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The study aims to develop a comprehensive qualification model for navigators in automated ship control,
evaluating technical, cognitive, and behavioral competence to enhance real-time decision-making in variable
navigational environments.

The main challenge is integrating advanced technologies like artificial intelligence and fuzzy logic to
accurately monitor risks arising from human factors.

The methodology involves creating a model that assesses navigator competencies by integrating various
aspects. Data from ECDIS and other sensors are processed into a feature vector. The Mamdani algorithm
aggregates fuzzy rules defining qualification parameters, while neural networks model complex
interrelationships. The model uses fuzzy membership functions to assess risks considering speed, under-keel
depth, weather conditions, and collision probability.

Results show the model detects potential risks timely and automates decision-making, reducing navigator
workload in challenging conditions. It effectively predicts ship trajectory, identifies risky zones, and provides
safety recommendations.

Practically, it enhances maritime safety through personalized navigator assessment. Integration with existing
systems like ECDIS offers flexibility without major infrastructural changes. The system individualizes
recommendations, reducing accident risk and improving training efficiency. Future research includes
expanding the training database, refining algorithms, and studying the impact of the navigator's
psychophysiological state on ship management effectiveness.

Key words: steering control; optimization of control processes; automatic control module; emergency
situations; traffic flows; information support; Safety Depth; ECDIS; maneuvering in confined waters;
recognition system.

DOI: 10.33815/2313-4763.2024.2.29.006-023

Introduction. With global maritime traffic increasing by over 60% and navigational
situations becoming more complex, modern shipping faces challenges that demand high navigator
preparedness and rapid adaptation. Key issues include managing ships during complex maneuvers —
such as navigating narrow straits, limited visibility, high traffic density, and changing weather
conditions. Despite advanced decision support and navigational information systems, much
responsibility relies on the navigator's qualifications, decision-making abilities, and quick analysis
of surrounding factors.

Existing systems like ECDIS, AIS, GPS, and autopilots provide extensive data but often
neglect the navigator's cognitive and behavioral aspects, which are crucial in complex situations.
Overreliance on automated decision support can lead to excessive dependence, insufficient
situational awareness, and potential loss of control during critical moments, especially in difficult
sailing conditions. This problem is particularly acute concerning possible collisions, limited under-
keel depth, and risks from heavy traffic in high-danger zones.

Traditional decision support systems may not fully account for rapid external changes — like
sudden weather shifts or other vessels' course changes —and often emphasize theoretical knowledge
over behavioral model development. The absence of a comprehensive navigator model that includes
both technical and cognitive aspects poses significant risks to maritime safety and complicates
automated control under increased workloads.

Therefore, developing a navigator qualification model for automated ship control tasks is
urgently needed to provide objective assessments and enhance the efficiency and reliability of
automated ship control systems in complex navigational conditions.

@ Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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Problem Statement. An analysis of scientific sources shows various approaches to
automation and risk assessment in maritime navigation, with a particular emphasis on the use of
fuzzy logic, neural networks, and artificial intelligence.

In article [1], an adaptive neuro-fuzzy inference system (ANFIS) is proposed for a ship's
autopilot in unstable environments. Advantages include adaptability to external conditions and the
ability to model complex maneuvers thanks to six degrees of freedom. However, the complexity of
the system and dependence on precise parameter tuning may limit its application for assessing the
navigator's qualification. Work [2] presents a method of multisensor data fusion for detecting
moving objects using fuzzy logic. This increases the reliability of target detection, which is useful
for the navigator's situational awareness. However, the focus on automatic determination of object
positions without considering the human factor limits its application for qualification assessment. In
article [3], a risk assessment model is proposed for marine aquaculture platforms, using AlS data to
analyze shipping traffic. The model considers numerous environmental factors but is more oriented
towards objective data and less towards the behavioral aspects of the navigator. Study [4] examines
the implementation of fuzzy logic controllers in automatic navigation using loT and genetic
algorithms. Although aimed at automotive navigation, the principles can be adapted for the marine
environment. However, the lack of emphasis on behavioral indicators and the specificity of the
marine environment require additional adaptation. Article [5] presents a method of risk assessment
using 3,4-quasi-level fuzzy sets and a multicriteria decision-making system. The approach
demonstrates flexibility and improved accuracy in risk determination, which is valuable for
assessing the navigator's qualification in complex conditions. However, the complexity of
customization for the maritime environment and limitations in assessing behavioral characteristics
can be obstacles. Article [6] proposes a model that uses AIS data and global optimization
algorithms to mitigate conflicts between ships. Advantages include integration of situational
awareness and assessment of high-risk zones. However, the lack of attention to behavioral
characteristics of the navigator and real-time limitations may reduce the practicality of the method
for qualification assessment. In study [7], the perception of navigators towards the collision
avoidance decision support system (AIM) is analyzed. The system enhances situational awareness
and promotes compliance with COLREGs rules. However, dependence on automatic
recommendations and a limited role of traditional skills may limit its effectiveness in the context of
qualification assessment.

Article [8] explores modern visual navigation systems for "smart" ships, focusing on the
integration of data from various sensors and intelligent algorithms. This promotes increased
navigation safety and can be integrated into qualification models for developing environmental
analysis skills. However, dependence on technologies and high resource requirements can become
obstacles. In work [9], a hybrid model is proposed for assessing navigation risks of autonomous
ships by combining STPA and hidden Markov models. This allows identifying risk factors in
dynamic conditions. However, the complexity of integrating behavioral aspects and dependence on
data accuracy limit its application for qualification assessment. Article [10] explores the impact of
augmented reality (AR) on navigator performance. The use of AR enhances situational awareness
and can be useful for assessing the ability to effectively manage navigation. However, potential
cognitive overload and lack of standardization require further research. In article [11], possibilities
for standardizing ECDIS through the implementation of S-Mode are analyzed, aimed at reducing
human errors by unifying the interface. This can help in assessing adaptability and competence of
the navigator in using standardized systems. However, challenges related to the need for specific
training and problems adapting to older models are present. Work [12] presents the RA4AMAIS
method for identifying risks of integrated Al-based systems for remotely controlled ships. The
method considers internal failures, human errors, and environmental conditions. However, limited
practical testing and the complexity of integration with traditional risk analysis methods may be
obstacles.

In [13], a methodology for merging AIS and radar data is investigated to enhance situational
awareness on inland waterways. This improves the accuracy of navigational data and helps in
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detecting potential hazards. However, the complexity of algorithms and sensitivity to data quality
may complicate practical application. Article [14] examines the interaction of watch officers with
the ECDIS system and the impact of interface variability from different manufacturers on
navigation safety. Standardization of the interface can reduce the number of human errors, but the
lack of a unified standard and complexity in real-world use limit the effectiveness of the approach.
Study [15] proposes a model for enhancing navigation safety by analyzing errors in the use of AlS.
Emphasis on additional training and standardization of educational programs contributes to
improving technical awareness of navigators. However, the narrow focus on AlS errors and lack of
attention to cybersecurity reduce the comprehensiveness of the approach. In article [16], a method
for predicting navigational behavior of ships based on AIS data using the Attention-LSTM neural
network is proposed. This achieves high prediction accuracy, which can improve maritime traffic
monitoring. However, high resource requirements and dependence on data quality are limitations.

Article [17] describes a method based on computer vision for assessing the risk of collision
between ships, using the YOLOv7 model and the StrongSORT algorithm. Advantages include high
accuracy in object detection and tracking, allowing assessment of the navigator's skills in hazard
detection. Disadvantages include sensitivity to weather conditions and dependence on camera
stability. Articles [18-21] explore the adaptive capabilities of Learning Management Systems
(LMS) and their application for improving navigator training. The use of early success prediction
models and a systematic approach to LMS implementation can increase learning efficiency.
However, the complexity of managing large data volumes and lack of standardization may limit
effectiveness. In work [22], a dynamic ship domain model is proposed that takes into account
traffic, speed, and the navigator's state. This allows assessing the navigator's adaptability to external
conditions. However, computational complexity and dependence on data quality limit practical
application.

Articles [23-25] are devoted to improving OCR technologies for processing textual data,
which can be useful for automating the processing of navigational documents. However,
dependence on image quality and high resource requirements may limit application in the maritime
environment.

In article [26], the use of mixed reality for improving maritime navigation is investigated,
especially under conditions of remote piloting. Advantages include increased situational awareness,
but high hardware requirements and possible visual overload are disadvantages. Article [27]
analyzes the implementation of competency-based education in the training of maritime specialists.
This promotes increased qualification and navigation safety but requires overcoming financial and
organizational barriers.

Overall, the analyzed sources demonstrate a wide range of modern technologies and
methods that can be integrated to develop effective models for assessing the navigator's
qualification, considering technical and behavioral aspects.

Research Purpose and Objectives. The purpose of the study is the development of a
qualification model of the navigator for automated ship control, which will provide a
comprehensive assessment of his professional competencies, including technical, cognitive, and
behavioral aspects. The model should enhance the efficiency of decision-making in real-time,
taking into account changing environmental conditions and the specific skills of the navigator for
safe navigation.

Research tasks. The research aims to develop a comprehensive qualification model for
navigators by:

Reviewing modern qualification assessment approaches to identify methods using fuzzy
logic, neural networks, and artificial intelligence that integrate technical and behavioral aspects.

Formulating model components for systematic assessment, considering input data, hazard
level evaluation, qualification parameters, and the navigator's intuitive and cognitive features.

Developing a hazard level assessment module utilizing fuzzy logic for multicriteria
navigational risk evaluation, adaptable to external factors and changing conditions.

@ Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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Creating algorithms to identify navigator qualification parameters based on training, test
results, and real navigational scenarios to determine competencies critical for safe navigation.

Developing a cognitive module to analyze navigators' intuitive actions in critical situations,
accounting for human factors and assessing risks associated with intuitive decision-making.

Creating modules for ship trajectory prediction and decision-making to analyze trajectories,
identify potentially dangerous zones, and provide recommendations to enhance navigation safety.

Ensuring integration with existing navigation systems, particularly ECDIS and AIS, for
accurate real-time data processing and timely assessment of the navigator's qualification level and
safety.

Primary Research Material. The development of a Navigator Qualification Model (NQM)
is based on four key principles:

Comprehensive Assessment: Consider both technical and human factors in evaluating
navigational situations.

Adaptability: Adjust to changing navigation conditions and individual navigator
characteristics.

Safety Enhancement: Improve safety through risk prediction and providing
recommendations.

Real-Time Support: Utilize modern technologies to aid decision-making in real time.

The NQM is structured into six main modules:

1. Input Data and Navigation Parameters

1.1 Data Collection: Gather navigational data (speed, course, position), information from
ECDIS and AIS systems, and training results; synchronize and aggregate this data.

1.2 Data Processing: Normalize and filter data to remove noise and outliers.

1.3 Feature Extraction: Extract relevant features to form the system's state vector.

2. Hazard Level Assessment Module

2.1 Fuzzy Logic Risk Assessment: Use membership functions and expert-based fuzzy rules
to evaluate risks, resulting in a numerical risk value.

2.2 Mathematical Risk Model: Calculate risk levels using normalized parameters and weight
coefficients to model the impact of individual factors.

3. Navigator Qualification Parameters Module

3.1 Qualification Identification: Collect data on test results, training activities, and simulator
performance; normalize and filter to create feature vectors.

3.2 Competency Modeling: Define competencies and levels using fuzzy logic; apply neural
networks to model complex relationships.

3.3 Model Training: Train neural networks with historical data; optimize weights and
validate the model.

3.4 Gap Analysis: Identify competencies below threshold levels; develop improvement plans
and update the model with new data.

4. Cognitive Module of Intuitive Actions

4.1 Criteria Generalization: Consolidate intuitive actions into main categories (e.g.,
perception, decision-making) for simplified analysis.

4.2 Impact Modeling: Define criteria for each category; assess their impact on safety and
model them as variables affecting risk levels.

5. Navigational Data and Geolocation Processing Module

5.1 Automated Processing: Capture ECDIS screenshots; preprocess images; use OCR for
text recognition.

5.2 Data Analysis: Structure textual data; calculate distances between coordinates; detect
deviations from planned routes.

5.3 Visualization: Create interactive maps displaying routes and risk zones to enhance
situational awareness.

5.4 System Integration: Transfer processed data to other modules for comprehensive
analysis and recommendation generation.
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6. Forecasting and Decision-Making Module

6.1 Trajectory Prediction: Use machine learning algorithms to predict future ship positions;
adapt models to specific ship conditions.

6.2 Risk Detection: Analyze predicted trajectories for potential hazards; consider
uncertainties and human factors.

6.3 Decision Support Integration: Incorporate forecasting results into decision support
systems; generate recommendations based on data analysis.

6.4 Recommendation Delivery: Provide timely advice to optimize decisions; display
recommendations on interfaces and interactive maps.

An important condition in the development of the NQM is considering the interaction
between its components. The development of the NQM involves creating the following connections
(Figure 1):

© InputDataModule

o data: Data[] 'L )
o navigationParameters: NavigationParameters © CognitiveModule |
o collectData(): void o . N .
o normalizeData(): void o intuitiveActions: Action[]
o formStateVector(): Vector e generalizeCriteria(): void
o categorizeActions(): void
o evaluatelmpact(): void
uses data
lanalyzes data
[@DangerAssessmemModule
o risk: Risk

| ©NavigationDataMadule
o assessDangerlLevel(): void - -
o fuzzyAssessment(): void oimages: Image(]

o calculateRisk(): double o textData: TextDatal]
o processlmages(): void
o recognizeText(): void
depends on o visualizeGeoData(): void
Y
© QualificationModule provides data for decisions
o qualification: QualificationParameters
o identifyParameters(): void (© DecisionMakingModule
e trainNeuralNetwork(): void " :
e adjustParameters(): void o trajectory: Path
o modelTrajectory(): void
o assessRisks(): void
passes parameters o generateRecommendations(): void

Figure 1 — Scheme of interaction between components of the navigator's qualification model

Input data provide information for all modules, supporting the relevance and accuracy of the
analysis.

The hazard level assessment module uses data from navigational parameters and the
navigator's qualification to calculate risks.

The module for identifying qualification parameters influences risk assessment, considering
the navigator's level of competencies.

The cognitive module of intuitive actions takes into account the human factor and can adjust
forecasting and recommendations.

The navigational data processing module provides current and accurate data for the
forecasting and decision-making modules.
The forecasting and decision-making module integrates information from all modules for
comprehensive analysis and navigator support.

Let us consider each module of the NQM model in detail.

2. Description of NQM Input Data and Navigation Parameters (Figure 2).

2.1. Data Collection.

Navigational parameters: (Ship speed S(t); Ship course 6(t); Ship position (x(t), y(t));
Proximity to other ships P(t); Technical condition of the ship Ts(t); Weather conditions W(t); Time
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of day C(t); Under-keel clearance H(t); Current Veurrent(t); Wind Vwind(t); Visibility Vis(t); Traffic
intensity D(t); Hazardous zones Zdanger(X,y); Ship draft Daraft; Ship maneuvering characteristics M(t).

Data from ECDIS and AIS Systems (Detailed electronic navigation charts; Data about other
ships: position, course, speed, type) [28].

Data from LMS Moodle (Test results Rest; Navigator's activity ALwms; Learning history
Hlearning).

Data from Simulators and VR Systems (Navigator's reactions in various scenarios Rsim(t);
Reaction time Treaction(t); Maneuvering accuracy AcCmaneuver(t)).

2.2. Data Preprocessing and Integration into the Model.

A description of how collected data from various sources are preprocessed and integrated
into the navigator's qualification model for real navigational situations.

2.2.1. Data Synchronization and Aggregation.

Time Synchronization: Since data arrive from different sources with various timestamps and
update frequencies, it is necessary to synchronize them to a common time step At. A common time
scale is established ti,t2,...,tr, where T is the number of time intervals.

Interpolation and Discretization: Data with a higher frequency are aggregated to At by
averaging. Data with a lower frequency are interpolated to obtain values at each t«.

Data Aggregation: All parameters for each time moment tx are combined into a single state
vector X(tx).

2.2.2. Normalization and Scaling of Parameters.

To ensure the correctness and stability of the model operation, all parameters are normalized
to the range [0,1] or standardized (Z-score normalization).

X=X X— M,

Min-Max Normalization: X.,, =—"—, Z-Score Normalization: Xy, = :
o

max — Xmin
where ux is the mean value of parameter xxx, and x, ox is the standard deviation.
Application of Normalization: Navigational parameters S(t), 6(t), P(t), Ts(t), W(t), H(t),
Veurrent(t), Vwind(t), Vis(t), D(t) are normalized using the appropriate methods.
2.2.3. Data Processing and Filtering.
Noise Filtering: Low-pass filters or the Kalman filter are applied to smooth data and remove

X

noise.
Outlier Detection and Processing: Statistical methods are used to detect abnormal values
(e.g., quartile method). Outliers can be replaced with the median value or removed from the dataset.
2.2.4. Extraction of Relevant Features.
Based on the normalized and cleaned data, features are formed to be used in the model.
Navigational Features: Ship speed Snorm(t); Ship course: fnorm(t); Deviation from planned

course:  AG (t) = Grorm (t) = Opianned norm (T) ;- Proximity to other ships: Prom(t); Under-keel

clearance: Hnorm(t); Visibility: Visnorm(t).

Environmental Features — Weather conditions: parameters Wnorm(t) are split into separate
features (wind, waves, etc.). Current and wind Veurrent, norm(t), Vwind, norm(t).

Technical Features: Technical condition of the ship: Tsnorm(t); Maneuvering characteristics:
parameters Mnorm(t) may include turning radius, stopping distance, etc.

Qualification Features: est results: aggregated into a single indicator or vector Riest, norm;
Activity in LMS Moodle: Aciwms, norm; Data from simulators and VR systems: Rsim, norm(t),
Treaction, norm(t) ACCmaneuver, norm(t).

2.2.5. Formation of the System State Vector.

All extracted features are combined into a single state vector for each moment in time t:
X(t)=[Snorm(t), Qnorm(t), Pnorm(t), Hnorm(t), ViSnorm(t), Veurrent, norm(t), Vwind,norm(t), Ts,norm(t), Rsim, norm(t),
Treaction, norm(t), ACCmaneuver, norm(t), Rtest, norm, ALMS, norm,. . ]

2.2.6. Mathematical Formalization of the Model

The navigator's qualification model in a real situation can be represented as a function:
k()=f(x(t), ©*),
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where: k(t)€[0,1] - is the navigator's qualification assessment at time t.

X(t) - is the system state vector at time t.

®* are the model parameters requiring adjustment (weight coefficients, activation function
parameters, etc.).

Possible Forms of Function f:

Linear Regression: k(t) = wTx(t)+b, where w - is the weight coefficient vector, and b is the
bias.

Nonlinear Model (Neural Network): k(t) = a(w2T ¢(Wix(t)+b1)+b2),

where: W1, w2 - are the weight matrix and vector, respectively.

b1, b2 - are bias vectors.

#(-) - is the activation function of the hidden layer (e.g., ReLU).

a(-) - is the sigmoid function to limit the output in the range [0,1].

Fuzzy Logic Model: Fuzzy rules are used to model the relationships between features and
qualification. Defuzzification of results is performed to obtain a numerical value k(t).

2.2.7. Determination of Model Parameters.

Model Training: Historical data with known qualification assessments kiue(t) are used to
adjust parameters ®*.

T 2
Minimization of Loss Function: L =T12(k(t)_ktrue (1) .
t=1

Parameter Optimization: Performed using gradient descent methods or its variations.

Regularization: To prevent overfitting, regularization methods are used (L1, L2
regularization, Dropout in the case of neural networks).

(© aualificationModel

o qualificationScore: Float
o stateVector: List

o calculateQualification() N
o realTimeEvaluation()
- \\

¢
/ N\
;

evaluates dafa frum/ receives data from

/

@ ShipNavigation
N

o speed: Float i
o course: Float

o proximityToOtherShips: Float

o technicalCondition: Float

© ECDISData o weatherConditions: Float ;
DataPreprocessin
= e USES o timeOfDay: Float © b i
= elecgog'ﬁphgnf'_%?'t — —| o depthUnderKeel: Float ——————1 o e dEAD A DAT)
il fall b = cgrrent: ALEL pre-processes | nf)rmaIizeggdsialeparameters()
o getData() o wind: Float data for

o filterAndProcessData()

isibility: Float
Sl o featureExtraction()

o trafficintensity: Float
o draft: Float
| o maneuveringCharacteristics: Float

/
uses m position: (Float, Float)
o updateParameters()

© LMSMoodle

o testResults: Float uses
o userActivity: Float
o learningHistory: String

®/getResults() @SimulatorAndVRSystem

o navigatorReaction: Float

o reactionTime: Float
o maneuverAccuracy: Float

o simulateScenario()
Figure 2 — Data Collection Module for the Navigator's Qualification Model

2.2.8. Model Validation and Testing.
Data Partitioning: Data are divided into training, validation, and test sets. Evaluation of
Model Quality Metrics. Mean Squared Error (MSE). Coefficient of Determination (R?).
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2.2.9. Real-Time Model Usage.

Real-Time Qualification Assessment: is calculated in real-time based on current parameter
values Kk(t), x(t).

Integration with Navigation Automation System: If k(t) falls below a certain threshold
Kthresholdk, the system can activate additional control or support mechanisms.

Consideration of Psychophysiological State: The parameter k(t) can be adjusted taking into
account the navigator's psychophysiological S(t), as described earlier.

3. Hazard Level Assessment Module (Figure 3).

3.1. Fuzzy Logic and Multicriteria Risk Assessment.

3.1.1. Membership Functions for Each Parameter.

For the parameter xi, Gaussian, triangular membership functions, and others are used:

(xg )2

Gaussian Function: 4 (x)=e "

where ci — is the mean value, ai — is the standard deviation.

Triangular membership functions and others can also be applied.

3.1.2. Fuzzy Rules (Knowledge Base Rules).

"If—then" type rules that take into account maritime transportation experience:

Rule 1: If S(t) is high, and P(t) is low, and Vis(t) is poor, then the risk is critical.

Rule 2: If H(t) — Daratt is small (under-keel clearance is low) and Vcurrent(t) is strong current,
then the risk is high.

3.1.3. Aggregation and Defuzzification.

Aggregation: Performed using T-norm (minimum) or S-norm (maximum)

Defuzzification using the Center of Gravity Method

IyR(r)dr

3.2. Mathematical Risk Model Using Analytical Functions.
We describe the risk as a function:

R(t)= Z:zlvg_”fiv(v_)(i (1)) .

where: wi — are weighting coefficients determined by experts.
fi(xi(t)) — are normalized risk functions for each parameter.
Example of a Risk Function for Under-Keel Clearance:

1, H (t)_ Ddraft < Hmin
H (t) = Dy — Hin
fH (H (t)) = ( 2| ifalf_t' - ' Hmin <H (t)_ Ddraft < Hsafe
safe min
0, H (t)_ Ddraft > Hsafe

4. Module for Identifying the Navigator's Qualification Parameters

4.1. Algorithm for Identifying Qualification Parameters

4.1.1. Problem Statement

The goal of this module is to develop a mathematical model and algorithm for the automated
identification of the navigator's qualification parameters based on the training program for
specialization 271.01 "Navigation and Control of Marine Vessels." The model should consider all
aspects of professional competence provided by the program and utilize various data sources to
assess the navigator's level of preparation.

4.1.2. Data Collection and Preliminary Processing
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Data Sources:

a) Learning Management System (LMS Moodle): Test Results: Rtest = {r1,rz,...,rn}, where:
ri € [0,100] — is the percentage result of the j-th test. Navigator's Activity: ALvs={a1,az,...,am},
where: ai — are activity indicators in LMS (number of logins, time spent on the platform, completed
tasks, etc.). Learning History: Hieaming— records of completed courses, obtained certificates, etc.

{@ RiskAssessmentModule

‘ o evaluateRisk() 1

1 1

uses preprocesses data with \integrates with
1 1
© FuzzylLogic ©DataPreprocessing © RiskModel
o applyMembershipFunction(parameter: String, value: Float): Float o filterNoise() o weights: List<Float>
o applyFuzzyRules() o normalizeData() F i
o defuzzify(): Float o categorizeData() O GElBEERIE (e HIsk
1
uses applies rules from
1
© MembershipFunction ‘ © FuzzyRules ‘

o gaussian(x: Float, c: Float, sigma: Float): Float
o triangular(x: Float, a: Float, b: Float, c: Float): Float
o trapezoidal(x: Float, a: Float, b: Float, c: Float, d: Float): Float

o addRule(condition: String, result: String)
o evaluateRules()

Figure 3 — Scheme of the Hazard Level Assessment Module

b) Tpenaxepu Tta VR-cucremu: Navigator's Reactions in Simulated Situations:
Rsim={S1,52,...,Sk}, where: sk — is a set of indicators for the k-th simulated situation.

Reaction Time: Treaction = {t1,t2,...,t}, where: tk is the reaction time to the k-th situation.

Maneuvering: AcCmaneuver = {acci, accz, ..., acck}, where: acck € [0,1] — is the accuracy of
executing the k-th maneuver.

c) Data from Real Navigational Operations: Actions During Watch: Dactions = {d1,dz2,...,di},
where: di is a set of actions performed during the I-th watch.

Deviation from Planned Route: Aroute = {01,02,...,01}, where: i is the deviation from the route
during the I-th watch.

Decisions Made in Critical Situations: Ddecisions={dec1,decz,...,decp}, where: decp is the
quality assessment of the decision in the p-th critical situation.

Preliminary Data Processing. Normalization: Bringing data to a common scale [0,1] to
ensure correctness in subsequent calculations.

X=X .

m

—™— 'where: X is the original value; Xmin, Xmax — are the
max min
minimum and maximum values of the indicator.

Filtering: Removal of noise and anomalous values using the Kalman filter or other methods.

Feature Extraction: Forming a feature vector X for each navigator: X = [x1,x2,...,Xxn] — is the
total number of features obtained from all data sources.

4.1.3. Mathematical Model of Qualification Parameters

Definition of Qualification Parameters. Let there be a set of qualification parameters
K = {kikz,....km}, where: ki € [0,1] is the level of proficiency in the i-th competence. M is the
number of competencies defined based on the training program.

Sets of Qualification Parameters: ki: Knowledge of International Regulations for Preventing
Collisions at Sea (COLREG); k2: Skills in maneuvering under complex conditions; ks: Ability to
make decisions in critical situations; ks: Technical proficiency in using navigation equipment; ks:
Level of fatigue and psychophysiological state.

Formation of Membership Functions.

For each qualification parameter ki membership functions w«i(x), are defined, reflecting the
navigator's degree of proficiency in the corresponding competence.

Normalized indicator: X, =
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Building a Fuzzy Rule Base. HeuiTki npaBuia MaioTh BUr Fuzzy rules have the form: If x1
belongs to A1 and x2 belongs to Az then ki belongs to Ki, where: x1, X2 are features from vector X; A1,
Az are linguistic terms (e.g., "high,” "medium,” "low"); Ki is the linguistic assessment of
competence ki.

Mathematical Model of Identification. Aggregation of Rules: The Mamdani method is used
for rule aggregation. The activation degree of each rule is calculated as the minimum of the
membership degrees of the input features.

4.1.4. Data Processing and Qualification Parameter Assessment

Formation of Feature Vector X. The feature vector X consists of normalized values of
indicators affecting the qualification parameters: X = [x1, X2, ..., Xn], ge: xa € [0,1] is a normalized
indicator.

Use of Neural Networks. To model complex nonlinear relationships between features and
qualification parameters, a multilayer perceptron (MLP) neural network is used.

Network Architecture: Input Layer: N neurons (number of features).

Hidden Layers: One or more layers with nonlinear activation functions (ReLU, sigmoid, tanh).

Output Layer: M neurons (number of qualification parameters).

nj*n

N
Output of a Hidden Neuron: h; = f,... (Zw X +bjj,
n=1

where: hj is the output of the j-th hidden neuron.

Whj is the weight coefficient between the n-th input neuron and the j-th hidden neuron
bj is the bias of the j-th hidden neuron

fhigden(-) IS the activation function of the hidden layer.

Output of the Output Neuron (Qualification Parameter):

H
ki = foutput [ijihj + bl] !

j=1
where: H is the number of neurons in the hidden layer.
wii is the weight coefficient between the j-th hidden neuron and the i-th output neuron.
bi is the bias of the i-th output neuron.
foutput(+) is the activation function of the output layer (e.g., sigmoid).
4.1.5. Neural Network Training
Loss Function. The Mean Squared Error (MSE) function is used:

_iM red rue2
L_M;(kip k™),

where: k"™ is the predicted value of qualification parameter ki,

k™ is the actual (reference) value of qualification parameter ki.

Optimization of Weight Coefficients. The backpropagation algorithm is used. Optimizers
include SGD (Stochastic Gradient Descent), Adam, RMSProp.

Hyperparameters: Learning rate n\etan, batch size, number of epochs.

Validation and Testing. Data are divided into training, validation, and test sets. Quality
metrics are evaluated: MSE, MAE (Mean Absolute Error), coefficient of determination R2.

4.1.6. Identification and Correction of Qualification Gaps

Detection of Critical Parameters. A threshold value K™ is set for each qualification

parameter. If k. < k™" then competence ki requires improvement,

Forming a Knowledge Recovery Plan. Determining educational materials and training to
increase the level of ki. Monitoring progress after training.
4.1.7. Impact of Qualification Parameters on Risk Level

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



m ABTOMaTH3allig Ta KOMII IOTE€PHO-IHTErPOBaHi TEXHOAOTII

M
- vk
Calculation of Integral Qualification Indicator: Q :# ,

i=1 |
where: vi is the weighting coefficient of the importance of competence ki.
Q € [0,1] is the integral qualification indicator of the navigator.
Risk Level Adjustment. The risk level R is adjusted considering the navigator's qualification:
Radjusted = R-(1+a(1—-Q)),
where: R is the base risk level determined based on navigational parameters.
a > 0 1s the coefficient of the qualification's impact on risk.
4.1.8. Considering Psychophysiological State
Psychophysiological State Model.
Psychophysiological state coefficient S € [0,1]: S = e#F,
where: F > 0 is the level of fatigue or stress,
S =0 is the coefficient of fatigue's impact on the state.

Adjustment of Qualification Paramete. Effective qualification parameter: kiEff = ki .S
Impact on Risk Level. Final risk level: Rfinal = Radjusted-(1+y(1-S),

where: y > 0 is the coefficient of the psychophysiological state's impact on risk.

4.1.9. Dynamics of Qualification Parameter Changes

Learning and Forgetting Model: % = uU; (1) -4k (1),

where: % is the rate of change of qualification parameter ki, 4i > 0 is the learning

coefficient.
Ui(t) > 0 is the intensity of learning at time t, i > 0 is the forgetting coefficient.

With constant Ui(t) = Ui: k, (t):(ki (0)_“iTUijeﬂ1t +_“i;i :

(©) aualificationModule ‘

o identifyQualificationParameters(): List<Float>
o calculaleRiskAdjustment(Q: Float, S: Floal): Float
o generatelmprovementPlan()

gathers data from generotes improvement recommendations

© DataSources @ PsychophysiologicalMadel ‘

o LMSResults: List<Float>
o SimulatorReactions: List<Float>
o NavigationActions: List<Float>

o calculateStressCoefficient(F: Float): Float
o adjustQualificationParameter(k: Float, S: Float): Float

o processRawData(): List<Float>

preprocesses dato with adusts risk levels with
© DataPreprocessing © DynamicQualificationModel
o normalize(data: List<Float>): List<Float> o calculateLearningForgettingRate(U: Float, A: Float, p: Float): Float
o filterNoise(data: List<Float>): List<Float> e updateQualificationOverTime(Q: Float): Float

o extractFeatures(): List<Float>

applies fuzzy logic rules from manages learning dynamics with
(©) FuzzyLogicModule (©) RiskAdjustment
o applyMembershipFunction(parameter: String, value: Float): Float o integrateQualificationScore(Q: Float): Float
o buildFuzzyRules() o adjustRiskLevel(R: Float, a: Float, Q: Fleat, y: Fleat, S: Float): Float
o aggregateRules(): Float
o defuzzify(): Float
predicts gualifications with odjusts for stress and fohigue
(©) NeuralNetworkModel (© improvementPlan |
|
o layers: List o identifyCriticalParameters()
o trainNetwork(trainingData: List<Float>) ° recommederainingMarerials()
o predictQualification(features: List<Float>): List<Float> © maniterProgress()

Figure 4 — Scheme of the Module for Identifying the Navigator's Qualification Parameters

Thus, the extended mathematical model for identifying navigator qualification parameters
integrates elements of fuzzy logic and neural networks. It considers multiple data sources—
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including test results, training, and real navigational actions—and models nonlinear relationships
between indicators and competencies using neural networks. Fuzzy inference rules address
uncertainty and subjectivity in assessments. The model accounts for the dynamics of qualification
changes over time, considering learning and forgetting processes, and includes the impact of the
navigator's psychophysiological state on effective qualification and risk levels. Additionally, it
allows for adjusting the risk level based on the integral qualification indicator and the navigator's
current state.

5. Module for Identifying Intuitive Actions of Operator-Navigators in Critical Situations

In critical navigational situations, operator-navigators may rely on intuitive actions that,
while sometimes beneficial, can lead to errors and increased navigational risk. To effectively
manage these risks, it is necessary to develop a model that identifies and analyzes navigators'
intuitive actions by generalizing various criteria and combining them into more general categories
[29].

5.1. Module Objective

Develop a generalized model for identifying intuitive actions of operator-navigators in
critical situations.

Generalize and combine criteria of intuitive actions into general categories to simplify
analysis.

Enable real-time identification of intuitive actions to manage navigational risks.

5.2. Generalization of Criteria and Combination into Categories

Define 15 initial categories of intuitive actions and combine them into five main categories.
Each category includes relevant criteria, manifestations, and factors.

1: Perception and Assessment of the Situation.

Description: Intuitive perception and assessment of the navigational situation without
detailed analysis. Quick awareness of changes, sometimes without proper consideration of all
factors.

Combined Initial Categories: Category 1: Perception and assessment of the situation.
Category 11: Time reflection. Category 14: Influence of event experience.

Criteria: Making decisions too quickly without detailed analysis. Spontaneous determination
of time frames for action execution. Subconscious use of past experience in current new decisions.

Factors: Zaint — intuitive perception of the situation; Timeint — intuitive time reflection;
Echoint — intuitive "echo” of events.

2: Decision-Making and Action Selection.

Description: Intuitive decision-making in critical situations. Choosing actions based on a
"feeling" of correctness without objective justifications.

Combined Initial Categories: Category 2: Dynamics of intuition and action selection.
Category 6: Decision-making in critical situations. Category 7: Search for rewards and effects.
Category 8: Serendipity and intuition.

Criteria: Sudden feeling of the "correctness” of actions. Quick decisions without prolonged
analysis. Intuitive determination of the safest actions. Sudden discovery of solutions without an
obvious reason.

Factors: zint — intuitive choice; Evint — intuitive response to events; Rewardsint, Effectsint —
intuitive perception of rewards and consequences; ldeaint — intuitive formation of ideas.

3: Cognitive Processes and Information Processing.

Description: Intuitive understanding of complex information and associative connections.
Subconscious processing of navigational data and images.

Combined Initial Categories: Category 3: Cognitive processes. Category 12: Complex
images and events. Category 5: Complex behavior model.

Criteria: Instant understanding of complex information. Intuitive perception of images and
navigational schemes. Multitasking without conscious focus.

Factors: Cogint(Pa,Pb) — intuitive understanding of action sequences; ImageSchemasint —
intuitive perception of images; LA0Tint — intuitive actions with tools and equipment.
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4: Adaptation to Changes and Resource Management.

Description: Intuitive adaptation to new conditions without detailed analysis. Intuitive
management of resources and time.

Combined Initial Categories: Category 4: Adaptation to changes. Category 9: Search for
resources and time synthesis. Category 13: Time cycles and rhythms.

Criteria: Quick adaptation without analysis. Efficient use of resources and time without
planning. Intuitive synchronization of work with daily cycles.

Factors: Zin\Xi — intuitive adaptation; Resource-Searchint, Time-Synthesisint — intuitive
management of resources and time; Rhythmsint — intuitive synchronization of rhythms.

5: Influence of External Factors and Features of the Navigation Area.

Description: Intuitive perception of global and local conditions affecting navigation.
Subconscious consideration of navigation area features.

Combined Initial Categories: Category 10: World events. Category 15: Features of the
navigation area.

Criteria: Intuitive adaptation to global navigational practices. Deep, unconscious perception
of the locality.

Factors: WorldEvint — intuitive perception of world events; Agint — intuitive sense of place.

Generalizing and combining criteria into five main categories allows for more effective
analysis of operator-navigators' intuitive actions and simplifies the process of identifying such
actions in real-time.

5.3. Application of the Generalized Model

Identification of Intuitive Actions: Using the generalized categories enables faster and more
accurate detection of navigators' intuitive actions.

Risk Assessment: Each category is associated with certain risks, allowing for the assessment
of the potential impact of intuitive actions on navigational safety.

Development of Management Strategies: Understanding the general categories helps in
developing effective strategies to minimize the negative consequences of intuitive actions.

{ © IntuitiveActionModule w

o identifyIntuitiveActions(): List<String>
o assessRiskForIntuitiveActions()
o developManagementStrategies()

1 1
categorizes into |enables erforms
5
© IntuitiveActionCategory 1 1
o perceptionAndAssessment: Float ‘ @ RealTimeAnalysis ‘ © RiskEvaluation
o decisionMaking: Float
o cognitiveProcessing: Float " . . : o
o adaptationAndResourceManagement: Float ° detectlntu!tlveActlons() <] assessRlskForCategory(category. String): Float
) o evaluateRiskimpact() o generateRiskReport()
o externalFactorsAwareness: Float
o categorizeActions(actions: List<String>)

1
based on
1..°

© ActionCriteria

o factors: Map<String, Float>

o defineCriteria(category: String, factors: Map<String, Float>)

Figure 5 — Scheme of the Module for Identifying Intuitive Actions of Operator-Navigators

6. Module for Processing Navigational Data and Geolocations

The module for processing navigational data and geolocations enhances vessel safety and
efficiency by integrating automated decision support systems that account for data uncertainty and
incompleteness. Its objectives are to automate data collection from ECDIS, analyze and compare
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textual data and geolocations, visualize geographic data on interactive maps, and develop a
navigator decision support system based on the processed data.

6.1. The module comprises four main components:

6.1.1. Automated image processing and text recognition (OCR) captures real-time ECDIS
screenshots, preprocesses images, recognizes text using technologies like the Tesseract library, and
saves data for analysis without operator intervention.

6.1.2. Analysis and comparison of textual data and geolocations involves loading and
structuring data, comparing textual information between screenshots, calculating data similarity
using algorithms, and analyzing geolocations by computing distances with the Haversine formula.

6.1.3. Visualization of geographic data creates interactive maps displaying the vessel's route,
adds markers for specific locations and hazard zones, visualizes deviations from the planned route,
and updates maps automatically using tools like the Folium library.

6.1.4. Decision support for the navigator compares current navigational data with reference
templates, identifies risks, provides recommendations based on an expert action dictionary, and
integrates with other modules for comprehensive analysis, utilizing machine learning algorithms to
enhance recommendation accuracy.

6.2. Integration of these components ensures data integrity and consistency, speeds up data
processing and analysis, and improves decision-making through a comprehensive approach.

6.3. The module results in enhanced navigational safety by timely detecting risks and
reducing human errors through automation, economic efficiency by optimizing routes to reduce
sailing time and costs, and improved situational awareness via interactive visualization and relevant
recommendations. Implementing this module is crucial for automating data collection and analysis,
integrating modern technologies into decision-making, and adapting to different conditions and
navigator requirements.

Its implementation contributes to enhancing the safety and efficiency of navigation by
providing: Automation of navigational data collection and analysis. Integration of modern
technologies to improve the decision-making process. Ability to adapt the system to different
conditions and navigator requirements.

©NaviganunDaIaProsessmgModule

e processNavigationData()
_‘,17- o analyzeGeolocationData()
_— o generateDecisionSupport() L

_— 1

Tises OCR for ‘analyzes data with visualizes data with provides support through
1 1

© OCRModule © TextGeolocationAnalysisModule © MapVisualizationModule © DecisionSupportModule

o TesseractOCR: Library o FoliumLibrary: Library o MachineLearningModel: Model
e loadData(filePath: String)

e compareTextData(screenshot1: String, screenshot2: String): Float

e calculateGeolocationDistance(coord1: (Float, Float), coord2: (Float, Float)): Float
m haversineFormula(coord1, coord2): Float

@ captureScreen()

o preprocessimage()

o recognizeText(): String
o saveData()

e createlnteractiveMap() e compareWithReferenceData()
e addMarkers(locations: List) e detectRisks()

® visualizeRoute(route: List) e provideRecommendations()
@ saveMap(format: String) e integrateWithOtherModules()

Figure 6 — Scheme of the Module for Processing Navigational Data and Geolocations

7. Module for Predicting Ship Trajectories and Risk Assessment.

Building upon the decision support system (DSS) developed earlier, integrating a ship
trajectory prediction and risk assessment module is essential for enhancing maritime safety. This
module anticipates potential navigational scenarios and identifies threats in a timely manner,
providing navigators with relevant recommendations for optimal decision-making.

7.1. It closely connects with other DSS components by using data from navigational
processing modules as input for prediction models, and visualizations from Module 6 to display
predicted trajectories and risk zones.

7.2. Machine learning algorithms, such as multilayer neural networks, predict future ship
positions by adapting to specific sailing conditions and ship characteristics. The module analyzes
these predicted trajectories to assess risks of collisions or proximity to hazardous zones, considering
uncertainties and human factors, and classifies risks to prioritize actions. It integrates with the DSS
by providing prediction results and recommendations, which are visualized on interactive maps.
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7.3. This enhances maritime safety by timely identifying potential hazards, improves
decision-making efficiency with accurate recommendations, reduces navigator workload by
automating complex analyses, and optimizes routes by considering predicted conditions and risks.
Integrating this module ensures a comprehensive approach to navigational analysis, seamless data
exchange, and adaptability to various sailing conditions. Combined with previous modules, it
contributes to creating an effective DSS that enhances maritime safety and efficiency by reducing
risks and optimizing navigation processes.

©Trajecmrypred\cti0nRiskAssessmemModu\e

e predictTrajectory()
o assessRisk()
o provideRecommendations() 1

1
aggregates data from models trajectory using nalyzes risks using integrates with
1
. . 1

© DataAggregation © TrajectoryModeling © RiskAnalysis ‘

@ DecisionSupportintegration
o dataSources: List o mlAlgorithm: MLP o uncertaintyFactors: List

o sendResultsToSupportModule()
® generateRecommendations()
e visualizeRisksOnMap()

e aggregateNavigationData()
o preprocessData()
e normalizeAndCleanData()

e applyMLAIlgorithms() e analyzePredictedTrajectory()
e trainMLPModel(trainingData: List) o detectCollisionRisk(predictedTrajectory: List): Float
e predictFuturePosition(currentPosition: (Float, Float)): (Float, Float) o classifyRiskLevel(riskScore: Float): String

Figure 7 — Scheme of the Module for Predicting Ship Trajectories and Their Risks

Developing the module for predicting ship trajectories and risk assessment, in conjunction
with the previous six modules, allows for the creation of a comprehensive and effective decision
support system for the navigator. This contributes to enhancing the safety and efficiency of
maritime navigation by reducing risks and optimizing the navigation process.

Conclusion. A comprehensive navigator qualification model for automated ship control was
developed, incorporating technical, cognitive, and behavioral aspects to enhance real-time decision-
making and ensure safe navigation in dynamic environments. Key research tasks accomplished
include analyzing modern qualification assessment methods — such as fuzzy logic, neural networks,
and artificial intelligence — to integrate technical and behavioral aspects effectively.

The Navigator Qualification Model (NQM) was structured with modules for input data and
navigation parameters, hazard level assessment using fuzzy logic, navigator qualification
identification using neural networks, cognitive analysis of intuitive actions, navigational data and
geolocation processing, and ship trajectory forecasting and decision-making. These modules
collectively provide a systematic assessment of the navigator's professional competencies.

The model adapts to external factors and changing navigation conditions by using a
mathematical risk model that considers variables like speed, under-keel clearance, and weather
conditions. It identifies critical competencies for safe navigation and incorporates the human factor
in risk assessments through the analysis of intuitive actions.

Potential applications of the model include enhancing maritime safety by timely detecting
risks and providing minimization recommendations, personalizing navigator training by identifying
competency gaps, seamless integration with existing navigation systems without significant
infrastructure changes, and adaptability to varying conditions and individual navigator
characteristics.

Future research prospects involve expanding the training database to improve model
accuracy and reliability, implementing additional artificial intelligence elements for more precise
predictions and adaptability, and investigating the impact of the navigator's psychophysiological
state — such as stress and fatigue — on decision-making to further refine the model.

In summary, the research objective was achieved by creating a comprehensive qualification
model that combines fuzzy logic, neural networks, and artificial intelligence. This model
systematically assesses navigators' professional qualifications, crucial for safe and efficient
navigation. Implementing this model in maritime practice will enhance safety levels and optimize
ship management processes.
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IonomaproBa B., Hocor I1. POSPOBKA KBAJII®IKALIIMHOI MOJEJI CYIHOBOJIA U151 3AJIAY
ABTOMATHU30BAHOI'O KEPYBAHHA CY/JHOM

Jocnioocennst  cnpsamosane Ha  pospoOKY — KOMNJLEKCHOI  Keaniixayiiunoi mooelni  wmypmanié 6
aABMOMAMU3068AHOMY  VIPAGIIHHI ~ CYOHOM, SKA  OYIHIOE  MEXHIYHY, KOZSHIMUGHY Ma  NOBeJIHKOBY
KOMnemeHmHICmb 0Jis1 RIOBUUWCHHS eqheKMUSHOCII NPULHAMMSL PIUEHb Y PEAIbHOMY YACi 8 YMOBAX 3MIHHO20
HasieayiliHoeo cepedosuya.

Tonosuum suxnukom € inmezpayis nepedosUx MexHoN02Il, MAKUX K WMYYHUL IHMeleKm ma HeyimKa 102iKa,
071 MOYHO20 MOHIMOPUHZY PUBUKIE, WO BUHUKAIOMb Yepe3 TH00CbKULL PaKkmop.

Memooonoeia exkarouae cmeopenus mMooeni, KA OYIHIE KOMRemeHYil wmypmMana Wisixom iHmeepayii pisHux
acnexmis. [ani 3 ECDIS ma inwux cencopie obpobnsiomvca y eéekmop o3Hak. Ancopumm Mamoani acpezye
HeuimKi npasuida, wo UsHAYame Keanipikayilini napamempu, a HEUPOHHI Mepedici MOOenomy CKIAOHI
83aemo36'a3xku. Moodenv 8uxopucmogye Heuimxi DyHKyii HanexcHocmi Onsl OYIHKU PUBUKIB 3 YDAXYBAHHAM
weuoKocmi, nubUHY Nio Kiiem, N020OHUX YMO8 MA UMOBIPHOCHI 3IMKHEHHSL.

Pesynomamu nokazyiome, wo Mo0enb 6YACHO GUAGIAE NOMEHYIUHI PUUKU Md a6MOoMamu3ye npoyec
NPUUHAMMA PileHb, 3MEHWYIOYU HABAHMANCEHHA HA WMYPMAHA 8 CKIAOHUX ymoeax. Bowma egexmueno
NPOSHO3YE MPAEKMOPIIO CYOHA, I0eHMUpIKYE PUSUKOGI 30HU A HAOAE PEKOMEHOaYil w000 be3nexu.
Ipakmuuno ye niosuwye Oe3nexy Mopeniascmed yepes NepcoHaniz308any OyinkKy wmypmana. Inmeepayia 3
icnytouumu cucmemamu, maxumu ax ECDIS, npononye enyuxicmo 6e3 3HaAUMUx 3miH iH@pacmpykmypu.
Cucmema IHOUBIOYANi3ye PEKOMEHOAYIl, 3HUJCYIOUU DUUK aeapill ma HOKPAWYIOUU eqeKxmusHiCmb
niocomosku. Matloymui 00CniONHCeHHs 8KII0UAOMb POWUPEHHs 0a3U OaHUX 0711 Ni020MOBKU, YOOCKOHANEHHS.
aneopummie ma 6USYeHHs NIUBY NCUXOPI3I0N02IYHO20 CMAHY WIMYPMAHA HA eQeKmuHiCmy YNPAaBLiHHA
CYOHOM.

Knrwowuosi cnosa: xepmoge ynpaeuinua; ORMUMI3AYisl NPoYecié KepyBauHs, MOOYlb AGMOMAMUUHO20
Kepy6aHHs, aeapitiHi cumyayii; mpancnopmui nomoku, ingopmayitina niompumka, Safety Depth; ECDIS;
MAaHe8pyBaHHA Y CMUCHEHUX 00aX, CUCEMA PO3NIZHABAHHS.

© Ponomaryova V., Nosov P.
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The purpose of the research is to increase the accuracy of control calculations, the efficiency of the control
system and the safety of navigation in general, by using a mathematical model in the control system to
determine the parameters of external influences in real time. The mathematical model of the vessel is an
important element of the mathematical support of the control system, the use of which allows to significantly
improve the quality of the control system. Mathematical models are used to predict the movement of the
control object, monitor the parameters of the state vector of the control object that are inaccessible to direct
measurement, including in noise, determine the failures of command and executive devices, solve optimization
problems, etc. In the work, integral functions for determining the resulting lateral force, the resulting yaw
torque and the arm of the resulting lateral force, depending on the angle of attack of the flow and the shape of
the hull contours, are obtained. The values of integral functions for simple hull contours are calculated.
Compared with known approaches to determining the hydrodynamic and aerodynamic interaction of the ship's
hull with the environment, the obtained results allow: in comparison with simple models, to estimate external
forces and yaw torque much more accurately; in comparison with complex models, to carry out their
estimation in real-time control systems. The obtained results are explained by finding and using integral
functions for determining the resultant lateral force, resultant yaw torque and resultant lateral force arm,
which for simple hull shapes are reduced to analytical solutions. The results are reproducible and can be used
in the mathematical support of automated/automatic control systems in real time.

Key words: intelligent transport control systems; navigational safety; mathematical model; on-board
computer; lateral force arm; energy efficiency.

DOI: 10.33815/2313-4763.2024.2.29.024-034

Introduction. The quality of the automated / automatic vessel movement control system as
a whole is determined by the quality of the mathematical support of the on-board computer, the
quality of the input information coming from the measuring instruments and the quality of
processing command signals from the on-board computer by the executive devices.

Automated control systems used on all transport vessels and specialized vessels with a
dynamic positioning system have distributed computing power located in specialized units:
Automatic Radar Plotting Aid (ARPA) — for processing radar information, Electronic Chart Display
and Information System (ECDIS) — for processing cartographic information, AUTOPILOT - for
automatic course / trajectory maintenance, power plant automation — for automatic control of
propeller speed or propeller blade pitch. In dynamic positioning systems, additional computing
power is used to maintain a given position or move along a given trajectory and the related tasks of
evaluating external influences, splitting controls into redundant structures, etc. By the term "on-
board computer” used in the article, the authors mean the computing power of such specialized
units.

An important element of the mathematical support of the on-board computer is the
mathematical model of the vessel, the use of which allows you to significantly improve the quality
of the control system. Mathematical models are used to predict the movement of a controlled object,
monitor the parameters of the system state vector that are inaccessible to direct measurement [1-3],
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using a neural network model of a ship for control tasks [4, 5], optimal control [6, 7], solving multi-
objective divergence problems [8], etc. Automation of control processes allows to maximally
eliminate the human factor, which is the cause of a large number of accidents and disasters and
significantly reduce the human influence on the processes of controlling moving objects. The use of
mathematical models of objects and processes in the on-board computer allows to significantly
increase the operational efficiency of automated / automatic control systems. Therefore, the
development of such models is an urgent scientific and technical task.

Problem statement. Find the resulting lateral hydrodynamic (aerodynamic) force, the arm
of the resulting lateral hydrodynamic (aerodynamic) force, and the resulting yaw torque depending
on the shape of the hull and cargo contours f (x,y) =0 and the angle of attack of the flow.

Analysis of recent research and publications. Many works of the authors are devoted to
the issue of using mathematical models in the control system and studying the influence of the
shape of the body on the hydrodynamic and aerodynamic characteristics.

The aim of the research [9] is to study the applicability of the SQCM (Source Quasi-
Continuous Vortex Method) to predict the hydrodynamic forces acting on the Wigley hull. Two
types of free vortex models are considered. The predicted results are compared with the results of
model tests to verify the effectiveness of the free vortex model.

Taking into account hydrodynamic forces and torques is of great importance in describing
any maneuvers of a vessel, such as braking, acceleration, circulation, Kempf zigzag, dynamic
positioning, and others. In [10], based on known experimental data, using multifactor quasilinear
(linear in coefficients) regression analysis, expressions for the constants of hydrodynamic
polynomial models of hydrodynamic forces and torques on the vessel hull were obtained. Various
dimensionless ratios of the geometric parameters of the vessel, such as length, width, draft, and
fullness coefficient, were taken as factors (regressors). When selecting regression models, the
values of the normalized R-square and standard errors were estimated.

In [11], the reference hull model KCS (KRISO Container Ship, KRISO — Korea Research
Institute for Ships and Ocean Engineering) is used to analyze the maneuverability characteristics in
shallow water. The PMM (Planar Motion Mechanism) test, based on the RANS (Reynolds-
averaged Navier—Stokes) equations, was carried out to obtain the maneuverability coefficient for
different drift angles, using the overload method. The computational hydrodynamics results are
compared with experimental data from the literature and show good agreement.

In the article [12], the problem of static positioning of a vessel with non-rectilinear hull

contours on a wave is considered. The dependences of bending torques and shearing forces on the
frequency and amplitude of the oncoming wave are obtained. The influence of the non-rectilinearity
of the hull contours on the values of bending torques and shearing forces is analyzed.
Designing and optimizing the shape of a ship's hull to minimize drag and meet other design
requirements is a well-known problem in ship theory and design. The hull shape design and
optimization method proposed in [13] uses CFD (Computational Fluid Dynamics) analysis to
estimate drag under systematic transformations of the hull surface. Each individual transformation
corresponds to a new hull shape variant with a transformed surface area. All variants prepared on
the basis of the initial hull shape belong to the first step of the optimization process. They are used
in CFD calculations to estimate resistance changes in calm water. As a result, an optimal shape
along the frames can be obtained, which expresses the optimal longitudinal distribution of the
constant hull volume and corresponds to the optimized hull surface shape. This method was applied
to the bows of two ships, including the well-known KCS hull shape. The obtained optimization
results in calm water conditions were additionally evaluated in waves.

In the article [14], a reasonable choice of the dimensions of a fishing vessel with a large
block coefficient is considered. To solve the problem, a mathematical instrument was developed,
which included design equations, including equations of buoyancy, mass, capacity, waterplane area
coefficient, stability, power, relative elongation, prismatic coefficient, as well as boundary
conditions and calculation of economic indicators. The key indicator of the economic profitability
of the project was determined to be the efficiency of capital investments. To find the most efficient
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vessel, a variational calculation was performed — solving a system of equations with a variation of
some initial data. According to the results of the variational calculation, the most successful
combination of the main characteristics of the vessel was determined, which provide the best
economic indicators.

In the article [15], the assessment of maneuverability of high-speed vessels at the early
stages of their design was studied. Previously, experimental, analytical and empirical methods were
used for this. Nowadays, numerical methods are also used, given their accuracy and short
calculation time. The paper presents a hybrid numerical-theoretical method for calculating
hydrodynamic coefficients using CFD modeling based on RANS equations. Linear and nonlinear
hydrodynamic coefficients of the vessel hull were calculated using the combined method. The
simulation results were compared with those calculated by the semi-empirical Levandowski
method. The comparison results show that the proposed hybrid model can predict the
maneuverability of a marine vehicle at the preliminary design stage.

The textbook [16] contains formulas for determining the lateral aerodynamic force

R, = Cay%sayAWaz, where Cgy is the coefficient of lateral aerodynamic force, Py is the air

density, Say is the area of the above-water part of the vessel perpendicular to the incident flow,

AWj is the relative velocity of the oncoming aerodynamic flow; Ry, :ng&SgyAWg2 is the

lateral hydrodynamic force, where ng is the coefficient of lateral hydrodynamic force, pgis the
water density, Sgy is the area of the underwater part of the vessel hull perpendicular to the

oncoming flow, AWg is the relative velocity of the oncoming hydrodynamic flow; relative arm of

lateral aerodynamic force Ta 20’25+ISTC_q—W’ where |sc is the center of sail, L is the length of
360°

the vessel, gy, is the angle of the oncoming aerodynamic flow; relative arm of lateral hydrodynamic

force fg :O,5+IC%"—OL—W, where |co|r is the center of lateral resistance, oy, is the angle of the
180°

oncoming hydrodynamic flow; aerodynamic yaw torque M, = Rayla and hydrodynamic yaw
torque Mg =Rgylg.

The aim and objectives of the research. The aim of the study is to obtain a refined
mathematical model in terms of integral equations for determining the resultant lateral force and
torque, as well as the resultant lateral force arm, depending on the angle of attack of the flow and
the shape of the hull, to increase the accuracy of control calculations using the refined mathematical
model, to increase the efficiency of the control system and navigation safety in general. The aim is
achieved by taking into account the hull contours when determining the resultant lateral force and
torque, as well as the resultant lateral force arm. The objectives of the study are to obtain, for a
given hull contour: the integral equation of the resultant lateral force; the integral equation of the
resultant torque; the resultant lateral force arm; the values of these parameters for individual
simplified forms of hull contours; to compare the results obtained with those known from literary
sources.

Main part. Fig. 1 shows a diagram of the interaction of the ship's hull with the oncoming
flow.
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i

Figure 1 — Diagram of the interaction of the ship's hull with the oncoming flow

A body element of length Al is subjected to lateral force AY and drag force AX from an
oncoming flow with a relative velocity AW at an angle QL.

o =0, +arctg (%) , (1)

where (y, x) = 0 is the function describing the contours of a ship's hull, % Is the derivative of the
X

function (y, x) =0 at the point of the element Al, Qyy is the angle of incidence of the flow on the
diametrical plane of the vessel.

d
For a constant 0y, only the angle arctg (d_i] along the length of the body changes.

The lateral force dY generated by a hull element dl can be written as

2
dy = C)‘}(qw + arctg(%))p AV;/ dl, (2)

where Cy* —is the coefficient of lateral force, p is the density of the medium.

We write the element dl in the form

2 2
dlzw/d2x+d2y:\/d2x+(%j d2x:\/1+[%j dx 3)

After substituting equation (3) into equation (2), we obtain

2
dy)) Aw? dy
dY =Cy| qy +arctg| —= | |[p—,[1+] == | dx 4
o ) 3 (3 @
The resulting lateral force of the hull is equal to
L
"2 dy AW 2 dy 2
Y (aw) = ILCB‘}‘(qW+arctg(&DpT 1+(&] dx, (5)
2

where L is the length of the ship's hull.
The torque from the lateral force element dY is equal to

dy)) Aw? | (dyY?
dMZ:—C;‘(qWJrarctg(d—iDpT 1+(d_§} xdx (6)

and the resultant torque from the oncoming flow
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L
iy 2
2 d AW? | (d
M (dw) = _ILC)(}(QW + arctg(d—in P 1+ (d_i(/j xdx . (7
2
Using equations (5) and (7), we find the resultant lateral force arm
L 2
2 dy)) Aw? dy
Cy arctg] 2 ||pon 14| 2| xd
I|_ y(qw+ g(dep 2 +(dx] s
M.
la(Qu) =% =% : (8)
) 2
2 dy)) Aw? dy)
cJ arctg| —= | |[p——,[1+| == | dx
L y(qw g[dxjjp 2 +(dx
2

Formulas (5), (7) and (8) allow us to determine the resultant lateral force of the hull, the
resultant hull torque and the resultant lateral force arm, depending on the angle (y of the incident

flow, for an arbitrary hull contour (y, x) =0.

Resultant lateral force, resultant torque and resultant lateral force arm for an elliptical hull
contour. In this case, the hull contour function (y, x) =0 has the form

X2

2

y
AN A 9)
a2 2

(e

Let’s find the derivative % of equation (9)
X

2
Q+2yﬂ:0 — dy__xb

£y AR 10
a’? b2 dx dx ya® (10
Also, from equation (9) we find
2
2 _p2l4 X b [2 2 X Xa
y =b%|l-—| - y=—va"-x* > —=—7—Fw—— (11)
[ aZJ a Y pya? —x2

After substituting equation (11) into equation (10), we obtain

b2

Xa xb
—_—,— e (12)
b\/az—x2 a’ a\/az—x2

Substitute the values % from (12) into equations (5), (7) and (8)
X

dy ﬁbz_

A ya®

L
+7

2
2 xb AW 2 xb
Y= [ Cylqu +arctg[— J p 1+[——J dx (11)
_L [ ava? - x2 2 ava? - x?
2

% b AW 2 b ’
X X
My = £cs ay arctg(_ ] ; 1{_ _] @ (1)
L a\/a2 —x? 2 avaZ — x?
2
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> b AW? b )
X X
I Cy qW+arctg£— ] P 1+[—J xdx
M L ava® — x? 2 ava? — x?
la(Qw) = 5% = < (13)
+7

2
2 xb AW? xb
I Cylaw +arctg{— J p 1+£—J dx
L ava® — x? 2 ava? - x2
2
The obtained integrals (11), (12) and (13) are quite complex to find an analytical solution (or
do not have one at all). Therefore, calculations according to formulas (11), (12), (13) are better

performed numerically.
Resultant lateral force, resultant torque and resultant lateral force arm for a rectangular

hull. For a hull having a rectangular shape, % =0 along the entire length of the vessel. Then, from
X

formulas (5), (7), (8) we obtain
L

AW 2 AW? /2 AW? (| o  AW?
Y = ILCyCIWP dx = quwp 5 X|T 5= quw B E*‘E Zquprl—(]A)
2
+£ 2 2
2 AW 2 1 AW? 5 172 AW? [ (L L
M; = ILCyQWP 5 de:2 QW x“|Z)2= 2 QW 5 1l72) T2 =0(15)
2
M
o) = M2 =0 (16)

Y
Resultant lateral force, resultant torque and resultant lateral force arm for the wedge-
shaped part of the hull. The diagram of the interaction of the wedge-shaped part of the hull with the
oncoming flow is shown in Fig. 2.

X1

Figure 2 — Diagram of the interaction of the wedge-shaped part of the body with the oncoming flow

For the wedge-shaped part of the body

Y _ _iga (17)
dx

After substituting equation (17) into equations (5), (7), (8), we obtain
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A AW 2 AW 2
Y(qw)=(j)C§‘(qW+0L)p 5 \/1+tg20cdx=C§f(qW+(x)p 5 \/1+tgzocx|6=
= (18
2 2
:cg(qwm)pA"zY ,/1+tg2a(A_o):c3(qW+a)pA‘A2’ J1+tg2aA
A AW? 5 1 AW? 5
MZ(QW):(I)C)?(qw"‘O‘)P > 1+tQZOLde:EC§L(QW+0‘)P > 1+t92aX2|0A=
(19)
1 AW 2 1 AW 2
=§C§‘(qw+a)p 5 \/1+tgza(A2—0)=EC§‘(qW+oc)p 5 J1+1tg2an?
2
M, () 1Cg(qw+oc)pAW \11+tgzaA2 1
la (Ghy) = —2—W2 — 2 2 YN (20)

Y 2 2
(dw) C?(qw+oc)pAV;/\/1+tgzocA

Resultant lateral force, resultant torque and resultant lateral force arm for a rectangular
hull with a wedge-shaped nose. The resultant lateral force is found as the sum of the resultant forces
of the rectangular and wedge-shaped hull parts, taking into account the change in the limits of
integration

AW ? AW ?
Y :ngWpT(L—A)+C§‘(qW+0c)pTw/1+tgzocA (21)

The resultant torque is found as the sum of the resultant torque of the rectangular and
wedge-shaped parts of the body, taking into account the change in the limits of integration.

2 2 2 2
M, zlci’,‘quﬂ L—A (L +lcg(qw+a)pﬂ\/1+tgzaA2 (22)
2 2 2 2 2 2
From equations (21), (22) we find the shoulder of the resulting lateral force

2 2 2 2
1cqupAW((L_A) (Y };C;«qm)pﬂvmzw

M, (Gw) _ 2 2 \\2 2

Y (aw) AW ? AW? 5
W C)?QWPT(L_A)"'C?(QW"'OL)PT 1+tgzocA

Fig. 3 shows a container ship with a rectangular cargo shape in the aerodynamic flow, a
rectangular and wedge-shaped hull shape in the aerodynamic and hydrodynamic flow.

(23)

la(qw) =

‘.':.’f .?s‘: a’: 3 S B
EEEEY | REEEEERA S MNE D

BT em W E R LS
_ Sy 7 =)

—
LAR-FE |

Figure 3 — Shapes of the hull and cargo contours of a container ship
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Conducting the experiment. The above-obtained integral equations (11)—(13) for
determining the resultant lateral force, the resultant torque and the resultant lateral force arm for the
elliptical contour of the hull, Fig. 1, which do not have analytical solutions, or the solutions are
quite complex, so we will apply numerical methods. A fragment of the program for numerical
integration of equations (11)—(13) is shown in Fig. 4.

B2 Editor - C:\Program Files\Polyspace\HapatoTka\MMPAKTHUUYHI 3AHATTA\Articled.m*
|

disp12.m | sensor.m | rungel2.m | ship12.m | meteo.m | sysctri2.m | Articlem | Arti

21

23
24
25

8]
4]

27
28

BB W W W W W W W W W WM
[ = R T B O N

1143

Fig.

= =

FllogyaTKoBl yMOBM
Xx=—a+d=x;
= ¥=0; SpesSybTyoda COoKOoBa CcHMIIa
- Mz=0; FPesyIbTYIROYMI MOMEHT
dv=10; ZEiOgHOCHAa WEMIOKICTE HADIiTrawdoro IOTOKY
aqw=180/57.3; $RYT HabiraHHA NOTORY
Jp=1:

while x<=a-—dx
dydx=-b*x/ (a*sgrt (a~2—-x~2)+0.0000001) ;
calfa=(cos (gw) +dydx*sin (gw) ) /sgrt (1+dydx~2) ;
salfa=(dyvdx*cos (gw) —sin (gw) ) /fsgrt (1+dydx~2) ;
alfa=asin(salfa):;

if alfa>0

alfa=0; E$50KOBA CHMIIa 1 MOMEHT HEe CTBODRBDTHCH
end

dY=0.5*cyalfa*alfa*ro*dv"~2*sgrt (l+dydx"~2) *dx:

¥Y=¥Y+d¥;

dMz=0.5*cyalfa*alfa*ro*dvV 2%*sgrt (1+dydx"2) *x¥*dx;

Mz=Mz+dMz= ;

la=Mz/Y;

x=x+dx;

xp(l,3p)=¥;

- xp (2, Jjp)=M=z;

- xp (3,Jp)=1la;

- Jp=Jp+l:

- end

— subplot(1,3,1): sMaTpMIIA 1x3, nepumit rpadix

Figure 4 — A fragment of the program in the MATLAB environment

5-7 show graphs of the dependence of the resulting lateral force Y, the resulting torque

M, and the resulting lateral force arm Ia on the angle (y of attack of the flow for an elliptical
body contour.
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Figure 5 — Graph of the dependence of the resulting lateral force Y on the angle (y
of attack of the flow for an elliptical body contour
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Figure 6 — Graph of the dependence of the resulting torque M, on the angle Gy

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



m ABTOMaTH3allig Ta KOMII IOTE€PHO-IHTErPOBaHi TEXHOAOTII

of attack of the flow for an elliptical body contour
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Figure 7 — Graph of the dependence of the resultant lateral force arm Ia on the angle Gy,
of attack of the flow for an elliptical body contour

As can be seen from the results obtained, for the elliptical shape of the hull contours, the
resultant torque M, and the resulting lateral force arm significantly depend on the angle of attack

of the flow, Fig. 6-7. For the rectangular shape of the hull contours, the resultant torque m, and

the resulting lateral force arm are equal to zero, regardless of the angle of attack of the flow,
formulas (15), (16). For the wedge-shaped shape of the hull contours, the resultant torque m, and

the resulting lateral force arm are constant values and also do not depend on the angle of attack of
the flow, formulas (19), (20). Therefore, the resultant torque and the resulting lateral force arm do
not depend on the angle of attack of the flow, if the derivative of the hull contour function is
constant along the length of the vessel. The resultant torque and the resultant lateral force arm do
not depend on the angle of the incident flow, and are equal to zero if the derivative of the hull
contour function is equal to zero along the entire length of the vessel hull.

Discussion. The issues of the influence of hull and cargo contours on hydrodynamic and
aerodynamic forces and torques are considered, which is important to know when using a
mathematical model in a control system. A search and analysis of literary sources devoted to the
issues of hydrodynamic and aerodynamic interaction of the ship's hull with the environment and the
use of mathematical models in control systems are carried out. Integral functions for determining
the resulting lateral force, the resulting yaw torque and the resulting lateral force arm are obtained,
depending on the angle of incidence of the flow and the shape of the hull contours. The values of
the integral functions are calculated for simple hull contours, and a numerical calculation is
performed for an elliptical hull contour. In comparison with known solutions [16], it was found that
the arm of lateral force and the resulting yaw torque do not depend on the angle of incidence of the
flow for hulls in which the derivative of the contour is constant along the length of the hull, for
example, for a rectangular and wedge-shaped hull. For other hull contours, these dependencies are
purely nonlinear. The obtained results allow: to estimate the resulting lateral force, arm of lateral
force and the resulting yaw torque much more accurately. In comparison with other known
approaches to determining external influences by mathematical modeling of a system of partial
differential equations, for example, by CFD methods, the developed model allows estimating the
specified parameters in real time and can be used in the on-board computer of automated /
automatic control systems. The obtained results are explained by finding and using the integral
functions of the given forces and torque, which for simple hull shapes are reduced to analytical
solutions. The results are reproducible and can be used in the development of mathematical support
for the on-board computer of automated / automatic vessel motion control systems. Further research
may be related to the use of neural networks for evaluating hydrodynamic interaction.

Conclusions. The issues of the influence of the hull and cargo contours on the
hydrodynamic and aerodynamic forces and torques are considered. Integral functions for
determining the resulting lateral force, the resulting yaw torque and the arm of the resulting lateral
force are obtained, depending on the angle of incidence of the flow and the shape of the hull
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contours. The values of the integral functions are calculated for simple hull contours and a
numerical calculation is performed for an elliptical hull contour. It is established that the resulting
torque and the arm of the resulting lateral force do not depend on the angle of incidence of the flow
for hull contours in which the derivative of the contour is constant along the length of the hull.
Compared with known approaches to determining the hydrodynamic and aerodynamic interaction
of the vessel hull with the environment, the obtained results allow: to calculate the resulting lateral
force, arm of resulting lateral force and resulting yaw torque more accurately using simple
mathematical models that can be used in the automated / automatic control system.

The theoretical significance of the results obtained is: obtaining integral functions for
determining the resultant lateral force, the resultant yaw torque and the resultant lateral force arm,
depending on the angle of attack of the flow and the shape of the hull contours; calculating the
value of integral functions for simple hull contours.

The practical significance of the results obtained is the possibility of their use for calculating
the resultant lateral force, the arm of resultant lateral force and the resultant torque in the
mathematical model of the on-board computer automated / automatic vessel motion control system
in real time.
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3inyenko C., Kauiniuenko €., Kozauyoxk FIJ., Mareiiuyk B. BIUIMB KOHTYPIB KOPIIYCY
TA BAHTAXY HA BIYHY CUJIY I MOMEHT PUCKAHHA B CUCTEMAX KEPYBAHHA CY/JHOM
Y PEAJIBHOMY YACI

Baoxcnueum enemenmom mamemamuunozo 3abesneuenns 60pmMogo20 odUUCIIOBAYA € MATNEMATNUYHA MOOeb
CYOHA, BUKOPUCMAHHA SKOI 003605€ CYMMEBO NIOGUWUMU SKICMb cucmemu Kepyeauus. Mamemamuyni
Mooeni BUKOPUCIOBYIOMbCS OISl NPOSHO3YBAHHA PYXY 00'€KMa KepyBaHHs, CHOCMEPENHCeH s 3d Napamempam
8EKMOPA CIMAHY CUCMEMU, HeOOCMYNHUX NPAMOMY GUMIDIOBAHHIO, Y MOMY YUCTI 8 WYMAX, BU3HAYEHHS 8I0OMO8
KOMAHOHUX MA BUKOHABUUX NPUCMPOIB, BUPIUEHH ONMUMI3AYitHuX 3a0a4y mowjo. Memorw OocniodxcenHs €
BUSHAYEHHS Pe3yTbmyIo4oi 60K08OI cunu i MOMeHmMYy, a MAKoXC nieyd pe3yibmyodoi 60K080I CUlU, 3ANeHCHO
8i0 Kyma HabiecaHHs NOMOKY ma Qopmu Kopnycy, RiOBUWEHHS MOYHOCMI PO3PAXYHKIE Kepy8aHb i3
BUKOPUCMAHHAM YMOYHEHOI MamemMamuyHoi mooeni, nioguyenHs e@pekmueHOCmi Cucmemu KepyeanHus ma
besneku cyononiaecmaa 6 yinomy. Ompumani inmeepanvHi QYyHKYIl GU3HAUEHHS Pe3yIbmyoUoi O0K08oI cuu,
De3VIbMYI04020 MOMEHMY PUCKAHHA Ma Nieya pe3ynomyiouoi OOK080i cuiu, 3a1exicHo 8i0 Kyma HabieanHs
nomoxy ma gopmu 06600i6 kopnycy. Po3paxoeani 3nauenHs inmeepanivHux QyHKYil O0jisi npocmux 0680016
xopnycy. YV nopigHaHHI (3 6i0oMUMU RIOX00amMu 00 GUSHAYEHHs 2IOPOOUHAMIYHOI MA aepOOUHAMINHOT
83a€MO0ii KOpnycy CyOHa 3 OMOUYIOUUM CepedosueM, OMPUMAani pe3yiomamu 00380110 Mb. 3HAYHO MOYHILLe
oyinio8amMuy  306HIWMHI  GNIUSU 13 GUKOPUCIIAHHAM NPOCMUX MAMEMAMUYHUX Mooenell, AKi MOJCHA
3acmocogysamu y 60pmoeoMy 00UUCTIO8AYT CUCEMU KePYBAHHA Yy peanbHomy daci. Ompumani pe3yibmamu
NOSACHIOIOMbCS.  3HAXOOJICEHHAM MA  BUKOPUCTNAHHAM IHMEZPANbHUX (DYHKYIU GUSHAYEHHST Pe3VabmYIoUol
00K080I cuiu, pe3yIbmyryo20 MOMEHmY ma nieda pe3yibmylouoi 60Ko8oi cuau, AKi 01 Npocmux Gopm
KOpnycy — 3600ambcsi 00  QHANIMUYHUX — piwienv. Pesynemamu € GiOmeoplosanumu i MOJICYmMb
BUKOPUCMOBYBAMUCS 6 MAMEMAMUYHIN MOOeNi asmomMamu308anoi cucmemu Kepy8auHs pYXoM CYOHA 8
PeanbHOMy 4aci.

Knwuogi cnoea: inmenexmyanvhi cucmemu Kepy8aHHA MPAHCNOPMOM, JIOOCLKUU YUHHUK, HAGieayiliHa
be3nexa, MamemMamuyHa Mooeib, nieve OOK0GOI Cuu; eHepeoephekmusHicmb.
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OCOBJUBOCTI ABTOMATU3AII BE3EKIITAXKHOI'O
HAABOJHO-IIABOAHOI'O KATEPA TPAHCIHHOPTHOI'O THUITY

Bypynin A. Il., acnipaum, Hayionanenuii ynieepcumem KopabnebyOy8anHs imeHi
aomipana  Maxaposa, m. Mukonais, Vkpaina, e-mail: splashbox98@gmail.com,
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Memoro pobomu € donognents YunHOI Kiacu@ikayii MOpCcobKux Oe3eKinaniCHUX anapamis Wisxom 6HeCeH s 00
Hel 6e3eKina)dcHux HA080OHO-NIOBOOHUX KAMePI8, BU3HAYEHHS IX OCHOBHUX 0coOauocmell K 00 €kmig
ABMOMAMUYHO20  KEPYBAHHS mMa  (DOPMYBAHHS — 2eHEePANbHOI  MHOJICUMU 34044  CUHme3y  Cucmem
ABMOMAMU308AHO20 U ABMOMAMUYHOZO KEPOBAHUMU HUMU, A MAKONC PO3POOKA Y3a2aNbHEeHOI CIMpYKmypu
cucmemu A8MOMAMUYUHO2O KePYB8AHHs OOHIEI 3 KIUYOBUX cucmem 0e3eKinaniCHo20 HA0B800HO-NIO80OHO20
Kamepa — cucmemu nooadi nogimps 00 Meni08o20 O8USYHA Kamepa npu 1020 nidgooHomy pyci. /s
00CACHEHHA NOCMABIEHOI Memu GUKOPUCHAHO Memoo Iepapxiunoi kiacugixayii 0nsi 0ON08HeHHs YUHHOL
Kaacugixayii MopcoKux 6e3eKina3cHux anapamis ma mMemoo CUCMeMHO20 nioxXo0y npu opmynosanti 3aday
cunmesy cucmem Kepy@anHs maxumu kamepamu. Pezynomamom docnidsicenns € donosnenns kracugixayii
MOPCHKUX OE3eKINAICHUX anapamis, sike 6KI04AE HOBUL 6UO0 MOPCLKUX DE3eKINANCHUX anapamis, a maxKodlc ix
PO3n00in Ha munu, Kamezopii ma kiacu 32i0H0 3 npuznadenuam. Ilokazano, wo npu po3podyi cmpykmypu
cucmemu agmMoMamuiHo20 Kepy8anHs 0e3eKinanicHum Had800HO-NIOBOOHUM KAMeEPOM OOYINIbHO po30insmu it
HA BUKOHABYUL, NPOSPAMHUL, A0ANMUSHUL, MAKMUYHUL MA CMpameiyHull pieHi. 3anponoHO8aHO 2eHePAaNIbHY
MHOJCUHY 3a0ay CUHMe3Y CUCIeMU KePYS8AHHs 0e3eKINaNCHUMU HAOBOOHO-NIOBOOHUMU KAMEPAMU Y CKIAAOI
3a0aui KepyBamHsi NPOCMOPOSUM DYXOM Kamepa K meepoo2o Miid, W0 MOdce PYXamucb no MOPCHKill
nogepxui ma nio 600010, 3a0ayi KepYBAHHS €eHePeemUYHOI0 CUCMEeMON Kamepd, 3a0adl KepyeaHHs
iH(hopmayiino cucmemoro Kamepa ma 3a0ayi Kepy8aHHs MOPCbKOK MIciero kamepa y yinomy. s KodxcHol
3a0aui po3pobreHo nepenix (QYHKYIOHATbHUX Nid3a0ay, AKi OXONIIOIMb 20JI06HI NpoOyecu asmomamusayii
Kkamepa. Y cykynnocmi po3pobienuil nepenix 3a0au ymeoploe HAYKO80-mexHiuHe NiOtpyHms Oisi po3poOKu
cucmem asmMoMamu308aHo20 mMa A6MOMAMUYHO20 KEPYGAHHS KAMEPOM 8 YCIX OCHOGHUX PetCUMax tozo
3aCMOCY8anHs K MPAHCNOpmMHO20 3acoby. Haykogy Hosusny ymeopioioms YOOCKOHALEHA KIACUpIKayis
MOPCOKUX Oe3eKINAdCHUX anapamis, 6nepuie 3anponoOHOBAHI 2EHEPANbHA MHONICUHA Md CKIA006i 3a0ay
Ccunmesy cucmem aGMOMAMUYHO2O KEPYBAHHSA MOPCbKUM HAOBOOHO-NIOBOOHUM Kamepom. Ilpaxmuuna
BHAYYWicmy O0CHIONCEHHS NOMALAE Y HAYKOGIE CIMPYKMYPU3ayii npoekmuux pooim ujo0o cmeopenus Ho8020
8UOY MOPCLKOI pOOOMOMEXHIKU, WO 0AE MONCIUGICb CUCTIEMHO GUKOHYBAMU NOOATbULI NPOEKMHI pobomu 3
PO3POOKU cucmem asmoMamuyH020 KepyeanHsl 0e3eKinanicHuM HA0800HO-NIO80OHUM KAMEPOM.

Knrouosi crosa: bezexinasxchuti Ha0800HO-NIOBOOHUL Kamep, KIACUDIKayis, CUHmMe3 CUCTNeMU KepYSaAHHSL.
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Beryn. ITocranoBka mpodaemu. Ha el yac y po3BHHEHHMX MOPCBHKHX KpaiHax CBITy
CIIOCTEPIraeThCs  CTiIMKa TEHJACHINS IMOJ0 BIPOBA/DKEHHS HOBITHIX 3ac00iB  MOPCBHKOIi
pobototexniku (3MP) y Bci chepu rocniogapchbkoi misuibHOCTI Ha Mopi [1-3]. [Tpuuomy, oxHiero 3i
CKJIaJIOBUX BKa3aHOI TEHJEHIIi1, 110 OCTAaHHIM YaCOM aKTHBHO BTUIIOETHCA Y MOPCHKY MPAKTHKY, €
JOCIIJKCHHS, TPOEKTYBAaHHSA 1 OYyIIBHUIITBO MaJOPO3MIPHHX Ta IIBHIKICHUX O€3eKiMmaKHIX
HanBoaHux katepiB (BHK) [4].

AxTyanpHicTh Takoro Buay 3MP oOymoBieHa 3pocTaiouMMu 00CATaMH TPaHCIOPTHHX,
HAYKOBO-IOCiIHUX 1 IPUPOTOOXOPOHHHUX poOiT Ha Mopi [5, 6].

Opnnak, texnousorii 3acrocyBanHss BHK y BkazaHux MicisiX CBiIYHTH NMpO HEIOJIKH, SIKi
00OMEeXYIOTh YCIIIIIHE 3acTocyBaHHS Takoro Buay 3MP y ckmagaux moroanux ymosax. lLle
MOB’SI3aHO 31 TPYJMHOINAMHU EKCIUTyaTaiii B yMOBaX, KOJU 3OBHIIIHI 30ypeHHs (BITEp, XBUWIIS)
YHEMOJKJIUBIIIOIOTh BUKOHAHHS 33J1aHO1 MicCii 3 HEOOX1THOO SKICTIO.

OnHuM 3 eQEeKTHBHHX CIIOCOOIB MiJIBUIICHHS €(PEKTHBHOCTI 3aCTOCYBAaHHS IIBUAKICHUX
BHK € 3HMXeHHS BIUIMBY BKa3aHUX 30YpIOIOYMX UYHWHHUKIB IIJISIXOM THMYAacOBOTO 3aHYpPEHHS
Karepa Iij BOLY, TOOTO HIISXOM BKJIIOUYEHHS Y MOPCHKY HaJIBOJIHY MICiI0 TaKOTO KaTepa MiJABOIHOT
CKJIaJI0BOI PyXYy.

Tomy Ha chOroIHI aKTyaJlbHUM BOAYa€THCSI CTBOPEHHS JBOXCEPEIOBHIMHHUX (HAIBOIHO-
MiIBOIHUX ) O€3eKiMaKHUX KaTepiB, K1 O MO€IHYBalU MepeBaru HaABOAHUX 1 miaBogHUX 3MP.
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SIK BHI MOPCBHKOTO TpaHCHOPTy Oe3ekinaxkHi HaaBomHo-migBonHi katepu (BHIIK, B
aHrIoMOBHOMY ckopodueHHi — Unmanned Surface and Underwater Boat, USUB) nanexats mis
3MP cremiaapbHOTO TPH3HAYCHHS 1 MOXYTh BUKOPHCTOBYBATHCH JUIS JOCTaBJICHHS KOPHUCHHX
BaHTaXIB y CKJIAJHUX yMOBax ekcrutyaTamii. Bucoka ix 3aTpeOyBaHICTh CHOTOAHI OOyMOBIEHA
3pOCTaHHSM OOCSTIB MOPErocroAapchKoi JisUIbHOCTI MPUMOPCHKUX KpaiH Ta MiBUILEHHSIM BUMOT
70 HaJIMHOCTI MOPCHKHX TPAHCIOPTHUX omeparliii. OqHie0 31 CKIaJOBUX 3aBIAaHHS CTBOPEHHS
BHIIK € po3poOka BHUCOKOE(HEKTUBHHX CHUCTEM aBTOMAaTHYHOTO KEPYBAHHS HUMH, OCKUIBKH BiJ
SIKOCTI KEpyBaHHS HANPSMY 3aJICKUTh €(DEKTUBHICTD iX 3aCTOCYBaHHS 32 IPU3HAYCHHSIM.

OueBUAHO, MO aBTOMAaTHYHE KEPyBaHHS TaKUM 3acO00M pOOOTOTEXHIKH CYTTEBO
BIIPI3HAETHCS BiJ] KEPYBaHHS KaTepaMmH TpaauiiiiHoi koHcTpykuii. Ile moB’s3aHo, mo-mepie, 3
HeoOXigHICTIO 3a0e3nedenHs 6e3neyHoro nmpocropooro pyxy BHIIK He Tinbku 1o moBepxHi Mops,
a W TABOJHOIO KEPOBAHOTO PyXy KaTepa, 1 Mo-Apyre, 3 HEOOXIMHICTIO SKICHOTO BUKOHAHHS
HAJBOJIHOT Ta MiJBOJIHOT CKJIAIOBUX MicCii B yMOBax Jii 30BHIIIHIX 30ypeHb, K1 IIFOTh HA KaTep.

Ile 00yMOBIIIOE aKTyaJbHICTh ITOCTAHOBKHM 3aJadyi IMOJO0 JOCHIDKEHHS OCOOJUBOCTEH
ABTOMATUYHOTO KEPyBaHHS TAKUM KaTEPOM.

AHaJi3 ocTaHHIX gocaimxkennb i myOaikamiid. Ciijx 3a3HaA4YMTH, 0 TUTAHHS KOHCTPYKIT
BHIIK, y minmomy, Ta cHHTe3y iX CHCTEM aBTOMAaTHYHOTO KEepyBaHHS, 30KpeMa, y HayKOBIH
JiTepaTypl MPaKTHYHO BiACyTHI. Jlo HaAWOUIBII OMUCAHUX JBOXCEPEIOBUIITHUX TMIIOTOBAHUX
KaTepiB BiJJHOCATHCS KaTepH JJIsi MOPCHKOTO Typu3My — JIBOMICHI karepu «Sea Breacher»
amMepuKaHChKoi Kommanii «Innespace Inc» Ta mectumicHi katepu «Jet Shark», a Takok HaiHOBiII
4oBHH IhOoro THIy — «Scubacraft 3» i «Scubacraft 6» [7, 8]. Kopmycu nux 4YOoBHIB MaroTh
KOMITO3UTHUH KOpITyC 1 3a0€3MeuyroTh Ha IMOBEPXHI MAaKCUMaJIbHY MIBHAKICTE S50 MUJIB/TOI Ha
NOBITPsHIN moxymmi. HagBoauuii Ta MigBOJHMNA pyX 3AiHCHIOETHCS 3a JOIOMOIOI 4-TaKTHOTO
JBUTYHa BHYTPIIIHBOIO 3TOPSHHSA Ta TiJPOPEAaKTUBHOIO TPHUBOMLY, IO MPAIIOE  BiX
BHCOKOIIPOAYKTUBHOIO Hacoca. Karepu MaroTh iHTYITHBHO 3pO3yMijie KepyBaHHS 3aHYpPEHHSM,
ooproBuii npuiiMad GPS 1 miaBoIHUN KOMIT'IOTEp, a TAKOX OOPTOBY MOJA4y MOBITPS 3 PE3CPBHUM
JDKEPEJIOM, yIIbTPAKOPOTKOXBUIIHOBHI PaIio3B’sI30K Ta MiABOAHUN 3B'A30K. [nOWHa 3aHypeHHs
karepa — 50 MeTpiB 3 TpUBANiCTIO mepedyBaHHs mia Bojgoro A0 90 XB Ta MiABOIHUM PYXOM 3
TTiJTBOTHOIO MIBUJIKICTIO 3 BY3JIH.

o & cTocyeTbcst Oe3eKiMa})HUX JIBOXCEPEAOBUITHUX KATEPiB, TO HAWOUIBII JTOCITHEHHS
orpumani y pamkax mporpamu €C «I-SEAMORE» kommnaniero iXblue, ne crBopeno mniHiiky 3
gotupbox BHITIK «DriX H8», «DriX H9», «DriX O16» Tta «DriX 025» [9]. Karepu DriX
po3polIIeHi uTsi poOOTH i AUCTAHIIHHUM KepyBaHHSIM oIepaTopa, ajie mependadaroTb BUCOKHIA
piBeHb aBTOHOMHOCTI.

3ouimHii Burissy BHIIK i€l cepii mokazano Ha puc. 1.

DriX H-8 DriX H-9 DriX O-16

Medium range USV Long range USV Transoceanic range USV

DriX 0-25
Custom-made USV

Pucynok 1 — Bezexinmaxxui HaaBoaHo-miaBoaHI karepu DriX xommawnii iXblue,
SIK TIPUKJIA]T MOXKITHBOTO apXITEKTYPHO KOHCTpYKTHBHOTO THIy BHITK
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Karepu DriX €, mo cyTi, BIAKPUTOIO YHIBEpPCATbHOIO HAJBOIHO-IIIIBOIHOIO TUIATPOPMOIO,
sKa CIIPOMOKHA TPAHCIOPTYBaTH ILIMPOKHUM [iama30H KOPHCHUX BAaHTAXIB Yy CBOIM MiABOAHIN
rougomi. KomyHikamis 3 orepamniii MOKJIMBA Ha AUCTAHIIAX TPSIMOI BUAMMOCTI a00 3a TOPH30HTOM
yepe3 OaraTokaHaJbHY CUCTEMY pajlio- Ta CyIyTHUKOBOTO 3B’SI3KY.

[Momanemmii amamiz miteparypu [10, 11] He BHUABHB O3HaK pPO3POOKU 1 CTBOPCHHS
JIBOXCEPEIOBUIHUX KaTepiB, L0 CBIAYUTH HpPO Te, IO JaHUM THUI MajJOpO3MIpHUX CYAEH
3HAXOJIUTHCS HA MOYATKOBIH cTajii CBOro po3BUTKY.

BinokpemiieHHs HeBHpIlIeHHX paHille YacTHH 3arajabHOl npolJjemu. J[leranbHe
BUBYCHHS KOHCTPYKTOPCHKUX pillleHb KaTepiB kommanii iXblue nae 3mory BHIITUTH HACTYIHI
XapakTepHi 0cOOIMBOCTI TaKoi TEXHIKM Ta (popMH 11 BUCBITICHHS y HAyKOBO-TEXHIYHIH JiTepaTypi:

— PpO3MILIEHHS] KOPUCHOI'O BaHTaXy IependadaeThCsl TIIbKU Y MiJABOJHIN 4acTHHI Karepa
(y mnizBoaHIA TOHIOJI), IIO CYTTEBO OOMEXYy€ MOXIHMBOCTI KaTepiB K YHIBEpPCAJIbHHUX
TPaHCIIOPTHUX 3aC001B;

— ONHC KaTepiB sIK 00 €KTIB KepyBaHHS HAJaHO TIIbKU B OOCsrax 3arajibHOi peKJIaMH,
30KpeMa, 30BCIM BiACYTHS 1H(oOpMalis Ipo KepyBaHHsS HAJBOJHUM 1 HIABOJHUM PyXOM Karepa,
KEepyBaHHS KOPHCHUM BaHTa)XeM KaTepa Ta IpPO OCOOJMBOCTI KepyBaHHS HOro OCHOBHMMU
MiJICHCTEMaMH — EHEPTeTUYHOIO0, HAaBITrallIfHO0, 0aJTaCTHOI0, KPEHO-TU(DEPEHTHOIO Ta 1HITUMU.

TakuM 4MHOM, MOXHAa KOHCTaTyBaTH, IO Ha LEH 4yac y HAyKOBO-TEXHIYHIN JiTepaTypi
B1JICYTHSI 1H(OpMaLIis 111010 TOCIIIKEHb 1 PO3POOOK:

— Oe3eKiNaXHUX HAJBOJHO-TIBOJAHUX KaTepiB SK YHIBEpCAJIbHUX HOCI{B KOPHUCHOIO
BaHTaXy PI3HUX TUIIIB Ta MPU3HAYEHHS;

— CHCTEM KepyBaHHs Oe3eKiMa)XKHUMHU HaJIBOJHO-MIABOJHUMU KaTe€paMu SK TBEPAUMU
T1J1aMH, SIKI BUKOHYIOTh KEPOBaHHUM pyX Ha IOBEPXHI MOpPS Ta y IMiJIBOAHOMY IOJIO)KEHHI B YMOBax
HEBHU3HAUEHOCTEW 30BHIIIHIX 30ypeHb.

Mera i 3a1a4i J0cIi/IZKeHHs] — JOTIOBHEHHS YMHHOI Ki1acu(iKallii MOPChKUX O€3eKINaKHUX
amapaTiB IUISIXOM BHECEHHs /10 Hei Oe3eKiMaXHUX HaJBOJHO-IIABOJHHMX KaTepiB, BU3HAYCHHS
OCHOBHHX OCOOJIMBOCTEH aBTOMATUYHOTO KEPYBAaHHS TAKMMHU 00’ €KTaMHU MOPCHKOT POOOTOTEXHIKH,
00yMOBJIEHUX X Ha/JIBOJAHUM 1 MiJBOJTHUM KE€POBAaHUM PyXoM, (hOpMyBaHHS reHepalbHOI MHOXKHHU
3aJa4 CHHTE3Y CHUCTEM aBTOMATHYHOTO KEPyBaHHS HHUMHU Ta pO3poOKa y3arajabHEHOI CTPYKTYypH
CHUCTEMH aBTOMATHYHOTO KEPYBAHHSA OJHIEI0 3 KIIOYOBUX CHCTEM O€3eKiNa)XXHOro HaJBOJIHO-
MiJBOJHOTO KaTepa — CHCTEMH IoJadi TOBITPS JO TEIUIOBOTO JBUTYHAa Karepa IPU HOTro
ITiJIBOJTHOMY PYCi.

Bukiaa ocHoBHOro matepianay. Y mporeci BUKOHaHHS JTOCTIKEHHS OyJI0 BUKOPHUCTaHO
3arajlbHOHAYKOBI METOIU: METO]I iepapxiuHoi kimacudikarii (11 JOMOBHEHHS YMHHOT Kiacudikarii
MOPCHKHX Oe3eKimakKHUX arapariB) Ta METOJ] CUCTEMHOro miaxony (mpu (opMyIIOBaHHI 3ajad
CHHTE3y CUCTEM KepyBaHHS TAKUMM KaTepaMHu.

OO0’ €eKTOM JOCTIIKEHHS € HOBUH THUTT MOPCHKOI pOOOTOTEXHIKM — Oe3eKiMmaKHUIH HAIBOTHO-
MiABOJHUN KaTep sIK 00 €KT KepyBaHHS.

[Mpenmerom mocmipkeHHs € KiacuikalliiiHi 03HaKu 0e3eKilmaKHOTO HaIBOIHO-ITIBOJHOTO
Karepa Ta oro ocoOIMBOCTI SIK 00 €KTy KepyBaHH:, 3aJjaua CUHTE3y CHCTEM aBTOMATHU30BaHOIo i
aBTOMAaTHYHOTO KEpyBaHHS KaTepoM Ta pO3poOKa y3arajJbHEHOI CTPYKTYPH CHCTEMHU
aBTOMaTHMYHOI'O KEPYyBaHHsS CHUCTEMOIO MOAayi MOBITPsA A0 TEIJIOBOrO JBUTYHA Karepa Ipu Horo
iBOJTHOMY PYCi.

IIpy BUKOHAHHI IIMPOKOTO CHEKTpa TPAHCIOPTHUX 3aJad Ha akKBaTOPISX Jep’KaBU
3amydenHss BHIIK nmacte 3Mory CyTTEBO MiJBHIIMTH HAIIMHICTE MOPCHKOI TPAHCIOPTHOI Micii,
OCKUIBKH y BHIIQJIKy BUHUKHEHHS CKJIaJHUX NPUPOJHUX YMOB KaTep Ma€ 3MOTY 3aHYPUTHUCH IiJ
BOJIy 1 MMPOJIOBXUTH PyX Y MiIBOJHOMY TOJO0XKEHHI a00 JIATTH y Jpeiid B 04iKyBaHHI, KOJIH MOTOTHI
YMOBH TOJINIIAThCA. Y 3B’S3KYy 3 MM JOIUIBHO PO3MISIHYTH MOKJIuBI 3actocyBanHs BHIIK mist
PO3B’SI3KY 3aBJIaHb TPAHCIIOPTHOTO XapakTepy [12].

3rigHo 3 knacudikaiiero, HagaHii y [13], Ha nel yac 3araJbHOMPUNHHATUM € MIAXiT 10
kimacudikamii BUAIB MOPCHKHX O€3eKiMaKHUX arapariB, SKHA TPYHTYEThCS Ha CEpeAOBHUINI IX
(GyHKIIOHYBaHHS. Y 3B’I3KYy 3 LIUM BCl HasiBHI MOPCHKi Oe3eKiMaXkHi anapaT po3AlIsSIOTbCS Ha Ba
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BUJIM — HAIBOJHI 1 MIBOHI. Y CBOIO Yepry, Ha/BOJIHI anapaTy 3a MPU3HAYCHHSIM PEKOMEHIYEThCS
MOALIATH Ha 0OMOBI anmapaty Ta anapaTH 3a0e3meueHHs 1 TATPUMKH.

OdeBHIHO, IO TPAHCIOPTHI MOPCHKI O€3eKiMakHi amapaTd HEOOXiJHO BITHOCHUTH 0
amapatiB 3a0e3MedyeHHs 1 MIATPUMKH, TOMY Jali y Lii cTtarTi OyayTh pO3TJIsSAaTHCh came Taki
3ac00M MOPCHKOI pOOOTOTEXHIKH.

AHaniz pekoMmeHnnoBanoi B [13, 14] knacudikariii 0e3eKinaXHUX HAJBOJHUX 1 MiABOJIHHUX
amapariB CBIIYUTb, III0 YMHHUH TepetiK 3ac00iB HAIBOAHOI Ta MiBOJHOI MOPCHKOI pOOOTOTEXHIKH
HE MICTUTh BiZIOMOCTEH MPO HOBHH Ta MEPCHNEKTHUBHHIA JJIS peajizaiii TPaHCIOPTHHUX 33Jad BHJI
CylneH — Oe3eKimakHi HaJBOIHO-TIABOAHI KaTepu, a IX MOXIIMBE 3aCTOCYBaHHS B iHTepecax
JIep KaBH 0 IIbOTO Yacy HE PO3TIISIIANIOCH.

OueBUAHO, IO MPHUKIIAJAHI HAYKOBI JOCIIJKEHHS 1 IPOEKTHI POOOTH Yy HANPSIMKY CTBOPEHHS
BHIIK nmorminesHO mounHaTH 3 iX Kiacudikamii Ta po3poOKH OnepaTUBHUX BUMOT, SIKi O yTBOPHIH
HAYKOBO-TE€XHIYHE MIAIPYHTS A iX MPOEKTYBaHHS Ta CHUHTE3Y BHCOKOC(PEKTHBHHUX CHCTEM
KepyBaHHS HUMHU.

VY 3B’s3Ky 3 IMM HPONOHYETHCS HACTYIHE IOMOBHEHHS OO0  KJIACH(iKaIil MOPCHKHX
Oe3eKimaXHUX amapariB, siKe Iepeadadae yBeAeHHs okpemMoro Buay MbeA — 0OesekimaxkHi
Ha/IBOJAHO-TIIIBOJIHI KaTE€PH, SKi MAIOTh J[Ba PIBHOIIIHHUX CepeoBUIIIa (DYHKI[IOHYBaHHS:

— BUJ — HaJBOJHO-IIIIBOHI;

— tur (3a macorw) — mani (menmie 500 kr), cepenni (500—-10000 kr);

— Kareropis — 3a0e3Me4YeHHS Ta IMATPUMKH;

— KJac — TPaHCIOPTHI, MPHPOJOOXOPOHHI, MOIIYKOBO-PATYBaJbHI, Triaporpadivsi,
HaBITaIiitHOTO 3a0€3MeUeHHs, PETPAHCIIATOPH.

Posrnsnemo tenep ocHoBHi ocobnmBocTi BHIIK sik 00’ekTy KepyBaHHS, SIKi HEOOXiTHO
BpaxyBaTH NPU CHHTE3l CHCTEM aBTOMATH30BAHOTO Ta AaBTOMATUYHOTO KEPYBaHHS TaKUMHU
3ac00aMi MOPCHKOT pOOOTOTEXHIKH.

AHani3 KOHCTpyKIIii Ta cBiToBUMA AocBia ekcruryaramnii BHIIK cBiguuTh, mo npu cTBOpeHH1
BITYM3HSHUX 3Pa3KiB TaKOi TEXHIKH CIIi]] BpAXOBYBATH:

— 0COOJIMBOCTI TiAPOIWHAMIKK KOPITyCy Karepa Ta ii BIUTMB Ha KEPyBaHHS KaTepOM SIK
TBEPIUM TiJIOM, IIO PYXAa€ThCS IO BOJHINA MOBEPXHI Ta y TOBII BOAM (3MiHAa KEPOBAHOCTI Ta
xozxosocti BHITK);

— 0c00IMBOCTI TMOOYAOBM EHEPIeTUKU KaTepa, OOYMOBIIEHI MOXMJIMBUM BUKOPUCTAHHSIM
JIBOX PI3HUX THITIB OOPTOBUX JKEPEI EHEPTii MijJ yac BUKOHAHHS MICIi;

— ocobymBocTi MOOyA0BH iH(OpMaIliitHOro 3abe3nedeHHs KaTepa (CUCTeM HaBiramii Ta
3B’SI3Ky, CEHCOPIB BHUKOHABYMX MEXaHI3MIB Karepa), OOyMOBJICHI 0araTopa3oBOIO 3MIHOIO
30BHIIIHBOTO POOOYOT0 CEepeoBHUINA 3aTEKHO BiJl PEKHMMIB HAJBOJHOTO YH IIJBOJHOTO XOAY
BHIIK;

— ocobmmBoCTI MOOYI0BH 1 peaizarii Mopcbkoi micii BHIIK, mo o0yMoBioe HeoOXiaHICTh
PO3pOOKH HOBOT TAKTUKH OJMHOYHOTO Ta rpynoBoro 3actocyBanHs BHIIK, sika 6 BpaxoByBasia Ta
e(EeKTUBHO BUKOPUCTOBYBAJIa HOTO MOXKIIMBICTh KEPOBAHOI 3MiHU CepeAoBHUINa (PyHKIIOHYyBaHHS, a
TaKOXX HEOOXIAHICTh YTOYHEHHSM pPEXKHMIB pOOOTH Karepa y IIJIOMYy Ta HOr0o BHKOHABYHMX
MeXaHI3MiB.

Bkazani 0coOmuBOCTI jiekaTh y pycii cucreMHOro miaxony [15] i Bumararots po3poOku
HAaYKOBO OOTPYHTOBAaHUX METOIB CHHTE3y K y3arajJbHEHUX CTPYKTyp cuctem kepyBanHs BHIIK,
TaK 1 MiJICUCTEM KepyBaHHSI OKPEMHUMH BUKOHABYMMHU MEXaHi3MaMH KaTepa.

3a3HauMMoO, [0 TPHU PO3pOoOIll CTPYKTYPU CHUCTEMHU aBTOMATHYHOTO KepyBauHs BHIIK
JOTUTHPHO PO3IIIATH ii Ha HACTYIHI 1’SITh ()YHKIIIOHAJLHUX PIBHIB: BUKOHABYMM LE, IporpamMHUit
Lp, ananruBHU LA, TakTnunwmii L1 1 crpareriunmii Ls [16].

PosrnsmeMo o0coOmmMBOCTI BKazaHMX (YHKIIOHAJIBHUX PIBHIB CHUCTEMH aBTOMATHYHOTO
kepyBanHsi BHIIK Oinbir geranbHoO.

Ha crpareriunomy piBHi Ls anamizyerbcs 3aBmannsa Juis BHIIK (mopceka wmicis M), mo
Hajaidnua pagiokananoMm abo 3amaHa mporpamHO B 0a3i manux mepen Buxomom BHIIK y mope,
IUIaHyeThCsl 3aranbHe ¢yHKIioHyBaHHs (cTpareris) BHIIK mnst ii BUKOHaHHS 3 ypaxyBaHHSIM
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po3MmipiB 3amaHoi akBaTopii, ii rmMOMH 1 Tewidl (reorpadiyHUX KOOPAMHAT aKBaTOpii, 3aJaHUX
MHOXXUHaMH mHpoTu i norotu (P, A), i300ar rmmbun mops (H ) Ta emopu moBepxHEBHX 1

MIIBOTHUX TEYIN (VW ), HaBIramifHUX OCOOTUBOCTEW Ta OOMEXKEHb IIi€i akBaTOpii (aKTUBHOTO
CYIHOIUIaBCTBA, BUIOOYBHOI MPOMHCIOBOI [ISUIBHOCTI, «HEYHCTHX TIPYHTIB» TOHIO) Ta

T IPOMETEOpONIOriYHNX XapPAKTEPHCTHK 30BHIIIHBOTO CEPENOBHIIA («po3d BITPiB» W/, MOPCHKOTO
xBumoBanns Vgs, TeMepaTypu mosiTps ta ta Bonm by , HASIBHOCT1 KPUTH HA YAaCTHUHI aKBaTopii

ls Towo).

Kpim Toro, mi1st Bu3HaueHHs notoynoro nosnoxenHs bHITK Ha akBaTopii BUKOPUCTOBY€ETHCS
1H(popMallid Bl eNeKTpOHHOI KapTorpadiuyHoi HaBirauiino-iHpopmaniitHoi cucremu (EKHIC) [17],
3B1JIKM HaIXOJSTh HOT0 MOTOYHI reorpadiuyHi KOOpUHATH.

Ha taktnunomy piBHI LT mianyetbes peanizauist NpuiHTOI cTpaterii. TyT 3 ypaxyBaHHAM
XapaKTepUCTHK aKBaTOpii 0OMParOThCs METOJMKH BUKOHAHHS MiCii, OOMpAIOThCs, OOUUCITIOITHCS
Ta OMTHUMI3YIOThCS TpaekTopii mpoctopoBoro nepemimenns bHIIK nns peasnizarii #ioro ocHOBHUX
TEXHOJIOTIYHUX PEXHUMIB POOOTH, POPMYIOTHCS MOCIIOBHOCTI 0a30BHX oOnepaliil BiANOBIAHO 10
ctparerii pyskuionyBanHs bHIIK roo.

Ha apantuBHOMY piBHI L4 KOpUTYIOTBCS pIIIEHHS TAaKTUYHOTO PIBHSA 3 YpaxyBaHHSIM
TexHiuHoro crtany enemeHTiB BHIIK Ta ¢akTuyHOro crany 30BHIIIHBOTO CEPEOBUINA, 33/1a€
MOTOYHI KpUTepii ONTUMAaJIbHOIO KEPYBaHHS, 3/{1HCHIOE TOIIYK ONTUMAaJIbHUX KEPYIOUUX PILICHb Y
pamkax oOpaHOi TaKTUKH BUKOHAHHS 3aBJaHHS, 110 HAAIMIIIO BiJi TAKTUYHOTO PIBHS KEPYBAaHHS.
TyT 13 3aJyyeHHSIM METO/1iB MAaTEMaTUYHOI'O MOJICJIIOBAHHS BU3HAYAIOThCA ONTUMalbHI IIBUAKOCTI
pyxy BHIIK (Hampuxman, 3a KpUTepisIMM MaKCHUMAaJbHOI MPOJYKTHUBHOCTI YM E€KCILTyaTalliHUX
BUTpAT).

IIporpamuuii piBeHb KepyBaHHs Lp 3a0esnedye y3ropkeHe KepyBaHHS BHUKOHABUHUMH
MexaHi3MaMu 3anexHo BiJ pexxumy poOotu BHIIK. TyT cHHTE3yIOTbCS aarOpUTMH I'PYNOBOIO
KepyBaHHs BukoHaBuumu MexaHizMamu BHIIK ta renepyetncs (abo 3anydaerses 3 0a3u 1aHUX) iX
IporpamMHa peaiizarfis.

BukonaBuuii piBeHb Lz Ha OCHOBI 3aJjaHWX BIUIMBIB BiJ MporpamMHOro piBHA Lp BUpoOIIsie
CUTHAJIM KepyBaHHsS BUKOHaBuMMHU MexaHi3mMamu BHIIK 3rinHo 3 KpUTEpisiMH ONTUMAJIBHOCTI, SIKi
3aJaHi Ha alalTUBHOMY piBHi L4.

Buxozsuu 3 BuIle cka3zaHOro, COpMyJII0EMO IeHepallbHy MHOXKHHY TusuUB 3ajjad CHHTE3Y
cucreM kepyBanHsi BHIIK y ckmani 3amadi kepyBaHHS POCTOPOBUM PYXOM KaTepa SIK TBEPIOTO
Tila, MO MOXE pPyXaTHCh IO MOPCBHKIM TMOBEpPXHI Ta MiJ BOAOK Im, 3agavi KepyBaHHS
E€HEPreTHYHOI CUCTEMOIO KaTepa Tg, 3a/1adi KepyBaHHs iHGOPMAIIHHOI CUCTEMOIO KaTepa 1/ Ta
3a/1a4ui KepyBaHHs MOPCHKOIO MICI€I0 KaTepa y oMy TF:

Tusus ={Twm; Tg; Ti; TF }. 1)

I'enepanbna MHOxuHa (1) 3amau cunrte3y cuctemu kepyBanHi BHIIK cdopmoBana 3
ypaxyBaHHM Horo cnenudiku Sk 00’ €KTy KepyBaHHS 1 MOXKE CIIyTyBaTH HIATPYHTSM JUIS pO3pOOKU
y3araJbHEHOT0 AITOPUTMY Ta CTPYKTYPH CHCTEMH KepyBaHHS KaT€pPOM B YCIX OCHOBHHX PEeKHMax
HOro 3aCTOCYBaHHSA SIK TPAHCIIOPTHOTO 3ac00y 0OOPOHHOTO MPU3HAUEHHS.

PosrnstHeMo HanpsIMKH po3B’ 3Ky BKa3aHOT MHOKHHU 33124 OLTBIN IETATBHO.

Ananiz 3agaui Twm, sxa posrnsmae pyx BHIIK mo mopchkiii moBepxHi Ta miJl BOJOIO
MOKa3ye, 1o ii po3B’ 30K HEOOX1THO PO3TIISIAATH Y CKIIA1 IIECTH IMi13a1a4:

— MiJ3ajgadi KepoBaHOIO MPOIIECY HAABOJHOIO pyXy Karepa Twm-s;

— MiJa3ajadi KEpOBAHOTO MPOIIECY 3aHYPEHHS KaTepa Ha MIHOUHY POOOTH IIHOPKENS T M-DS;

— MiJ3ajgadi KepoBAaHOTO MPOIIECY MiJIBOJHOTO PyXy KaTepa «IIiJl ITHOPKEeIeM» Mm-Us;

— Mmija3ajadi KEpOBAaHOTO MPOIIECY 3aHYpEHHS KaTepa Ha poOody rmouny Twm-pJ;

— mig3ajgadi KepoBaHOTO MPOIIECy MiJBOJHOIO PyXy KaTtepa Ha poOouiid rauluHi Tm-ul;

— MiJ3ajadl KepoBaHOIO MPOLECY CIUIMBAHHS KaTepa Ha IIOBEPXHIO MOPS TM-E.

Taxkum unHOM, 33724y TM MOKHA MPEICTABUTH Y CKJIaJll HACTYIHUX Mif3a1ay:
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Tm = {Twm-s; Tm-ps; Tm-us; Tm-p3; Tm-us; Tm-E} (2)

OuyeBuHO, MO PO3B’SA30K Mia3agad Im-s 1 TM-UJ € TpPUBIAJIBHUM, OCKUIBKH HAaJIBOJHUUN
KEpOBaHUI PyX MaJOpO3MIpHUX HIBHJIKICHUX CYJEH Ta KEpPOBaHUH pyX MiJBOAHMX amapaTiB €
nobpe BuBueHuM [ 18, 19].

Jlo ocoOmuBoCTEH PO3POOKH CHUCTEMH aBTOMATHUYHOIO KEpyBaHHS MPOIECOM 3aHypEHHS
BHIIK (mig3agaudi Tm-ps Ta Twm-DJ) mpolecy pyxy «Iif HIHOpKenaem» (Mmig3agada Tm-us) HaJeKHUTh
BUBYCHHS OCOOJHMBOCTEH Ta CHHTE3 aJTOPUTMIB KEpyBaHHS HOro OanacTHO-BHPIBHIOBAIBHOIO Ta
KpPEHO-IU(EPEHTHOI0 CUCTEMaMH, sIKI MaroTh 3a0e3le4YMTH 3aHypeHHs Karepa Ta 3ajaHe IHoro
MIPOCTOPOBE TMOJIOKEHHSI, HEOOXiAHE MJsi KEPOBAHOTO TPAEKTOPHOTO IMiJBOJHOIO PyXy y IHX
pexumax.

Jlo oco0iuBOCTEH CHUCTEMH AaBTOMATHYHOTO KepyBaHHsS mporecoMm crumBanHs BHIIK
(mip3amaya Tm-z) HaneXUTh BUBYEHHS OCOOJIMBOCTEH Ta CHUHTE3 aJrOPUTMIB KepyBaHHS HOro
0alaCTHO-BUPIBHIOBAILHOIO Ta KPEHO-AHU(PEPEHTHOI CHCTEMaMH, SKi MarTh 3a0€3MeUUuTH
CIUIMBAHHS KaTepa Ha MOBEPXHIO MOPA.

Amnauiz 3aga4i Tg, ska posrisiiae kepyBaHHs eHepreTuuHoro cucremoro BHIIK, noxasye,
110 ii po3B’sI30K HEOOXITHO PO3TIISAaTH, BIAMOBIAHO 110 (2), Y CKJIaJi IECTH TOJIOBHUX Ti3a1ad:

— MiA3a/a4i KEpOBAHOTO IMPOLECY €HEPreTHUHOro 3a0e3MeueHHs] HaJABOAHOTO pyXy KaTepa
TEs;

— MiA3aJa4 KepOBAHUX IMPOLECIB EHEPreTHYHOro 3a0e3MeueHHs 3aHypeHHs Karepa Ha
MIMOUHY POOOTH «IIiJ1 ITHOPKENIeM» TE-Ds Ta Ha poOouy riuluny T E-pJ;

— miJ3anad KepoBaHUX MPOIECIB €HEPreTHYHOro 3a0e3MeueHHs MiBOJJHOTO PyXy Karepa
«IiJ UTHOpKeaemM» Tg-us Ta Ha poOouiil rimbuHi TE-us (OCTaHHIN nependavyae 3yMUHKY T'OJIOBHOTO
teroBoro  aeuryHa BHIIK Ta kuBieHHs #Horo pymidHOrO KOMIUIEKCY BiJf OOpTOBHUX
aKyMyJIITOpHUX OaTapeit;

— MiA33Ja4l KepOBaHOI'O MPOILECY EHEePreTHUHOro 3ale3leveHHs CIUIMBaHHsS KaTrepa Ha
MOBEPXHIO MOPS T £-£ Ta 3aITyCKy TOJIOBHOTO TEIUIOBOTO JIBUTYHA.

Taxum unHOM, 3a7a4y TE MOKHA TIPEACTABUTH Y CKJIAJ1 HACTYIHHX IMiJ[3a/au:

Te = {TEs; Te-ps; Te-ps; Te-us; Te-us; Teg} (3)

Po3p’s30k migzagay Te-s 1 TE-U TaKoX € TPUBIAIBHUM, OCKIJIBKY KepyBaHHS €HEPreTHYHUMU
YCTaHOBKaMH HAJBOJHHUX MAaJIOPO3MIPHUX MIBHJIKICHUX CyJ€H Ta KEpyBaHHA EHEPreTUYHHMU
YCTaHOBKAMH ITiIBOJIHUX amapariB € 1o0pe BuBdeHUM [20, 21].

Jlo ocoOnuBocTEl pO3POOKM CUCTEMH aBTOMATUYHOIO KEPYBaHHS EHEPreTUYHOIO
ycranoBkoto BHIIK y pexumi 3anypeHHsM Karepa (mig3afgadi [£-Ds Ta T£-DJ) HACKHTh CHHTE3
QITOPUTMIB KE€pPYyBaHHS HOTO0 €HEPreTUYHHUM OOJIQJHAHHSAM y PEXHUMI Mepexony 3 HaJBOJHOTO Y
MiJBOJIHE TOJIOKEHHA. Y Tepuly d4epry lLie mnependadae KepyBaHHs IITHOPKEIEM 1, BIAMOBITHO,
KepyBaHHS 3yNMHKOIO TOJIOBHOTO TEIUIOBOTO ABUTYHA KaTepa Ta HOro MiATOTOBKOO 10 3aHYPEHHS.

Jlo ocoOnuBocTel pPO3POOKHM CHUCTEMH AaBTOMAaTUYHOTO KEPYyBaHHS EHEPreTUYHOIO
ycranoBkoto BHIIK mpu crumBanHi Karepa (mig3agaya TgE) HaJeKUTh BCTAaHOBJICHHS
0COOJIMBOCTEN Ta CHHTE3 AITOPUTMIB KEpPYBaHHS HOr0 €HEpPreTHYHUM OOJaJHAHHSIM Y pPexUMi
Nepexoay 3 MiJBOJHOTO TOJOXEHHS Yy HaJBOAHE, TOOTO pPO3POOKM alNrOpUTMIB KepyBaHHS
MpolecaMy MiATOTOBKH /10 3aIllyCKy Ta 3allyCK FOJIOBHOTO TEIJIOBOTO JIBUTYHA KaTepa Micis Horo
CIUTUBAHHS.

Jlami, anami3z 3agadi T, gxa posrisgae KepyBaHHS iH(OPMAIIHHOIO CHCTEMOIO KaTepa,
MOKa3ye, 1o ii po3B’ 30K HEOOX1THO PO3IIISIATH y CKJIa/Ii YOTHPHOX TOJIOBHUX IMi3a/1ay:

— mia3agadi KepyBaHHS 1HGOPMAIIHHUMHU MOTOKAMH, SIKI IIUPKYJIOIOTH MIPH  HAJIBOJHOMY
pyci karepa Trs;

— mia3agadi KepyBaHHsS 1H(OpPMAIIHHUMH TIOTOKAMH, SIKI IUPKYIIOIOTh TPH 3aHYpPEHHI
katepa Tr-ps Ta Trpy;

— mia3anadi KepyBaHHs iHQOpPMALIMHUMU MOTOKAMHM, K1 IHUPKYIIOIOTH MPU MiJBOAHOMY
pyci KaTepa «IIix mHOpKeIem» T/-us Ta Ha poOodiid rmuduHi T/-us;

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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— miA3azadi KepyBaHHA iH(GOpPMAIIHHUMHU TIOTOKAMH, SIKI IUPKYJIIOIOTH MPH CIUIMBAaHHI
karepa T/-£.

PosrissHeMo 0coOIUuBOCTI pO3B’SI3KY WX MMi3a1a4 OUTBII JCTATBHO.

[Tig3anava Trs kepyBaHHA 1HPOPMALIHHUMU MOTOKAMHU, SIKI [IUPKYJIIOIOTH MIPU HAIBOTHOMY
pyci Katepa, Ma€ YOTUPU OCHOBHI CKJIaJI0BI:

— KepyBaHH$ 1HGOpMalIHHUMU TOTOKAaMU |/-s-N HaBIraliifHOTO 3a0e3Me4eHHs HaJABOJHOTO
pyxy Karepa (oTpuMaHHs, 00poOka 1 (popMyBaHHS BUX1JHOI HaBirauiiHoi iHpopMarii, He0OX1THOT
JU1s1 3a0e3neueHHs Oe31eYHOro Ha/IBOJAHOTO PyXy KaTepa);

— KepyBaHHs 1H(OpPMAIIHHUMU TIOTOKAaMHU [/S-£ BHUKOHAaBYMX MEXaHI3MIB Karepa, SsKi
3a0e3neuyoTh HOro HaJABOAHMH pyX (KepyBaHHsS pYILIEM Ta pPYJbOBHUM IPUCTPOEM, a TaKOX
KepyBaHHS JIONOMDKHUMHU MeXaHI3MaMH, sKi 3a0e3MeuyloTh (YHKI[IOHYBaHHS I[MX BHKOHABYHX
MEXaHi3MiB);

— KepyBaHHS 1H(QOPMAIIMHUMHU TIOTOKAaMU [/5-4 JOIMOMDKHHUX MEXaHI3MIB KaTepa, sKi
3aisH1 y pekuMi HOro HaJABOAHOTO PYXY (KepyBaHHs €NEKTPOIPUBOJIAMHU HACOCIB, BEHTUIIATOPIB,
KJIaITaHiB JOMIOMDKHUX MEXaHI3MIB KaTepa TOIIo);

— KepyBaHHS 1HPOpPMAaLIHHUMH TOTOKAMU T/-5-C CUCTEMH Pajiio- Ta CYyIMyTHUKOBOI'O 3B S3KY
3 0EperoBUM LIECHTPOM KEepyBaHHS.

[Minzanaya Tr-o={Trps; Tr-Ds} KepyBaHHs iHHOPMALIHHUMH TOTOKAMH, SIKi IUPKYITIOIOTH TIPH
3aHypEHHI KaTepa, Ma€ HaCTyIIHI OCHOBHI CKJIa/I0BI:

— KepyBaHHs mpouecamu 300py iHpopMmarii Tr-p-ms Ta Trp-my BiJl CEHCOPIB BHKOHABUUX
MEXaHI3MIB KaTepa, sika HeoOXiIHa I peati3alii pe>k|uMiB MIATOTOBKH /10 3aHYPEHHSI Ta, BIAacHE,
peatizanii npouecy 3aHypeHHs, BIANOBIAHO, HA TIUOMHY poOOTH «IIiJ HITHOPKEJIEeM» Ta Ha poOouy
[JIMOUHY;

— KepyBaHHs mpouecamu 300py iHpopmauii Trp-cs Ta Trb-cs Big CEHCOpIB MOTOYHOIO
IpocTOpoBOro craHy karepa (kytu Einepa, rnmuOuHa 3aHypeHHsS TOINO), fKa HEoOXiaHa ais
pearizanii pe>XxUMIB 3aHYPEHHS, BIAMOBIIHO, HA TTMOUHY POOOTH «IIiJl IIHOPKEIEM» Ta Ha poOouy
TIIHOUHY.

[Minzanaua Tru ={Trus; Trui} kepyBaHHS iHDOPMAIIHHUMHU TMOTOKAMH, SKi ITUPKYIIOIOThH
IpU TiBOAHOMY PYyCi KaTepa, BiIMOBIIHO, «IIiJ] ITHOPKEJIEM» Ta Ha poOOYiil ruOHHI, Ma€ YOTUPH
OCHOBHI CKJIQJIOBI:

— KepyBaHHS 1H(QOPMALIHHUMH MMOTOKAMHU T/-U-NS Ta T/U-NJ HaBiramiifHoro 3a0e3nedeHHs
IiJIBOJTHOTO PyXy Karepa (OTpuMaHHsS, 00poOKa i popMyBaHHs BHXIJIHOI HaBiramiiHoi iHpopmarlii,
HEOOXiTHOI JUIs Horo Oe3MeYHOro, BIIMOBITHO, MiANOBEPXHEBOTO PYXYy «IIiJl HIHOPKEIEM» Ta
IiJIBOJTHOTO PpyXy Ha poOoUiil rauOuHi);

— KepyBaHHS iH(popMamiHHIMU TOTOKaMH Tu-£s Ta T/-U-£) BUKOHAaBUMX MEXaHI3MIB KaTepa,
sIK1 3a0€3MeuyoTh (DYHKIIIOHYBAaHHS IIMX BUKOHABYMX MEXaHI3MIB (K€pyBaHHS JDKEpEIaMH €Heprii,
pyluIieM Ta pyJIbOBUM TNPUCTPOEM) TiA 4Yac, BiANOBITHO, HOrO MiJMOBEPXHEBOTO PYXY «ITiJ
ITHOPKEJIEM» Ta MiBOAHOTO PyXy Ha poOoUii rirOuHi);

— KepyBaHHS iH(OpPMAaIifHUMM TIOTOKAMHU T/U-48 Ta T1U-4) JONMOMDKHHX MEXaHi3MiB
KaTepa, sKi 3aisH1 Y peKUMI HOTO MiABOHOTO PyXYy («IIij ITHOPKEJIeM» Ta Ha poOoUii rIIuOwHI) —
KepyBaHHS €JIEKTPOTPUBOIAMH HACOCIB, KJIAMlaHIB 0alaCTHUX IHUCTEPH Ta JOMOMIKHHUX MEXaHi3MiB
Karepa TOIIO;

— KepyBaHHS iH(OpMAIIfHUMHU TOTOKAaMH T/U-cS CUCTEMH pajio- Ta CYIMYTHHKOBOTO
3B’s13Ky 3 OeperoBum IieHTpoM kepyBanHs mpu pyci BHIIK «mig mHopkenem» Ta kepyBaHHS
iHpOpMaLiHHUMH TOTOKAMH T /-U-CJ TIPH TiIBOJHOMY pyci Ha poOouiil riuOuHi.

Hapemrri, mig3zagaua Tz xepyBaHHS 1HQOpPMAIITHUMH MOTOKaMH, SKI HUPKYJIIOIOTH MpU
CIUTMBAHHI KaTepa, Ma€ HACTYIHI OCHOBHI CKJIA/IOBI:

— KepyBaHHs mporiecamu 300py iHpopMmarii Tr£-m BiJl CEHCOPIB BUKOHABUMX MEXaHI3MiB
Karepa, sKi HeoOXiJHi U peamizamii peXuMiB MiIrOTOBKH /0 CIUIMBAHHS Ta, BIACHE, peaizarii
MIPOLIECY CITMBAHHS;

— KepyBaHHs TporiecamMu 300py iHopmariii T£-¢ BiJl CEHCOPIB MOTOYHOTO MPOCTOPOBOTO
cTany karepa (kytu Eiinepa, rmubuHa 3aHypeHHs) KaTepa MpH HOTo CIUIMBaHHI.
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Taxum urHOM, 33729y T/ MOKHA TIPEACTABUTH y CKJIAI1 HACTYITHHX ITi/13a/a4:

Tr={Trs; Tros; Tros; Trus; Ti-ug; Tre} 4)
ne
Trs ={TrsnN; Trsk; Trsa; Trscl ®)
Tros ={Trp-ms; Trp-cs}; (6)
Tr03 ={Tro-m3; Tro-c3}; (7
Trus ={Tru~ns; Tru-es; Tru-ss; Tru-cs}; (8)
Tius ={Tru-Ng; Tru-e9; Tru-a3; Tru-ca}; 9)
Tro ={Trp-m; Tro-c}; (10)
Tru ={Trun; True; Trua; Trucl); (11)
Tre ={Tre-m; Trec}. (12)

Amnami3 3amgaui Tr, sKka po3risgae KepyBaHHS MOPCBHKOIO MICI€I0 KaTepa y IJIOMY, Ja€e
3MOTY BU3HAYHUTH JIBI OCHOBHI mif3anayi kepyBanns BHIIK [16]:

— KepyBaHHS MpoIiecoM po3poOKu cTpaterii Tr-s BuUKoHaHHA 3a1aHoi micii BHIIK;

— KepyBaHHS TAKTHKOIO TF-T BAKOHAHHS KaTepOM 3a/1aHO1 Micii.

[Tepma migzagava Tr-s BKIIOYA€E HACTYIHI CKJIaI0BI:

— KEpyBaHHS MPOLIECOM JEKOMITO3UIlii TF-s-D 3amaHoi Micii Ha OKpemi omepamii Ta
(hopmyITOBaHHSM KiHIIEBOI METH KOXKHOT orepartii,

— KEpyBaHHS MPOILECOM F-s-L OI[IHKK 30BHIMIHIX (TIAPOMETEOPOIOTIYHHUX, HABITAIMHAX Ta
1H.) Ta BHYTPIIIHIX (TOTOYHOTO TEXHIYHOTO CTaHy OOPTOBHX CHCTEM Ta BUKOHABYMX MEXaHi3MIB)
0OMEKEHb.

Hpyra nmigzagava TF-T1 MICTUTh HACTYIHI CKJIAJOBI:

— KEpyBaHHS MPOLIECOM TF-T-v MOIIYKY NPUHHATHUX BapiaHTIB JOCSATHEHHS KIHIIEBOT METH
KOJKHOT oTeparrii;

— KepyBaHHS MPOIECOM TF-T-0 BUOOPY ONTUMAIBHUX BHKOHABUMX (TAKTHYHUX) BapiaHTIB
JOCSITHEHHS KIHIIEBOI METH KOKHOI OTIepalrii.

Toni 3amauy Tr MOXKHA IPEACTaBUTH Y CKJIA1 HACTYITHHX ITi/13a/a4:

Ta={TFs; Te-1}, (13)
ne

Trs ={Trs-p; TEs-L}; (14)

Te1 = {TF1v; TF-T-0}. (15)

Banexxnocti (1)—(15) yrBOproroTh 06a30BWii TMEpeiK 3aad CHHTE3y CHCTEMH KepyBaHHS
BHIIK, skuii chopmoBaHO 3 ypaxyBaHHIM crerudika Horo (yHKIIOHyBaHHS $K 00 €KTa
KepyBaHHSI.

Po3srnsHemo Temnep y3arajabHEHy CTPYKTYpy CHCTEMHM aBTOMAaTHYHOTO KepYBAaHHS OJHIEIO 3
kimovoBux cucteM BHIIK — cucremoro momaui moBiTpst 40 TEIUIOBOTO JABUTYHA Karepa MpH HOTO
pYycl «I1iJ] ITHOPKeJIeM» Ta MPH pyci Ha poOoUiil rnOuHi.

3a3HauMMoO, 110 Y Cy4YacHId HayKoOBil jiTepaTypl BIZOMOCTI MpO MOOYIOBY IIHOPKEIIB
ABTOHOMHUX HEHACEJICHUX MiJBOJHUX anapariB Ta MpO CUHTE3 CUCTEM aBTOMATHMYHOTO KepyBaHHS
HUMH TPAaKTUYHO BiACyTHi. OJHAK OUYEBHIHO, IO CTBOPEHHS TAaKUX CHCTEM € TEPCHEKTHBHOIO
3a/1a4er0 TSl BITYM3HSHOI Taly3i MOpPCHbKOi poOoToTexHiKHM. TomMy y Iiii poOOTI MPOIMOHYETHCS
0a3oBa CTPYKTypa INHOPKENs SK O0’€KTa aBTOMATHYHOTO KEPYyBaHHsS, s SKOi HEOOXiTHO
CHUHTE3yBaTH y3arallbHeH1 alTOPUTMHU aBTOMAaTUYHOT'O KEPYBaHHs 115 OCHOBHUX POOOUYUX PEKUMAX
BHIIK.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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[IporoHyeThcs HacTynHa 06a30Ba CTPYKTypa IIHOPKENS SIK 00’ €KTa KepyBaHHs, sIKa MICTUTD
HACTYTIHI MeXaHi3Mu (puc. 2):

— migiioMHa moria mHopkens | y ckmami Tpyou 2 mist 3ab6opy atMocdepHOro moBiTps
(MyHKTHUpHA CTPIIKA) 3 3aMipHUM KJIamaHoM 3 3aXuUCTy TpyOu 2 Bif XBUIb, TpyOU 4 Amsl BiABEICHHS
BUXJIOITHUX ra3iB (IMyHKTUPHA CTpUIKa) 3 3alipHUM KJIAaHOM 5 3aXUcCTy TpyOu 4 Bia XBWIb, a
TaKOK MPUBOJIIB 6 MiAioMy-0IyCKaHHs IOTH 1;

— Hacocy 3 IPUBOJIOM 7 JJisl APEHa)Ky MOPChKOi BO/IM (HemepepBHa CTpiika) Tpyou 2;

— cucteMu QUIBTPIB BoAH 8 TpyOu 2 3 €eMHICTIO 9 1 BOAM 3 cUCTeMU QUIBTPIB 8, HACOCOM
10 s qpeHaxy BoJau 3 €MHOCTI 9 Ta 3amipHUM KiamaHoM 11 ams ckuzpaHHs BoJu (HemepepBHA
CTpuIKa) 3 cUcTeMH (QuIbTPIB §;

— Komrpecopa 12 3 mpuBOAHUM €IEKTPOABUTYHOM 13 Ui HarHiTaHHS MOBITPS y PECUBED
14 no TemnoBoro aBuryHa 15 katepa (HampukiIaa IU3eNb-T€HEpPaTopa), BUXJIOMHI ra3u 3 SKOTro
HaJXOATh 10 TpyOu 4;

— kmananud 16 1 17 cuctemu 18 rimpocTaTHYHOTO po3BaHTaXeHHS TPyO 2 1 4; poboTa
cuctremu 18 HeoOximHa mnpu 3anypenHi BHIIK nHa poOouy rnubuHy, KOJIM 30BHILIHIN
TiApOIMHAMIYHUN THCK 0€3 KOMIIEHCAIIIT 3cEpeIUHU MOXKE 3pyHHyBaTH TpyOu 2 1 4.

8
Jo _ | 9
EIEKTPOMEPEXL y
BHIIK
10
15 11 14 12 -
~ A — . 1

~— 13 _1l l/
N

Pucynok 2 — bazoBa ctpykrypa muopkens bHIIK sik 00’ exta kepyBaHHS

Takum 4uHOM, 3 MO3ULINA aBTOMAaTH3allii KepyBaHHS TaKUM TEXHIYHUM OO0 €KTOM HOro
BUKOHABUYMMU MeXaHi3MaMH € kiamanu 3, 5, 11, 16 Ta 17, a Takox npusoau 6, 7, 10 Ta 13.

OueBHIHO, L0 3ajaya KEePYBaHHsI IIHOPKEJIEM € HEBIJ €MHOI0 CKJIAJOBOIO T'€HEpalbHOI
MHOXXHMHHU Tusus 3ajad cuHTe3dy cuctem kepyBanHs BHIIK 3rigno (1) 1 BXoauTh 10 ckiamy 3amad
Tes, Te-us, Trps Ta Trus 3rigHO (3) 1 (4).

VY AKOCTI MpUKIIaay alropuTMizamii 3a7a4ui KepyBaHHS €HEPreTHYHOI CHCTEMOIO KaTtepa Tk
3rigHo (1) posrasHeMo mig3anady Tm-Ds KepyBaHHS 3aHYPEHHSM KaTepa Ha TIUOWMHY pOOOTH «IIif
mrHopKenem». Meroro kepyBanHs BBakaemo mepexin BHIIK wa pyx «mig mrHOpKenem», ToOTO
peaizariro 3ama4 T£-ps Ta T/-Ds, AKi MalOTh BUKOHYBAaTHUCh OJHOYACHO.

Baxaemo, mo y nmouyarkoBomy crani BHIIK pyxaBcs y HagBOgHOMY MHOJIOXEHHI, a HOro
PYLIHHUN KOMIUIEKC OTPUMYBAB KUBJICHHS BiJl OOPTOBOI aKyMyJIATOPHOI OaTapei.
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Po3po0OKy y3araqbHEHOI CTPYKTypH CHCTEMH aBTOMAaTHYHOTO KEpPYBaHHS BHKOHAEMO Y
BUTIIAAI mocnigoBHOocTi migmporpam (II) kepyBaHHS OKpeMHMH BHKOHAaBUMMH MeEXaHi3MaMU
ITHOPKEJIS:

— II1 — migmporpamMa KepyBaHHS NpUBOAaMH O, sIKI BHUKOHYIOTh THimiioM tmornu 1
ITHOPKEJIS;

— T12 — mignporpama BigkpuBaHHs KianaHiB 3, 51 11;

— I3 — mignporpama BkJIrOueHHS HacociB 7 1 10;

[14 — migmporpaMa BKJIFOYEHHS TPUBOJIHOTO €JIEKTpoaBUTyHa 13 kommpecopa 12;
15 — mignporpama 3amycky terioBoro asuryna BHITK;

— [16 — mianporpaMa KOHTPOJIIO apaMeTPiB BUKOHABYMX MEXaHi3MIB ITHOPKEJIS Ta SIKOCTI
€JIEKTPOEHEPTii JU3eNb-TeHepaTopa;

— II7 — miamporpama MiAKIIOYEHHS AHM3EIb-TEHEpaTOpa A0 OOPTOBOI EIEKTPOMEPEKi
BHIIK 3 meTor0 3a6e3mneueHHs poIiecy 3apsKaHHs HOro akyMyJISITOPHOI OaTaper;

— II8 — mignporpama nepeseaennast BHIIK 1o pexxumy pyxy «Imia ITHOpKEIeM.

OcHOBHi pe3yabTaTH Ta iX OOroBOpeHHsl. Y pe3ylbTaTi NPOBEICHUX JOCIIIKEHb
MOKa3aHa JOIIBHICTh Ta IMEPCIEeKTHUBHICTh 3aCTOCYBaHHSA O€3eKINMaKHUX HaJBOIHO-ITIIBOTHUX
KaTepiB Ui PO3B’SA3KY IIUPOKOTO KOJIa TPAaHCHIOPTHUX 337a4 Ha MOPI.

3o0kpema, TOTIOBHEHA BijoMa Kiacudikallis 3aco0iB MOPChKOT pOOOTOTEXHIKH, Y pe3yJIbTarTi
YOro BBEJCHO HOBHM THN TaKOl TEXHIKH — HAJBOJHO-IIABOAHI 3aCO0M Majioro i CEpeHbOr0 THUILY
(3a Macor), Kl BIIHECEHO JI0 Kareropii 3a0e3rneueHHs Ta miaTpuMku. OgHOYACHO, BKa3aHUW BH]I
3ac00iB MOPCHKOT POOOTOTEXHIKH MTPONOHYETHCS MOMUPHUTH, KPIM TPAHCIIOPTHOTO KJacy, Ha Kilacu
MOITYKOBO-PATYBaJIbHI, TimporpadiuHi, NPUPOJOOXOPOHHI, HaBIramiiHOro  3a0e3NeYeHHS,
PETPaHCIATOPH.

BceranoBieHo 0coOJIMBOCTI aBTOMATUYHOIO KEpyBaHHS TAaKUMHU KaTepam, siki 00yMOBIIEH1
MOJIMBOCTSIMM iX HAJBOJHOTO 1 MiJBOJHOTO KEPOBAHOTO PyXy, IO Jajio 3MOry chopmyBaru
reHepajibHy MHOXKHHY 3a/1ad CHHTE3y CUCTEM iX aBTOMAaTUYHOI'O K€PYBaHHS Ta MHOXHUHH Mif3agay
KEepyBaHHS IMPOCTOPOBUM pPYXOM KaTepa y JIBOX CEpeIOBHINAX, KEPyBaHHS EHEPreTUYHOIO Ta
iH(OopMaIliHHOI CHCTEeMaMH KaTepa, a TAKOK KepyBaHHS MOPCHKOIO MICI€I0 KaTepa y IiJIOMY.

VY SKOCTI MpUKIaLy aJrOpUTMIYHOI peamizamii MHOXKMHU Mif3a/1a4d HaBEeJIECHO y3arajJbHEHY
CTPYKTYpy CHUCTEMH aBTOMAaTHYHOTO KE€PYBAaHHS OIHIEIO 3 KIIFOUOBUX CHCTEM KaTepa — CHCTEMOIO
MoJ1avi MOBITPsl IO TEIUIOBOTO JIBUTYHA KaTepa MpU WOTO MiABOAHOMY pyci (peXHM poOOTH «IIij
rHopKesnaem»). OJHOYacHO 3alpONOHOBAHO 0a30BY CTPYKTYpPY IIHOPKENs sIK 00’€KTa KepyBaHHS,
sIKa MO>K€ CITyTYBaTH OCHOBOIO JIJISl IPOEKTYBAHHSI HOBOTO JUIS MaJOPO3MIPHHUX CYACH THUITY CUCTEM
eHepro3abe3neyeHHs.

BucHoBkwu.

1. lonoBHEHO YMHHY KjacH(iKaIlil0 MOPCHKHX O€3eKiNMaKHUX arapaTiB MUIIXOM BHECCHHS
no Hei Oe3eKimakKHUX HAJBOJHO-TIIBOJHUX KaTepiB, M0 YIOCKOHAIIOE HAayKOBO-METOJIWYHE
MIAIPYHTS 1715 IX CTBOPEHHS.

2. CpopmMOBaHO reHepaibHy MHOXKHMHY 33J1a4 CHHTE3Yy CHUCTEM aBTOMATHYHOTO KEpyBaHHS
Oe3eKiMaXHUMH HaJABOJHO-TIBOJHUMHU KaTepaMH TPAaHCIOPTHOTO TPU3HAYEHHS Ta CHUCTEMY
MHOXHUH TiJ3a/lad aBTOMAaTHYHOTO KEpyBaHHA iX MPOCTOPOBHM pPYyXOM, EHEPreTHYHOI0 Ta
iH(pOpMaLlIHHOIO CHUCTEMaMH KaTepa, a TaKoK KepyBaHHS IpollecaMi IUIaHYBaHHSA 1 BUKOHAHHS
MOPCBKOIO Mici€to Karepa y minomy. OTprMaHi pe3yJabTaTi yTBOPIOIOTh TEOPETUYHE MiAIPYHTS JUIs
CUCTEMHOI PO3pOOKH aNTOPUTMIYHOTO 1 MPOTrpamMHOro 3a0e3leueHHs] CUCTeM KepyBaHHS TaKUMU
00’€KTaMu MOPCBKOI pOOOTOTEXHIKH.

3. Po3pobiieno 0a3oBy CTPYKTypy OOiagHaHHS OAHIE€] 3 KIIOYOBHX CHCTEM EHEPTeTUKU
Ha/IBOJHO-TIITBOJTHOTO KaTepa — CUCTEMH «ITHOPKEISH JJIsl TI0Jjadi MOBITPs 10 TEIUIOBOTO JIBUTYHA
Karepa MpU TMIJBOJAHOMY pyCi, a TaKOoX poO3poOJIEHO Yy3araldbHEHy CTPYKTYypy CHCTEMHU
aBTOMATHYHOTO KEPyBaHHS TaKOK CHCTEMOIO eHepreTHku. OTpuMaHi pe3ylbTaTh YTBOPIOIOTh
TEOPETUYHY OCHOBY JUIsl CHHTE3y CHCTEM aBTOMAaTHYHOTO KEPYyBaHHS €HEPTeTUYHUM OOJIaIHAHHSIM
HaJIBOJHO-II1IBOJTHOTO KaTepa.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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IlepcnexkTuBM  moAaablIMX  AociHigxenb. [logampmii — JOCHIDKEHHS — JOIUIBHO
MIPOJIOBXKYBAaTH y JBOX HAMpsSMKaX — CHHTE3 aJITOPUTMIYHOTO 3a0e3MeueHHs] CUCTEM KepyBaHHS
Oe3eKINaXHUM HAJBOJHUM KaTepOM K HOBUM 3acCO00M MOPCBHKOI pOOOTOTEXHIKM Ta pO3poOKa
HOBUX 1 BJJOCKOHAJICHHSI HAsIBHUX CHCTEM EHEPreTUKH TaKOro KaTepa sk 00’€KTa aBTOMAaTHYHOTO
KepyBaHHSI.
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Burunin A. P. FEATURES OF AUTOMATION OF UNMANNED SURFACE-UNDERWATER BOAT OF
TRANSPORT TYPE

The purpose of the work is to supplement the existing classification of marine unmanned vehicles by
introducing unmanned surface-underwater boats into it, to determine their main features as objects of
automatic control and to form a general set of tasks for the synthesis of automated and automatically
controlled systems, as well as to develop a generalized structure of the automatic control system for one of the
key systems of an unmanned surface-underwater boat — the air supply system to the boat's thermal engine
during its underwater movement. To achieve this goal, the hierarchical classification method was used to
supplement the existing classification of marine unmanned vehicles, and the system approach method was used
to formulate tasks for the synthesis of control systems for such boats. The result of the study is the addition of
the classification of marine unmanned vehicles, which includes a new type of marine unmanned vehicles, as
well as their division into types, categories and classes according to their purpose. It is shown that when
developing the structure of the automatic control system for an unmanned surface-underwater boat, it is
advisable to divide it into executive, program, adaptive, tactical and strategic levels. A general set of tasks for
the synthesis of the control system for unmanned surface-underwater boats is proposed, consisting of the task
of controlling the spatial movement of the boat as a solid body that can move on the sea surface and under
water, the task of controlling the boat's energy system, the task of controlling the boat's information system and
the task of controlling the boat's sea mission as a whole. For each task, a list of functional subtasks has been
developed that cover the main processes of boat automation. Taken together, the developed list of tasks forms a
scientific and technical basis for the development of automated and automatic boat control systems in all basic
modes of its use as a means of transport. The scientific novelty is formed by the improved classification of
marine unmanned vehicles, the first proposed general set and components of the synthesis problems of
automatic control systems for a marine surface-underwater boat. The practical significance of the research
lies in the scientific structuring of design work on the creation of a new type of marine robotics, which makes it
possible to systematically carry out further design work on the development of automatic control systems for
an unmanned surface-underwater boat.

Key words: unmanned surface-underwater boat; classification; control system synthesis.
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CUCTEMA BUMIPIOBAHHA TUHAMIYHUX XAPAKTEPUCTHUK
BE3EKIIMMAYKHOT'O KATEPA SIK CKJIAJIOBA HOI'O CUCTEMU
ABTOMATHYHOI'O KEPYBAHHA

Boiitacuk A. M., x.m.H., Ooyeum Kagedpu enekmpuuHoi iHdcenepii CcyOHo8ux ma
pobomuzosanux komniekcie Hayionanvnoeo yuieepcumemy KopabaebdyOy8anHs imeHi
aomipana Maxaposa, m. Mukonais, Yxpaina, e-mail: andrii.voitasyk@nuos.edu.ua,
ORCID: 0000-0002-9409-6108;

Kocrtenko . B., x.m.n., ooyeum, 3asioysau kagheopu enekmpuyroi indicenepii cyoHO8ux
ma pobomuzoeanux Komniexkcie Hayionanvnoco yuigepcumemy  Kopabne6yoysamHs
imeni aomipana Maxaposa, m. Mukonais, Yxpaina, e-mail: dmi.kostenko@gmail.com,
ORCID: 0000-0003-2251-6932;

CipiBuyk A. C., k.m.H., doyenm Kageopu Komn romepHux mexHonocit ma iHgopmayiiHoi
besneku Hayionanvnozo yHisepcumemy xopabnedyoysanns imeni aomipara Makaposa,
M. Muxonais, Ykpaina, e-mail: sirivchuka@gmail.com, ORCID: 0000-0003-2927-2600.

Po3spobneno cmpykmypy ma npunyunu pobomu cucmemu GUMIPIOBAHHA OUHAMIYHUX RAPAMEMPIE pyXy
Oe3eKinaxcnozo HA080OHO20 Kamepa, AKA 8X00UmMs 00 CKIA0Y 1020 CUCTNEMU A8MOMAMUYHO20 Kepy8aHHs O
3abe3neyenns eghekmueHo20 MAaHeepy6aHHs ma GUKOHAHHA onepayii y mMopcbkomy cepedosuwyi. Cucmemy
BUMIDIOBAHHA OUHAMIYHUX XAPAKMEPUCMUK Peani3o8ano 3a O00NOMO2010 €O0UHO20 MOOYIS CEHCOpi8, o
BKIIOUAE MPbLOXOCLOGI aKcenrepomempu, mazuimomempu, zipockonu ma GPS-nputimay. /[na obpobku Ooanux
3ACMOCo8YIOMbC MeOIanHi Pitbmpu 0 3MeHWenHs uwymy, areopumm Maooicgika 05 niosuuerts mo4HoCmi
BU3HAUEHHS KYMOBO20 NOJIONCEHHsT ma Memoo Aodamca 0na pO3PAXyHKY JIHIUHUX HNPUCKOPEHL uepes
inmeepyeanns. Bci npoyecu obpobku ma eizyanizayii peanizosawni y npoepamuomy cepedosuusi MATLAB
Simulink i3 euxopucmanusaim UDP-npomokony nepedaui Oanux. 3anponoHoeana cucmema 6UMIPIOBAHHS
OUHAMIYHUX XAPAKMEPUCMUK 30amHa 3a0e3neyumu GU3HAYEHHs OCHOGHUX NapaMempié pyxy 0e3eKinajicHozo
Ha0800H020 Kamepa 6 pedcumi peaibrnozo yacy. Cucmema 00368074€ ONMUMIZYEAMU POOOMY ABMOMAMULHO20
Kepy8aHHs 0e3eKinajicHo20 HAa0800HO20 Kamepd, RNIONIAumosyiouu 1o2o 00 YMO8 eKkcnayamayii ma
eapanumysamu 00’conany pobomy 3 iHwumu niocucmemamu. Pospobrena cucmema enepwe peanizye
iHmezposane piuieHHs: Ol GUMIPIOBAHHS OUHAMIMHUX NApamempis 0e3eKinajicHo20 HA080OH020 Kamepa Ha
0a3i KoMnakmHo2o0 MooyJs cencopis. Ingpopmayitina 0o6pobra 30MUCHIOEMbCSL 30 OONOMOSOI0 ANZOPUMMIB, U0
3a6e3neuyioms GUCOKY MOYHICIb SUMIPIOSAHL MA MIHIMI3AYII0 NOMUIOK, GUKIUKAHUX 308HIUHIMU GNIUSAMIL.
Cucmema 6uUMIpI0BaHHA OUHAMIYHUX XAPAKMEPUCMUK € OCHOB0I0 O/ CIMBOPEHHS aAB8MOMAMU308aAHUX
Oe3eKinadicHux Kamepie, wo MOJNCYMb BUKOHYBAMU WUPOKULL CREKMp 3a60aHb, 30KpeMa RAmpyir08anHsI,
Monimopune ma onepamuene peazysamns. i euxopucmanms 3HUJICYE GUMPAmMU Ha eKCRIyamayio ma
niosuwgye egpekmusHicmo Mopcokux onepayiu. OcHogHuMU ii BIOMIHHOCIAMU € 0COOAUBOCTI CXEMOMEXHIUHOT
peanizayii, popma ingpopmayiiino2o npeocmasienns 3acobamu npoepamnozo cepeoosuuia MATLAB Simulink
ma meHwia cobieapmicms 8UPOOHUYMBA YUHHO20 3PA3KA Y NOPIBHAHHI 31 CEIMOBUMU AHATO2AMIL.

Kniouoei cnoea: oOesexinasxcnuii HA0BOOHUL Kamep, CUCMEMA aBMOMAMUYHO20 KepYBAHHS, OUHAMIYHI
Xapaxmepucmuxu,; cencop.

DOI: 10.33815/2313-4763.2024.2.29.049-057

Beryn. Po3utok Oesekinakaux HaaBoguHux katepiB (BHK, B anrmomoBHIN miTeparypi —
Unmanned surface vessels, USV) € omHuM i3 TpIOPUTETHUX HAMPSAMIB Cy4acHOI MOpPCHKOI
pOOOTOTEXHIKH, 3 OTJIAMY Ha IXHIN MOTEHIIAN I BUKOHAHHS PI3HOMAHITHUX 3aBJaHb B YMOBax
Bucokoro pusuky [1, 2]. BHK 3HaxonmsTh 3actocyBaHHS y cepi OXOpoHH 00’€KTIB MOPCHKOT
KPUTHUYHOI 1HPPACTPYKTYPH, MOHITOPUHTY HABKOJHUIIHBOTO CEpPEOBMINA, BUKOHAHHS HAYKOBHX
JOCIIJKeHb Ta Yy BilicbkoBii ramysi. EdexrtuBHicTh BukoHanHa Miciii BHK 3naunoro Miporo
3aleXUTh BiJ TOYHOCTI Horo cucreMm aroMatuuHoro kepyBaHHs (CAK), ski 3abe3nedyroThb
ABTOHOMHY HaBiraifito, CTiliKiCTh Ta BAKOHAHHS 33JJaHUX MaHeBpiB [3].

Omnum 13 BaxkiuBux kKomroHeHTiB CAK BHK € cucrema BuMiproBaHHS JWHaMIYHHUX
XapaKTepPUCTHK, KA JO3BOJIsE OmiHOBAaTH napamerpu pyxy bHK y peanprHOMY yaci Ta agantyBatu
KEpyBaHHsS JIO 3MiH 30BHINIHIX YMOB. BucCOka AMHAMIYHICTH PyXy, BIUIMB XBUJIIOBaHHS MODS,
3MiHHI BITpPOBI Ta TeyiiiHI HaBaHTaXXEHHA NOTPEOYIOTh 3aCTOCYBaHHS BHCOKOTOYHHX 1
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IIBUAKOMIMHAX BHMIPIOBAIBHUX CHCTEM, 3JaTHUX HajaBaTH iH(oOpMaIio 3 pi3sHOMaHITHUX
ceHcopis [4, 5].

IlocranoBka mpobaemu. CydacHi BUKIMKH, TOB’S3aHI 3 3a0€3MEUCHHSIM OE3MeKH Ta
BUKOHAHHSM 3aBJIaHb B aKBATOPISAX 3 MIABUIIEHUM PU3UKOM, BUMAralOTh IIUPOKOTO BIPOBAKEHHS
BHK y cknani mopcbkux cucreM. OCHOBHUM (akTOpOM, IO BIUIMBAE Ha €(PEKTUBHICTh iXHBOT
ekcrutyaTarntii, € HamiiHicTh CAK, sika 103BOJIsI€ TapaHTyBaTH aBTOHOMHY HaBirailiro, TOYHY poOOTY
y PpI3HOMaHITHUX YMOBax, a TaKOX MiUIaIITyBaHHA [0 3MIHHMX 30BHIIIHIX (akropiB. s
MiJBHINCHHS (yHKIIOHATRHUX MoxiuBocTed BHK HeoO0XimHO CTBOPUTH €(hEKTHUBHY CHUCTEMY
BHUMIPIOBaHHS JUHAMIYHHUX XapaKTEPHUCTHUK, siKa 3a0e3nedyBaia O TOUHY OLIHKY apaMeTpiB pyxy B
peanbHOMY 4aci. 30KpeMa, BUHHMKA€E MOTpeda B aHami3l MOCTYyNaJIbHUX 1 KyTOBUX IIBUIKOCTEH,
JTHIMHUX 1 KYTOBHUX NPHUCKOPEHb, @ TAKOXK KYTOBOTO IOJOXKEHHS KOPITyCy KaTepa 3 ypaxyBaHHSIM
BIUTMBY XBUJIb, BITpY Ta Tediil. JlaHi mapamMeTpu BaXIIHBI I KOPEKIIii TpaeKTopii Ta 3a0e3MeueHHs
crifikocti pyxy BHK. Oco0mmBoi akTyanpHOCTI 1€ 3aBIaHHs HaOyBae B ymoBax, komu BHK
eKCIUTyaTyeTbCsl B PEKMMI aBTOHOMHOTO MAaTPYJIIOBaHHS, BHUKOHAHHS pPATYBAJIBHUX YU
JOCIITHUIBKUX OTepaliif, a TakoX Ui 3a0€3MeYeHHS OXOPOHH KPUTUYHUX O00’€KTIB MOPCHKOT
iH(}pacTpyKTypH.

AHaJi3 ocTaHHIX J0caizkeHb Ta myoOuaikamiii. Y cydacHiii MOPCBKil poOOTOTEXHIII IS
BU3HAYCHHS JUHAMIYHUX mapameTpiB pyxy BHK akTuBHO 3acTOCOBYIOTH iHEpIiaJibHI HaBiralliiHi
cucremu (IHC), siki 6a3yroTbcsi HA BUKOPUCTaHHI Ja3epHUX a00 BOJOKOHHO-ONTHYHUX TiPOCKOIMIB
[6, 7]. Bupobwu, Taki sik cepii «bBIHC-500», 3a0e3meuyoTh BU3HAYEHHS MTapaMeTpiB Kypcy, KPeHy,
mudepeHTy, a TakoXK KyTOBHX 1 JIHIMHUX MPHUCKOPEHB, aje iX BapTICTh 1 CKJIAAHICTH 1HTErparii
MOXYTh OyTH oOMexyBanbHUMHU (dakTopamu [8, 9]. Cepen HasBHHX NPHUCTPOIB JUIsl BUSHAYCHHS
napamerpiB pyxy BbHK MoxHa Bumimmtu npuidioMHI iHIUKATOpHU Ti00ambHOI HaBIramiifHoi
CYIYTHHKOBOI cucTemu, Taki K «PK-2106», saxi 3a0e3neuytoTh GyHKIII BU3HAYECHHS KOOPAHWHAT 1
mBHIKOCTI pyxy [10].

3 MEeTOI0 MiABHMILEHHS TOYHOCTI Ta aBTOHOMHOCTI CAK BHKOpPHUCTOBYIOTHCS CYyIMYTHHUKOBI
Kommacu, Hanpukiaj, «Furuno» abo «Kodeny, sxi gonoBHiotoTh fani Global Positioning System
(GPS) xoopauHaTtaMu Ta IMIBUAKICHUMHU mapamerpamu pyxy [11, 12]. Onmnak iXHa dYacToTa
onoBineHHs (10-30 ') € HEMOCTATHBOIO JIJIst AHAJI3Y BHCOKOYACTOTHUX KOJUBAHB, IO BIUTHBAIOTH
Ha CHUCTEeMY KpiIuieHHs 00JIalHaHHS.

CyuacHi aHaJorH, Taki K MPUCTPOi KoMmaHii «Sitex», 3a0e3MeuyroTh TOYHI BUMIPIOBaHHS 3
BukopuctanHaMm GPS, ane maroTe 0OMeXeHHS y JOCTYI JO MEePBUHHUX JAHUX CEHCOPIB uepe3
cranmaptu3oBani nporokosin NMEA. Ile, y cBo 4epry, yCKJIaTHIOE X BUKOPUCTAHHS IS 3ajad,
10 MOTPeOYIOTh MiaITyBaHHg 10 cnenudiuaux ymoB ekcrutyararii BHK [13, 14, 15]. Otox,
BUHUKAE 1MOTpeda y po3poodii 00’ eTHAHOT CUCTEMH, KA TIOEAHYBalIa O BHCOKY YaCTOTy OHOBJIICHHS
CUTHAJTy, JIOCTYT JIO IEPBUHHHUX JTAHUX CEHCOPIB 1 3/aTHICcTh agantyBatucs 10 sumor CAK BHK.

Merta Ta 3aaa4i AocaizkeHHss. MeTo0 TOCTiKEHHS € po3po0Ka CTPYKTYPH Ta MPUHLUIIB
(yHKIIIOHYBaHHS CUCTEMU BUMIPIOBAHHS JTUHAMIYHUX XapaKTEPUCTUK PYXY, SKi MaOTh BXOJIUTH
1o ckinany CAK BHK.

Bukiax  ocHoBHOro marepiaay. BumiproBaHHS ~— IWHAMIYHHX  XapaKTEPHUCTUK
0e3eKimaKHOrO KaTepa 3AIMCHIOETHCA 3a JIOTIOMOTO0 CIENiali30BaHOTO MOJIYJIsl, IO MICTHUTh
IHTETPOBaHI CEHCOPH, SKI BKJIIOYAIOTH aKCEJIEpPOMETp, MarHiToMeTp i ripockom. JlaHi ceHcopwH
JI03BOJISIIOTh  OTPUMYBAaTH TOYHI JIaHI MPO pyX KaTepa B PI3HUX HAmNpsAMKax, 3a0e3nedyrodn
HEOoOXiHY 1H(OpMAIIiIO I aHalli3y HOTo IMOBEIIHKKM B yMOBax peanbHOro dacy. OkpiMm TOTO,
Monyns ocHameHuid GPS-mpuiimadem, 1mo Jae 3Mory He JHIe TOYHO BU3HAYaTH reorpadivi
KOOpJIMHATH KaTepa, aje W CHHXPOHI3YBaTH BHUMIPIOBAHHS 3 TOYHUM 4YacoM, IO € HaJ3BUYATHO
BOXJIUBUM JUISL JIETAIbHOTO aHaJlizy MOTO pyXy Ta €(peKTHBHOTO KOHTPOIIO 3a OMepalisiMH, sKi
BUKOHYIOTHCSI O€3eKIMaKHUM KaTepoM. 3aBASKU LbOMY, JaHUW MOIYJb O3BOJIAE 3A1MCHIOBATH
BHCOKOTOYHE CIIOCTEPE)KEHHSI Ta YIPABIiHHA HaBiTh 3a CKIQJHUX YMOB, KOJIH HEOOXiIHO
OTpUMYBaTH i 00poOISITH JaHi B peanbHOMY yaci [16, 17].

Monynb i3 ceHCOpaMH PO3pOOJICHUI 3 ypaxyBaHHSM CHEIH(IYHUX BUMOT EKCILTyaTarlii
Oe3eKiMaXHUX KaTepiB B yMOBaX Pi3HUX KIIMATHYHUX 1 OTOJHUX CUTYallil, [0 BUMAra€ BUCOKOT
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HAJIHHOCTI Ta CTIMKOCTI /IO 30BHINIHIX BIUIMBIB. J[J1s1 3a0e3meueHHsT TaKoro PiBHS 3aXHCTY, MOJYJIb
Mae knac 3axucty [P67, mo rapantye Horo mpane3naTHICTh y CKJIaJHUX YMOBaXx MOPCHKOTO
cepenoBuia. JlaHW KJ1ac 3aXUCTY A03BOJISLE€ €EKTUBHO BUKOPUCTOBYBATH MPUCTPIN Ha KaTepax,
SIK1 TIPALIOIOTh B YMOBaX XBHJIIOBaHHS MOps 10 3—5 0aiiB, a TaKOX MpU MOTPAIUITHHI OPU30K UM
XBHJIb Ha KOPITyC KaTepa, IO MOXE CTAaTUCS MiJ Yac pyXy a00 BHACHIIOK 3MiH MOTOJHUX YMOB.
Monynb i3 ceHcopaMmH BKIIIOYA€ KillbKa KIIOYOBHX KOMIIOHEHTIB, IO 3a0e3MedyloTh TOYHE 1
cTaOlIbHE BUMIPIOBAHHS DPI3HOMAHITHUX JIMHAMIYHMX XapaKTepUCTUK KaTepa. Jlo Horo ckiamy
BXOJISITh:

— GPS-nipuiimau, skuii 3a0esredye BH3HAYCHHS MICISI PO3TAllyBaHHS Karepa, MHOro
HIBUJIKOCTI Ta Kypcy;

— OJIOK CEHCOPIB PYXY, KU BKIIIOYAE:

a) 3-0CbOBUI1 TPOCKOII JJ1s1 BUMIPIOBAHHS KYyTOBUX IIIBUIKOCTEH;

0) 3-0CHOBHIA aKCEIEPOMETP /IS OI[IHKH JIIHIHHUX PUCKOPEHB;

B) 3-0ChOBHIA KOMIIAC Ha 0a3i ceHcopiB XoIIa, KU 3abe3meuye OpieHTAIliI0 MO KypCy.

Bci cencopu, 1110 BUKOPUCTOBYIOTHCS B JAHOMY MOJTyJIi, PO3TAllIOBaH1 Ha OJHIM MIKPOCXEMI,
10 Ma€ 3HaYyHi MepeBaru y MopiBHAHHI 3 TPaAULIHHUMHU MiX0/1aMHU, /1€ KOKE€H CEHCOp (yHKIIOHY€
okpemo. Taka iHTerpauis ycyBae HEOOXIAHICTb y KOPEKIii MOKa3HUKIB, SKI MOXYTbh BUHUKHYTH
yepe3 MOJKJIMBI MOMMWJIKH, IO IMOB’S3aHI 3 HECMIBBICHUM BCTAHOBJICHHSM OKPEMHX CEHCOpIB, a
TaKOXK 3 IXHIM MEXaHIYHHM a0 eJNeKTpUYHUM B3aemojisM. Koiu ceHcopu pO3TamoBYIOTHCS
OKpeMO, BUHHUKA€ HMOBIPHICTH TOTO, II0 HE3HAYHI MOMWIKH Y iXHbOMY pO3TallyBaHHI MOXYTh
BIUIMHYTH Ha TOYHICTh OTPUMYBAaHUX JIaHUX. 3aBIJKHU 1HTErpauii BCIX CEHCOpPIB B €IUHY
MIKpOCXeMy, 3a0e3MeuyeThCsi MaKCUMallbHa TOYHICTh BHUMIpPIOBaHb, OCKUIBKM BCl KOMIIOHEHTH
MPaLoIOTh AK €IMHE LI, 110 JO3BOJISE€ 3HAYHO 3HU3UTU WMOBIPHICTH NOMMJIOK, SIKI BUHHKAIOTh
yepe3 MexaHiuH1 HOXUOKH a00 HECYMICHICTh MK OKPEMHUMH €JIEMEHTaMHU.

Cucrema onuTyBaHHS CEHCOPIB 3abe3mneuye MOCTIMHMNA Ta Oe3nepepBHUN 301p AAHUX IPO
JMHAMIYHI XapaKTEepUCTHKH pPyXy KaTepa, LIO JIO3BOJIIE B pealbHOMY daci 3JiHCHIOBaTH
MOHITOPUHT HOro moBeaiHKU. 3i0paHi naHi 0OpOOISIIOTECS Y PEKHUMI PEAIbHOTO Yacy, Micls 4Oro
dbopmytotecss maketu nanux y cdopmati UDP (User Datagram Protocol), siki roryroTscsi a0
noxaneiioi nepenadi 10 CAK. Take pimeHHs 703BoJIsi€ 3a0€3MEUUTH BUCOKOIIBUAKICHY TIepenady
iHdopmartii, Mo HEOOXiMHO IS KepyBaHHS Oe3eKiMaKHUMH KaTepaMH, OCKUJIBKM Taka Iepeaada
3MIHCHIOETHCS 0€3 3aTPUMOK 1 JTO3BOJISIE HETAllHO pearyBaTH HA 3MIiHHM B CTaHi kaTepa abo ioro
HaBKOJHUIIHbOMY cepenoBuili. @opmatr UDP oOpanuii 3aBasku cBoili €eKTUBHOCTI Ta HU3BKIN
3aTpUMI 1 HEOOXigHWI JJIsi ONEpPaTHBHOTO NPUHHATTA pIlleHb Y CHCTEMaxX KepyBaHHS
Oe3eKinaKHUMHU KaTepaMHu.

OCHOBHI TEXHIYHI XapaKTePUCTUKU MOJYJIsl HaBeeHl B Ta0. 1.

Tabmuus 1 — TexHiYHI XapaKTePUCTUKH MOJTYJIsl CEHCOPIB

Ne Haiimenysanna napamempa 3nauenns

1 | Hampyra nocriitHoro >xuBieHHs, B 12

2 | Yacrora onmuTyBaHHS AaHUX, [ 11 100

3 | IIporokon nepenayi JaHUX UDP (aBTOpchKHit)
4 | BumiproBaibHI mapameTpu GPS

3-ocboBwii ripockort: + 1000 °/c,
3-0ChOBHIA akcenepoMeTp: + 8g
3-ocToBHI KomMac Ha 0a3i ceHcopiB XoJua:

+ 4800 mxTn
5 | Knac 3axucry IP67
6 | ['abGapuTtHi po3mipu, MM ?120x290
7 | Maca, kr 2,21
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Moayns CceHCOpiB 13 MpenCTaBICHUMH TEXHIYHHMH XapaKTepHCTUKaMH 1o0pe cebe
3apeKOMEHAyBaB IIPU MPOBECHHI €KCIIEPUMEHTAIbHUX JAOCIHIKEHb 3aKOHIB I'PYIOBOTO KepyBaHHS
Oe3eKinakHUM pyXoMuM 00’ekToM sik arentoM rpynu [18]. I[Ipu upomy, Oynu mpoBeseHi HATypHI
BunpoOyBaHHd CAK ckoOpIMHOBAaHUM CHUJIBHUM PYXOM JIBOX O€3€eKiNakKHUX PyXOMHX 00’ €KTIB.

Hius o0OpoOkM JaHMX, M0 HAAXOASATh Bil OJIIOKYy CEHCOpIB, BHUKOPHCTOBYETHCS
crieniajgi3oBaHuil OOpTOBUN OOYUCITIOBAILHUNA MOJYJIb a00 NMEPCOHAIBHHI KOMIT IOTEpP, Ha SKOMY
BcraHoByieHe nporpamue 3a0e3nedeHds MATLAB Simulink (puc. 1). OgHi€ro 3 TOJOBHHX MepeBar
BUKOPUCTAHHSA  JAHOT'O  IPOrpaMHOro  3a0e3NeyeHHs €  MOJKJIMBICTh  3aCTOCOBYBATH
BHCOKOIIPOAYKTUBHI aJTOPUTMH IHTEIPyBaHHSA Ta IUQPEPEHIIIOBAaHHS], IO J03BOJIAIOTH TOYHO
00UYHCITIOBAaTH BAXUIMBI JUHAMIYHI XapaKTEPUCTHKW KaTepa, Takl SK MIBHJIKICTh, MPHUCKOPCHHSI,
KyTH HaXWJIy Ta IHII apaMeTpu, HeoOXiIH1 sl TOYHOTO KOHTPOJIIO 32 pyXOM KaTepa.
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Pucynoxk 1 — IIporpama 00poOku gaHNX

OCHOBHI KOMITOHEHTH CHUCTEMH OOpOOKH JTaHMX, III0 BUKOPUCTOBYETHCS JJIsl 300py, aHATI3ZY
Ta 00poOKM iH(oOpMaIli, OTpUMaHOi BiJ] CEHCOPIB OE3eKIMaKHOTO Karepa, BKIIOYAOTh KiTbKa
OCHOBHMX KOMITIOHEHTIB, KOKE€H 3 SKHX BHKOHYE CBOIO (PYHKIIIIO B MpOIeCi OOPOOKH CHTHATIB 1
Tpancopmarii JaHUX y 3pYYHUH IS TOJNABIIOro aHamizy BuUrisa. Cucrtema oOpoOKHM JaHWX
nooynoBana Ha mat@opmi MATLAB Simulink 1o3Bosisie 1erko HaamToByBaTH Ta MOAU(IKYBaTH
KOXKEH eTart 00poOKH 3aJIeKHO BiJ] MOTPeO KOHKPETHOTO 3aCTOCYBAHHS.

OCHOBHI KOMITOHEHTH CUCTEMHU OOpOOKH TaHUX BKIIOYAIOTh:

— 6nmok Packet Input — crammaptHuHii Omok cepemoBumia Simulink, skwii BigmoBimae 3a
OTPUMAaHHS JaHuX d4epe3 MepexeBuid npotokosn UDP. Takuil mpoTOKOS BUKOPUCTOBYETHCS AJIS
nepenayi JaHWX y peallbHOMY Yaci 3 MIHIMadbHUMH 3aTPUMKAMHU JUISI CHCTEM Oe3eKila)KHIX
KaTepiB, JIe KOJKHA MUTICEKyHa MOXKE BIUTMBATH Ha e(eKTUBHICTH KepyBaHHsA. biiok Packet Input
3abe3neuye Oe3nepepBHE Ta CTa0lIbHE OTPUMAHHS JaHHUX BiJl CEHCOPIB rapaHTyIO4H Oe3nepepBHUNA
MOTIK 1HpOpMaMil A1 moganbinoi 00pooku. Jlanuii OJOK BaXIMBHUH I TOTO, 10O BCi OTpHUMaHi
MakeTH OyJIM CBOEYACHO JIOCTABJICHI JI0 HACTYITHUX KOMIIOHEHTIB CUCTEMH JJIsi OOpOOKH Ta aHai3y.

— migcuctemy Packet Parser, sika BifimoBizae 3a mepeTBOPEHHSI OTPUMAHUX IMAKETIB OalT, 1110
HaAXOoIATh 4epe3 mporokod UDP, y umcioBi 3HaueHHS BUMIpSHHUX NapameTpiB. BaxkmmBo, mio
OTPUMaHI JIaHi y BUTJISA1 TTAKeTiB OAlT He € Oe3rmocepeIHbO MPUIATHUMH TS TIOJIAJIBIIIOTO aHATI3Y,
TOMY IIei OJIOK 3aiiMa€eThCs TX iHTEpIpETAali€lo Ta MePEeTBOPEHHAM Y BIAMOBIAHI (Pi3UUHI BEIUYHHH,
SIK1 B1IOOpaKar0Th CTaH Karepa. Hanpuknan, 11e MOXXyTh OyTH MapaMeTpu Pyxy, Taki K MBHJIKICTb,
MIPUCKOPEHHS, KYTH HAaXWITy, Y 1HII XapaKTePUCTUKH, sIKi HEOOXITHO OLIHUTH JUIS KOHTPOIIO 32
pyxoMm karepa. Ilizcucrema 3abe3meuye HaAiliHy O0OpoOKYy BXIJIHMX JaHHX, KOPEKTHO
IHTEepIpPEeTYIOUH X y pealbHUi yac, 1m0 Ja€ 3MOTY AMHAMIYHO pearyBaTy Ha 3MiHM B pyci KaTepa.

— 6ok Normalization (puc. 2) BiANOBiZa€e 3a MPUBEICHHS OTPUMAHUX JaHUX 10 (Hi3UIHUX
BeITMYHMH. BpaxoByrouu, 10 CEHCOPH MOXYTh HAJlaBaTH CHUTHAIHU, SKi MOTPEOYIOTh KOPUTYBAHHS,
6mok Normalization BUKOHye Jekinbka BaxJIuBUX (YHKUIA. 3okpema, BIH 3abe3neuye
KajmiOpyBaHHS CHTHAJiB, IO JO3BOJSIE BPAaxOBYBAaTH MOXKJIMBI BiAXWICHHS a00 TOXUOKH B
BUMIPIOBAHUX 3HAYEHHSX, 30KpeMa Ti, 0 MOXYTh OyTH 3yMOBJEHI HeiJeallbHUMU YMOBaMHU
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excrutyararii. ¥ manomy Omomi Statusin — Busznawae mBuakicts podotu AL ripockoma Ta Hamae
BignoBigHuii MHOXHUK nanux; X, G_Off, MagCoeffs — marpuis kopekiii qaHux akceiepoMerpa,
ripockorna Ta MarHiToMeTpa (BU3HAYAIOThCS EKCIIEPUMEHTAIBHO [19]);
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Pucynoxk 2 — Ctpykrypa 6:10ky Normalization

PeanbHi ceHcopu, sKi BUKOPUCTOBYIOTHCSI y CKJIAJAl LI€T CUCTEMHM, 3aBXKIU MOTPEOYIOTh
peryisipHoi Kopekuii Ta (uibTpamii CUTHaIiB JUIsl 3MEHLICHHS BIUIMBY IIyMIiB 1 IOXUOOK
BuMiproBaHHA [20, 21]. BaxxiauBo 3a3HaYUTH, 0 CEHCOPH MOXKYTh MaTH Pi3HUH PiBEHb TOUHOCTI, 1
3aJIe)KHO B1Jl THUITy CEHCOpAa, MOTPIIIHOCTI MOXYTh BHHHUKAaTH dYepe3 30BHIIIHI (akTopu abdo
BHACIIIJOK CaMmoro Ipolecy BHMipioBaHHs. Hampukman, TemmeparypHi KOJMBaHHS, 3MiHU
BOJIOTOCTI, M€XaHiuHi BiOpawii abo eIeKTpUYH1 MEePEemKOId MOXKYTh CIIOTBOPIOBATHU MOKA3HUKU
CEHCOPIB.

Oynkmis  CalculateRotationalPosition  mpoBoauTh  po3paxyHOK  KyTiB  IOBOPOTY
BHMIPIOBAJILHOTO MPHUCTPOI0. PO3paxyHOK KyTiB MOBOPOTY NMPOBOAUTHCS Y BUIIIAI KBaTEPHIOHIB (,
o 3abesnedye OiMbII TOYHE BHU3HAUYEHHS BUXIAHMX KyTiB. Koa po3paxyHKy mpencTaBieHHM
HIDKYE:

function [Angles, Quaternion] = CalculateRotationalPosition(Accelerometer, Gyro,
Magnetometer, SamplePeriod, Beta, Quaternion_c)

Angles=[000];

g = Quaternion_c; % short name local variable for readability

% Reference direction of Earth's magnetic feild

h = quaternProd(g, quaternProd([0 Magnetometer], quaternConj(q)));

b = [0 norm([h(2) h(3)]) 0 h(4)];

% Gradient decent algorithm corrective step

F=1[2*(2)*q(4) - 9(1)*q(3)) - Accelerometer(1)

2*(q(1)*q(2) + 9(3)*q(4)) - Accelerometer(2)

2*(0.5- q(2)"2 - q(3)"2) - Accelerometer(3)

2*b(2)*(0.5 - q(3)*2 - q(4)"2) + 2*b(4)*(9(2)*q(4) - 9(1)*q(3)) - Magnetometer(1)

2*b(2)*(q(2)*a(3) - q(1)*a(4)) + 2*b(4)*(a(1)*a(2) + a(3)*q(4)) - Magnetometer(2)

2*b(2)*(a(1)*q(3) + q(2)*q(4)) + 2*b(4)*(0.5 - q(2)"2 - q(3)"2) - Magnetometer(3)];

J=[-2%q(3), 2*q(4), -2*q(1), 2*q(2)

2*q(2), 2*q(1), 2*q(4), 2*a(3)

0, -4*q(2), -4*q(3), 0

-2*b(4)*a(3), 2*b(4)*a(4). -4*b(2)*q(3)-2*b(4)*q(1), -4*b(2)*q(4)+2*b(4)*q(2)
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-2*b(2)*q(4)+2*b(4)*q(2), 2*b(2)*a(3)+2*b(4)*q(1), 2*b(2)*q(2)+2*b(4)*q(4),
-2*b(2)*q(1)+2*b(4)*q(3)

2*b(2)*q(3), 2*b(2)*q(4)-4*b(4)*a(2), 2*b(2)*q(1)-4*b(4)*a(3), 2*b(2)*a(2)];
step = (J*F);

step = step / norm(step); % normalise step magnitude

gDot = 0.5 * quaternProd(q, [0 Gyro(1) Gyro(2) Gyro(3)]) - Beta * step’;

g =q + gDot * SamplePeriod,;

Quaternion = ¢/ norm(q); % normalise quaternion

Angles =quatern2euler(quaternConj(Quaternion)) * (180/pi);

End

VY Takomy Bumnaaky QyHkiist quatern2euler po3paxoBye Gpopmyiy:

arctg ( 2(q§q4 — qlqzz) j
20, —1+20q;

2(0,4, +4,9;)
J1- (29,9, +29,0,)*

arct [Z(qzzqs - q1q42)]
2q, —1+2q,

Q
0 |=| —arctg (1)
%

e ¢, 0, Yy — KyT puckaHHs, TMPEPEHT Ta KPEH BiAMOBIIHO;
0, ,3, — KBaTEPHIOHH, IKUMH 3a]IaHO IIOJIOKEHHS IPUCTPOIO.

OnHak MpW BHKOPHCTAaHHI MarHiTOMeTpa JJisi BU3HAUEHHS Opi€HTalii KaTepa MoTpiOHO
BpaxoByBaTH IIeBHI (akTopw, SKi MOXYTh BIUIMBATH HAa TOYHICTh BHUMIPIOBaHb. 30KpeMma,
MarHiTOMETp YyTJIUBHUI 70 30BHILIHIX BIUIMBIB, TAKUX SIK HASBHICTh MAarHiTOTBEPAUX MaTepialiB y
OJIM3bKOMY OTOYEHHI ceHcopa. Taki Marepiali MOXKYTh CTBOPIOBATH JIOKaJIbHI MarHiTHI MOJIS, 10
MIPU3BOJIATH /IO BUKPHUBIICHHS BUMIPIOBAaHb Ta 3HI)KEHHS TOYHOCTI BU3HAYEHHS KYpCY.

3i0bpani Ta 30epekeHi gaHi MOXyTh Oyt iHTerpoBaHi B CAK s migBUIICHHS
e(eKTUBHOCTI aBTOHOMHHX oOIllepariii Oe3ekimaxkHoro kartepa. OTOX, MOXIUBO 3a0e3MeUnUTH
JIOCTAaTHIN piB€Hb aBTOMATH3AIlil 1 TOYHOCTI B KEpyBaHHI 0€3eKilMa)KHUM KaTepoM. [HTerpariisi Takux
naanx y CAK 3alesmedye MOXIHMBICTH peanizamlii CKIaJHUX aJITOPUTMIB HaBiramii Ta
MaHEBPYBaHHS 1 MABUIIY€E e(DEKTUBHICTh Ta HAIIHHICTh pOOOTH OE3EKiMaXHUX KaTePiB.

OcHoBHi pe3yjabTaTH Ta iX oO0ropopennsi. Po3poOnena cucrtema BUMIPIOBaHHS
JMHAMIYHUX XapaKTEPUCTHK 0a3yeThCsl HA BUKOPUCTaHHI TPhOXOCHOBUX CEHCOPIB, sIKi BKIIOYAIOTh
akcenepomerp, MarHiTomerp, ripockorn i GPS-mpuitmMad. Bei komMnoHeHTH 00’€qHaHI B €IWHUN
KOHCTPYKTUBHUH MOJyJb, IIO 3a0e3Mevye KOMITAKTHICTh 1 3py4HIiCTh MOHTaxy. CHucrema 371aTHa
TOYHO BUMIPIOBATH KJIIOYOBI JMHAMi4HI MapaMeTpu pyXy O€3eKiMa)KHOTO KaTepa, BKIIIOYArouu
JiHIAHI TPUCKOPEHHS, KyTOB1 IMIBUIKOCTI, MMPOCTOPOBE IMOJIOKEHHS Ta Kypc. TakuM YHHOM, ICHY€E
MO>KJIMBICTh BHUKOPHCTOBYBATH OTpuUMaHi naHi mia miaBumieHHs ToyHOCTi CAK GesekimaxHuM
HA/IBOJHUM KaTepOM, a TaKOX JUIs MIATYBaHHS HOro0 poOOTH 10 YMOB cepefoBuIla. Takox,
3aMpONOHOBAaHA cHCTeMa Oye KOPUCHOIO JUTS IPOEKTYBAHHS Ta ONTUMAILHOTO BHOOPY HAUYiITHOTO
o0nagHaHHsA, HEOOXITHOrO I BUKOHAHHS CIEiali30BaHUX 3aBIaHb Oe3eKIMaKHUMHU HaABOIHUMU
KaTepamu.

BucHoBKH.

1. Po3pobiiena cuctemMa BUMIPIOBAaHHS JTUHAMIYHUX XapaKTEPUCTHK O€3eKiMakHOTO KaTepa
MiIFOTOBJICHA J0 MPOBEJCHHS HATYpHUX BUNPOOYBaHb. BumpoOyBaHHS MaroTh OyTH MPOBEICHI Ha
6a3i BHK i3 BUKOpUCTaHHIM Cy4acHUX aJTrOpUTMIB 00pOOKH maHuX Jis omiHku edexktuBHOCcTI CAK.

2. 3amponoHOBaHa CUCTEMA XapaKTEPU3YETHCS OCOOIMBOCTAMU CXEMOTEXHIYHOI peanizalii,
dbopmoro iHQOpMaIIHHOTO TIpeacTaBiIeHHS 3acobamMu mporpamHoro cepenosuma MATLAB
Simulink Ta HeBenuKoOI COOIBapTICTIO BUPOOHUITBA YMHHOIO 3pa3ka. Po3poOka copusie
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MIJBUIIEHHIO TOYHOCTI aBTOMAaTHMYHOTO KEPYyBaHHS Ta BIJKPUBAE MOXJIMBOCTI JJISl LIMPOKOIO
BUKOPHUCTAHHS B 0€3eKiMaXHUX HAJBOJHUX CHCTEMaX.

IlepcnekTHBH MOAAJBIIMX AOCTIIKeHb. ABTOPH BBaXXAIOTHb 3a JIOIUIBHE CIPSMYBaTH
MOJAJIBIIL JTOCTIP)KEHHs] Ha BUPILICHHS KIIOYOBUX MPOEKTHHUX 3a7ay, MOB’SI3aHUX 13 PO3POOKOIO
ynockoHasieHoi CAK BHK, oGmamToBaHoi cMCTEMOI0 BUMIPIOBAHHS JTUHAMIYHMX XapaKTEPUCTUK
Ui 3abe3meueHHs e(EeKTUBHOI B3a€MOIl 13 30BHIIIHIMH CHUCTEMaMH 3B’SI3Ky Ta KEpyBaHHS.
Ocob6nuBa yBara Oyzae npuaiiena ontumizailii poootu CAK, BIOCKOHAIICHHIO alTOPUTMIB 00pOOKH
JAHUX BiJ CEHCOPIB Ta PO3LIMPEHHIO (YHKLIOHAJIBHOCTI CHUCTEMHM, 30KpeMa il BUKOHAHHS
CHeIlaJII30BaHUX 3aBJaHb Y CKJIaJHUX YMOBaX €KCILTyaTallii.
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Voitasyk A. M., Sirivchuk A. S., KostenkoD. V. SYSTEM FOR MEASURING DYNAMIC
CHARACTERISTICS OF AN UNMANNED VESSEL AS A COMPONENT OF ITS AUTOMATIC
CONTROL SYSTEM

The development of modern automatic control systems for unmanned vessels is an important direction for
ensuring the efficiency and autonomy of their operation. These systems aim to reduce human intervention
while enhancing operational capabilities. One of the important elements of such systems is a dynamic
characteristics measurement system, which can provide accurate monitoring and analysis of the vessel’s
movement. This system enables real-time feedback on the vessel’s performance and trajectory. The article
discusses the task of increasing the efficiency of unmanned vessel control by creating a measurement system
for dynamic characteristics. The proposed system uses a GPS receiver to enhance positional accuracy and
multi-axis motion sensors, including accelerometers, magnetometers, and gyroscopes, to collect precise data
on the vessel’s movement. Specialized algorithms process the sensor data to determine dynamic parameters
such as speed, acceleration, and orientation. These parameters are essential for maintaining control over the
vessel's movement and improving overall efficiency. The system’s ability to operate in sea conditions is
emphasized, as it can provide a high data update frequency for real-time trajectory correction. This ensures
the vessel remains on course even in challenging environments. The implementation of the system into the
MATLAB Simulink environment allows for real-time visualization and data analysis. The system’s data
filtering and correction processes are detailed, showing how parameters are fine-tuned for optimal
performance. Particular attention is paid to algorithms for calculating angular positions, accelerations, and
speeds, which are crucial for the precise control of the vessel in autonomous mode. These algorithms enable
the vessel to adapt to dynamic environmental changes and ensure stability during operation. The results of the
study form the basis for further improvement of automatic control systems for unmanned vessels, which opens
up the possibility of their widespread use in various tasks, in particular for monitoring, patrolling and
maintenance of marine facilities.

Key words: unmanned surface vessel; automatic control system; dynamic characteristics; sensor.
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besnexa 600Hux wiisixie Ykpainu € 6ajnciugor 3aoauerd Cb0200€HHs, 0CoOausy yeazy Cnio Npuolisimu
HasAGHOCMI Ni0BOOHUX NOMEHYINIHO Hebe3neuHux o0 ’exmis, y momy uucii U eubyxoeux. Ilpononyemwvca
BUKOPUCMAHHS 0e3eKINaXCHOI camoXioHoi naasyyoi niam@opmu, KA OCHAWEHA HeHACEeNeHUM NPUs s3HUM
nio8OOHUM anapamom Ons 6useieHHs ma ioenmuikayii maxux o6 ’ekmigs. Buxopucmanna makoi cucmemu
Haoae ocobausi guUMo2u 00 CUCIEMU ABMOMAMUYHO20 KEPYB8AHHs Yepe3 HASABHICMb 080X CAMOXIOHUX 00 '€kmig
3’€OHaHUX MidC CO00I0 ZHYUKUM 38 S13KOM, 0COOIUBICIO AKOI € HeoOXiOHicmb 3abe3neueHHs N10CKo-
napaneibHo2o pyxy naamgopmu 3i 30epedceHHsIM Kyma PUCKaHHsL.

s 3a6e3neuenns niocko-napanenbHo20 pyxy nponoHYEMbCa UKOPUCIAHHS PYWITIHO-KEPMOBO20 KOMNIEKCY,
WO CKIA0acmvcsi 3 YOMUPbOX PYWIL8, WO 3HAXOO0SMbCA N0 HEeSHUM KYmoM 00 20]08HOI oci cumempil
naamgopmu. Y pobomi npedcmagieHo 3aKOH Kepy8aAHHA KOMCHO2O OBUSYHA 3ANEHCHO 6i0 BUHAYEHO2O
8EKMopa pyxy, wjo € OOHIEI0 3i CKIA008UX MAKMUYHO0 PiBHS CUCIEMU A8MOMAMUYHO20 KEPYBAHHSL.
3anpononosano euxkopucmanns i€papxiunHoi cucmemu agMOMAMUYHOZO Kepy8amHs, O0e 0coOnugicmio €
CRIbHULL cmpameziyHull pi6eHb 0N 6CIEl cucmemu ma OKpeMmi MAKMU4HI ma GUKOHAsYi pieHI Ok
0e3eKInadiCcHOi cCamMOXIOHOI naasyyoi nIam@opmu ma HeHACeNeHO20 NPUs sI3H020 NIOBOOHO20 anapamad.
Kniwouosi cnosa: 6ezexinasicna camoxiona niagyua naam@opma,; HenacereHutl npus sI3Hull ni0goOHUI anapam,
ABMOMAMU3ayis Kepyeanus pyxom,; eyManimapne po3minyeanis, niog0OHUt NOMeHYilino Hebe3neyHuti 00 ckm.

DOI: 10.33815/2313-4763.2024.2.29.058-068

Beryn. 3abesneueHHs Oe3neku MoOperjiaBcTBa B YKpaiHI € KPUTHYHOIO 337ayero
crorofieHHs. OMHIEIO 3 BAXIMBUX CKIIAJIOBUX III€1 3a/1a4l € OUUIIEHHS aKBaTOPIN BiJ HEOE3MEUHUX
00’€KTiB, 0OCOOJIMBO MiJIBOJHUX, HA BOJAHUX TPAHCIIOPTHHX IIIsIXax Ykpainu [1]. Buacnigok arpecii
3 00Ky pd aHe TMUTAHHS TOCTA€ 1€ OUIBII TOCTPO, OCKUIBKH MiJ BOJOK OMUHSIOTHCS TaKOX
BUOyxOHeOe3neyHi 00’€KTH, sfKI HEeCyTh Iie OUIbIIMKA piBEeHb 3arpo3d, HIK MPOCTi 3aBaH.
[Ipruomy, ouniieHHs] BOAHUX LUISIXIB YKpaiHU BiJl JaHOI 3arpO3U MOB’S3aHO 3 PU3UKOM JJIsl JTI0AEH
[2]. TIpomec BusiBIEeHHS Ta HeWTpamizalii 3arpo3 MICTHTh Jekiabka etamiB [3, 4]. OxHiero 3
TOJIOBHUX TPYJHOIIIB € CKJIQJHICTh BHSBJICHHS IJBOJHUX 00 €KTIB 3 MOBEPXHI 0€3 3alydeHHS
CHeliaTi30BaHO] TEXHIKH, 1110 YCKJIaIHIOE MPOLEC BUABICHHS Ta 11eHTH]IKAIIi] 3arpo3.

Jnst migBumeHHsT €()eKTUBHOCTI BUSBICHHS Ta ineHTU(iKalii HeOe3MeuHnX HaBiramiiHuX
3arpo3 MPOIOHYEThCS BUKOPUCTAHHS O€3€KIMaXHOTO MOPCHKOIO TEXHOJOTIYHOIO KOMILIEKCY Y
CKJaal camoxigHoi Oe3ekinmaxHoi miuaBydoi minatdopmu (CBIIII), ocHaimeHoi HeHaceleHUM
puB’si3HUM TiaBogHUM amapaToM (HIIITA) (puc. 1).

Ha CBIIII po3mimeno noct enepretuku 1 kepyBanHs HIIIIA (ITEK) Tta xabenpHy ne6inky
(KJI) 3 xabenb-Tpocom (KT), 3a momomororo sikoro 3abesmeuyerbes eHeprokuBineHHs HIIIIA Ta
roro iHdopmariitanii oomin 3 [TEK.

Ho cxmany ob6nannanas HIIITA Bxoaars: pymniiHo-pyisoBuii kommekc (PPK), cucrema
HaBiramii Ta KepyBaHHS, a TaKOXX HadvimHE OOJagHAHHA — TONIYKOBI TPWJIAAXA Ta TiABOMIHI
MaHinmyssitopu ais onepariit 3 [IITHO.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Pucynok 1 — CTpyKTypa BUKOPUCTAaHHS 0€3€KiNa)kHOTO MOPCHKOTO TEXHOJIOTIYHOTO KOMILIEKCY
JUTS THCTICKITIi BOJHUX TPAHCIIOPTHUX IMUIAXiB YKpaiHU

['o0BHOIO 33/1a4€r0 TaKOro KOMILJIEKCY € CKaHyBaHHS MOPCHKOro a0o pIYKOBOTIO JTHS
BOJIHUX TPAHCIIOPTHUX MUIAXIB JUIS BUSBJICHHS MOTEHIIMHMX 3arpo3 cynHoriaBcTBy. I[licms
BUSIBIICHHS TIJBOJHOTO MOTeHIiHO HeOe3neunoro o6’exra (IIITHO) 3 mnatdopmu cmyckaeTbes
HIIIA, saxuii 3a0e3nedye 1AeHTU(IKAIIO BUABICHUX OO €KTIB Ta, 3a HEOOXITHICTIO, iX
HelTpanizariro.

TakuMm YWHOM, BHUPINIYIOTHCS OJHOYACHO JEKUIbKA 3a7ad: TOIIyK, 1AeHTU(IKAIsA Ta
HelfTpaiizalis NoTeHLIHHO Hebe3neyHux o0’ ekTiB. He3Bakarouu Ha sBHI NepeBaru BUKOPUCTAHHS
takoi cuctemu Bumarae zaemozito CBIIII ta HIITIA nHa piBHI aBTOMaTH3aIIi1 X CIIUIBHOTO PYXY.

IToctanoBka mnpodaemu. BukopuctanHs O0€3eKiMaKHOTO MOPCHKOIO TEXHOJIOTIYHOTIO
KOMIUIEKCY Yy CKJIaJl JIBOX PyXOMHUX 00’€KTiB, 3B’SI3aHUX MIK COOOIO0 THYYKHM 3B’SI3KOM (KaOelb-
tpocoM KT) yTBOpIo€ HOBI BUKJIMKHM B pO3poOIll CHCTEMH aBTOMATHYHOTO KEPYBAaHHS TaKUMU
KOMILJIEKCaMHU.

OcobnuBicTio naHoro komiuiekcy € Te, mo i CBIII, i HIIITA maroth BmacHi pyurii Ta
MOXYTh KEpyBaTH CBOIM pPyXOM, ajie¢ HasBHICTh THYYKOTO 3B’S3Ky BHMAarae oOpraizamii ix
y3TOJKEHOTO MPOCTOPOBOTO PYXY, OCKLIbKK Hey3romkenHuid pyx CBIIII Oyne cTBoproBaTH BEIHKI
3oBHIMHI 30ypennst mnst HIIITA. Takoxx n01aTKOBUMH BUMOTaMHU BiJl MONIYKOBHX TPHIATIB €
niarpumka kyta puckans B CBIIII. Bcee ne Bumarae nassaocti y CBIII cienmgiunoi koHCTpyKIT
pyuriiino-kepmoBoro komiuiekcy (PKK), skuit 3abe3neunts NIATPUMKY KYTy pPHCKaHHS Ta
wiockonapanensHe mnepemimeHHs CBIII 3 3agaHumu  mapaMeTpaMu IIBUAKOCTI, a TaKOX
OHOBJICHHS CTPYKTYPH CHCTEMH aBTOMAaTUYHOTO KEPYBaHHSI.

AHai3 ocTaHHIX JociailzkeHb Ta myOaikauniii. Buxopucrtanns 3aco0iB MiABOIHOL
poOoTOTeXHIKM [UIsl 3ajnad  BusBieHHs Ta HelTpamizauii IIITHO Bxe wMaroTh mpakTU4He
3actocyBaHHA [2, 4-9]. Ina nmomyky Ta igentudikanii [IITHO B cBiTI BUKOPUCTOBYIOTHCS, SIK
aBTOHOMHI HeHaceneH1 miBoaH1 amapatu (AHITA) [10] tak 1 HIITIA, mo cmyckatoTees 3 mipca abo
cyaHa Hocis [2, 8, 9, 11]. Jlist 3MOrH po3IIMpPEeHHs CIEeKTpa BUKOHYBaHMX 33/1a4 32 OJJHE 3aHypPEHHS
BUKOPHUCTOBYIOThCS OaraTouinsosi HIITTA [12].

ITpu Bcix mepeBarax BukopuctanHs HIIITA marote oOmexenuit pagiyc aii, a AHITA He
JTAI0Th 3MOTY KepyBaHHS B PEKHUMI peaIbHOTO Yacy, Tomy B [13, 14] mponoHy€eTbcsi BUKOPUCTAHHS
HIIITA 3 panioOyeMm, aje JaHa KOHCTPYKIISL XOU 1 Ma€ MPAaKTUYHO HEOOMEXeHMH pajiyc nii, aie
CTHKAEThCSI 3 MPOOJIEMOI0 Yacy aBTOHOMHOI pOOOTH Ta HEMOXJIMBOCTI KEPYBaHHS MO3UIIIEI0
paniodys, 1o oOMexye HOro 3aCTOCYBaHHS.

[IpencraBnena B AaHiil cTaTTi O€3€KINa)XXHOTO MOPCHKOIO KOMIUIEKCY Ma€ BCl IepeBaru
HHIIA 3 pamgioOyem, mMae 3Ha4HO OUTBIIMK 3amac eHeprii, a caMopyXoma HaJBOJHA YacTHHA
KOMIUIEKCY 3a0e3medye OiIbIry MaHEBPEHICTh.
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HasBHI KOHCTPYKTHBHI pileHHS O€3eKiMmaXHUX HaJBOJHHUX TPAHCIOPTHUX 3aco0iB
31e01TBIIOr0 3a0e3MeuyroTh 100py MaHeBpPEHICTh MpH MapimoBomy pyci [15, 16] Ta mesiki 3 HuX
TAKOX CHCTEMH JMHAMIYHOTO MO3WIlioHyBaHHsS [17]. Ane maHi KOHCTpYKIil He mepeadadaroTh
IIBUAKUN OOKOBUH pyX, IO € OAHUM 3 HEOOX1THUX pexkuMiB i1t podoTtu CBIIIL.

Merta Ta 3ana4i qocjaizxeHHsi. MeToro poOOTH € ONHC TEXHOJIOrIl podiT 3 TyMaHITapHOTO
PO3MiHYBaHHS BOJHMX TPAHCHOPTHUX MLUIAXIB YKpaiHM 3 BUKOPUCTAHHAM O€3€eKiNa)KHOTO
MOPCBKOTO TEXHOJIOTIYHOrO KoMIulekcy «CamoximHa Oe3ekinmakHa maByda Iuiatgopma —
Henacenenuii npus’a3HUN MIJBOJHUM amapar» Ta po3poOKa CTPYKTYPH CHUCTEMH aBTOMAaTHYHOIO
KepyBaHHS CaMOX1THOIO 0O€3eKIiMa)XHO MIaBYUYO00 TIATHOPMOIO.

JIy1s1 TOCSATHEHHS MTOCTaBJICHOI METH HEOOX1THO BUPIIITUTH HACTYTIHI 3a/1a4i:

— OOIpYHTYBaTH MHOXHHY OCHOBHHUX DPEXKHUMIB pPOOOTH O€3EKIMa)kHOTO MOPCHKOTO
TEXHOJIOTIYHOTO KOMIUIEKCY Ta c(hOpMyBaTH MHOXHHY 3ajjad aBTOMATUYHOIO KepyBaHHs
KOMILIEKCOM;

— pO3pOOMTH  MaTeMaTHYHY MOJENb CHUCTEMHM KEpyBaHHS pPYyXOM  CaMOXIJHOIO
0e3eKina)KHOK TUTABYYOIO M1aT(HOPMOIO;

— PO3pOOUTH y3arajbHEHY CTPYKTYPy CHCTEMHM aBTOMAaTHYHOI'O KepyBaHHs O€3eKiNaXKHUM
MOPCBHKUM TEXHOJIOTTYHUM KOMIUIEKCOM JUIsl 1HCTIEKII{ BOAHUX TPAHCHOPTHUX LUIAXIB YKpaiHH.

Bukiang ocHoBHOro marepiajy. /st moOyaoBU CTPYKTYpPH CHUCTEMH KEpyBaHHs IeEpIl 3a
Bce HeoOXinHO Bu3HAunTH pexkumu podotu CBIIII 3 HITITA. Buxoasiuu 3 3a1a4 iHCTIEKIIiT BOJJHUX
TPAHCHOPTHUX LUIAXIB YKpaiHU CUCTEMa Ma€ HACTYIHI PEKUMH POOOTH:

— MepexiJl y 3aJaHy TOYKY — MEpPeXij BiJl TOYKH CTApPTy 0 TOYKH MOYATKy Micii abo Bix
TOYKH KiHI Micli 10 TOYKM migbopy cuctemu. JlaHuii pexkuMm pyxy He mependadae BUMOT [0
napametpiB pyxy CBIIII, HIIITA B nanomy pexumi 3Haxoautbest Ha 6opty CBIIIT;

— Tpaektopauii pyx CCBIIIT 6e3 cmycky HIIIIA — y naHoMy peXuMi NpamroTh
BuMiproBanbHi npunaau jgume CBIII, € HeoOXiaHICTh yTPUMAaHHS MIBUAKOCTI pyXy (BIUIMBa€e Ha
TOYHICTh IPHUJIAJIIB) Ta YTPUMaHHS 3aaHoro Kypey. [Ipu pyci 3 60KOBUM 3CyBOM HEOOX1THO TaKOX
3a0e3nedyBaTy JIarOBUH pyX JJIsl yTpUMaHHS Ha 3a/1aHii TPAEeKTOPii 3 BiIOBITHOIO OpPIE€HTALIIETO;

— yrpumanHsa CBIIIT y Ttouri, HITITA npoBoauth 00CTEXKEHHS 00’€KTa — B TAHOMY PEKUMI
CBIIII nmoBuHEeH yTpUMyBaTHCh y Touli AJs 3MeHmeHHd BiuBy Ha HIIIIA uepes kaGenb-Tpoc.
Ockinbku po6ota Takoro 1A moxke OyTu moB’si3aHa 3 BUOYXOHEOE3MeUHUMH 00’ €KTaMu. Y TaKuX
yMOBaxX HEKOHTPOJIbOBaHI 30BHIIlIHI 30ypeHHs MOXyTh npu3Bect a0 Brpatu HIIIIA. V nanomy
pexumi HeoOXxinHO He Tulbku yTpumyBatu CBIIII y 3anmaniii Toui, ajne i BUBHAYUTH TOUKY, sIKa
Oyzae ontumainbHO0 Ui poboTH [TA (3amaua oneparopa);

— cniteHuit pyx CBIIT Ta HIIIIA — manuii pexuM MoOKe BHKOPUCTOBYBATHUCH JUIS
0OCTEKEHHS JJOBIMX 00’ €KTIB, CKAaHyBaHHs JJOHHOI MOBEPXHI B yMoBax, koiu 3acobamu CBIIII e
3pOOUTH HEMOKIIUBO TOIIIO.

Takum unHOM 11 cucteMu aBToMaTu4yHoro kepysaHHs pyxom HIIITIA Tta CBIIII moxHa
BUJUTUTH TPH KJIFOUOBI PEKUMHU POOOTHU: PYyUHUIl, aBTOMAaTU30BaHUI Ta aBTOMaTUUHUN. Y pyUYHOMY
pexxumi poOOTH BCi 3adaui KepyBaHHA Oepe Ha cebe omeparop (BIAXWICHHSIMU HKOMCTUKIB
KEepPYIOUUX IMPHUCTPOIB 3aJa€ BiIMOBIMHUI CHTHAJT Ha EIEKTPONPUBONHN), B aBTOMATH30BAaHOMY —
cucTeMa aBTOMAaTHYHOro KepyBaHHA Oepe Ha cebe 3amaui crabimizalii BU3HAYEHUX MapameTpiB
(Takl SIK Kypc, IIBHJKICTh, INIMOMHA TOWIIO), SIKI B PEXUMI PEAJBbHOrO yacy MepeaaroThCsl Bif
oreparopa, aBTOMaTUYHHUN pyx — 3a0e3mneuye B3aeMHy poOoty HIIITA ta CBIIII npu npoxopkeHHi
IO 33/1aHii TpaekTopii ado 110 3a1aHo1 ToUKH, ae BussiaeHo [TITHO.

Jlnst mojermeHHss MOoOYyJOBH CHUCTEMY KEpYBAaHHS PYyXOM 3aJIeKHO BiJl PEXHUMY pOOOTH
po3aunsaoTh Ha 11 migcucremu: uig HIIIIA ta ana CBIII. Pexxumu pyxy OynyroThcsi BiATOBIIHO
70 CTaHAApPTHUX MPOTOKOIIB KepyBaHHs Oe3eKiMaXHUMHU pyXxoMumH amnapartamu [18]. BinmiHHICTS
Ta 0COOJMBOCTI KOYKHOTO PEXHUMY IPEICTaBICHO B Ta0I. 1.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Tabmuus 1 — Onuc pexxumiB kepyBanHs [1A ta CBIIIT

Ne Pesrcum HIIIIA ChIIl1
Pyunwuii - py4He KepyBaHHs | — 3a0e3neuye KepyBaHHS IBUTYHAMH B BiIHOCHUX
OIIEpPaTOPOM  JBUTYHAaMH | ONMHMLAX, L0 33JA€ThCS BIAXWICHHAM PYKOSTKH
PPK (B sKOCTI CHTrHadiB | KepyBaHHs, jx (BIIXWJIGHHS MO oOcCi X) Ta J,
HAJXOAMUTh PIBEHb MOTYX- | (BIAXWIJIEHHS IO OCi Y) IS TIOCKO-TIAapajeIbHOTO
1. HOCTI TUTSt KOJKHOTO | pyXy Ta Jo (BIIXHMJIGHHS IO OCi Z, 3aJ€XHO Bil
JIBUTYHA B Jlianasoni +1); TUIlY MAHIMyJISATOPY MOXKE 3HAXOJUTHChH HA iHIIIM
- py4He KEPYBaHHA | pyKOATII) AJIS MOBOPOTY;
OmepaTopom HAYilIHUM | — KepyBaHHs BHKOHaBuMMH MexaHizmamu (KJI,
00J1aIHAHHSM. CBIIII Tomo) NpoXOANTh Y PYYHOMY PEXKHMI.
ABTOMATH30BaHH | — CHUTHaJIAMH KepyBaHHS | — CUTHAJIaMH KEpyBaHHS BiJl olepaTropa € Kypc Ta
Bil omeparopa € Kypc, | BEKTOp WIBUAKOCTI MapLIOBOTO PyXY;
rmOWHA Ta  IIBHAKICTH | — KEPYBAHHS iHIIMMH MEXaHi3MaMH TakKe K, K y
2. MapIIOBOTO PYyXY; PYYHOMY PEXKHMI.
—  KepyBaHHA  IHIIMMH
MeXaHI3MaMH Take X, K Y
PYYHOMY PEXKHMI.
ABToMaTHyHMi | 3ajmaroThes mapameTpu micii | TpaekTopHHH pyX 3 BUMIPIOBaIBHUM OOJIaHAH-
y BUTTISAI MacuBy 3HadeHb: | HAM konu HIIIIA 3naxoaumthcst Ha  OopTy.
— 1impoBi  koopmuHaTtu | [TapameTpu Micii 3a4af0THCS MACHBOM 3HAYCHB!
(GPS ta rmubuna); — 1tboBi KoopauHaTtH (GPS Ta rimbuna);
— IIBUJKICTB PYXY; — IIBUJKICTB PYXY;
— Kypc A0 TOYKU INPHU3HA- | — KypC y TOULi NPU3HAYCHHS;
YEHHS; — Yac YyTPUMaHHS B KIHIEBIH TOYIII;
— Yac YTPHMaHHS B KiHIle- | — CTaH HAYilTHOTO 00JIaIHAHHS.
3. Biif TOYII; Yrpumanns B 3axaniii Tounti (HIITIA inenTudikye
— CTaH Ha4vilHOro obnagHa- | 00’ €KT) mapaMeTpH Micii:
HHSI. — uinpoBi koopawHaty (GPS Ta rmnbuna);
— KypcC y TOUlli MPU3HAYCHHS;
— yYac yTpUMaHHS B KiHIIEBIH TOYIIi;
— CTaH HA4YIIMHOro OOJIaHaHHS.
CrhimyBaHHs 32  amapaToM 10  NPUHLHUIY
anroputmy poto, ae HIIIA e Begyuum
(HeoOXxigHa crcTeMa JOHHOI HaBirartii).

Buxonsuu 3 BHINEONMHUCAHUX PEXHUMIB POOIT 0 cucteMu KepyBaHHs Ta Hasiramii CBIIIT
CTaBIISITHCSI HACTYITHI BUMOTH:
— 3a0€3MeYCHHS MOKITUBOCTI IJIOCKO-TIAPAJIETBHOTO TIEPEeMIIlIeHHS TUIAT()OPMU;
— HasABHICTh CHCTEMH BHU3HAYCHHsS TMOTOYHOro TmojokeHHs (GPS) ta mepemimeHHs

(morepoBwii nar);

— gagsHicTh migsoguoro GPS mig Bu3sHadeHHs BimHocHOro noijoxeHHs Mix HIITTIA Ta

CBIIIT;

— TaKOK 11 O€3MeKH CyIHOIUTaBCTBA HeoOXiaHe Bukopuctanus ECDIS [19].

s apromaruzanii pyxy CBIIII mponoHyeThCcsi CTBOPEHHS KaCKaHOI CHCTEMH KepyBaHHS,
OCHOBHUMH MOAYJsMH sKoi € 3amatyuk curHany (3C), perymstop mBuakocti (PLI), perymstop
kypey (PK) Ta 3agatunk mBuakocti (3L). ¥V maniit cTtpykTypi KepyBaHHS pyXOM MPOCIiIKOBYEThCS
yiTKa iepapxis, A€ PYyYHHH pPeXKUM, KpiM Oe3mocepeqHbOro BIANpAIOBaHHS CHUTHAJIB Bij
oreparopa, 3a0e3rnedye BIANpAIfOBAaHHS CUTHATIB KEPYBAaHHS AaBTOMATHU30BAaHOTO PEXHMY, a
ABTOMATHU30BAHUN — aBTOMATUYHOTO, HI0 3abe3medye MOJYJbHICTh CHCTEMHU KEpyBaHHS DPyXoM
CHBIIII (puc. 2).
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Pucynok 2 — Cuctema kepyBanns pyxom CBIIIT
3agatuuk curHany 3C — 1e MOJyjdb, SKUH TNEPETBOPIOE CHUTHAIM KEpPyBaHHS, IO

MOCTYMAIOTh BiJ orepaTopa ab0o CHCTEMH aBTOMATH30BAHOTO PYXY, B OKPEMi CHTHAJIA KOXKHOTO
JIBUTYHA. MaTeMaTH4YHHA OMHUC JaHOoro Moayio 3anekuTh Bil PKK, skuii BUKOpHCTOBYEThCS B
CBIIIl. [lns 3abesmedeHHs 1iocko-mapanensHoro pyxy CBIIT  HailOinbm  eQeKTHBHOIO
ctpykryporo PKK € crpykrypa, 1mo ckimamaerbes 3 4 IBUTYHIB, SIKI BCTAHOBJICHI MiJ KyTOM O 1O
BiJIHOIIIEHHIO 710 OCHOBHOT cumetpii ocer CBIIII (puc. 3) [20].

Kopma
Pucynok 3 — Crpykrypa PPK CBIIII

Hns peamizanii moxyns 3C HeoOXiJHO BHU3HAYHMTH 3aJICKHICTh BUXITHHX mapameTpiB Un
(e N — HOMEp EeNEKTPOPYIIIHHOIO MPUCTPOIO) BiJ BXiAHUX MapaMETPIB Jx, Jy Ta jo 3 ypaxyBaHHIM
ocobmmBocTeit koHCcTpykuii PKK. [l yHiBepcambHOCTI anropuTMy BXiJHI Ta BHUXIiJHI 3HAYEHHS
MMOBMHHI OyIu MpeacTaBlcHi y BiAHOCHMX oauHuIsx (y miamasoni [-1; 1]). I3 puc. 3 BumHO, 1m0
T, || T, T2 T, || T,, OTXe BBEAEMO JIOJATKOBI PO3PaXyHKOBI 3HAYEHHS — BEIMYMHHI CHUTHAIlY KEPYBaHHs

EPII nnst 3a6e3neuenns miocko-napanensroro pyxy p, (EPIT 1 ta 3) ta p , (EPII 2 Ta 4). Takum

YMHOM Cyma p , Ta p , Oyjie 3a0e3neuyBaTi MapIioBUii pyX, a X PI3HUIISA — JIATOBUIA:

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Jx=Pat P (1)
Jy =P P2
Po3B’s13aBIIM 1aHy CHCTEMY DIBHSHb MH OTPUMAEMO YacTKy CUTHAIy KEpyBaHHS IS
OKpEMOTO JBUryHa (p,, Ta p ,), AKa Oy/e BIINOBIIATH 32 IIIOCKO-TIAPANIENLHUH PyX.

s 3abesneueHds moBopoTy (6e3 3mimenns CBIIIl) Bci ABUTyHM TOBWUHHI JaBaTh
OJTHAKOBY 1HTEHCHUBHICTb yNopy, aje T2, T3 MoBUHHI MaTH 0JlaTHE 3Ha4eHHs, a 11, T4 — Bix emHe.
Jlana yactka ynopy Oy/ie 3a7aBaTHCh 3HAUCHHSM Jo.

JlogaTKOBUMH OOMEXEHHSIMU 3aKOHY KEPYBaHHS PyXOM €:

— pe3yJbTYIOUUI CUTHAJI KEpyBaHHS HE IOBUHEH IEpEeBUIITYBaTH 1;

— IpU MEPEeBUULICHI CHUTHAIy KEepyBaHHS INPIOPUTET HANAETbCA CHUTHAY KepyBaHHS
IIOBOPOTOM.

BpaxoByroun naHi oOMexeHHsA Ta crnuparoyuch Ha (1) cUrHa;m KepyBaHHS JIsi KOXKHOTO
JBUTYHa Oyzie po3paxoBaHo 3a (hOpPMYIIOI0:

7t P o j,, + Py <1
_j(p +(1—|j(p|) Pyq, AKIIO |j¢, + px1| >1

j(p + Px2s HKHIO|_j(p + pX2|Sl

U, -
o+ @=iy)) e, 1o |-, + pyo[ > 1 o
Ul - i+ Py AKO| , + Py <1
g+ @D B mmo [y + py>1
= Jp + Pyg AKIO|= , + Pyp| <1
U, =

=y + (=g Pras 10 |-, + Py >1

Perymstopu PII ta PK 3abe3neuyroTh crabimizamiro mBuakocti Ta kKypey CBIIII, ix
peadtizarisi Moxe OyTH mpejcTaBieHa y BUrisiai agantuBHux [11/] perynsatopis.

3amarunk curHany 3l oGuuciroe BiacTans R Ta Kypc @p 10 3a7aHUX KOOPAMHAT Micii P.
MatemaTHUHUN OMHUC JaHWX PO3PAXyHKIB mpeiacTaBieHuil y [21]. SIkmio momaTkoBi mapaMeTrpu
pyxy, ki moTpiOHO 3a0e3meuyBaTH s HOPMAJbHOTO (DYHKIIOHYBAHHS BUMIPIOBAJIBHOIO
oOyaHaHHS

(vs, ©5), He 3anmaHi (npuitMaroTh 3Ha4eHHs -1), To CBIIII fize MapIIoBUM pPyXOM Yy CTOPOHY TOYKH

Ha MaKCUMAaJIbHIN MIBUIKOCTI Vipax (BHKIIIOUEHHS CTaHOBHUTH cutyauis, koiau CBIII nigxoauts 1o
3a1aHoil Toukn). TakuM ynHOM, BUXiaHI napameTpu 311 06UnCIIOITHCS 3a TOTIOMOT0I0 HACTYITHHX
BIJIHOIIIEHD
| Vs -COS@p, AKWO V, # —1
X _{f(R) KO Vy = —1

3)

y _{vs -sin @p, sKIwo V, # -1
y=

0 sxmo v, =-1
@y, KO @, # —1
@p, AKIO @, =—1

ne f(R) — exciepumenTanbHa 3anexHicts mBuakocTi pyxy CBIIII Bix BigcTaHi 10 miji, HAPUKIA:
R

max \/m’ (4)
ne @ — KoeDImieHT KPYTU3HU CUTMOITH.
Bubip ¢ynkuii f(R) Ta i xoedimieHTIB MiAOUPAETHCS EKCHEPUMEHTAIBHUM IUITXOM
3aJIeKHO BiJ AuHaMidyHUX xapakrtepuctuk CBIIII.

=V,
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Jlnist e(heKTUBHOTO BUKOHAHHS MICii MPOIIOHYETHCS BUKOPUCTAHHS TPUPIBHEBOI i€papXiqHOl
CTPYKTYpPU CUCTEMH KEpyBaHHA 3 PO3JUIbHUMHU TAKTUYHUM Ta BUKOHABUYUMHM PiBHAMHU (pUC. 4).

CrpateriyHuii piBeHb

[TinpiBeHb oneparopa

ITinpiBeHb KOHTPOJIIO MicCii

: :

TakTnaHui piBEHBb TakTnaHui piBEHBb
CBIIII HIITTA

BukonaBunii piBeHb Buxonasunii
CBIIIT piens HIIITA

Pucynok 4 — 3aranpHa CTpyKTypa CHCTEMHU KE€pyBaHHS
«besexinaxuna camoxifHa maBy4a miatdopma — Henacenenuid npuB’ si3HUN MIBOJHUN armapary

BepxHiM cnilbHUM pIBHEM € CTpaTeriuHui piBeHb, AKHUM 3a0e3Iedye B3aEMOIIIO olieparopa
3 kommiekcoMm CBIITI-HIIITA, a takox B3aemuy po6oty CBIIII Ta HIIITA.

Jlanuii piBeHb MOXXHA NOJIIIMTH Ha JiBa MIAPIBHI: MiJpPIBEHb oIlepaTopa Ta IMiApIBEHb
KoHTpoJto Micii. [ligpiBeHs oneparopa 3abe3neuye pyuHe Ta apromaruzoBane kepysanns CBIIII ta
HIIIIA, Hanae i1HCTpyMEHTH JUIsl IOCTAHOBKH MiCii B aBTOMAaTHYHOMY PEXUMI KEpyBaHHS.

[ligpiBeHb KOHTPOJIO MicCii MICTUTh 3a/Jadyi IOCTAHOBKM CHUTHAJIB KEpyBaHHS IS
TaKTHYHOTO PIBHSI BIAMOBITHO B TOCTABJICHOTO 3aB/IaHHS. Y TAHOMY PEKUMI 3aKJIaJieHl BCl TOUKH
TPAEKTOPHOI'O PyXy Ta BHU3HAYAETHCS IOTOYHA TOYKA, 10 KOl Tpeba pyxaTuch, abo pexuM
ctabinmizanii B nanii touui. [Tpu upbomy macusu Touok st CBIIIT ta HITITA MoXyTh BiJIpi3HATHUCH,
ajle He OumbplIe HIDK 1€ J103BoJisie Kabenb-Tpoc. Ha naHOMy piBHI KOHTPOJIOETHCS B3a€MHE
postamryBanHs CBIIII ta HIIITA Ta npoBoasthest kopektunH ais pesxkumy pyxy CBIIII. Ipiopurer
3a TMOJIOKEHHSIM BIJJA€ThCS TMiJBOJAHOMY amapaTy, OCKUIBKM OUIBIIICTh KIHLEBUX POOOUYHMX
1HCTpyMEHTIB 3HaxosaThcs came Ha HIIITA.

TakTuyHuii piBeHb NEPETBOPIOE 3ajaui Micii B 3po3yMull KOMaHAM Ui BHUKOHABYMX
MexaHi3MiB. Ctpateriunmii piBeHb Hagae okpemi 3amayi ans CBIII ta HIIIA, Tomy TakTHaHMiA
piBEHb € OKpEMHM U1 JaHUX 00’ €KTIB.

OpHi€ro 3 TOJIOBHUX 3a7ad TAaKTUYHOTO PIBHS € 3a0e3NeyeHHs] aBTOMAaTHUYHOTO pPyXy
KO’KHOTO pyXOMOTO 00’€KTa. AnapaTHO TaKTUYHHUN pPiBEHb, 3a3BUYaAl, peani3oBaHuil Ha OOPTOBOMY
KOMIT IOTEp1 KepoBaHOTo 00’€kTa. BuxiHMMU nmapaMeTpaMH TaKTUYHOTO PIBHS € PIBEHb CUTHAJIB
KEepyBaHHS Ha OCHOBHI BHMKOHaBYI MEXaHI3MH (E€JIEKTPONPUBOIU MOBOPOTHHX PYJIIB Ta KpHII,
€JIEKTPONPUBOAN MaHimynaTopiB, enekrponpuBoan PKK). Bxiguumu mnapamerpamu € MOTOYHI
3aja4i MicCii BiJl CTpATETi4HOT0 PiBHS Ta 3BOPOTHUHN 3B 30K 3 CEHCOPIB BUKOHABUOTO PIiBHSL.

BukoHaBumii piBeHb MEPETBOPIOE, OTPUMaHI CHTHAJIN KEPYBaHHS, 3 BITHOCHUX OJUHHIb y
CUTHAJIU JJIS1 IpaiiBepiB BUKOHABUUX MPUCTPOIB 3 BUKOPUCTAHHSAM MEPETBOPIOBAYIB iHTEp(]EiciB Ta
MIATPUMKOIO TPOTOKOMIB OOMIHY 3ajJie)KHO BiJl MPHUCTPOIB, 110 BUKOPHUCTOBYIOThCS. Takoxxk Ha
LIbOMY DiBHI BHKOHYIOTbCS IE€PETBOPEHHS NEPBUHHHMX JAHUX BiJ JATUUKIB Yy MapaMeTpu, sKi
BUKOPHUCTOBYIOTbCS Ha TaKTMYHOMY piBHI. Ha BiiMiHy BiJl IHIIMX pIBHIB CHUCTEMH BUKOHABUMMA
piBEeHb MOBHICTIO 3AJICKUTH Bil 00agHaHHs, ske BctaHoBieHe Ha CBIIII ta HIIITA.

OcHoBHi pe3yabTaTH Ta iX oOropoperHsi. OTpuMaHHI pe3yJbTaTH JOCIHIIKEHHS
3aKJIQIal0Th  TEOPETUYHY OCHOBY JUISI pO3pOOKM HOBOI CHCTEMH MOHITOPUHTY BOJHHX
TPAaHCIOPTHUX NUIAXIB YKpaiHu Ta 3aco0iB ryMaHiTapHoro po3MminyBaHHs. [Ipencranena CBIIIT —
HIIITA € 6aratodyHKL10HaIBLHOIO CUCTEMOIO 3 MOXKJIMBICTIO TPUBAJIOTO YaCy aBTOHOMHOI pOOOTH.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Y poOoTi mpenacTaBle€HO 3arajbHI pPEXUMHU PYXy, SKI [OBMHHA 3a0e3nevyyBaTu
(YHKIIOHYBaHHSI CHCTEMH Ta 3allpONIOHOBAHO KOHCTPYKLIIO PYLIIHHO-KEPMOBOIO KOMIUIEKCY Ta
3aMporoOHOBAHO 3aKOHU KEPYBaHHSI IIJIOCKO-TIapaJIEIbHUM PYXOM 3allpOIIOHOBAHOI CUCTEMH.

BucnoBku. [Ipeacrapnenuii camoxignuii 6e3ekimakHuii Mopchkuii koMruieke «CamoxigHa
OesekinakHa MiaByya miuaTdpopma — HenaceneHuil nmpuB’si3HUN MIJBOAHMM amapar» Ja€ 3MOTY
MiABUIIUTH €(GEKTUBHICTh BUKOHaHHS pOOIT 3 TyMaHITAPHOTO PO3MIHYBaHHS Ha BOIHHX
TpaHCHOPTHUX NUIAXax Ykpainu. [Ipencrasnena mnatdopma BuMarae OUTBIIOT KITBKOCTI PEKUMIB
aBTOMaTMYHOI'O KEpyBaHHS B MOPIBHSAHHI 3 1HIIMMM IUIAByYUMH 3aco0amu poboToTexHiku. Kpim
pexuMy crabumizamii B TOYLI, L0 NpPUTAMaHHUM OUIBLIOCTI MaBYy4YuX IUIAT(GOPM, J10AIOThCA
PEKUMU CIIIIKYBaHHS 32 HEHACEJICHUM MPUB’SI3HUM I11IBOJTHUM arapaToM Ta peXUM TPAEKTOPHOIO
PYXY 3 HE3MIHHUM KyTOM PUCKaHHS.

3anpornoHoBaHa CTPYKTypHa CHCTeMa KepyBaHHS 3a0e3leuye B3aeMOJII0 MK CaMOXiJIHOIO
0e3eKiNna)KHOO MIaTHOPMOIO Ta HEHACEICHUM IIPUB’SI3HUM I1IBOJJHUM arapaToM Ta CTPATEriuHOMY
piBHI, J€ BH3HAYA€ThCS Ta 3aJa€ThCS iX B3a€MHE pO3TAllyBaHHS 1 HAa OCHOBI IMX JAHUX
MepearoThCsl CUTHAIN KEPYBaHHS IS TAKTHYHOTO PiBHS KOXKHOTO 3 HUX.

CdhopmynboBaHi peXHMH pPyXy Ta 3alpOIOHOBaHAa CTPYKTypa CHCTEMH KepyBaHHS
3aKJIQIal0Th TEOPETHYHE MIATPYHTS ISl BIIPOBAPKEHHS POOOTHU30BAHUX TEXHOJIOTIH MPOBEICHHS
poOiT 3 3a0e3neueHHs O0e3MneKku CyJHOIUIaBCTBA B Y KpaiHi.

IlepcnexkTuBM mojganbmuX AochaifkeHb. [lomanpuii TocHiPKeHHS OyIyTh HPHUCBSYEHI
Jeraiizalii poOOTH CTpaTEriyHOro piBHA MPEACTaBIEHOI CTPYKTYpU CUCTEMU KepyBaHHA. Y
JAHOMY DIBHI TUTAHY€THCA BIPOBAKCHHS CHCTEM aBTOMATHYHOTO BHSIBICHHS Ta ineHTU]iKarii
[1BOJHUX MOTEHUIHHUX 00’ €KTIB METOIaMU KOMIT IOTEPHOI'O 30py Ta aBTOMAaTHYHE pearyBaHHs Ha
BHSIBJICHHS TAKUX 00’ €KTIB.
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Zbrutsky O. V., Sirivchuk A. S., Trybulkevich S. L. AUTOMATION OF CONTROL OF UNMANNED
MARINE TECHNOLOGICAL COMPLEX FOR THE TASK OF INSPECTION OF WATERWAYS OF
UKRAINE

The article considers the issue of increasing the efficiency of searching for and identifying dangerous
underwater navigation threats by using an unmanned marine technological complex. The relevance of the
study is due to the need to ensure the safety of navigation in the territorial waters of Ukraine. The proposed
technological complex includes a self-propelled unmanned floating platform and an uninhabited moored
underwater vehicle placed on it, its power and control post, as well as a launching and lifting device and a
cable winch with a cable tow. The purpose of the work is to substantiate the control tasks for automating the
movement of such a complex and synthesize the generalized structure of the automatic control system for this
complex. To achieve the set goal, the work reviews modern technologies for detecting and neutralizing
underwater potentially dangerous objects, justifies the composition of the equipment of the unmanned marine
technological complex and describes a set of basic modes of its operation, and formulates a set of tasks for
automatic control of the complex. As a result of the research, a generalized structure of the automatic control
system of an unmanned marine technological complex for the inspection of waterways of Ukraine has been
developed. To ensure the plane-parallel movement of a self-propelled unmanned floating platform, it is
proposed to use a propulsion and steering complex consisting of four engines located at a certain angle to the
main axis of symmetry of the platform. The work presents the control law of each electric drive of the platform
engine depending on the specified motion vector. The use of a hierarchical automatic control system is
proposed, the feature of which is a general strategic level for the entire system and separate tactical and
executive levels for the unmanned self-propelled floating platform and the uninhabited moored underwater
vehicle. The obtained research results lay the theoretical foundation for the development of a new system for
monitoring waterways of Ukraine and means of humanitarian demining of these water areas. The proposed
self-propelled unmanned marine complex will make it possible to increase the efficiency of humanitarian
demining work on Ukrainian waterways.

Key words: unmanned self-propelled floating platform; remotely operated underwater vehicle; traffic control
automation; humanitarian demining, underwater potentially dangerous object.
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Posenanymo npobremu po3pobku ma 6nposadd’ceHHs: MeXHOLO02Il 3He3aPAN’CEHHA OANACMHUX 800 HA OCHOBI
BUKOPUCIMAHHA OXcepen YIbmpagionemogozo SUNPOMIHIOBAHHA MA CYNYMHIX PO3GUHEHUX OKUCTIOBANbHUX
npoyecig. IIpoananizoéano ocHosHi napamempu 600U, AKi USHAYAIOMb UMOU 00 CYMAPHOI IHMEHCUBHOCI
ooicepel BUNPOMIHIOBAHHA. 3aNPONOHOBAHO CXeMy (QOPMYBAHHA 3HE3APANCYBATLHO20 epeKmy, AKaA 8paxosye
POJIb YUHHUKIE BUNPOMIHIOBAHHS, NAPAMEmpis 600U ma akmusHocmi peazenmis. Ilpoananizosano Oiogizuuni
npoyecu, wo 6i0bysaromucsi npu  Oii  yIbmMpagionremoo2o GUNPOMIHIOBAHHS WUPOKO20 CNEKmpa Ha
Mikpoopeanizmu. Pozensnymo  opeauizayiuno-mexHiyHi  3axoou, w0 HNOBUHMHI Oymu 6paxoeani npu
BNPOBAOIICEHHT OQHUX MEXHONOo2I Ha cyonax. Ha npuxnadi ninomuoi ycmanosku HaeeoeHO nepenik
KOMNnemeHyitl, AKUMU MAE ONAHYBAMU NEPCOHAN CYOHA O OOMPUMAHHS HOPM eKCHIyamayii YCmaHO6KU.
Hagsedeno mexuiko-eKOHOMIUHI NOKA3HUKU YCMAHOBKU OJsl 3HE3APAdICeHHsl Oalacmuux 600, 5Ki Maiomb
NOKNa0amucs 6 OCHOBY HpU NPOEKMYBAHMI YCMAHOBKU O 3AMOGHUKA. 3aNpONOHOBAHO KOHCMPYKYIIO
VCMAHOBKU OJ151 3He3apadiCceHHs Oanacmuoi oou yismpaghionemosum eunpominoeannam. Onucano cnocobu
KOHMPOMIO 34 YMEOPeHHAM 0cady HA No8epXHI Odicepel YIbmpa@ionemosoeo GURPOMIHIOBAHHA Md
3anponoHo8ano cnocib ix ouuwjenHs 6i0 ocady. Pospobneno cxemy ouuwenHs Oanacmuoi 600U npu
3aKauyyeanHi 6 yucmepHy ma npu oebanacmyeanui. llepeobauena MmodxcIugicms MoOYIbHOI KOMNOHOBKU
cucmemu 3He3APANCEHHS 3 MEMOI0 ONMUMATLHO20 PO3MAULY8AHHS 00IAOHAHHA Y npumiwenHi cyoua. Onucano
cucmemy a8MOMAMUYHO20 YAPABNIHHA MEXHON02I€I0 oduueHHs Oanacmuoi 8oou. Bkasano nanpamku
VOOCKOHANIEHHS. YCMAHOBOK OJisl Olibll NOBHO20 BUKOHAHHS (DYHKYI 3HEWKOOINCEHHST MIKPOOP2AHIZMIB, 1o
nepenocsamuvcs 3 6aIacmHuMu 600aMu.

Knwowuoei cnoea: smezapadicenns oOanacmuux 600, yivmpagionemoge SURPOMIHIOGAHHS, inbmpayis,
peznamenm obpooKu.

DOI: 10.33815/2313-4763.2024.2.29.070-082

Beryn. OgauM 3 cydyacHHMX BHUKIMKIB JUisi Oe3leKkd JIIOJCTBAa € cllabkorependadyBaHa
JUHAMIKa PO3BUTKY CBITY MIKPOOPTaHi3MiB, IO TOCTIMHO MIICHIIOETHCA 3aBASKH MOOLTHHOCTI
JFO/ICBKUX Ta TOBAPHUX MOTOKIB, CYMEPEUHOCTSX Y KyJIbTypi Xap4OBOTO CIIO)KMBAHHS, BCE OUTBIIIN
IHTETPOBAHOCTI CBITOBOi CIUIBHOTH, a TaKOX CTBOPCHHSIM HOBITHIX IITYYHUX O10J0TIYHO
MOKUBHHUX CEPENOBUII. Y 3B’S3KYy 3 IIUM ISl MIUPOKOI HOMEHKIATYPH TOBApHOI MPOIYKIli Ta
MacaXHPOMOTOKIB 3aCTOCOBYIOTh 3aloOODKHI 3HE3apakylodi 3axoJd 3 METOH HEeIOMyIIeHHS
MOIIMPEHHS MTaMiB MiKpOOPTaHi3MiB Ta BipyciB BiJl OJHOTO perioHy 10 iHmoro. OJHUM 3 HAOUHUX
Ta y3araJbHEHHUX MMPOSBIB II€T MPOOIEMH € eITiieMis], 3yMOBJIeHa nomupeHHsM Bipycy COVID-19.

JlJis MOPCBHKUX TPaHCIOPTHHUX CyJeH 3a0ip BOJHOTO 0anacTy € CrnocoOoM 30epeKeHHS
cTifikocTi. Pa3om i3 GanacTHOIO BOJOIO B CYJIHOBI TaHKH MOTPAIUISIIOTH MOPCHKI OpraHi3MHu, iKpa,
JWYUHKH, POCITUHH, a TaKOX 30yIHUKH HeOe3neduHux XxBopoO. Takum 4uMHOM, BKazaHa mpobiema
3aKIIEHTOBaHa B HEOOXIMHOCTI PO3POOKH e(PEeKTUBHUX 3acO0iB OYHINCHHS Ta 3HE3apaKeHHS
0anmacTHUX BOJ, SIK CEPENOBHINA HEKOHTPOJIbOBAHI CKHIM SIKOTO 3IIHCHIOIOTH 1HTCHCHUBHE
TepEHECEHHsT MIKpOOPTaHi3MiB y HEBIACTHBI JJII HUX BOJHI cepemoBumia. Ilim yac CKumgaHHS
Oamacty B IHIIKMX reorpadiyHUX palOHAX MOPCHKI OpraHi3MU 1 POCIMHHU, HE 3YCTpiYarouu,
HaWyacriie, TPUPOJHUX BOPOTiB, MOYMHAIOTH aKTUBHO PO3MHOXYBaTtHca. HeratuBHuil xapaxrep
HACIIIJIKIB IIbOTO TPOIIECY Ma€ PI3HOMAHITTS MpOsBIB Ta MexaHi3MmiB peamizamii. Cepen SKHX
MOPYIICHHS €KOJIOTIYHOI PIBHOBAaru B JAHIMIOKKY «XWKAK-KEPTBa», YTBOPEHHS O10JIOTTYHUX
00pOCTaHb Ha TIAPOTEXHIYHUX CIIOPYJaX, HAHECEHHS IIKOJW MOPCHKHM TOCIIOJIapCTBaM, 3arpos3a
3I0pPOB’I0 JIFOJIEH.
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Ha piBHI Mi>XHapOTHOTO MOPCBHKOTO TIpaBa 11e BigqoOpaxeHo y Mi>kHapOoaHii KOHBEHIIIT Tpo
KOHTPOJIb CYJHOBOTO BOJSHOIrO OanacTy M ocaiiB Ta MOBOJUKEHHSA 3 HUMH Bif 2004 poky, mo
MOKJIMKaH1 3amo0irTd pyWHYBAHHIO TPUPOJHUX MEXaHi3MIB MiATpUMaHHS OiOpI3HOMAHITTS Ta
(YHKIIOHYBaHHS MpOIECiB 30alaHCOBAHOTO CAMOPETYJIIOBaHHSA Y KBa31aBTOHOMHUX BOJHHMX
exocructemax. OCHaIIEHHS BITYM3HSHOTO MOPCHKOTO TPAHCHOPTY BIATIOBIAHUM CHEIiai30BaHUM
o0laHAHHSAM € 3aMopyKorw iHTerpamii YKpaiHW y CBITOBMH MpPOCTIp HaJaHHS TPAHCIOPTHHUX
MOCIYyT Ta JOJNYYEHHS 1O aKTyaJbHMX CTaHAAPTIB. 3 OISy Ha KOMIUIEKCHICTH MHpodiemu ii
BUPILLIEHHS TOJIATAa€ B CTBOPEHHI NPHHLMUIIB HNPOEKTYBAaHHS 00JaJHaHH:, Horo ceprudikamii ta
MiAroTOBIN (PaxiBIliB, 3MIaTHUX HOTO EKCILTyaTyBaTH.

AHaTi3 OCTaHHIX JocaikeHb Ta myGuikaniii. Ha renmepimHiii 4ac OKpeCIUBCs MEBHHH
nepeNik TeXHIYHMX 3ac00iB JOCSATHEHHs 3HE3apakylouoro eekTy. IX aHami3 HaBeleHO B HM3LI
pob6it. Tak y po6Gori [1] nmpoananizoBaHa ycTaHOBKa, 110 BUKOPHCTOBYeThcs kommaniero Offshore
Heavy Transport, cnipoexkroBana ta Bupobiiena SUnRui Marine Environment Engineering Co., Ltd.
B ocHOBiI po0oTu ycTaHOBKU € mpolecu ¢inbTpawii Ta 00poOKH OKHCIIIOBaYEeM — TiHOXJIOPUTOM
Hatpito. Y poOOTI TakoX POOUTHCA AKIIEHT HAa HEOOXIAHOCTI MIATOTOBKH CYJHOBHX MEXaHIKIB.
3a3HayMMo, 110 TINOXJIOPUT HATPIIO € HEeOEe3NeUHOI0 PEHYOBHHOIO, OTXe po00Ta 3 HUM BHMAarae
JI0IATKOBHX 3aXO0JliB Oe3meku. Y cHCTeMHii poOoTi [2] mpencraBieHa peTpoCeKTHBa OCMUCIICHHS
poOJeMaTUKU NOPYLICHHS! €KOJIOTIYHOro OajlaHCy BHACHIZOK CKUAY 0ajlacTHUX BOJ Ta €BOJIOLIS
MDKHapOJAHOIO 3aKOHOJIaBCTBA, IIOKJIMKAHOIO pEryJjoBaTH Ii Ipolecu Ta 3amodiratu ix
HEraTUBHUM HaclliJIkaM. ABTOpaMM IpoaHajli30BaHi HAHOIbII HOMIMPEHI METOI 0OPOOKM BOIH 1
BIJI3HAYAIOTh I[EPCIEKTUBHICTH METOAYy 0O0poOku Y®-BUIIPOMIHIOBAHHSIM 32 IOKa3HHUKAMHU
0€3MeyHOCTI Ul TepCcOHaly, BIJCYTHOCTI MOOIYHMX e(eKTiB, e(PEeKTHBHICTIO 3HE3apa)KCHHS.
[cToTHUM BUCHOBKOM y poGoTi [2] € Te, mo 11 oOpoOKu OalacTHUX BOJ 3aCTOCOBYIOTHCS Ti
TEXHOJIOT14HI MPOLECH, 1[0 MAIOTh TPAJUIII0 BUKOPUCTAaHHS B HA3eMHHUX yMOBax. I, BiIMOBiJIHO,
JUI. HUX BJIACTUBI TI caMme€ BaJu, W10 1 JUIsl JUISTHOK BOJOIIATOTOBKM ampoOOBaHUX HAa3eMHHX
TexHoJoriil. Pa3om 3 TUM cii BiJ3HAUUTH, 10 B YMOBaxX PO3MILIEHHS HA MOPCHKOMY TPaHCIOPTI
HEMHHYYE CTHKA€MOCH 3 IpPOOJIEMOI0 OOMEKEHOCTI MPOCTOPY JJsl BCTAHOBICHHS OOJaTHAHHSA,
00MEXEHOCTI EHEPreTHYHOI0 PeCypCcy, YMOBaMHU JOTPUMAHHs IPaBUII TEXHIKU O€3MeKH, 0COOINBO
0 CTOCYETHCS POOOTH 3 OTPYHHHMH PEYOBHHAMH (XJIOP, TIMOXJIOPUT HATPIIO, 030H), a TaKOX
po0OOTH 3 BUCOKOBOJIbTHHM O0JIaTHAHHSM (030HATOPH, JDKEpesia IMITYJIbCIiB HaNpyru). Y poooTi [3]
HAQ/IaHO Yy3arajJbHEHHWH aHalli3 METOJIB 3HE3apaKeHHS OaJlacTHOI BOIHM, Cepel SKHX METOJ
Y®-00poOKku BiAPI3HAIOTH TakKi TMepeBard, SK HaWBHUINA 3HE3apakyBallbHa €(QEKTUBHICTD,
MOJKJIMBICTh MHUTTEBOTO CKHJy MicClisi 0OpOOKH, BiJICYTHICTh XIMIYHHX 3MIiH y BOJII MPH CEPEIHIX
(MOpiBHSHO 3 IHIIUMHU TIOKa3HUKAMH 3HA4YeHHSX BapTocTi). [0 YCKIaJHIOIOYWX YMHHHKIB
BIZTHOCUTBCS HEOOXIAHICTh MOMEepEIHbOI 00pOOKH (SIK MpaBUIIO MeXaHiuHOl (iabTparii), TakKoX 10
TEXHIYHUX OCOOJMBOCTEH eKCIuTyaTallli TaKMX YCTAaHOBOK HAJIEKHUTh HEOOXITHICTh OYMIIECHHS
MTOBEPXOHb JKEPEJ BUIIPOMIHIOBaHHS, TPO 110 3a3HAYAETHCS B poOOTi [4]. TakuM 4rMHOM, € HIITKOM
OOTpyHTOBaHUM OILIBII PETENBHO MTIHTH 10 ypaxyBaHHS IMOTEHIIMHMX Baj METOAY OOpPOOKH
Y®-npomMeHsIMH Ta BiTHATH pe3epBU ITiIBUIIEHHS HOT0 €pEeKTUBHOCTI.

ITocTanoBka 3agaui. MeTol NpPoOBENEHUX TOCTIIKEHb € PO3poOKa €(hEeKTUBHOIO METOIY
ne3iHgexmii 0aJacTHUX BOJ BiJ MAaTOT€HHHX MIKPOOPTaHi3MiB, 3aCHOBAHOTO Ha 3aCTOCYBaHHI
CIITPHOTO BIUIMBY MexaHI4HOi  (inmbTpamii HETOKCHMYHUX OKHCHHKIB 1 1HTEHCHBHOTO
yibTpadioneToBoro omnpomiHeHHs. [lincTaBoro [UIsi OYIKyBaHHS Ha OJIEpPKaHHS TO3UBHUX
pe3yabTaTiB € po3pobieHa B poOOTi [5] KOHIIEMIIis CHHEPTeTUYHOT A1l (haKTOpiB ONMPOMIHIOBaHHS Ta
(dakTopiB cepeoBHUIla, IKOMY BiJ0yBa€ThCS ONMPOMIHEHHS Ha paaiallifHO-CTHUMYJIOBAHUN BHXIJI.
MynbpTUITIKATUBHUNA ~ e€(peKT  BiJ] OJHOYACHOTO  BIUIMBY  KBaHTIB  YJIbTpagiojeTOBOrO
BUIIPOMIHIOBaHHS Ta OKHWCIIOBAJBHOI Mii MEpeKucy BOAHIO HAa I1HAKTHUBALIIO MiKPOOPTaHi3MiB
nojsrae B Al  KUIBKOX MexXaHi3MiB. Tak, TIOIJIMHAIOYM KBAaHT HHU3bKOEHEPreTUYHOIO
BUIIPOMIHIOBaHHS MOJIEKyJla BOJM IJIBHIYE BIIACHY pPEaKIiHHY 30aTHICTh. SIKIIO peakiis
JecTpyKLii BiIOyBaeTbcs 3a JIAHIFO)KKOBUM MEXaHI3MOM, caMe€ BUIPOMIHIOBaHHS MOXXE CTaTH
iHIIIIaTOpOM ~ 3apO/DKEHHS TEPBUHHHUX — PAagUKaNiB. [HIIO CKIAJOBOI0 €  HEOOXIIHICTh
KaTaJiTUYHOTO IiJICHJIEHHS NPOLIECYy OKUCJIECHHS Ta Nojanbiioi aectpykuii. Ciix 3a3HauUTH, 110
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3aCTOCYBaHHS DKEpeNl yIbTpadioieTOBOTO BHUIPOMIHIOBAHHS 3 IIMPOKUM criekTpoM Bing 200 1o
300 HM, Mae CHpUATIMBO BioOpakaTuch Ha Mepediry HEeOOXiAHMX HaM MPOIIECiB, OCKUIBKH, HE
3HAIOYM TOYHO CIIEKTPIB TIOTJIMHAHHS MOJICKYJI, MH 3a0e3ledyeMo BapiaOelbHICTh BIUIMBY 32
paxyHOK UIIMPOKONOJOCHOCTI BIUIMBY. HasiBHICTP MOJEKYJSPHOTO KHCHIO, OCOOJMBO O30HY,
CIPUYMHSE YTBOPEHHS CHHIJIETHO-TPHUIUIETHUX 30Y/KEHHX CTaHiB, IO TaKOX MOXE CIPHUATH
iHTeHCcH(iKallii MPoLeciB AECTPYKIIT KIITHH MIKPOOPTaHi3MiB.

Metoau nocaigxenns. [loOynoBa mozneni B3aemonii Y ®-npoMeHiB 3 MIKpOOpraHi3MaMu,
IO MICTATBCS Y BOJI, IPOIIECOM, SIKMM BUMarae BpaxyBaHHs Oaratbox (akropis. I TyT mopeuHo
MOBEPHYTHUCS IO 3araIbHOTO BH3HAYCHHS E€JIEKTPO(I3MUHMX NMPOMEHEBUX TEXHOJIOTIH Ta MO THX
HiAXO0JIB, sIKI OyJin BUPOOJEHI aBTOpaMM i 4ac CTBOPEHHS €JNEKTPO(I3MYHMX KOMILIEKCIB [6].
[IporioHOBaHa KOHLENTyallbHA MOJEIb (I3UKO-XIMIYHMX Ta OIlOJOTIYHMX MpPOLECIB, UIO0
BiIOYBAIOThCS MPH 3HE3apakeHH1 Boau Y D-npoMeHsIMHU, anpoOoBaHa MpH po3poOIll HU3KU 1HIIMX
eNeKTPOPI3UUYHUX TPOMEHEBUX TEXHOJOTM [7] Ta amanToBaHa aBTOpaMU 3 YypaxyBaHHSIM
ICHYIOYOI'0 JIOCBily 3 IPOEKTYBaHHs, BUTOTOBJICHHS Ta BIPOBaKeHHS Y D-ycTaHOBOK. Mojensb €
M0 CyTi CTPYKTYPHOIO OOOJIOHKOIO Ui aBTOMATH3allii eKCIIEPHMEHTY Ta CTBOPEHHS EKCIEPTHOI
CHCTEMH aBTOMAaTH30BAHOTO MPOEKTYBaHHS. 3Ba)karouM Ha 0aratoakTOPHICTh MPOLECY BHUHUKAE
3aB/IaHHS ypaxyBaHHS B3a€MOY3TO/KEHO]I i BCIX YMHHMKIB Ta OL[IHUTH iX BHECOK Y (hOpMyBaHHS
3HE3apaXyluoro eQexkTy 1 Ha MiACTaBl LbOro CHOPMYIIOBATH ONTHUMANbHI IapaMeTpu
TEXHOJIOTIYHOTO Tporiecy. JJocarHeHHs 3HE3apaxyrodoro epeKTy B TEXHOJOT], 0 BUKOPHCTOBYE
Y@ BUNPOMIHIOBAHHS Ta JAOAATKOBI BIUIMBM Ha MapaMeTpu Boau ((piabTpallis, peareHTHa oopobka
OKHCJTIIOBA4Y€M) € MPOIECOM, IO 3aJeKUTh BiJl OaraThb0X YMHHUKIB. BHU3HAaYanpbHUM € YHMHHUK

V®-punpomintoBanus Fy, (Cmektp BHIIPOMIHIOBAaHHS, MOTYXHICTh, [03a), SKHH 332 YMOBH

3a0e3neueHHs MO BCiii kamepi oOpoOKM MiHIMaNIbHO HEOOXiAHOI J03H, 3a0e3mneuye iHaKTHBAIIIIO
MiIKpooprasismiB. Pa3oM 3 THUM Ha €QEKTUBHICTh 3HE3apa)K€HHS 3[aTEH BIUIMBATH CIIEKTP
BUINIPOMiHIOBaHHS. MakcumanbHuil OakTepuuuAHUNA e(eKT BIACTUBUN JOBXKHHAM  XBWJIb
260-265 HM, sKi HAHOLIBII THTEHCHBHO MOMVIMHAIOTHCS HYyKJIeiHOBMMH KucioTamu [8, 9]. s
OKpeMHUX MIKpOOPraHi3MiB 1€l MakCUMyM 3HaxoauThes B AianazoHi 280 M. Ciix Takoxx OpaT 10
yBaru, 10 TOIVIMHAHHS KBaHTa 3 JOBXKUHOIO XBWIl 310-340 HM MOXe MpHU3BECTH 10 €(PEKTy
penapamii [8], HaBiTH SKIIO MONEPEIHHO OTPHUMAaHA [03a Oysia HOMIHAJIBHO JOCTaTHBOIO ISt
3HE3apaKeHHs 1 MOXKE IMiIBUIIUTUCH. Y TaKUX TPaHUYHUX BHUMAKAX MOXYTh BH3HAYAJIBHY POJIb
BiJlirpaBaTH YMHHHMKHM NapaMeTpiB BoAM (TemmepaTypa, PH iHIekc). Y cBOIO yepry miJ BIJTMBOM
Y®-npomeniB y Boai yTBoprotoThesi paaukanu OH, monexkynu Os, fKi CHPUYUHSIOTH BIIACHY
OakTepUIMIHY [Iil0 1 1X MOXKHA XapaKTepu3yBaTW SK UYMHHUKH CYKYIHOI'O BIUIMBY. Binrak
HEOOXiTHO JETAIbHO PO3TIITHYTH BCi CKJIAOBI PO3paxyHKY, NMPOEKTYBAHHS Ta BUTOTOBJICHHS
YCTaHOBOK.

Memoouxa po3paxyHKy po3nooiny 3ne3apaxicyrouoi 003u.

VYMoBoro iHakTHBauii OakrepianbHOI Mikpodiaopu 1 3abe3meueHHS OOpPOOKM  piIWHHU
3HAYCHHSM JI03M HE MEHIIE TIEBHOTO 3HAYCHHS. 32 YMOBHM BHKOPHCTaHHS JEKUTBKOX JDKepel
Y ®-BunpomiHiOBaHHA /1032 0y/ie pO3NOAUIATUCH HEPIBHOMIPHO, ajle IpHU MPOEKTYBAHHI HEOOXITHO
3a0e3neyyBaT MiIHIMAJbHO BCTAHOBJICHE OMNPOMIHEHHS B OyAb-iKif NUISHII KaMepu OOpOOKH.
Cepen YMHHUKIB, IO BIUIMBAalOTh HAa HEPIBHOMIPHICTH PpO3MOAUTY J03W € Te, L0 TyCTHHA
MOTY>KHOCTI BUIIPOMIHIOBAHHS 110 Mipi BIJIUICHHS BiJ JpKepena MWIHAPUIHOT (POPMHU 3MIHIOETHCS
no 3akoHy Jlam6epra-byrepa

PO
2nrh

(r)=5"-e", (1)
e Po HOTY>KHOCTI BUIIPOMIHIOBaHHS JpKepena Br; r — Bixcrans Bij Bici mkepena, M, h — nosxnHa

JKepena BUIPOMIHIOBAHHSA, M; O — KOe(il[ieHT MOIIMHAHHS BUIPOMIHIOBAHHS BOAOK M. Jljs
MpicHOT BOIM, 3TiAHO JaHuXx HaBeneHux y [10, 11], & € BennumHOIO, sika KOMIJIEKCHUM YHHOM
3aJISKUTH BiJl 6araTboX YMHHUKIB, 1 y3aralbHeHO BU3HAYAETHCS BUPA30M
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a=F(K,T,C), )

ne K — KoiapopoBiCTh BOIH, Tpal; T — 0e3p0o3MipHHil mapaMeTp MyTHOCTI BOJIU, SIKUH Y CBOIO Yepry
3aJICKUTH BiJl KOJIbOpOBOCTI; C — KOHIIEHTpAIlisl €JIeMEHTIB (3ai3a, XpoMy, MapraHiiro) mr/i. Xoda
0anacTHI BOJU CTOCYIOTbCS MOPCHKOi BOJM, OCTATOYHO HEXTYBATH BHPA30M JUIS MPICHOI BOJIU HE
BapTO, OCKIJIBKU B MPUOEPEKHUX 30HAX MOXKHA OUIKYBAaTH 3a MEBHHUX BHUMAJKIB 1 CyMilli MpicHOT
BOJU 3 MOPCBHKOIO. Pa3oM 3 TUM 1ieil BUpa3 CHOHyKae HAC peTeNbHillle PO3TISHYTH YUHHHUKH, 110
BIUIMBAIOTh HA ONTHUYHI XapaKTEPUCTHUKU MOPCHKOI BOAM, 1 (PAKTUUHO BU3HAYAIOTHh BEIMUYUHY .
VY poGorti [12] 3a3Ha4aeThCs, 110 3HAYEHHS BITHOCHOT ITPO30POCTI BOJAM KOJIMBAETHCS BiJl 6 OJTMHUIID
(bine mope) mo 66,5 oguHuub (ATnanTuuHMil okeaH, CapracoBe Mope), CEpeHill MOKa3HHK
CTaHOBUTH MpuOIU3HO 40 onuuunk. Konip Boau 3ajieuTh Bl BMICTY B Hill 3aBUCIMX YaCTHHOK,
TaKOX BiJl MOTOAHUX YMOB. OTXe, 3IHCHIOIOUN pO3paxyHOK Kamepu Y D-3He3apakeHHsI HE0OX1THO
Opatu 10 yBard BIJIMIHHICTh 3Ha4eHb Koe(DiIieHTa ONTHYHOTO TIOTJIMHAHHS, a BIIMOBIIHO,

pO3paxyHOK Tpeba 3A1CHIOBATH 32 KOHCEPBATUBHHUM CILICHAPIEM.
1

L
0.95

Pucynok 1 — 3aiexHicTh 3HaYSHHS IHTEHCHBHOCTI BUIPOMIHIOBAHHS JUIsl IMTIHAPHYHOTO JDKEpea
Ol BiJACTaHi BiJ MOBEpXHi AJs Pi3HUX 3HaYeHb Mpo3opocti Bogu & (Bix 0,1 mo 0,6)

Ha puc. 1 HaBeneHO 3a/IeKHICTh BIJHOCHOTO 3HAYEHHS 1HTEHCHUBHOCTI BUIPOMIHIOBAHHS
JUTSL IUTIHAPUYIHOTO JDKEpeNa Off BiACTaHI BiJ MOBEPXHI JJIA PI3HUX 3HAUYC€Hb « . Sk Gaummo, y
BHUIMAJKy 3MIHM 3Ha4Y€Hb (X, TOTIK BOJM MOXXE€ HE OTPUMATH 3a/J[aHe 3HAYEHHS JI03U. 3 METOIO
YHUKHEHHS Takoi CHUTYyallii yCTaHOBKa Ma€ MPOEKTYBATUCHh 32 KOHCEPBATHBHUM CIIEHApieM, TOOTO
JUTsL HAO1IBIIOT0 OYiKyBAaHOTO 3HAYEHHS ¢ . [HIIMM BapiaHTOM JOCATHEHHS MOTPIOHOTO 3HAYECHHS

MIOBEPXHEBOI 103U D(r) [JIx/M2] srigHo gopMynu (3) € MOXKIMBICTb PEryNOBAHHS MIBMAKOCTI

MMOTOKY BOAM 4Yepe3 Kamepy oOpoOku, a oTxe dacy Habopy mosu. [loBepxHeBa mo3a D(r), Ha

BiJIcTaHi I BU3HAYA€ETHCS BUPA3OM

D(r)=1(r)-t, (3)
ne t— gac nmepeOyBaHHS eJIeMEHTapHOTrO 00’ eMy BOaH B Toulli I .
[lle omuuM migxomoM Moxe OyTH 30ITBIICHHSM JO3M PEareHTy Ta/a00 3acTOCYBaHHS
J0JaTKOBOT eJeKTpodi3ndHOl 00pOOKH BUCOKOBOJIBTHUMH iMimysibcamu [13].
Aoanmayis ycmamxy8auHsa 00 YUHHUX MIHCHAPOOHUX BUMOE.

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



M [H>keHepia y TPaHCIIOPTHIN raaysi

Jlist 3amoOiraHHsl 3apakeHHIO Ta TOPYIICHHS CKOJIOTIYHOI PIBHOBAarM OYJI0 YXBAaJICHO
MixHapoaHy KOHBEHIIIO 3 OYHUIIIEHHS 0amacTHUX BoA Mopchbkux cyaeH (IMO), BiAMoBiIHO A0 SKOi
MoCWICHO cTaHmapT D-2, skuii BU3HaYa€ MaKCHMaJbHY KUIBKICTh XHTTE3IATHUX OPraHi3MiB, MO0
MICTATHCS B OalaCTHUX BOJAX.

BigmoBigHo g0 Bumor MixkHapogHoi Mopcbkoi kouBeHIlii (IMO) Bcst Boma, sika
BUKOPUCTOBYETHCS MOPCHKMMM 1 PIUKOBUMH CyJaMU JAJIsl KOHTPONIIO TU(GEPEHTY, KPeHy, ocaay Ta
IHIIMX I[UIel, TOBUHHA OYTH OYMIIEHA BiJl MIKPOOPraHi3MiB, BOJOPOCTEH Ta IHIIUX OpraHIYHHUX
PEUOBHH.

3arBeppkeHuil IMO cranaapT He TUIBKU JKOPCTKO PErjaMeHTy€ KUIbKICTh HeOe3NeyHUX
Oakrtepiil 1 BipyciB, sKi epedyBalOTh y 0aJacTHUX BOJAX, 10 CKUIAIOTHCSH, a H OOMEXKYy€e BMICT y
HUX (ITOTUIAHKTOHY, IO TPE/I'IBIISIE MIABUIIICHI BUMOTH 10 BOJOOYHCHOTO YCTAaTKyBaHHSA 1 METO/IIB
KOHTPOJIIO SIKOCTI OYMILEHHS OaJlaCTHUX BOJ.

Taxk BiamoimHo 10 BuMor IMO B 00po6neHnx 6anacTHUX BOJAaX KUIBKICTh:

—  KMTTE€3JaTHHX OPTaHi3MiB po3MipoM moHaj 50 MkM He Mae nepesuutyBatu 10 mr./m3;

— ToKcukoreHHux BiOpioHiB xoziepu (O1 1 O139) mae 6ytu menuie Hixk 1 KYO/100 mut ab6o
meniie HiK 1 KYO/r (cupoi Barn) 3pa3kiB 300IUIaHKTOHY;

— Oaxkrepiil rpynu KunikoBoi naaudku — mexie 250 KYO/100 mi;

— KUIIKOBUX eHTepokokiB — MeHuie 100 KYO/100 mi.

Jiia 3a6e3nedyenHss Bumor IMO OuibIIicTh MOPCHKUX Ta PIYKOBUX CYAEH JJI BUPIIIECHHS
i€l mpobieMy BUMYIIIEHI BUKOPUCTOBYBATHU JIy’K€ KOLITOBHI 3aKOPJIOHHI PO3pPOOKH, Y TOH Hac, sK
Ha TepeHax Halloi KpaiHU BXKe KIJIbKa JECATUPIY BEAYThCS PO3pOOKH HE MEHII €(peKTUBHUX 3aC001B
060pOoTHOU 3 MPUCYTHIMH y MUTHUX, CTIYHUX, MOPCHKUX Ta TEXHIYHUX BOJAX MIKpOOpraHizMaMH.

Texnonoeiuna peanizayis niiomuoi yCmaHoB8Ku.

JUis noTpuMaHHS BUILEBKA3aHUX BUMOI OyJIO CIIPOEKTOBAHO Ta BHUI'OTOBJIEHO CHUCTEMY
eJEeKTPOI3UYHOTO OYMILIEHHS Ta 3HE3apaK€HHS MOPCHKHUX Ta pPIYHUX OajacTHUX BOJ, sKa
MOKJIMKaHa 3arnoOirTH pPyHHYBaHHIO NPUPOJHUX MEXaHI3MIB MIATPUMaHHA OIOpI3HOMAHITTSA Ta
(GYHKIIIOHYBaHHS TpOIeciB  30aJlaHCOBAHOTO CaMOPETYJIOBaHHS B BOJHHX EKOCHCTEMaXx.
TexHonoriuHuil mpouec TIPYHTYETbCS HAa BHUKOPUCTAHHI Cy4YyaCHHMX pPO3pOOOK y raiysi
eNeKTpOoiI3UYHUX TPOMEHEBUX TEXHOJIOTIA, METOJIB OUYHWIICHHS Ta 3HE3apaKCHHsI CTIYHHUX Ta
CHJIBHO MiHEpali30BaHUX BOJA. MeTo]1 3aCHOBAaHO Ha KOMIUIEKCHOMY BUKOPHCTAaHHI TAKMX YNHHUKIB
SK: HamipHa QuUIBTpaIlis, yiasTpadioreToBe ONpOMiHEHHS IHTEHCHUBHE OKHUCHEHHSI OPTaHiuHUX
PEUOBHH MIEPEKUCOM BOJHIO, aTOMapHUM KHCHEM Ta T'IPOKCUIBHUMU paJiKajJIaMH TOLIO.

IIpu po3poOui TexHomyorii Haibinpma yBara Oylla CKOHIIEHTpOBaHAa Ha e€(EKTUBHOCTI
OUMILEHHS Ta EHEProeEMHOCTI I[bOro mnpouecy. bynu peTenpHO BHUBYEHI CydacHI TEXHOJOTIT
OUMILIEHHSI, K1 3aCHOBaHI1 Ha BUKOpHUCTaHHI Y D-0NpPOMiIHEHHS Ta XIMIYHUX METO/IIB 3HE3aPAKECHHS.
BuBuanucst epeKTHUBHICTh LMX TEXHOJIOTIH, X BIUIMB Ha HABKOJMILIHE CEPElOBHILE, CKJIAIHICTh
00CITyroBYBaHHS TEXHOJIOTIYHOTO O0JIaHAHHS Ta iHIII (PaKTOPH.

Tak Oyno BusBI€HO, 1110 P BUKOPUCTaHHI TeXHOJOril Y D-0onpoMiHEeHHs A JOCATHEHHS
HEOOXiTHOTO e(eKTy 3He3apakeHHS HEOOXiHO BHUKOPHUCTOBYBATH JOCTATHBO BEJIMKY KUIBKICTh
eHeprii Y®-onpomiHeHHs. Tak /Ui JOCATHEHHS rapaHTOBAHOTO €(heKTy 3HELIKOIKEHHs OakTepii
Ta OUIBIIOI YaCTKU MIKpOOPTaHi3MiB BEJTMUMHA 3HE3apakyrouoi no3u Y D-onpoMiHeHHs (KiUTBKICTh
GaKTepHIIMAHOI eHeprii) moBMHHA cTaHOBUTH 200—400 MJ[x/cM?. TIpu 1IbOMy HaBiTh Taka BeIMKa
KUTBKICTh OAKTEPHIIMIHOI eHepril He 3a0e3reuye rapaHTOBAHOTO 3HUIIEHHS MOJIIOCKIB, 1X JTMYMHOK
Ta 1HIIMX MIKpoopraHi3miB. JIJis OPIBHSAHHS MOYXHA MPUBECTH, IO JIJIS 3HEIIKODKEHHS OaKTepiit
IpyNH KAIIKOBOT MAJTMYKH, SIKI IPUCYTHI Y MICBKUX CTIYHHUX BOJAX, BETMYMHA 3HE3apaKyI040i 1031
Y®-onpoMinerHs ToBHHHA cTaHOBHTH 40 MJX/CM?, a TpHM HASBHOCTI TApasUTiB — HEe MEHIIE
65 mJx/cm? [14].

Kpim TOro, HeoOXimHO OpaTH a0 yBard 4YyTIWBICTh MIKpOOpPraHi3MiB 0 CHEKTpa
Y®-onpominenns. Tak, OuTbIIiCTh OakTepiil, BipyciB i HAMMPOCTIMIMX MIKPOOPTaHi3MiB, SK BXe
3a3Hayvanoch, HaMOUIbII 4yThauBi A0 Y®D-ompomiHEHHS 3 JOBXHMHOIO XBHII 260-265 HM, sKi
rerepytoTscs Y D-maMnamu HU3bKOTo TUCKY. OMHAK Taki MIKpOOPTaHi3MH, K JIMYMHKHA MYIIEINb,
Ounpml yyTiuBi 10 Y®-BunpomiHioBaHHs 3 J0BKUHOIW0O XxBwiIl 280 ... 310 HM, sike reHepyeThCcs
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Y®-namnamu  cepenHboro  THcKy. KpiM  Toro, TexHojoriio Y®-3He3apakeHHS JOCHUTh
MpoOIeMaTUYHO BUKOPUCTOBYBATH JIJISl 3HEIIKOKEHHS OCady.

[Ipu BuOOpi1 THmy 3HE3apaxyrounx Y® yCTaHOBOK OKpIM €(QEKTUBHOCTI 3HE3apa)KeHHs
BapTO 3BEpTaTH yBary Ha Takui mapamMeTp, K iX eleKTpUYHA MOTYXHICTh. Tak MpH OAHAKOBIi
MPOAYKTUBHOCTI H e(eKTHBHOCTI 3He3apakeHHs (3a OUIBIIOI0 YacTKOK MiKpoopraHizmiB) Y@
YCTaHOBKA 3 JaMIIaMH HHU3BKOTO THUCKY CIOXKUBA€E €IEKTPUKU y 2—3 pa3u MeHIe HiX ii aHajor 3
Y®-namrnamMu cepemrHbOr0 THCKY. [IMUTOMI BHUTpaTH EJNEKTPUKH, SIKa BHUKOPHCTOBYETHCS JUIS
3He3apaxeHHs 1000 M° GajacTHOI BOaM, CTaHOBIATH 125—150 kBr-romun — aust YO YCTaHOBOK 3
JamMIiaMd HH3bKOro THCKY, Ta 250-450 xBT-rogun mist Y@ ycTaHOBOK 3 JIaMIIaMH CEPEIHBOTO
TUCKy [15].

Takosx yBaxHO OyJia BUBUE€HA MOXKJIUBICTh BUKOPUCTAHHS TPAAULIIMHUX METO/IB OYHMILIEHHS
1 3HE3apa)KeHHs 0allaCcTHUX BOJ 3a JOMOMOIOI0 TaKUX XIMIYHHUX PEAreHTIB K XJIOp, TIHOXJIOPUT
HaTpito abo KaybIlito, AlOKcU xjopy Ta iHmil [1-4]. Byjgo BctaHOBIEHO, 10 MpU BUKOPUCTAHHI
TaKUX XIMIYHUX PEYOBHH MOXKHA JOCATHYTH 3HAYHOI €()EKTUBHOCTI OUMIIEHHS OAaNacTHHX BOJ Ta
ocajay, aje Juisl 3a0e31eueHHs] HeoOX1IHOTO CTYIIEHIO 3HE3apa)KeHHsI HEOOX1THO BUKOPUCTOBYBATU
MiJBUIICHI JO03M peareHriB. A 1ie Bele 3 OJHOr0 OOKYy [0 30UIbIIEHHS BapTOCTI MPOIECY
3HE3apakeHHs, a 3 JPYyroro — J0 3a0pyJHEHHS aKBaTOpii TOKCHYHUMH XJIOPOPTAHIYHHUMH
MPOAYKTaMH, IKi HEraTUBHO BIUIMBAIOTh HA MicleBY (iopy 1 payHy.

Jly’ke TepCHeKTHBHUM JIJIsl OYMIICHHS Ta 3HEe3apaKCHHs OalacTHUX BOJ Ta iX ocamy €
BUKOPHCTaHHS €KOJIOriyHO yucToro o30oHy [10]. O30H OTpUMYIOTH 3 TJIMOOKO OYMIIEHOTO Ta
OCYIIEHOTO TIOBITPS 32 JONOMOTOI) CHEIiaIbHUX BHCOKOBOJBTHHUX YCTAHOBOK, SIKI MOXYTh
BCTaHOBJIIOBAaTHCA y MAIIMHHOMY BiUIUIEHHI. AJjle y LbOMYy pa3i HEoOXimHO OpaTtu 1O yBaru
CKJIQJIHICTh TEXHOJIOTIYHOTO OO0JIaIHAHHS Ta BUCOKI BUTPATHU EJEKTPUYHOI €HEprii, sKa HeoOXiaHa
JUIs YTBOPEHHS 030HY.

VY pe3ynbTaTi peTeNbHOr0 BHUBYCHHS ICHYIOUMX METOJIB OYMINEHHS Ta 3HE3apakKeHHS

0anacTHUX BOJ Ta iX 0Caly, KEPYIOUUCHh BEJIMKUM JJOCBIIOM Y PO3pOOII Cy4aCHUX 3HE3apaKyIOUHX
TEXHOJIOTif, Oyna 3amponOHOBaHA TEXHOJOTIYHA CXeMa OYHILIEHHsS, $Ka 3acHOBaHa Ha
BUKOPHCTAaHHI KOMIUICKCY €JIEKTPO(DI3UYHUX 1 OKMCHIOBAJIbHHUX (DaKTOpiB. 3TiAHO TEXHOJIOTIYHOI
CXEMH, sKa IPOMOHYEThCS Balllii yBa3i, OUMIIEHHS BOIU TOYMHAETHCA 3 ii (QuUIBTpamii, M0
3a0e3nevuye MexaHiqHe BUIAJIICHHS MaKpooO €KTIB 1 MiABHUINY€E €hEKTHBHICTh HACTYITHOTO €TaIy iX
pyHHYBaHHSI B pe3yJibTaTi Mporecy OKMUCHEHHs. [Ipormec oOKHCHEHHs 3a0e3leuye YacTKOBE
pyHHYBaHHS KJIITHH MIKPOOPTaHi3MiB Ta IMiJBHINYE €(QEKTUBHICTH HACTYIHOTO eTamy —
Y®-onpoMiHeHHs. Y pe3ysibTaTi Takoi KOMOIHOBaHOI 0OPOOKHM JOCATAETHCS BUCOKA €()EKTUBHICTh
3HEIIKO/KEHHS MIKPOOPTaHi3MiB 1 MIKpOQIIOpH.
BOJIa TOCTYMa€e Ha MNPOMUBHUN aBTOMATWUYHUI GinbTp, A€ BiAOYyBaeTbcsl BUAANEHHS 3 BOJU
MIKpOOprani3miB, siki 3aBOUTbIIKK 3a 50 MxM. Jlani Boga mojaerscst 10 OJIOKY eneKTpogi3uIHOl
00poOKH, /1€ BOHA CTIOYAaTKy 00pOOISEThCS BUCOKOBOJIBTHUMU €IEKTPUYHUMHU IMITYJIbCAMHU, @ TIOTIM
710 OJIOKY OKHMCHEHHSI, JIe BiIOyBaeThes 11 KOHTAKT 3 nepekrcoM BoaHio (H202), aromapHuM KucHeM
(O), rimpokcunsaumu pagukaiamu (OH, OHz). Ilicnst KOHTakTy 3 OKHCHIOBau€M BOJa MOTparuise
no Y® ycraHOBKH, J¢ B pe3ysbTaTi (OTOXIMIYHHMX MPOIECIB 3MIMCHIOETHCS 3HEIIKOIKECHHS
MIKpPOOpPTaHi3MiB. 3He3apakeHa BOJla HAMpPaBIAEThCS 10 OanmacTHUX OakiB. BpaxoByrouum Te, 10 B
pe3ynbpTari (OTOXIMIYHMX TpOIECiB y OalacTHii BOJII YTBOPIOIOThCS akTuBHI pamukanu (OH),
MpoLec 3HE3apakeHHA JEsKUN Yac TPOJAOBXKYEThCA Yy OanacTHUX Oakax, IO ITiJIBHILYE
epexTuBHICT, Tporecy. KoposziliHa axkTHBHICTh AKTUBHHX paJHKaliB, SKi MOTPAIUISIOTH JI0
OaJlacTHMX pe3epByapiB HEBENMKa, 00 BOHU JOCTAaTHHO IIBHJAKO PEeKOMOiIHYHOTh. Kpim TOTrO,
HasBHICTh y 3HE3apa)XCHid BOJI HEBEJIMKOI KUTBKOCTI aKTHBHHUX paJHKal-iOHIB 3a0e3mneuye
CTBOpPEHHSI Ha HE3aXHUIIEHUX METAJeBHX YAaCTHHAX TPYOOIPOBOIIB Ta €MHOCTEH OKCHUIHY ILIIBKY,
sIKa TT1IBHUIIY€E CTIHKICTh METAJIEBUX KOHCTPYKITIH 10 KOPO3ii.

3 morNIALy 3HUKEHHSI BUTPAT €JCKTPHUKH, SIKa BUTPAUYAETHCS ISl 3HE3apaKeHHsI OamacTHOI
BOAW JyXe JOUUIPHUM € TPOBEACHHS 3HE3apKCHHS y JBa €TalM: NPH 3aKadyBaHHI BOJOH Y
OanacTHi MUCTEPHH y TOYIN BIANPaBKU CyJIHA 1 MPHU IX CHOPOKHEHHI y Toulll nmpulytra. Takuit
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METO]T 3HE3apaKEHHs J103BOJISIE 3HU3UTH NOTYX)HICTh CYBB 3a paxyHOK TOroO, M0 cymMapHa J/103a
3He3apakyrouoro Y@-ompoMiHEHHs JOCATaeThbCsl 3a JIBa IMPOXOJU BOAM UeEpe3 Kamepy
3He3apakeHHs. Ha mepmiomy erami 3mificHIO€ThCS 00poOKa MpH 3aKadyBaHHI BOIU B OanacTHY
LUCTEPHY puc. 2.

3060pmHa dinbmpayis EnekmpodgizuyHa BanacmHa
60da 50 mkm ma peazeHmHa yucmepHa
06pobKa BOAA

Linamoea eMHicmb
OCAL

Pucynok 2 — Cxema ouniieHHs1 6a1acTHOT BOAM NpH 11 3aKkadyBaHHI 10 0a1acTHUX HUCTEPH

[Ipu ckunmanni Bogu 00poOKa 3M1HCHIOETHCS Y 3BOPOTHOMY MOPSAKY puc. 3.

EnekmpodpizuvHa

3abopmHa
600a ma peazeHmMHa - banacmua
yucmepHa

06pobKa
BO/JA

linamosa eMHicmeb
OCAA

Pucynok 3 — OuuienHst Bogu Ta ocaay IpH JiebanacTyBaHHI

B OCHOBY TEXHOJIOTIYHOTO MPOLECY OYHINEHHS BOJIW IOKJIAICHO TPUHIIMI ITiIBUIICHHS
e(EeKTUBHOCTI  3HE3apaXeHHS BOAM B  pe3yJbTaTi  CHUIBHOI  Jii  OaKTePHIKIHOTO
Y ®-BUNIPOMIHIOBAaHHS 1 HEBEJIMKHX KUIBKOCTSH MEPEeKHCYy BOIHIO, sIKi BBOISATH y BOMIY, SKa
3He3apaxkyeThes. [IpM KOHTaKTI 3 OKHCHIOBaYeM (aTOMapHUH KUCEHb, MEPEKHC BOAHIO, aKTHUBHI
TIAPOKCUII-pa/IuKaiii) BigOyBa€eThCS MOIIKOKEHHS KIITUHHOI CTPYKTypHU MIKpPOOPraHi3MiB Ta
POCIUH Ta 3IHCHIOETHCS JIEHATYpaTi3allis OUIKIB, JTIMiIiB, HYKJICTHOBUX KUCIIOT, SKi BXOJATh 10 1X
KIIITUHHOI CTPYKTYpH [8, 9], 1110 IpU3BOIUTE 0 OciaabaeHHs 610J0TIYHOI CTIHKOCTI IUX POCIHH Ta
MIKpPOOPraHi3MiB Ta CyTT€BO MiJBHIIY€ €(PEKTUBHICTH HACTYIHOI (a3h 3HEUIKO/DKEHHS — a caMme
Y®-onpominenns. Ilin BOIUBOM TOTOKY 1HTEHCHUBHOTO Y ®-BUNPOMIHIOBAaHHS BiOyBaeThCA
NpaKTUYHO MUTTEBA 3arubenp OakTepiii 1 BipyciB, mo mnepedyBaioTh y Boai. Kpim Toro,
BHUCOKOAKTUBHA perokc-cuctreMa OH*, sika yTBOPIOEThCS TpU KOHTaKTI Y @-BHIIPOMIHIOBAaHHS 3
OKHCHIOBaYeM, €(EeKTUBHO pyiHHye cTiiiki g0 aii Y®-BUIPOMiIHIOBAaHHS MIKpOOpPTaHi3MH, IO
nepeOyBaloTh y BOJI. Y pe3yibTaTi 4oro 3abe3meuyeThcsi BUCOKAa €(EKTUBHICTh 3HHILIEHHS
Mikpooprasi3miB. Taka TeXHOJOTisl OTpHMaja Ha3By TEXHOJOTil aKTUBHOTO OKUCIEHHS abo AOP
(Advanced Oxidation Processes) 1 3aCTOCOBY€EThCSI B HOBOMY MOKOJIIHHI YCTaHOBOK 3HE3apa)KCHHS
Ta ouuIeHHs Boau [16, 17].

Juis  3MEHIIEHHS TOTY)KHOCTI CymMapHa Jo3a 3He3apaxywodoro Y®d-onmpomiHeHHs
JOCATAETHCSI 3a JBa TPOXOJHM BOJIU 4Yepe3 Kamepy 3He3apakeHHs puc. 4. Jlns peamizamii mi€i
TEXHOJNOrl po3pobiieHa cuctema ynpapniHHsA OamactHumu Bojgamu (CYBB), skxa 3garHa
3a0e3meunT e()EeKTUBHE OYHWINCHHS Ta 3HE3apaKCHHsI OallaCTHUX BOJI Ta OCaJy BIAMOBIIHO 0
BuMor IMO. OcHoBHU#l npoiiec 0OpoOKH — 3HMILEHHS MIKpPOOPraHi3MiB BiI0OyBa€ThCsl BCEpenrHI
(GOTOXIMIYHOTO peakTopa, KUl 3abe3nedye BHUCOKHH CTYIIHb 3HEIIKOKEHHS MiKpOOPTaHi3MiB
PI3HOTO THITY.

[Toriepenust enexkrpodizmuHa 00OpoOKa BHUCOKOBOJBTHHUMHM IMITyJIbCAMH Ta BBEJCHHA B
KaMepy 3He3apakKCHHS HEBEJIMKHX KUIBKOCTEH IHII[IaTOpy — TMEpeKHcy BOMIHIO 3a0e3reuye
MTOCUJICHHS 3HE3apakyBaJIbHOTO €(DeKTy, YMHUTD JICTABHY [0 Ha (ITOIUTAHKTOH, KU 1mepedyBae
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y BOJi, Ta MPU3BOJAUTH JI0 3HIDKEHHS BEIMUMHH 3HE3apakyBaJbHOI 031 Y D-BHIIPOMiIHIOBAHHS,
1110, 31 CBOr0 OOKY, 3MEHIIIy€ €HEPIrOEMHICTb MIPOLIECY 3HE3aPaKEHHS.

Pucynok 4 — CucremMa yrnpapiiiHHs 0aJJaCTHUMHU BOJIaMU
CVYEB BOJIOI'PAM B500.03 MB®. 30BHiIIHI BUTIISAT

Cucrema yrpaBiTiHHSI OaTacTHUMH BOJAMHU BOI[OFPAPI CKJIAA€ThCSI 3 aBTOMATHUYHOI'O
¢Gi1bTpa OUYHUILEHHS MOPCHKOI BOAM, MOAYJS €JIEeKTpO(i3MYHOi OOpOoOKM Ta MOIYJS 103yBaHHS
iniriatopa doroximiunux peaxuiit. [punmun aii CYEB BOJOI'PAM rpyHTYeThCs Ha KOMIUTCKCHi
111 OKUCHIOBauiB Ta Y D-OMPOMIHEHHS HA >KUTTE3/1aTHICTh MIKpoopraHi3MiB (OakTepii Ta BipyciB),
TUTAHKTOHY 1 MiKpo(dIopH, siKi Iepe0yBaroTh y OallacTHIi BO/I.

Jns  30inbpmeHHs  eQEKTHMBHOCTI 3HENIKOKCHHS MIKPOOPraHi3MiB Ta  3MEHIICHHS
€HEPrOBUTPAT CUCTEMHU 3HE3apAKEHHS OaTaCTHUX BOJ IIPOBOJIUTHCS y JIBA €TAIIH:

— Iij yac 3aKkayyBaHHs 3a00pTHOT BOJIU B OaNacTHI LIUCTEPHH;

— TiJ] yac CKUJIaHHS 0aacTHUX BOJ] B aKBATOPIIO.

3 METO0 3MEHIIEHHS BUTPAT €JIEKTPUKH, sIKa BUTPAYAETHCS /IS 3HUILIEHHSI MIKPOOPTaHi3MiB
Ta MikpodIopH, Moxyns Y® 3He3apaskeHHs BOIM, KUl BxoauTh 10 ckiagzy CYBEB BOJIOI'PA,
ocHamleHuil Y®-namMnaMu HU3bKOTO TUCKY, K1 BUIIPOMIHIOIOTh KBa3IMOHOEHEPI€TUYHUIN CIIEKTP B
obmacti MakcuManpHOI OakTepunuaHol epexkTuBHOCTI (250-265 uM). 3actocyBanHs Yd-mamm
HU3BKOTO THCKY 3 BHMKOPHCTaHHSIM OKHCHIOBaYa, 3/aTHE 3a0€3MEeYHUTH BHUCOKY €(QEKTHBHICTb
3HEUIKO/HKEHHS BCiX THITIB MIKPOOPTaHi3MiB.

Jlns 3a0e3nedeHHs] BUCOKOI €(eKTUBHOCTI 3HEIIKOPKEHHS MIKpoopraHizmiB Y® Moayib
OCHAIIIYETHCS aBTOMATUYHOIO CHCTEMOIO OYMINEHHS 3aXHCHUX KBaplIOBUX TPYOOK, Yy SKHX
po3minrytoTbes Y O-nammnu.
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CYBB BOJIOI'PAM mae Moayneny koHcTpykiiro. To6to CYEB BOJIOI'PAN cknanaerses
3 OKpeMHX MOJyJiB, 1m0 Ao03Boyigse po3MinryBatu CYBB Ha gitounx cyaHax 3 ypaxyBaHHSM
00MEXEHOCTI TIPOCTOPY Ta IUIaHy MPHUMIIICHHS. BepTHkalbHe KOMIIOHYBaHHS OKPEMHX MOMIYJIiB
Jae  3Mory Jerko HapouryBath noTykHICTh CYBB. Po3paxyHOK KiTBKOCTI  Kepen
BHUIIPOMIHIOBAHHS B MOMYJI 3IIHCHIOETHCS 3a KOHCEPBATHBHHM ITiIXOJIOM, IIOJO ONTHYHOI
MPO30POCTi BOJM Ta OYIKYBaHOTO KOJIa IHACKCY. Bupasu misi po3paxyHKy KUTBKOCTI JDKEpen Ta
CHEPreTHYHUX BUTPAT Ha 1X CKCIUTyaTallilo HaBeaeHO B poOoti [18]. 3rigHo manux podotu [19]
BUTpaTH Ha 3filicHeHHs ¢inbTpanii craHoBuaTh Big 0,4 kBT x rom/mM° IS 4aCTHHOK po3mipoM
0,1-0,5 mx™ 10 5 kBT x roa/m® st 0,005-0,05 MKM.

OCHOBHI TeXHIKO-€KOHOMIYHI TapaMeTpH MOJTyJisl HaBeJleH1 B Tabmumi 1.

Ta6muus 1 — OcuoBi Texuiuni napamerpu CYBB BOJJOTPA B500.03 MB®

Ne Ilapamemp 3Hauennn 0o0. sum.
1 |HomiHamsHa IPOIYKTHBHICTE 500 M%/roauny
PospaxynkoBe 3HadeHHss no3u Y®D-ompominenHs mpu | 150 MK/ M2
2 KoedinieHTi mpo30pocTi Mopchbkoi Boau Tio = 35%
3 |Hampyra xuBieHHs AC400B,50I'n | B
4 |IloTyXHICTb 60 KBT
5 |Tun Y®-namn HU3bKOT'O TUCKY
6 |Pecypc Y®-namn 16000 TOJUH
Po3Mmip ciTku (inbTpa MexaHIYHOTO OuuIleHHs OangactHoi | 50 MKM
7 |Bomn
IMutomi BuTpatm iHinmiaTopa (QoToXiMiUHMX peakmii | 2,5 kr/1000 m>
8 (hydrogen peroxide H20,)
9 Bapricts iHimiaTopa (KOHLIEHTpAlisi TEPEeKHCy BOIHIO | 2 EUR/kr
35%)
10 |Bapricts Y ®-nammnu 180 EUR/mr.
11 |{IluTOMi BUTpATH €ICKTPUKH 100 kBT rommn/1000 m*

OO0cyroByBaHHSI YCTAaHOBKH Tiepen0adae HasBHICTh MMEBHUX HABUYOK Yy (haxiBIIiB 31 CITyKOU
CYJOBOTO Me€XaHiKa, sIKi HaOyBalOThCS MPOTATOM TPHIEHHOrO TpeHiHry. Jlns mporo Ha 0asi
IHCTpYyKLIi 3 eKciulyarauii po3poOieHo 0a30BUN HaBUaJIbHHM Kypc. YCTaHOBKa CIPOEKTOBaHA
TaKUM YMHOM, 11100 BUTPATH Yacy Ha i 00CIyroByBaHHS i €KCIUTyaTalito Oyiu MiHIMAIbHUMHU.

YcTaHoBKa ocHAIIyeThCs IagOr0 YIPaBIiHHSA, B AKIH pO3MILIYIOTHCS CUCTEMH YIPaBIIHHS
Y®-namMnamMu 1 MexXaHi3MaMHU OUMILIEHHS 3aXMCHUX KBapLOBUX KoJ0O, a TakoX CHCTeMa
ABTOMATUYHOTO KOHTPOJIIO 1 yIpaBIiHHS 3He3apakeHHsM OaacTHux Boj (ACY). ACY 3abesmneuye
yIpaBIiHHSA 1 KOHTPOJIb OCHOBHHUX IapaMeTpiB YCTaHOBKM BiamosiziHo a0 Bumor IMO. ACY
OCHAIIYETHCS TPUCTPOSIMA ~ aBTOMATHYHOTO MOHITOPHMHTY Ta PpEryJIIOBaHHA OOCSTiB  Ta
IHTEHCUBHOCTI 00pOOKH OanacTHUX BOJA Ha 06a31 MIKPOIPOIIECOPHOTO KOHTPOIIEpa.

3 MeTo NpoBeAeHHS OQIUIHHUX MepeBIpoK 1 TexHIYHOro obcmyroByBaHHs ACY
3a0e3nedye TeHepyBaHHS 3BITIB PO MapaMeTpd aBTOMATHYHOTO MOHITOPHHTY poOoTH
3HEe3apakKyBaJIbHOI YCTAHOBKHM 3TIIHO 3 YaCTUHOK 5 monmatka «MiDKHApOJHOI KOHBEHINT PO
KOHTPOJIb CY/IHOBUX 0aJacTHUX BOJ 1 0CajiB Ta ynpasiiHHsI HUMHU 2004 poky».

ACY 3abe3neuye 30epiraHHsl JaHUX MPOTATOM IIOHalMeHIe 24 MICsIiB, IO BiAMOBimae
JOTPUMaHHIO NpaBuiia B-2 BuMor 10 o0nagHaHHA CUCTEM KOHTPOJIIO Ta MOHITOPHHTY.

IepcnexkTtuBu po3BUTKY. OKpeMoro po3nisay MoTpedye mpobiaema o0OpoOkH ocany.
3BakarOuM Ha WOTr0 3HAYHO MEHIIHMK 00’€M, aje OUTbIly B’SA3KICTh HACHMYCHICTH JOMIIIKAMHU Ta
MIKpOOpTaHi3MaMH, a TaKOXX MEHIIY ONTHYHY MPO30PiCTh, 3aCTOCOBYBAaTH OOpOOKYy 3
ynbTpadioNeTOBUM  BUIIPOMIHIOBaHHSIM  Oyne  mamoeekTuBHUM. [lnsg 1poro  AOUIIBHO
3aCTOCOBYBAaTH OOPOOKY E€NEKTPUYHUMH iMIyJbcaMu. [Ipo e(eKTUBHICTD TaKOTO MiAXOIy CBiTYATh
po6otu [13, 20]. Ilix niero IMIyJIbCHOTO €IEKTPUYHOTO PO3PSAY Y BOJI T€HEPYIOTHCS MOTYKHI
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yIapHi XBHJII SIKi IPU3BOATH 0 30y KSHHS KaBiTallil, sika XapaKTepU3y€eThCS aHOMAJIbHO BUCOKUM
tuckoM (monaxa 200 MIla) ta Temmepatyporo (monaa 5000 K). ImnynscHa kaBiTalliss mpu3BOAUTH
70 pyWHYBaHHSI 3aXMCHUX OOOJIOHOK 1 KJIITUH MIKPOOPTaHI3MiB, 110 CYTTEBO MOJETLIYE IPOLEC
KOHTAKTy IIMX MIKPOOpPraHi3MiB 3 OKHMCHIOBaYeM. Y BHUIAJKy HOINEPEIHbOI eNeKTpodi3uyHOI
00pOOKH BHCOKOBOJIbTHUMH IMITyJbCAMH Ta BBEJCHHA B KaMmepy 3HE3apakeHHS HEBEIHKHX
KIIBKOCTEH 1HIIIaTOpYy — MEPEKUCy BOJHIO 3abe3reuye MOCHIICHHS 3HEe3apakyBaJbHOTO e(eKxTy,
YUHUTH JIETAJIbHY /110 Ha (DITOIUIAHKTOH, KWW nepeOyBa€e y BOAl Ta MPU3BOAUTH 10 3HM)KEHHS
BEJIMYMHM 3HE3apaxyBajbHOI 103u YD-BUNPOMIHIOBaHHSA, M0, 31 CBOro OOKy, 3MEHIIYe
€HEPrOEMHICTh TIPOIIECY 3HE3apaXeHHs, ane MoTpedye ypaxyBaHHS BHUTpAT EJIEKTPOCHEpPTii Ha
pOOOTYy €NeKTPOIMITYIbCHOI YCTAaHOBKU. TakoX CIIiJ| IIyKaTH KOMIIPOMIC MIX TipOJAMHAMIYHUMHU
BTpaTaMH B Kamepl oOpoOKH, sIK1 MIJACUIIIOIOTHCS, HAPUKIIAJ, MIPH MONEPEeYHOMY po3MilieHH] YD
JDKEpe1, PO 10 3a3Ha4yaeThesi B poboTax [4, 21] Ta piBHOMIPHICTIO ONPOMIHEHHS CEpeAOBHUINA 3a
paxyHOK Horo nepemMinryBaHHs NpHU 31TKHEHHI TOTOKY 3 KOHCTPYKLIHHUMHU NEPEIIKOAAMH.

BucHoBku. [Ipy npoekTyBaHHI CUCTEMHU yNpaBIliHHSA 0alacTHUMU BOJIaMU HEOOX1/1HO:

— ONTHMI3yBaTH CITiBBiIHOIIECHHS €HEPTETUYHUX BHUTPAT, IO CKIAJAIOTHCS 3 JKUBJICHHS
HACOCHOI'0 YCTaTKYBaHHS Ta JpKepes yIbTpadioneToBOro BUIPOMiHIOBAHHS;

— mnepeadayuTi MOXIIMBICTh 3aMIHU JKEPET BUIIPOMIHIOBAHHS 3 YpaXyBaHHSM 3arajbHOTO
KOMIIOHYBaHHS OOJIaJ{HAHHS B PUMIILEHHI Cy/1HA;

— 3a0e3MeYnTH MOJKJIMBICTh aBTOMAaTH30BAaHOTO BEIECHHS PEECTPY HAIOBHEHb Ta CKHUIIB
6anacTHOI BOAM 31 30€pEKEHHSM JIaHUX;

— KOHTPOJIIOBATH 1HTEHCUBHICTh BUIPOMIHIOBAHHS Ta IIBUJIKOCTI MPOXO/HKEHHS BOJH, K
napameTpiB, 110 MIATBEPAXKYIOTh 00POOKY BOM HAJIC)KHUMU JI03aMH.
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Lytvynenko V. V., Shaliapin S. M. FEATURES TO OPTIMIZE BALLAST WATER TREATMENT
TECHNOLOGY USING ULTRAVIOLET RADIATION

The problems of development and implementation of ballast water disinfection technologies using ultraviolet
radiation and advanced oxidation processes are considered. The main water parameters that determine the
requirements for the total intensity of radiation sources are analysed. A scheme for forming a disinfection
effect is proposed, which takes into account the role of radiation factors, water parameters and reagent
activity. The biophysical processes that occur when broad-spectrum ultraviolet radiation acts on
microorganisms are analysed. Organizational and technical measures that must be taken into account when
implementing these technologies on ships are considered. Using the example of a pilot plant, a list of
competencies that ship personnel must master to comply with the standards for the operation of the plant is
given. The technical and economic indicators of the ballast water disinfection plant are given, which should be
used as a basis when designing the plant for the customer. The design of the plant for ballast water disinfection
with ultraviolet radiation is proposed. Methods of controlling the formation of sediment on the surface of
ultraviolet radiation sources are described and the method of cleaning them from sediment is proposed. A
scheme for cleaning ballast water during pumping into the tank and during de-ballasting is developed. The
possibility of modular arrangement of the disinfection system is provided for the purpose of optimal location of
equipment in ship's premises. A system for automatic control of ballast water purification technology is
described. Directions for improving installations for more complete performance of the functions of
neutralizing microorganisms carried by ballast water are indicated.

Key words: ballast water disinfection; ultraviolet radiation; optical characteristics of water; filtration;
treatment regulations, technical and economic indicators.
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BJIACTUBOCTE BUCOKOMILIHOT'O YABYHY 3 YPAXYBAHHSIM
PEKOMEHJALIII CTAHIAPTY JCTY EN 1563:2019
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Y pobomi poszenanymi mexuonoziuni modxcausocmi nioOGUWEHHA MedHCi MiyHoCcmi ma GIOHOCHO20 NOOOBIHCEHMHS
BUCOKOMIYHUX HABVHIE 3 Kyracmum zpagimom 3 ypaxysauuam pexomenoayii cmanoapmy HCTY EN
1563:2019. B axocmi 0CHO8HO20 MemoOy 8UOPAHO NIOBUWEHHS 6MICIY KPEMHIt0 Ol OMPUMAHHA pepumHoi
Mampuyi, 3MiyHeHOi no MmMeepoopO3UUHHOMY Mexanismy. 3 Mmemolo 3abe3neuenHs HU3bKOI cobdieapmocmi
8UpPOOHUYMBA, 0coOaU8y y8azy O0y10 HPUOiIeHO OOIPYHIMYBAHHIO OONYCMUMO20 6Micmy (oHO8UX ma
WKIONUBUX OOMIULOK 3 MEMOI0 BUKOPUCTHAHMHS 0eUle8020 KOMEPYIliHo2o opyxmy. Po3znanymo maxoic numanHs
CMabinbHOCMi  MeXAHIYHUX XAPAKMEPUCUK HABYHY NPU KOAUBAHHAX TMEXHOIOSIUHUX Napamempis 1iozo
supobnuymea. Ilokazamno, wjo OCHOSHUMU Odceperamu 8apiabenbHOCmi XapaKmepucmux € HecmaditbHicmy
pe3ynbmamie 06pobKu memany 8 Koguii npu euxopucmanni «Sandwichy-npoyecy, a maxooic konueanns emicmy
@onosux ma wiKionueux OOMIUOK y 36 A3Ky 3 Hecmabinbricmio aKocmi Memanesozo bpyxmy. Bcmarnoeneno,
Wo 6 00CHONCEHOMY OIana3oHi XIMIYHO20 CKAA0Y RIOBUUWEHHS 6MICHY MAZHIIO MA KPEMHIIO CHpUsE
OOHOYACHOMY 3POCHMAHHIO MIYHOCMI MA NAACMUYHOCMI YABYHY, MOOI AK 30LIbWUEHH 8MICIY MApPeaHyio
nioguwye miynicmo, ane 3Hudcye niacmuynicme. Iloxazano, wo 0 OMpUMants GiIOHOCHO20 NOO08ICeHHs AS
> 14% emicm cipku mae oymu: S < 0,006, ¢pocghopy: P < 0,02, xpomy: Cr < 0,04. Buicm onoga Sn < 0,008% ne
CMBOPIOE HE2AMUBHO20 BNAUBY HA MEXAMIYHI 61ACMUBOCTN BUCOKOMIYHO20 4agYHY. Takooic 6cmanosneno, wo
npu 3pOCMAHH MICMY KPEMHII0 ma MA2HII0 8 YaBYHAX 3 GUCOKUM GYelleyesUM eK8I8AIeHmMOM Npu GUCOKIl
memnepamypi po3iueanHa y Qopmu 3 ’a61A€mucsa meHOeHYis 00 YMEOpeHHs PO3ip8aHo20 ma 3ipKonodioHo2o
epagimy, wo npugooums 00 NAOIHHA MEXAHIYHUX XAPAKMepUcCmuK 4agyHy. PexomenOoosano 3anposadumu
000amKo6ull MemaioepagiuHull KOHMpOJib HA HASGHICb Y CIMPYKMYPL 4acmok yiei mopgonoaii.

Knwuosi cnosa: sucoxomiynuil uaeywn, Kyascmuil 2pagim; gepum; nepiim; «CeHO8iU»-npoyec; GIOHOCHE
NOO0BICEHHS; MENCA MIYHOCMI, Gyeieyeaull eKgieaneHm.
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Beryn. Bucokominnuii 4yaByH K KOHCTPYKLIMHHMH Matepian BiIOMHH Bxe Ouiblie
BiciMaecaTu pokis. Ilepii 3pasku Oyiu orpumani y 1943 pori, a B 1949 amepukaHChbKU iHXEHED
ta BuHaxiqHuK Keit [[. Mimnic (Keith Dwight Millis) 13 cniBaBTopamu otpumas nateHT CIIIA Ha
caM 4yaBYH Ta IMPOMHCIIOBY TEXHOJIOTiI0 Horo oTpumanHs [1]. 3 Toro vacy nei marepiai MIHUPOKO
BUKOPHUCTOBYEThCSI y MamnHOOyayBaHHI. OCHOBHOIO IEpEBarold BHCOKOMIIIHOTO YaBYHY €
MOEJHAHHS BHCOKMX JIMBApHUX Ta CIyKOOBHX XapaKTEPUCTHK CIPOrO YaBYHY 3 KOMILIEKCOM
MEXaHIYHUX XapaKTepUCTHUK, OJU3bKUX J0 MOKAa3HUKIB HU3bKO- Ta CEPEIHBOBYIJICLIEBUX CTajeil.
Ile nae MOXIUBICTH OTPUMYBaTH 3aroTOBKM CKJIAAHOT (OpMH 3 BHUCOKMMH MEXaHIYHHUMHU
XapakTepUCTHKaMH. Po3Mipu 3aroToBOK HAOMMIKEHI 10 KIHIIEBUX PO3MIpiB BHPOOIB, 10 3MEHIITYE
00’eM MexaHi4HOi 00poOKH 1 co0iBapTiCTh BUPOOIB.

BucokominHuii yaByH MoOK€ BHPOOJSATUCS B €JIEKTpOINeYax 3 BUKOPHCTAHHSAM BHCOKOL
(1o 95%) yacTKM BTOPUMHHOI CUPOBUHM (KOMEpIIHMIA cTalleBUil Ta YaBYHHUH OpYyXT Ta BIacHUUH
o0OpoTHHI YaBYHHMH OpyXT JuBapHoro mianpuemctBa). Ilpu 3actocyBaHHI TEXHOJOTIT
IHAYKIIHHOTO IJIaBJIEHHS ra30- Ta MIJIOBHIUICHHS 3HAXOIUTHhCS Ha HU3bKOMY piBHI. KpiM TOrO, ¥
KIHI[l >KHUTTEBOTO IMKJIY BHPOOW 3 BUCOKOMIIHOTO YaBYHY YTHIII3YIOTHCS MOBHICTIO MIJISTXOM
NepeIUIaBy, BOHU HE MICTATh Ae(PIMUTHUX UM MIKITTMBUX KOMIIOHEHTIB. Lle poOuTh nanuii matepiain
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€KOJIOTIYHO JpPY>XKHIM 1 JO3BOJISIE 3HWKYBaTH THTOMI BHKHIM IAPHUKOBUX Ta3iB IMPOTATOM
AKHUTTEBOTO IUKITY MPOTYKIIIi.

Ane SK KOHCTPYKUIMHHI Marepiaj, BHCOKOMIIHMM YaByH Mae€ JesKi TEXHOJIOTiuHi
ocobnuBocTi. KiHlleBa CTpyKkTypa 1 KOMIUIEKC BIACTHUBOCTEH martepiany (QopMyeThcs, 30KpeMa, y
MpoIeci MOpIiHHOTO MOAM(IKyBaHHS PO3IUIaBy Ha pi3HUX erTamax. Lle mMoxe OyTH BHECCHHS
Moau(]iKaTOpiB Ta HOAYISPHU3ATOPIB HA PO3NHBHHI K000 medi, 00poOka po3IuiaBy B KOBIII i,
JOJJaTKOBO, y camiil nuBapHiil ¢opmi npu Kpuctanmizamii BiyiMBKH. KiHIEBUM pe3ysbTaT TakoX
3aJIeKUTh BiJl TEMIEPaTypHO-4YaCOBUX YMOB 3allOBHEHHs ()OpPMHU Ta TF€OMETPUYHUX HapaMeTpiB
camoi netani. ToMy, He3BaKalOuW Ha BEJIMKY KUIBKICTb JIOCIIKEHb y HANpsSMKY ONTHUMI3allil
KOMIUIEKCY BJIACTUBOCTEH Ta TEXHOJOrll OTPUMAaHHSA BIUIMBOK, JUIi KOHKPETHHX YMOB
BUpPOOHHUITBA 1 MapaMmeTpiB BUPOOY po3poOKa TEXHOJIOTi BUPOOHHUITBA BHMAra€e IPOBEICHHS
EKCHEPUMEHTAIBHUX POOIT [l BU3HAYEHHS ONTHUMAJIbHHUX ITapaMeTpiB MPoLeCy.

IlocTanoBka mnpo6iaemu. BaxiauBuUM acrnekToM OTpUMAaHHS BHUPOOIB 3 BHCOKOMIITHOIO
yaByHy € 3a0e3ledyeHHs HEeOOXIJHOTO KOMIUIEKCY BIJIACTUBOCTEM MpHU BIJHOCHO HU3BKIN
coOiBapTocTi BUpoOHULTBA. L{iHa BIIITMBOK MacoBOr0 COPTAMEHTY 3HAXOJUTHCS B Mekax 1-3 €Bpo
3a KiJIorpaM rotoBoro BupoOy. Lle Hakmagae 3HauHI OOMEXEHHS Ha MOILIYK LUIAXIB 3a0e3MedYeHHs
KOMIUIEKCY XapaKTEePUCTHK, sIKi 00YMOBIJIEHI 3aMOBHHUKOM, 3aXOJH, IO MPOMOHYIOTHCS, MAlOTh HE
TUIBKW HE TMiJIBUIIyBaTH COOIBapTICTh BUTOTOBJICHHS BiUIMBOK, ajie¢ i, MO MOXKIIUBOCTI, 3HUKYBAaTU
ii. BpaxoByroun BHCOKY BapiaOENbHICTh CTPYKTYpPH Ta BJIACTUBOCTEH BUCOKOMIIIHOTO YaBYHY
3aJIe)KHO BiJl KOJMBAaHb MapaMeTpiB JeTajeil Ta HecTaOlIbHOCTI MapaMeTpiB BUPOOHUIITBA,
aKTyaJIbHOIO TMpoOJIeMoI0 € MOIIYK IUIAXIB MiABUILEHHS MEXaHIYHUX BJIACTUBOCTEH
BHUCOKOMIITHOI'O YaBYHY, a TAaKOK CTaOUIbHOCTI HOr0 CTPYKTYpH Ta BIACTUBOCTEH Y MaKCHUMAaJIbHO
MOXXJIMBOMY IHTEpBaJll 3MIHM F€OMETPUYHUX MapaMeTpiB BILAJIMBKHU. BakianMBO TakoX 3HAXOAUTH
IUIAXU 3HIDKEHHS YYTJIMBOCTI MaTepialy 10 TEXHOJOIIYHO HEMHMHYUYUX KOJIMBaHb IapaMeTpiB
MpoIiecy BUPOOHUIITBA, 00 BUSABIECHHIO TTAPAMETPIB, SIKI MAIOTh HAWO1IBIIHMK BILUTUB HA KOJUBAHHS
XapaKTePUCTHUK KIHIIEBOTO MPOIYKTY 3 METOIO X MOAabIoi cTabimizarii.

AHa3 OCTaHHIX JOCHilKeHb Ta myOJikamiii. AHaNI3 pe3ynbTaTiB JOCHTIKEHBb
BUIIIEBKA3aHOI TPOOJIEMH J03BOJISIE BUJIIUTH KUThbKAa NPUHIMIIOBUX TIAXOAIB JI0 BHPIIICHHS
MpoOJIeMH MMiJBUINEHHS XapaKTePUCTUK BHCOKOMIIIHOTO 4YaBYHYy. AJie Tepel pO3IIsIoM IUX
MiAXO0JIB, HEOOXIHO HAarojJOCUTH, IO 3apa3 OCHOBHMM HOPMAaTHUBHMM JIOKyMEHTOM, SKHH
periaMeHTy€e BUPOOHHUIITBO BUCOKOMIIHOTO YaBYHY 3 KyJSICTHM rpadirom, B YKpaiHi € ctaHmapt
JCTY EN 1563:2019 [2]. Leit 1oKyMeHT € IPOJIOBKEHHSIM JIiHIAKH €BPONEHCHKUX CTAHIAPTIB, KA
posmouanacs 3i crangapty EN1563:2011, B sikoMmy MiCTHIIOCS JBa Ba)XJIMBUX TOJOXEHHS, IO
MaloTh BIUIUB HA LUIAXU BUPILMIEHHS MPOOJIeMH, siKa po3risgaeThes B faHiil poborti. 1o mepiue, y
CTaHJapTi PaKTHYHO 3HIMAIOTHCS BCi 0OMEKEHHS Ha CKJIaJl BUCOKOMIITHOTO YaBYHY 1 BU3HAYA€ETHCS,
10 XIMIYHHH CKJIaJ MaTepialy Ta TEXHOJIOTisl Horo BUpOOHMIITBA (BKIIOYAKOYH TEPMIYHY 00pOOKY)
BUOMPAIOTECS BUPOOHUKOM Ha CBIH pO3CyI 3 METOK 3a0e3ledyeHHs HEOOXTHMX MEXaHIYHHX
XapaKTePUCTHK, K1 3aMOBHUB CIIOKHBaY.

ITo npyre, y crapmapti EN1563:2011 y nomatok m0 (epUTO-TIEpIIiTHUX BUCOKOMIITHHX
yaByHIB 3 KyJsicTuM rpacditom (ferritic to pearlitic spheroidal graphite cast irons) O6yi0 BBeaeHO
MOHATTS (EPUTHUX YaBYHIB 3 KYJSICTUM TpadiToM 3 TBEpAOPO3YMHHUM 3MilHEHHsM (solid-
solution strengthened ferritic spheroidal graphite cast irons). Tinbku 11 depuUTHUX YaBYHIB 3
TBepAOpOo3unHHUM 3MirHeHHsM, ctaHaapT JACTY EN 1563:2019 o0ymoBmiO€ 3HAY€HHS BMICTY
TaKuX eJeMeHTiB, sk Si, P, Mn, aite HaBeeHI BETUYNHN MAlOTh XapaKTep PEKOMEHIAIIii.

TakuMm 4YHHOM, $K JOCHIJIHWUKH, TaK 1 BUPOOHWKM BHCOKOMIITHOTO YaBYyHY MarOTh
HOPMAaTHUBHO MiTBEP/PKEHE MPaBO Ha IHUPOKY EKCIIEPUMEHTANIbHY Ta 1H)KEHEpHY JiSUIbHICTh HaBITh
NpU BHKOHAHHI KOMEpPIIMHUX 3aMOBJIE€Hb. KpiM TOro, BUAUICHHS B OKpeMy TIpymy (epUTHHX
BHCOKOKPEMHIEBUX BHCOKOMIITHUX YaBYHIB CHPHUIO 3HAYHOMY IIpOrpecy B iX JOCTIDKEHHI 1
JI03BOJIMJIO OTPHMATH Ba)KJIMBI HAYKOBI Ta MPAKTHYHI pe3yJIbTaTH.

AHamiz poOiT mokasye, L0 AN OTPUMAaHHA YaBYHIB 3 MiJBUIICHOIO MIIHICTIO Ta
TUTACTUYHICTIO OJHOYACHO BUKOPUCTOBYIOTHCS Pi3HI Miaxoan. Pe3epBoM migBUIIEHHS MEXaHIYHUX
BJIACTUBOCTEH Matepiay 0e3 CyTTeBOi 3MiHM TEXHOJIOT{ BUIJIaBKU € IPUCKOPEHE OXOJIOKEHHS 3a
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paxyHOK BUKOPHCTAHHS OOJIMI[bOBAHMX KOKLTIB 3aMiCTh TPAAMLIHHUX MICOYHO-TIIMHUCTHX (POpM
npu nuTTi geraneit [3]. TexHonoris mae I0OAaTKOBUM €HEpro- Ta pecypcosbepirarounii edext
3aBJISIKM BIZMOBI BiJ] oniepariii TepMigHOi pO3pOOKH Ta 3MEHIIEHHS BUTPATHOTO KOe(illieHTa MeTary
3a paxXyHOK MiJBHUILEHHS TOYHOCTI BiAIUBKU. IIpoTe BIpoBapKeHHS Takoi TEXHOJOTIi yTpyaHEHO
Ha MIIPUEMCTBAX 3 aBTOMAaTUYHUMHU (POpPMYBAIILHUMH JiHISIMHA. Biibmn yHiBEpCcambHUN ITiIXil
MIOB’A3aHUH 3 YJIOCKOHAJIEHHSIM CKJIaTy Ta TEXHOJIOrii oOpoOKHM MeTady Ha eTami BUIUIaBKH. Tak, y
poOoTi [4] ogHOYacHe MIABUINEHHS MIHOCTI Ta IUIACTUYHOCTI MEPIITHUX CIpUX YaBYHIB OYJI0
JOCSATHYTO 32 PAaxXyHOK BHKOPHCTAHHS BHUCOKOYMCTHX UIMXTOBHUX MaTepiajiiB y KoMOiHamii 3
MoauGIKyBaTbHO-padiHyBAIbBHUM  OOpOOJICHHSM  BHUXIJHOTO  pO3IUiaBy  (depocumiiii-Maraii
KaJIbIIIEBOIO JITaTypol0 Yy TMO€JHAHHI 3 padiHyBaJIbHUM JIETKOIUIABKUM OKCHAHO-(PTOPUAHUM
nutakoM. OTpuMaHi pe3yJIbTaTi JO3BOJISIIOTH MIABUIIUTH HE TITBKM MEXaHI4YHI, ajie 1 TEXHOJIOT14H1
XapaKTepUCTUKH, 30KpeMa 3HU3UTH BEIMYMHY OO0 €MHOI YCaJKd Ta BHUKIIOYUTH EHEPrOEMHY
orepanio TepMiyHOi 00poOku BiMBOK. [IpoTe 3amminaeTbcst omeparlis JIETYBaHHS PO3ILIABY
MIJJIO 1 pe3ysbTaTu poOOTH HE MOXKYTh OyTH Ge3mocepeHbO NMEePeHECeH! Ha MPOoLecH OTPUMAaHHs
(hepuTHUX YaBYHIB 3 BUCOKOI IuIacTU4HICTIO (As > 15%). Tomy B poborax [5, 6] KOJEKTUBOM
aBTOpiB  OyJI0O PO3IJITHYTO NMUTAHHS BIUIMBY MiJABHIIEHOIO BMICTY KPEMHIIO Ha CTPYKTypy 1
MEXaHI4HI BJIACTUBOCTI BHUCOKOMIIHMX (EpPUTHUX UYaBYHIB y IO€JHAHHI 3 BUKOPHUCTAHHAM
BHUCOKOYHMCTOI CHUPOBUHM Ta €(EKTUBHMX KOMIUIEKCHUX MonudikartopiB. BcranosneHo, mio
3alpoNOHOBaHAa TEXHOJOTIS JI03BOJISIE OTPUMATH y BHCOKOKPEMHIEBUX (EPUTHHUX UaByHaXx,
BUCOKHMH KOMIUIEKC XapaKTepUCTHK MILIHOCTI 1 IUIACTMYHOCTI, MpPOTE s JIOCATHEHHS
MaKCUMaIIbHUX 3HA4YeHb pAaIliOHAJBHO MPOBOJUTH NPOIEC EKOHOMIYHOTO TOMOTEHI3yBaIbHO-
(bepuTU3yBaILHOIO BiAMATY.

Caig B1I3HAYUTH, 110 OaraTo JOCHIIHUKIB PO3TJISAal0Th BUCOKOMIIIHI YaBYHU Ha (epUTHIN
OCHOBI SIK IIEPCIIEKTUBHY CUCTEMY Il OTPUMAHHS MaTepiaiy, IKHH MOXe MaTH MEXY MILHOCTI Ha
PiBHI YaBYHIB Ha MEPJITHIH OCHOBI MpPH CYTTEBO OUIbLIIN IuIacTUYHOCTI. OCHOBHUM MEXaHI3MOM
3MILIHEHHS TaKUX YaBYHIB BBa)KAETbCS TBEPJOPO3UMHHE 3MILHEHHS BUCOKOKPEMHIEBOTO (EpUTY
[2,5,7].

[IpoTte icHye mymKa, 1110 ME€XaHi3M 3MIIHEHHsS Ma€ OUIBIN CKIAQTHUN Xapaktep. Hanpukmian,
y poborax [8, 9] mocmimkeHa MIKpOCTPYKTypa Ta MEXaHiuHI BJIACTUBOCTI MPHU BHIPOOyBaHHI Ha
pPO3TATHEHHS TpW KIMHATHIA TeMIlepaTypi BHUCOKOMIIHUX ()EPUTHUX YaBYHIB Yy Jiama3oHi
KOHIIeHTpawii kpemHio 2,29% no 9,12%. 3a maHumu aBTOpiB, X04a TBEPIICTH (hepuTy pocrte y
BCbOMY JIOCIII[DKEHOMY I1HTEpBaNi, ajié MaKCHUMaJlbHa MIIHICTh JOCSATAEThCS TMPH KOHIIGHTpAIlii
kpemHio 5,0-5,2% 1 npuOAM3HO B I[bOMY K Jiala3oHi BiJHOCHE MOIOBXEHHS 3HIKYETHCS 0
HYJBbOBUX 3HadeHb. Ha JIyMKy aBTOpIB, Li€ MOB’SI3aHO, y TOMY 4YMCJI, 3 HETaTMBHUM BILIMBOM
BUCOKHMX KOHIIGHTpallii KpeMHil0 Ha mporec cdepoinuzamii rpadity 1 HiABHIIECHHS PUKKY
(hopmyBaHHS Tak 3BAHOTO PO3ipBaHOTO ab0 3ipKOMoAiIOHOTO TpadiTy.

JIo CXOXXHMX BHCHOBKIB MNpHUXOIATh aBTopu poOiT [10, 11], sxi Takox BiAMIYAIOTh
HEeJHIMHUKA BIUTMB 3pOCTaHHS BMICTY KPEMHIIO Ha MEXaHIYHI BIIACTUBOCTI 1 TIOB’SI3YIOTH I1€ 3 HOTO
BIUTMBOM Ha MopdoJorito rpadiTHuX yacTok. 3okpema y [12—14], BcTaHOBIEHO, IO 301IBIICHHS
BMiCTy KpemHito Oinbiie 4,3—4,6% npu3BOIUTH 10 3HWKEHHS CTymeHs cdepoiguszarii rpadity.
3mina Mopdoorii rpapiTHUX 9acTOK MPUBOAMUTH JI0 TOTO, IO OI[IHKM MMapaMeTpiB 4acTOK rpadiTy
mo craHgaptax ISO 16112:2017 ta ISO 945-4-2019 mnoOYMHAIOTH CYTTEBO BIJIPI3HITHCS.
JIMCKyCiiHMM € TUTaHHS, KUH 3 mapaMmeTpiB Gpopmu yactok — Roundness Graphite Shape Factor
(RSF 3rigno ISO 945-4-2019) — ¢akrop kymsactocTi popmu rpadity abo Sphericity Graphite Shape
Factor (SSF s3rimmo ISO 16112:2017) — daxrop chepuunocti dopmu rpadity, € OUTBII
iHpopmatuBauM. Ha nymky aBtopiB [14], mapamerp SSF OuIbIl TOYHO J03BOJISE OIIHUTH
XapaKTePUCTHKH Ipa)iTHIX YaCTOK y BHCOKOPEMHIEBOMY BUCOKOMIITHOMY YaBYHi.

VY pobotax [15, 16] po3risaaeTbcs BIUTMB XIMIYHOTO CKJIaJy METaneBoi PepUTHOI MaTpHIll
YaByHy Ha KOMIUIEKC MEXaHIYHUX BIACTHBOCTEH. AHAJI3yeThCS SK BIUIMB (POHOBHX JIOMIIIOK
(Mizp, XpOM) Tak 1 BIUIMB IUJIECOPSIMOBAHOIO JIETYBaHHS MoJiOIeHOM Ta HioOiem. OTpumani
pe3ysbTaTH CBiAYaTh, MIO 3aBASKH IiJBUIIEHOMY 3aracy IUIACTUYHOCTI ()EpPUTHOI MATPHIN, Taki
YaBYHU € NEpPCHEKTHMBHOIO OCHOBOIO JJIsi MMOJAIBLIOrO MiJBUINEHHS KOMIUIEKCY MEXaHIYHUX
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XapaKTepUCTHK INUIIXOM PO3pOOKHM JeroBaHuX (epuTHUX dYaByHiB. Lleil miaxin 3acimyroBye Ha
yBary, ToMy 10 Ha AyMKy 0araTbOx aBTOpiB, 30kpema [11, 12—14], miaBuIlleHHS BMICTy KpEMHIiIO
Buie 5-5,3% He Jae MmoAajbpIIOro 3pOCTaHHS XapaKTEPUCTHK Y 3B 3Ky 3 CHJIBHUM MaJIHHAM
TJIACTUYHOCTI.

Takum 4MHOM, TEXHOJIOTH Ta BUPOOHWYHUI TIEPCOHANI BUKOHYIOUHM BUMOTH cTanaapty ACTY
EN 1563:2019 maroTh y CBOEMY PO3MOPSIKEHHI IUPOKUI apceHal METOJIIB BIUIMBY Ha KiHIEBI
BJIACTHBOCTI BHUCOKOMIIIHOTO 4YaBYHY 1 IX BHOIp 3aJIeKUTh BiJ TEXHOJOTIYHUX MOKJIMBOCTEN
KOHKPETHOIO0 BHPOOHMIITBA Ta CIIBBIHOLIEHHS COOIBapTICTh/BIACTUBOCTI, MPHU SKi BUKOHAHHS
3aMOBJICHHS € €KOHOMIYHO BUTIIHUM 1 I[iHA BUPOOY € KOHKYPEHTOCTIPOMOKHOIO.

Meta Ta 3agaui JocailzkeHHsl. MeTOI0 JaHOrO JOCHIPKEHHS € POo3po0Ka €KOHOMIYHOT
TEXHOJIOT1] BHUPOOHUITBAa BHCOKOMILHOTO YaBYHY 3 KyJsIcTUM TpadiToMm, ska 3a0e3neduThb
OTpUMaHHS Mexi MiIfHOCTI B iHTepBaii 450—600 MIla npu BilHOCHOMY MOJOBXEHHI A5 B iHTEpBaJl
20-10% mnpu MiHIMI3amii CyMapHUX BUPOOHMYHMX BHTPAT Y TEXHOJOTIYHOMY JIAHITIOTY
BUPOOHUILITBA.

JI71st MOCSATHEHHST METU JOCIIIKEHHS He0OX1THO OyJI0 BUPIMIMTH HACTYIIHI 3a/1a4i:

— BU3HAYMTHU 0a30BUI CKJIAJl BUCOKOMIITHOTO YaBYHY JJisi HOTO IMOJANBIIOTO 3MiHCHHS
3aJIeKHO BiJl BUMOT 3aMOBHHKA /IO MEXaHIYHUX XapaKTEPUCTHK FOTOBOI MPOILYKIIT;

— 0OrpyHTYBaTH JOIyCTUMHI pPiBEHb BMICTY (DOHOBUX Ta HIKIAJTUBUX JOMIIIOK, MPH SIKUX
JIOCSATAETHCS 3aJaHUH PIBEHb MEXaHIYHUX XapaKTEPUCTHK;

— JIOCHIJIUTH CTYTiHb BapiaTUBHOCTI XapaKTEPUCTHK YaBYHY Ta TEXHOJIOTIYHHUX TapamMeTpiB
HOro BUPOOHMIITBA 3 METOH BHUSIBJICHHS OCHOBHHMX (DaKTOpiB, AKI 30UIBLIYIOTH HECTAOUIbHICTH
XapaKTepUCTHK MaTepiaiy;

— JIOCIIIUTH OCOOJUBOCTI (OpMYyBaHHS MIKPOCTPYKTYPH BHCOKOMIIIHOTO YaBYHY IIpH
BUOpaHMX IHTEpBajaX KOJMBAaHHSA HOro XIMIYHOIO CKJIaJy Ta TEXHOJOTIYHUX IapaMmeTpiB
BUPOOHUIITBA.

Marepiaga Ta MeToAM [JOCHiIKeHHsl. BuruiaBky JOCHIAHMX YaBYHIB MPOBOJIWIM B
ENEeKTPUYHIN CepeHbOYACTOTHIN 1HAYKIiiHI medi emHicTio 5000 xr. [lluxTa s BUIUTaBKH
(dhopmyBaach 31 CTAIEBOr0 OPYyXTYy TPHOX KaTEropii 3aJI€KHO Bl CTAOUIBHOCTI XIMIYHOTO CKJIany 1
MPUCYTHOCTI (DOHOBHX Ta MIKIATUBUX JOMIIIOK, CTAJIEBUX BiIXOAIB HU3bKOBYTJIEIEBOI JMCTOBOI
cTam («BUCIUKHY), TIEPEIITLHOTO YaBYHY Ta TaKOX BJIACHOTO OOOPOTHOTO OPYXTY BUCOKOMIITHOTO
yaBpyHy. /1 KOpeKIlii BMICTy BYIJIEIIO Ta KPEMHII0O BHUKOPHCTOBYBAJIM BUCOKOBYTJIECLIEBY J100ABKY
Carburit, a Takox kap06ix kpemHito Ta (epocwminiid. [liu obmagHaHa TPUCTPOEM ISl MMOjaAYI
MoaudikaTopa Ha O0JIOO Tedl MpU BHUIYCKY MeTany B KiBil. KOHTposib TemriepaTypu B Tedi
npoBommi 3 BukopuctanHsMm mipomerpa HERAEUS DIGITEMP-E, ximiuamii ckian
KOHTPOJIFOBAJIM METOJIOM OINTHKO-eMiciitHoro anamizy Ha OES-anamizatopi GNRS9 ATLANTIS, y
xoi BEJCHHS IUIaBKM JUISI ONEPATHBHOTO KOHTPOJIO BMICTYy BYIJICHI0O Ta KPEMHIO
BUKOPHCTOBYBAIIM €JIEKTPOXIMIUHHUI eKkcrpec-aHamizarop Diglab, B sikocTi JOMOMIXXHOTO METOAY
OIIIHKY BiJINBAJIN KJIMHOBY MPO0Yy.

OO6poOKy po3ruraBy B KOBII Juisi (OPMYBaHHS CTPYKTYPH BHCOKOMIITHOTO YaBYHY
NPOBOAMJIM 1O TexXHouoril «Sandwichy-mporiecy B KoBii emHicTiO 500 K 3 BHKOPUCTAHHIM
chepoinuzyrouoro pearenty «6Mg — FeSi» Ta moaudikaropa cucremu Fe-Si-Ba. ITicis 3akiHdeHHs
00pOOKH MPOBOAMIN BUMIpP CTApPTOBOI TeMIEpaTypH PO3JIMBAaHHS JJIsi KOXKHOTO KOBIIA MOTPYKHOIO
tepmoniapoto AJAY SYSCON TEMPSTICK 429 S. IlpoOy Ha BH3HA4YeHHS XIMIYHOTO CKJIaay
BIiIOWpaTy B CeperHI PO3IMBKH KOBIA, TOJI K BIUIMBAIU MPOOY IS BU3HAYEHHS MEXaHIYHUX
XapaKTEPUCTHK 3TiHO 3 BuMoramu ctanaapty JICTY EN 1563:2019.

O1iHKy MIKPOCTPYKTYpU (BHU3HAYCHHS XapaKTEpUCTHK rpadiTHOI (ha3u) MpOBOAMIM Ha
ontuaHOMYy MeTasiorpadiuaomy mikpockoni METKON IMM 902 3rigHo 3 BUMOTamMu CTaHIAPTY
JCTY EN ISO 945-1:2022. Ouinky cHiBBiIHOIIEHHS (HEPUT/TIEPIIT MPOBOAMIN B aBTOMATUIHOMY
PEXUMI 3 BUKOPUCTAHHSAM MPOrPaMHOIo 3a0e3MeUeHHs MIKpOCKOIa.

BuMiproBaHHS MEXaHIYHMX XapaKTEPUCTUK TIPH BHUIIPOOYBaHHI Ha pO3TATHEHHS Ha
yHiBepcanbHill BunpoOysanbHii MamuHi SHIMADZU AG-X PLUS npoBoaniu 3riiHO 3 BAMOT'aMU
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crangapty ACTY EN ISO 6892-1:2022, migrotoBka 3paskiB — 3rigao JCTY EN 1563:2019.
BumiproBanHs TBepaocTi npoBoauian MetogoM bpunens Ha tBepaomipi QNESS Q250CS 3rigHo 3
Bumoramu crarnapty JJCTY EN ISO 6506-4:20109.

OcHOBHI pe3yabTaTn Ta iX 00roBopeHHsi. OCHOBHOIO MapKOI0 BHCOKOMIIIHOTO YaBYHY,
ska Oynma BUOpaHa SK CTapToBa TOYKa JJIs BU3HAUYEHHS HOBOTO CKiaay OyB (epHTo-mepitiTHHMA
Bucokominauii yaByH EN-GJS 500-7. Ha ocHOBI momepeqHbOro AOCBIAYy BUPOOHHIITBA IS
OTpPUMaHHS BUITMBOK 3 TOBIIMHOK cTiHKH 10-50 MM 10 TEXHOJIOTril, OIHCaHId BHIIE,
3agoBobHUTH BuMoram cranaapry JACTY EN 1563:2019 no uwiei mapku MokHa Oyio mpu
MIATPUMAaHHI XIMIYHOTO CKJIQJy 4YaByHY IMicis Mpoueaypd OOpoOKM B KOBIII Yy Mexax:
C = 3,4-3,6%, Si = 2,3-2,6%, Mg = 0,03-0,045%, Mn < 0,4%. Bmict S ta P Bu3HauaBcs
CHIBBIAHOIIEHHAM Yy IIMXTI OpyXTy Pi3HUX KaTeropii ta craHoBwio B cepenubomy S = 0,11%, a
P = 0,027%. Takuil ckiaa npu BUKOPUCTAHHI TEXHOJIOTii MoIM(iKyBaHHSA, sIKa OMKCAHA paHille,
JI03BOJISIIO  OTPUMYBAaTH MeXy MinHOcTi Rm waByny He Hmwkuye 500 MIla mpu BimHOCHOMY
noaoBxeHH1 As He Hik4e 7% y 95,7% mnaBok.

Cning Bkazatu, mo piBeHb 4,3% HEBIAMOBIIHUX IJIABOK HETATUBHO BiIOWBANHCS Ha
€KOHOMIYHUX IMOKa3HHWKaX BUPOOHUYOro mporecy. Kpim Toro, y moptderni 3aMOBIeHb BCce OLIBIINY
YaCcTUHY CTaly CKJIAZAaTd BIIUIMBKU 3 MapoK 3 MiJBUILEHOIO IUIACTUYHICTIO, Takux sk EN-GJS
400-15, EN-GJS 450-10, EN-GJS 450-18, EN-GJS 500-14, EN-GJS 600-10. Tomy BHHHKIA
HEOOXiTHICTh BU3HAUEHHS HOBOTO 0a30BOTO CKJANly, SIKUM J03BOJIMB O OTPUMYBATH IiJABHUILICHY
IJJACTUYHICTh METaJieBOi MaTpuill. BupimeHHs 1€l 3amadi JA03BOJUIO O PO3MIMPUTH CIIEKTP
3aMOBJICHb, SIKI MOIVIM OyTHW NPHUHHATI 10 BUPOOHMITBA Ta 3HM3UTU 1 KIJBKICTH Opaky mpu
BUKOHaHHI 3aMoBjicHb Ha Mapky EN-GJS 500-7, sixa € 01HOI0 3 OCHOBHHUX Yy MOPT(QeIIi 3aMOBJICHb.
HesBaxaroun Ha te, mo cranaapt JACTY EN 1563:2019 no3Bonse€ BUKOPHCTOBYBATH TEPMIYHY
0o0poOKy [UIsi MIJBUIICHHS KOMIUIEKCY XapaKTEepUCTUK YaBYHY, y TaKOMy BHUIAAKy UeHl
TEXHOJIOTTYHUN IPUIOM HE MIr OYTH 3aCTOCOBAHUH 3 MIpKYBaHb COOIBapTOCTI MPOTYKIIii.

B sikocTi OCHOBHOrO HampsMKYy 3MIHHM XIMIYHOTO CKJIaqy 0a3ylounch Ha PEKOMEHIAIlISAX
cragpapry JCTY EN 1563:2019 Tta pesynbrarax poOit [5, 6], Oyno mpuidlHSATO pilIeHHS PO
ITIJIBUIIICHHS] BMICTY KPEMHIIO B YaBYHI MPH OJHOYACHOMY 3HIIKEHHI BMICTY Cipku Ta ¢ocdopy,
Byno npoBeneHo cepiro HOCHiAHUX TIAaBOK. [IpuKiIaay BapiaHTIB CKIaLy, K1 J03BOJMIA OTPUMATH
MMO3UTHUBHI pe3yJIbTaTH, HaBE/IeH1 y Tabnuii 1.

Tabmus 1 — XimMiuHUN CKIaa Ta MEXaHI9HI BIAaCTUBOCTI €KCTIEPUMEHTAIBHUX TIIABOK

Ne . . Mexaniuni
Bmicm enemenmis, % sac. .
njiaaeKu gJacmueocmi

C Si Mn Mg P S | Cexs. | Ro Ml | As %
GIS | 363 | 248 | 03 0042 | 004 | 0011 | 448 585 10
500-7

1 321 | 321 | 019 | 0036 | 0021 | 0009 | 428 506 16
2 349 | 343 | 037 | 0037 | 002 | 0006 | 463 566 14
3 351 | 353 | 044 | 0033 | 0018 | 0006 | 469 610 18

VY mepriomMy psKy HaBeIECHUH MPUKIA CKIALy, SKAH BUKOPHUCTOBYBABCS JJISI OTPUMAaHHS
mapkun EN-GJS 500-7. ITotpiOHO BKa3zaTH, IO BiJICYTHICTh HEOOXiJHOCTI OTPUMYBAaTH BUCOKHUH
piBEHb BIIHOCHOTO NMOAOBXKEHHS (As5> 7%) 103BOJIAIOTH MIPALOBATH HA OUIBII JEMIEBIN MIMXTI, IPH
BUKOPHUCTAaHHI SKOi MM MaeMo MiABUIICHUN BMICT cipku Ta docdopy. Lle € mepeBaroro Mapku 3
norisay cobiBaprocti. [Ipore BuOHMparoum ckiajg marepiany, TEXHOJOTH MOBHMHHI BPaxoBYBaTH
HUIMH psif oOMexeHb. 30KkpemMa, HeOOX1HICTh rapaHTOBAHOTO OTPUMAHHS MEX1 MIITHOCTI Ha piBHI
He Hiwkye 500 MIla Bumarae migBUIIYBaTH BMICT MapraHIliO JJis 30UIBIICHHS YaCcTKH TEPIITY B
CTPYKTYpi MaTpHLi. 3 THX K€ MipKyBaHb JJOBOJAUTHCS 3HWKYBATH BMICT KPEMHIIO JJIsi 3MEHIICHHS
foro BIUIMBY, AK (eputu3aropa. Aje y IbOMY BHIQJKY JJIS MiITPUMAHHS 3HAYCHb BYIJICLIEBOTO
€KBiBaJICHTa MarTepiany B nianaszoHi 4,2—4,6% (1o 3a0e3neuye MaKCUMaIIbHI JIMBApHI BIACTHBOCTI)
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HEOOXIHO IIBHIyBaTH BMICT BYIJICHIO. Bce Iie MPU3BOAWTH A0 3HUKCHHS IUIACTHYHOCTI
MaTepiany 1 ajs 3a0e3neyeHHs 3HaueHb As> 7% HeoO0Xi11HO 0OMeXyBaTH BMICT Cipku Ta Gocdopy.
TakuM YMHOM, Yy TEXHOJOTIB 3QJIMIIAETHCS HEBEIMKHH IPOCTIp U KEepyBaHHS CKIIAZOM, Y
BUMAJKAX KOJH 3HaYeHHS MeXaHI4HUX BractuBocteil Mmapku EN-GJS 500-7 moTpiOHO oTpuMaTu y
BiJUIMBKAX 3 PI3HUMHU T'€OMETPUIHUMH NTapaMeTpaMH (TOBIIMHOIO CTIHKH).

VY nojambmIMX ~eKCIIEPUMEHTaX BHMBYAJIM MOXJIMBICTH OTPUMaHHS OUIBII  BUCOKOT
IUTACTUYHOCTI  CIUIaBy, MIO0 TapaHTOBAaHO BUKOHYBAaTH BHUMOTH cTaHaapty s Mapkun EN-GJS
500-7, a Tak0o>X MaTH MO>KJIMBICTh BUITyCKaTH BUPOOH 3 MApOK 13 MiABUILEHOIO IUIACTHYHICTIO.

Ax BugHO 3 maHux Tadd. 1, mis 6a30B01 iIaBku 1 301IBIICHHS BMICTY KPEMHIIO, 3HUKEHHS
BMICTY BYTJICLI0O Ta MAapraHiio J03BOJIMIM TapaHTOBAaHO OTPUMATH BHUCOKY IUIACTUYHICTh
Marepiaily, aje 3HayeHHS MEXI MIIHOCTI HAOMM3WIMCS [0 HUKHBOI TpaHULl, sIKa 3a7a€ThCs
crangapToM. Tomy 1eil BapiaHT ckjaay Hajajli OyB B3ATUH 3a OCHOBY JJsi po3poOku 0a30BOro
crtaBy st mapok EN-GJS 400-15, EN-GJS 450-10, EN-GJS 450-18. ExcriepuMeHTH TOKa3aIIH,
IO BMICT CIpkH Ta ¢ochopy Ais IbOro BapiaHTy CKJIaly MOxe OyTH BIJIHOCHO BHCOKHM, LIO
JI03BOJIsSI€ BUKOPUCTOBYBATH OUIBII JACIIEBUN METaJIeBUN OPyXT.

Takox Oya0 BCTaHOBIEHO, LIO JJIsI OTPUMAaHHS 0a30BOr0 CKIAy, KM Oyae MpUAaTHUM
it otpuManHs Mapok EN-GJS 500-14, EN-GJS 600-10 HeoOXigHO OJHOYACHO ITiIBUITUTH BMICT
TaKuX €JIEMEHTIB, K ByTJellb, KPEMHIH, MapraHelb Ipyu OJHOYACHOMY 3HM)KEHHI1 BMICTY CIpKHU Ta
¢dbochopy (mmaBka Ne2). IIpaBUIBbHICTE TAKOTO MIAXOAY MIATBEPUKYIOTH PE3YyJbTaTH BUIIPOOYBaHb
3pa3kiB maaBku Ne3, B siKiii Oy OTpUMaHI MaKCUMaJlbHI B J1aHii cepii eKCIepUMEHTIB 3HaUEeHHS
MEXI1 MIITHOCTI Ta BIIHOCHOTO TMOJOBXKEHHs ojnHo4acHo. [IpoTe B ckmami turaBku Ne3 3HaUCHHS
BYTJICLIEBOTO €KBIBAJEHTA CTAIOTh OJM3BKUMHU 10 BEPXHBOI MEXI ONTHUMAJIbHOCTI, IO MOTpelye
MPOBEICHHS JOAATKOBUX JOCITI/DKEHh MOXKJIMBOTO BIUIMBY IhOTO (DakTy Ha CTPYKTypy Ta
BJIACTUBOCTI YaBYHY IPU KOJUBAHHIX BUPOOHUYMX MAPAMETPIB y XO/i cepiiiHOro BUpOOHUIITBA.

Takum 4MHOM y pe3yJibTaTi MPOBEACHUX EKCIIEPUMEHTIB OyJIHM 3amporoHOBaHI HOBI 0a30Bi
CKJIaJ¥ JUISl MOJANBIIOI ONTUMI3ALI] ISl OTPUMAaHHA MapoOK BUCOKOMIIIHUX Ta BUCOKOIUIACTMYHHX
4yaByHiB 3 BHKOpHcTaHHsIM pexomenpgamii crapmapry JACTY EN 1563:2019. Ane, sk moxasye
BUPOOHMYMM JOCBiA, JUIsi OTPUMaHHS TapaHTOBAaHMX pe3yJIbTAaTiB HEOOXITHO TIPOBECTH
JOCIIJKeHHSI CTaOUTBHOCTI CTPYKTYpPH Ta BJIACTUBOCTEH MaTepialy NMpH HEMHHYYOMY KOJHMBaHHI
napameTpiB BUpoOHHMITBA. Jlianma3oH IUX KOJMBAHb BU3HAYAETHCS MO0 HU3KOK 00 €KTUBHHMX
(dakTopiB, BKIIOYAIOYM KOJIMBAHHS CKJQJy CHPOBWHH, KOJIMBAaHHS TIapaMeTpiB BHUPOOHMIITBA
BIJUIMBOK (MIapaMeTpH MICOYHO-TIIMHAHUX (POPM, KOJUBAHHS TEMIIEPATypH PO3IUBKH, PI3HUM ydac
nepedyBaHHS B MOAM(DIKOBAHOMY CTaHI MEpIIMX Ta OCTAHHIX MOPIH MeTaly B KOBII Ta iH.) Ta
cy0’ekTrBHUX (KBamipikamiss TepcoHaNy Ta Horo mncuxodi3iosoriyauii crtaH). Sk mpaBuio,
OJTHOYACHUW BIUIMB HA pE3yJlbTaT INPOLECY BEITUKOI KUIBKOCTI (PakTOpiB, SIKi 3MIHIOIOTHCS
BUIIQIKOBUM YHHOM HE3aJIEHO OJUH BiJl OJTHOTO, IPU3BOAMUTE 0 PO3KUIY BXIJHUX MapaMeTpiB IO
HOPMAJILHOMY 3aKOHY pO3IOJUTY BHIAJAKOBOI BENIWYMHU. ToMy Hamaimi JOCHIDKEHHS Oynu
CIIpSAMOBaHI HAa HAKOMUYCHHS Ta 00pOOKY JaHMX IIMOJ0 CTA0LILHOCTI XapaKTePUCTUK MPOIYKINii Ta
BUSIBJICHHS (DaKTOPIB, AKi B HAHOLIBININ Mipi BIUIMBAIOTh HAa MOPYLICHHS Ili€] CTaOIIBHOCTI.

VY tabmumsax 2 Ta 3 K MpUKIIa, MPUBEICHI XapaKTePUCTUKH MPOIeCy (XIMIYHUN CKIIaJ Ta
TeMIIepaTypa MovyaTKy pO3JIMBaHHS) 1 MEXaHIUHI XapaKTepUCTUKU 3pa3KiB 4yaByHy Mapku EN-GJS
450-10, BiymMTHX 13 KOXKHOTO 3 8 KOBIIIB €MHIcTIO 500 Kr, Ha siKi Oyja po3juTa IJIaBKa Macolo
4000 xr. KoedimieHnT Bapiarii BeMTUYUHU po3paxoByBaiu 1mo Gopmyi (1)

Max — Min
COV = ——— - 100%.
Average (1)
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Tabmuus 2 — BapiaTuBHICTS TapaMeTpiB MPOLIECY PO3TUBKH IJIABKHU Ta CKIIay MaTepiary

o Tp, C 1o Mn S P 0 Cr Cu Sn
Mwoswa | e | ) | STPOT) oy | gy | e | MO e | poel | poel
1 1429 | 3,449 | 3,424 | 0,209 | 0,009 | 0,029 | 0,0438 | 0,049 | 0,055 | 0,006
2 1432 | 3,448 | 3,427 | 0,209 | 0,008 | 0,028 | 0,0383 | 0,048 | 0,055 | 0,006
3 1439 | 3,508 | 3,433 | 0,193 | 0,008 | 0,028 | 0,0454 | 0,045 | 0,093 | 0,008
4 1440 | 3,445 | 3,359 | 0,192 | 0,007 | 0,028 | 0,0357 | 0,045 | 0,092 | 0,007
5 1428 | 3,528 | 3,413 | 0,196 | 0,009 | 0,029 | 0,0453 | 0,045 | 0,093 | 0,008
6 1425 | 3,469 | 3,419 | 0,194 | 0,007 | 0,028 | 0,0365 | 0,044 | 0,092 | 0,008
7 1430 | 3,525 | 3,349 | 0,199 | 0,007 | 0,028 | 0,0377 | 0,045 | 0,093 | 0,008
8 1422 | 3,515 | 3,35 | 0,195 | 0,007 | 0,028 | 0,0376 | 0,044 | 0,092 | 0,008
XapaKTepruCTHKH BapiaTHBHOCTI
Ma‘ﬁgfw 1440 | 3,528 | 3,433 | 0,209 | 0,009 | 0,029 | 0,0454 | 0,049 | 0,093 | 0,008
Mlll\*ﬂl?r‘]yM 1422 | 3,445 | 3,349 | 0,192 | 0,007 | 0,028 | 0,0357 | 0,044 | 0,055 | 0,006
iﬁgﬁ;‘gs 1431 | 3,487 | 3,391 | 0,201 | 0,008 | 0,029 | 0,041 | 0,047 | 0,074 | 0,007
CoV, % 126 | 238 | 248 | 848 | 2500 | 351 | 2392 | 10,75 | 51,35 | 28,57
Ta6muis 3 — BapiaTUBHICTh XapaKTEPUCTUK MaTepiay
A Meswca mexyuocmi Rop, Mesxica miynocmi R, Bionocne noooesrcennn
® Kosua Mna Mna As,%
1 418 582 13,1
2 418 549 10,9
3 358 584 10,0
4 388 543 12,2
5 411 591 13,3
6 439 560 10,1
7 440 573 13,4
8 389 508 11,9
XapakTepUCTUKHU BapiaTUBHOCTI
Maxcumym 440 591 13,4
Max
Misimym 358 508 10,0
Min
Cepene 399 549 11,68
Average
CoV, % 20,59 15,22 28,69

AHanizyrouu aaHi Tabnuii 3, MOKHA 3pOOUTH BUCHOBOK, 1110, XO4a BCS IJIaBKa BIANOBIIaNa
BuMoram J1o mapku EN-GJS 450-10, ane BapiaTUBHICTh XapaKTEPUCTHK YaBYHY € JyK€ BHUCOKOIO.
JIJist XapaKTepUCTHK MIIHOCTI II€ HE € KPUTHYHUM, TOMY IIIO iX 3HAYEHHS BiJIOBIIal0Th BUMOTaAM
cTaHaapTy 3 BenukuM 3amnacoMm (Roz2 > 320 MIla, Rm > 450 MIIa) Toai sk MiHIMalbHI 3HAYEHHS
BITHOCHOTO TIOJIOBXKCHHSI As JIJISl 3pa3kiB BiJ KOBIIB 2, 3, 6 3HAXOUAThCSA, (HPaKTHYHO, HA MEXIi
JIOIyCTUMOTO, MPU YOMY BapiaTHBHICTh MOKa3HUKA BIJIHOCHOTO IOJIOBXKEHHS € MaKCHMAaJbHOIO
(28, 69%) cepen BCix MeXaHIYHUX XapaKTEPUCTHK.

3 aHamizy AaHuX TaOaMil 2 BUJAHO, IO Cepel MapaMeTpiB MPOLECY PO3JIMBKU HaHBUILUI
koedimieHT Bapiarii MarTh Taki mokaszHuku, sk Bmict Cu (51,35%), Sn (28,57%), S (25%),
Mg (25,92%). Ane npobGiema nossrae B ToMy, 110 (Hi3MYHI IPUYMHUA KOJTUBAHHS TaKUX €JIEMEHTIB
ak CU Ta Sn y Meraii onHi€l MIaBKM BIACYTHI 1 € HACTIIKOM 3arajbHOi HEBU3HAUEHOCTI MPOIECY
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aHamizy ximiuHoro ckiany. KommBanus Bmicty M@ Ta S, HampoTH, € HAClliJKOM HeCTaOiIbHOCTI
npoTikaHHs «Sandwich»-mpoliecy B KOBIII BHACIIIOK KOJIMBaHb TEMIEPATYPU BHITYCKY METaly Ta
nmapaMeTpiB MOTOKY MeTajy NpHu 3MiHi ioro piBHS B medi. Tomy Oyno 3po0iieHO BHCHOBOK IIPO
HeoOXiAHICTh cTalimi3amii mpoiecy OoOpoOKM MeTaldy B KOBINI JJsi 3MEHIIEHHS BapiaTHBHOCTI
TEXHOJIOTIYHOTO MPOIIECY B IIIOMY.

JlocToBipHMIA  CTAaTUCTHUHUN  aHami3  OaraToakTOpHOrO  Mpolecy  BUPOOHMIITBA
BHCOKOMIITHOTO YaByHY MOTpedye HAaKONMMYEHHs 3HayHOro macupy iHpopmauii. Ha HacTynHOMy
etani OyJy BU3HAUEHI XapaKTEPUCTHKH BapiaTUBHOCTI mpoliecy BupooHunTBa Mmapku EN-GJS 450-
10 3a pesynpratamu 30 miaBok mpotsarom 10 TiwxkHIB. 3 maHuX TaOauUIll 4 BUIHO, III0 BapiaTUBHICTD
MpOLIeCy y Yaci 3HAYHO BWINA, HDK y Mexax ofHiel muaBku (auB. Tabn. 2 ta 3). Ile moB’s3aHo,
HacaMmrepe] 13 KOJMBAaHHSAMU CKJIaAy MerajaeBoi muxTH. Jlemo 30iiapImmiiacs 1 BaplaTUBHICTH
«sandwich»-mipouiecy, $Ky OLIHIOBaJM II0 BapiaTUBHOCTI BMICTY MarHilo. AJje BHACIIIOK
MPaBWJIBHOTO BUOOPY 0a30BOro CKIJIALy MPU PO3PAXyHKY IIMXTH, MiHIMAJIbHI 3HAYEHHSI MEXaHIYHUX
BJIACTUBOCTEN HE BUHMIILIM 32 MEX1 BUMOT CTaHIapTYy.

[Ipote cmig 3a3HauMTH, 110 3HA4YHA YacTUHA IUIaBOK (47%) Mama BHMCOKI 3HAYEHHS
MEXaHIYHHUX BJIACTUBOCTEH 1, JaKTHUYHO BiJMOBiana BUMoraM ctanaapty no mapku EN-GJS 500-14.
Binnoginni xapakrepuctuku BapiatuBHOCTI tuiaBok EN-GJS 450-10 ta EN-GJS 500-14 naBeneni y
Tabmuii 5. AHami3 JaHuX J03BOJISIE 3pOOMTH BHUCHOBOK, IIO TMOKAa3HWKHM BapiaTUBHOCTI XiMIYHOTO
CKJIay JIBOX MapOK YaBYHIB MPAKTUYHO HE BIAPI3HAIOTHCS. [IpaKTUUHO OJHAKOBI XapaKTEPUCTUKU
BapiaTUBHOCTI W y Mexi MilHOCTI. DaKTUYHO, PI3HULA MK MapKaMH IOJISra€e TUIBKH y 3Hau€HHI
BITHOCHOTO TOJOBXKeHHs. Ciin 3poOUTH BUCHOBOK, II0 (POPMYBaHHS TaKOi XapaKTEPUCTHKH, 5K
IUIACTUYHICTh BUCOKOMILIHOTO YaBYHY BKa3aHOTI'O 0Aa30BOT0 CKJIay HE 3aJI€XKUTh BiJl HOro KOJIUBaHb y
JOCHIJDKeHUX Mexax. Lle miaTBepKyeTbes pe3ysibTaTaMH MapHOTO KOPEJSLINHOro aHami3y 3B 3Ky
3HA4Y€Hb BIJHOCHOTO IOJIOBKEHHS Ta XIMIYHMX EJIEMEHTIB, IO BXOJAATh 10 CKJIaay uaByHy. Bcei
KOoe(DIII€HTH € CTATUCTHYHO HE3HAYMMHMU Ha piBHI 3HauymocTi 0,95.

Tabnuist 4 — Y3aranpHeHi HOKa3HUKHU BapiaTUBHOCTI Mpoliecy BUpoOHuTea yaByny EN-GJS 450-10

. . . Mexaniuni
Ximiunuii cknao memany .
ejacmueocmi
Tlokaznux

C Si Mn S P Mg Cr Cu R, A
[%] [%] [%] [%] [%] [%] [%] [%] | Mna 70

XapaKkTepuCTUKH BapiaTUBHOCTI
Ma‘ﬁgfw 3,736 | 3,643 | 0,241 | 0,010 | 0,038 | 0,0531 | 0,064 | 0,099 | 597 | 20,88
Ml,‘\*/lli“f]yM 3,400 | 3,020 | 0,164 | 0,007 | 0,028 | 0,0332 | 0,036 | 0,027 | 486 | 10,01
iﬁgﬁggg 3,513 | 3,274 | 0,200 | 0,008 | 0,033 | 0,041 | 0,046 | 0,065 | 535 | 14,35
COV, % 956 | 19,03 | 38,51 | 36,00 | 30,00 | 48,11 | 61,27 | 111,05 | 20,82 | 75,74

Tabmuus 5 — ITopiBHSHHSA TMOKA3HHWKIB BapiaTUBHOCTI MPOIECY BUPOOHMIITBA YaBYHY IUIABOK, IO
BignosimaroTe Mapii EN-GJS 450-10 ta EN-GJS 500-14

. . . Mexaniuni
Ximiunuii cknao memany ,
eaacmueocmi

Tlokaznux
C[%] | Si[%] |Mn[%] | S[%] | P [%] |Mg [%] | Cr[%] |Cu [%] Rm, Mna| As%

Xapakrepuctuku BapiatusHocti EN-GJS 450-10

Ma‘;;:;‘yM 3,702 | 3,424 | 0,240 | 0,010 | 0,038 | 0,0531 | 0,061 | 0,092 | 597 | 13,7
Ml&‘;‘f}“ 3,408 | 3,020 | 0,167 | 0,007 | 0,028 | 0,0338 | 0,036 | 0,027 | 486 | 10,0
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[Iponos:xenHs Tabdi. 5

Cepenne 3,519 | 3,230 | 0,208 | 0,008 | 0,032 | 0,041 | 0,048 | 0,064 | 531 | 12,2
Average
COV, % 834 | 1251 | 3504 | 3589 | 3097 | 47,25 | 52,08 | 101,3 | 209 | 298
Xapaxkrepuctuky BapiatusHOCTI EN-GJS 500-14

Ma‘;z:fw 3,736 | 3,643 | 0,241 | 0,009 | 0,038 | 0,0530 | 0,064 | 0,099 | 577 | 20,9
Ml,‘\*/lli“r“]yM 3,400 | 3,025 | 0,164 | 0,007 | 0,028 | 0,0332 | 0,036 | 0,027 | 502 | 141
Cepennie 3,508 | 3,312 | 0,193 | 0,008 | 0,034 | 0,042 | 0,044 | 0,065 | 538 16,2
Average
COV, % 958 | 18,66 | 39,99 | 24,06 | 29,20 | 47,35 | 64,09 | 110,0 | 13,9 | 422

[Ipote, rpadiku mapHUX 3aJ€KHOCTEH BKa3ylOTh HAa HASBHICTh NEBHUX TEHACHIIIN Yy BIUIMBI
OKpeMHUX €JIEeMEHTIB Ha 3HaueHHs IuacTuyHocTi (puc. 1). Ha puc. la, 6 HaBenmeHi 3aneHOCTI
BIZTHOCHOTO TTOJIOBXKCHHS BiJI BMICTY €JIEMEHTIB, SIKi MAalOTh MAaKCUMAJIbHUI MTO3UTUBHUH BILIMB Ha
IUIACTUYHICTh, HA pHC. | B, T — MaKCUMaJIbHO HETaTUBHUU BIUMB. [Ipw momaneimiii onTumizarii
0a30BOT0 CKJIaJly YaBYHY CJiJi PEKOMEHIYBAaTH ITiIBUIIYBAaTH BMICT KPEMHIIO Ta MarHito, TUM
OisbIIIe, 110 BOHM MAIOTh O3UTUBHE 3HAUYEHHS KOoe]ilieHTa MapHOi KOPEJAIii 1 3 MeXer0 MIllHOCTI.
BianoBigHO ciij 3HMKYBAaTH BMICT MapraHIllo Ta XpoOMYy Yy THX BHUIIAJKaX, KOJIM HEOOXiJTHE
IMABUILEHHS BIJITHOCHOT'O ITOJOBKEHHS.

KoediuieHT kopenauiir=0,38 KoediuieHT kopenauiir=0,23
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Pucynok 1 — BrumiB eneMeHTiB XiMiYHOTO CKJIa/ly YaByHY Ha 3HaU€HHS BiJTHOCHOTO TIOJJOBXKEHHS
a — BIUTUB MarHito; 0 — BIUITMB KPEMHIIO; B — BIUTUB MapraHIio, T — BIUIUB XPOMY

OtpuMaHi JaHl He MPOTHUPIYATh pe3ysibTaTaM, OTPUMAHUM IHIIUMH JIOCIHITHUKAMHU.
3HMKEHHSI BMICTY XpOMY TEXHOJIOTIYHO MOKe OyTH peayi30BaHO NUISIXOM BHUKOPHCTaHHS JIOMY
HU3BKOBYTJICIIEBUX HEJETOBAHUX MapoK cTaneil. [Ipm BHUKOpUCTaHHI BIIACHOTO HEOOXiTHO
CIIIKYBaTH 3a 30€pEKECHHSIM HOT0 YHCTOTH MIOJ0 BMICTY MIKIUIMBHX TOMIIIOK CipkH, docdopy,
KOJIbOPOBHX MeETamiB (MiJlb, OJIOBO) Ta XpoMy Tmpu OararopazoBomMy oOepTaHHI #Oro B
TEXHOJIOTIYHOMY IPOIIECI.
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[TpoBenmeHi MOCTIHKCHAS TIATBEPIWINA, MO MIABUIICHHS BMICTY KpeMmHito Bume 3% €
e(eKTUBHUM 3ac000M OTPUMAaHHS YaBYHIB 3 OJIHOYACHO BUCOKHMMH 3HAYEHHSIMH MEX1 MIIHOCTI Ta
BITHOCHOTO TIOZOBXEHHA. [Ipore, cTabilbHE OTPUMaHHS BHCOKMX TIOKAa3HHKIB IUIACTUYHOCTI
BHCOKOMIITHOTO YaByHY HEMOKJIMBO TUIBKHM ILUISIXOM perjiaMeHTalii Ta cralimi3amii XiMi4HOTO
CKJIay 4aByHY. 3MiHa XIMIYHOTO CKJIaxy MPHU3BOJUTH A0 3MiHM MOp¢oiorii rpadiTHUX 4acTOK Ta
CTPYKTypU MeTalieBoi MaTpuill. Mertanorpadiuni JOCTIIKEHHS MOKa3alH, [0 YaBYHU 3 0a30BUMU
CKJIaJJaMH, $Kl BIAMOBIMarOTH Tabn. 1, MaroTh mepeBaxkHO (eputHy Marpuiio (puc. 2 0) 3
rpagiTHUIMHU YacTKaMM 3 BHUCOKMM cTyneHeM cdepoinuzanii (Ounbme 80%) 3 mepeBakaiodoro
dbopmoro rpaditHux vactok tumy VI mo ICTY EN ISO 945-1:2022 (puc. 2 a). [Ipuknagu Takux
CTPYKTyp HaBeZieHIi Ha pucyHky 2. IIpore, y mpomeci poGotu Oyno BHUSBICHO, L0 Yy
BUCOKOKPEMHIEBUX YaByHaX BYIJICLIEBHH €KBIBAJIEHT SIK IPaBUJIO, 3HAXOAUTHCS Ha BEPXHIA MExX1
ONTUMAaJIbHUX 3HaueHb (4,6—4,7%) 1 Ipu OJHOYACHOMY OTPHUMAaHHI BMICTY MarHito micist o0poOKku B
koB1Ii Ha piBHI 0,04% 1 Bulle MOXKJIMBE MPOTIKAHHSA HEOAXaHOTO sIBUIA (OPMYBaHHS PO3IpBaHUX
Ta 31pKONONIOHMX yacTok rpadity (auB. puc. 3). PozipBana ¢opma nerko ineHTU(DIKYeTbCA 1
(hIKCyeThCS SIK BIAXWIEHHS, TOJI SIK 31pKONOAI0H1 YacTku (puc. 3 0) npu HEBEIMKUX 301IbIIEHHAX
Mikpockona (x100) MOXyTh 11eHTH(]IKYBATUCS IPOrPaMOI0 aBTOMATUYHOI 0OpOOKHU 300paxeHb sIK
chepuuni uyactku Gopmu tumy VI (puc. 3 a), 1m0 NPU3BOAUTH OO0 HEMPABUIBHOI OIIHKU
MIKPOCTPYKTYPH, sKa (HaKTHIHO € HeOakaHor. OCKUIbKH (hopMyBaHHS TpadiTHUX YACTOK TAKOTO
THUITy TIPU3BOJIUTD, SIK MPABUIIO 0 3HIDKEHHS 1 MIIHOCTI 1 TUIACTHYHOCTI OJIHOYACHO, TO CBOE€YACHE
BHSIBJICHHS BIAXHUJIEHB 1 KOPEKIIiSl TEXHOJIOT1i BUPOOHMIITBA JTO3BOJIUTH 3HU3UTH BTPATH BiJl OapKy 1
Oyne 3ano0iraTu BUITYCKY HEBIAMOBITHOT MPOIYKIIi.
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Pucynok 2 — MikpocTpyKTypa BUCOKOMIITHOTO ()epUTHOIO YaByHY 0a30BOro XiMigyHOTo ckiany 2 (Tadim. 1),
x100 a — hopma rpadiTHUX YacTOK; O — CTpyKTypa MaTpuli (TpaBieHHs 4% po3unHoM HNO3 B eTaHodi)
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Pucynok 3 — MikpocTpyKTypa BHCOKOMIITHOTO (DEpUTHOTO YaByHY 3 BUIUICHHIMH 3ipKONOIiIOHOTO Tpadiry,
a — ¢opma rpadiTHux yacTok, x100; 6 — popma rpadiTHEx yacTok, x500
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Jlnist 3amo6iraHHst yTBOpEeHHS rpadiTHUX Y9acTOK Takoi MOpgoaorii moTpiOHO CiigKyBaTH 3a
TUM, 1100 BYIJICLIEBUI €KBIBAJICHT Ta TeMIIepaTypa METaly B KOBLII NPH MOYATKy PO3JIMBAHHS HE
MEpeBUIIyBaIA BKa3aHi B iHCTpykuii. [lepconan maboparopii meranorpadii MOBHHEH NpPONTH
JOJJATKOBUH THCTPYKTaX 3 PO3Mi3HABaHHA YaCTOK 31pKOIMOAIOHOTO QepuTy.

Takum yMHOM, y pe3ynbTaTi MPOBEAeHHS POOOTH OyJiM BU3HAYEHI TEXHOJIOTIUHI TapaMeTpH,
SKl JIO3BOJMJIM TapaHTyBaTW JOTPUMAaHHA BUMOT CTaHAApPTy ILOJO 3HAYEHb BIJHOCHOTO
MOJIOBKEHHS TIpH BHUPOOHUIITBI BUCOKOMIiIIHOTO 4aByHY Mapku EN-GJS 500-7 y 99,2% mnnaBok,
TOOTO 3HM3UTU KUIBKICTh OTpUMaHHsA Opaky Npu BUPOOHMUTBI MpoAyKuii 3 wiei mapku Ha 3,5%.
Exonomiunuit epext mpu npomy ckiamae 1200-1500 rpH/T AuUTTS B 3aJ€KHOCTI BIJ IIHU JIUTUX
Jeranei.

3HauHO OuIbllla €(PEKTUBHICTH BiJl BIPOBAIKEHHS PE3yJbTATIB JOCHIIKEHb JOCATA€ThCA
IIpU BUKOHAHHI 3aMOBJIeHb Ha BUpoOu 3 Mapok EN-GJS 450-10 ta EN-GJS 500-14. Ockinbku npu
BUKOPHUCTaHHI 0a30BOT TEXHOJIOT1i BUIJIABKM HEMOXJIMBO OYJI0 rapaHTyBaTH OTPUMaHHS MOTPIOHMX
3Ha4eHb BITHOCHOI'O MOJOBKEHHsI 0€3 MPOBEIECHHS 101aTKOBOI TEPMIYHOT OOpOOKM JIUTUX JeTajei,
a Juist 1i IpoBeAeHHS HE OyJIO BIAMOBIIHOTO TEPMIYHOTO OOJIaTHAHHSA, TO HE OYyJI0 MOKJIMBOCTI
npuiiMaTH 3aMOBJICHHS Ha TaKy HpOIyKIito. BrpoBamkeHHS pexkoMeHIaliid poOOTH I03BOJISIE
pO3MIUPHUTH TTOPT(PENTH 3aMOBIICHb MIANPUEMCTBA Ta OTPUMATH JTOJATKOBUNM €KOHOMIYHHUH e(eKT 3a
paxyHOK BUITYCKY NMPOJYKIIi 3 OUIBIIOK0 JOAAHOI0 BapTICTIO.

BucHoBku. Y pe3ynbTaTi NpoOBEACHUX AOCIIKEHb OylIM OTpHUMaH1 JaHi, SKi J03BOJIHIN
3pOOUTH HACTYIIHI BUCHOBKHU:

— 3 ypaxyBanusM pekomennamii cranmapty ACTY EN 1563:2019 1 mnis orpumanHA
MIBUIIICHOT MEX1 MIIHOCTI Ta BIIHOCHOTO TOJIOBXKEHHS OJHOYACHO OYB 3aIPOMOHOBAHUMN MiIXi]l
710 BUOOPY CKJIaly YaBYHY 3 ITiIBUIIICHAM BMICTOM KpeMHito B niana3oHi 3,0—3,6% mpu ogHOYACHIH
KOpeKLii BMICTy BYIJIELIO TaKMM YMHOM, LI00 3HAUYEHHS BYIJIELIEBOIO €KBiBajeHTa Oyiun B
nmiana3zoni 4,2-4,7%. JlonaTKOBUM 1HCTPYMEHTOM MIJBUIIEHHS MIIIHOCTI MOX€ OyTH 3011bIIEHHS
BMicTy Maprasuo a0 0,4%, ane npu 30UIbIIEHHI HOr0 BMICTY MOKE CIIOCTEPIraTHCsS 3HUKECHHS
3HAa4YeHb BiTHOCHOTO TIOJOBKECHHSI.

— JlommycTuMuid piBeHb BMICTYy ()OHOBHX Ta HIKIIJIUBUX JOMIIIOK BUOMPAETHCS BUXOIIYH 3
BUMOT JIO0 TIACTHYHOCTI Matepianmy. JlJis oTpuMaHHS BITHOCHOTO TOJOBXKEHHS As > 14% BMicT
cipku Mae oytu: S < 0,006, docdopy: P < 0,02, xpomy: Cr < 0,04. BmicT omoa Sn < 0,008% Hne
CTBOPIOE HETaTUBHOI'O BIUIMBY HAa MEXaHI4HI BJIaCTUBOCTI BUCOKOMIIIHOTO YaBYHY.

— HaiiGinpm BapiaTUBHOIO XapaKTEPUCTUKOIO YaBYHY BKa3aHOTO CKJIaJy € 3HA4YCHHS
BITHOCHOTO TOAOBXKEHHs, /Ui sikoro koedimieHT Bapiauii COV moxe pocsratu 42%. Haibinbim
BapiaTUBHUM MapaMeTpoM MpOIecy MPH PO3NUBLI IJIABKMU Micis MOPLiHHOT 00poOKH MeTany B
KOBILIAX € BMICT MAarHilo, 10 MOXKe OyTH TIOB’S3aHO 3 HECTAOUIBHICTIO MpOTiKaHHs «Sandwichy-
mporecy mpu oO0poOi B KOBHI. Y JIOBFOCTPOKOBIM TMEPCHNEKTHBI OCHOBHUM JDKEPEIOM
BapiaTUBHOCTI € KOJMBAaHHSA BMICTY (POHOBHMX Ta IIKUIIMBHX JOMIIIOK y CKJaJi YaByHY, LIO
OB’ 513aHO 3 HECTAOIBHICTIO CKJIAly METaJIeBOI IMXTH, 30KpeMa KomepLiiHoro opyxty. Tomy amns
OTpPUMaHHS BY3bKOTO Jllalla30Hy KOJUBaHHS MEXaHIYHUX XapaKTEPUCTHUK MOTPIOHO yIOCKOHAIEHHS
orepartii 00poOKu MeTtanry B KoBII «Sandwich»-mporiecom Ta cenekiis Kepea MOCTadaHHS
OpyXTy.

— Oco0bnuBicTIO (OpMYBaHHS MIKPOCTPYKTYPH BHCOKOMIIIHOTO YaBYHY IPH BHOpAaHHUX
iHTepBajgax KOJWBAaHHS MOTr0 XIMIYHOTO CKJIaAy Ta TEXHOJIOTIYHUX IMapaMeTpiB BUPOOHHMIITBA €
MABUILEHUH PU3HK (POPMYBaHHS PO3IpBAHMX Ta 31pKOMOAIOHMX YaCTOK rpadiTy MpHU 0JJHOYACHOMY
30iry Takux (hakTopiB, SIK BUCOKHI BYTJICIEBUN €KBiBAJIEHT, BHCOKMN BMICT MAarHiro Ta BHCOKa
TeMIepaTrypa po3iauBaHHs Metany y ¢opmu. @opmyBaHHS Takoi Mopdosorii rpadiTy npu3BOAUTH
70 3HWKEHHS MEXaHIYHMX XapakTepucTuk. IlomepemkeHHs IbOro sBUIIA MOTpedye OiIbII
KOPCTKOI perfiaMeHTallii BepXHbOTO PiBHS BHUILEBKA3aHUX MTApaMeTpiB.

— BmnpoBampkeHHs pe3yabpTaTiB poOOTH JO3BOIMIIO 3HU3UTH PiBEHb BUITYCKY HEBIAOBIIHOT
npoaykiii 3 yaByHy Mapku EN-GJS 500-7 na 3,5% Ta oTpumatu JOAATKOBHIA €KOHOMIYHUHN e(deKT
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BHACIIIJIOK PO3IIMPEHHS IMaKeTa 3aMOBJICHb Ha BUIYCK Npoaykilii 3 Mapok EN-GJS 450-10 ta EN-
GJS 500-14 3 611b11010 JO/TAHOIO BApPTICTIO.

IlepcnexkTuBM MoaAAbLIIMX AOCHiIKeHb. [lofganpi gociiakeHHs: Oy ayTh CIIpsIMOBaHI Ha
BCTAaHOBIIEHHSI PAIliOHAILHOTO BEPXHBOTO PIBHA BMICTY KPEMHIIO, SK HaHOUIBII JEmIeBOTrO
JIETYIOUOTO €JIEMEHTa B YaBYyHi. TaK0oX MEPCHEKTHBHUM € MPOBEACHHS JOCIHIIKEHb Y HAIMPSIMKY
MIKpOJIETYBaHHS ~ BHCOKOMIIIHOTO  ()EPUTHOIO YaBYHY CWJIBHUMH  KapOiJ0yTBOPIOIOYUMHU
enemenramu (V, Nb, Ti, M0) 3 mMeTor0 101aTKOBOrO 3MillHCHHS (DEPUTHOI MATPHUI. 3 MOTJISAY
YIOCKOHAJIEHHSI TEXHOJOrii HeoOXilHe NpOBENEHHsS IOCHIKEHb 3 YJOCKOHAJCHHS peai3awii
«sandwichy-iporiecom. 3 MmOy PO3BUTKY METOMIB  KOHTPOJIKO — MpOIeCy  MOTPiOHO
YIOCKOHAJIEHHS! METOJIMKU OLIHKU HAasiBHOCTI B CTPYKTYpi HeOakaHUX (opM rpadiTHUX 4aCTOK.
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Pashynskyi V. V., Pashynska O. G., Boyko S. O. RESEARCH ON THE POSSIBILITY OF IMPROVING
THE HIGH-STRENGTH CAST IRON MECHANICAL PROPERTIES TAKING INTO ACCOUNT THE
RECOMMENDATIONS OF THE DSTU EN 1563:2019 STANDARD

The technological issues of the strength and relative elongation of high-strength cast irons (HSCI) are
considered in the paper. The main method chosen is to increase the silicon content to obtain a ferrite matrix
strengthened by the solid-solution mechanism. To ensure low production costs, special attention was paid to
determining the permissible content of trace and harmful impurities in order to use cheap commercial scrap.
The issue of the stability of the mechanical characteristics of cast iron during fluctuations in the technological
parameters of its production is also considered. It is shown that main sources of variability in characteristics
are the instability of the results of metal processing in the ladle when using the “sandwich” process, as well as
fluctuations in the content of trace and harmful impurities due to the instability of the quality of metal scrap. It
was found that in the studied range of chemical composition, an increase in the content of magnesium and
silicon contributes to a simultaneous increase in the strength and ductility of cast iron, while an increase in the
content of manganese increases the strength but reduces the ductility. It is shown that to obtain a relative
elongation As > 14%, the content should be: S <0.006, P <0.02, Cr <0.04. The Sn <0.008% does not create a
negative impact on the mechanical properties of HSCI. It was also found that with an increase in the content of
silicon and magnesium in cast irons with a high carbon equivalent at a high pouring temperature, a tendency
to form torn and star-shaped graphite appears, which leads to a decrease in the mechanical characteristics of
cast iron. It is recommended to introduce additional metallographic control for the presence of particles of this
morphology in the structure.

Key words: high strength cast iron; spheroidal graphite; ferrite; pearlite; “sandwich”-process; relative
elongation; ultimate tensile strength; carbon equivalent.
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METOAU MNPUHAHSATTS PIIIEHD 3 YIIPABJIIHHA PYXOM CYJEH
B IHTEJEKTYAJIbHUX HABITAIIHHUX IHOOPMALIMHUX
CUCTEMAX

bens A. II., xm.n., npogecop, npopekmop 3 HayKogo-nedazociunoi pobomu
Xepconcoroi depacasnoi mopewkoi akademii, m. Xepcown, Vkpaina, e-mail: a_ben@i.ua,
ORCID: 0000-0002-9029-3489.

Cmamms npucesiuena NUMAHHAM PO36UMKY MemoOi8 NIOMPUMKU NPULHAMMSL PIueHb Y 2aay3i CYOHOBOOIHH S
ma ix npakmuuHoOMy 3ACMOCYBAHHIO 6 IHMENeKMYalbHUX Hasicayiinux ingopmayitinux cucmemax (IHIC).
Ilpogedeno nopieHanbHUL aHali3 aBAPIUHOCMI CYYACHO20 C8IMO0B020 CYOHONIABCMEA 34 OCMAHHI 08d
decsimupiuus, 6U3HAYEHO i OUHAMIKY ma 3 ACO8AHI OCHOBHI YUHHUKU GUHUKHEHH: asapiii. /loeedeno, wo
OQOMIHYIOUA 4aACMKA asapiti 0OYMOBNIeHA He2amMUBHUM GHIUBOM TIOOCbKO20 (haKmopa Ha npoyecu YnpaeiinHs
CYOHaMu, w0, K HACAIOOK, Npu300umsv 00 3IMKHEHb, NOCIOAHb HA MIIUHY, d MAKONC 00 GUHUKHEHHS
Hebe3neyHux cumyayii Ha cyoHi ma 6iomos y pobomi tioeo cucmem. Ilokazani munu ROMUIOK, 0OYMOBNIEHUX
BNIUBOM JHOOUHU HA NPOYECU KePYBAHHs CYOHOM MA 3aNPONOHOBAHT MONCIUGE ULIAXU 3MEHUEHHSL IX KLIbKOCHII.
Busnaueno ponv ma micye IHIC ma cucmem niompumxu npuunammsa piwens (CIIIIP) y supiwenni 3a0au
niosuuenHs aKocmi ma egheKmueHOCMi Npoyecie YNPAasLiHHA CYOHAMU A CYOHOBUMU CUCMEMAaMU 3 Memor
3HUdICEHHA pieHA asapiiinocmi. [losedeno, wo IHIC maromv 3HauHuli nomeuyian y eupiwieHi npodiemu
3MEHUEHHS KITbKOCMI ROMUNLOK, CHPUYUHEHUX BRIUBOM JIHOOCHKO20 (aKmopa Ha Npoyecu Kepy8aHHs CyOHAMU
ma OONOMIICHUMU CUCMeMamu, i, SIK HACAIO0K, CAPUSMUMYMb 3MEHULEHHIO KLIbKOCMI asapiil y C8imosomy
cyononnascmsi. Ilokazano 3pocmarouy poib Cy4acHux iHQOpMayitiHux mMexHoN02iu, 30Kpema Memoois
WMYYHO20 [HMENeKmy Ma [HMEeNeKMYyaibHo20 aHANi3y OaHUX ) eupiuieHi NnumaHv NnioguweHHs Oe3nexu
CYYAcHO20 CYOHONNABCMBA, 3POCMAHMSL PIGHA 1020 asmomamu3sayii. 3anpononosano kiacudikayio memoodis
NPUIHAMMSA pilens y 2aay3i CYOHOBOOIHHA 34 KIACAMU 3a0a4, Wo Gupiulylomscs. Busnaueno ocobausocmi
NPAKMUYHO20 3ACMOCYBAHHs KOJICHOI epynu memoodie 6 I[HIC ma okpecneno nepcneKmu@Hi wiiaxu ix
nodanvuiozo pozeumky. Pospobneno 3acanvmy cmpykmypy IHIC ma 3anpononosano 3acmocy8aHHs
YOMUPLOXEMANHO20 YUKy OAa peanizayii npoyecy nputiHamms piuens i3 OupepeHyitiosanum
BUKOPUCAHHAM DPI3HUX 2pYNn MemoOie ma Odxcepenl SUXiOHUX OaHUX Ha KOJCHOMY 3 emanie. Busnaueno
npiopumemui wiiaxu ma nepcnexkmusu nodanvuiozo 3acmocyeanns CIIIIP ma IHIC y cyowonnascmei, a
maxodxc ix micye i pob y pO3GUMKY 2any3i Oe3eKinaxcHux ma asmoHOMHUX MOPCbKUX CYOeH.

Kniouoei cnoea: inmenexmyanvni cucmemu, Hagieayiumi cucmemu, CYOHOB00IHHA, CUCMEMU NIOMPUMKU
NPUUHAMMS  pileHb, Memoou NPUUHAMMS pPilleHb, WMYYHUL [HMeNeKm, YNPAGNiHHA CYOHOM, Oe3neKa
Mopennascmea.

DOI: 10.33815/2313-4763.2024.2.29.099-110

Beryn. Tlompu HeratwBHI HacHigku TaHAEMIi KOpPOHABIpYyCy Ta HampyXeHy O€3NeKOBY
CUTYAIIII0 Y CBIiTi, PO3BUTOK Mi’>KHapOJTHOTO MOPCHKOTO CYTHOILJIABCTBA TPUBAE, a HOTro 00CSTH, fK 1
KUIBKICTh CYZ€H CBITOBOTO TOPrOBENBbHOrO (HhJIOTy, MalTh CTIHKY TEHIEHLII0 10 LIOPIYHOIO
30inpienHs [1]. Pazom 3 Tum, 30imbIIeHHS 0OCATIB MOPCHKHUX IEPEBE3EHb TaK0XK O00yMOBIOE
3pOCTaHHA SIK BUTpAaT Ha €KCIUIyaTallilo CyJIeH, TaK 1 KUIbKOCTI aBapii, CHPUYMHEHUX IMpoliecaMu
CYJIHOTIJIAaBCTBA, Y TOMY YHCIi 31 3HQUHUMU HETaTUBHUMHU TEXHOTCHHHMH, €KOHOMIYHUMH Ta
€KOJIOTTYHUMH HaCJIIKaMH.

TakuM 4MHOM, BUHUKAE TPOTUPIUYS, sIKE OOYMOBIIEHE, 3 OIHOTO OOKY, HasBHOIO MOTPEOOI0
TTIJIBUIIICHHST 00CSTIB CBITOBUX MOPCHKHX IMEPEBE3€HbB, X MIBUAKOCTI Ta OE3MEYHOCTI, a 3 THIIIOTO —
JOCSATHEHHS LOTO 32 YMOB MaKCHUMAaJbHOI'O 3MEHIIEHHsS BCiX BHUJIB €KOHOMIYHHUX Ta YaCOBHUX
BUTpAT, L0 MOB’s3aHi 3 iX peanizauieto. Po3B’s3aHHA 3a3HAYEHOTO MPOTUPIUYS MOKIIMBE JIMIIE B
TUTOIIMHI OJIHOYACHOTO CHCTEMHOTO 1 KOMIUIEKCHOTO 3aCTOCYBAaHHS Cy4YacHUX iH(popMaliiHuX Ta
IHHOBAIITHUX TEXHOJOTIH B yciX cdepax KepyBaHHS IpollecaMHd TPAHCHOPTYBAHHS BaHTaXIiB
MOpPCHKUMH IIIsIXaMU: 3a0e3neueHHs Oe3NeKH MOPCHKUX IepeBe3eHb, JIOTICTHKH, KepyBaHHS
BaHTQXHUMH OINEpalisIMM, TEXHIYHOI eKCIulyaTalii CcyAeH, ONTuMi3alii poOOTH MOPTOBOI
1HPPACTPYKTYPH TOLIO.

OkpeMHMH TTUTAHHSMH, SIKI TIOTPEOYIOTh BHUPIMIEHHS B KOHTEKCTI YCHIIITHOTO PO3B’SI3aHHS
3a3Ha4YCHOT MPOOJIEMH, MOCTAIOTh MUTAHHS KOMIIEKCHOTO aHai3y MPHYUH BUHUKHEHHS MOPCHKHX
aBapiii Ta iX HACIiJKIB, BU3HAUYCHHS NPIOPUTETHUX NUISXIB Ta METOIIB iX MOMEPEIKEHHS Ta
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MiHiMi3allil eKOHOMIYHHX Ta JIIOJCHKUX BTPAT, a TaKO)X HETaTHBHOTO BIUIMBY HAa HABKOJIUIIHE
cepenoBuile. BaxxiuBe Mmicle y BuUpilleH]I BUIIEBKAa3aHUX MUTaHb 3aifMa€ 1HTErpalis B raiysb
CYJIHOIUTaBCTBA HOBITHIX 1H()OPMAIITHUX TEXHOJIOTIH i METOAIB OOpOOKM JaHMX, SIKi JO3BOJISIOTH
ICTOTHO NPUIIBUIIIATU Ta MOKPAIUUTH SKICTh MPOLECIB YHPaBIiHHA CyJIHaMH, CYJHOBUMH
CHCTEMaMH Ta JIOTIOMIKHUMH TPUCTPOSIMHU.

CrpiMKMii PO3BUTOK 1H(OPMALIHUX TEXHOJOIIH Ta METOMIB OOpOOKHM IaHMX, a TaKOXK
HasiBHI 3allUTU MPAaKTUKU B Taiy3l CyJIHOBOJIHHS, OOYMOBWJIM CTBOPEHHS Ta 3alpOBaKECHHS
CYJHOBUX €JIGKTPOHHHMX KapTorpaiyHux HaBirauidnux iHdopmauiiinux cuctem (EKHIC),
IHTErpOBaHUX 1H()OPMAIIHHUX CHUCTEM XOJOBOTrO MicTKa [2] Ta iX MOJANBIIMA PO3BHUTOK 1
BJOCKOHAJICHHSI Yy BUIJIAI 1HTEJEKTyalbHUX HaBirauiiHux inopmauiitnux cucrem (IHIC) ta
cucteM miATpUMKH npuitHATTS pimens (CIIIP) [3-8], mo cnpusiio BiANOBIZHOMY 3pOCTaHHIO
1HTepecy JOCIIHUKIB Ta KUIBKOCTI HAyKOBHUX IMyOJIiKallill Y 3a3HaY€HOMY HAIPSIMKY.

AHaJi3 ocTaHHIX JociaifkeHb Ta nyOuaikauii. [IpoBenenuil anami3 myOsikamiii pi3HUX
aBTOPIB 3@ TEMATHKOIO JOCHIKEHHs [3—24], 103BOJIUB BUSBUTHU JOBOJI IHUPOKE KOJIO HAIPSAMIB 1
METOIB, IO 3aCTOCOBYIOTHCS UIsI BHUPIMICHHS 3a/1ad MIABUINEHHSA OE3MEYHOCTI 1 TOYHOCTI
CY4YacHOT'O Cy/JHOBOJIHHS Ta YIPAaBJIiHHA 3arajlbHOCY IHOBUMU CUCTEMaMH B LILIIOMY.

Tak, cywacui IHIC Bxe noumHaroTh iHTErpyBaTh B coOl HAWOUIbLI MEPCHEKTUBHI Ta
3arpe0yBaHI MOJIMBOCTI CHUCTeM MIATPUMKM npuitHiATTa pimens (CIIIP), iHTenekryanbHOro
aHamzy nanux (IA/l), mammuaHoro HaB4yanHs (MH), po3nizHaBaHHs 300pakeHb (MAlIMHHUN 31p),
CLICHapHO-TIPELEICHTHOr0 TUIAHYBAaHHS [ill, Ta 1HIII HasBHI Kpalli HagO0aHHS B ramys3i IITYYHOTIO
iarenexry (III).

Crain 3a3Ha4MTH, IO MPOTATOM OCTAHHBOTO JECATHUPIUYS 3HAYHA YyBara MPUIUIAETHCS
CTBOPEHHIO MOjIeiell 1 METO/IIB KepyBaHHS O€3€KiNa)XXHUX 1 MOBHICTI0O aBTOHOMHUX cyJeH [9], 1 B
IbOMY KOHTEKCTI cTBopeHHs Ta 3actocyBaHHs IHIC Ta CIIIIP nns ynpaBiniHHS TakKuMHU 00’ €KTaMu
€ 0COOJIMBO BYKJIMBUM HAIIPSIMOM HAYKOBHX JOCIII/PKEHb.

[lompu 1e, ofHaK, CliJl 3a3HAYUTH, L0 XOYa 3POCTAHHSI B MalOyTHBOMY y CBITOBOMY
CYIHOIUIABCTBI YaCTKM aBTOHOMHHUX CYyJA€H Ui TEPEBE3CHHS BAHTAXIB 1 00ils€ MO3UTUBHUM
YMHOM BIUIMHYTH Ha PiBeHb aBapiiHOCTI, BHACHIIOK 3MEHIIEHHS! HETaTUBHOI'O BIUIMBY JIFOJCHKOTO
(dakTopa Ha MPOIECH YIPABIIHHS CyJHAMHU, IIeH TPOIEC 1/Ie JOBOJI MOBILIBHO, Ta, y MJICYMKY, HE
JTI03BOJIUTH HIKOJIM TIOBHICTIO BIIMOBHUTHCH BiJ] HasSBHOCTI MallMHHOI KOMaHIM Ha OOpTy cyaHa
BHACIIZIOK TOCTIfHOI HAsBHOCTI TOTpeO MEpeBEe3eHHs IIKIUIMBUX Ta HEOE3NeUYHUX BaHTAXIB,
€HEPTOHOCIIB, a TAKOX MOTPEO MacakKUPChKOro (JIoTy Ta BIHCHKOBHX.

Takum uymHOM, mMOACHKUE (akTop y cdepi 3acrocyBaHHS CydacHHX iH(OpMAIiTHUX
TEXHOJIOT1M 3aBxau Oyje HasBHHUM, IO JIMIIE MpHU3Bene 10 crpiMkoro 3poctanHs poii [HIC y
CYJIHOIUIaBCTBI B IIJIOMY, SIK TOJIOBHOI CHOJYYHO! JIAHKA MK JIIOAMHOIO Ta aBTOMAaTH30BAHUMHU
cUCTeMaMH KepyBaHHS PYXOM CyAeH. ToMy JIOCHIKEHHS Ta BJOCKOHAJEHHS METOMAIB, IO
3actocoBytoThest B IHIC muis peanizanii nmporieciB mpUAHATTS pillleHb, a TAKOXXK BUPIIICHHS MTUTaHb,
6e3nocepeIHbO OB A3aHUX 13 CTBOPEHHSAM Ta MPAKTUYHUM 3alIPOBAKEHHSIM TaKUX CHCTEM, SIBIIS€E
co0010 aKTyaJdbHy HAyKOBO-TIPAaKTHYHY MPOOJIEMY CHOTOJICHHS, 110 W 00yMOBHIIO BHUOIp METH Ta
OCHOBHMX 3a/1a4 JJOCII/IKEHHS.

Meta Ta 3agaui Aoc/if:keHHs. Memorwo JOCTIDKEHHS €: MPOBECTH MOPIBHSUIBHUN aHaii3
CY4YacHHX METOJIB NMPUMHATTS pILIEHb 3 YNPaBIIHHSA PyXOM CYJEH Ta BU3HAYMTHU OCOOJIMBOCTI iX
npaktuyHoi peanizanii B IHIC, po3pobutu y3aranpHeHy cTpykrypHy cxemy IHIC cymHOoBOmis,
BU3HAYMTH 11 OCHOBHI (PYHKIIIT Ta MUIAXH X MPAKTUYHOI peari3atii.

O6’ckm  Oocnioxcenns:  IHTENEKTyallbHI  HaBiramiiHi iHpoOpMamidHI cuCTeMH B
CY/THOBOJIiHHI.

IIpeomem OocniodcenHs: 3aCTOCYBaHHS METOJIB NMPHUUHATTS PillIeHb 3 YIPABIIHHSA PyXOM
CYJICH B IHTEJIEKTYaJIbHUX HaBIralliiHUX iHOOpPMAIIHHUX CUCTEMAX CYTHOBOIIS.

JloCSITHEHHS TOCTABIICHOT METH JIOCIIKEHHS 1epe1davae BUPIICHHs] HACTYITHHUX 3a/1a4:

1. TIpoBecTH MOpPIBHSUIBHUI aHaNi3 OCHOBHHMX INPHYMH aBapiifHOCTI CBITOBOro (IOTYy Ta
BU3HAYHUTH MPIOPUTETHI HAPSMHU HAYKOBHUX JTOCIIKEHb, CIIPSIMOBAHUX HA 3HIKCHHS ii PiBHSL.
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2. Buznauutu pons 1 micue IHIC B cygyacHOMy CyaHOIUIaBCTBI, Ta BIUIMB iX 3aCTOCYBaHHS
Ha TPOIECH 3HIKEHHS PIBHS aBapiifHOCTI.

3. 3aiiicanTy KiIacuikamiro METOAIB NPUHHATTS PIIICHb y raimy3i 3a0e3nedeHHs Oe3nmeKu
CYJIHOIIJIaBCTBA 3a KJIacaMH 3aJay, [0 BUPIMIYIOTHCS, T4 BU3HAYUTU OCOOJIUBOCTI iX MPaKTHYHOT
peamizanii B IHIC.

4. Po3poOutu 3aranbny cTpykTypy IHIC, BU3HaunTu koo ii 0a30BUX QYyHKIIHN Ta HMIIAXH 1X
peaizarii.

Buxnaan ocHoBHoro marepianay. IlpoBeneHuii aHami3 AaHUX MOJ0 KUIBKOCTI CyIeH
cBiTOBOTO ToproBoro ¢uoty 3a mepiox 2002-2022 pp., a Takox piBHSA aBapiiHOCTi, HA MiACTaBi
iHdopmartii, ska oTpumana 3 jkepen [1] Ta [25], 103Bosisie 3p0OUTH BUCHOBKHA CTOCOBHO HasiBHOCTI
CTIMiKOT TeHJAEHLIi a0 3pocTaHHs 000X Toka3HuKiB (puc. 1). BaxnuBo 3a3HayuTH, MmO B
aOCOJIIOTHUX TIOKa3HHMKAaX KUIBKICTh aBapi cyneH y 2021 pomui y mopiBHsiHHI 3 2002 pokoM 3pociia
y 1,74 pasu (ma 74%), npu 11pboMy HaHOLIbINA KUIBKICTH aBapiil Npunazae Ha KOHTEHHEPOBO3H,
MacaKUPChKI CyJHA Ta CyXOBaHTaXi. AJie CIiJl TaKOXX BpPaxOBYBaTH, IO 1 KUIBKICTh CYJEH 3a
3a3HaYCHUH TEpioj Yacy 3pociia Maibke BIBIYi, TOMY y CIHIBBIIHOIIEHHI 0 KUIBKOCTI CyAEH
MOKa3HUK aBapiHOCTI Maike HE 3a3HaB 3MiH.
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Pucynoxk 1 — IlokasHuku aBapiitHOCTI cBiTOBOTO cyaHOMIaBcTBa 3a 2002-2022 pp. [25]

[Ipote, cnmig MaTH Ha yBa3i, L0 KOXKHA aBapisi MOPCHKOTO CyJHA CTBOPIOE BHCOKI
TE€XHOT€HHI, €KOJIOTIYHI Ta €KOHOMIYHI PU3MKH, 10 MOXYTh MaTH CYTTEBHUI BIUIMB Ha CBITOBE
CYJIHOIUIaBCTBO B IIJIOMY (HampHUKiIaj, MPUIIMHEHHS BHACIIZOK aBapii, pyxy cyaeH y Cyeubkomy,
[TanamcekomMy kaHanax, nporoui bocdop, 3a0pynHeHHS MeKCHMKaHCBKOI 3aTOKM Ta 1H.). Tomy
00’€KTHBHE 3POCTAaHHS IMOBIPHOCTI HAaCTaHHS TaKMX MOAIM Maibke B/ABiIUlI, OOYMOBIIOE TOCTPY
noTpeOy TOIIyKy NUISIXIB 3HWKEHHS aBapiHOCTI CBITOBOTO CYJHOIUTABCTBA B aOCOJTIOTHUX
MOKa3HUKAaX.

[lepmmM KpoKOM y JaHOMY HaIpsSMKy Mae OyTH BHSIBICHHS OCHOBHMX UWHHHKIB
BUHUKHEHHS aBapiil Cy/ieH 1 3’CyBaHHS BIJTHOCHOI YaCTKM KOXKHOTO 3 HUX BiJl 3arajibHOI KIJIbKOCTI.
Posrnsgaroun npuduHU, 0 00yMOBITIOIOTh BUHHKHEHHS aBapiii MOPCHKHX CYJICH 3T1IHO 3 TaHUMU
mwxepena [25] (puc. 2), MO>KHA BUSIBUTH, 110 IPUYMHOIO TPETUHM BCiX aBapiHuX BUNajakiB (33%) €
3ITKHEHHS cyjieH oaHe 3 ogHuM (14%) Ta nocizanusa Ha MinuHy (19%).
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B [TOWKOOMEHHA KOpIycy
B [TOWKOOMEHHA MAUWUHHOZ0
6id0ineHHA
Konmakm 3 nepewkodow
14% B [Toxexca/subyx

W [Hwe

MocidaHHA Ha Minury

JimeHeHHA cydeH

Pucynok 2 — Po3monisl OCHOBHUX PHYHMH aBapiiHOCTI cyzaeH [25]

Ille 8% aBapiii mpunanae Ha 3ITKHEHHSA CyJEH 3 MepeuIkojamMu. TakuM YHHOM, Maiike
nonoBuHa (41%) Bcix aBapiiHUX BUMA/IKIB OB’ SI3aHi caMe 3 MOXUOKaMHU B YTIPaBIIiHHI PyXOM CY/JIEH.

JlolaTkoBO Ci1ij 3a3HAYMTH, 110, 3HAUHA YacTKa aBapiil, 110 HaJlekaTh JO 1HIIMX KaTeropii
(aBapii y MammMHHOMY BiAJIJICHHI, MOXEXi, MOIIKOKCHHS KOHCTPYKIIM CyJIHA) TaKOX TOBOJI
9acTO MAalOTh IPHYMHOIO CBOTO BHHHMKHEHHS HETAaTWBHUH BIUIMB TaK 3BaHOTO <JIIOACHKOTO
YUHHUKa», TOOTO Oe3MocepeiHbO MOB’A3aHI 3 MOMMIKAMHU KEepyBaHHS WIEHIB CyIHOBOI KOMaHAU
BIJIMOBIAHUMH CUCTEMaMH Ta MPUCTposiMU. YacTka Takux aBapiil 3a JaHMMH Pi3HUX aBTOpIB [2, 3,
6-8, 26], ckimamae He meHm Hix 70—80% Bix iX 3araabHOT KIIBKOCTI.

[Tomunkm, 1o OOYMOBIIEHI HETaTHBHAM BIUIMBOM JIFOACBHKOTO (haKTOpa BHHHUKAIOTH
BHACJIIJOK TOrO, IO I Yac NPUHHATTS pilIEHHS JI0AWHA-onepaTop, abo ocoba, 10 mHpuiimae
pimennst (OIIP) moxianaerbecst Ha cBiii eMmipuuHid (CyO’eKTHBHMI) BUOIp Ta HaliBEeMIIpUYHI
3HaHHS (KpUTEpil NPUUHATTS PillleHb), 110 MOKE NMPHU3BECTH 0 BUHUKHEHHS JBOX THUIIIB MOMHIOK
«Bimomi nomuiakm» Ta «HeBimomi mommiikmy [26]. [ToMusiky meporo Ty BUHUKAIOTh BHACIIIOK
Opaky 3HaHb, a00 yacTkoBO o0Oi3HaHicTi0 OIIP (HemooliHka 30BHIIIHIX ()aKTOpIB BIUIMBY Ha
TPAEKTOPIIO PYyXy CYyJIHA, HEMOXJIHMBICTb CIPOTHO3YBATH TOMANBIINN CIEHApId PO3BHUTKY
HaBirauiiHoi cutyanii Tomo). [Tomunku apyroro Tumy OIbII CKJIaJHI, OCKIJIBKH IOB’S3aHI 3
MOBHOIO BiJCYTHICTIO 0013HaHOCTI OIIP mpo neBHi pakTopu abo pu3MKu (HeMpaBUIbHA OIIHKA J1i
IHIIKUX CYyJeH, HelpaBHJbHA OIlIHKa MOTOYHOI HaBiramiiiHoi cutyauii). IIpoTe, momuiok apyroro
TUIy MOXHA YHUKHYTH, a00 ICTOTHO 3HHM3UTH IiX KUIbKICTh, nuigxoMm 3actocyBaHHs [HIC ab6o
CIIITP, mo BUKOPUCTOBYIOTH HOBITHI iH(OpMaLiifiHI TexHoJOril nepeaadi Ta anamizy ganux (ILI,
IAZl, MO Ta in.).

3a3HayeHi CHCTEMH MOYKHAa 3aCTOCOBYBATH JJIsl MPOTHO3YBAaHHS MOJIMBHUX HeOaXaHHUX
MOMIA Ta CIEHapiiB PO3BUTKY HAaBIrallifHUX CUTyalliil 1 KepyBaHHS CYJIHOBUMH CHCTEMaMH,
npononytoun OIIP ynepemxyBanbHi (MPOAKTHBHI) YHPABIIHCHKI pillleHHS, CHOPSAMOBaHI Ha
3arno6iraHHs BUHUKHEHHS aBapiil.

Takum umnom, IHIC maroTh 3HauHMil moTeHIiaq y BHpIlIEHHI MPOOJEeMH 3MEHIIEHHS
KUTBKOCTI TIOMIJIOK, CIIPHYMHEHHUX BIUTMBOM JIFOJICBKOTO (hakTOpa Ha MPOILECH KepyBaHHs CyIHAMHU
Ta JONOMDKHMMHU CHUCTEMaMH, 1, SIK HACHiJOK, CHPUATUMYTh 3MEHIIEHHIO KIJIBKOCTI aBapiil y
CBITOBOMY CyaHOIIaBcTBl. CaMe TOMYy MAOCTIDKEHHS Ta BIOCKOHAJEHHS METOMIIB TMPUHHATTS
pimens, siki 3actocoBytoThes B IHIC, a Tako BU3HAaYeHHS MPIOPUTETHUX IIIAXIB IX MPAKTUYHOTO
3arpoBaKEHHS SBIISIE COO0I0 BOKIIMBY 33/1a4y ChOTOJICHHSI.

Cepen MeTOIB MPUMHATTS pillleHb, 10 3aCTOCOBYIOTHCA B Tally3i 3a0e3medeHHs Oe3neKu
CYJIHOIIJIaBCTBA, 3aJIeKHO BIJ THUIIIB 3aj7ady, Ha BUPIMIEHHS SKUX BOHHM CIPSIMOBaHI, MOXHa
BUOKPEMHUTH KUIbKa OKpeMHUX crenudiuHux HampsmiB. Himkue 3amporoHoBaHa Kiacugikaris
HampsIMiB HAyKOBHUX JOCIIPKEHb Ta METO/IIB MIATPUMKHU MPUMHSTTS PillIeHb, 1110 3aCTOCOBYIOTHCS B
IHIC nns BupimieHHs 3aqa4 3amo0iraHHs 31TKHEHb CYJCH Ta YHUKHEHHS HaBirariiHuX HeOe3mek i
MoCiJJaHb Ha MUTMHY HaBeneHa y Tabnuii 1. PosrmstHemo moknamHimie crienudiky Ta 0coOJIMBOCTI
HAYKOBHUX JIOCIIJIKEHb 33 KOKHUM 3 BHILCHABEICHUX HAIPSIMIB.
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Metoan AOCHIDKEHb 32 HANpsIMOM «3arajlbHe KEepyBaHHS MOPCHKUMH DPH3HKaMH Ta
0e3MeKol0 MOpEIUIaBCTBa» (DOKYCYIOThCSI Ha BHPIIIEHHI 3a7ad, MOB’SI3aHUX 3 IMIUIEMEHTAIIEI0
MDKHAPOJHUX HOPM, TMPaBHJ Ta CHCTEM KEpyBaHHA OE3MEKOI0 CYAHOIUIABCTBA 3 METOI0
MiABUIICHHS Horo Oe3mevyHocTi. JlochmikeHHs 3a HampsMOM MaloTh MIATPUMKY 3 OOKy
Mixnapoaaoi Mopcekoi opranizanii (IMO), ISO, OGarateox kimacuikamiifHUX TOBapHUCTB Ta
pErioHaJIbHUX MOPCHKHMX OpraHizailiid. MeToau MiATPUMKHA HOPUHHATTS pIlIeHb Y 3a3HAYCHOMY
HampsiMi CIIiJ1 pO3AUINTH Ha JIB1 BEJIMKI NIATPYNHU: 0 MEPIIO] BITHOCITHCS METOH, 1110 BUPILIYIOTh
MIUTAHHS, TIOB’sA3aH1 3 OLIHKOIO JOBIOCTPOKOBHUX a00 CTpaTeriuHUX PU3UKIB Yy CYJIHOIUIABCTBI, JI0
JIpYyroi — METOAM, TOB’S3aHI 3 OIIIHKOIO OINEPAaTUBHUX PU3HKIB, OE3MOCEPEHAHHO IOB’SI3aHUX 3
orepalisiMi KepyBaHHs cytHOM [ 17].

3HayHa YacTKa JOCIiPKEHb 3a3HAYCHOTO HAINpsMy IIOB’s3aHa 3 MOTpedaMH TOTPUMAaHHS
Bumor ISO 31000 [27, 28], IMO FSA Ta ISM, a TakoX BHKOHAHHSIM HOPM MIXHApOJHOTO
3aKOHOJIaBCTBA, K1 PETIaMEHTYIOTh MpaBmiia pyxy cyneH, 30kpema MIITI3C-72 [29] ta POLARIS
[30]. BaxnuBoo CKJIaI0BOIO HANpsiMy, sika nepedyBae B CTajlii aKTUBHOTO PO3BUTKY, € CTBOPEHHS
MPUKJIAHUX MPOTpaMHUX Ta amapaTHUX 3aco0iB, TO3BOJIAIOTH peaiizyBaTH Ha MPAKTHULI MPOLECU
HEYXWJIBHOTO JOTPUMAaHHS CYJHOBOJAISIMU BUMOTI BKa3aHMX HOPMATHBHUX JIOKYMEHTIB. 3a3HadeHi
oOcTaBUHU OOYMOBJIEHI Hacammepea THUM, II0 Ha MPAKTULl CyJHOBOMISIM CKJIaJHO OOpoOIsATH B
PEKUMI pealbHOrO0 4Yacy BeJIMKI 0O0CArM HaBIrauifHUX [JaHUX 3 OJHOYACHUM BpaxXyBaHHSAM
HOPMAaTHBHUX BUMOT, SIKI PETJIAMEHTYIOTh PyX Cy/€H, [0 MPU3BOIUTH 10 BUHUKHEHHS TOMUJIOK Y
Iporecax KepyBaHHS CyJHOM 1 0OyMOBJIIOE MOSIBY HEraTHBHOT'O BIUIMBY TaK 3BAHOTO JIHOACHKOIO
YHHHUKA.

OxpeMuM MpIOPUTETHUM IIi/I HANPSIMOM JIOCIIKEHb Y MeKaX BHILEBKAa3aHOTO, € pO3poOKa
MeTO/liB 1 3ac00IB KepyBaHHs aBTOHOMHUMHU cyaHamu. Crtpateriynuil miad gisuibHocTi IMO Ha
2018-2023 pp. Bka3ye Ha HasBHY TOCTpy MOTpeOy IMIIEeMEHTAlii B MIDKHApOJIHI HOPMAaTUBHI
JOKYMEHTH HOpPM 1 MpaBWI, L0 PErVIAMEHTYIOTh PYX aBTOHOMHHUX cyneH. 3rigHo [31], IMO
BHU3HAa4Ya€ YOTUPH PiBHI aBTOHOMHOCTI CyJI€H: Cy/JHO 3 aBTOMAaTH3Alli€l0 MPOLECIB 1 NPUHHATTAM
pillieHb, TUCTAaHLIHHO KEpOBaHE CYJHO 3 MAIIMHOI KOMAaH/I0K Ha OOpTY, AMCTaHLIHHO KepoBaHE
cyaHO Oe3 KoMaHAM Ha OOpTYy, MOBHICTIO aBTOHOMHE cyqHO. Takoxx IMO aHOHCyBano po3poOky
HOBHX IPAaBHJI KEPYBAaHHS PU3UKaMU Ta O€3MEKO0 Ui aBTOHOMHUX CYJAEH, SKi BCTYIUISATH B JIIIO 3
01.01.2028 p. 3acTrocyBaHHS TakMX CyJA€H OOYMOBHUTH CTPIMKE 3pPOCTAaHHS YacTKH HAYKOBHX
JOCITIJKEeHb, TOB’si3aHuX 13 3actocyBanHsM mertoniB LI, [AJ], MH Tta iHmuX MeTOAiB y ramysi
CYyYaCHHX IHTEJIEKTyaTbHUX 1HPOPMAIIIHHUX TEXHOJIOT1H, 10 Oy yTh PO3IIISIHYTI HIDKYE.

Tabmug 1 — Kitacudikariiss HanmpsiMiB HAyKOBUX JOCTIKEHb 32 KOJIOM 3aJ1a4, 10 BUPIIIYIOTHCS

Ne Cnpamyeanus memooie ,
Kono 3a0au, wo eupiwiyromocs

00Ci0IHCEHD
1 | 3aranpHe kepyBaHHS CTBOpEHHSI HOPMaTHUBHUX JOKYMEHTIB 1 IIPaBHJI 3 METOIO MTOKPAIICHHS
MOPCHKHMH PU3UKaAMH Ta 0e3neKkn MOPEIUIABCTBA, IIJISIXOM 3aCTOCYBAHHSI CTPAaTEriil KepyBaHHS
0e3meKor0 MOpEeIIaBCTBa pU3WKaMH, [0 TapMOHI30BaHI 3 MDKHApOAHWMH CTaHIAPTaMHU

Oe3nexu

2 | Anami3 cratnyHuX pu3ukiB | OLiHKa Ta 3MEHIIEHHS PU3MKIB MOpPEIIABCTBA HAa OCHOBI HASBHHX
MAacHBiB CTATUCTUYHMX JaHMX Ul BU3HAUCHUX PAlOHIB Ta MapLIPYTiB
CYJICH 32 MUHYJII IEpIOAN Yacy

3 | AHani3 TMHAMIYHUX OmiHKa Ta 3MEHILICHHS! PU3HKIB MOpEIJIaBCTBA B PEKHMi PeaibHOTOo

PH3HKIB Yacy Ha OCHOBI HasBHOI HaBiramiiHOi cHUTyalii Ta MOMJIMBUX 3MiH
30BHINIHIX (h)aKTOPIB, 1110 BINIMBAIOTH Ha i1 PO3BUTOK

4 | Anani3 3iTKHEHB CyJIeH Ta Orinka MacmTabiB Ta HACHIIKIB 30MTKIB, 00YMOBICHUX 3ITKHCHHIMH

MOCiJIaHb Ha MIJTUHY CyJIeH Ta 1X MOCIZaHHSM Ha MIJIHMHY, 13 METOI BU3HAYCHHS HAHOLIBII

0e3neuHux Ta e(heKTHBHUX CTPATEriil KepyBaHHSI PYXOM CYJeH

5 | Yopapninas ta tutanyBaHHs | CTBOpEeHHS MaTeMaTHYHHX MOJIeNeld YIpaBIiHHSI pPyXOM CyIeH Y
PYXY CYJIeH 13 3acTOCyBaH- | PI3HMX yMOBax IUIaBaHHS Ta 3a HAsBHOCTI 30BHIIIHIX (haKTOpiB
HSIM MaTeMaTHYHUX BILTMBY 3 METOO ITiJIBUIICHHS TOYHOCTI Ta O€3MEYHOCTI HaBirarii
Mozenel pyxy
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6 | Ympasninas Ta tutanyBaHHg | CTBOPEHHS HOBITHIX TEXHOJOTIH YIIpaBIiHHSA pPyXOM CyJAEH 13
PYXY CyJieH 3 BUKOpUCTaH- | BukopuctaHusm Metoxis LI, TAJl, MH meToro migBUIEHHS TOYHOCTI
usMm LI, IAJ], MH Ta iH. Ta OE3MEeYHOCTI HaBiramii B CKJIQJHUX HaBIralmiiHUX yMOBax Ta 3a
HasSBHOCTI 30BHIIIHIX (paKTOPiB BIUIMBY, IO JTUHAMIYHO 3MiHIOKOThCS

Hamnpsim mocinipkenpb, M0 TOB'SI3aHUM 3 aHAII30M MOCTIMHUX PHU3UKIB OXOIUTIOE METOIU
ineHTudikamii, OIiHKM Ta MiHIMIi3alii pU3HUKIB CYAHOIUIABCTBA HA CTPATEriuHOMY piBHI. 3a3HaueH1
METOJI JI03BOJISIIOTh BU3HAUUTU HasiBHI (PaKTOPU PU3MKY, 3AIMCHUTH KIacH(iKallilo CUTyalii 3a
piBHEM pHU3UKIB Ta 3a0€3MEUUTH BIANOBIAHMN BUOIp KEpyIOUHMX BIUIMBIB, CIPSIMOBAaHMX Ha IX
MiHiMi3alito. [lepeBaskHa OLIbIIICTh METO/IB, 1110 3aCTOCOBYETHCS JJISl aHANI3y OCTIHHUX PU3HUKIB,
posrisigae Taki (aKTOpU PHU3UKY SK: JIOJACBKANA (PaKTop, BIUTUB 30BHIIIHBOTO CEPEIOBUIIA,
XapaKTePUCTHKU PyXy CyJHa Ta napameTpu (yHKIIOHYBaHHS HOT0 CUCTEM, OpraHizaliiiti ¢pakropu
BIUIMBY. HailGibl1 NpiOpUTETHUM Ha MOTOYHUHA MOMEHT 4acy € BHUpIIIEHHS MHUTaHb 3aro0iraHHs
31ITKHEHb CYJICH, MOCIJIaHHA Ha MUIMHY Ta OIIHKH PU3MKIB, 110 BHHUKAIOTH 1] Yac €KCIUTyaTarlii
ABTOHOMHUX Ta Oe3eKinaxHux cyueH [16, 17].

VY ninomy, 3a3Ha4eHUN HAIPSIM JIOCIIJKEHb € HaHOUIBIINM 32 00CSIroM cepel] HampsMiB, L0
HaBeJieH1 B Tabmuili 1, 1 Moke OyTH J0JaTKOBO PO3MOIUICHUH 11Ie HA JIEB’ ITh MiAHANPSAMIB 3aJI€KHO
Bi/I TUIMIB MaTeMaTUYHUX MOJIEJEH, IO 3aCTOCOBYIOTHCS JJIsl BUPIMIEHHS MOCTaBJICHUX 3amad. [o
TaKUX IMiJIHAMPSIMIB CIIiJl BIJHECTH: METOIM HediTKoi joriku [18], mepeBa momiit Ta nepeBa BiIMOB
[19], anami3 BuaiB BimMOB Ta iXx HachiakiB [20], OaiteciBchki mMepexi [21], MeToau iMiTaIiiHOTO
MOJIETIIOBaHHA [22], METOIU CUCTEMHOrO aHamizy [23], reomeTpuuHe MozentoBanHs [24], meTonu
OIIHKM BIUIUBY JIFOJICEKOTO (hakTopa [26], i1l (a60 KoOMOIHOBaH1) METOIH.

['0710BHOIO METOIO HAMpsAMY JOCTIIKEeHb «AHAII3 TUHAMIYHHUX PU3HKIB» € BUSBICHHS Ta
OLIIHKA PU3HKIB, 110 OOYMOBJIEHI PyXOM cyAeH. Meronu 3a3Ha4eHOro HalpsMy CIpSMOBaHI Ha
ineHTudikamio HeOe3MeUuHUX CUTYallil, 10 BUHUKAIOTH MiJ Yac PyXy CyJeH (3ITKHEHHS 3 IHITUMU
Cy/JIHaMH, TIOCIIaHHS HA MUIMHY Ta 3ITKHEHHS 3 HEPYXOMHUMHU 00’ €KTaMHM, HaBIraIiiHi HeOe3meKu
TOIIO) 3 METOK (OpPMYBaHHs CIIEHApiiB dii 13 KepyBaHHS PyXOM CYJIEH, CIPSMOBAaHHX Ha
YHUKHEHHS TaKUX CHUTyallid. Buxonsum, 3 MaTeMaTHYHUX MOJENEH, M0 3aCTOCOBYIOTHCS,
3a3HaUYCHUN HAIPSAM TAKOXK MOKe OyTH PO3IICHHUM Ha I’ STh MiTHANPIMIB, @ CaMe: METOJ MOIIYKY
TOYOK HAHOUIBIIOTO 30JIMKEHHS, METO 0€3MeYHO0T 30HH CYHA, METOI TMHAMIYHOI O€3MeTHOl 30HU
CyJ/IHa, METOJI IBUIKOCTEH mepenko, riopuaai metoau [13, 16, 17].

Hanpsim nocmikerb « AHaui3 3iTKHEHb CyJIeH Ta MOCiAaHbh Ha MITHHY» PO3TIISIAE METOIH
OIIIHKM HACJIJIKIB MOPCBKMX aBapiii CyJeH Ta pIiBHIB NOTCHI[IMHUX 30WTKIB, O SKUX BOHH
CIYTYIOTh U1 BU3HAUEHHS 1M, COPSIMOBAHUX Ha 3MEHIIEHHS MaciuTabiB MOMIKOMKEHb CYJEH IiJl
4ac MOPCHKUX aBapii.

Jlns  BU3HAYEeHHs MaciITa0iB HACHIIKIB TIOMIKOJDKEHHS CyACH TMiJ 4Yac 3IiTKHEHb
3aCTOCOBYIOTHCSl aHAJITHYHI Ta IMITaLlifHI MOJETI, a TAKOX eMITipUYHi MOJeNi, o 0a3ylThCs Ha
CTaTUCTUYHHUX BIOMOCTSIX, IO /O MOIIKO/HKEHb CYJIEeH, II0 Maly MiClle B MUHYJOMY IIiJl 4ac
pi3HuX TUmiB aBapiil. KOHTaKkT Kopmycy cyaHa, IO PyXaeTbes, 3 TBEPAMMHU MEPEHIKOJaMH abo
MOCIJTaHHS HAa MUIMHY TPHU3BOAUTH JO CTPYKTYpHHX AcedopMalliii, Macirad, SKHX 3aJIeKUTh Bij
MHOXHUHH (haKkTOpiB (IIBHIKICTH pyXy, Miclle, HallpsiM Ta TPUBAIICTH 3ITKHEHHS Ta iH.) 1 MOXe
OyTH OIlIHEHWH NUIAXOM 3aCTOCYBaHHS TEBHUX MaTEeMaTHYHHX a0o0 IMITAIliiHUX MOJENe Ta
METOJIiB. Y 3a3HaYEHUX MOJIENSIX KOPIYC CYIHA PO3TIISIIAETHCS SK TBEPHE TUIO, IO PYXAEThCS B
MPOCTOPi 3 MIiCThbMa CTyNeHsIsMH ¢cBoOoau (6DoF) Ta 3HaX0aUThCS i BIUTMBOM 30BHINTHIX (XBUII,
BiTEp Ta Teuii) Ta BIACHUX PYIIIHHUX cuJ (MOMEHT iHEpIii, aMOpTH3aliifHi eQeKTH Big pyxy
KOPIyCY Y BOJIi, BIIXUJIEHHS BiJl TPAEKTOPIi pyXy, KIHETHYHA eHepris Tomo) [12].

Buxosuu 3 MaTeMaTUYHOTO armapary, 1o 3aCTOCOBYEThCS JIJIsl BUPIIIICHHS BKAa3aHUX 3aj1ad,
3a3HaUYCHUN HAMpsIM JOCTIIKEHb MOXKEe OyTH PO3IIICHHM Ha YOTHPU MiTHANPSIMH: HMOBIpHICHI
METO/IH, aHAJITHYHI METOIH, METOI{ MAIITMHHOTO HaBYaHHs, KoMOiHOBaHi metoau [11, 15-19].
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VYnpaBiiHHS Ta TUIAHYBAaHHS PyXy CyZeH i3 BuUkopucTaHHAM meroniB LI mms 3amoGiranus
3ITKHEHb € HAmpsSMOM JOCITIIKEHb, SKI MPOTATOM OCTaHHIX KUTBKOX POKIB HAOYB HaiOiIbII
CTPIMKOTO PO3BUTKY [14], ik 3aBASKHM TporecaM OypXJHMBOi iHTerpamii HOBITHIX iH(opMariitHmx
TEXHOJIOTM y ramy3i CyIHOBOJIHHSA TaK 1 MOSBI HOBOTO CErMEHTY B Tally3i — aBTOHOMHHX Ta
JMCTAHIITHO KEpOBaHMX, Oe3eKimaKHUX cyneH. KirouoBMMH 3amadamu, Ha PO3B’S3aHHSA SKHX
CHPSIMOBaHI METOJU JAHOTO HANpPSMY €: IPOrHO3YBaHHS MOXKJIMBUX TPAEKTOPIN pyXy CyAEH 31l
3armo0iraHHs 31TKHEHb, BHMOIp HaWKpamoro MapulpyTy pyxXy CyIeH il 4Yac BHMKOHAHHS
TPAHCOKEAHCBKUX MEPEXOAIB 3a KPHUTEPIsIMM €KOHOMII manuBa Ta O€3MEeKH BUKOHAHHS peicy
BIJIIOBIAHO /10 T1IPOMETEOPOJIOTIYHUX YMOB, KEpyBaHHS PyXOM Yy BY3bKOCTSX Ta KaHajax,
aBTOMAaTH30BaHE Ta MOBHICTIO aBTOHOMHE KEpyBaHHS Oe3eKiNa)KHUMH CyIHAMH.

AHaNI3yl04l CYKYIHICTb HalpsMiB JOCHP)KEHb Ta METOAIB NPUUHATTS pIillIeHb, IO
3aCTOCOBYIOTBCS B raiy3i 3a0e3leueHHs Oe3NeKd CyAHOIUIaBCTBA, MOXKHA BHUIUIMTH KOJIO
000B’SI3KOBUX KJIIOYOBHUX (DYHKIIH, K1 mOBUHHI OyTu peanizoBani B IHIC, BusHauutu cTpykrypy
IHIC Ta nwisixu i npakTUYHOI peanizaii.

Posrngnatoun npouec npuitHATTA pimeHb B epratuuHiil cucremi «/HIC-OIIP» sk ninicHuit
OaraTtoeTanHuil mpouec B3aeMOJil, MOKHA BUAUIUTH LUK NPUHHATTSA pillieHb, L0 MOJSATae B
TIOCJTIIOBHIH peaji3allii 40TUPhOX B3aEMOIIOB I3aHUX eTamiB (puc. 3):

— aHaJi3 MOTOYHOI HaBIralliiHOI CUTYyaIlil Ha MiJCTaBl HASBHUX BXITHUX JAHUX T4 YHHHUX
HOPM Ta IPaBWIL, IO PETIAMEHTYIOTh PyX CYJIeH;

— BH3HA4Y€HHs NMOTEHUINHMX PU3MKIB, IO ICHYIOTh B YMOBaX, Kl CKJIaJKMCs Ha NMOTOYHUI
MOMEHT 4acy, Ta OlLliHKa HMOBIPHOCTI 1X HACTaHHS,

— BHU3HAYEHHS MOXJIMBHMX HACIIJIKIB, 110 MATUMYTh MICII€ Y BUIIAJIKy HACTaHHS KOXKHOTO 13
PHU3HKIB, Ta KUIbKICHA OIlIHKA IMOIIKO/KEHb a00 MaTepiaJbHUX 30MTKIB, SAKI OyIyTh Y TaKOMY pasi
OTpHUMaHi;

— TMPUUHATTS PIlIEHb 3 YNPaBIiHHS CYJHOM Ha MiACTaBl KOMIUIEKCHOI 3TOPTKH KPHUTEpIiB
MiHIMi3aIil pU3UKiB/HEraTUBHUX HACIIJIKIB 32 YMOB JOTPUMaHHSI YAHHUX MI>)KHAPOJHUX BUMOT.

.
.
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Pucynok 3 — Crpykrypa IHIC Ta indopManiiHiX MTOTOKIB y MPOLECi MPUHHATTS PillIeHb
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[Tpu upoMy cItijJ 3a3HAYNTH, 110 BKA3aHI €Tany BiOYBAIOTHCS MOCIIJOBHO Ta OJHOYACHO 5K
6e3nocepeanbo 3 6oky IHIC, Tak 1 3 60ky OIIP, npu 1ipoMy, 0JiHaK, CTOPOHU 3aCTOCOBYIOTh Pi3Hi
niaxoau 1o ix peanizanii. Tak, OIIP y nporeci npuiHSTTA pillieHb CIMPAETHCS HA BIACHI 3HAHHS,
eMITIpUYHI METOAM Ta 1HTYilito, OyIyroun NeBHI MiaHu MaiOyTHiX aid, Toai Ak IHIC 3actocoBye
creniaiai3oBaHi 0a3y CTAaTHCTUYHUX JIaHUX Ta CydacHI METOAM iX 0OpOOKH, 10 J03BOJISIE OyIyBaTH
MOXJIUBI CLIeHapii MOJANbIIOT0 PO3BUTKY HaBiraiiiiHoi cutyarii Ta QopMyBaTH Ha iX OCHOBI
MoxJuBl pimeHHs. O6unsa koutypu (OIIP ta IHIC) 00poOku iHopmanii mijg yac TpUHHATTS
pillieHb € B3a€MOJIONIOBHIOIOUMMH 1 caMe B iX CHHEprii Ta 3J1aro/KeHii B3aeMoJIii 1 MoJsrae Kirou
YCHIITHOI peaizamii mporeciB 0€3MeYHOro YIIPaBIiHHSI PYXOM CY/IHA.

BaxxnuBo Bif3HauuTH, 110 3311 3a0e3nedeHHs eekTuBHOI 00poOku iHbopMalii B Kol
nocTiiHo1 1Hpopmartiiinoi B3aemonii «IHIC-OIIP» mig yac KOXKHOTO 3 YOTHPHOX BHIIE3a3HAYCHUX
€TamiB NpoLecy NPUHHATTA pilleHb, CIiJ 3aCTOCOBYBaTH pi3HI METOAM 3 Yy3arajJbHEHOI
kjacudikaiii HarpsMiB, HaBeJACHUX y Tabaul 1, a came HaCTYIIHI.

1. Ha mepmioMy ertari JOUUIFHUM € 3aCTOCYBaHHS METOAIB ieHTU(iKaIll Ta kiacudikarii
CUTyalll, a TaKoXX METOMAIB, IO HaJeXaThb A0 MEpIIOro Ta TPEThOro MiAHANPSAMY METOIB
JOCIIJKEeHb, 3a3HaueHuX y Tabmumi 1. Pe3ynbraroM BUKOHAaHHS €Taly € BU3HAYCHHS MHOXHH
CTaTMYHUX Ta JUHAMIYHUX HEOE3IeK, a TaK0XK 0OMEKEeHb, L0 HaKJIa/IaloThCs Ha TPAEKTOPIIO pyXy
BJIACHOTO CyJIHA.

2. Ilin yWac BHKOHAHHSA JPYrOro €Taly TMpOLeCY NPUHHATTS pIlleHb BH3HAYAIOTHCS
NOTEHIiHI (aKTOpH pPHU3UKY, [0 MOXYTh BHHUKHYTH B TIIpoOLleCi pyXy CyZHa 3TiIHO 3
nepeadaueHuM MapuipyroM. Ha manoMy etami cimij 3acTOCOBYBaTH MeTOAu (OKpemi, abo ix
KOMOIHaIIi1) 1110 HaJIeXXaTh 0 JPYroro Ta TPEThOro MiJHANPAMIB METOJIIB OCIIIKEHb, 3a3HaAUYECHUX
y tabmuui 1. Pe3ynpraTom etamy € (opMyBaHHS MHOXHUHHU (PAKTOpIB PU3HKY, SKa MAJArae
MOJIAJIBLIIOMY aHaJli3y, BIOPSAIKYBaHHIO Ta CKOPOUYEHHIO.

3. Ha tperbomy erami mpolecy NPUHHATTS PIlIeHb 3MIHCHIOETHCS OI[IHKA HACTIAKIB —
30MTKIB Ta BTpPAT, L0 MOXYTh BUHMKHYTH y pa3i HacCTaHHS OJHOro ab0 JIEKUIbKOX BHU3HAUYEHHUX
pu3uKiB. 3a MacmTabamMu WMOBIPHUX HACHIJIKIB 3MIHCHIOETBCS MO YCIX HAasBHUX PHU3UKIB Ha
NMPUWHATHI, ICTOTHI Ta HENPHHHATHI. [CTOTHI Ta HENMPUHHATHI PH3UKH PO3TIIANAIOTHCS HA
HACTYITHOMY €Tarli JUIsi BU3HAYCHHS KePYIOUUX BIUIMBIB Ha PyX CyJHA Ta MporecH (PyHKI[IOHyBaHHS
Horo cucTteM 3 METOH YHHUKHEHHS pPHM3MKOBHUX cuTyami. Tperii eranm peanidyeTbcs 13
3aCTOCYBaHHSAM METO/IB, SIKi BITHOCSATHCS JO YETBEPTOTO IiTHAMIPSIMY.

4. YerBepTuii eran nependavae MUPOKE 3aCTOCYBAHHSA METOJIB, 3a3HAUYEHUX Yy I SITOMY Ta
IOCTOMY TigHanpsmMax Tabnwmi 1, a came: meroniB MaremaTuaHoro moxentoBanns, 111, TAJ] ta
CLIEHapHO-TIPELEICHTHOr0 MiAXO01y, 13 METOI0 (OPMYBaHHS OCTATOYHOI'O PILIEHHS 3 YNpPaBJIIHHS
cyasoM (s THIC) abo migMHO)kMHN MOXIUBUX pimeHs (s CIITIP).

Takox cmig 3ayBakwTH, MmO Tpu mnpaktuuHid peanizamii [HIC Bkpaii HeoOXimHMM €
3aCTOCOBYBAaHHS MOMYJIBHOTO MPHHLIUIY NOOYJOBH CHCTEMH, BiJNOBITHO OO SIKOTO KOXEH 3
BUIIE3a3HAYCHUX €TaIlB peaji3zyeThCs B oOKpeMomy mnporpamHomy Mmoxaydi ITHIC, a yHidikoBaHuMH
€ mmie popMaTH MOTOKIB JaHUX MK HUMHU. Y TaKOMY BUMAJKY 3’ SBJISIETHCS MIBUIKA MOJICPHI3aIlis
ta momudikamis [HIC BiamoBimHO 10 mOTped KOHKPETHOTO CYJHOBJIACHWKA, a00 y 3B S3KYy 3
HEOOXIiTHICTIO BHECEHHS 3MiH, OOYMOBIIEHMX 3MiHaMH y YHUHHHUX MDKHApOJHUX HOPMAaTHBHHX
JOKyMEHTax y rajry3i CyJAHOIJIaBCTBA.

BucHoBku. [IpoBeneHnii aHaii3 aBapiifiHOCTI Cy4acHOTO CY/JHOIUIABCTBAa 3a OCTaHHI JBa
JECATUPIYYS JO3BOJIMB BU3HAYUTH HASBHICTH CTIMKOT TEHCHINT 10 30UIbIIEHHS KITLKOCTI aBapiii B
abCONIOTHUX TOKa3HUKAaX, sika OOyMOBJIEHA TepenyciM 3pOCTaHHSM KUIBKOCTI CyJE€H CBITOBOTO
(b7oTy Ta 3arajgbHOI0 IHTEHCH(QIKAIIED MOPCHKHUX TepeBe3eHb Yy IiioMy. CIiji TaKoXX 3a3HAYHTH,
110 3pOCTAHHSI PIBHS aBTOMATHU3allli CyYacHUX CYJIEH Ta 3alpOBa/HPKCHHS HOBITHIX CUCTEM HaBirarii
Ta KEpyBaHHS PYXOM, NPHU3BOAUTH 10 30UIBIIEHHS YacTKU aBapidf, 0OyMOBJIEHMX HETaTUBHUM
BIUIMBOM Ha TNPOIECH NPUHHATTS PIlIEHh TAaK 3BAHOTO JIIOJACHKOTO YWHHHKA, OCKUIBKH y LIbOMY
Bunazaky came OIIP nmocrae HaltG1IbII «CIAOKOIO JTAaHKOI0» 3a3HAYEHOI'0 MPOLECY.

3HIKEHHA KIJTBKOCTI aBapii cyfeH  Moke OyTH JOCSATHYTE IUISIXOM HIMPOKOTO
3anpoBapkeHHs [HIC ta CIIIIP y ramy3si cy1THOBOAIHHS, MPHU IIbOMY BaXJIMBOIO IEPEIyMOBOIO iX
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YCIIITHOTO 3aCTOCYBaHHS € OOIPYHTOBaHMW 1 KOPEKTHUI BHOIp HaJeKHHX METOIIB 0OpOOKH
iHpopmanii B uimicHi epratuuniii cuctemi «IHIC-OIIP» Ha BinmoBiAHMX eTamax HPUAHATTS
pimens. Buainenss B mukmi npuitHATTs pimens y cuctemi «IHIC-OITP» qoTuprox 6a30BuX eTariB
13 nudepeHIiiioBaHUM 3aCTOCYBAaHHSIM PI3HHUX METOJIB OOpOOKHM AaHMX Ta MPUUHSITTA pillleHb Ha
KO>KHOMY 3 HUX TIO3UTUBHO BIUTMHE Ha SKICTh Ta ONEPAaTHUBHICTH ()OPMYBAHHS PIllICHb 3 yIPABITiHHS
PYXOM cyzAeH. 3acTocyBaHHS NpuHLUIY MoayibHocTi moOynosu IHIC 3abe3neuye HeoOXimHi
MepeayMoOBH 70 1i MBHUAKOI MojepHi3amii Ta Momudikalii BIAMOBIIHO A0 MOTPed KOHKPETHOTO
CYJIHOBJIACHUKA, 200 y 3B’sI3Ky 3 HEOOXi/JHICTIO BHECEHHS 3MiH, 00YMOBIEHUX 3MIHAMH Y YMHHUX
MDKHAPOJHUX HOPMaTUBHHX JIOKyMEHTaX y Tally3i Cy/IHOIIIaBCTBA.

IlepcnekTUBM MNOJANBIINX JOCJHIIKeHb. 3O0UIbIICHHS KUIBKOCTI aBTOHOMHHX Ta
0e3eKiNaKHUX CyAEH MOTpedye MOJAIbLIOrO MOITIHOICHHS Ta PO3BUTKY HAYKOBUX JIOCIHIIKEHb HE
JMIIE Taly3i Cy4acHUX METOIB MPUIHATTS pillleHb 13 KepyBaHHs TakuMu cyanamu (LI, IAJl, MH Ta
1H.), aJle 1 HOBUX TEXHOJIOTTYHHUX DILIEHb Y PO3BUTKY KaHaJiB BUCOKOIIBHJKICHOI Mepenadl JaHux,
OCKIJIbKM JJIs1 YCTIIIHOT MPAaKTHYHOI peatti3allii 3a3HaueHi MeToiu MOTpeOyI0Th NepepoOKH BETUKUX
o0csriB iH(pOpMaIlli CTOCOBHO pyXy CYJEH Y PEKHUMI PEaIbHOTO Yacy. Y 3a3HAYEHOMY KOHTEKCTI
B)XJIMBUM HAIPSIMOM € PO3BUTOK OeperoBHX HaBIrallifHUX CHCTEM Ta MOPTOBOI iHPPACTPYKTYpH B
paMKax pO3BHTKY HOBOi TeXHOJIOTi cucteM BogHoro tpancmopty «New Generation of Waterborne
Transportation System» (NG-WTS) [10]. Takox HEOOXiHUM € CIPSIMyBaHHS CIUIBHUX 3yCHJIb
MDKHApPOJHOI CIUIBHOTH Ha PO3BUTOK 3arajlbHOI HOPMAaTUBHO-NIPaBOBOI 0a3H, 1110 perjJaMeHTye pyX
ABTOHOMHHUX Ta 0€3eKiNaXHUX MOPCHKUX CYJIeH Ta HACIIIKU 1HIUJICHTIB 3 1X Y4acTo.

CIIMCOK BUKOPUCTAHOI JIITEPATYPH

1. UNCTAD. Review of maritime transport. 2022.

2. Barymenko JI. JI. CynnoBi HaBiramiitHo-iHQopMariiiiai cucremu. Oneca : HY «OMAy,
2016. 238 c.

3. bens A. Il. Cucremu miATPUMKH MPUHHATTS PIIICHb B CyTHOBO/IIHHI: CYYacHUH CTaH Ta
NEPCIEKTUBH MOJAJIBIIONO PO3BUTKY. Haykosuil 6icHux XepcoHcvbKoi 0epa#casHoi MOpcbKoi
axaodemii. 2024. Ne 1 (28). C. 152-162.

4. Aylward K., Weber R., Lundh M., MacKinnon S. N., Dahlman J. Navigators’ views of
a collision avoidance decision support system for maritime navigation. The Journal of Navigation
75: 5, 2022. 1035-1048.

5. bensb A. II. [lepcrieKTHBH PO3BUTKY CHUCTEM MiATPUMKH MPUMHATTS PIIIEHb CYTHOBOIIS
/ benuv A. Il. // Hayxosuii gicnux XepcoHncbkoi Oepoicagnoi mopcvkoi axademii. — XepCcoH :
BunaBaunrso XJ/IMA, 2012. Ne 1 (6). C. 12-19.

6. Sxycesuu lO. I'., Tpummn B. B., Jlopodeena 3. f. [loOynoBa HaBirauiiHoi cucteMu
Cy/JlHa Ha OCHOBI Cy4acHUX IH(QOpMaIIMHUX TEXHOJOTIH. Kibepremuxa ma cucmemHull aHauis.
Ne4(70). 2021. C. 83-88.

7. benb A. Il., MansieB A. C. CucreMu NiATPUMKH NPUAHATTS pillIeHb MO0 YIPABIIHHS
pyxoM cyana // Monorpagis. Xepcon : Bunasuunrso X/IMA, 2019. 244 c.

8. Pietrzykowski Z., Wotejsza P., Borkowski P. Decision support in collision situations at
sea. J. Navig. 2017. Vol. 70. P. 447-464.

9. Abudu R., Bridgelall R. Autonomous Ships: A Thematic Review. World 2024, 5, P. 276-292.

10. Yan X., Li C,, Liu J., You X., Wang S., Ma F. Architecture and key technologies for
new generation of waterborne transportation system. Journal of Transportation Systems
Engineering and Information Technology, 2021, 21(5):22.

11. Krata P., Kniat A., Vettor R., Krata H., Guedes Soares C. The Development of a
Combined Method to Quickly Assess Ship Speed and Fuel Consumption at Different Powertrain
Load and Sea Conditions. TransNav, the International Journal on Marine Navigation and Safety of
Sea Transportation. 2021. Vol. 15, Ne 2. P. 437-444,

12. Sang Jin Kim, Mihkel Korgersaar, Nima Ahmadi, Ghalib Taimuri, Pentti Kujala,
Spyros Hirdaris, The influence of fluid structure interaction modelling on the dynamic response of
ships subject to collision and grounding, Marine Structures, Vol. 75, 2021, 102875.

ISSN-print 2313-4763; ISSN-online 3041-1939 107



NPAPEIWPIPY! Cynmosoninus Ta eHepreTHKa CymeH

13. Dugan S. A., Skjetne R., Wrobel K., Montewka J., Gil M., Utne 1. B. Integration Test
Procedures for a Collision Avoidance Decision Support System Using STPA. TransNav, the
International Journal on Marine Navigation and Safety of Sea Transportation. 2023. Vol. 17, Ne 2.
P. 375-381.

14. MacKinnon S. N., Weber R., Olindersson F. and Lundh M. Artificial Intelligence in
Maritime Navigation.: A Human Factors Perspective/In book: Advances in Human Aspects of
Transportation, N. Stanton (Ed.): AHFE 2020, AISC 1212, pp. 429-435.

15. Zhang M. Big data analytics methods for collision and grounding risk analysis in real
conditions: framework, evaluation, and applications. Aalto University; Doctoral thesis, 2023, 202 p.

16. Du L, Goerlandt F, Kujala P. Review and analysis of methods for assessing maritime
waterway risk based on non-accident critical events detected from AIS data. Reliability Engineering
and System Safety, 200, 2020, 106933.

17. Huang Y., Chen L., Chen P., Negenborn R. R., Van Gelder PHAJM. Ship collision
avoidance methods: state-of-the-art. Safety Science, 2020,121, P. 451-473.

18. Li Y., Song G., Yip T.-L., Yeo G.-T. Fuzzy Logic-Based Decision-Making Method for
Ultra-Large Ship Berthing Using Pilotage Data J. Mar. Sci. Eng. 2024, 12, 717.

19. Tuncel A. L., Yiksekyildiz E., Akyuz E., & Arslan O. Probability-based extensive
quantitative risk analysis: collision and grounding case studies for bulk carrier and general cargo
ships. Australian Journal of Maritime & Ocean Affairs, 2021. 15(1), 89-105.

20. Bashan, V., Demirel, H. & Gul, M. An FMEA-based TOPSIS approach under single
valued neutrosophic sets for maritime risk evaluation: the case of ship navigation safety. Soft
Computing, 24, 2020, 18749-18764.

21. Biinyamin Kamal, Erkan Cakir, Data-driven Bayes approach on marine accidents
occurring in Istanbul strait, Applied Ocean Research, 2022, Volume 123, 103180.

22. Axel Horteborn, Jonas W. Ringsberg, A method for risk analysis of ship collisions with
stationary infrastructure using AIS data and a ship manoeuvring simulator, Ocean Engineering,
2021, Volume 235, 109396.

23. Leveson N. G. Engineering a safer world: systems thinking applied to safety. The MIT
Press, 2016. p. 560.

24. Kujala P., Hianninen M., Arola T., Ylitalo J. Analysis of the marine traffic safety in the
Gulf of Finland, Reliability Engineering & System Safety, VVol. 94, Issue 8, 2009, pp. 1349-1357.

25. https://lloydslist.maritimeintelligence.informa.com/sectors/casualty.

26. WuB., Yip T. L., Yan X,, Soares C. G. Review of techniques and challenges of human
and organizational factors analysis in maritime transportation. Reliability Engineering and System
Safety, 2022, 219:108249.

27. IMO. Guidelines for formal safety assessment (FSA) for use in the imo rule-making
process. London, UK: International Maritime Organization — MSC/Circ.1023-MEPC/Circ.392, 2002.

28. 1SO. ISO 31000:2018. Risk management — guidelines. International Organization for
Standardization, 2018.

29. IMO. Convention on the international regulations for preventing collisions at Sea, 1972
(COLREGsS).

30. IMO. Maritime safety committee POLARIS — proposed system for determining
operational limitations in ice. In: Submitted by the International Association of Classification
Societies, MSC 94/3/7,9"" Session, Agenda 3, September 12; 2014. 2014.

31. IMO. Outcome of the regulatory scoping exercise for the use of maritime autonomous
surface ships (MASS) — MSC.1-Circ.1638, London, UK. 2021.

REFERENCES

1. UNCTAD (2022). Review of maritime transport.
2. Vahushchenko, L. L. (2016). Sudnovi navihatsiino-informatsiini systemy. Odesa : NU
«OMA», 238 c.

108 /o pyopuku exnioueno cmammi 3a memamuunor cnpamosanicmio « Cyono8o0inHa ma eHepezemuKa cyoeHy


https://lloydslist.maritimeintelligence.informa.com/sectors/casualty

HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpchbKoi akaaeMii WL R Py IR PL

3. Ben, A. P. (2024). Systemy pidtrymky pryiniattia rishen v sudnovodinni: suchasnyi stan
ta perspektyvy podalshoho rozvytku. Naukovyi visnyk Khersonskoi derzhavnoi morskoi akademii.
Ne 1 (28). S. 152-162.

4. Aylward, K., Weber, R., Lundh, M., MacKinnon, S. N., Dahlman, J. (2022). Navigators’
views of a collision avoidance decision support system for maritime navigation. The Journal of
Navigation 75: 5. 1035-1048.

5. Ben A. P. (2012). Perspektyvy rozvytku system pidtrymky pryiniattia rishen sudnovodiia
/ Ben A. P. /I Naukovyi visnyk Khersonskoi derzhavnoi morskoi akademii. — Kherson :
Vydavnytstvo KhDMA. Ne 1 (6). S. 12-109.

6. lakusevych, Yu. H., Tryshyn, V. V., Dorofieieva, Z. Ya. (2021). Pobudova navihatsiinoi
systemy sudna na osnovi suchasnykh informatsiinykh tekhnolohii. Kibernetyka ta systemnyi analiz.
Ne4(70). C. 83-88.

7. Ben, A. P., Maltsev, A. S. (2019). Systemy pidtrymky pryiniattia rishen shchodo
upravlinnia rukhom sudna // Monohrafiia. Kherson : Vydavnytstvo KhDMA. 244 s.

8. Pietrzykowski, Z., Wotejsza, P., Borkowski, P. (2017). Decision support in collision
situations at sea. J. Navig. Vol. 70. P. 447-464.

9. Abudu, R., Bridgelall, R. (2024). Autonomous Ships: A Thematic Review. World 2024,
5, P. 276-292.

10. Yan, X, Li, C., Liu, J., You, X., Wang, S., Ma, F. (2021). Architecture and key
technologies for new generation of waterborne transportation system. Journal of Transportation
Systems Engineering and Information Technology, 21(5):22.

11. Krata, P., Kniat, A., Vettor, R., Krata, H., Guedes Soares, C. (2021). The Development
of a Combined Method to Quickly Assess Ship Speed and Fuel Consumption at Different
Powertrain Load and Sea Conditions. TransNav, the International Journal on Marine Navigation
and Safety of Sea Transportation. Vol. 15, Ne 2. P. 437444,

12. Sang Jin Kim, Mihkel Kdorgersaar, Nima Ahmadi, Ghalib Taimuri, Pentti Kujala,
Spyros Hirdaris (2021). The influence of fluid structure interaction modelling on the dynamic
response of ships subject to collision and grounding, Marine Structures, Vol. 75, 102875.

13. Dugan, S. A., Skjetne, R., Wrobel, K., Montewka, J., Gil, M., Utne, 1. B. (2023).
Integration Test Procedures for a Collision Avoidance Decision Support System Using STPA.
TransNav, the International Journal on Marine Navigation and Safety of Sea Transportation.
Vol. 17, Ne 2. P. 375-381.

14. MacKinnon, S. N., Weber, R., Olindersson, F. and Lundh, M. (2020). Artificial
Intelligence in Maritime Navigation: A Human Factors Perspective/In book: Advances in Human
Aspects of Transportation, N. Stanton (Ed.): AHFE 2020, AISC 1212, pp. 429-435.

15. Zhang, M. (2023). Big data analytics methods for collision and grounding risk analysis in
real conditions: framework, evaluation, and applications. Aalto University; Doctoral thesis, 202 p.

16. Du, L, Goerlandt, F, Kujala, P. (2020). Review and analysis of methods for assessing
maritime waterway risk based on non-accident critical events detected from AIS data. Reliability
Engineering and System Safety, 200, 106933.

17. Huang, Y., Chen, L., Chen, P., Negenborn, R. R., Van Gelder PHAJM (2020). Ship
collision avoidance methods: state-of-the-art. Safety Science, 121, P. 451-473.

18. Li, Y., Song, G., Yip, T.-L., Yeo, G.-T. (2024). Fuzzy Logic-Based Decision-Making
Method for Ultra-Large Ship Berthing Using Pilotage Data J. Mar. Sci. Eng. 12, 717.

19. Tungel, A. L., Yiiksekyildiz, E., Akyuz, E., & Arslan, O. (2021). Probability-based
extensive quantitative risk analysis: collision and grounding case studies for bulk carrier and
general cargo ships. Australian Journal of Maritime & Ocean Affairs. 15(1), 89-105.

20. Bashan, V., Demirel, H. & Gul, M. (2020). An FMEA-based TOPSIS approach under
single valued neutrosophic sets for maritime risk evaluation: the case of ship navigation safety. Soft
Computing, 24, 18749-18764.

21. Biinyamin Kamal, Erkan Cakir (2022). Data-driven Bayes approach on marine
accidents occurring in Istanbul strait, Applied Ocean Research, Volume 123, 103180.

ISSN-print 2313-4763; ISSN-online 3041-1939 109



NPAPEIWPIPY! Cynmosoninus Ta eHepreTHKa CymeH

22. Axel Horteborn, Jonas, W. Ringsberg (2021). A method for risk analysis of ship
collisions with stationary infrastructure using AIS data and a ship manoeuvring simulator, Ocean
Engineering, Volume 235, 109396.

23. Leveson, N. G. (2016). Engineering a safer world: systems thinking applied to safety.
The MIT Press. p. 560.

24. Kujala, P., Hanninen, M., Arola, T., Ylitalo, J. (2009). Analysis of the marine traffic safety
in the Gulf of Finland, Reliability Engineering & System Safety, VVol. 94, Issue 8, pp. 1349-1357.

25. https://lloydslist.maritimeintelligence.informa.com/sectors/casualty.

26. Wu, B., Yip, T. L., Yan, X,, Soares, C. G. (2022). Review of techniques and challenges
of human and organizational factors analysis in maritime transportation. Reliability Engineering
and System Safety, 219:108249.

27. IMO (2002). Guidelines for formal safety assessment (FSA) for use in the imo rule-making
process. London, UK: International Maritime Organization — MSC/Circ.1023-MEPC/Circ.392.

28. 1ISO (2018). ISO 31000:2018. Risk management — guidelines. International
Organization for Standardization.

29. IMO (1972). Convention on the international regulations for preventing collisions at
Sea, 1972 (COLREGS).

30. IMO (2024). Maritime safety committee POLARIS — proposed system for determining
operational limitations in ice. In: Submitted by the International Association of Classification
Societies, MSC 94/3/7,9"" Session, Agenda 3, September 12; 2014.

31. IMO (2021). Outcome of the regulatory scoping exercise for the use of maritime
autonomous surface ships (MASS) — MSC.1-Circ.1638, London, UK.

Ben A. P. DECISION-MAKING METHODS FOR SHIP TRAFFIC CONTROL IN INTELLIGENT
NAVIGATION INFORMATION SYSTEMS

The article is devoted to issues of development of decision-making support methods in the field of navigation
and their practical application in intelligent navigation information systems (INIS). An analysis of the accident
rate of modern world shipping over the past two decades was carried out, its dynamics were determined, and
the main factors of the occurrence of accidents were clarified. It has been proven that the dominant share of
accidents is due to the negative influence of the human factor on the processes of ship control, which, as a
result, leads to collisions, groundings, as well as to the occurrence of dangerous situations on ships and
failures in the operation of its systems. The types of errors caused by human influence on ship control
processes are shown and possible ways to reduce their number are proposed. The role and place of INIS and
decision-making support systems (DSS) in solving the problems of improving the quality and efficiency of ship
and ship systems control processes with the aim of reducing the level of accidents have been determined. It has
been proven that INIS have a significant potential in solving the problems of reducing the number of errors
caused by the influence of human factor on processes of controlling ships and auxiliary systems, and, as a
result, will contribute to reducing the number of accidents in world shipping. The growing role of modern
information technologies, in particular the methods of artificial intelligence and intelligent data analysis, in
the solved issues of improving the safety of modern shipping, increasing the level of its automation, is shown.
The classification of decision-making methods in the field of shipping by classes of problems to be solved is
proposed. Features of the practical application of each group of methods in INIS are determined, and
promising ways of their further development are outlined. The general structure of INIS was developed, and
the application of a four-stage cycle was proposed for the implementation of the decision-making process with
the differentiated use of different groups of methods and sources of initial data at each of the stages. The
priority ways and prospects for the further application of DSS and INIS in navigation, as well as their place
and role in development of the industry of unmanned and autonomous sea vessels, have been determined.

Key words: intelligent systems; navigation systems; navigation; decision-making support systems; decision-
making methods; artificial intelligence, ship control; safety of navigation.
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IHTEI'PALISI CHATGPT AJIA HIATPUMKU NPUHAHSTTS PIIIEHD
ABTOHOMHHUX CYJAEH B PEXXUMI PEAJIBHOI'O YACY

Ko3auoxk 10. A., acnipaum, Software development Company N-IX LTD, m. Mukonais,
Vkpaina, e-mail: kozak9995@gmail.com, ORCID: 0009-0005-6430-3961;
3inuenko C. M., o0.m.H., Ooyewm, npoghecop KagheOpu yYnpasniHHs  CYOHOM,

Xepconcvka Oepoicasna mopcvka akademis, m. Xepcow, Yrpaina, e-mail: srz56@ukr.net,
ORCID: 0000-0001-5012-5029.

Cmamms docniooicye inmeepayiro mosnoi mooeni ChatGPT y cucmemu asmonomuux cyoen 0ns niompumKu
npoyecieé NPUHAMMSL PilleHb Y PedCUMi peanrbHO20 Yacy, Wo € BaANCIUSUM KOMNOHEHMOM OJisl NOKPAUEHHS
MOpPCbKUX onepayii. Y mamepiani suceimnioiomvcsi 0cHo6Hi (yuxyionanvui moxciusocmi ChatGPT, maxi six
aHani3 CKAAOHUX HABIAYIUHUX CYEHApIis, NIAHYBAHHS eQeKMUGHUX MAHespis, ONMUMI3AYIsE MOPCbKUX
mapwipymis i Oe3nepeukoona 63aemoois 3 THWUMU OOPMOGUMU CUCmeMaMUu ma 6epe2o8umu CIyxcoamu.
Bukopucmosyrouu yi mooicnusocmi, asmoHOMHI CYOHA MOdiCYmMb OiAmu 3 RIOBUWEHOK MOYHICHIO Md
a0anmueHicmro.

Baoicnusum eneckom ybo2o 00CaioHceHHs € 3anponorHosana MooyavHa apximekmypa oas inmeepayii ChatGPT
8 Onepayitiny CmpyKmypy asmoHOMHUX cyOeH. Apximekmypa po3pobieHa 3 OKpemumu MOOYIAMU 0 300py U
00pobru Ooanux, 3aecmooii 3 API ChatGPT ma euxonanus piwens. L[i mooyni 3abe3neuyroms 30amuicmo
cucmemu 30upamu iHgpopmayiro 3 pizHux Ogcepen — maxux sk padapu, kamepu, cucmemu GPS ma
Memeopoo2iuni cmanyii — i 00pobsmu it 015 3a0e3neuenHst CYMICHOCI 3 aQHAIMUYHUMU MONCIUBOCISAMU
ChatGPT. Mooyns euxonanns mpancgopmye pexomenoayii ChatGPT y konkpemHi KoManou 0as onepayiiHux
cucmem cyOHa, MAKUX K HAGI2aYisi MA MEXAHI3MU YHUKHEHHSL 3IMKHEHD.

Ocobnusa ysaza npulinsiemvcs RPAKMUYHUM CYEHAPIAM BUKOPUCMAHHA, 30KpeMd VHUKHEHHIO 3iMmKHEeHb,
aoanmayii 00 OUHAMIYHUX NO20OHUX YMOG I Hasieayii uepe3 pecioHU 3 GUCOKOK WINbHICIIO MOPCbKO20
mpacgiky. Hanpuxnao, y pasi 3ycmpiui 3 inwum cyonom na mpaexkmopii ChatGPT ananizye oami cencopis,
Maki K 8i0CManb, WEUOKICMb I HANPAMOK 000X CYOeH, 051 HAOAHHS PeKOMEeHOaYitl Wo00 KOPUSY8aHHs KypCy
ma weuoxkocmi. Takuti weUOKUU i MOYHUL AHANI3 MIHIMIZYE PUBUKU 3IMKHEHb HAGIMb ) CINPECO8UX CUMYayisx.
Thwuil npuxnao exnouae nepeHanpagieHHs CYOHA 3d HECHPUAMAUBUX NO20OHUX YMO8 abo 3a YMO8U
nepeganmasicenns nopmy npustavenns. ChatGPT eenepye anbmepHamueHi Mapuipymu, aHanizyiouu no200Hi
O0aHi 6 pedanbHOMY 4aci, OOCMYRHICMb NOPMIG | NOJOJICEHHS CYOHA, WO 3abe3neuye ceocuache ma besneume
npubymmsl.

Knrwouosi cnosa: inmenexmyaivii mpancnopmui cucmemu,; Hasieayiiha 0esnexa, asmomamusayis npoyecise
Kepyeannsi;, noocokuu uyunHux, ChatGPT; niOmpumxa npuiHamms pilleHb V DPedcUMi pPeabHo20 Hacy;
aemoHoMHI cyOHa; wmyunuu inmenexm (L), mopcvka eanysv; Koopounayis cyoeH, adMOHOMHA HAaBIeaAYis;
PO3ROOINEHI cucmemu YnpaeiiHHs.

DOI: 10.33815/2313-4763.2024.2.29.111-121

Beryn. ABTOHOMHI CyJiHAa CTAalOTh OJHIEI0 3 HAWUMEPCHEKTHBHIIINX TEXHOJIOTIH MOPCBHKOL
ramy3i [1-2] 3a0e3nedyroum 3HWKEHHS €KCIUTyaTalliiHUX BUTpAT, IIJIBUINCHHS O€3MeKH
CYJIHOIUIaBCTBA Ta MiHIMI3allil0 BIUIMBY JIIOJICHKOTO (paktopa. Ilpore ympaBmiHHS aBTOHOMHUMH
CyJIHaMH B PEaJIbHOMY 4Yaci € CKJIQJIHUM 3aBJaHHSM, 1[0 BUMarae o0poOKH BEJIMKOTO 00CSTY JTaHHX,
IIBUAKOTO MPUHHATTS PIIICHh 1 JOTPUMAaHHS MOpPCHKUX mpaBwil. [IITydyHuil iHTENEeKT, 30KpeMa
Mozem 00pooku mpupoaHoi MoBH, Taki sk ChatGPT, BigkpruBae HOBI MOXKIIMBOCTI JJISI MiATPUMKH
MPUKAHATTS pillleHb B aBTOHOMHUX cuctemax [3—4]. ChatGPT 3naTanii aHani3yBaTH BEJIHWKI MacUBU
iH(dopmartii, reHepyBaTH pEKOMEH/IAIlIl Ta HABITh B3AEMOJIIATH 3 €Kila)keM a0o0 IHIIUMH CYJTHAMH Y
3po3yminiii dopmi. Moro inTerparisi Mo)ke 3HAYHO MiABMIIMTH AJaNTHBHICTH i e(EKTHBHICTH
ABTOHOMHUX CYJICH Y CKJIQJHUX 1 TUHAMIYHHX YMOBaX.

IMocTanoBKka npo6Jemu. ['eHepaTHBHI MOJEI MITYYHOTO iHTENICKTY, 30kpema ChatGPT,
JIEMOHCTPYIOTh BUCOKHIA MOTEHI[ia)l Y CTBOPEHHI THYYKUX PIllIeHb 3aBASKH 3/IaTHOCTI JI0 aHami3y,
MIPOTHO3YBAHHS Ta ajamnTallii Ha OCHOBI BENMKUX OOCATIB NaHMX. BuHMKae morpeba y po3pooii
MOJIENIi KEPYBaHHS aBTOHOMHHMM CYIHOM, sika 0 interpyBansa ChatGPT mus miaTpuMKu OpuidHSTTS
pillieHs y peasbHOMY 4Yaci, BPaxOBYIOUM crielu(idHi BUMOTH MOPCHKOI Taiy3i, Taki sk Oe3meka,
HAJIHHICTD 1 €DEKTUBHICTD.
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AHaJgi3 ocTaHHix aociairkens Ta mydaikamiii. Cdepa iHTerparii mTy4HOro 1HTEIEKTY B
MOPCBKI CUCTEMHU aKTUBHO PO3BUBAETHCS 3aB/SKH 3pOCTAI0YOMY IOMUTY Ha aBTOHOMHI pillleHHs. Y
HAYKOBIH JTEeparypi pO3IISINAETBCA I[MHUPOKUH CIEKTP TMIAXOAIB A0 BHUPIMIEHHS MPOOIeM
aBTOHOMHOI HaBirauii Ta ynpasiiHHs cyaHamu. Hanpuknan, po6otu Johansson K. [5] npucssiueni
pO3MOAIICHMM CHCTEMaM Ui KOOpIWHAmii CyJaeH, 1m0 3a0e3medyroTh HaAiWHICTh 1
MacHTabOBaHICTh Yy CKJIAJHUX HaBirauidHux crenapisx. Zhang W. ta Li H. [6] neranbHO
aQHATI3YIOTh ONTHMI3AIllI0 MapmIpyTiB 3a JOTOMOTOK aJITOPUTMIB MAIIMHHOTO HAaBYaHHS,
aKIEHTYIOUH yBary Ha 3HWKEHHI BUTpPAT MajuBa Ta MiHIMi3allii yacy moaopoxi.

Kpim toro, Miller J. [7] minkpecitoe BaxJIMBICTh JOTPUMAHHS CTaHAAPTIB O€3MeKU NpHU
po3po0IIi aBTOHOMHHUX CHCTEM, OCOOJIMBO B KOHTEKCTI TMHAMIYHUX 1 Herepe0adyBaHuX CUTYaIlil.
[ pocmignuky, taki gk Yamada T. 1 Nakajima M. [8], nponoHyioTs iHTErpyBaTu TriOpuH1
CHUCTEMH, L0 TNOEAHYIOTh JIOKaJbHI Ta XMapHI MOJENi JJIs HiJABUIICHHS eQEeKTHUBHOCTI Ta
3MEHILIEHHS 3aTPUMOK B 00poOLIl JaHUX.

Jlesiki mJIOTHI MPOEKTH BxKe JeMOHCTPYI0Th edextuBHicTh ChatGPT. Hanpuknan, y pamkax
€KCIIEPUMEHTIB BEJIMKUX CYJHOIUIABHUX KOMMaHii OyJio po3po0]IeHO NPOTOTUIIM CHUCTEM, 1€
ChatGPT BukopucCTOBYBaBCS AJIsi NMPOTHO3YBAHHS PHU3MKIB y CKJIAIHMX HaBIralifiHUX yMOBax.
OaHMM 13 TaKUX MPOEKTIB € BIPOBAHKEHHS CUCTEMU MIATPUMKH NPUHHATTS pilIEHb AJIS CYJIEH, 1110
[paLIOIOTh B apKTUYHUX perioHax. Y mux ymoBax ChatGPT anamizyBaB naHi mpo JbOAOBI
MOKPUTTSI, TOTO/IHI YMOBH Ta MApUIPYTH iHIINUX CYAEH Ui MPONOHYBAHHS ONTHMAIBHUX PIIICHb

[9].

[nmuMm npuknagom € 3actocyBanHs ChatGPT mng aBromartusaumii B3aeMOAil 3 MOPTOBUMU
ciry>x6amMu. Y IUIOTHOMY MPOEKTI OJHI€T 3 a31aTCHKUX KOMIIaHIi cUCTeMa aBTOMAaTUYHO 00poOIsiia
3alUTH BiJ] OPTIB, TEHEpYyBasia BIJAMNOBI/II Ta KOPUTyBaja MaplIpyTH 3aJ€KHO BiJl 3aBaHTAXEHOCTI
MOPTIB 1 JOCTYMHOCTI AOKIB. Pe3ynbTraTu mokasanu 3HauHE 3MEHIICHHS 4Yacy Ha KOOPHMHALIIO
oTIepalliil Ta MiABUIIEHHS TOYHOCTI ruianyBaHHs [10].

i peanpHi npUKJIaAU AEMOHCTPYIOTh, 110 ChatGPT mMoxe cTaTtu KIIFOYOBUM KOMIIOHEHTOM
CHCTEM aBTOHOMHOTO yTIPaBIIiHHS, MMiABUIIYI0UYN €(PEKTUBHICTD 1 O€3MeKy MOPCHKHUX ONepartiil.

MeTa Ta 3aga4i gocaigxenHsi. Meta 11i€i cTaTTi — 3alPOTIOHYBATH ITIXOIH B 3aCTOCYBaHHI1
HeliponHux Mepex [11-12] y Burisai ChatGPT y cuctemu ynpaBiiHHS aBTOHOMHUMH CyJIHAMHU
JUISL MATPUMKH TPUAHATTS PINIEHb y PEXUMI peallbHOro dYacy. Y poOoTi MpoaHaIi30BaHO
MOTEHI[IHI clieHapii BUKOPUCTaHHS, HABEJCHO apXiTEKTypy IHTerpamii Ta BH3HAYEHO OCHOBHI
repeBary i BUKIUKY BIPOBAKEHHS 111€1 TEXHOJIOT1].

OcHoOBHA YacTHHA. ABTOHOMHI CyJlHa TOBUHHI MPAIIOBATH B yMOBAaX MOCTIHHO 3MiHHOTO
CEpE/IOBHINA, SKE BKJIIOYAE JUHAMIYHI HaBITaImiiiHi 0OCTaBMHM, MMOTOJIHI YMOBH Ta B3aEMOJII0 3
inmumu cynHamu [13-16]. ChatGPT — renepaTuBHMI INTyYHWI 1HTENEKT, 3JaTHUH IIBUIKO
00pOoOJIATH TEKCTOBY Ta YHCIIOBY iH(pOpMaIliro, TeHEpyBaTH PEKOMEH IaIlii Ta aHATI3yBaTH MOYKJIUBI
HACIIIJIKH.

VY naniii crarti 3anpononoBaHo iHTerpyBaTd ChatGPT y cucreMy aBTOHOMHOTO CyjiHA
BUKOPUCTABIIN MOJYJIBHHUNA MigXiJ, € KOXXEH KOMIIOHEHT BHUKOHYE UITKO BU3HAUEHY (YHKIIIIO.
OCHOBHI €JIEMEHTH apXiTEKTypH:

— Mopayns 300py nmaHux: oTpumye iHpopmamiro 3 panmapiB, kamep, GPS, AIS Ta
METEOCTaHIIHA.

— Moayns 00poOKM NaHWX: HOpMalli3y€e OTpPHMaHi JlaHi, 3a0e3Medyodn iX CYMIiCHICTh i3
dbopmartamu, npuitasiTAMU ChatGPT.

— API ChatGPT: BHKOPUCTOBYETHCS IS Tiepeladi 3aluTiB IO MOJENi Ta OTPUMAHHS
Bigmosizei [3].

— Mopaynbs BukoHaHHA: niepenae pe3ynbTatu Bix ChatGPT Ha BHKOHaBYI MeXaHI3MH CyIHA
a0o 1HIII MpOorpaMHi MOIYJII.

Y poboti posrismaeTses po3poOka moxyis Al momivuHMKa, 100 3acTOCyBaTd MOTO
MO>KJTUBOCTI B CHCTEMaX aBTOHOMHHUX CYJICH, a came:

— aHaJi3 HaBITAMIHOI CHTYyaIii: TeHepallisl TeKCTOBUX a00 YMCIOBHX PEKOMCHIAIId Ha
OCHOBI BXIJJHUX JIaHUX 13 CEHCOPIB Cy/IHA;
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— IUTaHyBaHHA [Iii: TPONOHYBAHHS ONTHMAJIBHUX MapHIPyTiB a00 MaHEBpiB s
YHUKHEHHS 3ITKHEHB;

— B3a€EMOJIiS 3 IHIIMMH CHCTEMaMU: Tiepeada JaHuX y 3po3yMiuioMy ¢Gopmarti Ui iHIIHX
MOYIIB a00 7S eKIMaxy.

Jlnst gocsirHeHHst ontuMainbHOro BukopucTanHs ChatGPT Tta Horo HaBYaHHS, CTBOPHMO
BrnacHy Al mozens (puc. 1).

< Autonomous Vessel Coordinator
A Draft

Create

& Hi! I'll help you build a new GPT. You can say something like, "make a creative who helps generate

visuals for new products" or "make a software engineer who helps format my code."

What would you like to make?

Make a GPT who helps coordinate automomous vessels

1G] Great! Now, let's choose a name for this GPT. How about Autonomous Vessel Coordinator?

Would you like to confirm this or suggest another name?

yes, confirmed

©  Perfect! Now, I'll create a profile picture for the Autonomous Vessel Coordinator. Let me generate

one for you.

Message GPT Builder

0 ®

Pucynoxk 1 — IIpouec ctBopernst Al Moieni st KOOpAUHAIlT aBTOHOMHOTO CY/IHA

[Ticna ctBopennst Al Moaeni BuUKoHaEMO HaBYaHHSA. {7151 IbOTO MOYKHA 3aBaHTaXXHUTH (Hain
3 0a3aMu 3HaHb O KOOpAMHAII CyJEeH, a TaKOX HaJaMoO IHCTPYKIii yepe3 OOMiH TEKCTOBHMU
TTOBIJOMJICHHSIMH, TTiCJISI 9YOTO OTPUMAEMO MTOYATKOBY MOJICHb, SIKY 3M0OKEMO BHKOPUCTATH SIK OJIUH
3 MOJTyJIiB @BTOHOMHOTO cyiHa (pHcC. 2).
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%

Autonomous Vessel Coordinator

-]

Assists in coordinating autonomous vessel operations with JSON

inputfoutput.
Provide Analyze this Optimize paths Simulate
recommended sensor data for based on this emergency
actions for this... collision risks. sensor data in... response for give...
Please, be informed, vessel wil be used next format of request to you to get response o

{

"sensors": {
"radar": "radar inforamation",
"ais": "AlIS information",
"gps": "GPS information”

h

"task": "Task what to do"

}

o o

Pucynok 2 — Ilponec naBuanus Al mozxeni

Ilicna mpouecy HaB4YaHHSA, OTPUMYEMO HANAIITOBAHMM 1HCTPYMEHT TIiJI Ha3BOIO
«Autonomous Vessel Coordinator». [HCTpyMeHT cTBOpeHUI [Isl JOTIOMOTH Y KOOpAMHALT poOOTH
aBTOHOMHUX CYJI€H, BKIIIOYalOuu KOopabJii, APOHU Ta MiABOAHI anapatu. BiH BUKopucToBye Gopmar
JSON nns orpumaHHS BXIIHMX JAaHUX 1 HAJAaHHA pEKOMEHJalli, 3a0e3Neuyroud MiATPUMKY
nporeciB NpUHHATTSA pimeHb. OCHOBHI (yHKINI BKJIIOYAIOTh aHaji3 JaHUX, ONTHUMI3aLiI0
MapIIpyTiB, BHUPINIEHHS MpoOJeM Ta JIOTICTUYHE IUIaHyBaHHS i1 e(peKTHUBHOI poOOTH CyJeH.
[HCTpyMEHT TakoX 37aT€H CHUMYJIOBATH aBapiiHI CUTYyallil, IPOTHO3YBaTH PU3UKH. Y HbHOMY €
MOYATKOBI MPOTO3MINT /IS B3aEMO/IIT, TaKl K HAJAaHHSI peKOMeHAAIii s BXigHuX naHux JSON,
aHaJIi3 JaHUX CEHCOPIB HAa PU3UKHU 31TKHEHHS, ONTUMI3allisl MapUIpyTiB 1 CUMYJIALIS pearyBaHHs Ha
Haa3BUYaiiH1 cutyauii. [HTepdeiic 103Bose 3aBaHTaXyBaTu (pailu A aHali3y, OCOOIHMBO SIKIIO
yBimMkHeHuii Code Interpreter.

Hapuannst HelipomepekeBoi MoJeil 3MIMCHIOBAJIOCS Ha OCHOBI JIaHMX, 310paHMX TMiJ 4ac
IITaTHOT'O MOJIENIIOBAHHS €KCIUTyaTalii cyaHa. Y Habip JaHUX BXoauja iH(opmalis npo MaHeBpU
CyIHa, YMOBH HaBKOJHUIIHHOTO CEPEIOBHINA Ta IMOKA3HUKH aaT4uKiB. [lani Oymu momepeaHbo
0o0poOmneHi A BHUJAJIEHHS WIyMIiB 1 HOpMaiizalii KIOYOBUX MapaMeTpiB, IO 3a0e3Meunsio
TOYHICT, Mojem. HaBuaHHS 3ailiCHIOBANOCS 1HTEPAKTUBHO 3 BUKOPHUCTAHHSM alTOPUTMY
3BOPOTHOT'O TMOIIMPEHHS MOMMJIKM Ta NMEPEBIPKOI0 HAa HE3AIEKHHUX HAa0Opax JaHUX JJs TOHKOIO
HaJalmTyBaHHS TOYHOCTI mepenbadeHb. Takui MIAXiA T03BOJMB MOJACHI aganTyBaTUCA 0
cneun(iYHUX XapaKTepUCTHK 1 CIEHapiiB eKcIuTyartalii cyaHa, 3a0e3Nnedylodd BHCOKY TOYHICTh
OLIIHKA MaHEBPEHHUX MOXKJIUBOCTEH.
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Jns  nemoHcTpamii poOOTH B3aeMOJii CHCTEMH AaBTOHOMHOTO CyIHA 31 IITYYHUM
IHTEJIEKTOM, PO3TIITHEMO HACTYIIHI MOJETIOBAHHS MMOBEIHKH Cy/IHA!

1. Ha xypci aBTOHOMHOTO CynHa BHsBICHO iHme cyaHo. Pamap i AlS 3abe3neuyrorsb
iH(popMalLiI0o PO 00'€KT, 30KpemMa BiJICTaHb, IIBUAKICTH 1 HampsAMOK ioro pyxy. GPS mepenae
MOTOYHY TO3MIil0 aBToHOMHOro cyaHa. ChatGPT amamizye maHi Bil CEHCOPIB Ta MPOIOHYE
pIIIeHHS, 10 BKJIIOYA€E 3MiHY KypCy Ta IIBUIKOCTI, a TAKOK BKa31BKY Ha HEOOX1THICTh MOJANBIIOTO
MOHITOpHHTY. Takuii maxig J03BOJISIE MOJIE MIBUIKO 0OpOOJIATH BXiJHI JaHl Ta BUIABATH J1€BI
IHCTPYKIIii, 110 3MEHIIy€e pU3KKHU aBapiii (puc. 3).

{
"sensors": {
"radar": "Object detected 38®m ahead at bearing 45 degrees",
"ais": "Vessel ID 12345, speed 12 knots, course 98 degrees",
"gps": "Position: 47.6062° N, 122.3321° W"
by
"task": "Suggest collision avoidance action."
}
{
"decision": "Adjust course 15 degrees starboard and reduce speed to B
knots. Maintain visual monitoring of the target vessel."
}

Pucynok 3 — 3anur Ta pimenns Al Mozeni 1o yHUKHEHHIO 3iTKHEHHS 3 CYTHOM IO Kypcy

2. HactymnHa mojist MOJIEJIOE CUTYAIli0, KOJIM aBTOHOMHE CYJTHO CTUKA€ThCA 3 podiieMaMu
MapIIpyTy 4epe3 MOTroJHI YMOBH Ta MEPEBAHTAXKCHICTh MOPTY Npu3HadeHHs. CeHCopU MepealoTh
iHdopmarliifo mpo MTOPMOBY 30HY (paaiyc 1 HIBUIKICTH BITPY), CTAaTyC MOPTY (3aTpHMKa) Ta
noroune MmicuenepeOyBanns cynHa. ChatGPT renepye anpTepHaTUBHUII MapHIpyT, BPaxOBYIOUH
MOTO/IHI YMOBHM Ta CTaH MOPTiB. Pe3ynbTar migKpeciioe 3/aTHICTh MOJENl aHali3yBaTH MOTOJHI
YMOBH, CTaH iH(PPACTPYyKTypu Ta T'EOJOKAIl0 JUIsi CTBOPEHHS albTEPHATHBHOTO MApIIPYTY, IO
JI03BOJISI€ YHUKHYTH IITOPMY Ta MiHIMI3yBaTH 3aTpUMKH (puc. 4).

{
"sensors": {
"weather": "Storm predicted within 5@ nautical miles, wind speed 35
knots",
“"port_status": "Port A congested, estimated delay 4 hours",
“"gps": "Current position: 47.60862° N, 122.3321° W"
¥
"task": "Suggest optimal route to destination Port B."
}
{

"decision": "Divert course 1@ degrees north to avoid storm zone. Adjust
arrival at Port B via alternate route through Sector C to minimize
delay."

}

Pucynok 4 — 3anut Ta pimenns Al mozeni mo o6xoxy mropmy

3. Cyano otpumye 3anuT Bin aucrnerdepa nopty. ChatGPT dopmymoe BiamoBigs abo
MIPOITOHYE il BIAMOBITHO 10 iHCTpyKIii (Puc. 5).
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"request": "Provide estimated time of arrival and cargo details.",
"current_status": {
"eta": "ETA: 2024-12-12 @8:@0 UTC",
"cargo": "Containerized goods, weight 15,000 tons"
b
"task": "Generate formal response to port authority."
{
"response": "This is autonomous vessel X. Estimated time of arrival (ETA
) at your port is 2824-12-12 08:80 UTC. The vessel is carrying
containerized goods with a total weight of 15,000 tons. Please confirm
docking instructions."
}

Pucynox 5 — 3anut Ta pimenss Al momeni 3 BeneHHs paio oOMiHy

Hactynna cutyatist irocTpye CKJIAQAHMN clieHapiid Hapiraiii, ¢ aBTOHOMHE CYAHO Mae€

BpaxoByBaTu Ounbuie 3MiHHUX. Pamap 1 GPS mnepenaroth iH@OpMaIilo MOpo HABKOJIUIIHE
cepenoBuile. Busineni 06'ektu (aBa cyaHa i Oyif) MarOTh pi3Hi BiZCTaHi, HAIPSIMKH, IIBUIKOCTI Ta
kypcu. CeHcop mmOuHM (IKCye MOTEHLIMHO HeOe3NeyHy MUIKOBOAHY IUISHKY. Mojenb mae
BU3HAYUTU OE3MEYHUI MapuipyT, 100 YHUKHYTH 3ITKHEHb 13 CyJAHaMu, 00iiTH Oyl Ta YHUKHYTH
MituHE. Al Mozens NpONoOHye 3MEHIUUTH IIBUAKICTH JJsi O€3[eYHOro MaHEeBPYBAHHS.
IIpononyetscst moBopoT Ha 20 rpaayciB ynpaBo, 1100 YHUKHYTH MiIHHU Ta Oys. Monenb BpaxoBye
MIOJIOKEHHS 1HIIMX CYAEH 1 MPOMOHY€E NapajesbHUNA KypC 3 OJHHUM 13 HUX, @ TaKOXX MOHITOPUHT
THILIOTO [T MOYJIMBUX 3MiH. (puc. 6—7).

i
"sensors": {
“"radar": [
1
"object": "Vessel 1",
"distance": 508,
"“"bearing'": 38,
"speed": 16,
“"course'": 120
} r
1
"object": "Vessel 2",
""distance'": 7080,
"bearing'": 96,
"speed": 15,
“"course'": 270
} r
i
"object": "Buoy",
"distance'": 3080,
"bearing': 6@
¥
1,
"gps": "Position: 47.6062° N, 122.3321° W",
"depth": "Shallow water detected at 6@8m, bearing 45 degrees"
r
ask'": "Determine safe navigation route."
}
Pucynok 6 — 3anut 1o Al mozaeni
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{

"decision": "Reduce speed to 6 knots. Turn 20 degrees starboard to avoid
Buoy and shallow water. Maintain a parallel course with Vessel 1 and
monitor Vessel 2 for possible adjustments.”

}

Pucynok 7 — Pimenns Al moaeni

Jnst 06poOku Bignosiai Bix ChatGPT cuctema aBTOHOMHOTO Cy/iHA TIOBUHHA 3a0€3MEUYUTH
KUJIbKa PIBHIB MEPEBIPKH, 1HTErpallii Ta BUKOHAHHS OTpUMaHUX pekoMeHpauiil (puc. 8). [lepmum
KPOKOM € aHaji3 OTpUMaHOi BiANOBiAL, 100 mepekoHaTHcs y ii ¢opmati Ta joriuHocti. Cuctema
TepeBipsie, Ui BC1 MapaMeTPH BIATOBIIAIOTH BCTAHOBJICHUM TPaBWJIaM, HAIIPUKJIIAT, YU € 3HAYCHHS
Kypcy ab0 MIBHAKOCTI B JOMyCTUMHUX Mexax. lle m03Bosisse YHUKHYTH MOTEHLIIHO Hebe3nmeuyHux

a00 HEKOPEKTHUX JIiH.

OHOBNEHHA 4NA NOSANLWONS aHanisy

¥ Anania oTprmandol
sionoeini
(thopMaT, NOriYHICTE)

h 4
Mepeeipka
napameTpie
{oonycTimi mexd,
KDUTHMYHI NOMUNKIAY

h 4

h 4

IHTrepaUuia i3 CUCTEMaMK

yrpaeniHHA

(amiHa Kypcy, WBKMAKOCTI)

h 4

h 4

h 4

VarogpKeHHA giii 3 Mogyns MOHITOPKH L
i cynamn (ovosnewnn | | CryAus plue:
(AIS, nokansHi iHthopmauii npo Hacﬂi,ﬂyKiBj

NPOTOKONW) cepenoeMwe)
v
BHKo_HaHHa pileHs CTBOpeHHR
(asToninor, pesepexe ansTepHaTHUBHWX
BTpYy4YaHHA) pilueHs

AHani3 BUKOHAHWX i
(YeniwHicTs KomaHg,

Pucynok 8 — Cucrema ynpapiiHHA aBTOHOMHHUM CYJHOM 13 Oe31epepBHIM HaBUaAHHIM

OHOBMEHHA OAHUK)

BoockoHanexHa Al
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[Ticns 1mporo iHTerpamis i3 CHCTEMaMHU YIPaBIiHHS 3a0e3redye BHKOHAHHS PIllICHb.
Hampuknan, Momayas ynpaBiiHHS pyXoM MpuiiMae KOMaHAM AJiA 3MiHHM Kypcy a0o IIBHIKOCTI Ta
nepefae iXx Ha aBTOMIOT CyAHA. SIKIIO MOTPIOHO Y3roaWTH Iii 3 IHIIMMH CyIHAMH, MOJIYJb
KOOpJUHAIIT HaJICUJIae BIAMOBIIHI MOBiTOMIIeHHS yepe3 AIS um i kaHanu 3B’s3Ky. OQHOYaCHO
MOJTyJTb MOHITOPHHTY 3a0e3leuye TOCTiifHe OHOBJICHHS iH(OpMalii Mpo CTaH HABKOJIHIITHHOTO
CepeIoBUINA, 11100 MEePEeKOHATUCS, 1110 CUTYAIlisl HE BUXOAUTD 32 paMKH IPOrHO30BaHUX YMOB.

Cucrema TakoX MOXXE BUKOHYBaTH CHUMYJISLIIO 3alpONOHOBAHUX  pIIIEHb IS
MPOTHO3YBAaHHA iXHIX HACHiJKiB mepea BukoHaHHsM. Hampuknaza, skmo ChatGPT pexomenaye
3MIHY Kypcy, CHCTEMa MOXE BIPTyaJlbHO «IpOpaxyBaTH» TpPAa€KTOpit0, LM00 MEpEeKOHATHCS Y
Oe3meri pOro MaHeBpy. SIKIIO CHUMYJISAIS BUSBIAE PU3UKH, PIIICHHS BIAXWISIETHCA, 1 cCHUCTEMa
3aMUTy€ aJbTEPHATHBHY peKoMeHaamio. Lle 3HauHo miABUIIY€ HAIIHHICTD CUCTEMH.

Ha erami BHKOHAaHHA cHUCTEMa BHUKOHYE€ KOMaHAM aBTOMATHYHO, ajie mepeadavae
MOJKJIMBICTh PE3epPBHOTO BTPYUYaHHs y pa3i MOMWIOK. Hampukiaza, sSKII0 3apOoroOHOBaHE PIlICHHS
HE BUKOHYEThCS Uepe3 TeXHIYHUM 301ii, cucTeMa nepeMuKaeTbcs Ha 0a30Bi MpaBUila HaBirauii, Taki
SIK YHUKHEHHS 31TKHeHb 200 TOTpUMaHHS MiHIManbHOI Oe3neunoi auctaniii. [licis BukoHaHHs Aiit
cucreMa Hajcunac oHoBieHl nadi 7o ChatGPT abo iHmiol aHamiTHUYHOT MOAENl JUId MOLAJIbIIOrO
aHaJi3y, 0 J03BOJISIE MO/ICTI HABYATHCS Ta OKPAIIyBaTH CBOI PEKOMEHIAIlii.

Takum yuHOM, 00poOka BimmoBimi ChatGPT € OararocTymeHeBUM MpoIECcOM, IO
3a0e3Mneuye K TOYHICTb, TaK 1 0e3MeKy Jiii aBTOHOMHOTO cyJHa. Lls apxiTekTypa 103BOJIsiE€ CUCTEMI
aJanTyBaTUCS 10 3MIHHHX YMOB, 3MEHIIYIOYM PU3UKHU Ta MiJBUIIYIOYN €(PEKTUBHICTH MOPCHKUX
ormeparii.

ITpu xomyHikauii 31 IITyYHUM 1HTEIEKTOM MOXYTh BUHUKHYTH HpOOJEeMHU 3 3aTPUMKOIO B
o0pobmi  nmanux, amke podora ChatGPT 3amexuTe BiI IMBUAKOCTI Tiepenadl JaHUX Ta
CYITyTHUKOBOI'O IHTEPHETY, TOMY IPOINOHYETHCS BUKOPUCTAHHS TyOIIIOIOUMX JIOKAJIBHUX MOJEsei
abo momepeTHbO HABYCHUX CHUCTEM JUIS MPUAHATTS KOJIEKTUBHOTO pimeHHs. Bes mepemaya maHux
MMOBUHHA MPOXOAUTH uepe3 MHu(pyBaHHSI Ta BUKOPUCTOBYBATH 3aXHILEHUIN KaHaJ 3B’ A3KY, a TAKOX
MOJIeJIb Ma€ MOCTIHHO HABYATHUCH, aJPKe HE HABYCHA MOJIENIb MOXE HE BPAaxOBYBaTH CHEIM(DIYHHX
CUTYyaIliH.

OcHoBHI pe3yabTaTH Ta iX 00roBopeHHs. [HTerpaiis kactomizoBaHoro ChatGPT vy
CUCTEeMH aBTOHOMHHUX CyJeH 3abe3neuye IIBUIKE MNPUMHATTA pIlIeHb 3aBASKH MOXIJIUBOCTI
aHaJli3yBaTH CKJIQJHI HaBiramiiiHi clieHapii Ta TeHepyBaTH BiJIIOBiJi 3a JideHi cekyHau. Bona
3MEHIIIY€ PHU3MKH, TOB'SI3aHI 3 JIIOJACHKUM (AKTOPOM, 1 pOOHMTH CHUCTEMY OLIbIN HAIIHHOI Ta
QIalITUBHOIO JI0 PI3HOMaHITHHX 3aBAaHb. Kpim Toro, BukopucTanHs Al 1o3Boisie epeKTHBHO
B3a€MOJIISTH 3 IHIIUMHU CHCTEMaMHU Ta CIy>KO0aMu, a TaK0XK THYYKO pearyBaTd Ha 3MiHH B YMOBax
Hagiranii. CuctemMa JeMOHCTpPY€ BHCOKY IIBHJIKICTh NMPUHHATTS pillleHb: CepeaHiil yac oOpoOku
3alUTy Ta TEHEPYBaHHs PINICHHS B CKJIQJHWX HaBITAIlIHHUX CIEHApisAX CTaHOBUTH Jnmie 1-2
CeKYH/IH, 110 € MPUIATHUM JUIsl pOOOTH B PEeXHMMI peasbHOro yacy. HaBiTh y ClieHapisix 3 BUCOKOIO
IHTEHCHUBHICTIO TpadiKy IMBHAKICTE OOpOOKM 3aimuinanacs CTaOUTPHOI 3aBISKH e()EKTUBHIN
orrTuMizarii 3anuTis 10 APIL.

Ha cporogni Hemae BIiIOMHUX HAyKOBHX cTaTed, fAKi Oe3MocepeHbO MPOMOHYIOThH
BukopuctanHs ChatGPT y cucremax ympaBiiHHS aBTOHOMHHMMH CyaHamMH. BonHouac icHye
anajoriyHa Al-monens, pospobnena kommaniero «KONSBERGy», sika BHKOPHCTOBYEThCS Ha
aBToHOMHOMY cyaHi Yara Birkeland min HasBoro Orca Al [17], ane came Mojenb ymnpaBliHHS
CHUCTEMOIO HeBijioMa. TakuM 4MHOM, MpejCTaBjiIeHa y cTaTTi Mojens B3aemonii came 3 CHATGPT
Ma€ 3HAYHHUI TOTEHITal sl TOIATBIIOT0 BUBYEHHS Ta BIOCKOHAICHHS.

Mopenp Oyna mporectoBaHa Ha 500 pi3HUX CIEHapisX, MOB’sA3aHUX 13 KEPYBaHHSIM Ta
NPUAHATTSAM pillIeHb aBTOHOMHUM CYJHOM. Pe3ynbTaTé 3acBiIUMIM BHUCOKHHA piBEHb TOYHOCTI
pEKOMEH/IalliN: Y TECTOBUX YMOBaX CHUCTeMa MPaBWIbHO ieHTU(]iIKyBana pU3UK 31TKHEHHS Y 98%
BUTIAJIKIB. Y TOMMJIKOBHUX PIIICHHSX piBeHb NepeBipku «Cumyisiis pimeHs» (puc. 9) Bimirpae
KIIIOYOBY DOJIb, 3a0€3Meuyrour 3aXUCT CyJHa BiJ MOTEHIITHO Hebe3nmeuHux HachiakiB. KokHa
BUSIBJICHA TTOMMJIKA aKTUBY€E MEXaHi3M 3BOPOTHOTO 3B’S3KYy 3 MOJEIUTIO INTYYHOTO IHTENEKTY, HI0
cnpuse ii Oe3nepepBHOMY BIOCKOHAJICHHIO NUISIXOM HaBYaHHS HAa HOBUX JaHUX. PiBeHb MOMMIIOK
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MOJIeNTi MITyYHOTO IHTENEKTY MPONOPIIHHO 3HWXKYBaBCA B Mipy ii HaBYaHHS, TOMY HEOOXimHE
MOJIaJIblIIe TECTYBAHH Ta JOCIIIKEHHS MOJIENI.

ChatGPT nponemoHcTpyBaB 31aTHICTh €PEKTUBHO aJaNTyBaTUCS J0 3MiHHUX YMOB, TAaKHUX
SIK TIOTIPIIEHHS MOTOAM YU MEePEBAaHTAXKEHICTh MOPTIB, 3a0€3MeUyI0YN BHCOKY SIKICTh MiATPUMKH
NPUKAHATTS pillieHb Yy AMHAMIYHHUX cuTyamisx. L{i pe3ymbraTe cBimq4aTe Mpo 3HAYHHWHA MOTEHILia
BukopuctanHs ChatGPT y BjockoHaseHHI CUCTEM aBTOHOMHOTO YIpPaBIIiHHS.

BucnoBok. Iurerpauis ChatGPT y cucremMu aBTOHOMHHMX CyA€H JIEMOHCTpPY€ 3HAUYHUN
MOTEHI[ia]l y MiJBUILEHH]I e(EeKTUBHOCTI, OE3MEKH Ta aBTOHOMHOCTI MOPCHKUX OImeparliii. 3aBIsku
3/1aTHOCTI IIBHMJIKO aHAJII3yBaTH CKJIaJHI HaBIraliiHi creHapii, MponoHyBaTH ONTUMANbHI PIILIEHHS
Ta 3a0e3neuyBatu ePeKTUBHY B3aemofito 3 iHmmMu cucremamu, ChatGPT moxe cratu omHuUM i3
BYKJIMBUX MOJYJIIB CUCTEMH JUISl MIATPUMKH IPUMHATTS pIIeHb y peaJbHOMY 4acl. Xoua iICHYIOTh
MIeBHI BUKIIUKHU, TaKi SIK 3aTPUMKH B 00poOIli 1aHuX abo moTpeba B ajamnTallii 10 HOBUX CUTYaIliid,
BNPOBA/KEHHSI 11i€1 TEXHOJOTIi BIJKPUBAE HOBI MOMIMBOCTI [IJI1 PO3BUTKY aBTOHOMHOTO
CYJHOIUIaBCTBA Ta MiABUILEHHA 3arajibHOI €()eKTUBHOCTI MOPCHKOT raysi.

IlepcnexkTuBM moaaAbIIMX AOCHiIKeHb. [loganbii JOCHiAKEHHS B LI ramy3i MOXYTb
OyTH 30CepeKeHi Ha JIEeKUIbKOX BaXIHMBHX HampsiMkax. [lo-mepiie, onmTumizailis HaBiramiiHUX
QITOPUTMIB MOXE BKJIIOYATH TIMOIIMNA aHali3 CKJIQJHHMX CIEHapliB, TaKUX SIK poOOTa B yMOBax
BHCOKOi IHTEHCHBHOCTI CyJIHOIUIaBcTBa ab0o oOMmexeHoi BuaumocTti. Ilo-mpyre, iHTerparis
OaratoriaThOpMEHUX MOJIEICH MITyYHOTO THTEIEKTY MOXE PO3IIUPUTH MOKIHMBOCTI aBTOHOMHHX
CyJlleH, TIOETHYIOUM Mofeli oOpoOku TexcToBoi iHGopmarii (sk-or ChatGPT) 3 aaropurmamu
KOMIT'FOTEPHOTO 30py Ul aHalizy 300paxeHb. KpiM TOro, CTBOPEHHS CHCTEMH HaBYaHHS,
3aCHOBAHOI Ha peaJbHUX JaHMX 3 eKCIUlyaTalii aBTOHOMHHX CYZEH, JO03BOJIUTh MiJABUIIUTU
TOYHICTh IPOTHO31B 1 IPUIHSATTS PIIIEHb.

Hns nepeBipku edextuBHOCTI iHTerpauii ChatGPT y cucremu aBTOHOMHHX CyJlieH
HEOOX1HO PO3pPOOUTH KOMIUIEKC €KCIIEPUMEHTIB, 110 AO3BOJIATH OL[IHUTH 11 31aTHICTh BUPILIYBaTU
CKJIaJH1 3aB/IaHHS B peaJibHUX YMOBaX. Mo/IeI0BaHHS MOKE BKJIIOUATH KiJIbKa KIFOUOBHUX €TalliB.

[To-nepiiie, CTBOPEHHS CUMYJISTOPIB, SIKi BIATBOPIOIOTH peasibHi MOPCHKi CIIEHApii, Taki fK
BHCOKA IHTEHCUBHICTh TpaiKy, HECIPUATINBI MTOTOHI YMOBH a00 31TKHEHHS 3 Herepea0aueHUMH
nepemkogamu. Y Takux cumyisitopax ChatGPT moxe OyTu mpoTecTOBaHUI HA 3[aTHICTH IIBHJIKO
aHaJI3yBaTH JiaHI 3 CEHCOPIB, TEHEPYBaTH ONTHMAaJIbHI PIlIEHHS Ta adanTyBaTHCS JO 3MIHHHUX
YMOB.

[To-npyre, BUMiproBaHHs MapaMeTpiB €PEKTUBHOCTI CHCTEMH, TAKUX SIK TOYHICTh TPOTHO31B,
yac TPUHHATTS pIlIeHb, CIOKWBAaHHS OOYHCIIOBATBHUX pECYpCiB 1 piBEHb aBTOHOMHOCTI.
Hanpuknan, MoXXHa OLIHUTH, HACKUIBKM IIBUAKO CHCTEMa pearye Ha 3arpo3y 3iTKHEHHs abo sk
TOYHO BOHA IJIAHY€ MAapIIPYTH B yMOBaX 3MiHHOI ITOTOJTH.

ITo-Tpere, mopiBHsAHHA pe3yabTariB podotn ChatGPT 3 iHmmMMH ajnropuTMaMu Y
MOJICJISIMU IITYYHOTO 1HTENEKTY, IO BXKE BUKOPHUCTOBYIOTHCS B MOPCBHKiil ramysi. Lle mo3Bonuth
BU3HAUYNUTHU KOHKYpPEHTHI nepesary Ta Heoiku ChatGPT y KOHKpeTHHX clieHapisX.

Ha 3aBepiienHs1, pe3ynbTaTH MOJEITIOBAHHS Ta €KCIIEPHUMEHTIB CIIiJi BUKOPUCTOBYBATH JIJIS
MOJAJIBIIONO BIOCKOHAJEHHA cuUcTeMu. lle Moske BKJIOYAaTH ONTHMI3alLil0 MapaMeTpiB MOJENi,
aJIanTaliio apXiTeKTypu iHTerpamii abo po3poOKy AOAaTKOBUX (YHKINH [UIs MiIBUIIEHHS 11
HaJIIHHOCTI Ta €()EKTUBHOCTI.
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Kozachok Y. A., Zinchenko S. M. INTEGRATION OF CHATGPT FOR DECISION-MAKING SUPPORT
OF AUTONOMOUS VESSELS IN REAL-TIME MODE

The article explores the integration of the ChatGPT language model into autonomous vessel systems to support
real-time decision-making processes, a critical component for improving maritime operations. The discussion
highlights the primary functionalities of ChatGPT, such as analyzing complex navigation scenarios, planning
efficient maneuvers, optimizing maritime routes, and seamlessly interacting with other onboard systems and
coastal services. By leveraging these capabilities, autonomous vessels can operate with enhanced precision
and adaptability.

A significant contribution of this research is the proposed modular architecture for integrating ChatGPT into
the operational framework of autonomous vessels. The architecture is designed with distinct modules for data
collection and processing, interfacing with the ChatGPT API, and executing decisions. These modules enable
the system to gather information from diverse sources — including radars, cameras, GPS systems, and
meteorological stations — and process it to ensure compatibility with ChatGPT’s analytical capabilities. The
execution module translates ChatGPT’s recommendations into actionable commands for the vessel’s
operational systems, such as navigation and collision avoidance mechanisms.

Special attention is given to practical use cases, including collision avoidance, adaptation to dynamic weather
conditions, and navigation through high-traffic maritime regions. For instance, when encountering another
vessel on its trajectory, ChatGPT analyzes sensor data such as the distance, speed, and direction of both
vessels to recommend adjustments in course and speed. This rapid and accurate analysis minimizes collision
risks, even in high-pressure scenarios. Another case involves rerouting the vessel during adverse weather
conditions or when the designated port is congested. ChatGPT generates alternative routes by analyzing real-
time weather data, port availability, and vessel positioning, thereby ensuring timely and safe arrivals.

The study also addresses several challenges inherent in integrating Al systems like ChatGPT into maritime
operations. Data processing delays, for instance, are mitigated through optimized communication protocols
and the use of local Al models to supplement cloud-based systems. Security is another critical area, with the
architecture employing encrypted data transmission channels and robust cybersecurity measures to prevent
unauthorized access. Moreover, the adaptability of ChatGPT is continuously enhanced through iterative
learning, enabling it to handle novel and unforeseen maritime scenarios effectively.

Key words: intelligent transportation systems; navigation safety; automation of control processes; human
factor; ChatGPT; real-time decision-making support; autonomous vessels; artificial intelligence (Al);
maritime industry; vessel coordination; autonomous navigation; distributed control systems.
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PO3POBKA METO/IB TA 3ACOBIB ABTOMATU3AIII HABITAIIIMHUX
PO3PAXYHKIB HA BOPTY CYJIHA B KPUTUYHUX CUTYANIAX
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YV meacax docniosicenns pospobaeno KomnaekcHul nioxio 00 nio8UWeHHs: HAOIUHOCMI HAGI2AYIUHUX CUCeM
MOPCHbKUX CYOEH 30 YMO8 8i0MO8 €leKMPOHHO20 HAGI2AYIIHO20 00IAOHAHHS, KIOEpamax ma eHepeemuyHux
blackout-cyenapiis. 3anpononosano innosayitini areopummiuni piwienHs, wo 3a0e3neuyromsv ONepamueHuUlL
nepexio 6i0 Yugpposux HagieayiliHux MexHoNo2ili 00 ANLIMEPHAMUBHUX CUCMEM, 3ACHOBAHUX HA Memooax
Mopexionoi acmpornomii ma npunyunie memody Dead Reckoning ECDIS.

Cmeopeno npoepamuutl incmpymenm 01 A8MOMAMU308AHO20 PO3PAXYHKY KOOPOUHAM CYOHA 34 0ONOMO2010
cexcmana. Lleil incmpymenm 8paxosye noOnpasKku, Mmemoou Ccmamucmuunoi o006pobKu cepii O0aHux,
ABMOMAMUYHO BUABTAE NPOMAXU MA BUSHAYAEC CEPeOHi 3HAYEHMSI 3 MIHIMANLHOI CYMAPHOI NOXUOKOI.
Busnauenns obcepsosanux koopounam peanizogano Ha niocmagi MamemMamuidHux mMooeneti UCOMHUX NiHill
NOJIOJICEHHSA 3 YPAXYSBAHHAM KYPCY, WBUOKOCMI 1 HaCy MIJC CHOCIEPENHCEHHAMU.

Kpim moeo, po3pobneno agmonommuy enekmpouHy kapmoepaghiuny cucmemy Ha o6asi Python-6ioniomex (folium,
geopy, ipywidgets), wo 3abe3neuye iHmMmepaKmueHe 86e0eHHs KOOPOUHAM MAPWPYMHUX MOYOK, Nnobdy0osy
GIOPI3Ki6 Mapupymy, OOHUCIEHHsT WEUOKOCMI U KYpCy CYOHA, d MAaKoJNC 6i3yanizayiio pesyivmamié Ha
inmepaxmuenux xkapmax. Cucmema modice (pyHKkyionysamu aokaibHo 6e3 docmyny 0o mepeoici Inmeprem
3A605IKU  BUKOPUCTAHHIO Web-0pieHmosanux Kapmoepagiunux O0anux, wjo 3abesneuye cmadilbHicmb ma
HaolliHicmb 0bcepsayii Hasimv y KpUMU4YHUX YMOBAX.

Excnepumenmanvna nepegipka  niomeepouia  6UCOKY MOYHICMb  PO3PAXYHKIG mMa  eekmusHicmy
3anponoHOBanUX piuteHv y cumyayiax 300i8 enekmponHnux Haegicayiunux cucmem. Y pasi blackout pospobrena
cucmema 0ae 3mMo2y eKinadxicy onepamusHo 8i0HO8UMU Hagieayitini QyHKYii ma eapanmyeamu Oe3nexy cyoHd.
Ipaxmuuna 3nayywicms podomu noAea€e y CMEOPEHHI SHYUKol, HAOIHOI Hasieayiunol cucmemu, 30amHol
MIHIMIZy8amu pusuxu nio yac mexuiuHux 300ig abo yirecnpamosanux xKibepamax. Ilepcnekmusu nooanbuiux
odocnioxcenb nepedbauaroms YOOCKOHANEHHS Al2OPUMMIB O 3HUNCEHHS NOXUOOK i aoanmayir cucmemu 00
PeanbHux yMos eKchiyamayii Ha MOpCbKUX cyoOHax 3a 6y0b-aKkux ymMo8 nida6aHHsl.

Knwwuosi cnoea: mpaouyitini memoou nagieayii; MOpexiOHa ACMPOHOMIs; [HMEPAKMUBHI KApmocpagiuni
cucmemu; AlbMEPHAMUGHI CUCMEMU NO3UYIIO6AHHA, AGMOHOMHA HaAGieayisl, CeKxcmaw, 6i3yanizayis

Mapuipymy.
DOI: 10.33815/2313-4763.2024.2.29.122-138

Beryn. OctanHiM yacoM, rajry3b MOPChKOTO CYAHOIUIABCTBA CTajla Ha/I3BUYAMHO 3aJI€KHOI0
BiJl €JIeKTpOHHUX HaBiramiiHux cuctem, Takux sk ECDIS, GPS, AIS ta GNSS. Ili texHomorii
3a0e3MeuyroTh BUCOKY TOYHICTh BU3HAUEHHS MiclienepeOyBaHHs cyAHa Ta €(eKTUBHE KepyBaHHS
Horo pyxom, BOJHOYAC ICTOTHO CIPONIYIOYHM IUIAHYBAaHHS MapIIpyTiB, KOHTPOJb O€3MeKd Ta
oTiepaTUBHE MPUIHATTS pimieHb. OHAK Taka 3aJeKHICTh BiJl €IEKTPOHHUX 3ac001B HaBIraIlii Mae i
3BOPOTHUN OIK: ypa3NuBIiCTh 10 TEXHIYHUX 3001B, HETOUHOCTEW CYMyTHUKOBHX CHUTHANIIB a0o
4acTKOBOi BTpatu enekTpoxkubieHHs (blackout). 3okpema, BinMOBH 0O0iagHAHHS, MaHIMYJALI
nanuMu (cry@inr GNSS, necankuioHoBaHi BTpydaHHs B AIS um ECDIS) Ta BIIMB JH0ACHKOTO
(hakTOpa MOXYTh MPHU3BECTH JO CHUTYaIlii, KOJM Cy4YaCHI BUCOKOTOUYHI CHCTEMH HaBITaiii CTaloTh
HEJOCTYITHUMHU a00 HEJOCTOBIPHUMH.

VY Takux ymMOBax Ba)KJIMBOTO 3HAa4eHHs HaOyBae 3aCTOCYBAHHS PE3EpPBHUX, TPaTUIIITHUX
MiAXOJIIB 1O BU3HAYECHHS MICIICTIOIOKEHHS CyHA: aCTPOHOMIUHI METOAM BU3SHAYCHHS MICIS CY/IHA,
meton «Dead Reckoning» Ta iHmI MeTOmWKH, SKI HE 3ajeXaTh BiJl 30BHINIHIX EJIECKTPOHHHUX
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curHaiiB. [Ipore cami mo cobi TpaaumiiiHi MeTonu, HE IHTErpOBaHI y 3arajbHH HaBiramiiHUN
KOMIUIEKC, JIUIIE YACTKOBO KOMIEHCYIOTh HEJIOMIKU EIEKTPOHHUX CUCTEM.

IIpo6aema pocaigkennsi. BiicyTHICTh WITKHX Ta KOMIUIEKCHUX aJrOPUTMIYHUX PIillIEHb Ta
TEXHIYHUX 3acO0iB A ONEpPaTHMBHOTO MEPEeXoay BiA HUGPOBUX N0 TPAAULIMHUX METOMAIB Y
pealbHOMY dYaci YCKJIQJHIOE CTBOPEHHS IIO-CIPAaBKHBOMY CTIHKOI HaBiramidHOi CHCTEMH.
JlonaTkoBoro MmpoOaeMoro € Opak MiTICHUX MOJAENeH, 31aTHUX OJHOYACHO BPaxOBYBaTH BiMOBHU
obOnagHaHHs Ta 3a0e3medyBaT 0e3MepepBHICTh KOHTPOJTIO 332 MICIIEM CY/IHA.

AKTYaJIbHICTh JAHOI0 JIOCJIIKeHHS BU3HAYAETHhCS HATAIBHOIO MOTPeOOr Yy po3poodii
YHIBEpPCATLHUX I1HTETPOBAHUX PIllIEHb, IO IMOEIHYBATUMYTh IEPEBarM CYYacCHHX EJICKTPOHHUX
CUCTEM 3 HaIIiHICTIO Ta aBTOHOMHICTIO TPAAUIIHIX MeTOAIB. Takui miaxiA He JUIe MiABUIIUTh
CTIAKICTh CyJIHa 10 TEXHIYHHUX 3001B, a ¥ HAAACTh 1 AJITOPUTMIYHY OCHOBY [JISl IIBHUIKOTO
NEPEMUKAaHHS MDK PI3HUMH JpKepelamMH HaBirauiiHoi iHgopmauii. Lle mo3BonuThs 3abe3neuyntu
TOYHY Ta Oe3mepepBHY HaBIraiii, TapaHTyBaTH O€3MeKy eKimaxy Ta 30epertd eKOHOMIYHY
e(EeKTHUBHICTh MOPCHKHX IEPEBE3ECHb.

3 METOI BH3HAYCHHS CJIA0KMX Ta CHUJIBHUX CTOPIH HAasABHUX IIIXOJIB, IPOBEIEMO
KpUTUYHUN aHalli3 HAYKOBOi JIITEpaTypH, IO JO3BOJUTh BH3HAYUTH CTaH HAYKOBOTO IMOJS B
NMATAHHSIX 3a0e3MedYeHHs HaBIraiiHoi OE3MeKH CyJIEeH, 3aCTOCYBaHHS TPAJAMIINHUX 1 CydacHHUX
HaBIraIlifHUX METO/IIB, TPOTUCTOSHHS BiIMOBaM HaBITalliiHOTO O0JIaTHAHHS.

OCHOBHI HaIpsIMU HAyYKOBOT'O TOLIYKY 1O TEMAaTHUIl JOCIIKEHHS € HACTYIIHI:

1. Tpamuuiiini Ta pe3epBHi HaBirauiiiHi Metonu. Y po6ori Ypym H. C. ta in. (2023) [1], a
takok Jaki O. A. (2021) [4], yBary 30cepemKeHO Ha iCTOpii Ta pO3BUTKY cekcranta (1) Ta
3aCTOCYBaHHI METOJIIB MOPEXigHOi acTpoHOMii. Kito4oBHii BHECOK IUX JPKEpEN — IMiAKPECICHHS
BXKJIMBOCTI TPAaJWUIAHUX HaBIraliiHUX 1HCTPYMEHTIB SIK PE3EPBHUX METOJIB BHU3HAUYEHHS
KOOpIWHAT Cy/JHA y pa3l BIAMOBH €leKTpOHHUX cucTeMm. CydacHa HaBiraiis HaJaTO 3aJie)KHa BiJl
€JIEKTPOHHUX PIlIE€Hb, MIPOTE AOCIIIKEHHS MOKa3ylOTh: CEKCTAHT, aCTPOHOMIYHI pO3paxyHKH Ta
1HIII aBTOHOMHI MIiAXOIM MOXYTh 3a0€3MeuuTH CTIHKICTh Ta HaAIMHICTE y BUNaAKax 300i1B.
HenmomikoM mMx JOCHIKEHb € HEAOCTATHE BHCBITJICHHS IHTErpamii TpaauIifHUX METOIiB i3
CyyaCHUMH aBTOMAaTU30BAHMMH CHCTEMaMH Ta BIJCYTHICTh aJamnTaiii LWUX pilleHb O YMOB
kibepartak abo BTpart eleKTPOHHOI iIHPPACTPYKTYPH, HETATUBHOTO BIUIMBY (DaKTOpy JFOAMHU.

2. Indopmariiiina 6e3neka Ta MOJEIIOBaHHS PU3HKIB. Y nocmipkeHHsX Binmscbkoro I'. b.,
Hamumaa M. M. (2011) [2], a Takoxx Menpauka O.M. T1a iH. (2021) [6] mMoBa i1e nipo 3abe3neueHHs
iHopmariiiHoi Oe3nmeKku CyJIeH, MOJICTIOBaHHS PHU3HMKIB Ta METOJIB iX 3HIKEHHS. L{i pobotm
MPOMOHYIOTh WMOBIpPHICHI MOJEN JJsi BUSBICHHS 30H HEOE3MEeKH, IiIBUICHHS CTIHKOCTI
HaBIraIifHUX CHUCTEM y CKJIaJHuX ymoBax. OJIHaK y IUX JyKepelax Opakye KOMIUIEKCHOI OI[IHKU
BIUIMBY KiOeparak Ta iH(pOpMaliiHMX MaHIMYJAMii Ha poOOTYy HaBIramiiHUX CHCTEM, a TaKOX
YiTKOT'O aJITOPUTMIYHOTO 0a3uCy IJIs IHTerparlii 3 TpaJAUIIIHHUMH METOJaMH HaBIraIlii.

3. CyyacHi cucTeMH KypcOBKa3aHHS Ta CYIyTHHKOBa HaBiramis. Pooorn Menpauka O. M.
ta iH. (2022) [3], a Takoxx Nguyen T. D. (2020) [8] i Mapanoa O. B. (2023) [7] anami3yoTb
Cy4acHi CYNMyTHUKOBI CHCTEMH HaBiramii, iXHIO TOYHICTb 1 HaAilHICTh. 30KpeMa, CYITyTHHUKOBI
kommacu, GNSS Ta iHII TEXHOJOTii PO3TIIAIAOTECS SK OCHOBA HaBiraiiHoi Oesmeku. [Ipote mi
JOCTIPKeHHST BKa3YIOTh HA YPa3JIMBICTh €JICKTPOHHHUX 3aCO0IB 0 CIy(iHTy CUTHAIB, 3aBHCAHHS
Yy BTpAaTU TOYHOCTI. Hemomikom € Te, 1110 BOHU HEAOCTAaTHHO YBard MPUIUISIOTH KOMILJIEKCHOMY
cuenapiro, 1e GNSS Moke BUSBUTHCS HEJOCTYITHUM depe3 KidepaTaku M TexHiuHi 300i. Takox
Opakye 4ITKHMX pPEKOMEHJAIld MIOJ0 BHUKOPUCTAHHS albTEPHATUBHUX METOMIIB BHU3HAYEHHS
MICIETIONIOKEHHS Y MOMEHTH KPHU30BHX CHUTYAIlIH.

4. MamuHHe HaBYaHHS Ta MPOTHO3yBaHHS BiAMOB. Y poboti MapanoBa O. B. (2023) [5]
3aCTOCOBAaHO MAIIMHHE HAaBUYaHHS JJIsl TPOTHO3YBaHHS BIAMOB HaBiraumidHux cuctem. Lle
MEPCTIeKTUBHUI HAmNpsIM, IO JO3BOJII€ TNPEBEHTHUBHO BHUSBIATH IMOTEHIIIHI HECHpPaBHOCTI W
IUTAHYyBaTH TEXHIYHE OOCIyroByBaHHA. lIpoTe HHHINIHI MiAXOIW 30CEPEHKEHI MEepEeBaXKHO Ha
BHYTPIIIHIX TEXHIYHUX MpoOiieMax oOJaJHaHHs, ITHOPYIOUM 30BHIIIHI BIUTUBY, TakKi sIK KibepaTaku
abo macoBani mommiky curHamiB GNSS. Takox BiACYyTHS iHTErpamis 3 TPAIUIIHHAMU METOJaMHU
HaBirariii, siki MOTJIH O CIIyT'yBaTH pe3epBOM Y pa3i HEIOCTOBIPHOCTI €IEKTPOHHOI iH(opmallii.
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5. Ymopasininasa puznkamu blackout Ta pesepsHi mxepena eneprii. DNV (2024) [9] ra Utomo
M. N. S. et al. (2024) [11] po3rasaaroTs npobnemy blackout 1 ponb aBapiiiHux reHeparopis. UiTko
MOKa3aHo, 10 BiZIMOBA €IEKTPOIIOCTAYaHHS KPUTHYHO BIUIMBAE HA HaBiramiitHy O0e3mneKy, 0co0IrBO
no01M3y MOPTIB UM Y BAXKHUX MNOTOJHMX yMoBax. OJHaK IIi TOCIHIIKEHHsS Majl0 BUCBITIIOIOTh, 5K
came 3a0e3nedyBaTH TOYHE BHU3HAYCHHS MOJIOXKEHHS CyJTHA ITiJ] Yac TaKWX aBapiiiHUX CHUTYyaIiH,
KOJIM OCHOBHI CHCTEMH HaBiraiii MoxyTh OyTH HeJOCTYIHI. BiICyTHS MOBHOIIIHHA 1HTETpaIlis MiXK
KOHIICTIIIIEI0 TMATPUMKHU €JIEKTPOKUBIICHHS Ta BAKOPUCTAHHSIM aJIbTEPHATHBHUX METO/IIB HaBITAIll.

6. [nTerpoBani cucTeMu HaBiranii Ta enekTponHa Hasiraiis. Po6ota SIkycesuua 1O. I'. Ta in.
(2021) [10] doxycyerbcss Ha TOOYAOBI CyAHOBOI HaBIraliiHOI CHUCTEMH HAa OCHOBI Cy4YacHHX
IT-TexHomorii. Xoya HOCHIKEHHA NPUIUIL€E yBary CTaHIapTH3allii, IHTerpawii pi3HUX CEHCOpIB 1
CHCTEM, BOHO MaiXKe HE PO3TIsae CleHapii MOBHUX 300iB UM aTak, KOJW HEMOXKIMBO JIOBIPATH
€JIGKTPOHHUM cucTeMaM. Takoxk Opakye riMOOKOro aHajily BUKOPUCTaHHS PE3EPBHHUX CIIOCOOIB
HaBiraiii, siki MOHa Oys10 6 aBTOMaTUYHO 3a/115ITH B KPU30BHX YMOBAX.

3arajiom aHaji3 JiTepaTypu CBITYUThH IPO 3HAUYHY (parMEHTApHICTh MiAXOIB 10 MPoOIeMu
HAJ1HOrO0 BU3HAYEHHSI TOJIOKEHHS Cy/JHAa Y KPUTUYHHUX CUTyalisX. € JOCIIKEHHs, IPUCBSUEH]
TpaauUiiHUM MeToJaM (METOIM MOPEXiAHOi acTpOHOMIl Ta KIACUYHOI HaBiraiii), ajie BOHU HE
IHTETpOBaHi 3 Cy4aCHIMH aBTOMATH30BAaHUMH CHCTEMaMHU.

[Ipote, € psn OOCHIIKEHb, SIKI TaKOXK CTOCYIOThCSI 3a0e3MeuyeHHs HaBiraiiHoi Oe3meku
CyJleH, 30KpeMa B YMOBax BI1JIMOB HaBirauiiHoro o0yiaJHaHHs 4YM BUHHUKHEHHs cutyaliil blackout
[12-14]. IlpencraBneni myOmikamii NPUCBSYEHI TEOPETUYHUM Ta NPAKTHYHUM aCIEKTaM
3aCTOCYBaHHS TpPAJULINHUX 1 1HHOBALIMHMX METO/IB HaBirauii, BHUKOPUCTAaHHIO MPOTrpaMHHUX
IHCTPYMEHTIB JUI1 MOJEJIOBAaHHS, a TaKOXX PE3EePBHUX Ta AaBTOHOMHMX CHOCOOIB BU3HAUYEHHS
TIOJIOKEHHS CyJlHA, IO BIJKPUBAIOTh HOBHW TOTIIAA JUIS aHANi3y Ta BHpIMIEHHS 3a3HadeHOi
npobaemMu.

1. InTerpamis MaTeMaTH4YHHUX I1HCTPYMEHTIB JUIsi HaBYaHHA Ta cumyssiniil. PoGora
Kalinichenko Y. Ta cmiBaBTropiB (2023) [12, 13], cyTT€BO akIeHTye yBary Ha BHUKOPHCTaHHI
nporpamuoro cepenosuia GeoGebra st HaBiraniiinux niei. 3okpema, y npamsix «GeoGebra for
navigational purposes» ta «GeoGebra for navigation purposes: Theory and application» aBTopu
JOCITIJDKYIOTh MOXKITMBOCTI IIbOTO IHCTpYMEHTa JJIsi MOJETIOBAaHHS T'EOMETPUYHUX 3ajad,
MIOB’A3aHUX 13 BU3HAUEHHSIM MICIsl CyJHA, pO3PaXxyHKOM KypcCiB, HUIAXIB 00XOAy MEpelIKoJ, a
TAKOX ]ISl BAKOHAHHS 0a30BUX aCTPOHOMIYHHUX Ta T€OJC3UNTHUX PO3PaXyHKIB.

[liHHICTH BOTO MIiAXOAY TMOJSTAE y CTBOPEHHI Ta Bi3yali3allii HaBUAJbHUX MOJICIICH:
3m00yBaui OcBiTM Ta (haxiBIi MOXKYTh IIBHIKO OMAHOBYBaTH 0a30Bi NPUHIUIM HaBiramii,
aHaATI3yIOUM PI3HOMAaHITHI creHapii 0e3 HEeOOXiTHOCTI BHUKOPHUCTAaHHS JOPOTOro HaBIralmiiHOTO
obomagHanHsa. GeoGebra BHCTymae iHTEpaKTHBHMM CEPEJOBUIIEM, B SKOMY MOXYTb OYyTH
NepeBIpeHi TEOPETUYHI NMPUITYIIEHHS Ta aITOPUTMHU BU3HAYEHHA MicuenepeOyBaHHs cynHa. OnHak
3aCTOCYBaHHSA IHOTO MMIJXOMy B pealbHUX YMOBAaX MOPEIUIABCTBA MAa€ MEBHI 0OMEXEHHS, OCKUTBKU
GeoGebra He iHTerpoBaHa 0e3nocepeiHb0 3 OOPTOBUMHU CHUCTEMaMH i HE BPaxoBY€ B peaJlbHOMY
Yyaci 30BHIIHI (akTopu (HANpPUKIAA, CUTHAJIM HaBIralliiHUX CYMyTHUKOBUX cHcTeM). Bona
CKOpIII€ € JOMOMDKHHUM IHCTPYMEHTOM JJIsi HABUAHHS, TPEHYBaHHS, TEOPETUYHUX JOCIIIKEHb Ta
MOTIEPETHHOTO MOJIEITFOBAHHSI.

2. 3acrocyBanHns meroay «Dead Reckoningy six pezepBHoro iHcTpymenrta Hapiraimii. Ctarts
«3acrocyBanns merony «Dead Reckoning» mms 3abesnedenns podorn EKHIC mpu BiamoBi
cynaoBoi cranmii GPS» (Kanminiuenko €. ta iH., 2023) [14], 30cepemKyeTbcs Ha TPAKTUIHOMY
acmekTi: sk 3abe3neunTd Oe3mepeOiiiHe (YHKI[IOHYBaHHS E€JICKTPOHHOI KapTorpadidHo-
iHdopmariiinoi cucremu (EKHIC) y Bunaakax, komu GPS-curnan BiACYTHIH, MOIMIKOKEHUN a0
CTIOTBOPEHMU. 3ampoNOHOBAaHUI MiAXiJ moisirae y BUKopucTaHHI Metony «Dead Reckoningy
(DR) — TpamumiitHoi HaBirarmiiHoi Meromuku [15], 3a sKOIWO BH3HAYEHHS IOJOXKECHHS CyIHA
BiJTOYBA€THCS 32 OCTAHHIMH JOCTOBIPHUMH KOOPAMHATAMH, BIIACHUM XOJOM (IIBUAKICTIO), KYPCOM
Ta YaCOM Ha MapLIpyTi.

Le#t minxin Mae HU3KY BaXIMBHX TepeBar. [lo-mepiie, BiH HE 3aJ€KUTh BiJ 30BHIIIHIX
JoKepen curHany (CyMyTHHMKIB, paJioMasKiB), OTXKE 3aJMIIAETbCS Mpale3faTHUM Tpu

/o pyopuku exnioueno cmammi 3a memamuunor cnpamosanicmio « Cyono8o0inHa ma eHepezemuKa cyoeHy



HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpchbKoi akaaeMii WL R Py IR PL

GPS-cnyinry, 3601 eHeprocucreMu 4m KibepaTakax Ha Hapiramiiiae obnamnanus. [To-mpyre, DR
METOJ] YK€ IHTErpOBAaHUM y KJIaCH4HI HaBYaJIbHI IPOrpaMH CyJHOBOJIIB, TOMY MOT0 3aCTOCYBAaHHS
€ 1HTYiTUBHO 3po3yMutMM. OpHak HenoiikoM DR € mocTymoBe HakomMuYeHHs MOXMOKH, IO
o0MeXye TpUBaANICTh BUKOPUCTAHHS LIbOr0 MeToAy 0e3 JoaaTtkoBoi kopekuii. 3actocyBaHHs DR
HAaHOUTBI €EKTUBHE SK MPOMDKHE PIIICHHS, MOKH CKillaXX HE BIJIHOBUTH HOPMAIbHY pOOOTY
cucTeM a0o0 He OTpUMAE aTbTePHATUBHI AaHi sl KOPEKLIi Kypcy.

Jlo Toro 3K CHiJ 3a3HAYUTH IO PSIA JOCHIDKEHb BXKE HANPABJICHO HA PIMICHHS CXOXOi
3agaui. Tak, y nmocmimkeni [16], 3amponoHoBaHa aBTOMaTH3alis JEMOHCTPYE CYTTEBI IepeBaru
II0JI0 TOYHOCTI Ta 3pYYHOCTI OOYMCIIEHb, MPOTE 3aCTOCYBaHHS 1 Ha MpPaKTHIl Moxe OyTu
O0OMEXEHUM uepe3 crerudiky BUMOT J0 OOYMCIIOBAIBHUX PECYpPCiB 1 YYTIMBICTH 10 BUXIJTHUX
naHux. s gocArHeHHs OUTBII IIMPOKOrO MPAKTHUYHOTO 3aCTOCYBAHHA HEOOX1JHA J10aTKOBa
IHTerpaliss aaropuTMIB y CTaHIApTHI CyAHOBI cucTeMu HaBiramii. 3okpema, meton HeroToHa
YyTIUBUI 0 BUOOPY MOYATKOBOI TOYKHM, 1 HEBIPHI [TOYATKOBI MPUITYIIEHHS MOXYTh IPU3BECTH 0
xuOHOi KOHBepreHmii abo nNOTpeOM NOBTOPIOBATH OOYMCICHHS, II0 BUMAara€ YyBa)KHOI'O
HaJalTyBaHHS TapaMeTpiB. AHAMTHYHMMA MAXIA, Xo4a ¥ MO30aBJCHUI 1Tepariii, y BHMaaKax
BEJIMKOI KIJIBKOCTI pO3PaxyHKOBHX TOYOK 3HAYHO 30UIbIIy€E OOUMCIIIOBAIbHE HAaBaHTAKEHHs yepes
CTpIMKE 3pOCTaHHs KUIbKOCTI KoMOiHauii. KpiM Toro, okpyrieHHs pe3yiabTaTiB y TPUBUMIPHOMY
IPOCTOPI MOK€ CIPUYMHUTH IOXMOKM TIPH BHCOKOTOYHUX poO3paxyHkax. J[lnsg peambHOro
3aCTOCYBaHHsSI Ha CyJHaX MeTojauka moTpebye amantarmii go cucreM ECDIS Tta inTerpamii 3
HasBHUMM HaBiramiiiHuMu miaat@opMamu, OCKUIBKM Hapas3l BOHA Oijbllle Opi€HTOBAaHA Ha OCBITHI
LTI,

VY crarti [17], aBTOpH IOCHIAXKYIOTH BIUIMB po3mipy noist 30opy (FOV) aBromaruzoBaHux
cucTeM HeOecHOI HaBiramii Ha TOYHICTh BUMIPIOBaHb Ta KMOBIPHICTh YCHIIIHOI 1IeHTU(IKALIT 31pOK
U1 MOPCHKUX aBTOHOMHUX Ha/IBOJHUX CY/IEH.

3anpornoHOBaHI METOJUKHA MalOTh MOTEHIAN Ul MOKPAIIeHHS aBTOMaTU30BaHOI HEOeCHOT
HaBirauii Ha MOPCbKMX aBTOHOMHHUX CyJHaX. OHaK, X BIPOBAHKEHHS CYNPOBOIKYETHCS HUZKOIO
CKJIaTHOIIIB, TIOB'SI3aHUX 13 HEOOXiHICTIO OanmaHcy Mik po3mipoM FOV Ta TOYHICTIO BUMIpIOBaHb,
YIAOCKOHAJICHHSM aJTrOPUTMIB iIeHTH(]IKaIi 31pOK, a TaKOXX BpaxyBaHHSIM BIUIMBY MOPCHKOTO
CEpeIOBUINA Ta TEXHIYHUX OOMEKEHb 00JIaJHAHHS, 30KpeMa:

36inbmenHs nonst 30py (FOV) nokparnye iiMoBipHICTD ieHTH(IKAIT 31pOK, aje BOAHOYAC
3HWKY€ TOYHICTh BHMIPIOBAaHb IXHIX MO3MIIN, II0 MOXE€ HETATHMBHO BIUIMHYTH Ha 3arajbHy
TOYHICTh HaBiramii. bararo cyyacHux anropuTmiB ifeHTHdIKaIi po3paxoBaHi Ha O0OpPOOKY
00MeXeHOI KIIBKOCTI CIIOCTEPEkKyBaHUX 00'€KTiB, ToMy npH mupmomy FOV BuHukae morpeba y
po3po0I1li HOBUX aITOPUTMIB Mg e(heKTUBHOI 00poOKkHM Oinbimoro obcary manux. Kpim Toro,
(bi3UYHI epemKoIu, Taki sk XMapu abo MicCsIlb, MOKYTh 3aKpUBATH YacTHUHY 31pOK, 3MEHIIYIOUH
KUTBKICTD JOCTYITHUX JUISI CTIOCTEPEKEHHS 00'EKTIB 1 YCKIIATHIOIOYH MTO3HUITIOHYBaHHS. 301IbIIICHHS
FOV Takox MoXxe BUMaratu BUKOPUCTaHHS OUIBII CKJIAQJHUX Ta JOPOTUX ONTHYHUX CHUCTEM, IO HE
3aBXKAM NPUHHATHO JUIS PI3HUX THIIIB CYyJIEH.

HaykoBi mimxoam, mpoaHami3oBaHi y HaBeaeHux pobortax [l-17], BkazyloTh Ha
MEePCIEKTUBHICTh TIOEHAHHS TPAIUIIMHUX HaBIralliiHUX METOAIB (30KpeMa, BHUKOPHUCTAHHS
METO[IB MOPEXi/THOT acTpOHOMIl JJIs1 BU3HAUEHHS MICISl CyJHA) 3 iHHOBAI[IHHUMHU 1HCTpPYMEHTaMHU
Ta CIeliajli30BaHUMHU MTPOTPAMHUMH CEpEeAOBHIaMH. Taka iHTerpailis 3a0e3MeunTh HalIHHICTh Ta
Oe3nepepBHICTh HaBiramii y BUIMaAKax, KOJH CyIHO BTpavae JOCTYH J0 TJI00AIBHUX HaBiramiiHUX
CHCTEM.

OpnHak, 1eit HanpsaM MOTpedyBaTUME PO3POOKH aBTOMATH30BAHUX 1 IHTYITHBHO-3pO3YMIIHX
3ac00iB, 3pyYHHMX Ta IIBUJKUX y BUKOPHCTaHHI, L0 J03BOJIATH CTBOPUTU KOMILIEKC: CEKCTaH —
aBTOMAaTH30BaH1 PO3pPaxXyHKH — albTEpPHATUBHA Bi3yai3allist Ha iHTepakTHBHINA web-KapTi.

Takuii KOMIUIEKCHUH MiAXiA CHOPUATUME MIJBUIIEHHIO O€3MeKHM MOpEeIUIaBCcTBa Ta
€(EKTUBHOCTI YIPABIIHHS CYyTHOM Y KPUTUYHHUX CUTYAIlIsX.

OCHOBHOI0 MeTOI0 1OCTiIZKeHHS € po3poOKa Ta OOTPYHTYBAHHS 1HTETPOBAHOIO MiIXOAY 10
3a0e3nedeHHs 0e3MepepBHOro Ta HAAIHOTO BH3HAUCHHS MiCIIETIONIOXKEHHS CyJHa B YMOBax 3001B
HaBiraiiitHoro obnaananss, blackout Ta HeraTuBHOTrO (haKTOpa MOIUHU.
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JUist TOCSITHEHHS TTOCTABJICHOT METH CJIi/T BUPIIIUTH HACTYTIHI 3aBJIaHHS:

1. Po3poOutu Ta BOPOBATUTH CHUCTEMY pPO3PaxyHKIB 10 Mepeadadyae 1HTETpalliio
TPaJUIIHNX HABITaliHHUX METOIIB 30KpeMa, METOIB MOPEX1THOT aCTPOHOMIi 3 aIbTepHATHBHUMU
Ta HE3aJCKHUMH aBTOMATHU30BaHMMHU CHCTEMaMH pO3paxyHKY IOJOXKEHHA cyJaHa. BrpoBagutu
QITOPUTMIYHI PIIIEHHS JJIs1 aBTOMAaTHYHOTO NIEPEX0Ay Ha pe3epBHI METOIM BU3HAUCHHS KOOPIMHAT
y pasi koMrpomeTailii a0 HeIOCTYIHOCTI eEKTPOHHUX CUTHAIIIB.

2. Po3poOutu nporpamuuii 3aci® anbTepHATHUBHOI €JIEKTPOHHOI KapTorpadii Ha MpHUKIal
metony «Dead Reckoning», ane moBHicTio HezanexkHoi Bim ECDIS ta GPS, 3 MoxmuBicTio
Bi3yasizauii JiHCHOTO MOJIOKEHHS Cy/IHa Ha IHTepaKTUBHIA web-KapTi.

OcHoBHHUIT MaTepian JocaiTkeHHsl. 3311 BUKOHAHHS IMEPILIOrO 3aBIAHHS JOCIIIKEHHS
ciil noOyayBaTH CUCTEMY PO3paxXyHKIB HA OCHOBI METO/IIB MOPEX1/IHOT aCTPOHOMII.

3a0e3nedyeHHs] BHUKOHAHHS MEpIIOro 3aBJaHHS JOCHIKEHHS (akTHYHO Tepeadadae
PO3B’SI30K KJIACHYHOI 3a/layl Ha BU3HAYEHHsI MICLS CyJHa 3a PI3HOYACHUMH CIIOCTEPEKEHHSIMHU
Conug. BHeceHHs qaHMX JUISl MEPIIUX 1 APYTUX CHOCTEPEKEHb OPraHi30BaHO Ha PI3HUX apKyllax
(puc. 1). Cnocrepirad 0coOMCTO BHOCUTH JI0 MPOTPAaMU HACTYIIHI JAaHi:

— TPUHBIIBKY JaTy 1 Yac CIOCTEPEKEHb;

— IIBUJKICTh CYyJIHA;

— ICTUHHHH KypC Cy/HA;

— BIJUIIK JIJaTy HAa MOMEHT MEPIINX 1 IPYTHX CIIOCTEPEKEHb;

— 3YUCIIUMi KOOPJUHATH;

— BHCOTY OKa CIlocTepiraya HaJ| piBHEM Mops, aTMOC(hEpPHHUI THUCK, TeMIIepaTypy MOBITPs
Ha MOMEHT TEpIINX 1 JPYTUX CIOCTEPEIKEHB;

— BH3HAYCHY IOTPABKY 1HIEKCY CEKCTaHa;

— 3HAYEHHS I'PUHBILBKOrO FOJMHHOTO KyTa Ta cxwieHHs 3 Nautical Almanac.

Jlnst 3pydHOCTI BUKOPHUCTAHHS, TEMIIEpaTtypy MOBITpS Ta aTrMoc(epHHid THCK MOXKHA
BHOCHUTH Y TUX OAMHUILA Y SIKUX [TOKa3yIOTh IPUIAIU HA CYJIHI.

[Iporpama moOOyZOBaHAa TakuM YHHOM, IO JO3BOJISE OMNPAIIOBATH CIOCTEPEKEHHS
BHUKOHAHHI 32 JIONIOMOT00 CEKCTaHa.
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14 TpaeHa 2024
CNOCTEpEHEHE ke CNOCTEpesEns :
LB AKICTL CyAHE 120 2 Bignik nary 4B,8 sumi
ICTHHHUIA RYPEC CyHa 273,0 © FUMCAMME LWIMPOTa lat= 42 ° 400" N
Bigniv nary 1z4 mwni 34HCTHME [OBrOTa Long= 2B ° 0B4' W
3HICAMMA WHPOTA t= 427 470" N 06pobisa ciocrepesats MpnEiussui wac | eignik cercrany
FHHLAMME JOBroTa Long = 277 160" W 18h S0m 35 = 23° 102"
—L —L 18h 52m 18 s 22° 518"
Ofpofea nocTepesett THHHEILEHAA S0 Bimnik CEKCTEHY F = o .
15h 3@m ots] 567 oes’ B ﬁ"zu_ 8
15h 38m 28:| 55° 553° B 56"55_ 8
15h 40m 58s| 55° 408’ 'T :
15h 41m 34z 55° 250°' CepegHii gk CEHITEHY 27322
15h 43m 02s 55° 125" CepeaHin $ac 18h 53m 47 s
Cepegxil Bignix cexrTany 55 % 414" BWOOTa OKa CNOCTHPMIa4a eye= 120 m
Cepeguin ¥ac 15h 40m 36s ATMOCHEPHMA THCK pressure= %45 mb
mib
BWCOTE OHE CNOCTHPMIZHE eye= 120 m .
ATMOCHEPHMA THOH pressure= 1000 mb
746 mmHg
mb .
105 Pa IHE
TemnepaTypa tempersture = 9°c
750 mmHg B
inHE F
TemnepaTypa tEmpersture = 10 ° ¢
10 “C Nonpaska iHAEKCY CERTaHa I= 0o°oza’
: MoKEIEHHA GHASUN HAUT 18 o0 ¢ 54,7
Monpaska iHgeKCY cekcTana |= 0° 024" Moka3aHHA GHA SUN HEUT 18 105 ° 54,6
MorEzasHA DecSunHa UT - 18 °525" N
Mora3aHHs GHASuNHa UT 15 h 45 * 547 .
'8 MokEsaxHA DecSunwa UT - 18 531" N
NokE3aHHA GHASUNKAUT 15 h 50 ° 54,7
Mora3aHHA Decsunka UT 15 h 18" 508" N

Mora3anHe DecSunwa UT 16 h 18° 513" N

Pucynok 1 — 3aranbHuil BUTTIsA apKyIIiB BHECEHHS TaHUX
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Crocrepirad BHOCHTDH JUIS TIEPIIMX 1 APYTUX CIOCTEPEKEHb 3HAUCHHS KOXKHOTO BiTIKY
CeKCTaHa Ta MOMEHT TPHHBILBKOTO 4acy. BBaxkaeTbcs, 10 crioctepirad poOHTH Cepito 3 I'STH
cniocTepekeHb 3a COHIIEM ITiJ] Yac MepIInX i IPYTHX CIOCTepekeHb. [IporpaMa crioyaTky BU3HAYa€e
CepelHiil Yac CIOCTEPEX EHb 1 J0 BH3HAYEHOT'O CEPEeIHBOrO 4Yacy MPUBOAMTH BUCOTH, IO OYiIH
BHUMIpsIHI 3a JOTIOMOTOK) CEKCTaHa 3 ypaxyBaHHAM pyXy cyaHa (puc. 2). 3MiHa BHCOTH IS
KO’KHOTO OKPEMOTO CIIOCTEPEKEHHsI BU3HAYAETHCS (POPMYII0I0:

AH' = —0,25 - cosLat - sinZ - AT + v - cos(Lat — TC), (1)
ne Lat — 3naueHHs mWUpoTH, Z — a3UMYT Ha CBITWIO, AT — IPOMIKOK 4acy MK CEpeHIM 4acoM
cepii cHocTepeXeHb 1 YacoM KOHKPETHOTIO CIOCTepEXEHHS y cepii, v — IIBHIKICTh CYIHA,
TC — ictuHHUH Kypc cyaHa. BinmosinHo npuBeaeHa BucoTa Oyje BU3HadaTucs GopmyIioro:
Hl'lpI/IBe,Zl = Hs + AH', (2)
ne Hs — Bimsiik cexcrany Ha CBITHIIO.

2 oBpobka cnocrepemets BW3HAEHHA NpOMaxy

. n . . i
E GT HS nm:;‘:esﬂfvf:e(c"m Du p::cz’:“a (npueegena Hsi - cepenue Hs)2 m epegMeHBagpaTHY  3m minHs  maxHs T:;::;:
4 1563361111 56,14166667 0,0432222222 1556 5 23,6223426 ' 56.53537238. 0,7418623713 0,642846 0,2874895181 0,862468! 54,82733156,55226 npomaxy Hemas
5 15,65777778 5592166667 0,0190555555 68,6 5 10,41447752 ' 56,09524129 0,1774442261 NPOMaxy HEMae
g 15,68277778 5568166667 -0,005944444 -21,4 5 -3,24883118 ' 5562751948 0,002160438709 nNPoMaxy Hemae
7 1569277778 5541666667 -0,015944444. -57,4 5-8,714154661 ' 5527143076 0,1620619965 NPOMaxy HEMaE
2 1571722222 5520833333 -0,040338888) -145,4 5-17,33418185 ' 54,9194303 0,5693754283 NPOMaxy HEMaE
2 cepegui 3HaueHHa 15,67683333 55,674 55,68079884
1 WinbKicTb BUMepiB 5
LB DY Ti CIOCTEP SHeHH
1 obpobka cnocre pese Hb BMIHAEHHA NpoMaxy

. n . . i
15 GT HS nm::{:jﬂvm;:c"m DH p::::::“a (npueegena Hsi - cepenue Hs)2 m epegMeHBagpaTHY  3m minHs  maxHs '::;:;Z:
18 18,84305556 23,17 0,0534444444 192,4 s 3513639845 ' 23,75561664 1,486651784 0,955788, 0,4274414965 1,282324 21,25400! 23,81865" npomaxy Hemas
17 18,87166667 22,86333333 0,0248333333 89,4 5 16,32665105 ' 23,13544418 0,3589338116 NPOMaxy HEMaE
12 18,89611111 22,48333333 0,0003883888 1,4 502556746249 ' 22,43759458 0,002375466361 nNPoMaxy Hemae
1e 1892222222 22,28 -D025722222. -92,6 5-16,91105019 ' 21,99814916 0,2896422007 NPOMaxy HEMaE
0 18,94944444 21,885 -0,052944444. -190,6 5-34,80827304 ' 21,3048621 1,518521396 NPoMaxy HemMae
21 cepeppi 3HAYEHHA 18,8965 22,53633333 22,53633333
22 WinbKicte BUMepIB 5

PucyHok 2 — Apkymn 06poOKH CIIOCTEPEKEHb BUCOT CBITHIA

[licna mpuBeneHHS KOXXKHOI BHCOTH B cepii CIIOCTEpeKeHb, MporpamMa BH3HA4Ya€ YU €
MpoMaxu y crocrepekeHHsAX. [IpoMax Bu3HayaeThbcs K 3HAUEHHS OUIbIIE YW MEHIIE 3a MOTpiliHe
3HA4YEHHs CEePEHbOr0 KBaIPATUYHOTO BIIXHUICHHS:

= Zn(Hin UBE, _ﬁ) (3)
Hrrnn&x — anmseu +3- ’%1

ne anHBea — cepelHs TpUBEJEHA BHCOTA 3 cepil crocTepexeHb, H — cepeaHs BucoTa cepii
CHOCTEPEKEHD, H; pypey — KOKHA NPUBEIEHA BUCOTA B CEPIT CLIOCTEPEIKEHD.

CroBillleHHs PO HasIBHICTh MPOMaxy y cepii crocTepexeHb BigoOpa)kaeThCsl Ha apKylli
BHECEHHS JAaHuX (puc. 3).

1 Obpobra cnocTepesHeH b TPWHBILE KA yac BigNiK CEHCTAHY
12 15h 38 m 01s 56“08,,5'_
12 15 h 3@ m 28s 55 % 50,5 °
14 15h om s8s| 55°[ang)
15 15h 4 m 345 55 ° 250"
18 15h 43 m 02s 55 % 125"

Pucynok 3 — CrioBileHHsI Ipo HasBHICTb IPOMaxy y cepii crocTepekeHb

BusHaueHHs 34MCITUMUX BUCOTH W a3UMYTy BIJOYBa€ThCS Ul KOKHOTO CIOCTEPEKEHHS
OKpeMo 3a (hopMyTIamMH

sinLHA-cosDec
cosH, = ———; (4)
sinZ
SinLHA
tanZ = , (5)
(tanDec—tanLat-cosLHA)cosLat
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ne LHA ta Dec — BifmoBiAHO MICIICBHI TOMUHHHKI KyT Ta cXwieHHS COHIIS Ha Yac CIIOCTCPEKCHb.
Bu3HaueHHsT MICIIEBOTO TOJMHHOTO KyTa Ta cXuiieHHs1 COHIS BiIOYBalOTHCS HA OKPEMOMY apKyIili
3a B1JIOMOIO cxeMoro HaBeneHoro y Nautical Almanac (puc. 4).

1 1 Mepiue cNoCcTepesKeH [pyre cnocrepemxeHHs

; uT 15 h 40 m 36 s 18 h 53 m 47 s
3 GHA Sun 45 ° 54,7 " ag * 54,7 "
& GHA Sun inc 10 9,0 13 26,7
& Sum GHA Sum 56 ° 37" 104 *° 214"
9 Long W 27 16,0 W 28 08,4
1 LHA Sun W 28 ° 47,7 "jw 76 ° 130"
13 | LHA Sun W 28 ° 47,7 "jw 76 ° 130"
15 LHA Sun w 28 ° 47,7 "W 76 ° 13,0
17 Dec Sun N 18 ° 50,8 '[N 18 ° 525"
18 | Dec Sun corr n° 03" o° 0,5 "
20 SumDecSun N 18 ° 51,1 '[N 18 ° 53,0

Pucynok 4 — Bu3sHadueHHS MiCIIEBOTO TOJAMHHOTO KyTa Ta cxuieHHs CoHI

BuzHauenHs MicieBOro romMHHOTO KyTa Ta cXwieHHs COHIIA Ha CEpeIHIM TPUHBIIBKUAN Yac
CIIOCTEpPEXKEHb B1I0OYBAETHCS 3a TI€IO XK CXEMOI0, 10 HaBoAAThes y Nautical Almanac, 1m0 B cBOO
4yepry, JO3BOJISJIO KOHTPOJIOBATU IMPAaBWIBHICTh PO3PAaXyHKIB €KBATOPlaJIbHUX KOOPAHHAT
nporpamoro (puc. 5).

Mepui cnocTepeXkeHHs P

Lat = 42° 40" N 42,78333
Dec= 18° 511" N 18,85231
LHASun = 28° 417" W 28,79500

tanZc= -1,39760
SUMCAMMUKIA S3HMYT Ze= 125° 351" N W -54,41580 12558411 234 415

cosHc=  0,56047

FuKMCNKMaE BMCOTa Hc= 55 ¢ 54,7 ° 5591194
Lat = 42° 490" N 42, 81667
Dec= 18° 530" N 18, 88396
LHA Sun = 75 ° 130" W 76,21601

tanZc= 1091791
FUNCAMMMIA Z3IMMYT Zc= 81 ° 460" N W 84 76673 B4,76673 275,233

cosHc= 0,92277
3uncnKma BH CoTa Hec= 22° 3049° 23 BE535

PI/ICYHOK 5 — Bu3HaueHHS BUCOTH U asuMyTa CBiTHJIA HA MOMEHT CIIOCTCPCIKCHDb

BunpaBnennst Bucor CoHIS BiIOYBalMCh 3 ypaxyBaHHSM IONPaBKH IHICKCY CEKCTaHa,
HaXWICHHS TOPH30HTY, arMocepHOi pedpakuii 3 ypaxyBaHHSIM TEMIIEpaTypd MOBITPS 1
aTMoc(epHOro THUCKY, Mapanakcy Ta miBaiamerpy COHIIS Ha JIeHb CIIOCTEpeKeHb (puc. 6).

1

A

3 | Bimnik cexcrany HS= 55° 414" nepLnii AeHs poky

4 | Monpaska iHaekcy 1= 02,4 ZeHb micAup  pik

5 | Haxunews ropusoHTy = 6,1 55,62816 1 1 2024

6 T/ A 3 ypaxy THCKY | TeMneparypu R= 0,6 90°- HS = 34,31020 1/1/2024 133 - KiNbKICTD AHIE BiA NOYaTKY POKY
7 | Napanaxc HP = 0,1

8 Nigauamerp 5D = 15,8

——— _—

10 | OBcepaosana BucoTa camana Ho= 55° 529' 5588215 55 52,92934

1

1

14 BIANIK CEKCTaHY HS= 22 ¢ 32,2 NEPLWHA AEHD PORY

15 Monpaeka iHaekcy 1= 02,4 deHb MicAup  piK

16 | HaxunenHa ropusoHTy = -6,1 22,47470 1 1 2024

17 | AmmocdepHa pedpakuin 3 yp Thcky | Temneparypu R= 2,2 90°- HS = 67,46366 1/1/2024 133 - KINLKICTD AHIE Bif MOUATRY POKY
18 Napanakc HP = 0,1

19 |Nisgeamerp SD = 15,8
21 OBcepeoBaHa BUCOTA CBITUAA Ho= 22 ° 422" 22,70276 22 42,16614

Pucynok 6 — Bunpasnenns Bucotu CoHIIS
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HaxwieHHsT BUAMMOTO TOPU30HTY BU3HAYAETHCS 32 (POPMYIIO0
D = —1,7603,/eye, (6)
JIe eye — BUCOTA OKa CIocTepiraya Haj piBHEM MOpSI.

ATMmocdepHa pedpakilist 3 ypaxyBaHHIM aTMOC(HEPHOTO TUCKY 1 TEMIIEpaTypH MOBITPS —

57,085
60

0,0666
60

k= tan(90° — Hy) — tan3(90° — Hy) - —28pressure )

273°+temperature’
[Tapanakc —
HP = 0,0024-60-cos(Hs; + 1+ D), (8)
ne [ — mompaBka iHJIEKCYy CEeKCTaHa.
3unauenHs niBaiameTpy CoOHIIA BU3SHAYAETHCS 3a TaOIHUIICTO.
Tabmus 1 — 3navenns nisaiamerpy COHIIS Bil KIIBKOCTI AHIB Bifl TOYATKY POKY

Kinvkicmo Onie 6i0 nouamky poky ITigoiamemp Conuysn
0-33 331-365 16,3’
34-63 302 - 330 16,2
64 — 86 280 — 301 16,1
87 - 107 258 — 279 16,0’
108 — 132 234 — 257 15,9’
133 -233 15,8’

BusHaueHHs mepeHOCy i KOKHOTO CIIOCTEPEKEHHs BH3HAYAETHCS HA OKPEMOMY apKyIili
(puc. 7).

LU [epili cNOCTEpPeXeHHnA

2 Ho= 55 ° 529'

3 Hc= 55 ° 547

5 Ho -He = 0D®* -1,8"

i

7
& Ho= 22 ° 422"

g Hc= 22 ° 3949

1 Ho -Hc= 0" 2,2

PucyHok 7 — Bu3sHaueHHsI epeHOCy

OO6cepBoBaHe Miclie CyJHa BU3HAYA€THCS HA TPUHBIIBKHI MOMEHT JIPYTHX CIIOCTEPEKEHb 3a
HACTYNTHUMHU (HOPMYIIaMHU:

Lat, = Lat. + DifLat; 9
Long, = Long. + DifLong. (10)
ne Dif Lat ta Dif Long Bu3Ha4arOThCS 3 HACTYITHOI CUCTEMH, ¢ KOXKHE PIBHSHHS YSBISE COOOIO
BHUCOTHY JTIHIIO TIOJIOKEHHSI.

. _ . (HO_HC)l
DifLat =-tanZ, - Dif Long + ——;
COSZl (ll)
Hy,-H
DifLat =-tanZ, - DifLong + (HoHe),
c0SZ,

Jlis BpaxyBaHHSI BCIX MOXJIMBHX CHUTYyallll pO3TallyBaHHS BUCOTHUX JIIHIA MOJIOKEHHS
CKJIaJICHO 64 cucTeMU PiBHSIHB, a CaMe JIJIsl TAKUX BHUITAJIKIB.
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Tabmuus 2 — Curyanii y po3TarnryBaHHI BUCOTHUX JIiHIH CIIOCTEPEKESHHS

Ilepwa sucomna ninisa nonoxcenns /lpyza eucommna ninia nonoicenns

0°<Z<90° Ho—Hc<0 0°<Z<90° Ho—H: <0

90°<Z<180° Ho—H: <0

180° < Z < 270° Ho —H:<0

270°<Z<360° Ho—H: <0

0°<Z<90°% Ho-H:>0

90° <Z<180° Ho—H:>0

180° < Z<270°% Ho—H:>0

270°<Z<360° Ho—H: >0

270° < Z < 360°; Ho —Hc > 0°<Z<90°%Ho Hc<0

90°<Z<180° Ho—H: <0

180° <Z < 270° Ho—H: <0

270° < Z < 360°; Ho —H: < 0

0°<Z<90°% Ho—H:>0

90°<Z<180° Ho—H:>0

180°<Z < 270°% Ho—H:>0

270° < Z < 360°; Ho —H. >

[3 MeTor OIIHKM TOYHOCTI BH3HAYEHHS Miclid OOCEPBOBAaHOI TOUYKH Micls Cy/JHA
BH3HAYaABCA Palyc KoJia CEPeIHBOI KBAPATHUHOI TOXUOKH

R ,Zm2 +m2 (12)

"~ sin(2,-24)
e M — cepeAHsl KBagpaThyHa MOXMOKa y BU3HAUYEHHI BUCOTHOI JIIHII MOJIOKEHHs (Mpuilmaiacs

Taka, 1o nopiBHioe 0,5"), Mc — cepeHs KBajpaTHYHA MOXUOKA 3YMCICHHS MIXK TIEPIIO0 Ta JIPYTO0
BUCOTHUMU JIHISIMH TTOJ0KEHHS

2 2
m, = i\/(“::;k) sin?(Z,-TC) + (%) cos?(Z,-TC),
e Mk — cepeaHsl KBaJpaTHUyHa IMOXMOKa y BM3HAU€HHI KypCcy cyJHa (mpuiimManacs Taka, 10
nopiBaroe £0,5°), M — cepeHs KBaapaTHYHA MOXHOKA y BU3HAYEHHI IMOMPABKHU Jiara (mpuiMaacs
Taka, 1o aopiBHioe +0,2%), S — miaBannd, TC — iCTUHHUN KypcC CyHA.

BripoBaykeHHS 3apOIIOHOBAHKUX aJTOPUTMIYHUX PIIICHB JIJIs aBBTOMATHYHOTO TIEPEX0/ Ty Ha
pe3epBHI METOJIM BU3HAUEHHS KOOpJAWHAT Yy pasi HemoctymHocTi curHaniB GPS, 3anpononoBanwmii
METO]T PO3PaXyHKIB, TO3BOJISE Y JIYCHI XBUIMHA OTPUMATH PE3yIbTaT.

Po3paxoBana BiAMOBiIb HABOAUJIACH HA OKPEMOMY apKyIi (puc. 8).

(13)

MpPHMHBIL BE WA YyaC GT= 18 h 53 m4d7 s
OfcepeoBaHa WK poTa lat= 42 ® 5451'" N
OfcepsoBaHa A0BroTa long= 28 ° 1078°" W

Pagiyc wona norpiwHocTi

. R= 1,13"
MiCLLA TOUHMN

Pucynok 8 — O0cepBoBaHi KOOPAUHATH MiCIls CyIHA
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[lepeBipka MaTeMaTHYHOT MOl 3AIHCHIOBAJIACh 3a JOTIOMOTOIO PO3B’S3aHHS 3a/1a4 Ha
BU3HAYEHHS MICIIS Cy/IHA 3a pi3HOYacCHUMHU criocTepeskeHHsAMH CoHIg 13 30ipHuKa [20], 1 mokaszana,
10 BU3HAYEHHS O00CEPBOBAHMX KOOPIHMHAT 32 JONOMOTOIO pO3pOOJICHOI MpOrpaMu MOTPAIUISIE B
95% K010 00cepBOBaHOI TOUKHM MICLS CyJHA IPU BU3HAYEHH] KIIACHYHUM 3YHCIMMO-00CEpBOBAHUM
METOZIOM KOOPAMHAT MICIIS Cy/IHA.

[Ticnsa oTpuMaHHS pe3ysbTaTiB PO3PAXYHKIB 3 ABISAETbCA MOMIMBICTH iX 3aCTOCYBaHHS y
He3aJIeXKHIM IHTepaKTUBHIN KapTorpadiuHiil CUCTEMI.

Orxe, 3amid Jpyroro 3aBJaHHS JOCHIIPKEHHS, CIiJl po3poOMTH 3aci0 albTepHATUBHOI
enekTpoHHoi Kaprorpadii Ha mpuxiani meromay «Dead Reckoningy», Takuii, 10 € HE3aICKHUM Bij
ECDIS ta GPS, 13 MOXKJIMBICTIO Bi3yaii3alii AIHCHOTO MOJIOKEHHS Cy/1HAa Ha IHTEepaKTUBHINA web-kapTi.

Omxe, y paMKax 3aBJaHHS, MPEICTaBICHO IHTEPAKTUBHUN IporpaMHuil 3aci0, 110 Hajaae
MOJKJIMBICTh CYIHOBOJI€BI BBOJUTH TeorpadiuHi KOOpAMHATH CYJHOBUX IO3ULIH, aBTOMaTHYHO
Bi3yaJli3yBaTu iX y BHUIVIsAI MapkepiB Ha LUpoOBii KapTi, OyAyBaTh BIAPI3KU MapLIPYTy MIXK
TOYKaMH Ta OOYHMCIIIOBATH KJIIOUOBI HaBiramiiiHi nmapamerpu (IIBUIKICTh PyXy CyAHa y By3Jax Ta
Kypc y rpaaycax). [Iporpama noOymoBaHa Ha OCHOBI BiikpuTux 0i0miorek Python, Takux sik folium,
geopy Ta ipywidgets, mo 3abe3meuyoTh AOCTYMHICTh, THYYKICTh 1 MOXIJIMBICTh aBTOHOMHOT
pobotu. CucreMa € NOTEHIIHHO KOPHCHOIO B yMOBaxX HemnependauyBaHUX KOMYHIKaLIHHUX
oOMexeHb, 30kpeMa iz yac «blackout» abo oOMekeHOro 10cTymy 10 iHTepHET-Mepexi, OCKUIBKU
MOX€e OyTH pO3rOpHYyTa JIOKAJIBHO Ha MPHUCTPOSX 13 TOMEPEIHBO MiATOTOBAHUMH KapTorpadiuHUMH
JTAHUMU.

I'eoindopmamiiini cuctemu (I'IC) Ta HaBiraumiiiHi mporpaMHi NpoIYKTH TPAJULIMHO 3aeKaTh
BiJl MOCTIMHOIO JOCTYIly IO MEpeXi IHTEPHET, OHJIAiH-CepBICIB KapTorpadyBaHHs Ta aKTyai3awii
JaHUX Ipo MicuenepeOyBaHHs 00’ ekTiB. [IpoTe B cydacHHMX peasisix BCe yacTillle BUHUKAIOTh CUTYaIlll,
Koy 3abe3nedyeHHs Oe3nepepBHOI pOOOTH €IEKTPOHHHMX HaBIraliHUX 3aco0iB Moxe OyTu
YCKJIAJHEHUM dYepe3 BIACYTHICTh enekTpoeHeprii (blackout), BiICYTHICTH CTIHKOTO MEpPEXKEBOTO
3’eqHaHHA a00 JIOTICTWYHI MEpPEeIIKOJAM ILIOJ0 OHOBJCHHS JaHUX. BiaTak BuHMKae noTpeda y
MPOTpaMHUX IHCTPYMEHTaX, 3[aTHUX (YHKIIOHYBAaTH 3 BHUKOPHCTAHHSIM MiHIMAIbHHX DPECypCiB Ta
3a0e3nedyBaTH OCHOBHI HaBiramiiHi (YHKIi JOKaabHO, 0€3 3aJeKHOCTI BiJ 30BHINIHIX JpKEpes
iH}opmarii.

OTxe, po3po0OKa IpPOrpaMHOro 3aco0y 103BOJHUTH:

1. InTepakTUBHO BBOJAUTH KOOPIAMHATH MOPCHKUX MapIIPYTHUX TOUOK.

2. BisyamizyBaru 11i TOUKHM Ta 3’ €IHYBATH iX BIpi3KaMH MapIIpyTy.

3. ABTOMaTH4HO pPO3paxOBYBaTH Ta BiIOOpaXKaTh MIBHIKICTH CyJHA Ta OPIEHTOBHHUH Kypc
PyXy.

IIpozpamnuii 3acib peanizosano mosoro npozpamyeants Python. Ocnognumu komnonenmamu €:

1. folium — Gi6mioteka Python, mo iHterpye MmosxiuBocti leaflet.js mis moOymoBu
JMHAMIYHHUX, IHTepakTHBHHX Man y cepenosuil Jupyter Notebook abo aBronomuux HTML-
(haiinax.

2. ipywidgets — Gi0mioTeka /i CTBOPEHHs IHTEPAKTHBHHUX €JIEMEHTIB iHTepdeicy (o
BBEJICHHS, KHOIKM) Oe3mocepenHbo y cepenosuin Jupyter Notebook. Ile mo3Bossie kopucTyBadeBi
OTIEPaTUBHO B3AaEMOMISATH 3 TPOrpaMor0 0e3 HEOOXiTHOCTI pO3pOOIATH OKpeMHd TpadiuHui
3aCTOCYHOK.

3. geopy — iHCTpyMeHT s reorpadigHux 009YHMCIIeHb, 30KpeMa PO3PaxyHKY BiJCTaHEH Mik
TOYKaMHU 3a JONOMOror (OpMyJM BEJIUMKOro Koja. Ha OCHOBI LMX JaHUX 3A1HCHIOETHCS
KOHBEPTAIlisl B MOPChKI MWJII Ta BU3HAYAETHCS MIBUAKICTh, a TAKOXX OOUYHCITIOETHCS a3UMYTaTbHHIMA
KyT (Kypc).

ApximexmypHo npoepamHuil 3acio cxnadaemuvcs 3 mooyiie (puc. 9):

1. Monynps BBe[CHHS JaHUX: 3a0e3leuye OTPUMAHHS HIMPOTH Ta JOBTOTH BiJl CYJHOBOAIS
gyepes eleMeHTH iHTepdeiicy ipywidgets.

2. Moaynp 00poOku KOoOpAHMHAT: 30epirae MOCHITOBHICTh TOYOK, OMpPALBbOBYE iX MpH
KO>KHOMY OHOBJICHHI.
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3. Moaynb 00uYMCIIEHB: BHUKOPHCTOBYE (DYHKIIIOHAN geopy JUld BU3HAUEHHS BIJICTaHI Ta
BHYTPIIIHBO peastizoBaHi GopMyu sl OOUMCICHHS KypCy.

4. Monynb Bi3yalizailii: reHepye KapTy 3a Jornomororo folium, po3minrye MapkepH, Bipi3ku
MaplIpyTy Ta TEKCTOBI MO3HAYEHHS IIBUKOCTI il Kypcy.

5. Monyne aBTOHOMHOCTI: Tependadae MOXIIMBICTh — IMOMEPEIHBOTO  KEIIyBaHHS
KapTorpagiyHux TailyliB a00 BHUKOPHCTAHHS JOKAJBHUX JAaHUX HPO MICLEBICTh, 10 3a0€3MeYuTh
po0OTY 3aCTOCYHKY B O(pJIalHOBOMY pEXHUMI.

Crapr 1
1 LUloHanMeH
—
we 2 To4Kku?
BcraHoBneHHA
GibnioTek Ta iMnopT
MoAaynis
l Tak
IHiianizauis HamanwoBaTtu niHito
BigKeTie ansa MiXK TOYKaMMK
BBEAEHHSA LWWMPOTHU Ta
AOBroTH l
l 064yucanTm
Hi WBMAKICTb | Kypc N1
HanawryBaHHa KOXXHOI0 CEerMeHTa
obpobHUKa
HaTUCKaHHA KHOMNKW l
l [opaTtu cnauvBatoui
MapKepwu ans
LWBMAOKOCTI Ta Kypcy
Hdopartn HOBY TOYKY
A0 CAUCKY d l
. Binobpa3unTtu KapTty 3
1 Bipobpasutu KapTty 3 'D' . by
yciMa MapKkepamu Ta
OOHWUM MApKepoM o
NiHiAMM
3reHepyBaTu Kapty 3

UEHTPOM Ha HOBIN
TOMUI

l KiHeub

Pucynok 9 — biok-cxema poOOTH MPOrpaMHOTO 3aC00y
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Peaunizartist Ta 1abopaTOpHE TECTYBAHHS.

1. InTepakTuBHE 10o1aBaHHS HOBUX TO4OK: CyJHOBOJIIN BBOAUTH HIMPOTY Ta JOBrOTY, MICIS
YOro HATHCKA€ KHOIIKY OHOBJEHHS. Mapkep HOBOI TOYKHM 3’ABISIEThCA HA KapTi, a MapupyT
OHOBJIIOETHCS, SKIIO 1€ He nepiia Touka (puc. 10, 11).

Requirement already satisfied: geopy in c:\users\pavel\anaconda3\lib\site-packages (2.4.1)
Requirement already satisfied: geographiclib<3,»=1.52 in c:\users\pavel\anaconda3\lib\site-packages (from geopy) (2.8)

42 90851518 ‘

Latitude:

Longitude: ‘ -28,8203297 ‘

+ Electronic navig. .

| Click to add point and update map ‘

Pucynok 10 — BBeaeHHs nepioi KOOpJUHATH y JiajloroBe BIKHO IPOTPaMHOIo 3aco0y

+ Electronic navig

‘N

© | Algérie hXXe580
]

f A

) \
= Leaflet | © OpenStreetMap contributors

Pucynok 11 — ABTOMaTn4He BCTaHOBJICHHSI MapKepy Ha IHTEPaKTUBHIM KapTi

2. ABromatudHa ToOynoBa Mapmpyty (puc. 12): Ilpu KoXHOMY 0/aBaHHI KOOPIMHATH
nporpama OyJye JiHilHY CEKIIiI0 M’k HOBOIO Ta MONEPEAHbOI0 TOUKOIO.

Latitude: | 42,76851518 ‘

Longitude: | -28,7103297 ‘

Pucynok 12 — ABToMaTn4He A0JaBaHHS JPYroi TOUKH MapIipyTy
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3. Po3paxyHOK IIBHJAKOCTI Ta Kypcy: Biiacranp MiX OCTaHHIMM JBOMa TOYKaMU
MIEPETBOPIOETHCS Y MOPCHKI MUJIi, a MPH 33JaHOMY YacOBOMY IHTEpBali MK (hiKCalisIMH TOYOK
OTpUMaHa BEJIWYMHA BUKOPHUCTOBYETHCS SK HaOmmkeHa MBUIKICTH (y By3nax). [lapanensHo
O0YHCITIOETHCS a3UMYTaNbHUN Kypc pyxy. Lli maHi Bi3yani3oBaHO Ha KapTi Y BUTJISAAI TEKCTOBUX
MITOK (puc. 13).

+ Electronic navig. ..

+

WsnakicTs:

LWenakictb:

= Leaflet | © OpenStreetMap contributors

Pucynok 13 — JlonaBanHs HOBHX TOYOK 1 TapaMeTpPiB pyXy CyJHA Ha IHTEPAKTUBHY KapTy

Peanizaris mporpamuoro 3aco0y Ha cyaHi Oyjie 3pyYHUM IHCTPYMEHTOM JIJIsL:

1. llltypmaniB Ta MOpeEIUIaBLiB, SKi 0a)KalOTh ONEPATUBHO Bi3yasi3yBaTH CBiil MapHIpyT y
BUITaJIKaX 0OMEKEHOTO JIOCTYIY JI0 CIICIiali30BaHUX HABITAIlIHHUX CUCTEM.

2. ParyBanpHUX omnepaniii Ta eKCIeTUIIIHHUX TPy, KOJIH CTaOUThHIM 3B’ 30K BiICYTHIH ab0
TUMYacOBO HEJIOCTYNHUHM, aje HeoOXiHO UIBMJIKO OLIHIOBaTH TpONJEHY BiACTaHb Ta
OpIEHTYBATHCS B IIPOCTOPI.

3. HaBuanbHHX I1iI€H, IJI CTYACHTIB Ta KypCaHTIB MOPCHKHMX HaBYAIBHUX 3aKJafiB, sKi
MOXYTb JOCIIPKyBaTH OCHOBH HaBiraiii B pe>kuMi JIOKaJIbHOI pOOOTH 3 KapTOIO.

Taxkum urHOM, NepeBaraMu po3po0JIEHOI CUCTEMH €:

1. ABTOHOMHICTB: MOJIMBICTH POOOTH Ha HOYTOyKax Ta MOPTATUBHUX MPUCTPOSX 3
HornepeIHbO BCTaHOBIEeHUM [13 Ta kenmoBaHMMHU KapTaMu.

2. IIpocToTa BUKOPUCTAHHS Ta THYYKICTh: IPYKHIN iHTep(deiic, po3MHUpPIOBaHICTh KOAY Ta
BUKOPHCTAHHS BIJKPUTHUX IHCTPYMEHTIB JIO3BOJISAE€ IIBHJKO QJaNTyBaTH PIIICHHS IiJ] KOHKPETHI
3aBJIaHHS.

3. He3zanexHIiCTh BiJl MOCTIHHOTO IHTEpHET-3’€AHAHHS: MporpaMa Moxe (yHKIIIOHYBaTH 3a
YMOBHU HAsBHOCTI JIMIIE EJIEKTPOKHMBICHHS MPUCTPOIO (YU THMYAcoBOi aBTOHOMIi OaTapei), 0e3
3aMUTy JI0 BiJ/TAJICHUX CEPBEPIB.

Axmyanvuicmos nio uac Oaexaymy. YMOBU OJIEKayTy XapaKTE€PHU3YIOTHCS BiJCYTHICTIO
CTaOIBHOTO €HEProloCTayaHHs Ta MOXJIMBUMH NMpoOJIeMaMH 3 IHTEPHET-MIJKIIOUEHHIM. Y CBOIO
4epry, 3aporoHOBaHHNA IHCTPYMEHT JT03BOJISE:

— BUKOPHCTOBYBATH IONEPETHBO 3reHepOBaHi a00 JOKaJbHI JaHi KapTH;

— MPOAOBXKYBATH BiI0OpaKeHHs Ta IJIaHYBaHHS MapLIpyTy CyJHa 6e3 OHJIaifH-CepBICiB;

— OIIHIOBATH IIBUJKICTH Ta HAMPSIMOK PyXy MiJ] 4ac €KCTPEMalbHHUX YMOB, IO MOXKE
BIZIrpaTd BaXJIMBY pOJb Yy MNPUHHATTI HaBIralidHUX pilleHb a00 IOIIyKOBO-PATYBAIBHUX
oTeparisx.

Otxe, po3poOieHMH NPOrpaMHUN IHCTPYMEHT JEMOHCTPY€E€ MPAKTUYHUKA WiAXid 110
MoOy/TIOBM 1HTEPAKTUBHOI HABITraliifHOI CHUCTEMH, 37aTHOI MpaIfoBaTH aBTOHOMHHM YWHOM, 0e€3
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0e31mepepBHOTO JOCTYIY JI0 iHTEpHET-pPecypciB. 3aBIsSKH BIAKPUTIH apXiTEKTypi Ta BUKOPHUCTAHHIO
noctynHux 6i6miorek Python, crucreMy MoXHa Jerko aganTyBaTy Ta pO3MIMPIOBATH MiJ cienudiuHi
norpeOu KopucTyBaua. Takwid WiAXiA € aKTyalbHUM Y KOHTEKCTI 3pOCTAl0uMX BHKIHKIB
cTabUTPHOCTI EHEPronOCTaYaHHs Ta IHPPACTPYKTYPHOTO 3a0e3MeYeHHs HaBiraliiHuX TeXHOJIOTIH.

BucHoBoku. Y J0CTIDKEHI TIPOaHATI30BaHO MPOOJIEMY 3aJICKHOCTI CY9aCHOTO MOPCHKOTO
CYJIHOTIJIAaBCTBA BiJl €IEKTPOHHUX HABITalifHUX CHUCTEM Ta 3aIPOMNOHOBAHO 1HHOBAIIMHHUM MiAXi[T
10 3a0e3meveHHsT Oe3MeKy MOPEIIaBCTBa B yMOBaX TeXHIYHUX 3001B. HaykoBuil BHECOK moisiTae y
CTBOPEHHI aJITOPUTMIYHOI MOJENI, SKa JI03BOJIAE IIBUJKO MEPEXOJUTH BiA LU(POBUX CHCTEM
HaBIramii A0 TpaJuLifHUX METO/IIB Ta aCTPOHOMIYHHUX CIIOCTEPEXEeHb. BUKOpHUCTaHHS 1HTETPOBAHOI
CHCTEMH PO3paxyHKiB, a TAKOXX po3poOKa MpOrpaMHOro 3abe3neueHHs i Bizyasi3alii TpaekTopii
Cy/IHa Ha IHTEPAKTUBHIN KapTi JO3BOJISIE 3a0€3MIEYNTH aBTOHOMHY Ta HaIllHYy HABITaIlil0 HaBITh Y
CKIagHUX yMoBaxX. Po3poOieHi pilleHHs € MPakKTUYHO OpIEHTOBAaHMMHU Ta MOXYTb OyTH
BUKOPHUCTAH1 JJIsl MIJBUIIEHHS CTIMKOCTI HaBIralliMHUX CHCTEM J0 30BHILIHIX 3arpo3 1 TEXHIYHUX
O0OMEXKEHB.

OxpiM aBTOMAaTH30BAaHOTO TEPEXOMy Ha PE3epBHI METOAM, BAXKIUBUM € BIIPOBAKEHHS
[IPOrpaMHOro iHCTpYMeHTY Ha 0a3si Bigkputux 0i6miorek Python (folium, geopy, ipywidgets), mo
3a0e3neuye MOKIMBICTD JIOKaJIbHOI poO0TH 0€3 AOCTYIy /10 II100albHUX CUCTEM KapTorpadyBaHHS.
3arponoOHOBaHUN 1HCTPYMEHT J03BOJISIE IHTEPAKTUBHUM IIIJISIXOM BBOJAWTH KOOPJHMHATH, OYyyBaTH
MapuipyT. lle Hagae ekimaky THYYKHH 1 HagiHHUN 1HCTPYMEHT /AJis HaBirauii y KpUTHYHHX
CUTyallisIX, MIHIMI3yIOUd PHU3UKU BIIXWJICHHA BiJ MapuIpyTy Ta 3a0e3leuyroud OIepaTHBHY
00pOOKy TaHUX y peaTbHOMY Yacl.

3arajiom, IPUCKOPEHHS PO3paxyHKiB 3aco0amMH aBTOMaTH3alli i IHTEpaKTUBHOI Bizyasizarii
JI03BOJIsSI€ BUKOHATH OOUMCIIEHHS yIpoaoBkK 7—11 XBUIIUH.

IlepciekTuBHi HanpsiMKH  AocjigxkeHHsl. llepcriekTMBM  MOJNANBLIOIO  PO3BUTKY
30CepeKYIOTECS Ha KIUTBKOX KITFOUOBHX HampsiMax. Y IOCKOHAJICHHS aJTOPUTMIB aJalTUBHOTO
MEepPEMUKaHHS MK TPaAULIAHUMM Ta Cy4aCHUMM METOJaMH 3 YpaxyBaHHSM, TEXHIYHUX 300iB Ta
JIO/ICBKOTO (hakTopa. Ampobaiis CUCTEMH Ha peajbHHX CyJHAX Ta BIPOBAKCHHS HAaBYAIBHHUX
MOJIYJIIB JIUIS MATOTOBKU CYJTHOBOJIIIB CIIPUSATHME IMiABUINICHHIO KBaji(ikallii eKirmaxy Ta CTIHKOCTI
HaBIraIifHUX MPOIECIB 0 30BHINTHIX BUKIIUKIB.
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Nosov P., Sokol I., Podobieda V. DEVELOPMENT OF METHODS AND MEANS FOR AUTOMATING
ONBOARD NAVIGATION CALCULATIONS IN CRITICAL SITUATIONS

The research developed a comprehensive approach to improve the reliability of marine navigation systems in
situation of electronic navigation equipment failures, cyber-attacks and blackout conditions. Innovative
algorithmic solutions are proposed to ensure a rapid transition from digital navigation technologies to
alternative systems based on the methods of marine astronomy and principles of the Dead Reckoning ECDIS
method.

The software tool has been created for the automated calculation of vessel coordinates using a sextan. This
tool takes corrections into account, methods of statistical processing of data series, automatically detects
misses and determines average values with a minimum total error. Determination of observed coordinates is
implemented based on mathematical models of altitude lines of position taking into account course, speed and
time between observations.
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In addition, an autonomous electronic mapping system based on Python libraries (folium, geopy, ipywidgets)
has been developed, which provides interactive input of route points coordinates, construction of route
segments, calculation of vessel's speed and course, as well as visualization of results on interactive maps. The
system can function locally without access to the Internet due to the use of web-oriented map data, which
ensures stability and reliability of observation even in extreme conditions.

Experimental testing has confirmed high accuracy of calculations and effectiveness of proposed solutions in
situations of electronic navigation system failures. In case of blackout, the developed system allows to restore
navigation functions and ensure vessel’s safety.

The practical value of the work is to create a flexible, reliable navigation system that minimizes risks in case of
technical failures or targeted cyberattacks. Prospects for further research include improving algorithms to
reduce errors and adapting the system to real-world operating conditions on vessels in any navigation
conditions.

Key words: traditional methods of navigation; navigational astronomy; interactive mapping systems;
alternative positioning systems; autonomous navigation; sextant; route visualization.
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PO3POBJEHHSA MOJAEJII ITEPEJABAHHSA HABAHTAKEHHSA
AETAJAMU PYJbOBOI MAIIMHUA IIVTYHKEPHOI'O THITY

Mpouenko B. O., o0.m.n., npogecop, npoghecop ragpedpu mpancnopmuux cucmem i
MexHiyHo20 cepeicy XepcoHncbKo20 HAYIOHANLHO20 MEXHIUHO20 YHigepcumemy, M. XepcoH,
Vkpaina, email: 1904pvo@gmail.com, ORCID: 0000-0002-3468-4952;

Hacracenko B. O., 0.m.1., npoghecop, npogecop xaghedpu mpancnopmuux mexnonoziu ma
cyoHopemonmy Xepconcvkoi Oeporcagnoi Mopcvkoi akaodemii, M. Xepcow, Yxpaiua,
email: Nastasenko2004@ukr.net, ORCID: 0000-0002-0330-1138;

baoiit M. B., x.m.u., doyenm, ooyenm xagheopu cyoHO8UX MEXHIUHUX CUCEM [ KOMNJEKCI8
Xepconcoroi deparcasroi mopcokoi akademii, m. Xepcon, Yrpaina, email: M_Babiy@ukr.net,
ORCID: 0000-0002-0560-2081.

Cmamms cmocyemvbca HA8AHMANCY8ANLHOI 30AMHOCII PYTbOSUX MAWUH NAYHICepHO20 muny. [Ipedcmasnena
MamemMamuuHa Mo0elb 8paxo8ye GeNUUUHY Mda CHIGGIOHOUEHHS 3A30Pi68 MidC NIVHICEPOM MA 6MYIKOI0, a
MAKOHC NIYHICEPOM | HANPAMHOIO OANKO0I0. 3aNedCcHO 8I0 CRIBGIOHOWENH S 3YCUIb: DIYHO20, 00CMAMHBLO2O OJIA
BUOUPAHHA KYMOBO20 3A30PY MIdC NIVHICEPOM MA SMYIKOI, Md 00CMAMHb020 Ol GUOUPAHHA NIHIIHO20
3a30py MidHC NOG3VHOM NIVHICEPA MA HANPAMHOIO OALKOI0, CHPUUHAMMS OIYHO20 HABAHMANCEHHSL NILYHICEPOM
Mma HanpsaMHow OaIKow Modice 6i00y8amuce 3a wicmvma eapianmamu. 3anucaHi CniGIOHOWLEHHS Midic
32A0QHUMU 3YCULIAMU, WO BUSHAYAIOMb KIILKICMb MA 2panuyi nepexodi@ Midc ONUCAHUMU BaAPIAHMAMU
CRPUUHAMMA HABAHMAadICEeHH:. Po3paxynku 6ukonysaiucsy i3 6UKOPUCMAHHAM pO3POOIEHOT MOOeNi Ha NPUKIAOi
pyavosoi mawunu P-18. Ilpu yvomy nokasamo, wo 3a HAAGHOCMI HAUOIMILUWUX SPAHUYHO OONYCIUMUX
npasunamu excniyamayii 3azopie, nanpamna oanka modice cnpuiimamu 50...59% 6iunozo naganmasicenms
auule npu Kymax nepexiaoxku cmepra o = 21..35% a 6 Oianazoni Haubiieui nowtupeHux npu pobomi
MazicmpaneHux cyoen Kymie nogopomy cmepua o = 0...10° nanpsmna 6anka e3azani c60i0 QYHKYIlO He
BUKOHYE, NEPeBaHmadicylouy NiyHicepy, 6mynKku ma ywjinonenns. Ilokazano, wo 3 02120y HA HU3LKY
epexmugnicme pobomu ma cymmese yCKIAOHEHHA KOHCMPYKYIL MAWUHY HANPAMHOIO 0ANKO0I0, pe3epe O
niOGUUeHHS MEXHIUHO20 PIBHS PYIbOGUX MAWIUH NIYHICEPHO20 MUNY JEHCUMb Y NAOWUHT 3ACMOCYBAHHSA HOBUX
MUNie MexaHizmie 01 nepedayi HAGAHMAICEHHS 8I0 NIYHIICEPIE HA PYMNEb.

Kniwouosi cnosa: pynvosa mawuna, niyHicep, MOMEHM, HABAHMAICEHHS, NPOSUH.

DOI: 10.33815/2313-4763.2024.2.29.139-150

Beryn. PynpoBi  MammH, € OXHMMH 3 HAWOUIBII  BIJMOBiAaTbHUX  CIIEMEHTIB
TBUHTOPYJBOBOTO KOMILJIEKCY CYYacHHMX CYJIeH, Bifl O€3BIAMOBHOCTI SIKHMX 3aJIeKUTh Oe3meka
MOpEIUIaBCTBA Ta eKoJoriyHa Oe3meka jrojacTBa [1]. BakimuBOIO XapaKTEpUCTHKOIO OyIb-sKOL
MaIllMHUA € 30€peKyBaHICTh — 3JaTHICTh 30epiratu CTabiIbHICTh TEXHIYHOI XapaKTEPUCTHKU Ta
pobounx mapaMeTpiB MPOTITOM BCHOTO IMEPIONy eKCIuTyaTarii. ¥ MexaHi3Max 3 HaJJTUIIKOBHMH
3B'SI3KaMH, MPOTATOM EKCILTyaTallii BifOyBaeThCs MEPEpO3NOi HaBaHTAXEHb MIXK JaHKaMH, IO
MPU3BOAUTH JI0 TIEPEBAHTAXKEHHS OJHUX JeTaliell 1 HemoBaHTaKeHHs iHmuX [2—4]. Lle Mmoxe
CIPUYUHATH 3MIHY TEXHIYHOI XapaKTEepUCTUKH MAIllMHU, 3POCTaHHS MEXaHIYHUX BTpaT, IO
dhopmye yMOBH 11l YOCKOHAJICHHSI MEXaHI3MIB ICHYIOUHMX MAaIldH PI3HOMAHITHOTO MPU3HAYEHHS
[5, 6].

AHamiz myOuaikamid. Bigomi mociipkeHHS CyJAHOBHX TiAPaBIIYHMX PYJbOBHX MAaIlWH
('PM) crocyroTbcs mpo0OsieM YIOCKOHalleHHS KepyBaHHs HuMH [7]. JlocnmimkeHHIO BiacHe
mexanizmiB ['PM npucssueni pobotu [8—11]. Tak, y poGori [8] mokazaHo, 1m0 Ui MEXaHi3MiB
wiywkepaux [PM 3 HanpsMHuMH OankaMu XapakTepHa HasBHICTb 3HAYHOI KUIBKOCTI
HQ/UTUIIKOBUX 3B’SI3KiB, IO TMOTpeOy€ BUKOHAHHS 3HAYHOTO OOCATY MPHUTOHOYHUX POOIT TpH
BCTAHOBJICHHI MAaIlMHU Ha (YHIAMEHT, OJWH 13 BapiaHTIB yJAOCKOHAJICHHS MEXaHI3My IS
3MEHIIIEHHS 00CATY TaKuxX poOiT 3amporoHoBaHO y [9]. ¥V poborax [10, 11] po3risHyTO 4acTUHHI
BUMAJKN TE€pPEaBaHHs IOMEPEYHOTO HABAHTAXEHHS IUIYHXEPOM Ta HaIpsMHOIO Oallkolo 3a
BIJICYTHOCTI 3allleMJICHHS IUTyH)XXepa B OMOpax. 3arajabHOI MOJENI CIPUUHATTS HABaHTAXCHHS
TUTYHXXEPOM Yy Tapi 3 HampsMHOIO OalKoI0 32 HAsSBHOCTI 3a30piB, IO BPAaXOBYE iX BEIHUMHY Ta
CHIBBIAHOIIEHHS M>K HUIMH, Hapa3i He CTBOPEHO, LI0 TUIAHYETHCSI BUPIIIUTH B JaHiid poOOTI.
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NP AP PL CynHOBOOIHHA Ta €HEPTeTHKa CyaeH

MeTor0 podoTH € pPO3pOOJICHHS MOJEIi CIPUUHATTS HABAHTAXKEHHS TUTYH)KEPOM y Tapi 3
HanpsMHOIO 0aJIKOIO, 1[0 BPaxOBY€ BEIWYHMHY Ta CHIBBIJHOIICHHS 3a30piB MK IUIYHXEpOM 1
BTYJIKOIO, @ TaKOX IUTYH)XEpPOM 1 HampsMHOIO OalKoio, JUIs MOJAJIBIIOrO aHaji3y BIUIMBY
eKCIUTyaTaliiHuX (haKkTopiB, HA PO3IMOJIT HABAHTAXKEHHS MIXK IUTyH)KEPOM Ta HANPsIMHOIO 0aJIKOIO,
a TaKOX OIIHKHU €(EKTUBHOCTI POOOTH OCTAHHBOT.

3aBaaHHs podoTH:

— PO3KPHUTH MEXaHi3M CHPUHHATTS Ta MepeiaBaHHs 01YHOr0 HABaHTAXKEHHS ILTYH)XXEPOM Ta
HanpsIMHOIO OaJIKOF0 3a YMOB HAsSBHOCTI 3a30piB MK IUTYH)KEPOM Ta BTYJKOK, a TaKOXK
IUIyH)KEpOM Ta HamnpsIMHOIO 0alIkolo, a caMe BCTAaHOBUTH MOJXKJIMBI BapiaHTH CHPUHHSATTA
HABaHTAKCHHS IIMMU JICTASIMU 3aJISKHO BiJl yMOB 3aKPIIUICHHS IUTYHXEpa;

— OTpPUMATH CHIBBITHOLIEHHS JUIsl OLIHKHM MiJJATIMBOCTI IUTyH)KEpa 32 YMOBHU YKOPCTKOTO
3alieMJICHHs HOro B OJIHIH 3 omop;

— 3amucaTH CHIBBIJHOIIEHHS, IO BH3HAYAIOTh KUIBKICTh Ta TPAHUINl TMEPEXOMIB MIK
BapiaHTaMH CTIIPUUHATTS HaBaHTaXeHHs AeTassmu [ PM;

— OIIHHUTU ePEeKTHBHICTH POOOTH HANPAMHOI OAJIKM MpH MEPeKIIaali CTepHa 3a HasBHOCTI
3HAYHUX 3a30PiB MIXK €IEMEHTaMH.

Bukiaag ocHoBHOro marepiany. AHaii3 po3NOJUTy HAaBAaHTXKEHHA MK IUTyH)KEpPOM Ta
HaIpsSMHOIO MiJ] 4ac poOOTHM MAIIMHM 3 ypaxyBaHHSIM MOKJIMBHMX 3a30piB, 1[0 BHHUKAIOTh 3a
paxyHOK 3Hocy i neTasneil BUKOHyBaTUMEMO Ha IpUKJIaai pyiboBoi mamuHu P-18 (puc. 1).

s = = ami

L
Tl —
SR
Hanparmwa oamwa
Liazpama posnodiy
% 110nEpe 020 HABaHMaXexHs
L
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1
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PucyHnok 2 — Po3paxyHkoBa cxemMa MexaHi3My pyJiboBoi MammHu P-18
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Ha mepmioMy erami po3riisHEMO pPO3PaXyHKOBY CXEMy MEXaHi3My TakKoi MAaIlWHH, IO
nokasaHa Ha puc. 2. biune 3ycwins Fi, mo [ie Ha miIyHKep Ta HampsMHY Oanky 3 OOKy pymmens
BH3HAYAETHCS BIIOMUM CITIBBigHOIICHHSM [1]:

FI=ESina=;\A]_}SinaCOSa=Z:Fﬁ+ng, (@)

ne Ft — konoBe 3ycuyuis Ha pyMIen;

0. — KyT MepeKyIaIki CTepHa;

Mt — MOMEHT Ha pyMmreni (3 ypaXyBaHHAM TiAPOJUHAMIYHOTO OMOpPY MOBOPOTY CTEpHA Ta
BTpaT B oropax Oajnepa);

H — BigcTanp Mix ocsiMu Oaiepa Ta IUTyHXepa;

Fri — vactuHa OI4HOTO 3yCWJUIA, L0 CIPHUIIMAETbCS IUTYH)KEPOM Ha i-i crajii Horo
HaBaHTAXCHHSI,

Fgb — yacTuna 619YHOTO 3yCHUILIA, IO CIPUHMAETHCS HAMPSMHOIO OAJIKOIO.

[Inymxkep mpaioe B yMOBax IOB3JOBXXHBO-TIONIEPEYHOTO 3TMHY, HOrO MPOTHH 32 yMOB
BIJICYTHOCTI 3amieMJICHHS B 000X ormopax ctaHoButuMme [12]:

TR 2

ne Op0 — TIPOTHH IUTyH)KEpa SIK JBOXOIMOPHOI OaJKH MpU MONEPEYHOMY 3THHI BiJ Iii TIJIBKU
panianbHOi cuiu Fr;

Fa — ocpboBa cuita, 10 CTHCKAE IUTYHXKED;

Feu — cuna Eitnepa ans myHxepa.

2
Fathcosg:w; (3)

2H

2
4
Fo =" éJ* ; )
L =0,5L + Higa, ()
ae Jr — MOMEHT 1Hep1Iii MONEePEeYHOro nepepizy IIyHKepa;

E — Monyns py>KHOCTI MaTepiaiy IUTyHKepa,

L — BiicTaHph MK T1POIMAITIHIPAMH.

Jns mamman P-18 MakcumaneHuil MOMEHT Ha pymneni ckianae Mt = 1000 kH-M, ocHOBHI
po3mipu mammHu HactynHi: H = 600 mm, L = 1600 mm. HanpssiMHy Ta TutyH>XKep BUTOTOBJIEHO 31
crani (E = 2,1x10° MIIa), ocTaHHiii Mae KijblieBUH mHepepi3 i3 30BHIIHIM i BHYTpINIHIM
niamerpamu dr = 240 mm, dri = 160 MM Ta MomeHnToM iHepuii Jr = 130690254 mm*. 3a Takux
napameTpiB (Ui o = 35°, e MakcUMalbHa JOBXKHMHA IUTyH)XKepa 1 BeJIMYMHA OChOBOTO 3YCHILISA),
ypaxyBaHHS MOB3JIOBKHBOTO 3THHY Ja€ mpupict nporuny He Oimbire 0,31% (or = 1,00316r0).
3 oryIsy Ha 1€ BpaXOBYEMO JIMIIIE TONIEPEYHHUI 3THH TUTyH)KEpa.

3a HasSBHOCTI 3a30piB 2Z MiX IUTYHXXEPOM Ta BTYJKOI TiAPOUWIIHIAPA, a TakokK Zgb Y
CTOJYYEHH] IUIyHXepa 3 HalpSIMHOIO OaJIKOIO, CIIPUMHATTS IUIyHXXEPOM Ta HaNpsIMHOIO OaJIKOIo
Oyne BimOyBatuch y N eramiB. KUTbKICTh MUX €TamiB 3aBYaCHO BHU3HAYUTH HEMOXJIMBO, OCKIJIBKH
BOHM BHU3HAYAIOTHCSI KOHKPETHUM CIIBBIIHOIIEHHSIM 3a30DiB, JKOPCTKICTIO TUTYH)Kepa 1 HApsSMHOT,
a TaKOoXX MOJIOKEHHSM TOYKH MPHUKIAJICHHS O19HOTO 3yCHILIA.

VY Bunajaky BiZICYTHOCTI 4d BHOMpaHHI 3a30pa Zgh y CIOJYYEHHI IUTyH)KEpa 3 HANPSIMHOIO
0aMKOI0 MaTUMEMO OCTaHHiHM, N-i eTam CHpUMHATTS OIYHOTO HABAHTAXKEHHS, JI€ YTBOPIOETHCS
enemeHntapHa asoOankoBa cuctema EJIBC (puc. 4, 1), ne moymxkep € 06ankoro 3 pamialbHOIO
MITIATINBICTIO Am, a HampsMHa Oajika — KOPCTKO 3alIeMJICHOI0 00OMa KIHIIMH 3 PadiabHOI0
MiIATIUBICTIO Agb. st Takol cucTeMU CpaBeUIMBUMH € CIIBBIIHOIICHHS (6) MK 3yCHIIISIMU Ta
nedopmartissmMu.
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Frn + ng = FI _;Fri’
5 =5 : _|: ~ n-1 :| ﬂ“rn |: n-1 :|
m o = I:rn - I:I Fri PV I:I Z Fn (6)
5 _ Fm/Imn i=1 /Im + ﬂgb i=1 /I + i
Oy =Fy Ay

ne Fri — monepevne 3ycHyuis, 10 HABAaHTAXKYE TUTYH)KEP Ha i-My €Talli COpUHHATTS HaBaHTaKCHHSI.

YMOBH 3aKpiIJIeHHs IUTyH)XXepa sIK JBOXOIMOPHOI OaJIKU Ha i-My eTalll MOKYTb BiIPI3HATHCH
3aJIeKHO BiJl HACTYNHHMX YMHHHKIB. 3a HAsSBHOCTI 3a30pa 2Z MK IUTYH)XEPOM Ta BTYJKOIO
rizpoumiiaapa (puc. 3) MOXIJIMBUIN MOBOPOT HOTo KiHI B ONOPi 4 HAa BETHMUYUHY:

27

O = 0

S

ne |s — moBKMHA TUTYHKEPHOT BTYJIKH.

[lpxen  Bmuyika N
® e - 7—

Pucynok 3 — Cxema po3TairyBaHHs IUTyHXKEpa y BTYJIIII

3a HasBHOCTI B Omopi A JIOCTaTHHOIO KyTOBOrO 3a3opa (04 < Omax), IUIyHXKEp MaTHMe
MOXKJIUBICTB Je(OpMyBaTUCh SIK Oajka Ha JBOX LIApHIpHUX omnopax (puc. 4, 1), a nporux y touui B
MIPUKJIAJEHHS TONEPEYHOro 3yCUIIIA Ta MiAATIMBICTh AJIs [bOIO BUMAJAKY OOUHMCIIOBATUMETHCS SIK
(8). Kyt moBopoty B omopi A — 3a Bupazom (9) [13], a nporus i migmaTIuBiCTh HAMPSIMHOT — 32
Bupazom (10).

2
L(L-L .
T rl% = I:rlﬂ’rl’ (8)
RNV ININ)
o 6EJ, ’
3 L_ 3
% =" ngEJ lL_; 2 Fotw:
9
ae Jgb = 284981668 MM* — MOMEHT iHepIIii MOMePevHOro Mepepizy HATPSAMHOT GANKY;
E — MoIynb IIpY>KHOCTI MaTepiajly IUTyH)Kepa Ta HaIpsIMHOI OaJKu.

(9)

(10)
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Pucynok 4 — Cxema 10 BU3HAUYCHHS KUTBKOCTI CTAii CIPHIHHSTTS HABAaHTAKCHHS
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Pucynoxk 5 — Po3paxyHkoBa cxema IUTyHXepa 13 3aleMIeHUM KiHIeM

VY BUNajKy BIACYTHOCTI KyTOBOT'O 3a30pa B OMNOPI IUTyH)Kepa A, i ciil BBAXKAaTH KOPCTKUM
3ammemiieHHsM (puc. 4, II), a Bupasu 1jst mporuHy 1 miIaTauBOCTI HAJICKUTh OTPUMATH JaJIl.

JUis 1pOro 3amMcyeMO PIBHSHHS Ui 3TMHAJBHOIO MOMEHTY B IIONEPEYHOMY Iepepisi
IUTYHXepa BiJ Aii paaianbHoi cuiu Fr2 (Bick x 30iraeThes 3 BICCIO IUTyHXKepa) (puc. 5):

M =M,—Rx. (11)

Jliig 3Haxo/pKeHHs peakiii Ra 3anucyemo BUpa3 i Oporuny ye B onopi E Bix cunu Fr2 Ta
Bix cunu RE:

(L]

Yir2 =1, 6EJr ’ (12)
L3
Yer, =Re g 3 (13)

3BiKH, TPUPIBHABIIYU JIBA OCTAHHIX BHPa3d, OTPUMAEMO CHIBBIIHOIICHHS JUIs peakiiil RE,

Ra Ta Ma:
o (L-n)ee L

R.=F, 5 ; (14)
2L
RA_Frz_RE_FrZ(l_(LLl) [fL +Ll:|\]; (15)
2L
M,=R,L-F,(L-L) _Frz[(L Ll)zl}_fl_ - Ll:| _(L_Ll)} (16)

3 ypaxyBaHHSM OTPHMaHHMX PE3yJbTaTiB, MOXKHA mepenucatd Bupas (11) mms MomeHTy B
MOTMIEPEYHOMY TIepepi3i IUTyH)Kepa Ta CKJIACTU CIpolleHe nudepenuiitne piBHsaHs (17) iioro
MIPYXHOT OC1 X:

. (Lu>2[2L+L1]_(L_L1)]_{1_(LLL)Z[ZHLJ]X ST

oo 212 21° " dx?’

[TouaTkoBI yMOBH IJIsl PO3B’S3aHHS OCTAaHHBOTO piBHSAHHS Taki: mpu x = 0, y = 0 Ta
dy/dx = 0. Po3p’sa3anns piBHsHHA (17) &mae MOXJIHMBICTH OTpUMATH BUpPa3 JUIA TPOTHUHY
B T. B (X3 = L — L1) npuxiaaeHHs 614HOI CHIIM Ta paiajibHOT MiAIATIMBOCTI TUTyHXKepa:

L(L-L)[6L +3LL - L] . 18
yB = 5r2 = FrZ 3 = Frz//i’rz’ ( )
12EJ,L

[Tonepeune 3ycwiis Ha IUIYHXKEpi, sIKe HEOOXiAHE JJIsS IMOBHOTO BHOWPAHHS KyTOBOTO
3a30opa @ B onopi A (puc. 3), 06UMCIIOBATUMETLCS 3a BUpasoM (19), mporun mwiymkepa, Akui

BIIMOBITATUME IIOMY 3a30py — 3a BHpazoMm (20), a 3ycwuisi, HeOOXiIHE IJisi MPOTHHY TUTYHXepa
(ImapHipHO 3aKpIMIEHOT0) HA BEIMYMHY 3a30pa MK IUIYH)XXEPOM Ta HAMPSMHOIO Zgh — 32 BUPA30M
(212).
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6EJ 0.,

6=L2(L1/L—[L1/LT)’ (19)
_ 20, (L-L)'L
©oeW/L-[LiL]y (20)
Ffﬁ- (21)
)

rl

CHiBBIIHOIICHHS] MIX 3YCHIUISIMU F,, F,Ta F Bu3HAyaeE KUIBKICTh CTaJiil CHPUUHSATTS
HaBaHTAXEHHsI, HOr0 MOXJIMBI BapiaHTH (iX KUIbKICTh 3! = 6) HaBeJEHO AaJll.

Bunanku 1-2. Ilpn F <F, <F, wn F <F, <F, 6i4noro 3ycuwis F HemoCTaTHbO, W00
BUOpATH KyTOBHI 3a30p MK IUTYHXEpPOM Ta BTYJIKOI (Af4 = (Omax — 64) > 0) Ta miHilHUIA 3a30p
MDXK IUTYHXXEPOM Ta HAaIpsSMHOIO Zgb. BiqmoBigHO, Bce HaBaHTAXXEHHS CHpUAMATHME IUTyHXKED, SIK
Oasika Ha JBOX IMApHIpHUX omopax. KiNbKiCTh CTamiii CHPUHHATTS HaBaHTAXKCHHS IPH IIbOMY
cTaHoBuTHME N = 1, a po3paxyHKoBa cxema MaTtume Burisan / 3a puc. 4. HaBantakeHHs 1
nedopMariii IIyHxepa Ta HalpsIMHOT ITPHU LIbOMY CTaHOBUTHUMYTh:

F=F;
F,=0;
5r = I:Iﬂ’r].;
Oy =0.

Bunanok 3. Ilpu F <F <F, OIYHOTO 3yCHILIS F HEIOCTaTHbO, o0 BUOpaTH JiHIAHUN

(22)

3a30p Zgb MK TUTYH)KEPOM 1 HAMPSMHOIO OAJIKOI0, ajie BUCTadyae, o0 BUOpATH KyTOBHH 3a30p MK
IUTYH>XepOM 1 BTYJIKOIO (Af4 < 0). BianoBiaHo, CIpUHHATTS HAaBAaHTAKEHHS BiIOYBAaTUMETHCS 3a /1B
ctazii (N = 2): nedopMyBaHHS TUTYHXEpa BIIOYBATUMETHCS CIIOYATKY SIK OaJIKK HAa 000X MIapHIPHUX
oropax, a MOTIM — 3 OJIHOIO 3allEMJICHOI0, a JIPYrol0 IMIapHIpHO (pUc. 5), a HampsiMHa Oajika He
npairoBaTume. Po3paxyHkoBa cxema matume Burisn / + /1 3a puc. 4. HaBantaxenns 1 nedopmartii
IUTYH)Kepa Ta HalPSIMHOT NP LIbOMY CTaHOBUTUMYTh!

Fr:FI:Fr1+Fr2:F9+Fr2

F.=0;

23
5 =6,+F,A,=6,+(F—F,)4, 23)
o, =0.

Bunanok 4. Tlpu F, <F <F, Giunoro sycumuis F HenocTaTHbO, 00 BUOpATH KyTOBHH

3a30p MiX TUTYHXXepOoM 1 BTyIKoI0 (Af4 > 0), ane J0CTaTHBO, 00 BUOPATH JTIHIHHMIA 3230p Zgh MiXK
IUTYH)KEPOM 1 HamnpsIMHOIO Oalikoro. BiAmoBigHO, CIPUMHATTS HaBaHTaXXEHHS BiJOyBaTHMMETHCS 3a
nBi cranii (N = 2): cnoyaTKy IUTyHXep MPOrMHATHUMEThCS Ha BETMUYMHY Zgb, TIOTIM BiTOyBaeTbCs
poboTa eneMeHTapHOo1 ABOOAIKOBOI CUCTEMH OIMCAHOI BUIlle. Po3paxyHKOBa cxeMa MaTUMe BUTJIS]
I + III 3a puc. 4. HaBantaxkenHs i aedopmarii miyHxepa Ta HampsSMHOI Oalkd TpU IBOMY
CTaHOBUTUMYTh:

I:r = Fr1+ FrZ = I:Z + I:r2

A
F,=[F-F]-—Z2 .
=R ]/1 + Ay,
F,=[F-F ] (24)
A+ Ay
5.=2,+F A,
5, =F, A,
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Bunanku 5-6. Bapiantu 3a sxux F, <F, <F 4 F, <F, <F, € naiicknaaaimumu, BOHA

CTIpaBEITUBI ISl MAJIMX 3a30piB 27 MiXK IUTYH)XEPOM 1 BTYJIKOIO (pyJIbOBa MaIllMHA TICIISI PEMOHTY).
BBaxkaemo, 110 B MeXax MalluxX 3a30piB 2Z MK IUTyH)XXEPOM Ta BTYJIKOIO OJIpa3y BHOMPAETbCS
KyTOBHH 3a30p MDX IUTyH)XepoM 1 BTynkoro (Af4 < 0), 1 omopa A IUTyHXKepa CTae 3aieMIICHOI0
(puc. 5), a niniltEUI 3a30p Zgb 1€ 3aMHITACTRCS HE BUOpaHUM (0, < Zgb). [Ipu npoMy 3aJIMIIKOBE

Oi4He 3yCWIIIS Ta MMPOTHH IUTyHXKepa sSIK 3alIeMIICHOT 0alKi CTAHOBUTUMYTh:
AF =F -F,;
AS=(F—-F,)4,

SIKIO AS - (Z,,—6,) TO/1 HABAHTAKCHHS MEePEIaBaTUMEThCS Ha HAMIPSMHY, a 3yCHILIA, SIKE

(25)

3ATHUN J10AaTKOBO CHPUNHATH IUTyH)KEp IIPpU BUOMpPaHHI 3a30pa Zgh CTAHOBUTUME:

Z, -0,
F,= —gbl Z. (26)
r2
[Ticns BubupaHHs 3a30pa Zgh MK IUTYHKEPOM 1 HAIPSIMHOO OAJIKOIO, BOHU MPAIFOBATUMYTh
AK eJeMeHTapHa JBoOankoBa cucrema (puc. 2). Takum YMHOM, INepeJaBaHHS HaBaHTAXEHHs
BinOyBaTHUMEThCS B Tpu cTafii (N = 3), po3paxyHnkoBa cxema matume Burisia [ + 11 + 111 3a puc. 4, a

HaBaHTa)KEHHA 1 AeopMallii IUTyHKepa Ta HAIPSAMHOI IIPU LIbOMY CTAHOBUTHMYTh:
F=F+F,+F,=F +F,+F,;

F,=[F-F,-F,]—2—

A, +/1
A
F,=[F-F-F]—* (27)
Ay T Ay
0,=0,+Z,+F A,

Oy = Fyuly
[nakmre, sKIIoO AS5<(Z,—5,), TO HampsiMHAa HE BCTyNaTHME B poboTy, a MIyHXep

nedopMyBaTUMEThCs B JIBi cTafii (N = 2), BinmosigHo Ao Bunankis [ + II 3a puc. 4, a HaBaHTa)KeHHS
1 redopmariii mIyHxepa Ta HaupsMHOIT IPU OMY 00UYHMCIIIOBAaTUMYThCS 3T1IHO (22).

Jlnist BCiX BUINAJKIB €()EeKTUBHICTh pOOOTH HANMPSMHOI OAaKK OLIIHIOBATUMEMO KOEe(illiEHTOM
11 HAaBaHTAXXCHHS:

=_® (21)

PesynbraTu AesIKMX pO3paxyHKIB i3 BUKOPUCTAHHAM OTPHUMAHUX TEOPETUYHHUX PE3yJIbTATIB
MPECTaBICHO Aaji y Burisai rpagikis. [Ipu BUKOHAHHI 0OYUCIIEHb BUXOIMIN 3 TOTO, IO TUTYHXKEP
y BTYJII BCTaHOBIIOETHCS 13 3a30poMm. 3actocoBana TyT mocagka H9/f9 [15] 3abesmeuye
MiHIMaJIbHUM BiporimHuit 3a30p 2Zmin = 0,084 MM, MakcUManbHHHA BIPOTITHHHA  3a30p
2Zmax = 0,246 mMM. JlomycTMuii B eKCIuTyatarlii (TpaHUIHAN 3HOC) PErJIaMEHTYETHCS BEIIMIHMHOIO
[2Z] = 0,600 MM, a momycTuMH 3a30p MiX HANPSMHOIO OallKOK Ta TOB3YHOM IUTyHXepa —
BEMYUHOIO [Zgb] = 0,250 mm. g BUMaaKy HASBHOCTI TPAaHWYHUX 3a30pIB J1ajlli BUKOHYBAIHUCH
PO3paxyHKH.

PesyabTaTt Ta ix obrosopennsi. I'padiku 3minu momepeunux sxopcrkocrer (C = A7)
wryrxkepa — Cr1 'y BUMAAKy BicyTHOCTI Ta Cr2 32 HassBHOCTI 3allleMJICHHS OJIHOTO 3 MOTO KiHIIB, a
Takox Cgb HarpsIMHOT OaJIKu, 3aJI€5KHO B KyTa MOBOPOTY PyMIIesl, MOKa3aHo Ha puc. 6, a. I'padik
JI€MOHCTPY€E, IO KOPCTKICTh HampsIMHOI OalKky B YChOMY Jiama3oHi KyTiB TOBOpPOTY pyMIess
MepeBaykae KOPCTKICTh TUTyHXKepa y 7...15 pasiB, 1o 3a IIJIKOM paIliOHAIBbHUM 33aTyMOM
KOHCTPYKTOpIB, B iJeaiii Mae 3a0e3nedyBaTH CIPUHHATTS HANPSIMHOIO Oalko0 OUIBIIOI YaCTHHU
014HOTO HaBaHTa)xeHHs F| (GKOpCTKilIl JeTan HecyThb Oulblie HaBaHTakeHHs). Ha mpaxTuimi nei
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3a/lyM MOPYUIY€EThCS HASBHICTIO 3a30pa Zgb MK MOB3yHOM IUTYHXKEpa Ta HaNpsIMHOIO Oakoro. Taka
crcTeMa HaBaHTaKy€e€ThCSl MOMEHTOM Ha pyMIIei, rpadik 3MiHU SIKOTO MTOKa3aHo Ha puc. 6, 0.

Ha puc. 7, a moka3zaHo Tpadikd 3MiHH IONEPEYHOTO HABAHTAXXCHHS IUTYH)KEpa Ta
HampsiMHOI Oanku 3a HasBHOCTI 3a30piB 2Z = 0,600 mMm (mo 3abe3medye poOOTy TUIYHXKEpa, SK
OaJIKu Ha JIBOX MIAPHIpHUX omopax) Ta Zgb = 0,250 mm, 1m0 BiAMOBiAa€ BUMAAKY 4 3 ONMHCAHUX
MOJKJIMBOCTEH CIIPUUHATTS HABAHTAXXEHHS JETAJSIMH PYJIbOBOI MAlIMHU. 3 IBOTO Ipadiky MOKEMO
0aunTH, W10 BHACIIJOK HAsABHOCTI 3a30pa Zgb Yy Jlama3oHl KyTiB IOBOPOTY pyMIIeNs
a = 0...10° ruryHXep HOBHICTIO crpuiiMae OiuHe HaBaHTaxeHHs FI = Fr1 6e3 yuacti HanmpsMHOT
Oanku. banka BcTynae B poOOTy MOYMHAIOUYHM 3 KyTOBOI'O MOJOXKEHHS pyMmiens o = 10°, ne npartoe
B mapi 3 ruryrxkepom, yrsoproroun EJIBC (puc. 4, I + [II), cymapHe monepeyHe HaBaHTAXKECHHS
IUTYHXepa MOYMHAIOYU 3 LIbOI0 MOMEHTY ctaHoBUTHME Fr= Fr1 + Fr2. [lo kyTa moBopoTy pymnens
a ~ 21° (neperun ninii Fr Ta Fgb MO3HaAYCHO TOYKOIO), IUTYHXKEP HEce MONepeYHe HaBaHTaKCHHS
Outbie HiK HampsiMHa Oanka (Fr > Fgb). ¥V niamazoni kyTiB moBopoty pymmens o = 21...35°
HanpsiMHa Oasika cpuiiMae OUIbIIY YaCTHHY O14YHOTO HaBaHTa)keHH FI.

BianmoBigHMM YHHOM ONHKCaHI TMPOIECH BIUIMBAIOTH HAa KOEQIIIEHT HABAHTAKECHHS
HanpsMHoi 6anku Kgi (puc. 7, 6), sKkuii NOYMHAE MEPEBUILYBATH HYJIbOBE 3HAUEHHS MMOYMHAIOYHU 3
a = 10°% 1 mocsrae cBoro makcumymy Kgi = 0,59 mpu o = 27,5° Ilomambmii po3paxyHKH
JI€MOHCTPYIOTh, 1110 OUIbII 3HaUeHHs Kgl JOCSKHI JIMIIE TPU MEHIIMX 3a30pax MK IUTYHXEpOM Ta
BTYyJKOKO 2Z = 0,200...0,300 MM, 0 MATPUMYBATH JOCTaTHBO CKIAAHO. OTxe, PO eheKTHUBHY
po6oTy HampsIMHOI OaJKM y BChOMY Jiana3oHi KyTiB o He WaeTbes. BinnmoBinHo, y aiana3oHi KyTiB
noBopoty pymmnens a = 0...15° skuii € HaHOUIPLIINM 3a TPUBAJIICTIO MPU POOOTI PYJIHOBUX MAIlIUH
MaricTpajbHUX CYJEH, HampsMHa Oajlka MPAaKTUYHO HE MpalIo€, M0 30UIbIIyE 1HTEHCHBHICTh
3HONIYBAaHHS IUTYHXEpIiB, iXHIX BTYJIOK, YIIUIbHEHb, Ta BUTOKM MacTuia [15]. Lle oOymosioe
HEOOXITHICTh TOCTIHHOTO KOHTPOJIIO Ta PEryJIOBaHHS 3a30piB MDK JETAIAMH MAIIUHM, IO
YCKJIA/IHIOE E€KCILTyaTalliIo.

BukoHaHi po3paxyHKH MIATBEPIXKYIOTh, II0 €QEKTHUBHICTh B eKCIUIyaTalii po0oTu
HaNpsSMHOI 3 PO3BAaHTAKECHHS IUTYHXKepa BiJl MONEPEYHOr0 3yCHUILIS 3aJICKUTh BiJl CTAHy €JIEMEHTIB
KiHEMaTHYHUX Tap ii MeXaHi3My, 30KpeMa BEIWYMHH 3a30piB 2Z Ta Zgb, IO MiATBEPIKYE
CTPYKTYpHY HEIOCKOHANICTh MexaHisMy ['PM P-18 depe3 HasBHICTh HAJIUIIKOBUX 3B'S3KiB.
[TigBUILIEHHS] TEXHIYHOTO PIBHSA pPYJIbOBUX MAIIMH IUTYH)XEPHOIO THUIY MOXJIMBE BHACITIIOK
3aCTOCYBaHHS HOBUX THITIB MEXaHI3MIB I Tepeiadi HaBaHTaXEHHS BiJl IUTYHXXepiB Ha PyMIIENb 3
METOI0 3HWKEHHS MONEPEYHOI0 HaBaHTAXEHHS TUTYH)KEPIB Ta 3MEHIIEHHS KIJIbKOCTI HaUTMIIKOBHX
3B'SI3KIB.

= 7300 =
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E 6500 -—Cgll __Crl - C{: / 3 1000 -”,f

~ 5700 / * 900 /r"

o \ y, 2 500

4 4900 -

= \ = 700 ,
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5 3300 .—/X \ 2 500 /
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a) 0)

Pucynok 6 — I'padik 3MiHH nOTIEpevHOT KOPCTKOCTI TTYHXKepa Ta HanpsMHOI Oankw (a),
a TaKo)XK MOMEHTY Ha pymiieni (0) BiJ KyTa HOro HOBOpPOTY
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Pucynok 7 — I'padik 3MiHM noNepeyHOro HaBaHTaKEHHS IUTyHKepa Ta HanpsMHOI O0ajkH (a),
a TakoK KoeiIlieHTy HaBaHTaXeHHS HanpsMHoi 0aiku (0) Bix KyTa HOTro IMTOBOPOTY

BucHoBkwu.

1. Po3kpuTO MeXaHI3M CIPUHHATTA Ta TEpelaBaHHS OIYHOTO HABAHTAXKCHHS JCTAISIMHU
PYJIBOBOT MAILIMHU IUTYH)KEepHOTO Tully. IIpencraBiena maTeMaTudHa MOJIENb BPAXOBY€E BEITHMUUHY
Ta CIIBBIHOIICHHS 3a30piB MDXK IUIYH)KEPOM Ta BTYJIKOIO, @ TaKOX IUIYHXXEPOM 1 HampsSMHOIO
6ankoro. IlokazaHo, MO0 3aJ€KHO BiJl CHIBBIAHOIIEHHS 3YyCHJIb: OIYHOrO, JOCTaTHBOTO ISt
BUOMpPAHHA KyTOBOI'O 3a30pa MDK IUIYHXKEPOM Ta BTYJIKOI, Ta JOCTAaTHHOTO Ui BUOMpPAHHS
JIHIMHOTO 3a30pa MiX MOB3YHOM IUTyH)XKepa Ta HAlpsIMHOI OalKol, MOXIJIMBO IIICTh BapilaHTIB
CHOPUMHATTA OIYHOIO HABAHTAXKEHHS IUTYHXKEPOM Ta HANpPSMHOIO OalKo0, BIATAK BIJIPI3HAETHCS
e(EeKTHUBHICTh POOOTH OCTAHHBOI.

2. Pe3ynabTaTu po3paxyHKiB 13 BUKOPUCTAHHIM PO3pO0OJIEHOI MO/IEN Ha MPUKIIA/l PYJIbOBOT
MamuHu P-18 nemoHcTpyroTh, 1o ii HampsiMHa Oanka mpaioe HeedekTuBHO. Ilokaszano, mo 3a
HasBHOCTI HaMOUIBMIMX TPaHUYHO JOMYyCTHUMMX MpaBHJIaMU €KCIUTyaTtalli 3a30piB, y JAiamna3oHi
HaOIIbII MOMMPEHUX MPU POOOTI MaricTpajdbHUX CyAEH KyTiB moBopoTy pymmens o = 0...10°,
ITyH)KEp TIOBHICTIO CIpuiiMae OiYHE HaBaHTKEHHS 0€3 ydJacTi HampsMHOi Oaiku, BIIMOBITHO
OCTaHHs CBOIO (DYHKIIIIO HE BUKOHY€. Y Jiana3oHi KyTiB moBOpoTy pymmnens o = 10...21°, muyHxep
Hece MOMNepeyHe HaBaHTaXXEHHsS Oulbllle HDK HampsiMHa Oayika, TOOTO OCTaHHS CBOIO (DYHKIIIIO
BUKOHY€ HENOCTaTHBO edekTuBHO. Jlume mpu kytax o = 21...35° HampsimMHa Oanka crnpuiimae
50...59% O6iuHOrO HaBaHTaXeHHS. TakUM 4YHHOM, NP0 3HAYHE PO3BAHTAXKEHHS ILTyHXKEpa
BHACJIIJJOK HAaPSAMHOI OaJIku He WIeThes 3a OyAb-SKHUX KyTiB TIOBOPOTY PyMIIEJISL.

3. OTpumaHni pe3ynbTaTH AEMOHCTPYIOTb, 110 HASBHICTh HAMPSMHOI OaqKu B JOCIIDKEHIN
KOHCTPYKIIi pyJlbOBOi MAalIMHU 3017bIIy€ KUIBKICTh HAIUIIKOBUX 3B'A3KIB y 11 MexaHi3Mi,
301IbIIyE TPYAOMICTKICT OOCITYTOBYBAHHS Ta PEMOHTY. 3 OISy HAa HU3bKY €(eKTUBHICTh POOOTH
Ta CYyTT€BE YCKIAQJHEHHS KOHCTPYKIi MAalIMHU HAaNpsMHOI Oalkol, a TaKoX BHUCOKY
HAaBAaHTAXXEHICTh IUIYHXKEPIB TIONEPEYHOI0 CHJIOK, MOJKHA CTBEpIXKYBaTH, LIO0 pe3epB s
MABUILIEHHS TEXHIYHOTO PiBHS PYJILOBUX MAIlIMH ITYHXEPHOTO THITY JIC)KUTh, 30KpeMa, y MIIOMIHMHI
3aCTOCYBaHHS HOBUX THUIIIB MEXaHI3MIB JUIs ITepe/iaydl HaBaHTa)KEHHS BiJ] IUTyH)KEP1B HA pyMIIEb.

Hanpsimku nogajasmmx gocaigxenb. [loganemn g0CHiKeHHs JOLUIBHO CIPSAMYBATH JUIs
BHUKOPHUCTAHHS PO3pO0JIEHOT MOJENl i BUBUEHHS BIUIMBY 3a30piB Ha €(EKTHUBHICTH POOOTH
HanpsMHOI OaJIku, po3pOOJIEHHS eKCIUTyaTalliiHUX 3aXOMiB 11010 aBTOMAaTH30BAaHOI'O BU3HAYECHHS
BEJIMYMHU 3a30piB, @ TAKOXX PO3POOJIEHHS palllOHAJbHUX 3 MOIVIALY MepeAaBaHHs Ta PO3MOJLIY
HaBaHTAXEHHS MK €JIEeMEHTaMU KOHCTPYKIIH pyJIbOBUX MAIllMH, L0 MAalOTh BUCOKY €HEPreTHUYHY
e(heKTUBHICTb.
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Protsenko V. O., Nastasenko V. O., Babii M. V. DEVELOPMENT OF LOAD TRANSFER BY THE
PARTS OF A RAM-TYPE STEERING GEAR MODEL

The article deals with the load capacity of ram-type steering machines. A new mathematical model of load
between gear parts is developed. The presented discrete mathematical model takes into account the size and
the ratio of the gaps 2Z between the ram and the sleeve, as well as the gap Zq, between the ram and the guide
beam slipper. Depending on the ratio of forces: lateral, sufficient to select the angular gap between the ram
and the sleeve, and sufficient to select the linear gap between the ram slider and the guide beam, the
perception of the lateral load by the ram and the guide beam can occur in six possible variants. The ratios
between the mentioned forces are recorded, determining the number and boundaries of lateral load transitions
between the described variants of load perception. The calculations were performed using the developed
mathematical model on the example of the R-18 steering gear. It is shown that in the presence of the largest
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NPAPEIWPIPY! Cynmosoninus Ta eHepreTHKa CymeH

maximum permissible by the operating rules gaps between the ram and the sleeve, ram and the guide beam
slipper, the guide beam can perceive 50...59% of the lateral load only at the rudder angle spectrum
a = 21..35°% and in the range of the most common in operation rudder angle amplitude
a = 0...10 °in the operation of main vessels, the guide beam does not perform its function at all, overloading
the rams, bushings and seals. Performed in the article calculations confirm that the efficiency of the operation
of the guide for unloading the ram from the transverse force depends on the state of the elements of the
kinematic pairs of its mechanism, particularly the values of the gaps, which confirms the structural
imperfection of the R-18 timing mechanism due to the presence of redundant constraints. It is shown that the
reserve for increasing the technical level of ram-type steering machines lies in the application of new types of
mechanisms for transferring the load from the rams to the tiller.

Key words: steering gear; ram; torque; load; deflection.
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Today, in the scientific and technical literature on the pivot point, the 2-point scheme of ship turn “Center of
Gravity — Pivot Point” is used. According to this scheme, the position of the Pivot Point is calculated from the
Center of Gravity, which is not entirely correct, since in fact the ship rotates not around the Center of Gravity,
but around the Center of Rotation. The Center of Rotation, in turn, can shift relative to the Center of Gravity,
in the presence of longitudinal motion. Failure to take these things into account leads to errors in calculating
the position of the Pivot Point and the trajectory of the ship's movement around the Pivot Point. For a long
time, the concepts of the Center of Rotation and the Pivot Point were confused. Some researchers believed that
the Pivot Point shifts in the direction of the ship's movement, others believed that the Pivot Point is located on
the opposite side of the midship, relative to the point of application of the lateral force. The 2-point rotation
scheme could not combine these two views. In previous works, the authors of this article proposed to use a 3-
point rotation scheme, where the third point is the Center of Rotation. The use of a 3-point turn scheme made it
possible to explain the dependence of the position of the Pivot Point on both the longitudinal speed and the
point of application of the lateral force. The article develops a new substantive model of the ship's turn and a
"Memo for the Ship Handlers". The new substantive model and "Memo..." will reduce control errors and
increase maneuvering safety, which is especially important in compressed waters. The results obtained are
explained by the fact that, unlike known approaches: the new substantive model is built on the basis of a 3-
point turn scheme, which takes into account an additional point - the Center of Rotation; the position of Pivot
Point is determined relative to the Center of Rotation, and not relative to the Center of Gravity; the position of
the Pivot Point is determined on the plane, through the abscissa and ordinate of the Pivot Point.

Key words: navigation safety; 3-point ship's turn scheme; Pivot Point; Center of Rotation; maneuvering in
restricted waters.

DOI: 10.33815/2313-4763.2024.2.29.152-163

Introduction. If an observer is on board a vessel that is making a turn, it seems to him that
the vessel is rotating around some point, which is called the pole of rotation (PP). In fact, the vessel
is currently making two movements: lateral and rotational around the center of rotation (CO). It is
the sum of these two real movements that gives the false impression of rotation around another
point — the Pivot Point. At the same time, an alternative vision of the rotation process has led to the
emergence and development of the concept of the Pivot Point, which makes it possible to optimize
the processes of vessel rotation, which is especially important in compressed waters. Where is the
Pivot Point, what does its position depend on, how to change it are very important questions for the
ship handler?

Today, in the scientific and technical literature on the Pivot Point, a 2-point scheme of vessel
rotation “Center of Gravity — Pivot Point” is used. According to this scheme, the position of the
Pivot Point is calculated from the Center of Gravity (CG), which is not entirely correct, since in fact
the vessel rotates not around the Center of Gravity, but around the Center of Rotation. The Center
of Rotation, in turn, can shift relative to the Center of Gravity, in the presence of longitudinal
motion. Failure to take these things into account leads to errors in calculating the position of the PP
and the trajectory of the vessel's movement around the PP. For a long time, the concepts of the
Center of Rotation and the Pivot Point were confused. Some researchers believed that the Pivot
Point shifts in the direction of the vessel's movement, others believed that the Pivot Point is located
on the opposite side of the middle, relative to the point of application of the lateral force. The
2-point rotation scheme could not combine these two views. In work [1], the authors of the article
proposed to use a 3-point rotation scheme, where the third point is the Center of Rotation. The use
of a 3-point rotation scheme made it possible to explain the dependence of the PP position on both
the longitudinal speed and the point of application of the lateral force. In the general case, in the
presence of longitudinal speed and applied lateral force, the Pivot Point is located in the plane of the
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vessel's movement and is determined in the vessel-related coordinate system by the abscissa and
ordinate of the pole of rotation [7] and coincides with the Center of Turning Circle (CTC). In this
work, based on the 3-point scheme of rotation, taking into account the expanded idea of the position
of the PP in the plane of the vessel's movement, the main variants of the vessel's movement speeds
and applied controls are considered, the corresponding positions of the Center of Rotation, abscissas
and ordinates of the PP are determined. This information is necessary for ship handlers to make
correct management decisions.

Problem statement. To develop a meaningful model of ship's rotation and «Memo for the
Ship Handlers» based on the 3-point scheme of ship's rotation.

Analysis of recent research and publications. The study of the behavior of the Center of
Rotation and the Pivot Point has previously been considered by many authors.

Thus, in work [2] the author studies the behavior of the Center of Rotation of a vessel
(the author calls it the Pivot Point) using the example of two tugboats that push the vessel sideward.
When longitudinal speed appears, the vessel begins to rotate. The author explains this effect by
changing the force arms of the tugboats due to the displacement of the Center of Rotation in the
direction of the vessel's movement. Also?

In the book [3], for a simplified vessel model, the authors obtained analytical dependences
of the position of the Pivot Point, as an apparent point of rotation of the vessel, on the shoulder of
application of the lateral force and constructed graphs. In the obtained results, the shoulder of
application of the lateral force and the corresponding position of the Pivot Point were counted from
the midship of the frame, and not from the Center of Rotation

Experiments with the Center of Rotation (the author also calls it the pole of rotation) were
also carried out in the port of Revel [4]. According to the authors of the Porto-Revel Shiphandling
Course manual — when the ship is stopped in the water, PP coincides with the Centre of Gravity of
the ship, — when the ship is gaining speed, PP moves along ships in the same direction as the
movement.

In [5], the author showed how the movement of the Pivot Point can be used to improve the
maneuverability of a large sailing vessel.

The properties of the Pivot Point, as apparent point, were considered in work [6]. The author
proposed a formula for determining the position of the Pivot Point through the lateral velocity of the
Center of Gravity and the angular velocity of rotation of the vessel around the Center of Gravity.
The author also linearized the mathematical model of the channels of lateral and angular motions
and obtained the values of lateral and angular velocity for the steady motion of the vessel.

In work [7], using the example of a vessel departing from the berth on sternway, the author
showed that the use of existing recommendations for vessel control at that time leads to the vessel
hitting the berth. It was believed that the vessel rotates around the Center of Rotation, which when
moving in reverse is shifted back. In fact, the vessel rotated around the Pivot Point, which, on the
contrary, was shifted forward, which led to the vessel hitting the berth. The author also gave
considerations regarding the Center of Rotation, which should be located between the Center of
Gravity and the Center of lateral hydrodynamic resistance (COLR), which is shifted in the direction
of vessel movement. The maximum COLR displacement, according to the author, is up to 10% of
the ship's length. The author also emphasized that the Center of Rotation and the Pivot Point are
two different centers.

In work [8], for the first time, the condition for determining the position of the pole of
rotation is written not in the scalar form V, +®,R =0, which was used by predecessors, but in the

vector form V+®xR =0. The use of the vector equation showed that the scalar form is a special
case of the vector form, which determines only one of the three components of the vector R - the
abscissa of the Pivot Point R, . The use of the vector form also allows us to determine the ordinate

Ry and applicate R, of the Pivot Point, that is, in the general case, the Pivot Point is located in the
three-dimensional space of the coupled coordinate system (CCS), and not only on its longitudinal
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axis OXa. For practical maneuvering, only the abscissa and ordinate of the Pivot Point are used,
which together determine the position of the center of circulation.

Capt. P. Butusina in his work [9] considered the process of turning the vessel and its
interaction with the hydrodynamic forces that arise during this process.

In his works [10], [11], [12], the author identifies three special centers of rotation: the Center
of Turning Circle (the center of planetary rotation E fixed on the Earth's surface), the Center of
Rotation of the vessel S and the Pivot Point (the apparent center of rotation P). The author also
draws attention to the new view of the Pivot Point (in the author’s words, the new concept of the
Pivot Point), which differs from the traditional one in that the Pivot Point is a apparent center of
rotation, its position does not depend on the longitudinal speed of the vessel and it is not the Center
of Rotation of the vessel. The work also provides examples of using the new concept of the Pivot
Point for practical maneuvering. In addition, in article [10] the author calls for teaching future
shiphandlers and retraining all working shiphandlers in the correct methods of ship control
according to the concept of the Pivot Point.

In paper [13], the author reflects on the process of ship turning and generally supports the
provisions proposed by Dr. Seong-Gi Seo in his works. In paper [14], he summarizes the views of
authors who study ship turning problems and comes to the conclusion that shiphandlers’ training
should be carried out based on the new theory.

Fundamental research on ship control is given in the book [15], in particular, in section
7.2.4. Pivot Point shows the current state of ideas about the pivot point and its use for ship control.

In the article [16], a refined scheme for calculating the position of the Center of Rotation and
the Pivot Point was developed, a control scheme with a bow and stern thruster was investigated,
control lines were found on which the specified ship movement is implemented (around the Pivot
Point, without lateral speed, without angular speed), and the steering distribution coefficient was
investigated.

In study [17], a refined method is presented for a single-screw vessel, providing formulas
and graphs to locate the pivot point relative to a fixed reference point (center of gravity or middle
frame) based on the enhanced scheme. These results enable practical application for both automated
and manual vessel control systems.

The study [18] focuses on processes for automatically controlling vessel rotation around the
pivot point with zero drift. Two linearized control models are examined: one for a single-screw
conventional vessel without a bow thruster, and another for the same vessel equipped with a bow
thruster. For each control scheme under steady-state conditions, control strategies were derived to
enable circulation around the pivot point without a drift angle. These strategies enhance safety and
efficiency by narrowing traffic lanes, reducing hydrodynamic resistance and fuel consumption, and
facilitating technological operations like mooring. The effectiveness of these methods was validated
through mathematical modeling of the automatic mooring process of the MSC Container Ship
without drift angle. This simulation was conducted on a custom-developed imitation modeling stand
based on the Navi Trainer 5000 navigation simulator.

In [19], the behavior of the rotation center and the Pivot Point was investigated, and the
following results were obtained: it has been demonstrated that the vessel's rotation center, pivot
point, and gravity center are distinct points that generally do not coincide; the rotation center
represents the point around which the vessel experiences the greatest angular acceleration from an
applied torque. This point shifts gradually along a hyperbolic trajectory relative to the gravity
center, depending on the vessel’s speed; the existence of a pivot point is both necessary and
sufficient when the linear lateral velocity and angular velocity relative to the rotation center are
present; the Pivot Point is highly dynamic and can shift rapidly when the angular velocity fluctuates
near zero; control lines are defined that provide straight-line motion, drift-free motion, and motion
around the Pivot Point; optimal control strategies for vessel motion around the pivot point were
developed; the accuracy of the proposed methods and algorithms was validated through
mathematical modeling using the Navi Trainer 5000 navigation simulator.
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In the videos [20-23], the author Dr. Knud Benedikt shows and explains his version of the
Pivot Point. He shows how the use of various sources of lateral forces (rudder blade, stern and bow
thrusters, wind) affects the position of the Pivot Point and concludes that the position of the Pivot
Point depends on the ratio of angular and lateral velocities. He also shows that the position of the
Poivot Point can be determined from the tangential velocities of the bow and stern. In addition, he
shows how the position of the Pivot Point changes when performing a Turning Circle, in shallow
water and how the position of the Pivot Point changes relative through the water and relative to the
ground during maneuvering.

In the article [24], it is shown how to use the position of the Pivot Point when mooring with
two tugs.

The video [25] shows a complex approach of a vessel and mooring in a narrow place using
knowledge of the vessel's Pivot Point, the action of rudder forces, and other lateral forces.

The author of the article [26] believes that the closer the Pivot Point is to the middle, the
greater the turning radius of the vessel. In terms of hull shape, a fuller-shaped vessel, such as a bulk
carrier or tanker, has a Pivot Point closer to the bow than vessels with cruising contours.

Purpose and objectives of the study. The purpose of the study is to reduce ship control
errors in compressed waters and increase the safety of navigation in general.

The goal is achieved by using a new meaningful model and “Sailor’s Notes”, developed on
the basis of a 3-point turn scheme, taking into account the latest views on the theory of ship turning.

The objectives of the study are to develop a new, meaningful model of ship turning and
«Memo for the Ship Handlers».

The main part. To consider the issue of turning a ship, we will first take a single-screw
conventional ship without additional devices. That is, the ship has an engine connected to a
propeller shaft that passes through the deadwood and ends with a propeller. Behind the propeller is
a rudder. This is the basic model from which we will begin to consider the issue of turning a ship.

As noted above in the introduction, the existing 2-point ship turning scheme cannot explain
the dependence of the position of the Pivot Point on the speed of the ship and simultaneously on the
point of application of the steering force. The authors of the article believe that the reason for this
contradiction is the absence of an additional point between the Center of Gravity and the Pivot
Point. Such a point is the Center of Rotation. The theoretical justification for the need to take into
account the Center of Rotation in the ship turning scheme is provided in the article [1]. The Center
of Rotation moves in the direction of the vessel's movement, and the Pivot Point is counted from the
Center of Rotation, which explains the dependence of the position of the PP on the longitudinal
speed of the vessel. At the same time, the position of the PP also depends on the point of application
of the lateral force relative to the Center of Rotation. If the lateral force is applied in the stern of the
vessel, then the PP will be in the bow and vice versa. The use of a 3-point rotation scheme solves
the problem of inconsistency of the 2-point scheme, namely, it allows explaining the dependence of
the position of the PP on both the longitudinal speed and the point of application of the lateral force.

Fig. 1 shows a 3-point scheme of the vessel's rotation, which is the basis of the new
substantive model. The diagram shows:

— the first base point — Center of Gravity (CoG). The position of the Center of Gravity can
always be taken from the current ship load plan at the moment;

— the second base point — Center of Rotation (CoR). The Center of Rotation is located at the
point relative to which an arbitrary torque has the greatest efficiency (creates the greatest angular
acceleration). It can also be said that the position of the Center of Rotation is determined by a
compromise between increasing the moment of inertia of rotation and decreasing the moment of
hydrodynamic resistance (the Center of Rotation is located between the Center of Gravity and the
Center of Lateral Resistance (CLR). The Center of Rotation can also be called the true center of
rotation. In the absence of longitudinal speed, the position of the Center of Rotation coincides with
the Center of Gravity. With the appearance of longitudinal speed, the Center of Rotation begins to
shift. The displacement of the Center of Rotation relative to the Center of Gravity occurs slowly,
within the hull of the vessel, depends on the longitudinal speed of the vessel.
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Figure 1 — 3-point ship turning diagram

The Center of Rotation shifts towards the oncoming flow, and is determined by the formula:

Ax:k 1_Vm¢ , (1)
2 NVx +Vimax

where L is the length of the vessel, Vi is the maximum speed of the vessel, Vy is the longitudinal
speed of the vessel, n is the coefficient determined by the maximum displacement of the center of

rotation. The estimate of the maximum displacement of the center of rotation (up to 10% of the
vessel length) is given in [7]. In the experimental studies of the authors [16], conducted on the Navi
Trainer 5000 simulator, it was established that the magnitude of the displacement of the center of
rotation lies within (10-20 %) of the vessel length. The shoulders and moments of all lateral forces
acting on the vessel are calculated relative to the center of rotation.

— the third base point is the Pivot Point. The PP is the point around which the vessel turns.

The position of the Pivot Point relative to the center of rotation is determined by the abscissa Ry
and ordinate Ry, of the Pivot Point

\
(@

‘, (2)
Ve
y ®,

where Vy is the lateral velocity of the center of rotation, , is the angular velocity of rotation in

the yaw channel, Vy is the longitudinal velocity of the vessel.

From system (2) it is clear that the PP can move very quickly from to, if the angular velocity
fluctuates around zero.
Vy \Y Vy

RX=——:+OO’RX=——y=—(D R = — = —00 R = —— =400

The graph of the dependence of the PP abscissa on the shoulder of application of the lateral
force is a hyperbola [2], Fig. 2.
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0 - 0 )
Figure 2 — Graph of the dependence of the abscissa of the PP on the arm of the lateral force X,

From the above graph it can be seen that when a lateral force (control or external influence)
is applied to the vessel, which has a shoulder x|, to the CoR, the PP moves to a point X, , which is

located on the other side of the CoR, as evidenced by the different signs of the shoulders. The
further the point of application of the lateral force x, from the CoR (the greater the shoulder of the

lateral force xp), the closer the PP is to the CoR and vice versa. When the point of application of

the lateral force approaches the Center of Rotation (the shoulder decreases), the PP tends to infinity.
From formula (2) the following conclusions follow:

—ifVy =0,0, #0,Ry = 0. 0, the vessel circulates without drift of the CoR point, the PP
®z
is in the CoR;

\Y
—if Vy 20,0, #0,Ry = ——L the vessel circulates without drift angle of the CoR point,
®z
the greater the drift angle, the further the PP from the CoR,;

Vv
—ifVy #0,0, =0,Ry = Y =40, the ship moves in a straight line with the drift angle of
0
the point CoR, PP is at infinity;
0
—if Vy =0,0, =0,Ry =70 the ship moves in a straight line without drift. The formula

shows uncertainty, but it is physically clear that in this case PP must also be at infinity.

PP can also be called the apparent Center of Rotation.

The abscissa and ordinate of the Pivot Point determine the position of the vessel in Turning
Circle, Fig. 1. If the abscissa of the PP Ry >0, the position of the vessel in Turning Circle is with

the bow inward, option 1. This position is typical for vessels with insufficient control, for which the
number of independent controls is less than 3 [1]. Such vessels include conventional single-screw
vessels that have two independent controls (telegraph deviation and rudder deviation). If the
abscissa of the Pivot Point Ry <0, the position of the vessel in Turning Circle is with the bow

outward, option 2. This position can be achieved on vessels with excessive control, for which the
number of independent controls is greater than or equal to three. Such vessels include vessels
equipped with an additional bow and/or stern thruster, vessels with a dynamic positioning system. If

the abscissa of the Pivot Point Ry =0, the diametrical plane of the vessel is tangent to the Turning
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Circle and the vessel moves without drift. This position can also be achieved on vessels with
redundant controls;

— the fourth base point is the Center of Turning Circle (CTC). CTC is the center of the
trajectory along which the vessel moves. The position of the Center of Turning Circle in the
coordinate system associated with the vessel is determined by the radius of Turning Circle drawn
from the CTC to the CoR of the vessel. The radius of Turning is determined through the abscissa
and ordinate of Pivot Point according to the following formula:

Re =+R% + R} 3)

Memo for the Ship Handlers on the position of the Center of Rotation and Pivot Point

Below are 6 basic maneuvering options, for which the position of the Center of Rotation and
Pivot Point are determined according to the new meaningful model of turn. For all the options
given, the Center of Gravity is assumed to be located amidships (the vessel is on a straight keel, has
no trim).

Option 1. The vessel has no longitudinal, lateral and angular velocities. There is also no
lateral force, Vx = 0; Vy =0; @, = 0; Fy = 0. In this case, the Center of Rotation is located

amidships (Ax =0 , according to formula (1) , the position of the abscissa and ordinate of the
0 0
pole of rotation, according to formula (3), is not determined (Ry = ey Ry = 6).

_C CoG CoR \\

Figure 3 — The ship lies motionless in the drift

Option 2. The ship has no longitudinal motion. The bow thruster (BST) creates a lateral
force. 2 motions are formed: rotational around the center of gravity and translational, in the
direction of application of the lateral force, Vy =0,Vy =0,w, #0.F, #0. Fig. 4 shows the velocity

vectors of lateral and rotational motion along the length of the ship, and Fig. 5 shows the vectors of
total velocities. In this case, the center of rotation is located at the midship (according to formula (1)
Vy>0 >0 <0, R _ V=0
®; >0 y o, #0
Fig. 4 shows the velocity vectors of lateral and rotational motion along the length of the
vessel, the positions of the Center of Gravity and Center of Rotation. Fig. 8 shows the vectors of
total velocities, the positions of the Center of Gravity, Center of Rotation, Pivot Point and Center of
Turning Circle from the action of the lateral force of the rudder at the bow.
Due to the mismatch between the position of the pole of rotation and the center of gravity,
the vessel also receives a slight longitudinal velocity from the action of centrifugal force.

Ax = 0), and the Pivot Point is behind the midship (Ry = -

=0).

Figure 4 — Velocity vectors of lateral and Figure 5 — Vectors of total speeds along
rotational motion along the length of the the length of the vessel
vessel
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Option 3. The vessel has a longitudinal velocity, lateral velocity and yaw angular velocity
are absent, lateral force is absent, Vy #0,Vy =0,w, =0.Fy =0. In this case, the center of rotation of

the vessel is shifted forward (according to formula (1) Ax>0), and the position of the Pivot Point is

Vy =0 . . L
— , ordinate of the Pivot Point is
w;, =0

not determined (abscissa of the Pivot Point is Ry =

V=0

®;, =0

Fig. 6 shows the displacement of the Center of Rotation relative to the Center of Gravity in
the direction of vessel movement.

*—@ —

Figure 6 — Displacement of the Center of Rotation relative to the Center
of Gravity in the direction of the vessel’s movement

R

y =70).

Option 4. The vessel has longitudinal motion, lateral motion and rotational motion due to the
shifted rudder, Vy =0,Vy #0,m, #0.F, #0. In this case, the center of rotation of the vessel is

shifted forward (according to formula (1) Ax > 0), and the position of the Pivot Point is in the plane

Vy, #0
of the vessel’s movement (the Pivot Point is in front of the Center of Rotation, Ry = — y 5 >0,
®; #
. : o . : . . Vy#0, _.
the ordinate of Pivot Point is positive or negative, depending on the sign ofw,, Ry = 5 ). Fig.

7 shows the velocity vectors of lateral and rotational motion along the length of the vessel, the
positions of the Center of Gravity and Center of Rotation. Fig. 8 shows the vectors of total
velocities, the positions of the Center of Gravity, Center of Rotation, Pivot Point and Center of
Turning Circle from the action of the lateral force of the rudder.

Y PamS
F, J’C CoG | CoR = =z i 7.
oo o Ve Yo CoG C()R\__\=
/ /[[,L o o %z//
PP(V, = 0)
@ cr1cC
Figure 7 — Velocity vectors of lateral Figure 8 — Vectors of total velocities
and rotational motion along the length along the length of the vessel from the
of the vessel from the action of the lateral action of the lateral force of the rudder

force of the rudder

Under the action of the lateral force of the rudder (in the stern), the Pivot Point is formed in
the bow and due to this the stern has a much greater displacement to the side than the bow, which
must be taken into account when moving along curved sections of the path. Due to the mismatch
between the position of the Pivot Point and the Center of Gravity, the vessel gains a small reverse
speed from the action of centrifugal force.
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Option 5. The vessel has a longitudinal velocity, as well as lateral velocity and angular
velocity, created by the lateral force of the tug in the bow of the vessel V, #0,Vy #0,®, #0.Fy #0.

In this case, the Center of Rotation of the vessel is shifted forward (according to formula (1) Ax >0
), and the position of the Pivot Point is in the plane of movement of the vessel (the abscissa of the

Vy, #0
Pivot Point is behind the Center of Rotation, Ry =— y 20 <0, the ordinate of the Pivot Point is
®z
positive or negative, depending on the sign ®, (determined by the direction of the applied force),
Vy #0
y = )
o; =0

Fig. 9 shows the vectors of the lateral and rotational motion speeds along the length of the
vessel, the positions of the Center of Gravity and Center of Rotation, and Fig. 10 shows the vectors
of total velocities, positions of the Center of Gravity and Center of Rotation, Pivot Point position
and Center of Turning Circle from the action of the lateral force of the tug at the bow. Due to the
mismatch between the position of the pole of rotation and the center of gravity, the vessel gains a
small forward speed from the action of centrifugal force.

'
e
{ + CoG_~ CoR
_( PP(Vy=0)
®CTC
Figure 9 — Velocity vectors of lateral and Figure 10 — Vectors of total velocities along the
rotational motion along the length of the length of the vessel due to the action of the
vessel due to the action of the lateral force lateral force of the tug at the bow

of the tug at the bow

Option 6. The vessel has a longitudinal velocity, as well as lateral velocity and angular
velocity, created by the Ilateral force of the tug in the stern of the vessel,
Vy#0Vy #0,0, #0.F, #0. In this case, the center of rotation of the vessel is shifted forward

(according to formula (1) Ax > 0), and the position of the Pivot Point is in the plane of the vessel's

Vy #0
movement (the abscissa of the Pivot Point is in front of the Center of Rotation, Ry = — y 5 >0,
0, #
the ordinate of the Pivot Point is positive or negative, depending on the sign ®, (determined by the

Vy, #0
o, #0
rotational motion along the length of the vessel, the positions of the Center of Gravity and Center of
Rotation. Fig. 12 shows the vectors of total velocities, positions of the Center of Gravity and Center
of Rotation, Pivot Point and Center of Turning Circle from the action of the lateral force of the tug
at the stern. Due to the mismatch between the position of the Pivot Point and the Center of Gravity,
the vessel gains a small reverse speed from the action of centrifugal force.

When the vessel moves backward, the Center of Rotation also shifts backward. The position
of the Pivot Point is counted from the Center of Rotation. The abscissa and ordinate of the Pivot
Point are determined relative to the Center of Rotation similarly to the options for applying lateral
force considered above.

direction of the applied force), Ry =

). Fig. 11 shows the velocity vectors of lateral and
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Figure 11 — Velocity vectors of lateral and Figure 12 — Vectors of total velocities along the
rotational motion along the length of the length of the vessel due to the action of the
vessel due to the action of the lateral force lateral force of the tug at the stern

of the tug at the stern

Discussion. The issues of maneuvering a vessel in compressed waters are considered. A
search and analysis of literary sources in which these issues were considered were carried out. A
new substantive model of vessel turning has been developed, and a “Memo for the Shiphandlers”
has been formulated. The use of the new substantive model and “Memo...” will allow reducing
errors in vessel control, which is especially important in compressed waters. The results obtained
are explained by the fact that, unlike known approaches: the new substantive model uses a 3-point
turning scheme, which takes into account an additional point - the Center of Rotation; the position
of the Pivot Point is determined relative to the Center of Rotation, and not relative to the Center of
Gravity; the position of the Pivot Point is determined on the plane, through the abscissa and
ordinate of the Pivot Point. The results obtained can be used for manual control of the vessel. Also,
the results obtained can and should be included in the process of training shiphanndlers in maritime
educational institutions, since the use of the old substantive model based on the 2-point turn
scheme, due to the inconsistency of ideas and the real behavior of the vessel in compressed waters,
can lead to accidents.

Further research may be related to the development of algorithms for the navigator's actions
when controlling a vessel in compressed waters, using the theory of fuzzy logic.

Conclusions. A new substantive model of ship turning and a "Memo for the Shiphandlers"
have been developed. The new substantive model and "Memo..." will reduce control errors and
increase maneuvering safety, especially in compressed waters. The results obtained are explained
by the fact that, unlike known approaches: the new substantive model is built on the basis of a
3-point turn scheme, which takes into account an additional point — the Center of Rotation; the
position of the Pivot Point is determined relative to the Center of Rotation, and not relative to the
Center of Gravity; the position of the Pivot Point is determined on the plane, through the abscissa
and ordinate of the Pivot Point.

The theoretical value of the obtained results consists in: developing a meaningful model of
the vessel's rotation based on a 3-point scheme, taking into account the displacement of the Center
of Rotation relative to the Center of Gravity; determining the position of the Pivot Point relative to
the Center of Rotation, and not relative to the Center of Gravity; determining the position of the
Pivot Point on the plane, through the abscissa and ordinate of the Pivot Point.

The practical value of the obtained results consists in developing a "Memo for the
Shiphandlers™ based on a new meaningful model, which will reduce errors in vessel movement
control and increase navigation safety in general.
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ToscTokopuii O. M. 3SMICTOBHA MOJIEJIb [TOBOPOTY CYJHA I3 BPAXYBAHHSM OCTAHHIX
JOCATHEHB TEOPII TA IIPAKTUKU

Cb0200HI Y HAYKOBO — MEeXHIYHIL Jimepamypi no NOJOCY NOBOPONLY GUKOPUCMOBYEMbCSL 2-X MOYK08A CXeMd
nogopomy cyona «L{enmp eacu — Ilomoc nosopomyy. 32i0H0 3 YI€I0 CXEMOI0, NOAOICEHHSL NOTIOCA NOBOPONLY
8IOpAX08yEMbCsL 610 YeHMpPY 8a2u, WO He 308CIiM GIPHO, OCKLIbKU (PaKmuyHo cyOHO 00epmMacmvcsi He HA8KOL0
yenmpy 6acu, a HAGKOI0 yewmpy obepmanns. Llenmp obepmanms, y c8010 uepzy, Modce 3MIWY8AMUCs
8IOHOCHO Yenmpy 8a2u, 3a HASIBHOCMIE NO3008ICHL020 pYXYy. He 8paxysanus yux peueii npuzsooums 00 NOXUboK
PO3PAXYHKY HOJOJCEHHS NOTOCA NOBOPOMY I MPAEKMOpPIi pyXy cyona Haskono noaoca nosopomy. Tpuseanui
yac nousmms yewmp obepmanms i nomioc nosopomy naymanu. OOHI OOCHIOHUKU 68ANCANU, WO NOMIOC
HOBOPOMY 3MIWYEMbCA 6 CHIOPOHY PYXY CYOHA, THW 66AdCAIU, WO NOTIOC NOBOPOMY DOIMIUYEMbCA 3
NPOMUNLENCHO20 DOKY 8I0 MiOeto, GIOHOCHO MOYKU NPUKIAOAHHS ODOKOBOT CUU. 2-X MOYK08a cXema nogopomy
He Moena cymicmumu yi 08a noensiou. Y nonepeouix pobomax aemopamu O0amoi cmammi 3anponoHo8aHO
BUKOPUCMOBYBAMUL 3-X MOUKOBY CXeMY NOBOPONLY, e MPembol0 MO4KO0IO € yenmp obepmanist. Buxopucmanns
3-x moux06oi cxemu nOOPOMy O0360UNO ROSACHUMU 3ANENHCHICIb NOJONCEHHS. NOJIOCA HOBOPOMY 5K GI0
N03008HCHbLOI WBUOKOCMI, maK | 8i0 Mouku npukiadaunus 060Kko6oi cuiu. Y cmammi po3pobieHo HO8y
3MIiCMOBHY MoOenb nogopomy cyoHa ma «llam’smky cyoHoeodito». Hoea 3micmosHa modens ma
«llam’ssmra...» 00360158Mb 3MEHWUMU NOXUOKU Kepyeanusi ma niosuwumu 0Oe3nexy MAaHnespy8aHHsl, uo
0COOIUBO BANCIUBO Y CMUCHEHUX 600aX. Ompumani pe3yibmamu NOsSCHIOIOMbC MUM WO, HA GIOMIHY 6I0
8I0OMUX NIOX00I6: HOBA 3MICMOBHA MOOelb NOOYOO8AHA HA OCHOBL 3-X MOYKOBOI CXeMu NOBOPOMY, SKA
8PAX08YE 000AMKOBY MOUKY — YeHmp 00EpmanHsl; NOJONCEHHS NOTOCA NOBOPOMY BUSHAYAEMbCS 8IOHOCHO
yeHmpy obepmanist, a He GIOHOCHO YEHMPY 642U, NOJOICEHHS NOIIOCA NOBOPOMY GUIHAYACTNLCA HA NIOWUHI,
uepes abcyucy i opouHamy noaCca nO8OPoOmy.

Knrwowuosi cnosa: nasicayitina Oesneka, 3-X MO4K08a CXeMd NOBOPOMY CYOHA, NOMOC NOBOPOMY, YEHMP
06epmannsL; MaHedpy8anHs 6 CMUCHEHUX 600aX.

© Tovstokory O. M.
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MOJEJIOBAHHS NPOLECIB HIJIBUIIEHHSA HAJIMHOCTI
HABITALIIAHOI'O KOMILIEKCY 3A JOIIOMOI'OIO
JYBJIOBAHHSA OO EJJEMEHTIB

AopamoB I'. C., x.p.-m.H., Ooyenm «ragheopu cyono6odinnus XepcoHCbKOi 0epicasHOi
mopcokoi  axkademii, m.  Xepcon,  Vkpaina, e-mail:  gennadabra@gmail.com,
ORCID: 0000-0003-0333-8819;

MnorHikoB B. 1., acnipanm Xepconcvxoi oOepawcasnoi mopcvkoi axaodemii, m. Xepcown,
Vxpaina, e-mail: vladplotnikov895@gmail.com, ORCID: 0009-0003-1836-5462.

Memoto cmammi € 00ciOdNCeHHs ma MameMamuiHe MOOeII08aHHs MO20, 1K MONCHA NIOGUWUMYU HAOTUHICMb
HABI2AYIUHO20 KOMNIEKCY WNAXOM OYONI0BAHHA eleMeHmie y cKaadi cucmemu. Y npedcmaeneni cmammi
PO327A0aI0OMbCsL OeAKi NUMAHHS GUSHAYEHHS. CMIUKOCMI MEXHIYHUX cucmem Hacamnepeo 3 mMOYKU 30py ix
HaodiiHocmi  (IMOgIpHOCMI  6€38I0M06HOI pobomu). Po3ensanymo HU3Ky aKmyaibHUxX 3a0ay CMOCOBHO
niosuujenHs HAOIIHOCMI cucmem 3a paxyHok 0yomoeanHs ix enemenmis. [Iposedena oyinka pisHux cxem
0yOn1068aHHs efleMeHmis cucmem i 30IUCHeHO IX Mmamemamuune MoO0ento8anus. /i cucmem, wjo CKi1a0armvcs
3 HEpIBHOHAOIUHUX eNeMeHmMI8 OO0CHIONCEeHO NPABOMIDHICMb 3aMIHU IX HAOIIHOCMel OesKuM CepeoHim
sHauennsam. Iloxkazano, wo maka 3amiHa 0de Oewjo 3a8UlUeHi 3HAYEHHA HAOIUHOCMI cucmemu, i MA€ CeHC
MinbKU Npu Hegeruxill oucnepcii 3HayeHb HalitiHocmell (UMogipHOcmell 0e38i0MO8HOI pobomiu) eremenmie
cucmemu. Ilpu eucokux 3naueHHAX oOucnepcii pi3ko 3pocmae iOHOCHA NOMUIKA PO3PAXYHKY HAOIIHOCMI
cucmemu (>10%). IIpeocmasneno makodc npukiao Oinbul-meHuw enuboko2o 0yoMo06aHHA HAUMEHW HAOTIHUX
eleMenmise cucmemu, wo 3HauyHo (binbuie Hidie y08iui) niosuwye HadiuHicms cucmemu 6 yiiomy. Busnaueno
Hanpsmu noOanbux OOCHIOJNCEHb, MAKI SIK GUKOPUCTNANHS NOHAMMS NoeHoi timogipnocmi ma baiiecosux
(anocmepioprux) UMosipHoCcmell 8IONOBIOHUX 2INOmes.
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Beryn. CyvacHi TOpriBesbHI CyJHa 3apa3 OCHAIIYIOTHCS BJOCKOHAJICHHUMH Ta CKIAIHUMHU
HaBIralifHUMKM CHCTCMaMH, sKI MaioTh BIiIINOBINATH CTaHapTaM NPOLYKTUBHOCTI Ta OyTH
3aTBEPKEHNMHU TICIs TIPOXOKEHHS CTAHJAPTHHX BHNPOOYBaHb. IXHiif 0GOB’S30K MOIATaE B
3a0e3neueHHl Oe3mepepBHOI MOJOPOXKI B yMOBaxX BaBOTO pyXy IO BChOMY CBITY, a TaKOX
0€3MeYHOro Ta MYHKTYaJlbHOT'O TPAHCIOPTYBAaHHS BAaHTAXIB O Miclisi NMpH3HAauYeHHsS. TopriBenbHi
Cy/JHa, SKI 3IIHCHIOIOTH TJ00albHI PEiCH, MOBHHHI IOTPUMYBATHCS MiHIMAaJIbHUX CTaHIApTIB
Oe3mneKu I KOHCTPYKIIii Ta 00IalHaHHs, BCTAHOBICHUX MixHapoaHOIO KoHBeHI€r0 SOLAS s
BCTaHOBJIEHHA eauHux BuMor. KouBenmis SOLAS BCTaHOBIIIOE MiHIMAJbHI BHUMOIH IO
NepeBe3eHHs, 3a0e3Meuyloud HEe3MiHHI HaBiralmiifHi MOXXJIMBOCTI B MeXaxX KOHKPETHOTO Kiacy
CyJlHa.

[Mpaswio 19 tmaBu V Koneennii SOLAS wictute HeoOXimHi crnemmdikaiii s
HaBiTamiHUX cucTeM 1 oOnaaHaHHSA Ha cyaHaxX. CyaHa KiIacU(iKyIOThCS Ha OCHOBI iX BaJOBOTO
TOHHAXY a0o0 natu moOyaoBH Bepdi 3 OKpEeMUMHU TPaBHIAMH, IO 3aCTOCOBYIOTHCS JO KOKHOTO
kiacy. JlomaTkoBuM (aKTOPOM € OCHOBHI €KCIUTyaTaIliiiHI OCOOJHMBOCTI CyJieH (HampuKiad, THIT
BaHTaXy, II0 MEPEeBO3UThCS HAa O0pTy). [Ipm 0OTOBOpEHHI CTIHKOCTI BaXKJIMBOIO CTa€ HAsBHICTh
pe3epBHUX HaBITAlIHUX cHcTeM Ha Ooptry. Bimmomimno mo Permamenty 19, 3ramanoro Buiie,
HaBirauniHe 00J1aJIHaHHs IOBUHHO MAaTH YiTKE PEKOMEHI0BaHE pe3epBHE PIlICHHS Il KOHKPETHHX
enemeHTiB [1, 2].

ECDIS (Cucrema BimoOpaskeHHs €NEKTPOHHHMX KapT Ta iH(opmarii): abo axkTyaibHi
narnepoBi KapTH, a00 BTOpHHHUH He3anexxHuit npuctpiit ECDIS moxHa BUKOpUCTOBYBaTH 17151 HOTO
MIATPUMKH, YCYBalOUU MOTPedy B ManepoBUX KapTax Ha O0PTY;

— JOMOMDKHHMA MAarHiTHUA KOMMac: HOro MOKHa 3aMiHUTH OCHOBHMM MAarHITHUM
KOMITAaCOM 1 BiH TIpaIfioe 0e3 moTpebu B >KMBJICHHI, TOKA3yIOUM MAarHiTHUHW KypC Ha TOJIOBHOMY
MICIIi KepyBaHHS;

— JpYTHHA paaap, K MpaBHUIIO, pajiap s-Iiarna3oHy;
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— JpyrHid aBTOMATHYHUI 3aci® BIACTeXKEHHS: JIOAATKOBAa Tporpama, sKa MOXKe
aBTOMATHYHO BiOOpa)KaTH BiJICTaHb 1 HAPAMOK 1HIIWX IIJICH IS OIIHKY NOTEHIIIIHOT HEOe3MeKn
3ITKHEHHSI, 10 MPAIFOE OKPEMO BiJl OCHOBHOT aBTOMAaTUYHO1 pajionokaiiiHoi qomomoru (ARPA).

HeoO0xigHO miAKpecInTy, 1o npaBuiia He 3a00pOHSIOTH T0JIaBaTH T0JIaTKOBE pE3epPBYBaHHSI
1o HaBiramiiiHoro o6magHanHsa. CyaHOOYIIBHUKH, BUPOOHUKH Ta MOCTAYaJbHUKH CHUCTEM MAlOTh
MPaBO TPOTIOHYBATH MOPSKaM JOJATKOBI KOMii BaKJIMBHX MJIsi OC3MEKH YAaCTHH CUCTEMHU IS
nigBuiieHHs HafgiiHocTi. [IpaBuno 19 posniny V Konsennii SOLAS onucye HeoOXinHI e1eMeHTH
HaBIraifHoro oGiagHaHHs, ke OyJe BCTAaHOBJIEHO Ha CyJHaX, TOAl SIK Pe30JdIoLli Ta CTaHIapTu
BukoHaHHA IMO [neTanpHO OMMCYIOTH TEXHIUHI XapaKTepUCTUKHU 3a3HAu€HOro oOJaJHaHHS.
Opuanuno 000B’s3KOBI  cTaHAapTW I 1HTerpoBaHuX  HapiramiiiHux cucrem (INS)
BCTaHOBJIIOIOTHCS  (DYHKIIOHATbHUMH BUMOIaMH JO HaBiramilHMX 3aBAaHb, BHUMAarar4u
pe3epByBaHHs Ta BiAMOBOCTIHKICTh. OTxe, INS B IIOMy CTPYKTypOBaHO TakUM YHHOM, 1100
BIAMOBIAATH AEIKUM a00 BCIM MIHIMAJIBLHUM BUMOTraM JO HaBiramiiHOro o0/1aJHaHHS.

VY naHui yac TEXHOJIOTIYHMM AacTeKT CyJAHOBOi HAaBITAIllHHOT CHCTEMH CKJIQJAa€ThCs 3
Mepexi, 10 CKIAJAaeTbCs 3 KOMIIOHEHTIB, MiJICUCTEM, BY31iB 1 iHTepQeiciB JOAMHA-MalluHA.
Komanma MicTka BHKOPHCTOBYE IIe OOJIQJHAHHS JUII BUKOHAHHS MOPCHKHX 3aBJIaHb, TaKUX SK
MOHITOPUHI, NPOTHO3YBaHHS Ta MNPUHHATTA pilleHb i 4ac oOpoOKH cynHa, 3a0e3nedyrouu
Oe3nevyHe CyJIHOIUIABCTBO MPOTSIrOM Yycboro peicy. /[latuumku, paaio- Ta KOMyHiKalliliHe
oOnagHaHHsA, JpKepeaa JaHuX, 3aco0u oOpoOKM JaHMX 1 IHCTPYMEHTH Bi3yali3alii € 4acTHHOIO
KOMIIOHEHTIB i MiICHCTeM. IX TIPOIyKTUBHICTD 3a/eKUTh B KOHDIryparlii Ta KOHTPOIIO TIOAMHH.

Takum 4MHOM, BUKOPHCTOBYBaHI Cy/JHOBI HaBiraliiHi CUCTEMU MOXKHa KiacudikyBaTu abo
SIK TEXHOJIOTT4HI cuctemu (0e3 ydacTi JIOJuHH), a00 K COLIaJbHO-TEXHIYHI CUCTEMH (3 y4acTio
mronuHu). KoHKkpeTHa mepcrekTuBa HaBiraliiHOi CUCTEMHU 3pEIITOI0 BU3HAYAE, SIKI KpUTepii ciin
BUKOPHUCTOBYBATH JJISl OLIIHKM HASIBHOCTI CTIMKOCTI. SIK110 Oe3nedHa Ta eeKkTUBHA HaBirauis cyiHa
€ IMPIOPUTETOM, TEXHOJIOTIYHA CHUCTEMa Ta E€KilaXk MOBUHHI PO3MNIAJaTHCA SK €IMHE Iiie, 110
MpaIoe pa3oM 13 MIHJIUBUM CEPEIAOBHINEM, BPAaXOBYIOYHM SIK TEXHOJOTII0, TaK 1 MOKJIMBOCTI
eKIIaxy.

BuK/I04HO TE€XHOJOTrIYHA MEepPCIEeKTHBA OLIHIOE TEXHIYHY CTIMKICTh (HAAINMHICTh) HUIAXOM
BHUMIPIOBaHHS TOTO, HACKUIBKHM JOOpE TEXHIYHI CUCTEMU MOXYTh Ha/laBaTH BaKJIMBY HaBiraliiHy
1H(pOopMalLlilo 3 HEOOXITHOIO ePeKTUBHICTIO. Po3risaatoun comianbHO-TEXHIYHI (aKTOpH, BaXKJIMBO
BU3HATH POJIb JIFOJEH, OCKUIBKM BOHHM HAJIAIITOBYIOTh, CIUIKYIOTHCS, KOHTPOJIIOIOTh 1 MPUIMalOTh
pIIIEHHS JJis HaBirauiiHoi cucTteMu. BOHM TakoXX Ciy»)KaTh OpraHoMm, SIKUH 1HIIIIOE Ta 3/1MCHIOE
KOPUT'YBaHHS Yy BIJIOBIJb HA 3arpo3H, 1110 BUHUKAIOTh. Y IbOMY KOHTEKCTI CTIHKICTh BU3HAYAETHCS
K YCHIIIHE KePYBaHHS CYIHOM ITiJT Yac MOJOPOKi 3 MiHIMAIILHUMHU pU3UKaMHu st Oe3mneku [3].

[IIupoko BH3HAHO, IO JIIOJU-ONEPATOPH BIIIrpalOTh BHPIIIAJIbHY pPOJIb y 3a0e3nedeHHi
Oe3neKky HaBiraiii, KOMIEHCYI0ur 3001 a00 HEJOMIKU TEXHIYHOI CUCTEMHU, TaKl K HEMpaBUIbHI 200
3aIli3HUII CUTHAJIM TPUBOTU MPO 3ITKHEHHsS. 3 1HIIOrO0 OOKy, MOTOYHI TEXHIYHI CHUCTEMHM Iue
HEJ0CTaTHBO CTIHKI, 1100 KOMIIEHCYBAaTH HU3bKY MPOJTYyKTUBHICTh JIOJUHU-oniepaTtopa. CinaHHs Ha
MminHy «Costa Concordia» BinOynocst depe3 Kilnbka CHpUSTIUMBUX (akTopiB [4], ane koaHa 3
TEXHIYHUX CHUCTEM HE 3MOIJIa aJanTyBaTHUCS JIOCTAaTHbO MIBUAKO, 100 MPOTHIIATH BIACYTHOCTI
M01H(OPMOBAHOCTI MPO CUTYAIIIIO Ta HEMIPABUIBHOMY NMPUHHATTIO PillIEHb JIFObMH-0IIEpATOPAMU 3
KOMAaHIH MICTKA.

Konrneniiisi 3acTocyBaHHS NPUHIUIIB CTIAKOCTI A MiABUINECHHS Oe3MMeKku Hapiramii Ta
TTIJIBUIIICHHS CYTHOTUIABCTBA ICHYE BXKE JEeAKui dac [5—14] 1 BUKOPUCTOBY€EThCS B pI3HUX cepax,
TaKuX SIK TOKpPALIEHHs CIyk0 pyXy CyJeH, NepeBipka CyJHOBUX IHIMJEHTIB, BIPOBAJKEHHS
nigxoxy mo Oesmexu II [15] ams mMopcbkoi ramysi Ta miiBHINEHHS 00I3HAHOCTI YMOB pyXy IS
OesreyHoi HaBiramii. Yci JOKYMEHTH ITiJIKPECIIOITh, IO 30CEPEHKCHHS JIMIIE Ha OKPEMHX
(akTopax HEJOCTATHBO JUIS JOCATHEHHS cTidKocTi. KpiM Toro, He3aneXHO BiJl TOTO, Y POOUTHCS
HaroJIoC Ha METOOJIOTIi, UM JIF0JICbKOMY (haKTOpi, BaXKJIIMBO 300pa3uTH HABITAIlIIO Cy/JHA K CEPIt0
mporeciB, Oepyyd [0 yBaru 3alie)KHOCTI Ta B3aemoxii. Ilpukimamom € MoAenb MOpPCHKOT
TEPCTIEKTHBU B [3], sixa TPOTIOHYE y3arajlbHEHy MOJENb Mpolecy s OPUNRHATTS HaBIrauiiHUX
pimens. OCHOBHA CKJIAHICTH IMOJISATa€ B 30alaHCYBaHHI 3HAHB 1 JOCBiYy MOYaTKOBUX MapaMeTpiB
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(mpodimoBanHs CcyaHa) 1 MOTOYHOI cuTyamii (OIiHKAa CHTyamii) Ui MPUWHATTS HaBirariitHuX
pillleHb Y HEBU3HAYEHUX CUTYAIliSX Ta iX PO3BUTKY.

AHaJi3 ocTaHHiX aocaigkeHb i myOaikaumii. [IpuHiunum criikocTi, SK 3a3HAYEHO B
[16-18], Bu3Ha4atoTh aOCTPaKTHI MOTEHIIIHHI JUKepena CTIKOCTI B IH)KEHEPHUX CHCTEMax. Y CIixX
MOTEHIIHHOTO JIKepena CTIMKOCTI 3aJIeKUTh BiJ TOTO, SIK BOHO 1HTEIPOBAaHE B CHUCTEMY, OEpydH 10
yBaru BUKOPUCTAHUH MiAX17 1 HOro BIUIMB Ha 1HINI 3aXOH, peali3oBaHi A7 MiABUIICHHS CTIHKOCTI
CHCTEMH.

Jlxxekcon [16, 17] 3a3Ha4yuB, IO 32 OCTaHHI KUTbKa NECATWIITH IS 1HKEHEPHUX CHCTEM
Oyso po3pobsieno moHax 40 TMPUHIUIIB CTIMKOCTI. BiH 3ampomoHyBaB pO3AUINTH BECh MAaCHB
NPUHIMIIB Ha 14 OCHOBHUX MPUHIMIIB, a TaKOX BKIIOYUTH TaKi MIAMHOXHHH MPUHIUIIB
(mianpuHOMNM), SK Map)ka, aBTOMaTu3oBaHa (QYHKUiA ab0 NIANPUHIUIMN IEeperpynyBaHHSs.
Peanizanis KOHKPETHOIO NPHUHLMITY CTIMKOCTI Jomomara€ CTBOPUTH a0 pPO3LIMPUTH MEBHY
3IaTHICTh CHUCTEMH II0JI0 OakaHoro arpuOyrta cuctemu [16, 18]. J[ekcoH MpeAcTaBUB YOTHPH
XapaKTepUCTUKH SIK LIl CTIMKOCTI: 3[aTHICTh HMPOTHUCTOATH 3arpo3i (CIPOMOXKHICTH), 3aTHICTh
MIPUCTOCYBATHUCS 10 3arpo3u (THYYKICTh), 30€peXeHHs (PYHKIIOHAIBHOCTI 32 HasgBHOCTI 3arpo3u
(TONepaHTHICTB) 1 3aUIIATUCS €IMHUMU, KOJIU CTUKAIOTHCA 3 3arPO3010 (3TypTOBAHICT).

Bync [19] ximacudikyBaB HH3KY MPHUHLMIIB CTIHKOCTI Ha OCHOBI YOTHUPHOX PI3HUX
KOHIENIil CTIHKOCTI, HamineHuX Ha pizHi wimi. IlouaTkoBa imes (HamiliHICTh SIK CTIHKICTB)
nepeadayvae 3MaTHICTh CUCTEMHU €(EKTUBHO MPAIFOBATH 3a TUIIOBUX 1 JICIIO MOTIpIIEHUX 00CTaBHH.
Jlpyra ines Harojomye Ha €(eKTHBHOMY Ta Ji€BOMY BiJHOBJIEHHI Micisl TPaBMAaTUYHUX 1
JNECTPYKTUBHUX MOJiH (cTiiike BigHOBIIEHHS). TpeTs i1es po3risiae CTIMKICTh y CUTyallsX, KOJIH
cucTeMa IMpaloe Mobau3y Mex abo MepeBHUIlye MEXI CBO€l IMOTYXKHOCTi, ab0 CTHKAeThCS 3
HECIOJIIBAHUMU Ta HOBUMH 3arpo3amu (CTIMKICTh Ha BIIMIHY BiI KpuXkocTi). «Criiika
a/IalITUBHICTB» CTOCYETHCS YNpPaBIiHHA (DYHKIIOHATIBbHICTIO Ta NMPOJYKTUBHICTIO B MiHJIMBOMY Ta
B3a€MOIIOB’SI3aHOMY CBITI, SIKUH BKJIIOYA€ MPUITYIIEHHS, BUMOTHM KOPUCTYBaudiB, paMKOBI YMOBH,
Takl K EKOHOMIYHI, €KOJIOTIYHI Ta MPABOBI aCMEKTH, & TAKOXK PI3HOMAHITHICTh IX B3a€MO3B’SI3KIB 1
B3a€MO/IIH.

CrepOenrr i Hioro koseru [20—22] po3poOwin psii peKOMEHAAIlN 111 CTBOPEHHS MOTYKHUX
iHpopMaLiHUX MepeX 1 CHUCTeM 3B'SI3Ky. Y MHMX NyOJiKamisx NPUHIMIN BiIMOBOCTIHKOCTI
Ha3UBaIOTHCS (haKTOpaMH, IO CIPUSIOTH, 1 BKIIFOYAIOTh K 3arajibHI MiIX0au (Taki K HaIMIpHICTS 1
PI3HOMAHITHICTB), TaK 1 MiJXOAU A0 KOHKPETHHX MporpaM (HAmpHUKIaJ, YCBIIOMICHHS KOHTEKCTY
Ta MPO30PICTBH).

HeszanexHo Bif TOTo, SK CTPYKTypOBaHI Ta BHKOPHCTOBYIOTHCS NPUHIMIN CTIHKOCTI,
BaXXIMBI JIBA KJIFOYOBI YMHHUKH: CTIHKICTh CUCTEMH 200 CHCTEMHU CHCTEM € METOI0 NMPOEKTYBaHHS,
sKa Mae OyTH YiTKO BH3HAYEHA SIK SKICHO, TakK 1 KumbKicHO. lle o3Haudae, mo OaxaHWil PiBCHb
HaJIfHOCTI ~ MOBMHEH  BU3HAayaTHCAd  (QYHKIIOHATHbHMMH  BHUMOTaMH Ta  [apamMeTpaMu
MPOAYKTUBHOCTI, OTPUMAaHUMU 3 TMPHITYIIEHb HIOJ0 YMOB €KCIUTyaTalii Ta cieHapiiB 3arpos. Lle
TaKoX Tmependadae HasBHICTh JOCTATHHO 3allJIAHOBAHUX pECypciB, 00 OyTH TOTOBUMH [0
BigHoBieHHs. OnHak 3a0e3ledeHHs CTIMKOCTI € MIOAEHHOIO BiANOBINAIBHICTIO, SIKOIO IOBHHHA
e(eKTUBHO KepyBaTH SK CHCTEMa, TaK 1 BIAMOBIAHI OpraHd KOHTPOJI Ta YIPaBIIiHHS.
BceraHoBneHHs 00i3HAHOCTI MPO CUTYAIlil0 Mae BHpIlIANbHE 3HAYEHHS 3 Ii€i MPUYMHHU, 1 BOHO
MMOBUHHO OXOIUTIOBAaTH SIK MOTOYHY CHUTYyaIlito (CTaryc, CTaH), Tak 1 OyJb-sKi BIATOBIAHI 3MiHH,
TIOB’s13aHi 31 CTIMKICTIO (HampuKiIa, HOBI 3arposn) [1].

MeTta Ta 3agadi gocjigkenHsi. MeTor aHoi poOOTH € BU3HAYCHHS METOJY ITiBUIIICHHS
HAJIHHOCTI CHUCTEM HaBIralifHOTO KOMIUIEKCY 3a JIONIOMOTOI0 PI3HUX CXeM JyOJIFOBaHHS HOTO
eneMeHTiB (arperatiB, O70kiB, MoayJiB). OcHOBHI 3amayi: 1) oImiHKa i MOJETIOBaHHS HaIIHHOCTI
PI3HHUX CXeM AyOJIFOBaHHS €JIEMEHTIB CUCTEMH; 2) OIlIHKA HAIIHHOCTI CUCTEMH 3 PiBHOHAIIHHUMH
CKJIQJIOBUMHU €JIEMEHTaMHU; 3) OIliIHKa HAaJIMHOCTI CHUCTEMH 3 HEPIBHOHAIIWHUMHU CKJIaJIOBUMH
€JIEMEHTaMHU.

Bukiaa ocHoBHoro wmarepiany. Jlns Bu3HaueHHS pIiBHSA HaIIWHOCTI HaBiramiifHoOro
o0JTaTHaHHS METOZOM EKCIIEPTHOTO OLIHIOBaHH: OyJI0 MPOBEIACHO aHKETyBaHHA 22-0X KalliTaHIB Ta
CTapUIMX MOMIYHUKIB KarliTaHa 3 AOCBIIOM poOOTH Bi 5-T A0 8-mu pokiB. Ha ocHOBI oTpuMaHHX
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BianoBigel Oynmu copmoBaHi giarpamMu, Ha SKHX II0KAa3aHO, SK YacTO KOXXHUH KOMITOHEHT
HaBIralifHoro o0JaJHaHHs MOPCHKOTO CyJIHA BUXOIUTH 13 maxy (puc. 1) Ta ym gouinbHO Oyno O
TyOIIIOBaHHS TOTO, UM 1HIIOTO KOMITOHEHTA (pHC. 2).

@ O pas va | pir

@ Qoo pas wa 2 poxn

@ OpwH pas Ha 5 poxia
@ Coon pas va 10 povia

Fpoxamnas (Gym campass) Panap (Radar) ABTCRYNEIBHA (Autepilot)
22 mgnomagi 22 mgnooigi 22 mgnoang|

ExoneT (Echo sounder) EnekTpanHl kapTH (ECTHS) ABTCMATHYHE AeHTHDIKaUI ARG cHoTeRE [AIS)
2 minnceini 22 ancaigl 2 migneaigi

Pucynok 1 — Sk 4acTo KOXHHI KOMIIOHEHT BUXOJUTH 13 JIay
@ Tox/ Yes
@ Hi/No
Fipoxomnac (Gyro compass) Papap (Radar) ABTCDPYNbOBMA (Autopllot)
22 o\ancaigl 22 mgncoigl 22 signcagi
ExoneT (Echo sounder) EnekTponHi kapTi (ECDIS) ABTOMaTHYHE iAeHTHdIKaulAMa cucTema (AIS)
22 oancaigi 22 pigneeigl 22 oancaigl

Pucynok 2 — Uu gonineHo Oyio 6 1y0toBaHHs TOTO, YU 1HIIOTO KOMIIOHEHTA
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SIk MOKHAa T1O0QYUTH BUINE, OESKI KOMIIOHEHTH HaBIraliiHOro oOJagHaHHS MaroTh
HEJ0CTaTHIO HaIIMHICTh 1 TOMY NOTPeOYIOTh MiABUILIEHHS HAAIHHOCTI.

OnxHuM 13 HAUMOMIMPEHIMMX NPUHAOMIB IIIBUINEHHS HAIIHHOCTI OONagHAHHS € OLThII-
MeHII rIuOoKe ayOnmtoBaHHS Horo eneMeHTiB. OcoOnuBO Tmpolec AyONtOBaHHS SIBISETHCS
aKTyaJbHHUM B pa3i HEJOCTaTHROI NEPBUHHOI HAIHHOCTI €IEMEHTIB KOMIUIEKCY 00JIaTHAHHS.

SIK1o BiACYTHI MPUHIIMIIOBI TEXHOJIOTIYHI MOXJIMBOCTI MiJIBUIIIEHHS SIKOCTI U, TUM CamMuM,
HaJIAHOCTI eJIeMEeHTHO1 0a3u o0aJiHaHHs, TO MPUHOMHU JTyOIFOBAaHHS € YA HE €IMHUMH 3ac0o0aMu
MiBUIICHHS eKCIUTyaTaliiHoT HalIHHOCT1 KOMITJIEKCY OOJIaJHAHHS B LIJIOMY.

Meroau Teopii iMoBipHOCTEH [23, 24] MO03BOJSIOTH TEOPETUYHO OOYMCIWUTH HAMINHICTH
TyOJIbOBAaHUX CUCTEM 1 OLIHUTH €(DEeKTUBHICTb PI3HUX CXEM J1yOJIIOBaHHS iX €JIEeMEHTIB.

PosrnsineMo HU3KY akTyaldbHUX, Ha HAIl MOTJISA, 3a7a4 CTOCOBHO HAIWHOCTI 0OJagHaHHS
HaBITaI[ifHOTO KOMILJIEKCY 3 TOUYKH 30py TyOIIOBaHHS HOTO CKJIaJJOBUX €JIEMEHTIB.

1. Oyinka i moodenreanna HadiltHocmi pizHUX cxem 0y0O1I06AHHA e/1eMEHMIE CUCEMU.

Hexaii komreke (cuctema) JesiKoro HaBiraiifHoro o0JaHaHHS MICTUTh AESIKY KUTBKICTh N
€JIEMEHTIB, WMOBIPHICTh O€3BIAMOBHOI POOOTHU SIKUX CTaHOBUTH P. s edexrtuBHOi podoTH
o0agHaHHs HeoOXiaHa 6e3BiAMOBHA poOOTa yCiX HOrO CKJIaJOBUX €JIEMEHTIB.

3 METOI MiABUIICHHS HAAIMHOCTI 00JIaHAHHS 3M1MCHIOETHCSA AyOTIOBaHHS CUCTEMHU, IS
YOI0 BUAUISETHCA 1€ N €JICMEHTIB.

PosrasineMo AB1 MOXKIIMBI B TaKiid MOCTAHOBII CXEMU JTyOIFOBaHHS:

a) 1yOIrOBaHHS KOXKHOTO €JIeMEHTa

J_P P J_P
T—— 1

Pucynok 3 — Cxema gy0rioBaHHS KOXKHOTO €JIEMEHTa

0) myOmroBaHHS BCi€l CHCTEMH

J_ P P — - —1 P
L

Pucynok 4 — Cxema a1y0JitOBaHHs BCIET CHCTEMHU

3MiCHIMO BIAMOBIAHI PO3paxyHKH 1 YMCETbHE MOJCIIOBAHHS, 100 BUSBHUTH, SKa CXeMa
TyOItoBaHHS J1a€ OLIBII BUCOKY €KCIUTyaTalliifHy HadiiHICTh.

Hagiitnicts Pa (s #iMOBipHICTH 6€3BIIMOBHOI po0OTH), SIKYy 3a0e3nedye AyOnroBaHHS 3a
CXEMOIO «a»), Ma€ HACTYITHUHN BUTIIS;

P=[1-0-p)3" 1)
Binmosigauii Bupas Ps 1715 cXeMu «0» Ma€e BUTIIS;
Ps=1-(1-p™")? (2)

3niiicHioroun nopiBHHHS (1) 1 (2), mokaxemo, mo Pa>Ps.
ITepedopmymtoemo Bupasu (1) 1 (2):

P,=[1-QQ-p?*"=p"2-p)" 3)

Ps=1-(1-pM)?=p"(2—-p" (4)
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JloBeieMo HEpIBHICTH:

2-p)">2-p" (5)

3Bakaroum, 1mo q = 1 — p, HepiBHICTH (5) Oy/Ie MaTH HACTYITHUI BUTIIS:
2-1+q@)">2-(1-q)", abo (6)
A+)"+A—-q">2 @)

3acrocoByrouu GpopMyiry 6iHOMa, OTPUMAEMO:

nn—-1) , nnh-1)n-2)

A+)"+(1-q@)"=1+nqg+ TR 30 q3+ -
nn-1 nn—-—1)n -2
ot tong e M g TS D ey ®

=2+n(n-1)q*+0 (n("_l)(gz)(n_?’) q4) > 2

Takum umHoM, (2 —p)" > 2 —p™ , i He 03HaYae, MO0 CXeMa «a» Kpaila, OLTbII HaiiHa,
HDK cxema «0», ToOTO myOsroBaHHS KOXKHOTO €JIEMEHTY CHUCTeMH 3a0e3redye OibIll BHUCOKY
HAJIHHICTD, HIX JTyOJIFOBaHHS CUCTEMU B ILIIOMY.

AHani3 HepiBHOCTI (8) Mmokasye, 110 MepeBaru CXeMU «a» OyIyTh OUIBII OYEBUIHUMU IMPHU
HEJIOCTaTHIN MEepBUHHIN HAIIHHOCTI €JIEMEHTIB, TOOTO KOJM 3HAYCHHS HMOBIPHOCTI p JOCTATHBHO
BiJaJIEH] BiJ OUHULI.

HaBmpotu, komu p HaONMKAEThCS JO OJNWHUIN, PI3HUIM MK CXEMaMH «a» 1 «O»
HIBEJIFOETHCS 1 HAAIHHICTh (MMOBIPHICTH 0€3BIAMOBHOI POOOTH) 000X CXEM aCHUMNOTOTHYHO
HAOIMKAETHCS 710 OJTUHMIIL.

[IponemMoHCTpyEMO OTpUMaHi pe3yJbTaTH, 3IMCHUBIIA YHCEIbHE MOJICTIOBAaHHS 10
piBHAHHX (3) 1 (4) Ans pi3HUX 3HAYEHb N 1 B MIMPOKOMY Jiana3oHi Bapiaiii 3HayeHs p (Bix 0,7 1o

0,99).

09— Pa ——

08 ———
Pp

0,7

0,6

0,5
0,4

0,3

0,7 0,75 0,8 0,85 0,9 0,95 1

P;

Pucynok 5 — PegynbTatn MoieIFOBaHHS IPH =2
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n=3
1 /7
0,9 )—(/
0,8 /pa/ //
0,7 /
P /D,
0,6 Pp
0,5
0,4
0,3
0,7 0,75 0,8 0,85 0,9 0,95 1
Pi
PucyHok 6 — Pe3ynbpTaTil MOAENIOBAHHS IIPH N=3
n=4
: =
0,9
’ /
08 P L —"" -
P 0,6 //
05 P
0,4
0,3
0,7 0,75 0,8 0,85 0,9 0,95 1
Pi
Pucynok 7 — Pegynpratn MozeroBaHHs pu n=4
n=5
1 ——
0,9 S
0.8 = o
P iy /
7~
0,5 =
0,4 ‘4
0,3 /
0,7 0,75 0,8 0,85 0,9 0,95 1
Pi

PucyHnok 8 — Pe3ynbpTaTl MOJENIOBAHHS MIPH N=5

Mo pyopuku exnioueno cmammi 3a memamuunoio cnpamoganicmio « Ipancnopmmui mexnonoziin



HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpchbKoi akaaeMii WL R Py IR PL

Ha puc. 5-8 mpencraBneHi pe3ysibTaTd MOJACTIOBAHHSA, SIKi IMiITBEP/PKYIOTh BUCHOBKH, IO
BUTIKAIOTh 13 aHaii3y HepiBHOCTI (&), ajge HEOUYEBMIHUM 1 HEOUIKYBaHUM pE3yJIbTaTOM € Ta
oOcTaBWHA, MO TIPH 3POCTaHHI N cxema «O» Jae 3HAYHO HIDKYY HAMIMHICTh HIX IepBHHHA
Ha/AIHHICTh €JIEMEHTIB P, KO OCTaHHS He nepeBullye 3HaueHb 0,85-0,9. ToOTO, KO 3HAUEHHS P
HEJOCTaTHRO BHCOKI, TO IyOJIOBaHHS 3a CXEMOI «0» HE TUIBKM HE TMiJIBHINNATH HAIWHICTH
CUCTEMH, a HaBMaKH, MOTIPLIUTH ii.

Bun xpuBHX HamilHOCTI 32 CXeMOIO «0» Ha puC. 5-8 HaBOOUTH HAa TYMKY NpO iCHYBaHHS
TOYOK MeperuHy. SIK BioMO, /Ui iX BU3HAYEHHS HEOOXITHO 3HAWTH APYTY MOXiAHY Bupasy (4) i
JOPIBHATH 1i HYJIIO.

P, = 2np™ (1 —p") ©)
Py = 2n[(n — Dp™2(1 — p") — np?(D) (10)
JlopiBHIOIOUH OCTaHHIN BUpa3 HYJIIO, MAEMO:
p¥'(2n—1)— (n—Dp" =0 (1)
TakuM ynHOM:
p"2n—-1)=n-1 (12)
ToO6To BUpa3 A TOUKH MEPETHHY MA€ BUTIISL
1
n—1\n
pP=(—— (13)
<2n - 1)

2 p= \E ~0577;n=3; p= @é ~0737;n=4; p= (3)% ~ 0,809;

7

TakuMm 4yuHOM: N

1

=5 0= (3

[TopiBHSIHHS OTpPUMaHMX KOOPAMHAT TOYOK MEPEeruHy 3 KpUBUMH Uit Ps Ha puc. 5-8
MOKa3ye, Mo MPOBEJACHUH BHINE PO3PAaXyHOK € BipHUM. 3HAHHS KOOPAWHATH TOYKU TIEPETUHY JUIS
CXeMHU «O» MOKe CIYryBaTH MEBHUM KPHUTEPiEM, MOYMHAIOYM 3 SIKOTO HaIIHHICTH IIi€l cxemu OyJe
ACUMITTOTHYHO HAOJIMKATHCS OO OJUHUIII.

Bunaerscs HeoOXiTHUM pO3IJISHYTH Bl 3ajadi MpO HAAIHHICTh TEXHIYHOI CHCTEMH 3 N
€JIEMEHTIB 32 YMOBHU PiBHO HAJIWHOCTI CKJIaI0BHX ii €IEMEHTIB 1 3a BIJICYTHOCTI TAKOI.

2. Oyinka naoiiitnocmi cucmemu 3 pi6HOHAOTHUHUMU CKNAO0BUMU el1EMEHMAMU.

Cxema TeXHIYHOi CUCTEMH 3 PIBHO HAJIIHUX €JIeMEHTIB, po00Ta KOXKHOTO 3 SIKUX HEeoOXiJHa
JUIs YCIIIIHOT poOOTH CHCTEMH B LILIOMY, IIPEACTaBIeHa Ha pHC. 9:

0,850

Q

P v v — .. v —

Pucynok 9 — Cucrema 3 piBHOHaIIMHUX CKIIaJJOBUX EIEMEHTIB

SAxIo TeXHIYHA CHCTEMa CKJIAA€ThCsl 3 N PIBHOHAAIMHUX €JIEMEHTIB, BUXI1 3 JTaAy KOKHOTO
3 SIKHX O3Hayae BHXiJ 3 JaJly CHCTEMH B LIJIOMY, TO 3arajibHa HaJilHICTb cHUCTEMH (IMOBIPHICTh
0e3B1IMOBHOI poboTn) P:

P = pn’ (14)

3BIIKM, HAJIHHICTH P KOXKHOTO €JeMEHTa I 3a0e3MedYeHHs 3arajbHOl HaJIiiHOCTI P moBHHHA
JIOPIBHIOBATH:

p="P (15)
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MosxHa 3HaWTH ¥ OOMEXEHHS U1 YMCia €JIEMEHTIB N 3 HaIIHHICTIO P IS 3a0e3MeYCHHS
3aaHO0l HaIIMHOCTI cucTeMHu P:

In P
n = int[—] (16)
Inp
Ie int[X] — IiJ1a yacThHa X.
[IpoimtocTpy€emMo HaBEEHY 3aJICKHICTD:

1

0,97
0,95

0,99 7;, _____—09 P
098 |~ // —— 0,85
_~
0,96 p—
P oss /-
0,94 ///'

0,93 /
/

0,92

0,97

0,91

N
H
(o)}
0o

n

Pucynok 10 — 3anexsnicts (15) HeoOXiAHOT HAAIHHOCTI €IEMEHTIB P BiX 3arainbHOI
(3amaHoi) HamiifHOCTI cucTemu P 1 yncia eneMeHTiB y Hill N

Buano, mo 31 30UTbIIEHHSAM 3aaHO1 HAIIMHOCTI cCUCTeMH P Ta umciia elIeMeHTiB Ny Hii,
MoTpiOHA Bce OLIbII BUCOKA HA/IIMHICTh CKIIAJ0BUX €IIEMEHTIB CUCTEMH .

3. Oyinka naoitnocmi cucmemu 3 HEPIGHOHAOTHUHUMU CKAAO0BUMU €lleMEHMAMU.

SKmo cucTeMa CKiajieHa 3 HEPIBHOHAMIWHUX €JNEeMEHTIB (1o HWMOBIpHO HaWyacTime i
TPAIUISIETBCSl HA TPAKTHUIl), TO OLIHUTH HMOBIPHICTH 0€3BiIIMOBHOI POOOTH OKpPEMO KOXKHOTO
€JIeMEHTa JOCUTh BaXKKO, 1 TOJIl 4aCTO 1X 3aMiHIOIOTh MPUOIU3HO AEIKHUM CEPEIHIM 3HAUCHHSIM:

1 n
_:_z _ (17)
p "y bi

i=1

O1iHMMO, HACKUIBKU TIPAaBOMOYHOIO € Taka 3aMiHa 1 K BiAPI3HATUMYTHCS HWMOBIPHOCTI
0€3BiIMOBHOI POOOTH CHUCTEMH, SKi OOYHMCIICHI 32 ICTUHHMMHU 3HAUYEHHSIMH Pi Ta 32 iX CepeaHiM
3HAYEHHSIM.

SIx6u Oynm BimoMi WMOBIpHOCTI Pi 0€3BIIMOBHOI pOOOTH KOKHOTO €JIEMEHTa, TO 33 YMOBHU
HE3JIe)KHOCTI BIJIMOBH KOKHOTO €JIEMEHTa, TOYHE 3HAYCHHS MMOBIPHOCTI 0€3BIIMOBHOI poOOTH
cucremu B itomy P = [[1X; p;.

Ha6nmuxeHe 3Ha4eHHs P, 00UHCIIEHe 3a cepeTHBOI0 HMOBIPHICTIO P, MAaTHMe BUITIS/

1y
P = (gz p)" (18)

: : 1
Takum 9uHOM, TOTPiOHO MOpiBHATH BemmdnHu [ [[=; p; Ta (=21 p)™.
n

Binomo, 1m0 cepegHe reoMeTpUYHE TO3UTUBHUX (HE PIBHUX MIXK COOO0) BEJIMYWH MEHIIIE,
HIX 1X cepenHe apupMeTHIHE:

(19)
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3BIJIKM BUILIMBAE, 1IO:

%; Pi] (20)

n
[ [
i=1

TOoOTOP < P, a me o3Hayae, IO OIiHKa HMOBIpHOCTI 0€3BIIMOBHOI poOoTH cuctemMu P — 3a
CepeIHIMU 3HAYCHHSIMH IS P; 3aBXAH OyJe e0 3aBUIIECHOIO B MOPIBHAHHI 3 ICTUHHOIO.

3 ampiopHUX MIpKyBaHb BUIAETHCS, IO LIS PI3HUI Ma€ 3aJeKaTd Bia AHMCIEPCii MacHUBY
3HAYEHb P;.

BukoHaeMo yuCeNbHI €KCIIEPUMEHTH Ha TIPHUKIIA]I HACTYITHOTO MAaCHBY:

p;: 0,55; 0,6; 0,65; 0,7; 0,75; 0,8; 0,85; 0,9; 0,95.

Bynemo nocnimoBHO JOCTiKYyBaTH HA0OpH 3 3-X, 5-TH, 7-u Ta 9-TH €NEMEHTIB 13 CepeIHIM
3HaueHHsAM p= 0,75.

Hucnepcii o0uucianmo 3a BIIOMUMHU (HOPMYJIaMU:

n

n
1 _ 1 _ 21
52:55(’@_9‘)2:5%9‘5_"2 (21)
i=1

i=1
BinmoBigHO cepeTHbOKBaIPATUYHE BIAXUICHHS (CTAaHIapTHA IIOMUJIKA):

Iy 22
S = 52 ( )
.. . [ S .
O6uuncnumo Takox kKoedimieHT Bapiamii y = =+ 100%, sx BiZHOCHE 3HAYCHHS IMOMWIKH Ta
X

BiJIHOCHY IIOMIJIKY § MiX 3HaYeHHsMu P ta P:

P-p
§ = ——100% 23)

OTtpumani pe3yJbTaTH HaBeJeHO y Tabnuui 1.
Hagenemo mpukiax o0uuciienHs nepmoro psaka Tadmumi n = 3: 0,7; 0,75; 0,8.

P=0,7-0,75-0,8=10,42; P =0,75% = 0,422

1
st = 3 (0,49 + 0,5625 + 0,64) — 0,5625 = 0,00167

s=0,041;y = % 100% = 5,47%
_ 0422~ 042 1 o0 — 048
042 0 BEED

Ta6muns | — 3uavennst P, P Ta TOMHJIOK S, y 16 st HaObopiB 3 3-X, 5-TH, 7- Ta 9-TH eIEMEHTIB

n P P s Y, % 3, %
3 0,42 0,422 0,041 5,47 0,48
5 0,232 0,237 0,071 9,47 2,16
7 0,1253 0,1335 0,1 13,3 6,54
9 0,0655 0,0751 0,1292 17,23 14,7

Bunno, mo mpu 3pocTaHHI aucmepcii 3HaueHb p; PI3KO 3pOcTae BiAHOCHA MOMMIKa O, il
3HaueHHs nepeBUINy0Th 10%, 110 CTaBUTH MiJ CYMHIB IPaBOMIPHICTb 3aMiHHM MacHBY p;iX
CepeIHIM 3HAUCHHSIM.
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4. Ilpuxknao cxemu Oyon106aHHA cucmemu HePi6HOHAOIIHUX elleMeHmiE.

SIKo cuctema CKIaJaeThesl 3 HEPIBHOHAAIMHUX €eMEHTIB, HEOOX1THO PO3IIISIaTh 3a4auy
OyOJIIOBaHHSI €JIEMEHTIB, HaAIWHICTh SKHX HEJOCTaTHHO BHCOKA, OCKIJIBKM BOHHU JIIMITYIOTh
HaJlHICTh cucTeMu 3arajoM. EdekTuBHICTh TyOmOBaHHS HaMEHI HAJAIMHUX €JIeMEHTIB CHCTEMU
MOJKHA ITOKa3aTH Ha HACTYITHOMY IPUKJIaIi.

Hexaif TexHiuyHa cucTeMa CKIAJaeThbes 13 M'SITH €JIEMEHTIB, HaAIHHICTh SKUX (IMOBIpHICTB
0e3BiIMOBHOI poboTH) nopiBHIOE: p; = 0,85;p, = 0,75; p3 = p, = 0,95; ps = 0,75. Bunno, mo 1-
i, 2-i1 Ta 5-i eneMeHTH NOTPeOYIOTh AyOJIIOBAaHHS SIK HEOCTATHbO HAJiiHI, MpuuoMy 2-i Ta 5-i
€JIEMEHTHU IOBUHHI MaTu, MaOyTh, TpUpa3oBe AyOmntoBaHHs (puc. 11).

be3 nybntoBaHHs HAIIHHICTh CUCTEMU CKJIQJIaE:

P=1-0-p)]-[1=-A=p)]- [1 =10 =p3)]-[1=(1=py]-[1-(1~ps)]
=0,85-0,75-0,95-0,95-0,75 = 0,418
Jlo peui, SIKIIO0 BU3HAYUTH HAIMHICTB 3a cepenHim 3HadeHHsaM p = 0,85, To BoHa Oyze, K i
CJIiJI OYIKyBaTH, TPOXH BHUIIIE:

n

_ 1

P=( ) p)" =085 = 0444
i=1

P H Pa

i

Pucynok 11 — Cxema n1y01p0BaHOI cUCTEMHU
Hanitinicts my6sipoBanoi cuctemu (puc. 11) cknamae:

P = [1—(1_191)2] . [1—(1_192)3] "P3 'P4'[1—(1_P5)3]
=0,9775-0,984-0,95-0,95:0,984 = 0,854

Sx GaunMo, HaNIWHICTh CHUCTEMH, E€IEMEHTH SKOI MpOAyOJbOBaHI BiAMOBIAHHUM YHUHOM,
301IBIIy€ETHCS OLIBII HIXK YBIYi 1 mepeBuntye 85%.

BucHoBku. VY gnaniii poGotri Oyna mnpoBeneHa OIiHKAa €(QEKTHBHOCTI PI3HUX CXEM
nyONtOBaHHSI €JEMEHTIB CHCTEM HaBITAIIfHOTO KOMIUIEKCY 1 1X MaTeMaTH4YHE MOJISTIOBAHHS.
OTtpumani pe3ynbTaTH JO03BOJMIM 3pOOMTH HM3KY BHUCHOBKIB 1010 WMOBIpHOCTI 0€3BiIMOBHOT
poOOTH cHCTEMU MPU BUKOPHUCTAHI TIET UM 1HIIOI CXEMH Ty OIFOBaHHS.

SIKmo cuctemMa CKIAmaeTbecs 3 PIBHOHAMIMHUX €NEMEHTIB, TO AyOJIFOBaHHS KOXKHOTO
eleMeHTa € OuThbIl e()EKTUBHUM METOJOM IIiJIBUIIEHHS HAIIWHOCTI, HDK IyOntoBaHHS BCI€i
CHUCTEeMHU. binmbie Toro, sKIO 3HAYCHHS IMEPBHMHHOI HAIIMHOCTI eneMeHTiB aopiBHioe (0,85 abo
HIDKYE, TO TyOJIFOBaHHS BCi€l CUCTEMH 3 KOXKHUM 3pPOCTAaHHSIM KUTBKOCTI TyOJIFOIOUMX €JIEMEHTIB
3HAYHO 3HU3UTH HAIIHHICTE CcUCTEMHU. Toml AK MIABUINEHHS HATIWHOCTI CUCTEMH IUISXOM
TyOJIOBaHHS KOKHOTO €JIeMEHTa MPH HEJOCTaTHIM MEpBUHHIN HAIIHHOCTI eneMeHTiB OyJie OuIbII
ICTOTHE MpH 3HAYCHHSIX HAIMHOCTI eneMeHTiB HiKde 0,85.

SIKIo cucTema CKIIAaeThes 3 HEPIBHOHAMIMHUX €JIEMEHTIB, TO MPU HEMOMXJIMBOCTI OIIHKH
WMOBIpHOCTI O€3BIIMOBHOI POOOTH OKpPEMO KOXKHOTO e€JeMEHTa 3aMiHa iX 3Ha4YeHb JICSKUM
CepeHIM 3HAYCHHSM BHSBISETHCS CYMHIBHOIO (IIPU ICTOTHIHN Aucriepcii iX 3Ha4eHb), OCKUIBKH TIPU
BHUCOKIH AucTiepcii 3HaueHb IMOBIPHOCTI 0€3BiIMOBHOI pOOOTH €JIEMEHTIB CUCTEMHU PI3KO 3pPOCTa€
3HAYEHHS BIJTHOCHOT ITOMUJIKH, sika MOXe mepeBuntyBatu 10%.

JlyOmroBaHHSI HAMMEHIII HAIMHUX €JIEMEHTIB CUCTEMH, 1110 CKJIAJIA€ThCS 3 HEPIBHOHAIIMHUX
€JIEMEHTIB, MOXe 30UTBPIINTH HAIIAHICTb CHCTEMH OUIbII HIXK yJBiYi, 32 YMOBH SKIIO BOHO
BUKOHAHE 3 ypaxyBaHHSM 3HAYCHHS IMOBIPHOCTI 0€3BIIMOBHOT pOOOTH KOXKHOTO €JIEMEHTA.

IlepcnekTHBY MOAANBIIUX JOCTIIKeHb. 3aCTOCYBaHHS IMMOHSTTS IMOBHOI WMOBIPHOCTI Ta
BaiieciBcbkux (armocTepiopHUX) MMOBIPHOCTEH BiAMOBIIHUX TIMOTE3 A7 PO3PAaXyHKIB HMOBIPHOCTI
BiIMOB a00 WMOBIpHOCTI 0€3BiZIMOBHOI POOOTH SK OKPEMHX EJIEMEHTIB, TaK 1 HaBiramiiHOTO
KOMIUIEKCY B LIJIOMY.
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Abramov G. S., Plotnikov V. I. SIMULATION OF THE PROCESSES OF INCREASING THE
RELIABILITY OF THE NAVIGATION COMPLEX WITH THE HELP OF DUPLICATION OF ITS
ELEMENTS

The article discusses challenges in evaluating the stability of technical systems, primarily focusing on their
reliability in terms of trouble-free operation. The aim of this study is to investigate and mathematically model
the enhancement of reliability through different duplication schemes in navigation system components.

Various pressing issues related to enhancing the dependability of systems through duplicating their
components were discussed. Different methods for duplicating system components were assessed and their
mathematical representation was developed. Research has been conducted on the feasibility of substituting the
reliabilities of elements in systems with varying levels of reliability with an average value.

It was found that duplicating each element in a system of equally reliable elements is a more effective way to
improve reliability than duplicating the entire system. Additionally, if the primary reliability value of the
elements is 0.85 or less, duplicating the entire system with each addition of duplicate elements will greatly
decrease the system's reliability. Enhancing the system's reliability through duplicating elements with low
primary reliability becomes more important when element reliability is below 0.85. Also, it has been
demonstrated that this substitution results in slightly higher system reliability estimates, and is only logical
when there is minimal variation in the reliability values of system elements. For high dispersion values, the
system reliability calculation's relative error sharply increases by more than 10%.

An instance of substantially duplicating the least dependable components of the system is shown, resulting in a
more than double increase in the overall reliability of the system. Future research should focus on utilizing the
concept of full probability and Bayesian probabilities for related hypotheses.

Key words: duplication; reliability; probability of failure-free operation; navigation complex; modeling.
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Y ecmammi oocniooicyemoca numanus 6ub0Opy HacereHHAM payioHAIbHO2O0 CHOCOOY Nepecy8anHs y Micmax Ha
niocmasi maxkux napamempie AK OOCMYNHICMb, YdC Nepecy8aHHs ma Koe@iyieHm NCuxono2iuHoi OoyiHKu
sumpam. Y cyuacnux ymosax po3eumxy micm MOOINbHICMb HACENeHHA MAE BUSHAYANLHUL GNIUG HA PiBEHb iX
COYianbHO-eKOHOMIYHO20 Ma NPOCMOPOBO20 PO3GUMKY. TaKum YUHOM, MOJICHA CIBEPOICYBAMU, WO PO3BUIOK
Mmicm [ MOOIIbHOCMI € 63AEMONO0G 3aHuUMU npoyecamu. s 3a00801eHHs Cc80ix nomped y MOOLIbHOCMI
HAcCeNeHHaAM 'y Micmax Modice Oymu GUKOPUCMAHO MPU OCHOGHI CHOCOOU NepecyBaHHs: Niuull pyx,
epomaocokuil ma ocobucmuii mparncnopm. Koowcen i3 nasedenux cnocobieé nepecysants mae ceoi nepesacu ma
Heoosliku. 30iliCHeHHA niwo2o pyxy He nepeddbavac nomped y umpamax, no8 A3aHux i3 nepecysanHam, npome
8UMa2ae HAAGHOCMI HeOOXIOHOT AKICHOI ingpacmpykmypu. I pomadcyKuti mpancnopm € OCHOBHUM CHOCODOM
nepecysanHs maceienns y micmax. Ilpome suxopucmanus 0amo2o cnocoby nepecy8amms, OKpiM HAAGHOCH
iHGhpacmpykmypu, nepedbayae 30IUCHEHHs HACENeHHAM YaCO8UX Ma 2pOulo8Ux eumpam, a came: nioxooy 0o
3YNUHOYHO20 NYHKMY, OYIKYEAHHA NPUOYmMms MpPAHCHOPMHO20 3Ac00y 015 30iliCHeHHs NOCAOKU, pPYX 00
NYHKMY npubymms, oniama mpaucnopmnozo mapugy. Bukopucmanna ocodoucmozo 1e2ko802o agmomooins
maxodc nepedbauae HeoOXiOHICMb 30IUCHEHHsA pAOY YACOBUX MA 2POulosux eumpam. Y O0aHomy Gunaoxy
maxodc icHye HeoOXIOHICmb y 30ilCHeHHI Niuwio2o nioxody 00 asmomoobiis ma pyxy 00 Micys npusHAYeHHs.
IIpome, na 6iominy 6i0 060X NnonepeoHix cnocobie nepecysamHs, SUKOPUCMAHHA OCODUCMO20 J1e2KO8020
asmomobiis nepeddanac 30iUCHEeHHS 3HAYHO OLILUUX SUMPAM, KL N08 3aHI i3 NPUODAHHAM MA YMPUMAHHIM
mpancnopmnozo 3acoby. bepyuu 0o ysacu euwyeskazane MOXMCIUBO KOHCMAMY8amu, w0 GUKOPUCTHAHMS
3anponoHo6an020 nioxody 00 6ubOpy HACENEeHHAM PAYIOHANLHO20 CHOCODY Nepecy8anHs i3 Ypaxy8aHHAM
HasedeHux ocobaugocmeti 6udie MOOLIBHOCMI 003601UMb RIOBUWUMU MOYHICMb OYIHKU MPAHCNOPMHOT
NOBEOIHKU 3a PAXYHOK KOMNIEKCHO20 8pAaXy8ants maKux napamempie K 0OCHMYNHICMb, 4ac nepecysanHs ma
KoeiyieHm ncuxono2iunol oyinku eumpanm.

Kniwouosi cnoea: niwuii pyx;, 2pomaodcoKuti mMpaHcnopm, OCOOUCMUL 1e2KOBULl a8MOMOOINL; GI0CANb
nepecysamHs,; UMpamu 4acy; epynu Umpam.

DOI: 10.33815/2313-4763.2024.2.29.178-186

Beryn. [IpoTsirom ocTanHiIX JeCSATUIITh BUMOTH OCHOBHUX YYaCHHUKIB MEPEBI3HOTO MPOLIECY
(MyHILMMANITET, TEPEBI3HUKU Ta HACEIEHHS) A0 MOOLIBHOCTI MiABUIIKINCI. OJHUM 13 KIHOYOBUX
JpaiiBepiB JTAaHOTO MpOIECYy € AaKTHBHA IMIUIEMEHTAlli] CyYaCHMX KOHLEMIIiM TpaHCIOPTHOTrO
IUIaHYBaHHA SK Ha JepXKaBHOMY, Tak 1 MicueBoMy piBHAX. JlaHi KoHuemnuii BimoOpaxeHi y
HamionanbHiil TpaHcnopTHi ctparerii Ykpainu Ha nepion 1o 2030 poky, HauionanbHii cTpaterii
31 cTBOpeHHs 6e30ap’epHOro mpoctopy B Ykpaini 10 2030 p., [Imanax cramoi MicbKOi MOOIITEHOCTI
(TICMM) Tomo.

Hapasi roysioBHOIO IIJUTIO HACEJNCHHS € 3aJI0BOJICHHS BJIACHUX MOTped y MOOUTHHOCTI 13
ypaxyBaHHSIM BHCOKOT'O PiBHS SIKOCTI TPAHCHOPTHUX MOCIYT Ta JOCTYNMHOCTI Tapudis. Y Toil xe
4ac OmepaTopy rPOMaJICBKOTO TPAHCTIOPTY 3alliKaBJICHI B OTPUMaHHI MAaKCUMAJILHOTO MIPUOYTKY Bif
3MIACHEHHS IEPEBI3HOT AISTBHOCTI NPU MiHIMaIbHUX BUTpaTax. OCHOBHOIO LIJUII0 MYHILUMIATITETY
€ 30UThIIIEHHSI KIJTBKOCTI TEpEeCyBaHb HACEJICHHS CTaJMMHU BHJIaMH MOOUIBHOCTI, IO 3HAYHOIO
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MIpOIO CHpUsS€ JOCSITHEHHIO 3aBAaHb, BU3HAUYCHUX HAI[IOHAJTHHUMH 1 MICIEBHMHU CTpPATETIYHHUMHU
JOKYMEHTaMH.

Y nmaHoMy BUMNAIKy CIiJ 3BEpPHYTH OCOONMBY yBary Ha TOW (akT, MmO il BCIX
BUIIIEBKA3aHNUX YYACHUKIB IEPEBI3HOTO MPOLECY MOXKYTh OyTH JOCATHEHI JIMIIE 32 YMOBU BUCOKOTO
piBHS sIKOCTI TpaHCcTOpTHUX TocyT [1, 2, 3].

AHaJi3 ocTaHHIX JoCail:keHb Ta myOJikamii. 3agadi, M0 CTOCYIOTHCS OCIHITHKEHHS
IepecyBaHb HACEJIEHHS Yy MICTaXx BHPIUIYIOTbCSI OararbMa BITYM3HSHUMHU Ta 3aKOPJOHHUMU
HaykoBLsIMU. CyTTe€BUH BKJIAJ Yy JMOCHIIKEHHS MaHOro nuraHHs 3xaiiicHeHo II. T'opbauoBum,
€. Haropuum, B. Bnosuuenko, O. Pocconoum, C. CiunHchkuM, €. JIrobum, b. CkopobGoraroBum,
A. Pemsrokom, 1. bytksasiuycom, JI. KomutkoBum, H. Leonard, S. Stouffer, A. Fotheringham,
A. Voorhees, T. Fratar, P. Newman, J. Korte, J. Pucher, F.Lehner ta 1#.

PesynbraT npoBeneHOro aHamidy MiAXOMIB 100 BUOOPY HACEJIEHHSAM CIOCOOY
MepeCcyBaHHs y MicTaxX CBiYaTh MPO MOKJIMBICTH IX YJOCKOHAJCHHS 33 PaXyHOK KOMILIEKCHOTO
BpaxyBaHHS TaKMX [apaMeTpiB K JOCTYIHICTb, Yac MEpPeCcyBaHHSA Ta KOEPILIEHT MCUXOJIOTIYHOT
OIIHKH BUTpAT.

IToctanoBka mpo0JjeMH y 3arajibHOMY BHIVIAA. Y CyYaCHUX yMOBaxX pPO3BUTKY MICT,
MOOLIbHICT, Ma€ 3HAYHUM BIUIMB Ha (YHKIIOHYBAHHS SIK MYHILMIIAIBHOTO TOCHOJApCTBa, TaK 1
HiANpUEMCTB yciX ¢opM BrnacHocTi. Lleit (akT MosicHIO€TbCA THM, IO TPAHCIOPTHA CUCTEMA €
CYKYITHICTIO TPAaHCHOPTHHUX 3ac0o0iB Ta NUIAXIB CIOJYYEHHS, SKI HIOJEHHO BHKOPHCTOBYIOTHCS
JeCATKAaMU THCSY KOPUCTYBauiB Ul 3a0e3Me4eHHs] BUCOKOI €(heKTHUBHOCTI (DYHKIIIOHYBAaHHS MICT.
Hapasi taki mapamerpu SIK OCTYIHICTb, YaC MEPECYBaHHS Ta KOCQIIEHT TCHXOJIOTIYHOI OILIHKH
BUTpAT HE BPAaXOBYIOTHCSI KOMIUIEKCHO MPH AOCIIIKEHHI BUOOPY crioco0y MepecyBaHHs HaceleHHs.
KommuiekcHe BpaxyBaHHS BHILEBKA3aHUX HapaMETpiB JIO3BOJUTH IMIJBUIIUTH TOYHICTH OLIHKH
BUOOpY crocoOy mepecyBaHHs HACeJleHHS y MicTaXx 1 CTBOPUTH MIAIPYHTS Ul MOJAJIBILIOTO
BUKOPUCTaHHS OTPUMAHUX PE3YJIbTATIB IPHU JOCIIHKEHH] IOTEHLIHHOT TPaHCIIOPTHOI MOBEIIHKH [4].

Meta gpocaizxeHHsi. MeToro JOCHIJDKEHHS € (opMaltizallis 3aJIeKHOCTeH, BUKOPUCTAHHS
SKHX JI03BOJIUTH IiJBUIIUTH TOYHICTh OI[IHKK BHOOpY crocoOy nepecyBaHHS HACEJeHHS y MiCTax
32 paXyHOK KOMIUIEKCHOI'O BpaxyBaHHs TakUX MapaMeTpiB K JOCTYIHICTb, Yac MEpecyBaHHS Ta
KOEQIIIEHT IICUXOJIOT1YHOI OLIHKYA BUTPAT.

Metoam nocaizkeHHs. [ TOCATHEHHS METH JIOCIIIKEHHS BUKOPHCTOBYBAJIMCS METOIU
CUCTEMHOT0 aHali3y, abcTparyBanHs Ta Gpopmaizarii.

Buknan ocHoBHoro marepiaiay. CydacHuil piBeHb PO3BUTKY TPAHCHOPTHHUX CHUCTEM MICT
CTBOPIOE MOKJIMBOCTI JUISI BUKOPUCTAHHS HACEJICHHSIM Pi3HUX aJIbTEPHATHBHUX BHJIIB TPAHCTIOPTY 3
METOI0 3/11iCHEHHs nlepecyBaHb. KiIbKICTh albTEpHATUBHUX BU/IB TPAHCIOPTY 3aJIE€XKHUTh Bl 1BOX
OCHOBHHX (DaKkTOpiB, a came: piBEHb PO3BUTKY BIAMOBIAHOI iH(pacTpyKTypu Ta €KOHOMIYHOT
noctynmHocTi. ['padiuHy  iHTEepmperamiro OCHOBHHUX BHJIB  TPaHCIOPTY, SAKI  MOXYTb
BUKOPUCTOBYBATHUCS HACEJIEHHSAM Uil 3JIMCHEHHS TepecyBaHb y MICTax MPEJCTaBICHO Ha
pucysky 1 [5].

BignosimHo g0 iHopmarii, TpeAcCTaBICHOI HA PHCYHKY HIDKYE, JUIS 3IiHCHEHHS
IepecyBaHb HACEJIEHHSAM Yy MiCTaX MOXYTh BHKOPUCTOBYBAaTHCS HACTYIIHI OCHOBHI BUAHU
TpaHcnoprty [6]:

— MU pyx;

— TPOMAJCHKHUI TPaHCIIOPT;

— 0coOuCTHIl TpaHCTIOPT.

SIx mpaBmiio, mpu BHOOpi CrOCOOYy MNepecyBaHHS HACEJIeHHsS HaMaraeTbcs MiHIMI3yBaTu
BJIaCH1 YacOB1 Ta IPOIIOBI BUTpaTH. BenuunHa BUIIIEBKa3aHUX BUTPAT 3aJI€KUTD BiJl sy (PakTopiB,
IO XapaKTepU3yIThCSd TEXHIYHUMM, TEXHOJOTIYHUMHU Ta EKOHOMIYHMMHM IOKa3HUKaMH. Yum
MEHUINM € 3HaY€HHS YaCOBMX Ta IPOLIOBHX BUTPAT, TUM BHILA WMOBIPHICTH BUOOPY BIANOBIIHOTO
crnocoOy 3MIHCHEHHS TIepecyBaHHs HaceJIeHHIM [7].

Y naHoMy BHManKy KpuTepid BHOOPY HacCeJICHHSM CIocoOy TepecyBaHHS Yy MicTax
(Ki;) moxHa popmaitizyBaTH HACTYIIHMM YHHOM:
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. . AL - L+ A
Kij=A11+A‘2-L+% )
e Ai — BUTpPATH 4Yacy, sKi 3aJeXaTh Bij] BIICTaH1 IepecyBaHHs, TO/;

Al, — BUTpaTH 4acy Ha OJJMHMINIO JOBKUHH TIEPeCyBaHHs, TOI/KM;
AS — BapTiCTh OJIMHMIII JOBKMHY MEPECYBaHHS, TPH/KM;

A, — BUTpaTH, HE3aNEXKHI BiJl JOBKHHY NEPECYBAHHS, TPH;

L — BifgcTanp nepecyBaHHs, KM;

D — noxin cy6’exTa nepecyBaHHs, T'PH/TOI.

[Torpeba B
nepeMilleHi

['pomancekuii Ocobucrtui
TPAHCIIOPT TPaHCIIOPT

[Timre mepemimmeHHs

METpo, aBTO0YyC,
TpamBaii, ABTOMOO1JIB,
TpoJIeibOyc, TakCH, MOTOIIHKII
MapHIpyTHE TaKcCl

Pucynok 1 — OcHOBHI BUAH TPAHCIIOPTY, SIKI MOXKYTh BUKOPHCTOBYBATHUCS
HaCEeJICHHSM IIpH 3/IiiiCHEH] epecyBaHHs y MicTax

TTponoHOBaHMii MiAXia 10 BU3HAYEHHS 3HauyeHb KoedimieHTiB (A —AL) s KOXHOTO i3
croco0iB nepecyBaHHsI, 10 MPEJICTABICHO Ha PUCYHKY |, HABEJIEHO HUXKYE.

[Mimmit pyx. BukopuctanHs naHoro crmoco0y mepecyBaHHs He Mependayae 1morped y
3MIMCHEHH] TPOIIOBHX BUTpAT Ta Yacy Ha MIAX1A/BIAXiA J0/BIJ MICIS MOCAAKA B TPAHCIIOPTHHMA
3aci0. TakuM yMHOM, y JaHOMY BUTIQJIKY, 3HaUeHHs KoedimieHTiB (4,), (43), Ta (4,) AOPIBHIOIOTH
HyJ10. Y Toil 5xe yac 3HaueHHs koediuieHTa (4,) € 00epHEeHO MPOMOPIIIHUM BETHYUHI IIBUIKOCTI
MIIIOTO PyXY 1 MPsIMO MPONOPIIiifHE MICUXOJIOTIYHIN OIHII BUTPAT Yacy MPU BUKOPUCTAHHI TAHOTO
croco0y nepecyBaHHs:

I ubiit
A, = (2
Vnim
e Vi — TIBUJKICTH MIIIIOTO PYXY, KM/TOT;

P — KOe(illieHT MCUXOIOTIYHOT OI[IHKK BUTPAT Yacy MpH MIIIOMY pPYCi.

I'pomancekuii Tpancmopt. BuxopuctanHs gaHoro crnocoOy IepecyBaHHs mepeadavae
notpedy B 3A1MCHEHHI J10JaTKOBUX YacCOBUX BUTPAT, MOB’SI3aHUX 13 MIMIMM MiAXO0IOM/BIIX0A0M
JI0/BiJT MicII TTOCAJKK B TPAHCIIOPTHUI 3aci0. BkazaHi 4acoBi BUTpAaTH € 3BOPOTHUMH JI0 LIUTBHOCTI
MapLIpyTHOT MEPEeXi, Ta TAKOXK KOPUTYIOThCA LUIAXOM BUKOpHCTaHHS KoediuieHTa (Py,). Takum
YHHOM, Yac MIIIOTO MiAXO0Xy/BIIXOAY I0/BiJl MicIsl mocaaku B TpaHcropTHHA 3aci0 (Ty;,) Moxe
OyTH (popMai30BaHO HACTYITHUM YHHOM:

P i
Justiig 3PM . anm ( )
ne P, — IiMBHICTh MapIIPYTHOT MEpexi, KM/KM.
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[Tpu mocmimkeHHi BUOOPY JaHOTO cOcO0y MepecyBaHHsS TaKOXK € HEOOXiTHUM BpaxyBaHHS
qyacy OYIKyBaHHs MacaXMpOM TPAHCIOPTHOrO 3aco0y Ha 3yMMHOYHOMY MYHKTI. SIK HpaBuIio,
BEIIMYMHA IIHOTO IMOKA3HWKA BH3HAYAETHCS K 1/2 iHTEpBaNly PyXy TPAHCHOPTHHUX 3aco0iB Ha
MapupyTi [7]. I3 ypaxyBanusam koediuienta (P,,), yac OYiKyBaHHS TPAHCIIOPTHOTO 3aco0y Ha
3yMMHOYHOMY WYHKTI MapmpyTy rpomaacbkoro tpaHcnopty (T,,) Moxe OyTH BH3HA4YEHO
HACTYITHUM YHHOM:

T _Poq'IpyX_Poq'LMap (4)
ot 2 2-A. V.
ne P,y — KoediIieHT ICUXOIO0T1YHOI OLIHKM Yacy O4iKyBaHHS TPAHCIIOPTHOTO 3aC00Y;

[,yx — IHTEpBAJ PyXy TPAHCIIOPTHHUX 3aCO0IB HA MAPLIPYTI, TOJL;

Lyap — CyMapHa JIOBKUHA MApIIPYTY, KM;

A, — KUTBKICTh OJMHHUI PyXOMOTO CKJIAJy, III0 €KCIUTyaTyIOThCS Ha MapIIpyTi O.;

V., — excrulyartaniifHa IBUAKICTb PyXy TPAHCIIOPTHHUX 3aC001B, KM/TOI.

Ha ocHOBI BHIIEBKa3aHOTO MOJJIMBO BH3HAYHTH 3HaueHHsS Koedimienta (A4;) HACTYIHUM

YHUHOM:
P i P oy LMa
+ >

A, =
! 3PM'VHiLLI 2'Ae'Ve

()

Criig 3a3HaYMTH, 0 Y JAHOMY BHIAAKYy, 3Ha4eHHsS KoedimieHta (A,) € 3BOPOTHHM 0
3HA4YEeHHS HIBUJIKOCTI CIIOJNyYeHHs Ha MapmpyTi. Takum unHOM, 3Ha4eHHs Koedinienrta (A,) s
IPOMAJICHKOTO TPAHCTIOPTY CTAHOBHUTH:

A, = (6)

S|

ne V. — IBUAKICTH CIIOMYYEHHS Ha MapuIpyTi, KM/TOJ.

3navyenHs koedimienTa (A3) U MICBKOTO TPOMAJICKKOTO TPAHCHIOPTY OpiBHIOE HYIO. Le
MOSICHIOETBCSI TUM (DaKTOM, 110 Y MepeBakHii O1IBbIIOCTI BUMAJIKIB Ui TACAXKHPIB Ji€ Tapud, 110
nependavae 3AIMCHEHHS OIUIaTH 3a TMO0i3aKy. bepyun no yBarum dopmymy (1), MOXIHBO
KOHCTaTyBaTH, IO BeJIMYMHA Tapudy A HACEJICHHS 3a KOPUCTYBAaHHS IOCIyraMH MICBKOTO
IPOMAJICKKOTO TPAHCIIOPTY Oy/ie eKBIBAJICHTHOO 3HaUYeHHIO Koedimierta (4,) [8, 9].

Ocobucruii nerkoBuii aBromo6i1bs [10]. ¥V pa3i BUKOpPHCTaHHS JaHOTO BHJY TPaHCIOPTY,
BUTPATH Yacy, sKi He TIOB’s3aHi 3 BiZICTaHHIO epecyBaHHs (A;), OyIyTh JOPIBHIOBATH Yacy MilIOTO
PYXY 10 MICIIsl TapKyBaHHS TPAHCIIOPTHOTO 3ac00y Ta BiJ HHOTO JI0 MYHKTY MpHU3HAYeHHA. Takum
YUHOM, 3Ha4eHHs koedimienTta (A;) Moxe OyTu Gpopmali3oBaHO HACTYITHUM YHHOM:

_ LnapK " Primy 7
= - ™
i
ne Lyapx — CEPENHS BIICTAHb MiJXOTY/BiZIXO/LY 10/Bil OCOOMCTOTO JIETKOBOTO aBTOMOOLIS, KM.

Ilepenix Ta CcKiIajg OCHOBHHMX BHUTpAaT, sSKi TOB’S3aHI 3 EKCIUIyaTali€l0 OCOOHCTOTO
JerkoBoro aBToMo6iist [11] mpeacraBieHo y TabMIll HIGKYE.

[Ipu BUKOpUCTaHHI OCOOMCTOTrO JIETKOBOTO aBTOMOOINS, BHUTpPATH Yacy Ha OJMHUIIIO
JOBXUHM TiepecyBaHHs (A,) € OOepHEHMM J0 IIBUAKOCTI PyXy TpPaHCHOPTHOTO MOTOKY,
KOPUTYIOTBCS Ha 3HAYCHHS Koe(illieHTa IICHXOJIOTIYHOI OIIHKH Yacy pPyXy 1 BHU3HAYAIOTHCS
HACTYITHUM YHHOM:

P
ocC
Ap =7~ (8)
ocC
ne P,. — KoedilieHT MCUXOIOTIYHOI OI[IHKU Yacy pyXy B 0COOMCTOMY JIETKOBOMY aBTOMOOLI;

V. — MIBHIKICTh PyXy TPAHCTIOPTHOTO MOTOKY, KM/TOJI.
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Ta6muns 1 — [Nepenik OCHOBHUX BHTPAT, sIKi TIOB’s3aH1 3 €KCIUTyaTaIli€l0 0COOMCTOTO JISTKOBOTO aBTO

Ipyna Kamezopia eumpam Cmammsa eumpam
sumpam
A Burpatu, mo 3aiexarth BiJ BilcTaHi, ae He — NaIMBHO-MACTUJIbHI MaTepiany;
3MIACHIOIOTHCS i Yac NepecyBaHHS — TyMa;
— 3amacHi YacTUHM Ta  PO3XigHI
MaTepianm;
— oIiaTta TOCIYT CTaHIH TEeXHIYHOTO
00CITyTOBYyBaHHS Ta PEMOHTY.
b Butparu, siki He 3ajiexathb BiJl BiZICTaHi Ta — IUIaTHC NIApKyBaHH:I,
301MCHIOKOTHCA IIiJT 4ac nepecyBaHHA — IIpOoi3A MJIATHOKO TUISHKOIO A0poru;
— IUIaTHI B’131M.
B Burparu, 110 He 3a1ekaTh Bii KUTBKOCTI — TpuaOaHHA aBTOMOOLIIS;
nepecyBaHb (MTOCTIHHI BUTPATH) — MOJAaTKH i CTPaxOBKa;
— iHOI JepskaBHi 300pH.

Butpartu, mo npencrasieni y tabmuii 1 (rpyna A) 30UTbIIYIOTECS MPOMOPLIHHO TOBXHUHI
nepecyBaHHs. Y JTaHOMY BWITAJIKy, TPOIIOBA BAPTICTh OJUHUII JIOBKHHH TIEPECyBaHHS JOPIBHIOE
3HAYCHHIO 3MIHHHMX BUTpPAT Ha 1 KM mpoOiry ocoOMCTOro JErKOBOTO aBTOMOOUISA 3 ypaxXyBaHHSIM
Koe(ilieHTa MCUXOJIOTIYHOI OIIHKKA IMX BHUTpaT. BimmoBijaHo, 3HaueHHs KoedimieHTa (A3) Moxke
OyTH po3paxoBaHO HACTYITHUM YHHOM:

Az = By S1km (9)

e P,, — koe(illieHT MCUXOJOTIYHOI OLIHKH BUTpAT, II0 3alieXaTh BiJ BiJACTaHi, ajge He
3MIIACHIOIOTHCS ITiJ] Yac MepecyBaHHS.

S1ixm — 3MIHHI BUTpaTH 3a 1 KM npoOiry, rpH/KM.

Butpatu, mo HaBeneHo y rpymi b He 3anexarsb BiJ BiACTaHI E€pecyBaHHS, ajie MOB’s3aH1 3
HuM. Lli BUTpaTH TakoXX BILUIMBAIOTh HA MPUHHATTS PILLICHHS 100 BUOOPY crIOCOOy MepecyBaHHs 1
TOMY MarOTh OyTH 1HTETPOBAHUMHU JI0 BIJIMOBIAHOIO KpUTEpito 0e3 Oyap-sSKUX KOopuryBaHs [12, 13,
14].

Burpatu, siki BKIIOYEHO 10 Tpynu B He MoB’s3aHi 3 eKCIUTyaTali€o 0COOUCTOro JErKOBOrO
aBTOMOOLJIA, MPOTe s JaHOTO CHOCOOY ITepecyBaHHs BOHU € O0OOB’A3KOBMMH. IX BenMuMHA
3aJIeXKUTh BiJl MJIATOCIIPOMOYKHOCT] BJIACHUKA TPAHCIOPTHOTO 3ac00y Ta CTaBOK 300piB 1 MOJATKIB,
BCTaHOBJICHUX Ha Jiep>KaBHOMY piBHi [15].

bepyun nmo yBarm BuIIEBKa3zaHe, MOXJIMBO BH3HAUWTH 3Ha4eHHS KoedimieHrta (4,) 3a
rpynaMu BUTpAT HACTYITHUM YHHOM:

A, = o1 + CH T (10)
4 NpiK oc

ne [,z — cepeaHs BapTiCTh OCOOMCTOTO JIETKOBOTO aBTOMOOLJIS, TPH;

T, — cepenHs TPUBAICTH KUTTEBOTO ITUKITY OCOOMCTOTO JIETKOBOTO aBTOMOO1IIS, PiK;

B,y — Pi4HI IOCTIMHI BUTPATH Ha EKCILIYaTalil0 OCOOMCTOrO JIErKOBOr0 aBTOMOOLIIS, IPH;

Ny — cepenHs KiUIbKICTh NEPECYBaHb Ha Pik, OJ.;

P, — KOeQIIi€HT MCUXOJOTIYHOI OIIHKY 31HCHCHIX BUTPAT;

Crocr — BEJIMUMHA TIOCTIMHUX BUTPAT i 4ac MepecyBaHHs, I'PH.

CepenHs pidHa KIJTBKICTh MEPECYBaHb OCOOMCTUM JIETKOBUM aBTOMOOIJIEM TPOTITOM POKY
Mo>Ke OyTH BU3HAYCHA HACTYITHUM YHHOM:

NpiK = Lle (11)

ne Lyi — cepeHbopivHumii Mpodir 0COOMCTOrO JIETKOBOTO aBTOMOOLIA, KM;
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L, — cepenns BiICTaHb OJHOTO MEPECYBAHHS, KM.
dopmynu ans po3paxyHKy koedirieHntiB (A; — A,) IS TPHOX anbTepHATHBHHUX BapiaHTIB
MepecyBaHHs HaBEJCHO B TaOIUII 2.

Tabmuns 2 — @opmynu ans po3paxyHKy koedimieHTiB (A; — A,) IS TPHOX albTePHATHBHHX
BapiaHTiB nepecyBanHs [12]

. . , Lo I'pomaocovkuii Ocobucmuii neckoeuii
Koegivienm xkpumepiio Hiwun pyx mpancnopm demomodinn
A1 0 Priw Poy Lmap Lnapl{ * Prim
3PM ’ Vnim 2- Ae ' V;e Vnim
P 1 P,
A2 estiig - ﬁ
Vnim Vc I/(')c
As 0 0 P Sikm
LlaBT
sy ). p
As 0 Tapud 3a npoizn ( Ten oAy iy,
N . IIocCT
pik
BucHOBKH.

1. BukopucTaHHs MpPOIOHOBAHUX 3aJE€KHOCTEH [O3BOJIE€ 3AIMCHIOBATH KOMIUIEKCHHM
aHaJi3 mpouecy BUOOpY HaceleHHSIM CIOCO0y IepecyBaHHS y MICBKOMY CIIOJyY€HHI cepel] TaKuX
BU/IIB MOOUJIBHOCTI SIK MILIUH pyX, TPOMAa/ICBKHI TPaHCIIOPT Ta 0COOUCTUH JIETKOBUI aBTOMOOLIIb.

2. IlpornoHOBaH1 KpHUTepii BpaXxOBYIOTh Psii €KOHOMIYHHMX Ta TEXHIYHUX MapaMeTpiB, SKi
JO3BOJIAIOTH 3A1MCHUTH I'PYHTOBHHMI aHalli3 MEPCHEKTUBHUX BapiaHTIB PO3BUTKY MOOUIBHOCTI B
MICTaX 3 ypaxyBaHHJAM IOTOYHOTO Ta MEPCIEKTUBHOIO CTaHIB TPAHCIOPTHOI CHUCTEMM Ta
€KOHOMIKH.

3. Otpumani pe3ysibTaTH JOCHIPKEHHS Hpolecy BHOOpPY HaceJeHHSAM  CHOCO0y
MepecyBaHHs Y MICBKOMY CIIOJIy4€HHI 3 ypaxyBaHHSM IPOMOHOBAHUX MapaMeTpiB MOXKYTh TaKOXK
BUKOPUCTOBYBATHCA Ul PO3POOKH 3aXOJiB 1100 PO3BUTKY CTAIMX BUJIB IEpeCyBaHb, OCKIUIbKH
OIHCYIOTH KIIFOYOBI CKJIaJIOB1 TPAHCIIOPTHOT'O MIPOLIECY.

4. Tlopanpiia npakTHyHa anpoOarlisi HaBeleHNX Pe3yJIbTaTiB JOCTIIKEHHS MOXKEe CTBOPUTH
MIAIPYHTS IS 3I1MCHEHHS PO3PaxyHKY YacTKH I€pecyBaHb HACEJIEHHS y MiCTax MUISIXOM
MIPOBEICHHS KOPOTKOTO COIIOJIOTIYHOTO ONUTYBAaHHS PECIOHJIEHTIB 3aMiCTh BHKOPHCTAHHS
KJIACUYHUX «I[OJIEHHUKIB MUHYJIUX TOi310K».

IlepcnekTHBH MOJANBIIUX AOCTIAKEHb. 3 METOIO MEPEBIPKH 3aIIPONIOHOBAHOT KOHIEMIIIT
pO3paxyHKy 3HA4€Hb KPUTEPIiB BUOOPY pallioHATBLHOTO CIIOCO0Y MepeCyBaHHs HACEICHHS Y MiCTax
€ JIOLUIbHUM TPOBEIEHHS COLIOJOTIYHOTO OMUTyBaHHA. lle 1acTh MOXIIMBICTH BCTaHOBUTH
(yHKIIOHANIbHI 3aJIEKHOCTI MK BHU3HAYEHUMH KoeQillieHTaMd Ta, 3a NOTpeOH, YTOUYHUTH
MPONOHOBAaHY KOHIENUif0. TakuM YWHOM, MEPLIIOYEPrOBUM 3aBJaHHAM Uil TOAAJBIIOTO
JOCIIIJDKEHHS € PO3po0Ka KOHIIEMIi MPOBEACHHS COIIOJOTIYHOTO ONMUTYBAaHHS HACEJIEeHHS
CTOCOBHO TPAHCIIOPTHOI MOBEIHKH 3 YPaxyBaHHAM JieMorpadiqHol Ta EKOHOMIUHOI CUTYyaIll.

CIIMCOK BUKOPUCTAHOI JIITEPATYPU

1. IloukparoB M. Il. @opmanizalisi B3a€EMO3B’ 3Ky MK MOKa3HHUKAMHU DPIBHS 3allOBHEHHS
MICBKUX MACAKUPCHKUX TPAHCIIOPTHHX 3ac00iB. Komynanvre cocnooapcmeo micm. 2020. Bum. 152.
C. 196-203.

2. Bruun E. C. Better public transit systems. Analyzing investments and performance.
London : Routledge, 2013. 400 P.

ISSN-print 2313-4763; ISSN-online 3041-1939 183



M TpaHCHIOPTHI TE€XHOAOTI1

3. Jly®’suuit I1. B., BoititoBuu O. A., Ky3pmenko I. O. JlocTymHicTh macakupchbKOIo
TpPaHCIIOPTY JUIA HaceleHHs 3 ormsiny (opmyBanHs Tapudy. Haykosuti sicHux Xepconcwbroi
oeparcasnoi mopcokoi akademii. 2023. Bum. 1-2 (26-27). C. 107-120.

4. Daraio C., Diana M., Di Costa F., Leporelli C., Matteucci G., Nastasi A. Efficiency and
effectiveness in the urban public transport sector: A critical review with directions for future
research. European Journal of Operational Research. 2016. Vol. 248. P. 1-20.

5. Lubyanyi P. V., Voytovic O. A., Lubyanaya N. P. A mathematical model for determining
the rational version of a passenger route network// Methods and tools for analyzing and forecasting
the market situation to ensure the sustainability of business entities: monography / with gen. ed. by
Shandova N. V. — Kherson: OLDI-PLUS, 2021. — P. 160-178.

6. Banister D. Transport planning. Handbook of transport systems. London : SPON PRESS,
2001. P. 9-19.

7. 3BIT TpO HAYKOBO-IOCHIAHY pPOOOTY «OOCTEKEHHS MacaKUPOMOTOKIB HAa MICBKHUX
aBTOOYCHUX Ta TPOJEHOYCHUX MapIIpyTaxX 3arajlbHOr0 KOPUCTyBaHHS B M. Xepcon»; XHTY
norosip Bix 23.07.2021 p. Ne 148. 2021. 51 c.

8. Jly6’suuit I1. B., Autonsk II. O. ®opMmyBaHHS paLiOHAIBHOI CXEMH OIJIATH 3a HAJAaHHS
MOCITYT 110 TIEPEBE3CHHIO MacaXupiB B MicTax. Cunepeia HayKu i Oi3Hecy Y NOBOEHHOMY GIOHOGIEHHI
Xepconwunu. 2023. Bun. 1. C. 302-306.

9. Makapeako B. JI., Jly0’sauit II. B., BoittoBuu O. A. SKICTh NacaXupChbKUX
TPAHCHOPTHUX IOCIYT Ha OCHOBI He(iHaHCOBUX MoKa3HuKiB. BICHUK XHTY. 2023. Bun. 1(84).
C. 48-55.

10. Black A. Urban mass transportation planning. McGraw-Hill College, 1995. 448 P.

11. Ponkratov D., Gyulyev N., Voronko V., Ostashevskyi S., Psol S., Bugayov I.
Development of models for assessing a driver’s failure free operation in a transportation system
under conditions of traffic congestion. Eastern-European Journal of Enterprise Technologies. 2020.
Vol. 3. P. 24-38. URL.: https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=
10. 15587% 2f1729-4061.2020.194449&partnerlD=40&md5=ea68bf4fa8fcbeca31192ace21825a82
(mara 3Bepuenns: 01.08.2024).

12. Morfoulaki M., Tyrinopoulos Y., Aifadopoulou G. Estimation of satisfied customers in
public transport systems: a new methodological approach. Journal of the Transportation Research.
2010. Vol. 46. P. 63-72.

13. Ponkratov D., Davidich Y., Kopytkov D., Samchuk G., Kush Y. Public Transit
Crowding Estimation Indicators: Comparative Analysis, Conditions of Application, Interaction.
International Conference on Smart Technologies in Urban Engineering. Lecture Notes in Networks
and Systems. 2023. Vol. 536. P. 764-774. URL: https://www.scopus.com/record/display.uri?eid=2-
s2.0- 85144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation
+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b5517
81d5d748 4e385b7c420598edf04&sot=b&sdt=b&sI=122&s=TITLE-ABS-KEY %28Public+transit+
crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%?2c+
interaction%29&relpos=0&citeCnt=0&searchTerm (mata 3Bepuenns: 03.08.2024).

14. Horbachov P., Makarichev O., Svichynskyi S., lvanov I. Framework for designing
sample travel surveys for transport demand modelling in cities. Transportation. 2022. Vol. 49(1).
P. 115-136. URL.: https://link.springer.com/article/10.1007/s11116-021-10168-6 (maTa 3BepHCHHS:
03.08.2024).

15. Onivinuk H. M., Maxkapenko C. M. Oco0auBOCTI BUKOPUCTAHHS METOIIB O13HEC-aHaIi3y
070 3a0€3MeYeHHs €KOHOMIYHOI CTIHKOCTI Ta CTaJoro pO3BUTKY HiarnpueMcTBa// Metoau Ta
IHCTPYMEHTH aHaJli3y 1 MPOTHO3yBaHHS PUHKOBOi CHUTYyalli B 3a0e3ledeHH] CTIHKOCTI cy0’€KTiB
rocrojaapioBanHs: MoHorpadist / 3a 3ar. pea. H. B. [llangosoi. — Xepcoun: OJIII-TIJIFOC, 2021. —
C. 134-147.

kY o pyopuxu exnioueno cmammi 3a memamuunoio cnpamosanicmio « Tpancnopmui mexnonoziin


https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=%2010.%2015587%25%202f1729-4061.2020.194449&partnerID=40&md5=ea68bf4fa8fcbeca31192ace21825a82
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=%2010.%2015587%25%202f1729-4061.2020.194449&partnerID=40&md5=ea68bf4fa8fcbeca31192ace21825a82
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation%20+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b5517%2081d5d748%204e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+%20crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+%20interaction%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation%20+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b5517%2081d5d748%204e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+%20crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+%20interaction%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation%20+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b5517%2081d5d748%204e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+%20crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+%20interaction%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation%20+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b5517%2081d5d748%204e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+%20crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+%20interaction%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation%20+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b5517%2081d5d748%204e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+%20crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+%20interaction%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation%20+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b5517%2081d5d748%204e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+%20crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+%20interaction%29&relpos=0&citeCnt=0&searchTerm
https://link.springer.com/article/10.1007/s11116-021-10168-6

HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpchbKoi akaaeMii WL R Py IR PL

REFERENCES

1. Ponkratov, D. P. (2020). Formalizatsiia vzaiemozviazku mizh pokaznykamy rivnia
zapovnennia miskykh pasazhyrskykh transportnykh zasobiv. Komunalne hospodarstvo mist. Vyp.
152. S. 196-203.

2. Bruun, E. C. (2013). Better public transit systems. Analyzing investments and
performance. London : Routledge. 400 P.

3. Lubyanyi, P. V., Voytovic, O. A., Kuzmenko, 1. O. (2023). Dostupnist pasazhyrskoho
transportu dlia naselennia z ohliadu formuvannia taryfu. Naukovyi visnyk Khersonskoi derzhavnoi
morskoi akademii. Vyp. 1-2 (26-27). S. 107-120.

4. Daraio, C., Diana, M., Di Costa, F., Leporelli, C., Matteucci, G., Nastasi, A. (2016).
Efficiency and effectiveness in the urban public transport sector: A critical review with directions
for future research. European Journal of Operational Research. 2016. Vol. 248. P. 1-20.

5. Lubyanyi, P. V., Voytovic, O. A., Lubyanaya, N. P. (2021). A mathematical model for
determining the rational version of a passenger route network// Methods and tools for analyzing and
forecasting the market situation to ensure the sustainability of business entities: monography / with
gen. ed. by Shandova N. V. — Kherson: OLDI-PLUS, 2021. — P. 160-178.

6. Banister, D. (2001). Transport planning. Handbook of transport systems. London : SPON
PRESS. P. 9-19.

7. Zvit pro naukovo-doslidnu robotu (2021). «Obstezhennia pasazhyropotokiv na miskykh
avtobusnykh ta troleibusnykh marshrutakh zahalnoho korystuvannia v m. Kherson»; KhNTU
dohovir vid 23.07.2021 p. Ne 148-51 S.

8. Lubyanyi, P. V., Antonyak, P. O. (2023). Formuvannia ratsionalnoi skhemy oplaty za
nadannia posluh po perevezenniu pasazhyriv v mistakh. Synerhiia nauky i biznesu u povoiennomu
vidnovlenni Khersonshchyny. Vyp. 1. S. 302-306.

9. Makarenko, V. D., Lubyanyi, P. V., Voytovic, O. A. (2023). Yakist pasazhyrskykh
transportnykh posluh na osnovi nefinansovykh pokaznykiv. VISNYK KhNTU. Vyp. 1(84). S. 48-55.

10. Black, A. (1995). Urban mass transportation planning. McGraw—Hill College. 448 P.

11. Ponkratov, D., Gyulyev, N., Voronko, V., Ostashevskyi, S., Psol., Bugayov, 1. (2020).
Development of models for assessing a driver’s failure free operation in a transportation system
under conditions of traffic congestion. Eastern-European Journal of Enterprise Technologies. Vol.
3. P. 24-38. URL: https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=10.
15587%2f1729-4061.2020.194449&partnerlD=40&md5=ea68bf4fa8fcbeca31192ace21825a82
(data zvernen nia: 01.08.2024).

12. Morfoulaki, M., Tyrinopoulos, Y., Aifadopoulou, G. (2010). Estimation of satisfied
customers in public transport systems: a new methodological approach. Journal of the
Transportation Research. Vol. 46. P. 63-72.

13. Ponkratov, D., Davidich, Y., Kopytkov, D., Samchuk, G., Kush, Y. (2023). Public
Transit Crowding Estimation Indicators: Comparative Analysis, Conditions of Application,
Interaction. International Conference on Smart Technologies in Urban Engineering. Lecture Notes
in Networks and Systems. 2023. Vol. 536. P. 764-774. URL: https://www.scopus.com/
record/display.uri?eid=2-s2.0-85144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+tran
sit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2
c+interaction&sid=b551781d5d7484e385b7¢c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-
KEY%28Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditio
ns+of+ application%2c+interaction %29&relpos=0&citeCnt=0&searchTerm (data zvernennia:
03.08.2024).

14. Horbachov, P., Makarichev, O., Svichynskyi, S., Ivanov, I. (2022). Framework for
designing sample travel surveys for transport demand modelling in cities. Transportation.
Vol. 49(1). P. 115-136. URL.: https://link.springer.com/article/10.1007/s11116-021-10168-6 (nara
3BepHeHHs: 03.08.2024).

ISSN-print 2313-4763; ISSN-online 3041-1939 185


https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=10.%2015587%2f1729-4061.2020.194449&partnerID=40&md5=ea68bf4fa8fcbeca31192ace21825a82
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=10.%2015587%2f1729-4061.2020.194449&partnerID=40&md5=ea68bf4fa8fcbeca31192ace21825a82
https://www.scopus.com/%20record/display.uri?eid=2-s2.0-85144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+tran%20sit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%252%20c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+%20application%2c+interaction%20%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/%20record/display.uri?eid=2-s2.0-85144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+tran%20sit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%252%20c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+%20application%2c+interaction%20%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/%20record/display.uri?eid=2-s2.0-85144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+tran%20sit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%252%20c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+%20application%2c+interaction%20%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/%20record/display.uri?eid=2-s2.0-85144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+tran%20sit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%252%20c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+%20application%2c+interaction%20%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/%20record/display.uri?eid=2-s2.0-85144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+tran%20sit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%252%20c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+%20application%2c+interaction%20%29&relpos=0&citeCnt=0&searchTerm
https://www.scopus.com/%20record/display.uri?eid=2-s2.0-85144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+tran%20sit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%252%20c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+%20application%2c+interaction%20%29&relpos=0&citeCnt=0&searchTerm
https://link.springer.com/article/10.1007/s11116-021-10168-6

M TpaHCHIOPTHI TE€XHOAOTI1

15. Oliinyk, N. M., Makarenko, S. M. (2021). Osoblyvosti vykorystannia metodiv biznes-
analizu shchodo zabezpechennia ekonomichnoi stiikosti ta staloho rozvytku pidpryiemstva//
Metody ta instrumenty analizu i prohnozuvannia rynkovoi sytuatsii v zabezpechenni stiikosti
subiektiv hospodariuvannia: monohrafiia / za zah. red. N. V. Shandovoi. — Kherson: OLDI-
PLIUS. — S. 134-147.

Voytovych O. A., Lubyanyi P. V., Mospan V. M., Kuzmenko I. O. THE MODEL FOR CALCULATING
TRANSPORTATION MODE CHOICES BASED ON AFFORDABILITY CRITERIA

Abstract. The article investigates the issue of the population’s choice of a rational mode of transportation in
cities based on parameters such as affordability, travel time and the psychological assessment of expenses. In
modern urban development, population mobility significantly impacts socio-economic and spatial development
levels. Thus, it can be stated that urban development and mobility are interrelated processes. To meet their
mobility needs, urban population can use three main modes of transportation: walking, public transport and
personal vehicle. Each this mode of transportation has several advantages and disadvantages. Walking incurs
no transportation expenses but requires well-developed and high-quality infrastructure. Public transport is the
primary mode of transportation for the population in cities. However, using public transport requires both time
and monetary expenses. In addition to having access to infrastructure, the population must travel to the stop,
wait for the vehicle to arrive for boarding, commute to their destination and pay the fare. Using a personal
vehicle also involves various time and monetary expenses. In this case, there is also a need to walk to the
vehicle and commute to the destination. However, unlike the two previous modes of transportation, using a
personal vehicle involves significantly higher costs related to its purchase and maintenance. Considering the
above-mentioned, it can be stated that employing the proposed approach to assessing the population choice of
a rational mode of transportation by accounting for the features of each mobility type will enhance the
accuracy of evaluating transport behaviour. This is achieved through a comprehensive consideration of
parameters such as affordability, travel time, and the psychological assessment of expenses.

Key words: walking; public transport; personal vehicle; travel distance; time expenditures; groups of
expenses.
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HaykoBuit BicHUK XepCOHCBKOI Aep3KaBHOI MOPCHKOI akageMii
BUMOI'U 1O O©®OPMJIEHHA MATEPIAJIIB

Jlo npyky TpHMAIOTBCS CTATTI YKPATHCHKOK YHM AHTIIMCHKOI MOBAaMH, IO MiCTATh
pe3yNbTaTh BIACHUX OPUTIHANBHUX JOCITIIKEHb, SKI MAlOTh HAYKOBY 1 MPAKTUYHY I[IHHICTH 1 HE
nmyomnikyBanucst goci. Jlo IpyKy He mMpUAMAIOTBCSI CYyTO OTJISAOBI cTaTTi. BinmoBinaibHicTh 3a
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 MpOOJEeMH Yy 3araJbHOMY BUIJIAII Ta 11 3B'SI30K 13 BaXJIMBUMU HAyKOBUMU
Y OPAaKTUYHUMU 3aBJAaHHSAMH; aHaN3 OCTAHHIX JOCIIPKEHb 1 MyOuiKalii, y sSIKMX 3al04aTKOBAaHO
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, TIpi3BHUIIIE, 1HIIIaU 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).

Ingpopmauin npo aemopa(is). mnpizBuile, IHIIIANH, HAYKOBUM CTYIiHb, BUCHE 3BaHHS,
nocajia, MOBHA Ha3Ba yCTaHOBM a0 I'poMaJIChbKoi oprasizauii, Aep>kasa, e-mail, ORCID aBtopa —
KypCHBOM, T10 JIIBOMY Kpato, po3MipoM mpudry 12.

Texcm nanaetscst y gopmarti pegakropa MS Word mpugrom Times New Roman, po3mip
mpudty — 12, inTepBan — 1.

Hapamempu cmopinku (onuis Mero A, TlapameTpu CTOPiHKH):

po3mip nmamnepy — A4: 210%*297 mm;

Opi€eHTAaIlis apKyIlla — KHI)KHA (aJ1b00MHA HE IOy CKAaeThCs);

ot — 2,00 cm;

nanitypka — 0,00 cm;

KOJOHTUTYJH — 1,30 cM™;

a63aunuit Biactyn — 1,25 cM, BUpIBHIOBaHHS 32 IMIMPHHOIO, CTOPIHKU HE HyMEpyBaTH.

V' cmammi nasoosmvcs minoku mi gopmynu, pucynku, madauyi, wo 3abe3neuyioms
PO3KpUmMms 3MICIy npeocmasneno20 00CI0NCEeHH, 6CI 60HU NOBUHHI MAMU NOCUNAHHS 6 MeKCMI
cmammi.

@opmynu 1oBUHHI OyTH HaOpaHi 3a JOOMOTror0 BOyoBaHOro peaaktopa hopmyn Equation
Editor. Bci ¢opMynu BCTaBisOTBCS B TaOJMUII0 3 HEOKPECIEHUM KOHTYPOM, IO CKJIAJAETHCS 3
JIBOX KOJIOHOK: y TepIlii 3HaxoAuTbes (opMyna 6e3 abzaily 1 BUpIBHSHA MO LEHTPY, Y APYTii —
HoMep dopmyru Tex Oe3 ab3airy 1 3 BUPIBHIOBAHHSIM IO IEHTPY. Mexa MK KOJOHKaMHU TaOJIHIIl
BCTaHOBJIIOETHCS HA MO3HAuIi 14 cm.

Ile crocyeTbest TakoX Qopmys 1 cUMBOIIB (OpMyI, SIKI CTOATh MO TekcTy. Ilapamerpu B
penakTopi ¢opMys MOBUHHI B TOYHOCTI BiJMOBIAaTH HaBeAeHUM HIpK4e. Po3mipu (Ormilis MeHIo
penaktopa Equation Editor: PO3MIP, Busnauwntu ...):

e 3BuvaiiHui 12 nr.

o Kpynuwuii ingexc 7 mr.

e JlpiOHwMit iHACKC 5 TT.

o Kpynuuii cumsosn 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 pucyHkiB (tif, pcx, bmp To1io) moBuHeH OyTH CyMICHUH 3 pelakTopoM TekcTy Microsoft
Word. Po3ninbna 3gatHicTh prcyHKiB — He MeHie 300 dpi.

Cmpykmypa cmammi:

e BCTYTI,

e TIOCTAaHOBKa MPOOJIEMU;

e aHaJII3 OCTaHHIX JOCTIKEHb Ta IMyOJTiKaIliii;

e MeTa Ta 3aJa4i JOCIIIKEHHS;

e BHUKIAJ OCHOBHOIO Marepiasy (METOIM MJOCHI/DKEHHS, pO3B'S3aHHS 3amad s
3a0e3MeueHHs TOCATHEHHS MTOCTAaBICHOT METH);

e OCHOBHI Pe3yJIbTAaTH Ta iX 0OTOBOPEHHS;

e BHCHOBKHU;

e TIEPCIECKTHBH MOAAIBIINX JOCTIIKEHbB;

e CIHCOK BUKOPHUCTAHOI JITepaTypH.

OCHOBHI O3 MOKYTh MaTH Ha3BH, JEIIO BIMiHHI B/l IPUBEICHUX BUIIIC HAHMEHYBaHb
31 30€pEIKECHHSIM 1X 3arajibHOI JIOT1YHOT IMMOCIiJOBHOCTI.

Cnucox euxopucmanoi nimepamypu NOJAETHCSA 3araJbHUM CIIMCKOM Yy KiHII PYKOIHUCY
(MOCTMIIOBHICTh — y TOPSAKY 3TaJyBaHHS [0 TEKCTY) 3TiTHO 31 BCTAaHOBJICHHMH BUMOTaMH
crangapty JCTVY 8302:2015. Crnucok mae HamigyBatH 15...30 HaiiMeHyBaHb, 3 KX MiHIMyM 2/3
omyOJIikoBaHMX 3a ocTaHHI 10 pokiB, 3 HUX HE MeHIIe 5 3akopAoHHUX. He menmie 3 mocunans Mae
OyTd Ha cTaTTi 3 BUAAHb, IO IHACGKCYIOThCcs 0Oazamu Scopus Ta/abo Web of Science Core
Collection. O6¢sr camoruTyBaHHs (MOCHJIAHHSA HA CBOI IMOMEpeAH] MmyOsmikalii) JOIMyCcKaeThbCs HE
Oinbiie 1/3 3aranbHOi KUTBKOCTI JPKEPEIL.

JIo crarTi TakoX HaBOAMTHLCS Tepelik Jiteparypu nartununeto (References), mms iioro
oopmnenns BUKOpUCTOBYeThCS APA-ctunb. CHHCOK JliTepaTypd TpaHCIITEPYEThCS abo
MEePEKIIAIAETHCS aHTIHChKOI0 MOBOK. TpaHciiTepyBaTH iH(GOpMaIlito HEOOX1JHO BiAMOBIAHO 0O
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 YNTaueM OKPEMO BiJ CTATTi;

e aHOTAIliA Mae OyTH M030aBJeHOIO MyOJfOBaHHA iH(OpPMAaIlii, 0 HAaBEJICHa B 3aroJOBKY
CTATTI;

e aHOTAIliAI 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.

Jns myOumikamii aBTOp TOBHMHEH HAIaTH O pPEakilii eJeKTPOHHOI TMOMmTOoI (Ha
nomrry journalnvksma@gmail.com) enekTpoHHHMI 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 aHOTAIlisl Ta KJIIOYOBI CJIOBa YKPaiHCBKOIO 1 aHIIIHCHKOI MOBaMH,
BKJTIOYAIOYM HA3BY CTATTI Ta MPi3BUINA aBTOPiB JBOMA MOBAMHU — Ha OKPEMiid CTOPIHIIL;

e JTIEH31WHUI TOTOBIp MiAMUCAaHUI yCiMa aBTOpaMH;

e BiZIOMOCTI Mpo aBTOpiB (Tpi3BHIIE, iM's, MO OATHKOBI, BUCHHI CTYIiHb, BUYCHE 3BAHHS,
Micuie poboTH, mocaga, qoMainHs abo ciyxO0oBa aapeca, KOHTaKTHUN TenedoH, e-mail, HayKoBi
inTepecu aBropi, ORCID aBTopa(iB)) — Ha OKpeMii CTOPIHII.

CrarTi, mojmaHi Ha po3IJILA, MPOXOAATH IEPEeBIpKYy Ha IUIariaT Ta NOJBiiiHe cline
peuiensyBaHHs. JIJisi perieH3yBaHHs pelakiliiHa KOJIETish MOKE 3alydaTH CTOPOHHIX (DaxiBIliB 3a
BIJIMOBIHUM HAIIPSIMOM.

Penakuiiina koseris 3aiumae 3a co0O0 MpaBO MPUHMATH PIlIEHHS HIOJO0 BIAMNOBITHOCTI
NPEJCTaBICHUX POOIT HampsMaMm >KypHairy. Marepianu, mo He o(OpMIIEHI 3TiHO HaBeIeHHX
MPaBUJI, MICTATH TUIAriaT, Y4 HE BIAMOBIAAIOTH HAMPsIMaM KypHAITy OyyTh BIAXUJICHI.

Ionoxcennsn npo Kongioenyinnicmo

Imena Ta enexkTpoHHI ajxpecH, BKa3zaHI KOpPUCTyBauaMU Ha CAaWTiI LBOTO JKypHaly, OyIdyThb
BUKOPUCTaH1 BUKJIIOUHO JJIs1 BUKOHAHHS BHYTPILIHIX TEXHIYHHUX 3aBJIaHb I[bOIO JKypHaJly; BOHU HE
OylyTh IOIIMPIOBATUCH 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
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