapaKTepU3yrTh TEXHIYHMHA cTaH ABUryHa. KoMmmekcHui aHami3
PO3IIMPEHOTO CIIEKTpa TMapaMeTpiB 3a0e3MeYnTh OUTHII TOYHY JIarHOCTHUKY Ta MPOTHO3YBAHHS
TEXHIYHOTO CTaHy OOJIaJHaHHS, 110 0COOJIMBO BAXKIMBO AJIs 3a0€3MeueHHs 0e3MeKH MOpEeIlIaBaHHs
B YMOBaX aBTOHOMHO{ eKCIUTyaTallii Cy/IHa.

Kputnunoro 3HaueHHs HaOyBarOTh NMUTAHHSA 3a0e3leueHHs Kibep3axucTy O0e31pOTOBHX
cucreM nepenadi nanux. Crernudika MOPCHKOTO CepeIOBUINa, /1€ CYTHO MOXE 3HAXOIUTHCS 1032
30HOI0 HAJIITHOrO KOHTPOJIO OeperoBux Ciyxk O, CTBOPIOE 0JATKOBI PU3MKH HECAHKI[IOHOBAHOI'O
BTpy4aHHS B iH(popmariifHi cuctemu. Po3poOka HamifHMX TPOTOKOJNIB IMU(PPYBaHHA JaHHX,
METO/iB ayTeHTHU(IKaIlli KOPUCTYBaYiB Ta 3aXUCTY BiJl KibepaTak € HEOOX1THOK YMOBO 0e3meyHOl
eKCIUTyaTallii TAKMX CHCTEM Y MOPCHKHX YMOBAX.

[HTerparis po3po6OBaHMX CUCTEM MOHITOPUHTY 3 HAsBHUMH CyJIHOBUMU iH(pOpMaIliiHO-
KEPYIOUMMH KOMIUIEKCAMU CTAHOBHUTH OKPEMHUI HAmpsiM JIOCIiIKeHb. BUKOpHCTaHHS BIAKPUTHX
IIPOMHCIIOBUX HPOTOKOJIIB 3B’S3KY JIO3BOJUTH 3a0€3MEeYUTH CYMICHICTh 3 PI3HUMHU THUIAMHU
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O0opToBOrO OOJamHAHHS Ta CTBOPUTH €IMHY IHPPOBY eKocucreMy cyaHa. Lle cmpusitume
MiABUILEHHIO 3arajbHOI €(QEeKTHBHOCTI YIPABIIHHA CYJHOM Ta CTBOPEHHIO IEpeayMOB JUis
BIIPOBAIKEHHS KOHIIETILI{ «PO3YMHOT'0» CyJIHA.

3aBepluaibHUM €TaroM JOCHIPKEHb Ma€ CTaTU MPOBEACHHS KOMIUIEKCHUX BMIIPOOYBaHb
PO3po0IIeHOT CHCTEMH B pealbHUX yMOBaX MOPCBKOi ekcruryatarii. TecTyBaHHS B yMOBax pewucy
JI03BOJIUTH OLIHUTHU HAJIHHICTh CHCTEMHU, TOYHICTh BUMIPIOBaHb, IIBUAKICTh pearyBaHHS HA 3MiHY
napaMeTpiB Ta 3arajbHy €QEeKTUBHICTh (YHKLIOHYBaHHS B YyMOBaX BIUIUBY MOPCHKOIO
cepenoBuila. Pe3ynpTat eKcIulyaTalliiHUX BHUIIPOOYBaHb CTaHYThb OCHOBOKO i (DOpMYBaHHS
TEXHIYHUX BHMMOI' JO0 CEepiMHMX 3pa3KiB O0O0JagHaHHS Ta PO3POOKH PEKOMEHJAIN Mmoa0 ix
BIIPOBAPKEHHs Ha (UIOTI 3 ypaxyBaHHIM BUMOT MDKHAPOAHUX CTAHAAPTIB MOPCHKOI rairysi.

Peanizawis 3a3HaueHUX HAOPSMIB JIOCHIKEHb 3a0€3M€YUTh CTBOPEHHSI KOMILJIEKCHOI
CHUCTEMH MOHITOPUHIY CyJHOBHMX JM3€TiB, IIO BIAMOBIJATUME CYYaCHUM BHMOIaM [0 Oe3MeKd
MOpEIIaBaHHs, €KOHOMIYHOI €()eKTUBHOCTI €KCIUTyaTalli Ta €KOJIOTIYHUX CTAaHJapTiB MOPCHKOI
1HAYCTpIl.
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Nikolskyi V. V., Slobodyanyuk M. V., Levinskyi M. V., Nikolskyi M. V. OPTIMIZATION OF THE
OPERATION OF MARINE DIESEL ENGINES USING WIRELESS MONITORING SYSTEMS

The subject of this research involves the development and integration of wireless monitoring systems designed
to enhance the operational efficiency and reliability of ship diesel engines, with a particular focus on
emergency diesel generators such as the Kohler 50EOZD. The aim of the study is to assess the feasibility,
advantages, and limitations of implementing wireless technologies for real-time diagnostics and predictive
maintenance in the context of shipboard power systems.

The methodology is based on a comparative analysis of traditional wired monitoring systems and modern
wireless sensor networks (WSNs), as well as the modeling of engine operating parameters and failure modes
using simulation tools. The study also includes an empirical component based on the technical and operational
characteristics of the Kohler 50EOZD generator. Particular attention is given to the challenges of ensuring
signal integrity, data transmission reliability, and cyber-physical security in the harsh marine environment.
This research is relevant due to the growing complexity of naval power systems, the demand for autonomous
operation, and the global trend toward digitization of maintenance processes. The scientific novelty lies in the
proposed approach to integrating adaptive wireless systems for early fault detection, which can significantly
reduce downtime and maintenance costs.

The main results confirm that the use of wireless diagnostic systems allows for real-time condition monitoring
of critical engine parameters, improving fault detection accuracy and enabling data-driven maintenance
strategies. The practical significance of the study is the potential to apply these solutions in both military and
commercial maritime engineering sectors.

The conclusions emphasize the viability of wireless monitoring as a scalable and efficient tool for optimizing
the performance and serviceability of shipboard diesel engines.

Key words: diesel generator; smart technologies; remote control; wireless monitoring systems; automatic
control; integrated control systems.
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MATEMATHWYHI MOJEJI IMITAII BIABUTTS
JIYHA-CUTHAJIY PAJJAPA BIPTYAJIBHOI'O TPEHAXKEPA

IleTrpoBebkuii A. B., x.m.n., doyenm ragheopu cyonosodinns Xepconcokoi OepawcasHol
mopcvkoi  akademii, M. Xepcow, Vxkpaina, e-mail: andreyanybody@gmail.com,
ORCID: 0000-0002-3337-9577.

Jucmanyitine naguanms y 3akia0ax 6Uwjoi 0ceimu y CydacHux ymosax He Haode OOCMAMHbO NPAKMUYHUX
HABUYOK MaubymHim cyonoeodiam. Haaenicmv 10KaIbHO 8CMAHOBIEHUX MPEHAICEPIE BUMALAE NPUCYIMHOCTI
Kypcanma 6 ayoumopii, wjo 6 0esaxkux pezionax € nebesneunum. Takodic GHACTIOOK CKIAOHOCMI mpeHaicepis,
oonouacrne euxopucmannsa expanie ECDIS, RADAR, Conning display oocums cymmeso obmencye
MOACIUBOCII 3AKNAOY 8UUOI OCIMU Y NPUODAHHI XMAPHUX KOMIIEKCHUX MPEHAXHCEPI8 BHACTIOOK 8UCOKUX YiH
i oomedcenol nponosuyii. I1o6y0osa KomMniIeKCHUX mpeHaxcepis be3 gizuunol roxkanizayii Haoacmo Oe3neyni i
KOM@®OpmMHI yMO8U 0N HADYMMA HABUYOK pobomu Ha Hagieayiinomy micmky. Cmamms npuceaiena no6y0osi
MamemMamuuHux mooenel, NPUSHAYeHHAM AKUX € epagiuna imimayia 8i0bummsa JyHa-cueHany paoapa Ha
DYXOoMUX | HepyxomMux HA080OHUX 00 €kmax. 3anponoHosano memoo OUHAMIYHUX KYMOBUX MIHbOBUX
inmepeanie. Ilob6yoosa cuHycoidanbH020 NYHA-CUSHANY HA «sudumuxy ceemenmax (2D-gpacemax) namawnoi
(xonmyp Land Danger) doszeonsic gizyanizysamu JyHA-CUCHAL padapa 3 YPaxy8awHM 2eomempii HA08OOHUX
00 ’exmie. IIpu yvomy 30iiCHIOEMbCA 00 EOHAHHA CUHYCOLOANbHUX NPOQINI8 y 3a2anrbHUll padapHuil 8i02yK y
noaapuomy paodiyci. Haoano mooens ywixanvnoi mempuku «suoumocmiy 2D-gpacema 6 nonapromy cekmopi,
AKA 00paxo8yEmbCs ananimuyHo, a He nobydosana 6imoeolo mackorw. Jlozika OUHAMIYHO20 «HAKONUYEHHS
MiHI» — PO3UWUPEHH KYMOBUX MIHbOBUX [HMEPBANI8 Y YACi — € HOBOW pedni3ayicto KOHYenyii «OUHAMIUHO20

nepexpummsiy y ROAAPHIt 0bacmi 8i0 pyxomozo cyoHa-cnocmepieaia.
Knrouosi cnosa: ECDIS; RADAR; imimayis ayna-cuenany,; 2D-¢acem.

DOI: 10.33815/2313-4763.2025.1.30.092-101

Beryn. YV notouHux ymoBax AMCTAHLIMHOTO HaBUAHHS BEJNMKY yBary MnoTpiOHO MPUALIATH
came HaOyTTI0O KypCaHTaMu NpakTHUHUX HaBuuok pobotu 3 ECDIS, pagapom. Ockinbku naHi
MporpamMHi MOJYyJIi peali3oBaHi y TpEHaKEPHUX KOMIUIEKCaX, SKi (Di3UMYHO JIOKalli3oBaHi 0e3
MO>KJTUBOCTI BUKOPUCTAHHSI XMAapHUX TEXHOJOTIH JUIsi HaJaHHs BIpaB 1 iX pealisallii KypcaHTaMu
Ha BiacHuX IIK, 3aificHUTH KOHTPOJIb MPakTHYHUX 3HAHb JyXe Baxko. Ha manuii wac € nesiki
PO3pOOKK TPOrpaMHUX MPOAYKTIB, SAKI YaCTKOBO JIOMOBHIOOTH MokauBocti ECDIS Navi Sailor
4000 [1], a TakoX HaIAIOTh MEPCHEKTUBH TOOY0BU HE JIOKATI30BAHOTO TPEHAKEPA 3 MOMKIIMUBICTIO
MpaIfoBaTH Ha BIpTyallbHOMY panapi [2—4]. Onnak rpadivHa peamizallis iMiTaIlii ompoMiHIOBaHHS
JyHa—CUTHAJIOM pajJiapa BHKOPUCTOBYE METOAM OOpPOOKHM IWHAMIYHHX CIICH KOMIT IOTEPHOTO
MoaemtoBaHHA. [Ipu nbomy GOpMYyIOTECS YMOBH 10 MaTeMaTHYHUX MOJIEJeH: MBUAKICTH 00POOKH,
TOYHICTH 1 KOPEKTHICTh BiZIOOpa’keHHsI ONPOMIHIOBaHHS Ha BUAWMUX, BITHOCHO PyXOMOT'O Cy/JHa-
crocTepiraya, CTOpOHax IHIIUX HAJBOJIHUX 00’ €KTIB.

IMoctanoBka mnpodiaemu. [Ipu moOynoBi BipTyaJdbHOTO TpeHaXkepa iMmiTamii CyIHOBOTO
pazapa ciiJi BU3BHAYUTH BHUMOTH JI0 MaTeMaTUYHUX MojeNel, siki OyJqyTh BUKOPHCTOBYBATHUCS Y
nporpamMHoMy 3abe3neueHHi. J{Jis miackoro ekpaHna pajapa 10CTaTHBO TUIOIIUHH, 1110 Oyie CIPUSTH
aHaITHYHO OOYHMCIIIOBaTH BuUAMMICTh cermentiB jinii Land Danger (2D-dacer) i3 MeHmmMu
BuTpaTamMu. HeoOXiNHICTIO € YHUKHEHHS CKJIAQIHHUX CTPYKTYp IaHHUX, HATOMICTb BHUKOPHCTAHHS
MOJIAPHO KOOPJAWHATHOI CUCTEMHM W KyTOBHX IHTEpBaJIiB, IO JO3BOJISE JUHAMIYHO OHOBIIOBATU
BUJMMICTh TPOCTUMH OOYHMCICHHAMHU. TakoXX KyTH HampsiMy TPOMEHIB NpPHU TPACHPOBIN st
BU3HAYCHHS BUAMMHUX 2D-dacer NOBWHHI aHANITUYHO OHOBIIOBATHCS TIPH pycCl CyaHa-
criocrepirada, 0e3 mepeOynoBH CTPYKTYp MAaHMX. JlOZaTKOBO MOJENh TMOBUHHA aHAJIITHUYHO
BpaxoBYBaTH He JinIIe (DaKT MepeTHHY, aje i cTymiHb «BuaumMocTi» 2D-dacera B monspHil obacti
OTJIsIy, IO Jae 3Mory (OpMyBaTH TOYHINI JyHA-CUTHAIW. Po3poOiieHWi miaxin HE TOBHHEH
3aJIe’KaTH BiJ] armapaTHOl TIOPUAHOCTI, CIEIU(pIYHOCTI Ta MATH MOXKJIMBICTh OYTH peali3oBaHUM Ha
Oyap-sikiil Tuiatdopmi, 30epiraroun TOYHICTH MOZEIIOBAHHS Yepe3 T€OMETPHUHY MapaMeTpU3allilo.
Mopnens moBuHHa OyTH 3[aTHOIO MPAIIOBaTH 3 JOBLUIBHOIO JaMaHOIO a0o0 Oyroro (HampuKiIa,
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BHIMMA YaCTHUHA CYHA-IIUII y BUTJISAL IyTH), IO OMUCYE IUTh (HAIPHUKIIA, K Koo Bix mim ARPA
npu Bimobpaxenni Ha SENC kapti ECDIS).

AHaJi3 nocaigxkens i myoaikamii. [Ipu mocmimkenni crpykrypu ENC xapt [5] Oyno
BCTAHOBJICHO, 110 BCi momironu o6’extiB Tumy Land Danger rpadiuHo moOymoBaHi y BHTIJISIII
2D-cnnaitniB, mo y OUIBIIOCTI TOCIiKEHb, TPUCBIYCHNX ONTUMI3aIii rpadigHOrO BimoOpaskeHHs
ckiaaHoi iHdopmarii, Bu3HayaeThes sk 2D-acetn. Anami3 ocTaHHIX myOuiKalliii, MOB’A3aHUX 13
BIIOOPOKEHHSIM BHJIMMHUX YaCTHH TE€OMETPUYHUX OO’ €KTIB BIIHOCHO 00’ €KTa-TOCIITHHKA,
TPAaCUPOBKOIO IPOMEHIB, IIBUKICTIO IPOPUCOBKH 00’ €KTIB MOKa3aB HEOIHO3HAYHICTh BUOOPY TOrO
YW IHOIOTO MeETOoAy TpadiuHoi peamizamii. Y poboti [6] mocmimkeno GPU-tpacyBanHS Yy
JUHAMIYHUX CIIeHaX, M0 OJNM3bKO N0 3amadi BU3HA4YeHHS BuauMocTi 2D-¢aceriB Bim pyxomoro
Cy/JHa-CIIOCTEpiradya 1, TaKOX, PO3TIISAAETHCS TOTpeda IIBHUAKOTO OHOBJICHHS «CIICHWY», ajie
peainizoBaHo 1€ B 3D-KOHTEKCTI. Y HasBHOCTI: MaAiHHSA NMPOJYKTUBHOCTI IPU BEJHKIN KUIBKOCTI
00’€KTIB 1 X MepeKpUTTsAX. Y cTarTi [7] 3ampormoHOBAHO OMNTHMI3AIil0 0a30BHX OOYHCIICHb
NEPETUHY TMPOMEHS 3 TPUKYTHUKOM, IO € (yHIAMEHTAIbHOIO OIepalli€lo MpHu TpacyBaHHi. Llel
MPUHLIMIT MOX€E OYTH YaCTKOBO 3aCTOCOBHUU 10 MEPEBIPKU MEPETUHY MPOMEHs 3 Biapizkamu y 2D,
aJie BiH HE BPaXOBY€ YaCTKOBY BUJUMICTb 1 HE MIATPUMY€ETHCS poOOTa B TUHAMIYHUX CclieHax. Y [8]
PO3IIIAIAETbCS METO/I IPUCKOPEHHS TpacyBaHHS 13 nepe0aduyBaHUM OLIIHIOBaHHIM BUAUMOCTI. Lle
CTOCY€ThCSI BUBHAUEHHSI BHUJIUMMHUX cerMeHTiB 00’ekTiB Land Danger, ane anroputm He BpaxoBYe
QUHAMIYHy 3MiHy CHeHM abo po3paxyHOK uacTkoBoi Buaumocti. Crarts [9] mnporonye
TpacyBaJIbHUM alIrOpUTM HA OCHOBI TiOpUIHOI CTPYKTYpH 3 YacTKOBUM OHOBIIEHHAM. Jlns
MOBHICTIO TUHAMIYHOTO CEpPEOBUIIA — Yac 0OpOOKHU 3pOCTaE MpH 3MiHI reoMeTpii. 3amponoHOBaHa
aJlaliTUBHA CTPYKTypa AJs TpacyBaHHA B ekpaHHoMy npoctopi [10] moOpe mpairoe B 3amadax
pEHIEpUHTY, aje He MpHIaTHAa IS pPEaJIbHOTO MOJENIOBAHHS TPAEKTOpid ab0 poO3paxyHKY
pazapHoro mnpo¢uIo, OCKUIBKM HE BPAaxOBYE peajbHOI IeOMeTpii CIEHH B KOOPAMHATHOMY
npocropi, Junie ii npoekuito. Y [11] onucyeTbes iTepaTUBHUM MIAXIJ 10 BHUSBICHHS KOJNi3id Ha
GPU. lle yacTkoBO cxo0Xke Ha mepeBipKy BuaumocTi 2D-dacer, ane peanizoBaHo uepe3 0OXis.
ITepaTuBHICT, BUMAarae JOJAaTKOBUX pECYpCiB 1 Ham’ATi NPH BEIMKIH KIIBKOCTI 00'€KTIB.
OnucyeTscs MiAX1A 10 TpacyBaHHS ClLieH 3 AeOopMOBaHUMH 00’ €KTaMH HUIIXOM OoHOBiIeHHS BVH-
crpykrypu (Bounding Volume Hierarchies) y [12]. Lle moxe cTocyBaThcCsi 3ajadi BpaxyBaHHS
TUHAMIKKA TIOJIOKEHHS CIlocTepiraya, Hampukiad, CyJHA, OJHAK peani3oBaHO uepe3 CKIaJHi
MIPOCTOPOBI CTPYKTYpH, TOMY OHOBJICHHS BVH moTpeOye 3Ha4HNX 00YNCITIOBAILHUX PECYPCIB 1 HE
3aBkIu e(eKkTHBHEe TpU MOCTiHHIN 3MiHI reometpii. ['eomerpis Land Danger, BinHOCHO cyaHa,
MOKE€ JIOCHTPH IIBUKO 3MIHIOBATHCH BHACIIJOK Oyab-sIKOi 3MiHU KypcCy/mBHAKOCTI cyana. Y [13]
BHUCBITJICHO edekTuBHy moOynoBy BVH mis TpacyBanHs y peanbHOMY 4aci. Xoda LW Miaxina
MIPUCKOPIOE POOOTY 3 BEIMKUMHU CIIEHAMH, BiH BCE OJHO 3aJMIIAETHCS TPOMIZIKAM: BHCOKE
HaBaHTKECHHS HAa PECYpCH MPH YaCTOMY OHOBIICHHI iepapxiid. 3micT [14] BimoOpaxae po3polieHy
riopunny CPU-GPU apxitektypy, 10 J03BOJISIE TPacyBaTH CIICHU 3 aHIMAIlI€l0 B pealbHOMY Yaci.
Skmo Moxaenb 3acToCyBaTH JUIA iMiTallli pamapa, TO 1€ MoKe OyTH BHKOPHUCTAHO JUIsl 3MIHH
MOJIOKEHHS CyJIHA-CIIOCTepiraya, aje TeXHIYHO MOJENbh peasli3oBaHO Yepe3 CKIaIHy amapaTHy
B3aEMOJIIFO: HeoOXigHa cuHXpoHi3alis obunciaens Ha CPU 1 GPU, mo ycknaaHioe peamizamiio y
KOMIIAKTHUX TpeHaxkepax. Y [15] posrmsmaerbes TpacyBanus SAR-Biaryky (Synthetic Aperture
Radar) Ha 0a3i RTX-apxiTekTypu: iMiTallis CHTHaldy pajaapa, ajie peai3allisi BUKOHYEThCS B
3D-cuienax 1 moTpeOye crmenudigyHOro amapatHoro 3abe3medyeHHs, TOOTO BiJCYTHICThH
yHiBepcanbHOCTi peamzamii. Merogx SBR (Shooting and Bouncing Rays) [16] wmoaentoe
Oararopa3oBe BIIOWTTS B €JEKTPOMAr”HiTHoMy cepefoBuii. lle € 3araJbHUM MAXOJOM JO
CUMYIJIAIIIT, aje BiH HEMPHUAATHUN 10 3a7ad MBUIKOTO (HOPMYBaHHS OJHOBIIOUTOTO pPaapHOTO
curHay 1 He amanToBaHuii no 2D-cuen. Jlocmimkenns [17] HagaroTh MAXia 10 HaBYAHHS
po3scitoBanHs SAR-curHaiiB Ha OCHOBI AM(epeHiioBaHOTO TpacyBaHHs. MeToa CKiaaHuil, aie
LIKaBUi 7151 3a7a4 TTMOOKOro Mo/ientoBaHHA. Ha »aib, y HassBHOCTI BUCOKI BUMOTH JI0 PECYpPCIB Ta
HAaBYAJIBHOTO J[aTaceTy Ta HE MJXOIUTh Ui peanbHoro dacy. ABtopu [18] 3acTOCOBYIOTH
TpacyBaHHs Uit MojentoBaHHs SAR-BIITYKy B reoMeTpii JanbHicTb-a3uMyT. Llei minxia mpaiioe B
00MEXEHUX YMOBax i HE MPUCTOCOBAHMUN JIO MOBUIBHUX CKIAJAHUX (POPM — IIXOAMUTH JIHMIIE IS
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npoctux 00'ekTiB. Y poOoti [19] mociimkeHo TpacyBaHHS 3 ypaxyBaHHSM TOYHOCTI TeOMETpil.
CunpHa CTOpOHa — BHCOKa TOYHICTH. BTim, meil merox ctBopenmii mist 3D-rpadiku, Tomi sk
imiTamis pagapa minanyerbess 2D. OOMeXeHHSM pe3yNbTaTiB JOCHIDKEHb € OO0YHCIIOBAIbHA
CKJIaJIHICTb 1 BIACYTHICTb ailanTauii 0 NOJISIpHOI KOOPAWHATHOT CUCTEMH, 1110 IPUTaMaHHa pajiapy.

AHami3 J0CTIDKEHb TOKa3aB, IO OUIBIIICTH PO3POOJICHUX anropuTMmiB mpaioe 3 3D
¢daceramu, y TOW uac, konu moTpiOHa monens i 2D-dacera, mo mae 3MOry CHOpPOCTUTH
pPO3paxyHKH; METOAU HE aJanToBaHl MiJ MOJSIPHI KOOPJIMHATH; OKpPIM IEPEBIPKU MEPETHHIB
MIPOMEHIB JUIs BU3HaYeHHs1 BUuAMMOcTi 2D-(aceT noTpibHe MojenoBaHHs iMiTalliil JIyHa-CUTHAILY Ha
BUIUMHEX (DaceTax mij BiAMOBITHAM KyTOM, YOTO TE€X HEMAE Yy CYJaCHUX PO3pPOOKax.

Metow craTTi € po3poOka MaTeMaTHUYHUX Mojenel rpadiuHoro ysBIEHHsS IMiTallii
B1IOMTKA OMPOMIHIOBaHHS CyJHOM-CIIOCTEPIraueM HaJBOIHUX PYXOMUX/HEPYXOMHUX 00’ €KTIB.

O0’exTOM J0CTiTKeHHS € TpadiuHe YSBICHHS IMITOBAHOTO CUI'HAJY ONPOMIHIOBAHHS BiJ
BUJUMHUX YaCTHMH HAJBOJHUX PYXOMHX/HEPYXOMUX OO0’€KTIB BIAHOCHO CyJHa-/DKepelna
OTPOMIHIOBaHHSI.

3agaui gociigakeHHsA: po3poOKa METOJUKM BHU3HAYEHHS BUAMMHX KOHTYPIB HOBEPXOHb
tuny Land Danger ta MeTony AMHaMiYHUX KyTOBHUX TIHBOBUX IHTEpBAIiB JUIA iMiTallil BiaOWTKa
ONPOMIHIOBAHHSI PyXOMUX/HEPYXOMUX HAJBOJHUX 00’ €KTIB IPU PyCl CyJHa-cIIoCTepiraya.

MeTtoau nociizKeHHs:

— METOJ| MEpeBIPKM MEpPeTUHY IpOoMeHs 3 OO0'€KTaMM CLEHM, L0 3aCTOCOBAHO IS
BU3HAYCHHS BUIUMOCTI KoskHOTO 2D-(hacera mamaHnoi;

— METOJI PO3paxyHKy BHIMMHX 1 €KPaHOBAHMX KYTOBUX IHTEPBAJiB MIX CIIOCTepiradem i
00'ekTamu (€ OCHOBOIO IS MOOYI0BU MAacKH TIHEH Ta BUAUMOCTI B TIOJIIPHUX KOOPIMHATAX ),

— IapaMeTpuyYHe 3a/laHHs BiApi3Ka (BUKOPHCTOBYETbCS AJISI CTBOPEHHS Y3J0BXK KOXHOI'O
2D-dacera BiANOBIAHOT TpaeKTOPIi);

— CHHYyCOiIalbHa MOJIYJISIIS HAa T€OMETPUYHUX 00’ €KTaxX (BUKOPUCTOBYETHCS SIK IMITALlis
pazapHOro JIyHa-CUTHAJIy Y BUTJIAAI CHHYCOIAM, HakiajeHol Ha Buaumi 2D-dacern namanoi miHii
abo ayru;

— oOuncneHHs HopMmaii B 2D nms moOyZ0BH HampsMKY BiIOMTTS CUTHATY Ta Bizyasizarii
aMIUTITYIM CHHYCOIZl y IEPIICHANKYIAPHOMY 710 peOpa HampsIMKYy;

— METOJ] BHM3HAYEHHS YaCTKOBOi BHAMMOCTI dYepe3 CIIBBITHONICHHS KYTiB — JUIs
BU3HAYEHHS CcTyrneHs BUAUMOCTI 2D-¢acera Ha OCHOBI CHiBBiAHOIIEHHS TEPETHHY TIHBOBOTO
iHTEepBay 3 iHTepBaiioM 2D-dacera;

— Bi3yaui3ailis y MOJIIpHii CUCTeMi KOOPIUHAT;

— METOJ TEepPEeBipKH BKJIIOYCHHSI OJHOTO IHTEPBAy B IHIIUH y KyTOBOMY TPOCTOpPI JUIs
BHU3HAYCHHS TIEPEKPHTTS;

— JMHaMIYHE OHOBJICHHS 30HU «TiHEW» (715 TOOYyA0BM MacHBY TiHBOBHX IHTEPBAJIiB y yaci
MIpH pycCi CyAHa-CIIocTepiraya;

— wMetonq Ray-Edge Intersection in 2D Geometry BHUKOpHUCTOBYBAaBCS SIK OCHOBA ISt
00YHCIIEHHS! IPOMEHEBUX MEPETHHIB 13 JIAMAHOIO.

OcHoBHA yacTuHA. [IpOMIOHYETHCS aNTOPUTM BU3HAUEHHS BUAMMHUX KOHTYPIB MOBEPXOHb
tuny Land Danger mis imitamii BigOWUTTS ONPOMIHIOBAHHS PYXOMHX/HEPYXOMHUX HaJBOIHHX
00’€KTIB IPH PycCi CyAHA-CIIOCTepiraya.

1. TpacupoBKa IpPOMEHIB.

—

Bin koxnoi Bepmmuu P; mamanoi L = [Py, Py, ..., P,] mpoBoautecsi mpomine R; = OP,
(me T.O € mo3wuIiero cyaHa-criocTepiraya).

Ins  koxuoro pebpa (2D-dacer) E; = [Q,B] 3nificHIOETHCA IEpeBipKa: YW MOKHA
«mmobauntn» BepmnHU Q Ta B i3 Touku crocTepexeHHs (CynHO), TOOTO UM HEMae MepeTHHaHb
npoMmeHiB 3 iHmmMMEu 2D-daceramu? ko oOuaBi BepmHu pedpa € ekpaHoBaHUMH, 1ieit 2D-dacer
HE MOXXHa «1100auuTh», TOMY, Hajxam, Ha Takuil 2D-dacer He moTpiOHO HaAaBaTH CHHYCOIAM IS
iMiTaIii BiIOUTTS TyHA-CUTHAITY pajiapy.
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2. Omepariist HOpMai3aiii.
Jliis KoskHOTO pebpa E; po3paxoByeThest HopMaib 1,. Kyt mixk 7, Ta Bekropom OP,:

Il + |oF || -

IMpu upomy, sikmio cos(6;) < 0, o manuii 2D-hacer 1aMaHOT «HEBUIUMHID).

3. HaknaganHs TiIHBOBOI MAacKH y MOJSPHUX KOOPAUHATAX.

[Ipoctip kxyTiB [0;27] po3mOAINAE€TbCS HAa MUCKPETHI CEKTOpHU. [l KOXHOTrO CeKTopa
BU3HAYa€eThCs HaOmmxumii 2D-¢acer, mepernytuii npomenem. 2D-dacetm 3a mnepmum
MEPETUHOM BBAXXAIOTHCS «HEBUIUMUMMY.

4. Haknmaganss cuHycoinu Ha «Bugumi» 2D-dacern mamanoi.

Jlnst imitamii BigOUTTS JIyHa-CUTHAJIy pajapa BIOBXK KokHoro pedpa E; = [P;, P;, ] nmamanoi
L Oyayerbcs cuHycoimanbHUK Mpodiab, BEpUIMHU (aMIUTITYyJAH) SIKOrO OPI€HTOBAHI 110 CyaHA-
criocTepiraya. BenuuuHa aMIuniTy 1u 3aJI€XKHUTh BiJl FEOMETPUYHOT «BuaAMMOCTI» 2D-dacera.

Hexaii S € [0; 1] — mapamerp, BroBx 2D-dacera E;.

Toni E;(S) = (1 — S)P; + S * P;,; — mapamerpuzaris 2D-dacera.

I Hopmans 1o 2D-dacera:

cos(8;) = (1)

—>_(Pl-|'1_Pl)l

TP =Pl @)
Jlani noTpiOHO HaJaTH CUHYCOINaIbHY KPHBY BIIOBXK Binpizka (s € [0; 1]):
S;(s) = E;(s) + A; sin(2mks) xn, , (3)
ne A; — aMmIuniTyJa BiIOMTKA JyHA-CHUTHANY pajapy (iMiTallisi BETUYUMHU «IIyMy» JyHa-CHUTHAITY

pazapa);
K — KiJIbKICTh KOJIMBaHb CHHYCOIH BIOBX 2D-dacera.
Juis ¢isuunoro BimoOpakeHHs cuHycoinu: A; = aV; (o — MakcuMallbHa amIutityna; V; —
PO3paxyHKOBHI KOCOIIEHT «BUTUMOCTI»).
Toxi Mmosxe OyTH JeKiIbKa BapiaHTiB:
—skmo V; =1 (2D-¢acet NOBHICTIO «BUIUMHII);
— sxmo V; = 0 (2D-daceTr MOBHICTIO HEBUIUMHUIN»);
— skmio V; € (0;1) (2D-dacer 4acTKOBO «BUAUMHUIN»).
3aranbHUI JTyHa-CUTHAMT [T BCIX JUISHOK JaMaHOi:

R = | Jsi®  sepo]
: : (4)
l
5. Slkmio moBWHHA OyTH MPHUCYTHS MOMITKA CyIHA-LII, OyIy€Tbcs MaTeMaTHYHA MOJEIb
CHUHYCOITaJTbHOTO JIyHa-CUTHATY Ha «BUIUMIN» YacTHHI KoJa (TOMITKA CyaHA-IIT1) — ay3i.
[Tpumyctumo, 1m0 CyaHO-LIUIb Ha pajgapi OyJie iMiTyBaTHCA KOJIOM i3 pagiycoM R i3 nieHTpom
koma C(X,y), a cyano 3 pamapom (croctepirau) y toutti O(x,,,). Tomi, mis imitarii BigOUTTS
JyHa-CUTHAJIY pajapy CyJHa-crocTepiraya rnorpioHo moOymyBaTh KyTOBHM CEKTOp KoJja, SIKUH €
«BHIUMEM» 3 T.0O Ta TOOYyBaTH BIOBXK «BHIMMOI» YaCTHHH JIyTH KOJIa CHHYCOIy TAKHM YHHOM,
106 MakcuMallbH1 3HauYeHHs ii (amrutiTyaun) Oynu HampasieHi came Ha T.0.
JI1st 1IbOTO BU3HAYAIOTH TEOMETPII0 BUAMMOCTI YaCTHHHU AYTH KoJia: 13 30BHIMIHKOI T.O 10
KOJIa MOKHA TPOBECTH JIBI JJOTUYHI 1 TOJI KYTH MK BEKTOPOM CO i ZOTHYHMMY BU3HAYaTh MeXi
«BUIUMOCTI» ayrn koja. KyT HampsMmMKy Ha UeHTp: @ = arctg(yY. — ¥, X — X,) 1 KyTOBe

3MIIIEHHS JOTUYHUX
] R
6 = arcsin | ——————

ic — ol ()
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«Bunummit» cexrop: 6 € [¢, — 8,9, + &]. [loznaunmo 6; = @, —6 i 6, = ¢, + 6.
Toxi npu mpoBeAeHH] apameTpu3allii «BuauMoi» ayru 6 € [64, 0, ]:

y(0) = C + R * (cos8, sinb). (6)

Jlami OyayeThCcsi CHHYCOia Ha «BUAMMIM» YacTUHI IyTH, aMIUTITy/1a SKOI HalpaBJicHA 0
CyJIHa-CIIOCTepiraya, a mepiojl — BAOBXK Ayru. Bu3HayatoTh TaHTeHIIHHE 3MIIIICHHS AYTH.
Hexaii mapamerp nyru s € [0,1]:
9(5) = 61 + s * (92 - 01],
P(s) = C+ R * (cosB(s),sinb(s)).

Hopwmans 1o xona y micmi P(s):
— (P(s)-C)
ns)=——.
(s) lP(s)—Cl|
3MIIIeHHS TI0 CUHYCOIIi:

S(s) = P(s) + Asin(2mks) * 7. 7

ITicog miacraBiaeHHS:
S(s) = C + R * (cosO(s),sinbB(s)) + Asin(2rmks) * (cosO(s), sinb(s)).
Toni:
S(s) = C+ (R + Asin(2mks)) * (cosO(s), sinf(s)). (8)

Inma Mogeabp 0a3yerbcsi HAa MeTOAi JUHAMIYHMX KYTOBHUX TiHbOBHX IHTepBaJIiB
(mo3HavyeHHs HaJaH1 y MONEpeaHii Moiei).
Hexaii TpaexTopis cyiHa-crioctepiraya:

0(t) = (x(t),y(t)),
ge t—uac.
Toni B Oyab-sIKUiA Yac BiJICTaHb JJO HAJIBOJHOTO 00’ €KTa Oy1e pO3paxoByBaTHCH:

7O = 1P = 0()ll =G = x(O + G — YO ©

V MONSpHUX KOOpIMHATAX KYT: Hl.(t) = arctg(y; — y(@), x; — x(t)) Hi(t) € [-m;n] .
Taxox, koxxuuii 2D-dacer Ei namanoi L moxe Oyt HajjaHa y MOJISPHUX KOOPAUHATAX:

Agt) = [min(ei(t), 91-(?1 ), max(ei(t), 61.(?1 )], (10)
RL.(t) = min(n.(t),n.(ﬂ )

Jlani mpoBOAATH COPTYBaHHS BCiX JaHOK Ei 3a kpuTepiem 30UTbLICHHS paailyCy-AMCTaHIIIT
t . L .
Rl.( ), Ieit mpouec HEOOXiAHMH AN BU3HAUEHHS JIAHOK, L0 3aKpUBAIOTh 1HII. TakuM YHHOM

(bOpMYIOTBCSl «TIHBOBI» 30HM (HE IUTyTaTH 3 pealbHUMM TiIHBOBUMH 30HAMH pajiapa Ha CyJIHi, sKi
(OpMYIOTHCS 3aBISIKH MEPEIKOIaM paioCUTHAITY ATyOHUMH €JIEeMEHTaMH CyIHA):
0 @® (®)
58(0)’ 56(1)’ LEEN ] Ss(m_l)-
BU3HAYaOTh MHOKMHY 3aifHATHX KyToBux imTepmanmis S(), ne koxkeHn ememeHT — Iie
inrepBan [a; B] € [0; 2r] i sikuii BigmoBinae Bxe 3akputomy 2D-¢acery mamanof.

Hepaicuo, S = 0 i mpu poxomKerHi 10 KOKHOMY BigcopToBanomy 2D-hacery S <§2<):
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— SIKIIO BUKOHYIOTHCSI yMOBH S éa) NS=@ mpu VS €S®, 10 2D-dacer «BUAUMUID» i

Tomi Agt()k) noxarots 10 S©:

— 1nakme 2D-daceT € 4acTKOBO a00 MOBHICTIO CKPUTHM.

OcranHiil KpoK — TO0yJ0Ba AUHAMIKH.

Ockinbku cuctemMa (YHKLIOHYE AUCKPETHO (OTPUMYIOTHCA JaHi y pEeXHMI IMITallii He
Oe3mepepBHO, a y BH3HAYCHHI MOMEHTH 4Yacy, HAINPHUKIAJA, 4Yepe3 KiIbKa CEKyHJ, [0 MOKHA
IHTEepIpeTyBaTH, K MPOIICHE KOJIO JIyHa-CUTHAIOM Ha pajapi 3 0 10 2m), Hexaii:

t, = to + zAt,

ne z=0,1,2,3...(4acoBi KpOKH).
Toxi Ha KOXHOMY TakoMy Kpoli HoTpiOHO oHoBmoBatu mnosuuito O(t,), Ans BCiX i
pO3paxoByBaTH Hi(tZ), r (&2

(tz2) p(tz) : :
7, A, Ry, MOTIM COpTyBAaTH JIAHKH 33 BHUIIEBKA3aHUM KPUTEPIEM
z)

Z), 1 BJ)KE€ TOI BU3HAYATH «BUIUMI» JaHKU.

t t
3Ha4YCHb Ri( , OHOBJIIOBATH Si(
. t
VY pe3ynbTaTi OTpUMY€EMO MHOKHHY «BUANMUX» 2D-dacer: v® < {50, 51, +» Sm—1}
Takox, okpemo utst Koxuoro 2D-dacera Gpynkuis «BugumocTi» : v;(t) € [0,1].

Z[OﬂaTKOBO MOXHa HpOBeCTI/I 3rHaH)KyBaHH5{ BI/IKOpI/ICTaHHHM Baru.
u(aPnst) (11)

vi(t) =1 ——F4%2
u(4i”)
JIe W — pI3HULA KyTiB KIHIIBOK IHTEPBAIIY;
,u(Agt) ns t) — cyMapHa JIOBJKMHA MEPEKPUTTS 3 TIHAMH.

Haxmananus cuHycoiay, sIK iMiTaIlii JiyHa-CUTHAITY :
Jist koxkHOTO KyTa 6 € [6;,0;14]:

r(0) =1y + Asin?(k(6 — 6,)), (12)
JIe Ty — CepeIHs BiJICTaHb JI0 JAHKU BiJ CyHa-CIIocTepiraya 1y, = nzﬁ
6, — uenrtpanbuuii KyT 2D-¢acetun 6, = %.
[Tpu pyci cyana-crioctepiraya, 3MiHIOETBCS TUCTAHITIS:
r(6) = 1(t) + Asin? (k(8 — 6.(1)) ). (13)

OcHoBHi pe3yabTatTH Ta ix oOroBopenHs. [IpoBeneHi MOCTi/KEHHS 1 MOJANbIIA
mporpamMHa peajisarfisi Mojeseii MoBoro mporpamyBanus Python 3.12 y cepemosumti Spyder 6.0
(puc. 1) mokazanu 0COOIMBOCTI MOJIEIICHA:
pazioyioKamiitHUi eeKT — BHACIIIOK CUHYCOIIH;

— BpaxyBaHHs opieHTanii 2D-dacera yepe3 BUKOpHCTaHHS IEHTPAJIHLHOTO KyTa;
YaCcTKOBAa «BUAMMICTBY CHHYCOIIU BiMOBIIHO 710 «BUAUMOCTI» 2D-¢acera;
JMHAMIYHA 3MiHa MTOJIOKEHHS CyIHA-CIIoCTepiraya.

[TepeBaru po3poOIIEHOT0 METOy TMHAMIYHUX KYyTOBUX TIHBOBUX 1HTEPBAJIIB:

— HU3bKa PO3pPaxXyHKOBa CKJIAJHICTh Ha KOYKHOMY KPOIIi IIUISIXOM COPTYBaHHS,

— METOJ Ipalo€ 3 3aMKHYTHUMH 1HTEpBajlaMu (K1 Ha KapTi MOXYTb IMITyBaTH OCTPOBH,
a00 TOYKOBI HEOE3MEKN) Ta PO3IMKHYTUMH (IMITALlisl KOHTYPY y30€eperoKs);

— aJanToOBaHWU MiJ pyX CyJHA-CIOCTepiraya.
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Pucynok 1 — Ilpuknan peanizarii MeToga JUHAMIYHIX KyTOBHX TiIHBOBHUX IHTEpBaJiB HA yMOBHIN
kapti ENC (Mepkaropcrka npoekis), mo iMiTye oBepieit pagapa Ha ekpan ECDIS

BucnoBku. Po3pobneHo anroputm rpadiuHoro BimoOpakeHHs imiTarlii BIZOUTTS JIyHa-
CHUTHAJIy paxapy Ha HAJBOJHUX PYyXOMHX/HEPYXOMHUX OO0’€KTax BiJIHOCHO PYXOMOIO CyIHA-
criocTepiraya. AHamiTHYHe BH3HaueHHs BuauMux 2D-daceTiB 1 mopanbpiie iX COpTyBaHHS
MIPUCKOPIOE Yac BIJOOpa)KEHHS IMITOBAHOTO CHTHANY paxapa. TakoX 3alporoHOBAHO METO]
JMHAMIYHMX KYTOBHMX TiHbOBHX iHTepBaiB [3]:

— moOyJIoBa CHHYCOiJAIBHOTO JIyHa-CHTHalNy Ha «BuauMux» 2D-dacerax mamanoi
JI03BOJISIE Bi3yalli3yBaTH JIyHa-CUTHAN pajapa 3 ypaxyBaHHIM reoMeTpii HaaBoAHUX 00’ ekTiB. [Ipn
IBOMY 3/IHCHIOETBCSI 00’€JHAHHS CHUHYCOIiNANbHUX TNpO(dITiB y 3aralbHUN paJapHUN BIATYK
(ctocyeTbcss came  CHHTE30BaHOTO JIyHA-CHUTHATYy B  MOJsIpHOMY  pajiyci). IloOymoBy
CHHYCOiJaIbHOTO IPOQ IO 3/IIHCHEHO B KYTOBOMY CEKTOPI.

— Oynyerbcsl yHIKallbHa METpHKa «BHAUMOCTI» 2D-(acera B MOJIIpHOMY CEKTOpi, SKa
paxyeThesi aHATITUYHO, a He Oy Ty€eThCsl 01TOBOIO MACKOIO.

— JIOTiKa TUHAMIYHOTO «HAKOMUYEHHS TiHI» — PO3MIUPEHHS KYTOBUX TIHBOBUX 1HTEPBAIIIB Y
Yyaci € HOBOIO peali3aliel0 KOHIEMIT «IUHAMIYHOTO NEePEeKpPHUTTS» y TOJSIpHi obnacTi Bix
PYXOMOTO CyTHa-CIIOCTepiraya.

IlepciekTHBH MOAAJIBIIMX JOCHiIKeHb. [IpM pO3MUpPEHHI JOCTIIKEHb MOXKIUBE
PO3MIUPEHHS NUISIXOM BUKOPHUCTaHHS C(epuyHUX KOOpAWHAT (TOAI MOXKJIMBA Ie ¥ iMiTamis
«B3ATTS JIyHA-CUTHAITY BIAMOBITHO JIO0 BHCOTH MICIIEBOCTI y30epexoKs, 10 HAAAcTh Ie OiTbIIoi
peayicTUYHOCTI TpH imiTarli BiAOWTTS JyHa-curHamy). Po3poOmeHi Momeni MOXyTh OyTu
pearizoBaHi y BipTyaJbHOMY pajapi npu MoOyI0BI BipTyaJIbHOTO TpEeHaXKepa Uil CyTHOBOIIIB.
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Petrovskyi A. MATHEMATICAL MODELS FOR SIMULATING RADAR ECHO SIGNALS IN A
VIRTUAL TRAINING SYSTEM

In the current context of educational process transformation, ensuring the effective acquisition of practical
skills by cadets in maritime academies has become increasingly important. Restrictions related to physical
attendance in classrooms, along with the high cost of commercial cloud-based simulators, significantly limit
the possibilities for interactive training of navigators. Simulator systems based on hardware-software
integration are often difficult to scale in line with modern educational demands. Against this background, the
development of mathematical models enabling real-time radar echo simulation without dependence on
physical hardware is a promising direction of research. This article presents mathematical models designed
to graphically simulate radar echo reflections from moving and stationary surface objects. A method of
dynamic angular shadow intervals is proposed. The construction of sinusoidal radar echoes along “visible”
segments (2D facets) of a polyline (Land Danger contour) enables realistic visualization of radar signals
while considering the geometry of surface targets. These sinusoidal profiles are then combined into a unified
radar response within the polar radius. The article introduces a model of a unique visibility metric for 2D
facets in a polar sector, calculated analytically rather than constructed via bit masking. The logic of dynamic
“shadow accumulation”—expanding angular shadow intervals over time—represents a novel
implementation of the “dynamic occlusion” concept in a polar observation space relative to a moving vessel.
The provided echo signal simulation model corresponds to the real one without taking into account the
physical shadow zones of the ship's radar, which are formed due to the arrangement of high deck structures
on the vessel that obstruct the circular propagation of the radar signal.

Key words: ECDIS; RADAR; radar echo simulation; 2D-facet.
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OYHKHIOHAJIBHE JIAT'HOCTYBAHHA CYJHOBUX
BUCOKOBOJIbTHUX EJIEKTPUYHUX MAILINH

TumodeeB K. B., x.m.n., ooyeum, ooyenm «rageopu «Excniyamayis cyOH08020
e1eKmpooOIAOHaHHA 1 3ac00i8 asmomMamuruy, XepcoHcbKa 0epicasHa MopcbKa akaoemis,
M. Xepcon, Yrpaina, e-mail: kvtimofeev2013@gmail.com, ORCID: 0000-0002-8668-6159;
Boponenko C. B., x.m.n., doyenm xagedpu «Excniyamayis cyoH08020 enekmpoooiaoHants
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Jledenenko KO. O., x.m.n., doyeum, Ooyenm kageopu «lngpopmayiini ma xomn'romepni
mexHnonociiy ~ Kuiecbkoeo HayionanbHo2o yHigepcumemy mMeXHONO2i ma  OU3alHy,

e-mail: lebedenko.yo@knutd.edu.ua, ORCID: 0000-0002-1352-9240.

Cmammsa npucesuena nUmMaHHAM po36UMKY Memooig 0iacHOCMYBAHHS BUCOKOBONLINHUX eNeKMPUUHUX MAWUH
ma ix NpaKmudyHOMY 3ACMOCY8AHHIO HA MOPCbKOMY MPAHCHOpMI. J{OCIIONHCeHHs OCHOBHUX Ni0X00i8 00
PO3pOOKU Memo0dis i 3acobié OiaeHOCMYBAHHA eleKMPUUHUX MAWUH NOKA3ANI0 OOYLIbHICMb 3ACMOC)8AHHS
NpUHYUNie YHKYIOHANILHO20 OiaeHOCMY8AHHA. AHANI3 0iAZHOCMUYHUX nApamMempie 00380au8 cgopmysamu
ehekmusHy CyKynHicms napamempis iopayii, memnepamypu, CHOHCUBAHO20 i EMHICHO20 CIPYMY, d MAKOHC
e1eKmpopo3PAOHOI AKMUBHOCIT A 3ANPONOHYEAMU KOMIAEKCHY (QYHKYIOHANbHY cucmemy OlacHOCHY8AHHS.
Po3spobneno anzopumm QyHKyionansHo2o 0iacnocmy8ants CyOHOBUX SUCOKOBOIbMHUX €IeKMPUYHUX MAULUH.
3anpononosano cmpykmypy cucmemu OIA2HOCMYBAHHA MEXHIYHO20 CMAHY, WO O00380JAE peanizysamu
PO3POOAEHUN aneopumm OlAcHOCIY8AHHS, KU 8IOPI3HAEMbCS KOHCMPYKMUGHOK NPOCIMOMOI0 | HAOIUHICIIO.
HiaznocmyeanHs 6ucoko8016MHOI eeKMPUYHOT MAWUHU MOdiCce OYMU POPMANi3068aHO 3a OONOMO2010 MoOeell
Kaacuixayii mexHiuHo20 CMAaHy i NOULYKY HeCnpagHocmell 3a pesyavmamamu kKiacugixayii. Pospobaeno
Heuimky Molenb Kiacu@ikayii mexuiuHo2o cmawny y 6uensidi NpeOUKamuux npasui, wo O00360J€ 3d
pe3yIbmamam.  8UMIPDIOBAHHA NAPAMEmpi8 eleKmpOpO3PAOHOi AKMUBHOCMI 1 CepedOHbOK8AOPAMUYHO20
3HAYEHHS GIOPOUBUOKOCIT BUSHAYUMU MeXHIYHUU cmaH 00'ckma. Busnaueno n’ame xnacie mexuiunozo cmauy
06’ekma: «Hopma», «Hopma 3 eioxunenuamuy, «Hopma 3i 3naunumu gioxunenuamuy, «llocipwenus» abo
«llepeoasapiiine». Pospobnena mooenb NOWYKy HeCHpasHocmeli 3acmoOcO8YE anapam HewimKoi J02iKu.
Moodenv 00360115€ sUABUMU HeCNPABHOCME 06'€KMA NO BUMIDSHUM 3HAYEHHIM AMIIIMYO cmpymy i eiopayii Ha
XapakmepHux 4acmomax, a makodlc memnepamypu 6 KOHMpONbHUX MOUYKax. Anzopumm oyinKu mexHiuno2o
cmany 003607A€ 34  pe3yIbmamamu  GUMIPIOGAHHA NApamempie  eneKmpopo3psAOHOi  aKkmueHocmi i
CepeoHbOK8AOPAMUYHO20 3HAYEHHS GIOPOWMEUOKOCTI SUSHAYUMU NOMOYHUN MeXHIYHUul cmaHn 06'ekma 3a
00NOMO2010 anapamy He4imxoi 102iKu.

Kniouogi cnosa: Oiacnocmuxa; enekmpuuna mawuHa; Oegexm, MexXHiuHull CMAaH; GUMIPIOGAHHS;
eneKmpopOo3pPAOHA AKMUBHICMb, 8IOpaYisl;, CHeKMp,; HeuimKa 102IKa, MOOeib.

DOI: 10.33815/2313-4763.2025.1.30.102-116

Beryn. Ha cywyacHoMy  erami  pO3BUTKY  CBITOBOTO  CyAHOOyIyBaHHA  €IWHI
enextpoerepretuuHi cuctemMu (EEEC) 3 cucremamu enektpornpuBoay (CEIT) cyana 3HaxoasTh Bee
OUTBII IMHUPOKE 3aCTOCYBAHHS HA MOPCHKOMY Ta PIYKOBOMY TPAHCIIOPTI.

Kiracnuna moOyoBa eTMHUX eleKTpoeHepreTHIHNX ycTaHOBOK (€EEY) 3 piBHeM Hampyru
€EEC i CEIl no 1000 B 3HaX0auTh IMHPOKE 3aCTOCYBaHHS y BITYM3HIHOMY Ta 3aKOPJIOHHOMY
cynHoOyayBanHi. lLle 103Boiise BUKOPHUCTOBYBATH IMPOIYJBCUBHY YCTAaHOBKY CyMapHOIO
MOTYKHICTIO OpieHTOBHO 16 MBT. ¥V Mipy nocsrHEHHS BEpXHBOI MEXi MOTYKHOCTI, ICTOTHO
3pOCTalOTh CTPyMHU 30IpHUX IMMH TOJOBHMX po3noauibhux mmTiB (I'PI), mo o0ymoBitoe
HEOOXITHICTh 3aCTOCYBaHHS CHUCTEMH IOABIMHMX INMH 1 KOMYTAI[IfHMX amapaTriB 3 BUCOKOIO
KOMYTAIIifHOIO 3/IaTHICTIO. Y KOHCTPYKTUBHOMY IIJIaHi1 CHCTeMa MOJIBIMHUX IIMH XapaKTePU3y€EThCS
JIBOpPa30BUM 301bIIeHHAM KinbKkocTi cekii ['PIL] i moripieHHsM MacorabapuTHUX MOKa3HUKIB.

PamionanbHUM ~ pilIEHHSM ~ CTa€  3aCTOCYBaHHS  BHUCOKOBOJBTHHX  CYJTHOBHX
enekrpoeHepretnunux cucteM (CEEC) 3 BHKOpHCTaHHSM KOMYTAallifHOI amapaTypH HampyToro
6,6 kB a6o 11 kB. Ilnsxom 30inblIeHHs] HAMpPyTyd TOJOBHUX T€HEPATOPIB BiAOYBa€ThCS CYTTEBE
3HIDKEHHSI CTpyMy Ha 30ipHUX muHax. L{e 103BoJsi€ BIIMOBHUTHCS BiJi CHCTEMU TOJBIMHUX IIWH 1
BUKOHATH KOMIIOHYBaHHS TOJIOBHOTO posmnoainsHoro mpuctporo (I'PIT) 3a cmpomreHoro cxemMoro.
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3HIKEHHS BEJMYMHH CTPyMy TSATHE 3a COOOI0 3MEHIIEHHS IMepeTWHY 30ipHHX IIUH, a TaKOX
kabemniB. HeoOXiHICT, BBEAEHHS MOHWKYIOUHUX TpaHC(HOPMATOpPIiB MPU3BOIUTH 10 HE3HAYHOTO
3HMKEeHHs1 MacorabaputHux mokasHukiB CEEC, mo kommeHncyerbcsi 3meHmeHHsM Baru ['PIT i
kabenpHUX Tpac [1, 2].

IMocTanoBka mpodJemu. HaxiliHicTs poOoTH cyaeH 3 BHcokoBOIbTHOIO CEEC 3HauHOIO
MIpOI0 3aJIeKUTh BiJ CTaHy eJIEeKTPOYyCTaTKyBaHHs, IO 3abe3meuye OesmepebiliHy poOOTy
€HEPreTUYHUX CHUCTEM, IM03AIUIAHOBA 3YMHHKA SKUX MOXKE MPU3BECTH 1O CEPHO3HMX aBapiil, II0
TSATHE 32 COO0I0 TPUBAJIL POCTOT 1 CYTTEBI (PiHAHCOBI BTPATH, a, MOKJIMBO, 1 JTFOACHKI XKHUTTS.

st oOciayroByBaHHS TEXHIYHOTO OOJagHAHHS CyJHA, HEOOXiJHA BEJHMKA KUIBKICTh
CHeLiaJiCTiB Pi3HOro HAampsAMY. Y Hpolieci MArOTOBKY TakUX (axiBILiB MOPChKI HaBYAJIbHI 3aKJIa 1
HalIOi Jiep’KaBU BUKOPHUCTOBYIOTh MIXKHApPO/HI KOHBEHIII, kKojekcu, pekomenaanii IMO 1 SOLAS
[3, 4]. MixXHapOHOIO MOPCHKOIO OpraHizaii€ro, JUisi KOKHOTO HampsMmy, po3pobieni cBoi IMO
Kypcu miaroroBkd [3]. ToMmy, HaBuaHHA Ta CTaXyBaHHS MaHOYTHIX MOpPCBHKUX (axiBIIiB
BiI0OYBAa€TbCSA 3TIMHO IMX KypciB Ta MIKHAPOJHOI KOHBEHINI 3 MIArOTOBKM Ta JAMIJIOMYBaHHS
MOPSIKIB 1 HECEHHSI BaXTH.

OTxe, BUHUKA€e HEOOXITHICTh MiJIBULIIEHHS €KCIUTyaTaliiiHo1 HaiiHOCT 1 Oe3nepebiitHoCTI
poOOTH CHJIOBOTO €JEeKTpooONmasHaHHs. SIK mMpaBmio, Take OOJaJHAHHA € KOHCTPYKTHBHHM
00'eTHAaHHSM BHCOKOBOJIBTHOT'O €JICKTPOYCTAaTKyBaHH:, MEXaHIYHUX a00 TiJIpaBIiYHUX €JIEMEHTIB 3
€JIEMEHTaMHU KOHTPOJIIO Ta IHTEJIIEKTYyaIbHOIO CUCTEMOIO YIIPABIIIHHS, IO JO3BOJISIE 3IIHCHIOBATH X
IUTABHUM MYCK, BUBEJICHHS Ha 3a/JlaHUM peXuM poOOTH, HEOOXiJHE yNpaBIiHHA MapaMeTpamu 1
BIIKJTFOYEHHS, 1110, BIATMOBIAHO 70 3araJbHONPHUHATOI Kiacudikarii, T03BOJsSE BITHECTH iX IO
€JIEKTPOMEXaHIYHUX MOAYdiB. OJHUM 3 MEPCHEeKTUBHUX HANPSAMIB IiJBUIIEHHS €(EKTUBHOCTI
(yHKIIOHYBaHHS TaKMX MOJAYJIB € YNPaBIiHHS peKUMaMu poOOTH 00JaAHAHHS 1O iX (PaKTUYHOMY
crany. Takuil miaxii HeMOXJIUBUM 0e3 3aco0iB, IO JIO3BOJISAIOTH 3A1MCHIOBATH KOMIUIEKCHY
JIarHOCTUKY TEXHIYHOIO CTaHy Ta YIPaBJiHHSA peXuUMaMHu podoTu ob'ekta. [laHe mociimkeHHs
CIpsIMOBAHE HA BUPILICHHS 3ajiay IMOBHOIO IIMKIIYy TIarHOCTYBaHHS: OTPUMaHHS JaHMX, 0OpoOKa
pe3ynbTaTiB, BUPOOJIGHHS CUTHAIIB KEpyBaHHS], MEPEHAJAIITYBAHHS PEXUMIB poOOTH 00'eKTa,
OTPUMAaHHS 3BOPOTHOTO 3B'A3KY JUISI KOPEKIIl yCTaBOK CHUCTEMH KOHTPOJIO, OLIHKM TEXHIYHOTO
CTaHy Ta BUSIBIIEHHS HecmpaBHocTed. Cucrema (DyHKIIOHAIBHOTO KOHTPOJIO Ta J1arHOCTYBaHHS
J03BOJINTh MIiABUIIUTH pPECypC, 3MEHIIUTH aBapiiiHiCTh, BUTPaTHM Ha PEMOHT, MIiJABULIUTH
e(EeKTHUBHICTh 3aCTOCYBaHHS BUCOKOBOJIbTHUX €IEKTPUYHUX MAIIHH, IO MiIKPECITIOE aKTyalbHICTh
JAHOTO JTOCIIIPKEHHS.

AHani3 ocTaHHiX AochaizkeHs Ta myOJikauiii. [IpoBenenmii anani3z myOmikamii pi3HHX
aBTOPIB Ta IHTEPHALIOHAJBHUX CTAHAAPTIB 3a TEMATHUKOIO JOCIIPKEHHS [5—13] moka3aB BelMKy
KUTBKICTh PI3HMX METOJIB TIarHOCTUKU EJIEKTPUYHUX MAIIWH, sIKi MOKHA 00’€THATH y YOTHUPHU
OCHOBHI TpyTIH.

Konmponv sibpayiuinux napamempis. MeToau 3acHOBaHI Ha BUMIpYy BiOpamiii OKpeMux
€JIEMEHTIB arperary, 10 J03BOJIsS€ 3pOOUTH BHCHOBOK IPO CTaH €JIEKTPOJABUTYHA. Jl0 HEmOMiKIB
METOJIIB BIOPO/JIaTHOCTUKH BITHOCATHCSA: 1) HEOOXiMHICTh Oe3MoCepeTHOr0 JIOCTYITy JI0
J1arHOCTYIOUOTO arperary, 1o He 3aBXJId MOXIIMBO; 2) METOAM HPUCTOCOBAHI O J1arHOCTUKU
MEXaHIYHUX TIONIKO/DKEHb K JIBUTYHA, TaK 1 MOB'A3aHOTO 3 HUM MeEXaHi3My, TOMY €JIeKTpUYHI
TIOIIKO/KCHHST HE 3aBXKIU MOXYTh OYyTH CBOEYACHO BHSBJICHI IO 3MiHI BIOpamiiiHUX mapameTpis,
IO TPHU3BOJIUTH JO TMOMMIKOBOTO BHCHOBKY 3aJIeKHO BiJI TOPOTOBUX 3HAU€Hb MPUHHATHX Y
IarHOCTUYHIN MOJENl.

Konwmpono  maenimuux ma enekmpomazHimuux nomokxie. MeToaM, 3acHOBaHI Ha
BUMIPIOBaHHI ¥ aHaJi3l Mar"iTHOrO TOTOKY B 3a30pi JBUTYHa Ta Ha aHaji3l BTOPHHHHUX
€JIEKTPOMATHITHUX TOJIB MamuHU. BOHH, SK NpaBMIIO, 3aCTOCOBYIOTHCS JISi BUCOKOBOJIBTHHX
enexkTpoaBuryHiB (Bim 6 kB 1 Bumie). Jlo iX HemomikiB BigHOCATHCS: 1) yCTaHOBKa JAaTYMKIB
MarHiTHOTO TOJISi BUMAarae Oe3MOoCepeHbOTr0 NOCTYMy A0 O0'€KTa MiarHOCTYBAaHHS 1 MOXKIIMBA
TUIBKM TP BUIOTOBJICHHI €JEKTPOJBUIYHAa a00 HpU HMOro KamiTaJbHOMY PEMOHTI; 2) MaT4yuKU
BTOPUHHHUX E€JICKTPOMATHITHUX TIOJIB MOy)X€ UYyTJIWBI J0 [ii 30BHINIHIX eJIEKTPOMAarHiTHUX
BUIIPOMIHIOBaHb.
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Hiaenocmyeanns cmany i3015yii. MeToau WIMPOKO 3aCTOCOBYIOTHCS IPH JTIarHOCTHII
eJIeKTpooOIaHaHHA. SIK MpaBWilo, X BUKOPUCTaHHS MOXKJIMBE TUIBKU IpPU 3HATIH Hampysi, IO
BUKJIIOYA€ IarHOCTYBAHHS TPAIIOIOYMX MAIIUH y pEalbHOMY Yaci B HOPMaJbHOMY PEXHMi X
pobotu. [Ipore icHye MeTOA MIarHOCTYBAaHHSI CTaHy 130JISMii MPAIIOIOUOro eNeKTPoOoOIIa HaHHS,
SIKHI TPYHTYETBCS HA PEECTpaIlii YaCTKOBUX PO3PSIIB, ajie Ha ChOTO/IHI BiH pO3pOOICHUH JINIIIE JIst
BHUCOKOBOJILTHOTO 00NaaHanHa. KpiM Toro, miarHocTyBaHHS 1301l He Aae iH(opmalii mpo ctaH
IHIIMX €JIEMEHTIB KOHCTPYKIIi €J1eKTPOABUTYHA.

Ananiz  enekmpuuHux — napamempie  ACUHXPOHHUX  elekmpoosucyHie.  HaiOinbin
PO3MOBCIOIKEHUMHU METOJIaMU € TaKl, 1110 IPYHTYIOTbCSI Ha aHaJi31 TAKUX €JIEKTPUYHHUX [apaMeTpiB
[IPALIIOI0YOro 00JIaHAHHS, IK CTPYM, Hampyra 1 CII0’)KMBaHa MOTYXKHICTh. B SKOCTI A1arHOCTHYHUX
rapaMeTpiB BUKOPUCTOBYIOTHCS: TapMOHIMHI CKJIal0OBl CIEKTpa CTPyMy CTaropa, rapMOHIHHI
CKJIaJIOBl CHEKTpa CIIOKMBAHOI MOTYXHOCTI, CHEKTpalbHI CKJIAJOBI aMIUNITYIu 1 (a3u Bekropa
[Tapky. Henonikamu qaHuX MeTOJlIB € HEOOX1/IHICTh BpaXyBaHHS BIUIMBY Ha €JIEKTPUYHI MapaMeTpu
XapaKTepUCTUK  MEpPEeXi  JKUBJICHHS,  XapakTepy  HABaHTAXEHHS,  BIUIMBY  30BHILIHIX
€JIEKTPOMAarHiTHUX IO0JIIB, NEPEXIAHUX MpoIeciB y mpuBoAl Tomo. KpiM Toro, y peryiboBaHOMY
€JIGKTPOIPUBO/II HA OCHOBI CHJIOBHUX HAIiBIPOBIAHUKOBUX IEPETBOPIOBAYIB y CHEKTPax CTPYMIB
BUHUKAIOTh YaCTOTH, 00YMOBJIEHI KOMYTALI€}0 BEHTHIIIB, [0 TAKOXK HEOOX1AHO BpaXxOBYBAaTH.

Meta Ta 3agaui gocJigkeHHs. MeTO0 € MiBUIICHHS €(PEKTUBHOCTI (DYHKIIOHYBaHHS
BHCOKOBOJIbTHUX €JIEKTPOMEXAHIYHUX MPHUCTPOIB, BJOCKOHAJIECHHS 3acO0iB JIarHOCTYBAaHHS Ta
yIpaBIiHHA peXUMaMu poOOTH 3a pe3ysIbTaTaMU A1arHOCTUKH TEXHIYHOTO CTaHy.

Bupimyrorbest  3amaui:  BuOOpy MeToAiB 1 3aco0iB  KOMIUIEKCHOI  (PYHKIIIOHAIbHOI
JIarHOCTUKU TEXHIYHOI'O CTaHy €JIEKTPUYHUX MAIIWH 13 3aCTOCYBAaHHSIM anapaTry HEYiTKOI JIOTIKH;
MOJIEJIIOBAHHA Ta pPO3POOJIEHHS aJIrOPUTMIB J1arHOCTYBaHHS TEXHIYHOIO CTaHy; pO3pOOKH
CTPYKTYPH CUCTEMHU.

Buksan ocHoBHoro marepiany. [lpu 1iarHoCTyBaHHI CKJIAJHUX OO'€KTIB, SKUM €
BHUCOKOBOJITHE €JIEKTPOOOJIaiHAHHS, HEIOLIJIbHO 3aCTOCOBYBAaTH TECTOBE J1arHOCTYBaHHS,
OCKUJIbKM BOHO BHMMAara€ CKJIAaJHOI JOpOTOi amaparypu, BEJIHKHX BUTpPAT 4acy, Ma€ HE BUCOKY
Ha/AIMHICTIO, 1 CTBOPIOE TPUBAIHUI MPOCTiHl ycTaTkyBaHHs. TakoX TeCTOBE A1arHOCTYBAaHHS HE Jae€
MO>KITUBICTh IIOBHOIO MIpPOIO OIIIHUTH CTaH 00'€KTa AIarHOCTYBaHHS, 3 OTJISIy HA Te, IO MepeBipKa
MPOBOUTHCS 6€3 poOOYOro HABAHTAXKEHHS 1 BEIMKAa WMOBIPHICTh HE BUSBIEHHS nedekTy. Bceix
BUIIICHABE/ICHUX HEJIONIKIB TM030aBJICHI CHCTEMU (YHKI[IOHAILHOTO JiarHOCTYBaHHS, MPH SKHX
MEePEBIPKU  3AIMCHIOIOTBCA B POOOYOMY pEXKHMI Ta HE NPU3BOAATH JIO TPOCTOK 00'eKTa.
JliarHOCTYBaHHSI BelEThCSI NpU poOOUOMY HaBaHTaKEHHI, OTXKe, 3HMKYETbCS HMOBIPHICTH HE
BUsBIEHHS gedekTiB. Tomy i 371MCHEHHS TEXHIYHOIO JAiarHOCTYBAaHHS BHCOKOBOJBTHOTO
€JIeKTPOO0OTaJTHAHHS JJOLIHHO 3aCTOCOBYBAaTH METOIU Ta 3aCO0M (PyHKITIOHATHHOTO KOMITJIEKCHOTO
J1arHOCTYBaHHS.

Y pe3ynbraTi aHamildy OCHOBHUX METOJIB JIIarHOCTYBaHHS BH3HAuUeHa e(EeKTHBHA
CYKYIHICTb JIarHOCTHYHUX TTapaMeTPiB, 10 BKJIIOYAE aHATI3 eJIeKTpopo3psaaHoi aktuBHOCTI (EPA),
BiOpariitHuii, CTPyMOBHH 1 TETJIOBI30PHHUIA BUIM KOHTPOJO. bIoK-cXeMa /JiarHOCTHKH JBUTYHIB 3
MIOBHMM HabopoM 3aco0iB JaHa Ha pUcyHKy 1. Cucrtema 103BOJIs€ BU3HAUUTH Ta JIOKAJI3yBaTH
€JIEKTPOPO3PS/IHI SBUIIA, TETUIOBI POIIECH, MEXaHiuHi (BiOpalliiiHi) sBUIIA.

OTtpuMaHa cxema MICTUTh BEJIHMKY KUIBKICTh SIK KOHTaKTHHX, TaK 1 O€3KOHTAKTHUX JaTUYHUKIB
i ocumnorpagis. HasBHICTh nedeKkTy BU3HAYAETHCS TO IarHOCTUYHHUM IapaMeTpaM, SKi MOXKYTh
OyTH TIpEACTABJICHI Yy BUIUISIAI JIEIKOTO YHCIOBOTO 3HAYCHHS, YKIJIAJEHI B CTPYKTypi Ta ¢opmi
CHUTHAITy, @ TaKOX y HAsBHOCTI NMEBHHUX YacCTOT y CIIEKTpi CUTHaIy. Bce e iCTOTHO YCKIaIHIOE
MPOIIeC JTIarHOCTYBaHHS 1 BUMArae 3ajydeHHs JOoCBiqdeHoro ¢axisis. Bupimmrtu many mpobiaemy
JIO3BOJIUTh PO3pOOKa BOYIOBAHOI IHTENEKTYaIbHOI KOMIUIGKCHOI CHCTEMH JIarHOCTYBaHHS
TEXHIYHOTO CTaHy BHCOKOBOJBTHOIO €JEKTPOYCTaTKyBaHHS, sKa J03BOJIUTh aBTOMAaTHUYHO
BU3HAYaTH IOTOYHUI cTaH 00'eKTa.

3aBIaHHS TEXHIYHOTO MJ1arHOCTYBAHHS BKIJIIOYA€ KOHTPOJb 1 OLIHKY IMOTOYHOTO CTaHY
o0'exTa 1, y pasi BUABIICHHSI, MOIITYK HecrpaBHOCTeH. OOpaHi METOAM MOBHOIO MIPOIO 0TIOMAararoTh
BUKOHATH Il 3aBJIaHHS, IPUYOMY BUMIPIOBAHHS MapaMeTpiB eneKTpopo3psaaHoi aktuBHOCTI (EPA) 1
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cepenubokBagpatndaoro 3HaueHHs (CK3) BIOpOMIBHAKOCTI JIO3BOJISIFOTH KOHTPOJIOBATH Ta
OILIIHIOBATH IOTOYHUH CTaH EJEKTPUYHUX 1 MEXaHIYHHX EJIEMEHTIB OOJaJHAHHsI, a KOHTPOJb
TEeMIepaTypH Ta CIEKTPaJbHHUNA aHami3 CTpyMy i1 BiOpamii TO3BOJSIOTH 3HAUTH HECIPABHOCTI, IO
BUHUKIIH.

Komnrpons
BIOPOIIBUAKOCTI

Jloxamit Buwiprosarmrs rapmontix
eNeKTPOPOIPATHOT CTPYMY KUBIEHHS
AKTHBHOCTI

PosmonineHri

TennosizidnwHit
K()HTp()J'[b

Pucynok 1 — Cuctema 6araTonapaMeTpuyHOi A1arHOCTUKH BUCOKOBOJIBTHUX JBUTYHIB!

1 — ocuunorpag; 2 — BiOpogaTYMK MarHiTHOTO TUIY; 3 — BUMIPIOBaIbHUI TpaHCHOPMATOP CTPYMY;
4 — maTYwK JTOKAIil YaCTKOBOTO PO3psAy KabeIbHOI JiHii, BHCOKOYACTOTHHH TpaHC(HOPMATOp CTPYMY;
5 — aTYMKH KOHTPOJTIO EIEKTPOPO3PSIHOT AKTUBHOCTI,

6 — BUMIpIOBaBbHUI TpaHCHOPMATOP CTPYMY

Kontpoie EPA 1 CK3 BIiOpOmBHIKOCTI J03BOJISE 3IIHCHUTH KOMIUIEKCHY OIIHKY
MOTOYHOTO CTaHy, BiAHICIIM Horo 10 oxHOro 3 m'aty Kinacie: «Hopmay, «Hopma 3 BinxuneHHAMU
(H3B)», «Hopma 3i 3naunumm BigxuneHHsmu (H33B)», «lloripmenus», «['panmune». Ilpu
BUSIBJICHHI NIEPIINX JIBOX CTaHIB, 00'€KT MOBHICTIO Mpale3JaTHUN 1 HOTO MOXKHA EKCIUTyaTyBaTH B
mratHoMy pexkumi. Skmo cran o6'ekra «H33B» abo «lloripmenHs», To HEOOXITHUI KOHTPOIb
J0JJATKOBUX TapamMeTpiB, MOUIYK HECIPABHOCTEW 1 BUOIp MOJETHICHOTO PEXUMY eKcIuTyaTamii. Y
pa3i TPaHUYHOTO CTaHy BUKOHYEThCS TIONIYK HECIPABHOCTEW 1 BigKIOueHHs 00'ekTa. Takum
YHHOM, IPOIEC JIarHOCTyBaHHA TEXHIYHOTO CTaHy CYAHOBHX BHCOKOBOJIBTHHX EJIEKTPHYHHX
MAIlIMH BKJIFOYA€ KJIACU(IKAIII0 TEXHIYHOTO CTaHy Ta MOUTYK HECTIPAaBHOCTEH.

CTpyKkTypHa cXxeMa CUCTEMH TEXHIYHOIO J1arHOCTYBaHHS Ma€ BUJ, MPEICTaBIeHA HA pHC. 2.

bnok ynpapninus -

Y

O0'ekt Cucrema [Mpuctpiii
. H Eam
MiaTHOCTYBAaHHSA | JaTUMKIB CTIONYUEHHS | ]

A * T

Onepatop

EOM

Pucynok 2 — CTpykTypHa cxeMa CUCTEMHU TEXHIYHOTO JiarHOCTYBaHHS

Mogens iarHOCTyBaHHS TEXHIYHOTO CTaHy € KOMIUIEKCHOIO 1 BKIIIOYAE PIllICHHS 3a7a4
knacudikaiii TEXHIYHOTO CTaHy 1 MONIYKYy HecmpaBHOcTeill. Po3poOka moB'izaHa 3 BeTHMKUM
00CSTOM JaHMX, IO BAXKO (hOpMami3yroTbcs, TOMY IOLUIBHO 3aCTOCYBAaHHS amapary HEeJiTKOl
JIOTiKU. AHalli3 METOAIB A1arHOCTYBAaHHS BUCOKOBOJIBTHUX €JIEKTPUYHUX MAIIMH [0Ka3as, 110, JUIs
BUpIIIEHHS 3a7a4i  Kiacudikamii TEXHIYHOTO CTaHy, HaWOUIBII  3aCTOCOBHI ~ METOAM
€JNeKTPOPO3PSAHOI AKTUBHOCTI Ta BIOPOAIarHOCTHKA, IO MPOBOIATHCS MpH pobodiil Hampysi
eNeKTpoABUTyHA. Metoa enekTpopo3psinHoi akTuBHOCTI (EPA) mo3Bosie BUSBUTH ENEKTpUYHI
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neeKTH B HACTYIMHHMX BY3JIaX: y KOJIaX JKHBJICHHS €JEKTPOJBHIYHA; OOMOTII CcTaTopa; MakeTrax
aKTUBHOI YaCTHHHU; KOJaX JKUBJEHHS pOTOpA; ILITKOBO-KOHTAKTHOMY amapari; KOHTaKTHHX
3'eqHaHp y KIeMHIH kopoOmi [14]. BiOpomiarHocTHka — JeeKTH MEXaHIYHOTO XapakTepy
eqektpoaBuryHa [15]. ChoinbHe 3acTocyBaHHS JIBOX IIMX METOMAIB JO3BOJMTH 3IIHCHUTH
KOMIUICKCHY OIIHKY TEXHIYHOTO CTaHy JBUTYHA 1 BIJIHECTH HOTO J0 OJTHOTO 3 KJIACiB CTAHIB.

IIpoBeneHHsT NMIarHOCTMKM BUCOKOBOJIFTHHX €JNEKTPUYHMX MAalIMH Ha poOodiil Hampysi
MOB'I3aHE€ 3 TPYJIHOILAMHU $IKI BUHHUKAIOTh B1Jl BEJIUKOI PI3HOMAHITHOCTI KOHCTPYKTHBHHX
BUKOHaHb, (ipM BHUPOOHMKIB 1 cHocoOiB MiIKIOYEeHHA [0 Mepexi. lLle Tsarue 3a coboro
HEOOX1AHICTh BUKOPUCTOBYBATH PI3HI BapilaHTH 3HIMAHHSA CUTHATIB 1 TUIH JATYUKIB, CTOCOBHO
KO’KHOTO KOHKPETHOrO BUMAJKY. Pi3HI MiIXOAM 10 KOXXHOTO MOJYJIIO BIAMOBIIHO YCKIIAJHIOIOTH
aHaii3 X TEXHIYHOTO CTaHy, TOMY 110 HE TPAIIOE OJMH 3 OCHOBHUX METOJIIB aHAI3y — IMOPIBHSHHS
3 OJHOTUIHUM oOnasHaHHAM. Lle yckiagHIO€ HAKONMYEHHS JaHWX, HE J03BOJIE y3arajibHIOBATH
pe3ynbTaTu, OTPUMYBATH TPAHUYHI KpUTEPIi.

Bennuuna EPA B i3omsmii Moaysisi Tak camo 3aJIeKHUTh B pexXUMy poOiT, Haibinblia
aKTUBHICTh B 130JIAL11 cTaropa OyBae Npu HOro MmycKy, OCKUIBKM B LIbOMY BHIIaJKy OOMOTKa
MiAA€ThCA HAMOLIBIIUM €JeKTPOIMHAMIYHUM BILIMBaM. 3 OIJISLy Ha BEJIMKY raMy 3aCTOCOBYBAaHHUX
MOAYIIB (3aBOJIB BUPOOHMKIB, THUIl 1301111 1 T.O.) HEMOXJIMBO JAaTH KOHKPETHI KPUTHYHI
BenuuuHu EPA.

VY tabnuni 1 BU3HaueHO SAKICHUM MiAX11 0 OLIHKY TEXHIYHOIO CTaHy €IeKTPUYHOI MalTHH.
BunHo, 110 BCi HECIIPaBHOCTI MPOXOATH OJJHAKOBI CTaAil PO3BUTKY: MOsIBAa O3HAK, CTiliKa (ikcarlis,
QUHAMIYHUNA pPO3BUTOK, TPaHMYHUN CTaH, OTXKe, L 1H(opmauis Mae OyTH BUKOpPHCTaHa NpuU
¢dopmaizanii HeuiTKo1 Mojeni kiacudikarii 3a mapamerpamu EPA.

Haii6inpmn  3pyunuil cnoci6 igeHTHdikamii TEXHIYHOTO CTaHy MEXaHIYHUX YacTHH
BHCOKOBOJIBTHOI €JIEKTPUYHOI MallMHU — CEPEeIHbOKBAIPATUUHE 3HAYCHHs BiOpomBUAKOCTI [16].
3riiHO 3 UMM NapaMeTpPOM, CTAaHU MOAYJIIB MOJIEHI HA YOTUPU 30HHU.

3oHa A. VY 110 30HY HOTpAIUIsIOTh, SK IMPABMJIO, HOBI MAIIWHU, SKI IIOHHO BBEAEHI B
EKCILTyaTarilo.

3oHa B. Mammny, gki NOTpaIUISIIOTh 0 1€l 30HM, 3a3BHMUYail BBaXAIOTh NMPUAATHUMHU JUIS
MOJTANIBIIOT eKCIUTyaTallii 6e3 00MeXeHHS TEPMiHiB.

3ona C. MamuHy, 1o NOTParvIsioTh A0 1€l 30HU, 3a3BUYail PO3MIIAAOTh K HENpHJIaTHI
JUIi TpHUBajoi Oe3mepepBHOI eKcIulyartamii. 3a3BHuail JaHi MalIMHU MOXYTh (DYyHKIIOHYBaTH
00OMEXXEeHHH Mepioj] Yacy, T0KH 3'IBUThCS MOTPIOHA MOXKIIMBICTh MPOBEICHHS PEMOHTHUX POOIT.

3ona D. PiBHi BiOpamii B miii 30HI 3a3BWYail pPO3TISNAIOTH SK TOCHUTH CEpHO3HI, 100
CIPUYHMHUTH MOLIKOKEHHS MaIllUHHU.

Ta6mums 1 — Knacudikariis TEXHIYHOTO CTaHY CyJHOBHUX €JEKTPUIHUX MAIIUH

, . Hopma 3 gioxunennamu| Hopma 3i 3naunumu .
Texuiunuit cman Hopma (H) P (H3B) ¢ ()xZ nennsvu (H33B) Hozipwenns (I1)
Koponna aktuBHicTs B |IlosiBa 03Hak |  SIBuie dikcyeTses € nuHaMika pO3BUTKY Iepexin y
o0OMoTII cTaTopa SIBUILA CTIHiKO TPaHUYHUI CTaH
YacTKoBi po3psiiu B [NosBa o3nak | SIBumIe ikcyeTbes € nuHaMika pO3BUTKY Iepexin y
- KOPITyCHIH 13071111, SIBUIIIA CTiliKO TpaHUYHUH cTaH
'S |PO3psIM B KaOenpHil miHil
2 | Icxpinns B kouTakTax y | IlosiBa o3nak | SIBuime Qikcyerses € nuHAMiKa pO3BUTKY Iepexin y
2 | paioHi KIE€MHOI KOPOOKH SIBHIIA CTiiKO TpaHUYHUH CTaH
=t [TazoBwit po3psn B [TosiBa 03HaK sBUIIA SBuie QikcyeTpes € nmrHAMiKa
5 o0OMOTIIi cTaTopa CTiliKO PO3BHTKY
Po3psimu B 00MOTIII pOTOpa ITosiBa 03HaK sBHIIA SBuie GikcyeTbes € nuHamika
CTIHKO PO3BHUTKY
IckpoBi po3psiau B [osiBa o3Hak siBumia | SIBuiie GikCyeThes
aKTHMBHIH crai CTIHKO

BiOpariss KOHKpETHOT MaIlMHU 3aJeKUTh Bif ii PO3MIpiB, JUHAMIYHHX XapaKTEPUCTHK
BiOpyrouux naeraineil, crmoco0y MOHTaxy 1 mpusHaueHHs. [Ipu BuOOpi 30H momycTuMoi BiOparii
MaIlMHU HEOOXiTHO BPaxOBYBaTH TaKOX YMOBHW, IO BIUIMBAIOTh Ha ii BiOpamiiiHWii CTaH.
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He3zanexHo Bi THUMY MiIMIMITHUKIB CEPETHBOKBAIPATUYHE 3HAYCHHS BiOPOIIBHIKOCTI CTaTOPHHX
€JIEeMEHTIB (HAampUKIaA, OMOp MiAIIUIHUKIB) MAalIMH OLIBIIOCTI THUMIB, SK MPaBUJIO, aJIEKBAaTHO
XapaKTepu3ye YMOBU POOOTH POTOPIB, iX BIUIMB HA OMOPHI €IEMEHTH 1 CyCiIHI MEXaHI3MH, a TAKOK
CTaH CaMMX MAalIMH y HIMPOKOMY Jiana3oHi poOOYUX MIBUIKOCTEH.

3rigao JACTY ISO 10816-1:2007 Bci eneKTpryHI MalTMHA MOIUTSFOTHCS HA HABEJICHI HUKUE
yotHpu Kiacu [16].

Knac 1 — Oxpemi yacTMHM JABHUIYHIB 1 MalllUH, 3'€JHaHI 3 arperaroM 1 MpaiiolTh Yy
3BUYAHOMY JUIsl HUX PeXuMi (CepiiiHi eleKTpU4YHI MOTOpPH HOTYKHICTIO 10 15 kBT € TunoBumu
MaIllMHAMH I11€1 KaTeropii).

Knac 2 — Mamunu cepeHbOi BETUYMHU (TUIIOBI €JIEKTPOMOTOPHU MOTYXHICTIO Bix 15 10
875 kBr) 0e3 crmemianmbHUX (YHIAMEHTIB, >KOPCTKO BCTAHOBJIEHI JBUTYHH a00 MalluHU
(1o 300 kBT) Ha crienianibHUX (QyHIaMEHTaX.

Knac 3 — [loTyXH1 nepBUHHI JABUTYHHM Ta 1HII MNOTYXHI1 MallMHUA 3 00EPTOBUMH Macami,
BCTaHOBJICHI HA MAaCUBHUX (DyHJAMEHTAaX, 111010 )KOPCTKHUX Y HANPsIMKY BUMIpIOBaHHs BiOpallii.

Knac 4 — IloTy:xH1 nepBUHHI JABUTYHH Ta 1HII HNOTY>KHI MalllMHU 3 0OEPTOBMMM MacamH,
BCTaHOBJEHI Ha (YHJAMEHTH, MLIOJ0 IMOJATJIMBOCTI B HANpsSMKY BHUMIPIOBaHHS BiOparii
(manpukiana, TypOoreHepaTopu 1 ra3oBi TypOiHU 3 BUX1IHOIO NOTYXHICTIO oHaa 10 MBT).

3pa3koBi Mexi 300 CK3 BIOpOMIBUAKOCTI MAIITMH Pi3HUX KJIaciB HaBejeHI B Tadumii 2 [16].

Tabmuus 2 — [MpuGnu3Hi Mexi 30H 7Sl MalIMH Pi3HUX KiaciB [16]

Vrms, MM/C Knac 1 Knac 2 Knac 3 Knac 4
0,28
0,45 A
0,71 A A
1,12

1,8
2,8
45
7,1
11,2
18 D
28 D
45

Hani tabnuue 1 12 € BUXiTHUMH JaHUMHU A7 hopMaiizallii HeuiTKoi Mojeni kKiacudikamii
TEXHIYHOTO CTaHy BUCOKOBOJIbTHUX €NIeKTpUYHUX MamuH [17, 18].

3aB/laHHAM JIIaTHOCTUKM € BU3HAYEHHS TEXHIYHOTO CTaHy 00'€KTa MO CIOCTEPEk YBaHUM
nposiBaM AeeKTiB, OTXKe, BXIIHUMH JTAaHUMH MOJENI € BUIU JePEKTIB, a BUXOJAMH — ITyKaHUI
CTaH 00'eKTa.

3rigHo 3 Tabnunero 1, 3a pesynbraramMu BuUMipioBaHHs napamerpa EPA mokHa BUsSBHUTH
mricTe HecnpaBHocTel: Y1 — «KopoHHa akTHBHICTH B 0OMOTILII cTaTopa»; Y2 — «HacTKoB1 po3psiau B
KOPITyCHO1 130711111 po3psiiu B KaOenpHOI JiHIT»; Y3 — «ICKpiHHA B KOHTaKTax y paioHI KJIEMHOT
KopoOkm»; Ya — «Ila3oBuil po3psan B oOMoTii cratopay; Ys — «Po3psau B oOMoTHI poTopay; Ye —
«IckpoBi po3psau B akTHUBHIN cTaii». PO3BUTOK KOXHOTO NeeKTy ABUTYHA MPOXOIAUTHh HACTYIHI
CTaiii: TMosiBa O3HAK SIBUIIA; SBUILE (IKCYeTbCS CTIMKO; € JMHaMiKa pPO3BUTKY; MeEpexia y
TPaHUYHUM CTaH, OT)KE, B SIKOCTI MEPUINX IIECTH BXOIB HEYITKOT Mojienl Kiacudikaiii TEXHIYHOTO
CTaHy, 3aJ1al0ThCsl HECIIPABHOCTI, SIKI BUSABIAIOTHCA Mo EPA 3 yotupma ¢yHKLISIMH HaJeXHOCTI,
KOTp1 XapaKTepU3yIOTh CTalii PO3BUTKY JIePEKTy (PUCYHOK 3).

ITepmi aBi cTamii po3BUTKY AePEKTy T03BOJSAIOTH MOMANBINTY €KCIUTyaTallito o0'ekta 0e3
oOMeXeHb, /1Bl 1HII BUMAararTh NWJIBHOI YBarw i, MOXJIMBO, 3yMHHKH JUISI PEMOHTY, OTXKE, SIK
iHTepBaly BHM3HAYCHHS (YHKIIT NPHHAICKHOCTI BXOmiB, mpuiimMaemo [-1; 1]. ®DyHkmii
npuHanexkHocTi «IlosBa» 1 «Dikcarliss» 3aAar0Thes Ha iHTepBai [-1; 0), skuii oka3ye, mo 00'eKT
He noTpedye HeraiHoi 3ynuHku. OyHKIT npuHanexHocTi «uHamikay 1 «['paHuLsg» 3a0al0ThCs Ha
iaTepBaii [0; 1], mo moka3ye HeOOX1THICTh 3yITUHKH 00'€KTA.
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"lTosiBa" "dikcaris" "Nunamika" "Mexa"

OyHKIiS MPUHATIEKHOCTI
(o)
N
T
1

0 1 1 1 1 1 1 1 1 1
-1 -08 -06 -04 -02 0 0,2 04 06 08 1

Po3sutoxk EPA

Pucynoxk 3 — Bxonu HediTKOT MoIei Kiacudikaiii mo mapamerpy eIeKTpopo3psAaIHOi aKTHBHOCTI

3rigHo 3 TabauIero 2 MallluHa, 10 HAJIEKHUTh OJTHOMY 3 YOTHPHOX KJIaciB MOXKe repedyBaTu
B 30H1 A, B, C abo D (1). Ilpuknaa Bxomy HeuiTKol Mojemi kiacudikauii Ay MOAYJS TPETbOIO
KJIacy IPEICTaBICHUM Ha PUCYHKY 4.

A=(0,2.8), U (0.28,1.8),;
B=(1.845), U (2.8,45),;
C=(4518), U (7.111.2),; (4)
D = (11.2,45), U (18,45),.

T T T T T T T T

A B C D

OyHKILiS TPUHATISKHOCTI
(]
(9]
1

1 1 1 1

0 5 10 15 20 25 30 35 40 45
CK3 BiOpo1mBU IKOCTI
Pucynox 4 — Bxig meuitkoi mozerni kimacudikarii mo CK3 BiOpOMBUAKOCTI

TakuM 4YMHOM, Ha BXiJ HEUYITKOI JIOIiIYHOI CHUCTEMH IIOHAETHCSA MHOMXKWHA HECIIPABHOCTEH
2
ob'exta Y ={Y,.Y,.Y;.Y,.Y;.,Y;,Y.}, ne Y1 — «KopoHHa akTHBHICTH B oOMOTHI cTaTtopa»; Y2 —

«YHacTKOB1 pO3psAId B KOPIYCHOI 1301111 po3psiau B KaOenbHOT JiHI»; Y3 — «[CKpIHHA B KOHTaKTax
y paioHi KJIeMHOT KopoOku»; Y4 — «Ila3oBuit po3psa B 0OMOTII cTaTtopay; Ys — «IckpoBi po3psiiu B
akTuBHIA cram»; Ye — «Po3psinu B oOmotmi poropa»; Y7 — «CK3 BiOpomBHIKOCTI
€JIEKTPOJABUTYHAY.

JledexkTn enekTpoABUTYHA MarOTh Taky kiacudikamiro: «HopMa» — BIJCYTHICTH SIBHOTO
nedexry; «Hopma 3 Bimxunenusmu (H3B)» — wmanosznaunmii nedekr; «Hopma 31 3HauHMMH
BimxwienHsmMu (H33B)» — 3naunuit  nedekr; «lloripmeHHs» — KpUTUYHUN JedeKT;
«IlepenaBapiiinuit» — rpaHuuHuil craH. Jlns 3aBmanHs Buxogy X — «CraH» HEUITKOI MoOAenNi
kyacugikaiii 3a1a10ThCsl 3a3HAUEHI I'ATh BUJIB CTaHy AEPEKTIB.

[lincymKoBHii JiarHO3 3a pe3ylbTaTaMH KOMILJIEKCHOTO OOCTEXEHHS BHU3HAYA€ThCS
BIJIMOBIAHO 10 HACTYITHOTO: SIKIIO PSAJl 3aCTOCOBYBAHUX METOJIB MOKa3y€e Ha HasBHICTh MMOYATKOBOI
cramii posutky nedexry (ominka «H3B»), To migcyMKOoBa OIliIHKa TEXHIYHOTO CTaHy
BCTAHOBIIIOETHCS 3a IIKAJOK0 OIIHOK Ha madenp Bumie (ominka «H33B») 1 1.1 Axmo Bci
BUKOPUCTOBYBaHI METOH JatloTh oliHKY «H33B», To migcymkoBa orinka crany «lloripmeHHs.

Buxonguu 3 iux BUMOT, HeviTka 0a3a 3HaHb MaTUME TaKUi BUTIISA:
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R1: sxkwo Y1 € «llosisay i Y2 € «llossar...i Ye € «llosisay i Y7 € «A» mo X € «H3B»,
Ra: axwo Y1 € «Dikcayiay i Y2 € «Dikcayiay ... i Yo € «Dikcayiay i Y7 € «B» mo X ¢
«H33B»;

Rs: axwo Y1 € «unamixa» i Y2 € «[Quuamixa» ... i Yo € «dunamika» i Y7 € «C» mo X €
«llozipuwiennay,

Ra: saxwo Y1 € «Meoxcar abo Y2 € «Meoswcay ... abo Yo € «Mesxcar» i Y7 € «C» mo X €
«llepedasapitiney,

Rs: axwo Y1 e «llossay abo Y2 € «llosisay ... abo Ye € «llossar i Y1 € «A» mo X € «Hopmay,

Re: saxwo Y1 € «Dikcayiay abo Y2 € «Dikcayisay ... abo Ye € «Dikcayiay, i Y1 € «B» mo X €
«Hopma 3 sioxunenusamuy,

R7: axwo Y1 € «{unamixa» abo Y2 € «/unamikay ... abo Ye € «/Junamikar, i Y7 € «C» mo X €
«Hopma 31 3naunumu 6ioxuneHHAMUY,

Rs: sxkwo Y1 € «Meocay abo Y2 ¢ «Meowcay ... abo Ys ¢ «Meowca» i Y7 ¢ «C» mo X €
«llozipwennsy.

Jlj1g mepeTBOPEHHs! YITKUX BX1JIHUX 3HAUYEHb Y YITKI BUX1JHI BUKOPUCTOBYETHCSA N — BX1JHHUM
QITOPUTM HEUITKOTO JIOri4HOTo BuBeAeHHss Mamdani [18].

[Ipoueypa oTprMaHHS JOTIYHOTO BUBEICHHS HACTYITHA!

1. ITepenbavaerhbes, 110 BXiAHI 3MiHHI MIPUIHSIIN JesKI KOHKPETH1 (4iTki) 3Ha4eHHA Y10, Y20,
Y30, Y40, Ys0, Y60, Y70, 32 SIKUMU 3HaXOJSATHCS CTYIEHI ICTUHHOCTI y;(Yio), i €[1,7] s mepenymos

KO>KHOTO 3 HaBEJEHUX IPaBMUI 1 PIBHI «BiACIKaHHA» o, | €[1;k] dyHKOIM npuHanexHoCTI UIs

[epelyMOB KOYKHOTO 3 MPaBUJI 13 BUKOPUCTAHHAM orepalliil MiHiMyM (2):

oy = Y3 (Yie) A Yi(Ya0) A V2 (Yao) A Vi(Yao) A Yi(Yso) A Y1 (Yeo) A Vi (Yoo);

......................................................................................................... )
oy = Vi (Yio) A Vi (Yao) A Vi (Yao) A Vi (Yao) A Vi (Vo) A Vi (Yoo) A Vi (Yao)-
Iotim 3Hax0auMo (3) «ycideHi» QyHKIii npuHanexHocTi X, (X):

X (X) =y Ax (X);

............................ 3)

o =
X, (X) =0, A X, (X).

2. [IpoBonuThCst 00'eqHAHHS (QYHKIIH, yCIYEHUX HA MOTEPEIHFOMY €Talli JOTTYHOTO BUBOILY
3 BHKOPHCTaHHAM orepalii max («V »), y pe3yiabTaTi 4oro BHUXOJWTh KOMOIHOBaHAa HEUiTKa
niIMHOKHMHA (4), IO ONUCYeThCA (QYHKIIE NPUHATIEKHOCTI g (X) 1 BIJNOBIIHE JIOTIYHOMY
BHBOJTY JJISI BUX1JTHOT 3MIHHOT A4:

i v 1 v v
s (K) = X(X) =X () v X, (K) v v X (X). ()

3. 3Haxo/xeHHs (5) YITKOro 3HAYEHHS BUXIMHOI 3MIHHOI BHU3HAUYAETHCS SIK IIEHTP Baru

GyHKuii npuHaneKHoCTI pg (X):

ji.pz(i)di
x=25 S
[ s (X)dX

VY pe3ynbTaTi KOMIT'FOTEPHOTO MOJICTIOBAHHS OTPUMAHOT HEYITKOI MOJIeNl JAlarHOCTYBaHHS
OTPUMAHO TOBEPXHI BIATYKY 1 Tpadiku 3aleKHOCTeH cTaHy 00'ekTa BiJ pPIBHA PO3BUTKY
HecnpaBHOCTeH. [l MOCHiHKeHHS JBUTYHA 13 3aCTOCYBaHHSIM JaHOI MOJeli, HeOOX1THO Ha BXiJ
MOAAaTH BIJHOCHI 3HAYEHHS PO3BUTKY Ae(EKTIB, MO BUABIAIOTHCSA 0 EPA 1 abconroTHe 3HaueHHS
CK3 BibpomBuakocti. PiBHio po3Butky «IlosiBay BiAmnoBigae 3HaueHHsS BXO1Iy «-1», «Dikcamis» —
«-0.5», «IlosBay — «0.5», «Mexa» — «1». Ha Buxoai Oyne orpumaHuii HoOMep Kjacy TEXHIYHOTO
crany Bix 1 no 5. Ilpu orpumanHi 1poOOBOro 3HAUEHHS CTaHY, HEOOXIJHO MPOBECTH OKPYTJICHHS,
3TiHO 3 MpaBUJIaMU MaTEMaTHKH.

VY pa3si kinacudikarii motouyHoro crany sk «Hopma 3i 3Haunumu BimxwieHHsmu» (H33B)
BHHHMKA€E HEOOX1THICTh OUIBII PETEIHHOTO TEXHIYHOTO KOHTPOJTIO 1 3JTyYeHHS TOJaTKOBUX METO/IIB

()
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JIarHOCTYBaHHS, IO JO3BOJSIOTH 3HAWTH HECIPABHOCTI, MO0 BUHHUKIW. J[0 Takux MeTOIIB
HaJIeXaTb: METOAM CHEKTpaJlbHOro aHanizy BiOpauii [19], cmoxuBaHOro CTpyMy JBUTYHa Ta
TETUIOBI30pHUIA KOHTposb. OTKe, akTyalbHa poO3poOKa MaTeMaTHYHOI MOJETi MOIIYKY
HECNPaBHOCTEH Cy/IHOBMX BHMCOKOBOJBTHUX €JIEKTPUYHUX MAIIMH HA OCHOBI CHUIBHOIO
BUKOPUCTaHHSA ITUX METOAIB. BXxomamu Mozeni € XapakTepHi 4aCTOTH CHEKTPIB CTpyMy 1 BiOpartii,
abCoMIOTHI 1 BIIHOCHI TOKAa3HUKK TEeMIEepaTypu, BHUXOJaMHU — XapakTepHI HECHPaBHOCTI
€JIEKTPUYHOI MAIlINHU.

CrnexkTpaiabHUH aHali3 YaCTOTHUX XapaKTEPUCTHUK CTPyMy OKUBIEHHS 1 BiOpamii
BUKOHYETHCSI HACTYITHUM YHHOM. [IpOTATOM 3aIaHOTrO iHTEpBaly 4Yacy pOOJATH 3aluC CUTHATY
3Ha4eHb CTPYMIB, SIKi CHIOXKHMBAIOTHCA MOJyJIeM 1 BiOpallii, 3a TOIIOMOTOI0 HIBHJIKUX IEPETBOPEHb
@yp'e, 3A1MCHIOIOTh NEPETBOPEHHS CHUTHAIYy B YaCTOTHUH CHEKTp 1 BUAUIAIOTH YacTOTH,
iHpopMaTUBHI JUId MOINYKY HecnmpaBHOcTed. OTpuMaHi aMIUITyAM XapaKTepPHHUX YacTOT
MOPIBHIOIOTh 3 €TAJIOHHHMH, OTPUMAHMUMH TpU JOCIIKEHHI HOBOTO, CIIPABHOTO, JBUTYHAa B
aHaJIOTIYHUX yMOBaxX. TakuM YHMHOM, Ui TOIIYKYy HECHpPAaBHOCTEH EJIeKTPUYHOI MAalIMHU 32
rnapaMeTpamMu CTpyMy 1 BiOpamii HEOOXIJHO 3HAaTH TMEPeTiK HECIPaBHOCTEH 1 XapakTepHi
MIarHOCTHUYHI YaCTOTH.

Jlisa ¢dopmanizanii HE4ITKOI MOJENl IMOIIyKYy HECIpaBHOCTEN 3a7a€TbCsi BXIAHUNA BEKTOP

A= {A} i €[1,n] — MHOXMHA TIarHOCTHYHUX MTAPAMETPIB.

OmiHka cTaHy JABMIYHa [0 aMIUITYJHUM [apaMeTpaM 3/A1HCHIOETbCA IOPIBHAHHAM 3
AQHAJIOTTYHUMU €TAJOHHUMHU XapaKTEepPUCTUKAMHU, OTXKe, HEOOX1IHO MPOBECTH HOPMYBAHHSI BXIAHUX
napameTpiB Mojesel. BinxuneHHs MOTOYHUX 3HAYEeHb IapaMeTpiB 00UUCIIIOeThCs 3a (6):

a, —a,
—_ 1 1
Ai - ’ (6)
aOi

1€ @, — I0OTOYHE 3HAUYEHHs aMILIITyIu, &, — BIANOBIIHHUI IMapaMeTp €TaJIOHHOIO MOAYJIS.

SIKIO MOTOYHI Ta €TaJOHHI 3Ha4yeHHs 30irarotecd, To A =0. fkmo a, <a,, ToA <0,
OTK€, BIAXUIICHH BIJICYTHE 1 Ha BXia Mozeni nojaerecst A =0. VY Bunanky a, > a,; 3HaueHHI A
MMOKa)Ke TEPEBUIINCHHS IMOTOYHOTO 3HAYCHHS Iapamerpa Moo eTajgoHa. Jlims mapamerpiB

aMIUTITyIM CIIeKTpa CTpyMy 1 BiOparii gaHe 3HA4YeHHS HE TIOBHHHO II€PEBUIIyBaTH V2.
[TepeBuIieHHs JAHOTO TOPOTY, CBIIYUTH MPO BIIMOBY 00'€KTa.

BumiproBanHs mapaMmeTpiB BiOpalii 3A1MCHIOETbCS B TPHOX B3AEMHO MEPHEHANKYJISIPHUX
HampsIMKax, TOMYy KO)KHa XapaKTepHa 4YacToTa, BUMIpIOBaHA B IMX HaNpsMKaxX MOBHHHA MaTH
okpeMuii BxiZ. YacToTH cTpyMy TaKoX MarOTh CAMOCTIHHI BXOIH.

TennoBi3opHUIA KOHTPOJIh CTaHy €NEKTPUYHOI MAIIMHU 3/1IHCHIOETHCS 5K 32 pe3yiabTaTaMu
a0COJIIOTHOTO 3HAYCHHS TEMIIEpaTypyu B KOHTPOJIBHUX TOYKAX, TaK 1 32 AOCOIIOTHUM BIIXUJICHHSIM
napamerpa. 3HIMAIOThCSA TEPMOTPAMU CTaTOpa ABUTYHA 3 JIIBOTO 1 mMpaBoro 00Ky, a TakoX i3 OOKy
BUXOAY TOBITpooOAyBy. Ilpm cmnpaBHOMY cTaHi o00'€kTa KapTWHAa pPO3MONAUTY [IJISHOK 13
MiJBUIIICHOI0 TEeMIIEpaTypor0 CUMETpHUYHa 1 peryispHa. JlokanbHUN TeperpiB KOpIycy, CBIIYUTH
PO HASIBHICTH HECTIPABHOCTEH.

AOcomoTHE BIIXUICHHS TeMIIepaTypH BU3HAYA€ThCs 3a (hopmyoro (7):

At = ai - aoi ' (7)
1€ @, — IOTOYHE 3HAUEHHs aMILIITyIH, &, — BIANOBIIHHUIA MapaMeTp €TaJIOHHOTO MOAYJIS.

EnextpuuyHa MammHa Mae M HECIPABHOCTEH, SKi BUABISIOTHCS BUMIPOM N 11arHOCTHUYHHUX
napameTpiB, N-5 3 SIKUX BUSBJISIOTHCS BUMIPOM aMILTITY CTpyMy 1 BiOpallii, HOTUpU — aOCOITIOTHUM
BIIXUJICHHSM TeMIIepaTypu B KOHTPOJBHHUX TOUKaX (TeMIepaTrypa KOpmycy 3 OOKy MiIIINIHHKIB;
TEMIEPATypy BOAM 1 MOBITPS TEINIOOOMIHHHUKA; IIITKOBO-KOJIEKTOPHOTO anapary; ctaTtopa; KJIeMHOi
KOpOOKH), 1 01MH — 32 a0COMIOTHUMHU 3HAUEHHSIMH TeMIepaTypH KOpITycy 3 OOKY MiAIIUITHUKIB.

B saxocTi BXiIHMX TapaMeTpiB aMIUTITY[ CIEKTPIB CTpyMy 1 BiOpallii CUCTEMU HEHITKOI
JOTIKM BHUKOPUCTOBYETbCS MHOXHHA: Ti={«/loOpe», «IIpumyctumo», «llorano»}. Ilpu npomy
KOJKEH 13 TepMiB Oyzie omiHtoBatucs Big 0 1o 2.
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BxinHi mapameTpu aOCONIOTHOTO 3HAYEHHS TEMIIEPATypH KOPITYCY OLIHIOIOTBCS B MEXKax
Bin 0 mo 110°C, BuxopucroByroun Ttepmu {«/lobpe», «80», «100»}, mo xapakTepusyrTh
TEeMIIepaTypH MPOSIBU HECTIPABHOCTEH T IITUITHUKIB.

3a pe3yibTaTaMM BHMIpIOBaHb OCHOBHHMX BH3HAUAJIbHUX [ApaMeTpiB MOXE BHSIBUTHUCS
CIpaBHMM, Mpane3gaTHU abo Hempane3gaTHUi craH o0'exta. Ilepuri nBa cTaHuM 103BONSIIOTH
MOJIaJbIly eKCIUTyaTalilo 00'ekTa, OCTaHHIN BUMarae Woro 3ymuHKH, TOMY, Ha BUXiIHIA MHOXHHI

B ={B,,B,.....B,,} HecnpaBHocTeii Momyns Ha iHTepBami [-1,1] 3amaroTbcst 3HAYEHHS QYHKIIT
INPUHANIEKHOCTI TakuM uuHOM, 1o npu F(A)e[0]1] o6'ekt pomyckaeTbess OO €KCILTyatalii,
F(A)e[-10) ol'ekr He nomycKaeTbcs MO €KcIUlyartanii. B3aeMo3B'SI30k MDK BBEJCHUMH

MHOKHMHAMH OIHCYETHCSI HACTYTHUMH HEYITKUMH TIPABHIIAMHU.
3araJibHUI BUIJISA]] TAKUX TPABUJI MA€ HACTYITHHIA BUTJISI:
R1: sixito 41 € «Jlo6pe» i .... An € «J{obOpe», To Bj=f1;
R2: sikiio A1 e «IIpumyctumoy i... A n € «IIpumnyctumo», To Bj=f1;
R3: sixio A1 € «Iloraso» i ... An € «IToranoy», To Bj = f2,
ne A, ie€[l,n] — narnocTnyHi mapameTpu; B, j €[1,m] — HeCIPaBHOCTI 00’ €KTa JIIarHOCTY BaHHsI;

f1 — BUCHOBOK «00'€KT JIOMYCKAETHCS 0 SKCILTyaTalii»; f2 — BUCHOBOK «00'€KT HE JOIYCKAEThCS 10
eKCIUTyaTaIin.

Jlnist IepeTBOPEHHS YiTKUX BXiHUX 3HAYEHb Y YiTKI BUXIJHI BUKOPUCTOBYETHCS N-BXITHUI
AJITOPUTM HEYITKOTO JIOTTYHOr0 BUCHOBKY Takagi-Sugeno, sikuit Mmae HacTynmHui Burisif [ 18]:

1. IlepenbauaeThes, Mo BXinHI 3MiHHI IPUIHSIN €Ki KOHKPETHI (4iTKi) 3Ha4eHHT AP..A°

1 3HAXOATHCS PIBHI «BIACIKAHHS JIJIs1 IEPETYMOB KOXKHOTO 3 IpaBui (8):

o; =max{B(BY)], je[l,m]. (8)
2. 1715 KOXKHOTO MpaBUiIa OOYUCITIOIOTEHCS 1HAUBIAyanbHI BuXxoau (9):
B? =1, B’; =1,. 9)

3. Jlns KOXKHOTO BHMIXOAY MOJENTI OOYMCIIOETHCS arperaTHU BUXiJ HEUYITKOI JIOTI4HOT
cucremu (10):
« o;-B +..+0,-B

b’ = Ly 10
! oy + .ot (10)

Po3pobiiena mMojens 103BoIsiE€ 3a pe3ysbTaTaMH aHaJi3y CIEKTPIB CTPYMy >KHMBJICHHS 1
BiOpaIlii eneKTpUYHOT MAIIMHH, a TaKOXX TEMIIepaTypi KOPIyCy 3HAWTH HecpaBHOCTI 00'ekTa i
OLIHUTH CTYMiHb iX po3BUTKY. CTpyKTypa BHU3HAYCHHS TEXHIYHOTO CTaHy BHCOKOBOJBTHOI
€JIEKTPUYHOI MAIIMHU HAa OCHOBI OMMCAaHOTO METOAY /1arHOCTYBaHHs HaBEJCHA Ha PHUCYHKY 5.

Cucrema |_ OG'exr B brox
JNaTYUKIB | JiarHOCTYBaHHSA | YIpaBJIiHHS

bnox i bnok i_| biok momyky ’j | baok Bumaui
o0yncienb| | HEYiTKOI JIOTIKH | HecrpaBHOCTEH! "| pesynbraty

Pucynoxk 5 — CTpykTypHa cXxeMa peatizallii HeYiTKOTO METOTY TOIITYKY
HECIIPaBHOCTEH BIHCOKOBOJIBTHUX EJICKTPUUYHUX MAIIHH

3 00’eKkTa q1arHOCTYBaHHS 3a JOIIOMOTOI0 CHCTEMH JIaTUYMKIB 3HIMAIOTHCS ITOTOYHI 3HAYCHHS
napaMeTpiB JiarHOCTYBaHHS, SIK1 MePelaloThCsl Y OJIOK 00YHCIeHb Ta MEePEepaxoBYIOTHCS Y BIIHOCHI
omuHuni (A i€[l,n]). Li 3HaueHHs nepenaroTbes y ONOK HEUITKOI JIOTIKM, A€ BiAOYBa€TbCs

BU3HAUEHHs Koe]ilieHTiB po3BUTKYy HecmpaBHocTed B, je[l,m]. Orpumani xoediunientn

MOJAIOThCSI Ha BXiA OJOKYy MONIYKY HECHpaBHOCTEH, A€ BUOMPAIOTbCsS 3HAueHHsS. BuspieHi
HECIPaBHOCTI MOJAIOTHCS Ha OJIOK BUAA4Yl pe3ysbTaTy. Y OJIOK yIpaBJIiHHS MOJAETHCS CUTHAT HA
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BIJIKITFOUEHHS MOZYJIsl. SIKIIo KoedilieHTH PO3BUTKY BCiX HECHpaBHOCTEH Oibie abo TOpiBHIOIOTH
HYJIIO, TO PE3YyJIbTaTOM € TIOBIJOMJICHHS PO Mpale3JaTHICTh 00'eKTa.

AJropuT™M OUIHKH TexHiYHOro crany. IlepmoueproBuM 3aBOaHHAM TEXHIYHOI
JIarHOCTUKHU € KOHTPOJIb MapaMeTpiB, 110 JO3BOJIsiE€ BU3HAUYUTH MOTOYHUI CTaH 00'€KTa 1 BiIHECTH
Horo 70 OIHOTO 3 3a37aleriap Bu3HaueHnx kiaciB: «Hopmay, «Hopma 3 BinxuneHasmmny», «Hopma
31 3HayHUMH BigxuneHHsAMU», «lloripmenus» abo «llepenaBapiitne». g 1mporo HeoOXiTHO
CKJIaCTH aJITOPUTM OL[IHKU TEXHIYHOT'O CTaHy, Ha OCHOBI paHillie po3pobeHoi Moaeni kiacudikarii
TEXHIYHOT0 cTaHy. CxeMa 1aHoro alropuTMy MpHBeIeHa Ha PUCYHKY O.

B skocTi AlarHOCTMYHUX THapaMeTpiB JUId OLIHKM TEXHIYHOIO CTaHy OOpaHO HapaMeTpu
EPA i CK3 BiOpomBuakocti. Po3pobiena matemarnuna mozaens Mae cim BxoxiB (Y, 1 e[17]),

nepuri micTs (Y,..Y, ), AKi IpU3HadeHi Iy HecpaBHOCTEH, BusABIeHUX 3a EPA, ceommii (Y, ) — mus

CK3 BibpomBuakocti. [lapamerp EPA mnpoxomuts HacTynHi ctanaii po3BuTKy: «IlosiBa o3Hak
SABUIIAY, «SIBUIIE QiKCyeThCs CTiMKO», «€ AUHaMiKa po3BUTKY», «Ilepexin y rpaHnyHuil ctan». ¥
IpoIIeCi MOJICIIOBAHHS, KOXKHOI 3 LUX CTajid OyjM NMPHCBOEHI 3Ha4YeHHS 3 iHTepBany [-1; 1]
«IlosiBa o3Hak sBUIIA» — «-1», «SBHIEe QikCyeTbes cTiiiKO» — «-0,5», «€ nuHaMika po3BUTKY» —
«0,5», «Ilepexin y rpaHudHUI cTaH» — «1».
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PucyHok 6 — AITOPUTM OLIIHKU TEXHIYHOTO CTaHy BUCOKOBOJIbTHUX EJIEKTPUYHUX MAIIUH

AJITOPUTM TOLIYKY HecNpaBHOCTeil. Y pa3i BusiBIeHHs craHy «Hopma 31 3HAUHHMH
BIIXWJICHHSAMI» a00 «IOTIpIICHHs» HEOOXiAHO 3MIHCHUTH TMOUIYK HecHpaBHOCTEH. [l mboro
pO3pOOJICHO HEUITKy MOJIeNb TIONIyKYy HECIPaBHOCTEH, IO JIO3BOJIIE 3a pe3yJIbTaTaMu
CHEKTPAJLHOTO aHaJi3y CIIOXKHBAaHOTO CTPyMy 1 BiOpallii MallMHHA, a TaKOX TEIIOBI30pPHOTO
KOHTPOJIIO BU3HAUMUTH HecmpaBHOCTI o00'ekta. [lomyk HecmpaBHOCTEH 3IiiCHIOETBCS 3a N

o pyopuku exnioueno cmammi 3a memamuunor cupamosanicmio « Tpancnopmui mexnonoziin



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

mapaMeTpiB N-5 3 SKUX aMIUNTYyId CTpyMy 1 BiOpamii Ha XapakTepHUX YacTOTaX, YOTUPU —
BIIXWJIEHHS TeMIepaTypu H OfMH — 3a aOCOJIIOTHUM 3HA4eHHSM TeMIepaTypH Kopiycy. OmiHka
CTaHy 3a TlapaMeTpaMH aMIUTITYyJH Ha XapaKTepHUX YacTOTaX BHU3HAYAETHCA 32 BiJIHOCHUM
BIIXWJIEHHSIM TOTOYHOI'O CHEKTpa BiJ] €TaJoOHHOro. YoTWpH BXOIM MOJEN BHUKOPHUCTOBYIOTh
a0COITIOTHE BIIXUIICHHS MTApaMETPiB TEMIIEPATYPH.

Anroput™M (yHKIIOHY€ HACTyIHUM YHMHOM. 3iHCHIOETBCS BHUMIpP CIEKTPIB CTpyMy
YKUBJICHHS 1 BIOpalii B TPhOX B3a€EMHO MEPHEHAUKYJIIPHUX HAPSIMKaX, BUIUISIIOTHCS aMIUTITYAM Ha
XapakTepHuX yactoTax. 3 6a3u aanux (bJ]) BuOMparoThCcs aMILTITY/IHI 3HaU€HHS CTpyMy 1 BiOparii
Ha BIAMOBIIHUX YacCTOTaX 1 3HAXOJATHCS BIJHOCHI BIIXWJICHHS NapameTpiB, siKi 3aHOCATHCA B BJI.
Jlani 311HCHIOETBCS. BUMIP TEMIIEpaTypHu KOPITyCy B paifloH1 MiAIMITHUKIB, sIKa TAKOX 3aHOCUTHCS B
BJI. Jlani BUMIPIOIOTBCS 3HAYEHHS TEMIIEPaTypH B YOTHUPHOX KOHTPOJbHUX Toukax. 3 BJ[
BUOMpPAIOTHCS BIJMOBIAHI 3HAYEHHS TEMIEpAaTypH €TaJlOHHOro O00'€eKTa 1 pPO3paxoBYIOTHCA
abcomroTHl BiAXWieHHs. OTpUMaHl JaHl MHiACTaBISAIOTbCS B MOJENb IOIIYKY HECIPaBHOCTEH,
BHUXOJIOM $IKOi € M HecmpaBHOCTel 00'ekta. IIpoBoauThCs OIiHKA OTPUMAaHUX KOe(illi€HTIB
PO3BHUTKY HECIIPABHOCTEH 1 BUOIP THX HECTIPABHOCTEM, KOS(IIIEHTH IKOTO HeraTuBHI. Pe3ynbprarom
pOOOTH aNrOpUTMY € MEPEiK HECTIPAaBHOCTEMH, 1110 BUHUKIIH.

OcHoBHI pe3yJbTaTH Ta iX 00roBOopeHHsl. 3ampoONOHOBAaHA CHCTEMa KOMIUIEKCHOTO
(YHKIIOHAJIBHOTO JIIarHOCTYBaHHS BHCOKOBOJBTHHUX €JIEKTPUYHHMX MAIIMH JO3BOJHUTH BHSBIISATH
HECMPaBHOCTI Ta BU3HA4aTH NMedexTu B mporieci ekcruryaramii. Meron kinacudikaiiii TeXHIYHOTO
CTaHy Ta JrOPUTM IOIIYKYy HECHPAaBHOCTEH CyIHOBHX BHCOKOBOJBTHUX EJIEKTPUYHUX MAIIUH
moOy/T0BaHi 13 3aCTOCYBaHHSIM HEYITKOI JIOTiKMA. Takuil MiaxiJ 03BOJISI€E BU3HAYUTH IMMOTOYHHUMA
TEeXHIYHUN CTaH 00'€eKTa Ta BIAKIIOYUTH HOro B pasi mepenaBapiiiHoro crany. Iloganemmii anamnis
pe3yNbTaTiB  TEIJIOBOIO KOHTPOJIIO, CIEKTPAIbHOIO aHali3y CTpyMy JKUBJIEHHS 1 BiOpauii
BU3HAYUTU TNPUYMHHU BIIMOBH. Pe3ynbTaTu NpOBENEHOIro IOCIIKEHHS IOKa3ald MOXKJIHMBICTb
YCYHEHHSI HEIOJIIKIB METO/IIB JIIarHOCTHKHU €ICKTPUYHUX MAIWH, 1110 HaBEACHI B YaCTUHI «AHaI3
OCTaHHIX JOCHI/UKeHb Ta IMyOuikauii». OO0paHa CyKyIHICTh JIarHOCTUYHUX MapaMeTpiB J03BOJISE
KOMIICHCYBaTH HEJOJIKM OJHMX METOJIB mepeBaramu iHImHWX. JlochmimkeHHs moTpelye
IIPOJOBKEHHS 3 METOI0 YTOYHEHHS Mojened, 3a0e3neueHHs Npale3aTHOCTI Ha peallbHUX
napamMmeTpax MpamoYiX BUCOKOBOJIBTHUX €ICKTPUYHUX MAIIHH.

BucnoBku. IlpoBenenuii anami3z AOCHIKEHb Ta IMyOJIKaIlid IMOKa3aB BEIHMKY KIUIBKICTh
PI3HUX METOMIB JIIarHOCTUKU €JIEKTPHYHUX MAIIUH.

JUns  311HCHEHHS TEeXHIYHOrO JIarHOCTYBAHHS BHCOKOBOJIBTHOTO €JIEKTPOOOJIa HAHHS
JOIIUTEHO 3aCTOCOBYBATH METOJ/M Ta 3aCO00M (PYHKIIIOHATHHOTO KOMITJICKCHOTO JIarHOCTYBaHHS TpU
SIKUX TIEPEBIpKa 3/IIMCHIOETHCS B POOOYOMY PEXKUMI 1 HE PU3BOJATH JI0 IPOCTOIO 00'€KTa.

Busnayena egekTUBHA CYKyNHICTh AIarHOCTHYHUX MapaMeTpiB, IO BKIIOYAE aHANI3
enexTpopo3psaaHoi aktuBHOCTI (EPA), BiOpamiitHuii, CTpyMOBHUH 1 TETJIOBI30PHUI BUIN KOHTPOJIIO.

OTpumaHO HEWiTKy Mojzenb 1 MeToi Kiacu@ikaiii TEXHIYHOTO CTaHy BHCOKOBOJBTHHX
€JIEKTPUYHMX MalllMH, [0 J03BOJIAIOTH, 3@ pe3yJbTaTaMHU BUMIPIOBAHHSA IapaMeTpiB
eNEeKTPOpo3psAHOi akTUBHOCTI Ta CK3 BiOpOMIBUIKOCTI BU3HAYMTH TEXHIYHUH CTaH 00'ekTa,
BIJIHICIIIM FOTO OO OHOIO 3 I'ITH KJIACiB CTaHiB.

Po3pobnena Moienb MonIyKy HeCTpaBHOCTEH, peati3oBaHa 3a JI0TIOMOTOI0 anapaTy HediTKOT
JIOTIKH, IO JO03BOJISIE MO BUMIPSHUM 3HAYEHHSM aMILIITYI CTpyMy 1 BiOpallii Ha XapaKTepHUX
4acToTax, a TAKOXK TEMIIEPATypH B KOHTPOJIBHUX TOYKAX, BUSBUTH HECIIPABHOCTI 00'€KTA.

Po3po0neHo airopuTM OLIHKM TEXHIYHOTO CTaHy, IO JO3BOJSIE 3a pe3yJbTaTaMu
BUMIPIOBaHHS MapaMeTpiB eNeKTpopo3psaaHoi akTuBHOCTI i CK3 BiOpOMBUAKOCTI, 32 JOMOMOTOIO
amapaTy HEYITKOi JIOTIKM, BHW3HAUWTH TIOTOYHWN TEXHIYHMH cTaH o0'ekta Ta, y pasi
nepe1aBapiiHOro CTaHy, BiIKITFOUYUTH 00'€KT.

3alpONOHOBAHO ~ ANTOPUTM  MOIIYKY  HECHPABHOCTEH  Cy[HOBHX BHCOKOBOJBTHHX
€JIEKTPUYHUX MAIIHH, 10 JT03BOJISIE 33 pe3yJIbTaTaMU TEIUIOBI30pPHOTO KOHTPOJIO 1 CIIEKTPAIHLHOTO
aHalizy CTpPyMy S>KUBIEHHS 1 BiOparii 3a JOMOMOTrO HEUITKOi JIOT1YHOT MOJeNi, BU3HAUUTHU
MPUYMHHA Bi]MOBHU 00'€KTA.
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IlepciekTHBM MOJAJBIIMX JOCTIIKeHb. Y HaWOMMK4YIM TEPCHEKTUBI € HEOOXITHICTH
MEePEeBIpKU aIeKBATHOCTI Mojeneil (YyHKI[IOHYBaHHS 3alpOIOHOBAHMX AJTOPUTMIB peallbHUM
CTATUCTUYHUM JIaHUM, IO 3HATO 3 KOHKPETHOTO IPAIfOI04uoro oOJagHaHHS Ha CyAHI Ta
BIJIMOBIZIHOTO KOpETyBaHHS MOJENi MOIIyKy HecmpaBHOcTell. [lomanbini mocmipkeHHs OIUIBHO
CTHpSMYBATH JJIs BUKOPUCTAHHS 3alIPOIIOHOBAHNUX METOIIB 1 3ac00iB JIarHOCTYBaHHS, pO3POOICHUX
MOJIeTIeH Ta alrOpUTMIB i MOOYJOBH €IWHOTO KOMIUIEKCY (DYHKIIOHAIBHOTO AiarHOCTYBaHHS
BCIX MOTY>KHHUX BUCOKOBOJIbTHUX MAIllMH Y poO0OYOMY PEKHMI Ha CyIHI.
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Tymofeiev K. V., Voronenko S. V., Lebedenko Y. O. FUNCTIONAL DIAGNOSTICS OF SHIPBOARD
HIGH-VOLTAGE ELECTRICAL MACHINES

The article is devoted to the development of methods for the functional diagnostics of high-voltage electrical
machines and their practical application in maritime transport. An analysis of the main approaches to the
development of diagnostic techniques and tools for electrical machines demonstrates the feasibility of using
integrated functional diagnostics. The set of diagnostic parameters must meet the requirements of
completeness of description of all classes of defects, maximum sensitivity to changes in the values of structural
parameters, minimum composition, accessibility for control and measurement, minimum cost and time of
control and measurement, sufficient resolution in recognizing individual defects. The analysis of diagnostic
parameters made it possible to form an effective set that includes parameters of vibration, temperature, current
consumption and capacitance, and electro-discharge activity. The most effective application of these methods
is the joint use of an integrated diagnostic system.

An algorithm for the complex functional diagnostics of shipboard high-voltage electrical machines has been
developed. The structure for the system for diagnosing the technical condition is proposed, which allows to
implement the developed diagnostic algorithm and is characterized by constructive simplicity and reliability.
The complex diagnostics of high-voltage electrical machines can be formalized by means of models of
classification of the technical condition and fault finding based on the results of classification. A fuzzy model
for classifying the technical condition in the form of predicate rules has been developed, which allows
determining the technical condition of an object based on the results of measuring the parameters of electrical
discharge activity and the rms value of vibration velocity. Five classes of technical condition of the object are
defined: “Normal”, “Normal with deviations”, “Normal with significant deviations”, ‘Deterioration’ or “Pre-
emergency”. A fault detection model was developed and implemented using fuzzy logic.

The model makes it possible to detect faults in an object based on the measured values of current and vibration
amplitudes at characteristic frequencies, as well as temperatures at control points. A method using a fuzzy
model is proposed that searches for faults by the relative deviations of current and vibration amplitudes at
characteristic frequencies, as well as temperatures at control points. The algorithm for assessing the technical
condition allows to determine the current technical condition of the facility using a fuzzy logic apparatus based
on the results of measuring the parameters of electrical discharge activity and the root mean square value of
vibration velocity. In the case of a pre-emergency condition, a signal is generated to shut down the electrical
machine. The algorithm for fault detection of shipboard high-voltage electrical machines is applied on a fuzzy
logic model. The algorithm determines the causes of electrical machine failure based on the results of thermal
imaging and spectral analysis of the supply current and vibration.

Key words: diagnostics; electrical machine; defect; technical condition; measurement; electrical discharge
activity; vibration; spectrum; fuzzy logic; model.

© Tumodpees K. B., Boponenko C. B., JIebenenko 1O. O.

Crartro npuitasaTo 10 penakiii 19.05.2025

o pyopuku exnioueno cmammi 3a memamuunor cupamosanicmio « Tpancnopmui mexnonoziin



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

MATEPIAJIO3SHABCTBO

MATERIALS SCIENCE

ISSN-print 2313-4763; ISSN-online 3041-1939 117



NEFWETTNPTPE Marepianossascreo

VIIK 678.05
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BHUPOBIB 3 HOBUX KOMIIO3UTHUX MATEPIAJIIB

Ipouenko B. O., 0.m.n., npogecop, npoghecop ragheopu mpancnopmuux cucmem i
MexHiuHo20 cepgicy XepcoHCbKo2o HAYIOHANbHO20 MEXHIYHO020 YHigepcumemy, M. XepcoH,
Vkpaina, email: 1904pvo@gmail.com, ORCID: 0000-0002-3468-4952;

Kacan O. A. acnipaum ragedpu mpancnopmuux cucmem i MEXHIYHO20 Cepsicy

Xepconcbkoeo  HayioHanbHo2o — mexHiuHO20 — YHigepcumemy, M. Xepcow, Vxpaiua,
email: kasyan.aleksey@ukr.net, ORCID: 0009-0008-2039-6096.

Cmammsi cmocyemubcsi MexHiKo-eKOHOMIYHO20 0OTPYHMYSAHHS 3ACTOCYBAHHS BUPODIE 3 HOBUX KOMNOZUMHUX
mamepianis. ObGIPYHMOBAHO CMPYKMYpY Cco0I8apmocmi KOMNOZUMHUX SUpoDi6, WO GKIYAE 6apmichb
Mamepianie, HANOBHIOBAYIE, APMYSAHHS, O00POONEeHHs CMAYIOHAPHUMU YU 3MIHHUMU QI3UNHUMU NOTEAMU,
Mexauiuno2o 06pobenus. Bumpamu na 6ukonanHs KodCcHOI onepayii 6K1I04AIOMb ONIAMY npayi pooimHuKie,
sumpamuy Ha Oniamy ejlekmpoenepeii, amopmuszayii oONAOHAHHA, EKCHAYAMAYiliHUX ma HUUX Yexoeux
sumpam. Hasedeni eupasu, AKi MOJCHA GUKOPUCMOBY8AMU HA NPAKMUYL Ol GUSHAYEHHS CKIAOOBUX
cobisapmocmi KoMNo3umuozo eupoo6y. /lna inocmpayii 6UKOHAHO CRIBCMABNIEHHS BUSOMOGIEHH BMYIOK
0eli08YOHUX NIOWUNHUKIE 3 KANPOJIOHY HANOBHEHO20 Zpagimom, KanpoioHy HANOBHEH020 2pagimom ma
oucynvioom monibO0eHy, a MmakoxHc 3 eNOKCUOHO20 KOMHO3UMY HANOBHEHO020 2pagimom ma noaiamioom.
Ompumani eupasu 01 po3paxyHKy mpyooMIiCIMKOCMI Mma 8apmocmi 8U2OMOBIeHHs 8MYI0K 3 Yux mMamepianie
3anexcHo 8i0 iXHix posmipie. Pe3ynomamu po3paxyHKie NOKA3aau, wo 8apmocmi 6mynoK 3 YCIX mpbox
aHanizo8anux Mamepianie € yiikom cnieCmasHUMU 6eIUUUHAMU OOHO20 NOPAOKY, WO 8 YMOBAX OOUHUYHO2O
BUPOOHUYMBA CYOHOPEMOHMHO20 NIONPUEMCIBA pOOUMb SUMPAMU HA 8U2OMOGIEeHHA OJid 6CIX 6apianmia
pisnosnaunumu. Iloxasano, wo y unaodxy 3acmocy8ants 6myJioK 3 KANpoioHy HANOGHEHO20 zpagimom ma
Qicynvhioom moniboewny, KinbKicmv peMOHmMIE 3 OOKYEAHHAM CYOHA 304 MEPMIH U020 BUKOPUCAHHS Oyoe
matice 6 6 pazie MEHWOW HIJIC NPU 3ACTMOCYBAHHI 6MYNOK 3 €NOKCUOHO20 KOMHO3UMY, WO € KIHOYOBUM
Gaxmopom onsi subopy mamepiany, OCKIIbKU 3MEHULYE KIILKICMb NPOCMOi8 CyOHa 6 OOKy ma cobieapmicmo
nepegesenHa moHu eanmaoicy. Ilpeocmasnena memoouxa po3paxyHky mooice 6ymu UKOPUCMAHA THIICEeHepamu
npu  OOIpYHMYBaHHI uUOOpY Mamepiany ma KOpUCHA AcChipaHmam 01 CRIBCMAGNEHHS OMPUMAHUX
Dpe3yrbmamis 3 00CHIOHCeHHAMU THUUX A8MOopIs.

Knrouosi cnoea: komnosumuuii mamepian; codieapmicms, 00pOOIeHHS, eKOHOMIUHA OOYIIbHICMb, AKICMb.

DOI: 10.33815/2313-4763.2025.1.30.118-131

Beryn. KommnosutHi marepiaiau iCHyIOTh 3 JaBHIX 4aciB, IX CTBOpMJIA cama MpUpPOja, ILI0
MIJIKPECITIOE iX TEePCIEeKTUBHICTh. HalBiOMINIMM KOMIIO3UTOM € JEpPEeBHHA, IO MICTUTH JOBTI
LIEJIIONIO3H]  BOJIOKHA, SIKI YTPUMYIOTbCS BKYyNl Ta B3a€MOJIIOTH 3aBAsKH Habarato cialrmii
MEXaHIYHO PEYOBUHI — JIIrHIHY. TakuM 4YMHOM, y JIE€pPEBUHI JIBI PEUYOBHMHH 3 HU3bKOIO MILHICTIO,
JITHIH Ta LEJI0JI03a, CYKYITHO YTBOPIOIOTH HAabaraTto MilHimly pedoBuHy. Kommosutamu € KicTKu
moackkoro Tima (pocdar kanpiito + KOJareH), Ta B MIAPIIOMY PO3yMiHHI CaMe€ JIFOJICHKE TIJIO.
Hamwmmu npeakamMu KOMIIO3UTH 3[aBHa BHKOPHCTOBYBAJIHMCH IEpII 3a Bce Yy OYIIBHHUITBI,
JIOCTAaTHBO 3raJiaTy MOEJHAHHS COJIOMHU Ta IJIMHM, a 3TOJIOM 1 3al1i300€TOHY, BUKOPHUCTOBYBAJINCH
JUISL TIOJIIOBAHHS Ta y BIMCHKOBMX JisSIX (JlamMachbka CTajb), TeNep iX BUKOPUCTOBYIOTh Y HAHOLIbII
MPOTPECUBHUX TATy3sIX BUPOOHUIITBA, 30KpEMa JIITaKIB Ta aePOKOCMIYHOT TEXHIKH.

VY cyyacHOMY pO3yMiHHi, KOMIIO3UTHI MaTepiajH, L0 3aCTOCOBYIOTh Y TEXHIlll, YMOBHO
JUIATh Ha Taki kiacH [1]:

— TIONIMEpHI MATPUYHI KOMIIO3UTH — 3a3BUYail TEPMOpPEAKTHBHI CMOJIH (€MOKCHJHI,
moJTiaMiTH1 9u mojriedipHi) abo TepMOILIACTH, apMOBaHi CKJIOM, ByTJierieM, 60pom abo apamiTHUMU
(KeBJIapOBUMH) BOJIOKHAMH, K€paMiYHUMHM MOHOKpHUCTaJaMu a00, OCTaHHIM 4acoM, METaJeBUMHU
BOJIOKHaMHU. BOHH B OCHOBHOMY BUKOPHCTOBYIOTBHCS B YMOBaX, IIO Tepen0adaroTh BiIHOCHO HU3bKI
poboui Temmepatyp (K mpaBuiio, 10 400°C).

— METaJOMATPUYHI KOMIIO3UTH — HaW4YacTillle Ha OCHOBI AQIIIOMIHIEBHX, MAarHi€BUX,
TUTAaHOBUX a00 MIAHMX CIUIaBiB, B SIKI BBOASTHCS OOpOBi, ByrieneBi (rpaditoi) abo kepamiuHi
BOJIOKHA (3a3BWYail OKcHA amoMiHil0o abo kapOin kpemHio). Poboda TtemmepaTypa Takux
MatepianiB piako mnepesuirye Oinpine HiK 800°C. Temmeparypa 0OMEXyeTbcs T'pPaHUIICIO
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po3M'sKiIeHHs a00 TUIABJICHHS, IO XapakTepu3ye Matepian marpumi. SIKmo mnepexnbadyBaHe
3aCTOCYBaHHA Tependadae BUCOKI TEMIIEpaTypH, TO K MAaTPHIIIO 3aCTOCOBYIOTh CIUIABH Ha OCHOBI
HIKEJIo Ta 1H. [2];

— KOMIO3UTH 3 KEPaMi4HOI0 MaTpPHIICIO, 1[0 PO3POOJICHI CIelialbHO Ui 3aCTOCYBaHHS 3a
BHCOKHX pobOounx Ttemmeparyp moHaa 1000°C. Ilmpoko BUKOPHUCTOBYIOTHCS: KapOil KpEeMHIIO
(SiC), okcun amominito (Al203) Ta ckilo, a MOMIUPEHUMH ApMYIOYMMH BOJOKHAMH TaKOX €
KepaMi4Hi MaTepiau;

— BYTJCIb-BYIJICLIEBI KOMIIO3UTH, IO MICTSATh BYIJeNeBy abo rpadiToBy MaTpuirio,
apMOBaHy BOJIOKHaMHM YW TpadiTOBUMH TKaHWHAMH, 110 3a0e3Meuye CTIMKICTh O HAaJIBHCOKHX
temneparyp 6mau3pko 3000°C, mo CyKyHmHO 3 HH3bKOIO INUJIBHICTIO Ta HU3BKUM KOE(]ilieHTOM
TETUIOBOTO PO3IMIMPEHHST pOOUTH X IyKe MPOrpecUBHUMH. HaWMmOmMpeHIMMH BOJIOKHUCTHMHU
KOMIIO3UTaMH € MaTepiajii Ha OCHOBI BYTJICIIEBOI'O BOJIOKHA, CKIIOBOJIOKHA Ta KEBJIApy.

BpaxoByroun BenuKy pi3HOMaHITHICTh MaTepiaiiB, OUYEBUIHO, L0 ICHY€e Oarato KpuTepiiB
s ix kmacudikarii, 1 3rajgaHi BUIEe — JUIIE JesKi 3 HUX. Benuke pi3HOMAHITTA MaTepiamiB
YCKIIQIHIOE 33/1ady iX BHOOpY IS THX 4d 1HIUX YMOB. OCOOJMBO II€ CTOCYETHCS IMOJIMEPHUX
KOMIIO3UTIB, SIK IIMPOKO PO3MOBCIOKEHUX Y TEXHIill, 1 TOMy € (pOKyCOM JOCIHIPKEHb 0ararbox
HayKOBIIIB.

AHaniz nyOJikaniii. Y CcTpyKTypl eKcIulyaTaliiHUX BUTpAT Ui 3ac00iB TPaHCIOPTY
3HAYHY YacTHUHY 3ailMarOTh BUTpPATH Ha TEXHIYHE OOCIYrOBYBaHHS Ta PEMOHT, sKi 3ajeKaTh Bij
HOro MepioJuyHOCTI Ta MOXKYTh OyTH JOCTaTHBO TpynoMicTkuMu [3]. Ha neit moka3Huk BILUTUBAE B
CBOIO 4YEpry JOBIOBIYHICTh TaKWX, Ha MNEPIIMN MOIVIAJ HPOCTHX EJIEMEHTIB SK YUIUIbHEHHS,
JIOBIOBIYHICTh SIKMX 3QJIXKHUTh SK B PO3MOALTY HaBaHTaXeHb [4], Tak 1 Bi ONOPY 3HOIIYBAHHIO
Matepiany. Tak, Ha MepioJUYHICTh JIOKYBaHb Cy/{Ha BIUIMBA€E 3HOCOCTIMKICTh MaTepialy YIIUIbHEHb
Ta BTYJIOK JCHIBYIHUX HiAIIMIHUKIB, NPUYOMY BapTICThb CaMHX LHUX BHUPOOIB € HE3HAYHOIO
MOPIBHSHO 3 BapTICTIO JOKyBaHHs. 1€ camMe CTOCY€ThCs aBlanepeBe3CHb, J€ 3HAYHWUU BIUIUB Ha
npuOYTKOBICTh aBlaKOMIIaHIM MalOTh BUTpPATH Ha OOCIYrOBYBaHHs Ta €KCIUTyaTallil0 MapKy, IO
MIJKPECIIIOE  BAXKJIMBICTh 3aCTOCYBaHHS MarepiayliB i3 BHUCOKUMH IMOKa3HHMKAMH, IO 3JaTHi
3MEHIIUTH TIOTPEOM B OOCITYyrOBYBaHHI Ta MiJABUIIYIOTH CTPOK CIY)KOM €JIEMEHTIB TOBITPSHUX
CYIEH, OCKIJIbKM 3HIKCHHS YacTOTH Ta TPHUBAJIOCTI TEXHIYHOTO OOCIYrOBYBaHHS IIi/IBUIILYE
JOCTYITHICTh JIITaKiB Ta MiHIMI3ye mepepBH B po3kiani peiciB [5]. Takuit migxig a0 BuOOpPY
BUTPATHUX €JEMEHTIB TMpPH TEXHIYHOMY OOCIYrOBYBaHHI Ja€ MOXKJIHMBICTh aBiaKOMITaHisIM
ITIJICUJTUTH CBOKO KOHKYPEHTOCTIPOMOXKHICTh BHACIIJIOK ONTHMI3alii BUTpaT [6]. 30Kkpema, oIliHKa
noTpeOu TEXHIYHOTO OOCIyTOBYBAaHHS Ta CYITyTHIX BUTpAT € BU3HAUHOIO JJISl NPUHHATTA pIilICHb
PO 3aMiHy MaTtepiajiiB JeTanei ra30TypOIHHUX JIBUTYHIB JIITAJLHUX anapariB 3 METOK 3MECHIIICHHS
PU3HKIB IIiJ] YaC BUKOHAHHS MOJBOTIB [7, 8]. 3 IMi€l0 K METOI PO3pPOOISIFOTHCS METOJIU TEXHIKO-
€KOHOMIYHOTO aHaIi3y KOMIIO3HUTIB 13 KepaMiuyHO MaTpHIeo [9].

3acToCyBaHHS TMOJIIMEPHUX KOMITO3UTIB YacTO JI03BOJISIE OTPUMATH JIOCTATHBO INBHIIKI
pillieHHs TI0 OTpUMaHHIO (I3UYHMX MOJENeld NpH BHKOHAHHI HAYKOBHX JociifkeHb [10] um
PEMOHTY, JI¢ BHPOOHHMIITBO € OJAMHUYHUM 1 HE TMOTpedye IeTaabHOTO TEXHIKO-€KOHOMIUYHOTO
OoOrpyHTYBaHHs. Y BHUIAQAKY K 3aCTOCYBaHHS Yy CepiiHOMYy YH MacoBOMY BHUPOOHUIITBI
PECYPCOEMHUX KOMITO3UTHHX BUPOOIB HA OCHOBI MOJIIMEPIB, 110 MOTPEOYIOTh TOPOKIMX BUXITHUX
MarepiajiB, 3HAUHUX BUTpAT €HEprii Ta mpaii Ha oOpoOJeHHs, BUKOHAHHS TEXHIKO-EKOHOMIYHOTO
aHaJTi3y € HEOOXiTHUM.

ITocTanoBka nmpoo6JjeMu. 3HaUHA KIJTBKICTh JTOCHIKEHb B rajy3i MaTepialo3HaBCTBa CTaja
JDKEpETIoOM po3pOOJIeHHS 1 BUBYEHHS BIIACTHMBOCTEH HOBUX MaTepialliB, Ha MUIAXY BIPOBAJKCHHS
SKUX YacTO 3HAXOAWUTHCS PECYpCOEMHICTh KOMIIO3UIll, EHEPrOEMHICTb YU TPYIOMICTKICTb
3aMpOMOHOBAHOT TEXHOJIOTIi, HU3bKI EKCIUTyaTalliiiHi MOKa3HUKH TOTOBHX BHPOOIB Ta iH. 3 OISy
Ha HAasBHICTh SIBHOTO JOCIIJHUIIBKOTO TPOOLTY B Taly3l TEXHIKO-€KOHOMIYHOTO OOIPYHTYBaHHS
JOLUTBHOCTI 3aCTOCYBaHHS HOBHX KOMIIO3UTHHMX MaTepiajiB, IO MiAKPECTIOETHCS BiJACYTHICTIO
TAKOTO OOTPYHTYBaHHS y 3HAUHINM KUTBKOCTI 3aXMINEHUX AHCEpTalliil 3 MaTepiaJo3HABCTBA, ICHYE
norpeba y po3poOieHHI METOMOJIOTii HOro BHKOHAHHS Ui BUBEIEHHS HOBHX PO3POOIIOBAHHMX
MaTepialiB 3 1aboparopiii y cepy peanbHOro BUKOPUCTAHHS.
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MeTo10 podoTH € po3pOOIICHHSI METOIUKN BU3HAYCHHS COOIBapTOCTI BUPOOIB 3 MaTepialiB
THUITy MOJIMEPHUX KOMIIO3MTIB JUIsSl CIIPOLICHHS MPUHUHATTS PILICHHS MPO BIPOBAIKEHHS TOTO YU
1HIIOTO BUPOOY HIISXOM BUKOHAHHS TEXHIKO-€KOHOMIYHOTO aHaJIi3y.

3anaui podorTu:

— OOTpYHTYBaTH CTPYKTYpy cCOOIBapTOCTI BHUPOOIB 3 KOMIIO3HMIIMHUX MaTepialliB Ha
MIPUKIIA/lI TOMIMEPHUX €MOKCUKOMIIO3UTIB;

— HABECTU BUpPA3U JJI1 OOYMCIIEHHS OCHOBHHMX BUTpAT, 0 (OPMYIOTH COOIBApPTICTh TaKUX
BUPOOIB;

— BUKOHATH PO3paxyHKU Ta MOPIBHSAHHS cOo0i1BapTOCTI BUPOOIB 3 KOMIIO3UTHUX MaTepiajiB
Ha MPUKIAAl BTYJOK JAEHABYAHMX MHiAIIUIHMKIB ypaXxOBYIOUM Taki KpuTepii sIK TPyAOMICTKICTb
BUT'OTOBJIEHHSI, BaPTICTh Ta JOBTOBIYHICTb.

Bukiaag ocHoBHOro marepiajiy. BapricTe BUroToBiieHHS Bks BUPOOy 3 KOMIIO3MTHOTO

Matepiaity (TpH/IIT.) MOKHA OOUUCIUTH SIK CyMy BapTOCTI MartepianiB By Ta BapTOCTi 00pOOIeHHS
Bo (1).

B,, =B, +B,. 1)
Jlo BapTocTi MaTepianiB ([J1sI BUMAAKy KOMIIO3UTIB Ha OCHOBI PIAKHUX CMOJ) (2) BXOJWTH
BapTICTh BIJHECEHHX JI0 OAHOTO BHPOOy MaTepiany MaTpuii Buu, BapTICTh MaTepiany TBEpAHUKA
Bwmr, BapTicTh Marepiady HamoBHIOBaua(iB) Bwmm, marepiady apMyBaHHS(Hb) Bm4 Ta JIMBapHOI
dhopmu Be 3a BilpaxyBaHHSIM BapTOCTI Byp Marepiany BinxoAiB (y BUTIAAKY CKJIAIHOCTI YTHITi3aIii
II0 BapTIiCTh HEOOX1THO J0/IaBATH):

B, = ZBMi =By =By + Byr + By + By + By — By 2)
=)

TexHosorist 00poOaeHHs MOXKe BKJIIOYATH BIUIMB Ha BUPIO cTalioHapHUX (TeMIepaTypHe,
€JIEKTpUYHE, CUJIOBE Ta 1H.) UM 3MIHHUX (MarHiTHO-IMIyJIbCHE, yJIbTpadiojeToBe Ta 1H.) (PI3UUHUX
MOJIiB, @ TaKOX MEXaHi4He OOpOOJEeHHS pi3aHHSAM, TUCKOM 1 T.I., 3arajoM Ha N omepamisx i3
BIJIIIOBITHOO BapTicTIO Bocern, Bosen, Bom (3).

B, = Bocon + Bosan + Bow - (3)
[Micnsa migcranoBku (2) Ta (3) y (1), matumemo Bupas (4):
BI(B = {BMM + BMT + BMH + BMA + Bq) - BMB} + BOC@H + Bo;@n + BOM =

n n 4
={Byys +Byr + By + By + By =By} + > By ={Bi + B, — By} + D B, = )
= j=1

Bapricth MaTepiaiiB MOYKHA OI[IHUTH SIK:
By, =my, <1, ©)
1e m,, —Maca i-ro MaTepiaiy (MaTpHIll, TBEpIHHKA, HATOBHIOBAYa, apMyBaHHs, BIIXOJIB), KT;
I],, — 1iHa i-ro MaTepiaiy, IPH/KT.

VY BumaaKy 3acTOCyBaHHSI KOMITO3HTIB, JI€¢ 33JaHO MAaCOBI YAaCTKHM KOXKHOTO KOMIOHEHTA Qi
iX miHy Ta X TYCTHHY pxi BapTICTh KOMITO3UIII] paxyBaTu 3a BUPA3OM:

By =B,y + By + By + B, = pseV; U36;

Ps = zp,mq,m / Z Q,: (6)
i=1 i=1

lla‘s = z u Mmi in / Z in '
i=1 i=1

Bapricts 00po0seHHs Bo Ha j-Tiii omepaiiii, y 3aralbHOMY BHIQJKy € CYMOIO OIUIATH Mpaili
pobiTHuKa Borp, BapTOCTI eleKTpoeHeprii Bemn, amopTtu3alii obmagHanHs AM, eKkcruryaTauiiHux
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BUTpAT Br (TexHiYHEe 00CITyrOByBaHHS Ta PEMOHT 00JIaIHAHHS, IHCTPYMEHTY, OCHAIIICHHS, BUTPATHI
Matepianu i1 T.iH.). Crou TakoX HeOOX1THO MOJATH 1HIII 11€XOB1 BUTpaTu Biys (Ha yTpUMaHHS Ta
00CITyroBYBaHHS BUPOOHUYHX TUTOII, 3a0€3MEYCHHSI OXOPOHH TIpalli Ta T.1I.).

By, = Bypp + By + AM , + B, + By (7)
_12x301,5+0B,5  Tuy [ 1L CCB] ®)
o oPY,,; 60n,, 100 |
B P xt, I
=, 9
EHj 60nsj77j EHj ( )
B, ¢,
AM = —x (10)
T,,*x®P4,. 60n,

ne Pj— IOTY>HICTb, 1110 BUTPAYa€eThCs HAa 00po0OIieHHs, KBT;
toj — ocHOBHMIA Yac 0OpOOICHHS, XB;
Nej — KUIBKICTH OJJHOYACHO 00pOOIIOBaHUX BUPOOIB, LIT.;
7j — KOeIIieHT KOPUCHOI i1 00IaTHAHHS;
I],,, — uiHa enextpoeHeprii rpa/(kBrxron);
311posj — BETMUMHA CEPETHBOMICSYHOT OIUIATH Ipalli BiAIOBITHOIO POOITHUKA, IPH;
OBposj — BeNMUMHA OIJIATH BiAMYCTKU pOOITHUKA, IPH;
@DPUposj — piuHuil GoHa poOOYOro yacy pobiTHUKA TO//PikK;
Tuxj — ITYYHO-KAIBKYJIALIHHNN Yac (BpaXOBY€E ONEPATUBHUI Yac Ta MiAr0OTOBYO-3aKIIOYHUN Yac
Ha HaJIaro/HKEHHs 00J1aJHAHHS), XB;
€CB = 22% — equHMiA coliaTbHANM BHECOK IS (DI3MUHUX OCIO-ITiIITPHEMIIIB;
Boénj — BapTicTh 0071a1HaHHS (3 IHCTPYMEHTOM Ta OCHAIIEHHSM), TPH;
Tsuxj — TEpMIH BUKOPUCTAHHS O0JIaJHAHHS, POKIB (HAIPUKIIAJ, JJIs METalopi3ajlbHUX BEPCTATIB
3a3BHuail npuiiMaeTses 6...10 pokiB);
@PYo6:j — piunnii poHa poOOUOTO Yacy 001aTHaHHS TO1/PIK.
VY BuUMajKy HasSBHOCTI JaHHX 3 JOCBITy BUPOOHHIITBA, MOXHA OpaTu 3aMicTh Tux = Quslo, 1€
@ns — KOE(QIIIEHT, IO BPAaXOBY€ HASBHICTh MIATOTOBYO-3aKIIOYHOTO 4Yacy (3aJeXuTh BIJ BUIY
00pO0OJIeHHS, 3aCTOCOBAHOTO O0IaTHAHHS Ta ocHareHHs) [11].
Excrmyaraniiini BUTpaT 00YMCIIIOIOTHCS HACTYITHUM YUHOM [12]:

By =By + By + By + By + By, (11)

e B, — BHTpPATH Ha TeXHIUYHE 0OCITyrOBYBaHHs OOJIaIHAHHS, 3BEJCHI JI0 BAPTOCTI OAHIET eTali,

0j
I'pH/IIT.;
B, — BUTPATH Ha PEMOHT oOJaiHaHHs, 3BEJICH1 10 BApPTOCT1 OAHI€ET IeTali, TPH/IIT.;

By, — BapTICTh BUTPATHHX MaTepialiB, 3Be/ICHA 110 BAPTOCTI OJHIET AeTall, TPH/IIT.;

B

,; — BUTpaTd Ha eKCIUTyaTaIlil0 1HCTpyMEHTa Ta OCHAIEHHS, 3BEJCHI 10 BapTOCTiI OAHIET
JeTani, TPH/IIT.;

BPHj — BUTpATHU Ha pO3pO6J’IeHH${ Ta BIPOBA/DKCHHA IIpOoTrpamM JIJist pO6OTI/I O6J'IaIlHaHH}I, 3BCACHI1

JI0 BapTOCTI OJIHIET 1eTasi, TPH/IIT.

EKCHHyaTaHII/IHl BUTpPATH BE Ta 1HII1 [IEXO0B1 BUTPATHU BIUB

Ta opranizaimii BUPOOHHUIITBA) OPIEHTOBHO CTAHOBIATH 75...150% (Ha migmpueMcTBax i3 MEHII
JIOCKOHAJIMM BUPOOHUYHMM MPOIECOM e BiJICOTOK MOKe OyTH OiTBIIKMM) BiJ BEIMYWHU OIUIATH
npari pobitHuka Bomp [12...14]. 3 ypaxyBaHHSIM 1por0, BUpa3 (7) Aisl po3paxyHKYy BapTOCTi
00po0IIeHHs Ha j-iif omepallii moJamMo y BUIJISAIL, 3pyYHOMY ISl IPAKTUYHOTO BUKOPUCTAHHS:

B, =(1,75..2,50) B, + By, + AM . (12)

(3aJIe)KHO BiJ] PIBHS OIIATHOCTI

3acTocyBaHHS IOKa3aHOT METOAMKU OyA€MO PO3IIISIaTH Ha MPUKIAi BATOTOBJIEHHS BTYJIOK
JIeWIBYTHUX TiAMHUIMHUKIB (puc. 1) i3 MaTepianiB, 3aCTOCYBAaHHS SIKUX PO3MIITHYTO B PoOOTax
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[15...17], a

X OCHOBHI

BJIACTHUBOCTI

BUKOPHCTOBYBATUMEMO KOE(DIIliEHTH TOBKUHH K1
JiaMeTp BTYJKH; 0 — miameTp OTBOpY BTYJKH; | — MOBKUHA BTYJIKH).

3BeIeH0 B Tabm. 1.

Pucynok 1 — Ecki3 BTYJIKI/-I NEHIBYTHOTO TIAIUITHUKA (CIIPOILEHO)

Tabmuns 1 — XapakTepucTHKY OPIBHIOBAaHUX MaTepiajiB

VY mopanbminx BUKIIAIKaX
I/D ta niametpiB ko = d/D (D — 30BHimIHIi

Ho3nauenna . . Mooyns . TI'ycmuna py, | Hina Il,,
. Haitmenysanna mamepiany npyscrnocmi 3
Mmamepiany E I'Ta Ke/MMm 2PH/K2
Mi Kanporor HLA-GMT 12...16 117x10° 280
HanoBHeHMi rpadirom [15]
Kanposnon I[TA-6M/IM,
M2 HamnoOBHEHUH rpagiToM Ta 1,6...2,0 1,22x10° 340
nucynbdimom monioaeny [16]
Marepian EKM-3 [17] _ 6 _
(Eq: 220 MaC.‘-I.): Pss 1,75%10 H3s =270
Cwmomna: Epoxy 525 6
(guz = 100 mac.4.) 1,2010 300
TBepI[i{I/IKI IIEITA 1,00x10° 600
(02 = 5 mac.u.)
M3 Toepan: Telolit 410 5,0...6,0 1,00x10° 1100
(03 = 5 mac.u.)
HaHOBHIOBaq_I: rpadit AI' 1500 2.00%10° 280
(0us = 60 mac.4.)
HaHOBHiOBa'—I 2: mepaiT 2.30%10° 50
(0us =20 mac.4.)
HaHOBHIOBat_I 3: momiamin [TA-6 1,15x10°6 100
(06 = 30 mac.4.)
Ilpumimka: BapTOCTI MaTepiaiiB B3SITO 3 BIIKPUTHX JKEpell.

3a yMOBHM CIIIBBITHOLIEHHS JUIsl MatepianiB M/ Ta M2 BaprocTi MaTepialy Ta BapTOCTi
BigxoniB Bs«/By = 0,25, BuTpaT Ha Marepian (3 ypaxyBanusMm 10% 3amacy Ha HE3BOPOTHI BTPaTH
Marepiaiay Ta iH.) MOKYTh OyTH BH3HAUEHIi 3T THO BUpa3y:

B,, =11x0,785p,, %a’g(l—O, 25k2)11 .

2

(13)

Jlns marepianiB M1 ta M2 oOpoOneHHS mnependavacTbcsl TIABKM MEXaHIYHE B OJHY
orepaiito (j = 1) Ha TOKApHO-TBUHTOPI3HOMY BEpCTaTi 3a J[BI YCTAHOBH, 0 BKJIFOYAE, IMiAPI3aHHS
TOpIIs, 30BHIIIHE TOUIHHSA MO AiaMeTpy D, cBepamiHHS, pO3CBEpATIOBAHHS Ta PO3TOUYBAaHHS OTBOPY
d, Bimpi3aHHS JeTani BiJ NPYyTKa, MiApi3aHHS MPOTHICKHOTO TOPIsL. Pexxumu pizaHHS ais 000X
MarepianiB M1 ta M2 BBaxanu OJHAKOBUMHU. [[s HOpMyBaHHS ormepallii BHKOPHUCTOBYBAIH
eMIipuyHi chiBBiAHOMIEHHS, HaBeaeHl y [11] (ons = 2,14). Pe3ynbratu, neperBopeHi BiIHOCHO
BHYTpPIIHBOrO Jiamerpa Ta KoediuieHTiB Ki, K2, manm MOXIMBICTH OTpHMATH BHpa3d s
OCHOBHOTO Ta MITyYHO-KaJbKYJISIIIHOTO Yacy:
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2
—017d (2+3k k, +k, )x107, x6.; (14)

2

d
T = k —(2+3k k, +k, )x107°, xs. (15)

2
VY nopaiblIMx NEPEeTBOPEHHSX HEXTyBalM BHUTpaTaMH Ha eyiektpoeHepriio (Bew = 0) Ta
amoptuzauito (AM = 0), BiIHICIIN IX O IHIIMX IEXOBUX BUTPAT, OCKUIBKU NEpII He3Ha4Hi, a APYTi
B [IbOMY BHIIQJIKy MOXKHA NMPUHAMATH HYJIBOBHUMH, OCKUIBKH IIepen0avacTbCsi 3aCTOCYBAHHS BXKE
[IPOaMOPTHU30BAaHOIO O0agHaHHA. [HIII BeIMYMHM B po3paxyHKax Opanu HACTYNMHUMH: 3llpos =
OBpos = 30000 rpH, @PYposi = 1800 rou/pik (npu 36-rommHHOMY pobOouomy TrKHI). Tosi Bupas
ISl BU3HAYCHHSI BUTPAT Ha OIUIATy Mpalli BEpPCTaTHUKA 3 ypaxyBaHHsM (15) matume BUTISA:
2
B» —1600d (2+3k k, + Kk, )x10°°, (16)

2
[TpuiinsABIIM NIPH IBOMY BiJICOTOK, III0 BPAaXOBY€ €KCIUTyaTalliiHI Ta 1HIII [EXOBI BUTpPATH
75% (B, + B, + By, =1,75B,,,,), 3 ypaxyBannsm Bupasis (12), (13), (16), orpumanu Bupas juis

BU3HAYCHHS BApPTOCTI JIeTajeH TUIY BTYJIOK 3 MarepianiB M1 ta M?2:
By =B, +175B,,, =

Kk, d? (17)
=0,86p, % 431 (1-0, 25k )+2800-~ (2+3hk, +k,)x107°, 2pn.

2 2

()44

[TincraBuBmm y (17) uminm marepianiB M1 ta M2, a TakoX NPUHHSABIIN B CEPEIHBOMY
XapaKkTepHe JUIs BTYJIOK JCHABYIHUX MIAMIUIHKUKIB CIiBBigHOIICHH K2 = 0,75, micis HeCKIaIHuX
NEPETBOPEHh OTPUMAEMO BHpPA3M JJII BAapPTOCTI BTYJIOK 13 IIMX MaTrepiajiB 3aJeXHO BiJ IXHIX
PO3MipiB:

By =574d° | ky (d +28,3)+17,4 <10, opn.; (18)

By, =726d° | ky (d +22,4)+13,8|x10°°, pn. (19)

Jns maTepiary M3 MaTUMEMO HACTYITHI BUKJIaIKU. BapTicTs hopmu, 110 CKIIa1aTUMETHCS 3
MyCTOTIJIOTO MHJIIHApa 30BHImHIM miamerpoM 1,25D, BuyTpimHiM — 1,05D, Ta BCcTaHOBIEHOTO
BCEpeIMHY CHiBBICHOTO cTpwkHs giametpoM 0,9d, i3 nomaBanusm 10% Ha ocHOBY (opmu
(Muoxuuk 1,1) mpu k2 = 0,75 craHoBUTHME:

— dopmu, BuapykyBanoi Ha 3D npuntepi 3 matepiany ABS (pug = 1,1x10°; 1.y = 8000
IpH/KT, cTiHiKicTh popmu CD = 50 mit.):

Bys, =1,1x0,7851(0, 46 D% +0,81d%) 2t . _
Cco
K P
=11x0,785x L d%(0,46 +0,81k?) 22" _
¢ "o (20)

2

P, n

= 0,755 45(0,57 + k2) Lt _ g gg g Pttt 105 _ 310k d°x10°,
k3 Co Co

2
— craneBoi 3BapHOi (GOpPMM 3a THX JKE CIIBBiHONIEHb pO3MIipiB (pwgp = 7,8x107;
Lup = 1000 rpu/Kr (BpaxoBye€ BapTiCTh MaTepiany Ta BUTOTOBJIEHH:); C@ = 250 mt.):

B, , =188k d? p"é—fé’”qb x107% = 60k, d®x107°, 2pH. (21)

[opiBusiaHs BupasiB (20) Ta (21) AeMOHCTpPYE, IO 3aCTOCYBAaHHS JAPYKOBAHUX (OPM MOXKeE
CYTT€BO MiIBUIIUTH BapTICTh BUPOOIB, TOMY Jlajli OPiIEHTYBAaTUMEMOCH Ha CTaJeBi (HOPMHU.
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OO0uncieHi 3HAYCHHS 3BEJICHUX IIIHU Ta TYCTHHH JJII KOMITO3UIlT JO3BOJIMIM OTPUMATH
BUpa3 U1 BU3HAYCHHS BApPTOCTI KOMIIO3WINII Ui 3aroTOBKM 3 PO3MipaMH, aJcKBAaTHHUMHU
3a3HaYCHUM po3Mipamu JuBapHoi popmu (k2 = 0,75):
2 2
B,,=0,785/(1,10D° -0,81d")p L], =
k
_ 143 2 _ 3 -6
_0’64Fd ,36-k,)p, L, =572k d° <107, epu
2
3HaYHUN TOMWT HAa NPUIMAHHA BIAXOMIB MEXAHIYHOTO OOpOOJCHHS EMOKCUIHHUX
KOMITO3HUTIB aBTOpPaM HEBIIOMUHN, TOMY IIpUIIMAEMO BapTiCTh MaTepiairy BigxoiB Bus = 0.
Takum uyMHOM, BHTpaTd Ha Mmarepiadx M3 s BTYJNOK, BIUIMTUX B cTajeBi (opmu
CTaHOBUTHMYTh:

(22)

B,,; = By + B, =632k d*x107°, 2pn. (23)
TexHouorisi BUTOTOBJICHHS BHPOOY 3 Mmarepiany M3 BkiIrouae 4oTupu onepamii (N = 5):
00pOOJICHHS KOMITO3UIII TeMIIepaTypHUM IOJieM Ta MeXaHiuHe OOpOOJIEHHsS, OCHOBHI 3 SIKHX
HaBEJICHO B Ta0I. 2.
IIpu TOKapHiii 0O0poOLi 3aroTOBKM 3 Marepiady M3 MaTUMEMO BHpa3u Uil OCHOBHOTO,
MITYYHO-KAJIBKYJISIIITHOTO Yacy Ta BapTOCTI OIUIATH Ipaili podiTHHKa Ha omeparii 025:

2

t, _017OI (0,3+3k, K, +k ) x1073, xs.; (24)
2
d2

T =036, 5(0,3+3kk, +k, )10, xe. (25)
2
dZ

Bospa =1600- > (0,3+3k K, +,)x10°, (26)

2

Toni TPy IOMICTKICTh BUTOTOBJICHHS BTYJIKH 3 MaTepialy M3 cTaHOBUTHME:
2

~ 2680, 36d (0,3+3k k, +k; )x10°%, xe. 27)

2

I'padiku 3amexnocteit (15) ta (28) nmast TPYIAOMICTKOCTEH BHUTOTOBJIEHHS BTYJIOK 3
aHali30BaHMX MaTepiamiB BiJ 1X po3MipiB IS MOIIHPEHUX Ha (0TI aiaMeTpiB rpebHuX BaiiB d =
40...120 mm Ta ki = 1,0...3,0, HaBeneno Ha puc. 2. g inroctpamii Ha puc. 3 TOPIBHSHO
TPYAOMICTKICTH BUTOTOBJIEHHS It MoenbHol BTyaku d = 100 mm, D = 132 mm, | = 270 mm: s
BUpOOiB 13 marepianiB M/ um M2 BoHa ctaHoBUTHME Tuxi2 = 54 XB, a Juis marepianmy M3 —
Tux3 =312 xB, 10 pOOUTH BUCHOBKH OYEBUTHUMH.

3a TPUAHATTS TYT BXKE HABEACHUX paHINIe MPUMYIICHh I[EXOBI BTpPaTH, OIUIATY
CIIEKTPOEHEPrii Ta aMopTH3allifo 00JagHaHHSA, BapTicTh BTyIkH 3 Marepiamy M3 (ka2 = 0,75)
CTaHOBUTHUME:!

T

wk3

4
By = By, +1, 752 BOHPj =

j=1

2
=632k1d3><106+1,75{129+1600d—(0 343k k, +k )x10° (28)

2
=226+632d° [ k, (d +25,6)+2,4 <10, zpn

I'padixm 3anexnocteit (18), (19) ta (27) mns BapTocTeit BTYJOK HaBeieHO Ha puc. 4. Ha
bOMY TpadiKy BHIHO JIHIIO MEPETHHY MOBEPXOHHb M2 Ta M3, TOOTO B 30HI OUIBIINX JiaMeTPiB Ta
JIOBXXUH 3a TPUHHIATHX YMOB 3aCTOCYBaHHS marepiaily M3 Moke 3a0e3MeUdTH HWXKYY BapTICTh
BUpOOiB. BTynku 3 marepiamy M/ nemeBmii 3a Oynb-sikuX ymMoB. Tak, BapTICTb BHUTOTOBJICHHS
mozenbHol BTykd d = 100 mm, D = 132 mm, | = 270 mm 3 martepiany M1 6yne Bks: = 1573 rpH
(puc. 5), 3 marepianty M2 — Brg2 = 1877 rpH, a 3 marepiany M3 — Bxssz = 1829 rpH.
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Cywmicue po3B’si3anHs piBHSAHB (19) Ta (27) gano moxmBicTs moOyayBaTh rpadik (puc. 6)
JiHiT piBHOI BapTocTi BUPOOIB 13 MatepianiB M2 Ta M3, MO € JiHI€I0 MEPETHHY BiAMOBITHUX
MMOBEPXOHB BapTOCTEH Ha rpadiky puc. 4.

Tabmuus 2 — TeXHOMOTIYHNN MapIIPyT BUTOTOBJICHHS BTYJIKH 3 MaTepiany M3

S Ocnognuii / 3apobimna nnama poodimnuka,
Ne onepauyii ma it kopomxuii 3micm . .
N Wmy4HO- 2pu/mic. / onnama npayi
(KinvKicmb 00HOYACHO 00POONIOCAHUX O . .
KanoKynaAyitHuil | podimnuKa 3a onepayilo Ha 0OuH
3a20M0B0K) .
vac to | Tux, X8 eupio Bomnpj, 2pn
005 Tepmiuna (Ns = 5) 60/ 72
1. Harpitu CMOJITy 110
T = 353...373 K 1 BuTpuUMaTu npu 30
il TeMneparypi
2.  IlizroryBaTm Ta  3Ba)XUTH {10}
KOMIIOHEHTH KOMIO3H1i 20000 / 42
3. BBecTn HanoBHIOBayi B CMOJIy Ta 10
M1JTaTH 3MIITyBAaHHIO
4. ErepucikyBaTi KomnayHn mnpu 7' 20
=333...353 K.
5: OXOJ."IO,Z[I/ITI/I KOMIIAyHI  JI0 {120}
KIMHATHOI TeMIIepaTypu
010 Bakyymna (ns = 5) 50/70
1. Beectu TBCpI[HI/IKI/.I 1 15000 / 31
2. 3a7MTH KOMIIO3UILI0 Y hopMH 4
3. BakyymyBaTH KOMIO3HIIIIO 45
Burpumka Ha moBiTpi 24 ron {1440} —
015 Tepmiuna (Ns = 5) 120/ 126
[Migirpitu KOMITO3HIII IO 1o 120 15000/ 56
7'=393 K i BUTpUMaTH
OXQJ‘IO%II/ITI/I (2 romg) Ta BUTpUMATH Ha {1442} B
noBITpi 24 roj
025 TokapHo-rBuHTOpi3HA (Ns = 1)
1. ITixpizaT Topenp
2. Tountn mniagp D 32 Bupasom (24) / 30000 / 3a Bupazom (26)
: 3a BUpazom (25)
3. Po3rouutu otBip d
4. TlinpizaTu TOpelpb
CyMapHa TpyIOMIiCTKICTb 3a BHpa3om (27) 3a Bupaszom (28)
Ipumimka: y GirypHuUX Jy’KKax HaBEJCHO Yac, SKHI EPEKPUBAETHCS 1HITUM YacoM, ado STKUH He
noTpe0ye yJyacTi Ta OIJIaTH Ipaii poOiTHHUKA

OtpumaHi pe3yJbTaTH MOYKHA TMOSICHUTH THM, IO BTYJKH 3 matepianiB M1 ta M2 Tyt
nepe0ayeHo TOUUTH 3 IPYTKIB, Yepe3 110 MPHU BEJIIMKUX JiaMmeTpax O 3pocTae BUTpara matepiany y
Bimxoau (cBepmiaiHHS OTBOpY). [Ipm BUTOTOBIEHHI BTYJNOK i3 MatepianiB M1 ta M2 nutTam
TpyOUYacTUX 3aroTOBOK, 3a0€3MEUUTH HIKUY BapTiCTh BUPOOIB i3 MaTepiany M3 Oyne BaxKo.

Crnenudika po6oTu cyjeH, ae nepeadadaeTbcs BCTAHOBIEHHS Y JSHABYIHUX MiAMITUITHUKAX
BTYJIOK 3 aHAJII30BaHUX MartepialiB, mependavae ix TOKYBaHHS, Y TOMY YHCHI JUIS 3aMiHU BTYJIOK,
TOMY OCHOBHUM (PYHKITIOHATBHUM KPHUTEPIEM JJIA BTYJIOK € JJOBIOBIYHICTB, a JIJIS IXHIX MaTepialiB
— 3HOCOCTIHKiCTh. Biarak, KiIBKICTH PEMOHTIB 13 JOKYBaHHAM CyaHA JUIS 3aMiHH BTYJIOK
NEeHABYTHUX MiAIIMIHUKIB 32 CTPOK CIY>KOHM cynHa y poOoTi [15] 3ampornoHoBaHO BHM3HA4YaTH 3a
BHpazoMm (29).
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d, MM
Pucynok 2 — I'padiku 3anexHOCTI
TPYAOMICTKOCTi BUTOTOBJICHHSI BUPOOIB 13 Pucynok 3 — /liarpama TpyAOMiCTKOCTi BUTOTOBJICHHS
MmatepianiB M1 ta M2 (cuHiit), a Takox M3 MOJIENIbHOT BTYJIKH 3 MaTepianiB M1, M2 ta M3
(>koBTHIT) Bif X pO3MipiB
1900
) W/W
ﬁ S 1800+
o
3000 ‘g 1700 7
=
] =
Bks, rpu : 1600 '/
2000 =
E 1500
10001 2
1400
M3 M2

Pucynok 4 — I'padiku 3a1e:HOCTI BApTOCTI
BUpOOiB 13 MartepianiB M/ (3enenuit), M2 (cuniii)
Ta M3 (koBTHI) Bif IX po3MipiB

Pucynox 5 — Jliarpama BapTOCTi MOJIETHHOL
BTYJIKH 3 MaTepianiB M1, M2 ta M3

105

3oHa
HIDKY01 BapTOCTI
BHPOOY 3 Marepiany M3

90 o N
HHIK401 BapTocT
BHPOOY 3 Marepiany M2

N, rojn

Pucynok 7 — I'padik 3aexkHOCTI mepioJMUHOCTI
PEMOHTY (ZOKYBaHHS) BAHTaXXHUX CYJEH 33 CTPOK
ciry»k0u 3aJIe)KHO BiJ| TiameTpa rpeOHOro Baja
Ta MaTepiay BTYJIKH ISHIBYTHOTO ITiIITAITHIKA!
M1 (3enenuit), M2 (cuniit) Ta M3 (>;x0oBTHIA)

Pucynok 6 — CriBBiTHOIIEHHS PO3MIpiB,
10 3a0e3MeYyoTh PiBHY BapTiCTh BUPOOiB
3 MatepiaiiB M2 ta M3
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Kp — 25 kcc Nxoo. 132 — 25 kchxoo. 1321
[2z]-2z,, 0,0055d +1,8
1e 25 poKiB — MPOEKTOBAHUI CTPOK CIIy>KOH Cy/IHA;
Kee — KoOe(illieHT CTPOKY CIyKOM CyaHa A0 MOpajdbHOro 4 (izmunoro 3uocy (1 — s
KPYIMHOTOHAKHUX TPAHCIIOPTHUX CYJCH, 2 — AJI KPYITHOTOHAXKHUX MACAKUPCHKUX CYJICH);
Nxoo. — pluHa KUTBKICTh XOJOBUX FOJIMH CYyJIHA, (TO1)/piK;

[22]=0,0120d +1,8 — rpaHHYHO IOMYCTUMHUN B eKCIUTyaTalii 3a30p Yy MiIIIUIHUAKY (A7

(29)

NEeHIBYJHUX MiJIIMIHUKIB 31 BTYJKAaMH 3 HEMETaJeBUX MaTepiaiiB aiamerpoMm 10 600 mm), MM
(popmymna Perictpa);

2z, =0,0065d — yCTaHOBUYHUI (MOHTaKHUM 4M MEPIIONOYATKOBHI) 3a30p y MIALIUIHUKY, MM
[15];

I, — cyMapHa IHTEHCHBHICTb 3HOLIYBaHHs IS Bana Ta BTyakH (MM/1000 rox) (Taba. 3).

Tabmuus 3 — TpuOOTEeXHIYHI BIACTUBOCTI MOPIBHIOBAaHUX MaTepialliB

Koeg. Inmencusnicms 3nouwtysanns I,
Hlo3nauenns mepm f cymapHa 01
Mamepiany npu- eana 6MyIKu demaneil
MaujenHi .
niowunHuKa
600010
Ml mr/ MM/ 1000 Mmr/ Mm/1000 11000
(V=13 wmc, 0,020 (xM-cm?) ro (kM- cM?) roj VM o
p =2,6 MIla) [15] *0,003 *0,018 0,005 0,200 0,218
M2 [16] 0,016 — *0,007 — 0,080 0,087
M3 y MMm/1000
(V=1,0wm/, 0,038 - *x0,025 | MM ros 0,535
p =27 MIla) [17] 0,05 0,51
Ipumimxa: *y nocnigax [15] miast MaTepialiiB Ha OCHOBI KampoJIoHy KOHTPTLIO OyJI0 BUTOTOBIIEHO
3 HepxkaBirouoi crani 10X18HIT, 3 sikoi BUTOTOBIISAIOTH TpeOHI Baiu cyaeH; **y mocmimax [17]
KOHTPTIJIO A MaTepiany M3 Oyno BurotoBieHo 3i crami 45 (45...48 HRC), 3H0C KOHTpTLIA TYT
He (iKCcyBaBcs, TOMY Uis poOOTH 31 BTYJKOIO 3 Marepiany M3 IHTEHCHBHICTH 3HOUIYBAaHHS Bajia
B34TO OJMU3bKO 5% BiJl IHTEHCUBHOCTI 3HOLIYBaHHS BTYJIKH, y 3alac JOBIOBIYHOCTI (3aHMKEHO,
Hacnpas/ii Baj Oy/ie 3HOIIYBAaTUCh IHTEHCHUBHIILIE).

I'padixkn 3anexnocti (29), moOymoBaHi AN CYXOBAaHT@KHOTO CyJHA Y BHIIQAKY
3aCTOCYBaHHS BTYJIOK 3 aHani3oBaHuX MatepiainiB (Tabin. 3) mpu N = 2500...5000 roa/pik HaBeaeHO
Ha puc. 7. OuikyBaHO, HAWMEHIIy KUIBKICTh 3aMiH BTYJIOK 3a0€3MeYuTh iX BUTOTOBIICHHS 3
marepiainy M2. Hanpuknan, mpu N = 4000 roa/pik aus Brynku 3 d = 100 mm i3 matepiany M1 — Kp
=9, st marepiay M2 — K, = 4, nns marepiany M3 — Kp = 23 (a00 JOKyBaHHS MaiiKe IOPOKY).

Jlns BUMaAKy 3acTocyBaHHS MozeabHuX BTYJI0K d = 100 MM, D = 132 mm, | = 270 MM i3
pi3HUX MaTepialiB, 3 METOIO MIOPIBHIHHS, OTPUMAaHI pe3yIbTaT PO3paxyHKiB 3Be/ieH] B Ta0I. 4.

Tabmuust 4 — OCHOBHI XapaKTEPUCTUKH MOJCIBHUX BTYJIOK JICWJIBYIHUX ITAMIUAITHUKIB 3
aHaJIi30BaHUX MaTepiaiB
Koeg. Tpyoomicmxicmo Tpusanicmo Bapmicme .
IlTosnauenns | mepms f npu Kinskicmo
. . 6U2OMOGICHNS 6UZOMOGNEHHA, | 6UZOMOBIEHHS .
Mmamepiany MauyeHHi pemonmis K,
T, x6 X6 By, epn
600010
M1l 0,020 54 54 1573 9
M2 0,016 o4 o4 1877 4
M3 0,038 312 3314 1829 23
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Hani Tabn. 4 cBim4arh, IO 3aCTOCYBaHHS Ui BUTOTOBJICHHS BTYJIOK Matepiamy M3
3a0e3MeyuTh HaWOIbIly KIUIBKICTH PEMOHTIB, a BIATAaK 3aBASAKM HaWOUIbLIIA TpPUBAIOCTI
MPOCTOIOBAHHS Ta BUTPAT HA PEMOHT, HAMOLIbII MUTOMI BUTPATH HA TOHHY TIEPEBE3EHOTO CyTHOM
BaHTaXYy, 1110 3HU3UTH MPUOYTKHU BiJ €KCIUTyaTallil Cy/JHa OCHAIIEHOTO TAKUMU BTyJIKaMu. BTynku 3
Matepiaiy M3 3a0esnevars HaWOUTBIII BTPATH HA TEPTA B JNCHABYAHOMY IiIIIMITHUKY, a BiITaK
BUTPAaTH Ha TaJIMBO, MO0 JOJATKOBO MIABHUINUTH BApPTICTh TMEPEBE3CHb. TPYyIOMICTKICTh
BUI'OTOBJIEHHSI BTYJIOK 13 MaTtepiany M3 maiixe B 6 pa3iB OuIbLIe HIXK Ui BTYJIOK 3 MaTepiaiiB M2
Ta M3 (a TpuBalicTh BUTOTOBJIEHHS Ouiblie B moHan 60 pasiB). OTpumani pe3yibTaTH poOsATh
BUOIp MaTepiany Juisl BTYJIOK ACWIBYAHUX HIAIIMIHUKIB OUIII OOIPYHTOBAaHMM 1 MEPEKOHIMBO
CBiluaTh Ha KOPUCTH 3acTocyBaHHs MaTepianiB M/ un M2. ABtopamu [15, 16] 6im3bko 40 pokiB
JIOCITIJKYBAJIOCh 3aCTOCYBaHHS PI3HOMAHITHUX MaTepiaiiB [l BATOTOBJICHHS BTYJIOK JICHIBYIHUX
MiJIIMITHAKIB, HaWKpaili pe3yibTaTd OTPUMAHO JUIsl KampoJoHOrpadiTy Ta KampoJOHY
HaroBHEHOMY TpadiToM Ta qucysib(igoM MOIIOAeHY, TPUIOMY JIaH1 JIa0OPaTOPHUX JOCIIIIB 100pe
y3rO/UKYBalUCh 3 MPAKTUKOI eKCIUTyartalii CyAeH, Mo Jae miactaBu iM Joipatu. CrnpoOu
3aCTOCYBaHHSI €MOKCHUIHUX KOMIIO3UTIB JIJII BUTOTOBJICHHS BTYJIOK MIIIIMITHUKIB TAaKOX BIAOMI 3
60-x pokiB XX cT., mpoTe B MPAKTUIl CYAHOPEMOHTY BOHH HE MNPWXWIUCh. CHiJl TaKoX
BII3HAYUTH, 10 3a AaHuMHU [18], HaliMeHIy 1HTEHCHMBHICTh 3HOIIYBaHHS MAarOTh EMOKCH]IHI
KOMITO3UTH 31 BMicTOM rpadity 01u3pko 10% mpotu 6au3bko 30% BUKOpHCTaHUX y Matepiam M3.
e dopmye pesepBu Wisi MOAATBIIUX OCIIIKEHb EMOKCHIHUX KOMIIO3UTIB TPHOOTEXHIYHOTO
MIPU3HAYCHHS 1 TIOLIYKY cep iX 3acTOCYyBaHHA, OCKIIBKHU SK pPeaabHy albTEPHATUBY TEPMOILIACTAM
TUIy HANOBHEHOTO AaHTUQPUKIIMHUMH J100aBKaMM, KalpoHY ISl BUTOTOBJCHHS BTYJIOK
JeHABYTHUX MIAIIUITHUKIB, 110 3MAIyIOTHCS BOJIOIO, HApa3i iX po3risgaTH BasKKO.

BucHoBku:

— OOIPYHTYBAaHO CTPYKTYpYy coOiBapTocTi BUpPOOIB 13 KOMIO3MLIHHMX MartepiajiB, IO
BKJIIOYAE BIJIHECEHI /10 OJMHHULI BUPOOY BapTOCTI MaTepiajiB Ta OOpOOJIEHHS CTalllOHAPHUMHU YU
3MIHHUMH (DI3MYHUMHU TOJISIMU, @ TAKOXK MEXaHIYHOTO 00poOsieHHs. BapTicTh MaTepianiB BKIIIOYa€e
BapTICTh CKJIQJ0BUX KOMIIO3UTY (MaTpulli, TBEpAHMKIB, HAIOBHIOBAYiB), apMyBaHHS TOIIO.
Bapricte 00poOsieHHs Ha KOXKHIM orepaliii 3ajJeXuTh BiJ OIJIaTH mpaii poOiTHHWKA, BapTOCTI
SJIEKTPUIHOI eHEeprii, aMopTH3aIlii 00IaIHAHHS, CKCIUTyaTAI[ITHIX Ta 1HIITUX [IEXOBUX BUTPAT;

— HaBeJIeHI BUPa3H I OOYMCIICHHS OCHOBHUX BUTpAT, M0 (GOPMYIOTH COOIBAPTICTh TAKUX
BUPOOIB, YMOXKJIMBIIIOIOTH BUKOHAHHS MPAKTUYHUX PO3PaXyHKIB;

— Ha TMPUKIAAI BTYJOK JEHIABYJAHMX IMAMIMAIHUKIB CyJeH, OOYHCICHO BapTICTh
BUTOTOBJICHHSI BUPOOIB I TPhOX MaTepialiB Ta OOIPYHTOBAHO PIllIEHHS PO 3aCTOCYBAHHS OJHOTO
3 HUX, YPaxOBYIOYH TaKi KpUTEPIii K TPYAOMICTKICTh BUTOTOBJICHHS, BAPTICTh Ta IOBTOBIYHICTH;

— Y HOBUX JIOCTI/DKEHHSIX, 110 CTOCYIOTHCSI PO3POOJIEHHS Ta BUBUEHHS BIACTUBOCTEH HOBHUX
MarepiajiB Yu TEXHOJIOTIH PEKOMEHIYEThCSI BUKOHYBATH SIKICHE TTOPIBHSAHHS OTPUMAaHUX TEXHIYHUX
pIllICHh 3 aHAJOTIYHHMH JIOCHTI[DKCHHSIMH I1HIIMX aBTOPIB 3a TEXHIYHUMH Ta EKOHOMIYHHMH
MOKa3HUKAMH 3 METOIO OILIIHKH JOIIIBHOCTI BUKOPUCTAHHS OTPUMAHUX PE3yJIbTaTiB.

HanpsaMku nmogaiabmux AocaiIzKeHb. [loganbnn JOCTiKEHHS JONUIFHO CIPSIMYBaTH Ha
pO3po0JIeHHST KPUTEPiiB SKOCTI BUPOOIB i3 KOMIIO3UTHHX MaTrepiajiB, IO YpPaxOBYIOTh CTYITiHb
BIOCKOHAJICHHS BUKOHAHHS HUMH CBOiX (YHKIIH, BapTICTh 1 TPyIOMICTKICTh BUTOTOBJICHHS,
BUTpPaTH PECypciB Ha EKCIUTyaTamiro 1 T.J. 3a pe3yJbTaTaMH IUX JTOCIIDKEHb MOXYTh OYyTH
PO3pOo0IIeHI CHCTEMH aBTOMATHU30BAaHOTO MPOEKTYBAHHS BUPOOIB 3 TAKUX MaTepialiB, y TOMY YHUCIi
13 3aCTOCYBaHHAM 3aC0O0iB ITYYHOTO IHTEIEKTY.
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Protsenko V. O., Kasyan O. A. NEW COMPOSITE MATERIALS MADE PRODUCTS DEVELOPMENT
AND IMPLEMENTATION FEATURES

The article deals with the techno-economic feasibility of using products made from new composite materials.
The proposed cost structure of composite products includes the cost of materials, fillers, reinforcement,
processing with stationary or variable physical fields, and mechanical processing by cutting, pressure, or
other methods. The costs of performing each operation to manufacture a composite product are proposed to be
calculated using a comprehensive approach. These include workers’ wages, electricity expenses, equipment
depreciation, costs of operating cutting tools and equipment, machine programming, and other shop costs—in
particular, payment for the operation of production areas, ventilation, heating, etc. Ratios are introduced that
can be used in practice to determine the specified components of the cost of a composite product. For
illustration, calculations and comparisons of the manufacture of deadwood-bearing bushings from graphite-
filled caprolon, caprolon filled with graphite and molybdenum disulfide, as well as from an epoxy composite
filled with graphite and polyamide, are presented. The expressions for calculating the labor intensity and cost
of manufacturing bushings from these materials, depending on their sizes and the relationships between them,
were obtained. The calculation results showed that the cost of bushings made from all three analyzed
materials are comparable in magnitude—values of the same order—making the manufacturing costs for all
options equivalent under unit production conditions at a ship repair enterprise. By determining wear, it is
shown that in the case of using bushings from caprolon filled with graphite and molybdenum disulfide, the
number of repairs with docking of the vessel during its service life will be almost six times less than when using
bushings made from epoxy composite (9 and 23 dockings over 25 years, respectively). The set of results
obtained is key for choosing a material, as the greater wear resistance of the bushings reduces the number of
vessel downtimes in the dock and the cost of transporting a ton of cargo. The presented calculation method can
be used by engineers when justifying the choice of material and is helpful for graduate students to compare the
results obtained with studies by other authors. This could be one step toward adhering to the principles
of open science and reducing the amount of research conducted merely for the sake of research.

Key words: composite material; cost price; processing; economic feasibility; quality.
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CUCTEMA NIATPUMKU MPUMHATTS PINIEHD
3 BUBOPY MAHEBPY CYJHA 3I'Il/IHO 3 BUMOI'AMMU MII33C-72

Bens A. II., xmmnu., npogecop, npopekmop 3 HAYKO80-neda2o2iunoi pobomu
Xepconcvroi deparcasnoi mopcokoi axademii, m. Xepcon, Vxpaina, e-mail: a_ben@i.ua,
ORCID: 0000-0002-9029-3489;
Mareituyk B. M., Ph.D., Ooyewm «ragheopu ynpaseninna cyonom Xepconcovkoi
oepoicasnol mopcokoi  axademii, m. Xepcow, VYkpaina, e-mail: mateichykv@gmail.com,
ORCID: 0000-0001-9328-0651.

Cmammsa npuceauena nUmManHam 3acmocyeanns Mixcnapoonux npasun 3anobieaHHs 3iMKHEHb CYOeH
(MII33C-72) y cucmemax niompumku nputinamms piwens (CIIIIP) cyonoeoois. Ilposedeno amnanis
docnioxcenv y 2any3i cmeopents gopmanvrux modenet MII33C-72 ma ix npakmuunoeo 3acmocy8aHHs 6
cucmemax ynpasninks pyxom cyoew. Busigieno, wo na nomouHuil MOMeHmM 4acy NepCneKmuGHUM HANPIMOM
HAYKOBUX OO0CHIOJNCEHb € CMBOPEHHS Memooié OYIHKU DI6Hs HeOe3NeKu HAaGIeayiuHux cumyayiil 32i0HO 3
sumozamu MII33C-72, aoanmoseanux oo 3acmocysants 6 CIIIIP cyonos00is. [[ogedeHo, w0 8adciusum
acnekmom ycniwnoeo sacmocysanus MII33C-72 y cyOH0600inHI € He auwe CmMEOpeHHA iX a0eK8amHux
Gopmanvrux modeneti, adoanmosanux oo sacmocysanusi CIIIIP cyono8odis ma asmomamu308anux cucmemax
Kepy8aHHs pyXom cyOeH, a U PO36UMOK MPEHANCEPHUX CUCIeM NIO20MOBKU MOPCbKUX (Paxisyie 3 memoro
niosUUeHHs iIX KOMHemeHMHOCMI 8 2any3i NPpaKMuyHUX HAsU4oOK 3ACMOCYBAHHA NPABUL NI YAC HeCeHHs
saxmu. Po3pobneno kiacugikayito HagieayiiiHux cumyayiti, o 8UHUKAIOMmMs y NPOYeCi pO3X00XHCEHHsL CYyOeH 32i0HO
3 eumoeamu MII33C-72 ma memoo oyinku pisHs ix Hebesneku 6iON0GIOHO 00 napamempié pyxy. 30iiCHeHO
NPaKmuuHy peanizayilo 3anponoHO8aHOl Kiacugixayii ma mMemooy OYiHKU pIeHS HeOe3neKu HAGieayitiHux
cumyayiti y CIIIIP cyono600is, 5Ky inmezpoeany 3 Hasieayitinum oonaoHanusm mpernaxcepa Wartsila «Navi-
Trainer Professional 5000». Cmeopeno npoepamni 3acobu peanizayii ingpopmayiiinoeo oominy mioc CIIIIP ma
HagieayitiHum 0OIAOHAHHAM MPEHANICEPA Y PENHCUMI PEabHO20 HAcy, Wo 00360A€ 30ilICHIOBAMU NOCMIUHUL
MOHIMOpUHe 3MIiH Hasieayiinux cumyayit. Ilpiopumemnum nanpsamom npakmuunoeo 3acmocyeants CIIIIP, wo
cmeopeHa, € 3a0e3NeyUeHHs MPEeHANCEPHOI Ni02OMOBKU MOPCLKUX (Daxieyie 3 Memow OMPUMAHHS NPAKMUYHUX
Hasuuox 3acmocyeanna MII33C-72 na nasieayivinomy micmky. IlepcheKmugHUM HANPAMOM NOOATLULUX
docnioxcenb € po3pobka okpemozo npozpamrozo mooyas CIIIIP 0na 6edeHHs CMAMUCMUYHO2O AHANIZY
YCniwHoCmi mpeHascepHoi niocomosxku axiseyis, Axki npoxooame ii Ha HagieayiliHOMY MpeHadxicepi, 8 po3pisi
BU3HAYEHHS CKIAOHOWI8 3acmocysants okpemux npasui MII33C-72 Ons pisnux munig nasicayitiHux cumyayi
ma ymo8 niaeaHHs.

Kniouoei cnoea: cyonogodinns, cucmemu niompumku nputuamms piwens, MII33C-72; wnagicayitina
cumyayisa; ynpaeninua cyOHOM, HAGIeayilHULL MpeHax cep; MpeHadXCepHa nio2omosxa, be3nexa Mopeniascmed.

DOI: 10.33815/2313-4763.2025.1.30.133-144

Beryn. MII33C-72 € OCHOBOIOJIOXKHUM HOPMAaTHBHUM JOKYMEHTOM, SIKUW pEriiaMeHTye
MIPOLIECH PO3XOJIKEHHSI CYZeH, TOMY MUTaHHAM (popmatizallii npaBuji MPUCBIYEHO JOCUTH BEIHUKY
KUTBKICTh pOOIT JOCHITHHKIB, IO MPAIIOIOTh Yy Taly3i IHTENIEeKTyaJllbHUX Ta aBTOMAaTH30BaHUX
cucTteM ympaiiHHA pyxoM cyaeH [1-10]. Cmig 3a3HayuTH, 10 IHTEHCHBHE BIIPOBAKECHHS
JOCSATHEHb CYYacHHMX I1H(QOpPMALiHHUX TEXHOJIOTiH Yy Tramy3i CyIHOBOMIHHS, SIK€ BiTOYyBa€TbCs
MPOTSTOM OCTAaHHIX JBOX JIECATHIIITH, MPHUBEPTAE yBary MOCTIAHHUKIB 13 PI3HUX KpaiH CBITY 0
CTBOpPEHHSI HOBITHIX aBTOMATH30BAaHWX Ta IHTEIIEKTYAJIbHHX CHUCTEM KEPyBaHHS PYXOM CYJEH, a
TakoXK cucTeM MmiaTpuMku npuiHATTS pimens (CIIIP) cymnoBoxis [11-17]. Po3pobka Takux
CHCTEM, 31 CBOTO OOKy, 00YMOBIItO€ MOTpeOy B CTBOPEHHI BIAMOBIIHUX MaTeMaTHYHHX MOJIENEH,
METOIB, amapaTHUX Ta MPOTPaMHHUX 3ac00iB, SKi 3a0e3medyBaTUMYTh IMIUIEMEHTAIII0 BHUMOT
MIT33C-72 Ha mpaKTHIIi.

3 orisay Ha BWINE3a3HAUCHE, a TaKOX, OepydH /IO yBaru iHTEHCH(DIKAIlI0 3aCTOCYBaHHS
3aco0iB 00poOKHM HaBiramiiiHoi iHpopMamii B ramy3i CyJHOBOMIHHS, BUHHKAa€ HarajibHa morpeda
po3poOku MeTomiB Kiacudikamii HaBiramiiHUX cuTyarlii, ta GopmanpbHuX Mojaeneit MII33C-72,
MPUIATHUAX JI0 3aCTOCYBAHHSA B IHTEICKTYaIbHUX CUCTEMAaX KEPYBaHHS PyXOM CyJICH.

AHaJi3 octaHHiX gocailkeHb Ta myOaikauniii. [Tutanasam dopmanizaiii BUMOr MpaBUI
MII33C-72 3 MeTorw iX TMONANBIIOrO 3aCTOCYBaHHS B IHTEJIEKTyaJIbHUX HaBiramiiHUX
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iHpopMamifHUX CHUCTeMax, CHUCTeMaxX MIATPUMKH TPUAHATTS pIMIeHh Ta AaBTOMAaTH30BaHUX
cucTeMax YIpaBIiHHA PYXOM CyJ€H, Y TOMY YHCJII aBTOHOMHHUX, NPUCBSYEHAa HHU3Ka poOOIT
3aKOPIOHHUX Ta BITYM3HSHHUX JOCITIJHUKIB, B SIKUX PO3IJISHYTO Pi3HI aCHEKTH MPaKTHYHOTO
3acrocyBanHs MII33C-72 [1-9], Ta cTBOpeHHsI BIAMOBIAHUX cucteM ympasminas [11-20].

Tak, y po6ori [1] onmcano migxomu, siKi ciIiJ BpaxoBYBaTH MPH PO3pOOIll aJTOPUTMIB, IO
MOKJIaZIeHO B OCHOBY (yHKuioHyBaHHs CIIIIP cynHoBoais /Ui mpUHHATTA pillleHb Y CHUTYyalisx
po3xokenHsa cyneH. 3aznadeHi CIITIP moxyTs OyTu 3acTocoBaHi sik 0e3mocepeqHbO Ha OOpTy
CyJHa, TaK 1 Ui MPOLECiB TUCTAHLIHHOIO KEpyBaHHS CyJAHAMH, & TAaKOX JUIsl aBTOHOMHUX CHCTEM
KepyBaHHSI.

VY crarti [2] 3anponoHOBaHa JBOpiBHEBa TiOpUHA CUCTEMa KOOPJHMHALII PyXy CyleH A
3amo0iraHHs 31TKHEHb JBOX a00 TPhOX CYACH y CHUTyaIlisX iXHhOTO HeOe3nmeyHoro 30mmxeHHs. B
OCHOBY pOOOTH CHCTEMH IOKIAJeHO (POopMajbHI MOJENl KOOpAMHALIl pyXy CyAeH MoOyaoBaHi
BiAMOBiMHO A0 notpuManHs Bumor MII33C-72. Takox y cTaTTi HaBEAEHO MPUKIAI MPAKTUYHOT
peaitizarii CTBOPEHOI CUCTEMH.

Y crarti [3] mnpeacraBneHO e(QEKTUBHMM aIrOPUTM YHUKHEHHS 3ITKHEHb, SKHUH
BUKOPUCTOBYE TIOpPOroBi (PyHKIT KepyBaHHS, 3aCHOBAaHI Ha 3aCTOCYBaHHI MaHEBPEHHX
XapaKTEePUCTHK CyJeH y moenHanni 3 Bumoramu MII33C-72. Ha BiaMiHy BiJ TpaaUIITHUX METO/IIB
YIpaBIIiHHS PYXOM CyJiHA, IKUM Opakye SIBHOI'O BpaXyBaHHs TEXHIYHUX MOXIJIMBOCTEH 3/1HCHEHHS
CYIHOM IOBOPOTY Ta 3MiHU HAlPSMKY PyXy 3 METOI YHHKHEHHS 3ITKHEHHS, aBTOPHU MPOMOHYIOTh
1Bl (QYyHKUII KepyBaHHS, IO PO3PAaxOBYIOThCS HAa OCHOBI MapaMeTpiB JIBUX Ta MpPaBUX Kul
oBopoTy. Lli pyHKIIT BCTAaHOBIIOIOTh YMOBH O€3MEKU PyXYy CyJEH HUIIXOM BU3HAUYEHHS JUCTAHLIIN
MDXK CyJHaMHM Ta IIEHTPaMU KUl iX MOBOPOTY, 1110, 31 CBOro OOKY, 03BOJIsIE €(EeKTUBHO BU3HAYMTH,
SIK HAMPSAMKH PYXY JUIsl yXUJIEHHS BiJ] 3ITKHEHHS, TaK 1 MOXJIMBOCTI IIOBOPOTY BJIACHOTO CYy/IHA.

VY po6oti [4] mpoBeaeHi JOCHIIKEHHS B HAIPSIMKY BU3HAYEHHS MPOTAJUH y PO3YyMiHHI Ta
3actocyBanHl MII33C-72 cepen MOpPCBKHX CTYIEHTIB Ta JOCBIJUEHHUX odinepiB. ABTOpU
[IpOoaHaji3yBajld OCHOBHI MPUYMHU 3ITKHEHb CYJEH, Ta 3 SICYBalM, L0 JOMIHYIOUUMH (aKkTOpamu
BUHUKHEHHS MOPCBHKHX aBapiil € nroAchkuii (pakTop 1 HempaBWIbHE TIyMAueHHS MpaBWiI. 3a
JIOTIOMOTOK0 aHKETYBaHHs LIUJIBOBUX TIpyH, OyJlo NepeBipeHO piBeHb iX pPO3yMiHHS MHpaBWI, Ta
BUSIBIICHO, 1110 HEJOJIIKM y 3HAHHSX HAWYaCTIIIe BUHUKAIOTH Yepe3 HENpPaBHIbHY IHTEPIPETAIIIIO
IpaBUJI Ta iX TMOMMWJIKOBE 3acTOCYBaHHS. 3a pe3ylbTaTaMM JAOCHIDKEHHS BH3HAU€HO, LIO
npodeciiiHy KOMIETEHTHICTh HaBirauiiHUX o(ilepiB MOKHA MOKPALIUTH IUISIXOM 3aCTOCYBAaHHS
BIJIMOBIIHUX METOJIB HaBYaHHS, SKI BKJIOYAIOTh BHUKOPUCTAHHS peaJbHUX CIIEHApIiB,
€JIEKTPOHHOT'O HAaBYaHHS Ta MAIOTh HA METI JIOTIOMOTTH CTY/ACHTaM He JIMIIE 3araM'asTaTH paBuia,
a 1 3po3yMiTH iX BipHE 3aCTOCYBaHHS Ha MPAKTHIII.

VY crarTi [5] mponoHy€eThCs 3aCTOCYBaHHS Yy CUCTEMaxX YHHKHEHHS 3iTKHEHb CYJEH HOBOTO
IHTENIEKTYaJIbHOTO AJITOPUTMY BHSBICHHS HeOe3NeYHHX HaBiraliiHUX CHUTyallil, 3aCHOBAaHOTO Ha
3aCTOCYBaHHI HEUITKOI Jorikh y moeaHaHHi 3 mnpasmwiamu MII33C-72. OcHoBHa yBara
NPUAUIETBCS  CIIEHAPisM, TIOB’S3aHUM 13 PO3XO/UKEHHSM KIJTBbKOX CYJI€H, OCKUIBKH iM
MpUTAMaHHUK ICTOTHO BWIIMHA PHU3MK BHHUKHEHHS 3iTKHEHb. CHCTEMa OI[IHIOE PIBEHb PH3HKIB
31ITKHEHb Ul KOKHOI'O CYy/HA, BHUKOPHUCTOBYIOYM B SKOCTI BHUXIJHMX JaHMX MAacIITabOBaHY
JMICTAHIIIIO 10 HAHOMMKYOI TOUKHM 30JIMKEHHS Ta 9ac 710 HalOmmk4do1 Toukn 30mmKkeHHs. Ha ocHOBI
PO3paxoBaHOIo piBHS PU3UKY 31TKHEHHS, KyTa 3yCTpiul Ta BIIHOCHOTO KyTa pyXy KOXKHOTO Cy[Ha,
BHU3HAYEHOTO BiTHOCHO iHIINX, CUCTEMA YXBAJIO€ PIIICHHS 1010 YHUKHEHHS 3ITKHEHb.

PoGora [6] mpucBsueHa BupimeHHo npodisemu dopmanizarii MII33C-72 y TexHIYHHX
cucreMax. ABTOpH MTPONOHYIOTh 3aCTOCOBYBATH OHTOJIOTIYHY MOJIEJb MIOBEIIHKU CYyJIEH, 3aCHOBAHY
Ha MII33C-72, BUKOPHCTOBYIOUH METOM TpadiB 3HaHb. Y TaKOMY BHITQJIKy CYJHO PO3TJISIAETHCS
SIK TIPOCTOPOBO-YACOBUH 00'€KT, a OTO MOBEIIHKA OMMCYETHCS SIK 3MIHU OKPEMHX TTapaMeTpPiB pyxy
y 4YaCOBHUX Ta MPOCTOPOBUX MacCIITabax.

VY pobGorti [7] mochimKyroThbCsl aKkTyaldbHI MUTAHHS Ta MOTEHI[IIHI BUKIUKU 3aCTOCYBaHHS
MII33C-72 y KOHTEKCTI PO3BUTKY aBTOHOMHHX CyJ€H. ABTOpPH aHalI3yIOTh YMHHI NpaBUiA, SIKI
Oyi po3poOIIeHi IS Cy/IeH, KEPOBAaHUX JIFOJAMHOIO, 1 PO3TIISAA0TH iXHIO BIAMOBITHICT MOTpeOam
Ta MOXKJIMBOCTSIM MPAKTUYHOTO 3aCTOCYBaHHS JJIsl IOBHICTIO aBTOHOMHHUX CHCTEM.
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CrarTs [8] npucBsiueHa BUBYEHHIO IpoOsieM Oe3MeKku Ha MOpi, MOB’SI3aHUX 13 pU3HUKaAMU
3iTkHeHb cyleH Ta posi MII33C-72 y ix BupimeHHI. ABTOpH 3a3HAydaroTh, 110, MOMPH CBOIO
BaXIIUBICTH SIK OCHOBHOTO MIXKHAPOJIHOTO PETYJIATOPHOTO JOKyMeHTa, (hopmymtoBanHs MII33C-72
HE 3aBX/IU € TOBHICTIO 3pO3YMUIMMH AJIsi CYJHOBOJIIB, L0 4acTO NMPU3BOAUTH /0 BUHUKHEHHS
HETIOPO3YyMiHb Ta JIBO3HAYHOCTEH TPAKTYBaHb MPABWIL. Y CTATTI MiAKPECITIOETHCS, 110, X04a 1 Hapasi
BeJIeThCsl OaraTo QUCKyciil moao 3acrocyBanHsa MII33C-72, BHECEHHS ICTOTHUX 3MiH Yy 1X YHHHY
penakiio BOAYa€eThCsl MaJOWMOBIPHUM. ToMy, 3aMicTh MNepepoOJeHHs IMpaBWJl, MPONOHYETHCS
30CepeAUTUCH Ha BIOCKOHAJIEHHI METO/IB, sKi 3a0e3nedaTh e(heKTUBHIIIEe BUKOPUCTAHHS IPAaBUI Ha
MIPaKTHLIl, IEPIII 3a BCE y cpepax OCBITU Ta TPEHAKEPHOI MIATOTOBKU MOPCHKUX (paxiBIIiB.

VY poborti [9] nocnimkytoTbest ocodnauBocTi 3actocyBanus MII33C-72 B CIIIIP cyanoBois.
ABtopu 3a3HavaroTh, mo CIIIP, axi 3acTocoByroThCs [UIsl HaBirauii MOPCHKUX CYJIEH, MOBHUHHI
3a0e3neuyBaTi KOPEKTHY peaiizaunito jgorpumanHs Bumor MII33C-72 B mpouecax KepyBaHHS
pyxoM. Y CTaTTi 3alpOIIOHOBAHO HOBY METOAMKY BH3HAUEHHS O€3MEeYHOI 30HM HABKOJO BIIACHOTO
Cy/lHa, 3aCHOBaHy Ha 3aCTOCYBaHHI IPOCTOPOBO-YACOBOT JIOTIKH.

3a MmiACyMKaMu TPOBEACHOIO aHali3y JITepaTypHUX JDKepesn 13 [poOieMu, MIo
nociimkyerbes, [1-20], mMoxHa 3pOOMTH BUCHOBOK, IIO Ba)KJIMBUMH aclEKTaMH YCIIIIHOTO
3actocyBanHs MII33C-72 B CyIHOBOJIHHI € HE JIMIIE CTBOPEHHS IX aJE€KBAaTHUX (HOpMaJbHUX
Mojenel, agantoBaHux A0 3acrocyBaHHs y CIIIIP cynHoBoaist Ta aBTOMaTM30BaHUX CHCTEMax
KEPYBaHHsS PYXOM CYJI€H, a 1 PO3BUTOK TPEHAXKEPHUX CHUCTEM IMATOTOBKA MOPCHKHX (haxiBIIiB 13
METOIO MiJABUILIEHHS iX KOMIETEHTHOCTI B Taly3l MPAKTUYHUX HABMYOK 3aCTOCYBAHHS MPaBHJI i
yac HECEHHS BaXTH Ha HaBIraliifHOMY MICTKY.

TakuM YUHOM, CTBOPEHHSI METO/IIB OI[IHKU PiBHSI HEOE3MEeKU HABIraIliiHUX CUTYAIlil 3T1HO
3 BuMoramu MII33C-72 Tta ix mnonanbiie npakruyHe BukopuctanHs B CIIIIP cynnoBomis,
NPIOPUTETHUM HAIPSIMOM 3aCTOCYBaHHs SIKO1 OyJe TpeHakepHa MiArOTOBKa MOPCHKUX (haXiBLiB,
SBIISIE COOOI0 aKTyalbHYy HAyKOBO-TIPAaKTHYHY 3a/ady CBHOTOACHHS, 1 € MPEeaIMeTOM JaHOTO
JOCIT1JIKEHHS.

Merta Ta 3aga4i qocaigxeHHs1. MeToro ToCHipKeHHs € mo0yaoBa Kiacupikarii HaBiraiiifHux
CHUTYaITi|, 1[0 BUHUKAIOTH Y TIPOIIEC PO3XOKEHHS CyIeH 3riHo 3 BuMoramu MIT33C-72, ta po3poOka
METOJy OILIHKH PiBHS 1X HEOE3MeKH 3aJie’KHO Bijl HASBHUX MapaMeTpiB PyXy CyJeH, SIKi BUKOHYIOTb
MaHEBP PO3XOJDKEHHS, aaanToBaHoi 10 3actocyBaHHs B CIIIIP cymHOBOMIS.

OO0’ exT gociimpkeHHs: porec 3actocyBanHs nmpasuia MIT33C-72 B CIIIIP cymHoBOIIS.

[IpeameT mocimiKEHHS: METOJ OIIHKM piBHSA HeOe3neku Hapiramiiamx curyamin y CIITIP
CYIHOBO/IiSl Ta MIPUMHATTS PIlIEHb 3 YIIPABIiHHA PyXOM Cy/JHa BianoBigHO 10 Bumor MII33C-72.

JlOoCSTHEHHS TOCTaBICHOT METH JOCIIKEHH Nepeidayae BUPIIEHHs] HACTYTHUX 3aa4:

1. Po3pobutu knacudikaiilo HaBIralllfHUX CHUTyalld, 110 BHUHHUKAIOTH Yy MpoIect
PO3XOJKEHHS CyeH 3riaHo 3 Bumoramu MII33C-72.

2. Po3poOuTH MeTO/ OIIHKY PiBHS HEOE3MEKN HaBIralliiHUX CUTYalil PO3XO/PKEHHS Cy/leH
3rigHo 3 npaswiamu MII33C-72 BiAnoBigHO A0 MapaMeTpiB iX pyxy.

3. 3aifiCHUTH TpaKTUYHY pealli3allilo 3alporOHOBAHOI Kiacu]ikalii Ta METOJy OLIHKH
piBHS HeOe3mekn HaBirauiHux cutyaniii y CIIIIP cyaHoBomis, sika iHTErpoBaHa 3 HaBiramiitHUM
obmamHaHHSIM TpeHaxepa « Wartsila «Navi-Trainer Professional 5000.

Buknag ocHoBHOro marepiaay. BaxknupicTe mnpaBuil, fK KIIOUOBOIO HOPMAaTHBHOIO
JOKyMEHTa B CYJHOBOJIiHHI, 00yMOBIIIO€ HEOOXiTHICTh PO3POOKH METOY OIIIHKHM PiBHS HeOe3neku
HaBITamitHUX cutyalii 3rigHo 3 Bumoramu MII33C-72, npunatnoro st Bukopuctanus B CIIITP
CYJIHOBOJIA. I3 METOI0 CTBOpPEHHS 3a3HAUEHOI'0 METOY, CIOYaTKy, BIAMOBIAHO 10 MepIIoi 3aaadi
JIOCITIJDKEHHS, 0yJI0 pO3po0JIeHO Kiacudikaiito 0a30BHX HAaBITAlIMHUX CUTYAIliH, 110 BUHUKAIOTH Y
MPOLIEC] PO3XOKEHHS CYIEH.

[Tepm 3a Bce, cmin 3a3HaunTH, MO CTpykTypHO MII33C-72 CcknagaroThes 3 MIECTH YaCTHH,
skl MicTATh 41 ipaBuIIo, 1 YoTupbox goaatkis [10], (puc. 1).
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KepyBanus 3a exuHEM 3acTocyBaHHAM Jesikux npasua MII33C — 72

Monpaeku, npuitnsTi: 1981, 1987, 1989, 1993, 2001, 2007, 2013 pp.

Pucynok 1 — Ctpykrypa npasun MII33C-72

3 TOUKHM 30py pO3poOKM Kiacudikaiii HaBIramiHHUX CHUTYyalllil 3a piBHEM HEOE3MEYHOCTI
pyxy cyzaen, s CIIIP cynHOBOAIS HAMOIBIINIA iHTEpeC MPEACTaBISIOTh MPaBUIIa, AKi MICTATbCS
y yvactuiu B — «[IpaBmia miaBaHHsS 1 MaHEBpyBaHHsS» (3a BUHATKOM mpaBui 4,5 1 11, mo
BHU3HAYalOTh YMOBH 3aCTOCYBaHHS IHIIMX TMpaBwi 3 yacTWHU B). BimomocTi, ski MicTATbCS B
yactuHax A, C, D, E, F mpaBus HOCATh nepeBakHO AEKIapaTUBHUI XapakTep 1 HE € MpeaMeToM
PO3IIIsIy JaHOT CTaTTI.

MII33C-72 MicTHTb /BiI HE3aIEkKHI CUCTEMU KOOPJIUHAII] B3a€EMOJIIIOYHX CY/AEH: JJIsl YMOB
no0poi W oOMexeHoi BHIMMOCTI BiamoBigHO. B ymoBax moOpoi Bumumocti MII33C-72
nepen0avyeHi B3a€MHI OOOB'SI3KM CyAEH 3aJIe)KHO Bij IX IMOYATKOBOI BiHOCHOI MO3MIi, paiioHY
IUTaBaHHS, MOKJIMBOCTEH MaHEBPYBaHHS, SIKI BU3HAYAIOTHCS TUIIOM CYJEH, iX KOHCTPYKTHBHMMHU
0coOIMBOCTSIME 200 TEXHIYHUM CTaHOM. 3a YMOB J00pOi BHAMMOCTI 3aCTOCOBYIOTHCS IpaBHJIA
Pozniny 1 Ta Po3ainy 2 wactuau B, ciif 3a3HaunTH, 110 3 TOYKHU 30py peamizaiii ¢pyukmii CITITP
HEOOXiTHO 3IIHCHIOBAaTH TMOCTIMHUI KOHTPOJb NOTPUMaHHs mpaBuia 6-8 Pozmimy 1 ta 13-18
Po3ainy 2. Po3nin 2 yactunu B pernaMenTye nporecu po3Xo/PKEHHS Ta B3a€EMOJII BIaCHOTO Cy/iHA
3 IHITUMU, TOMY HOTO aHaJI3y CIIiJ IPUIUTHTA OCOOJIMBY YBary.

[IpoBenenuit ananiz vactuau B mpaBun MII33C-72, n03BOIMB BU3HAYUTH 0a30Bi
HaBIraIiifHi cuTyallii, 0 BUHHUKAIOTh y TIPOIECI PO3XOJDKEHHS CYJIEH, a TaKOX MOOyIyBaTH ix
Kiacudikamio BIAMOBIAHO 10 aiii cyaHoBomis Ta mpaBuia MII33C-72, mo 3acTOCOBYIOTBCS Yy
KO)KHOMY BHITAJKy. BCcTaHOBIIEHO, 1110 0a30BUMHU HABIrallifHUMU CUTYAIliSIMH, SIKI BUHUKAIOTh TIPU
PO3XOJUKEHHI CYJIEH 3aJIeKHO BIJ MapaMeTpiB iX pyXy Ta B3a€MHOTO pO3TallyBaHHS € HACTYIHI
BICIM THIIIB CHUTYaIIiii:

1. 3ycmpiunuii kypc: nBa cyaHa NpsMYIOTh OJMH Ha OJHOro abo Maibke Ha 3yCTpIUHHUX
Kypcax.
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O3naxu: Xypcu Maibke npoTtuiiexkHi (pizaus ~ 180° + 10°).

i 32iono MII33C-72: ObuaBa cyJHa NMOBUHHI BiABEPHYTH IPaBOpYY, 1100 PO3MHUHYTHUCS
niBumu 6optamu (I[Ipasuio 14).

2. Ilepemun xypcis: CyaHa TpSAMYyIOTh Ha MEPEXPECHUX KypcaxX, 1 TPAEKTOpii MOXKYTb
MEPETHYTUCS.

O3naxu: OOMH 3 KalliTaHiB OauuTh IHIIE CYJHO Ha NPABOMY TpaBep3i, Pi3HHUL KypciB
ckitazae Bix 45° mo 135°.

ii 32iono MII33C-72: cyaHo, sike 0a4uTh iHIIE clpaBa, moBuHHE Aatu nopory (IIpaBumo
15), cyaHo, 1o Mae nepesary, oBUHHO 30epiratu Kypc 1 mBuakicts (Ilpasuno 17).

3. Ob2in: ofHe CyTHO Ha3/I0TaHs€ 1HIIE 31 MBUIKICTIO, IO IEPEBHIILY€E HOTO XiI.

Osnaku. 00T1H B1IOYBa€eThCS B MexXax 22,5° no3aay TpaBep3y CyJIHa, sIK€ OOraHSIOTb.

i 32iono MI133C-72: cyaHo, 110 oOraHse, MOBUHHE TPUMATHCA OCTOPOHb 1 3a0€3MeUnTH
6e3neune pozxomxkeHHs (IIpasuio 13), cyaHo, sike 0OraHs0Th, HE HOBUHHE 3MIHIOBAaTH KYpC.

4. Ilapanenvni Kypcu: CyAHa WIyTh OJHAKOBUM KypCOM 1 HAIPSIMKOM, ajlé Ha PI3HHUX
JUCTAHLISIX, 1 pU3HK 3ITKHEHHS MIHIMaJIbHUM.

O3naxu: pyx CyAieH napajelbHUMHU KypCaMH.

i 32iono MI133C-72: He BUMarae Miid, ajie HaBiramiiiHa CHUTYyallis MOTpeOye MOCTIHHOTO
Mouitopunry (IIpasuio 5).

5. Hebesneune 36audicenns: CynHa 30JMKYIOTBCS A0 MIHIMQJIBHO JOMYCTUMOI JAMCTAHIIII,
HE3aJeXHO BiJ KypCy.

O3naxu: MiHIMaIbHA TUCTaHIIs 30mkeHHs MeHIne Hixk 1 mumi (CPA < 1 mumi).

i 3ciono MII33C-72: notpeOye HeraiHoro pearyBaHHs BIJIIOBIJIHO 10 CHTYyalii, 110
ckianacs (IIpasuio 8).

6. Vcxnaouwewi ymosu euoumocmi: TymaH, JOII, Hi4, CHJIbHUK BIiTEp, iMJa, IOTaHa
BUIUMICTb.

O3naxu: 0OMEKEHHsI 30pOBOT0 KOHTPOJIIO PyXY.

it 3eiono  MII33C-72: 3HWKEHHS MBUAKOCTI pyXY, BEIEHHS paioJIOKaIiifHOTo
CIIOCTEPEIKEHHS, MoAaBaHHs 3BykoBux curHaiiB ([IpaBwmia 19, 35).

1. Obmedcenuit npocmip O MAHe8PYB8AHHs: MAHEBPYBAHHS Y BY3bKOCTSX Ta OOMEKEHHUX
aKBaTOPIfX.

O3Haxu: pycio piukd, KaHajl, MPOTOKa, TOPT.

i’ 3eiono MII33C-72. cynHa, MO0 HE MOXYTh MaHEBPYBaTH BUIbHO (HANPHKJIAM, BEJHKI
TaHkepH ), MatoTh nipiopuret ([IpaBumno 9, [Ipasuno 10, [IpaBumno 34).

8. Asapiiini cumyayii: BiTMOBa CyJTHOBHX CHCTEM Ta MEXaHI3MiB.

Osnaxu: Buxip i3 naay IBUTYHA, CTEpHA, BTpaTa Xoy.

i 32iono MII33C-72: pimeHHS NPUHRMAIOTBCSA BIJIMOBIIHO JO TPIOpUTETY Oe3meKu 1

crnioBimeHHs iHmMX cyneH (AIS, curnamm, [Ipasuno 36, [IpaBumno 37).

VY3aranpHeHa knacudikallis HaBiramifHUX CUTYaIid Ta Aii cyaHoBOIsA 1 mpaBun MII33C-
72, 110 BIATOBIAAIOTH iM, HaBeZleHa y Tabmwmmi 1.

Tabmurs 1 — Kitacugikariiss OCHOBHUX HaBIraI[itHUX CUTYyaIlii

Ne Tun cumyauii Knrouoei oit Hpasuna MII33C-72

1 3ycTpiunuii Kype OO6uzBa cyqHa BiIBEPTAIOTH MPaBOPYY 14

5 Tepetun kypeis CynHo, sike 0a4uTh iHIIIE TIPaBOPY, 15, 16, 17
MOCTYTAETHCS

3 O6rin CynHo, 110 00raHse — MOCTYMAETHCS 13

4 [TapanenbHuit Kypc MoHiTOpHHT HaBirauiiiHoi cutyanii 5

5 Hebe3neune 30mmxeHHs 3MiHa KypCy/IIBHIKOCTI 8, 16

6 [lorana BUAMMICTB CHoBUTBHEHHS PYXY, pajap, CHTHAIH 19, 35

7 |OOmexene maneBpyBanHsa| [Ipiopurer cyaHam, 0OMEXEHUM Yy MaHEBPi 9, 10, 34

8 ABgapiiiHa cuTyartis VHUKHEHHS 31TKHEHHS, CIIOBIIIIEHHS 36,37
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Crix oxkpeMo 3a3HaYUTH, IO 3 TIO3UIIN aHami3y piBHS HeOe3NeKkn HaBiraliiiHOi cutyarii B
CIIIIP cyaHOBOISI CTOCOBHO MOYJIMBOTO 31TKHEHHS CyJieH, Kiato4oBuM € [IpaBuno 7 — «Hebesmneka
3ITKHEHHS». 3 METOI0 BH3HAUCHHS Jii CYAHOBOIIS, COPSIMOBAHUX HAa YHWKHEHHS 31TKHEHHS, IS
KO>KHOTO CYy/IHA, 32 SIKUM BEJIeThCsI CIIOCTEPEIKEHHS, PEKOMEHIy€ThCSl IPOBOJAUTH aHaJIi3 TPAEKTOPIT
PYXy 3a IIICThMa KJIIOUYOBHMH IapaMeTpaMu: MEJIEHT Ta JUCTaHISA A0 [T, ICTHHHHHA Kypc Ta
MIBUAKICTh 17, AUCTaHIis Haikopormoro 36mmwkenHs (CPA) Ta wac 10 HaWKOPOTIIOTO
30mmkenHs (TCPA).

[IpoBenenuii anamiz HuU3KM poOIT pizHUX aBTOpiB [16—20], MO3BONIMB BHUABHUTH, IO HA
MIOTOYHUM MOMEHT 4acy He ICHYe€ €IMHOi Kiacudikauii piBHS HeOe3NeKH HaBiraluiiHUX CUTyalli
CTOCOBHO 3ITKHEHHS CYJICH 3aJISKHO BiJl TApaMeTpiB iX pyXy Ta B3Aa€EMHOT'O PO3TAIyBaHHS.

3 MEeTOI0 BUPILIEHHS BKa3aHOI NpoOjieMu, JUIsl BU3HAUECHHS PIBHS HeOe3MeKu HaBirauiiHuX
cuTyalii, Oyna po3pobneHa knacudikaiis CyaeH Iiiei 3a HeOe3MeKo 3iTKHEeHHs (Tabin. 2), ska
TaK0X MOe OyTH JJOJJaTKOBO B1IKOPUTOBaHA 3 ypaxXyBaHHSAM THUIIIB CYJIE€H IIUIEH.

[lepeBaror0 MpOMOHOBAHOIO MIJXOAY y MOPIBHSAHHI 3 BXXE€ UYMHHUMU € MOXIIUBICTb
OJIHOYACHOTO BpaxyBaHHS IMpH OIliHIlI HaBiraniiHoi cutyarii CPA, TCPA, a Takox TUMIB CyJeH Ta
iX FeOMETPUYHUX PO3MIpIB, 110 JO3BOJISE 3AICHUTH OUIBII aJ€KBaTHY OLIIHKY PIBHIB PU3UKIB, SIKi
BUHUKAIOTh Y TIPOIIECi PO3XO/KEHHS Ta MAaHEBPYBaHHS.

Criz 3a3HaYMTH, 10 BAXKIMBUM MIPAKTUYHUM HanpsMoM 3actocyBanHs CIIIIP cyanoBonis €
iX BHKOPHCTaHHS B HAaBYAJIILHOMY IPOIECi MOPCHKUX HABUAIBHUX 3aKJaiB i/ Yac MPOBEICHHS
TPEHA)XEPHOI MIJTOTOBKM KypCaHTIB — MaWOyTHIX CyIHOBOJIIiB. Y mpoleci HpOXOJKEHHS
BHUIIE3a3HAYEHOI ITITOTOBKH KypCAaHTH TIOBUHHI HE JIMIIIE TPoJIeMOHCTpyBaTu 3HauHsa MII33C-72,
a ¥, 1o HaliBa)XJIMBIiIIE, HABUYKU iX KOPEKTHOI'O Ta CBOEYACHOI'O 3aCTOCYBaHHS Ha MPAKTULI — B
MpoIIeCl YIpaBIiHHA PYXOM CyJHA B CKJIQJHUX HaBIrallifHUX CHUTyaIisX — MaHEBpPYBaHHI Ta
PO3XOJKEHHI 3 IHIIUMU CyAHAMH 13 BUKOPUCTAHHIM CepPTU(IKOBAHOT'O TPEHAKEPHOTO 00JIaIHAHHS.

Tabnuus 2 — Knacudikariist cyeH 1ijieil 3a HeOe3MeKok 31ITKHEHHS
TCPA, xeununu

CPA, muni

<0.5
05-1

1.5-2

<5

3HaA4YHa

10-15

3Ha4YHa

15-20

3Ha4YHa

>20
3HaYyHa

3Ha4YHa

3Ha4YHa

3Ha4YHa

HC3Ha4YHa

3Ha4YHa

3Ha4YHa

HC3HaA4YHa

HC3HaA4YHa

HC3HaA4YHa

>2

3Ha4YHa

HC3Ha4YHa

HC3HaA4YHa

HC3HaA4YHa

HC3HaA4YHa

3a momomoror MoBH mporpamyBaHHS C#, aBTOpH pO3poOMIM TporpamMHe 3a0e3neyeHHs
CIIIP cyaHoBomisi, sKke miaATpuMye iH(GOpMAIIMHUKA OOMIH 31 INTAaTHUM OOJIAAHAHHSIM
HaBiramiitHoro TpeHaxepa Bij kommanii Wartsila «Navi-Trainer Professional 5000» 3a gomomorozo
inrepdeticy Serial Com Port. Hagiramiitna indopmariis 3 TpeHaxkepHoro odnanHanns Navi-Trainer
Professional 5000 nagxoauts g0 CIIIIP cynnoBozis y Burasai noBigomieHb NMEA. NMEA — ne
CHeIiaIbHANA MPOTOKOJ ISl IMiJTPUMKH B3a€EMOII MOPCHKOTO HABITAIIMHOTO OOJIATHAHHS BiJ
pI3HUX BHUPOOHUWKIB, poO3poOsieHni HallioHAIBHOIO — acoIiamierd  MOPCHKOI  €JIEKTPOHIKH.
[oBinomnenast NMEA MicTUTh 3aroioBok, Ha0ip JaHUX 1 1MoJie KOHTPOJIBHOI CYMH JIsl IEPEBIPKU
TOYHOCTI mepeAanoi iHdopmamii. [ns ¢yskionyBanHs mnporpamHoro 3a6esnedyenns CIITTP
BOKJIMBUMH € HACTYITHI TOKa3HUKH HaBiramiiHoro oonanunanus: Log, Gyro, Arpa. Log, Gyro — s
BHU3HAUEHHS BEKTOpA PYXY BIACHOTO CyAHA. Arpa — JUIisi BU3HAUEHHS TEJIeHra Ta JUCTaHIIIi CyAeH
LI, IX TapaMeTpiB pyxy.

[Iporpamue 3abe3neuenns CIIIIP, mo cTBOpeHO, HaJgae MOMXIMBICTH HaJlalITYBaHHSA
KpUTEpPiiB BU3HAYCHHS PU3HMKY 3ITKHEHHS HUITXOM BBEICHHS MapaMeTpiB O€3MedHO0i AWCTaHIIi Ta
qyacy PO3XODKEHHsS 3 CyJlHaMH IUIAMH. 3J1HCHIOEThCS Bizyallizallis MapaMeTpiB pyXy BIIACHOTO
CyIHa, Ta apaMeTpiB pyXy CyIeH ILiJei: MeJeHrd, TUCTAHIIi O IHIIUX CYJICH, iX IBUIKOCTI Ta
KypcH, TucTanuii HaikopoTmoro 30mkeHHs (CPA), gac no HaiikopoTtioro 30mkeHHs (TCPA).
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OOMiH iH(pOpMAIIIEI0 3 TPEHAKEPHUM OOJIAIHAHHSIM JO3BOJISIE IIOCEKYHIU OTPUMYBATH
aKTyalbHy 1H(pOpMaILiI0 TapaMeTpiB PyXy BCIX CyIEH y 30HI CIOCTEPEKEHHSA. TakuM YUHOM
3IACHIOETHCS OLIHKA PU3MKY 3ITKHEHHS 3 yCIMa CyJHAMM IUISIMM, Y TOMY YMCIi 3 TUMH, 110
MaHeBpYloTh. Ha mizmcraBi cTBOpeHoi kimacuikaiii HaBiramifHUX CHUTyallidl Ta 3 ypaxyBaHHIM
BUMOI' mpaBui po3xo/ukeHHs cyaeH, CIIIIP cynHoBonis B peanbHOMYy Yaci OLIHIOE PHU3UKU
3ITKHEHHS 3 CyJIHAMU IUTSIMH, 1[0 BU3HAYAIOTHCSI BIATOBITHO /10 HABIraliiHOT CUTYaIlil, SIka HasBHA
Ha MOTOYHHMH MOMEHT 4acy. Bcl HasBHI CyJHa Il KJIACU(IKYIOTbCS 3T1ITHO TPbOM KaTeropisim:
HeOe3neyHa Lilb, NOTEHIIIHO HeOe3neyHa I, 1k, sIKa HE MpeJCTaBiisie 3arpo3u. BisyanbHe
MapKyBaHHSl CyJleH Luled BiAOyBaeTbcsl 13 3aCTOCYBAHHSIM NPUHUUIIB KOTHITHMBHOI TIpadiku:
HeOe3MeyHi cy/IHa MapKyIThCsS YepBOHUM KOJIbOPOM, NOTEHIIIMHO HeOe3euH1 — )KOBTUM, Ti, 1110 HE
SIBIISIFOTH 3arPO3H, — 3CJICHUM.

HonatkoBo, y mnpoueci ¢ysnkuionyBanns CIIIIP 3piiicHIO€TbCS BUBEACHHS MpaBUII
3ano0iranus 3iTkHeHb MII33C-72 3a skumu kinacu(pikoOBaHO HABKOJIMIIHI CyAHA Ta BiIOyBaiocs
MaHEeBpPYBaHHSA, a TAaKOX HAJAIOThCA PEKOMEHJalii CyJHOBOMIIO IOAO 3MIHM Kypcy Ta/abo
IIBUIKOCTI BIACHOTO CYy/AHA, SIK1 HEOOX1TH1 /TSl 3a1100iraHHsl 31TKHEHHIO.

Ha ocHoBi HaBirauiiiHoi iHopmauii mporpamHe 3a0e3leueHHs aBTOMAaTHYHO aHAIII3ye
HaBITaIiitHy 00CTaHOBKY Ta Ja€ peKOMEHIAIli 1040 0€3MeYHOr0 PO3XOHKEHHS 3 CyAHAMH LUISIMH
BIJIMOBIHO O BUMOT MIPABHIL

V BikHi iHTepdeiicy CIIIIP BimoOpaxkaroThCcsl HaBirauiiHi AaHi BJIACHOTO CYy/AHA, Takl SK:
TpOKOMITACHUM KypC, IMIBUJKICTh Cy/AHA BIIHOCHO BoAW. PYyHKIIOHAN MPOrpaMHOro 3a0e3MneyeHHs
JI03BOJISIE BCTAHOBJIIOBATH HAJAILTYBaHHS JAWUCTaHIl BIJOOpa)K€HHS CyJIeH LI, mapaMmerpiB
JUCTaHIIl HaWKOpOTIIOro 30JMKEHHS, BEIWYMHM BEKTOpIB PyXy CyAEH LUIeH Ta Xapakrepy
BEKTOpIB (BiAHOCHI abo aOcomtoTHi). JIiBOpyY y BiKHI MpOrpaMu MPHUCYTHIN (yHKIIOHAJ, IO
3abe3neuye nporecu OOMiHy JaHUMM MK TPEHaXepHUM OOJIaJHAHHAM HaBIiraliiiHOro TpeHaxepa
Navi-Trainer Professional 5000.

Ha mnouarkoBomy erami Ha iH(popMaliifiHOMy JuCIUiel HpPOrpaMHOro 3ale3nedeHHs
HAHOCSTBhCS TO3MIII CYyJACH Ha pPO3rOpTIli pajapa, Ha OCHOBI iHQoOpMaIlii, IO MOJAETHCI 3
HaBiramiiHoro oo6mnagHanHg. Ilicma o0poOkum gaHmxX 3a  gomomororo cucreMu ARPA  Ha
iHpopMamiiHOMy aucriei HAHOCSATHCS BEKTOPH CYACH IijieH, iH(opmarlis moJ0 MBUAKOCTI Ta
Kypcy Bcix cyneH e, 3HaueHHs CPA ta TCPA nnsa xoxnoi mim. [adopmariis mpo napameTrpu
PYXY CYZE€H TaKOX BiIOOpakaeThCsl y CrelialbHii 00JIacTi y IpaBiii CTOPOHI eKpaHa 3 BKJIaJKaMU
JUTSL TIEPEMUKAHHS Ha Pi3HI cyaHa 1Tl (puc. 2).

RANGE + QcrPAll RM HDG 2.2°
15 NM -
— foe B STW 16.0 JLocw

R VECTORS, min 6

NO ALARMS

a2 Tergetd Terpetd Tarets

Daiz In

Pucynok 2 — Etan HaHeceHHs BEKTOPIB pyXy CyJAeH Iiiei Ha iHpopmMaiiHoMy aucruiei
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Ha nactynHomy erani BiOyBa€eThCs aHaJlI3 CyEH LlJIeH 32 KpUTEPIIMU HEOE3MEKH 31TKHEHHS
ta Bu3HadyeHHs mnpaBun MII33C-72, ski ommcyroTh Aii CyAeH Iy 3amo0iraHHs 3iTKHEHb, iX
BioOpaxeHHA B iH(OpMAIifHOMY BiKHI Ta PEKOMEHIAIl 100 YHUKHEHHS 3iTKHEeHHs. [lpu
HaBEJCHHI Ha Ml 3 SIBISE€TbCS JeTalbHa 1HQOpMAIlS IIOJ0 MapaMmMeTpiB pyxXy CyaHa Ta
PEKOMEHIallisl MOA0 PO3XOKEHHS 3 cyaHamu (puc. 3).

Taxum unnoM, CIIIIP cynHOBOAis MOCTIMHO BigoOpakae akTyajdbHY HaBIraliifHy CHUTYallilo
I0JI0 PO3XOPKEHHS 3 cyaHamu 13 3a3HaueHHsAM mnpaBuwil MII33C Ta piBHS HeOe3NeKH KOXKHOIO
CyIHa.

BaxnuBoro BinMinHowo — pucoro CIIIP, mo crBopena, € ii iHTerpaumis 3 o0JiagHaHHSIM
HaBirauidiHoro TpeHaxkepa Wartsila «Navi-Trainer Professional 5000», mo mo3Bonse
BIJIIIPallbOBYBATH 3a3/aJieriib 3aBJiaHl HaBirauiiHiI BIpaBH 13 3aCTOCYBAHHSM CepTHU(]IKOBAHOIO
TpPEeHaXXepHOro 06saaHaHHs. TakoX BaXXJIMBUM € Te, 110 MPOLECH NPUIHATTS PILIeHb 3 YIPABIIHHS
PYXOM CyJHa MalOTh MIOCTIMHUHN iHPOpMaLiiHUi cynpoBia y BUMIIAAl nepeniky npaswt MIT33C-72,
SIK1 CJIiJT BPaXOBYBATH ISl MOTOYHOI HaBiraIiitHoi cuTyartii.

3actocyBanHs 3anponoHoBaHoi CIIIIP cynHoBoais B HaBualdbHOMY IPOLIECI MOPCHKUX
HaBYAJBHMUX 3aKJaJiB JO3BOJIMTH MIABUIIUTH €(EKTUBHICTb HABYaHHS Ta KOHTPOJIIO 3HAaHb
3100yBayiB BHUIIOi OCBITH, @ TaKOXX CTBOPUTU CIHPHUSATIMBI YMOBU JJIi ONAHyBaHHA HHUMU
NPAaKTUYHUX HaBUYOK 3actocyBaHHs MII33C-72 y mporeci HeCeHHs BaXTW Ha HaBiraliifHomy
MICTKY.

RANGE
15 NM

R VECTORS, min 6 |

-
T6T2

1 HeBeane-He 3riaHo 3 Mpasunom 7.
2 HeBeaneyHe 3riaHo 3 Mpasunom 7,
3 webeaneute 3riaHo 3 Mpasmniom 7
4 webeaneure 3rinHo 3 Mpa
61 rinHo 3 Mpas
W Kypcom 3riamo 3 Mpasinom 14,
3ETLCA, 3iAH0 3 Mpasunom 15
YPEOM, LD NEPETUHAETCA, MK 3 Mpasunom 15
PEKOMEH/LYETLCR SMIHHTH KYpC NPBOPYM Ha 32 rPalycs.

BaATM 00 yaarn
Npasino 4
Npasitno 5.
Npasino 6
Npagitno &

Pucynok 3 — Etan HajlaHHS peKOMEHIAIIi# 1[0/10 PO3XOKCHHS 3 CyIHAMU IUIIMHU
3 ypaxyBanHsaM npaBuit MII33C-72 Ta MapKyBaHHS CyIeH-IIUICH BiAIOBIAHO 0 PiBHSA X HEOE3MEKH

Crnin oxpemo 3a3HauuTH, 1mo norouHa Bepcis CIIIIP cyaHoBomis He aHai3ye HaBiramiiHi
HEOE3IMeKu 100 MIUIMHM, OeperoBoi JiHIT un miaBaHHs y By3bKocTsaX ([IpaBuma 9,10 MII33C),
TOMY HaBiraIiifHi BIPaBU CJIiJ POBOJAMTH JIUIIE Y BITKPUTHUX BOJHUX MIPOCTOPAX.

BucHoBkHM. BusHaueHO mpiopUTETHI HampsMM HAyKOBHX JOCIIUKEHb Yy HalpsAMKY
NpakTUYHOTO 3acTocyBaHHs npaswia MII33C-72 y CIIIIP cyaHoBOmis, aBTOMAaTH30BaHUX CHCTEMax
YIPaBJIiHHS PYXOM Cy/iHa Ta HaBiralifHUMHU TpeHaXepamu. Y MiJICYMKY 3’SCOBaHO, 110 BaKJIMBUMHU
acriekramMu ycmimuoro 3acrocyBaHHs MII33C-72 y CyAHOBOIIHHI € HE JMIIE CTBOPEHHS iX
aJIeKBaTHUX (OpPMaAIbHUX MOJeNIel, aJalTOBaHMX [0 3aCTOCYBaHHS B TEXHIYHHUX CHUCTEMax
KepyBaHHS PYXOM CYJCH, a i PO3BUTOK TPCHAKEPHHUX CHUCTEM MiATOTOBKH MOPCHKHX (DaxiBIiB i3
METOIO MiJIBUIIEHHS iX KOMIETEHTHOCTI B rajy3i NPaKTUYHUX HAaBUYOK 3aCTOCYBaHHS MPaBUI IiJ
yac HECEHHsS BaXTH Ha HaBiraiiifHomy MmicTKy. Po3poOieno kimacuikamiro HaBiramiiHUX CHUTYyaril,
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[0 BUHUKAIOTH Y TIPOIIECi PO3XOHKEHHS cy ieH 3riHo 3 BuMoramu MIT33C-72 Ta MeTo[| OIliHKH PiBHS
ix HeOe3meKkW BIANOBIAHO [JO NapaMeTpiB pyxXy CyHdeH. 3iMCHEHO MpakTHYHY peai3alito
3arponoHOBaHOl Kiacu(ikamii Ta METOMy OIIIHKM piBHA HEOE3NEeKH HaBiraliiHUX CHUTyalii y
CIIIIP cynHOBOAis, SIKy IHTETpOBaHO 3 HaBiramiiHuUM oOsasHaHHAM TpeHaxepa Wartsila «Navi-
Trainer Professional 5000». CTBopeHO mporpamHi 3acobu ais pearnizaiii iHGopManiiHOrO 0OMiHy
Mix CIIIP Ta HaBirauifHuM oOJIaJHAHHAM TPEHAXXepa y peXHUMI peabHOIo 4acy, 110 J03BOJIsIE
3MIACHIOBATH TMOCTIMHUI MOHITOPUHI Tpolecy 3MIHM HaBiramiiaux cutyauid. IIpaktuune
3actocyBanHa CIIIIP cyaHoBomis, 110 CTBOpEHA, JO3BOJMTH MiJBUIIMTU SIKICTh TpPEHaKEPHOT
MIJTOTOBKM MOPCHKUX (haxiBLIB Ta BUSHAUUTHU MPOOJIEMHI aCIIEKTH, Kl BUHUKAIOTh Y CYJHOBOJIIB
y npoueci BukoHaHHs BuMor MII33C-72 y pi3HUX HaBiramiiHUX CUTyarlisX.

IlepcnekTHBH MOAAJBIIMX AOCTIUKeHb. [lepCrIEKTUBHUM HAMpPSIMKOM —OJAIIBIIMX
nocmijpkeHb € yaockoHaneHHs CIIIIP cynHoBoxis, 110 CTBOpeHa, LUIAXOM PO3IMIMPEHHS 11
(yHKIIOHAIBHUX MOXJIMBOCTEH A1 BUBUEHHs npaBui 9 ta 10 MII33C-72, sxi pernamMeHTyOTh Iii
CYIHOBOJIA MiJ 4ac PyXy CylIHa Yy BY3bKOCTSX, HNPUOEPEKHUX IUIIHKaX Ta 3a CHUCTEMaMH
po3noainy pyxy. Takox MepcreKTHBHAM BOAYaEThCs CTBOPEHHS OKPEMOTO IPOTPAMHOTO MOJYJIS
JUIs BEJIEHHS CTaTHCTUYHOIO aHaji3y YCHIIIHOCTI TPEeHAXepHOi MiJArOoTOBKM (axiBLiB, sKi
MPOXOJATh ii Ha HaBIraliifHOMYy TpeHaxepl, y po3pi3l BU3HAUEHHS CKJIAJHOIIIB 3aCTOCYBaHHS
okpemux npasuwi MII33C-72 s pi3HUX TUITIB HaBiralifHUX CUTyallil Ta yMOB IUIaBaHHS.
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Ben A. P., Mateichuk V. M. DECISION SUPPORT SYSTEM FOR SELECTING A VESSEL MANEUVER
ACCORDING TO THE REQUIREMENTS OF THE COLREG-72

The article is devoted to the issues of application of the Convention on the International Regulations for
Preventing Collisions at sea, 1972 (COLREG-72) in decision support systems (DSS) of the ship navigator. The
analysis of research in the field of creation of formal models of COLREG-72 and their practical application in
vessel traffic control systems is carried out. It was revealed that at the current time a promising direction of
scientific research is the creation of methods for assessing the level of danger of navigational situations in
accordance with the requirements of COLREG-72, adapted for use in DSS of the ship navigator. It has been
proven that an important aspect of the successful application of COLREG-72 in navigation is not only the
creation of their adequate formal models adapted to the use of the ship's DSS and automated vessel traffic
control systems, but also the development of training systems for training marine specialists in order to
increase their competence in the field of practical skills in applying rules while keeping watch on the
navigation bridge. A classification of navigation situations that arise in the process of vessels diverging in
accordance with the requirements of COLREG-72 and a method for assessing the level of their danger in
accordance with the parameters of vessel movement have been developed. The proposed classification and
method for assessing the level of danger of navigation situations have been implemented in the ship navigator's
DSS, which is integrated with the navigation equipment of the Wartsila "Navi-Trainer Professional 5000"
simulator. Software tools have been created to implement information exchange between the DSS and the
simulator’s navigation equipment in real time, which allows for constant monitoring of the process of changing
navigation situations. The priority area of practical application of the created DSS is to provide simulator
training for marine specialists in order to obtain practical skills in using COLREG-72  on the ship's
navigation bridge. A promising area of further research is the development of a separate DSS software module
for conducting statistical analysis of the success of simulator training of specialists who undergo it on a
navigation simulator, in terms of determining the difficulties of applying individual rules of COLREG-72 for
different types of navigation situations and sailing conditions.

Key words: navigation; decision support systems; COLREG-72; navigation situation; ship control; navigation
simulator; simulator training; maritime safety.
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CYUYACHI METO/JM 3ANOBITAHHA 3ITKHEHHA CYJEH TA iX
3ACTOCYBAHHA B YITPABJITHHI ABTOHOMHUMU CYJHAMHN

bens A. 1L, xmmu., npogecop, npopekmop 3 HAYKOBO-NeOazociyHoi pobomu
Xepconcvroi depacasnoi mopcokoi axademii, m. Xepcon, Yxpaina, e-mail: a_ben@i.ua,
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HemuxiBebkuii JI. O., acnipanm Xepconcwvkoi O0epowcagnoi mopcokoi akademii, m. Xepcom,
Vkpaina, e-mail: leonid.pelykhivskyi@gmail.com, ORCID: 0009-0004-1226-3091;
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mopcokoi  akademii,  m.  XepcoH, Vikpaina,  e-mail:  oleksandr_79@ukr.net,
ORCID: 0000-0002-2605-6788.

Cmammsa npuceaueHa RUMAHHAM 3ACMOCYBAHHA Memoodi6 3anobicanHs 3iMKHEHb CYOeH ) npoyecax
ynpaeninks bezexinaxcuumu asmoromuumu cyonamu (BAC). Oxpeciieno KOO 8adCIUBUX NUMAHb CYYACHO20
CMamy po3eumky iHOycmpii agmoHoMHUX ma be3exinasxcHux cyoet. I[Iposedeno nopieHanbHU aHANI3 HAAGHUX
Memooie 3anobieannsa 3imKHeHHA cyOeH. Busnaueno neOoniku ma nepegasu KONCHO20 Memoody, d MAaKOlC
ocobnusocmi ix npaxmuunozo 3acmocysanns npu ynpaeninui BAC. Haeedeno cmpykmypy ma 3a3HaueHo
BIOMINHI pucu npoyecy YAPAGNiHHA PYXOM ABMOHOMHUX MA Oe3eKinajdCHUX CyOeH ) NOPIGHAHHI i3 CYOHaMU,
AKUMYU 30TUCHIOE YRPABTIHHA CYOH0B00IU. 3 ’acosano ocobausocmi npoyecy ynpaeninia BAC ma eusnaueno
KO0 Memooie, AKi Maromes OYmu 3acmocosani 0 o2o peanizayii. Pozenanymo memoou ynpasninns BAC ma
3aNpoNoHOBANA apXimeKmypa CUCmeMu YNpaeuiHHsa, wo 0Oa3yemvcia HA KOMOIHOBAHOMY GUKOPUCMAHMI
Memo0ié HewimKoi 102iKU, NPOSHO3HO20 KEPYBAHHA Ma NOACHIOBAHO20 WMYUHO20 inmenekmy. [loeedeno, wo
NOEOHAHHS PIZHUX MemO00ie 0OpoOKU HasizayiliHoi iHhopmayii ma npulHAmMms pieHs, 00380J€ 3abe3neyumu
axicne ynpaeninna pyxom BAC y peoswcumi peanvnozo uacy, 3a ymog HAAGHOCMI NOXUOOK MA HEeNOSHOMU
Hagieayiunux Oanux. Buswaueno winaxu npaxmuunoi peanizayii 3anponoHoeamoi apximexmypu cucmemu
ynpaeninus BAC ma nepcnexmughi HanpsamKu nOOAIbUIUX HAYKOBUX OOCTIONCEHb Y 3A3HAUEHOMY HANPAMKY.
Kniouogi cnoea: cyonogolinnsa, memoou YHUKHEHHS 3iMKHEeHb, CUCMEeMU KepyBaHHSA, YHPAGNIHHA CYOHOM;
Oesexinasicui cyoHa, asmoHOMHI CYOHA, wimyuHUll inmenekm, 0e3nexa MopenIascmasa.

DOI: 10.33815/2313-4763.2025.1.30.145-156

Beryn. ¥V cydacHux ymoBax Tio0anbHOi TpaHcdopmarlii MOpChKOI raiys3i, MOB’s3aHOi 3
nudposizaliero, aBTOMATH3alll€l0 Ta TIABUIIEHHSIM BHMOT JIO O€3MEeKH CYJHOIUIABCTRA,
e(EeKTUBHOCTI Ta EKOJIOTIYHOCTI MOPCHKHX IE€pPEBE3CHb, JAealli OUIBIIOro 3HaueHHS HalyBae
3acTocyBaHHs Oe3ekinmaxHux aBTOHOMHHUX cyleH (BAC, aBTOHOMHe cynHO). 3a3HaueHi cyaHa
3MaTHI (PYHKIIIOHyBaTH 0€3 TOCTIHHOI ydYacTi JIFOAWHHU, IO BiJKPUBA€ HOBI MOJIHMBOCTI IS
BUKOHAHHS 3aBJlaHb Yy BiAjganeHux abo HeOe3MeuyHUX 30Hax, 3MEHIIY€E BILTUB JIOACHKOTO (akTopa
Ha TPOLIECH HaBiramii Ta 3HIWKY€E eKCIUTyaTaliiiHi BUTpaTH. Y TOEIHAHHI 13 PO3BUTKOM IITYYHOTO
iarenexty (L), cucreMaMu AMCTAHIIHTHOTO MOHITOPHHTY CTaHy Ta TEXHOJIOTISIMU CYITyTHHUKOBOI
Hagirauii, 3acrocyBanHsi BAC 103Bosisi€ iCTOTHO MiABUIIUTH €(PEKTUBHICTh MOPCHKHX IEPEBE3CHb,
a TaKOX piBeHb O€3MEeKH Ha BOJHUX IIJIAXAX.

BaxuuBicTe 1HIyCTpii aBTOHOMHHMX Ta Oe€3eKiMakHUX CyJeH BXe BH3HAHA 1 Ha
MiKHapoaHoMy piBHI. Tak, mounnaroun 3 2017 poky, MixnapoaHa mopckka opranizaiis (IMO)
aKTHUBHO JOCTI/KY€ MPaBOBUIl CTaTyc Ta eKciuryaraiiiHi acriektd BAC y Mexax HOpMaTHBHOTO
anamizy (Regulatory Scoping Exercise) moa0 3acTocyBaHHs HasBHUX KOHBEHIIIM O aBTOHOMHOTO
cynHorutasetBa. Y 2021 pori IMO Bu3Haumiia 4oTHpH PiBHI aBTOHOMHOCTI (Bifl JUCTaHIIITHOTO
yIOpaBIiHHS 10 TOBHICTIO aBTOHOMHOTO PEXXHUMY) Ta 3aKjiajia OCHOBY JUIsi MalOyTHBOTO MPABOBOTO
peryitoBaHHs pakTuyHOro 3acrocyBanus BAC [1].

Kpim toro, IMO Bu3Hae, 1110 HasBHI MI>KHApOIHI HOPMAaTHUBHO-TIPABOB1 JIOKYMEHTH, 30KpeMa
MixHapoaHi npaBuia 3anoOiranus 3iTkHeHHAM cyaeH y mMopi COLREG 72, a Takox KOHBEHII1
SOLAS, MARPOL ta STCW, notpe0ytoTh amanTarii 1jas BpaxyBaHHs crienu(ikd excruryaTarii
BAC [2]. Ha cyuacHOMYy eTami (OpMYIOTbCS PEKOMEHIAIT IS iHTerpalii Takux Cy/AeH y HasBHY
1H(GPACTPYKTYPY, 3 NOTPUMAHHSIM MPHUHIUIIB O€3MEeKH, OXOPOHU HABKOJHUIIHBOTO CEPENOBHINA Ta
BiJIMTOBIAAIEHOCTI Cy/THOBJIACHHKIB.
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Oco06smBoi 3HAYYIIOCTI HA MOTOYHUI MOMEHT 4dacy HaOyBae BukopuctanHs BAC y cdepi
BAaHTAKHUX TI€pEBE3€Hb, OKEaHOrpaiuHUX JOCTIKEHb, EKOJOIIYHOTO MOHITOPUHTY Ta
pearyBaHHs Ha HaJ3BHYalHI CUTYaIIIi.

Bopanouac cnif 3a3HauuTH, 10 po3BUTOK raimy3i BAC craBuTh mepea HayKOBLSIMHU 1 HU3KY
CKJIQJIHAX BUKJIMKIB, 30KpeMa B YaCTHHI 3a0e3MeueHHs X aBTOHOMHOCTI, 3JaTHOCTI JI0 TIPUHAHATTS
pilleHb y pealbHOMY 4Yaci Ta IHTerpamii B HasBHY MOpPCbKy iH(ppacTpykrypy. Came ToMmy
JOCTIPKEHHSI HasiBHUX MeTOZIB ympasiiHHA BAC, iX mojanbiinii po3BUTOK Ta BJIOCKOHAJIEHHS €
BaXJIMBOIO HAYKOBO MPAKTHUYHOIO 33/1a4€t0 ChOT'OJICHHS.

AKTyaJlbHICTH AocCHigxeHb. J[locmmkenns wmetoniB kepyBanHsi BAC oOrpyHToBaHO
NPUBEPTAIOTh 1HTEpPEC JOCHIAHMKIB IO BCbOMY CBITY [3—5], mo oOyMOBIE€HO KiJIbKOMa
oOctraBuHamu. [lo-mepmie, cBiTOBa MOpCbKa IHAYCTpis Jedajl aKTHBHIIIE BIPOBAKYE
IHTENeKTyalbHl CHCTEMH YIPaBIIHHS JJI MiJBUILEHHS €(QEKTUBHOCTI, 3HI)KEHHS BUTpaT Ta
MiHIMI3allil BIUIMBY JIIOJCBKOTO (pakTopa, SKUM 10CI € OIHIEI0 3 OCHOBHMX MPUYMH MOPCHKHX
iHuaeHTiB. [lo-gpyre, CTpiMKHII PpO3BHUTOK TEXHOJIOTIH IUTYYHOIO 1HTENEKTY, CEHCOPHUKH,
KOMITFOTEPHOTO 30py Ta IMU(POBUX KOMYHIKAII CTBOPIOE TIEPEIyMOBH [IJIsl MOSBH HOBUX KJIACIB
CYJIeH, 3[aTHUX CAMOCTIMHO MpUHMaTH PILICHHS Ta aAaNTyBaTUCS 10 3MIHHUX YMOB 30BHIIIHBOTO
cepeIoBHIIa.

3a3HayeHa TeMaTHKa TaKoX HaOyBa€ BaXK/IMBOTO 3HAUYEHHS B KOHTEKCTI 3a0e3nedeHHs
Oe3neKky HaBiraiii B yMoBax 0OMEXKEeHOI BUAUMOCTI, BUCOKOI IIUIBHOCTI PyXy a00 HECTaHJIapTHUX
CHUTYyalliif, 1e KJIaCU4YHI aBTOMAaTU30BaHl CUCTEMU MOXYTh BUSIBUTHUCH HEJOCTATHHO THYYKUMU. Kpim
TOTO, Cy4acHe MDKHApOIHE MPABO W peryaaTopHa 06a3za BUMAararoTh BiJl pO3POOHUKIB aBTOHOMHUX
CYJIeH TapaHTyBaHHs IependauyBaHOl MOBEIIHKHA Ta BHCOKOI HaJIMHOCTI CHUCTEM KepyBaHHS, 10
norpedye HOBHUX MIAXOMIB 1O MOJEIIOBAHHA, BepU]iKalli Ta TECTyBaHHS TaKHUX CHCTEM.
HocnimpkenHs MetoliB ynpasiiHHsi BAC € BaxJIMBOIO CKJIaJ0BOIO Ui (POPMYBaHHS CTaHIAPTIB,
MIPAKTUK 1 TEXHOJOIIYHUX pIllEHb, 1110 OyayTh 3a0e3neuyBaTy O€3NeyHy IHTErpalil0 aBTOHOMHHX
w1aT$opM y riao0anbHy MOPCbKY TPAHCIIOPTHY cUCTeMY [6, 7].

BpaxoByroun BullleHaBeCHI 00CTaBUHH, OCOOIHMBOI yBaru noTpedye AOCIiHKEHHS METOIIB
ynpaBiiHHd BAC mnpu BupilleHHI 3a7ad MaHEBpYBaHHS Ta YHUKHEHHS 3ITKHEHb, a TaKOX
BU3HAUEHHS NUIAXIB iX IMOAAJIBIIO] MPAKTUYHOI peamizamii, mo i oOymMoBHJIO BHOIp MeTH Ta
OCHOBHMX 3a/1a4 JJOCIIIKEHHS.

Merta Ta 3anaui AociaifkeHHs. MeTOr0 JOCHIPKEHHS € TIPOBEICHHS IOPIBHAIHLHOTO
aHali3y HasgBHUX METOJIIB 3amo0iraHHs 3iTKHEHb CYJeH Ta BH3HAUEHHS OCOOJMBOCTEH ix
MOJTAJIBIIOTO MPAKTHYHOTO 3aCTOCYBAaHHS y BHUPIIIEHH] 33a/a4 YIPaBIiHHSI PyXOM aBTOHOMHHMH Ta
Oe3eKinaXHUMU CyTHAMH.

OO0’ €KT MOCHIHKEHHS: TIPOIIEC YIPABIIIHHSI PyXOM aBTOHOMHOTO Cy/IHA.

ITpenmer nocmiKeHHs: METOAM YHUKHEHHS 31TKHEHb Ta YIPaBIIHHSA PyXOM aBTOHOMHHX Ta
0e3eKinaKHUX CYICH.

JloCSTHEHHS TOCTaBIEHOT METH JOCIIPKEHHS Nepeidayae BUPIIEHHs] HACTYTHUX 3a/a4:

1. TIpoBecTH TOpPIBHSUIBHUN aHalli3 HAasBHUX METOJIB 3amo0iraHHs 3iTKHEHb MOPCHKUX
Cy/JIeH, BH3HAYUTH iX HaWOLIBII ICTOTHI TEepeBard, HEIOIIKH Ta OCOOIMBOCTI MPAKTUYHOTO
3aCTOCYBaHHSI.

2. BuzHauuTH CTPYKTYpy Ta BiIMiHHI PHUCH TIPOIIECY YMPABIIHHSI PYyXOM aBTOHOMHHX Ta
0e3eKinaKHUX CyJIeH y MOPIBHSAHHI 13 CyIHaMU, SKUMH 3/I1IICHIOE YIIPaBIIiHHS CYIHOBO/IIH.

3. BuzHauntu Meroau, sSki MarTh OyTH 3aCTOCOBaHI JJIA 3IiHCHEHHS €(QEKTHMBHOTO Ta
0€3MeYHOro YIpaBIiHHI PyXOM 0€3eKiMaKHUX CYCH.

4. Po3poOUTH apxXIiTEKTypy CHUCTEMHU YIPaBIIHHA aBTOHOMHHMM CYIHOM Ta BU3HA4YUTH
HUISIXHU 11 TOAAIBIIOT MPAKTHYHOI peai3arii.

OcHoBHa yacTuHa. [li1 MOHATTAM «3amoOiraHHs 31TKHEHb» Y CYJAHOBOJIIHHI BH3HAYAOTh
Mporec, B SKOMY BIAaCHE CyJHO (aBTOHOMHE, a00 KEpOBaHE CYTHOBOIIEM) BIIXHUISETHCS BiJl
3aIJIaHOBAHOI TPAEKTOPIl pyXy 3 METOI0 3amobiraHHs MOTEHIIHHOro HebaxxaHOro (I3UYHOTO
KOHTaKTy 3 1HIIUM CyJHOM a00 HaBiramiifHoro nepemkoaoro [7]. Buxoasun i3 BHIE3a3HAYEHOTO,
MOKHa 3pOOMTH BUCHOBOK, L0 BHpIIIEHHS NpPOOJIEMU YHUKHEHHS 3ITKHEHb CyAEH MOJsrae y
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HEOOXITHOCTI OJHOYACHOTO BHPINICHHS JBOX B3A€EMOIIOB’SI3aHUX  3adad:  igeHTH(IKAIi
HaBirauifHUX HeOe3NeK Ta MPUUHATTS pILIeHb 3 YIPaBIiHHSA PyXOM CYyJHA, CIPSMOBAHUX Ha
YHUKHEHHST MOXKJIUBUX 31TKHEHb.

Po3rnspatoun mpoiecu ympapiiiHHS pyXOM €KIMaXKHOTO Ta aBTOHOMHOrO cyaHa (puc. 1),
HEOOXiTHO 3BEPHYTH yBary Ha TMEBHI BIMIHHI pUCH, SIKi HaJalli MarOTh iICTOTHUH BIUIMB Ha BUOIp

HaNHOUIbII e)eKTUBHUX METO/IIB YIIPABIIHHS.
/Haairauiﬁna cUcTeMa \

3acobH
KepYBAHHS »  Cynno > CrnocTepeikeHHs —
CyauoBoiii € MOHITOPHHT MAPLIPYTY [€—

A A

VHUKHEHHS 31TKHCHE [

Mpouec NpUAHATTA pilueHs 3 ynpasniHHA /
Ha ey aHI 3 exinaxem

3acob6u HaBirawii

4

3acodu KepyBaHHA

b

Cynno

Fy p. A

Cno CTCPCKCHHA -

g MpHUIAHATTA piweHb ™

KoHTponbe pyxy cyaHa
I'mobaneHe NNanyBaHHA |
MapuIpyTy
ABTONINOT [*
JlokansHe NNaHYBAHHA e |
T MapuipyTy
J N /

MNpouec NPUAHATTA pilleHHs 3 ynpaBniHHA
Ha aBTOHOMHOMY CYAHI

Pucynox 1 — Iporiecn ympaBiiHHS PyXOM €KIITa)XHOTO Ta aBTOHOMHOTO CyJHA

Tak, 11 ynpaBJiHHS PyXOM €KIMa)XHOTO CyJHA, 3aCTOCOBYEThCS IHTETPOBaHa HaBiraIiitHO-
iHpopMalliiiHa cucTeMa XOJIOBOTO MICTKa, MpHU3HAYeHA JUIi YHUKHEHHS 3ITKHEHb MEpPEeBaKHO Ha
etamni igeHTUdIKaIi HeOe3MmeK, 1 K HACHIJIOK, KIYOoBa pPOJIb y MPOIECI MPUHHATTS pIillleHb 3
yIpaBIIiHHS CYJJHOM MOKJIaJAa€ThCsl O€3M0CepeIHbO Ha CYTHOBOIIS.

Jlnsi  aBTOHOMHOTO Cy/JHA TIPOIEC VYIPaBIiHHA € TIOBHICTIO aBTOMAaTH30BaHUM 1
3MIIACHIOETHCS €IMHOIO0 HaBITalllfHO-KEPYIOYOI0 CHCTEMOIO, B SIKi OJJHOYACHO (PYHKIIIOHY€E KiJIbKa
KOHTYpIB yIPaBJIiHHS PyXOM, sIK Ha ONIEPAaTUBHOMY, TaK 1 Ha 3arajlbHOMY (CTpaTeriyHOMY) PiBHI.

bepyuu 110 yBaru HaBezieHy Ha puc. | CTpYKTypy Hpolecy YIpaBiIiHHS pyXOM aBTOHOMHOTO
Cy/IHa, MOKHA BU3HAYUTH HOTO KIIFOYOB1 OCOOJIMBOCTI, a caMe:

— HEOOXiJTHICTh 3a0e3Ne4YeHHs HaJeKHOIO pIBHSA MIBUAKOAI OKpEeMHX MOIYJIB Ta
BUKOHABUMX TPUCTPOIB CHCTEMH KEpyBaHHS Ui 3a0€3MeYeHHs IOCTIHHOTO YIPaBIiHHS HOTO
PYXOM Yy peXHUMi peabHOTO Jacy;

— HasSBHICTh (PAKTOPIB HEMOBHOTH Ta HETOYHOCTI BXIJHUX HABITAI[IWHUX [aHUX, SKI
ICTOTHMM YHMHOM 3aJIeXkaTh BiJl KUIBKOCTI, HOTOYHOI'O TEXHIYHOI'O CTaHy Ta YMOB (DYHKIIIOHYBaHHS
OOPTOBUX HaBIralIMHUX MPUIIAJIIB Ta 3aCO0IB 3B’SI3KY;

— BHCOKHMH piBEHb BIANOBIAAIBLHOCTI CTOCOBHO BIPHOCTI Ta CBO€YACHOCTI MPUHHATHX
pillieHb, y 3B’A3Ky 13 BIJICYTHICTIO JIIOJAMHHU-ONEpaTopa (CyIHOBOMIS) SIK KOPETyH4oi JIaHKU B
MIpOIIeCi YNPaBIIiHHS PyXOM CYJHa;

— moTtpeba 3a0e3nedeHHs BHUCOKOTO PIBHA HaIiNHOCTI (YHKIIOHYBaHHSA Ta 30€peKeHHS
(xoua 0 i B oOMexxeHOMY (DyHKIIIOHAII) MOKIMBOCTEH YIIPaBIiHHA PyXOM aBTOHOMHOTO CyJHa y
BUMA/IKaX TEXHIYHOI BIMOBM OKPEMHUX HaBIramiiHUX Ta BHKOHABUMX TNPHUCTPOIB ab0 KaHAJIB
3B SI3KY.
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Crnin 3a3HaYWTH, IO PO3B’S3aHHS MPOOJEMH YHUKHEHHS 3ITKHEHb, SIK CKIMaKHUX, TaK 1
ABTOHOMHUX CYJIeH, MPUBEPTA€E iHTEepec O0araTbOX MOCHIAHHUKIB 3 YChOTO CBITY 1 XapaKTepU3Yy€EThCS
pPO3MAITTSIM MaTEeMaTHYHHX MOJEJCH, METOMiB, amapaTHUX Ta MPOrpaMHHUX 3aco0iB, IO
3aCTOCOBYIOTHCS y MPOIIECi i1 BUPIIIICHHS.

Tak, y pobGoti [7] ommcaHo 3acTOCYyBaHHS METOJIB YHWKHEHHS 3ITKHEHb CYICH 13
3acrocyBanHsaM mpaBun COLREG 72 y moenHanHi 3 MaTeMaTHUYHUMHU MOJEISIMH Ha OCHOBI
HEYITKOI JIOT1KH Ta Mepex balieca. Cuctema 3acTOCOBY€ CLIEHApHUM Miaxia y mpoueci GopMyBaHHS
pilieHb, sKiil 103BOJSIE JOJATKOBO BPAaXOBYBATH HPUHIMIN «JI0OpPOi MOPCHKOI HPAKTUKW».
Henmomikom cucremu € Te, mo 6asa creHapiiB MO0 MOXJIMBUX [Ii HE € BUUYEPIHOIO, IO HE
rapaHTye OTpUMaHHS HEOOXIJHOTO PilIeHHS 3 YNpPaBIiHHSA CYJHOM i Oy/b-sKOi HaBirauiiHoi
cuTyarii.

PoGotu [8, 9] mpucBIYEHO MUTAHHIM 3aCTOCYBAaHHS METO/[IB YHUKHEHHS 31TKHEHb Ha OCHOBI
BIPTYaJIbHUX BEKTOpIB pyXy cyleH nuiei. Tak, y mocmipkeHH1 [8], OoMucCaHO aJrOpUTM METOAY
mry4yHoro moins noreHuianiB (Artificial Potential Field, APF), srigHo 3 sikum dopmyeThes mosne
MOTEHLIaJIiB, B SIKOMY HasBHI BIJIITOBXYBaJIbHI MOTEHIIaJX HABKOJIO NEPELIKOJA pyXy CyIHa, 1,
HaBIaK{, MOTEHI[iaJl, 1[0 NPUTATYe — y KiHIEBIH Touui Mapupyty. Cyma MOTEHLialiB y Pi3HUX
TOYKaX BH3HAYA€ pe3yJbTYIOUY BIPTyalbHY CHIy, sSKa Kepye pyxoMm cyaHa. Paxni Bepcii
QITOPUTMY HE 3a0e3MeuyBajil YHUKHEHHS 31TKHEHb Ta He OyJIM HPUCTOCOBaHI J0 HaBiramiifHUX
CUTYyaIli}, 10 3a3HAIOTh TUHAMIYHUX 3MiH, a JIUIIC BKa3yBaJlu PEKOMEHIOBAaHUN HAMPSIMOK PyXy. 3
METOI0 MOKJIMBOCTI YHUKHEHHSI 3ITKHEHb Y JMHAMIYHOMY CEPEOBHUIII, TOCTIAHUKN BJOCKOHAIWIN
0a30BHIl aJrOPUTM, BpPaxoBYIOUM JABa (AKTOPU: IMIBUIKICTE PYXy MEPEIIKOJ 1 MaKCHUMajbHE
raJibMyBaHHS cyaHa. Y poOorti [9] mocmimkeHo meroa oomexxernoro nukiy (Limited Cycle Method,
LCM), skuii BUKOPUCTOBYE Ui IUIAHYBaHHA pPYyXy CyJIHa B YMOBax OypXJIMBOTO MOps
estincononioHi Tpaekropii. O6uasa meroau, APF 1 LCM, 3a3Buuaii irHopyroTh IiJ] 4ac IjIaHyBaHHS
pyxy nauHamiky cyaHa. Cmin 3azHaumtd, mo meron APF moxe B mpoleci HOLIyKy pilIeHb
«3acTpSrTH B JIOKAJIBHOMY MiHIMYMi», a MeTo LCM po3srisiae auie oHy Hepeikoay abo oaHy
IpyIly HIEepemKo 3a OJHY iTepallito, 32 yMOB, 1110 IMEPEIIKOIN MOBUHHI OyTH CTaTUYHUMH ab0 MaTu
HU3bKY WBUAKICTb. IIpoTe BusABIEHO, 1m0 el MeToJ e(EeKTHBHO Mpauoe 31 CTAaTUYHUMU
nepemkogamMu B ymoBax OypxmmBoro mops [10]. Takox meromu APF i LCM dopmyrots sure
OJIHE pillIeHHs, IKe HE 000B’SI3KOBO € ONTHUMAaJIbHUM.

MeToau IMCKPETHOTO KEpyBaHHS PYXOM CyAHA Yy MPOCTOpi pillieHb, SKI PO3IISHYTO Y
nyomikaiisx [10-14], rpyHTYOTbCsSI Ha TOCIIIOBHIA TEPEBIpIli KOXKHOI MOTEHIIHHOI TpaeKkTopii
PYXy Ha MOJIMBICTh 3ITKHEHHS, ITiCIIS YOTO 3 YCiX Oe3MeyHUX BapiaHTIB 0OMPAaEThCS HAWKpAIIUii.
3a3HayeHi MeToIu nepeadadaroTh, 10 MOJENb PYXY CyJHa 3a3JaJIeri/ib BiIoMa, a (JaKTOPH BILUIUBY
30BHIIIHBOTO CepeIOBUINAa TUMYACOBO IrHOPYIOTHCS. Jl0 BKa3aHOI rpynH HaleKaTh METOJH: AUCKY
pimens (Decision Disc, DD), muaamiunoro BikHa (Dynamic Window, DW), nuckpernoi
orntumizarii (Discrete Inputs Optimization, DIO), nomyky Ha ochoBi permritok (Lattice-based
Search, LBS) ta nosuoro nepe6opy (Brute-force Search, BFS).

3rigHo 3 MetogoM DD 31iliCHIOETRCS TIOCTIHHA TIepeBipKa OE3MEeKH TPAEKTOPIi pyXy 3a YMOB
HE3MIHHOCTI Kepyrouux miid. Metom DW BUKOPHUCTOBYE B SKOCTI BUXIIHMX AaHUX JIHIAHY Ta
KyTOBY IIBHAKOCTI CyIHA, Aaji BPaxoOBYIOThCS (Pi3MuHI OOMEKEHHS Ha PyX CyJIHA, 1 MPOCTIp
MOLIYKY pillleHb (J1ala30HU MHIBUJKOCTEH) 3BYXKY€ThCS LUIAXOM 30€peKEHHS JIMIIe THX Hap
MIBUJIKOCTEH, SIKI TapaHTYIOTh, IO CYAHO MOXXE 3YNHHUTHUCS [0 3ITKHEHHS 3 TMepeIKOIOIO.
30epexeHl Tapu IMBHAKOCTEH (GOpMYIOTh JWHAMIYHE BIKHO, B SIKOMY 1 3IHCHIOETBCS BHUOIp
OCTaTOYHOTO PIlIeHHS 3 KepyBaHHA. ICTOTHMM HEIOIIKOM METOJy € HOro CHpUHHSTIUBICTH 10
3HAXOJKEHHS JIOKATbHUX MiHIMYMIB.

Meton nmuckpernoi ontumizarii DIO 0a3yerbcs Ha 3acTOCyBaHHI ITBOBUX (QYHKIIIH
TPAEKTOPIA PyXy, SKI MAOTh OiJIBIN BUCOKI 3HAYEHHS, SKIIO TPAEKTOPIl PYXy MPOXOIATH OJMK4e
JI0 HaBiramiiHUX Tmepemkona. BinmoBimHo, MiHIMi3alis TakuxX (YHKLOIA T03BOJSE OOpaTH OLIBII
Oe3nedHi MapuIpyTy CyIHa.

Mertox momyky Ha ocHOBi pemitok LBS Oyaye rpad 3 ycix MOXIHMBHX KepyBaHb Ha
KO>KHOMY KpOLli, 110 JO3BOJIsi€ 3a0€3MEUNTH BUCOKY TOUHICTh Ta HaJIHHICTh KepyBaHHS. Aje men
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METOJ] € BEITbMHU 3aTPATHUM 13 TOYKHU OOCSTIB OOYMCIIEHb Ta, BIAMOBIAHO, Yacy, HEOOXITHOTO JIs
BUKOHAHHS pO3paxyHKiB. Merox moBHoro nepedopy BFS 3ailicHioe MOpIBHSIBHY OLIHKY YCIX
MOKJIMBHX BapiaHTIB KepyBaHb, OJHAK Yepe3 BHCOKY CKJIAIHICTh TaKOX IMOTpeOye BBEICHHS
CIPOILIEHb OMKCY HaBIralifHUX cHUTyalid. 3BaXKaloud Ha BUCOKY PECYpPCOMICTKICTh, 1BA OCTaHHIX
METOJM MOXYTh OyTH 3aCTOCOBAaHI Ha TPAKTHII JIMIIEC 32 YMOB BBEJCHHS IEBHUX JIOJAaTKOBHX
0o0OMeXeHb 11010 BUXITHUX JaHUX Ta 00JacTeil MOUIyKY PillieHb.

VY pobortax [15-18] po3rissHyTO METOAM MOUIYKY pIIIEHb 3 YIPAaBIIHHSA PYyXOM CyJHA Yy
HEeINepepBHOMY IIPOCTOPI KepyBaHb, SIKI CIIPSIMOBAHI Ha 3HAXO/UKEHHS Oe3neyHux (0e3 MOXKIMBHX
31ITKHEHb) TpaekTopii. Jlo Bka3zaHOi Ipynu METONIB CIiJl BIAHECTH HACTYIHI: METOJ MOLIYKY
mBuAkicHux mnepemkon (Velocity Obstacle, VO) ta ioro moaudikamnii (Nonlinear Velocity
Obstacle, NVO) Ta (Generalized Velocity Obstacle, GVO), a Takoxx meTon KoHyciB orisiay (Vision
Cone, VC) Ta npornosnoro kepysanns (Model Predictive Control, MPC).

3rigHo 3 merogamu VO, NVO ta GVO Bin0yBaeTbcs BU3HAUEHHS HEOE3NEYHUX 30H PyXY
3aJIe)KHO BiJl IIBUJAKOCTEHW Ta HANPSAMKIB pyXy CyJAEH LIed, Aaiai oOMpa€eTbes TPAEKTOPIsS PyXy
BJIACHOTO CyJHA, sika OMHHae HeOe3nmeuyHl AUITHKA. Jlo HENOMIKIB 3a3HAYCHHX METOMIIB CIif
BITHECTU HAsBHICTh IpPUITYIIEHb CTOCOBHO CTAJIOCTI IIBUAKOCTEH CyleH IiJIel, HeBpaxyBaHHS
(moBHE ab0 YacCTKOBE) OOMEXKEHDb PYXY BJIACHOTO CyJIHA Ta CyJEH IUIeH, a TakoxK (ikcoBaHa Gopma
OINuUCy HeOEe3MeYHOT AIISTHKY, SIKa BBAXKA€ETHCS OMYKIIOIO (KOJIO, EJIIC TOLIO).

Meton VC nepenbavae BBeieHHS 00MeKeHb Ha 00JacTh pyXy BJIACHOTO CyJIHA y BUIJISAIL
KoHyca (koHyca Oesmeku pyxy). Hemomikom Meromy € Te, 1m0 BiH HE HAJa€ MOXIJIHMBOCTI
BpaxoBYBaTH pyX KIJIbKOX CYJEH LilJIel 0JIHOYACHO 1 nependayae, 110 MIBUAKICTh BJIACHOTO CyHA €
OLIIBIIOO 32 MIBUIKICTH CyIHA IIiTI.

Metox MPC no3Bosisie oOpatu 0e3medHy TPaeKTOpil0 PyXy CyJHa y JDUCKPETHOMY Haci 3
ypaxyBaHHIM TUHAMIYHUX oOMexeHb. HenomikoMm Merony € HoOro 4yTJMBICTH 10 3HAXOJKEHHS
JOKQJIbHUX MIHIMYMIB LIJIbOBOi (PYHKIII 1 HEOOXIZHOCTI MpOBENEHHS Bepu(ikalii OTpUMaHUX
pillIeHb.

VY poborax [19, 20] posrisinyTo MeToau GopMyBaHHs OE3MEYHOI TPAEKTOPIi pyXy CyJEH Ha
OCHOBI TeperiaHyBaHHA MapuipyTy. IIporec meperianyBaHHS TpaekTopii pyXy MOYHMHAETHCS 3
TOTO MOMEHTY 4acy, KOJHM PU3UK MOXKIMBOTO 3ITKHEHHS IIEPEBHINY€ IMEBHUI mopir. Meroau
MeperyiaHyBaHHs. MOYKHA TOMUISTH HA JIB1 TPYNU: Ti, K1 3aCTOCOBYIOTh METOIU TMOIIYKY 3
BukopuctanHsMm rpadiB (Graph Search, GS), Ta inmi. ¥ nepmomy BUNAAKY (OPMYEThCS «KapTa
BapTOCTEI», 3TITHO 3 SKOK 30HA HABKOJO MEPENIKOJl Ma€ BUCOKY «IIiHY», a MOTIM 3/1HCHIOETHCS
MOIIYK HAaWMEHII BUTPATHOTO NUISAXY 3a JOMOMOTOI0 JOTIOMIKHHUX METOJIB, TaKHX, SK METOJ
IIBUJIKOTO PO3IMOBCIO/KEHHS, BiAmary abo onTHUMIi3aIlii poro YacTOK.

[Hma rpymna 3acToCoBY€E €BOIIIOLINHI aJTOPUTMHU, SIKI HE BUMararoTh 1moOynosu rpady. Lle,
30KpeMa, alrOpUTM MYpAIINHOI KOJOHIi, TeHeTUYHI aJTOPUTMU Ta €BOJIOLIMHI METOIU MOUIYKY
pimenb (Evolutionary algorithm, EA). IlepeBaroro MeToHdiB TeperlaHYBaHHS MapIIpyTy €
YHIBEpCAJIbHICTh Ta THYYKICTh 3aCTOCYBaHHS, MPOTE IX ICTOTHMM HEJOJIIKOM € BHCOKa
00YHCITIOBAJIbHA CKIIQIHICTB.

HasiBHI mepeBarn Ta HEAOMIKM KOXXHOI 3 BHILIEBKAa3aHUX TPyN METOJIB CIOHYKAIOTh
JOCITITHUKIB /10 OJHOYACHOTO 3aCTOCYBaHHS JUIs BUpIMIEHHS NpOoOJeMH YHUKHEHHS 3iTKHEHb
KUTPKOX METOJIB 13 pi3HUX Tpyn. Tak, y poOoTi [21] aBTOpHM BHKOPHUCTAIN AJITOPUTM MHOKHUHH
MBUAKICHUX Tepemkoa pasoM i3 mpaBuiamu COLREG 72 mnst BUKITIOUEHHS IIBUIKOCTEH, SKi
MIPU3BOASTH 10 3ITKHEHb a00 MOPYUIYIOTH MpaBuiIa PyXy CyAeH. Y NOCHiIkeHHi [§] BUKOPUCTaHO
METOJI, 3aCHOBaHUI Ha NpaBWIaxX y MOEIHAHHI 3 METOAOM IITYYHOTO MOTEHIIMHOTO MOJS IS
kepyBaHHs bAC.

TakuM YHMHOM, TPOBENCHMU TIPYHTOBHUHM aHali3 HHU3KMA pOOIT i3 3a3HA4YEHOI TEMaTHUKH
[6-21], m03BOIUB BUIIINTH HACTYIIHI KJIFOUOBI IPYIH METO/IB, AKI MOXYTh OYTH BUKOPUCTAHI IS
BUPILICHHS TPOOJIEMH YHUKHEHHS 3iTKHEHb.

1. Metoau Ha OCHOBI MpaBHJ, L0 TMEependadaroTh 3aCTOCYBAaHHS MPOAYKLIMHUX TMPaBUII
JIOTIYHOTO BUCHOBKY THUITY “SIKIIO-TO” JJIsl IPUMHATTS PIILIEHb 3 YIPABIIHHSA PYXOM CYJI€H 3 METOIO
YHUKHEHHS 31TKHEHb.
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2. Merosu, siki 3acHOBaHi Ha ()OPMYBaHHI BipTyaJIbHOTO BEKTOPHOTO IOJISI PYXY CY/AEH, II0
JI03BOJISI€ OIIIHUTH HAasBHY HaBirauliiiHy CHUTYyallil0 B LIJOMY Ta BHUOpaTH HalOinbll Oe3neyHy

TPAEKTOPIIO.

3. MeTtoau AMCKPETHOTO YIpPaBIiHHSA PyXOM CyJHAa Ta TOMIYKY pILIEHb Y IUCKPETHOMY
MPOCTOPI KEPYIOUNX BIUIMBIB, 3aJIEKHO BiJ HAaBIramiiHOI CUTYyaIlil, [0 Ma€ MicIle.
4. Meronu aganTUBHOTO HENEPEPBHOIO YIPABIIHHSA CYJHOM 3 YpaxyBaHHSIM HasBHUX

o0OMeXeHb HOoro pyxy.

5. Metoau nepenanyBaHHs TPAEKTOPiN pyxy CyIHa.

6. l'iOpuani meroau, fKI € 3a CBOEIH CYTHICTIO MO€JHAHHSIM JABOX abo Ouiblie 3
BUIIE3a3HAYEHUX METO/IIB 13 METOIO OUIBII €()EKTUBHOTO Ta SKICHOTO MOIIYKY PIllICHb.

Cepen mMareMaTHYHHX MOJENEH, sIKi BUKOPUCTOBYIOTBCS Il ONMHUCY PYX CYACH IIed Ta
BJIACHOTO CyJIHA 3aCTOCOBYIOThCs KiHeMaTtwuHi [10], muramiuni [13, 14] ta reomerpuuni [15]

MOJIel.

[TizcymMKu npoBeIEHOTo aHali3y MaTeMaTHYHUX MoJeleil Ta METO/IB, 110 3aCTOCOBYIOThCS
JUIsL BUPILLIEHHS MUTaHb YHUKHEHHS 31TKHEHb, HaBeJIEHO y Tabnuui 1, y SKii 3a3HaY€HO KIIIOUOBI
XapaKTEpUCTUKU KOKHOTO METOAY, WOro IepeBaru
MIPaKTUYHOTO 3aCTOCYBaHHSI.

Tabmuis 1 — [opiBHSHHS HasIBHUX METO/IIB 3a1100IraHHs 31TKHEHb CYECH

Ta HEIOJIKH, a TaKoXX OCOOIMBOCTI

Cropouena N Peay. ”?mam TI'apanmosana Onuc
Ne Ha3zea abpesiamypa Mooens Kinvicmo | - po3e e Onmumany- (ocobnusocmi npakmuuHozo
memody Hazeu PYXy cyona cyoer (0 3 Hicmo 3acmocysannsn, nepesazu ma
Memoody Wiveu YIpAGHtHA ynpaeninua HeooniKu), 0ricepeno
pyxom)
1 Single-rule Onne Magnesp Hi IIpoctuii 3 ToukH 30py
- cymHa MPaKTUIHOI peatizallii, aje Mae,
TIeBHI OOMEXEHHS Y
3aCTOCYBaHHI (JIUIIE BiIKpUTE
Jloriuni mope) [6]
2 | npaBuma | Multiple- - Omre Mamnesp Hi I[Tpoctuii 3 ToukH 30py
rule CynHa MPaKTHYHOI peaisartii, He
(ILBUIKICTD, 3a0e3rneuye MOXKJIMBICTb
Kypc) BpaxyBaHHS YCiX MOKJIMBUX
CcIieHapiiB kepyBaHb [7]
3 APF - Kinbka Masnesp Hi IIpocTuii 3 TOUKH 30py
cyJHa MPaKTHYHOI peaizarii.
(xypc) CXUIBHUM 10 NOTPAIUISIHHA B
JIOKaIBHUH MIHIMYM.
Henpunatauii 1 kepyBaHHS
BipTyanbHi B HaBITaI[ITHUX CHUTYAIisX, IO
BEKTOpHU JIUHAMIYHO 3MIiHIOIOThCS [ 8]
4 pyxy LCM - Onne Tpaekropis Hi IIpocTuii 3 TOUKH 30py
PYXY MPaKTHYHOT peaizarii.
AHauizye pyx JHUIIe OfHi€l
MIBUIKICHOT TIEPEIIKOIH.
Henpupatuuii ans kepyBaHHs
B HABITAI[IHUX CUTYAIISX, 110
JIMHAMIYHO 3MIHIOIOTECS [9]
5 DW Kinemarnuna/| Kinbka Manesp Taxk Mae mupokuit CiekTp
Junamiyna cyaHa 3aCTOCYBaHb, 3IaTHUI
(LLIBUIIKICTD, (dbopMyBaTH anbTepHATUBHI
Juckperne KyTOBa piwenns. HenpunatHuii st
YIpaBIiHHSA LIBHUJIKICTB) KepyBaHHS B HaBiraminHUx
pyxom CHUTYyallifX, 0 JUHAMIYHO
3MiHIOIOThCS. [IpunaeHHs
PO3paxyHKiB MOKE ITPU3BECTH
110 3iTkHeHHs [10]
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ITponosxenHs Tabmuti 1

6 DD I'eomerpuuna | Kinbka Manesp Tax [Ipononye anbrepHaTHBHI
cyaHa pillIeHHs, aje He BPaXxOBY€E
(IIBHOKICTB, JTUHAMIKY cyaHa [11]
Kypc)
7 DIO I'eomerpuuna/| Kinbka | Tpaekropis, Tax [Ipononye anbrepHaTHBHI
Junamiuna Kepytoui aii PpilIEHHS, CKIaJHUH 13 TOUKH
30py NMPaKTHYHOI peaizamii
[12]
8 LBS JunaaMiyaa Kimeka | TpaexTopis, Tax Tounwmii, ane Ma€e BICOKY
Kepyrodi i PECYPCOMICTKICTB 1 TpHBAITHI
Yac MOMyKYy pimeHs [13]
9 BFS JunaaMiyaa Kimpka | TpaexTopis, Hi Tounwmii, ane Ma€e BICOKY
Kepyroui 1ii PECYPCOMICTKICTD 1 TPHBAIIHIA
Yac MOIYKY pimeHs [14]
10 VO T'eomerpuuna | Kinbka Masnesp Tak [pocruii, epextrBHMit y
cyIHa 3acrocyBaHHi. [Ipomonye
aIbTEpPHATHBHI PilICHHS, ajie
HE BPaxOBYe€ IMHAMIKY Cy/JHa
[15]
11 GVO Junamiuna Kineka | Tpaexropis, Tax BpaxoBye nuHamiuHi
Kepytoui aii obMexeHHs Ta popmye
IbTEPHATHBHI PillIEHHS, TPOTE
Mae IeBHI TOXUOKHU BHACTIIOK
3aCTOCYBaHHs JliHeapu3alii
[ocriiine - - [16] — =
12 AATTHBHE VC JunamiyHa Onne TpaCKTO.pls.I: Tax [pocrwuii i epexTrBHU, ane
R Kepytoui zii Mae 0OMEeXEHHS 1010
pyxOM 3aCTOCYBAHHS (yHHngHHﬂ
3iTKHEHb JIUILE 3 OJHIEI0
MEPENIKOJIO0, 1110 MAE
IIBUIKICTH, MEHIIIE HI’K BJIACHE
cynHo) [17]
13 MPC- JunamiuHa Kinbka | Tpaekropis, Tak Jlo3BoJisie BpaxoByBaTu
CA Kepyroui nii TUHAMITHI 0OMEKEeHHS.
YyTnuBuil A0 3HAXOKEHHS
JIOKaJIBbHUX MIHIMYMIB LTbOBOT
(byHKIIT, € HEOOXIHICT
MpoBeeHHs Bepuikarii
pileHs, siki orpuMadi [18]
14 GS - Kineka | Tpaexropis Tax VYHiBepcanbHICTh
Pyxy 3aCTOCYBaHHsI, BUCOKa
Mepe- PECYpPCOMICTKICTD Ta .
00uHMCITIOBANIbHA CKIIAIHICTh
TUIaHyBa- [19]
15 Map}i:;yTy EA - Kineka | Tpaexropis Tax VYHiBepcanbHICTh
pyxy 3aCTOCYBaHHS, BUCOKa

PECYPCOMICTKICTB Ta
00YHCITIOBANIBHA CKJIAAHICTD

[20]

Posrnsparoun HaBeleHI METOJM YHHMKHEHHS 3ITKHEHb 13 TMO3MLIA I1X MOAAIbIIOro
3actocyBaHHd y BAC, ta Gepyun 10 yBaru CTpyKTypy HpOIecy YHpaBiiHHS PyXOM aBTOHOMHOI'O
cyaHa (puc. 1) i ioro ocoGIMBOCTI, MOXKHA JIHTH 10 BUCHOBKY, IO JJISl PI3HUX KOHTYPiB 00pOOKH
iHpopmanii 3 ynpaiaiHHI BAC, HeoOXigHO 3acTOCOBYBaTH pi3HI METOAM yrpaBiiHHs. Tak, Ha
cTpaTeriyHoMy piBHI KepyBaHHS BAC, [OLIIBHO 3aCTOCOBYBAaTH METOJIM TEperiaHyBaHHS
MapIIpyTy Ta JAUCKPETHOTO YIIPaBIIHHS PyXOM, TOAl SIK Ha PiBHI ONEPAaTUBHOTO YNPAaBIIHHS CIiJ
3aCTOCOBYBATH MOE€THAHHS METOJIIB JIOTIYHUX MPABUJI Ta BIpTyaJIbHUX BEKTOPIB PyXYy.

Takox, BIAMOBIAHO 1O 3aAad JOCTIIHKEHHS, OyJI0 BH3HAYEHO KOJO METOJIB YIpaBIIHHS
CYJHOBUMH CHCTEMaMH, Ki JOIIbHO 3acTocoByBatd B BAC. Meronu ympaBiiHHS CyTHOBUMH
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CHCTEMaMH Ta MPHUCTPOSMHU MOXYTh OYTH PO3IOJIICHI Ha IIICTh OCHOBHUX rpym: Kiacudni PID-
PEryIsITOPH, aJanTHBHI, poOACTHI, HEYITKOI JIOTIKH, MOZEIi MPOTHO30BAHOTO KEPYBaHHS Ta METOAH
HII. KoxHa rpyma METOAIB Mae CBOI MEpeBard Ta HEHONIKH 3aJIe)KHO BiJl YMOB HPAaKTUYHOTO
3aCTOCYBaHHS, @ TAKOXK BUMOT JI0 TOYHOCTI Ta HasIBHUX OOUMCIIIOBAJIHUX pecypciB [5].

1. Knacuuni PID-perynsaropu — HaiimpocTimm Ta HaiOLIBII MOMIUPEHi METOIM KepYBaHHS B
yMOBaX HasBHOCTI HE3HAYHUX 30BHIIIHIX BIIMBIB.

2. AnmanTuBHI METOAM, JO3BOJISIIOTH ABTOMATHYHO 3MIHIOBATH TAapaMeTpu 3ajeKHO BIJ
3MIHU XapaKTEPUCTUK CUCTEMHU KepyBaHHs a00 30BHILIHIX YMOB.

3. PoGactui metoau (Hoo-kepyBanHs) 3a0€31€4yIOTh BUCOKY CTIMKICTh O HEBU3HAYEHOCTI
Ta HEMOBHOTH BUXIJHHUX JIaHHUX, [IPOTE MAlOTh BUCOKY OOUMCIIOBAJIbHY CKJIAJHICTh, L0 YTPYAHIOE
X MpakTHYHE 3aCTOCYBaHHS JUIS 3/IIHCHEHHS YIIPABIIIHHS CYJIHOM Y PEXKHUMI PEaTbHOTO Yacy.

4. Metoau HewiTKOi JIOTiKM e(DEeKTHUBHI U MOJEIIOBaHHS CKJIQAHUX CHCTEM 0e3 TOYHOIo
MaTeMaTUYHOTO OMKCY, 30KpeMa IpH MaHEBPyBaHHI B yMOBax OOMEXEHOi BUAMMOCTI abo mpu
YHUKHEHHI1 31TKHEHb.

5. Mogeni nporHo30BaHOTO KEpyBaHHS 3a0€311eUyI0Th BUCOKY TOUHICTh PyXy IPH CKJIaJHUX
TPAEKTOPIAX, ajie BAMAraloTh 3HAYHUX OOUMCIIIOBAJILHUX PECYPCiB, 10 OOMEXKY€ IX BUKOPUCTAHHS.

6. Meronu LI Tta ribpuaHi mMetonu KepyBaHHs. J03BOJISIIOTH HMO€JHATH €(PEKTUBHICTH
TOYHOT'O KOHTPOJIIO 3 THYUKICTIO IPAaKTUYHOTO 3aCTOCYBAHHS, ajl€ € TAKOX JI0OBOJI BUOATTIMBUMHU J10
3aIIIHUX alapaTHUX 1 IPOrPaMHUX PECYPCIB.

INopuani miaxoau € HaMOLIBII MEPCHEKTUBHUMHU Ui MaOyTHIX CHUCTEM aBTOHOMHOIO
CYTHOIUTaBCTBA, OCKUIBKU JIO3BOJISIFOTH ITOEIHYBATH CHIIBHI CTOPOHU KUTBKOX METOJIB KEepyBaHHS
BHUCOKY TOYHICTb, @JaNTHBHICTh JO0 3MIH CEpEJOBMIIA Ta CTIMKICTh 0 30BHILIHIX 30YypeHb.
[arerpauist 3aco6iB LI [22, 23] y cuctemu KepyBaHHS /J03BOJISIE ICTOTHO HIABUIIWUTHU SIKICTH Ta
HaiHHICTh Takux npoueciB Ans BAC. Buieza3naueHe 0coOIMBO akTyallbHE y BUIAIKaX HAsBHOCTI
30ypeHb 30BHINIHBOTO CEPEIOBHINA, MAaHEBPYBAHHS CYJICH B OOMEKEHOMY IPOCTOPi, HEMOBHOTH
HaBiraluifHUX JaHUX, 32 YMOB OOMEXEHb 4acy Ha MPUHHATTS PILIEHb Ta KPUTUYHHUX CUTYallisX.

VY pe3ynbTaTi NpOBEIEHOr0 MOCTIHKEHHS CyYaCHHX METOMAIB KEepyBaHHS BCTAHOBJIICHO, IO
JKOJIEH 13 KiacmyHux miaxoniB — PID-perymoBaHHsS a00 METOIM ONTHMAJILHOTO (POOACTHOTO)
KepyBaHHS HE 3JIaTHI TIOBHOIO MIipOIO 3aJ0BOJIBHUTH BHUMOTH JO aJalTUBHOCTI, CTIMKOCTI Ta
MOSICHIOBAHOCT1 PIIlIEHh B YMOBax JWHAMIYHUX HAaBITaIlIMHUX CHUTYyallli Ta HAsSBHOCTI 30BHIIIHIX
BIUIMBIB. MeTou moOyoBaHi Ha HEUiTKiH JIoTilli, MalIMHHOMY HaBuaHHI 800 MPC, MatoTs okpeMi
CHJIbHI CTOPOHM, aje BOJHOYAC OOMEXEH1 NpH 3aCTOCYBAaHHI y pEaJbHUX CLEHapiix depe3
CKJIaHICTh HANAIITYBAaHHS, YYTJIMBICTH O 3MIHM TapaMeTpiB 30BHIIIHBOTO CepeloBUINa abo
HEJIOCTaTHIO TTPO30PICTh JIH.

Buxonsun 3 BHIlEHaBEACHOrO, BOAYaeEMO JIOIUIBHUM 3aCTOCYBaHHS 0aratopiBHEBOL
apxiTektypu cucreMu kepyBaHHs BAC, mo nepenbauae 3aCTOCYBaHHS JAEKUIBKOX METOJIB, TAKUX
SK: HeUiTKa JIOTiKa, MOJeJ MPOTHO30BaHOrO KepyBaHHs Ta mnoscHioBanuil II. 3 ypaxyBaHHsM
BUIII€3a3HAYEHOT0, Oyia po3polbiieHa apxXiTekTypa cucreMu kepyBaHHi BAC, ska HaBeneHa Ha
puc. 2.

. . baxaHuii cTaH
o dazudikanis ) Momens
Hagiramiiisi .| MOIyIb HEYITKOIO KEpYBaHHA |
. > . »  [POTHOZ0BAHOIO
IaH1 JIOTiYHOTO BHCHOBKY
KepyBaHHA
Kepyoui BrmeH
A 4 B R .
Ouinka isyamizauis
5 . . : HaguaHns,
pauBis | IloACHIOBaJIBHMIL pilmeHs
BAC > . * OHOBIIEHHA IIPABHII
IITYYHHI IHTEIeKT
KepyBaHHA

Pucynok 2 — ApxiTekrypa cucteMu ynpasmiHHS pyxoM BAC

152 o pyopuku exnioueno cmammi 3a memamuunoro cnpamosanicmio « Tpancnopmmui mexuonociiy



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

[Iporiec 00poOku HaBiramifHUX naHuX Ta ynpaeiiHHsS BAC 3rimHO 3 TpeAcTaBICHOIO
apXiTEKTypOIO 3/11HCHIOETbCA HACTYMHUM YMHOM. Ha moyaTtkoBoMy eTani BUKOHY€EThCS MONEpeTHs
00poOKa HaBiralifHUX JaHUX Ta MEPEeBEACHHS iX M0 GopMary, MPUAATHOMY A0 0OPOOKH y MOIYJIi
HEYITKOT'O JIOT1YHOr0 BUCHOBKY. Jlani BU3Ha4YaroThcs HeoOX1AHI kepyBaHHS pyxoM BAC Ha ocHOBI
HAsBHOTO BIAXWJICHHS BiJ TUIAHOBAHOTO MAapIIPYTY, OIIIHKM HAasBHUX HaBITalliiHUX PH3UKIB
(nmepemwkonu, BiTep, Teuii) Ta OakaHoi MaiOyTHboi mo3uuii BAC. Monenbs NporHo30BaHOTO
KepyBaHHS pO3B’s3y€ ONTUMI3alliiHy 3azady ynpaBiaiHHS pyxom bBAC, BukopucroByrouu
MOTOYHUI KypC Ta IIBUAKICTH K 0a30BYy TPAE€KTOPII0 Ta BPAaXOBY€ HasBHI MMapaMeTpu CTaHy Ta
OOMEXEeHHS pyXy: MO3HULlIS, MIBUAKICTb, IPUCKOPEHHS, KyTOBa IIBUJIKICTh, IPUITYCTHUMI Jl1alla30HU
3MiH NapaMeTpiB KepyBaHHsA. OTpuMaHUN pe3ybTaT HAJAXOJUTh 0 TEXHIYHUX 3ac001B yIpPaBIiHHS
BAC Ta 3piiicHioe 3MiHu TpaekTtopli pyxy BAC, micis 4oro cucrema yOpaBiliHHS OLIIHIOE
YCHILIHICTh 3/{IHCHEHOT0 KepyBaHHs (TOYHICTh JOTPUMAHHS 3aJaHOI TPAEKTOPIi pyXy 3a yMOB HE
MIEPEBUILEHHS 3aB/aHOT0 OPOTYy pU3MKY 31TKHEHHS). Moaynb nosicHioBanoro LI inTeprperye, siki
caMme HEYiTKi nmpaBuia OyJlu aKTUBOBAaHI, 1 3MiHA SKHX caMe MapaMmeTpiB pyXy Mayia HalOiabIIuil
BIUIMB, Ta, 3a MOTpeOoro, 3MilcHIOE Bizyamizamiro maHeBpy BAC omepatopy, fKid MOXe
auctaHliiHo cnoctepiratu pyx BAC. ¥V Bumajaky ycHillHOrO BUKOHAHHS MaHEBpPY, BiIOYyBa€eTbCs
OHOBJICHHSI 0a3M NpaBUJI CUCTEMH KEpyBaHHSA JUIsl IX 3aCTOCYBaHHS HaJall y HaBIraliMHUX
CUTYaIlisX, MOAIOHUX JI0 MOTOYHOT.

BucHoBku. Po3risHyTa cTpyKTypa Ta BUSBJICHI BIAMIHHI PUCH MPOLIECY YIPABIIHHS PYyXOM
aBTOHOMHUX Ta BAC y mnopiBHSHHI 13 CyAHaMH, SKMMU 3[1HCHIOE YNpPaBIIiHHSA CYIHOBOJIH,
JI03BOJISIFOTh 3pOOMTH BHCHOBOK CTOCOBHO HASIBHOCTI y CHCTEMax YIPAaBIiHHS TaKHUMH CyTHAMHU
KUTbKOX KOHTYpIB KepyBaHHS, 10, B CBOIO 4Yepry, OOyMOBIIO€ HEOOXiJHICTh KOMOIHOBAaHOI'O
3aCTOCYBAaHHS PI3HUX METO/IB KEPYBAaHHS PYXOM.

[TpoBeneHuil MOpIBHANBHUN aHali3 HAsABHUX METOJIB 3amo0IraHHs 31TKHEHb MOPCBKHX
CYJICH JI03BOJIMB BU3HAYUTH X HAMOUIBII ICTOTHI MIEpeBaru, HEJOJIIKU Ta OCOOJIMBOCTI MPAKTHIHOTO
3acTOCyBaHHA. Bu3HaueHa MEepCHEeKTUBHICTh 3aCTOCYBAaHHS TOPUAHUX METOMIB, sIKi 0a3ylOThCs Ha
3aCTOCYBaHHI KUTBKOX MIJIXOIB: HEYITKa JIOTiKa, NMPOrHO30BaHE KepyBaHH:, moscHioBanuil LI
tomo. [loemHaHHs pi3HUX METOMIB OOpPOOKHM HaBiramiitHOi iHQopMalii Ta TPUAHATTS PpIllICHb
J03BOJIsIE 3a0e3MeuynTy sIKicHe yrpaBiiHHS pyxoM BAC y pexumi peanpHOro 4acy 3a yMOB
HasIBHOCTI ITOXUOOK Ta HEMOBHOTH HaBIraliiHUX JaHUX.

[lepcrieKTUBHUM HaNpsIMKOM TOAANBIINX HAYKOBUX JOCIIKEHb € PO3pOOKa BiIMOBITHHX
IIPOrpaMHUX Ta amapaTHUX 3aco0iB kepyBaHHA BAC, ski 103BOJIATH peai3yBaTH 3alpONOHOBAHY
apXiTEKTypy CUCTEeMH KepyBaHHS Ha PiBHI MPAKTUYHHUX PO3POOOK.
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Ben A. P., Pelykhivskyi L. O., Solovey O. S. MODERN METHODS OF PREVENTING SHIP
COLLISIONS AND THEIR APPLICATION IN CONTROLLING AUTONOMOUS SHIPS

The article is devoted to the issues of applying methods for preventing ship collisions in the processes of
controlling unmanned autonomous vessels (UAVs). A range of important issues of the current state of
development of the autonomous and unmanned vessel industry is outlined. A comparative analysis of existing
methods for preventing ship collisions is conducted. The disadvantages and advantages of each method are
identified, as well as the features of their practical application in UAV control. The structure and distinctive
features of the process of controlling the movement of autonomous and unmanned vessels in comparison with
vessels controlled by a navigator are presented. The peculiarities of the UAV control process are clarified and
a range of methods that should be applied for its implementation is determined. The UAV control methods are
considered and the architecture of the control system is proposed, which is based on the combined use of fuzzy
logic methods, predictive control and explained artificial intelligence. It has been proven that the combination
of various methods of processing navigation information and decision-making allows for high-quality control
of UAV movement in real time, in the presence of errors and incompleteness of navigation data. Ways of
practical implementation of the proposed architecture of the UAV control system and promising directions of
further scientific research in this direction are identified.
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autonomous vessels; artificial intelligence; maritime safety.

© bewns A. I1., [lemuxiseekuii JI. O., Comoseit O. C.

Crartio npuitasTO 110 penakmii 16.06.2025

156 o pyopuku exnioueno cmammi 3a memamuunoro cnpamosanicmio « Tpancnopmmui mexuonociiy


https://doi.org/10.1016/j.oceaneng.2018.10.023
https://doi.org/10.1016/j.ifacol.2021.10.345
https://doi.org/10.1016/j.oceaneng.2018.04.026
https://doi.org/10.1016/j.eswa.2016.11.005
https://doi.org/10.1017/s0373463314000708
https://doi.org/10.1109/Joe.2013.2254214
https://doi.org/10.1002/9781394302444.ch12
https://doi.org/10.1002/widm.1424

HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

TPAHCIIOPTHI TEXHOJIOI'IT

TRANSPORT TECHNOLOGIES

ISSN-print 2313-4763; ISSN-online 3041-1939 157



m TpaHCHIOPTHI TE€XHOAOTI1

UDC 656.6:004.8

DETERMINING THE IMPACT OF THE HUMAN OPERATOR
FACTOR USING A NAVIGATION SIMULATOR

Kochubei P., Graduate student, Kherson State Maritime Academy, Ukraine,
e-mail:_pavlo.kochubei@ksma.ks.ua;

Nosov P., Ph.D., Associate Professor, Department of ship computer systems
and networks, Kherson State Maritime Academy, Ukraine, e-mail: pason@ukr.net,
ORCID: 0000-0002-5067-9766.

As maritime operations become increasingly complex, there is a growing need for objective, scalable methods
to evaluate seafarer competence beyond traditional instructor-based assessments. This study presents a
comprehensive, data-driven framework for analyzing cadet performance in maritime simulator exercises,
utilizing state-of-the-art unsupervised learning and explainable Al. The research draws on multivariate time-
series data from navigational simulations, capturing vessel dynamics, control actions, and environmental
parameters across dozens of features. A rigorous preprocessing pipeline was applied, combining statistical
feature aggregation and redundancy reduction through Pearson correlation and Mutual Information. This
yielded a compact, yet informative feature set encompassing control inputs, navigational states, and vessel
motions. To offset limited number of sessions small in the dataset, each simulation was split into meaningful
intervals by applying rolling window statistics. Each window was then encoded as a summary vector,
reflecting both central tendencies and temporal variability. The analysis employed the HDBSCAN clustering
algorithm, which excels in detecting groups of variable density and naturally identifies outlier behaviors—
critical in the context of training evaluation. The resulting clusters were projected into lower-dimensional
space via t-SNE, providing interpretable visualizations of cadet performance patterns. To further elicit the
distinguishing characteristics of each group, a linear Support Vector Machine was trained to predict cluster
membership, with SHapley Additive exPlanations (SHAP) attributing each decision to underlying features. Key
findings reveal that clusters align with distinct navigational strategies: stable, conservative approaches are
differentiated from more dynamic or risk-prone styles by features such as roll velocity, yaw rate, and engine
RPM. Sessions flagged as outliers typically exhibited abrupt maneuvers or inconsistent control usage,
highlighting potential skill gaps. The SHAP-based interpretability layer transforms complex model outputs into
actionable instructional feedback, enabling targeted interventions and tailored training. Overall, this
automated approach has potential to become a transparent, scalable alternative to subjective grading in
maritime education, with significant implications for enhancing safety and developing individualized learning
pathways. The proposed system demonstrates strong potential for integration into real-world training
environments and continuous improvement as more operational data becomes available.

Key words: water transport; operation of transport facilities; navigation safety; human factor; automation;
risk; intelligent systems; LAD.
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Introduction. Despite technological advances in the maritime industry — ship design,
navigational systems, and sensor technologies — human error remains a primary contributing factor
to naval accidents, accounting for more than 85% of all accidents [1]. The International Maritime
Organization (IMO) continues to emphasize the critical role of human factors in maritime safety,
especially in complex navigational contexts such as port approaches and congested sea lanes [2].

Advancements in sensor technologies, such as ECG, eye tracking, etc., increased
connectivity of ships, a surge in computational and data collection capabilities, and popularization
of machine learning techniques have expanded existing and allowed new capabilities in monitoring
and assisting humans in the maritime context [3]. These technological improvements allowed
advancements in navigator fatigue detection, advanced trajectory prediction, anomaly detection in
AIS data, and many other use cases [4-6].

In parallel, a shortage of qualified training professionals in the maritime labor market causes
accelerated promotion of marine professionals. Therefore, cadets have less time to develop
necessary seafaring skills. According to a 2021 report by the Baltic and International Maritime
Council (BIMCO) and the International Chamber of Shipping (ICS), the global merchant fleet is
expected to keep expanding, maintaining a high demand for skilled maritime professionals.
Nevertheless, the industry continues to face a shortage of qualified personnel. Projections estimate
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that an additional 17,902 officers will be needed annually through 2026 to meet the operational
needs of the global merchant fleet [7].

Vocational education must ensure individuals develop the essential knowledge, skills, and
competencies required for professional success [8]. Therefore, it's necessary to create effective and
sound methods of preparing maritime staff. The maritime industry has long been relying on
simulator training to optimize education. However, assessment methods in simulation training are
predominantly subjective, relying primarily on the judgment and experience of instructors. This
introduces variability and potential bias in the evaluation of navigation competencies.

To address these challenges, the application of machine learning to maritime simulator log
data offers a promising opportunity. Learning Analytics Dashboards (LADs) have demonstrated
value in educational technology domains, offering a framework for integrating objective, data-
driven insights into maritime training. Together with predictive models, LADs can improve the
feedback for trainees and instructors and serve as an early-warning system for suboptimal
performance [9].

Research Purpose and Objectives. The purpose of this study is to develop a method for
identifying and evaluating cadet navigational behavior and decision-making strategies in maritime
simulator training environments using intelligent, data-driven approaches. The study aims to
enhance the objectivity and precision of performance assessment, reduce dependence on instructor
subjectivity, and enable early detection of potentially unsafe operational patterns. To achieve this,
the following research objectives are formulated:

1. To propose an approach for the automated analysis of navigational and control data
recorded during maritime simulation exercises, with a focus on identifying behavioral patterns
relevant to operator performance.

2. To establish a framework for classifying and assessing navigational and control
strategies, enabling the recognition of outlier behaviors indicative of suboptimal decisions, skill
gaps, or elevated operational risk.

3. To examine the potential of unsupervised learning methods for segmenting and
evaluating cadet performance to inform adaptive training, targeted feedback, and early-risk
intervention strategies in simulator-based education.

Primary Research Material. To achieve the outlined objective, a dataset was prepared that
comprises time-series simulation data from 13 independent navigational exercises performed by
different cadets using model Navi Trainer Professional 5000 [10] simulator conducting a passage
through the Bosphorus strait. The extracted dataset (Fig. 1) captures vessel dynamics and
environmental conditions across 44 parameters valid for the exercise under discussion and selected
vessel type.

pos_east pos_north yaw heave pitch rol surge u_speed v speed rpm_mid rud_mid rpm_mid_cmd

0 4.62 13.49 0.000 0.000 0.183 0.000 0.000 0.002 -0.004 0 0 0
1 4.62 13.49 -0.000 -0.001 0.181 0.040 0.001 0.003 -0.004 0 0 0
2 4.62 13.49 0.000 -0.003 0.174 0.032 0.000 0.003 -0.004 0 0 0
3 4.62 13.49 0.000 -0.015 0.166 0.022 0.000 0.003 -0.004 0 0 0
4 4.62 13.49 0.000 -0.011 0.157 0.014 -0.001 0.003 -0.004 0 0 0
5 4.62 13.49 0.001 -0.005 0.150 0.007 -0.000 0.003 -0.004 0 0 0
6 4.62 13.49 0.002 -0.007 0.147 0.002 0.000 0.003 -0.005 0 0 0
7 4.62 13.49 0.003 -0.001 0.147 -0.002 0.001 0.003 -0.005 0 0 0
8 4.62 13.49 0.004 -0.002 0.149 -0.005 0.000 0.003 -0.005 0 0 0
9 4.62 13.49 0.005 0.001 0.154 -0.007 -0.000 0.003 -0.005 0 0 0

Figure 1 — Fragment of data extracted from TRANSAS NTPRO 5000
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Here’s brief description of the features provided: pos_east, pos_north are position relative to
the starting point of the exercise; roll is the tilting motion of a ship from side to side; pitch is the up-
and-down tilting motion of the ship; yaw is side-to-side motion of the ship about it vertical axis;
surge is the forward and backward motion of the ship along its longitudinal axis; sway is the side-
to-side motion of the ship along its transverse axis; heave is vertical motion of the ship along its
vertical axis. u_speed forward surge velocity speed, v_speed sideway sway velocity, rpm_mid
indicates Revolutions Per Minute (RPM) of a main propulsion unit; rud_mid shows rudder angel
and rpm_mid_cmd commanded but potentially not yet achieved main engine RPM value.

Upon conducting Exploratory Data Analysis (EDA) [11], the list of meaningful features was
reduced to 33 by eliminating non-relevant columns for this vessel type, columns with few values,
e.g., the autopilot was turned off for all exercises and therefore had only one value.

Additionally, a set of similarity metrics was computed to avoid supplying duplicate
information to the model and further decrease redundant computaxftions — the Pearson Correlation
Coefficient [12], which measures the linear similarity between two variables (1).

v = i, (=%) (vi—9) , (1)
[T im0 (S, i-9)?
where: x;, y;: individual sample points;

X, y: sample means;

n: number of observations.

A correlation value close to +1 or —1 indicates a strong linear relationship, while a value
near 0 suggests no linear correlation. To minimize redundant input information to the model and
reduce the dimensionality of the feature space, features with correlation of |r| > 0.8 were examined
and closely and staged for elimination to the modeling step. Additionally, the corresponding matrix
(Fig. 2) helped us eliminate perfectly correlated features that naturally could be foreshadowed by
the constraints of the physical system. For example, it's logical that when the yaw rate of the ship
increases, its velocity at the stern will also increase during the turn.

wind
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Tx

rwind_dir 0.06 005 0.15

wave_di J
modl ﬁm 008 ﬁ ots
gepth 005 006 -0.02 0.10 005 006 004
depth_fp 0.07 008 0.00 012 0.08 0.08 nos
depth_ap 003 0.04 002 0.06 003 004 002 [BELY 052
@ali_fp 0.19 0.18 004 D03 0.19 019 0.18 0.05 006 0.04
dafl_ap 4018 0.18 0.01 0.01 0.19 -0.19 0.17 0.01 0.02 0.01
am_a 001 001002 001 0.01 0.01 0.01 0.02 0.03 002 0.04 002
ol 0.04 0.04 0.02 0.08 0.04 0.04 0.04 0.05 0.06 0.03 0.06 005 0.14
roll_vel .00 0.00 0.02 .02 0.00 0.00 0.00 000 0.00 000 .11 0.1 0.01 0.00
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Figure 2 — Pearson R values calculated for features in the dataset
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With the intention of conducting a thorough analysis, it's usually necessary to supplement
the Pearson Coefficient with another measure of similarity, such as Spearman's rank or Mutual
Information [14]. Since Pearson r assumes the underlying relationship is symmetric and
homoscedastic, it can miss or underestimate important nonlinear or monotonic patterns. Mutual
Information [13] metrics was used as another similarity measure. Overall, it quantifies the total
dependency between variables, measures the information one variable contains about another, and
captures both linear and nonlinear dependencies (2). By combining Pearson correlation with Mutual
Information, one obtains a more holistic understanding of the structure and dependencies in the data

[15].

I(6GY) = Teex Zyer P(x, ) log (52 | 2)
p(x,y) = I, 3)

plx) = ED 5)

p(y) = %W:y) : (6)

where p(x, y): joint probability distribution of X and Y (3);
p(x), p(y): marginal probability distributions (5, 6).
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Figure 3 — Mutual Information values calculated for features in the dataset
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Applying this technique helped us confirm correlated features from calculating the Pearson
Coefficient and identify new naturally outcoming similarities. For example, MI coefficient between
uw_speed and u_speed of 9.257 and uv_speed and v_speed of 8.065 indicated that given our dataset
and for modeling purposes undewater vessel speed wouldn’t represent meaningful information.

Following both procedures mentioned above, the list of meaningful features was reduced to
a tight list that will provide meaningful information. The features of control such as current mid-
engine RPM (rpm_mid), commanded mid-engine RPM (rpm_mid_cmd), current rudder angle
(rud_mid), commanded rudder angle (rud_mid_cmd). The trajectory or directional features include
the eastward position coordinate (pos_east) and northward position coordinate (pos_north). The
motion features describe the ship's movement on the cartesian coordinate system, such as pitch, roll,
yaw, sway, and surge. Velocity features forward surge velocity (u_speed), sideways sway velocity
(v_speed), velocity at the bow (v_bow) and velocity at the stern (v_stern). While it’s acknowledged
that weather-related features might trigger different behaviors of navigators, weather-related
features were decided to be eliminated since the data in our experiment contained almost identical
weather conditions.

Modelling. A novel unsupervised learning pipeline is proposed to facilitate actionable,
interpretable feedback for cadets and instructors participating in maritime simulation exercises
(Fig. 4). First, the multivariate time series data was preprocessed for each session using established
time series feature engineering techniques. This includes calculating aggregate statistics (e.g., mean,
standard deviation, minimum, maximum, skewness, and kurtosis) over rolling windows, as well as
generating lagged features that capture recent trends and temporal dependencies in the navigational
telemetry. The resulting set of fixed-length feature vectors represents each exercise session in a
manner that preserves relevant temporal dynamics while remaining interpretable. These feature
vectors are then clustered using a Gaussian Mixture Model (GMM), enabling the identification of
groups of cadets exhibiting similar navigational behavior or performance patterns. To further
enhance the interpretability of each cluster, an XGBoost classifier was trained [17] as a surrogate
model to predict cluster membership based on the engineered features. The feature importances and
decision logic of this model are subsequently analyzed using SHapley Additive exPlanations
(SHAP) [18], providing domain-relevant, actionable insights into the behavioral characteristics
defining each group. This integrated approach supports data-driven instructional feedback and
personalized training interventions within maritime education. The resulting explanations enable
instructors to target training interventions toward specific performance factors, ultimately
supporting more effective and individualized learning pathways.

Data % Preprocessing % Clustering % Classification % SHAP

Figure 4 — Modeling pipeline overview

Preprocessing. A systematic feature engineering was performed on the raw navigational
telemetry data to enable robust, session-level analysis and clustering. In order to mitigate small
sample size of 13 sessions we decided to cluster navigator behavior on events within the session by
partitioning each session into fixed-length windows of 10 minutes with 50% overlap, generating
roughly 15-20 segments per session. The total number that our method generated was 201. For each
segment, a set of global statistical descriptors was extracted from the original features to summarize
temporal dynamics while reducing dimensionality.

Specifically, for each numeric telemetry feature, a suite of standard aggregate statistics was
calculated — including the mean, standard deviation, minimum, and maximum values — across all
timesteps within a session. Mathematically, for a feature x and session s, it was computed:

: _1y7
Mean: Hxs = T &t=1 Xs,t

Standard deviation: o, ¢ = \/%le(xs,c — ux,s)z’

Mo pyopuku exnioueno cmammi 3a memamuunoio cnpamoganicmio « Ipancnopmmui mexnonoziin



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

Minimum: min, ¢ = min,xg,,
Maximum: max, s = max;Xs¢,

where T denotes the number of timesteps in session s. This procedure was implemented by
grouping the data by series_id and slicing desired window interval, and applying the aggregation
functions to each feature, resulting in a single summary vector per segment. The resulting feature
matrix thus captures both central tendencies and variability for each navigational segment, laying
the foundation for interpretable clustering and subsequent analysis (see Figure 4 for an overview of
the preprocessing workflow).

Clustering. Given our aim to identify natural groupings within rolling-, several clustering
algorithms was considered: KMeans [19], Gaussian Mixture Models (GMM) [20], DBSCAN [21],
and HDBSCAN [22]. KMeans and GMMs are widely used centroid-based approaches that assume
convex, isotropic structures and require the number of clusters k to be specified in advance. This
poses significant limitations for our application, as the actual number of navigational behavior types
is unknown, and the expected cluster shapes may be non-spherical and of varying density.
Moreover, these algorithms are sensitive to noise and outliers, which might be problematic given
our small sample size. DBSCAN addresses many of these challenges by defining clusters as dense
regions of data points separated by areas of lower point density. However, DBSCAN is limited by
its reliance on a global density threshold &, making it ill-suited to discover clusters of differing
densities — a characteristic anticipated in our rolling-window aggregated representations.

To overcome these limitations, HDBSCAN (Hierarchical Density-Based Spatial Clustering
of Applications with Noise), was selected, which generalizes DBSCAN by allowing the detection of
clusters with variable densities and does not require the number of clusters to be specified.
HDBSCAN is thus highly suitable for our experimental context, where data may exhibit clusters of
widely varying density and shape and where noise and outliers are prevalent.

HDBSCAN adopts the core distance concept initially introduced in the DBSCAN and LOF
literature. For a point x, the core distance concerning a parameter k is denoted as core; (x) (7) and
formally defined as the distance from x to its k-th nearest neighbor (inclusive):

corey(x) = distance to the k-th nearest neighbor of x (7
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Figure 5 — HDSCAN reachability distance
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However, to effectively distinguish and separate points in sparse areas (with high core
distance), HDSCAN introduces the mutual reachability distance (Fig. 5) between two points, a and
b, denoted (8)

dmreach-k(@ b) = max{corei(a), core,(b), d(a,b)}, (8)

where d(a,b) is the original metric (e.g., Euclidean) distance between a and b. The multiple different
points are depicted with different colors. The next step is to build a Minimum Spanning Tree (MST)
using Prim's algorithm — the tree is constructed one edge at a time, always adding the lowest weight
edge that connects the current tree to a vertex not yet in the tree (Fig. 6).
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Figure 6 — HDBSCAN's Minimum Spanning Tree (MST)

After obtaining the MST, the conversion to a hierarchy of connected components takes place
in reverse order by sorting the edges of the tree by distance and iterating over them using a union-
find data structure. Subsequently, the algorithm condenses the hierarchy by eliminating clusters that
persist over a small range of distance thresholds and retaining stable clusters over a wide range of
thresholds (6). Stability is defined by:

Z p € cluster(}\p - }\birth). (9)

Finally, HDBSCAN extracts the most stable clusters from the condensed tree. Each data
point is assigned to a cluster or noise. Given the performance characteristics, ease of use, and
suitability for potential noise simulation data, the DBSCAN algorithm was preferred.

HDBSCAN clustering algorithm was applied to the aggregated session-level feature data,
adjusting the min_cluster_size parameter to 8 and min_samples to 1. t-distributed stochastic
neighbors embedding (t-SNE) was employed to project the high-dimensional feature vectors onto
the first two components to visualize the clustering structure in a reduced-dimensional space. Figure
7 presents the resulting clusters, with each point representing a navigational segment and colors
denoting cluster membership.
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Points labeled "-1" correspond to sessions that HDBSCAN could not confidently assign to
any cluster, reflecting their outlier or ambiguous nature in the feature space. The visualization
reveals that algorithm identified three distinct clusters labeled: "0", "1", and "2". While the amount
of noise is noteworthy, the clusters still appear to be distinguishable. The amount of noise can be
explained by the inherent discrepancies in real world data which occurs during educational
simulation. For example, not all students started performing exercise immediately even though the
session was already initiated. Interferences of this kind is inevitable and therefore, it’s important to
build systems that can understand those patterns and know how to distinguish them.
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Figure 7 — HDBSCAN clusters visualized using t-SNE

Support Vector Machines SVM classifier was trained to interpret clustering results on the
obtained cluster labels. SVMs are supervised learning models well-suited for classification tasks,
particularly with small and high-dimensional datasets [23]. SVMs operate by identifying the
optimal separating hyperplane in the feature space that maximally distinguishes between different
classes. In its linear form, the SVM seeks the hyperplane defined by the equation (10):

wix+b=0, (10)

where w is the normal vector to the hyperplane and b is the intercept. The decision rule for class
assignment is based on the sign of this function. The optimal hyperplane (11) finds the optimal by
maximizing the margin - the distance between the hyperplane and the closest data points from each
class (called support vectors):

max (i) ; (11)

w,b \|w|

subjecttoy;(wTx; + b) =1 Vi,

where y; € —1,1 are class labels (Fig. 8).

To handle nonlinear class boundaries, SVMs can employ the kernel trick, implicitly
mapping data into a higher-dimensional feature space where linear separation is feasible [24].
However, in our application, a linear SVM was employed for maximum interpretability and
computational efficiency, given the limited sample size.
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Figure 8 — Illustration of Linear SVM: Support Vectors and Margin

Support Vector Machines were chosen as the surrogate model for cluster explanation due to
several compelling advantages in our experimental context. First, SVMs are particularly well-suited
for small datasets because the support vectors determine their decision boundary. This helps
mitigate the risk of overfitting and enhances robustness to limited sample sizes [25]. Moreover, in
the linear case, SVMs are inherently interpretable, as the coefficients of the decision function w
directly quantify the importance of each feature in distinguishing between clusters, providing
transparent insight into the classification process [26].

SVMs also integrate effectively with SHAP (SHapley Additive exPlanations) [27], allowing
us to quantify the contribution of individual features to each cluster assignment and thus facilitate
nuanced, quantitative analysis of navigational behaviors, even in multi-class scenarios.
Furthermore, SVMs are relatively robust to the curse of dimensionality and do not require extensive
hyperparameter tuning, which is particularly advantageous given our small dataset and the
engineered feature space. These properties make the SVM classifier an ideal and interpretable
surrogate for elucidating which engineered features most influence the assignment of navigational
sessions to each cluster, thereby bridging unsupervised clustering with actionable, human-
understandable feedback for instructors and cadets.

Interpretability. To translate model predictions into actionable feedback for cadets and
instructors, SHAP (SHapley Additive exPlanations) was utilized to attribute each cluster
assignment to its underlying feature contributions. SHAP is a state-of-the-art, model-agnostic
framework for explainable artificial intelligence [27]. It is grounded in cooperative game theory,
specifically the concept of Shapley values, which allocate credit for a model's output among its
input features. For each prediction, the SHAP value ¢; (12) for feature j is computed as the average
marginal contribution of that feature across all possible feature subsets:

¢j = Zs;F\{j}w [fsu{j}(xsu{j}) - fs(xs)] ) (12)
where F is the set of all features, S is a subset of features not containing j, and fs is the model

trained on features in S. This formulation ensures that feature attributions are consistent, locally
accurate, and add up to the difference between the model's prediction and its expected value [28].
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For each session in our dataset, SHAP values were computed for all features attributing the
factors underlying each cluster assignment. These attributions were visualized using SHAP
summary and bar plots (Fig. 9), which rank features by their global importance and show both the
magnitude and direction of their effect on cluster membership. This interpretability framework
identifies the most influential navigational features across all cadets and supports actionable,
individualized feedback by revealing which specific behaviors most contributed to a segment’s
cluster assignment. The feedback can be traced to specific segment in the session and therefore can
be traced back to the exact location of occurrence. As a result, SHAP bridges the gap between
complex machine learning outputs and human-understandable instructional insights.

Cluster -1 Cluster 0

pitch_vel_mean

v_speed_mean
roll_mean v_speed_mean
roll_mean

pitch_vel_mean

rpm_mid_mean rpm_mid_mean

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040 0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
mean(|SHAP value|) mean(|SHAP value|)

Cluster 1 Cluster 2
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roll_mean
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0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.000 0001 0.002 0.003 0.004 0.005 0.006 0007
mean(|SHAP value|) mean(|SHAP value|)

Figure 9 — Illustration of SHAP values for each identified cluster

The SHAP value analysis for each cluster — corresponding to distinct patterns of
navigational performance, including noise/outlier sessions — reveals the features most influential in
determining cluster assignments.

For sessions identified as outliers or noise (Cluster -1) and for sessions in Cluster 0, the
mean vertical speed (v_speed_mean), average roll angle (roll_mean), followed by average rate of
change of pitch (pitch_vel _mean) and average mid-propeller RPM (rpm_mid_mean) are the top
contributors to the cluster attribution. This combination of elevated lateral motion and vessel roll
suggests instability — possibly due to corrections and rude steering. The lower value of propeller
PRM in the Cluster 0 may indicate attempt to maneuver at lower speeds.

For Cluster 1, the mean roll velocity (roll_mean), mean longitudinal speed (v_speed_mean),
and average propeller RPM (rpm_mid_mean) are defining features. This perhaps could indicate
stable vessel motion where cadets exhibit stable navigation with consistent lateral motion and
propulsion given relatively moderate SHAP values across features and the fact that this corresponds
to the largest cluster identified.

Segments in Cluster 2 show high importance of average propeller RPM (rpm_mid_mean),
suggesting that cadets in this group rely heavily on propulsion power for navigation. This behavior
may be required in certain contexts but might also lead to sharp or energy-inefficient maneuvers.

While those suggestions offer global patterns of behavior, the system can trace back the
segment classified as certain cluster and provide detailed view on what was happening with the
vessel and navigator at that time interval. This should greatly assist and quicken instructor’s ability
to provide actionable feedback to cadets.

Conclusion. This study has demonstrated the feasibility and utility of applying unsupervised
machine learning and explainable Al techniques to maritime simulator data for the automated
assessment of cadet navigational performance. By engineering interpretable features from raw time-
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series telemetry and leveraging advanced clustering algorithms such as HDBSCAN, the proposed
pipeline effectively identifies meaningful patterns in cadet behaviors during simulation exercises.
The integration of surrogate models and SHAP-based interpretability provides actionable feedback,
enabling instructors to tailor training interventions to address specific performance gaps and
reinforce safe navigational strategies. Notably, the results underline the pivotal role of key
features—such as roll velocity, propeller RPM, and sideway velocity — in distinguishing between
stable, dynamic, and anomalous navigational styles. These findings support the transition from
subjective, instructor-driven assessments toward a more objective, data-driven approach in maritime
education, with the potential to reduce human error and enhance overall maritime safety.

Prospects for further research. Despite promising results, several avenues remain open for
future research. First, expanding the dataset to include a larger and more diverse sample of cadets
and navigational scenarios will strengthen the generalizability and robustness of the findings. Future
work may also focus on real-time deployment of the feedback system, enabling adaptive, in-situ
guidance during simulation or actual vessel operation. Moreover, integrating the proposed method
with fuzzy logic-based risk assessment frameworks may further enhance the system’s capability to
support decision-making under uncertainty. Finally, collaboration with maritime training
institutions and stakeholders will be essential for validating the practical impact of automated
feedback tools and for driving the evolution of competency-based, individualized maritime
education.
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Kouy6eii Il., Hocor II. BU3HAYEHHS BIUIMBY ®AKTOPY OIIEPATOPIB-CYJIHOBO/IIB
3ACOBAMU HABITALIIMHOI'O TPEHAXEPY

Y mipy ycknaouemms mopcokux —omnepayiii 3pocmae nompeba 'y 6npo6addCceHHi 00'eKkmusHux ma
MaAcumado8aHux mMemooié OYIHIOBAHH KOMNEMEHMHOCMI MOPSKI8, W0 6UX00IMb 3a MENCI MPAOUYitiHUX
IHCMPYKMOPCoKUX nioxo0is. Y ybomy 0ocuiodcenti npedcmasneno KOMIAEKCHY, 6a308any HA OAHUX CUCTEMY
auanizy pobomu KypCcawmis y MpeHadCepHux 6npaeax, sIKA BUKOPUCMIOBYE CYHACHI Memoou Oe3 HAOYHO20
HABYAHHA MA NOACHIOBAHO20 WMY4HO20 iHmenekmy (Al). [dns ananizy euxopucmogysaiucs 6a2amogumipHi
4acosi psdu 3 HAGI2AYIUHUX CUMYJIAYIU, WO OXONIImMb OUHAMIKY CYOHA, Oii eKinajscy ma napamempu
HABKONUWHBO20 cepedosuya 3a 0ecamKkamu piznux osHax. byno peanizoeano pemenvHuil eman nonepeousol
00pobKU Oanux, KUl NOEOHYE Acpe2y8anHs CIMAMUCMUYHUX O3HAK MA YCYHeHHs HAOAUWKOB0I iHgopmayii 3a
Odonomoeor koeghiyienma kopenayii Ilipcona ma e3aemnoi ingopmayii. Ile Oozeonuno cpopmysamu
KOMRAKMHUY, ane iHopmamusHuii Habip Xapakmepucmux, AKull 8i000padxcae AK Kepyroui 6nausu, max i
Hasizayiuni cmanu ma pyx cyona. Koowcny cecito cumynayii 6yio 3aKo008aHo y euenadi éekmopa, wo Qikcye
CepeoHi 3HAYEHHA Ma GaApiAMUEHICMb NAPaAMempie npoma2oM GUKOHAHHA énpasu. [nsa kiacmepusayii 6yno
obparno ancopumm HDBSCAN, sxuti 0cobaueo egpexmusHuil 0isi 6USGIEHHs 2PYN 3 PI3HOW WIIbHICMIO mMa
ABMOMAMUYHO BUOLIAE AHOMATbHI BUNAOKU, WO KPUMUYHO BAJICTUBO OISl OYIHKU Ni020MO6KU. 3HatioeHi
Kracmepu @izyanizyéanu 3a 0onomozoiw T-poznodinenozo sxnadennsi cmoxacmuunoi 6nuzokocmi (t-SNE), wo
00368010 IHMepnpemyeamu namepuu Oill Kypcanmis. [nsa noscnenns ocodausocmeil KoxHCHOI epynu 6y10
Hasueno niniuny SVM-mooens, a memoo SHAP donomie npoananizyeamu, sKi came O3HAKU 6NIUBAIOMb HA
piwenna mooeni. OCHOBHI pe3ynbmamu NOKA34IU, WO KIAcmepu GiON0Gioaloms pisHUM CMUIAM HaGieayii:
cmaoinvhi, obepexcui  niOXo0u  GIOPI3HAIOMbCA — 6I0 OUHAMIYHUX YU  PUBUKOBAHUX 34  MAKUMU
Xapaxmepucmukamu, K WeUoKicms Kpeny, Kymoeuii pyx (yvaw_rate) ma obepmu ogucyna. Cecii, 8ioneceni 0o
AHOMANIU, 3a36UYAll XAPAKMEPU3YIOMbCA  PI3KUMU MAHE8PAMU YU HEeCMIUKUM KePYBAHHAM, WO MOdice
C8I0YUmMU Npo HAAGHICMb npo2anuH y Hasuukax. Inmepnpemosani SHAP-3nauenna nepemeopioioms cKiaoHi
BUCHOBKU MOOeNi Ha 3PO3VMIiNi 0I5l IHCIPYKMOPi8 peKoMeHOayii, 0aryu MOXCIUBICIb AOPeCHO Npayosamu 3
HeOONIKAMU KOHCHO20 KYPCAHMA. 3anponoHoeanuti nioxio mooce cmamu npo3opor ma Macumabosanoro
AnbMepHAMUBOI0 YO €EKMUBHOMY OYIHIOBAHHIO 'V MOPCHbKill OCGimi, 3 pearbHUMu nepcnekmueamu O
nioguujenns Oesnexu ma nepconanizayii naguamna. Cucmema NOKA3YE BUCOKUL nomenyian inmezpayii 6
npakmuune cepedosuuje nid20mosKu Kaopie ma noOanibuoz0 po3GUMKY 3 POSUUPEHHAM MACUEY OOCMYNHUX
OaHux.

Kntwouosi cnosa: 6o0nuti mpancnopm, excniyamayis 3acobié mpancnopmy, besnexa cyoOHoniascmea, akmop
JTOOUHU, ABMOMAMU3AYIA, PUSUK, THMENeKMYalbHi cucmemu,; IHQoOpmayiliHi naHeui AHALIMUKU HABYAHHS
(IT1IAH).
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A methodology for multi-criteria optimization of maritime transport under conditions of uncertainty in the
external environment is proposed. It is noted that in the practice of maritime transport management, complex
manifestations of uncertainty are observed in the form of various specific situations, obscured by possible
interactions and uncertainties of the external environment. It is shown that the most rational way to solve
transport problems under conditions of uncertainty is multi-criteria optimization. Based on the consideration
of real situations along the Turkey-Germany transport corridor, it is shown that reducing uncertainty in
determining the conditions for navigating transport routes can be achieved both through the rational use of the
vessel's operational parameters and by taking into account the external conditions of the route. The
parameters for optimizing transport for a specific transport route are proposed and studied in detail. A
transport matrix is formed, whose optimization parameters include vessel loading, delivery duration, transit
speed, load on the main engine, fuel consumption, route deviation, and transportation cost. Practical cases of
route passage are considered. The influence of external disturbances on the vessel’s controlled operational
parameters is established, which has allowed the development of recommendations for decision-making based
on the ranking of priorities among the optimization parameters of transport matrix strategies, the convergence
of various generalizing functions, and the possibility of predicting the consequences of decision-making on the
selected optimal management strategy under specific conditions. The diversity of various manifestations of the
external environment’s influence on the functioning of transport facilities, global changes in the supply
structure, evolving environmental requirements for waste disposal, and other causative factors that are not
subject to strict regulation significantly complicate the information support necessary for decision-making
under conditions of uncertainty. The adaptation of existing sea transportation technologies to changing
operational conditions, driven by fluctuations in the external environment, constitutes the essence and
direction of ongoing transformational changes aimed at modernizing the industry.
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Introduction. The problem of situational management of transport under conditions of
uncertainty requires taking into account the quantitative and qualitative characteristics of maritime
transport, knowledge of the ranges of their changes, orientation and effectiveness on the overall
process of transport transition. Most of these characteristics are poorly formalized and poorly
structured. In the general formulation, situational management belongs to the class of searching for
optimal process characteristics in conditions of multi-criteria evaluations and uncertainty of
judgments and expert conclusions.

Denoting the parameter of the process dynamics by t, and the set of its values by T, we have
te T, where y = y(t). The process of the system transition from a state with the value of the time
parameter to to a state S with the value t > to is

S (Y(&) =y(t).yeY teT. (1)

Denoting by the controlling influence on the course of the transport process from the entire
possible set of controls U, we have

S (y(t,u)=y(t,u),yeY,teT,uel . @)
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To describe the variability of the process with an indication of the goal, it is necessary to
introduce decision-making criteria. Then each individual management alternative can be evaluated
by a certain number or value of the corresponding criterion and the comparison of alternatives will
be reduced to comparing their corresponding numbers.

Optimization of management of the development of maritime transport in conditions of
multi-criteria and uncertainty of input information is one of the unsolved problems of information
theory, solid mechanics, and physical acoustics.

Statement of the problem. The functioning of maritime transport logistics and
transportation is carried out under complex conditions in the external environment, involving multi-
criteria and uncertainty of input information. The nature of such uncertainty lies in the fact that the
parameters of uncertainty are not uniquely defined, their manifestations appear in specific
situations, and it is necessary to make management decisions under conditions of risk. Modern
transport systems face the need to simultaneously consider a set of factors when making
management decisions while also satisfying various multi-criteria criteria. This is especially
important in transport logistics, where it is necessary to balance the cost of transportation, delivery
time and operational parameters.

Transport strategies are formed by taking into account the specifics of the cargo,
transportation conditions, risks, and available resources. Within the framework of the multi-criteria
approach, strategic transport parameters should be flexible and adaptable to different situations.

The solution to the scalar optimization problem is considered to be an element of a transport
transition strategy that maximizes or minimizes the objective function. The integration of multi-
criteria optimization methods into situational management allows for a significant increase in the
efficiency of planning and implementation of transport operations. Real-time decisions can be based
on algorithms that take into account the weighting coefficients of various criteria.

The most important advantages of multi-criteria optimization in the system management of
maritime transport logistics are:

— stability of system characteristics, performance indicators and evaluation metrics;

— continuity of information flow;

— processing and aggregation of calculation results;

— integration of the multi-criteria optimization function of transportation into the system for
monitoring the progress of cargo along the route.

Situational management determines the possibilities of adapting transport strategies to
changing external and internal conditions. This approach is based on an operational assessment of
the current situation and the selection of management influences that correspond to specific
conditions. The use of situational management in transport logistics allows for flexibility in the
event of failures, changes in demand or disruption of routes.

The main purpose of management decisions is to promptly detect deviations of controlled
parameters from the values established by the regulations, identify and localize the vehicle’s
position on the route, and, if necessary, adjust the modes and technologies of operation.

An important issue for increasing the effectiveness of management decisions in conditions
of uncertainty is the development of means, methods and techniques for obtaining and processing
information about the state of vehicles during their operation, the search and implementation of
organizational and technological tools and transportation parameters at any time and at any point in
the transport process.

The purpose of the work is to search for alternatives to the management of sea transportation
in the conditions of uncertainty with the use of multi-criteria optimization.

The tasks of the work are:

— construction of a transport matrix based on expert information;

— establishment of the necessary optimization parameters that determine the specific
situation of the cargo on the route;

— determination of optimization criteria, necessary convolutions and limits of variation of
the matrix parameters;
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— performance of calculations and adoption of recommendations for the implementation of
sea transportation according to the compiled situation.

Analysis of recent research and publications.

Situational traffic management has been developed in a number of fundamental works on
situational awareness [1].

Considers the role of awareness in situational management of synchromodal transportation
between different modes of transport in real time in dynamic and compressed situations [2].
Presents a situational awareness system of the road situation based on neural networks and cloud
computing, integrated into peripheral roadside surveillance devices for automatic recognition of
vehicles, their speed and license plates. Similar problems of intelligent vehicle tracking based on
deep learning of traffic in different scenarios are considered in [3]. The Fractals Coati algorithm
with bidirectional long-term memory is used.

A system for controlling, detecting, navigating, and locating aims for air transport objects
using electronically scanned array radars to increase situational awareness with the integration of
artificial intelligence and machine learning for routing and resource optimization is presented in [4].
In [5], the Frank-Wulf approach and neural networks are used to assess road conditions, detect
potholes, and track road accidents. In [6], solutions to situational control problems are presented to
ensure real-time situational awareness and optimize logistics systems with a combination of
simulations and software components of digital twins of multimodal freight transportation. In the
generalizing work on situational awareness and its use in maritime transport [7], great importance is
attached to the analysis of the risk of collision of vessels, their spatial compactness, and scenarios of
possible manifestations with tuning for maritime traffic segmentation.

Modern vehicle monitoring and control systems with route optimization, based on the
transmission of information messages using discrete situational network devices for route
information correction, are used in vehicle traffic management [8].

A separate cycle of work on situational management is represented by combinatorial
optimization of operational management in simulation models of marine transport systems with
alternative solutions for local resource selection [9], digital transformations [10], computer
optimization of routes [11], intelligent situational awareness with temporal and spatial
orientation [12].

In the development of situational transport management, it is worth noting the work [13],
which presents a decision support system for situational awareness and discrete support using multi-
objective evolutionary optimization. Increasing the situational awareness of ship operators, captains
and senior engineers when interacting with shore organizations through the development of
interfaces and transformations of control influences is described in [14].

In [15], monitoring of the evolution of the state of sliding bearings of turbochargers of ship
power plants is presented, in which the features of the trajectory of the main diagnostic feature
when the material approaches the state of degradation are selected as the optimization parameter.
The modernization of this methodology for determining the residual resource of ship bearings
during their operation is presented in [16, 17]. In [18], the main types of architecture for building
support and decision-making systems based on the creation of prototypes are considered. In [19],
models for optimizing expert evaluation and methods of subjective assessments are considered:
based on ranking, pairwise comparison of direct assessments and sequential comparison. Methods
for multi-criteria decision-making tasks under conditions of linguistic uncertainty and fuzziness are
considered. Based on the analysis of recent achievements in the field of maritime transport logistics,
trends and critical development problems such as information processing algorithms, adaptive
strategies, and decision-making methods under conditions of uncertainty and risk are identified. In
[20] typical solutions of the situation problem, group ordering of alternatives, decision-making
methods in the presence of many criteria are considered. However, the proposed information does
not have methodological unity and is some aspects that are used for different purposes. The
complexity of choosing optimization criteria and the objective function lies in the fact that in
practice, optimization and management tasks have to deal with a set of criteria that are most often
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mutually contradictory. Since the studied management objects are constantly influenced by the
external environment, which changes stochastically, the most acceptable method for implementing
transport management tasks under conditions of uncertainty is multi-criteria optimization.

Decision-making on the choice of an alternative variant of a similar situation from a set of
possible arsenals of a similar situation is carried out in conditions of multi-criteria input
information, which takes into account both operational factors and navigational conditions of the
route, including uncertain, unpredictable conditions of the external environment. Such input
information is an additive set of multi-scale components localized in specific conditions of their
possible manifestation. The main task of identifying and determining the necessary strategy for
maritime transport in the existing and predicted conditions of their implementation is to analyze
possible situations, adapt them to the conditions of the route and make adequate management
decisions.

In known similar models, such a statement becomes possible when there is a database and a
corresponding expert system. Uses complex signal processing and filtering algorithms. For multi-
criteria optimization of situational management of maritime transport in conditions of uncertainty, it
is necessary to develop new approaches to assessing operational parameters and parameters of the
external environment with the development of appropriate mathematical models, which are based
on the construction of physical and predictive models.

Presentation of the main material. The main operational parameters of the transport vessel
and the conditions of the route transition were considered as research materials. Multi-criteria
optimization methods were used as research methods.

The input information of the situational management optimization task under conditions of
uncertainty caused by the influence of the external environment is the determination of optimization
parameters. which include vessel loading, delivery duration, transition speed, main engine load, fuel
consumption per day, transportation cost. Below are the optimal values of these parameters, which
are tried to be observed throughout the voyage.

Vessel loading. A practical example of vessel loading is considered in the activities of the
merchant vessel FULDATAL (IMO 996 2988) with a deadweight of 3804 t, which makes the
transition from Turkey to Germany for three weeks. After deducting the weight of fuel and oil, the
maximum volume of cargo carried is 3650 t. Recommended loads are 50-70% of the maximum
value and determine the parameter of transportation restrictions in tons. Another limitation is the
performance of transportation in miles. The maximum time the vessel can be in the open ocean is
40 days.

Duration of delivery. It is determined through the interaction of transport agents. This
interaction involves the activities of the charterer, who acts as the customer for transportation, and
the captain. The charterer's desire is explained by economic considerations to deliver the cargo as
quickly as possible. The captain's actions take into account the real situation of the route, the
capabilities of the vessel and the crew. After consensus is reached, the date of passage of the cargo
and its passage to the destination is set, which determines the duration of delivery.

Transition speed. The estimated values of the transition speed in the normal operation of the
vessel are 10 knots.

Main engine load optimal load on the main engine is considered to be a load that provides a
vessel speed of up to 10 knots. This value is 75% of the maximum.

Fuel consumption. Fuel consumption is calculated from its use per day. At a load on the
main engine of 75%, which provides a speed of 10 knots, this consumption is 3.5 tons per day.

Deviation from the route. This value is determined by the specific features of the cargo
being transported. The cases considered concern the transportation of general cargo: bulk, bulk,
container. However, there are frequent cases of sea transportation of specific cargoes that are easily
ignited, that enter into chemical reactions with the metal of ship equipment, fuel and oils. This
requires strict routing, taking into account the approach to ports that have such protective safety
measures in accepting cargo. In the event of sudden changes in weather conditions with a full load
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of the vessel and the influence of other factors that are difficult to take into account, a maximum
deviation from the route of up to 500 miles is possible.

Transportation costs. When crossing in 21 days, the costs for fuel and lubricants are 3
thousand US dollars per day and 63 thousand US dollars for the crossing. Operating costs for the
shipowner during transit are 7 thousand USD per day. The ship's crew receives an average of
165,095 USD per voyage. Thus, the cost of the transition during the analyzed period is 235,095
USD and may fluctuate depending on the specific conditions of the route and its activities.

The matrix of situational management of transport operations and information support of
transportation technologies is presented in Table 1. Numerical values of the matrix, optimization
parameters, situational characteristics are represented by real situations, operational and
organizational parameters collected by one of the authors of the article during similar transport
transitions of the ship and the experience of implementing situational transport transitions in
difficult conditions. These results were discussed and published in [21].

Table 1 — Transport matrix of the vessel FULDATAL (IMO 996 2988)

Optimization parameters
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So 2920 20 13 95 5,8 200 228
S1 3420 19 10 80 3,6 300 222
S 3150 19 11 60 4,2 400 230
Ss3 2555 19 11 70 3,5 150 230
S4 2555 19 11 85 4,1 350 235
Ss 2400 20 10 70 3,6 400 230
Sé 2220 20 10 70 41 350 240
S7 2372 20 10 65 50 500 240
Ss 2485 19 11 60 41 200 220
So 2015 20 11 55 3,6 200 220
S10 1825 19 12 50 3,5 300 238
Su1 1930 19 11 60 41 100 220
S12 2900 20 12 80 5,6 150 222
Si13 3650 19 10 75 35 200 220
S14 2935 19 12 80 5,6 100 218
Sis 2190 20 13 80 5,7 400 232
Si16 2140 21 12 80 5,6 350 235
S17 2120 20 12 85 5,4 350 232
Sis 3650 19 10 70 3,4 250 220
Si19 3245 21 10 50 4,1 500 238
S20 3300 20 11 60 4,3 450 226

The difficulty in determining the values of transport optimization parameters lies in their
situational interaction when developing strategies for responding to disturbing influences.
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Situation So is characterized by the intensity of the influence of navigation conditions on the
route and the sharp unpredictability of the direction of hurricanes. This forces us to resort to
extreme measures of increasing the load on the main engine to 95%, which requires fuel
consumption of up to 5.8 tons/day and a speed of 13 knots. Vessel loading 2920 tons. In this case,
the increase in the duration of cargo delivery increases to 20 days.

Situation S1 is characterized by some reduction in the vessel's load and a route duration of
19 days, but additional uncertain transportation characteristics appear, associated with the deviation
of the route for incidental cargo, which is reflected in the cost of transportation of 222 thousand US
dollars and in forcing the main engine to operate up to 80% at 60% with a load on the main engine
of up to 80%.

Situation S is characterized by the approach of the load to the maximum permissible level
and is 86 /3% of it, i.e. 3150 t. Since no serious navigational obstacles are expected during this time,
this requires normal functioning of the operational parameters of the main engine load of 60%, fuel
consumption of 4.2 t/day. However, since there is a reserve in loading to the maximum value, a
course deviation of 400 miles for incidental cargo is possible. To maintain the planned arrival time,
the route speed will have to be increased to 11 knots. Deviation from the route causes an additional
increase in the cost of transportation up to 230 thousand USD.

Situation Ss is characterized by the fact that the cargo is transported below the permissible
mark. Transportation conditions are normal. Taking into account favorable weather conditions, it is
possible to increase the speed to 11 knots, reducing fuel consumption to 3.5 tons/day and arrive at
the port of destination on time.

Situation S4 is characterized by a decrease in the tonnage of the cargo being transported,
which has a favorable effect on the operational parameters of the vessel, but at the same time,
strong headwinds are observed on some sections of the route and storms and hurricanes are
expected. This forces an increase in the speed of passage of sections with normal functioning of the
vessel parameters to 11 knots in order to compensate for difficult sections of the transitions and
reach the planned estimated arrival time of 19 days.

Situation Ss is characterized by an incomplete loading of 2400 tons, which requires an
additional call to other ports for passing cargo, an increase in the deviation from the route to 400
miles and an increase in the delivery time to 20 days.

Situation Se is characterized by normal parameters of the cargo passage to the destination,
however, in the section of passage through the locks, forced delays are possible due to their low
throughput, possible collisions and damage to equipment. Removing this section from the route
requires an increase in such an indicator as a deviation from the route to 350 miles. At the same
time, fuel consumption increases, the duration of delivery increases to 20 days, and the total cost of
transportation increases to 240 thousand US dollars.

Situation S7 is characterized by the fact that it differs little from the situation S6. The
difference is a slight increase in cargo volumes, an increase in deviations from the route for passing
cargo up to 500 miles and a decrease in the load on the main engine up to 65%.

Situation Ss is characterized by the possibility of increasing the total volume of cargo
transported to 2485 tons, which is achieved by increasing the load on the main engine to 60% and
increasing the speed of passage to 11 knots, despite some deviations from the route for passing
cargo of 200 miles. The cost of transportation is 220 thousand USD.

Situation So is characterized by a stable load on the main engine of 55% of the maximum,
low fuel consumption of 3.6 tons/day and a slight increase in the speed of delivery to 11 knots,
which, when deviating from the route by 200 miles, is achieved by increasing the intensity of the
equipment used and maximizing operational factors.

Situation Sio is characterized by a change in the direction of the vessel's movement to
eliminate ballast crossings and an increase in the deviation from the route while maintaining the
planned cargo delivery times. A tailwind on the crossing with a low load on the main engine of 50%
of the maximum value in total ensures fuel consumption at minimum values, i.e. 3.5 t/day.
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Situation Si1 is characterized by an incomplete load of up to 1930 t and relatively calm
operating modes of the equipment: a load on the main engine of 50%, fuel consumption of 4.1 t/day
and the possibility of deviation from the course for passing cargo by 100 miles. However, to meet
the planned cargo delivery times of up to 19 days, an increase in speed to 11 knots is required.

Situation Si2 is characterized by a sudden change in the navigation situation; in addition to
known head currents, storms and hurricanes are expected to complicate the crossing. This requires
the formation of a load on the main engine up to 80%, which will require fuel consumption of 5.6
tons/day to ensure a possible deviation from the route of 150 miles. In such difficult conditions, the
route of the load should be reduced to 2900 tons. The terms and duration of delivery will increase to
20 days.

Situation Si3 is characterized by the parameters of the vessel loading of 3650 t, delivery
duration of 19 days, passage speed of 10 knots, main engine load of 75%, fuel consumption of 3.5t
per day.

Situation Si4 is characterized by the need to maintain a high passage speed of up to 12 knots
to ensure the possibility of a deviation of 100 miles for passing cargo. This requires 80% load on
the main engine and fuel consumption of 5.6 t/day to ensure the planned delivery times of cargo.
Due to the short duration of the route of up to 19 days, the cost of transportation will also be
minimal and is 218 thousand USD.

Situation Sis is characterized by a decrease in cargo volumes to 2190 t and an urgent need to
reduce ballast passages. To implement these intentions, a deviation from the planned route of up to
400 miles is expected for additional cargo, which is provided by a fuel consumption of 5.7 tons/day
at a load on the main engine of 80%. To maintain the cargo delivery time of up to 20 days, it is
necessary to carry out cargo transportation at a speed of 13 knots in order to arrive at the destination
port on time.

Situation Sie is characterized by the longest duration of the transition of 21 days. Due to the
small load of 2140 tons, this situation requires measures to other ports located on deviations from
the route of up to 400 miles. To do this, it is necessary to increase the load on the main engine to
80%, increase fuel consumption to 5.6 tons/day and increase speed to 12 knots in order to maintain
the planned arrival time.

Situation Si7 is characterized by countercurrents and natural disasters of long duration. The
multidirectionality of the accompanying and counterflows forces the load on the main engine to
increase to 85% with a fuel consumption of 5.4 t/day. Calling at other ports to replenish cargo in
such a difficult situation is not required, however, due to possible deviations from the route
trajectory, its deviation up to 350 miles is allowed. The average speed is 12 knots; the cost of
transportation is 232 thousand USD.

Situation Sis is characterized by a small tailwind. In this case, the load on the main engine
can be reduced to 70%, reducing fuel consumption to 3.4 t/day.

Situation Sig is characterized by the need to follow the route with a load of 3245 t with a call
at the most distant port for replenishment, which is located 500 miles from the main route. Weather
conditions are normal, so economical modes of main engine load of 50%, fuel consumption of 4.1
t/day are used. This allows to achieve a speed of transition of up to 10 knots. The duration of the
transition under such conditions is 21 days, and the cost of transportation is 238 thousand USD.

The Szo situation is characterized by almost the same route situation. Loading 3300 t
requires a call at a port 450 miles away from the main route. Favorable weather conditions and a
slight tailwind allow the transition to be carried out at a speed of 11 knots, which requires a load on
the main engine of 60% with fuel consumption of 4.3 t/day. These modes of route passage allow to
reach the final points of the route in 20 days. The cost of transportation will be 226 thousand USD.

The obtained data can be used to build multi-criteria optimization models that will help find
the best compromise between conflicting goals, for example, between cost and quality of service.
The considered situations of maritime transport can be characterized by stable states of operation of
transport objects, variable states caused by changes, adjustments, changes in operational parameters
and new transformation states as a reaction to external disturbances.
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Research methodology. Knowing the possible situations and the full set of possible
decision outcomes, it is possible to construct a matrix whose elements can be interpreted as a
numerical assessment of the advantage of the i-th alternative, provided that the situation
has arisen j.

Hl H2 Hn
g, 5)’11 5)/12 5Y1n
P 5Y21 5y22 5Y2n

, ®3)
On 5yml 5ym2 5ymn

where qi...qi — components of transition characteristics (current situation Si in table 1);

I11...I1j — optimization parameters in table 1;

i — line number;

j — column number;

oyij — relative deviation j — th parameter has the optimal value.

The matrix is the basis for a reasoned choice of a transportation strategy. In maritime
transport logistics, it is a tool that allows you to systematically evaluate different logistics solutions
and identify the most optimal options for many criteria and situations. It shows how different
transport strategies or routes correlate with key criteria: delivery time, cost, reliability, transport
load level, etc. This allows you to compare alternatives and choose the most balanced solution. If an
alternative shows low results for one or more criteria, the matrix will help to identify this. It
indicates areas that need improvement, for example, delays on a specific section of the route or a
high level of transport operating costs.

To achieve the same goal, depending on the choice of strategy and a specific criterion,
different optimal solutions can be obtained. To eliminate uncertainty, it is necessary to take into
account the impact of all situations. Each type of strategy can be matched with a set of criteria for
choosing the optimal solution.

Decision-making is the process of selecting the most preferential solution from a set of
permissible solutions or their ordering. It is carried out on the basis of knowledge about the
management object and can occur over time in the presence of a set of indicators characterizing the
effectiveness of the decision made.

Formalization and meaningful filling of solutions consists in choosing the most successful
alternative from a set of existing ones. The task is described by a pair (Q2, C), where Q — multiple
alternatives, C — the principle of optimality.

To determine the elements of the matrix, the evaluation of a scalar vector is used. This
requires a transition from the evaluation of a vector to a scalar of objects. The functions used in
solving a multi-criteria problem are the convolution function of vector arguments yi = (yis,....Vij,...,
yin) in scalars dyij = f(yi).

The convolution of the vector argument serves to reduce the number of criteria. Its purpose
is to replace the original criteria with general criteria. The convolution operation is called
aggregation of partial criteria. It is used if the partial criteria can be ranked in order of decreasing
importance so that the importance of each pair of neighboring criteria does not differ significantly.
Their normalization is used to compensate for small values of some criteria with large values of
other criteria.

To define elements Jyij matrices, one of the methods of scalarization of vector estimates is
used — the method of selection by ordering objects according to the standard.

By standard we mean a class of objects characterized by a generalized goal h = (cs,..., C;j....,
cn). Let us introduce a measure of generalized deviation from the aim, which allows us not only to
find the object closest to the standard, but also to order the objects by distance from the target. Let
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us consider a standard whose properties are formed by equality constraints (yj = ¢j). Deviation of the
j-th feature in any direction from the point ¢;j (cj + dyij) determines the degree of remoteness of the
object from the aim by this feature. Then the relative deviation of the j-th feature from the aim is
determined as

5yij :M, 4

C;

where i — line number; j — column number in matrix.

As parameters c;j it is necessary to choose the best (optimal c;j opt) from the point of view of
the problem being solved, the values of the analyzed parameters can be maximum, minimum or
intermediate values from the experimental sample. With this approach, the formula dyij will convert
dimensional values into relative ones. However, with such a choice of parameters cj will necessarily
be observed coinciding with the magnitude c;j the corresponding elements of the matrix, which will
lead to dyij = 0. When using additive convolution, this leads to the corresponding feature falling out
of the overall assessment of the object, and when using multiplicative convolution, to its zeroing.
An obvious way to eliminate such situations is to expand the limit of each feature cj in the same
percentage ratio. Below are the optimal values of each of the analyzed parameters cjopt Were
increased by 1%.

C; =Cjop +0.01C; - (5)

jopt

In this case, the principle of optimality in the problem of maritime transport logistics is
implemented according to priorities. Optimization is carried out according to the rule.

Opt y, = extrzn:ai Yi (6)

where «ai— optimization parameter.
Under the result of decision aij we will understand its numerical assessment, corresponding
to the situation Si and option xi.

Y =maxmin a; + maxmin f(x;,S;) . (7)
i j i j

The efficiency of decision-making E can be formalized using the formula of the
multiplicative combination of the decision-making factor Q and the decision-making factor 4 [9].

E=Q-4. 8)

If one of these factors decreases, the effectiveness of the solution decreases.

The technology model for the selection of logistics solutions with diversity and ambiguity of
the principles of multi-criteria optimization of situational management of maritime transport
transportation under conditions of uncertainty of the influence of the external environment is
presented in Fig. 1.

This is a new scientific result in the research work: the model of situational logistics
management of maritime transport under conditions of uncertainty has been further developed,
consisting of their aggregation of criteria and coincidences of generalizing objective functions, which
differs from existing ones by additional operations of establishing and ranking priorities of multi-
criteria optimization strategies with the combination of objective assessments with subjective
preferences of consumers. This increases the reliability and efficiency of transport.
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Model of situational logistics management of transport
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Figure 1 — Model of situational logistics management of transport

The following generalizing multi-criteria utility functions were used in the theoretical
analysis.
Additive package

yazzwjéyij : 9)
j=1
where wj — importance (weight coefficient) of the j-th attribute,
Za)j =1, (10)
j=1

Step multiplicative convolution
Vs = 164, )" (11)
Additional multiplicative convolution
Vg =1—1j1!(1—mj5yij). (12)

The best object is considered to be the one with the minimum values of the additive
convolution, exponential multiplicative convolution, and additive multiplicative convolution
functions.
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Wald criterion (minimum maximum)
Z, =min max dy; . (13)
i j

Laplace criterion (minimum minimum)
Z, =min min dy; . (14)
i i

By comparing the weight and significance of the criteria, it is possible to determine from the
conditions which parameters will be the most critical for the transition (for example, reducing
delivery time may be more important than increasing costs during intensive operation of transport
equipment).

One of the problems in decision-making in the presence of several criteria that are not
always consistent with each other is their formalization using multi-criteria optimization models. In
their practical implementation, they use the principle of reducing a multi-criteria problem to a
single-criteria function through scalar optimization.

Scalar optimization requires additional knowledge about the properties of generalized
objective functions, the scale of characteristics and weight coefficients. Since this knowledge
depends on the subject area, the order of objects in n-dimensional space can be explicitly
determined. Therefore, it is relevant to study the influence of the properties of generalized objective
functions, characteristic scales and weight coefficients on the optimization results.

The additive generalizing function (9) synthesizes the "volumetric” indicator of the object.
It reflects the total value of individual indicators, considering their importance. The direct
multiplicative function (11) prefers objects with uniform estimates for all indicators, reflecting the
uniformity of individual indicators. The additional multiplicative function (12) has the inverse
property. The advantage of the additional over the multiplicative functions is the admissibility of
zero values of the features. For direct multiplicative functions, special measures should be taken to
avoid scalar estimates of vectors that have a component with a zero value.

The Wald criterion (13) is a reinsurance criterion which consists of obtaining the
maximum guaranteed result under the worst conditions. Assuming the maximum negative
development of the situation, the strategy chosen is not so much winning as losing. The minimum
value of the worst option is taken into account (the strategy of fatalism). It can be used in cases
where errors in choosing a strategy can lead to catastrophic consequences when decisions are made
only once and cannot be changed in the future.

Laplace's criterion (14) determines the strategy that gives the maximum gain with an
unknown state of the environment. The alternative with the lowest score according to the Laplace
criterion is considered the best. This is a criterion of extreme optimism. In this case, no possible
result except the best is taken into account. The degree of risk from the negative impact of changes
in the external environment is not taken into account. It should be noted that situations requiring the
use of such a criterion are not limited only to incorrigible optimists but also to people put in a
hopeless situation when they are forced to follow the principle of "win or lose". The main
disadvantage of this criterion is that when finding the average gain, the effect of compensation of
small gains by large ones may occur.

The main stages of the multi-criteria approach to choosing the optimal strategy for
implementing maritime transport under conditions of uncertainty are working with numerical
representations of experimental information, mathematical calculations, storing and exchanging
information, and interpreting results.

Main results and discussion. To ensure transparency, orderliness and compliance with the
requirements for the use of multi-criteria optimization of maritime transport, a system of regulatory
management procedures has been developed. Regulatory management systems are based on laws,
rules, internal regulations used to organize and manage various aspects of the activities of maritime
transport logistics entities.
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Prospects for further research are as follows. The information obtained can be used as the
basis for a computer-aided automated system designed to assist and support decision-making in
solving poorly structured problems through an intelligent interactive management model (Fig. 2).

Generation of paths, alternatives, scenarios

v v v
Inventory of Assessment of the degree of Formation and
existing influence of the external aggregation of
A A 4
Analysis of current Setting limits that limit

Selection and implementation of options

v v
Forecasting environmental Setting hierarchy levels
changes
v v v v
Probabilistic Deflnlr)g Ranking Identifying
assessments of forecasting . related
. alternatives
event occurrence horizons problems
Strategic Transportation Program
v v v
Computer data Implementation of Development of
processing transport strategies implementation

Figure 2 — Intelligent interactive model of transport management

Information management systems help reduce uncertainty in the volume of cargo flows,
which allows attracting additional volumes of cargo. Digitalization allows you to control not only
the cargo flow, but also to identify the time and zones of arrival, as well as the places of loading and
unloading. Situational management provides flexibility and adaptability in managing transport
processes. It allows you to quickly respond to changes in the environment. Modern transport
systems are faced with the need to take into account a variety of factors, such as economic
efficiency, equipment stability, reliability and timeliness of delivery, and others.

Multi-criteria optimization involves the simultaneous consideration of several, often
conflicting, criteria after making decisions. In transport logistics, this may include minimizing
costs, reducing delivery time, reducing emissions, and increasing the reliability of transport. The
use of such methods allows finding compromise solutions that satisfy various stakeholders. This
approach allows for the formation of adaptive strategies that simultaneously take into account a
variety of factors and provide a balance between economic efficiency and service quality. Thus, the
integration of multi-criteria optimization and situational management into the practice of planning
and implementing transport allows for more effective achievement of goals, adaptation to changes
in situations, and greater resilience of logistics networks to external influences and internal failures.

To perform calculations using the proposed method, knowledge of the weight coefficients of
optimization parameters, their recommended values, directions and trends of possible changes is
required. This information is presented in Table 2. The optimal values of the parameters are
represented by the results of the generalization of the long-term experience of one of the authors,
who is carrying out a transition along a given route. Weight coefficients were determined by expert
evaluation.
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Table 2 — Optimal values of parameters of the transportation process

<hio loadin ship | transition Ihoad on fuel deviation  [fransportation
No. s/n P . 9 | loading, | speed, themain | consumption, | from route, cost,
t knots engine, t/day miles thousand
% LISD
optimal value 3650 19 10 75 34 100 218
Cj opt (max) (min) (min) (min) (min) (min)
We'gh;facmr 0.20 0.15 0.20 0.10 0.10 0.10 0.15

Calculated by the formula dyij (4). The matrix of dimensionless values of parameters, as well
as the values of convolutions and criteria are presented in Table 3 (highlighted in gray). The
calculations were performed using the Maple 2018 computer mathematics system. The calculations
were performed assuming that all parameters have different importance.

Table 3 — Matrix of dimensionless (relative) values of process parameters, as well as the values of
convolutions and criteria

G - c c s |2 o g
I;I/On' g% E % % g % g 023: E’ % § :% é % % § min | max | ya Yms | Ymd

g°| 3 g7 | 285 T§57188% g2
0 | 0.2079 | 0.0422 | 0.2871 | 0.9966 | 0.7993 |0.9802 | 0.0355 |0.0355|0.9966|0.3883(0.2093|0.3328
1 | 0.0722 | 0.0099 | 0.0099 | 0.0561 | 0.0483 |1.9703 | 0.0082 |0.0082|1.9703|0.2266 |0.0339|0.2205
2 | 0.1455 | 0.0099 | 0.0891 | 0.9972 | 0.9350 |2.9604 | 0.0446 |0.0099|2.9604|0.5443|0.1456 |0.4566
3 | 0.3069 | 0.0099 | 0.0891 | 0.0759 | 0.0192 |0.4851 | 0.0446 |0.0099|0.4851|0.1454|0.0739|0.1382
4 | 0.3069 | 0.0099 | 0.0891 | 0.1221 | 0.1939 |2.4653 | 0.0673 (0.0099(2.4653|0.3689|0.1223(0.3349
5 | 0.3489 | 0.0422 | 0.0099 | 0.0759 | 0.0483 |2.9604 | 0.0446 |0.0099|2.9604|0.3932(0.0798|0.3629
6 | 0.3978 | 0.0422 | 0.0099 | 0.0759 | 0.1939 |2.4653 | 0.0900 |0.0099|2.4653|0.3748|0.1028|0.3397
7 | 0.3565 | 0.0422 | 0.0099 | 0.1419 | 0.4560 |3.9505 | 0.0900 |0.0099|3.9505|0.5479(0.1222|0.4828
8 | 0.3259 | 0.0099 | 0.0891 | 0.2079 | 0.1939 |0.9802 | 0.0008 |0.0008|0.9802|0.2228 |0.0614 |0.2060
9 | 0.4534 | 0.0422 | 0.0891 | 0.2739 | 0.0483 |0.9802 | 0.0008 |0.0008|0.9802|0.2452(0.0729|0.2253
10 | 0.5049 | 0.0099 | 0.1881 | 0.3399 | 0.0192 |1.9703 | 0.0809 |0.0099|1.9703|0.3851|0.1387|0.3392
11 | 0.4764 | 0.0099 | 0.0891 | 0.2079 | 0.1939 |0.0099 | 0.0008 |0.0008|0.4764|0.1559|0.0418|0.1489
12 | 0.2133 | 0.0422 | 0.1881 | 0.0561 | 0.6307 |0.4851 | 0.0082 |0.0082|0.6307|0.2050 |0.1060|0.1894
13 | 0.0099 | 0.0099 | 0.0099 | 0.2541 | 0.6889 |0.9802 | 0.0008 |0.0008|0.9802|0.1979|0.0228|0.1860
14 | 0.2038 | 0.0099 | 0.1881 | 0.0561 | 0.6307 |0.0099 | 0.0099 |0.0099|0.6307|0.1510 |0.0588|0.1433
15 | 0.4059 | 0.0422 | 0.2871 | 0.0561 | 0.6598 |2.9604 | 0.0536 |0.0422|2.9604|0.5206 |0.2092|0.4418
16 | 0.4195 | 0.0943 | 0.1881 | 0.0561 | 0.6307 |2.4653 | 0.0673 |0.0561|2.4653|0.4609 |0.2207|0.3960
17 | 0.4249 | 0.0422 | 0.1881 | 0.1221 | 0.5725 |2.4653 | 0.0536 |0.0422|2.4653|0.45290.2029|0.3909
18 | 0.0099 | 0.0099 | 0.0099 | 0.2079 | 0.2230 |1.4752 | 0.0008 |0.0008|1.4752|0.1961 |0.0207|0.1884
19 | 0.1197 | 0.0943 | 0.0099 | 0.3399 | 0.1939 |[3.9505 | 0.0809 |0.0099|3.9505|0.5006 |0.1093|0.4563
20 | 0.1048 | 0.0422 | 0.0891 | 0.2079 | 0.2521 |3.4554 | 0.0264 |0.0264|3.4554|0.4406|0.1194|0.4054

Laplace criterion Wald criterion

0.4764 0.0008
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In table. 3, the values of the used criteria corresponding to the optimal rows of table 1 are
highlighted in bold and in color.

For the final derivation of the relatively optimal row of process parameters in table 1, it is
necessary to take into account the coincidences of various generalizing functions, the degree of
adequacy of each generalizing function of the problem being solved. Ss, Se, S11, S13, S1s. Wald's
criterion clearly indicates Si1. (Laplace criterion and additional multiplicative convolution).

Key parameters of management strategies include the level of priority of goals. Limit values
of performance indicators, permissible limits of deviations from the established transition plan.

This structuring of solutions allows us to highlight the main optimization parameters in the
recommended strategies. This is a common priority in the strategies. Sz, S11 and Sis have a delivery
time of 19 days and fuel consumption within the permissible norm of 3.5 t/day, 4.1 t/day, 3.4 t/day.
Other parameters of these strategies are considered of little importance to users and are considered
as additional. Among them, the greatest interest is the vessel loading, which for strategy Sis is the
maximum among all three considered strategies and is 3245 t. Based on these considerations, this
strategy should be preferred.

The next group of ranking priority strategies, according to the calculations, is represented by
strategies Ss and Se, in which the general priority position is the lowest transition cost, which is 220
thousand USD. Other parameters of these strategies are considered insignificant for users.

Ranking by priorities for users and organizers of crossings is a practical implementation of
the proposed multi-criteria optimization method for situational management of maritime transport
in conditions of uncertainty of the external environment.

Conclusions.

1. Multi-criteria optimization of situational management of sea transport is proposed, which
consists of an analysis of complex manifestations of specific situations, hidden by possible
interactions and uncertainties of the external environment, which differs from existing ones in the
formation of a transport matrix, optimization parameters, as which the duration of delivery, load on
the main engine, fuel consumption, deviation from the route, and the cost of transportation are
selected. These parameters directly depend on the situation, the transition from a vector to a scalar
representation and the ranking of criterion estimates of objective functions. This allows for
intelligent support for decision-making regarding the choice of transportation strategies.

2. An intelligent interactive model of decision-making regarding the choice of transport
management alternatives in conditions of uncertainty of input information, which includes internal
regulations, standards and rules for transportation, is proposed, which differs from existing ones in
that it takes into account the effects of the external environment and the probability of situations of
route passage, the formation and aggregation of criteria. This allows for transparency and
streamlining of procedures for implementing transport strategies.
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lapko O. B., Crenanunkos JI. M., IIlapko A.O., Mosuaun Il. B. @ BATATOKPUTEPIAJIbHA
OITUMIBALIIS CUTYALIMHOI'O YIIPABJIIHHS MOPCHKMMMU ITEPEBE3EHHSMU B YMOBAX
HEBU3HAYEHOCTI

3anpononosano memooonozito bazamokpumepianbHOI ONMUMI3aYii MOPCOKUX MPAHCHOPMHUX NEPEGE3EHD 8
YMOBAX HEBUHAYEHOCMI 6NIUBY 308HIUHbLO20 Cepeoosuwd. 3a3HAYeHO, W0 Yy NpaKkmuyi YNpasiiHHA
MOPCOKUMYU MPAHCNOPIMHUMU NEPEBE3CHHAMU CNOCMEePIeaiombcsl IX KOMNIEKCHI NPOA6U Yy BUISIOU PI3HUX
KOHKDEMHUX CUMYayiti, NPUXOBAHUX MONCIUBUMU B3AEMOOIAMU | HEBUSHAUEHOCMAMU BWIUBY 306HIUHBLOZO
cepedosuwja Ilokazano, wo HaAUOIILW PAYIOHATLHUM CHOCODOM BUPIUIEHHS 3A80AHb MPAHCHOPMHUX
nepege3eHb 3a yMO8 HeBUSHAYeHOCmI € bazamoxkpumepianrvbHa onmumizayis. Ha ocHosi posensdy peanbHux
cumyayiti. mpancnopmuozo nepexody Typeuuuna-Himeuyuna noxkazano, wo 3HUICEHH HEBU3HAYEHOCMI Npu
BUSHAYEHHI YMO8 NPOXOONCEHHS MAPUPYMIE nepeseseHb Modice OYymu 00CAZHYMO AK ULIAXOM PAYIOHANLHO20
BUKOPUCMAHHSA eKCHIYAMAYIHUX Napamempie cyOHd, Max i YPaxy8aHHAM 306HIUHIX YMO8 NPOXOONHCEHHS
mapuipymy. 3anponoHo8ano ma OOKAAOHO OOCTIONCEHO napamempu onmumizayii mpancnopmHux nepeseseHs
KOHKPEMHO20 MPAHCIIOPMHO20 Mapuipymy. Buxonano gopmysanns mampuyi mpancnopmuux nepeseseHw,
napamempamu — onmumizayii 6 AKiU € 308AHMANCEHHs CYOHA, MPUBANICMb OOCMABLEHHS, WEUOKICHb
nepexooy, HABAHMAICEHHS HA 20NI06HULL OBUSYH, SUMPAMA NAIUEA, GIOXUIEHHS 610 MApwipymy, 6apmicmb
nepegesens. Poszenamymo npaxmuuni cumyayii npoxodoicenns mapwipymie. Becmanoseneno enaug 306HiuiHix
30ypeHb HA Kepoeaui eKCniyamayiuHi napamempu CYOHd, wo 00360JUN0 SUPOOUMU peKoMeHOayil uooo
NPUUHAMMSL PIUEHb, GUXOOSYU 3 DAHIICUPYBAHHS NPIOpUMemie ONMUMIZAYIUHUX napamempie cmpamezii
Mampuyi MpAHCNOPMHUX Nepese3eHb ma 30i2ie 3 PIZHUX Y3A2aNbHIOBANbHUX (QVHKYI mMa MONCIUBICD
NPO2HO3YBAHHSA HACNIOKI@ NPUUHAMMSA PilieHb Npo 00pAaHy ONMUMALbHY CHMpAme2iio YAPAGIIHHA 8 YMOBAX
KOHKpemHoi cumyayii, wo ckiaiacs. 3anponoHo8aHo iHMeneKmyanbty iHmepaKmueHy mMooeib NputiHAmms
piuteHb w000 BuOOpPY arbmepHamus YRpAGNiHHA MPAHCNOPMOM 8 YMOBAX HEBUHAYEHOCMI 6XiOHOT
iH(hopmayii, wo 6KIOUAE BHYMPIWHI HOPMAMUBHI AKMU, CMAHOAPMU MA NPAsuid nepeseseHs, AKd
BIOPI3HAEMbCA 8i0 HAAGHUX MUM, WO 8PAXOBYE GNIUB 308HIUHBLO2O CepedosuUwd Mma UMOBIPHICMb CUmyayit
NPOXOOIICEHHST MAPUPYmYy, (OpMy8anHs ma azpezysanisi Kpumepiig. Lle dozeonsie 3abe3neuumu npo3opicmo
ma onmumizyeamu npoyedypu peanizayii mpaHcnopmHux cmpamecziti.

Knrouosi cnoea. mopcori nepesesenns; meHOeHyii po3GUMKY, VAPAGIIHHA, JOCICIMUKA, [HMeNeKmyanizayis,
MPAHCNOPMHI MEXHOAO02I].
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The article proposes an improved model for calculating matrices of passenger correspondences, which takes
into account time limits of travel benefits. The relevance of the study is due to the need to adapt transport
planning to social changes and reduce passenger traffic in conditions of limited funding. Traditional
approaches do not take into account the impact of changes in the time of benefits, which leads to distortion of
modeling results and inefficient use of resources. The proposed model takes into account the temporal
availability of benefits and allows calculating the attraction coefficients between transport areas, taking into
account the periods of paid and free travel. Special attention is paid to the analysis of the dynamics of trips of
persons of preferential categories at different times of the day, which allows correctly considering peak and
interpeak loads. The introduced parameters allow calculating the share of time allocated to each type of travel
and combining the corresponding attraction coefficients. Thus, the model reflects the change in the mobility of
preferential categories of passengers depending on the time of day, which is especially important for cities
with a high share of such passengers. The developed approach also allows assessing potential changes in
passenger flows when adjusting the time limits of the benefits, which can be useful for transport management
bodies. The paper considers various options for the mutual arrangement of the time intervals of the benefits
and the calculation of the corresponding weighting coefficients. The results obtained allow the formation of
more accurate and flexible correspondence matrices that take into account social policy in the field of
transportation, demand reduction and uneven load on the transport network. The proposed approach is
universal in nature and can be adapted to different conditions of public transport operation, contributing to
more effective planning of routes and schedules. In addition, the model can be integrated into existing
transport modeling information systems for automated consideration of preferential factors.

Key words: passenger transportation; correspondence matrix; route transportation; preferential travel;
transport modeling; passenger flow; time constraints; attraction coefficient; public transport; trip dynamics;
transportation planning.
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Introduction. The modern transport system faces challenges related not only to the
technical aspects of transportation, but also to changes in social policy, in particular in the field of
preferential travel. In conditions of limited funding and the need for rational use of resources, the
calculation of correspondence matrices that take into account the time limits of the benefits is
becoming increasingly relevant. Traditional transport planning models are not always able to
accurately reflect the impact of such restrictions on the spatio-temporal structure of passenger
flows, which leads to distortions in forecasting and inefficient transport management.

The need to improve the methods of calculating correspondence matrices is due to the need
to increase social justice, economic efficiency and optimize transport costs. This issue is of
particular importance in cities with a high proportion of passengers using benefits that are limited in
time (for example, only during off-peak hours). In such cases, the structure of demand shifts, which
must be taken into account in analytical models to ensure adequate planning of routes, traffic
schedules and vehicle loads.

Thus, the development of new models capable of integrating time constraints on benefits
into the process of constructing correspondence matrices is not only relevant but also critically
necessary for creating an efficient, flexible, and socially oriented transportation system.

Analysis of recent achievements and publications. Research into methods for generating
and analyzing passenger correspondence matrices is a key area of research in transport modeling,
especially when considering time constraints associated with travel benefits. Different approaches
to calculating such matrices allow us to choose the most appropriate models for specific urban
mobility conditions.
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In the works [1, 3, 4] synthetic and stochastic methods of constructing correspondence
matrices that take into account the structural features of passenger flows are considered. In [3] the
formulation of the problem of random filling of the matrix is proposed, considering the uncertainty
in the initial data, which is especially relevant in the case of preferential transportation, when
accurate observation of the passenger is difficult. In [4] the accuracy of models for small cities is
estimated, where the effects of the influence of privileges can be more pronounced due to the
smaller number of alternative routes.

Interval approaches to modeling that consider ranges of possible values instead of fixed ones
are discussed in [2]. This approach allows for better consideration of temporal variability in
demand, particularly in the case of limited-time benefits.

The works [6, 7, 9] are devoted to modeling the dynamics of transport and pedestrian flows,
as well as determining the passenger waiting time, which is of critical importance for analyzing the
behavior of preferential categories of passengers who may change routes in response to changes in
service conditions. In [6], a model for optimizing the stay of transport at stops is considered, which
allows considering the time component when forming correspondences.

The issue of accounting for preferential passenger categories in urban conditions is partially
considered in [8], which examines the impact of reducing the number of carriers on passenger
correspondence. This allows us to draw conclusions about the flexibility of passenger demand and
changes in the structure of trips due to restrictions on transport supply.

The application of intelligent systems for passenger flow forecasting is presented in [11],
where electronic ticket data is used to model passenger flow during special events. Such approaches
can be adapted to model the behavior of preferential passengers depending on the time of day or
calendar day.

Special attention is paid to modern works that combine methods of network analysis and
transport geography [10, 14, 15]. It is shown how weighting factors in complex networks allow
considering real passenger traffic, which can also be used to analyze the impact of time restrictions
on the activity of preferential categories of transport users.

In [12], a method for integrating ticket sales and passenger registration data to construct
dynamic OD matrices was developed. This approach is extremely promising in the context of
studying preferential travel, when taking into account the time of day is of fundamental importance.
And in [13], optimization of transport frequency is considered, considering new restrictions that
arose during the pandemic; similar methods can be applied to adapting transport to the time frame
of the benefits.

Thus, the analyzed sources form a comprehensive picture of modern approaches to modeling
passenger correspondence, especially in conditions of time and social constraints. The proposed
study is a logical continuation and expansion of the above approaches, aimed at taking into account
the specifics of the action of travel benefits in the temporal aspect.

Goal and problem statement. The aim of the work is to develop a model for calculating
correspondence matrices that takes into account restrictions in the form of time changes in the
validity of travel privileges. This approach involves the development of methods for adapting to
reduced demand, optimizing the frequency of flights, and maintaining the efficiency of transfers
between different modes of transport.

Presentation of the main research material. Consider the transport network of a
hypothetical city, which consists of separate transport districts or zones, between which there is
intensive daily movement of passengers. This movement is carried out using public road transport,
which provides a connection between residential, business, educational and other functional zones
of the city. The transport network is considered as a system that includes nodes (transport districts)
and connections between them (public transport routes), along which passenger flows move.

To simplify the analysis and focus on key aspects related to the impact of restrictions on
benefits, it is advisable to introduce a generalization: consider public transport as a homogeneous
system, represented by one type of vehicle — for example, buses. This allows us to abstract from
technical and technological differences between modes of transport and focus on the basic patterns
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of passenger flow formation and their change due to the action of social restrictions. This approach
does not reduce the generality of the model, but on the contrary — it allows us to identify universal
dependencies that can be further adapted to broader conditions.
Let us consider the construction of a generalized model that allows calculating the matrix of
passenger correspondences taking into account the time limits for the validity of travel privileges.
The model parameters are presented in Table 1.

Table 1 — Model parameters

. . Unit
Designation
No. Parameter name measurement
parameter
parameter
Model input parameters

Number of passengers in preferential

1 N categories traveling within the transport Persons
network
Statistical constant reflecting the ability of

2 p persons from privileged categories to travel for -
a fee in the transport network

3 to Time of entry of vehicles onto the transport Time units
network route

4 t Time of return of vehicles to the depot (end of Time units
route)
Start time of free travel for preferential

5 ta1 categories of passengers traveling in a given Time units

transport network

Expiration time of free travel for preferential

6 tn2 categories of passengers traveling in a given Time units

transport network

7 [titz] The  time perio_d _ over which  the

' correspondence matrix is calculated

8 t Current time Time units
Intermediate model parameters

Gravity coefficient taking into account

9 Cij1 passengers of preferential categories during -

paid travel

Attraction coefficient taking into account

10 Cij2 passengers of preferential categories during —

free travel

Percentage coefficient of finding the time

11 ®1 period on which the calculation is made in -

paid parts of the day

Percentage of finding the time period on which

12 2 the calculation is made in free parts of the day B

In modern conditions, society is increasingly faced with the influence of various external
factors that significantly change the usual rhythm of life. One of such factors is the epidemiological
situation, which can lead to restrictions on the activities of certain areas of social functioning, in
particular, transport. In such conditions, optimization of transport connections and management of
passenger flows becomes of particular importance. One of the most relevant restrictions that affect
the formation of transport demand is the limitation of the duration of travel privileges for certain
categories of passengers.

Time units
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Such restrictions lead to a change in the nature of movement of preferential categories of
citizens, causing uneven load on the transport system at different times of the day. In this regard,
traditional approaches to the formation of correspondence matrices — one of the main tools of
transport modeling — need to be adapted and improved. In particular, it is advisable to introduce a
variable attraction coefficient, which depends on the presence or absence of privileges in a specific
period of time. This will allow for a more accurate account of the change in demand due to time
restrictions on free travel.

Let to and t, denote the start and end times of the public transport route, respectively. In this
case, the time interval from ti to t denotes the range of validity of the preferential travel — that is,
the period during which passengers of preferential categories have the right to free travel. It is
obvious that if the moment of the trip does not fall into this interval, the probability of the trip for
the beneficiary decreases, which must be reflected in the model by means of an appropriate
adjustment of the attraction coefficients in the correspondence matrix.

Let's create a system:

( tl;t2 <t
n Di—n ’ a1
Cij1 = ﬁ P+ %' (tzt-s™1), akmo ; (1)
J J t>ty
1
ty <tl
n Di—n =
Cijz = HH (g h) + % (t;t-s71), akmo i ) (2)
\ / J t2 <t

That is, during the period of the benefits, when travel for certain categories of passengers is
free, the attraction coefficient cij between districts i and j for such passengers does not depend on
the cost of the trip. During this period, only the spatial and temporal characteristics of the route
remain decisive factors — distance, duration of the trip, frequency of transport, etc. At the same
time, when a trip for preferential categories becomes paid, that is, it goes beyond the allowed free
period — there is a decrease in the mobility of this group of passengers. In such cases, the attraction
coefficient is no longer neutral, but has a conditionally constant weight, which can be denoted as a
statistical constant p, which characterizes the willingness of passengers of preferential categories to
make paid trips.

In other words, during the time of the benefit (for example, during off-peak hours of the
day), the demand for trips from benefit holders remains high, while at other times of the day — in
particular during rush hours or late at night — this demand decreases significantly. The reason for
this is not only financial, but also a change in motives for travel — many benefit holders plan their
trips taking into account the time of free travel.

In this regard, for the correct calculation of the correspondence matrix with the participation
of passengers of preferential categories, it is necessary to take into account the time limits of the
validity or absence of privileges. That is, it is necessary to know exactly for what period of time the
matrix is calculated, as well as what proportion of this interval falls on periods of free or paid travel.
Otherwise, the model will lose its adequacy and will not be able to correctly reflect the real
behavior of passengers, which will lead to data distortion and errors in transport planning.

That is why the following variable parameters are introduced:

®1— shows the part of the time period that is in the paid part of the day,

®2— shows the part of the time period that lies in the free part of the day.

Let us consider all possible options for calculating the variables ®1and @2 .

Under the condition tu, t2, ta, t € [ty; t,] then we will compose the systems.

| I L |
H— l _|_|
t 0 tﬂ 1 tl tJ]2 t2 tK

Figure 1 — The first option for the mutual arrangement of time intervals travel benefits
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When performing conditions:

{tz > tJ‘[Z
ty >t
we get:
t t
@1 — 2 n2 ,
t =t
0,=1-0,.

to t th L W

Figure 2 — Second option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 2):

t, <t
{tl <tp;'
we get:
t.1—t
@1 — al 1 ’
=t
@2 = 1 - @1.
I | | I 1 I
1 1 1 | 1

Figure 3 — Third option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 3):

t, >t
{tl >t
we get:
@1 = 1 y
@2 - 0
1 1 ] 1 I |
I 1 y ! (I |
to 1 b b tn T

Figure 4 — Fourth option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 4):

L, <t
{tl <t,’
we get:
0,=1,
0, = 0.
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I I " L I
| 1 I I | |
to b b1 e tx

Figure 5 — Fifth option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 5):

{tz > tJIZ
ty <ty
we get:
0 :tn1_t1+t2_tn2
! tp—t;  t,—t
@2 == 1 - @1.
l 1 | | 1 I
I I 1 | l |
to L1 b &2 tnz tK

Figure 6 — The sixth option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 6):

{tz < tJIZ
>t

we get:

Then the final formula for calculating the gravity coefficient is in case of limiting the
validity period of travel benefits will be found using the expression:

Cij = 017 Cij1 + 0y Cyja, 4)

where: ¢;;; is calculated by formula (1), ¢;;,by formula (2) .
Then, considering

n, Dj—n, __  _
Ci,-=®1-<3j-p+ D, -(tn1-51)>+
J1 — D'_JI — —
+@z-(§-(tn1)+;—?-(tn1-s 1)). (5)
J J

Conclusions.

1. Thus, the paper proposes a model for calculating passenger correspondence matrices that
considers time restrictions on travel privileges. Such solutions will provide more accurate
forecasting of passenger flows and more efficient use of limited transport network resources,
considering the decrease in demand for certain routes and the limited number of available carriers.
The model allows you to optimize the frequency of flights by changing the intervals between trips,
as well as redistribute passenger flows between different routes, which allows you to maintain a
high level of service under conditions of reduced transportation.

2. Taking into account the time limits of travel benefits in the process of constructing
correspondence matrices is an important stage in improving transport modeling. This allows for a
more accurate reflection of the real conditions of passenger flow, taking into account social factors
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and changes in the demand structure. The development and implementation of new models taking
into account such restrictions contributes to increasing the accuracy of forecasting, optimizing
transport planning, as well as a more rational allocation of resources. This approach ensures not
only the economic efficiency of transportation, but also contributes to the formation of a more fair
and adaptive transport policy focused on the needs of different categories of the population.

Prospects for further research. Further research consists in expanding the proposed model
by including additional socio-demographic parameters of passengers, as well as taking into account
seasonal and daily fluctuations in demand. It is advisable to investigate the possibility of integrating
the model with real-time operational monitoring systems of passenger flows for adaptive
management of the route network. Special attention should be paid to the development of
algorithms for automatic adjustment of travel intervals based on predicted changes in the structure
of preferential transportation. Further research may focus on a comparative analysis of the
effectiveness of the model in conditions of different types of urban transport systems.
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Cnaeuu B. II. MOJIEJIb TA METOJI PO3PAXYHKY MATPUILIb KOPECIOHJEHLIIM 3
YPAXYBAHHSIM YACOBUX OBMEXEHbD I [TPOI3HUX ITIJIbI

Y pobomi 3anpononosano dockonaneny mooeisb po3paxyHKy Mampuyb NACANCUPCLKUX KOPECNOHOEHYIU, Wo
8pAX08YE 4ACO8I OOMediceHHst Oii NpOI3HUX ninve. AKmyanvHicmb O0CHIONCEHHS 3YMOGIeHA NOmpedoIo
adanmayii MpaHcnopmHo20 NIAHYBAHHA 00 COYIANbHUX 3MIH MA 3MEHUWEHHS NACANCUPONOMOKY 8 YMOBAX
obmediceno2o pinancysanus. Tpaduyiuni nioxoou He 8paxo8yoms GNIUS 3MIH Y Yaci Oii ninbe, wo npu3800umbs
00 BUKDUBIEHHS Pe3yIbmamie MOOeN08aH A ma HeedeKmusHo20 BUKOPUCMAHHI pecypcie. 3anponoHoeana
MOOeNb 8paAXo8ye 4acosy OOCHYNHICMb RNilbe | 0036058€ PO3PAXOBY8AMU KOeDIYIEHMU MANCIHHA MidiC
MPAHCNOPMHUMU PAUOHAMU 3 YPAXYBAHHAM Nepiodie NAamuo2o ma 6e3KoumosHo2o npoizdy. Ocobaugy ysacy
NpuoiNeHo ananizy OUHAMIKU NOi300K 0Cib Nib208UX Kame2opitl Y pi3Hi 200UHU 000U, WO 003801AE€ KOPEKMHO
8paxyeamu nikoei ma Mixcnikoei HaeanmasjicenHs. Beedeni napamempu 003801A10Mb PoO3PAX08Y8AMU HACHK)
uacy, wo Npunaodde Ha Kodcen mun npoizdy, ma KomOiHysamu 6iOnoeioHi koegiyicnmu msicinus. Taxum
YUHOM, MOOETIb 8I000PANCAE 3MIHY MOOLIBHOCII NIILEOBUX KAMEe20Pill NACANCUPIE 3ANLENHCHO 810 4acy 00bu, wo
0COOIUBO BANCIUBO O/t MICI 13 BUCOKOIO YACMKOIW MAKUX nacaxcupis. Pospobnenuii nioxio maxoaic oae 3mozy
OYIHUMU NOMEHYIUHI 3MIHU NACANCUPONOMOKIE NPU KOPUSYBAHHI 4ACOBUX Medic Oii nimvbe, wo modce Oymu
KOPUCHUM OJiA Op2aHié YNpaeniHHs mpaxcnopmy. Y pobomi po3eisiHymo pIi3HI 6apianmu  83aEMHO20
PO3Maulysants inmepeanié uacy Oii nilbe ma po3paxyHKy 6ION0SIOHUX 6acosux Koeiyieumie. Ompumari
pe3yrbmamu 0036010Mmeb hopmyeamu Oibls MOYHI MA SHYUKI Mampuyi KOpeCnoOHOeHYIl, Wo 8Paxo8yms
coyianvHy noaimuxy y cghepi nepegesenv, 3MEHUIEHHS NONUMY Md HEePIBHOMIDHICMb HABAHMAJICEHHA HA
MPAHCNOpmMHY Mepexncy. 3anponoHo8ana mMooeib Modice OYmu 6UKOPUCIAHA Ol ONMUMI3ayil po3K1adie pyxy
agmooycig y 200uHU 3 NIOBUUEHUM NONUMOM ceped Rilbe08UX Kame2opill (Hanpukiao, paHkosi 200uHU O/
NeHCioHepis), O NPOSHO3YBAHHSA 3MIH HABAHMANCEHHS HA Mapwpymu y pasi Kopekyii noaimuxku niibe08020
npoiz0y (Hanpukiad, ckacy8anHs Niibe y NiKOGi 200UHU D0 86e0eHH s OOMENCEHD Y GUXIOHI OHL), A MAKONC 0I5
ananizy eghexmueHoCmi UKOPUCMAHHS MYHIYURAILHUX CYOCUOIll HA NepeseseHHs y PisHull yac 00ou ma OHi
muoichsi. Modenv makooic 0038051 00IPYHMYSamu HeoOXIOHICIb 3anyCcKy 000AMKOSUX pelcie abo 3Minumu
MApuipymu 3 ypaxy8aHHsiM 3MIH Y NO6eOIiHYI Nibe0BUX NACANCUPIS, Wo cnpusimume OLbul 30A1aHCO8AHOMY
HABAHMAIICEHHIO HA MPAHCNOPMHY Mepedicy. Bona mooice Oymu KOpucHowo npu QopmyeanHi coyiaibHo
OpIEHMOBAHOI MapuHOI NOTIMUKY, SIKA 8PAX0BYE Yac 000U ma Kameeopii nacaxcupie, 3abesneuyouu oinbul
payionanvHe gukopucmaunts pecypcis. Kpim moeo, mooens modice bymu inmezpoeana 6 Has6Hi iHopMayiiini
cucmemu MpaHCROPMHO20 MOOETI0BAHHL OJis AGMOMAMUZ0BAH020 8PAXYBAHHS NIIbEOGUX (PAKMOPIE.

Kntouoei cnosa: nacasicupcoki nepesesents, Mampuys KOpecnoHOeHYill;, Mapupymui nepeee3eHHs; niibe06utl
npoi30; MpaHcnopmHe MOOENOBAHHA, NACANCUPONOMIK, UYACOBI 00MedCeHHA, KoepiyieHm MANCIHHA,
2POMAaOCLKULL MPAHCNOPM, OUHAMIKA NOI300K,; NAAHY8AHHS NePede3eHb.
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Y cmammi Oocniosceno noeedinky mopcekoco asmonomHo2o cyowa (MAC) 6 ymoeax 6UHUKHEHHs
HAO38UYAUHUX CUMYyayiti, N08 A3aHUX i3 6MPAMOI0 KePYBAHHSA, 8NIUBOM NOPUSHACIO20 GIMPY MA 8i0OMOB010
DPYIb08020 npueody. [losedeno, wo docnioxicenHa asapitinoi noeedinKu MOPCLKUX ABMOHOMHUX CYOeH Habysae
NPAKMuyYHo20 3HAYEHHA ma nidiumac npobnemu 0e3neunHo20 3ACMOCY8aHHA Ul  eHepeoeheKmusHoCmi
Hagi2ayitino2o nepexooy 8 agMOHOMHOMY PedCUMI. 3aCmMOCO8AHO CNpOWery MameMamuyHy Mooearb OUHAMIKU
DYXy CYOHA 6 20pU30OHMANbHIL NAOWUHI HA OCHOGI pisHAHbL Hblomona-Eiinepa 3 ypaxysanuam npocmux piuiens
6 ymosax Oii 2i0pOOUHAMIYHUX, AePOOUHAMIYHUX ma cmoxacmuyHux enaugie. Iloxkaszano, wo icHye degiyum
MoOenetl, 30amHUX He Julle GiOMEOPIH8aAmU NOBEOIHKY A8MOHOMHUX CYOeH Npu ONOKVBAHHI DPYIb0B020
npueoody, 3HUKHEHHI Kepyruux CUSHalié uu Oii Heouikyeanux 30ypens, a i npozHo3ysamu Hacaioku. Ivwimayis
npogedena y MATLAB/Simulink i3 peanizayieto ocHoguux asapitinux cyeHapiie. Pezynemamu cumynayiil
0036071UMU OYIHUMU CMADINLHICIb MPAEKMOPIT pYXY CYOHA Ma epekmusHicmb HAABHUX Cpamezill Kepy8aHHs
cyonom. Ompumani 0ami € 0CHO8010 0I5l NOOAILULO2O CHBOPEHHA ANCOPUMMIE ABMOMAMUYHO20 ABAPIIHO20
peazysants Ha NO3AWMAamui cumyayii nio 4ac GUKOHAHHA ABMOHOMHUX HABIAYIIHUX MICIU.

Knrouosi cnosa: asmonomue cyoHo, asapiima cumyayis, cumyisyis, Kypcoea cmabinizayis; empamu
Kepy8anms, MOpPCbKe cepedosuiye;, Npoyec KepyBamHs, MamemMamuyne MOOeNO8aHHA, 2IOpOOUHAMIKA,
CMOXACMuyHi 30yperHsl.
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Beryn. 3pocTtaHHS aBTOHOMHOCTI Cy4aCHOTO MOPCBKOTO (PJIOTY CyHpOBOMIKY€ETHCS
notpedoro y po3poOri HaliiHUX Mojienel pearyBaHHS AaBTOHOMHHX CYJEH Ha HECTaHIapTHI Ta
KpUTH4HI cutyanii. TpaauiiifHi cucTeMu HaBIraliifHoro kepyBaHHs Opi€EHTOBAaHI Ha rependavyBaHi
YMOBU W HE 3aBKIM 3/1aTHI 3a0€3MEeYUTH CTaNICTh TPAEKTOpii pyxy y pasi BTpaTH 3B 53Ky 3
LIEHTPOM YTpaBJIiHHS, BIAMOBU BUKOHABUMX OpraHiB a00 pI3KUX 3MiH 30BHINIHIX 30ypeHb. Y IUX
YMOBaxX Ha/J3BHYAHO BAXKJIMBO HE JIMINE BUSBIATH KPUTHYHI PEKUMH PyXy, a W 3a3qalieriip
OLIIHIOBAaTH MOKJIMBY AMHAMIKY CyJHa IIPU MOPYLIEHHSIX MpolieciB KepyBaHHs. ToMy AOCTIIKEHHS
aBapiiHOI MOBeIiHKK MOPChKOro aBTOHOMHOTO cyHa (MAC) HaOyBae MPaKTUYHOTO 3HAYEHHS SK 3
norisiay O6e3neKu, Tak 1 eHeproeeKTHBHOCTI aBTOHOMHOI'O HaBIraIiitHOro Mepexoy.

ITocTanoBKa mpo0JieMH, aHAJII3 OCTAHHIX AocjdilxeHb i myOaikauiii. Ha croronni, He
ICHy€ €IMHOTO, TOBHICTIO CGHOPMOBAHOTO Ta pPaTHU(IKOBAHOTO MIDKHAPOJHOTO KOAEKCY abo
KOHBEHIII{, 1110 PETyJIo€e BC1 0COOIMBOCTI HE JIMILE EKCIUTyaTallii MOPChbKHX aBTOHOMHHX CYJEH, a
ix moOyxnoBu. Lle 3yMoBiIeHO TuM, 1110 TE€XHOJOTII (1HPOpMaIliiiHi, Kepyroul, EHEpreTHKa, 3B 30K,
MaTepialy TOIIO0) PO3BUBAIOTHCSA HAA3BHUYANHO IIBUJKO, 1 MIXKHAPOJAHE MOPCHKE MPaBO MPOCTO HE
BcTurae 3a HuUMU. OJHAaK, € HHU3Ka OCHOBHHMX JOKYMEHTIB, $Ki (OpPMYIOTb OCHOBY st
(GyHKIIOHYBaHHS 1 T0OYI0BM OCHOBHUX HOPMAaTUBHUX BUMOT J10 MailOyTHIX 1 icHyrounx MAC.

Mixnapoana Mopcbka opranizaiis (IMO) € K1r040BHM TpaBIeM y po3po0Ill MiXKHAPOIHUX
HOpM i ¢yHkuionyBaHHd MAC. BoHM akTHMBHO TpaImiorTh Haj MM nuTaHHAM Haemgemo
ocHOBHI HanpssMku poboTu IMO 3a miero npoGiemoro.

Regulatory Scoping Exercise (RSE). IMO mpoBena MaciutaOHy «peryJisSTOpHY OIIHKY»
(Regulatory Scoping Exercise) icHyrounx mMi>kHapogHUX H0KyMeHTiB (Takux sk SOLAS, MARPOL,
STCW, COLREGS To110) a1t BU3HaYeHHS, K1 3 HUX 3acTocoBHI 10 MAC, siKi 3 HUX MOTPeOyIOTh
TIOTNPABOK, a SIK1 B3araji He OXOIUTIOIOTh HOBl BUKJIMKH.

ISSN-print 2313-4763; ISSN-online 3041-1939 195



m TpaHCHIOPTHI TE€XHOAOTI1

Po3pooka Komexcy MASS (MASS Code). Hapaszi IMO akTuBHO TpaIfioe Haj po3poOKOIO
MDKHApOAHOTO, 3acHOBaHOTO Ha minax (goal-based), oGos'sskoBoro Komekcy mns MAC.
OdiKyeThCs, IO e KOJEKC CTaHe BCEOCSHKHUM JOKYMEHTOM, SIKHI PETYJIOBaTHME ITPOEKTYBAaHHS,
OyIIBHUIITBO, EKCIUTyaTallil0, HABUAHHS MEPCOHANy, BIAMOBIJANBbHICT Ta iHII acniektdu MAC. ¥V
yepBHi 2025 poky (3apa3) IMO opranizoBye Cummnosziym mono MAC ta Komekcy MASS, mo
CBITUUTH MIPO aKTUBHY a3y 1i€i podoTH.

Cryneni aBToHoMHOCTI. IMO Bu3HaumiIa 4OTHPHU CTYINEHI aBTOHOMHOCTI, 1110 € Ba)JIMBOIO
NEPeyMOBOIO JUISl PEryjIlOBaHHS 3aKOHO/JABCTBA, BU3HAUYEHHS BHUMOT JI0 (YHKIIOHYBaHHS 1
nodyaosu MAC. Lle HacTynHi cTyneHi.

Crynias 1. CyqHo 3 aBTOMAaTH30BaHUMU MPOIECAMH Ta MiATPUMKOI MPUHHSITTS PIllICHb.
Mopsiku Ha 0OpTY KEpPYIOTh CHCTEMaMHU, JesiKl onepalii MOXyTh OyTH aBTOMAaTH30BaHI, ajie eKimax
TOTOBUH B3ATH KOHTPOJIb HAJ CYIHOM.

Cryniae 2. JlucTaHIiiHO KepoBaHE CYIHO 3 MopskamMu Ha Oopty. CyaHO KepyeTbes 3
1HILIOTO MICII, ajie eKina)xk Ha OOPTy FOTOBUM JJIS B3ATTSI IOBHOI'O KOHTPOIIIO.

Crynines 3. JlucraHIiitHO kepoBaHe cymHO 0e3 MOpskiB Ha Ooptry. CyaHO KepyeThecs 3
1HIIIOTO MICI, eKinaxy Ha OOpTy HeMae.

Crymninp 4. TloBHicTIO aBTOHOMHE cyaHO. OmepaiiifHa cucTteMa cyaHa (IHTEJeKTyalbHa)
3/1aTHA CAMOCTIHO MPUIMATH PillIeHHs Ta BU3HAYATH [ii.

Bigznauumo, mo: a) IMO Bxxe Bumana Aesiki TUMYacOBI pEKOMEH/allli Ta KepIBHUIITBA, 110
CTOCYIOThCS ITpOoBeAeHHS BulipodyBanb MAC. Bonu HaronouyooTs Ha 3a0e31eueHH] IoHaliMeHIIe
TAKOIO JK PIBHS O€3MeKH, 3aXUCTy HABKOJIMIIHBOI'O CEpeoBHINA Ta KiOepOe3meku, K 1 s
3BHYaiiHuX cyneH; 0) no3utis IMO e ¢yHnamMeHTanbHOI0, OCKUIBKH I OpraHi3alis € riio0anbHUM
pEryasTopoM MOPCHKOTO —CyJHOIIABCTBA. IXHA poboTa Jisske B OCHOBY MaiibyTHBOrO
MDKHapogHoro npasosoro nosst s MAC. BincyTHicTh TOBHOTO KOJIEKCY Ha 116 MOMEHT CTBOPIO€E
«cipy 30HY», 10 BUMArae iHA1BIAyalIbHOIO MiX0AYy Ta TUMYACOBUX PILIEHb.

HanionanbHe 3aKOHOJABCTBO Ta «PEryJIATOPHI MiCOYHMLY. [lesiki KpaiHu, 110 € JiiepaMu y
po3pobui MAC (mampuknan, Hopseris, ®innsuupis, Anonis, Ilisnenna Kopes), Bke mouanu
pO3po0JIATH BIIaCHI HAIIOHAJIBHI 3aKOHO/AaBYl aKTH Ta CTBOPIOBATH «PETYJATOPHI McOYHUII». Lle
JI03BOJISIE TecTyBaTH Ta ekcrutyaryBati MAC y KOHTpPOJIbOBaHHUX YMOBax, 30Mparoyd JaHi Ta
JOCBI JUIT  MalOyTHIX MDKHApogHuUX HopM. Ili HamioHanmbHI IHIIIATUBU € BaKJIUBUMH
«BUMPOOYBATHHUMHI/IOCTITHAMU ~ MalJJaHYMKaAMI», SIKI JIONOMAraloTh BUSBUTH TMPAKTUYHI
npo0JIeMHy Ta OTEHIIIIHI PU3UKH, a TAKOXK PO3POOUTH €(EKTUBHI PIIICHHS, SIKi MOXYTh OyTH TTOTIM
IHTErpoBaHi B MDXKHAPOJIHI CTaHAAPTH.

[IpaBuna knacudikamiiaux ToBapucTB. [IpoBimHI KiacudikamiifHi TOBapUCTBA, TakKi SK
DNV, Lloyd's Register, ABS, Bureau Veritas, RINA, akTuBHO po3poOJIsitOTh BIACHI MpaBHIa Ta
peKoMeHmamii s TpOoeKTyBaHHsS, OyaiBHMITBAa Ta Kiacudikaiii MAC. BoHM mpomoHYHOTh
«HOTawlii Kiacy» abo «IOAATKOBI TO3HAYKW» IS CYACH 3 DI3HUMHU PIBHAMU aBTOHOMHOCTI.
KnacudikariitHi ToBaprucTBa BiIIrParOTh KPUTHYHO BAXIIMBY POJIb Y 3a0€3MeUeHHI O€3MeKH Cy/ICH.
Ixui mpaBuna € GakTHYHO TeXHIYHMMH CTAHAAPTAMM, SKi JOTNOBHIOIOTH MiKHAPOIHI KOHBEHILI.
BoHu 3amoBHIOIOTH MNPOTAlMHU, IO BHUHHUKAIOTH 4Ye€pe3 BIJCYTHICTh IMOBHOI MDKHApOIHOI
HOpPMAaTHUBHOI 0a3u, HaJAI0uu paMKu IJs cepTudikamii Ta TexHiuHOi BigmoBiaHocTi MAC.

Konsentis OOH i3 mopcbkoro npaBa (UNCLOS) Ta inmn mixkaaponasi konsenuii. [Tompu
BIZICYTHICTh KOHKpeTHUX ToJ0keHb po MAC, UNCLOS BCTaHOBIIIO€ OCHOBOIIOJIOXKHI TIPUHIIAITN
MOPCBKOTO TpaBa, SIKi 3aCTOCOBYIOThCS /10 BCiX cyzeH, Bkitouatoun MAC. Hanpukian, o00B's130k
«IIIKOPSITHCS KamiTaHy Ta odinepam, siKi MalOTh BiMOBIIHY KBaJi(iKallitoy», IO € BUKIUKOM IS
TOBHICTIO aBTOHOMHUX cyJeH (Ctymiap 4). [Hun Mi>kHapoaHiI KoHBeHINI1, Taki sk SOLAS (6e3neka
xuTTss Ha Mopi), MARPOL (3amoGiranns 3abpyaHenHto), STCW (cranmapTé HiATOTOBKH Ta
muriomyBaHHs MopsikiB), COLREGs (mpaBwia 3amoOiraHHs 31TKHEHHSM CyJeH y Mopi), 3apa3s
npoxoaaTh perenbHuil anamiz IMO s aganrarii ixHix nojgoxens 10 MAC.

Xoua HasBHI KOHBEHIIT po3poONeHi IJid TpaAMLIMHUX CYyJEH 3 eKimaxkem, iXxHi 0a3oBi
NPUHIUIH, Taki sK Oe3neKa CyTHOIUTABCTBA, 3aXHMCT HABKOJIMIIHBOTO CEPEIOBHUINA, OOOB'S3KH
CyJIeH y pa3si Jiuxa, aBapiil 3aJMIIaroThCs akTyanbHuMu. OfHaK, iX 3actocyBaHHs 10 MAC Bumarae
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HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

MIEPEOCMUCIIEHHS Ta IOINpPaBOK, OCKUIBKM IOHATTS «KaliTaHa Ha OOpTy» a0 «eKimaxy» CTae
PO3MUTHM.

VYkpainceke 3akoHomaBcTtBo. Illomo Ykpainu, To Ha CbOTOJHI, CIELIAJbHUNW 3aKOH YU
HOPMATHUBHUHN aKT, SKUHA BCEOIYHO pEryJioe MOPChKI aBTOHOMHI CyAHA, BiACyTHIH. YuHHE
yKpaiHCbKE€ 3aKOHOJAaBCTBO B MOpChKil ramysi (Koxekc ToproBenbHOro MOpEIUIaBCTBA, MpaBUIla
Perictpy cynHomiaaBcTBa YKpaiHU TOLIO) 3/1€0UIBIIOTO OpiEHTOBaHE Ha CyAHa 3 ekinaxeM. Lle €
OUIKYBaHHM, BpPaxoBYIOUHM, 10 YKpaiHa, K 1 OUIbIIICTh KpaiH CBITYy, YEKa€ Ha KOHCOJIJIOBaHI
MibxHapoHi cranaaptu Bix IMO. Jlo Toro vacy, Oynb-ski kpoku 1moao0 MAC B Ykpaini, KIMOBIpHO,
OyayTh OazyBaTHCs Ha THMYACOBUX JI03BOJIax abo amanTaiii YMHHUX HOPM, a TAaKOX Ha MPHHIUTIIAX
Kpaloi MDKHApOAHOI MpakTUKU. Perictp cynHomiaaBcTBa YKpaiHu, K 1 iHIIN KiacuikamiiHi
ToBapucTBa, Bke Mae «[IpaBmima knmacudikamii Ta moOyAOBH MOPCHKHUX CYJII€H», SIKI PEryJIpHO
OHOBJIIOIOTBCS 3 YPaxyBaHHSAM MDKHAapOAHHUX 3MiH, ajie KOHKPETHHMX pO3/UIIB, MPUCBAYCHHUX
MTOBHICTIO aBTOHOMHUM CyJHaM 3 Ta 4 cTyneHs, IOKU 110 HEMAE.

Takum YMHOM, HOPMATHBHI BUMOTH /10 MOPCHKMX aBTOHOMHUX CY/JIeH 1epe0yBaroTh y cTafii
akTUBHOTO (popmyBanHd. lle ckmaanuii 1 GaratorpaHHHIl mpolec, 0 BKJIKOYAe: a) MDKHAPOIHI
sycumist IMO 3 po3pobku BceocskHoro Konekcy MASS; 0) HatrioHabHI 1HIIIATUBY ACSIKUX KpaiH,
IO CIYTYIOTh «IIOJITOHaMM» Ui TECTyBaHHS; B) JISUIBHICTh KiacHU(IKalllfHUX TOBapHCTB, SKI
PO3pOOISAIOTh TEXHIYHI CTaHAAPTH; T) HEOOXIIHICTh aJanTalii YAHHUX MDKHAPOAHUX KOHBEHIIIH.
Bimznaunmo, mo ue nepexiguuii nepioa. OCHOBHMI BUKJIMK HOJSArae y 3a0e3nedyeHHi Oe3neku
(BKiIIOUHO 3 KiOepOe3neKor), BHU3HAYEHHI BIANOBIJAIBHOCTI y pa3l IHIMICHTIB, a TaKOX Yy
MiATOTOBI MalOyTHIX (axiBiiB, SKI 3MOXYTh IMPAIIOBATH 3 IIUMU TEPEIOBUMH TEXHOJOTISIMH,
a/Ke HaBiTh Ui MOBHICTIO aBTOHOMHHUX CyJeH NOTpiOHI OynyTh KBasi(ikoBaHi omepaTopu 3
JUCTAHLIMHUX ILEHTPIB KepyBaHHSA. MailOyTHe 3a aBTOHOMi€l0, aje NUIAX JI0 IIOBHOIO
BIIPOBA/PKEHHS 11Ie BUMArae 3Ha4Hoi poOOTH HaJ| 3aKOHO/IaBYMM Ta HOPMAaTHUBHUM HIATPYHTSIM.

VY nocnipKeHHI PO3TIIAIal0ThCS Pi3HI CydacH1 JpKepesia 3 aKIEHTOM Ha KIFOUOBI €JIEMEHTH
MOJICIIIOBaHHs, HaBiramii Ta KepyBaHHS aBTOHOMHHMMH MOpChKUMH cyaHamu. Jlocmimkenns [1-3]
30cepeKeH] Ha MOJIeIAX MiATPUMKH Kypcy Ta cTalimizamii pyXy CyJHa 3 BUKOPUCTAaHHSM METOJIIB
BHYTPIIIHBOTO MOJIEIIOBaHHA y peaJlbHOMY Yaci, ONTHMajJbHOI (3a BU3HAYCHUMH KPHUTEPISIMH)
MapIIpyTH3aIlii Ta HaBYAHHS 3 ITiIKPITICHHSIM.

Jlxepena [4—6] MOCHIDKYIOTH I1HTENEKTyalbHI Ta HEHPOMEpeKeBl METOJM KepyBaHHS
MiIBOJHUMHU arapaTtaMu, 30KpeMa, 3 BUKOPUCTAHHSIM HEYITKOI JIOTiKM Ta pOoOacCTHUX CTpaTeriii B
yMmoBax HeBu3HaueHocTi. [TyOmikamii [7-9] nocmixyoTh CUCTEMH 3 alalTUBHUMHU KOHTPOJIEpAMU
Ta HA/IAI0Th KPUTUYHI OIIHKK MOPCHKUX crcTeM, Toli 5K [10—12] 30cepekyoThes Ha TEXHOIOT1SX
CYITyTHUKOBOI HaBiraii, CHCTeMax yTpUMaHHs Kypcy Ta IHCTpyMEHTax JUCTaHLIHHOIO KepyBaHHS,
CTIPSIMOBAHUX Ha TTiJIBUIICHHS O€3MeKH CyTHOIUIaBCTRA.

PoGotu [13—18] 3arnubiror0Thes B TEXHIUHI aCNEKTH, MOB'SI3aHI 3 MAllIMHHUM HaBYaHHSIM
IHTENIEKTYaIbHUX CUCTEM YIIPABIIHHS €JIEKTPONPHBOJAMH DYIIiiB, CHCTEM 3B'SI3Ky Ta TPOTHUMIIT
OC3MUIOTHUM TEXHOJIOTISIM, MIAKPECTIOI0UN 0araTorpaHHICTh Ta MDKIUCIUIUIIHAPHUN XapakTep
npeaMera JMocipkeHHs. Y [19] po3rissiHyTo OCHOBHI HEOE3NEeKH MPU BUKOPUCTAHHI aBTOHOMHHX
cyleH. Meronomorisi SIKICHOT OIIHKM PHU3UKIB JJs MOPCHKHX ABTOHOMHHX HAJABOJHUX CYJIeH
pO3TIIsIHYTO Y poboTi [20], 1e mpoBeneHO QYHKIIIOHATHHUM aHai3 Ha OCHOBI KOTHITUBHOI MOJIEIi
Ta ineHTUu(dIKaIlisa HeOe3meK.

Y pobGortax [21, 22] mpoBeAcHO peTENbHHI aHAi3 PHU3MKIB, 1[0 BUHUKAIOTh BHACIIOK
BUKOPUCTaHHS aBTOHOMHHX CYyJ/I€H, HaBe/leHa OLIHKAa PU3MKIB aBTOHOMHOI HaBiraiiiiHoi cuctemu
JUIS1 MOPCHKOT'O @BTOHOMHOT'O HAIBOHOTO KOPaOJIsl.

IIpobnemu 3amobiraHHs 3ITKHEHHSM JJIsl MOPCHKMX ABTOHOMHHX HAaJIBOJHUX CYyJ€H Ha
OCHOBI MOJIETBHOTO TPOTHO3HOTO KEpyBaHHS 3 BHKOPHCTAaHHSIM JaHUX TMpO HaMipH Ta
KBAaTEpPHIOHHOI oOmacti cyaHa HaBeaeHi y [23]. 3aranbpHmii Oorisii MOPCHKHX aBTOHOMHHX
HAJBOJAHUX CYJCH, OpIEHTOBAHWI Ha B3a€EMOJII0 3 JIIOJWHOI0, HaBeAeHud y [24], ne
[IPOaHaJII30BaHO BIUIMB Ta PeakLii JIIOJUHHU, Maii0yTHI HaNpsIMKU yAOCKOHajeHHs B3aemozii MAC
Ta JIIOMHH.
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Y po6oTi [25] aHami3yr0ThCs pi3HI THIIH MOPCHKMX aBTOHOMHHUX HAJBOJHHUX CYJICH, ITiTHITO
npoOiieMH TOMIMPEHHSI BIAOMUX IHHIUACHTIB 3 OE3MUIOTHUMH JITATbHUMH arapaTaMu,
BHUKOPHCTOBYIOUM MOJIEIb MEpUENTUBHOTO UKy, Ha MAC. ¥V [26] po3risiHyTo BijjoMi Hamaau Ta
aTaku Ha KOMEPIIiiHI MOPChKi aBTOHOMH1 HAJABOHI KOpalJi B MOpi, HAaBEACHO MipH, sIKi HEOOX1THO
nependaYnTy Py MPOEKTyBaHHI i ekcruryaTamii MAC.

V crarmsix [27-29] po3risHyTO Mi>KHAPOIHO-TIPABOBI ACMEKTH EKCILTyarallii aBTOHOMHOTO
MOPCBKOTO CyJlHA, MPOOJIEMH Ta BHKJIMKH, IO MOCTAIOThH Tepen mporecoMm peryimoBaHHI MAC,
pobJIeMH Ta pO3BUTOK Yy JI€pKAaBHOMY YIIPaBIIiHHI aBTOHOMHHM CYTHOILIABCTBOM.

OmnpanpoBaHi Jokepenaa MIATBEPDKYIOTh AaKTYaJbHICTh 1 BaXKJIMBICTH MOJIETIOBAHHS
JMHAMIKM AaBTOHOMHHX CY/AEH Yy PEaliCTUYHMX YMOBaX MOPCBHKOTO CEpEeIOBHIIA, HEOOXITHICTh
ypaxyBaHHSIM BITPOBUX, I'IpOJUHAMIYHHUX Ta CTOXaCTUYHUX 30ypEHb.

[IpoBenenuii anami3 J03BOJIsIE OOIPYHTYBAaTW BHOIp JIOTIKM JOCTIJDKEHHS, a TaKOoX
JEMOHCTPYE, IO pPO3po0JeHI MOJeNi TIOBHHHI TOE€JHYBAaTH CydYacHI TeHJIEHIi B o00macTi
aBTOHOMHOT'O MOPCBKOTO TPAaHCHOPTY, aJalTUBHE KEepyBaHHS, CHUMYJALINHE MOJENIOBAHHS,
ypaxoByBaTH CTOXaCTHYHI BIUIMBH, LU(POBE TECTyBaHHs cUcTeM cTalOuIi3auii (HanpuKiazi, Kypcy).

Cepen poOiT, 10 TOPKAIOThCA MUTAaHb aBapiifHOI MOBEIIHKU a00 HECTaHIAPTHHUX CUTYaLiH,
MepEeBaKAIOTh TEOPETUYHI MIAXOAH, OPIEHTOBAHI HAa aHaJI3 CTIMKOCTI 800 KOMITCHCAI[II0 YaCTKOBUX
30ypeHb (Hampukiaja, Bitep a0 XBUIIOBaHHA), 0€3 ypaxyBaHHS CUCTEMHOI BIIMOBU B KepyBaHHI
(uacTkOBO-1HBapiaHTHI 10 30ypeHb cuctemu). HaTomicTh cyyacHI BUMOTM JI0 aBTOHOMHOI'O
MOPCBHKOT'O TPAHCIIOPTY MNependadaroTh HAsBHICTh PE3EPBHUX AJTOPUTMIB pearyBaHHS Ha KPU30BI
CUTYyalli, TakMX, SIK BIJIMOBa Ke€pMa 4M BTpaTa HaBirauiiiHoro curxaiy. Came 1 NporaivHa i
BH3HAYa€ aKTyalbHICTh CTBOPEHHS IMITAIlifHOI MOJeNi, sKa JO3BOJSE€ HE JIUIE BUSIBUTHU CIA0Ki
MiCL B HasiBHUX allTOPUTMAx, aje i Bepu(iKyBaTU TPAEKTOPHY CTIMKICTH aBTOHOMHOTO CyJHa B
yMOBax aBapii.

Azne, nonpu 3Ha4YHY KUIBKICTh JAOCHIIKEHb, IPUCBSIUEHUX CTal1Ii3alli Kypcy aBTOHOMHHUX
HA/IBOJAHUX amapariB, MepeBakHa OUIBIIICTh MoOJeNlell He BpPaXxOBYIOTh MOKJIMBOCTI TEXHIYHHX
BIMOB YW BTpPAaTH KOHTPOJIO B XOJli aBTOHOMHOTO pyxy. IcHye nedinut Mopemnei, 3aaTHUX
BinTBOpIoBaTH moBeniHKy MAC mpu OJIOKyBaHHI PyJIhOBOTO TMPUBOJY, 3HUKHEHHI KEPYHOUHX
CUTHAQJIIB YM Jii HEOYiKyBaHUX 30ypeHb (HampuKIaa, TMOPHUBIB BITPY). bpak Takux cumyIsmii
YCKJIQJIHIOE TEpeBIPKY CTIMKOCTI 0a30BUX alrOPUTMIB KEPYBAaHHSA Ta HE JIO3BOJISE aJaNTyBaTH
HasBHI HaBiraIiiHi CUCTeMH JI0 MTOTCHIIIHHO KPUTUYHUX YMOB €KCILTyaTallii.

MeTo0 A0CTiTKEeHHSI € po3poOKa CHMYJISAIIMHOI MOJei IOBEIIHKH aBTOHOMHOIO
MOPCBKOTO CyAHA NpH BHUHUKHEHHI Ha/I3BHYAHMX CHUTYyalliid, 30KpeMa, MpHU BiIIMOBI pPyJIHOBOTO
KepyBaHHS, BTpaTi 3BOPOTHOIO 3B’A3KYy Ta BIUIMBI MOPHBYACTOrO BITPY, 1 HA ii OCHOBI OLIHHUTHU
CTaOUIBbHICTh TPAEKTOPIi Ta TUHAMIYHI BIACTUBOCTI Cy/IHA B YMOBaX CTOXaCTUYHHX 30ypEHb.

VYrepiie 3anponoHOBAaHO CHMYJSLIMHMK —crieHapiii  aBapiiHux pexumiB MAC i3
BapiaTUBHUMH KOH(IrypamisMu BiZIMOB HaBiramiiHMX eJIEeMEHTIB. 3alponoOHOBAHO WiAXiA 0
IMiTaIii KpUTUYHUX CTaHIB 13 (hiKcaIli€ro mapaMeTpiB PyXy y pasi BTpaTH KepyBaHHs, 1110 JI03BOJISE
¢dopmyBatu 6a3y Ui MOAANBIIOI PO3POOKH AaHTUKPH30BHUX MPOTOKOJIB. Po3mmpeHo KiacudHy
Mozenb PID-anroputmiB peryitoBaHHS yepe3 BIPOBAKEHHS (DYyHKIIOHANY «3aMOpPOXKYBaHHS»
BUKOHABYMX OpraHiB, a TAaKOX YypaxXyBaHHA 3MiH HaBaHTA)XEHb 1 IONEPEYHOI IIBHIKOCTI Yy
MOPIBHSAHHI 3 HOMIHAJIBHUMM pexuMamu. IlpencraBieHuit migxiJ BiIKPHBAE€ MOXKIMBOCTI JUIs
CTBOPEHHSI PE3EPBHUX KOHTYPIiB aBTOHOMHOTO KE€PYBaHHS 3a JIOTIOMOTOI0, HANpHUKIAJ, HUPPOBUX
JBIMHHKIB CYJICH.

Bukiaaa ocHoBHOro marepiaiy. Jlns onucy AMHAMIKA aBTOHOMHOTO MOPCBKOTO CyJHa B
TOPU3OHTAJIbHIA TIJIOMIWHI BUKOPHCTAHO BiJIOMy cHCTeMy piBHsIHb HbrotoHa-Efinepa. CymaHo
PO3TISIIAETBCS K TBEpAE TUIO, HA SKE Jil0Th CYKYIHI CHJIM Ta MOMEHTH 3 OOKY TiJpOJWHAMIKH,
aepOoJIMHAMIKH, TeUii, XBUJIb 1 CHCTEMHU KEpyBaHHS.

Pyx onmcyetbest B okanbHii cucteMi koopauHat MAC, sika 00epTaeThesi BITHOCHO 36MHOT
(iHepuiiHOT):
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m%=YH +Yy +Ye +You + T,
dv
ma:YH +Yy +Ye Y (1)

z wav !

d
|, -2 =N, +N, +Ng +N
dt
Je U, V — TOJIOBXKHA 1 MoIepevyHa MIBUIKOCTI CyaHa; P — Kypce; m, Iz — maca 1 MOMEHT iHepil
cynua; T — tsara; Xi, Yi, Ni — KOMIIOHEHTH CHJI 1 MOMEHTIB BiJIIOBIIHO A0 Jukepen BrumBy (H —
rigpoauHamika, W — Bitep, C — Teuii, wav — XBUITIOBaHHS ).
INapoanHamivHi CHIIM BU3HAYEHI, K (PYHKIIT IBUIKOCTI:

Xy =—pC,Aulul, Y, =—pC Av|v], (2)
N, =—pC Av|v|L, (3)
AepoanHamiuHi (BITpOBI) BIUIMBY BU3HAYAIOTHCS 32 HACTYITHUMH BUpa3aMHU:

1
Xw = EpaCD AN, cos(S—y)

Yy =3 ACANGSINB-p) (%)

1 .
Ny = EpaCM ANy Ly sin(B—y)
a CTOXaCTUYHMI BILUIUB BITPY MOIEIIOETLCS K TayCiBCHKUI IPOLEC:
Vi, (£) =V, + 0, W (1) (5)

bazoBe ympaBmiHHSI KypcoM 3IiMCHIOEThCS 3a qormomororo PID-perynsrtopa, sikuii ¢popmye
KEePYIOUHI CUTHAI JUIS PYJIbOBOTO IPUCTPOFO:

30) = Kee® + K, [ e(e)dr-+ Ko 5. ) =y, -0, ©

ne 6(t) — kyT BimxwieHHs kepma, Yd(t) — 3amane 3Ha4yeHHs Kypcy, Kp, Ki, Kp — xoedinienTn
perymsitopa, e(t) = a— P(t) — nommika Kypcy.

PosrnsiHemo HactymnHi aBapiiiHi cuenapii MAC.

Cyenapiti 1 — BigmoBa kepma. Ilpum imiTarii BiAMOBH PYyJIbOBOTO KEpPyBaHHS KyT Kepma
¢bikcyeThCcsl HA IEBHOMY 3HaYeHHI a00 OOHYIISIE€THCS !

5(t) = 5fai|

= const. (7)

VY Mozeni e peani3yeThbes 0JI0KyBaHHSAM curHany Bij PID-perymstopa.
Cyenapiii 2 — BTpaTa 3B’s3Ky. Y BUNAJKy BTpPAaTH 3B 53Ky CHTHAJl KEpPyBaHHS B3araji He
HAIXOUTh a00 Ma€ 3aTPUMKY, TOOTO:

o(t)=0 abo O(t)=35(t—At). (8)
Jusnsuucey Ha (8), 6aunMo, M0 MPU BTPATi 3B’SI3KYy CHUTHAT MOJEIIOETHCS, SIK OOHYIIIHHS
a00 3aTpUMKa KEpPYIOUOro BILIUBY.

Cyenapiti 3 — pantoBuii OokoBHi BiTep (TopuB). Mojenb TOPUBY peali3yeThCs SK
CTOXACTHYHUH JIOJAHUIH, 13 BiITOBIAHOIO PO3MIPHICTIO, IMITYJIBC:

Vo () =Vi + Ay -exnoHt = } ©
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ne Aburst — aMILTITy1a TIOPUBY, T — TPUBAIIICTh, t0— YaC BUHUKHCHHSI.
VY3aranbHeHHS A CUMYJISIIl MOJsrae y TOMy, IO BCi CHJIM, MOMEHTH Ta CTaH CHCTEMU
30MparOThCS Y BEKTOPHOMY BHUTIIsAL it MozemtoBanas y MATLAB/Simulink:

M-v=F, (vt), v=[uvy], (10)

ne M — macoBo-iHepuiiiHa MaTpuls, Fsum — BEKTOp CyMapHUX CHJI 1 MOMEHTIB, SIKI BKJIFOYAIOTh
OIMcaHi aBapiiiHi cueHapii.

Aneopummiuna peanizayis mooeni ma CyeHapHull aHaniz

Jns nepesipku mnoBeainku MAC mnpu nii mopuBy BITPY Ta KOHTPOJL Kypcy 3
BUKOpUCTaHHSAM PID-perynaropa npoBelIeHO YHCEIbHE MOJETIOBAHHSI. BUKOPUCTAHO TUCKPETHUN
gac i3 (¢ikcoBaHUM KpokoMm iHTerpyBanHs At = 0,1 ¢, IO A03BOJSE BU3HAYATH 3MIHY CTaHY
CUCTEMHM 3 ypaxyBaHHSIM TiIPOJMHAMIYHMX Ta aepoOJUMHAMIYHMX CHJI. Y NPOrpaMHOMY KOl
pearnizoBaHo 0a30By KoH(irypariito mapamerpiB cygHa, PID-perynastop 3 oOuucieHHSIM MOXUOKH
Kypcy, IMIIyJbCHUA OOKOBUHM BiTep (K 30ypeHHs) Ta OOYMCIEHHS CWJI Ta OHOBJIEHHSI CTaHy
CHCTEMH B Yaci.

Jst ouinku moBeAinku MAC B ymMoBax HaJ3BUYAWHUX CHUTYalllil MPOBEICHO YHCEIbHE
MOJICJIIOBAHHS TPhOX HABEJCHUX XapaKTePHUX CIIEHApIiB: a) MOBHA BIIMOBA PYJIbOBOTO KE€PYBaHHS,
0) BTpaTa 3B’513Ky 3 HaBIralii{HOIO CHUCTEMOIO, B) BIUIMB PaliTOBOro MOPHUBY BITpYy. B ycix Bumaakax
OLIIHIOBAJIOCH BIAXWJICHHS KypCy CyZHa Bij 0akaHOi TpaeKTOpii.

Cyenapiu 1 — Biomosa xepma

Kepmo cyniHa 6710Ky€TbCs Y HYJIbOBOMY MOJIOKEHH] o(t) = 0, 10 YHEMOXKIIMBIIIOE TOBOPOT 1
crabumizamniro Kypcy. Meroto € BuzHaueHHs Toro, sik cwibHO MAC Oyne BIOXWIATHCS TpH
00KkoBOMY 30ypeHHi (IIOPUB BITPY).

Ha rpadixy (auB. puc. 1) BUAHO, K MiJ JI€0 IMITyJIbCHOTO BITPY CYJHO IOCTYIIOBO 3MIHIOE
Kypc. BicyTHicTh peakiii cucTeMH KepyBaHHs IPU3BOAUTE /10 CTIHKOTO aperdy.

—— Kypc cynHa
-== Mopwe BiTpy (t=50c)

50

=y
(=]

w
(=]
T

Kypc y (pan)

N
(=]

10t

1 L L 1 I

0 20 40 60 80 100
Yac, ¢

Pucynok 1 — Kypc cynna npu ¢ikcoBanomy kyTi kepma & = 0 (BiAMOBa pyJIbOBOTO KEpyBaHHS)

I'padix nemonctpye mnoeminky MAC npu mNOBHIM BiIMOBI pyJIbOBOTO KepyBaHHS. 3
MOMEHTY TIOpHBY BiTpy (IT03HAYEHO CIpOI0 MYHKTHUPHOIO JIHIED Ha MOMEHT 4acy t = 50 ¢), Kypc
MOYMHAE MOHOTOHHO BIAXWIIATUCS, OCKUIBKM CHCTEMa HE Ma€ MOXXJIMBOCTI KOMIICHCYBAaTH
30BHIIIHE 30ypeHHs. lle € HaWOIIBII KPUTUYHUM BHUITAJKOM, KOJW HAaBITh TPH HEBEIHKOMY
30ypeHHI BUHUKA€E HEKOHTPOJIBOBAHUH Jiped.

Takum dYMHOM Tmpu OJIOKYBaHHI a00 3aKJIWHIOBAaHHI pyJboBoro MexaHismy MAC, 1o
0e3yMOBHO, HE 3/J1aTHE 3MIHUTH HAMPSMOK pyXy. Y MOJEII Ie peali3oBaHo NMUIIXoM (ikcarii KyTa
kepMa J(t) = 0. Pe3ynbrat CUMYJIAIIT TOKA3yIOTh CTiiKe i HEKOHTPOJIbOBAHE BiIXUIICHHS KypCy
BHACIIIJIOK BITPOBUX MOpUBIB. Takuii cuieHapiit € HalripIuii, OCKUIBKY CyTHO BTpayae 31aTHICTb 10
HaBITaIiiHOI KOMIIEHCAIlli, ajle HampsSMOK MOYKHA CITPOTHO3YBATH.
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Cyenapiu 2 — 3ampumka cueHany
CurHan KepyBaHHS HAIXOMUTh i3 3amisHeHHsAM O(t) = J(t — At), mo Mopesroe BTpary

CTIKOTO 3’€HAHHS 3 HABITAIIMHOIO CHCTEMOIO. METOI0 € OIliHKa TOro, SIK 3aTpUMKa CHTHATY
BIUTMBAE Ha 3[aTHICTh YTPUMaHHS Kypcy npu 30ypenHsx. Ha rpadiky (puc. 2) mokazaHo ocummisiii
HABKOJIO 3aJIaHOTO Kypcy. Uepes 3ami3HeHHS peryysaTop He BCTUTA€E pearyBaTH B pPealbHOMY 4aci,

BUHUKAE aniepioAnuHui eQeKT (Mpu 1HIIUX YMOBaX — HaBITh Mepe peryIroBaHHs,).
VY posrisHyTOMY BUNIAAKY Kepyrouuii curaain Big PID-perynaropa HaaxoauTh 13 3aTPUMKOIO

At =2 ¢, 1m0 IMiTye BTpaTy 3B’sI3Ky 3 HaBIraliifHOIO CHCTEMOI0 a00 4acoBe BiJCTaBaHHsS CUTHAJIB

JTATYUKIB.
IHKonu (He HaBelIEHO y CTATTi) IIe MOXKE MPU3BOJUTH 10 TMOSBH OCHMISIIN Kypcy, sKi

MOXKYTh COPUYUHUTH HABITh NOCTIHHI KOJIMBAHHS IpU 3MIHHOMY BITpi, IPOTE CYAHO BCE LIE 3MOXKE
30epiraTu 34aTHICTh YaCTKOBO MOBEPTATUCH JI0 OAXKaHOT TPAEKTOPII.

L6 b b s s

1.4¢ 7

1.2} /

=
o

Kypc y (pan)
o
(=]

Q
'

== Kypc cygHa (3aTpuMKa KepyBaHHA)
—-== [lopue BiTpy (t=50c)
------ Baxanuh kypc y d

o o
2%} [=)]
T
e m———
—

100

o
o
T

0 20 40 60 80

Pucynoxk 2 — 3mina Kypey (IpHUKIIa) IpH 3aTPUMIIL Kepyrodoro curaainy (At=2 c)

B iHmmx ymoBax, uepe3 3aTpUMKY KepyI4oro CUrHajgy Ha OUIbLIMI Yac, CyJHO HE 37aTHE
0Jlpa3y 3pearyBaTd Ha BIIXHWJICHHS, II0 MOXE MPHU3BOIUTH IO MOSIBM CTATHYHOTO BiIXWJICHHS BiJ
Oa)kaHOrO HampsMKY pyXy. Taka moBeliHKa XapakTepHa Ui CUCTEM 13 3alli3HEHHsM, Jie ICHY€
PU3MK HeCTaOLIBHOCTI MPH YacTUX 30ypeHHSX 1 HecmoiiBaHUX 3aTpuMkax. Came Tomy €
HEOOXITHICTh Y BUKOPUCTaHHI OCOOIMBHUX JITOPUTMIB KEPYBaHHS, 30KpeMa — IHTEJIEKTYaJIbHHX.

Cyenapiu 3 — Panmoeuti nopus 8impy 3 akmugHuM KepysaHHIM
BBaxxaemo, mo y momeHt yacy to=50 c, Ha cyaHO i€ cuibHUN OOKOBUU MOPUB BITpY,

3MO/IeTIhOBAaHUH K TOJAaTKOBa iMIyJbcHA GyHKIisL. HeoOxigHo oninuTH 3naTHicTs PID-perynsTopa
MOBEPTaTH Cy/IHO Ha OaxkaHWi Kypc. Pesymbrar MonemoBaHHsS IIOKa3aB, IO TONPH Pi3KOMY
30ypeHHi, PerysaTop, M0 HalAIlITOBAHWN HAa «MOIYJIBHHNA ONTUMYM», KOMIEHCYE BiIXHJICHHS 1
Kypc cTabimi3yeThes yepes feKinbpka ceKyHa. CriocTepiraeTbes He3HaYHe NepeperyItoBaHHs, OJJHAK
BOHO IIBUAKO 3racae€, IMiATBEPHKYIOUH YacTKOBY 1HBapiaHTHICTh 10 30ypeHb aarOpuTMiB
kepyBaHHs. [IopiBHAHHS ClieHapiiB 103BOJIs€ 3pOOMTH BHCHOBOK, IO HAMKPUTHYHIIIMM € TTOBHA
BiZIMOBa pyJBOBOTO MEXaHI3My (3 MPOTHO3YBaHHSAM PYXY), TOZl K 32 HAasSBHOCTI HaBiTh 0a30BO1
cucremu kepyBaHHs (PID) cynmHO neMOHCTpye CTiHiKy MOBENiHKY. 3aTpHMKa CHTHATYy BKa3ye Ha
HEOOXiHICTh BIPOBAKEHHS (Da33i-HeHpo, HeHPOMEPEKHOTO TOIIO KepyBaHHS.

JIns moOymoBM Mozeni pyXy BUKOPHUCTAaHO BifioMy cuctemy piBHAHB HptoToHa-Eiinepa, sixa
panimre Oyna anpoOoBaHa /I aBTOHOMHHUX CYJIEH Y CITOKIHHUX Ta 30ypeHnx ymoBax [18]. ¥V npomy
JIOCITIJDKEHHI BOHA HE 3MIHIOETBCS, OJHAK Yy PaMKax EKCIIEPUMEHTIB MOJU(IKYETHCS XapakTep
30ypeHb Ta OOMEXKYETbCS/BUMUKAEThCA Kepyrouuil curHan. lle n03Bojsie BUBYMTH JTUHAMIKY
TpaekTopii MAC B yMOBax KpUTHYHHUX HaBITalItHUX CIICHAPIiB.

MeToanka goc/aigKeHHs] Ta 00roBOpPeHHs pe3yJbTaTiB. MeTo0 MOJEIIOBaHHA € OIliHKa
CTaJIOCT1 TPAEKTOPii aBTOHOMHOI'O CyJHa NP BIUTMBI XapaKTePHUX aBapiiiHUX cuTyalii (30ypeHs).
Jlnist IbOTO pealti3oBaHO Ccepito YnceNnbHUX cuMyIiilii y cepenosumti MATLAB 3 BukopucTanHIM
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JUCKPETHOTO TIIXO0Iy 10 PO3B’si3aHHA PiBHAHBL pyXy. Yac iHTerpyBaHHs oOpaHo sk At = 0,1 c,
3arajabHa TPUBAIICTh MOJIETLHOTO Yacy ekcriepumenty — 100 cexyH.

[TapameTpu cynHa (Maca, MOMEHT iHEpIlii, TiApOANHAMIYHI Ta aepOAMHAMIYHI KOS(IIli€HTN)
BCTaHOBITIOBAJIMCS 3T1IHO TUIIOBUM JJIsi Majioi aBTOHOMHOI miiaTdhopMu. AepoauHaMidHe 30ypeHHs
MOJICITIOBAJIOCS Y BUTJIS/II CTOXaCTHYHOTO MOPHUBY BITPY, SKUH Ma€ iMIyJIbCHY (OPMY 3 MIKOBUM
3HAYEHHSM Y MOMEHT BU3HAU€HUH MOMEHT 4Yacy.

VY BCIX IPOTECTOBAaHUX CLIEHApisAX (IIOBHA BIAMOBA K€pPMa, CUTHAJI KEpyBaHHS (IKCYEThCS HA
6 = 0; 3arpumka curHany, curHan PID-perymaropa HagxoauTs i3 3ami3HeHHSIM At = 2 c;
HOMiHaJbHa poboTa PID-perynsTopa, akTuBHE KOMITIEHCYBaHHS 30ypEHHS BITPY) KPUTEPIEM OI[IHKH
€ TUHaMiKa 3MiHU Kypcy Y(t), TOpiBHSHHS BiIXWICHHS B OaKaHOTO Kypcy Yd, aHalli3 XapakTepy
nporiecy (anepioguyHui, KOMMBAIbLHUN, PE30HAHC) Ta 3AaTHICTh CUCTEMH CTaO1II3yBaTH HAMPSIMOK
pyxy micist 30ypeHHs. OCHOBHI pe3yJIbTaTH YUCEIBHOIO MOJEIIOBAHHS JI03BOJISIOTH 3IIHCHUTH
MOPIBHSJILHUN aHaJIi3 MOBEIIHKM aBTOHOMHOT'O Cy/IHA 3a PI3HUX aBapiiHUX CIICHAPIiB.

VY mepmomy, npu ¢ikcanii Kkyty kepma 6 = 0, CyAHO HE 3/aTHE MPOTHAIATH BITPOBOMY
30ypeHHI0, II0 MPHU3BOAUTH JI0 IMOCTIHHOTO HApOCTAHHS BIAXWIEHHS Kypcy, amapar BTpadae
KEpOBaHICTb. Y JIpYyroMy ClieHapii, KOJU KepylUHil CUTHAJl HaJIXOJUTh 13 3aTpUMKOI0, Kypc MAC
JI€MOHCTpY€ anepioguuHuil mpouec (Mpu 30UIBIIEHHI 4Yacy 3aTPUMKH MOXE IEPEeXOJUTH [0
KoJuBaHHs (y CTaTTi HE HAaBEICHO) HABKOJIO Oa)KaHOTO 3HAYEHHS Yd, aMILUTITYJa IMX OCIIMJISIIIN
3pocTae Miciisg MOPUBY BITPY, OJIHAK CHUCTEMa Bce Xk 30epirae 4acTKOBY 3/[aTHICTh 10 KOMIICHCAILII].
AHai3 CBIIYUTH NPO NOTEHUINHY HECTIMKICTh MPU YaCTHX 30ypPEHHAX 1 HEOOX1AHICTh MOKPAIIEHHS
3BOPOTHOT'O 3B'SI3KYy, HAIPUKIIAM, 3a JOIOMOIOI0 MPEAUKTUBHOrO (GUIBTPY). Y TpeTboMy clLeHapii
PID-perynarop 3abe3nedye MBUIKY peakiio HA 3MIHY 30BHIIIHIX yMOB. Ilicis BITpoBOro nopuBy
Kypc CyJHa BIIXWISETHCS JUIIE HA KOPOTKMM Yac 1 IIBUAKO CTAaOUII3YEThCS, IO JEMOHCTPYE
BUCOKY €(EeKTHBHICTH 0a30BOro KOHTpoJto. Takuil miaxig € NpuHHATHUM JUIs 3a0e3nedeHHs
cTabiTpHOI HaBiraiii B yMoBax 0OMeXEeHHUX 30ypEeHb.

Tabmuus 1 — [HopiBHAHHS epeKTUBHOCTI KOMIIEHC ALl 30ypeHHs Y TPhOX aBapiiiHUX cLieHapifix

. Peaxuyia cucmemu Xapaxme, Ouinka
No Cuenapii Tun 36ypennsn 4 . P P % .
KepysaHHs 8i0xuenns Kypcy | eghekmusnocmi
. N . [Mocriitae
Biamosa ImnynbcHuM Biacyrthus . .
1 . . BIAXUJICHHS HeszanoBuibHO
KepMa BIUIUB BITPY (xepMo 3adikcoBaHe) N
(apeiich)
N Po6ora PID perymnstopa . 3a710BUIBHO,
3aTpumMka ImnynbcHuit . . MokIuB1 OCIIMITSLIT .
2 . 13 3ami3HEeHHSIM At e(heKTUBHICTh
CUTHAITY BILIMB BITpY . HaABKOJIO Y/d
CUTHAITIB HU3bKa
AKTUBHUH N Hopmanbhuii pexum, [IBuaxe 3racaHHs
ImnynbcHuit . .
3 PID- BB BIT po6ota PID perynsropa BIJIXUJICHHA, 3a/10BUIBHO
perynsrop py 0€e3 CyTTEBUX 3aTPUMOK pobacTHicTh

OTxe, pe3yIbTaTH MOJCIBHUX €KCIIEPUMEHTIB MIATBEPKYIOTh MOKIIUBICTh 1 HEOOX1THICTh
aKTUBHOTO KepyBaHHS Tpaektopieto MAC, KpUTHYHY BaKJIHMBICTh KOPEKTHOI pOOOTH CHCTEMHU
KepyBaHHS J1J1s1 3a0e3neueHHs 0e3Mek aBTOHOMHOTO PyXYy.

BucHosku.

1. [Toxazano, 1m0 TepeBaXkHAa OLIBIIICTE Mozenei podbotn MAC He BpPaxoBYIOTH
MO>KITUBOCT1 TEXHIYHHUX BI]MOB UM BTPATH KOHTPOJIIO B XOJIi aBTOHOMHOTO PyXy, IO iCHY€ aedimut
MOJIeJIeH, 3aTHUX BiATBOproBaTH moBeniHKy MAC mpu aBapisix, Mo Opak TaKuX CUMYJISIIN
YCKIJIQJHIOE TEePEeBIPKYy CTIMKOCTI 0a30BMX alrOpUTMIB KEPYBAaHHS Ta HE JIO3BOJISIE aaNTyBaTH
YUHHI HaBiramiiHi CUCTEMH JI0 TIOTCHIIIHHO KPUTHYHUX YMOB €KCIUTyararii. Takox Mmoka3aHo, 1o
HOpMaTWBHA 0a3a m[o/I0 MPOEKTyBaHHA Ta (pyHKmionyBaHHS MAC 3apa3 akTUBHO PO3BHBAETHCSA i
HOPMYEThHCS.

2. IlpoBenene mozemtoBanHs NoBeAiHKM MAC y TphOX KITIOUOBHX aBapiiHUX CLEHAPIisX
JIO3BOJIMIIO OTPUMATH JaHl IIOA0 CTaOUIBHOCTI TPAaeKTOPii Ta €PEKTHBHOCTI CUCTEM KEpPYBaHHS B
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KPUTUYHUX YMOBax. Pe3ynbraTW 4MCENbHHMX CcUMyJsiliii, BukoHanux y MATLAB/Simulink,
HiATBEP/UKYIOTh KPUTHUYHY BaXJIMBICTh HAAIMHOI pOOOTH CHUCTEMHU KepyBaHHs Jisi 3a0e3MedYeHHs
0e31eKr aBTOHOMHOTO Cy/THOTIIaBCTBA.

V cuenapii moBHOI BiiMOBHU KepMa (¢ikcaris KyTa kepma Ha Hy1), MAC MOBHICTIO BTpadae
KEpPOBaHICTh, IO TMPU3BOANUTH JIO HEKOHTPOJIHOBAHOTO Npel(y Ta TMOCTIHHOTO BIAXWICHHS BiJ
3aJIaHOTO KYpCy MiJl BIUIMBOM 30BHIIIHIX 30ypeHb, 30KkpeMa iMmynbcHOro BiTpy. Llei pe3ynbrart €
HaWOUIbII KPUTHUYHUM 1 MIJKPECIIOE HEOOXITHICTh PO3pOOKH HaIIWHUX PE3EPBHUX CHCTEM
PYJbOBOrO KepyBaHHS Ta/ab0 aJlanTMBHUX aJTOPUTMIB, 3[JaTHUX MPOTHO3YBaTH Ta KOMIICHCYBAaTU
1o10H1 BIIIMOBH.

Cuenapiit 13 3aTPUMKOIO KEPYIOUOro CUTHaJIy (MOJENIOBaHHS BTPATH 3B'SI3KY) MOKAa3aB, 110
CyIHO Bce mme 30epirae 37aTHICTH JO YacTKOBOi KommeHcarli, mpore kypc MAC nemoHcTpye
anepiouuHi (1HKOJM HaBiTh KOJMBAJbHI MPOLIECH HAaBKOJIO OakaHoro 3HadeHHs). Lle Bkazye Ha
MOTEHLIMHY HECTaOUIBHICTh IpHU YacTUX aldo TpUBAJIMX 3aTPUMKAx 3B'SI3KYy Ta HEOOXIJAHICTb
BIIPOBA/KEHHs €(DEKTUBHINIMX MeXaHi3MiB (inbTpawii ab0 NPeAUKTUBHUX AITOPUTMIB KepyBaHHS
JUTS TIABUIIICHHS CTIAKOCTI.

Cuenapiii 3 panToBUM IIOPUBOM BITpPY 3a yMOBH akTtuBHOro PlD-perynstopa
IIPOJIEMOHCTPYBAB €PEKTUBHICTH 0a30BOi cucTeMu KepyBaHHs. Kypc cyaHa mBHUIKO cTaOLII3y€eThCs
MiCJIE KOPOTKOYACHOTO BIAXHWJIEHHS, 110 CBIAYUTH IPO YACTKOBY I1HBAPIAHTHICTh AITOPUTMY 0
30ypens. Lle miaTBeprKye, 1mo A 3a0e3neueHHs cTadiIbHOI HaBiramii B yMOBax OOMEKEHUX, aje
nependadyBaHuX 30ypeHb, HasBHI 0a30B1 KOHTPOJIEPH € 33JJOBUILHUM PIlLICHHSIM.

3. IopiBHsITPHUI aHAI3 aBapifiHUX CIIEHApiiB HATOJOUIy€e Ha TOMY, IO HAWBUINUN PH3HK
s 6e3neku MAC Hece MoBHa BTpaTa KepOBAaHOCTI, TOAL SIK HaBITh 32 HABHOCTI (DYHKI[IOHYBaHHS
0a30BUX CUCTEM KEepyBaHHS CY/HO 3/1aTHE IEMOHCTPYBATH YaCTKOBO-CTIHKY TIOBEIIHKY.

Otpumani pe3ynbTaTd (HOPMYIOTH OCHOBY JUIsl MOJAJIBLIOIO CTBOPEHHS aJIrOPUTMIB
AaBTOMATHYHOTO aBapiifHOTO pearyBaHHs Ha MMO3AINTATHI CUTYaIlii Ta CHHTE3y ONTUMAIBHUX CUCTEM
kepyBanHs MAC, 30kpeMa 3 BUKOPUCTAHHSIM aJalTUBHUX MiAXO0JiB, HEUITKOI JOTIKH Ta METOJIB
IITYYHOTO IHTENIEKTY.
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Burlachenko D., Melnyk O. BEHAVIOR MODELING AND EMERGENCY SIMULATION FOR A
MARITIME AUTONOMOUS VESSEL WITH TRAJECTORY STABILITY ASSESSMENT

The article investigates the complex behavior of a Maritime Autonomous Surface Ship (MASS) during critical
emergency situations. It specifically focuses on scenarios involving loss of control, sudden gusty winds, and
steering drive failure. It is demonstrated that studying the emergency behavior of a MASS holds profound
practical significance, directly addressing challenges related to the safe deployment and energy efficiency of
autonomous navigational transits.

A simplified mathematical model, based on Newton-Euler equations, was employed to characterize the vessel's
motion dynamics in the horizontal plane. This model accounts for hydrodynamic, aerodynamic, and stochastic
effects in a simplified manner, thereby ensuring a realistic representation of the marine environment.

A critical gap identified in current MASS research is the deficit of models capable not only of reproducing the
behavior of autonomous vessels during rudder blockage, loss of control signals, or unexpected disturbances,
but also of predicting their cascading consequences. To address this deficiency, an innovative simulation
scenario for MASS emergency modes was proposed. This scenario incorporates various navigational element
failures. The simulation was conducted in MATLAB/Simulink, enabling the implementation and analysis of key
emergency scenarios. This included a discrete integration step of 0.1 seconds over a 100-second simulation
period, utilizing typical parameters for a small autonomous platform.

The study evaluated three distinct emergency scenarios:

— in the first scenario, the rudder was fixed at a zero position, leading to irreversible and uncontrolled course
deviation due to wind gusts. This was identified as the most critical outcome, as the vessel loses its ability to
perform navigational compensation, although the direction of drift remains predictable;
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—the second scenario involved simulating a delay in the PID controller's command signal, mimicking an
unstable connection. This revealed deviations from the desired course, indicating a partial retention of
trajectory. However, it underscored that prolonged delays can induce not only aperiodic effects but also
resonance, thereby necessitating adaptive control algorithms;

— in the third scenario, with the PID controller actively engaged, the system demonstrated a robust capability
to quickly compensate for a strong lateral wind gust. The vessel's course stabilized within a few seconds after a
minor transient overshoot, confirming a partial invariance to disturbances.

The simulation results provided invaluable insights into trajectory stability and the varying effectiveness of
control strategies under adverse conditions. The presented approach to simulating critical states, achieved by
fixing motion parameters during loss of control, established a fundamental database for developing proactive
crisis response protocols. Furthermore, the classic PID control model was enhanced with a "freeze™ function
for actuators and adapted to account for changes in load and transverse speed. This enables the creation of
redundant autonomous control loops, potentially through digital twin technologies. These data serve as a
foundation for developing new automatic emergency response algorithms aimed at mitigating unforeseen and
critical situations during future autonomous navigation missions.

Key words: autonomous vessel; emergency; simulation; directional stabilization; loss of control; marine
environment; control process; mathematical modeling; hydrodynamics; stochastic disturbances.
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CTBOPEHHA IHTEFPOBéHOi MOJEJII 3ABE3IIEYEHHA
EKCINIYATAOINMHOI BE3IIEKH CYHA

Huxwutiok I1. B., cmapwuii suxnadau xageopu cyonogodinns i mopcokoi besnexu, Odecbkuil
HayioHanvHutl mopcokull yuisepcumem, m. Qdeca, Yxpaina, e-mail: nikpv.onmu@ukr.net,
ORCID: 0000-0002-5905-3807,

Meabuuk O. M., 0.m.H., npogecop, npogecop Kagedpu cyOHO800IHHA 1 MOPCbKOI

besneku, QOo0ecbKuli HAYIOHANLHUL ~ MOpcbKuti  yHigepcumem, M. Qdeca, Vkpaina,
e-mail: m.onmu@ukr.net, ORCID: 0000-0001-9228-8459.

Cmamms npononye inmezposany mamemamuuny mooenv (MM), zacmocysanna saxoi y npaxmuyi 0o36o1se
nioguwUmU excniyamayiuny oesnexy cyoen. Mooenb no€onye 0eKiibKa KpUmuyHo BANCIUBUX KOMNOHEHMIB:
IMOGIDHICHY OUYIHKY PU3UKIB, W0 HAOAE KIIbKICHI NOKA3HUKYU NOMEHYIUHUX 3a2po3; 2AUOUHHULL AHAI3
Odeepadayii Oap'epie Oe3nexu, BIOCMENCYIOUU 3MEHUEHHS 3aXUCHUX wWapie 3 uyacom abo nid 6niueom
HABAHMAICEHb, A2Pe20B8AHY OYIHKY CMAHY PI3HUX RIOCUCmeEM CYOHA 8 PEedCUMI PealbHO20 4acy, VHIQIKYouu
PDI3HOPIOHI Oaui 01 YiNiCHO2O 02740y, HAOIUHI MOJCIUBOCMI NPOSHO3YBAHHS PU3UKIG, 3ACHOBAHI HA
BUKOPUCMAHHI MEXHOI02I HEeUPOHHUX Mepedc, o 00360J5€ nepedbadyamu MauOymui mpaekmopii pusuKie Ha
OCHO8I BUBYEHUX 3AKOHOMIPHOCMEU 31 CKIAOHUX eKCNILYAMAYIUHUX OAHUX.

3mooenvosaro cepito 3 n'amu piznux excniyamayiunux cyenapiis. Li cyenapii pospobneni max, wob oxonumu
WUPOKULL CNEeKMP YMOG (QYHKYIOHYBAHHA CYOHA, KPUMUYHO 6PAXOGYIOUU OUHAMIYHI 3MIHU HABKOIUUHBO2O
cepedosuuyd, pisHOMAHIMHI MexXHIuHi 3001 (HecnpagHoCmi, NOJIOMKU) MAa NOMEHYIUHY 8mpamy epexmusHoCmi
yunHux cucmem Oesneku ma 3axucmy. Tecmyeanms —cyenapiie  00360aUN0  NpogecmuU  8ANIOAYIIO
NPOOYKMUBHOCTIT MO 8 PI3HOMAHIMHUX MA CKAAOHUX eKCHIYAMAYIHUX YMOBAX.

Pezyromamu cumynayii 0emoHcmpyioms 30amuicms 3anponoH08anoi Mooeni guasiamu Hebe3neymi ymosu Ha
HAO36UYAUHO PAHHIX CMAOIAX IXHbO2O PO3GUMKY, 3000620 00 MO20, AK 60HU NEPepoCmyms y KPUMUYHI
inyudenmu. ITloxazano, wo mooeib 30amHa 2eHepy8amu KIbKICHI OYIHKU PUSUKIG, NPONOHYIOYU YIMKI YUCL06]
O0awi npo nomeHyiuHi 3a2po3u, opmye i€l pekomeHOayil OJisk NPeBeHMUBHO20 Pea2y8anHsl, Ha0anyu 0codam,
AKI npuliMarome  piuleHHs, CB0EYACHI mMa AKMYAIbHI 8KA3I6KU Ol 3aN00IeAHHA HeCHPUAMIUSUM HOOLAM.
Bé6yoosani inouxamopu inmeeposarnoco pusuxy, 3anacy MiyHocmi ma Oe3nepepeHo2o MOHImopuxey deepaayii
bap'epis be3nexu niomeepoICyioms UCOKY THHOPMAMUBHICMb cucmeMu, Wo0o BUSHAYEHH cmamycy be3neKku
cyona. Moodenv mae adanmusHicme 00 BUCOKOOUHAMIYHO20 MOPCbKO20 cepedosuuyd. Tlpononosanuil nioxio
MOdIce  CIYICUMU — OCHOBOIO 0Nl CMBOPEHHS  CKAAOHUX — (DYHKYIOHANbHUX — HAGM@OPM, NPUCBAYEHUX
KOMNJIEKCHOMY YRPAGIIHHIO 0e3neKolo Mopcokux cyoeH. Ilpononyemocs inmeepayis maxux MM y cyuachi
Hasieayitini ma 6e3nexkosi cucmemu YApasiiHHs ihpopmayiero.

Knwwuosi crosa: mopcovruii mpancnopm, excniyamayitina 6esneka, inmezpoeana mooeiv, oap’epu be3nexu;
oyinKa pusuKia; despaoayis; NpoeHO3y68aHHs,; CYOHOSI CUCHeMU, NPOYeC YNPAasiinHa, KOMUAEKC, a0anmayis;
cucmemMHull MOHIMOPUH2, NPoYec KepyeanHs,; NiOmpumMKa piuieHs.

DOI: 10.33815/2313-4763.2025.1.30.209-221

Beryn. Ha motoyHomy erami iHTEHCHBHOTO PO3BHUTKY MOPCHKHX TI€PEBE3€HbB, 3POCTAaHHSI
CKJIaJHOCTI CYJHOBHMX CHCTEM 1 MIiJIBUIIEHUX BUMOI' J0 O€3NEKd BUKOHAHHS TEXHIYHHX Ta
TEXHOJIOTIYHUX TPOIECIB Ha CyJHaX, MpoOieMu 3a0e3NedeHHs eKCIUTyaTalliifHol Oe3neku cyaHa
BUXOAATh Ha mnepmmid 1wiaH. KiacmuHi migxoauw A0 OLIHKM MOPCHKMX PH3UKIB YacTo He
BPaxOBYIOTh KOMIUIEKCHOTO BIUIMBY (haKTOPIB CEpPENOBHINA, TEXHIYHOTO CTaHy CHCTEM CyJHa Ta
JIO/ICBKOTO eJleMeHTy. BojgHowyac po3BUTOK iH(OpMAIiiHUX TEXHOJOTIH 1 OOYMCIIOBAIBLHOI
TEXHIKH JI03BOJISIE BIIPOBAHKYBATH 1HTETPOBAHI IMiIXOHU OIIHIOBAHHSA, 10 MOEAHYIOTh aHATITHYHI
MOJIeNi, IITYYHUH 1HTEJIEeKT, MalllMHHE HaBYaHHsS Ta 6araTo(akTOpHHUM aHami3 A KOMIIEKCHOTO
MOHITOPUHTY ¥ YTpaBiliHHS O€3MeKor0 CyAHOBHX omepariii. Oco0nmBoi akTyanbHOCTI HaOyBae
3aCTOCYBaHHS TaKUX MOJeNell A1 aBTOHOMHHUX CYJIEH, L0 MPALOI0Th Y AMHAMIYHOMY MOPCBKOMY
CepeIoBUII 3 MiHIMAJIbHUM BTPYYaHHSIM JIOTUHH.

Y 1bOMy KOHTEKCTI IHTETpOBaHI MOJEJl OLIHKM Ta MPOTHO3YBaHHS EKCIUTyaTalliifHuX
PU3UKIB CTalOTh OCHOBOIO JJISI TiJIBUIIECHHS DPIBHSA MOPCHKOI O€3MeKkH, ONnTUMI3allii KepyBaHHS
CyJIHaMU, 3HI)KEHHS HUMOBIPHOCTI aBapifHUX CUTYyaIlil 1 € BKpall akTyaJIbHUMHU.

AHaJi3 oCcTaHHIX JA0CTiKeHb Ta MOCTaHOBKA npodjemMu. OCTaHHI TOCTiKEHHS y cdepi
eKCIUTyaTaliiHoi 6e3neku CyZeH y OUIbIIOCTI BUMAAKIB OpPIEHTOBaHI Ha 1HTETPOBaHI MiAXOAU O
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OIIHKK PW3WKIB, aHami3y Oap’epiB OE3MEKM Ta BHKOPUCTAHHI CYYaCHHX I1HTEICKTYyaIbHUX
texHosoriii. Y [1, 11] 3amponoHOBaHO METOJUKHU KUIBKICHOI OLIHKHM e(peKTUBHOCTI Oap’epiB
0e31eKn, OpieHTOBaHI Ha IMiJBUIIEHHS CTIMKOCTI Cy/THOBHX CHCTEM, BUKOPUCTOBYIOYH MMOBIpHICHI
Mepexi JUIsl KOMIUIEKCHOTO aHallizy. Mojienb 6araTonapoBoi OLiHKY Oe3MeKu CyJHa, IPEe3eHTOBaHA
y [2], meMoHCTpye BaXIHMBICTH MO€JHAHHS 1H(POpPMAIIHOI Ta TEXHIYHOI OE3MEeKH B €IMHIN
cTpykTypi. [Hma po6ota [3] 30cepemxeHa Ha IHTETPOBAHOMY MiIXO1 10 KibepOe3neku cyaHOBOTO
oOJasiHaHHS, SIK KpUTUYHOTO YWHHUKA 3arajibHOi eKCIITyaTaliiHoi Oe3MneKH.

CToCcOBHO MOPTOBOi JOTICTUKM, Yy HAayKOBiil mpaui [4] BUKOpHCTaHO TiOpHUIHI Mojeni
DEMATEL-OPA-DGRA mns inenTudikamii Ta ontuMizariii 3aTpuMoK iHdopMairii.

VY KOHTEKCTI aBTOHOMHHMX CYyJA€H aBTOpu podotu [5, 15] po3risaaroTe MoJeNi pU3MKIB y
CKIaJHUX YMOBax IUIaBaHHS 3 OOMEKEHOI BHIMMICTIO Ta NPOCTOPOM MaHEBpPYBAaHHS,
3aMpONOHYBABIIN (PPEHMBOPK OI[IHKH ONEPaLiifHOTO PU3MKY, PO3IJSANAIOTH MPOOJIEMH JOTICTUKU
IIpY BUKOPHUCTaHHI Takux 3aco0iB. IlyOmikamis [6] Hagae orisin METONIB KOHTPOII B KOHTEKCTI
Oe3meku Ta Kibep3axucTy, 0 Ma€ BUCOKY PEJICBAaHTHICTh Y PAMKaX BUKOPUCTAHHS 1HTETPOBaHMUX
mozenei. Bogunouac y [7-9] inTerpytore Deep Q-mepexi Ta 3HaHHS €KCHEPTIB JJIs OMTHMI3AIil
ornepauiiHoi edekTuBHOCTI B nmopTax. Jleski nocmipkenHs, Hanpukian, [10—12] 3ocepemkyroTbes
Ha KUIBKICHOMY aHaji3i Oap’epiB O€3MEeKH y TMPOMHUCIOBOMY CEPEAOBHINI, IO aJalTHBHO
MEPEHOCUTHCS Y chpepy MOPCHKOTO TPAHCIIOPTY.

Oco0nMBY LIHHICTH CTAHOBJIATH METOJIMKH PEANbHOIO Yacy, SIKl JIeTaJIbHO IPEJICTAaBIICHI Y
[13] 1 NpONOHYIOTH BUKOPUCTATH TiOPUAHY MOJENb IIIMOOKOr0 HaBYAHHS Ui MPOTHO3Y HACHIJKIB
31ITKHEHb y peaibHUX yMOBax. PoOoTa [14] 3BepTae yBary Ha crieniu(iky yIpaBIiHHSI PU3UKAMH IS
MaJIuX puOOJIOBELbKUX CYCH.

IlocranoBka mpoOsemu. [lonpu 3HauHMN HayKOBUI mporpec, MpakTHYHA IHTErpaiis
MoJieNiell OIIIHKM PHU3HUKIB, KOHTPOJIIO e(QEeKTHUBHOCTI Oap’epiB, iHpopMaliifHOT Oe3neku Ta
CUTyallliHOT OOI3HAHOCTI B €IUHY OlepaliiiHy cucrteMy 3a0e3nedyeHHs Oe3NeKu CyJiHa,
3aJIMIIAETHCSA HEOCTaTHBO peai3oBaHO0. UMHHI MiAXOIM YacTO MarOTh OJHOBHMIPHHUM Xapakrtep
abo Opi€eHTOBaHI Ha OKpEeMi AacIleKTH, TOMAlI SIK peajbHI CYyJAHOBI CHUCTeMH (YHKIIOHYIOTH Yy
Oararo(akTopHOMY, THHAMIYHO 3MIHIOBAHOMY CEpEIOBHUIII. BiCYyTHICTh IHTETpOBAaHUX IIATHOPM,
3IATHUX JI0 a/IalITUBHOTO YTPABIIHHS PU3UKAMH B PEAIbHOMY Yaci, CYTTEBO 3HUXKYE €(PEKTHBHICTh
pIlIeHB 1 MiJIBHIYE HMOBIPHICTH MTOMHUJIOK orepaTopa. Takok, HeJOCTaTHRO JTOCIIKEHA B3a€MOTIs
MiX (pismunuME Ta nudpoBUME Oap’epamu Oe3MeKH B yMOBAX iHIUACHTIB a00 Kibep3arpos.

MeTor0 nocaiTzKeHHsI € Po3poOKa Ta BepHdikallis IHTErpoBaHOI Mojesi 3abe3nedeHHs
eKCIUTyaTallifHoi Oe3leKku CyaHa, SKa TOEIHY€E BiZlOMi METOAM OLIHKU PHU3HKIB, €(EeKTUBHOCTI
Oap’epiB Oe3mneku, iHPOPMAIIHHOT 3aXUIIIEHOCT] Ta ONMEPATUBHOTO PearyBaHHSI B YMOBax 3MiHHOTO
MOPCBHKOTO CEPEeIOBUIIIA.

3aBIaHHS  JOCHIDKEHHS: a) TPOBECTH aHali3 Cy4YyaCHMX MOJENeH  YIpaBiiHHS
eKCIUTyaTallifHOI0 0e3MeKol0 CyAeH Ta IXHIX oOMexeHb; 0) cQopMyIioBaTH iHTETPOBaHY
KOHIIETITYaJbHy MOJICNIb OIlIHKM Ta YMPaBIiHHSA pHU3UKAMH 3 YypaxXyBaHHAM (QI3UYHHX 1
IHTENeKTyalbHUX Oap’epiB; B) peasizyBaTH OOYHMCIIOBAIBHY MOJENb Ul TECTyBaHHS MOBEIIHKU
CHUCTEMH 3a PI3HHMX CIICHApiiB (TEXHIYHA BIIMOBA, 3ITKHECHHSI, KIOEPIHIIUICHT); T') pOoaHaIi3yBaTH
e(EeKTHUBHICTh 3alpONOHOBAHOI MOJENI 3a KPHUTEPIsIMH CTIHKOCTi, CBOEYACHOCTI peakuii Ta
3HUKEHHS PU3HKY.

HaykoBa HOBH3HA IOCIIPKEHHSI MTOJISATA€ Y HACTYITHOMY.

ITo-nepiie, 3ampONOHOBAHO €MHY IHTEIPOBAHY MOJEIb 3a0€3MEeYeHHs eKCIUTyaTaliifHol
Oe3meKkn CyaHa, sKa OJHOYACHO BPaxOBY€ BIUIMB (Pi3MUHUX, iHGOPMAIIHUX Ta KOTHITHBHHX
Oap'epiB y peXHMi peallbHOTO 4Yacy Ha OCHOBI OaraTOpiBHEBOi OIIHKK pu3WKiB. Ha BinmMiHY Bix
HasBHUX MiIX0/iB, 3aIPOINIOHOBAaHA MOEIh OPIEHTOBAaHA HE JIMINE Ha OI[IHKY HMOBIPHOCTI OKpEMHX
nmoAii, a W Ha JUHAMIYHE OHOBJICHHS CIICHApIiB PHU3MKY 13 3aCTOCYBaHHSAM TiOpUAHOTO
O0YHCITIOBAJILHOTO $S/Ipa, IO MOEJHYE IMOBIPHICHI CTPYKTYPH 3 MOIYJISIMH TJTMOOKOTO HaBYAHHS
JUI TIPOTHO3YBaHHS KPUTUYHUX CTaHIB CHUCTEMH. YBEIEHO KOHLENIio Oap’epiB Oe3meku, 5K
OKpeMoro (yHKIIOHAJIFHOTO €JIEMEHTY IHTETPOBAaHOI apXiTEKTYpH YTPaBIIiHHS PU3UKaMHU CY/IHA,
peasizoBaHy Ha OCHOBI MOZEJI IOBHOT'O IIEPEKPUTTS.
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OTpumano mNONAIBIIMKA PO3BUTOK BHKOPHCTAaHHS METOMIB CHUTYallidiHOiI 0O0I3HAHOCTI 3
pO3MHPEHHAM X (QYHKIIOHATY 10 METOMAIB 0013HAHOCTI 3 aganTamielo iX (QyHKIIOHATY T0 YMOB
peiicy Ta aganTUBHUM pearyBaHHSM Ha 3MiHH 30BHIIIHIX YMOB Ta BHYTPIIIHBOT'O TEXHIYHOTO CTaHY
CyJlHa, a TaKOX 3[aTHICTh €(EKTUBHO yMPaBIATH OararoakTOpPHUMHU 3arpo3aMu, BiJl TEXHIYHUX
BiIMOB 110 KiOepiHmuaeHTiB. [IpakTHdHe 3aCTOCYBaHHS MOJEINi 3a0e3Mnedye MiABUIIEHHS TOYHOCTI
OTepaliiHOrO PHU3UKY, CKOPOUEHHS 4Yacy pearyBaHHsS CUCTeM Oe3NeKd CyJHa Ta HMOBIPHOCTI
BHUHUKHEHHS aBapiiHUX CUTYyaIlil.

Bukiiaa ocHoBHOro Martepianay. besyMoBHO, ams 3a0e3ne4eHHs [UTICHOI eKCILTyaTaliiHol
Oe3reKku cyaHa HeoOXigHa Taka MOJIENb, sSKa 3/1aTHA OXOIMUTH JUHAMIKY MOPCHKOTO CEpEeOBHIIA,
TEXHIYHUN CTaH CyJHOBUX CHUCTEM, BIUIMB JIFOJCHKOTO (pakTopa Ta epeKTUBHICTh HAsBHUX Oap’epiB
Oesneku. IIponoHyeTbcsl 1HTErpoBaHAa MOJENb, SIKa IOEJHYE METOAM HMOBIPHICHOTO aHali3y,
¢yskuii epexTuBHOCTI Oap’epiB, NMPOTHO3HY KOMIIOHEHTY Ta 3BAXKEHY OLIHKY KPUTHYHOCTI
MiCHCTEM CynHa. BUKOpUCTaHHS Takoi MOJENi O3BOJUTH CTBOPHTH AJAaNTHBHY CHCTEMY, IIO
pearye Ha pU3MKH B PEXHMI peaIbHOTO yacy Ta HiATPUMYE ONepaTopa y NPUHHATTI HUM HaWOUIbII
e(eKTUBHUX PILICHb.

Mouatok: CtaH cyaHa
B peanbHOMY 4aci

¢
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PU3UKY: 30BHILUHI
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Pucynox 1 — Anroput™ AMHAMIYHOTO YIIPABIIIHHS €KCIUTyaTaIlifHOI0 OE3MEKOI0 CyaHA
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Jnst  iHTepriperanii JIOTIKM (YHKIIOHYBaHHS IHTETpOBAaHOI CHCTEMH 3a0e3NedeHHs
eKCIUTyaTaliiHoi Oe3MeKku CyJHa MPOMOHYEThCS (PYHKIIOHANBHUIA aaroOpuTM, MPEICTaBICHUN Ha
puc. 1, ne BimoOpakeHa MOCIIJOBHICT KJIFOUOBUX €TAITiB: BiJ 300py Ta OIIHKH IMOTOYHUX JTAHUX
PO CTaH CyAHa N0 TPOTHO3YBAaHHS KPUTHUYHUX CUTYyallil, MPUUHATTA pilieHb 1 (HopMyBaHHS
MiCYMKOBHX 1HIUKaTOPiB O€3MeKH.

AJTOpUTM JIUHAMIYHOTO YIOPAaBIiHHSA eKCIUTyaTaliiHOI O€3MeKOol CyAHa peati3ye
LUUKJIIYHY OI[IHKY, POTHO3YBaHHs Ta pearyBaHHS Ha OCHOBI peajbHOro craHy cyaHa. [louatkoBo
BUKOHYETHCS OILIHKA OMEpalliifHOro pu3uKy (30BHIIIHI (aKTOPH, TEXHIYHUIN cTaH, Oap’epu), micis
4oro (hopMyeThCs IHTETpaJIbHA OLIIHKA 0€3MEKH, 3 ypaxyBaHHSIM JIOKAJIbHUX PU3HKIB M1JCUCTEM.

Hamni, 3a gonomororo LSTM-mozeni, 3A1iCHIOETBCSI TPOTHO3YBAaHHS PU3MKY Ha HACTYIHI
4acoBl iHTepBaiu. SIKIIO po3paxoBaHWi piBEHb OE3MEKH S TMEpPEBHINYE T'PaHUYHE 3HAYCHHS Scr,
aKTHUBY€EThCSI CHUCTEMa pearyBaHHs: IONEpPEeKEHHs eKilaxy, nepexig y Oe3neuHuil pexum,
po3paxyHoK 3amacy Oesneku M =Sc—S Ta mBUAKOCTI 3MiHM pusuky dS/dt. IlapanenbHo
BUKOHYETBCSI aHai3 KOpenhbOBaHMX pu3uKiB. Ha 3aBepmambHOMY eTami  QOpMy€eThCs
npodinaktnunuii iHAekc edextuBHocTi (PEl) Ta dinanpHuil iHAEKC O€3MEeKH 3 IMOJANBIIO0
aKTyaji3ali€ero napaMeTpiB CUCTEMHU.

Jlami crnpomieHo HaBeIeHI OCHOBHI €JIEMEHTH IHTErpPOBAHOI MOJENi, sSKa IOEIHYE TPpHU
OCHOBHI KOMITOHEHTH (OILIIHKY OIEpaliiHOro PU3UKY, MOJIeNb e(heKTUBHOCTI Oap’epiB Oe3meku Ta
MEXaHI3M aJalTHUBHOTO pearyBaHHs). TakuM YHHOM, HEOOXiJHO chOpMYyBaTH CHCTEMY, IO
3a0e3mneuye pealbHUil KOHTPOJIb 32 CTAHOM CyJIHA, HOr0 CHCTEeMaMH 1 HABKOJMIIHIM CEpeOBUIIEM
Yy KOHTEKCTI 3a1100iraHHs 1HIIMICHTaM.

1. Ouinka omeparifHOro pu3WKy. 3arajbHa HMOBIpHICT aBapiiiHoi moxii  P(R)
BU3HAYAETHCS K KOMOIHAINS YMOBHMX WMOBIPHOCTEH KIJTBKOX KIOYOBUX (PAKTOPIB: 30BHIIIHHOTO
cepenoBuila Fi, TeXHIYHOro cTaHy cucreMu Ci Ta pyHKLIOHYyBaHHs Oap’epiB Oe3neku Bi:

n
P(R):ZP(Rl Fi1ci!Bi)'P(Fi)'P(Ci)'P(Bi)- 1)
i=1
Ile#i BWpa3 J03BOJSIE MOJETIOBATH CKIIATHY HMOBIPHICHY 3aJ€KHICTh MIXK TOJISIMH, IO
MOXKYTh CIPUYMHHUTHU aBapiiiHy CUTYyaIlito.
2. Mopenb edexTuBHOCTI Oap’epiB. OCKUIBKM TEXHIYHI CHCTEMH O€3MeKH JerpaayloTh i3
gacoM, ixHs e()eKTUBHICTD EB(t) MOJIEIOEThCS K €KCIIOHCHITIHA (QYHKITis:

—At
EB (t) == EO -e ’ (2)
ne Eo— mouatkoBuii piBeHb epexktuBHOCTI (100 % mpu BBeJeHHI B eKCIUTyaTallito), A — koedimieHt
Jerpajanii, 3aJeXWTh BiJ THITy OONagHAHHS, CEPENOBHINA Ta PEXHMY pOOOTH, t — dac

eKCIUTyaTaIllii.

Takuii BUpa3 A03BOJISIE JMHAMIYHO BPAaXxOBYBAaTH 3HIDKEHHS 3JaTHOCTI Oap’epa cTpuMyBaTu abo
KOMIICHCYBaTH pU3UK. Hampukiaj, y3araibHEHO, OJHUM 3 €TalliB OIIHKH HACIHIJKIB aBapii, MOXe
OyTH 3Ba)Ke€Ha CyMa KOMIIOHEHT:

C=calL+pE+yF+6R, 3)

ne L — monceki BTpatu, E — exonoriuni, F — diHaHcoBi, R — pemyTaliiiHi BTpaty; a, 5, ¥, 0 —
BIZIMIOBIIHI BaroBi KOeQillieHTH (€KCIEPTHi, alpiOpHi/IIPOrHO30BaHi TOIIO).

3. InTerpanbHa ominka ctany cyanHa. s dhopMmyBaHHS y3arajbHEHOI OILIIHKK O€3MeKH BCi
PU3MKH MIJCUCTEM 3BaXKyIOTbCS BIIMOBIAHO A0 11X KpUTHYHOCTI. PiBeHp Oe3meku cyaHa S
BU3HAYAETHCS SIK:

m
S=f ij-Rj-(l—EBj) , (4)
j=1
e Wj — BaroBui KOe(QIIi€HT MACUCTeMH j, Rj — JIOKaJIbHAa OIIHKA PHU3HMKY IS TiACUCTEMH,
Epj — edextuBHicTh BiAmoBimHoro Oap’epy. @yukiis f(-) Moxe OyTH SK JiHIHHOIO, TaK 1
JIOTICTUYHOIO, 3aJIEXKHO BiJl CHCTEMH KEpYyBaHHSI.
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4. [Tporuno3 pusuky 3 BukopuctaHHsaM LSTM. KirtouoBUM KOMIIOHEHTOM MOJIENI € 3[aTHICTh
710 TIPOTHO3YBaHHS. 3 LI€I0 METOI0 BUKOPUCTOBYETHCS PEKypeHTHa (HepomepexeBa) CTPYKTypa
(LSTM), sika aHami3ye 4acoBi psaM HapaMmeTpiB, TOXK Ui MPOTHO3YBaHHS MalOyTHIX 3HAa4YCHb
pusuky 3acrocyemo LSTM-Mozens, 110 mpaifoe 3 4aCOBUMU psIaMu:

R.. =LSTM(F,,C,,B,,) . (5)
Taka Mopenb BpaxOBY€ B3aJICKHOCTI MDK TOMISMH B Yaci W J03BOJSE 3IIHCHIOBATH
KepyBaHHS HA BUIIEPEIIKECHHSI.
5. YMoBa akTtuBamii cucteMu pearyBaHHs. Konu 3aranbHul piBeHb PHU3UKY TEPEBUIIYE
KPUTHUYHE 3HaYEHHS Scr, CUCTEMA 1HILIIOE aBapiiiHe BTpy4YaHHs a0o nepexi] y 0e3neuHuil peskuM:

S > Sor — {Axkmusayis asapitinoco ancopummy}. (6)

Hanpuknan, e Moke BKIIOYATH 3YIUMHKY CyJHA, CHOBIIIEHHS €Kinaxxy abo aBTOMaTHYHE
IIEPEMUKAHHS CUCTEM KepyBaHHS pyxoM. OTpHMaHE NPOrHO3HE 3HAUYEHHS BUKOPUCTOBYETBHCS AJIS
OLIIHKM MMOBIPHOCTI aBapii y HalOIMK4IOMy MaiilOyTHbOMY Ta IPOAKTUBHOT'O pearyBaHHS.

Jlnst 611bII KOMIAKTHOTO M NPUKIAJAHOTO BHUKOPUCTAHHS BIPOBAIKYETHCS 1HTEIPOBAHUMN
IHJIEKC PU3HKY CY/IHA!

SIRI =%Zm:(wj Ry (U-Ey)) -

j=1

Horo mnepeBuIlleHHS MOPOTOBOTO 3HAYECHHS CYMPOBOKYETHCA 3allyCKOM aBapidiHOTO
poTokoy. O4eBHIHO, 10 MIBUAKICTh 3MIHH PU3HUKY JIETKO OI[IHIOETHCS Yepe3 BIJOMUN BUPA3 LIS
MOX1IHOT:

R _ i REFAD-RE)

8
dt a0 At ®)
Kom0OinoBaHa j1orika IpUHHATTS PIMICHHS 33a€ThCS K PYHKIIIS KIJTbKOX YMOB:
IFSIRI >S, AND ?TT>7/ = RESPONSE . 9)
1€ Y — TPaHUYHHUM TPaTi€HT PU3UKY. Y MiJICYMKY, MOKHA OOYHCIUTH OYiKyBaHy BTpaTy Oe3MeKu:
m
L=2 p;-AS, (10)
-1
Ta copmyBaTH (PiHATEHUHN y3araabHEHHA MOKA3HUK:
- — dR
Swa =?| R, EB’t1E1 L (11)

TakuM 4MHOM, 3alPOIIOHOBAHHI AJITOPUTM OXOILTIOE HE JIMIIE OIIHKY CTaHy CYIHa «TYyT i
3apas3», a i JI03BOJIsIE 3MIHCHIOBATH MPOTHO3YBAaHHS Ta aJamnTaiiio, (GOpMYIOUYH IiUTICHY HH(PPOBY
CTPYKTYpPY YIpaBJIiHHS 0€3MEKOIO.

6. OyHKIIisS aganTaiii BaroBUX KOSQIIIEHTIB MiICUCTEM. Y pa3i 3MiHH YMOB (HAIpHUKIAI,
aBapIiHOTO PEXHUMY), Barm IMiJICUCTEM MOXXYTh aBTOMAaTHYHO OHOBJIFOBATHUCS 3TiTHO 3 (PYHKIIIEIO
MPIOPUTETHOCTI:

— (12)

1e @j— 6a30Ba BOKJIMBICTh MIJCUCTEMH j, Sj— MOTOYHUI piBeHb O€3MeKH 1€l miacucremu, wj (t) —
IMHaMiYHa Bara, HOpMOBaHa B peaqbHOMY dYaci. lle mo3Boise aBTOMAaTW4HO 3MinryBaTH (OKyC
CUCTEMH JI0 HaWOUTBII Ypa3TUBUX 30H.

7. Ouinka 3amnacy Oesneku (Safety Margin). 3amac 0e3nekyu BU3HAYAETHCS SIK PI3HUL MIXK
KPUTHYHUM Ta (PaKTUIHUM 1HIEKCOM:
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M=S, -SIRI (13)

ne M—0 — o3navyae HaAOIMKEHHS O KPUTUYHOTO PIBHS PU3HKY, 1 BUMArae MpiopUTETHOI peaKiiii.
8. InTerpoBaHa WMOBIPHICTh BHUSBICHHS IHUUACHTY. SIKIIO BUKOPHCTOBYETHCS KiJbKa
JaTYNKiB 200 CHCTEM MOHITOPUHTY, HMOBIPHICTh BUSIBJICHHS 1HIIMICHTY MOYKHA OIIMCATH SIK:

P =1-T]@-p), (14)

e pk — WMOBIPHICTh BHSBJICHHS TOJil KOXHHM 13 N HE3aJeKHHUX CeHCOpiB abo cuctem. lle
JI03BOJISIE BPAXOBYBATH, TaK 3BaHUN, MYJITUCCHCOPHHUI KOHTPOJIb a00 TyOIIOBaHHS CUCTEM.

9. KoedirienT crifikocti cucremu 10 notpsciab (Resilience Index). JIyis omiHKM 31aTHOCTI
CUCTEMH BiTHOBJTFOBATHUCS TICIIsI KPUTUYHUX MO BBOJIUMO:

RI — TTEC (15)
Tdis +Trec ’
ne Tdis — TpUBANICTh BIUIMBY 1HUUACHTY, Trec — Yac, 3a SIKMI cHCTEMa MOBEPTAETHCS 0 OE3MEYHOr0
ctany. BcranoBneno: RI — 1 — Bucoka crilikicts cucremMu, RI — 0 — kpuTuuHa Bpas3nuBiICTh
CUCTEMH.
10. dynKkiis OUiHKK HMOBIpHOCTI KackajgHoro 36010 (cascading failure). MmogipuicTs
Nepexoay JIOKAIbHOTO 30010 B CUCTEMHUI BUIIIAAE SIK:

P =1-][(1-4-0-E)) . (16)

1e qi — UMOBIpHICTB, 10 301 y MiJCKHCTEeMI [ CIPUYMHUTH JIAHLIOTOBY peakuito, Epi — 31aTHICTH
Oap’epa cTpUMaTH NOUIUPEHHS 3001B.
Ile KpUTHUYHUIN TOKA3HUK JJIS OLIHKU «e(EeKTYy JOMIHO» Yy CKJIQHUX CYy/JHOBHX CHCTEMaX.
11. InrerpanbHa ¢yHKIis yacoBoro HakonmudeHHs pusuky (Cumulative Risk Exposure).
BpaxoByroun, 1mo pu3MK MOke OyTH HE KPUTHYHUM y MEBHUM MOMEHT, ajleé 3arpoxye Hpu
HAKOIMMYEHHI, BBOJIUMO:

CRE(t) = j; R(z)-dz 17)

3a nomomororo (17) 103BOJSIETHCS OLIHKA 3arajlbHOr0 HABAaHTA)KEHHS HAa CUCTEMY O€3IMEeKH
3a poMixkoK 4acy [0, t].

12. Mimosipricts MHOXHMHHOTO pu3uky (Multi-risk interaction function). Slkmo aBa a6o
OLTbIIIE HE3AIC)KHUX PU3UKH MIFOTH OJTHOYACHO, TOJI:

P(R,AR,N...AR)=][P(R) (18)
i=1
a SIKII0 PU3UKU KOPENIbOBaHi, TO 3 ypaXyBaHHSAM KOe(IIIEHTIB B3a€MO3B’SI3KY pij:
n n
Peor :Zzpij'P(Ri)’P(Rj) : (19)
i=1 j=1

Ile xpuTHYHO ISl CKJIAJHUX CLEHApiiB (HAMPHUKIAA, TEXHIYHUM 301, TUTFOC IOJCHKA
MTOMMUJIKA, TUTFOC CKJIAJTHE JTOBKIIIIS).

13. dynkuis epexruBHOCTI cuctemu 3anobiranus (Prevention Effectiveness Index). Orinka
TOT0, HACKUIBKU CHcTeMa 0e3IeKN pealbHO 3HIKYE TIOTCHIIHHUN PU3UK:

P(RI B)

ne P(R|B) — iiMmoBipHIcTh aBapii pu HassBHOCTI O0ap’epa, P(R|—B) — 6e3 6ap’epa. Yum Onmxue PEI
10 1, TumM edeKkTUBHIIIE CUCTEMA OE3IEKH.

PEI =1- (20)
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14. TarepBan vacy mo kpuruyHoro crtany (Time-to-Failure Estimate). Ilpu Bimomomy
TpajlieHTI PU3UKY MOKHAa HAOIMKEHO OOYHMCIMTH 3aJHMIIKOBHH Yac O JOCSITHEHHS TPaHUYHOTO
piBHS:

S, —S(t)
Tcrit = dj ] (21)
dt

Le no3BoIsiE 3ammycKaTH MONEPEHKEHHS He 3a ()aKTOM, a IPOAKTUBHO.
15. CtpykrypHa criiikicTs cuctemu 0Oe3neku (Redundancy Coverage Index). Skiio cucrema
Mae pe3epBHI MOIYJI, TO:
RC| = Nact + Nback ‘n (22)

total

ne 1 — koedimient HaxaidHocti pesepBy (0.8-1.0), Nact — aktuBHI MOmyJi, Nback — pe3epsu. lle
JT03BOJISIE BPAXOBYBATU CTPYKTYPHY HaJAMIPHICTh, @ HE TUIbKU (yHKIIOHATBHY €()EKTUBHICTb.

BukopuctanHs 3apONOHOBAHOTO AJTOPUTMY J03BOJIE€ HE JIMILIE 3iIHCHIOBATH MOMEHTHY
OLIIHKY €KCIUTyaTaliiiHOi Oe3MeKu CyAHa 3 ypaxyBaHHSIM (DI3UYHUX, TEXHIYHUX 1 1HQOpMaLiiiHUX
YMHHUKIB, ajle i NpOrHo3yBaTH AMHaMiKy pu3uky. KomOiHamisi HMOBIpHICHOTO MOJEITIOBAHHS,
GdbyHKIIN aerpagarii, BaroBoro aHajidy IMIJCHCTEM 1 METOJIB MPOTHO3YBaHHSA (BopMmye IUTICHY
wiatopMy JUIsl IPUHHATTSA pIlIeHb Y peaJbHOMY yaci. BaXkIMBo migKpecauTH, 0 MOJEb 3/1aTHa
BpaxoByBaTH MHOXHHHI CLIEHapii, aJanTyBaTUCS A0 3MIH CEpeJOBMILIA I TEXHIYHOTO CTaHy, a
TaKkoX (popMyBaTH KOHKpETHI pEeKOMEHJAIil i 3amobiraHHs aBapisM. Takuil miaxia cTBOprOe
HaJlliHe MAIPYHTS JUid UU(POBOro yIpaBiiHHA O€3MEeKOI0 B MOPCHKIA HaBiraiii Ta 3akiajae
OCHOBY JJIs1 TOOYZI0BM aBTOMATHU30BAaHUX CHCTEM IIATPUMKHU CYJHOBOJIS B KDUTUYHUX YMOBAX.

Metoauka mojaenwBaHHsA. MeTow, Ha eTami MOJENIOBAaHHSA, € YUCJIOBa peaji3ailis Ta
nojanplia Bepu@ikalisg iHTErpoBaHOT MoJeni 3a0e3NeyeHHsl eKCIUTyaTalliifHol Oe3neku cyaHa B
yMOBax 3MIHHOTO CEpEeIOBHINA, TEXHIYHOI HEBU3HAUEHOCTI Ta jaerpajaarii Oap’epiB Oe3IeKw.
be3ymoBHa, peanbHa Bepu@ikallis MOXJIMBA JHIIE B 0COONMBUX yMmMoBax. Came TOMYy METOJIUKa
0a3yeThCsl HAa TIOETAITHOMY BUKOPHCTaHHI MaTeMAaTHYHUX BHPa3iB MOJIENi, TaONHIb CIEHapiiB,
BXIJHUX TEXHIYHUX JaHUX CUCTEM Cy/HA Ta MPOTpaMHiil peamizallii CUMYJIAIliN.

Jlnst MOJenpHOTO JOCHTIKEHHS OOpaHO YOTHPU KIIOYOBI MIJICHCTEMH CyJHA: CHCTEMa
KepyBaHHS, CHepreTMyHa yCTaHOBKA, HaBiraliiiHa cucreMa Ta KOMYHIKalliiHUN MOIYJb (3B'S30K).
Jis KOXKHOI MiJCUCTEMHM BH3HAuU€HO 0a30BYy WMOBIPHICTh BiJIMOBH, MOYAaTKOBY €(EeKTHBHICTb
6ap’epa, xoe(ilieHT Aerpajaiii, a TakoXX BaroBi Koe(ili€HTH KpUTHUYHOCTI. JlaHi HaBedeHO y
tabn. 1. CueHapii MOJeNIOBaHHS OXOIUIIOIOTH K HOPMajibHY €KCIUTyaTallilo, Tak 1 yCKJIaJHEH1
YMOBH — 3 KOMOIHOBaHUM BIUIMBOM CEPEIOBHUIIA Ta TEXHIYHUX BiJMOB.

Tabmurs 1 — Anroput™ MOJIETIOBaHHS

Kpok mooenrosanns Bxioui oani Buxioui oani
1. IHlHlaJIl.?,aHlSI BXIJHHAX P(F), P(C), P(B), t 3 TabmwIri TTouaTKOBI 3HAYCHHS /U1 CLICHADIIO
napamMeTpiB CIICHapITB
2. O0uHcIeHHs! IMOBIPHOCTI
A P(R) F,C,B, P(F), P(C), P(B) — hopmyna (1)
3. Po3paxyHok gerpazarii Eo, 4, t — excrioHeHIIiliHA ,
ebexTrBHOCTI Eg(t) MOJICNb Ee(t) 11t xoxroro Gap’epa
g'”gImHKa craHy S i inzexcy Rj, w;, Egj — 3 mogeni IamuBinyansHi Sj, inTerpansauii SIRI
5. PospaxyHnok 3amacy M, .

SIRI, S¢r, dR/dt Yac 110 JOCATHEHHSI KPUTHYHOTO PiBHS
qacy Terit
6. [Iporno3ysanus LSTM Yacosi pamu F, C, B IIpornozoBane R"+1
. . . Pexomenparii: peseps, TpUBOTa,

7. I'eneparis pilicHb Bci nonepenHi pesynbTatu KOHTPOTE
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[Tpomec MoteTFOBaHHS pealli3y€eThCs SK MOCITIOBHICTh CEMH KPOKiB, OIMMCAHUX Y TAOIuII 1.
Ha nepmomy eramni BinOyBaeThcs 1HIIIaMI3aIlis BXIAHUX MTapaMeTPiB HA OCHOBI 33/1aHOTO CIICHAPIIO.
Jlami po3paxoByeThCs WMOBIPHICTH aBapii 3TiJHO 3 YMOBHOIO WMOBipHiCHOIO (opmyroro. Tperiid
KpOK 11€ MOJICIIIOBaHHsI €KCIIOHEHIIIHO1 aerpaaaiii eekTuBHOCTI 6ap’epiB. Ha ocHOBI oTpumMaHuX
3HaueHb (OPMYETHCS OIIHKA OC3MeKH OKPEMHUX IIJICHCTEM, a TaKOoX arperoBaHUil 1HICKC
inTerpoBanoro pusuky cyaHa (SIRI). Hactymni eranu BKJIIOYAarOTh OIIHKY 3amacy Oe3leku Ta
MPOTHO3 3aJMIIKOBOTO Yacy A0 KPUTUYHOTO cTaHy. LllocTHii KpoK, MpOrHO3yBaHHS MalOyTHHOTO
pU3HKY 13 3acTocyBaHHAM Mozeni LSTM. Ha 3aBepiuiansHOoMy eTari cucTeMa reHepye peKoMeHaanii
JUIS Tiepexo1y B Oe3neuHuil pexxuM abo akTUBALil pe3epBHOI0 KOHTPOJIIO.

3anpornoHoBaHa MeTO/MKa 3a0e3neuye peanizalilo MaTeMaTHYHOI CTPYKTYPH 1HTEIPOBAaHOL
MoJieNi O€3MeKH y BUTIISAL MOCTAITHOTO aJrOPUTMY, 3/IaTHOTO aalTyBaTHCS 10 KOHKPETHUX YMOB
eKCIUTyaTalii cyaHa.

UiTke po3MeXyBaHHS BXIIHUX [apaMeTpiB, AHAIITUYHUX PO3PaXyHKIB Ta BUXIJIHUX
1HMKATOpIB J03BOJIAE€ €(PEKTHBHO aHANI3yBaTH CKIAAHI CIEHapil pO3BUTKY MOii, BKIIOYHO 3
JIETpajialli€l0 TEXHIYHUX EJIEMEHTIB, J1€I0 MHOKMHHUX PHU3MKIB Ta PEAaKLIEI0 3aXUCHUX CHUCTEM.
I'nyukicTe peanizanii B LIU(GPOBOMY CEpEeIOBHIII Ja€ 3MOTY JIETKO MaclTa0yBaTH MOJIEb,
1HTerpyBaTu ii y KopaOenbHi 1HQOpMaIiiiHI CUCTEMH, a TaKOXX IMPOBOJAUTU HaBYAJbHI CUMYJISLIT
JUIs eKinaxy. Pe3ynbraT, oTprMaHi 3a 1i€10 METOJAUKOIO, TO3BOJISIOTH HE JIHIIE KUTbKICHO OLIIHUTH
piBeHb Oe3mneku, ane W 3A1MCHIOBATH CBOEYACHE MPOTHO3YyBaHHS KPUTHUYHUX CTaHIB Ta 1HILIIOBATH
3ano0KHI il

Y HacCTYmHOMY pO3JIi CTAaTTI HABEICHO MESIKlI MPHUKIAJAM 3aCTOCYBaHHS METOIUKU 0
peanicTUYHHUX CLIEHapiiB, 110 103BOJISIE BEpU(IKyBaTH MOJIEIb Ta IPOAHAII3yBaTH i1 €(peKTUBHICTb.

PesyabTaTn Ta o0roBopeHHsi. Ha OCHOBI 3alpOIIOHOBAHOTO AJTOPUTMY Ta OIMCAHOL
METOJMKH IPOBEACHO MOJICNIIOBAHHA JUIsl II'SITWU TUIIOBMX CLIEHApiiB eKCIUTyaTtalii cyjaHa, L0
OXOILTIOIOTH SIK IITaTHI YMOBH, TaK 1 aBapiiiHl CUTyalii 3 Jerpajali€lo TEXHIYHUX eJeMeHTIB. J{is
KO)KHOTO CIICHapil0 pO3paxOBaHO YMOBHY HMOBIpHICTH aBapiiiHoi momii P(R), JOKajabHI OLIHKA
PU3UKY JUI YOTHPHOX KIFOYOBHX MiJACHCTEM (CHCTEMa KEpYBAaHHS PYyXOM — Skep, CHEPrETHYHA
CUCTEeMa CyJIHA — Sen, HaBITAIlIIfHA CUCTEMA — Spas TA CUCTEMA 3B’SI3KY — Ssp), IHTETPOBAHUM 1HIEKC
oesrieku cynHa SIRI, a takox 3amac Oesnmeku M = Scor - SIRI, ne Scr = 0,05 € rpaHMYHUM
3HA4YEHHSIM, 32 SKHM IHIIIIOEThCS aBapiliHa peaKiis.

Tabmuus 2 — Pe3ynpTaTu MOJENIOBaHHSA IOKAa3HUKIB O€3MEKHM Cy/AHA 3a eKCIUTyaTalliiHUMU
CIieHapisIMu

Cuenapiin P(R) Skep Sen Snae S36 SIRI M
bazoBuit 0.0058 | 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0011 0.0489
[ToripiieHHs Horou 0.0134 | 0.0006 | 0.0006 | 0.0007 | 0.0007 | 0.0025 0.0475
Brpara 6ap’epa 0.0058 | 0.0007 | 0.0006 | 0.0006 | 0.0005 | 0.0023 0.0477
KombinoBaHMii BIUIHMB 0.0153 | 0.0024 | 0.0019 | 0.0018 | 0.0015 | 0.0076 0.0424
Kputnune HaBaHTa)XKEeHHS 0.0192 | 0.0035 | 0.0027 0.0026 0.0020 | 0.0109 0.0391

Y 6a3oBoMy cleHapii WMOBIpHICTh 1HIIMACHTY cTaHOBUTH nuiie 0,58 %, a iHTerpaigpbHa
orinka 6e3nexku SIRI = 0,0011, 1m0 3Ha4HO HWKYE KPUTUIHOTO PiBHA. OJTHAK YK€ MPH MOTIPIICHH]
MOTOJTHMX YMOB IOKa3HUK 3pOCTae OiIbII HIK YJBidi, a MPHU BTPaTi pe3epBHOro Oap’epa mompu
BITHOCHO crtanuii piBeHb P(R) — 30imbIny€eThcs BIUIMB Aerpajaiiii 0ap’epa, mo BimoOpakeHOo y
BUIIUX 3HAYEHHSX JIOKAIIbHUX PU3HKIB.

HaiiGinpin HeOe3meyHM BUSIBUBCS CIIEHAPiil KPUTUIHOTO HAaBaHTAXKEHHS, JIe OJTHOYACHA s
30BHIIIHBOTO CEPEIOBUINA Ta BHYTPIIIHIX BiIMOB MpPHU3BOAMTH a0 3poctanHs SIRI no 0,0109,
Maiixke 22 % BiJ TOPOTOBOTO 3HAYCHHS. 3amac O0e3MeKH y MboMy BUTIAAKy cTaHOBUTH Jjmmie 0,0391,
10 CBIAYUTH MPO HAOIMKEHHS 10 aBapiiiHOi 30HM, MPU LOMY Halypa3nMBIIIMMHU 3aTUINAIOTHCS
CHCTEMU KepyBaHHS i €HEPTreTHKH.
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Takum 9YMHOM, TIOTIEpEHI Pe3yJbTAaTH IiATBEP/DKYIOTh 3IATHICTH MO pearyBaTH Ha
3MiHY YMOB, BU3HAUaTH PO3PAaXyHKH PU3UKY 3aJIC)KHO BiJ TEXHIYHUX 1 CEpPEeIOBUIIHUX (PaKTOPIB, a
TaKOX HAaJaBaTH KUIBKICHY OCHOBY /ISl 3allyCKy AaBTOMAaTHYHHX a00 pydYHUX MEXaHi3MiB
pearyBaHHSI.

I'padik, HaBeneHnit Ha puc. 2, MOKasye, sk iHTerpoBanuid iHaekc pm3uky (SIRI) 3pocrae 3i
3MIHOIO CLIeHapiiB — HalBUIILI 3HAYEHHS CIIOCTEPIraloThCs Y KPUTUUHUX PEKUMAX.

Leit rpadix memoHcTpye 3poctanHsa iHAekcy SIRI 3anmexHO Bim CKIamHOCTI CIEHApIIO.
HaiiHwk4i 3HaueHHs BIANOBiAAOTH 0a30BMM yMOBaM, TOJ1 SIK y KOMOIHOBAaHOMY Ta KPUTUYHOMY
CIIEHapIsAX 1HAEKC 3HAYHO MiABHUINYEThCS. L{e cBimunTh nMpo HAOIMKEHHS IO MEeX1 O€3MEKH, 3a STKOI0
cucTeMa Mae aKTHBYBATH aBapiiiHe pearyBaHH:.

0.0101
0.008
< 0.006
0.004
0.002} /g =
5a358vn7| ﬂorlo,u,a BTpaHEHUIHﬁ Bap’ep K0M6iHI0|3aH|/||7| KpVITI.:‘I‘-IHMlT’I

Pucynok 2 — [lunamika injekcy inrerposanoro pusuky (SIRI)

I'padix 3amacy 6e3nexu (M) mpencraBieHuid Ha puc. 3, IEMOHCTPY€E 3MEHILIEHHS CTIHKOCTI
CHCTEMH — YUM HI)KYE 3HAUCHHS, TUM OJIMXKUe /10 aKTHUBAIIil aBapiiHOrO pearyBaHHS.

= 0.046

=

x

[}

c

w 0.044

(o]

o

(0]

© I

o 0.042
0.040

bazoBuii Morona BTpayeHnnit bap’ep KombiHoBaHWN KpnTuyHwia

Pucynok 3 — 3anac 6e3neku (M) y pi3HUX cueHapisx

Ha rpadiky 4iTko BHIHO, SIK 3 YCKJIQJHEHHSM yMOB €KCIUTyaTallli 3MEHIIYETbCS 3arac
Oe3mnexku. Y KpUTHYHUX YMOBaX 3amac 3HWXKYEThCS 0 3HaueHHs MeH sk 0,04, mo cBiAuuTh mpo
HEOOX1IHICTh MOTEePEHKYBAIBHUX i 1T YHUKHEHHSI CUCTEMHOT BIIMOBHU 200 1HIMICHTY.

[opiBHsunbHUE rpadik migcucteM (puc. 4) UTIOCTpYE, 10 HAWOUIBIINK PU3KUK Y KPUTUIHHUX
YMOBax IMPHITAJa€ Ha CHCTEMH KePYBaHHS Ta EHEPTETHYHOTO 3a0e3eUeHHS.
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Pucynoxk 4 — JlokanbHi OLIHKHA PU3HUKIB MiACUCTEM

[IpuBenenuii rpadix NMOpiBHIOE, K Pi3HI MIJCUCTEMH pEaryroTh Ha 3MiHY CIEeHapiiB. Y
KPUTHYHHX BUMAJKAaX HAMOLIBII BPa3IMBUMU BUSBISIFOTECS CUCTEMH KEPYBAaHHS i €HEPIeTUKH, SIKi
MAalOTh BUIII JIOKaJIbHI pu3uKu Sj. Lle 1ae 3Mory TOYKOBO CHpPSMOBYBATH 3YCHJUIA HA 3MII[HEHHS
caMe TUX KOMIIOHEHTIB, SIK1 € KJIFOYOBUMHU B KOHKPETHOMY KOHTEKCTI.

Ha puc. 5 npoaemMoHCTpoBaHO, IO 3MEHIICHHS €(QEKTHBHOCTI Oap’e€piB 3aJeKHO BiJ
TPUBAJIOCT1 €KCIUTyaTallii, € eKCIOHEHLIHHUM.
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Pucynok 5 — Jlerpanaris edpextuBHOCTI 6ap’epis Eg(t)

Sk BumHO 3 rpadika, HaWmBHAIE Aerpaaye Oap’ep cHUCTeMHU KepyBaHHSA (Y HaBEJICHOMY
npukiaai Bxe yepe3 100 roaun ioro eheKTUBHICTD 3HIKYETbCS 10 pudiau3Ho 37 %). Haitbinbiu
CTIMKMM BUSIBISIETBCS Oap’€p y CHUCTEMi 3B 53Ky, IO TMOBUIBHO BTpaya€ 3[aTHICTh MPOTUMISTH
pU3MKaM, MIO JO3BOJSE 3aBYACHO IUJIaHYBaTH TEXHIYHE OOCIyroBYyBaHHS, 3aMiHY €JIEMEHTIB
0e31eKH, OHOBJICHHS ITPOTPAMHOTO 3a0€3MeUYCHHS, 1HIHMX 3ac00iB, 0 3a3HAIOTH 3HOCY.

BucnoBku. Y Xoai AOCHIIKEHHS pPO3pOOJEHO Ta MPOTECTOBAHO IHTETPOBAHY MOJEINb
3a0e3neueHHs] eKCIUTyaTamiifHoi Oe3neku Cy[Ha, sKa BpaxoBye KOMOIHAIIO TEXHIYHUX,
iHQopMaIiiHUX 1 CEepeNOBUIIHMX YWHHHKIB. [IpomoHOBaHWT MaTeMaTWYHWW armapaT MOAei
0a3yeTbcs Ha TMOE€IHAHHI WMOBIpHICHOTO aHamildy, ¢yHKUiA pgerpagamii Oap’epiB  Oesmekw,
arperoBaHoOl OIIIHKM CTaHy MiJACHCTEM 1 MPOTHO3HOTO MOMYJS Ha OCHOBI Hepomepexi LSTM.
PesynbpTaTi MOJENIOBaHHS MiATBEPKYIOTh, IO HABITh 32 HE3HAYHOTO 30UIBIICHHS HWMOBIPHOCTI
BiZIMOBH a00 BTpaTH e(DeKTUBHOCTI Oap’epa 3aranbHUi iHIeKC pu3uKy cyaHa (SIRI) moxe mBuaKO
J0CATaTH PIBHIB, SIK1 BUMaratoTh BTpyYaHHS.

[Tig yac cumMymsIii TUIOBHUX CLIEHAPIIB BUSIBICHO, 1110 HAHO1IbIIIE HABAHTAXKCHHS MPUTIAAAE
Ha MIJCUCTEMH KEpPYBaHHS Ta CHEPreTHYHI CHCTEeMH, OCOOJMBO B yMOBaX KOMOIHOBaHOTO abo
KPUTUYHOTO BIUIMBY. 3alIe)KHOCTI pU3MKY, 3amacy Oe3neku Ta eQeKTHBHOCTI Oap’epiB
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MIPOJIEMOHCTPYBAIM BUCOKY UYTIUBICTh CUCTEMH JI0 TPUBAJIOCTI €KCIUTyaTallli Ta BIUTUBY JUHAMIKH
30BHIIIHBOrO cepenoBuina. Po3pobieHa Mojens J03BOJIs€ 31MCHIOBATH K ONEPATUBHUM aHami3,
TaKk 1 MPEBEHTHBHE MPOTHO3yBaHHS HEOE3NEYHUX CTaHIB, 110 MiABHUINYE PIBEHb CUTYaIlliHOI
0013HAHOCTI eKinaxy abo aBTOHOMHOTO KOHTpOJepa.

Crnig BBaXKaTH, IO TPOIMOHOBAaHA MOJETh € e()EKTHBHUM IHCTPYMEHTOM IHTETPOBAHOTO
yHpaBiliHHs O€3MeKOI0 CyJeH 1 Moke OyTH aJalToBaHa /0 pealbHUX YMOB €KCIUTyaTtalii CyAeH
pizHoro Tumy. [lojanplii HOCHIKEHHS TMOBHHHI BKJIIOYATH PO3MIMPEHHS KIIBKOCTI MIJCUCTEM,
IHTETpaLlilo 3 CEHCOpaMM y PEeXHMMI pealbHOro 4acy Ta HAaBYaHHS MOJIEN HAa OCHOBI ICTOPUYHUX
IHIUIEHTIB.
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Nykytyuk P., Melnyk O. CREATION OF AN INTEGRATED MODEL FOR ENSURING OPERATIONAL
SHIP SAFETY

The article proposes a novel integrated mathematical model meticulously designed to enhance the operational
safety of ships. This comprehensive model seamlessly combines several critical components: probabilistic risk
assessment, providing quantitative measures of potential hazards; an in-depth analysis of the degradation of
safety barriers, tracking the erosion of protective layers over time or under stress; an aggregate evaluation of
the real-time state of various ship subsystems, unifying heterogeneous data for a holistic view; and robust risk
prediction capabilities grounded in advanced neural network technologies, enabling the forecasting of future
risk trajectories based on learned patterns from complex operational data.

Building upon a robust modeling methodology, a series of five distinct operational scenarios were rigorously
simulated. These scenarios were carefully crafted to encompass a wide spectrum of ship functioning
conditions, critically considering dynamic environmental changes, various technical failures (e.g., machinery
malfunctions, system breakdowns), and the potential loss of efficiency in existing security and safety systems.
Such comprehensive scenario testing allows for a thorough validation of the model's performance across
diverse and challenging operational contexts.

The simulation results unequivocally demonstrate the proposed model's exceptional ability to detect dangerous
conditions at remarkably early stages of their development, far before they escalate into critical incidents.
Furthermore, the model is capable of generating precise quantitative risk assessments, offering clear
numerical insights into potential threats. Crucially, it also produces actionable recommendations for
preventive response, empowering decision-makers with timely and relevant guidance to avert adverse events.
The embedded indicators for integrated risk, safety margin, and continuous safety barrier degradation
monitoring collectively confirm the system's high information content, providing a rich, multi-faceted
understanding of the ship's safety status. This also highlights its remarkable adaptability within a highly
dynamic maritime environment, where conditions can change rapidly and unpredictably. The innovative
approach presented in this work can therefore serve as a foundational basis for the creation of sophisticated
functional platforms dedicated to comprehensively managing the safety of marine vessels. Moreover, it offers
significant potential for seamless integration into modern navigation and broader information management
systems, thereby paving the way for more resilient, predictive, and proactively managed maritime operations
in the future.

Key words: maritime transport; operational safety; integrated model; safety barriers; risk assessment;
degradation; forecasting; ship systems; management process; complex; adaptation; system monitoring;
management processes; decision support.
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TEOPETUYHI MOJEJII AITPOKCUMAILII IIOITPABKH HA
XBUJIIOBAHHA ITPU PO3PAXYHKY I'VNIMBUHMU I KIVIEM

IleTrpoBebkuii A. B., x.m.n., doyenm ragheopu cyonosodinns Xepconcokoi OepawcasHol
mopcvkoi  akademii, M. Xepcow, Vrkpaina, e-mail: andreyanybody@gmail.com,
ORCID: 0000-0002-3337-9577,

Bens A. Il., x.m.n., npogpecop ragedpu cyono6o0inus, npopekmop 3 HayKo80-nedazociuHoi

pobomu  Xepcoucvkoi  Oepacasnoi  mopcvkoi  axaoemii, M. Xepcow,  Vkpainua,
e-mail: a_ben@i.ua, ORCID: 0000-0002-9029-3489.

I10200Hi yMO8U MalOmyb 3HAUHUL 6NAUE HA CYOHO IO uac nepexody, a 30AmHICHb YMPUMyeamu npAeUiIbHy
no3uyilo ma Mo4YHO GU3HAYAMU GE3NeyHi 2NUOUHU € OOHUM 3 HAUGANCIUSIUUX pakmopie be3neunol Hasieayii.
Y ecmammi nposedeno ananiz peanvhux 00CHioNHCeHs 3 PO3PAXYEAHHS NONPABKU HA XGUNIO8AHHS NPU BUSHAYEHH
Under Keel Clearance cyona. Ilpogedeno napamempuuny i0eHmu@ikayito OaHUX ma OmpumMaHo aHalimuyHi
3aneAcHOCMi NONPABKYU HA XGUNIOBAHHS 8I0 O06ICUHU CYOHA MA SUCOMU X6UMb V HAUOIIbUL NOWUPEHUX OIS
excniyamayii cyoen oianazonax xeunv npu pospaxynxy Under Keel Clearance. Buxopucmani memoou ananizy,
iHmepnonayii ma excmpanoaayii 00360aUIU OMPUMAMU K8AOPAMUYHI 3A1€HCHOCMIE, 0OMedCeHi aMNIiNmYy 000
X6uUnb OISl 8Cb020 0OPAHO20 OiANA30HY X6UNb NpU GIONOGIOHIN 008JicuHi cyOHa. Po3pobneno npoepamme
3abesneuenns WaveCheckRoute mosoro npocpamysanna Python 3 nadaunam pexomerOayiii wo0o 30i1buieHH s
NONPABKU HA XGUNIOBAHHA HA KOJMCHOMY HYACOBOMY KpOYi OOpAHUX KaApm NO200U [ Mapupymy 3 Memoio
8NPOBAOICEHHS Y HABYANbHULL NPpOYeC 01 KYPCaHmie 00HoYAcHo i3 mpenasxcepom NaviSailor 4000.

Knrouosi cnoea: enubuna nio Kinem; nonpaexka Ha XeUn08aHus, Oesneuna izobama, Oesneuna nubUHa;
napamempu Hagizayitinoi besnexu EKHIC, nonepedus npoxkiaoka, éniue 6epmuKaibHo20 nepemiujents cyona
Ha KIipeHc.

DOI: 10.33815/2313-4763.2025.1.30.222-236

Beryn. Mopcbki  nepeBe3eHHs CKIIAaloTh HAWNOTY)KHIIIY YaCTUHY TPAHCHOPTHHUX
nepeBe3eHb y CBiTi. Big HUX 3aleXuTh 6araTo €KOHOMIK CBITY: JOCTaTHHO MPUTAAATH 3aTPUMKY
cynna «Evergiven» y Cyenbpkomy KaHaji. Bcboro TrxIeHb 3aTpUMKH, a 30MTKH — HA MIIPJI 10JIapiB
y pi3HHX KpaiHaxX. CBO€4acHICTh MPHUOYTTS CyAHA Ty>K€ BaXKIIUBE ISl CYYaCHUX JIOTICTUYHHX JIAHOK
rocTayaHHs. Y CBOIO 4Yepry Ha CBO€YACHICTh BIUIMBAIOTH IOTOAHI YMOBH, aBapii. 3a ocTaHHI
JIeKiIbKa POKIB HENIaCHI BUIMAJKW HaBIrallifHOTO XapakTepy, Taki SK IocajJka Ha MUIMHY,
tparmsuincs y 40% ycix Bunankis: «"Grounding™ is the incident with the most contributing factors
associated with operational planning» [1] (p. 16). IIpu mocmipkeHHI TakuX BHUMAJIKIB MOKHA
BH3HAYUTH JICKIJIbKA PI3HOBH/IIB TOMIJIOK IITYPMaHIB:

— HEBIpHI HaJaro/pKEHHS eJIEKTPOHHOI KaprorpadiuHoi HairamiiiHoi iHdopmariitHoi
cucremu (ECDIS);

— JIO/ICBKHU (aKTop;

— TIOMWJIKH TP MaHEBPYBaHHI;

— HEMOXJIUBICTh KEPYBaHHS CYTHOM.

HeBwminnas kopekTHO Hamarogutu napamerpu 6esnexu ECDIS, sk nHa cranii monepenaHboi
MPOKJIAJIKH, TaK 1 HA BUKOHABYIH, O(PIIIEPChKUM CKJIaJI0M HABITaIifHOTO MICTKa, IOPOTO KOIITYIOTh
CYIHOIUTABHUM KOMITaHiSIM.

IToctanoBka mnpoOaemu. [Ipy mmIaHyBaHHI TeEpexoay € JEKUIbKa IapaMeTpiB, SKi
HEOOX1JIHO PO3PaxOBYBaTH IO KOKHOMY IuIeuy MapuipyTy: Oe3meuHy i3o0ary (Safety Contour),
oesreuny rmbuny (Safety depth) — sk ocHOBHI Ta i300aTy MinkoBojas (Shallow Contour),
rinbokoBoHy 1300aty (Deep Contour) — sik momatkosi. /o mapamerpy Safety Contour ckiia1oBoi0
KOMITOHEHTOI0 BXoauTh rinbuHa mif kiem (Under Keel Clearance — UKC) [2, 3]:

SAFETY CONTOUR = max(SHIP’S STATIC DRAFT) + UKC — Height of Tide, (1)
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ne Height of Tide — Bucora npuriusy, M.

UKC = SQ UAT + ATswell + ATdock allowance T ATlist + ATpitch + CATZO0C (2)
+ Min Company Requirements,

ne Squat — mpocigaHHs cyaHa, M;

ATy,yer; — 301TBIIICHHS OCAJIKU TP XBHJIIOBAHHI (TTOTIpaBKa HA XBUJIIOBAHHS), M;

CATZOC — noxubka Kateropii 30H4 TOBipU KapTH, M;

ATgock allowance — 3MIHa OCAJIKM CyJlHA 3aBASKW 3MiHI MIIIBHOCTI MOPTOBUX/00MEKEHHUX BOJ Y
MOPIBHSHHI 13 BIIKPUTUM MOpPEM, M;

ATy jtcn — 30UIBIIEHHS OCAJIKU 32 PAXyHOK IU(eEpeHTy, M;

AT};s¢ — 30UIBIIEHHS OCAJKU CyJIHA IPU KPEHI, M;

Min Company Requirements — BHMMOIM UIOAO MIHIM@JIBHOTO KIIPEHCY 3 TMOJIITUKU
CY/HOIIJIABHOI KOMITaHii.

Ha UKC cynna maroTh BIUTUB 6arato (akTopiB 1 OMH 3 HUX — XBUIII (apameTp A Tswell Ipu
po3paxyHKax 3amacy IiJ KUIeM): BITpM HaraHsiOTh BITPOB1 XBHJII, 1HIIOTO TMOXO/KCHHS XBHJII —
Mapa (swell), OiIbII MOTYXXHIII Ta 3 OUIBIIOI AKBATOpI€I pO3MOBCrOKeHHA. [lompaBka Ha
xBUWIIOBaHHS € cyTTeBuUM (axtopoMm 3MiHu UKC, iHOAl Lie MOXe CKJIACTH [0JIaTKOBI METpU
rOuHu. 30inbiieHHS ATswell MOXKE HETaTUBHO BIUIMHYTH Ha PO3KIAJ PyXy CyJHa BHACHIIOK
MO>KJIMBOI 3MIHM MaplIpyTy Ha ACSIKUX IUledaxX MPOKIAJKHU HPU JOCHIHKEHH] TJIMOMH aKBaTOPIM.
BMmiHHS mporHo3yBaTH Ta cBoedacHO peryiroBatu HeoOXxiguuii UKC, y Tomy uMciai 3a paxyHOK
3MiHU A Tswell, 30UTbIITy€ O€3MEKy CYTHOTUIABCTBA.

AHani3 ocTraHHiX gociaiglxeHb i myOaikaumiii. Hapa3i mnposeneHo pocuth 0GaraTo
JOCIIIJDKEHb IIOAO0 3°SICYyBaHHS 3aJIeKHOCTI BIUIMBY XBWJIb Ha cyaHo. [lo mepm 3a Bce, 1€
JOCTIIPKEHHS II0JI0 3B’SI3KY MapaMeTpiB XBWIb MiK CO00I0 Ta Kiacudikailis XBuUib. ¥ poOoTi [4]
nokaszana: «Relationship between speed, length, and period of waves in deep water, based upon the
theoretical relationship between period and length» [4] (Fig. 3702c) i HamaHO TaGuuIO yacy:
«Minimum Time (T) in hours that wind must blow to form waves of H significant height (in feet)
and P period (in seconds)» [4] (Table 3702b). [To octanHiii TabIUII MOKHA OIIIHUTHU 4Yac, 3a SIKUH
XBHJII HaOyIyTh BIANOBIIHOI BHCOTH — «3Ha4yHa BHcoTa XBwiab» (Significant height of waves).
ABTOp [5] OLIIHMB BIJIMB XBUJIb HA CYJIHO, PO3MOILIT XBHJIHOBOTO HABAHTAXKEHHS Ta PO3paxyBaHHS
BEPTUKAIBHOTO 3aHYPEHHS CyJHA IiJ 4Yac KUTHOBOTO XBWJIIOBAHHS 1 OIKCAaB Pi3HI MOAETi 3
OTPUMAaHHS TEPiOy, JMOBXKHWHU XBWJb y PI3HHUX aKBATOpIAX — BCE 1€ IS OIIHKA PHU3HKIB.
Hapmarorbess mommpeHi TOPUKIAAM 3 MaTeMaTHYHOTO MOJICNIOBAHHS BIUIMBY  XBHJIBOBOTO
HaBaHTAKEHHS Ha CyJAHO 1 Pi3HI MOJEIl 3 OTPUMaHHSA TEpPioay, JOBXKHWHHU XBHIIb Y PI3HHX
akBaropisix y [6] poOori. ABTOopu [7] HABOAATH TMOIIMPEHI MNPUKIAAA 3 MaTEMaTHIHOTO
MOJIETIIOBAHHS BIUIMBY XBMJILOBOT'O HaBaHTa)XEHHA Ha cyaHo. OfHak, HaWOUIbII BaXKIUBIIIMMHU 3
MOTJIAy TIepeBE3eHb € JIOCIIIKEHHSI CTOCOBHO NMPAKTHYHOTO BUKOPUCTAHHS OTPUMAaHHUX 3HAHb 3
MOBEAIHKU XBUJIb.

3BiCHO, IO A OE3MEeYHOro CyAHOIUIABCTBA, BHU3HAYCHHSA OE€3MEYHUX TIHOWH BIOBXK
MapIIpyTy pyxy — € OJIHI€IO0 3 TOJOBHUX YMOB, 1, kanbkymsnii UKC mpucBsueHo npocuts 6arato
po0it, Hanpukiaz [2, 8, 9], 1 3 poKy B piK, 3’SIBISIFOTHCS HOBI, OUTBIII KOHKPETU3YIOYi Ta MOSICHIOUI,
y TOMY YHCJi 13 BUKOPUCTAHHIM MapaMeTpa XBUJIHOBOTO 3amacy. Y [9] HamaloTbcs peKoMeHaamii
moao0 HanmaromkeHHs mapamerpiB ECDIS, manpukman: B oOMexeHMX BOAax, SKIpHIA CTOSHIIIL,
MPUOEPEIKHOMY CYAHOIUIABCTBI, BIAKPUTOMY oOKeaHi. OjHak, TpW TEpeBIpPIli MapIIpyTy HE
HamaeTbest MoximuBocTi B ECDIS mepeBipsatH KIIipeHC 3a TOTOAHMMH YMOBaMH, aie
TTOBIIOMJISIETHCS, 1110 11€ 000B’I3KOBO MOTPIOHO POOHTH.

[Mpuknan mocanku Ha MinuHy Oankepa Pasha Bulker Ha Nobby's Beach, Herokacn, Hosuit
[Tienennuit Yensc, 8 yepBasa 2007 poky [10] mocuTh Moka3oBo J0Ka3y€e HEOOXiTHICTh BpaxyBaHHS
XBWJIBOBOTO 3amacy y ToMy 4ucii. Takok MOXIJIMBI CUTyallli MOcaJKu Ha MUIMHY MOOJIU3y MOPTIB,
Ha 10 BIUIMBAE TaKOX 1 HEIOCTaTHE BpaxyBaHHS XBWJIb Y MOpPTax 3 0OMexkeHow rmuouHoro. [loptu
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3 HErNTMOOKMMU aKBaTOPisIMH, HampHkiay, y [liBHIYHOMY MOpi, 4aCTO CTUKAIOTHCS 3 MPOOIEMOIO,
KOJIM XBUWJI1 3HIDKYIOTh €(pEKTUBHY OCaJKy cynaHa. lcTopii iHIuAeHTIB: y raBaHi PoTrepaama, komu
Oyo 3adikcoBaHO NEKiIbKa BUMAIKIB (IITOPMOBI XBWJII CHPUYMHWIM KOHTAKT CyJEH i3 JHOM IIiJ
4ac 3aX0ly); MOpTHU ABCTpaii, e BiOMI BUMIAAKU MOCAJ0K HA MUTHHY i 4ac IITOPMIB, MOB'A3aHi
3 HeBpaxyBaHHsM B UKC xBuipoBoro 3amacy. Po3pobneni cuctemm onrtumizamii pyxy cyaHa
(SPOS) cuctemu, ix aHaynoru, siki ONTUMI3yIOTh MapIIPYT, PO3KIaJ PyXy CyAHA, MalOTh BETUKUH
(dbyHKIIOHAJ, ajeé TeX HE HAMAIOTh KOHKPETHI PEKOMEHAAIlll MO0 HAJIAro/KCHHS IapaMeTpiB
HaBirauiiHoi Oe3neku Mmpu 3MiHI MOroAHUX YMOB. [lesiki mporpamHi NPOIYKTH MOKYTh HajaBaTu
oOMeXEeHHsI aKBaTOpiii 3a OOpaHMMHM KpUTEpisIMH TOrOJHUX YMOB, Hampukiaa, Bon Voyage
System, aje KOHKPETHUX 3HA4YEHb 1 pekoMeHaii 1 po3paxyBanHs UKC Tex He HagatoTh.
AHaJti3 HayKOBHX JIOCTIKEHb MPUBOJUTH 10 AYMKH, 1[0 CTAHOM Ha 3apa3 HeMae JOCTaTHBO
cnponieHux mojeneit 3 orpuManns napamerpa ATswell it UKC. Y po6ori [8] HagaeThest METOAMKA
po3paxynky UKC, ane ngani moa0 MONpaBKHM Ha XBWJIIOBAHHS BPaxOBYIOThCS 0€3 HagaHHS

KOPEKTHUM € BUKOPUCTAHHS MAaTEMAaTUYHUX 3AJICKHOCTEH Ta BpaXyBaHHS, O BHCOTA A Tswell MOXE
JOCATaTH 3HAYEHHS Yy MOJENi JIMIIe J0 3HAaueHHs BiacHoi ammuiityau. [lpu gocraTHboMy
30iNbIIEHH] BUCOTH XBHWJb, BOHM CTAIOTh OLIbII KPYTHUMH Ta IOTYKHHUMH. IX BIUIMB Ha CYJIHO
nepectae OyTH BUKJIIOYHO €HEPTeTUUHUM 1 MOYMHAE BU3HAYATUCS T€OMETPUYHUMHU OOMEKECHHIMHU:

— CYJIHO HE MOXE «3aHyPHUTHUCS» y XBIJIIO OUTBIIIE, HK HA BUCOTY aMIUTITYId, OCKUIBKH 11€
¢bi3uuHe 0OMEKEHHS;

— TMichs TEBHOI BHUCOTH XBWJIl, BEPTHUKAJIbHI KOJMBAHHS CyJIHAa OOMEXYIOThCS MOro
po3MipaMH Ta CTIHKICTIO.

VY poboti [12] posrnsmaroTbcs BEPTUKAIbHI KOJMWBAHHS CyAHA Yy XBWIIOBaHHI, aie
BUKOPHUCTOBYIOThCs Tex Significant height of waves, mo nepeGuiblilye 3HaAY€HHS MOXIIMBOIO
30utbmieHHs UKC muisixom mompaBKW HAa XBHJIIOBAHHS SIK MiHIMYyM y 2 pasu. [lyOmikamii [2, 9]
HA/Ial0Th MOSICHEHHS 3 OaraThox mapamerpiB miisi orpumanHs UKC, ane He MOBHE pO3yMiHHS, SIK
pO3paxoByBaTH TaKy momnpaBky. Posrmsgatorees moaeni ii 30utbmenns y ckiani UKC [13], ane Tex
HE HAJA€ThCs KOHKPETHOI peKOMeHallli 1010 BeJIMYMHY, Ky moTpiono nonasatu 1o UKC. Ilpu
[IBOMY PE3yJIbTAaTH JOCUTh TapHO MiAXOIATH ISl TOAABIIOT0 BUKOPHCTAHHS BXXE MICIII OTPUMAHO1
iH(popMallii 00 HANPSIMKY XBHJIb JJIs 3°sICYBaHHS HeOe3MeUHUX MapameTpiB XBHib. HaBonuThecs
JiarpaMa pU3MKY HEKOHTPOJHOBAHOTO KOB3aHHS TMPH MOMYyTHOMY a00 KOCO-IIOIyTHOMY
xumoBaHHi (Risk of surf-riding in following or quartering seas) [14], sika moka3ye HeOe3rneuHi
30HU MPH ICHYBaHHI MOXKIIMBOCTI B1OOpaXkKaTH pO3MOBCIO/KEHHS XBUJIb Ha KapTi, ajie MOBa He e
PO TMOIIUPEHHS JOCATHEHb Ta BHKOPHCTAaHHS $KOTOCh NPOTPaMHOTO 3a0e3neueHHs s
HaBYaJIbHUX a0o mpodeciiiHux 1ineld. 3aranmpHe mpodeciiiHe KOpPUCTYBAaHHS OyAb-SKHUMU
HayKOBUMH PO3pOOKaMHU III€] TEMATHKU € CKJIATHUM. Te 5K CTOCY€eThCs 1 TpeHaXepiB AJi1 HABYAHHS
cyaHOBOIiB. ONHCYIOTBCSI BUMOTH /O TpEeHaXepiB — cumyisatopiB [15], y Tomy umchi 3
BUKOPHCTAHHSAM MOTOJIH: «...create a real-time operating environment, including navigation control
and communications instruments and equipment appropriate to the navigation and watchkeeping
tasks to be carried out and the manoeuvring skills to be assessed; and realistically simulate «own
ship» characteristics in open-water conditions, as well as the effects of weather, tidal stream and
currents» [15] (p. 8). 3BicHo, Tpenaxep NaviTrainer 5000 na 6a3i XepCOHCHKOI Aep>KaBHOL
MopchKoi akaaeMii (XIMA) Haae Taky MOXJIMBICTb, aje MepeBipkH MOOyA0BAaHOTO MapuIpyTy Ha
HeOe3MeyHi MoroIHi YMOBH HE pOOUTH, X04a 1 MOJIEITIOE 11 mapaMeTpH.

Amnani3 [16], o0 mpaBUI HECEHHsI IITYPMaHChKO1 BaXTH, BUSIBUB TAOJIUINIO PO3PaXOBaHUX
3HaueHb ATswell HA 0a3i eMITIpUYHUX JaHUX, aje BOHA JyXe OOMEXKeHa, i, MOmpHU Te, IO BOHA
PEKOMEHJOBaHa JI0 BHMKOpPHMCTaHHS B YKpaiHi (IIpOCTOTa Ta IIBUJKICTh BHUKOPUCTAHHS Y
HaBYAJIBHUX Ta MPOQECciiHUX LiJAX), TOTPIOHO JOCHUTH YaCTO MEpPepaxoBYBATH IHTEPHOIAIIHHAM
METOJIOM MPOMIXKHI 3HAUEHHS 111010 JOBXKUHH CyJHA Ta KPoKy XBuib y 0,5 M (Tabm. 1):
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Tabmuus 1 — 3HaueHHs MONpPaBKM Ha XBWIIOBAHHS TPU BINIMOBIIHUX: JOBXKHHI CyJHA Ta BUCOTI
XBWIb [16]

Hoescuna cyona, m Bucoma xeunv, m

1 2 3 4
75 0.2 0.7 1.2 2.0
100 0.2 0.6 1.1 1.7
150 0.1 0.4 0.8 1.3
200 0.1 0.3 0.7 1.1
250 — 0.3 0.6 1.0
300 — 0.2 0.5 0.8

JlogatkoBo, st 30i7bIIEHHS TOYHOCTI BpaxyBaHHA ATswell 0OOB’S3KOBO TMOTPIOHO
aHaJTI3yBaTH KypCOBI KYTH XBUJIb Ha JIUISHKAaX MapmipyTy (miarpamu bormanosa, Pemesa). Ha xanb,
y Tabmuii oOMeXeHa KUIbKICTh 3HAa4eHb BUCOTH XBWUIb 10 4 M, mo OyJI0 OOYMOBICHO
MOXJIUBOCTSIMH OTPUMAaHHS EMIPUYHUX JaHUX. ToMy 3a/uisi CHpOIIEHHS BUKOPUCTAHHS Y
npodeciiiHiii TisTHHOCTI TaKUX TaOIUIL OakaHo Oysio 6 MaT TOTOBiI po3paxoBaHi daHi ATswell 3
KPOKOM JIOBXKHMHHU cyHa 10 M Ta KpokoMm BHCOTH XBHJIb 0,5 M. MeHIIII KPOKH ISl TOBKUHH CyaHA
JaayTh MiIBUIICHHS TOYHOCTI, ajie 1Ie He CYTTEBO MPH BIAMOBITHUX JOBXKUHAX cyaHa. Hampukmnan,
npu po3paxyBaHHi ATswell 11 qoxkuHu 200 M ta 150 M — piznung 50 M, a pizHULSA ATswell Ha
XBWJISIX BUCOTOIO 4 M ckianae BChoro 0,2 M, To0TO KoxkHI 10 M TOBXHHM CynHA — 11e 4 CM; SKIIO
PO3IIIsAIaTH 3MEHIICHHS KPOKY BUCOTH XBWJIb, TO A7 0,5 M BHCOTI XBHJIb MAaKCUMAaJIbHE 3HAUCHHS
ATswell OYIKY€TBCS 10 3HAYCHHS aMIUIITYAM XBWJI, TOOTO a0 25 cM, ane TyT 1€ MOTpiOHO
BpaxoOBYBaTH HETOYHICTh BUMIPIOBAHHS Ta HE IMOCTIHHICTh BUCOT XBWIb [4—6, 14], came 3 4Horo i
obupatots BucoTy Significant height of waves. Ha nanmii gac Bxe € po3po0JieHi 1 BUKOpPHCTaHi y
npodeciiiHii TisIpHOCTI HayKoBi po3poOku [14]. Po3pobieno Ta mportecTtoBaHo mpuiaa Wave
radar analyzer, sKkwii J03BOJISiE BHU3HAYATH MApaMeTPH XBWJIb HA0YHO Ta MOJCIIOBATH 32
perpeciitHuMu MOJIEIsIMU XBHJII, TTOOyZ0BaHO cXemy Kiacu(ikaiii JaHUX XBWJIb Yy perpeciiHii
Mozeni. 3BICHO, Taka TOYHICTh (3aBISKH BUKOPHCTAHHIO TpUJIaJy caM€ Ha MICIl MOjii)
BHMAaraeTbcsi MPU BUKOHABUIA TPOKIIAJI, ajle BCE X TaKM HE HAJa€ PEKOMEHIAINA II0J0
BpaxyBaHHs mapamerpa ATswe y UKC, nuie po3paxoBye 3HaYHY BHCOTY XBUJIBOBOi CKJIaJIOBOi
MapH 1 BUMara€e HasBHOCTI BCTAHOBIJICHOTO MIPWJIay Ha OOPTY CyjHa.

VY pes3ynbTaTi cy4acHi JOCHIPKeHHS XBWJIb Ta BpaXyBaHHS iX BIUIMBY Ha CYIHO JOCTaTHBO
JOCTIKEH1, ajle PeKOMEHJIallii, MOIIMpEeHHs y MpodeciiiHiii/HaBuaibHIi MISIBHOCTI CIPOLICHUX
PO3paxyHKiB y HaHOUIBII MOMIUPEHUX Jiana3oHax JOBXKHH CyJIeH Ta BUCOTH XBHWJIb 3 BIJIIOBITHUMHU
KpOKaMH, HEMae.

Metoro crarTi € TMOOy/J0Ba aHANITUYHUX 3AJIEKHOCTEH MOMPABKM HAa XBUIIOBAHHS BiJ
JOBXKWHU CYJHA Ta BUCOTH XBWJIb y HAHOUIBIN MOIMUPEHHUX JUIS SKCIUTyaTallii CyJeH Jiana3oHax,
oTpuMaHHS TaOyJIbOBaHUX 3HAUEHb 1 MPOrPAMHOTO MPOAYKTY AJS KOPUCTYBaHHS Y HABYAIBHUX
LIISX KypcaHTaMU OJIHOYacHO 13 TpeHaxxepoM NaviSailor 4000.

O0’ekTOM [0CJiIKEeHHS € BU3HAUEHHS I[apaMeTpa IMOMPaBKH Ha XBHWIIOBAaHHS s
po3paxynky UKC.

MeToau 10CTiKeHHS: METOU IHTEPIIOJSIIII, eKCTPAIOJIALIl, aHaTi3y OTPUMAHUX JTAaHUX.
3amadi JOCHIHKEHHS: PO3pOOKa MaTeMaTUUYHUX MOJIECTIEH Ui TaOyJIFOBaHHS 3HAYCHb MOMPABKH Ha
XBUJIIOBAHHS TPU PI3HUX BHCOTaX XBWJIb Ta JIOBXHUH CyAHA 1 PO3poOKa MPOTpamMHOrO MPOIYKTY
WaveCheckRoute, skuii moBuHEH BiZOOpakaTH 3 KPOKOM OTPUMAHHUX TIOTOJHUX KapT BiJ
nporpamaoro nponykrty ZyGrib (FreeWare) [17] mo3umito cyaHa BAOBX MapIIpyTy, HampsMK{
BITPY Ta BUCOTHU XBWJIb, PO3PaxOBaHUM IS 1€l mo3ulii napamerp A7Tswell, IK pEKOMEHI0BaHUHN s
momasands no UKC, BigmoBimHi HeOe3meuHl 30HH IS JOJATKOBOIO OOMEXKEHHS HaBIralliiiHOIo
MPOCTOPY, HAMpPHUKIA], MPHU TMEPEBUINCHHI JIMITY BUCOTH XBWJIb. Y paMKaxX JOCTITKEHHS HE
MigidManucs MTUTaHHS BIUTUBY: KYPCOBHX KYyTIB Ta YacCTOTH XBWJIb — HA BEJIMYMHY IONPABKU HA
XBUJIIOBaHHS; CTYIIEHIO 3aBaHTAXEHOCTI CyJIHA — HA aMIUTITy1y KOJIMBAaHb CyJIHA.
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OcHoBHa yacTuHa. JlJis po3paxyHKy MOAAIBIINX 3HAYeHBb napameTpa ATswell (3aJI€KHO BiJl
JIOBXKMHHM CyJTHA Ta BUCOTH XBUJIb) JJIsl MPOJOBXKEHHsI TabJ1. 1 MO BUCOTI XBUIIb, @ TAKOX)K OTPUMAHHS
MPOMDKHUX 3HA4€Hb, MOKHA BHUKOPHUCTATH eMITipuuHi (opMynn abo ampokcHMalliro Ha OCHOBI
Ha/IaHUX JaHUX Tabi. 1 1 HamaraTucs OTPUMATH 3HAUYEHHS 3 BIIHOCHOIO MOXHOKo0 MeHIe 10%.

JUIss MABWINEHHS TOYHOCTI MOJENEH MOTPiOHO OTPUMATH JOJATKOBI TOYKH, HAIPUKIIA],
NPOMDKHI 3a JONOMOTOK METOMy JBOXBUMIpHOI iHTepmnosauii. CrnoyaTKy IHTEpPIOJIOIOTh IO
psankax (3):

x = ©)

ATswellx,j = ATswelli,j + (ATswelli.H’j - ATswelli,j)

livi =1

1 BJK€ TIOTIM — I10 CTOBMIX (4):

— 4 4)
ATgettyy = ATowery + 72 (ATowetty, ;1 — ATowetty,
x, swelly, swelly j+1 swelly j )’
Y ) Hiy1 — H; J J
ne li —3HauCHHS JOBKUHHM Cy/IHA i-TO KPOKY, M;
Hj — 3HaueHHs BUCOTH | XBHIIL;
ATswellij — BinoMe 3Ha4eHHs A Tswell y KiiTUHLI (1, ]);

X — TOYKa JUIsl IHTEPIONIALIT O psaKaX;
Y — TOuYKa JUIsl IHTEPHOJIALIT O CTOBMISX.

Hamni, ans noOynoBU eKCTpanosiiianX AaHux ATswell MTOTPIOHO 3’SICYBaTH MOMJIMBHU THIT
(yHKIIIT 32JIE)KHOCTI BiJl BUCOTH XBHJIL. J[JIs1 KOXKHOTO pO3Mipy Cy/Ha BOHa OyJie BjacHa BHACIIJIOK
pi3HOTO pe3yNbTaTy BIUIMBY XBUJIb HA CyJIHA Pi3HOT JOBXKHHU. EHepris MopchKOi XBUJI1 MOB'A3aHa 3
il XapakTepuCTHKaMH, TaKMMH SIK BHCOTA, JOBXKMHA, MEpioJ 1 MIUIBHICTH BOAU. MOpCHKI XBuUII
MIEPEHOCATh EHEPTio 3aBJSKU PyXy BOJAU. SIKIO XBUIJII BiTHOCHO HEBEJIMKI, TO iX BIUIUB Ha CYJIHO
MO)KHa OIMCAaTH KBaJpPaTUYHOIO 3aliexkHICTio. lle moB'a3aHO 3 TUM, LIO0 €HEpris XBUJIl IPSIMO
IponopuiiHa KBaapaTy ii BUCOTH (5):

E~H%  E=-pgH?, (5)

ne E — eneprist xBuii Ha OIMHUIIIO IO, JIXK/M?;
p — TyCTHHA BOJIH, KI/M°;
J — OPUCKOPEHHS BiIbHOTO MafliHHsA, M/C?;
H — BucoTa xBwmi (pi3HHIIA MiX TpeOSHEM 1 3aITaINHOI0, Y METPaXx).

CynHO «BIHUCYETHCS» Yy XBWIIO, 1 HOTO pyX (KiJTbOBa XWTABHIISA, BEPTHKAIbHI KOJIMBAHHS)
3aJIeKUTh BiJ eHeprii xBuil. CaMe TOMy KBaJjpaTH4YHa 3aJIeXKHICTh J0OpE ONUCY€E BIUIMB XBUJIb Ha
CYJIHO.

3a OTpUMaHMMHU NPOMDKHUMH pe3yibTaTaMH OyIyroTh TIpadiku 3aJIe)KHOCTEH 3
BUKOPHCTaHHAM MaKeTa mporuo3y Big MS Excel 2016 3 MakcuMaibHO MOKIMBUM 3HAaUeHHAM R2.

Hactynmaum kpokom € moOyaoBa TaOJMIN BCIX MPOMIKHHX PE3yJIbTaTiB, pO3paXxOBaHUX I10
OTPUMaHUX 3aJISKHOCTSAX 3 METOIO BHSIBIICHHS BIJIHOCHOI MOXMOKH 1O BCiX KPOKaxX MOJEIIOBAHHS
(IOBXHMH CyZeH 1 BUCOTHM XBWJIb) JJIsi NMOPIBHSHHA. YMOBOI BpaxyBaHHS TapHOTO pPe3yJbTaTy
MOJEIOBAHHS 110 KOXKHIM MO3UIIT € 3HAYEHHS BITHOCHOI ITOXUOKHU He O1nbiie 10%.

Axio oTpuMaHi 3aJIeKHOCTI TTOBHICTIO 33I0BOJIBHAIOTE YMOB1 ToXuOku 10 10%, TO 1IIH0BI
3Ha4eHHs A Tswell IO BCIX JIOBKMHAX PO3PaxOBYIOTh 1 HAAAJ1 AJIs OUTBIINX BHCOT XBUJIb 32 YMOBOIO,
0 OTpUMAaHE 3HAUYEeHHs He Oulblie amIunTyau XBuil. [Ipu 1poMy, SKIIO po3paxoBaHE 3HAUEHHS
ATswell IPH BIATOBIAHIM BUCOTI XBUJIl AOCSATA€ aMIUTITYIi XBHJI, TO BCI MOAAJIBINI PO3PAXyHKH, IPU
Til caMiif JOBXKUHI CyJHA, TOBUHHI 3J1HCHIOBATUCS 32 MPaBUWIOM, IO A7swell TOPIBHIOE aMILTITYAH
xBui (6):

T fi(Hy),  fi(H;) < H;/2
=1 H; )
swell; j %’ fi(Hj) > Hj/2

e fl(HJ) — oTprMaHa aHamiTHIHa QyHKIs fi 17151 cyTHA TOBXKHMHOLO I, TPU BUCOTI XBWIb Hj;

(6)
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HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

H; — xBuni Bucotoro Significant height of waves j kpoky.

Skmo 3HaueHHs Mae Ounbiry 3a 10% moxuOKy, MOTPiOHO 3’SCYBATH 3HAYYILICTh NOXHOKU
JUIsl aOCOJIIOTHUX 3HAUEHb: BUCOTH XBUJI1, PO3PaXxOBAHOTO A Tswell 1 TOBXHUHU CyIHA.

BuxopuctoBytoun MeTon HaWMEHIIMX KBaJpaTiB Ha 0a3l eTajoOHHUX 3Ha4eHb Tabm. 1,
OyAyIOTh EMITIPHYHI 3QJICKHOCTI IS TOJAIBIIOTO po3paxyBaHHs A Tswell 3aJI€KHO BiJl BACOTH XBHIIb
JUISL KOSKHOT TOBKUHU cyaHa (Tadu. 3) 3 kpokom 10 M 3 Bukopuctanasim MS Excel 2016. dianazon
XBUJb OOHMPAIOTh SK HAWOUIBIN MOMIMPEHUN UIsI KOMEPIIWHUX CYyJEeH 3 ypaxyBaHHSIM YMOB
LITOPMIB.

OcHoBHi pe3yiabTaTH Ta iX od0roBopenHs. [licns po3paxyHKy METOAOM JABOXBUMIPHOI
inTeprionsnii (3), (4) mo manuM Tabn. 1 3 KpokoMm JOBKUHU cyqHa 10 M Ta KPOKOM BHCOTH XBUJIb
0,5 M orpumano A Tswell (Tadd. 2):

Tabmuis 2 — 3aranbHa TaOIHILIS TONPABKU HA XBUJIIOBAHHS 3 IHTEPIONSLIMHUMY 3HAYEHHSIMU

Jlosacuna cyona, m Significant height of waves, m
1 2 3 4 5 6 7 8

1 1.5 2 2.5 3 3.5 4

75 0.2 0.45 0.7 0.95 1.2 1.6 2
80 0.2 0.44 0.68 0.93 1.18 1.56 1.94
90 0.2 0.42 0.64 0.89 1.14 1.48 1.82
100 0.2 0.4 0.6 0.85 1.1 14 1.7
110 0.18 0.37 0.56 0.8 1.04 1.33 1.62
120 0.16 0.34 0.52 0.75 0.98 1.26 1.54
130 0.14 0.31 0.48 0.7 0.92 1.19 1.46
140 0.12 0.28 0.44 0.65 0.86 1.12 1.38
150 0.1 0.25 0.4 0.6 0.8 1.05 1.3
160 0.1 0.24 0.38 0.58 0.78 1.02 1.26
170 0.1 0.23 0.36 0.56 0.76 0.99 1.22
180 0.1 0.22 0.34 0.54 0.74 0.96 1.18
190 0.1 0.21 0.32 0.52 0.72 0.93 1.14
200 0.1 0.2 0.3 0.5 0.7 0.9 1.1
210 0.09 0.2 0.3 0.49 0.68 0.88 1.08
220 0.08 0.19 0.3 0.48 0.66 0.86 1.06
230 0.07 0.19 0.3 0.47 0.64 0.84 1.04
240 0.06 0.18 0.3 0.46 0.62 0.82 1.02
250 0.05 0.18 0.3 0.45 0.6 0.8 1
260 0.04 0.16 0.28 0.43 0.58 0.77 0.96
270 0.03 0.15 0.26 0.41 0.56 0.74 0.92
280 0.02 0.13 0.24 0.39 0.54 0.71 0.88
290 0.01 0.12 0.22 0.37 0.52 0.68 0.84
300 0.005 0.1 0.2 0.35 0.5 0.65 0.8

— KOBTI KJIITUHKHU — Bimomi 3HaueHHS A Tswell;

— TIOMapaH4yeBi KIITUHKY — BiIOMi 3HAUEHHSI TapaMeTpiB;

— BUJAUIEHUM HIPHU(TOM — KPOKH JTOBKHHH CY/IHA TA BUCOTU XBUIIB;

— BCI iHIII 3HAYEHHS — IHTEPIOIbOBAHI IBOXBUMIPHOIO IHTEPHOIIALI€I0 3HAUCHHS A Tswell.

[To6ynoBani rpadiki aHATITHYHMX 3aleKHOCTEH 3 JOCHTh BEIMKOK TOYHicTIO R2x1
ONMUCYIOTh AaHi Tabn. 1 it 3HaueHb ATswell (puc. 1) AN KOXKHOTO KPOKY JOBXHMHHU CYIHA, SIKi
3aHEeCEeH1 TaKOX y Tao. 3.
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8

Pucynoxk 1 — I'padix 3a1e5xHOCTI A Tswell BT BECOTH XBWIIb JUTSI PI3HUX JOBKHH CyIHA

\./ =0,0667x% + 0,2352x - 0,0814

10

Bukopucranns makera nporno3y Bin MS Excel Hamano MOXIHMBICTE OTpUMATH KOHKPETHI
AQHATITUYHI 3QJIKHOCTI JUISI KOXKHOI TOBXKUHU CyJHA (Tadu. 3).

Tabmuus 3 — 3anexxnocti ATswell Big Bucotu Significant height of waves mo kpokax 10 M 10oBXuHU

CyJIeH
Aosocuna Ananimuuna 3anescnicms fi A ocmoeipnicn.t"b Hosncuna Ananimuuna 3anexcnicmo, fi A ocmosipnicn?
cyoua, m anpokcumayii | cyona, m anpoxcumayii
1 2 3 4 5 6

75 0.0714H? + 0.2286H - 0.075 R2=0.9978 190 0.0476H? + 0.1162H - 0.0729 R2=0.9982
80 0.0667H? + 0.2352H - 0.0814 R?=0.9984 200 0.0476H? + 0.1048H - 0.0643 R2=0.9972
90 0.0571H? + 0.2486H - 0.0943 R?=0.9994 210 0.0452H? + 0.111H - 0.0746 R?>=0.9982
100 0.0476H? + 0.2619H - 0.1071 R2=0.9999 220 0.0429H? + 0.1171H - 0.085 R2=0.9991
110 0.0476H2? + 0.2419H - 0.1071 R2=0.9999 230 0.0405H2 + 0.1233H - 0.0954 R2=10.9996
120 0.0476H2 + 0.2219H - 0.1071 R?>=0.9998 240 0.0381H2 + 0.1295H - 0.1057 R?>=0.9998
130 0.0476H? + 0.2019H - 0.1071 R2=0.9998 250 0.0357H? + 0.1357H - 0.1161 R2=0.9996
140 0.0476H? + 0.1819H - 0.1071 R?=0.9998 260 0.0338H2 + 0.1361H - 0.1249 R2=0.9998
150 0.0476H? + 0.1619H - 0.1071 R?=0.9998 270 0.0319H2? + 0.1365H - 0.1338 R?>=0.9998
160 0.0476H2 + 0.1505H - 0.0986 R2=0.9997 280 0.03H? + 0.1369H - 0.1426 R2=0.9996
170 0.0476H2? + 0.139H - 0.09 R2=0.9994 290 0.0281H? + 0.1372H - 0.1515 R2=0.9992
180 0.0476H2? + 0.1276H - 0.0814 R?=0.9989 300 0.0262H? + 0.1376H - 0.1604 R?=0.9986

3a OTpUMaHUMH aHATITUIHUMU 3JICKHOCTSIMU 3p00JIeHI po3paxyHKHU BCix 3HaYCHB A Tswell Y
MeXax €TaJIOHHUX 3HaueHb BHCOT XBWIb BiJl 1 M 10 4 M 3 kpokamu: 0,5 M — mo xBujsix Ta 10 M —
1o JOBXHHI cyaHa (Tabm. 4). MeToo moOyAoBU Takoi TaOJIMI € BU3HAUYEHHS BiTHOCHUX MOXHOOK
po3paxoBaHux 3Ha4eHb ATswell (Tabn. 4) Mo aHANITUYHUX 3aNEKHOCTAX (Tabn. 3) CTOCOBHO [0
Ha/IaHUX ETATOHHMX AaHWX (Tabin.l) Ta iHTepmomaniiHux (Tadn. 2). Buninenum mpudToMm — s
TIOPIBHSIHHS 13 €TAIOHHUMHU 3HaYeHHSIMU Ta0. 1.
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Tabmuus 4 — PospaxoBani 3HaueHHS A Tswell y MEXKaxX €TAIIOHHUX 3HAYEHb BHCOT XBHJIb Ta JIOBKUH

CyIHa

Josoxcuna cyona, m Significant height of waves, m
1 2 3 4 5 6 7 8

1 15 2 2.5 3 3.5 4

75 0.23 0.43 0.67 0.94 1.25 1.6 1.98
80 0.22 0.42 0.66 0.92 1.22 1.56 1.93
90 0.21 0.41 0.63 0.88 1.17 1.48 1.81
100 0.2 0.39 0.61 0.85 1.11 1.39 1.7
110 0.18 0.36 0.57 0.8 1.05 1.32 1.62
120 0.16 0.33 0.53 0.75 0.99 1.25 1.54
130 0.14 0.3 0.49 0.7 0.93 1.18 1.46
140 0.12 0.27 0.45 0.65 0.87 1.11 1.38
150 0.1 0.24 0.41 0.6 0.81 1.04 1.3
160 0.1 0.23 0.39 0.58 0.78 1.01 1.27
170 0.1 0.23 0.38 0.56 0.76 0.98 1.23
180 0.09 0.22 0.36 0.54 0.73 0.95 1.19
190 0.09 0.21 0.35 0.52 0.7 0.92 1.15
200 0.09 0.2 0.336 0.5 0.68 0.89 1.12
210 0.082 0.19 0.328 0.49 0.67 0.87 1.09
220 0.08 0.19 0.32 0.48 0.65 0.85 1.07
230 0.07 0.18 0.31 0.47 0.64 0.83 1.05
240 0.06 0.17 0.31 0.46 0.63 0.81 1.02
250 0.055 0.17 0.3 0.45 0.61 0.8 1
260 0.045 0.16 0.28 0.43 0.59 0.77 0.96
270 0.03 0.14 0.27 0.41 0.56 0.73 0.92
280 0.02 0.13 0.25 0.39 0.54 0.7 0.89
290 0.01 0.12 0.24 0.37 0.51 0.67 0.85
300 | 0.0034 0.1 0.22 0.35 0.49 0.64 0.81

Po3paxoBaHi 3Hau€HHS BIIHOCHUX MOXUOOK /715 TaHUX Tabu1. 2 Ta Tabi. 4 3aHeceH1 y Tadi. 5.

Tabmuig 5 — BignocHi moxubku, %

Hosxncuna cyona, m Significant height of waves, m
1 2 3 4 5 6

1 15 2 25 3 3.5 4

75 0 4.4 4.3 1.1 4.2 0 1
80 10 4.5 2.9 1.1 3.4 0 0.5
90 5 2.4 1.6 1.1 2.6 0 0.5
100 0 25 1.7 0 0.9 0.7 0
110 0 2.7 1.8 0 1 0.8 0
120 0 2.9 1.9 0 1 0.8 0
130 0 3.2 2.1 0 1.1 0.8 0
140 0 3.6 2.3 0 1.2 0.9 0
150 0 4 25 0 1.3 1 0
160 0 4.2 2.6 0 0 1 0.8
170 0 0 5.6 0 0 1 0.8
180 10 0 5.9 0 1.4 1 0.8
190 10 0 9.4 0 2.8 1.1 0.9
200 10 0 12 0 2.9 1.1 1.8
210 8.9 5 9.3 0 1.5 1.1 0.9
220 0 0 6.7 0 1.5 1.2 0.9
230 0 5.3 3.3 0 0 1.2 1
240 0 5.6 3.3 0 1.6 1.2 0
250 10 5.6 0 0 1.7 0 0
260 125 0 0 0 1.7 0 0
270 0 6.7 3.8 0 0 14 0
280 0 0 4.2 0 0 14 11
290 0 0 9.1 0 1.9 15 1.2
300 32 0 10 0 2 15 13
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Pe3ynbpTaT mokpairyoThCs MpU 30UIBIIEHH] BUCOTH XBUJIb, KPIM BUCOTH y 1 M. 3HaueHHs
noxubku 32% 3MaeThCs 3aBEMKUM, ajie, pO3TIsAaroun aOCOMIOTHE 3HAUYEHHA MokazHuka y 0,5 cM
(0,005 m) Ha moxwuHiI cyaHa y 300 M, 1ie B3araji MOXHA paxyBaTH CTATHCTHYHOIO MOXHOKOI0 abo
He 3HauynuM. Ti K MOsiCHeHHs 1 Juist 3HaueHHs 12,5% mpu nomxkuHi cyana y 260 m. Bzarani 1 m
XBUJII HE € HEOE3MEeYHUMHU JJII KOMEPIIMHUX CYJIEH BHACTIZOK iX PO3MIpy, TOMY Ili€l BUCOTI HE
MPUALISETHCS yBara y AOCTIIKEHHI.

Tabmuus 6 — Po3paxoBani 3HaueHHS A Tswell IO KPOKax

’ZZ;SZZIZ‘I Significant height of waves, m
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1] 15 2| 25 3] 35 41 45 5| 55 6| 65 71 75 8
75 023043 | 067094 125| 16[198|225| 25 |275] 3 |325]| 35 |375| 4
80 0221042 | 066092122 |15 |193]|225| 25 |275]| 3 |325| 35 |375| 4
90 021041 | 063|088 |117 148181218 | 25 |[275| 3 |325| 35 |375| 4
100 02039 061085|111|139| 172041239275 | 3 |325]| 35 [375]| 4
110 018036 | 057| 08]1.05|132|162]195|229|266| 3 |325]| 35 |375| 4
120 0.16 | 033 | 053[075]099 125|154 186219255294 |325| 35 |375| 4
130 014| 03| 049| 07093 118|146 |1.77 209|244 |282|322| 35 |375| 4
140 0121027 | 045065087 111|138 |168|199|233| 27|309| 35|375| 4
150 01/024) 041 | 06081104 | 13|159)|189|222|258)|296 336 |375| 4
160 01[023] 039|058 |0.78|1.01 |127|154|184|217|252|289|329|371| 4
170 01][023) 038|056 (076098 |123| 15| 18211 |246|282|322|363| 4
180 009]022| 036[054]073|095[119 146175206 | 24276 314|355 3.99
190 009)021| 035|052| 07092115141 | 17]201[234)|269|307[348| 39
200 009| 02| 033] 05]068 089|112 ]137|1.65]|195] 228|263 3| 34382
210 0.082 1 019 0328|1049 | 067 | 087 109134161 | 1922225 |292| 33|371
220 008|019 | 032|048 )0.65|0.85|107 131|157 |186|216)|249 284|321 36
230 007018 | 031047064083 ]105|128 153|181 | 21242 |275|311)| 348
240 006|017 | 031046063081 |102]|125|149|176|204|235]|267|3.01]| 337
250 0.055 | 0.17 03[045)|061| 0.8 11122145171 ]198|227 258|291 3.25
260 0045|016 | 028043 /059 07709 |117| 14[165)191 219|248 | 28| 3.13
270 003014 | 027041 056073092113 |135|158|183| 21| 238]2.68 3
280 0.02013| 025039054 | 07]089]|1.08|129|152]|176|201]|229 ]| 257 | 287
290 001012 | 024037051 |067 085|103 |124|145[168 193|219 |246)| 2.74
300 0.003] 01| 022]035]049|0.64]081]099|118]139|161 184|209 ]235] 2.62
1 17 18 | 19 20 21 22 23 24 25 26 27 28
8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14
210 | 413 | 45 475 |5 5.25 5.5 5.75 6 6.25 6.5 6.75 7
220 | 4.01 444 | 475 |5 5.25 5.5 5.75 6 6.25 6.5 6.75 7
230 | 3.88 429 | 473 |5 5.25 5.5 5.75 6 6.25 6.5 6.75 7
240 | 3.75 415| 456 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7
250 | 3.62 4] 439| 481 524 | 55 5.75 6 6.25 6.5 6.75 7
260 | 347 384 | 422 | 462 | 503| 546|575 6 6.25 6.5 6.75 7
270 | 3.33 368 | 404| 442 482| 523] 565]| 6 6.25 6.5 6.75 7
1 17 18 | 19 20 21 22 23 24 25 26 27 28
280 | 3.19 352 | 387 | 423 46| 499 54| 5.82]6.25 6.5 6.75 7
290 | 3.04 336 | 369| 403| 439| 476| 514| 554 | 595| 6.38]6.75 7
300 2.9 32| 351 | 384 417 452 | 489| 526| 565| 6.06| 647 6.9

Buginennm mpudToM mMoKazaHi po3paxoBaHI 3HAYCHHS Ha MICIl €TaJOHHHX 3HAYCHb 3
Tabn. 1 (BUHATKOM € 3HAYEHHS MPH BUCOTI XBWIb 1 M 1 AoBxkuHi cymHa 250 m, 300 wm, sxi
BCTAaHOBJICHI Ha piBHI 5,5 cMm Ta 0,3 cM, 10 y TOPIBHSAHHI 13 JIOBXKUHOIO CYyJIHa BCE OJHO MAalOTh
CTaTyC CTATUCTUYHOI MOXUOKH MpH po3paxyBanHi A Tswell).

IIporpamua peadizauis. Ha 06a31 oTpumaHux Mojeneii po3poOJICHO MporpaMHe
3abe3neueHHs y omnepatiinii cuctemi Windows 11 3 BHUKOpHCTaHHSM HpPOTrpaMHOI OOOJOHKH
Spider v6.0 y cepenosumii Python v3.12.8. Anami3 ctpykrypu (aitniB grib kapT 3711HCHIOBABCS 3a
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ONMMCOM CTaHMapTiB Ta cremudikamiii [18, 19]. Bci po3paxyHKHM IHCTaHIH 3a aarOpuTMOM
3nificHioroThes 1o Greate Circle, a mapipyT 3 ECDIS BioOpaxaeThest y JIOKCOAPOMIi.

[Mopsimok onpanboByBaHHS MapIIPYTy KYpPCaHTOM:

1. 3aBantaxyerbcs kapra noroau Grib /it BiANOBITHOTO MPSIMOKYTHHUKA KOOPAMUHAT, MPH
IbOMY MOXX€ BHUKOpPHCTOBYyBaTucsi Freeware mporpamue 3a0esnedeHHsi, Hanpukiana, zyGrib (6ina
YaCTHHA KapTH — TaM JIe HeMa€ 3Ha4eHb XBHJIb, B OCHOBHOMY — Land).

2. 3MIACHIOITHCS HAJNAIITYBaHHS IMIOJ0 MOJANBIIMX pPO3paxyBaHb Ta BiJOOpaKEHHS
(HaBeseH1 3HAYEHHS — 3HAYEHHSA 3a 3aMOBYYBAHHSAM, IMOJAJbIII KPOKM — BHUKOPHCTaHHSA caMe
BKa3aHUX 0OMEKeHb, puc. 2):

rll-'| Settings ? -

Wave Height Restrictions, swell (1)
g

‘Wind Wave Height Restrictions (M)

aves ( Fo

2

Restrictions on Total Wave Height (M)
8

Ship's length with step by 10m (75,80,90,100..300mM) .
150

Save ]

on
@
1=
©
°
S
=
=1

Pucynok 2 — MeHto HaamTyBaHb OOMeXKeHb Ta JJOBKUHH Cy/THA

3. 3milicHoeThes iMnopT Mapupyty 3 ECDIS y ¢opmati .RT3 i 3aBaHTa)Xy€eThCS MOBEPX
Kaptu noroau (puc. 3).

(W | WaveCheckRoute

File Seawaves

Open GRIB file
Open route (rt3)

Pucynok 3 — Jliajorose meHio BUOOpy aiinis noroau y ¢popmari .grb.bz2 i mapuipyty .RT3

4. ObupaeThcs po3KIA] PyXy 3a MApIIPYTOM, SIKIIO TaM JEKiIbKa BapiaHTIB, porpama ix
BiJjoOpaxae 1 BUMarae BUOOpy OfHOTo 3 HUX. KoopauHatu y psaKy cTaTyCcy HaBe/IeH1 y JeCSTKOBIN
Ta HapiramiiHii ¢opmax. Ha xkapTi KkoopaMHATHM HaJaHi y JECATKOBIH ¢opmi, sKa
BUKOPUCTOBYETHCS 3a BIJOMHUMH MpaBWIaMU IPH NPOTpaMyBaHHI: «-» — 3axiJHa JIOBroTa Ta
MiBJIEHHA IIMPOTA, «+» — CXi/IHA JOBroTa i MiBHIYHA MUpPOTa (puc. 4).

Significant height of swell waves ( Forecast through 12 hours)

— Route

Latitude (degrees)
w
oy
<}
Wavings swell, M

-40 =37 =34 =31 -28 =25 -22 =19 -16 =13 -10 -2 -4 L
Longitude (degrees)

Pucynoxk 4 — Jlianorose MeHI0 BHOOPY PO3KIALy PYXY
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5. Po3paxoBytoTbes MO3MINT CyAHA 3a MM PO3KJIAIOM BIJMOBIIHO A0 KPOKY IOTOTHOT
KapTH.

6. Po3paxoByeThcst 32 JaHUMU XBWIb (THI XBHIb: swell, wind, iX HanmpsMok pyxy) y Toi
camuil yac 1 y Ti€l MO3MINI 3HaYEHHS BHUCOTH XBHIb Ta MOXJIMBE 3HadeHHs 30uibimeHHs UKC

(puc. 5).

| WaveCheckRoute

File Seawaves

Significant height, combined wind waves and swell ( Forecast through 12 hours)

49 === Route
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—40 =37 —-34 =31 —-28 =25 =22 -19 -16 -13 -10 -7 -4 -1
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— and wind V\(av

16

r1.0
13 A

Mouse coordinates: decimal format (30.769, -1.718) | Navigational: 30°46'8.53"N 1°43'4.73"W

Pucynoxk 5 — Hagansas pekoMeHmoBaHOTO 3HAYCHHS A Tsyell
y BIINOBIHIN MO3ULIT Cy/iHA 38 YaCOBUM KPOKOM KapTH MPOTHO3Y

JIonaTKOBO TOKa3yIOThCSl YEPBOHMM KOHTYPOM HeOe3Me4Hi 30HH 3 MEpPEeBUILEHHSIM
3HAa4YeHHs NapamMeTpa BHCOTH XBHJIb 0OpPaHOi KapTH MOTOYHOTO YaCOBOT'O KPOKY (JOBXKHMHA CYIHA,
HeOe3meyHa Mexa BUCOTH XBUJIb HAJIAr0/KY€EThCS Y HAIAIITYBAHHAX MPOTPaMu).

BucHoBku. Y pe3ynbraTi JOCHiKEHHA Oyslid OTpUMaHi aHATITHYHI 3aleKHOCTI IS
JOBXHUH cyeH y mianasoni [75; 300] m 3 kpokom 10 M Ta BucoTamu XBWJIb y nmiama3oHi [1; 14] m 3
kpokoM 0,5 M. BusiBneHi BUNa Ky 3HHKEHHS TOYHOCTI MOJETIOBAHHS Ha MajluX BHCOTAaX XBHJIb JI0
1 M Ta m1s cyaeH 3aBHoBXKKH 250 M, ajge MpakTUYHOI 3HAYYIIOCTI HA TaKWX XBWJISIX TIOXUOKHU HE
MAalOTh, OCKIJIBKM Pi3HHIS aOCOTIOTHUX 3HAYEHb CKJIaJae MeHme | cM, 10 Ui JTOBKUH CYJEeH Y
250, 300 m B3arajii MO>KHa paxyBaTH CTaTUCTHYHOIO MOXHOKO0. Tabmuis po3paxoBaHUX 3HAUEHb
ATswell  O3BOJSIE  BUKOPHCTOBYBATHM  3HA4YEHHS onpa3y, ©0e3 TOMepeHiX po3paxyHKiB
IHTEepHOJAINHNM MeToaoM. Hampukian, Tabmui pi3HUX MOPCHKHX albMaHaxiB, PO3PaxOBYIOThH
3aBYaCHO JUI MOJAJNBIIO] €KOHOMIi Yacy INTypMaHIB MpH TomnepenHi mpoxmaiii. Po3pobiene
MporpaMHe 3a0e3neyeHHsl € NpUBaOIMBUM JJIi BUKOPUCTAHHS y HaBUAIbHUX IUISIX:

— EeKOHOMis yacy Ha BU3HaueHHS A Tswell y KOXKHOMY MiCLIE3HAXO/DKEHHI CyJIHA BIAIOBIIHO
710 I0r0 MapHIpyTy Ta 4aCOBOMY KPOIIi IIOTOIHOT KapTH;

— MOJKJIMBICTh CAMOCTIIfHO BU3HA4YaTH KypcaHToM Oinbin TouyHO napameTp UKC Ha koxHIH
JUJISTHITI MapIIpy Ty, BIAMOBIIHO A0 PEKOMEH ALl TPOorpamMu Ta MPUCYTHIX TTUOMHAX;

— HAOYHICTb HANPSAMKY 1 BUCOTH XBUJIb HAJA€ MOXKJIUBICTh MPUNHATH BIAMOBIIHI PIIICHHS
KypCaHTOM;

— Hajae 130JHIIMH HeOe3NmeyHl KOHTYpPH 30H, /i€ € IEPEBHINCHHs IapaMeTpa XBHIIb,
BIJIMOBITHO JI0 KapT: BITPOBHUX XBUJIb, MapH, 3arajJbHOT BUCOTH XBHJIb.
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— JI0OIaTKOBO HABYa€ KypCaHTIB KOPUCTYBATHUCA PI3HUM IPOrpaMHUM 3a0e3MeUeHHSIM IS
TTiIBUIIICHHS 0€3TEKN HaBIraliifHOl MPOKIaIKH.

Ockinbku Ha 6a31 XJIMA BemyTbcs AOCTIHKCHHS 3 BUKOPUCTAHHIM TpeHaxepiB Wairtsild
(Transas) NaviTrainer 5000 (mis wmozemroBanus) i NaviSailor 4000 (mis KypcaHTiB) mpHu
MOJICTIIOBaHHI PI3HMX CUTYaIllii B yMOBax 0OMexeHOi 0e3MeuHol HaBIramiifHOI YaCTHHH aKBaTOPIi
Ui amanTarnii KypcanTiB [20, 21], Tomy HaOyTTs AOJATKOBUX HAaBHUYOK MOOYJOBU MOMEPEAHBOI
MPOKJIAJKKA Pa3oM 3 BUKOPUCTAHHSM IIOTOJIHAX YMOB JOJATKOBO IIJBHUIIUTH KBasi(ikaIlito
MaiOyTHIX CIELialiCTiB 1 30UIBIINTh IX KOHKYPEHTO3/1aTHICTh HAa PUHKY IPaLli MOPCHKOTO (IIOTY.

3BICHO, MpU pealbHOMY BHKOPUCTaHHI IMOTPIOHO Ha OCHOBI JOCBily BpaxoBYBaTH 1
HaNpsMOK, 1 NIMOMHY (JUIs OL[IHKY BEJIMYMHU MEPEHECEHHS eHeprii XBWISAMH), 1 Nepiojl XBUIb, 1X
JOBXKHUHY, OCTIHHICTh CyJHA, HAaNpWKIaa, MOOyayBaTh jiarpamy bormanoBa nisi  OIIHKH
HeOe3NneyHnx XBWIIb a00 JOCHiAUTH aiarpamy Pemesa 11010 Kauku, TOCTIIKYBAaTH BIUIUB CTYMEHS
3aBaHTAKEHOCTI CyJIHA HAa aMIUIITYly KOJInBaHb. PO3po0IieH] aHamiTHUHI 3aJIEKHOCTI Ta IPOrpaMHe
3a0e3neueHHs nepe0avaeTbes Uil BUKOPUCTaHHS HacaMIepesl y TPeHaKEPHUX LIEHTPax Ta BUILIUX
HaBYaJIbHUX 3aKjaJiax BIANOBIAHOI crieniaiizauii ajas HaOyTTs KypcaHTaMH HaBUYOK MEPEBIPKH 1
YTOUHEHHS MAapIIpyTy BIAMOBIAHO JO TIOTOYHUX MOTOJHUX YMOB. Jlyis BUKOpPUCTAaHHS
po3po0JIEHOTO TPOrpaMHOro 3ade3neueHHs y NpodeciiHuX HnUIaX MOTPiIOHO OOO0B’SI3KOBO
BpPaxoBYBAaTH MEpeJiueHi BUILE MapaMeTpH OLIIHKH B3a€MOJIii XBHJIb 3 CYJHOM.

IlepcnexkTuBHM noAAJBLIINX AOCTiAKeHb. [lonanbin 10CHIKEHHS MOXKYTh IPU3BECTH J10
HEOOXITHOCTI MOOYAOBM CHCTEMH MIATPUMKU NPUHHATTSA pillleHb, J€ BPaxOBYETbCS HE TUIBKU
Bucota ATswell, a ¥ HAOPSIMOK XBWJIb 1 MOXJIMBI HACIIAKKA JJII KOHKPETHOTO THUITy CyJIHA 3
ypaxyBaHHSIM HOro 3HOCY, CTYNEHIO BTOMJICHOCTI MeTany Ta iHme, moxuuBa oniHka UKC 3a
pe3yabTaTaMu JOCTiKEHb [12].
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Petrovskyi A., Ben A. THEORETICAL MODELS OF APPROXIMATION OF WAVE CORRECTIONS IN
UNDER KEEL CLEARANCE CALCULATIONS

Year after year, maritime transportation continues to grow, with an increasing count of ships and their
displacement requiring enhanced navigational skills and precision. Weather factors such as wind and waves
significantly influence a vessel's ability to maintain position and accurately determine safe depths, making
them critical for safe navigation.

This article aims to derive analytical dependencies for the Swell parameter based on vessel length and wave
height within the most common operational ranges for ships. It also provides tabulated Swell values and a
software product designed for cadet training alongside the NaviSailor 4000 simulator. The article analyzed
existing accounting methods for wave-induced increases in vessel clearance. It was found that no proposed
method provides practical recommendations for calculating the Swell parameter for any ship length or wave
height. Although tables containing the desired parameter exist, additional interpolation calculations are
required to determine the Swell value. To address this, preliminary calculations were performed using
interpolation of known values for this parameter. Then, ensuring maximum alignment with reference data,
mathematical models were developed for each 10-meter increment in vessel length and each 0.5-meter
increment in wave height. Through extrapolation, with constraints on wave amplitude values, specific Swell
parameter values were determined by tabulating functions. The resulting table of Swell values allows for direct
application without the need for prior interpolation calculations. Based on these models, the WaveCheckRoute
software was developed. This tool enables users to work with weather maps in .grib format for any forecast
step, overlay routes in .rt3 format, select vessel schedules, and analyze dangerous wave heights along a route
at estimated arrival times. The analysis is conducted based on weather forecast intervals and vessel speed,
enhancing passage planning and safety in maritime navigation.

Key words: UKC; swell; Safety Contour; Safety Depth; ECDIS Safety Parameters; Passage planning; effect of
wave induce motion on UKC.
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Cmamms cmocyemvcs 0cobnugocmeti po3paxyHKie aepoOuHamiku agmomooinie 3 anmuxpunom. Cmasumucs
ma po3s a3yembCsi RUMAHHA — HACKITbKY OIU3bKA 00 AOUMUBHOCHI 3A0a4a OKPemMo20 PO3PAXYHKY AHMUKPUIA
ma asmomooinsg be3 anmukpuia. Y 36’s3Ky 3 8UCOKOW0 Heninitinicmio pienans Haes’e-Cmoxca, i mum dinvuie 3
B8PAXYBAHHAM 000AMKOBUX DIBHAHb MOOenell MmypoOyIeHmHOCMI, NOBHA AOUMUBHICb, 36U4ALIHO, 8I0OY8amMucs
He modice. OOHAK ye NUMAHHS 8adCIUBe, 0COOAUBO BPAXOBYIOUU MOU (PAKM, WO BUPOOHUKU AHMUKPUTL 5K
000amKOBUX HABICHUX eNeMEeHMI8, 6KA3YIOMb OUIKVEAHI 3HAUEHHS NPUMUCKHOL CUIU, SKI OMPUMAHI OJis
anmukpuna 0e3 8paxy8anHs 63AEMHO20 GNIUGY CUCMEMU «AGMOMOOITL — AHMUKPULOY. [Iisi upiuents ybo2o
numaunHs Hamu Oy10 nposedeHo cepito uucenvHux pospaxyukie 3acobamu CFD, wo eionosidaiomo
eKCHepuMeHmam 6 aepoOuHamiyHiti mpyoi. Pospaxywku euxonyeanucb Ha OCHOSI pPIUWEHHS 306HIUHbOT
aepoounamiunoi 3a0aui 3 suxopucmanusam k-& modeni mypoyrenmuocmi. Ilocnidosno supiuiysanace 3aoaua
06miKkanHs agmomoobins 6e3 anmukpuia, 6e3nocepeoHbo Camo20 AHMUKPULA, ma asmomMo0OiIs 3 AHMUKPUTIOM,
nicas 4020 pe3yrbmamu NOPIGHIOBANUCH. 34 pe3yTbmamamy. pO3PAaxyHKi6 6CMAHOBNIEH0, WO NPUMUCKHA CULA
AHMUKPUIA, 8CMAHOBNIEHO20 HA A8MOMOOLIb, OiNbUA, HINC NPUMUCKHA CULA AHMUKPUILA 8CMAHOBIEHO20 Y
8inbHOMY nomoyi. Ananoziuno, aepoOUHAMIMHUL ONIP AHMUKPULA, WO 6CMAHOGIEHe HA a8MOoMODiNb, Oitbuiull,
HIJIC AepOOUHAMIYHULL ONIp AHMUKPULA, WO 6CMAHO8IeHe Y GiibHoMY nomoyi. Brazami ocobauseocmi €
Pe3yIbmamom KOpU2y8aHHs KapmuHy meyii @ npucymnocmi asmomoo0ins, npu ybomy weUoOKicims nosimps, wo
Hao0Xoo0ums HA AHMUKPUNLO, V NPUCYMHOCMI A8MOMODII Oiibid, HIdC 6I0N0GIOHA WEUOKICMb Y GLIbHOMY
nomoyi. OKkpim mozo, ¥ NpOCMOpPi MidC AHMUKPULIOM MA KY3080M ABMOMOOIISI CHOCMEPI2cacmbCsl 3HAYHE
BUXPOYMBOPEHHS, WO ZHUNCYE MUCK NO3A0Y AHMUKPULA MA Y 8KA3AHOMY NPOCMOPI, MUM CaMuM 30inbyouu
BIONOGIOHI CUIU Y NOPIGHAHHI 3 IX 3HAUECHHAM Y BLILHOMY HOMOYL.

Kntwouosi crosa: aepoounamixa; mypoyreHmuicms, agmomooinb, aHmMUKpuIo, RPUMUCKHA CUA.

DOI: 10.33815/2313-4763.2025.1.30.237-246

Beryn. TouHe mporHo3yBaHHSI aepOJAMHAMIYHUX XapaKTePUCTHK TPAHCHOPTHHUX 3aco0iB,
0COOJMBO y KOHTEKCTI BUKOPHUCTaHHS JIOJIATKOBMX HaBICHMX €JIEMEHTIB, TaKUX SK CIIOWJepH,
CIUTITEPH, 00KH, TU(PYy30pH, AHTHKPHIIA, € CYYaCHOIO aKTyalbHOO 3amaueto [1]. Bkaszani eneMenTu
BUKOPUCTOBYIOTh JUIsl YAOCKOHAJEHHS aepOJMHAMIUHUX BJIACTUBOCTEH aBTOMOOLUTIB, IO 3aBXKIU
OyJI0 OJTHUM 3 KJIIOYOBHMX HANpsMIB Cy4aCHOTO 1H)KEHEPHOI'O MPOEKTYBAHHS, OCOOJMBO B Taiys3i
CIOPTUBHOTO Ta BHMCOKOMIBHAKICHOTO TpaHcmopty [2—4]. Lli KOHCTPYKTHBHI €JI€MEHTH 31aTHi
CYTTEBO 3MIHIOBATH PO3MO/IUI TUCKY HAaBKOJIO aBTOMOO1ISA, BIUIMBAIOYM HA MIPUTUCKHY CUITY, a OTXKE
Ha KEpPOBAHICTh 1 CTAOUIBHICTh PyXy Ha BUCOKHMX IIBHJIKOCTSAX. Y 3B’A3KYy 3 IIUM aKTyaJlbHHUM €
MUTAHHSA AaJeKBAaTHOTO MOJEIIOBAHHS B3a€MOJIl MK OCHOBHHUM Ky30BOM aBTOMOOUI Ta
BCTaHOBJICHUM aHTUKPHIOM [5, 6].

Ananiz myOJikauiii. IIpoOnemaTnka aepoaMHaMiKd aBTOMOOLUIS Ta BIUIUBY OKpPEMHX
aepoJAMHAMIYHUX €JIEMEHTIB, 30KpeMa aHTUKpPUJI, Ha 3arajibHl XapaKTepUCTUKHU MOTOKY MOBITPS Ta
CHJIY, 1110 BUHMKAIOTH MPH PYCi, PO3MIIAJAETHCSA y 3HAUHIN KIIBKOCTI Mpallb, SIK KJIACMYHHUX, TaK 1
cydyacHux. Bimomi ¢yHmameHnTtamsHi pobotu [4, 5, 7] MICTIATh y3arajabHEHI MIAXOAM IO OI[IHKH
aepoOMHAMIYHOTO ONOpY Ta MNPHUTUCKHOI CHUJIM, PO3MNIANAIOTh BIUIMB ()OPMHU Ky30Ba, BUCOTH
JOPOKHBOTO  TPOCBITYy Ta HAABHOCTI JOJATKOBHX elieMeHTiB. Cnemudika Cy4acHOTO
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MaTeMaTUIHOTro Ta KoMl totepHoro CFD mMonentoBaHHS! CTOCOBHO BHPIIIEHHS 3a/1a4 aepOAMHAMIKH
aBTOMOOLIs BUKiIageHa B poborax [8—10]. AHami3 edeKkTHBHOCTI BIUIMBY HABICHMX 30BHIIIHIX
eJIEMEHTIB 3a jonomMoro pospaxyHkiB y CFD-cuctemax Bukiaaeno B [11, 12]. Besnocepensno

CAE posrmsinaerscs B [13—15]. 3aramom, akneHT Ha e()eKTUBHOCTI Ta aKTyaJbHOCTI YHCEIHHOTO
MOJICJIIOBAHHS a€pOJAMHAMIYHMUX AacCleKTIB CY4YaCHUX TPAHCIOPTHUX 3ac0o0iB Yy TMPOEKLIi Ha
eHeproe()eKTUBHICTh Ta MAaJWBHY EKOHOMIYHICTh IMIiAIAMAaeTbess B poborax [6, 9], Oesmeky,
exosoriunicts — [11, 16]. [IpoTe Ge3nocepeqHbO MUTAHHS ATUTHBHOCTI €EKTIB MIPHU PO3IITLHOMY
pO3paxyHKy aHTHKpWJIA 1 Ky30Ba JIMIIAE€THCS HEJOCTATHHO BHBUCHHM. BKa3aHe THUTAaHHS €
JOCTaTHbO BAXKJIMBUM, OCOOJIMBO BPAaxXOBYIOYM T€, L0 BUPOOHMKH AHTUKPHWI, SIK J10JaTKOBHX
HaBICHUX €JIEMEHTIB, BKa3ylOTh OYIKYBaHI 3HAYEHHsS NPUTUCKHOI CWJIH, $KI OTpUMaHl AJis
aHTHUKpWIIa 0e3 BpaXyBaHHs B3aEMHOTO BIJIMBY CUCTEMH «aBTOMOO1Ib — aHTUKpMIIO». Lle nuTanHs 1
IUIAHYE€THCS] BUCBITJIUTH B AaHii poOOTi.

MeTow po0OTH € JOCIIPKEHHS BIUIMBY B3a€MOJii MK aBTOMOOUIEM 1 aHTHKPUIOM Ha
aepoIMHAMIUHI XapaKTePUCTUKH TPAHCHOPTHOTO 3acO0y MHUISXOM YHCEIBHOTO MOJCTIOBAHHS 3
aHaJIi30M MPUTHCKHOI CHJIM Ta a€POJAMHAMIYHOTO OMOPY B YMOBAX, L0 MOJIEIIOIOTh €KCIIEPUMEHTH
B aepoJMHAMIUHIi TpyOi 3 BUKOPUCTaHHAM K-¢ MOzesi TypOyJeHTHOCTI, a TAaKOXK OI[iHKA CTYICHS
aJIUTUBHOCTI IPH OKPEMOMY PO3PAaXYHKY aepOJMHAMIKU aHTUKpHIIA Ta aBTOMOO1JIs1 0€3 aHTUKpHIIA.

3aBganHs podoTH:

— peani3yBaTH YHCEJIbHE MOJIEIIOBaHHA OOTIKaHHS OKPEeMMX IMO3HUIIiHM, a came: aBTOMOOLISA
0e3 aHTUKpUJIa, OKPEMO aHTUKPHJIA y BUIBHOMY ITOTOIIl, aBTOMOOLJISI 3 BCTAHOBIICHUM aHTUKPHIIOM;

— TpOAaHaNI3yBaTH PO3MOJALIM IIBHUIKOCTI, TUCKY Ta CTPYKTypy Tedil y 30HaX B3aeMOJil
MOTOKY 3 aHTHKPHUJIOM 1 Ky30BOM;

— TOPIBHATU PE3yJNbTaTH PO3PaxyHKIB NMPUTUCKHOI CHIM Ta aepOAMHAMIYHOTO OIOpPY B
KO)KHOMY BHUIIAJIKY;

— OUIHUTHU CTYIIHb BIIXWJIEHHS pE3yJbTaTiB CyMapHOTO MOJENIOBAHHS BiJl YMOBHOI
aJIUTUBHOCTI TPH PO3AIILHOMY OOUHCIICHHI;

— 3pOOUTH BUCHOBKH IIOAO JOIUIBHOCTI BHKOPHCTAHHS PO3IUJIBHUX PO3PaxyHKIB IpHU
IHKEHEpPHOMY aHaJi31 aepOoIMHAMIYHOI €(PEKTUBHOCTI aHTUKPUJI SIK HABICHUX €JIEMEHTIB.

Buknag ocHoBHoro marepiany. /lns BupilleHHS 3aBiaHHS poOOTH ILIOJO OLIHKH
CYMapHOTO e(eKTy CHCTEeMH «aBTOMOOUIb — aHTHKPHUJIO» 3a JOTOMOTOI0 IOCHiIOBHOTO
MOJIEJIIOBaHHS OKPEMHMX KOMIIOHEHTIB HaMu Oyjia IpoBeAeHa cepis ceciil MpoayBKH BipTyasbHOI
MoJIeNi aBTOMOOLISI, aHTUKPHIIA, Ta TOBHOI CHCTEMH «aBTOMOOUIb — aHTUKpHIIO». Komm’orepHe
MOJICTFOBaHHS OOTIKaHHS aBTOMOOLIS TPOBOJIWIOCH MUIAXOM iMiTarlii HaOIraHHsS IOBITPSHOTO
MOTOKY Ha TPAHCHMOPTHMH 3acid i3 ¢ikcoBaHoro mBUAKICTIO 45 M/c (=160 KM/Tox), O BiAMOBiAaE
BIpTyaJIbHIN Mojen aepoauHamiyHOi TpyOu. Jlyis peamizarmii 1mboro maxomy OyJIO CTBOPEHO
TPUBHUMIpPHY T€OMETPUYHY KOHIIENT-MOJENb aBToMoOuIs (puc. 1). 3 mozeni, mpu3HaueHOi st
AepOJIMHAMIYHOTO PO3paxyHKy, Oyio BWIydeHO ApiOHOMAacmTaOHI €JeMEHTH, OCKUIBKH BOHH
ICTOTHO YCKJIaIHIOBaJIHM O MOOYI0BY CITKM CKiHUeHHHX 00’ eMmiB. Brazana stl-mozmens Oyna 3aHypeHa
B IIPOCTOPOBY 00JaCTh HABKOJIO HEl, B AKiM 3/1iCHIOBAaBCS PO3PaxyHOK MPOAYBKH, IPHU LbOMY Y
3B 3Ky 3 CUMETPI€I0 3aj[aui po3paxyHOK MPOBOAMBCS TUTBKHU VIS TIOJIOBUHH MO 32 IJIOUTHHOIO
cumertpii (puc. 2).

Pucynox 1 — bazoBa Bepcis reoMeTpii aBTOMOOIIIS 3 BCTAHOBJICHUM aHTHKPHIIOM
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Pucynok 2 — O0uucioBaabHa 00J1aCTh 13 XapaKTePHUMH PO3MipaMHu

[locraBnena 3amaya BiAMOBiAa€ 30BHIIIHIM 3a7adi aepoauWHaMiKH, TOOTO 3a;adyi
MOJICTIIOBAHHS 30BHIIIHIX TeUid, /¢ OOMEKyBaJbHI YMOBH HAKJIAJIAIOTHCA HA BiIalieHI MEXi
O0YHCIIIOBAILHOTO JIOMEHY, WI0 IMITy€ HECKiHYe€HHEe CcepeqoBHIle. BiAmoBigHO A0 LBOTO
MPOCTOpOBa 00JacTh, B SIKI MPOBOAMIIOCS YUCEIBbHE MOJEIIOBaHHS, (hOpMyBallach y peabHOMY
MacmTadi, SK OPTOrOHANBHUU JOMEH po3MipoM 18x6x5 m. Posmipu momeHy, mio 3aiHSITHI
MOBITPSIM, € QYHKITIEIO KOJICHOI 0a3¥ Ta BU3SHAYAIKCS OPIEHTOBHO 3a peKoMeHalismu [12] takum
YUHOM, 11100 aJeKBATHO 3MOJICIIOBATH aepOJMHAMIYHUI CIifl 1M03aay aBTOMOOLIS, Ta BIOBUTHU
BUIIPSMJICHHS JIiHIHA TOKY 3BEpXy Ta 300Ky TPaHCHOPTHOTO 3aco0y. JlocTaTHbO BENMKa MPOTSKHICTD
o0JacTi T03BOJISIE YHUKHYTH HITYYHOTO BIUIMBY TPaHUYHUX YMOB Ha pE3yJIbTATH MOJICIIOBAHHS,
0cOOJMBO B 30HI HU3BKHUX IIBUAKOCTEH Ta 30ypeHoro moToky. Takuil CTaHJapTHHHA ITiaXif
3abe3neuye (pi3MUHO OOIPYHTOBaHE B1IOOPAKEHHS CTPYKTYPH Tedii MOBITPs AJIs 30BHILIHBOI 3aa4l
Ta JI03BOJISIE OUTBII TOYHO OI[IHUTH PO3MOJIT TUCKY Ha TMOBEPXHI Ky3oBa. J[OMeH, M0 MOMIEIoe
Ky30B TPaHCIIOPTHOrO 3aco0y HaJaili BiJHIMABCA 3 JOMEHY MOJEIOIYOro BUIBHUI IMPOCTIp
OyJIeBCHKUMU OTIEpPaIlisiMH.

B sKOCTI aHTHKpHIa BUKOPHUCTOBYBanach Mojenb ¢ikcoBaHoro antukpuia (Fixed Wing)
IJIOCKO-BUTYKIIOTO Tipodimto. Leit mpodine 103BOJIsIE CTBOPUTH 3HAYHE MPUTUCKHE 3YCUILISA, TIPH
1bOMY BIANOBITHA MOJENb MOTpeOye BIAHOCHO HE3HAUYHUX MAIIMHHUX BUTpPAT Ha MoOyayBaHHS
CITKM Ta uuCenbHI po3paxyHku. CTiiika aHTHKpHUIA CHPOIICHO MOJENIOBAIACh MPSIMOKYTHUM
npodinem. XapakrepHi rabapuTHI po3Mipu PoQiTF0 aHTHKPUIIA IOKa3aHi Ha puC. 3.

430

200

400

Pucynoxk 3 — Ilpo¢ins aHTHKpHIIA 3 XapaKTEPHUMH PO3MipaMu
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Jlnisi 9rcenbHUX PO3PaxyHKIB 3aCTOCOBAHO HECTPYKTYPOBaHY CITKYy CKIHYEHHUX 00’ €MiB,
3MaTHY aJanTyBaTHCs 10 reoMeTpii Oyap-skoi ckiaaaHocTi. EdexTu mnorpaHu4yHoro Imapy
BPaxOBYBAJHCS 33 JOMOMOTOI0 iH(IIAMIHHOTO BIPOBAKEHHS MPU3MATHYHUX KOMIPOK MO BCHOMY
Ky30BY TpPaHCHOPTHOrO 3aco0y pa3oM 3 HaBICHUMM e€JEeMEHTaMHM, 1o 3ale3ledye aJeKBaTHE
BpaxyBaHHS T'PAAI€HTIB MBUIKOCTI B 00J1aCTi HOTPAaHUYHOTO APy BiMOBIIHO 10 MiAX0My (QyHKIIT
ctiku. [Ilap Bka3aHUX KOMIPOK CKJIaZaBcsl 3 5 €JIEeMEHTIB 31 HIBHIKICTIO pocTy 1,2 1 MOCTiiHHOO
BHCOTOIO IIEpHIOro mapy 1,5 MM Ha CTiHII Ky30Ba 3 KOHTPOJIEM IIapaMeTpy y+ IpH MOJaIbIINX
po3paxyHkax. Byiu cTBOpeHi OKpeMi CITKM Ul Ky30Ba aBTOMOOUIS Ta JOAATKOBI aepoAWHAMIuHI
€JIEMEHTH, SIKI TI3HINIE HAKIAJCHI OJWH Ha OJHOro. 3TrYMIEHHS CITKH MPOBOJWIOCH IS
BHCOKOI'PAIIEHTHHUX 30H, a CaMe 30H OJM3bKUX JJ0 aHTUKPHUIIA Ta 30HH ITiJ] THUILEM aBTOMOOLIIS.

Pucynok 4 — Citka cKiH4€HHHUX 00’ €MiB 13 IapOM NPU3MATUYHUX KOMIPOK

Jlnst po3paxyHKiB Hamu Oyio BUKOpUCTaHO K-& Mopnenb TypOynentHocti [17]. 3amaua
BUpIIIyBaJlaCh y CTalliOHapHiN MOCTaHOBI, sSKiil BiANOBiAalOTH PIBHSAHHA Hepo3puBHOCTI (1) Ta
pyxy (2) (mpoBOAMTHCS TiACYMOBYBAHHS 32 MOBTOPIOBAHUMH 1HIEKCAMU):

aXi ’
0 10 . 0
—(uu. )=—=—=—p " +—v.r. )+
aXJ ( 1 ]) paxl p aXJ ( 6 Ij) 1 (2)
ac
« ou, ou;
p _p+§ ,TIJ_8X—+8—,V8=V+V“

V — KiHeMaTW4HMH Koe]illieHT B’A3KOCTI MOBIiTps, M%/C, W — TypOyJeHTHa B’A3KiCTb, MZ/c,
K — muTOoMa KiHeTM4Ha eHeprisi TypOyleHTHOCTi, M%/c?, Ui — OcepelHEeHi KOMIOHEHTH BEKTOpa
IIBUIKOCTI B IEKAPTOBIH CHCTEMi KOOPAUHAT, M/C, P — OCepeIHeH i THCK, [1a, fi — BekTOp MacoBuX
cut, M/c.

JlonatkoBi piBHSHHS K-£ Mojesi TypOyJIeHTHOCTI MarOTh BHIJISA OaJaHCOBUX PIBHSHDB IS
MUTOMOI KIHETHYHOI eHeprii TypOyJICHTHOCTI Ta MBHUIKOCTI AucHNanii TypOyseHTHoi eneprii (3-5):
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Jie € — IWBUJKICTh JUCHMAIi TypOyIeHTHOI eHeprii, M2/c?,
* & 82 ou. " 1—77/77
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EmnipuyHi KOHCTaHTH B HaBE/IEHUX PIBHAHHAX JOPIBHIOIOTh:
C,=00845¢C, =142, C,=168, 0, =0, =0,72,77, = 4,38, #=0,015.

Tpeba 3a3HauntH, MmO K-& Moaenb TypOYJEHTHOCTI Ja€ 3aJ0BiIbHHN 30ir 3
eKCIIePUMEHTAIbHUMHU JaHUMH J7s 00JacTe 13 pO3BMHEHOI TYpPOYJIEHTHICTIO, a caMme, KOJHU
BUKOHY€TbCA v, >>Vv [17]. bind CTiHKM Ky30Ba aBTOMOOLIS, A€ L OLIHKA HOPYIIY€EThCS,

BHU3HAUEHHS TapaMeTpiB TYpOYIEHTHOCTI POBOJUTHCS Y BUTIISAII TPUCTIHHUX (PYHKIIIH.

I'pannuHi yMOBHU U1 OOUHCITIOBAJIILHOTO JIOMEHY 33Jal0Th MIBHIKICTH Ha BXOJI B JOMEH,
YMOBH cUMeTpii Ha O1YHUX 1 BEpXHii CTIHKaX, a TAaKOX aTMoc(epHuil TUCK Ha BUXO1 3 AoMeHy. Ha
CTiHIII Ky30Ba aBTOMOOLJIS 3a/aBajacs yMOBa IPWINIAHHS. Y370BXK HMKHBOI CTIHKH JJOMEHY, I10
MOJIEIIIOE Tpacy, 3a/iaBajacs yMOBa HE MPOHUKHEHHS (HyJIbOBAa BEPTHUKAIbHA CKIIaJI0BA IIBUIKOCTI).
JlogaTkoBO A0 TpaHUYHOI YMOBHM IIBMJKOCTI Ha BXOJI 33JaHO piBeHb TypOyieHTHocTi 5% i
npocropoBuit Mmaciitad TypOynentHocti 0,005 M 3a pekomenaauismu [12].

Jns  BUpIIIEHHS 3a4a4i [IOJ0 CTYNEeHS AaJWTHBHOCTI MPH OKPEMOMY pO3pPaxyHKY
aepoJIMHaMIKM aHTHKpUJIAa Ta aBTOMOOUIA Oe3 aHTHKpHWIIA, 10 MOKJIAJACHO B METy poOOTH, HAMHU
Oya moOy/ToBaHa MOJIENIb TOTO CaMOT0 aBTOMOO1Is 6e3 aHTHKpuia (puc. 5, a) 1 OKpeMO aHTUKPHIIO
(puc. 5, 6) 3a iHmIMX piBHUX yMOB. Bkazani Moxeni Oynu 3aHypeHi B TOW caMuil JOMeH, ILO
MO/IENIIO€ HABKOJIUILIHE MOBITPs po3MipoM 18 x6 x5 M.

0)
PucyHnok 5 — ABToM0Oib 6€3 aHTHKpHUIIA (2) Ta OKpeMe aHTHKPWIIO (0) Y IOBITPSIHOMY JOMEHI
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I'pannuHi yMOBH 17151 BKa3aHUX MOJIENICH aHAJIOT1UHI TIONePEIHIM.

PesynbpTat neskux po3paxyHKiB MPEACTABICHO Aalli y BUIJISI TpacyBaHHsS THUCKIB, JiHIN
TOKY Ta 1301TOBEPXOHb.

Pe3yabTaTH Ta iX 06roBopenHs. Po3paxyHkoBa o0nacTs [uisl 3a1adi 3a puc. 4 HamigyBana
IOHAL 2,5 MJIH CKIHYEHHHUX 00’ €MiB.

1.600e+002
4.000e+001
-8.000e+001

-2.000e+002
[Pa] ; \

Pucynok 6 — TpacyBaHHS TUCKIB Y HOBITPSIHOMY JJOMEHI (@) Ta 10 Ky30BY aBToM00111s (0)

Pe3ynbraT UNCENbHOrO MOJIEIIOBAHHS, MIPEICTABICH] Y BUIIIAII PO3NOALTY TUCKY HABKOJIO
aBTOMOOUTS B TIOBITPSHOMY JOMEHI Ta 1O Ky30BYy aBTOMOOINS IMOKa3aHi Ha puc. 6,a) ta 0)
BIANOBIAHO. baunMo KiacuuHy KapTUHY pO3MOJALTY THCKIB MO TMOBEpXHI aBTOMOOUIA. Y
(GbpoHTaNbHIN YacTHHI aBTOMOO1JISI CIIOCTEPIra€EThCSl 30HA BUCOKOTO THUCKY, 1[0 3YMOBJIEHO MPSIMUM
BIUTMBOM TOBITPSIHOTO TMOTOKY Ha IMEpeIHI0 MOBEPXHIO, IO € XapaKTepHOIO O03HAKOK JIOOOBOIO
OTopy, KM BiAIrpae KIIOYOBY pPOJb Yy 3arajbHOMYy aepoAMHAMIYHOMY OINOpl TPAHCIOPTHOIO
3aco0y. Ha BepxHiif yacTuHi Ky30Ba, 30KpeMa B 30Hi /1aXy, TUCK 3HAYHO 3HUXKYETHCS, 1110 BKA3y€ Ha
MIPUCKOPEHHS MOTOKY BHACHIAOK edekTy oOTikaHHA. Taka 3MiHAa THUCKY CTBOpIOE€ 00J1acTh
PO3pIIKEHHs, 10 BIUIMBAE Ha MITHOMHY CHIy. AHaJOri4Ha CHUTYyaIllisl CIOCTEepiraeTbcs M min
JTHHIIEM aBTOMOOLISA: TaM (HOPMYeThCSl 00JAaCTh MOHMKEHOTO THUCKY, SKa BKa3ye Ha peaizalliio
epexTy npuThckaHHA. HaBkojo KoJslic Tako BHJIHO JIOKaJbHI 30HH TYypOYJEHTHOCTI 3 HU3BKUM
TUcKOM. Ili 30HU CHPUSAIOTH MIABUIICHHIO 3arajlbHOTO aepOJWHAMIYHOTO oropy. Haibinbir
BHUPaXEH1 BUXPOB1 CTPYKTYPH CIIOCTEPIralOThCS Y XBOCTOBIM YaCTHHI aBTOMOOLIIS, /i€ TOBITPSIHUN
MOTIK BiJIPUBA€THCS BiJ] TOBEPXHi. YTBOpPEHA 30Ha HHU3BKOTO THUCKY T03ady aBTO CBIIYHTH IPO
HasIBHICTh BIIPUBHOIO MOTOKY, SIKUH TaKOX CHpPUs€ BUHUKHEHHIO 3HAYHOT'O TMO3/I0BKHBOTO OIOPY.
Bim3HaunMo po3MmoIia THCKY HaBKOJIO aHTUKPHIIA — Ha OTO BEpXHiid MOBEPXHi (DIKCY€EThCS 001aCTh
MIJBUIIEHOTO THUCKY, TOJI SIK HIKHS YacTHHA repedyBae B 30HI PO3PIHKEHHA, 110 il 00yMOBIIO€
edeKT 10AaTKOBOro npuTucKanHsa. OxpeMo Tpeda BUIUTNTH BUXPOBI CTPYKTYPH, SKi YTBOPIOIOTHCS
y 3a30pi MIXK HH3KHBOIO CTOPOHOIO aHTHKPHJIIA Ta Ky30BOM aBTOMOO1IA (puc. 7).
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Pucynok 7 — BUXpoBi cTpyKTypH, 110 YTBOPIOIOTHCS Y 3a30pi
MIXK HIDKHBOKO CTOPOHOIO aHTHKPHIIA Ta Ky30BOM aBTOMOOILIIS

OTpumaHni 3HaYEeHHSI a€POJMHAMIYHOTO OIOPY aBTOMOOUIS Ta MPUTUCKHOI CHJIH, IO JIi€ Ha
aBTOMOO1J1b, cTaHOBIATE Fac = 1200 H Ta Fay = 854 H BignosiaHo.

Pe3ynbraTi unceIbHOr0 MOJIEIIOBAaHHS aHAIOTIYHOI 3a/1a4i Ui aBTOMOO1IS 0€3 aHTHKpuUIIa
Ta Il aHTUKPWIA y BUILHOMY TIOTOINl y BHIVISAJI PO3IOJAUTY THCKIB IOKa3aHO Ha puc. 8 a) Ta 0)
BinnoBiaHo. [lopiBHAHHA puc. 6, a) Ta puc. 8, a) q7a€ po3yMiHHs 10AATKOBOI MiABAaHTaXYIOYOi Jii
AHTHKpPIIA HAa aBTOMOO1Ib. OKpiM TOTO, IPUBEPTAE JI0 ceOC yBary JI0OJAaTKOBE PO3PIIHKEHHS 031y
aHTHUKpHUJIA Ha pHC. 6, ), 1110 BIMBAETHCS B 30HY PO3PIIKEHHS 110331y aBTOMOOLIIS.

Pucynok 8 — TpacyBaHHs THCKIB y MOBITPSHOMY JIOMEHI JUIss aBTOMOO1J1s1 0€3 aHTHKpHIIa (a)
Ta Ui aHTUKpHJIa (IOBEPHYTO) Y BilbHOMY mortoli (0)

OTpumaHe 3HAYCHHS aepOJWHAMIYHOTO OIMOpY aBTOMOOUIss 0Oe3 aHTHUKpUIa CTaHOBUTH
Fc =932 H. Ilpu upomy Ha aBTOMOOLTH O€3 aHTHKpUIA Ji€ He3HauHa mifgiioMHa cuna Fy = 222 H.
AHTUKPWIO y BUIBHOMY TOTOII Mae aepomuHamigauii omip Fwe =140 H Ta nputuckHy cuiny
Fwy = 966 H.

TakuMm YMHOM MaemMo BIAMOBiIAHI HepiBHOCTI (6) Ta (7), AKI TOKa3ylOTh, IO, fK 1
nependayvanocs, TOYHA aIUTUBHICTh HE BUKOHYETHCSI.

Fe + Fye =1072 H < Fpc =1200 H, (6)
—Fy +Fyy =744 H < Fpy =844 H. (7

[Toxubku Mmaibke omgHakoBi Ta craHOBIATH ~10% npns mobGoBoro omopy Ta ~12% s
npuTHCcKHOiI cuimu. [li moxuOku € pe3ynbTaTOM KOpPEKTyBaHHS KapTHHH Tedii B 3a30pi Mix
AQHTUKPUJIOM Ta Ky30BOM aBTOMOOIJISA, MPH I[bOMY IIBHJAKICTH TOBITPS, IO HAIXOIUTh Ha
AQHTUKPUJIO, Y TPUCYTHOCTI aBTOMOO1IS OibIlIa, HIX BiAMOBiAHA MIBHIKICTh Y BIILHOMY ITOTOIII.
OkpiM TOTO, Yy TPOCTOPI MK AHTHKPWJIOM Ta Ky30BOM aBTOMOOIJS CIIOCTEPIraeThCs 3HAYHE
BUXPOYTBOPEHHSI (puC. 7), SK€ BIICYTHE B Tii YaCTWHI JUIsl aBTOMOOUIS Ta aHTHKpUIA OKPEMO
(puc. 9), 0 3HMUKY€E THCK 1033y aHTHUKPHUIIA Ta y BKa3aHOMY IPOCTOPi, TUM CaMHM 301TbIIYIOYN
BIJITIOBITHI CUJIM y TTOPIBHSAHHI 3 X 3HAUEHHSIM Y BUIBHOMY IOTOILI.
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Pucynok 9 — JIinii ToKy npu 00TikaHHI aBTOMOO1ISI 63 aHTHKpHIa (a)
Ta JUI1 aHTUKpHUIIa y BUTbHOMY ToTowi (0)

BukoHaHi po3paxyHKH HIATBEPUKYIOTb, 110 XO0ua OE3MOCEpPEeIHbO aIUTUBHICTH OIMOPIB Ta
IIPUTUCKHOI CHUJIM HE BHMKOHYETBCS, ajieé OJHAK, JAJS OPIEHTOBHUX PO3pPaxXyHKIB y THEpIIOMY
HaOJIMKEHH] rioTe3a aluTUBHOCTI MOKe OyTH NpUHATHA 3 OXKUOKo10 ~10+12%.

BucHosku.

1. HaBeneHo pe3ysibTaTH YMCEIBHOIO MOJIEIIOBaHHS OOTIKaHHSA OKpPEMHX MO3MIIii, a came:
aBTOMOOLIS 0€3 aHTUKPHUIIA, OKPEMO aHTUKPHJIA Y BUIBHOMY IOTOL, aBTOMOOUIA 3 BCTAHOBJICHUM
AHTUKPWJIOM. 3a pe3yjbTaTaMU PO3PaxyHKIB IPOaHAII30BaAHO PO3MOAUIM HIBUAKOCTI, THUCKY Ta
CTPYKTYpy Teuii y 30HaxX B3aeMOJii MOTOKY 3 aHTUKPWJIOM 1 Ky30BOM. llOpiBHSHO pe3ynbTaTtu
pPO3paxyHKiB TPHUTHCKHOI CWJIM Ta aepoOAMHAMIYHOTO OINOpYy B KOXXKHOMY BHMNAAKy. Bka3zane
MOPIBHSAHHS JEMOHCTpPY€, IO O€3MoCepeHbO aJUTHBHICTH ONOPIB Ta IMPUTUCKHOI CWJIM HE
BUKOHYETHhCS. BHKOpPHCTaHHS aJUTHBHUX pPO3paxXyHKiB MOXJIMBO THM HE MEHII SK TIepIie
HAOJMKEHHS, y LbOMY BHIAAKY TilOTe€3a AAMTUBHOCTI MOXe OyTH MPUHHATHA 3 MOXUOKOIO
~10+12% y 61k OUIPLIIMX CHUIIOBUX (PAKTOPIB Ui MOBHOT 3a/1a4l, HI)K OKPEMUX KOMIIOHEHTIB.

2. Po3KpuTO MeXaHI3M HEBUKOHAHHS aJUTHBHOCTI, SIKUH, 3 OAHOrO OOKy MoOke OyTu
chopMyJIbOBaHUN Yy TEepMiHAX HENIHIMHOCTI CHCTEMHU pIBHSHb, ILI0 OMUCYIOTh TypOyJIEHTHE
0OTiKaHHsS aBTOMOOLISA, 3 1HIIOro OOKy, OUIBII HAOYHO BiH OOIPYHTOBYETBHCS PE3yIbTaTOM
KOperyBaHHS KapTUHHU Tedii B 3a30p1 MK aHTUKPHUIIOM Ta Ky30BOM aBTOMOOLJIS, /1€ CIIOCTEPIraeThes
3HaYHE BUXPOYTBOPEHHS, SIK€ BIJACYTHE B Tilf 4acTWHI JJIs1 aBTOMOOLUISA Ta aHTHUKPUIIA OKPEMO, II0
3HIKY€E THCK 10337y aHTHKpWIa Ta y BKa3aHOMY IMPOCTOpI, TUM CAMHUM 30UIBLIYIOYM BIATOBIJIHI
CHJIM Y TIOPIBHSIHHI 3 iX 3HAYEHHSAM Yy BUTILHOMY IOTOIII.

HanpsiMku noaajbiux JA0cailzkeHb. [lomanpn 1ociipKeHHs JOUUTBHO CIIPSIMYBATH IS
HAKOMUYEHHS JAHHUX II0J0 MOXHOOK TiMOTEe3W afUTHUBHOCTI IJIA Pi3HUX Ky30BIB aBTOMOOLTIB 1 B
LIIMPOKOMY J11ara3oH1 MIBUIKOCTEH, 1110 Oyie moTpeOyBaTH BEIMKOI KUTBKOCTI OKPEMHUX YHCETbHUX
po3paxyHKiB. BkazaHi IOCHIIKEHHS MOXYTh HaJaTH OKPIM YHUCIOBUX JAHUX M€ W TEHACHIIIHI
3aKOHOMIPHOCTI IIOJI0 MOXJIMBOCTEH TOJIMIICHHS aepOJAMHAMIKH IUISIXOM 30BHIIIHIX HAaBICHUX
€JIEMEHTIB U1 Ky30BiB Pi3HUX THUIIIB.
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Rusanov S. A., Kliuiev O. L., Shyltsin Ya. V., Drozdov M. S. SPECIFICS OF MATHEMATICAL AND
COMPUTATIONAL MODELING OF CAR AERODYNAMICS WITH A REAR WING

This article explores the specifics of mathematical and computational modeling of automotive aerodynamics
involving a rear wing. The main focus is on assessing the degree to which the aerodynamic effects of the rear
wing and the vehicle body can be considered additive when analyzed separately. Due to the inherent
nonlinearity of the Navier—Stokes equations, and even more so with the inclusion of turbulence modeling
equations, complete additivity is theoretically unattainable. Nevertheless, this question remains practically
important, particularly given that rear wings are often sold as aftermarket aerodynamic components with
manufacturer-quoted downforce values derived from simulations or tests performed in isolation from the
vehicle.

To investigate this issue, a series of numerical experiments were conducted using CFD techniques that
replicate wind tunnel testing conditions. The simulations addressed an external flow problem using the k-¢
turbulence model. Three configurations were modeled and compared: the vehicle without the rear wing, the
standalone rear wing in free stream, and the complete vehicle with the rear wing installed.

The results show that the downforce generated by the wing when mounted on the vehicle is greater than that
produced by the same wing in an isolated flow. Similarly, the aerodynamic drag of the rear wing increases
when it is installed on the car. These differences arise due to modifications in the flow field caused by the
presence of the vehicle body. Specifically, the airflow velocity approaching the wing is higher when the wing is
mounted on the vehicle than under free stream conditions. Additionally, significant vortex structures are
formed in the space between the wing and the vehicle body, which contribute to a localized pressure drop
behind the wing and in this intermediate region. This intensified vortex activity results in greater aerodynamic
forces compared to those observed in the isolated case.

Key words: aerodynamics; turbulence; car; wing; downforce.
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INPAKTHYHI METOAHU PO3PAXYHKY ITOJO’KEHHA BA3OBHUX
TOYOK 3MICTOBHOI MOJAEJII IOBOPOTY CYJIHA

ToBcTokopuii O. M., x.m.1., Kaniman 0anieKo20 NIABAHHS, 3A8I0VE8AY KaApeopu YNpasiiHHs

cyonom,  Xepconcvka — OepycasHa — Mopcbka — akademis, M.  Xepcown,  Vxpaiua,
e-mail: otovstokory@gmail.com, ORCID: 0000-0003-3048-0028.

06 ’exmom 0ocniodncens € npoyec nogopomy cyona. Cmamms npucesuena NUMaHHAM 30ilUCHEHHs YUCETbHUX
PO3DAXYHKIG NONONCEHHS BCIX DA308UX MOYOK 3MICIOBHOT MOOei NOBOPOMY CYOHA.

3acmocysanna smicmognoi modeni nogopomy cyoHa i Memooi6 PO3PAXYHKY HONONCEHHA OA306UX MOYOK
003801€ pO3PAXys8aAmuU npoyec NOBOPONY CYOHA I SUSHAUUMU NOJONCEHHA 6a306ux moyok. Ilonoscenws
yeHmpa 6azu 3HIMAEMbCA 3 BAHMANCHO20 NAAHY cYOHA. T10102CeH s NOMOCY NOBOPOMY | NOIONCEHHS YeHMPa
00epmants  BUSHAYAIOMBCA  NPOCUMU  eKCHEPUMEHTNATLHUMY A eKCHePUMEHMATbHO-PO3PAXYHKOBUMU
Memooamu.

Busnauenns nonodcemus yewmpy 00epmauHaA i NOIOCY NOGOPOMY HAOAE MOMCIUSICTNL 3HAYHO MOYHILe
BUBHAYAMU NOJOAHCEHHS CYOHA NPU NOBOPOMI, WO NIOBUUMb Oe3neKy NIASAHHA.

Busnauennsa abcyucu noniocy nogopomy no maHeHYiHUM WEUOKOCMAM HOca ma KOPMU MOMICHA
suxopucmogyeamu 0jis CYyOHA 3 0yO0b-SIKUM TMUNOM [ KIIKICHIO 20J06HUX OBUZYHIE [ 0YOb-sAKUM MUnom i
KITbKICMIO PYWLIiB.

Busnauenns smiwenns yenmpy obepmanns 6i0 yeHmpy a2 WIAXOM NOPIGHAHHA NOJONCEHb AOCYUCU NOTIOCY
nOBOPOMY NpU HYIbOSIU | MAKCUMATbHIU WEUOKOCHAM CYOHd, GUSHAYEHUM NO MAHSeHYIIHUM WEUOKOCAM
HOCA Ma KOPMU MONCHA 8UKOPUCOBY8amU O CYOHA, Y AKO20 OOKO8A CULA YMBOPIOEMbCS PISHUMU WAAXAMU,
ane 8 0OHOMY U MOMY JHC Micyi AK NpuU HYIbO8Ill WEUOKOCMI, MAK i NPU WUBUOKOCMI NOBHO20 X0OY.

Kntouogi cnosa: nasicayiiina besnexa; 3micmosHa Mooeib NOBOPOMY CYOHA; BUSHAUEHHS NOIONCEHHA NOTIOCY
n0BOPOMY, BUSHAUEHHS NOLONHCEHHS YeHMPY 0DEPMAHHA, MAHEEPYBAHHA 8 CIUCHEHUX B00AX.

DOI: 10.33815/2313-4763.2025.1.30.247-257

Beryn. 3HaHHS 3aKOHOMIPHOCTI pyXy CyJHa @pH MOBOPOTax IMiJBUIIYE TOYHICTh
PO3paxyHKy HUISAXY CyAHA. 3HAIOYHM 3aKOHOMIPHOCTI pyXy CyJHa, MOTPiIOHO BHpaxyBaTH YHCENbHI
3HAa4YeHHs MepeMilleHHs #oro 0a3oBux Touok [mentpa Barm (IIB), mentpa oGepramus (I1O) i
noJirocy toBopoty [1IT)], 1o miABHIIMTE TOYHICTH BH3HAYCHHS PyXy CyJHA, 110, B CBOIO YEpry,
ITiIBUIIUTH O€3TEKy.

[TonoxeHHS TEHTpa Baru 3HIMAETHCS 3 BAHTAXKHOTO IUIaHy cynaHa. IloTpiOHO po3risHyTH
SKUM UYMHOM Ha MPAKTHUI[l MOXHa pO3paxyBaTH MOJIOKEHHS 0a30BUX TOUOK 3MICTOBHOI Teopii
noBopoty cynHa: [{O Ta III1 ans migBUIIEHHS TOYHOCTI BU3HAYCHHSI IMOJIOXKEHHS CyJHA TPU PycCi
10 KPUBOTIHIHHINA TPAEKTOPIi 1 TAKUM YHMHOM ITiIBUIIICHHS HaBIraIiiHO1 O€3MeKH IIaBaHHS.

[TonokeHHs TOMIOCY MOBOPOTY 1 MOJIOKEHHS IIEHTPa 00epTaHHS MPOIOHYEThCS BU3HAYATH
MPOCTUMHU  €KCIIEPUMEHTAIFHO-PO3PAXYHKOBUMHU METOJaMHU. BHKOPUCTOBYIOUM Taki METOMH,
BU3HAUYEHHS 3MIMICHHS IEHTPY OOEpTaHHS BiJ IICHTPY BarW i BU3HAYCHHS IOJOXEHHS IOJIIOCY
MOBOPOTY MOXXKHAa BHKOPUCTOBYBATHU JUIsl CydHA 3 OyAb-IKUM THUIOM 1 KIJIBKICTIO TOJIOBHUX
JIBUTYHIB 1 Oy/Ib-SIKUM THIIOM 1 KUTBKICTIO PYIIiB.

[ToTpiOHO pO3IISHYTH SIKUM YMHOM Ha MPaKTHIll MOXHa PO3paxyBaTH MOJIOXKEHHS 0a30BHUX
TOYOK 3MICTOBHOI Teopii moBopory cyana: 11O rta IIII ansg migBHIEHHS TOYHOCTI BH3HAYCHHS
MOJIOKEHHSI CyJHa TpU Pyci TO KPHUBOJIHIMHIN TpaekTopii 1 TaKMM YHWHOM ITiJIBUILECHHS
HaBirariiHoi Oe3neKku rIaBaHHs.

IocTanoBka npodaemu. 3rigHo 3 iHGOpMaIIiero mKepena [1] cTocoBHO 3MICTOBHOI MOJIeITi
MMOBOPOTY CYAHA, BIIOMO, SIK TIEPEeMIIy€eThcs ToJoxkeHHs 6azoBux Touok: 11O Ta IIII. IlpoTe, cmin
3a3HAYUTH, IO B 3a3HAYEHUX yMoBax, aiiicHe 3mimienHs 11O Ta 111 #e Bimome, 110 1 € Ipobiemoro,
SKY TOTPiOHO BUPILIUTH.

AHaJi3 oCTaHHIX Jd0c/ifxKeHb Ta myOuaikauiil. BusHaueHHs 1 pO3paxyHKHU IOJIOKEHb
LHEHTpY oOepTaHHS 1 TOJIOCY TOBOPOTY paHille po3rigganocs OaratbMa aBTOpaMu. Mu
MIPOIMOHY€EMO PO3IIIIHYTH, K Pi3H1 aBTOPU MPONOHYBAIN BU3HAYATH MOJI0KEHHS MOJIIOCY TTOBOPOTY
abo 1eHTpy 0OepTaHHS.
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Tak, y crarri [1] Oyna 3amporoHOBaHa 3MiCTOBHA MOJIENIb TMIOBOPOTY CYyJ/HA, KA OMKCY€E
Ipoliec MOBOPOTY CyJHA, BUKOPUCTOBYIouM 3 6a3oBi Touku: LB, IO Ta III.

Kamitan X. Xoitep y [2] BBaxkae, 10 IOJIOC TMOBOPOTY, SKHH BiH Ha3WBa€ IIEHTPOM
o0epTaHHA, 3HAXOAUTHCS Ha BIJICTaHI BiJ YBEPTI O TPETHHH JIOBKHHU CYyAHA BiJ KIHI[IB CyJHA MPU
pyci cyaHa Briepea abo Ha3a, BiIMOBIIHO.

Kanitauu Jlpomin C. 1. 1 ManbueB A. C. y po6otax [3] Ta [4] BBaxaroTh, 1110 IpH pyci CyTHA
BIIEpE/l HA TTIOBHOMY XOJIOBI TTOJIFOC TIOBOPOTY 3MIIIY€ETHCA B TOUKY, SIKA PO3TAIlIOBaHA Ha BiJICTaHI
0,1 1OBXXUHM Cy/1HA BiJ (DOPIITEBHIO.

Takox xamitan pomin C. I. y poGoti [3] mpomnonye Bu3HaueHHs nojoxkeHHs [II1 mns
CTOSYOIO Cy/JHA PO3PAaXyHKOBUM UUIAXOM. ABTOPOM 3HaiilieHa 3aleXHICTh MK BiJIHOCHUM

MOJIOKEHHSAM MOJIFOCY TTOBOPOTY X .n 1 BUTHOCHHM IIJIe4eM OOKOBOI CHIIN X 0
lg 1lg 1
XA _EXE
y -6 "™ 4 nn 32, 1)
p 23 1g

§Xnn +§Xnn

1151 3aneKHICTh TaKOX MPEICTaBICHA Y BUIIIAAL rpadika, HaBeaeHoro B [3].
Artyszuk J. y [5] mponoHye po3paxoByBaTH IMOJOXEHHS aOCIIMCH Ta OPAMHATU MOJIOCY
MIOBOPOTY 3@ HACTYIHUMU (POpMyJIaMu:

V
Vy+Ryw, =0 = Ry =——Y; 2
y T Rxwz =0 — Ry 2, (2)
—_ _VX
Vx_Rya)z_O —> Ry_;' (3)

z

Kanitan X. KaBbe B [6] BBaxae, 110 1eHTp 00epTaHHS MOXKE 3MIIIyBaTUCS BiTHOCHO LIEHTPA
Baru MakcumyMm Ha 10% qOBXWHH CyJIHA.

ABTopH B [7] moka3yloTh pyX CyJHa JIarOM IIiJ BIUIMBOM [ii 2 OyKCHDIB 1 MOSICHIOIOTH, /i€
3HaXOIMTHCS TIOJFOC TOBOPOTY.

S. G. Seo B [8] BBaxkae, 1m0 3a1€KHO Bix (POPMU KOPITYCY IOJIFOC MMOBOPOTY HA TIOBHOMY
XOJIOBI BIEpe]l MOXe po3TamoByBatucs Ha Bifactani Bix 0,3299 mo 0,3984 noBkwHM CyJHA Bij
(bopIITeBHS, MPUUOMY, YUM OLTHIIUM € KOS(IIiEHT 3arajJbHOI TOBHOTH, TUM TOJIOC TIOBOPOTY OyIie
PO3TaIIOBYBATHCS OJIMKYE JIO HOCY.

Astopu B [9] Ta [10] mponoHyIOTh BH3HAYATH TIIOJIOKECHHS TIONIOCY IOBOPOTY IO
TaHTEHI[IMHAM IIBHIKOCTSIM HOCA Ta KOpMHU 0e3 ypaxyBanHs Tedii Ta B [11] ta [12] 3 ypaxyBanHsam
Teil BiAMOBITHO.

3MiCTh CKJIQJIHUX MAaTEMaTHYHHX PO3PaxXyHKIB MOXKHA 3alPOMOHYBATH CKCIIEPHMEHTAIbHE
BU3HAUeHHs mosiokeHHs [111 3a TaHreHIiaabHUMHU IIBUIKOCTAMHU HOoca Ta kopmi [9, 10].

BusHauaroTh TaHTeHIIIanbHI MBUAKOCTI Hoca Vi Ta KopMu Vi cyaHa (puc. 1) [9].

Vi

= N\ x
'\4

A
, Y

Pucynok 1 — Cxema BU3HAUCHHS MTOJIOKCHHS TIOTIOCY TIOBOPOTY
0 TaHTCHI[IAJIbHUM IIBUIKOCTSIM HOCA i KOPMH CyJTHA

Buznauenns nonoxxenns adcrucu [T MoxHa BUKOHATH 32 HACTYITHOIO (POPMYIIOIO
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VK +VH L
Xan =g —v |5 ° (4)
Vi —Vy )2

ne X — abeuuca MmoJitocy HoBOpoTy;

Vu — TaHreHIliiHaA MBUIKICTh HOCA;

VK — TaHTeHIIIiHA MIBUIKICTh KOPMU;

L — moBxkuHa cyJHa MiXK IEPICHIUKYISIPAMHU.

[Ipn HasBHOCTI Tedii, TaHT€HLIAJbHI LIBUIKOCTI HOCY 1 KOPMH CyJIHA BIAHOCHO IPYHTY

OyIyThb BIAPI3HATUCA BiJ TaHTCHI[AIBHUX IIBHIKOCTEH HOCY 1 KOPMH Ha BEIMYUHY MIBUIKOCTI
Teuii, a TaKoOK OyayTh BifpizusaTucs i monoxenns 111 [11, 12]. Ha puc. 2 noka3aHi TaHTeHIliaIbHi

MIBUAKOCTI HOCY V7 1 KopMu Vg7 CyjHA, a TAKOXK MOJIOKEHHS TIOJOCY ToBopoty I[1I17 mipu
HasBHOCTI Teuii [11].

PucyHnok 2 — TanreHmianbHi IBUAKOCTI HOCY 1 KOPMH CyIHA
Ta MOJIOKEHHS HOJIIOCY MTOBOPOTY MPH HASBHOCTI Teuii

TanreHiaapH1 CKIag0B1 MIBUAKOCTI BIAHOCHO BOAY BU3HAYAEMO SIK
Vi =Vur —Vrr, Vg =Vkr -V, ®)

e VH — TaHTeHIliiHa MBUIKICTh HOca Oe3 Teuil;
V k — TaHreH1iHa MBUJIKICTh KOPMU 0€3 Tedil;
VHT — TaHreH1iliHa MIBUAKICTH HOCA 3 TEYIEIO;
VKT — TaHTeHIIITHA MBUAKICTh KOPMU 3 TEUIEIO;
VT —TaHreHIiiiHA MBUAKICT TeYil.

ABtopu B [13] mpONOHYIOTH BH3HAUEHHS IOJOXKEHHS LEHTpa OOEepTaHHsS 3aJeXHO BiJ
MO3/I0BKHBOT IMBHUIKOCTI 1 BBAXKAIOTH, [0 MAaKCUMaJbHE 3MIIICHHS [IEHTpa 00epTaHHs BijJ LEHTpa
Barv nMpu HEOOMEKEHIH MBUIKOCTI MOXE JOCITTH MTOJIOBUHH JIOBKHUHHU KOPIYCY Cy/IHA.

ABtopu B [14] mpomoHyHOTh BH3HAYUTH 3MIIICHHS IICHTPY OOCpTaHHS il KOHKPETHOI
MIBUJIKOCTI CyIHA B BIJICOTKAX B1J] IIBUAKOCTI TTIOBHOTO XOY.

OCKIiTbKH TIOJIOKEHHST TOUYKHU MMOBOPOTY OOYHCITIOETHCS BiJl IIEHTPY 00EpTaHHS, SIKUH TaKOXK
3MINIY€EThCS 3aJIEKHO BijJ IIBHIKOCTI CyJHA, BaXKJIUBO 3HATH PyX TOYKH TOBOPOTY BIJIHOCHO
(ikcoBaHOI TOUKM Ha KOPIYCl Cy/AHA, HANpUKIad, Mifento. SIk BUJHO 3 pUCyHKa 4, I BiJCTaHb
JOP1BHIOE

Rmid=Ax+R . (6)
Ryia
L i Ax R
F..(5) N\
1 £ (©) L x1

* . ®

i GC CoR PP
F1.((}}

Fy(©) Y1

Pucynok 3 — Cxema kepyBaHHS KOHBEHI[ITHIM OZJHOTBUHTOBHM CYJTHOM
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[TepemitmeHHs IEHTPY 0OEpTaHHS BiJHOCHO IIEHTPY Barv MOKHA PO3paxyBaTH 3a (GopmyIior

px =7 (1 - e ™

a00 y BiIHOCHHMX BEJIMYMHAX
-— 1 1 1 1%
Ax=—(1— _ )=—(—’Z’C), (8)
2 NVe+1 2 \nV+1

— NpUBCACHA MMO3J0BXHA H_IBI/IHKiCTb CyaHa,

¢ — € xoedilieHTOM, KM BU3HAYAETHCS BiTHOUICHHSM MaKCHMAJIBHOTO TEPEMIICHHS IIEHTPY
o0epTaHHA 10 JOBKUHU CyJTHA.

ABtopu B [15] mpONMOHYIOTh BH3HAYMTH 3MIIICHHS IIEHTPY OOEpPTaHHS pPO3pPaXyHKOBO-
€KCIIEPUMEHTAJIbHUM LUISIXOM.

ABtop y [16] Ta B [17] moka3ye Moy0KEeHHS TIOJIOCY TOBOPOTY HAa CYMHI, IO HE MA€ X0y
BiJIHOCHO Bojiu [ 16] Ta mpu pyci cyaHa Briepen Ta Hazaz [17].

VY crarri [18] aBTOp BBaXkae, 110 HassBHA MOJICNIb TOBOPOTY CyJHA HE BiIIMOBINAE AIHCHOCTI 1
MPOTIOHYIOTH i1l NEPETIISHY TH.

VY crarti [19] aBTOp BBaXkae, M0 KOJIM CYJIHO MOBEPTAETHCS HOCOM a00 KOPMOIO, TMOIOC
MOBOPOTY JOCATae po3TalryBaHHS Aech MDK 1/3 1 1/6 moBXWMHU cyaHaA Bijl HOca abo KOpPMH,
3aJeKHO BiA (opMH KOpIyCy, IIBHIKOCTI Ta 3aCTOCOBAHOTO MOMEHTY Kepma. PosramryBanHs
MIOJIFOCY MOBOPOTY BHM3HAUA€ pajilyC KoJja, 3aBeplIeHoro abo CHpsIMOBAHOIO IiJ] 4ac MOBOPOTY.
MeHIe KOO0 JOCATAEThCS, IMOJIOC MOBOPOTY 3HAXOAMTHCA ONmkdue 10 Hoca abo KOpMH, JUis
MOBOPOTY BIlepea abo Hazaja BiAMOBiAHO. /[l MoIIOCY MOBOPOTY, PO3TAIIOBAHOTO Jajl BiJ HOca,
KoJsio Oinbie. 3 TOYKH 30py (OpMH KOPITyCy, CyIHO MOBHImOI opMmu, sK-oT Oankep abo TaHKep,
Mag€ TIOJIFOC TIOBOPOTY OJFKUE 710 HOCA, HIK OUTBII CTPYHKI Cy/IHA.

TakuM YMHOM, pi3HI AaBTOPH MPOIOHYIOTh PI3HI METOIU BHU3HAUEHHS 0a30BUX TOYOK
MOBOPOTY CyJHA.

Meta Ta 3aga4i aocaizkeHHsA. MeTor0 JOCHIKEHHS € BU3HAYEHHS METOJIB OTPUMAaHHSI
MO3UIIIH 0a30BUX TOUYOK.

Ile nacTh 3MOTry CTBOPUTH CUCTEMY BUHAMJIECHHS IMOJIOKEHHS 0a30BUX TOYOK 1 MiJBUIIEHHS
TOYHOCTI KEpPYBaHHS CyJHOM Yy CTHCHEHHMX BOJaX, IO TPU3BOAWTH 10 MiJBHIICHHS O€3MeKu
CYJTHOBOJIIHHS B ILIIOMY.

[TocraBieHa MeTa JOCATAETHCS NUITXOM BH3HAYCHHS UYWCIOBUX 3Hau€Hb 0a30BHX TOYOK
HOBOI 3MICTOBHOI MOJIENI TIOBOPOTY CyJIHA, pOo3p00IeHOT Ha OCHOBI 3-X TOYKOBOI CXEMHU IOBOPOTY,
13 BpaXyBaHHSIM OCTaHHIX IOTJISA/IIB HA TEOPiI0 TOBOPOTY Cy/AHA 1 3BEJIEHHS IX Y CUCTEMY.

3amadero JOCHIHKEHHS € BU3HAUEHHS YMCIIOBUX 3HA4€Hb 0Aa30BUX TOYOK HOBOI 3MICTOBHOI
mozem: [lentpa O6epranns ta [lomtocy [loBopoty anis Oyab-sSKuX CyAeH, 3 OyIb-IKOI0 KUIBKICTIO 1
OyAb-SIKUM THIIOM PYIIiiB.

BukiageHnsi ocHoBHOTo Mmatepianxy. UucenbHe BH3HA4YeHHs 0a30BHX TOUYOK TIOBOPOTY
cynHa. ExcnepuMenTanpHe BHM3HaYeHHA mnojioxeHHs [lomocy IloBopoTy 1o TaHreHUIHHUM
MIBUJIKOCTSIM HOCa Ta KOpMH cyqHa. [TomokeHHs aOCIMCH TONIIOCY MOBOPOTY MO TaHTEHI[IHHUM
IIBUAKOCTSM HOCA Ta KOPMU MOKHA BU3HAYUTH 32 METOJUKOIO, OMMMCAaHOI0 B poboTax [9] Ta [11] 3a
dbopmynamu (4) Ta (5) — BapiauT 1.

Takosx monokeHHs abCIHCH TOII0CY TTOBOPOTY MOKHA BU3HAUUTH 3a hopmynamu (2) Ta (3),
3anpoNOHOBAaHUMHE B poOoTi [6] — BapiaHT 2.

SIkmo BinOyBaeThcsi BU3HaueHHS nonoxeHHs [II1 Ha OAHOTBMHTOBOMY KOHBEHLIHHOMY
CYIHi, TO MOYKHAa BUKOPHCTATH OOWIBa METOIH 3 MO3UTHBHUM PE3yJIETATOM.

Ane BXXe TIpH JBOTBUHTOBOMY KOHBEHIIITHOMY CYJHI BHHHKAaE MOTpeda BpaxoBYBaTH JIBi
cunu. [lpu pospaxyHKy 3a (opmyiiamu, 3arpornoOHOBAaHMMH B poOOTi [6], MOTpiOHO mMOmAaTKOBI
PO3paxyHKH JUIsl OTPUMAHHS PE3yIbTyI040T CUIIH.
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Takox morpeba B MONATKOBHX pO3paxyHKaX BHHUKA€ IPH BUKOPUCTAHHI JOJATKOBO
HOCOBOTO TiAPYJIIOI0YOr0 IPUCTPOIO, 00 1HIIOT AOJATKOBOI OOKOBOI CHIH (HampuKIad, OyKCHPIB).

[Ipu BUKOpPUCTAaHHI a3MMyTaJBbHUX IMOBOPOTHUX KOJIOHOK BHHHKAE MOTpeda B ypaxyBaHHI
PI3HUX CHJI, @ TAKOX HAMPSAMKIB YIIOPY IIUX CHIL.

Taxki >k cami mOTpeON BUHUKAIOTH TIPY BUKOPUCTAHHI KPUIBYACTHX PYIIIIiB.

[Ipy BUKOpPHCTaHHI BITPUJIBLHOTO OCHAIEHHS MOTPIOHO BPaxoOBYBaTH PE3yJbTYIOUY CHUITY
BITPY, SIKa 3MIHIOE CHJTY 1 HaNPSIMOK 3aJI€KHO BiJl KUIBKOCTI BITPHJI 1 HAMIPSIMKY BITPY.

MoxHa TakoX MPUBECTH W 1HII MPUKIAAH, aje BCl BOHU MOKa3ylOTh, L0 BUKOPHUCTAHHSI
METOy 1O BapiaHTy 2 KpIM OJJHOTBUHTOBOTO KOHBEHIIIWHOTO CyJHA 3aBXIH MOTPiOHI JOJATKOBI
PO3paxyHKH 1 B JISSIKUX BUIA/IKaX BOHU MOXKYTh OYTH IOCUTh CKJIaJHUMHU.

®opmyni BU3HAUEHHS TTOJIOKEHHS a0CIMCH TIONIOCY TTOBOPOTY IO BapiaHTy | He BKIFOYAE
HISIKMX HATSAKIB HA KUIBKICTh 1 $KICTh BUKOPUCTAHUX pYLIiiB, OepyTbcs TUIBKM JaHi Ipo
TE€OMETPUYHE TEePEMIIIEHHS HOCA Ta KOPMH CyIIHA, SKi MOXKyTh BH3HAYaTHCS PI3HUMH METOAAMHU
(GPS, Honmuep-nar touro), 6e3 Oyab-sSKOro 3B'sI3Ky 3 KUIbKICTIO 1 SKICTIO JABUIYHIB 1 pymiiB. I mo
CyTi, HEMa€ 3HAYCHHsS, KU IBUTYH 1 pylliid (BKJIIOYAIOYM BITPUIIO) MA€ CyJHO, Ma€ 3HAYCHHS
TIIBKY TAHTEHIIHHI MBHUIKOCTI HOca 1 KopMu. ToOTO, 11eif METOA € YHIBepCATbHHM.

OTxe, BU3HAUCHHS aOCIUCH IIOJIOCY TIOBOPOTY MO TaHTCHIIHHMM IIBUAKOCTSIM HOCa Ta
KOpPMH MO>XHa BUKOPHUCTOBYBATH AJIs CyJHA 3 OY/b-SKUM THIIOM 1 KUTBKICTIO TOJIOBHHMX JIBUTYHIB 1
OyIb-sIKUM THUIIOM 1 KIJIBKICTIO pyLIiiB. L[poro paniiie He Ka3amu.

Bu3HaueHHs OJI0KEHHs a0CLMCH TOJIOCY MOBOPOTY HAa MOBHOMY XOJOBI IpU HepeKiIaIii
KepMa MOKHA BH3HAYUTH 110 TAHTCHIIIHHAM IIBHUKOCTSIM HOCA Ta KOPMH.

Bu3HaunTH NOJI0XKEHHS MOJIIOCY MOBOPOTY MO TAHTCHLIMHUM IIBUAKOCTSAM HOCA Ta KOPMHU
IIPU HYJIbOBIM IIBUJKOCTI HEMOKJIMBO BU3HAYUTH TUIbKHU 3aBISKU nepekiaaku kepMma. [loTik Bonu
He Oyze HabiraTu Ha KepMo 1 He OyJie yTBoproBaTH 00KOBOT cuiid. ToMy 1110 GOKOBY CHITy OTPiOHO
CTBOPHUTH B TOMY X MicIi, Jie ii cTBOproe KepMo. Hampukimay, nuisixoM BHKOPHCTaHHsS OyKCHpa,
KU TpaIioe 3 KOPMOBOIO K03y Ha OJHIM JiHil 3 mepom kepma mia kytom 90° no Il cynna
(puc. 4).

[HIIMM MeTOIOM BH3HAuUEHHS aOCIMCH TOJIOCY TOBOPOTY € PO3paXyHKOBUH MeETOJ
BU3HAYCHHS 11 MOJIOKEHHS Ha CTOSYOMY CY/IHI, SKH 3alIpOTIOHOBaHUH y po0oTi [3].

ExcnepumenTasibHe BH3HAYEHHSI TMOJIOKeHHsI LeHTpa oOepranHs. [lonoxenns 1[0
3aJIe)KUTh BiJ] MMO3JJ0BKHBOT MIBUAKOCTI cyHa. [Tomoxkenns T111 3anexxuts Bij ruieda OOKOBOI CHIH
BimHocHO [[O. Ilpm mpukmaneHHi OOKOBOI CHJIM B OJIHIM 1 TiH K€ TOWYIN, TMOJIOXKEHHS IOJIIOCY
MMOBOPOTY Mae OYTH TaKOX B OJHIN 1 Tiil ke Touii. AJe, SIKIIO BU3HAYUTH 3HAYCHHS TOJIOKEHHS
aocrucu I1IT mpu mpocTo mpu HyIBOBIH IBUAKOCTI, a00 MPHU BIACYTHINH MBUAKOCTI X 1 nipu
MaKCHMAaJIbHI MIBUAKOCTI (IIBHIKICTH IMOBHOTO XOAY) X772 , TO TIOJOXKEHHS TIOJIOCY TTOBOPOTY
OyJzie pi3HUM. 3a TIMOTe3010 aBTOpa PI3HMIN IIUX 3HAYCHB 1 Oye BenumunHOo 3MimieHHs 1O - AX.
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Pucynoxk 4 — Ilopsinok 3naxomkeHHs Bennanay 3Mimieras Leatpy O6epranns (L{O) - AX

AX:XHHZ - XHHl . 9)

3HaueHHs AX MOXHAa BU3HAYUTU 3a 3HAYEHHSAM X7/, B3STUM 3 rpadika 3aJIeKHOCTI
MIOJIOKEHHS TOJIIOCY IMOBOPOTY BiJX Ijieya OOKOBOI CMIM 1 3HAYeHHAM X2, OTPUMAHUM
eKCIIEpUMEHTaIbHO. TakUM YMHOM, BHM3HAUEHHS IIOJIOKEHHS IIEHTpa OOEpTaHHS MOXIIUBO
PO3paxyHKOBO-EKCIIEPUMEHTAIBHIM METOIOM, SIKUi onucanuii y crarti [16].
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Tak, y mid cTaTTi MakCUMaJbHA BEIWYHMHA 3MIIICHHS IEHTPY OOEpPTaHHS, BHU3HAUCHA
PO3PaxXyHKOBO-EKCIIEPUMEHTAILHIM METOAO0M, TOPIBHIOE:

AX =X, — X = 0,37L—0,17L = 0,2L .

VY pasi pyxy cymHa 3i IIBHIKICTIO MEHIIE MaKCHMaiabHOI BenwumHW 3MimeHHs [[O
BUPAaxoOBYeTbcA 3a (opmysoro (8). 3HaueHHs NOJOXKEHHS LEHTPY OOEpTaHHA Uil pPI3HUX
MIBUJIKOCTEH MOXKHA PO3paxyBaTH 3a3JaJIeri/[b 1 BAKOPHCTOBYBATH IPH pEaIbHIX MaHEBpax.

I'padix 3 mxepena [3] moOynoBaHuii Anst ycepeaHEHOro cynHa. [lyis OuUIbII TOYHOTO
BHU3HAYCHHS MaKCUMaJIbHOTO 3MimieHHs [{O Mo)kHa 3HAWTH 11e eKCTIEPUMEHTAITBHUAM IIIISIXOM:

— Ionoxxenns I1I1 mpu HyIbOBIM MIBUAKOCTI BUBHAYUTHU 3a JOMNOMOTOK0 OYKCHPY METOJIOM,
SIKAI OIMMCAaHUM BUIIIE,

— Ilonoxenns IIIl nmpu MBHAKOCTI MOBHOIO XOJy, IIO € PEAJIbHOI MaKCHUMaJIbHOIO
HIBUIKICTIO JJIs1 KOYKHOTO KOHKPETHOI'O CY/IHA, MOYKHA BU3HAYKTH, SIK OMKUCAHO B poOoTi [9].

OTpumani pe3yibTaTH BIAPI3HSIOTHCA BiJ BIJOMUX pIIIEHb THUM, IO aBTOpaMH
EKCIIEPUMEHTAIBHO JOBEJCHO 3MIIEHHS TIONIOCY IMOBOPOTY ISl MaKCHUMAaJbHOI IIBUAKOCTI
LUPKYJSILii, a TaKoX BUCIOBJIEHO MPUITYIIEHHS, 110 HPUYMHOI TAKOTO 3MIIIEHHS € 3MILICHHS
LIEHTPY O0OepTaHHS.

Metox Bu3HaueHHS MakcuUMaiabHOro 3MmimeHHs [[O mIsaXoM NOPIBHSAHHSA IOJOXKEHHS
MOJIFOCY TIOBOPOTY TIPH  HYJIBOBIM MIBHUAKOCTI 1 IIBHUAKOCTI TOBHOTO XOAY, OTPUMaHUX
€KCIIEpUMEHTAIbHO, € HOBUM 1 HE IPOIIOHYBABCS paHillIe.

[Tonoxennsa 1O Ta I1II mpu po3rasal Bunaaky 3 2 OyKCUpaMu, siKi IPOCYBarOTh 3yNMHEHE
CyIHO JlaroM. MoJKHa pO3IVISHYTH BUMAJOK 3 CyIHOM, SIK€ 3YNUHWIOCA 1 HOro IITOBXarOTh abo
TATHYTH JIAaTOM JBa OYKCHUPH 3 OJHAKOBOIO CHJIOK0 1 3 OJHAKOBHMH BIJICTAaHSMH BiJ TOYKH
NPUKIAJACHHS CWIM J0 MIJIeNI0 CyJHa, sIKe CUIUTh Ha piBHOMY Kini (Pucynok 5). Llei Bumamox
PO3IIIsIIAIN 33J0BrO IO MEHE Taki 1o0pe Bigomi aBropH, sk Hooyer H. H. y [2]; Dr. Seong-Gi SEO
ta Captain Kevin EARL y [7].
f 1
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Proof of Pivot Point Movement

Pucynok 5 — JIBa OyKCHUpH TATHYTH CyTHO JIarOM 3 PiBHOIO TOTYKHICTIO [7]

VY oMy BHIIAJIKy MOJOKEHHS TOUKU P HE € MOJI0KEeHHSM IOJIIOCY TTOBOPOTY, 00 B MOIIOCI
MOBOPOTY OOKOBA MIBUKICTH CyJHAa Ma€ nopiBHIOBATH 0.
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Jlyig OlbIl HAOYHOIO TMOSICHEHHS I[bOTO SI MOSICHIOK 1€ HAa PUCYHKY O, 1€ NpU TUX K€
yMOBax TOKa3aHi TAaHTEHI[IIHI MIBUAKOCTI HOCa Ta KOpMH, a TakoX mojoxkeHHs LIB Tta 1O 1
TAHTCHIIIHI IMBUIKOCTI MUX TOYOK. Hi ofHA 3 BUIEBKAa3aHUX TOYOK, Hi B HOCOBIH, Hi B KOPMOBIH
YaCTHHI CyJHa HE MalOTh TaHTEHIIIIHOI MBUIKOCTI, ska aopiBHIOe (. ToOTO, y IbOMY BHUIAIKy B
Me)Kax KOPITyCy HeMae Hi O/IHi€l TOUKH, 1€ TaHTeHIIIiHA IBUIKICTH Oyia 6 piBHOO 0.

CynaHo 3ynuHeHe CynHo Ha piBHOMY Kii

110© 1IB

Cynano mae xij Buepen

PucyHnok 6 — /IBa OyKcupH TSATHYTh CyIHO JIarOM 3 PiBHOIO MOTYKHICTIO

SIk HacmpaBIi BUIIIAJAE Il KapTHHA, IMOKAa3aHO HA PUCYHKY 7. Bi3bMeMO IMOJOXEHHS, KOJIH
OYyKCHpH TATHYTH 3 OJIHAKOBOIO CHJIOIO, @ KOPMa PYXAa€ThCS 3 TAHTCHIIHHOK IIBUAKICTIO VK, SKa
OLIBIIIE HOCOBOT MIBUAKOCTI VH.

Cynano Ha piBHoMY kil CyHO Mae X1J1 Biepe/

kxnn

Pucynok 7 — PosramyBanns 11O Tta I npu pyci cynHa Bnepen

[Tpu 3ynuami cynua 1O 306iraerscs 3 LIB. Tlons THCKY HaBKOJIO KOPIYCY OJHAKOBI 3 yCiX
6okiB. Konu cyano #iae Bnepen (puc. 7), moiis TUCKY HAaBKOJO KOPIYCY 3MIHIOIOThCS. Y HOCOBiH
YaCTUHI MM MAa€EMO 30HY BHCOKOTO THCKY, HABKOJIO OOPTiB TUCK HU3BKUH. 3a TaKUX 0OCTAaBUH LIEHTP
6okoBoro onopy (LIBO) pyxaerbes 10 06macti BUCOKOTO THCKY [6]. Jlesiki aBTOpH BBaXarOTh TOUKY
1O na upomy pucyHky Toukoro L{BO, 6o B Hilf mpuKIageHa TiIpoJuHaAMIYHA CHJIa CIIPOTHUBY BOJAU
1, BIITIOBIIHO, MOMEHT 1ii€i cuiH, ane B Toulll [[B — HaliMeHIuit MOMEHT 1HepIii Cy/IHa He3aleKHO
BiJl 30BHIIIHIX CHJI i MOMEHTIB 3 00Ky cepenoBuma. 3a gymkoro aBropa L{O € komnpomicom LB i
HBO. MoxHa mpuUIyCTUTH, 1110 BKa3zaHy Touky ciia HazuBatu [[BO. OcHoBHOIO ifeero € Te, 10
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BOHAa iCHye, 1 Bix Hel BiAPaXOBYIOTHCS BCI Baxellli OOKOBHX CHII, TNPHUKIAACHUX JO CYIHA.
Po3zpaxynku nonoxenns 11O, 3 ypaxyBaHHSIM BKa3aHOTO, HaBe/eHl BUIIE. Y Oy/b-sIKOMY BHUIAAKY
touku L{BO 1 11O He BUXOIATH 3a MexXi Koprycy cyaHa. O0epTaibHUN pyX CyAHA 3aJIEKUTh BiJl
KPYTHUX MOMEHTIB, IPUKJIAZICHUX OyKCUpaMH, SIKi, Y CBOIO Yepry, 3ajieXaTh Bil MPUKIAACHUX CUII 1
BakeniB 1ux cwi. Cunm piBHi. lle o3navae, mo Baxeni pi3Hi. Konam cyaHo pyxaerbest BIiepes,
KpyTHHI MOMEHT OyKcupa, IO TpaIoe B KOPMi, CHUJIBHIMINNA, HI)K KPYTHUH MOMEHT OyKcHpa,
po3TaioBaHoro B HocoBi. Cy/1HO 00epTaeThCsl 3a TOJUHHUKOBOIO cTpliikoto. Konu cynHo mae pyx
Ha3aj, CUTyallis NPOTHJIEKHA, CYyTHO O0EpTAEThCs MPOTU FOJAMHHUKOBOT cTpiiku. [lonoxxenns L{O
3aJIEKUTH Bl BIMHOIIECHHS IJI€Y CHIL.

AJle MM TaKOXX MOKEMO 3HaiTH Ha bOMYy pUCYHKY nosioskeHHs [1I1. [lns nporo mu Oyiemo
BHKOPHCTOBYBAaTH METOJ TaHTCHIIWHMX MIBUIKOCTeH HOca i KopMHu [8], sIKMii BHKOPUCTOBYE Y
cBoix Bigeo mpodecop Kuyn beneaukr [15], [16].

BukopucToByrourn BeIMYMHM TAHTEHUIMHMX IIBUIKOCTEH VH 1 VK TakoX MOKHA 3HAWTH
nonoxkenHs PP 3a popmynoro (4). s Touka Oyze B iHIIOMY MicIli, Hixk Touka P 3 pucyHka 5.

VY Bunajaky, KoJId HOCOBA IIBUJKICTh VH MEHIIA 3a KOPMOBY HIBHAKICTh VK 1 BOHM 0OMJIBI
COpsIMOBaHI B OJHOMY HampsIMKy (10 BIANOBIJAE€ TOJOXKEHHIO CyJIHA), MOJOXKEHHS XIII
3HAXOJIUTHCS TMOMNEpey HOCOBOI YacTHMHM cyJaHa. BiH Takox Moxke mnepedyBatu B pPIZHOMY
MIOJIO’KEHHI 3aJISKHO B1Jl OMEPEYHOI IBUIKOCTI HOca Ta KopMH, aie 3arajioMm I1I1 ta 1O e pisaumu
TOUKAMM, 1 BOHH 3aJIeXkKaTh B PI3HUX (I3MYHUX IPUHLIUIIIB.

VY BUNaAKy, KO HOCOBA IIBUIKICT VH OUIbINA 32 KOPMOBY IIBUIKICTH VK 1 BOHU OOHJIBI
CIPSIMOBaHI B OJIHOMY HaIpsIMKY, [TOJIOKEHHS X1t OyJie 3a KOPMOIO Cy/IHa.

OcHoBHi pe3yabTaTH Ta IX 00roBopeHHsi. OCHOBHMMM pe3yJbTaTaMH € OTPUMAaHHSA
MeTo 1B Bu3HadeHHs nonoxkenHs 111 ra 11O.

IIIT MoxHa BHU3HAUaTH JIBOMAa METOJAMH: EKCIEPUMEHTAIbHO-PO3PAXyHKOBUM Ta
eKCIIEpUMEHTAIBHUM.

3mimeHHs nojoxeHHs L[O mpornoHyeTbes BU3HAYATH SIK PI3HUIO MDK nojoxeHHsM I1I1
IIpU HYJIbOBIN Ta MPH MOTOYHIN MBUAKOCTAX. Lle mponoHyeThCs K rinoresa aBTopa.

BucHosku.

1. TTonoxxenHst aOcCIEiCH TOJIOCY MOBOPOTY MOXKHA EKCIIEPUMEHTAJIFHO BHU3HAYHTH TIO
TaHTeHIIMHUM IIBUAKOCTSM HOCA Ta KOPMHU CyJHA Ha OyJb-sKiil IIBUIKOCTI, BKJIIOYAIOUU HYJILOBY
MIBUKICTH 1 MIBUAKICTH MTOBHOTO XO/1y. BU3HAaUEHHS a0CIMCH MOIOCY MOBOPOTY 110 TAHTCHIIIHHUM
HIBUJIKOCTSIM HOCA Ta KOPMHU MOKHA BUKOPUCTOBYBATH JUIsl CyJiHA 3 OYy/Ib-SIKUM THIIOM 1 KUIBKICTIO
TOJIOBHUX JIBUTYHIB 1 OyAb-IKMM THUIIOM 1 KUTBKICTIO pymIiiB. PaHime Hige He mucanock, 0 METO.
TaHTeHIIMHNX MIBUIKOCTEH HOCA Ta KOPMHU MOKHA BUKOPUCTOBYBATH AJIs Oy/1b-IKUX CYJIEH.

2. JInsg KOKHOTO CyJHa MOKHA BU3HAUUTH moyioxkeHHs adcuucu [T crosgoro cynmHa
eKCHEpPUMEHTAIbHUM IIIJISIXOM, HaNpHUKIaJ, BUKOPHCTABIIM OyKCHp, SKHN 3aKpilmuB OyKCHUpHHUH
TPOC 4epe3 KOPMOBHUH KITI03 Ha OJHIHM JiHII 3 mepoM KepMma i BHKOHYyeE Tiry mmia Kytom 90° i
BUKOHABIIM pO3paxyHOK moioxeHHs [III mo TaHreHumiiHUM MIBHIKOCTSAM Hoca 1 kopMmu. lle
MiABUIIUTh TOYHICTh BHU3HA4YeHHs moiyokeHHs abcipcu [II1. BusnaumBmm monoxxeHHS alcipcu
MOJIFOCY TOBOPOTY AJISt HYJIbOBOI IIBUAKOCTI, MO’KHA BUKOPHCTOBYBATH HOro Bech yac. BusHaueHHs
niostoxkeHHs 111 cTos9oro cyiHa NpoONOHY€EThCS BIIEpLIE.

3. JI1s KOXKHOro CyJHa MOXKHAa BU3HA4YMUTH monoxeHHs adcuucu III1 cTosdoro cynHa 3a
rpagikom Ha puc. 1.

4. IlopiBusBmu nonoxkeHHst [III crosyoro cynHa 3 eKCHEPUMEHTAIbHUMHU JTaHUMHU
nonioxkenHs [T mpu pyci cyanHa, 3riHO 3 TINOTE30l0 aBTOpPA, MOXXHA BU3HAYUTH BEIUUHHY
3mimeHHs 11O. Ile MokHa poOUTH HE TUIBKM U1 MAaKCUMalIbHOI IIBUAKOCTI, ane i /g MOTOYHOI,
YHHUKAIOUH, TAKUM YHHOM, NIEPEPaxyHKy 3a Gpopmyioro (8). BusHaueHHs BeTMYMHA MaKCUMAIILHOTO
3mineHHs 1O ekcriepyMeHTalIbHUM METOIOM 3allPOIIOHOBAHO BIIEpILE.

5. Meron BuzHaueHHs nosioskeHHs L{O mUIsIXOM MOPIBHSHHS MOJIOKEHHS a0CIUCH TIOJIIOCY
MOBOPOTY IPH HYJIbOBIH IBUIKOCTI 1 HIBUAKOCTI TOBHOTO X0y, OTPUMAHUX €KCIIEPUMEHTANIBHO, €
HOBUM 1 HE IIPOIIOHYBABCS paHILIe.
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6. Buznauenns 3mimensas 11O Bixg LB numsixom mopiBHsHHS monoxxeHbs adcuucu [IT mpu
HYJBOBIM 1 MakCUMaJbHIN MIBUJIKOCTSM CyAHA 0 TaHTEHIIMHMM IIBUAKOCTSM HOCAa Ta KOPMHU
MO>KHA BUKOPUCTOBYBATH IS CY/IHA, y SIKOTO OOKOBA CHJIa YTBOPIOETHCS PI3HUMU IIISIXaMH, ajie B
OJTHOMY ¥ TOMY 3K MICIIi SIK TP HYJIbOBIN MIBUAKOCTI, TaK 1 MPU MIBUIKOCTI TOBHOTO XOY.

7. TakuM YHHOM, CTBOpEHA CHCTEMa BHHAWICHHS YHCIOBHUX 3HAuY€Hb 0a30BHUX TOYOK
MOBOPOTY CyJHA MPOCTUMH, 4YacTO TEOMETPUYHMMHU METOAAMH, SKI Jal0Thb MOKJIMBICTh
BHKOPHCTOBYBATH 3MICTOBHY MOJIEJIb TIOBOPOTY CcyjaHa [17] mpu MaHeBpyBaHHI B peajbHUX YMOBaX.
Taka cuctema 3anponoHOBaHa BIEpIIIE.

8. Bu3HaueHHs YMCENbHUX 3HAU€Hb 3MIMICHHS IEHTpa OOEpPTaHHS 1 IOJIIOCY TOBOPOTY
3HA4YHO MIiJBUILY€E TOYHICTH NPOLIECY MaHEBPYBaHHS 1 B3araji Oe3leKy IUIaBaHHS, OCOOJIMBO B
CTHCHEHHX BOJIaX.

IlepciekTHBM NOAAJBIIMX AOCHIAKeHb. [Ipy NOJANBIIMX JOCHIPKEHHSIX MOXKHA
30CepeIUThCS HAa BU3HAUEHHI MPAKTUYHHUX 3aC001B BUKOPUCTAHHS 3MICTOBHOI MOJEINI IOBOPOTY
CyJHa y pi3HUX BUIAJIKaX MOPCHKOI PAKTUKH.
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Tovstokoryi O. M. PRACTICAL METHODS FOR CALCULATING THE POSITION OF THE BASIC
POINTS OF THE SUBSTANTIVE MODEL OF THE SHIP'S TURN

The object of the study is the process of turning the ship. It is necessary to numerically calculate the positions
of all the base points of the substantive model.

Knowledge of the substantive model of ship turning and methods for calculating the positions of the base
points allow us to calculate the process of turning the ship and determine the positions of the base points. The
position of the center of gravity is taken from the ship's cargo plan. The position of the pivot point and the
position of the center of rotation are determined by simple experimental and experimental-calculation
methods.

Determining the position of the center of rotation and the pivot point makes it possible to determine the
position of the ship during turning much more accurately, which will increase the safety of navigation.
Determination of the abscissa of the pivot point by the tangential speeds of the bow and stern can be used for a
vessel with any type and number of main engines and any type and number of thrusters.

Determination of the displacement of the center of rotation from the center of gravity by comparing the
positions of the abscissa of the pole of rotation at zero and maximum vessel speeds, determined by the
tangential speeds of the bow and stern, can be used for a vessel in which the lateral force is generated in
different ways, but in the same place both at zero speed and at full speed.

Key words: navigational safety substantive model of vessel rotation; determination of the position of the pivot
point; determination of the position of the center of rotation; maneuvering restricted waters.
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BUMOI'M 10 O®OPMJVIEHHS MATEPIAJIIB

Jlo npyky TpHMAIOTBCS CTATTI YKPATHCHKOK YHM AHTIIMCHKOI MOBAaMH, IO MiCTATh
pe3yNbTaTh BIACHUX OPUTIHANBHUX JOCITIIKEHb, SKI MAlOTh HAYKOBY 1 MPAKTUYHY I[IHHICTH 1 HE
nyOmikyBanucs goci. Jlo Ipyky He NMpHiiMaOTBCS CYTO OIVIAAOBi cTaTTi. BiamoBiganpHICTh 32
3MICT CTaTTi HECE aBTOP.

3rigHo 3 BuMoramu 1. 3 IlocranoBu Ilpesunii Bumoi Atecramiitnoi Kowmicii Ykpainu
Ne 7-05/1 Bin 15.01.2003 p., HayKOBi CTATTI, IO HAJAIOTHCA 10 IPYKYy, MMOBHUHHI MICTUTH HACTYIIHI
€JIEMEHTHU: MMOCTAHOBKA MpOOJIEeMH Yy 3araJbHOMY BUIVIAII Ta 11 3B'SI30K 13 BaXJIMBUMU HAyKOBUMU
Y MPAKTUYHUMHU 3aBJIaHHSMU; aHAI3 OCTaHHIX JOCHIKEHb 1 MyOmiKamii, y SKUX 3am04aTKOBaHO
PO3B'sI3aHHS J1aHOT MPOOJIEMHU, Ha SIKI MOCHJIAETHCS aBTOP; BUALICHHS HEBUPILICHUX paHillle YaCTHH
3arajibHOI MPOOJEeMH, SKUM INPUCBSIUYETHCS CTATTs; (POpPMYINIOBaHHS IIeH cTaTTi (IOCTaHOBKA
3aB/IaHHA); BUKJIAQJICHHS OCHOBHOIO MaTepialy JOCHIPKEHHS 3 TOBHUM OOIpYHTYBaHHSIM
OTPUMAaHUX HAYKOBUX pE3yJbTaTiB; BHUCHOBKM IOJIO JAHOTO JOCHIKCHHS Ta MEepCIeKTUBU
MOJTANTBIINX HAYKOBHX JIOCII/PKEHB Y TaHOMY HAIPSIMKY.

Obcaz cmamen — 10...15 cTOpIHOK, BKJIIOYAIOYM BCl MaTepiaid, y T. 4. TaOJIUL, PUCYHKH,
rpadiku Ta COUCOK JiTepaTypHuX Jukepen. CymapHuil o0car puCyHKIB 1 TaOJIMIb IOBUHEH OYTH HE
o6inb11e 30% 00csIry OCHOBHOI YaCTHUHH.

Ogopmnenna cmammi. Ha mepuriii cTopiHmi pykomucy 3a3HadaeThes koa Y /K, HasBa
po0oTH, Ipi3BHUIIIE, iHIIIaTU Ta HAYKOBUI CTYIiHb (3BaHHS) aBTOpPA(iB).

Koo Y/IK — o niBomy kparo, po3mip mpudty — 10.

Ha3zea — 110 neHTpy OpyKOBAaHUMHU JiTepaMu (LpUQT KUpHUIL, po3mip mpudty — 14).

Ingpopmayia npo aemopa(ie): npi3Buile, iHIIIaNM, HAYKOBUH CTYMiHb, BUCHE 3BaHHS,
rmocajia, TOBHa Ha3Ba YCTaHOBH ab0 rpoMajichbkoi oprasizaiii, nepxkasa, e-mail, ORCID aBtopa —
KypCHUBOM, TI0 JIIBOMY Kparo, po3mipoM mpudty 12.

Texcm nvanaetbes y hopmati penakropa MS Word mpudrom Times New Roman, posmip
mpudty — 12, intepsan — 1.

Hapamempu cmopinku (omuist Mexio ®ANJI, TTapameTpu cTOPiHKN):

po3mip mamnepy — A4: 210%297 mwm;

OpI€HTAIlisl apKyIlla — KHUKHA (aJIbOOMHA HE JOITYyCKAEThCH ),

moJst — 2,00 cm;

namitypka — 0,00 cm;

KoJoHTUTYH — 1,30 cM™;

a63arHuii Bizctyn — 1,25 cMm, BUpiIBHIOBAHHS 32 IMIUPUHOIO, CTOPIHKA HE HYMEPYBAaTH.

YV cmammi nasoosmvca minvku mi gopmyau, pucyumku, maodauyi, wo 3abe3neuyromo
PO3KpUMMsL 3MICIYy npeoCcmasieno20 00CIIONCEHHS, 6Ci 60HU NOBUHHI MAMU NOCUNAHHS 68 MeKCMi
cmammi.

@opmynu oBUHHI OyTH HAOpaHi 3a JOMOMOTOK0 BOYI0BaHOTO peaakTopa ¢popmyrn Equation
Editor. Bci ¢opmynn BCTaBIAIOTHECS B TAONHUIIO 3 HEOKPECICHHUM KOHTYPOM, IO CKJIAJA€THCS 3
JIBOX KOJIOHOK: y TIEpIIii 3HaxXoauThbes opmysia 6e3 ab3aily i BUpIBHSHA IO LEHTPY, Y APYTiHd —
HoMmep (opmynm Tex Oe3 ab3aiy i 3 BUPIBHIOBAHHSM I10 IIEHTPY. Mexa MiXK KOJIOHKaMH TaOJIHIIi
BCTAHOBIIIOETHCS Ha MMo3Ha4ll 14 cm.

Ile crocyerbcst Takok (GOPMYINT i CUMBOIIB (GOpMYIL, sIKi CTOATH 1Mo TekcTy. [lapamerpu B
penaktopi ¢GopMys MOBHHHI B TOYHOCTI BIANOBIaTH HaBEIEHWM HIpK4Ye. Po3Mipu (omiisi MEHIO
penaktopa Equation Editor: PO3MIP, Busnauwntu ...):

e 3BuvaiiHuii 12 mr.

o Kpynuwuii ingexc 7 mr.

e JlpiOHwMit iHACKC 5 TT.

o Kpynuuii cumsoin 18 .

e JlpiGHuit cumBon 12 mr.

Ta6nuyi nadbuparotsest y Microsoft Word.
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Pucynku noBuHHI OyTH YOpHO-OinmMMu, Oa)kaHO TPO30OPHMHM, 1 BCTaBiieHI y (aii craTTi.
®opmat pucyHskiB (tif, pcx, bmp Tomio) moBuHeH OyTH CyMICHUH 3 pelakTopoM TekcTy Microsoft
Word. Po3ninbna 3gatHicTh prcyHKiB — He MeHie 300 dpi.

Cmpykmypa cmammi:

e BCTYII;

e TIOCTaHOBKa MPOOJIEMU;

e aHaJI3 OCTaHHIX JOCIIHKCHB Ta MMy OJTiKallii;

e MeTa Ta 3aJia4i IOCIiKCHHS,

e BHUKJIAJ OCHOBHOTO MaTepiasly (METOAM MJOCHI/DKEHHS, pO3B'S3aHHA 3a7ad  Juls
3a0e3neueHHs! JOCATHEHHS TIOCTAaBJICHOI METH);

e OCHOBHI Pe3yJIbTaTH Ta IX OOTOBOPEHHS;

e BHCHOBKHU;

e TIEPCTIEKTHBH MOJAIBIINX JTOCIIKEHD;

e CIIMCOK BUKOPHCTAHOI JiTEpaTypHu.

OCHOBHI pO3J1IM MOXYTb MAaTH Ha3BH, JELIO BIAMIHHI BiJ IPUBEICHUX BUIllE HAlIMEHYBaHb
31 30€peKEHHSAM iX 3arajibHOI JTOT1YHOI MOCIIJOBHOCTI.

Cnucox euxopucmanoi nimepamypu NOJAETECSA 3aralbHUM CIIMCKOM Yy KiHII PYKOIUCY
(MOCNIOBHICTh — Yy MOPAAKY 3rajJyBaHHA [0 TEKCTY) 3CiHO 31 BCTAHOBJICHHMMH BHMOTaMHU
crannapty JCTY 8302:2015. Cnucok Mae HanmiuyBatu 15...30 HaliMeHyBaHb, 3 IKUX MIHIMyM 2/3
ory0sikoBaHUX 3a ocTaHHi 10 pokiB, 3 HUX HE MeHIIe 5 3akopaoHHUX. He MeHmie 3 mocunanp Mae
Oyt Ha cTarTi 3 BHAAaHb, IO IHACKCYIOTbCs Oazamu Scopus Ta/abo Web of Science Core
Collection. OGcsr camonMTyBaHHS (ITOCUJIAHHA HA CBOi MONEpeAHi MyOJiKallii) JOMyCcKaeTbCsl He
Outbire 1/3 3arajibHOT KUTBKOCTI JKEPE.

Jlo cTarTi TakOX HaBOAMUTHCS Tepelik Jiteparypu narunuieto (References), mns iioro
opopmiieHHs BHUKOpPUCTOBYEThCS APA-ctuns. Crnucok JiTepaTypu TpaHCIITEPYeThCS abo
NePEeKIIaIaeThCcs aHTIINChKOI0 MOBOK. TpaHchiTepyBatu iHpopMaliro He0OXiHO BiIMOBIIHO 1O
nocraHoBu KaGinery MinictpiB Ykpainu Big 27.01.2010 «IIpo BHopsiaKyBaHHsS TpaHCIiTEparii
YKpaiHChKOTO a(aBiTy JaTHHUIEIO» (TPaHCIITEpaIlil0o YKpaiHChbKOI MOBH MOXKHA 3JIMCHUTH 3a
nocwinanHsM http://ukrlit.org/transliteratsiia#tsource=0JzQsNGAOYLQuNGIOLXQstGB0OYzQutC40
Lk= [oOpatu ctangapt: [lacnoptauii (KMY 2010)]). TpaHcmitepyBatu Kepena, sSKi MUITYThCS
JATHHUIICIO HE TIOTPIOHO.

Cmpykmypoeani anomauyii yKpaiHCbKOIO MOBOIO o0Ocsrom Big 150 mo 250 cmiB Ta
aHTIIHCHKOI0 MOBOIO 00csiroM He MeHie 1800 3HaKiB HAAIOTHCS: HA MOBI OpPHUTIHATY CTaTTi Tepe;]
BCTYIIOM, Ha 1HIIH MOBI1 — TICJIS TEKCTY CTATTI. Y KiHIII aHOTAIliii HABOATHCS KITFOUYOBI CIIOBA.

OcHoeHi eumozu 00 aHomayii.

e aHOTaIlis Mae OyTH HamMcaHa TaK, MO0 MaTH MOMKIHWBICTH OyTH MPEIACTaBICHOIO 1
CIPUIHSTOIO UNTaueM OKPEMO BiJ CTATTi;

e aHOTAIliA Mae OyTH M030aBJeHOIO MyOJfOBaHHA iH(OpPMAaIlii, 0 HAaBEJICHa B 3aroJOBKY
CTATTI;

e aHOTAIliA Mae OyTH iH(QOPMATHBHOI, 3MICTOBHOIO, MICTUTH KOPOTKY iH(popMaIliro mpo
JOCIIJKeHHS, 10 TPEJICTaBlIeHI B aHOTOBaHI poOOTI — ramysb, A0 AKOi BIJIHOCHUTHCS POOOTa,
aKTyaJIbHICTh, 3ACTOCOBAH1 METO/IU, OCHOBHI PE3yJIbTaTH, IX 3HAYEHHS TS TEOPil Ta MPAKTUKH;

e PpEYEHHs, BUKOPUCTaHI B aHOTalii MatoTh MicTutd 10...20 cniB, OyTH 3pO3yMUINMU /s
yuTava 0e3 3aiiBOi MpUMITHBI3AIlIT;

e Y TEKCTi aHOTAIIil CJIiI BUKOPUCTOBYBATH KIIFOYOBI CJIOBA 3 TEKCTY CTATTi;

e QAHOTAIllA AaHMIKCHKOIO MOBOIO HE Mae OyTH CIinmuM JayOaroBaHHSAM —aHOTAIil
YKpaiHChKOIO MOBOIO, 8 OyTH CaMOCTIHUM I[iJIiCHUM TEKCTOM.

Jlokymenmu, w0 nooaromscs 00 peoaxkuii.

Jis myOumikarii aBTOp TOBMHEH HAJaTH JIO PEAAKIll eNeKTPOHHOK TOMTOoK (Ha
nomrry journalnvksma@gmail.com) enekTpoHHHI BapiaHT HACTYITHUX JOKYMEHTIB:

e KOMII IOTEPHUI BapiaHT cTaTTi — ¢ain, Habpanuit y penakropi Microsoft Word;

e (haii KO)KHOTO PUCYHKA, BKIIFOUEHOTO B CTATTIO, OKPEMO.
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Kpim Tekcry crarTi aBTOpOM(aMu) HaJarOThCA:

e CTPYKTypOBaHa aHOTAIlii Ta KJIIOYOBI CIIOBa YKPaiHCHKOI 1 aHIMIIHCHKOK MOBaMH,
BKJTIOYAIOYM HA3BY CTATTI Ta MPi3BUINA aBTOPiB JBOMA MOBAMHU — Ha OKPEMiid CTOPIHIIL;

e JTIEH31WHUI TOTOBIp MiAMUCAaHUI yCiMa aBTOpaMH;

e BIJJOMOCTI MpPO aBTOPIB (IMpi3BHIIE, iM'S, IO OATHKOBI, BUCHUH CTYIiHb, BUCHE 3BaHHS,
Micie poOoTH, Tmocajaa, JoMamHs abo ciayxk0oBa aapeca, KOHTaKTHUN TenedoH, e-mail, HayKoBi
inTepecu aBropiB, ORCID aBTopa(iB)) — Ha OKpeMiii CTOpIHIII.

CrarTi, moJaHi Ha pO3MIA, NPOXOIATH NEPEBIPKY Ha IUIariar Ta IOJBIMHE CIine
penieH3yBaHHs. [ perneH3yBaHHS pefakiliiHa KOJIETis MOXE 3aIydaTd CTOPOHHIX (axiBIiB 3a
BIJIMOBITHUM HAIPSMOM.

PepakmiiiHa Koserist 3anuirae 3a co0O MPaBO MPUMMATH PINICHHS HIOAO BiJNOBITHOCTI
MpEeACTaBICHUX POOIT HampsMaMm >KypHainy. Marepiaau, mo He oQopMJIEHI 3TiIHO HaBEACHHUX
MIPaBWII, MICTATH IUIATIAT, M HE BiJMOBIIAI0THh HAMIPSAMaM JKypHaIy OyIyTh BiIXHUJICHI.

Honosxncenna npo konghioenyiiinicmeo

Imena Ta enekTpoHHI axpecd, BKa3zaHi KOPHCTyBauaMH Ha CalTi IIbOTO KypHaIy, OyIyTh
BUKOPHUCTAHI BUKJIFOYHO JUUIsl BUKOHAHHS BHYTPIIIHIX TEXHIYHUX 3aBJaHb I[bOTO KYPHAIY; BOHU HE
OyIyTh MOIIMPIOBATUCH TA MEPEIaBaTUCh CTOPOHHIM 0cO0aMm.
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DESIGN REQUIREMENTS FOR SCIENTIFIC WORKS

Only articles in Ukrainian or English containing the results of authors own original research,
which have scientific and practical value and have not been published yet, could be accepted for
publication. Purely review articles are not accepted for publication. The author is responsible for the
content of the article.

According to the requirements of item 3 of the Resolution of the Presidium of the Supreme
Certifying Commission of Ukraine No. 7-05/1 dated 15.01.2003, scientific articles submitted for
publication should contain the following elements: statement of the problem in a general form and
its connection with important scientific or practical tasks; analysis of the recent studies and
publications in which the solution to the problem, which the author refers to, was initiated; selection
of previously unresolved parts of a general problem, to which the article is devoted; formulation of
article goals (statement of the task); presentation of the main material of the study with a full
justification of obtained scientific results; conclusions and prospects for further scientific research
in this area.

Article total volume allowed is 10...15 pages with all materials embodied, including tables,
figures, graphs and reference list. The sum of figures and tables should be no more than 30% of the
research body.

Article design. The following information shall be placed on the first page of the
manuscript: Universal Decimal Classification (UDC) index, article title, surname, initials, and
scientific degree (academic status) of the author (s).

Universal Decimal Classification (UDC) index is to be placed on the left side, font size — 10 pt.

Article title is to be placed in the centre in block letters (bold type, font size — 14 pt.).

Information about an author (s): surname, initials, academic degree, academic status,
occupational  title, full name of institution or public organization, country,
e-mail address, author’s ORCID is to be indicated in Italics, on the left side, font size — 12 pt.

The text is to be given in MS Word document format, font — Times New Roman, font size —
12 pt., line spacing — 1.

Page setup (menu option FILE, Page setup):

paper size — A4: 210*¥297 mm,;

paper layout — book (album is forbidden);

margins — 2.00 cm;

casework —0.00 cm;

page header/footer — 1.30 cm;

paragraph indent — 1.25 c¢m, full justification, no page numbering is required.

The article is to contain only those formulas, figures, tables that provide disclosure of the
content of the presented research, all of them must be referenced in the text of the article.

Formulas should be typed using the built-in Equation Editor formula editor. All formulas
are to be inserted into a table with no outline, consisting of two columns: the first column is to
contain a formula without a paragraph and centre justified, the second one is to contain a formula
number (if any), without a paragraph and centre justified. The border between the columns of the
table isto be setat 14 cm.

This also applies to formulas and formula characters that appear in the text. The parameters
in the formula editor must exactly match the following:

Sizes (Equation Editor menu option: SIZE, Determine ...):

e Regular 12 pt.

e Large index 7 pt.

o Small index 5 pt.

o Large character 18 pt.

o Small character 12 pt.

Tables are to be made up in Microsoft Word.
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Figures should be black and white, preferably transparent, and inserted into the file and
article print. Figure format (tif, pcx, bmp, etc.) must be compatible with the Microsoft Word text
editor. Figure resolution is to be at least 300 dpi.

Article structure:

e introduction;
statement of the problem;
analysis of the recent research and publications;
the purpose and objectives of the research;
statement of the main material (research methods, problems solutions to ensure the
achievement of the objectives);

e discussion of results;

e conclusions;

¢ directions for further research;

o reference list.

The main sections may have names that are slightly different from the names given above
while maintaining the general logical sequence.

Reference list is to be given in the form of a general list at the end of the manuscript (the
sequence is to be in the order of citation) in accordance with the established requirements of DSTU
8302: 2015 standard. The list should contain total 15...30 titles, of which at least 2/3 published in
the last 10 years, of which at least 5 foreign. There should be at least 3 references to articles from
publications indexed by the Scopus and/or Web of Science Core Collection databases. The amount
of self-citation (links to your previous publications) is allowed to be no more than 1/3 of the total
number of sources.

The article is to be followed by the reference list in Roman alphabet (References). ARA-style
is to be used when executing it. The reference list is to be transliterated or translated into English.
Information transliteration is required to be in accordance with the Resolution of the Cabinet of
Ministers of Ukraine dated 27.01.2010 “Concerning the regulation of Ukrainian alphabet
transliteration by Roman alphabet” (Ukrainian language transliteration can be done at http:
[lukrlit.org/transliteratsiia#source=0JzZQsNGAOY LQUNGIOLXQstGB0OYzQutC40Lk=[selectstandard:
Passport (CMU 2010)]).

It is not required to transliterate the sources written in Roman alphabet.

Structured abstracts in Ukrainian (150 to 250 words) and English (not less than 1800
words) languages are given as follows: an abstract is given before the introduction if it has been
executed in article source language, but if an abstract has been executed in a language different
from article source one, an abstract is given after the text of the article. Keywords list is given under
the abstract.

Basic requirements for abstracts:

e the abstract must be written in such a way as to be able to be presented and perceived
separately from the article;

e the abstract must be devoid of duplication of information given in the title of the article;

e the abstract should be informative, meaningful, contain brief information about the
research presented in the annotated paper - the field to which the work belongs, relevance, applied
methods, main results, their significance for theory and practice;

o the sentences used in the abstract should contain 10...20 words, be understandable to the
reader without excessive primitiveness;

o keywords from the text of the article should be used in the text of the abstract;

e the abstract in English should not be a blind duplication of the abstract in Ukrainian, but
should be an independent, complete text.

The documents to be submitted to the editorial office.

In order to be published, the author is required to submit electronic
(to journalnvksma@gmail.com) version of the following documents to the editorial office:

Wiy/ ISSN-print 2313-4763; ISSN-online 3041-1939


http://ukrlit.org/transliteratsiia#source=0JzQsNGA0YLQuNGI0LXQstGB0YzQutC40Lk
http://ukrlit.org/transliteratsiia#source=0JzQsNGA0YLQuNGI0LXQstGB0YzQutC40Lk
mailto:vesnyk_ksma@ukr.net

HaykoBuit BicHUK XepCOHCBKOI Aep3KaBHOI MOPCHKOI akageMii m

« electronic article — a file, typed in Microsoft Word editor;

« aseparate file of each figure included in the article.

Along with the article text, the author (s) must submit:

e structured abstract with keywords list in both Ukrainian and English languages, including
article’s title and author (s) surname (s) in three languages — on a separate page;

« license contract;

« information about authors (surname, name, middle name, academic degree, academic
title, place of employment, occupation title, home or work address, contact telephone number, e-
mail address, scientific interests of authors, author (s) ORCID — on a separate page.

Avrticles submitted for consideration are checked for plagiarism and double-blind peer
review. For review, the editorial board can involve external experts in the relevant direction.

The editorial board reserves the right to make decisions regarding the compliance of the
presented works with the directions of the magazine. Materials that are not designed according to
the above rules, contain plagiarism, or do not correspond to the directions of the journal will be
rejected.

Privacy Statement

The names and email addresses provided by users on journal’s site, shall be used solely to
perform the internal technical tasks of this journal; they shall not be distributed or transmitted to
any outside parties.
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ABTOMATH3AIIIA TA KOMITKOTEPHO-IHTETPOBAHI TEXHOJIOT'IT

Kozachok Y., Simanenkov A., Zinchenko S.
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