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The issue of fatigue among navigators during the performance of their duties poses a significant risk to
maritime safety, with human factors being the primary cause of marine accidents. The aim of this study is to
develop and test an automated method for identifying hazardous fatigue factors in navigators based on sleep
indicators. This study addresses the challenge of accurately diagnosing fatigue, which is often underestimated
or misinterpreted by the navigators themselves. The research involved long-term monitoring of the
psychophysiological state of navigators during their duties and rest periods on the vessels "Alexander” IMO
9433353, "Brigitte M" IMO 9155913, and "LONGWOOD" IMO 9504138. Various statistical and dynamic
analysis methods were used in the study, including regression analysis, time series analysis, and Student's t-
test.

The experiments demonstrated a significant correlation between the duration of deep sleep and the reduction
in wakefulness periods, indicating that longer periods of deep sleep mitigate the effects of fatigue. It was
established that an increase in deep sleep time by 1% leads to a decrease in wakefulness time by an average of
0.736% to 0.98%. The correlation coefficient between deep sleep duration and stress level ranged from 0.73 to
0.98, confirming a high degree of correlation. The approximation error values ranged from 0.34% to 12.44%,
indicating satisfactory model quality.

The developed automated system for fatigue detection showed promising results in enhancing navigational
safety by providing real-time analysis and adaptive watch scheduling based on crew condition. The system is
capable of automatically adjusting watch schedules and rest periods, ensuring an optimal balance between
workload and rest. The practical significance of the system lies in its potential to reduce the impact of the
human factor on maritime safety by 18-28% and optimize voyage time, contributing to fuel and energy savings.
The system can also automatically intervene in cases of critical decreases in navigator performance, for
example, by automatically switching to auxiliary control systems (autopilot) or sending alarm signals to other
crew members or the control center.

The theoretical significance of the obtained results lies in the experimental proof of the effectiveness of using
sleep indicators for real-time monitoring and analysis of navigator fatigue. The practical significance of the
results lies in the development of a system that ensures timely detection of hazardous navigator states, reduces
the risk of accidents, and enhances overall navigational safety.

Key words: automation of fatigue detection; sleep indicators; maritime safety; psychophysiological
monitoring; automated control system; method.

DOI: 10.33815/2313-4763.2024.1.28.006-021

Introduction. According to the latest EMSA Annual Overview of Marine Casualties and
Incidents 2023, the trend of marine accidents has not decreased from 2014 to 2022. The total
number of accidents during this period amounted to 23,814 cases, with an average of 2,646
accidents per year. In 2022 only were 2,510 cases. 59% of accidents were caused due to influence
of the Humans factors. The second most common cause was system failures, accounting for 25.3%,
which is more than twice lower then human factor's impact, once again proving that while humans
are the key link in ensuring the safe operation of a vessel, they are also the least reliable [1].

@ Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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Figure 1 — EMSA Annual Overview of Marine Casualties and Incidents
2023 — Percentage distribution of incidents by type from 2014 to 2022

Currently, there are several intelligent tools aimed at improving maritime navigation safety
that consider the human factor [2—4]. The human factor of a navigator is a complex phenomenon
that requires a multifaceted approach to analysis [5]. An important aspect in this context is using the
various testing methods to assess an individual's psychological state. For example, using the
Minnesota Multiphasic Personality Inventory (MMPI) allows for obtaining a specific psychological
profile of an individual [6]. It is also important to perform tests that check reaction, attention, and
movement skills, using, for example, Task Attention Control software (TAC) to assess the
psychophysiological characteristics of a person.

Fatigue and stress manifestations significantly impact navigators during their duties,
especially during watchkeeping, which is critical for ensuring navigational safety. Global practices
in the application of intelligent systems are predominantly focused on navigation safety and do not
focus on ship operators [7]. Fatigue is defined as a temporary decrease in performance caused by
prolonged or intense physical or intellectual activity, manifested as a decrease in qualitative and
quantitative work indicators, as well as a deterioration in the navigator's working functions. The
initial stages of fatigue can have symptoms similar to stress (distress); however, recovery from
stress occurs almost immediately after the stressor is removed, while fatigue requires a time for
recovery [8].

Despite the significant contributions of researchers worldwide in analyzing the physiological
indicators of fatigue on the navigator's actions and decision-making accuracy and timeliness, there
is a need for automation of these processes. The creation of an automated system for studying
navigator fatigue in real-time will significantly increase the process of identifying dangerous trends
in the navigator's actions. Considering that the ship's crew does not include psychologists, there is a
need to create an artificial automated system that can replace a specialist in this field.

Problem Statement. To build a specialized automated system that identifies fatigue of
navigators during watchkeeping, it is necessary to thoroughly investigate the relevant physiological
manifestations, especially those that cannot be determined through visual observations. One of the
physiological indicators of fatigue is a decrease in blood oxygen levels, which is a characteristic
sign for a healthy person. Drowsiness is also a typical symptom of fatigue. In cases of severe
fatigue, there may be a decrease in heart rate and body temperature, which can indicate the
approach to sleep [9].

In the current context of cargo transportation, which never ceases, crews often work
overtime, enduring significant physical and psychological stress. This includes nighttime
maneuvers in ports, handling cargo, and keeping the vessel in working condition [10]. Over the past
30 years, numerous studies have been conducted on the impact of fatigue and stress on navigational
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safety. These studies have led to the development of optimal watch schedules, necessary rest hours,
and the creation of codes, instructions, company policies, and fatigue management plans.
Additionally, compliance with these measures is monitored by port authorities and the flag state
control. Despite this, the effectiveness of these measures often remains insufficient.

A significant compensatory factor in counteracting the negative effects of stress and fatigue
is adequate quantity and quality of sleep. According to the "IMO guidelines on fatigue,” the normal
sleep duration should be 7-8 hours per day, with the presence of deep sleep phase being crucial for
effective recovery. Breaking sleep into several shorter periods does not have the same restorative
effect as continuous sleep. According to the MLC Code, the minimum rest time per day should be
at least 10 hours, and in a seven-day period — at least 77 hours, with daily rest divided into no more
than two periods, one of which should be at least 6 hours of continuous sleep [11].

Studies have shown that the human body's recirculation time is around 16 hours, after which
the brain begins to lose its efficiency. It is important to note that the brain often cannot adequately
assess its own level of fatigue, especially under stress. Experiments with students who slept 4 to 6
hours a day for a month showed that they assessed their condition as normal. However, they
experienced a 400% increase in periods of micro-sleep (spontaneous falling asleep) compared to
those who slept 8 hours [12].

Sleep has a complex structure that includes different phases — the deep sleep phase and the
rapid eye movement (REM) sleep phase. It is often believed that the deep sleep phase is the most
restorative, but this is an oversimplification. In reality, both phases are important. They are closely
linked to external stimuli, but circadian rhythms have an endogenous nature and function as an
"internal biological clock.”

In the context of work on water transport, the influence of circadian rhythms is complex.
During daytime watches, circadian rhythms usually promote increased activity, which is positive.
However, during night watches, they can induce sleepness, even after sufficient rest. Thus, this
factor is important to consider when planning crew watch and rest schedules. For this reason, it is
necessary to develop an intelligent system for identifying and controlling watchkeeping in the
context of processing navigators' physiological data.

There are not many publications dedicated to solving this problem to improve navigational
safety, but there are related issues in other fields of human activity. A comprehensive analysis of the
literature in these areas will allow for a more detailed and effective approach to solving the
problem.

In particular, in the article [13], devices are described that include systems for collecting,
processing, and analyzing data to monitor patient conditions. Image processing technologies were
also used to detect and analyze health conditions, which can be adapted to monitor their
psychophysiological state. The use of specialized robots will allow performing routine tasks,
collecting data, and providing support. However, it is difficult to imagine how robots, which require
stable surfaces in rooms, can be used to support watchkeeping.

Joint approaches to solving the problem are described in the article [14], which involve the
use of intelligent agents. This can be used to monitor the psychophysiological state of the crew,
collecting data in real time and adapting working conditions according to the collected information.
Additionally, the development of intelligent rules or algorithms that automatically adapt watch
schedules based on the current state of the crew is of interest, similar to minimizing errors in GSM
networks as mentioned in the article.

In the study [15], the focus is on optimizing the monitoring of logistics systems using the
FIFO (First-In First-Out) method with the application of intelligent systems. Key aspects that can be
adapted to development include real-time data collection and analysis, which can be applied to
monitor crew conditions. Additionally, adapting FIFO for crew shift planning, taking into account
their physiological state and needs, is of interest. However, potential difficulties in integrating
intelligent monitoring systems into existing maritime operational systems must be considered due to
differences in technologies and interfaces. The proposed technology also requires laboratory testing
in stormy weather to ensure the accuracy of data collection and analysis quality.

@ Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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A new approach to patient monitoring [16] uses hybrid adaptive machine learning methods,
elements of which can be applied in the research. In particular, the use of convolutional neural
networks (CNN) can be employed for automatic detection of important features in large datasets,
and support vector machines (SVM) can ensure reliable classification in complex informational
spaces. However, optimizing parameters in such complex models can be challenging, considering
their integration into a real ship. Additionally, many factors and variables must be taken into
account, which can complicate the process of model tuning and testing, considering the
computational limitations on a ship.

The problem of feedback with navigators as watch members can be partially solved using
the approaches described in the article [17]. This work uses chat dialogue subsystems adapted for
integrated crew condition monitoring, where the system can conduct dialogues to collect
information, for example, about the psychophysiological state of the members of the watch. Task-
oriented multi-turn dialogue modules can also be used for analysis and adaptive watch planning,
where the system recognizes the intentions and needs of the crew and accordingly adapts the work
schedule. The application of Seq2Seq (Sequence-to-Sequence) models and task-oriented multi-turn
dialogue modules may be useful for developing warning systems and automated interventions of the
captain, where a quick response to requests or critical watch conditions is expected. However, there
may be challenges in ensuring the accuracy and reliability of data interpretation, as automated data
interpretation from navigators can be complicated due to the ambiguity of statements or
unpredictability of their psychophysiological states.

For visualization, the application of media in intelligent service systems, which include
personalization and multimodal interactions [18], can significantly improve the monitoring and
management processes of navigators' watchkeeping, ensuring more accurate perception and
response to the crew's psychophysiological state.

In the article [19], robotic monitoring systems are also used, which can be adapted to collect
data on the psychophysiological state of navigators, providing the opportunity for more accurate
and continuous monitoring through digital pulse signal processing and data filtering. The usage of
machine learning algorithms for data analysis, including the development of predictive models for
early detection of changes in the watch crew's condition, can also be effective. However, there is a
difficulty in integrating these systems with existing ship safety management systems to create a
comprehensive system that takes into account both technical and human aspects.

Reliable data transmission is also important, considering the confined spaces of merchant
fleet ship rooms. In the work [20], the use of Data Distribution Service (DDS) technology is
proposed, which can ensure reliable and flexible data exchange in a distributed system. This
technology can be adapted for monitoring and managing watchkeeping on board of the ships. DDS
can provide efficient data exchange between system components, and digital twins can be used for
modeling and analyzing navigators' psychophysiological state.

In turn, there is a need for the use of mobile devices to identify the physiological data of
navigators. In the study [21], a CNN-LSTM model, which is a combination of convolutional neural
networks (CNN) and long short-term memory (LSTM), is used for ECG signal classification. This
model is integrated into the STM32F429 microcontroller for real-time ECG signal identification at
the network edge. Such an approach can be used for monitoring and analyzing the
psychophysiological state of navigators.

Beyond data processing within a single ship, it is extremely important to have the capability
of modern intelligent networks in the macrostructure, analyzing the conditions of ship navigators
within a specific water area who are interacting, i.e., involved in a common maneuvering scheme.
In this case, scaling the computer network using intelligent means [22] is appropriate, allowing for:
adapting network parameters; optimizing router settings; detecting trends and anomalies in the
network; automatically detecting and correcting errors; managing virtual networks and services;
adjusting traffic using SDN (Software-Defined Networking), etc.

One of the important aspects is the analysis of behavior, movements, and reactions of watch
team members, which would allow determining the level of fatigue and reaction speed in
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emergency situations, conducting an analysis of the logicality and systematization of navigators'
actions. The work [23] discusses the application of intelligent systems for such tasks as:
implementing synchronous video recording for rapid detection of potential dangers; monitoring
internal traffic in real-time; developing a geographical spatial model for efficient query and
modeling of transport situations, etc.

The analysis of modern research highlights the importance of integrating contemporary
technological approaches for comprehensive monitoring and intelligent management of
watchkeeping on board of the ships. Particularly effective are the applications of systems from other
fields of knowledge, such as medical monitoring and intelligent transport systems, which include
data collection and analysis, process optimization, and adaptation of working conditions depending
on the crew's state. Machine learning methods, algorithms, and Internet of Things technologies can
play a key role in improving navigational safety, reducing the impact of the human factor, and
enhancing the efficiency of monitoring and managing navigational watchkeeping on ships.

The described problem requires comprehensive automated monitoring and intelligent
management of watchkeeping time, capable of adapting to the psychophysiological state of
navigators, to reduce the impact of the human factor on navigational safety.

Research Purpose and Objectives. The purpose of the research is to develop an automated
method for diagnosing navigator’s states of fatigue to manage the composition of the navigational
watch using an intelligent safety module.

To ensure effectiveness and achieve the research goal, it is necessary to accomplish the
following tasks:

1. Develop and implement methods for controlling and analyzing the psychophysiological
parameters of navigation officers. To do this, long-term monitoring of the psychophysiological
parameters of officers during their duties and rest periods should be conducted using Student's
t-test, time series analysis methods, regression methods, and dynamic research methods. The
experiments should involve navigation officers who have undergone a medical professional
examination.

2. Analyze the sleep and wakefulness parameters of officers using regression analysis. This
requires analyzing the deep sleep time and the total wakefulness time of navigation officers.
Regression analysis should be used to establish relationships between these parameters, determining
the impact of increased deep sleep time on reducing wakefulness time.

3. Investigate the impact of circadian rhythm on the physiological indicators of officers
using time series. This involves analyzing the impact of circadian rhythm on the cardiovascular
system indicators of officers, constructing time series, and analyzing them as multiplicative and
additive models to understand the dynamics of physiological changes. It is important to establish
how circadian rhythm and time spent on the ship affect the navigator's condition.

4. ldentify factors of cumulative fatigue and develop methods to prevent hazardous
situations. This involves conducting multiple regression calculations to identify the impact of
cumulative fatigue on the state of navigators, constructing planes of rest and wakefulness states to
identify dangerous conditions such as drowsiness or excessive excitement. Methods should be
developed to control the quality and quantity of sleep for officers to improve their ability to perform
duties and reduce the risk of accidents.

Solving these tasks will ensure:

1. Integrated crew condition monitoring: Using biometric sensors for continuous monitoring
of the physiological indicators of navigators, such as blood oxygen level, heart rate, body
temperature, and sleep patterns, for early detection of signs of fatigue and stress.

2. Psychophysiological state analysis: Implementing machine learning algorithms to analyze
collected data and assess the degree of fatigue, stress, and overall psychophysiological state of crew
members.

3. Adaptive watch planning: Developing algorithms that automatically adjust watch
schedules and rest periods based on crew condition data, ensuring an optimal balance of workload
and rest.
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4. Warning and automated intervention system: Implementing a system that can intervene in
case of a critical decrease in the navigator's performance, for example, by automatically switching
to auxiliary control systems or sending an alarm signal to other crew members or the control center.

5. Ergonomic solutions development: Improving the ergonomics of workplaces based on
collected data to minimize physical and psychological strain on navigators.

Thus, this research is indeed relevant and requires solutions through intelligent systems and
automation.

Primary Research Material. Considering the research goal and tasks, we will conduct a
detailed analysis and a series of necessary studies in real-time during the ship's movement and
watchkeeping by the navigator team.

From 2020 to 2023, a number of experiments were conducted on board of the merchant
ships in real time to monitor the long-term control and monitoring of the psychophysiological
parameters of navigational officers during their duties and during time of rest, followed by analysis
of these data. GARMIN Vivo Active 3 and Fossil Gen6 sports smartwatches, BEURER BC58
portable tonometer, BEURER PO80 pulse oximeter, and Xintai HT-101 portable infrared camera
for remote body temperature measurements were used. The patented GARMIN time system, which
includes a heart rate variability sensor and an accelerometer, allows to detect the time of falling
asleep, the time of waking up and the stage of sleep in which the respondent is in.The total number
of observations was 397 days, the observation time for one respondent ranged from 36 to 92
days.The experiments involved 3 senior officers, 2 second officers, 1 third officer and 1 captain. All
were conditionally healthy according to the results of medical professional examinations. They
were aged 32 to 39 years old [Figure. 2] [Figure. 3]. For the analysis, the statistical method of
Student's t-test, time series methods, regression methods, and dynamic research methods were used.
The following parameters were analyzed: time of deep sleep, total arousal time (the time when the
heart rate, as the best indicator of arousal, was above normal), dependence of arousal time on deep
sleep. Unfortunately, today there are no methods that would allow to stimulate the deep sleep phase,
and in shipboard conditions external negative factors affect the body so much that the body rarely
enters this phase naturally. Therefore, only days when this sleep phase was present at least
minimally were chosen for the regression study [Figure. 4].
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Figure 4 — Graphs of the dependency of wakefulness time on deep sleep time

What can be seen from the graphs immediately, without additional analysis, is that as longer
the deep sleep time, as less the body perceives situations as stressful.

To understand the difference between the deep sleep graphs, we will apply Student's t-test.
Given that the sample sizes vary significantly, a more complex and accurate formula was chosen
[24]:

M, - M,|
t:
(N1—1)0'12 +(N2 —1)0'22 i+i
N, +N,-2 N, N,

(1)
Where M1 and M2 are the sample means, N1 and N2 are the sample sizes, 61 and &2 are the
standard deviations.

N (2)
Where N- is the sample size, xi — is the value of each indicator in the sample, and, p — is the
sample mean.
The calculation of degrees of freedom for entering the tables is calculated by the formula:

df:N1+N2—2 (3)

In our case, the criterion values for each pair ranged from 0.9 to 1.3, which is within the
non-significance zone. Therefore, the hypothesis that the values differ is not supported, which in
turn may confirm that deep sleep has the same positive effect on all people.

Regression analysis is a statistical analytical method used to calculate the relationships
between a dependent variable and one or more independent variables.
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For assessing dependencies, a power regression equation was chosen, which has the form
[25]:
y=ax @
For linearization, we chose logarithmic linearization with base 10.
The regression equation (constructed from sample data) will have the form:
_ b
y=a-X +¢ (5)

Where €i — are the observed values (estimates) of errors €, and bi are the estimates of the
parameters o and P of the regression model, which need to be found.

The deviations &i for each specific observation i — i are random, and their values in the
sample are unknown, so only Xi and yi the estimates of the parameters a and B of the regression
model, which are respectively a and b can be obtained from the observations, and these estimates
have a random nature since they correspond to a random sample.

After linearization, we obtain the following: M (¥)=In(a)+b-In(x)_
To estimate the parameters a and p — we use the least squares method, which provides the
best estimates of the regression equation parameters. Formally, it can be written as:

S=Z(yi—y-i)2—>min (6)
And the system of normal equations will have the form:
a—-n+b->'x=>"y—x )

For the calculations, we constructed Table 1:
Table 1 — Calculation table of parameters for the least squares method (LSM)

In(x) In(y) In(x)* In(y)’ In(x)-In(y)
In(x,) In(y;) In(x,)° In(y,)’ In(x)-In(y,)
In(x,) In(y,) In(x,)" In(y,)’ In(x,)-In(y,)

Equate equation (1) to equation (2) for the indicator a by multiplying it by the coefficient
- Z% and solving the system of equations, we get the coefficient b, after substituting it into the first
equation, we get the value of the coefficient a. The empirical equation will have the form
y=10*-x" (®)
Calculate the parameters of the regression equation for each sample:

1) Sample means
LIS VDL

n (9)
2) Selective variances
2 2
S(X)ZZZXi —XZ,S(y)ZIZyi _72
n n (10)
3) Standard deviation
500 =57 (x), $(y)={5°(y) 1)
Now the correlation coefficient b can be calculated by the formula:
p- XY
S (12)
and the coefficient a accordingly:
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To understand how much the value of the resultant feature changes on average by a part of
its standard deviation when the factor feature changes by the amount of its standard deviation while
keeping the values of the other independent variables constant, we calculate the coefficient Bj by
the formula:

() (14)

We will assess the quality of the equation by calculating the approximation error using the
following formula:

n |y| - yx|
WS
A=—"1—-100%
n (15)
The results are shown in Calculation Table 1.
To understand how close the relationship between the considered features is and how
reliable the regression equation is, we calculate the value of the correlation index R. The boundaries
of this index range from 0 to 1, and the closer to one, the stronger the relationship:

R :\/1_Z(yi _yx)zz
Z(yi _y) (16)

In our case, the factor x significantly affects y (see Calculation Table 2).

Unlike the linear correlation coefficient, R characterizes the tightness of the nonlinear
relationship and does not characterize its direction. This coefficient is universal as it reflects the
tightness of the relationship and the accuracy of the model and can be used for any form of variable
relationship.

The statistical measure of agreement, which can determine how well the linear regression
model fits the data on which it is built, is the coefficient of determination R?.

I (D)
Z(yi _Y) (17)

In our case, the criterion accuracy ranges from 0.73 to 0.98 for all cases, high in all cases
(see Calculation Table 2).

The coefficient of determination R? is also used to test the significance of the nonlinear
regression equation in general using the Fisher F-criterion, the calculated value of which is found as
the ratio of the variance of the original series of observations of the studied indicator and the
unbiased estimate of the variance of the residual sequence for this model.

The statistical significance assessment of the paired linear regression is conducted according
to the following algorithm: The null hypothesis is put forward that the equation is generally
statistically insignificant: Ho: R?= 0 at the significance level a. Then the actual value of the Fisher
criterion is determined by the formula:

__R* n-m-1
T1-R? m (18)
Where m — is the number of factors in the model

If the calculated value with ky=(m). k, =(n—m—1), degrees of freedom is greater than the
tabular value for a given level of significance, the model is considered significant.

F
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Table 2 — Estimated coefficients of the regression equation

No a b X y xy |S(x)A2] S(y)*2 | S(x) | Sly) B A R RA2 F
1| 2,503| -0,0915| 1,263| 2,387| 2,971| 0,47| 0,00403| 0,687 0,0635| -0,99| 0,34%| 0,99 098 48121
2| 6,905| -2,3022| 2,141| 1,967| 4,117{0,0496|  0,32| 0,223| 0,568| -0,903|12,44%| 0,903| 0,8155 8,84
3| 2,537| -0,4117| 1,115| 2,078| 2,148| 0,41| 0,086| 0,642| 0,239 -0,901| 560%| 0,901| 0,811 17,164
4
5

2,77| -0,3945| 1,278| 2,262| 2,813] 0,21 0,0379] 0,45 0,195] -0,927| 2,13%| 0,927 0,858 30,314
2,6| -0,7363| 1,08| 1,805 1,818 0,18 0,13| 0422 0,362| -0,858| 806%| 0,858 0,736] 16,754

The coefficients a and b and the values of x from the experimental data were substituted into
the obtained formula, and the following data were obtained, on the basis of which graphs were
constructed. These graphs also clearly show the adequacy of the model, especially with the increase
in sleep quality (Figure 5) (Table 3).

Table 3 — Linearized dependencies of wakefulness time on deep sleep time

Modell 296 224 213
Model2 333 195 83 14
Model3 346 220 91 84 77 68
Model4 447 247 165 149 149 144 120
Model5 238 142 78 59 48 39 37 22
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Figure 5 — Graph of the linearized model of the dependency of wakefulness time on deep sleep time

The dependencies of Y on X (the dependency of human wakefulness on deep sleep) were
studied. At the specification stage, a paired power regression was chosen, linearized by a logarithm
with base 10, and its parameters were estimated using the least squares method (8).

The statistical significance of the equation was tested using the coefficient of determination
and the Fisher criterion. It was found that in the studied situations, from 73.63% to 98% of the total
variability of Y is explained by the change in X. It was also found that the model parameters are
statistically significant. The interpretation of the model parameters is that an increase in deep sleep
time by 1% leads to a decrease in wakefulness time on average from 0.736% to 0.98%.

The approximation error values from 0.34% to 12.44% indicate satisfactory quality of the
found model. The Fisher criterion value confirms the statistical significance of the model.

Thus, considering all the above, this model allows for fairly accurate calculation of the
minimum necessary quality sleep indicator before starting a watch for a navigation officer.

Also, during the experiment, the average total sleep time of navigators during the
experiment period who working on the 8hours rest 4hours watch schedule as the most acceptable
for work was measured using smartwatches with a patented sleep monitoring system The average
sleep time was from 4.5 to 6 hours.

According to the MLC 2006 and IMO Guidance of Fatigue, normal sleep should be at least
8 hours and should include a deep sleep stage of 30% of the total time. And according to the
experiments conducted by various researchers, partial sleep deprivation disrupts the normal
functioning of all psychophysiological systems of the body, including memory. Complete
wakefulness for 10 days can cause of death [18].

Today, most of the methods of identification of the fatigue and sleep deprivation are the
questionnaires, such as the Karolinska Sleepness Scale or Fatigue Assessment Scale based on
subjective assessments of their condition by respondents. During our experiments, we did not find
any significant correlation between the actual sleep time and the respondent's assessment. Thus, the
navigation assistant could report feeling normal after 3 hours of sleep, and at the same time could
report a very strong feeling of fatigue after 12 hours of a good quality sleep, which in turn once
again confirms that the brain is not able to perceive the body's state adequately, and therefore it is
necessary to develop new methods for monitoring and evaluating states

Conclusion. Thus, during the study, an automated method for detecting dangerous factors
of fatigue based on sleep indicators was developed and successfully tested During the experiments,
a relationship between the quantitative phase of deep sleep and the impact of the perception of
negative factors was found. Today, sleep is the one factor that can compensate for these effects, and
this relationship makes it possible to calculate its required quantity and quality after exposure to
these factors and already understand whether the assistant is able to perform his duties
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The analysis, which included statistical analysis, regression methods and dynamic studies,
showed that the developed system significantly reduces the risk of fatigue-related errors and
increases the safety of navigation. The practical significance of the study is to develop a system that
ensures timely detection of dangerous conditions of navigators, reduces the risk of accidents and
increases overall safety of navigation. It is expected that the implementation of this system will
reduce the impact of the human factor on safety of navigation by 18-28% and increase the
efficiency of ship management. In addition, the system will save fuel and energy on board the
vessel by optimizing the time spent on the voyage.

Prospects for further research. Prospects for further research include the improvement of
the developed method and monitoring system for navigator fatigue by increasing the accuracy and
reliability of physiological data analysis algorithms, using advanced machine learning methods and
hybrid models. Integrating the system with existing ship navigation systems will ensure a
comprehensive approach to navigation safety, including automated data transmission and real-time
route adjustments. Further expansion of the system's functionality will include the development of
modules for adaptive watch planning and automatic work schedule adjustments based on
navigators' conditions, promoting optimal load distribution on the crew and reducing the risk of
fatigue. Implementing the system in real ship operation conditions will provide additional data for
further analysis and improvement of monitoring methods. Overall, further research aims to increase
the effectiveness and reliability of the monitoring system, ensuring improved navigation safety and
reduced risk of accidents at sea.
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Kopeuskuit O. A., Hocos II. C., 3inuenko C. M., Tloropaeuskmii . C. METOA
ABTOMATH30BAHOI'O BUABJIIEHHA HEBE3INEYHUX ®AKTOPIB BTOMU YV HABII'ATOPIB HA
OCHOBI ITOKA3HHUKIB CHY

Ilpobrema emomu ceped magicamopieé nio Yac GUKOHAMHA IX 0008'13Ki6 cMAHOBUMb 3HAYHUL PUBUK OJiA
Oe3nexu MOpeniagcmea, npuiomy JTo0CoKUll pakmop € 0CHOBHOI NPUHUHOIO MOPCLKUX agapill. Memoio yboeo
00CiOMHCeH sl € pO3pOOKA Mma Mecmy8aHHs a8MOMAMU308AHO20 MeMOoOy BUAGIEHH HeDe3NeyHux pakxmopie
8MOMU y HABI2AMOPI6 HA OCHOBI NOKA3HUKIE cHY. Lle docnidicenHs supiuiye npodiemy mouHoi diaeHOCMuKY
8MoMU, AKA YACMO HEOOOYIHIEMbCA AO0 HeNnpasuibHO THMEPNPemyeEmvbCa CamMumy  HAieamopami.
Jlocnioocennst 6KkOUAN0 00620CMPOKOBUL MOHIMOPUHE NCUXOQIZI0N02IHHO20 CMAHY HAGI2AMOpI8 Nid uac
BUKOHAHHS C80IX 0008'13Ki6 ma nepiodie eionouunky Ha cyonax. "Onexcandp” IMO 9433353, "Brigitte M"
IMO 9155913 ma "LONGWOOD" IMO 9504138. ¥V docniosicenni 6uxopucmo8ysanucs pisHi cmamucmuyti
ma OUHAMIYHI Memoou aHanizy, 30Kpemd pecpeciiHull aHani3, aHali3 uYacoeux psdie@ ma Kpumepiu
Cmbrodenma.

Excnepumenmu nokasanu 3HauHuil 38'30K MidC mMpuanicmioo 2iubOKo20 CHY ma 3MeHUeHHAM nepioldie
HeCNanHs, wo cei0uums npo me, wo mMpueaniui nepioou nuboKo20 CHYy 3MeHuyromv enaug emomu. byno
B6CMAHOBIIEHO, WO 30inblienHs Yacy 2aubokozo cuy Ha 1% npuzeooumv 00 3MEHUIeHHsI 4aAcy HeCnauHs 6
cepeonvomy Ha 0,736% 0o 0,98%. Koegiyicum xopersyii misic mpugaiicmio 2iuboKko2o CHy ma pieHem cmpecy
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cknae 6i0 0,73 0o 0,98, wo niomeepoiicye uUCOKUll CmMyniHb 38'3Ky. 3HaueHHs ROXUOKU anpoxcumayii
cmanosuno 6i0 0,34% 0o 12,44%, wo ceiouums npo 3a008i1bHY AKICMb MOOEi.

Pospobrena asmomamuszosana cucmema 01 6UAGIEHHS 6MOMU NOKA3ALA NEPCHEKMUBHI pe3yIbmamu y
niosuujenHi besneku Hasieayii, 3a0e3neyyrouu ananiz y pearbHOMy uaci ma adanmugHe NiaHy8aHHA 6aXM HA
ocnogi cmany exinascy. Cucmema 30amHa AGMOMAMUYHO Kopuzyeamu epagiku eaxm ma nepiodis
BIONOYUHKY, 3a0e3neyyiouu ONMuMATbHUlL OANaHC Midc poOOHUM HABAHMANICCHHIM MA BIONOYUHKOM.
Tpakxmuuna 3nauywicms cucmemu nonseac y it nomeHyiani 3HUUMU 6RAUE THIOOCbKO20 (AKmMmopa Ha Oe3nexy
mopennaecmea Ha 18-28% ma onmumizysamu wac NAABAHHS, CHPUAIOYU eKOHOMII nanuéa ma eHepeii.
Cucmema maxodic mModice A8MOMAMUYHO BMPYUAMUCS Y URAOKY KPUMUYHO2O 3HUNCEHHS NPOOYKMUBHOCMI
Hagizamopa, HANpuKIao, WIAXOM aA8MOMAMUYHO20 NEPEeKIOYeHHA HA OONOMINCHI CUCmeMU YNPAaBiiHHA
(aemoninom) abo HAOCUNAHHSL CUSHATLY MPUBOLU THUUM YTEHAM eKinaxicy abo 00 yenmpy YnpasuiHusL.
Teopemuune 3HaueHHs OMPUMAHUX PE3VIbIMAMIE NOISASAE Y eKCNEPUMEHMATbHOMY 008€0eHHi edhekmugnocmi
BUKOPUCMAHHS NOKA3HUKIE CHY OJIsi MOHIMOPUHEY MA AHANIZY CMAHY 6MOMU HAGI2AMOPIE V PealbHOMY YACL.
Ipakxmuune 3Hauenusi pesynvmamie noifeac y pospodyi cucmemu, sKA 3a0e3nedye C80EHACHE BUAGNEHHS
Hebe3neuHuUx CMaHie Hagieamopis, 3HUINCYE PU3UK asapiil ma nioguye 3a2anvly be3neky Hagieayii.

Knwuosi cnoea: asmomamusayia 8uUsAGNIeHHA 8MOMU; NOKA3HUKU CHY;, 0Oe3neka MOpeniascmed;
NCUXOQPI3i0N02IUHULL MOHIMOPUHS, ABMOMAMU308AHA CUCIMEMA YNPAGIIHHS, MemOO.
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METHOD OF DECISION SUPPORT FOR NAVIGATORS
FOR AUTOMATED CONTROL OF VESSEL TRAFFIC SAFETY
BASED ON ECDIS DATA
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Obijective of the research is to develop a method for integrating automated decision support tools for navigator
on the bridge of a sea vessel, considering the factors of uncertainty in the completeness of ECDIS data.

The primary problem of the research addressed is the need for accurate and efficient Decision Support
Systems (DSS) that account for uncertainties in electronic navigational data.

Research Methodology involves the development of automated modules: an OCR processing module for
ECDIS images using the Tesseract library, a module for comparing textual and geolocation data from ECDIS
screenshots using text comparison algorithms and geolocation calculations (Haversine formula), a geographic
data visualization module on an interactive map using the Folium library, and a decision support module for
navigators that includes analyzing of navigational data, determining their similarity, and providing
recommendations.

Research results demonstrate that the developed DSS significantly enhances navigation safety, reduces travel
time by 7% to 18%, and saves fuel, lubricants, and electricity. It increases the accuracy and efficiency of
navigation by automating OCR processing (capturing ECDIS screenshots in real-time, preprocessing images
to enhance OCR accuracy, extracting text, and saving it to files), text and geolocation data comparison
(analyzing information and geographic data to determine their similarity, loading data from files, and
calculating similarity), and data visualization on an interactive map (creating maps with markers and routes
based on geographic data).

Practical significance of the research lies in improving navigational decision-making processes, reducing
navigator workload, enhancing situational awareness, and minimizing collision risks in maritime navigation.
The DSS automates critical aspects of navigation operations, reducing the likelihood of human errors.
Prospects for further research include improving data integration methods to enhance the accuracy and
reliability of the DSS. Future work will benefit from the use of artificial neural networks to obtain better
approximations. An important aspect of DSS development is identifying navigator qualification parameters to
ensure logical conclusions regarding their actions and prevent undesirable consequences. Further research is
necessary to expand and verify the effectiveness of the DSS in real maritime navigation conditions, which will
improve algorithms for analyzing large volumes of data and integrating artificial intelligence to provide more
adaptive and autonomous solutions.

Bibliography: 23, figures 11.

Key words: ECDIS; automation; risk; uncertainty; automated control systems; intelligent systems; human
factor; maritime safety; qualification parameters; identification.
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Introduction. Keeping watch in adverse conditions increases the demands on navigators,
their qualifications, experience, and speed of making rational decisions [1]. Considering that in
complex situations where the full spectrum of navigation parameters is uncertain, the navigator has
terminal limitations for forming a comprehensive real-time picture of the situation [2]. In some
cases, enhancing safety can be assisted by autopilots, pilots, or tugs, but ultimately only the captain
is responsible for the safety of navigation [3]. The reduction in the number of watch team members,
combined with an increase in the number of navigational information systems, overloads navigators
in the waters of seaports, canals, etc. [4]. Additionally, the intensity of traffic and the need to
comply with COLREG rules compel captains to choose decision-making strategies very closely and
carefully, which, in conditions of limited experience despite qualifications, can lead to non-standard
and even critical situations [5]. All of this necessitates new informational approaches in the
development of decision support technologies that narrow the navigator's focus on key aspects,
processing a significant flow of information in real-time.

For the creation of decision support systems (DSS) for navigators, the application of big data
and analytics for ship identification and collision risk analysis using deep reinforcement learning is
considered, which allows for route optimization and enhances navigation safety. A separate
direction is the use of artificial intelligence, automated systems, and fully autonomous robots to
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improve port logistics and cargo transportation, promoting efficiency and reducing human
intervention [6].

Thus, the development of specialized DSS in navigation systems will not only improve the
accuracy of forecasts but also provide additional levels of control and support. Such systems will
help analyze large volumes of data in real-time, assisting the captain in making more informed
decisions while managing the ship's movement.

Problem Statement. Given the above, the development of a navigator decision support
system (DSS) under conditions of partial uncertainty directs research into the following scientific
directions:

1. Reducing the workload on navigators. With the increasing volume of information coming
from navigation systems, navigators often face overload, which can lead to errors. It is important to
develop systems that will effectively filter and prioritize information, displaying only the most
critical data to the navigators.

2. Improving situational awareness. In complex navigational conditions, especially in
narrow channels and ports, navigators may not have a complete picture of the situation. It is
important to implement technologies that will help create a comprehensive and accurate picture of
the navigational situation.

3. Minimizing collision risks. Despite the introduction of new technologies, the risk of
collisions remains high, especially in conditions of intense traffic. Decision support systems should
include algorithms for analyzing ship trajectories and warning about deviations from a safe course.

4. Optimizing ship movement. To increase navigation efficiency and reduce risks, it is
necessary to use artificial neural network training to identify the level of danger regarding the ship's
position and further optimize ship routes considering current conditions.

5. Analyzing navigator qualifications. It is important to develop computer programs to
identify the qualification level of the navigator and analyze the impact of qualification levels on
ship management methods in special and dangerous navigation areas.

Considering these scientific directions, a critical review of scientific sources will be
conducted.

When considering a decision support system using radio communication for small vessel
captains in the Caribbean Sea, the study noted the use of artificial neural networks. However, it
lacks a detailed description of the model and comparison with other approaches, necessitating
further research to confirm the results [7]. The integration of artificial intelligence, big data, and
remote control for risk management in autonomous navigation is theoretically substantiated, but
lacks sufficient methodology or data to confirm effectiveness, requiring practical testing of the
model [8].

The method for determining collision risks using AIS data has limitations due to data
transmission delays and incompleteness, indicating a need for empirical verification of its
effectiveness in real navigation conditions [9]. To improve data transmission, the use of VDES
instead of AIS is proposed. Although the new standard promises significant improvements, the
study lacks real-world data to confirm the system's effectiveness in maritime navigation [10].

The integration of sensor technologies to improve the accuracy and reliability of navigation
systems, as well as ensuring cybersecurity, is an important aspect of the research. Additionally, the
need for improved personnel qualifications is emphasized [11]. The use of artificial intelligence,
machine learning, big data analytics, and the Internet of Things for enhancing maritime navigation
safety highlights the importance of processing large volumes of data and ensuring cybersecurity [6].

The analysis of methods for detecting marine objects using RGB cameras underscores the
challenges associated with variable lighting conditions and weather phenomena. However, the
application of deep learning methods requires significant computational resources [12].

The development of intelligent systems for predicting marine conditions using deep learning
algorithms and image processing shows promise but needs real-world validation to confirm
effectiveness [13]. The use of various sensors for data collection on the navigational environment
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emphasizes the importance of visual perception and target detection at distances up to 6 nautical
miles. Issues such as "blind spots" and signal loss are noted [14].

The integration of AIS data for modeling and forecasting the trajectories of other vessels
using deep learning technologies underscores the need for additional data processing and
verification [15]. In certain situations, the approach for Smart Maritime Autonomous Surface
Vessel (SMASV) based on an improved Soft Actor-Critic (SAC) algorithm demonstrates high
efficiency but requires real-world confirmation [16].

Probabilistic models also show potential, as exemplified by the dynamic Bayesian network
(DBN) model for risk analysis in intelligent navigation of autonomous ships. This approach is
effective but requires precise data and significant computational resources [17]. The application of
the RMA model for classifying images of navigational signs achieves high accuracy but must
consider the limitations of real navigation conditions and parameter settings [18]. Developing
methods to ensure the functional resilience of navigation systems in non-standard situations is
crucial, highlighting the need for further research to confirm the effectiveness of these methods
[19].

The new AN-YOLOV4 algorithm for detecting navigational signs increases accuracy to 92%
through the use of DCGAN and pyramid image methods, but real-world technical challenges must
be addressed [20]. In other studies, the intelligent decision-making system for analyzing the state of
the ship and ensuring hull balance uses loT technologies for monitoring and data collection, but
requires high-quality data and algorithms [21].

To account for uncertainty, fuzzy set theory and fuzzy logic are recommended for expert
evaluations, emphasizing the need for real-world implementation of these methods [22]. However,
such systems require a high level of data verification from experts. The use of virtual reality (VR)
for crew training creates an interactive and realistic environment, but demands significant
computational resources and user adaptation [23].

Thus, the development of a navigator DSS under conditions of partial uncertainty aims to
reduce the workload on navigators, improve situational awareness, minimize collision risks,
optimize ship movement, and analyze navigator qualifications. The main problem lies in the impact
of a large amount of data and complex navigation conditions, which can lead to errors and dangers.
To solve this problem, it is necessary to develop a system that effectively filters and provides the
most critical information, improves awareness of the navigational situation, and takes into account
the navigator's qualification level to enhance navigation safety and efficiency.

Research Purpose and Objectives. The aim of the research is to develop a method for
integrating automated decision support tools for a navigator on the bridge of a sea vessel,
considering the factors of uncertainty in the completeness of ECDIS data. To achieve this goal, a
number of tasks must be solved to create a navigator DSS by developing automated modules:

1. Develop a module for automated OCR processing of images and text recognition on
ECDIS display images in real time. The software module is designed to capture screenshots,
preprocess images to enhance OCR accuracy, extract text from images using the Tesseract library,
and save the extracted text to a file. Accomplishing this task will prepare the data for further
analysis and ensure high text recognition accuracy.

2. Develop a module for comparing textual data and geolocations to analyze information and
geographic data between different ECDIS screenshots to determine their similarity. The module
includes loading data from files, analyzing key values using text comparison algorithms, and
calculating the similarity of geolocations. Automating this process will speed up data analysis and
support informed decision-making. Completing this task is essential for subsequent stages as it
provides reliable data for comparison and analysis.

3. Develop a module for visualizing geographic data on a map, which includes creating
interactive maps with markers and routes based on geographic data. The use of the Folium library is
planned to create the map, add markers for each coordinate, visualize the ship's route and activity
zone, and save the map in HTML web format. The data visualization module on the map will
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ensure clarity and convenience for further analysis within the DSS, promoting a better
understanding of movements and geographic patterns.

4. Develop a decision support module for a navigator, which will include comparing
navigational data between pattern files, determining similarity between them, and providing
recommendations based on this similarity. The module will load data from files, compare key
values, calculate the similarity of textual data and geolocations, and output recommendations from
an expert dictionary. Automating this process will effectively analyze navigational data, identify
pattern files with high similarity, and provide specialized recommendations. Completing this task
will form the core data and analytics for strategic decision-making by a navigator.

Primary Research Material. To achieve the research objective, it is necessary to develop
integration modules for incorporating these DSS tools into the navigator's workflow on the bridge
of a sea vessel. This involves addressing several key tasks: ensuring the completeness and accuracy
of electronic navigational data (ECDIS), automating data processing and analysis, and providing
navigators with timely and actionable recommendations.

To accomplish these tasks, the creation of automated modules, which constitute the core
components of the navigator DSS, is proposed. These include modules for optical character
recognition (OCR) to process ECDIS images, geolocation comparison to analyze and validate
navigational data, and visualization tools to enhance situational awareness through interactive maps.
Additionally, the decision support module is designed to compare navigational patterns and provide
specialized recommendations based on the analysis of textual and geospatial data.

To create the navigator DSS, the route to the port of Lagos, Timkan was chosen (Figure 1).
In collaboration with an expert, Captain of the long voyage, PhD, Pavlo Momenko, an action
dictionary was compiled for each stage of the route, according to ECDIS data.

.................

Figure 1 — Fragments-screenshots of the ECDIS TRANSAS system display in the port of Lagos
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Considering the data from the ECDIS TRANSAS navigational information systems, the
stages of the navigator's actions (expert system dictionary) were determined, which were
subsequently planned to be integrated into the navigator DSS.

Initial data on the stages for creating the navigator DSS:

Stage 1. Initial Preparation: The captain and the bridge team review the route plans and port
information, considering specific restrictions or requirements.

Stage 2. ECDIS Nel (Screenshot 20210611110841). Preparation of the Pilot Ladder: Setting
up the ladder according to the pilot's instructions (side, height, straps). Speed adjustment:
controlling the ship's speed according to the pilot's instructions, reducing speed if necessary. Visual
and radar monitoring: monitoring the navigational situation using radars, with special attention to
dredging vessels. Using the echo sounder: monitoring the water depth under the keel, cross-
checking with the electronic chart. Fixing the ship's position: marking the position on the e-chart at
5-7 minute intervals. Ship movement: moving at a speed of 12.5 knots, adjusting the speed. Course
angle 19.30, ground course 14.70.

Stage 3. ECDIS Ne2 (Screenshot 20210611115028), ECDIS N3 (Screenshot
20210611115557), ECDIS Ne4 (Screenshot 20210611120848), ECDIS No5 (Screenshot
20210611121957): Communication: maintaining contact with the port's vessel traffic service and
the pilot via VHF channels 16/12. Ship speed adjustment: reducing speed to DSAH (dead slow
ahead) to 4 knots, which is the minimum safe speed for ship maneuverability using the rudder.
Navigational planning and control: more carefully monitoring the depth under the keel in
accordance with the ship's draft, especially when approaching the 30-meter isobath, monitoring the
course angle 004.5° and ground course 354.8°. Ship maneuvering: performing maneuvers with
reversing the main engine and using the bow thruster, awaiting the pilot.

Stage 4. Pilot Boarding: Establishing radio communication: the captain establishes radio
contact using the VHF receiver on channels 16/12. Monitoring the pilot boat: visually observing the
approach of the pilot boat. Managing ship speed: moving the ship at a speed of 6 knots, as indicated
by the pilot. Navigational planning: changing the ship's course towards the entrance channel,
defined by navigation buoys. Checking the pilot ladder: the watch officer goes to the main deck to
the pilot boarding area to check the pilot ladder according to international requirements (Resolution
A.1045(27) and IMAP Notice Ne 849).

Stage 5. ECDIS Ne6 (Screenshot 20210611122409): Speed and course management of the
ship: the ship moves at a speed of 6 knots, set by the pilot, the captain adjusts the course to the
entrance channel according to the route in ECDIS. Coordination with the pilot boat: the watch
officer monitors the pilot's boarding and informs the captain after the safe departure of the boat.
Pilot reception: the watch officer accompanies the pilot to the bridge, the captain provides the pilot
with information about the ship through the pilot card and the main engine characteristics and ship's
maneuvering characteristics. Beginning of the second maneuvering stage: after providing
information to the pilot, the second maneuvering stage begins — pilotage, which requires
coordination between the captain, the watch officer, and the pilot for the ship's safety when
approaching the port and maneuvering in the port area.

Stage 6. ECDIS Ne7 (Screenshot 20210611122937), ECDIS Ne8 (Screenshot
20210611124034): Maneuvering along the fairway: the ship follows the approach fairway, marked
by red buoys on the left and green buoys on the right (IALA region A system). Controlling ship
speed and course: ship speed (SOQG) is 6.2 knots, course (COG) 348.8°. Using Parallel Indexing
(PI): the captain uses PI to control the ship's position relative to the shoreline and landmarks, setting
distance limits. Monitoring depth under the keel: tracking depths on the sea chart and cross-
checking with echo sounder readings to ensure safe depth under the keel. Adjusting speed
depending on conditions: speed increases to SAH (slow ahead) 8-10 knots for better
maneuverability, and decreases to DSAH (dead slow ahead) 6-8 knots for precise maneuvering
when approaching the dock.

Stage 7. ECDIS Ne9 (Screenshot 20210611124452), ECDIS NelO (Screenshot
20210611124902), ECDIS Nell (Screenshot 20210611125313), ECDIS Nel2 (Screenshot
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20210611125928): Maneuver preparation: the bridge team carefully studies and plans maneuvers in
difficult sections of the fairway, highlighted in the Harbour Approach & Manoeuvring Plan.
Maneuvering during approach: performing a 90° turn to the left, changing the course to the required
direction, then maneuvering to the right to 220°. Controlling speed and course: increasing speed to
8-10 knots for maneuverability, then reducing to 6-8 knots for precise maneuvering. Ensuring
safety: strictly following the pilot's commands and helm adjustments with high attention. Using
Parallel Indexing (PI): setting distance limits relative to landmarks or the shoreline for safe
distances. Integration with ECDIS: information about the ship's speed, helm angle, and point of
helm adjustment is added to the electronic chart. Responding to conditions: the captain remains
attentive and ready to intervene in case of unsafe maneuver execution by the pilot.

Stage 8. ECDIS Nel3 (Screenshot 20210611130013), ECDIS Nel4 (Screenshot
20210611130326), ECDIS Nel5 (Screenshot 20210611130626): Coordination with the pilot and
helmsman for maneuvers: close cooperation with the pilot for precise maneuvering, especially
during 90° and 220° turns, evaluating performed maneuvers and readiness to intervene in case of
accident risk. Adjusting ship speed: ship speed (SOG) varies between 7.4 and 7.2 knots during
maneuvering. Navigational control using Parallel Indexing (PI): using PI to establish safe distances
from the shoreline and moored vessels. Monitoring the suction effect: maintaining speed modes to
minimize the risk of creating a suction effect that can damage the mooring lines of moored vessels.

Stage 9. ECDIS Nel6 (Screenshot 20210611130909), ECDIS Nel7 (Screenshot
20210611131354), ECDIS Nel8 (Screenshot 20210611131820): Navigation: the ship moves in port
waterways at a speed of 7.6 knots (SOG), the ship's course (COG) changes from 250 to 350
degrees, indicating direction changes during maneuvering. Maneuvering operations: the captain
coordinates maneuvers for safe passage near moored vessels, maintaining distance from the
shoreline and other obstacles. Speed control: the captain controls the speed to minimize the risk of
damaging moored vessels and their mooring lines due to the suction effect. Communication with
the bridge: the captain maintains constant communication with the bridge and helmsman for quick
and accurate execution of maneuvering commands.

Stage 10. ECDIS Nel9 (Screenshot 20210611132652): Preparation for towing: the ship
reduces speed to 4-5 knots for safe approach to the tugs. The captain organizes mooring teams
under the direction of the third mate on the bow and the second mate on the stern. Communication
with tugs: commands for tugs are given through the pilot and the captain; direct communication
between crews is excluded. Attention to the human factor: the captain focuses on avoiding errors
due to language barriers or professional differences. Navigational parameters: the ship's course
(COG) is 250°-278°, speed (SOG) 4-7 knots, indicating preparation for docking or towing.

Stage 11. ECDIS Ne20 (Screenshot 20210611132715): Controlling the ship's speed and
direction: the ship's speed is reduced to 4.3 knots for controlled approach to the dock with the
possibility of reversing. Cooperation with tugs: the captain coordinates actions with tugs after
confirming their readiness. Reversing the main engine: depending on the distance to the dock and
the ship's speed, the captain chooses between reversing the main engine or additional tug thrust.
Ship handling: the rudder is used for precise control of the ship when approaching the dock, even at
low speed.

Stage 12. ECDIS No21 (Screenshot 20210611133405), ECDIS Ne22 (Screenshot
20210611133627), ECDIS Ne23 (Screenshot 20210611133740), ECDIS Ne24 (Screenshot
20210611133903): Parallel docking of the ship: the captain coordinates actions to position the ship
parallel to the dock, using tugs at a speed of 0.5 knots, then 0.0 knots. Main engine readiness for
maneuver: the main engine is ready for any necessary maneuver at the captain's command.
Preparation for an emergency: the boatswain and the mooring team are ready to use the anchor in
case of an unforeseen situation. Mooring operations: the captain instructs the mooring teams on the
bow and stern regarding the delivery of mooring lines to the dock. Completion of maneuvering:
after securing the mooring lines and releasing the tugs, the captain completes the maneuvering,
gives the command to stop using the main engine, and the pilot leaves the ship.
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The data within the expert system dictionary allowed the transition to creating software
modules for the navigator DSS as a whole.

1. Development of an automated OCR module for image processing and text recognition on
ECDIS display images in real time on the bridge (Figure 2).

Detailed description of the program processes for OCR image processing with specified
regions of interest (ROI):

Initialization and loading libraries:

Loading necessary modules: import cv2, pytesseract, os, pyautogui, pygetwindow as
gw, time.

Setting configuration for pytesseract: pytesseract.pytesseract.tesseract cmd =

r'C:\Program Files\Tesseract-OCR\tesseract.exe'.
Capturing screenshots (take_screenshots):
Flndlng the window by title; window = gw.getWindowsWithTitle (window title) [0].
Checking window activity and activating if necessary: if not window.isActive:

window.activate () .

Capturing and saving the screenshot: screenshot = pyautogui.screenshot() rta
screenshot.save (filename), ne filename = os.path.join(save folder, f"{time.strftime

('%Y3m%d-%HSM%S') } .png").

Repeating the process at a specified interval: time.sleep (interval).

Preprocessing the image for OCR (preprocess_image):

Reading the image: image = cv2.imread(image path).

Converting the image to grayscale: gray_image = cv2.cvtColor (image,
cv2.COLOR BGR2GRAY) .

Extracting text from the image (extract_text_from_image):

Configuring and running OCR: text = pytesseract.image to string(image, config='--
oem 3 --psm 11').

"Python Script" "pyautogui” "pygetwindow" "cv2" "pytesseract”

Install pyautogui
_—

Install pygetwindow

Set path to tesseract.exe

loop [Take Screenshots]

Get window with title

Window object

alt [Window is active]

Take screenshot
«—

Save screenshot

[Window not active]

Activate window

o
loop [Process Images]
Read image from folder
d Convert image to grayscale
Extract text from image i

Save text to file

[
"Python Script" "pyautogui” "pygetwindow"” "cv2" "pytesseract”

Figure 2 — Structure of the ECDIS Image Processing and Text Recognition Module
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Saving text to a file (save_text_to_file):

Opening the file and Writing the text: with open(file path, 'w', encoding='utf-8') as
file: file.write(text).

Processing all images in a folder (process_images_from_folder):
Iterating over files in the folder: for root, dirs, files in os.walk(folder path) .
Processing each image and saving the text: preprocessed image =

preprocess image (file path), text = extract text from image (preprocessed image),
save text to file(text, text file path).

Managing threads and user interaction:

Creating a thread: screenshot thread = Thread (target=take screenshots,
args=(window title, screenshot folder, 10)).

Starting the thread: screenshot thread.start ().

Waiting for user input. input("HaTwcuirs Enter, xomm sakidumre npaumwBaTM 3
nporpamon. ..").

This approach ensures systematic and automated extraction of textual information from
specific areas of the image, which can be useful for analyzing images with consistent structures,
such as forms, maps, or other documents.

1.2. OCR image processing with specified regions of interest (ROI). Detailed ROI collection
involves gathering key navigational data from ECDIS (Figure 3).

Initialization and loading libraries:

Importing libraries: import cv2, pytesseract, os.

Setting configuration for pytesseract: pytesseract.pytesseract.tesseract cmd =

r'C:\Program Files\Tesseract-OCR\tesseract.exe'.
Defining the region of interest (ROI) on the image (get_roi):
Getting a part of the image by specified coordinates: return imagelyl:y2, x1:x2].
Performing OCR for the defined region (ocr_zone):
Defining ROI using get_roi: roi = get roi (image, =1, yl, x2, y2).

Using pytesseract to recognize text in the area: text = pytesseract.image to string(roi,
config='--psm 7').

Cleaning and returning the obtained text: return text.strip().
Image processing procedure (process_image):
Reading the image: image = cv2.imread(image path) .

Converting the image to grayscale to enhance OCR accuracy: gray image =
cv2.cvtColor (image, cv2.COLOR BGR2GRAY) .

Defining zone coordinates and collecting data using OCR for each zone: data = ({key:

ocr zone(gray image, coords) for key, coords in zones.items()}.
Saving data to a file (save_data_to_file):
Opening the file for Writing: with open(file path, 'w', encoding='utf-8') as file.
Writing data to the file: file.write(f"{key}: (vaiue}\n" for key, value in data.items()).
Main function for processing images in a folder (main):
Iterating over all images in the folder: for file name in os.listdir(folder path).
Checking the file format (accepts image files): if file name.lower().endswith(('.png’,
'.Jpg', '.Jpeg')).
Processing each image and saving the results: data = process image (file path),
save data to file(data, text file path).

Outputting  results or errors: print(f"fani 3  {file name}  3Gepexexo B
{text file path}"), print (f"lommnka npm oBpobui odarnny {file name}: {e}").

This approach ensures systematic and automated extraction of textual information from
specific areas of the image, which can be useful for analyzing images with consistent structures,
such as forms, maps, or other documents.

For example, ECDIS Ne3 (Screenshot 20210611115557) data, processed by the developed
software module, has the following automatic identification: date: 11 Jun 2021; time: 12:55;
heading hdg: 000.5"; speed: 2.5kn; course cog: 357.7; latitude: 06° 19.513"' N; longitude: 003°
25.073" E; waypoint_wpt: To WPT: 10; distance_to_wpt: DIST to WOP: 0.32 NM; time_to_go:
Time to Go: 0: 7'37"; next wpt: ‘Next WPT: 1; next course: ‘Next Course: 338.1";
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distance_between_wpt: Distance: 2.43NM; plan_speed: Plan Speed: 17.0kn; plan_course: Plan
Course: 017.6°.

"Python Script" "cv2" "pytesseract”

Set path to tesseract.exe

v

Load image from path

v

Return image

loop [OCR Zones]

Get ROI from image

v

ROl image

Perform OCR on ROI

A 4

Extracted text

Save data to file

-

"Python Script" "cv2" "pytesseract”

Figure 3 — Structure of the Image Processing Module with Navigational Data Zones from ECDIS

2. Development of a module for comparing textual data and geolocations to analyze
information and geographic data between different ECDIS screenshots (Figure 4).

Initialization and loading libraries:

Importing libraries: import os, from difflib import SequenceMatcher, from math import
radians, cos, sin, asin, sqgrt.

Loading data from a file (load_data_from_file):

Opening the file and reading lines: with open(file path, 'r', encoding='utf-8') as
file: lines = file.readlines().

Extracting keys and values from file lines: data = ({line.split(':')[0].strip():

line.split(':")[1].strip() for line in lines if line.strip()}.
Comparing data (compare_data):
Determining common keys for comparison, excluding 'date' and 'time": xeys to compare =

set (test data.keys()) & set(reference data.keys()) - {'date', 'time'}.
Calculating Similarity for each key: scores = [SequenceMatcher (None, test datalkeyl],
reference datalkey]) .ratio() for key in keys to compare].

Returning the average similarity as a percentage: return sum(scores) / len(scores) * 100
if scores else 0.

Converting DMS to decimal coordinates (dms_to_decimal):
Cleaning the coordinate string and splitting it into parts: parts = dms str.replace('°",

'').replace("'", '').replace('"', '"').split().
Converting degrees and minutes to decimal degrees, accounting for direction: decimal =
degrees + minutes / 60, if direction in ['S', 'W']: decimal = -decimal.

Calculating the distance between two points (haversine):

Converting coordinates to radians and calculating the difference: dion = 1on2 - 1onl, dlat
= lat2 - latl.
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"Python Script" "os" "File 110" "Data Analysis" "Geographic Calculations"

List test data files
——

Test files list

loop [For each test file]

Load data from file

Test data

List reference data files
>
Reference files list

loop [For each reference file]

Load data from file

Reference data

Compare test data with reference data

Similarity score

Calculate geographic similarity

Location similarity score

Display results

-

“"Python Script" "os" "File 110" "Data Analysis" "Geographic Calculations"
Figure 4 — Structure of the ECDIS Information and Geographic Data Analysis Module
Calculating the distance using the Haversine formula: a = sin(dlat/2)**2 + cos(latl) *

cos (lat2) * sin(dlon/2)**2, c = 2 * asin(sqgrt(a)), return c * r.
Calculating location similarity (calculate_location_similarity):

Determining coordinates and calculating the distance: distance = haversine(latl, lonl,
lat2, lon2).

"Python Script" "File 170" "Geographic Parser" "Folium Map"

Read file paths
Y

List of file paths

loop [For each file]

Parse coordinates from file

Latitude, Longitude, File number

Initialize map

loop [For each
coordinate]

Add marker

Add concentric circles

U

Add polyline route

>

Save map as HTML

Open map in web browser

>

"Python Script" "File 170" "Geographic Parser" "Folium Map"

Figure 5 — Structure of the Geographic Data Visualization Module
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Converting distance to percentage similarity: return max (0, 100 - (distance / 1 * 100)).
Main function for comparing files (main):
Loading and comparing data from test and reference files: test data =

load data from file(test data file), reference data = load data from file
(reference file path), similarity = compare data(test data, reference data).

Outputting similarity results and sorting in descending order:
comparison results.sort (key=lambda x: x[1], reverse=True).

Checking similarity by geolocation: for file name, . reference data  in
comparison_ results, loc_similarity = calculate location similarity(test data,

reference data).

This approach describes in detail how your program processes data, compares it based on
textual information and geolocation, and organizes the output of results, allowing easy
identification of files with a high level of similarity.

3. Development of a geographic data visualization module, which includes creating
interactive maps with markers and routes based on geographic data.

Initialization and loading libraries:

Importing libraries: import folium, import os, import glob, import webbrowser.

Converting coordinates to decimal format (convert_to_decimal):

Converting degrees and minutes to decimal coordinates: value = float (degrees) +
float (minutes) / 60.

Adjusting value for southern and western coordinates: it direction in ['S', 'W']: value

= -value.

Parsing coordinates from files (parse_coordinates):

Opening the file and reading data: with open(filename, 'r', encoding='utf-8') as file:
lines = file.readlines ().

Selecting lines with latitude and longitude information: 1atitude line = next((line for

line in lines if "latitude:" in line), None).

Cleaning latitude and longitude information and splitting into parts: 1atitude info =
latitude line.split('latitude:') [1]. strip() .replace('°"', ' ') .replace("'", ).
replace('"', '").

Calculating decimal coordinates: 1atitude = convert to decimal (lat deg, lat min,
lat_dir).

Creating the map and adding markers (Figure 6):
Initializing the Map: map = folium.Map (location=[0, 0], zoom start=5).

Addlng markers to the map with popup text: folium.Marker ([lat, lon],
tooltip=popup_ text) .add to(map) .
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e A

Figure 6 — Creating Interactive Maps with Route and Danger Zone Markings

Adding concentric circles and routes:

Adding different radii for skin coordinates: folium.circle(location=[lat, lon],
radius=50, color='blue', fill=True).add to (map) .

Creating a polyline to visualize the route: folium.PolyLine(route coordinates,
color="blue", weight=2.5, opacity=1) .add to(map).

Saving the map and opening it in a browser:

Saving the map to an HTML file: map.save ('map.html") .

Automatically opening the map in a web browser: webbrowser.open ('map.html', new=2) .

This program automates the process of creating an interactive map with markers that display
locations from data in text files. It can visualize routes and activity zones, making it ideal for
geographic analysis or tracking movements within research projects or logistics operations.

3.1. Detailed description of the program processes that read geographic positions from files
and visualize them on an interactive map by adding markers indicating deviations from the base
ship coordinate (Figure 7):

"Python Script" "File I/0" "Folium Map"

Read all files from directory

List of files

loop [For each file]

Read positions and origin from file

New positions, Origin

alt [Origin found]

Initialize map with origin

Add markers for new positions

[No Origin found]

Use default coordinates [0,0]

>

Initialize map with default location

v

Save map as HTML

<

Open map in web browser

-

"Python Script" "File I/0" "Folium Map"

Figure 7 — Creating Interactive Maps with Markers Indicating Deviations from the Standard
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Initialization and loading libraries:

In1p0rﬁng necessarylibraﬂes:import folium, import webbrowser, import os.

Reading positions and the initial point from a file (read_positions_and_origin):

Opening the file and reading all lines: with open(file path, 'r', encoding='utf-8') as
file: lines = file.readlines().

Finding the line containing the initial point label and parsing coordinates: origin coords =
origin parts[l].strip().strip('[]"').split(',"), origin lat, origin lon = [float (coord)
for coord in origin coords].

Recording new positions after finding the initial point: if 'm’ in line and origin_found:
new_positions.append((lat, lon)).
Creating a map with all positions for the directory (create_map_with_all_positions):

Getting a list of files with specific suffixes: a11 files = [f for £ in
os.listdir(directory) if f.endswith(" s.txt")].

Checking for the presence of files and selecting the first file to initialize the map:
first file path = os.path.join(directory, all files[O0]).

Initializing the map with the first initial point: my map
folium.Map (location=first origin, zoom start=15).

Adding markers to the map:

Reading positions and initial points from all files in the directory: new positions, origin
read positions and origin(file path).

Adding markers for initial points and new positions: folium.Marker (origin,
icon=folium.Icon(color="'red')) .add to(my map) Ta for lat, lon in new positions:
folium.Marker([lat, lon]).add to(my map).

Saving the map and opening it in a web browser:
Saving the map to an HTML file: my map.save('all positions map.html').
Automatically opening the map in a web browser (Figure 8): webbrowser.open

('all positions map.html', new=2).

e
: Q
e
Q
Q
Y
Qe8¢
v

Figure 8 — Visualizing Multiple Markers on an Interactive Map by Safety Level

This program allows the visualization of geographic data from multiple files, integrating
them into a single map, making it easy to analyze and compare geographic tracks and identify
different geolocations specified in the data.

4. Development of a Decision Support Module for the Navigator, which will include
comparing navigational data between pattern files, determining their similarity, and providing
recommendations based on this similarity (Figure 9).

Initialization and loading libraries:

In1porﬁng necessary libraries: import os, from difflib import SequenceMatcher, from
math import radians, cos, sin, asin, sqgrt.
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Loading data from a file (load_data_from_file):
()pening the file and reading lines: with open(file path, 'r', encoding='utf-8') as

file: lines = file.readlines().
Extracting keys and values from file lines: data = {line.split(':')[0].strip():
line.split(':'") [1].strip() for line in lines if line.strip()}.

Comparing data (compare_data):

Determining common keys for comparison, excluding 'date’ and 'time": xeys to compare =
set (test data.keys()) & set(reference data.keys()) - {'date', 'time'}.

Caknnaﬁng s"n”arhy for each key: scores = [SequenceMatcher (None, test datalkey],

reference_data[key]).ratio() for key in keys to compare].

Returning the average similarity as a percentage: return sum(scores) / len(scores) * 100

if scores else 0.

"Python Script" "File 170" "Data Analysis" "Geographic Calculations"

Read test data files

List of test files

l-+=osesecasessisnncsansiasannacnascnned
loop [For each test file]
Load data from file
Test data
l-o=oneenreeccncraacncccnsccnaancacnand

List reference data files

List of reference files

4 .......................................
loop [For each reference file]
Load data from file
Reference data
-eeeeeeeeeieiiiieticieccaacceaeaaas
Compare data (text)
Similarity score
< ........................................................................
Calculate location similarity
Location similarity score
B e

Display results and recommendations

.

"Python Script" "File I/0" "Data Analysis" "Geographic Calculations"

Figure 9 — Visualization of Multiple Markers on an Interactive Map by Safety Level

Converting DMS to decimal coordinates (dms_to_decimal):

Cleaning the coordinate string and splitting it into parts: parts = dms _str.replace('°"',
'').replace("'", '').replace('"', '"').split().

Converting degrees and minutes to decimal degrees, accounting for direction: decimal =
degrees + minutes / 60, if direction in ['S', 'W']: decimal = -decimal.

Calculating the distance between two points (haversine):

Converting coordinates to radians and calculating the difference: dion = 1on2 - 1onl, dlat
= lat2 - latl.

Calculating the distance using the Haversine formula: a = sin(dlat/2)**2 + cos(latl) *
cos(lat2) * sin(dlon/2)**2, ¢ = 2 * asin(sqgrt(a)), return c * r.

Calculating location similarity (calculate_location_similarity):

Determining coordinates and calculating the distance: distance = haversine(latl, lonl,
lat2, lon2).

Converting distance to percentage similarity: return max (0, 100 - (distance / 1 * 100)).
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Main function for comparing files (main):
Loading and comparing data from test and reference files: test data =

load data from file(test data file), reference data = load data from file
(reference file path), similarity = compare data(test data, reference data).
Outputting similarity results and sorting in descending order:

comparison results.sort (key=lambda x: x[1], reverse=True).

Checking similarity by geolocation: for file name, . reference data  in
comparison_ results, loc_similarity = calculate location similarity(test data,
reference data).

Providing recommendations based on comparison results:
Finding files with the highest similarity rating and outputting corresponding
recommendations from the diCtionary: if top file in recommendations: for rec in

recommendations[top file]: print(rec).

This program automates the comparison of navigational data by determining similarity
across various parameters, identifying the relevant file(s) to provide specialized recommendations
based on this data (Figure 10).

X HWuUX Wux Nue KWux Eux Eux Eux Eux BWux REux |+
D [ » ®m C » Code v # Python 3 (ipykernel) O

Location similarity (for those above 97%):

Location similarity with ECDIS W1 (Screenshot2021661111@841)_ data.txt: 106.86%
Cnpoba eusecTW pekomexaauli ana: ['ECDIS M1 (Screenshot20210611116841) data.txt']
Mepesipka daiina: ECDIS M1l (Screenshot20219611116841)_data.txt

PekoMeHaauii ana ECDIS W1 (Screenshot20210611110841) data.txt: | g
1. MiaroTosKa NoUMaHCLKOro Tpany: BcTaHoBAeHHR Tpany sianosinHo Ao iHcTpykuiit noumaHa
(skuit 6opT, BMcOTa Bif piBHA BOAW, HasBHiCTb AOMoMikXHWX cTponis “manrope”).

2. PerynweaHHA wenakocTi: KoWTpone weuakocTi cydHa srifHo skasisok nouwaHa, npu Heobxig
HOCT1 3MeHWeHHA wBuAKOcTi Ana minimizauii epekTy npocipaHHs cygHa.

3. Bisyanewuit Ta pagiosokauiimuii KoHTpons: MoHiTOpUHI HaBKOAMWHBOI HasirauiiiHol cuTyaul
i 3a ponomorow paaionokauiitHux cucTem. Oco6imea ysara Ac pyXy AHOMCrNMENKBaNbHUX CYAEH
y nepTy Ta niaxigHomy dapsaTepi.

4. BUKOPUCTAHHA exonoTa: MocTiliHWIA KOHTponb FAWBUHM BOAM NiA Kinem 3 ypaxyBaHHAM BUMOr
KomnaHii, 3BipaAwdn 3 rAvMEMHaMM, NOKasaHWMM Ha e-KapTi.

5. Oikcayis nosuuyii cygwa: BipgsHaderHs nosuuii cygHa Ha e-kapTi 3a gornomorow cucTtemu D
(ancTanuin) 1 P (nenewr) 3 iWTepBanom KoxHi 5-7 XBUAMH.

6. Pyx cypHa: Pyx 31 weuaxicTtio 12.5 eysnis, perynsosaHow B 3anexHocTi eig ymos. Kypcoeu
it kyT (heading) 19,3@ = kypcom BigHocHo rpyHTy (course over ground) 14,70, Wo Bpaxoeye
BNANB Te4qii AnA 36epeXeHHA NpOKNaAeHOro MapuwpyTy.

Figure 10 — Implementation of the Navigator Decision Support System

4.1. The functionality of loading point coordinates from files, comparing them with a
reference point, calculating the distance between them, and providing recommendations based on
point identifiers is presented in the following algorithm.

Loading coordinates: The function load_coordinates_from_file(filepath) reads the coordinates
of points from a file, where the first line contains the reference point, and the subsequent lines
contain the identifiers and coordinates of other points. The coordinates are stored in a dictionary
with identifiers as keys.

Analyzing points: The function analyze_points(reference_point, points) calculates the
Euclidean distances between the reference point and other points, storing the results in a dictionary.
The identifier of the point with the shortest distance to the reference point is determined.

Providing recommendations: The function get_advice(identifier) provides recommendations
based on the direction encoded in the point identifier. For example, the direction "270°" indicates
the need to adjust the course to the right.

Haversine formula: The function haversine(coordl, coord2) calculates the distance between
two coordinates on the surface of a sphere (in meters), using the Earth's radius and the coordinates
of the points in radians.

Finding the best match: The function find _best match(reference_file_path,
comparison_files_directory) compares the reference point with other points from files in the
specified directory. First, the reference point is loaded from the reference file. Then, for each file in
the directory, the coordinates are loaded, and the distance between the reference points is calculated
using the Haversine formula. The file with the shortest distance to the reference point is determined,
and recommendations are provided based on the identifier of the closest point (Figure 11).

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin



HaykoBu# BicHUK XepCOHCBKOI fepkKaBHOI MOpPCchbKOi akagemii NRNP1I Pl P4

Best matching file: C:/Program Files/MATLAB/Lagos/Neurc_learningh5 s.txt
Distance to the closest point: 188.87553549486686 meters
Best identifier: 1&2&m 18@B°
Recommendation: 1€@m [MpopgoexyiTe pyx npAMo 13 NpHWEMALEHHAM.
Figure 11 — Implementation of the Navigator Decision Support System
(Recommendations for Ship Maneuvering)

This process allows automated finding and comparing of point coordinates, assessing their
proximity to the reference point, and obtaining directional movement recommendations.

Experiments conducted using the TRANSAS Wairtsilda Navi-Sailor ECDIS navigation
simulators significantly enhanced the support of the navigator's actions. This was particularly
noticeable during training as part of the "Navigation and Piloting" course, ECDIS module.

Overall, the developed Navigator Decision Support System, exemplified by the Lagos
location, Port Kimkan, reduced the ship's travel time by 7% to 18% when applied. Besides ensuring
navigation safety, the Navigator Decision Support System shortens the ship's route and
consequently saves fuel and lubricants as well as electricity on the ship.

Conclusion. The research focused on developing an automated Decision Support System
(DSS) for navigators, specifically targeting the enhancement of maritime safety and efficiency
under conditions of partial uncertainty in ECDIS data. The DSS developed integrates various
automated modules, each addressing a specific aspect of navigational decision-making, from OCR
processing of ECDIS images to the comparison of geolocation data and visualization of geographic
information. The following conclusions summarize the key findings and results of the research:

1. The developed DSS significantly reduces the workload on navigators by effectively
filtering and prioritizing navigational information. This reduces the risk of information overload,
which can lead to errors and critical situations. The OCR processing module automates the
extraction of textual data from ECDIS images, ensuring that only the most relevant information is
presented to the navigator.

2. By integrating geographic data visualization and comparison modules, the DSS improves
situational awareness. Navigators can better understand and interpret the navigational environment
through interactive maps with markers and routes, enhancing their ability to make informed
decisions in real-time.

3. The DSS includes advanced algorithms for analyzing ship trajectories and warning of
potential deviations from safe courses. This proactive approach to collision risk management helps
in maintaining a safe distance from other vessels and obstacles, thereby minimizing the risk of
collisions.

4. The use of artificial neural networks and data analysis techniques allows for the
optimization of ship routes. The DSS identifies potential hazards and optimizes the ship's
movement to avoid these hazards, thus improving overall navigation efficiency. Practical tests have
shown that the DSS can reduce travel time by 7% to 18%, leading to significant savings in fuel,
lubricants, and electricity.

5. The decision support module provides tailored recommendations based on the comparison
of navigational data. By identifying patterns and similarities in data, the DSS offers strategic advice
to navigators, which is crucial for effective decision-making, especially in complex and high-risk
navigational scenarios.

6. Experiments conducted using TRANSAS Wirtsilda Navi-Sailor ECDIS navigation
simulators confirmed the effectiveness of the DSS in enhancing navigational safety and efficiency.
The practical application of the DSS during the "Navigation and Piloting” course demonstrated its
capability to reduce the ship's travel time and improve overall navigation performance.

Practical significance. The research provides a robust and practical solution for enhancing
maritime safety and efficiency through the development of an automated DSS. The system's ability
to filter and prioritize information, improve situational awareness, and provide strategic
recommendations significantly enhances the navigator's decision-making capabilities. The DSS not
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only ensures safer navigation but also contributes to operational efficiency by reducing fuel
consumption and travel time.

Prospects for further research. Prospects for further research involve improving data
integration methods to enhance the accuracy and reliability of the navigator DSS. Future work will
benefit from the use of artificial neural networks to obtain intermediate assessments in the form of
approximations. Additionally, an important aspect of developing the navigator DSS is identifying
the navigator's qualification parameters to ensure logical conclusions regarding their actions and
prevent undesirable consequences. Further research is necessary both to expand and verify the
effectiveness of the DSS in real maritime navigation conditions. This will allow the improvement of
algorithms for analyzing large volumes of data and integrating artificial intelligence to provide
more adaptive and autonomous solutions.
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MonomapsoBa B. METOJ| IIIATPUMKWA TPUMHATTS PIILEHL CYJHOBOMISA  JUIA
ABTOMATH30BAHOI'O KEPYBAHHS BE3IIEKOIO PYXY CYIHA I10 JAHUM ECDIS

Mema odocnidacennss — niosuwjenns Oe3nexu MoOpeniascmed WIsAXoM pPo3pooOKu ma 3aCmocy8anHs Memooy
inmezpayii asmomamuzosanux 3aco6ie niompumku npuitnamms piwens (CIHIIP) cyonoeodis ¢ ymosax
HegusHayenocmi. OCHOBHOW0 NPOOAEMOIO € BUCOKE HABAHMANCEHHS HA CYOHOB800Ii8 uepe3 30iiblieHHs 00caey
iHGhopmayii 6i0 HaAGI2AYITIHUX CUCMEM, WO MOXCE NPU3BOOUMU 00 NOMULOK MA ABAPITIHUX CUMYAYIIL.

Ocnogna npobnema 00CniONCeHHs. NONA2AE Y HeOOXIOHOCI CMBOPEHHs. AGMOMAMU308AHOI cucmemu, sKa
30amHa  epexmusno Qirempysamu geruxutl 0b6cse  iHopmayil ma Hadasamu  CYyOHO800I0  JuuLe
HAUaXNCIUBIWI OaHi O NPULHAMMSL PIUeHb, MIHIMI3VIOUU PUSUK NOMUIOK Y CKIAOHUX HABI2AYIUHUX YMOBAX.
Memoouka Oocnioxcenns nepeobauae cmeopenns CIIIIP cyonosodis na ocnosi eéenukux oanux ECDIS ma
ananimuxu 0ns i0eHmu@ikayii cyoen i ananizy pusuKie 3imKHeHb, SUKOPUCIOBYIOUU MEMOOU PO3NIZHABAHHSL
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Hagieayinoi inghopmayii ons onmumizayii mapupymie. JJocriodxcenHs nposoouiocs HA Mapuipymi 3axo00y y
nopm Jlacoc, Tumkan, 0e pazom 3 excnepmom, OYi0 CKIA0EHO CIOGHUK OIll HA KOJMCHOMY emani Mapuwipymy,
6i0n06ioHo 00 danux ECDIS.

Pesynomamu odocnioowcenns demoncmpyioms, uwjo 3acmocyséanus pospoonenoi CIIIIP 0o3eonsc 3menwumu
HABAHMAICEHHS. HA CYOHOB00II8, NOKPAWUMU CUMYAYIUHY ODI3HAHICMb MA MIHIMI3Y8amu pu3uKy 3imMKHeHb.
3okpema, nio uac mpenasicepnoi niocomosku 3a Kypcom «Hasicayis i noyiny 3 UKOPUCMAHHAM HABI2AYIUHUX
mpenasxcepie TRANSAS Wirtsild Navi-Sailor ECDIS, uac pyxy cyona 6yno ckopouero 6i0 7% oo 18%, wo
MAKOINC CAPUSLIIO eKOHOMIL NATUBHO-MACTHUILHUX MAMepPIanie ma eieKkmpoenepeii Ha CyoHi.

Hpaxmuuna 3uauywicme Odocniodcenns nonseac 8 pospooyi CIIIIP, sxa 3abesneuye ¢inompayito ma
npiopume3sayito ingpopmayii, nokpawyrouu ob6isHanicme npo Hasieayiuny cumyayiro. Cucmema UKOpUCmos8ye
Memoou ioenmugpixayii pieHs nebesneku ma Hadae 32eHePoOsani A8MOMAMU4HI NOpaou.

Tlepcnexmusu noodanviuux O00CAIOINCEHb BKIIOYAIOMb BOOCKOHANEHHI Memoodie Hmezpayii pisHux ceHcopis,
niOBUWEHHT MOYHOCMI MA HAOMIHOCMI HABIAYIUHUX CUCTNEM, a4 MAKodC 3a0e3neyenHs KibepOes3nexu.
Poswupenns oocnioxcenns cnpusmumymo Oinowr 2aubO0Kil nepesipyi e@ekmusHoCmi 3anponoHO8aH020
MEmMOOy Y peanbHUxX yMO8ax MOpPCbKoi Hagieayii ma 800CKOHANEHHAM AA20PUMMIE AHANIZY BEIUKUX 00CA2I6
OaHux.

bion. 23, puc. 11.

Kniwouosi cnosa: ECDIS; asmomamusayis, pusux, HeBU3HAYEHICMb, A8MOMAMU308AH] CUCTEMU YNPAGTIHHA,
iHmeneKkmyanvbHi cucmemu, JHOOCbKUU ¢hakmop, 6Oe3neka Mopeniascmed, KeanigikayitiHi napamempu,
ioenmudghixayis.
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MATEMATUYHA MOJIEJIb OCTIMHOCTI CYJTHA
HA PEI'YJISAPHOMY XBUJIIOBAHHI

Binuenko C. M., 0.m.n., doyeum, npoghecop Kageopu ynpasninHs cyOHoOM, XepCOHCbKA
oepoicagna  Mopcbka — akademisi, M. Xepcow, VYkpaina, e-mail:  srz56@ukr.net,
ORCID: 0000-0001-5012-5029;
Toscrokopuii O. M. k.m.n., 3a6idyeau kagedpu ynpaeuinmus cyoOHOM, XepcoucvbKa
oepoicasna Mmopcbka akademis, M. Xepcow, Ykpaina, e-mail: otovstokory@gmail.com,
ORCID: 0000-0003-3048-0028;
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Hocos II. C. «xm.H, Ooyeum, oOoyenm «ragedpu cyOHO800iHHs, XepcOHCbKa
oepoicasna  mopcvbka — akademis, M. Xepcon, Vkpaina, e-mail: pason@ukr.net,
ORCID: 0000-0002-5067-9766.

OOHuM 13 8axCIUBUX NUMAHL De3neKU MOPeniagcmsed € KOHMpOabL oCmitiHocmi cyOHa nio uac peiicy. 11io uac
PYXY NO CX8UNbOBAHIl NOBEPXHI MOPS 3MIHIOEMbCA Gopma 00°emy ni0B0OHOT YACMUHU KOPRYCY CYOHA, WO
npussooums 00 NOCMIUHOL 3MIHU MemayeHmpuyHol eucomu I niewa ocmitnocmi. /Jo menepiunbo20 wacy
CYOH0800II He Maromb HAOIUHUX PO3PAXYHKOBUX MemoOié ONepamusHOl OYIHKU 3HUNCEHHT OCMIUHOCMI HA
xeuntoeanni. Hailbinbw paduxanbHum HANPSIMKOM YHUKHEHHs Hebe3nex HeOonyCmumo20 3HUNICEHH Md
8mpamu OCMIHOCMI € AGMOMAMUYHUL KOHMPOTb 8 aA8MmomMamu3osanux cucmemax. Egexmusna poboma
MAK020 KOHMPOTIO 3a0e3neuyemvcsi MameMamudHumy mooenamu o6’ exmie abo npoyecis, AKi NOBUHHI Mamu
00CmMamuio  WeUOKOOIl0 Ol MONCIUGOCMI GUKOPDUCMAHHA Y peanrbHoMy uaci. Y pobomi po3pobieno
AHATIMUYHY MOOeNb PO3PAXYHKY BIOHOBIIOBAILHO20 MOMEHMY V KAHANL KpeHY CYOHA OJid pe2yisipHO20
XGUNIIOBAHHS, 5IKA BPAXOBYE 2e0OMEMPUYHI PO3MIpU KOPNYCY, Napamempu 3aHypeHHs, Napamempu pyxy cyOHA
ma napamempu xgunioganus. Ompumani pe3yrbmamu iOpI3HAIOMbCA Gi0 8i0OMUX PileHb UM, WO MAlOmb
AHATIMUYHULL 8USTIAO § MONCYMb SUKOPUCMOBYBAMUCA Y OOPMOBOMY O0OUUCTIO8AY] ABMOMAMU308AHOI AO0
ABMOMAMUYHOI CUCMeMU KepYBaHHA Ol GUSHAYEHHS NApamempié OCMIUHOCMI CYOHA Y pPeanrbHOM) HYACi.
Teopemuune 3HAUEHHA OMPUMAHUX pPe3VIbMAMiI6 NONA2AE V pO3poOYi AHANIMUYHOL MOOeni OOYUCTeHHS
BIOHOBII0BANILHO20 MOMEHMY V KAHANI KDEHY HA pe2yIapHOMY Xeuntoganui. Ilpakmuyne 3HaueHus OmpUMaHux
pe3yibmamis nousedac y: nepesipyi npaye30amHocmi aHaiimudnoi mMooeni MamemMamuiHum MoOoent08anHIM
nio yac npogeodeHHs: OOUUCTIOBATLHOZO eKCNEPUMEHNTY MA MOICTUBOCII BUKOPUCMAHHS AHANIMUYHOT MOOeNi y
bopmosomy obuucmosayi asmomamuzo8anoi abo aemMoMamudnol cucmemu KepyeawHs O OYIHIOBAMHS
Xapakmepucmux oCmilHoOCmi CyOHa y peaibHOMY Ydcl.

Knrouosi cnosa: inmenekmyanvHi cucmemu mpaHcnopmy,; aémomMamuyHe KepyeaHHs, Haegieayitina Oe3nexa,
JIHOOCHKULL YUHHUK,; OCMIUHICIb CYOHA, 8IOHOBII0BAIbHUL MOMEHNI.

DOI: 10.33815/2313-4763.2024.1.28.041-056

Beryn. BaxnmuBoro mpoOiieMoro Oe3neku CyTHOIUIAaBCTBA € 3HAYHE 3MEHIICHHS 1 HaBiTh
BTpaTa OCTIHHOCTI CyJIeH Ha XBWJIIOBaHHI, MMPO IO CBITYUTH CTATUCTUKA aBapiil [1]. V peanpHHX
yMOBax eKcrutyaraiii ¢opMa 00'eMy MiIBOJHOI YaCTHHU KOPIYCYy BECh 4Yac 3MIHIOETHCS, IO
MIPU3BOJIUTH JI0 3MIHA METAIlCHTPUYHOI BUCOTH Ta Tieda octiiiHocTi 10 40 % [1]. JocmimkeHHIMH
BCTAHOBJICHO, IO HAWOULIBIIO HEOE3MEKOI ISl CyIeH € 3YyCTpid 3 XBWICK, JTOBKHHA SKOT
30iraeTbcs 3 JOBXHHOIW cynHa. Koimu cyaHO 3HaXOMUThCS HAa BEPIIMHI XBWII (rpeOiHb XBHIII
30iraeThCs i3 cepeqHiM IIMAaHTOyTOM), TUIONIA 3MOYEHOi MOBEPXHI KOPIYCYy 1 OCTiHHICTH cynaHa
3MEHIIY€eThCs. Ha 3ycTpiuHiil XBWIl ySBHHUM TeEpioj] XBWJII 3MEHINYEThCS 1 CyJHO HE BCTHTAE
3pearyBaTd Ha 3HW)KEHHS OCTIHHOCTI, OCKUJIbKM Ha TpeOeHi XBHUJII BOHO 3HAXOIUTHCS HE3HAYHY
YacTHHY NEpioAy BJACHUX KOJuBaHb. lliedye cTatuyHOi OCTIMHOCTI 3HAYHO 3MEHIIYETHCS 31
301IbIIEHHSIM BUCOTH XBHIIL. KpyTi XBrii HeGe3neuHini 3a moJiori; KMOBIpHICTh BTPaTH OCTIHHOCTI
3HAYHO 3POCTAE, KOJU CYTHO 3HAXOIUTHCS HA CXWJI XBWJIl HA MIBUAKOCTSIX, MEHIITUX 33 MIBUAKICTh
nomupeHas xBuii. KepiBHunrBa Tta PekoMenpamii momo O€3MEYHOTO IUIaBaHHS B CKIIATHUX
MOTOJHUX yMOBax HaBejeHi B mokyMenTax IMO [2-5], inmmx gokymenrax, 3okpema B [6]. IIpote,
mob pearyBatu Ha HeOE3MEKy BIJNOBITHO 0 ICHYIOUMX PEKOMEHJIaIil, ii cnoyatky HEoOXigHO
11eHTU(DIKYBATH, 1110 BXKE € CKIAJHIUM TEXHIYHUM 3aBJaHHSIM, OCKUTBKH KpiM 3a3Ha4eHOI HeOe3neKn
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ICHYIOTB 1HIII, SIKI MOKYTh MIPU3BECTH JI0 MEPEKUIAHHS CyTHA a00 pyHHYBaHHS KOpITyCy. ABTOpH
CTAaTTi BBaKAIOTh, 110 HAHOLIBII paJMKAIBLHUM CIIOCOOOM YHUKHCHHS HEOE3IEK € BUKOPHCTAHHS
aBTOMATH30BAaHUX CHCTEM a00 MOJYJIIB aBTOMAaTHYHOTO KEPYBaHHS B aBTOMAaTH30BAHUX CHCTEMaXx.
[Mpuknaau BUKOPUCTAaHHS TaKWX CHUCTEM 1 MOJIYJIIB HaBElEHI, HANPHKIAA, y poOOTax aBTOPIB
[7-11]. EdextuBHe (QyHKIIOHYBaHHS aBTOMATH30BAaHHX 1 aBTOMAaTUYHUX CHUCTEM 3a0€3MeHyeThCs
MaTeMAaTHYHUMH MOJIEISIMU 00’ €KTIB a00 MPOIIECiB, SKI TOBUHHI MaTH JOCTATHIO IIBUIKOMIIO JJIS
MOXKJIUBOCTI X BHUKOPHCTAHHS B PEKHUMI peallbHOTO Hacy. Tomy, po3poOka Takoi Mojem €
aKTyaJbHOIO HAYKOBO-TEXHIYHOIO 32/1a4€CH0.

O06'ekTOM JOCHIKEHHS € MPOLECH OCTIHHOCTI CyZIHA Ha PETYJIIPHOMY XBUJIIOBAaHHI.

[IpeameToM JOCHITKEHHS € PO3pOOKa aHAIITHYHOI MOJEIl PO3paxyHKYy OCTIMHOCTI Ha
peryJIsipHOMY XBHJIIOBAaHHI.

Metoro JOCHIDKEHHSI € 3MEHIICHHS] PU3UKIB MEPEBEPTaHHS Cy/JHA 1 BTPAaTH BaHTaXy, 3a
paxyHOK MOCTIHHOTO OILIHIOBAHHS OCTIHHOCTI y OOpPTOBOMY OOYMCIIIOBaYi aBTOMAaTH30BaHOL
CHCTEMH Yy peaJbHOMY 4aci.

IMocranoBka mpodaemu. Ha puc. 1 HaBemeHo OOKOBY MpPOEKII0 KOPIYCy CyJOHA Ha
pEryJIIPHOMY XBHITIOBAHHI.
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Pucynok 1 — BokoBa mpoekiist Kopiycy CyaHa Ha peryJspHOMY XBHJIIOBaHHI

) J

i

[Tokazana 3B’s13aHa 13 cymHoM cuctema koopauHat (3CK) OXOYOZ. 3anani reoMeTpu4HI pPO3MipH
Kopmnycy cyiHa: aoBxuHa L, mmpuna B, Bucora H ; mapameTrpu 3aHypeHHs: ocaaka [ , KyT
KpeHy @ ; mapaMeTpu peryJIipHOTO XBHJIIOBAHHS: JOBKHHA XBHII A ; MapaMeTpu pyXy: MIBUIKICTh
cynHa V , xyT HaOiraHHd XBWJI ( Ha JlaMeTpajbHY IUIOIMHY cyaHa. HeoOximHo po3pobutu

aHAJIITUYHY MOJEIb OL[IHIOBAaHHS BiJHOBIIIOBAJILHOI'O MOMEHTY y KaHalli KPEeHy Uil BUKOPHCTAHHS
y 60PTOBOMY KOHTPOJIEP] 3 METOIO OIIHKH OCTIMHOCTI y pealbHOMY 4aci
My = f(L,B,H,T,0,AV,q) 1)

AHaJi3 ocTaHHIX AociailkeHb Ta myOJikauii. [TutanHsM po3poOKu Ta BUKOPUCTAHHSA
MaTeMaTUYHUX MOJEJel cylHa Ha XBWIJIIOBaHHI MPHUCBAYEHO Oarato poOIT aBTOpiB. 30KpeMa, y
ctarti [12] po3risHYTO NMUTAaHHS MAaTEMAaTUYHOTO MOJCIIOBAHHS BTPAaTH OCTIMHOCTI CyJIHA Ha
XBHJIIOBaHHI 32 YMOBHM aBTOMAaTHYHOTO MiATpUMYBaHHA Kypcy. [1i yac MozaentoBaHHS BpaxOBaHO
T1IPOJMHAMIYHY B3a€MOJIII0 KOPITyCy, TBHHTA Ta KOPMH CyqaHa. IIpoBeneHO OLIHKY KpEeHYIOUYOro
MOMEHTY, CTBOPIOBAHOI'O 3/IBOEHHMH pYJISIMH Ta TBUHTAMH Ha PI3HUX MIBUAKOCTSX, a TaKOX
BU3HAYEHO XapaKTEPUCTUKH TiPOJANHAMIYHOTO OOTIKaHHS CyHA, [0 MPU3BOAATH 10 ePEKUIaHHS
Ha KPUTUYHUX HIBUJKOCTSIX.

V crarTi [13] po3ristHyTO MaTeMaTHYHY MOJIENb CyJHA 3 YpaxyBaHHIM 6 CTyTIeHiB CBOOOIH,
sKa J0AAaTKOBO BJOCKOHAJEHa JUIsl 3a0e3leueHHs OCTIHHOCTI. BiJHOBIIOBaIbHUIT MOMEHT y KaHall
KpPEHY BH3HAYaBCS B PEXXHMMI PEAIbHOTO Yacy 3 BpaXyBaHHIM XapaKTEPUCTUK 3aHYPEHHS KOPITYCY.
Po3paxoBaHi TMHAMIYHI CHJIM 1 MOMEHTH B KaHalaX KPeHY 1 pUCKaHHS, 3 YpaXyBaHHIM IIBHJIKOCTI
PyXy.

YucenbHe MPOrHO3yBaHHS MPOLECIB BTPATH OCTIMHOCTI Ta MEepPEeKUIaHHs CyAHA JOCTIIKEHO
B poOoti [14], i3 BpaxyBaHHSIM KpUTEpiiB OCTIHHOCTI HEMOMIKOPKEHOTo cyaHa. [lopiBHAIBHHIA
aHaJi3 pe3yJbTaTiB MOJAETIOBAHHS Ta MIPOBEJCHOTO0 EKCIEPUMEHTY IOKa3aB, L0 PI3HUL MK HUMHU

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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He mepeBunnye 3%. BcTaHOBIEHO, MO0 TPUYMHOIO TEpPEKUIAHHS CyJHA CTaja 3HayHa BTpara
OCTIMHOCTI MiJl Yac BUTBHOTO PyXy Ha BETUKIN MIBUAKOCTI.

Y poboti [15] mocmikeHO MpOoIeCH PO3XUTYBAHHS Cy/JHA B KaHaIl KpeHy Ta HOTO
NepeKUJaHHs BHACIIIOK BTpaTh OCTiiHOCTI. [Ipn mpoBeneHH1 JoCiiKeHb BpaXOBYBaJUCs MOJEIb
KOpITyCy CyJHa, MOJIeIb TBUHTA 1 CHCTEMa aBTOMATUYHOTO MiATPUMYyBaHHSA Kypcy. BcTaHoBiieHo,
110 epeKUIaHHs CyJIHa BiI0YBA€THCS B MOEIHAHHI 3 IIBUKOIO 3MIHOIO KYpCY, L0 Y3TOKY€EThCS 3
pe3yJibTaTaMi YNHHUX MOJICTIHHUX BHIIPOOYBaHb.

Y poGoti [16] po3ryisgHyTI NUTaHHA BTPAaTH OCTIHHOCTI CyJHA 13 BUKOPUCTAHHAM
MaTeMaTHYHO1 Mojell. MaTemaTuyHa MOJIeb BPaXxOBY€E IMapaMeTpu OCTIMHOCTI Cy/JHA Ha Kypcl Ta
npu MaHeBpyBaHHi. [Ipu MonentoBanHi BpaxoByBanucs cuin @pyna-Kpuiaosa, ripocTaTuuHi CHIN
Ta XBWJIBOBUI TUCK HABKOJIO KOPITYCY.

CriexTp XBUJIIOBaHHS € KJIIOUOBUM €JIEMEHTOM JUIs OLIHKU MOBEIIHKA MOPCHKOIO CyaHa. Y
nociimpkeHHl [17] po3po0ieHo METOJO0JIOrI0 Ta IPOBENEHO IMOBIPHICHY OLIHKY CIEKTPY
XBWJIIOBaHHS LUIAIXOM OOpoOKM OOpTOBUX BuMiptoBaHb. OKeaHChbKa XBHJIS MOJEIOBanacs 3a
nornomoroo 10-napaMeTpruuHOro 6IMOJaNbHOIO CIIEKTPA, 110 MOEIHYE T0BrO- Ta KOPOTKOXBHJIbOBI
KOMIIOHEHTHU. JlecsiTh mapaMeTpiB cleKTpa 0IMOAAIbHOI XBHUJII BU3HAYAIUCS IIJISIXOM PO3B’S3aHHS
HEJHIWHOI 3a/1a4l METOJ0M HaMMEHIINX KBaJAPaTiB, 110 MIHIMI3y€ PI3HHUITIO MK POTHO30M MOJEII
Ta JaHUMU OOPTOBUX BUMIpPIOBaHb.

VY pobori [18] po3pobieHo riOpuaHy YMCIOBY MOJENb PEakiii BIILHOTO pyXy CyJHa Ha
XBWII, IO MIATBEPUKEHO EKCIEPUMEHTAIbHUMHM JaHUMH. YucioBa MOJENb  OLIHIOE
€JIEKTPOMEXaHIYHE IEePEeTBOPEHHSI €Heprii XBWJII LUISIXOM IMiTalii MOTY>KHOCTI TpyOdacToro
JiHIMHOrO TeHepatopa. ExkcriepuMeHTH 3 pYLIIHOI CHIJIOK BUIBHOI XBHJII HPOBOJMIIUCS SK Ha
nepeHii, Tak 1 Ha 3aHIH XBUWISIX, BUKOPUCTOBYIOUYH MOJIENb 13 MPYKUHHUMU 3aKpUIIKaMU Ha HOC1
Ta KOPMIi Cy/IHa B Jiama30Hi YaCTOT XBUJIb.

VY nocnijpxenHi [19] orpuMaHo HeNMiHIAHY MOJEIh MACUBY CYJHOBHUX JATYUKIB 1 IOKa3aHO,
0 HanpsMOK XBWJII Ta XBHWJIbOBE UHCIO MOXHA 11eHTH(IKYBaTH MpPUHAHMHI TphOMa
HEKOJIIHEapHUMH JIaTYMKaMHU LUIAXOM aHalli3y pe3yibTaTiB BUMiproBaHb. Ha OCHOBI oTpumaHOi
Mozem mnoOyaoBaHo ¢inkTp Kammana juisi omiHIOBaHHS HANpsMKY XBHJII Ta XBHJIbOBOTO YHCIIA,
KU Mae 3py4Hy CTPYKTYpY, 32 PaxyHOK MOXIIMBOCTI JIOJJaBaHHS BHMIpPIOBAaHb Ta BpaxyBaHHS
HeBU3HaueHocTel. JIOCHiPKeHHSI TaKoX OIIHIOBAJIO MapaMeTpH PeryJsipHUX XBWIb JJS CyAHA Y
XBHJISIX 3 MAJIMMHU KyTaMU KpeHY Ta TU(PEPEHTY.

VY crarti [20] AOCHiKEHO peakiifo MaJux pUOaTbChKUX CYJCH PI3HOIO0 TOHHAXY Ha
perymsipai xBuii. Ha BCiX AOCHIKyBaHMX CyJHAX BUSBJICHO 30UIBIICHHS aMIUTITyAM KpeHy 3i
30UIBIICHHSIM IIBUAKOCTI, SIK 32 HAsSBHOCTI 3yCTPi4HOi, Tak 1 60koBOi xBuii. Ha 3ycTpiuniit XxBumi
CTIOCTepiraBcs 3CyB MakCHUMAaJbHOTO 3HAYEHHS KPEHY B OOJIACTh JOBIMX XBHJIb, MPHU 30UIBIICHHI
BiJIHOCHOT IIBUAKOCTI pyXy, HE3QJIEKHO BiJl po3MipiB cyaHa. BcTtaHoBIEHO, 1O IMijT Yac TIaBaHHS
Ha 3yCTPIYHUX 1 MOMYTHUX XBHJISIX 3HMKEHHS IIBHIKOCTI CyJHA € OJHHUM i3 Halle(eKTHBHILINX
3ac001B 3MEHIIIEHHS aMILTITYAU KOJIMBaHb y KaHajlaX BEPTUKAIBHOTO PYXY Ta KpEHY.

VY pob6ori [21] po3pobiieHa MoIenb CyAaHA TSl TOCIIHKCHHS IPOIIECIB MaHEBPYBAHHS Ta
ocTiitHOCTI Ha Kypci. IIpoBeaeHO MoOjenrOBaHHsS MPOIECIB MaHEBPYBaHHS Ha CIOKIHHIA Ta
CXBUJIbOBaHIM mMOBepxHI BoaM. llpum TMOpPIBHAHHI OTPUMaHUX pE3YJIbTATIiB MOICITIOBAHHS 3
eKCIepUMEHTAIbHUMHU JAHUMHU JIOBEJIEHO, 110 OTpUMaHa MOJENb Cy/aHa 3a0e3neduye 3a/0BlLIbHE
MIPOTHO3YBAHHS MPOIIECIB MAaHEBPYBAHHS CyJHA Ha XBUJISIX.

VY po6orti [22] po3pobaeHO MOIeTh MAHEBPEHOTO CY/IHA, sSIKa BKIIIOYA€ KiIHEMAaTUUHY MOJIEITh
KPUBOJIHIMHOTO pyXy Ta KiHEMaTHUYHY MOJIENb YCTaleHOl HMpPKyJsii. Yotupu cueHapii, oTpuMani
IUISIXOM TIOETHAHHS PO3pOOJEHUX MOJIEeJeH 1 aJrOpuTMIB OIIHIOBAHHS, TMOPIBHSHI 3 JIaHUMH
MaHEeBpyBaHHS Ha HaBiralifHOMy TpeHakepi Ta JOBeJEHA Y3TO/DKEHICTh XapaKTEPUCTHK
OCTIMHOCTI.

VY crarTti [23] po3pobieno meron imeHTHdiIKamil KoedilieHTIB MaHEBPYBaHHs Ta XBHUIHOBY
MOJIETTb Ha OCHOBI JaHUX TOYKH PO3BOPOTY Ta MapaMeTpiB PyXy CyJIHA Ha CIOKIMHIA BOi.
KoedimieHTn MaHeBpyBaHHS OLIHIOBAIHCSA 13 BHKOPHCTAaHHAM JiHiIHHUX cuin Ppyma-Kpuosa.
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[TopiBHSHO 3 BIZOMUMH PIlIEHHSIMH, pO3pPOOJICHHUI METO MOKa3aB 3HAYHO Kpallly y3rO/KEHICTh 3
eKCIIePUMEHTAIbHUMU TAaHUMU SIK y CIIOKIHWHIN BOJI, TaK 1 HA MOMYTHOMY XBUJIFOBaHHI.

VY xanamparcekiii guceptamii [24] aBTOPOM BCTAHOBIIEHO 3B’SI30K MIXK: CTaIUM PYXOM
CyJHa, HOro XapakTepHMCTUKaMU MOPEIUIABHOCTI 1 MapaMeTpaMy XBUJIIOBaHHs, MPEACTABICHUN Y
BUIJISIII HETIHIHOI MaTeMaTUYHOT MOJIei; OpPMOIO 3aHYpPEHOI YACTHHHM Mepepi3zy KOpIycy Ta HOro
JIOKaJbHOK OCAJKOI0, IPEJICTABICHUM Yy BUITIAAI ABOLIAPOBOI INTY4YHOI HEHPOHHOI MeEpexi;
napaMeTpamu pyxy CyZHa, poOOTOI0 BUTPAUEHOIO 3a Mepexif i JOAaTKOBOIO pOOOTOI0 BUTPAUCHOIO
Ha KOMIIEHCalil0 30ypIOIOYMX CHJI Ta 3HWKEHHS IIOB’S3aHOTO 3 HUMH PHU3UKY Yy BHUIJILII
IHTETpaJIbHOI 3AJEKHOCTI; MapamMeTpaMHd XHWTABUII 1 pIBHEM PU3HKY, METOJAMH EBPUCTUYHOIO
aHaJi3y Ta TeOpii HEYITKO1 JIOTIKH.

VY crarti [25] 3amponoHOBaHO METOJ BH3HAUCHHS IONEPEYHOI OCTIMHOCTI CyJHa Ha
PEryJIipHUX XBWIAX JOBUIBHOTO HampsAMKy. OTpUMaHO pIBHSHHS BHM3HAYEHHS OCAJKU TOYOK
KOPITyCy CyJlHa, pO3TAIlIOBaHUX HA MPOodisi XBUII, 3 TOBUIBHUM aAudepeHToM i KpeHoM cyaHa. s
pPO3B’sI3aHHS JTAHOTO PIBHSHHSA PO3pOOJICHA CrelliaibHa TEeXHIKa BilOOpa)keHHS (OPMH KOPIYyCY
(opaMHATa TOMEPEYHOro Mepepidy CyaHa mpejacTaBieHa K (QyHKIis ocaaku). BukopucToByroun
KOH(QIrypamio 3aHypeHOi 4YacCTUHM KOpPIIyCy, BHU3HAUY€HO HOro 00'eM, IOJIOXKEHHS LEHTPY
IUTABYYOCTI 1 TIeY€ BiTHOBIIOBAILHOTO MOMEHTY.

MeTa Ta 3aga4i 10cJiaKeHHsi. MeTOI0 TOCIIKCHHS € 3MEHIIICHHST PU3HKIB IepEeBEPTaHHS,
BTpaTH CyJHAa 1 BaHTaxy, 3a pPaxXyHOK IIOCTIHOTO OLIHIOBaHHS OCTIHHOCTI y OOpTOBOMY
o0uuciIIoBaYl aBTOMAaTU30BaHOI CHCTEMHU y pealbHOMy 4aci. [loctaBineHa mera jaocsraerbes 3a
paxyHOK BHUKOPUCTaHHS y OOpPTOBOMY OOYHMCIIIOBadi aBTOMATH30BAHOI CHCTEMH KEpYyBAaHHS
po3po0eHoT MaTeMaTUYyHOI MOJENI OCTIMHOCTI CyJHA, IO JI03BOJISIE€ IMOCTIHHO KOHTPOJIOBATH
OCTIHHICTh y peaJbHOMY 4aci, 3MEHIIMTH PU3MKHU TEPEeBEPTAaHHS Ta BTPATH CyJHA 1 BaHTAXYy.
3amadi JOCIHIKEHHS: po3po0Ka aHAIITHYHOI MOENI PO3pPaXxyHKY BiIHOBIIOBAJILHOTO MOMEHTY Ha
peryJsipHOMY XBHJIIOBAHHI JUIS PI3HUX BapiaHTiB 3aHYPEHHS Cy/HA; IPOBEJACHHS 00YHCIIOBAIILHOTO
eKCIEPUMEHTY JUIsl PI3HUX IIapaMeTpiB XBUIIOBAHHS 1 3aHYPEHHS; aHaJll3 OTPUMAHUX PE3YJIbTATIB.

OcHoBHa yacTuHa. [6una 3anypenns enementy X kopmycy cynHa, skuil po3mimieHuit
Ha BifictTaHi X BiJ LHEHTpPY oOepTaHHs CyAHa, puc. 1, MOYKHA 3aIMCaTH y BUTIIAII

z=T + Asin %X+A(t) , (2

ne T —ocaaka cynHa, A —aMIUTiTya XBUII, o 4acToTa XBUJIi, MPUBEIEHA /IO JOBXKHHU
cyaHa, A — nosxwuHa xBuii, A(t) — daza xBuii BitHOocHO ouaTky 3CK

OA 27 27
Alt)=—t=—1t=—(C+V cosqf, 3
®== T - qr (3)

ne C — MBHIKICTH MOMUPEHHS XBWI, V — MBUAKICTH Cy/HA, (| — KypCOBHMA KyT XBHIIL.
[Micns mincranoBku mapameTpy A(t)3 piBHsiHHSA (3) B piBHsAHHS (2), OTpUMYEMO

z=T + Asin 27”x+27”(c +V cosq)t (4)

Ha puc. 2 300paxeHo mnonepeuHuil mepepiz KOpIycCy CyAHA, Ul SIKOTO TIOBEPXHS XBUIII
MIPOXOJIUTH Yepe3 OOPTH CyIHA.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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0z
Pucynok 2 — Ilonepeunwuii mepepis cyHa y BUNIAAKY IPOXO/KEHHS XBUIII Yepe3 O0OpTH CcynHa

ITpuxoBOIO IiHI€I0 TOKa3aHa TOBEPXHS XBUJl B MiCIi MOMNEPEYHOro Mepepizy 3a
BIJICYTHOCTI KPEHY, a CyLIJIbHOIO JIIHI€I0 — IIOBEPXHsI XBUJII 32 HasABHOCTI KpeHy 6 Ha mpaBHii O0pT.
BinHoBmoBanbHMI MOMEHT M, Tepepisy koprmycy mmpuHolo OX 3Haxoumo IUIIXOM

IHTErpyBaHHS BiTHOBIIOBAJIBHOTO MOMEHTY €JIeMEHTY (y 1O HIMPHHI KOPITyCy CyaHA

B B
2 2 . (27
my = pgdx [zydy = pgdx | T+Asm(7x+Aj+ytg¢9 ydy |=
B B
2 2
T A 2r °
_png( y2+55|n( 2 x+Ajy +tg'9y3j|28= (5)

T(B?> B%2| A . (2x B2 B?)| tgo(B® B? 196 o
= pgdX —| ———— |+ =sin| =X+ A | = ——— [+ = | —+ — || = pgdx—-
214 4] 27\ 2 4 4] 3|8 8 12 °

BignoBmoBaneHMii MOMEHT M, BChOro KOpITyCy CyAHAa BHU3HAYA€THCS IHTETPYBaHHSIM
B1JIHOBJIIOBAIBHOTO MOMEHTY (5) M0 TOBXKHHI CyAHA.

L
L
g93§ tgo 3(L Lj gl _3
= [ mdx= B~x =pg—B°| =—+=|= B°L 6
xIx Ty I_Lpg12 AT IR (6)
-— 2
2

Ha puc. 3 300paxkeHo momnepedHuil mepepi3 KOpPIyCy CyAHA, Ul SKOTO MOBEPXHS XBHJI
MIPOXOIUTH Yepe3 OopT 1 manyOy CyIHa, a TAKOXK yepe3 O0pT 1 JHUIIE CYTHA.

Pucynox 3 — Ilomepednwii mepepi3 CyiHa y BUTIAAKY ITPOXOIKCHHS
XBUJII Yepe3 00pT 1 nayryOy cyaHa Ta OOpT 1 JHUILE CYHA
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KoopannaTa Touky niepeTHHY MOBEPXHI XBUIII 3 TATy0O0 Cy/iHA Y1 3HAXOIUTHCS 3 PIBHSIHHS

tgéy+Asin(27ﬂx+A): H-T

, (7)
1 2z
y1= H-T—-Asinfl —x+A
tg 9o A
a KOOpJMHATA TOYKU NIEPETUHY MOBEPXHI XBUJII 3 THUIIEM Cy/IHA Yo 3HAXOIUTHCS 3 PIBHSIHHS
tg&y + Asin(%x+ Aj =-T
(8)

1 27
T —Asin| —x+A
y2= tg@[ (ﬂ D

JUns BUNAAKyY, KOJIM XBUJISL IEPETHHAE JIBUH OOpT 1 mamyOy cyaHa, BITHOBHMHM MOMEHT My

enemenra OX marmme BUTJISA],

B
my = pgdx j zydy+pgdxijdy pgdx | (T + A3|n(2/1x+A)+ ytgeJydy+
= Y1 _=
2 2
H oo T A (2 tg o H (B2
d22:d25'n(” Aj293y1 dx—| = —y? | =
+PQXZY|y1,09>{2)’+2| 1X+ y+3y|_E+PQX2 4 Yi

2
T( , B%) A . (2x , B?) tgo( 5 B 9)
= pgdx — —— [+ —=sin| —X+A —— |+ +— ||+
pgx{z[yl 4} 2 (ﬂ, ][yl 4 |T3 | T
H(B?> 2 A . (2r H
dx—| — — y? | = pgd Ssinl L x+A|-— |-
+ 09 X2(4 le pgxyl( 25|n(lx+j ZJ
3
—pgde4@+2sm(2;x+A)—2]+pgdxtg;[yl +B]

I3 BpaxyBanHusMm cuctemu (7), OTpUMY€EMO

2 3
M, =—%dxtgeyl3 +pngtg9% y1+pgdx% VP + pgdxtgge B
= pydxgh] < f + =

= pgaxtg ( Y1 y1+ 24J

B
s ylza, 3 ¢opmynu (10) orpumyemo dopmyny (5), MO AOTUYHO MIATBEPIKYE

MPAaBUIIBHICTh OTPUMAHOTO PE3YJIbTATY

3 2 3 3

1(B\Y B2B B of 1 1 B

m, = pgdxtgdl — <[ 2 | +2-2 4+ 57 |- qdxtgeB 1L sgdxge S 11
ngg(a(zj 8 2 24}’)gg (4816 24)’)9912 (1)

Jlns  3HaXOJUKEHHS BIJHOBIIIOBAJIBHOTO MOMEHTY M, BCbOro KOpHyCy HEOOX1JHO

npoinTerpyBaTty piBHsHHS (10) 1Mo T0BXKHMHI CyHA, 3 ypaxyBaHHAM hopmynu (7)

L( 1 B2 B3
M, = patgf | — =y + = y; + — |dx
x = Pty (I)( gt gty

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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2L 2 L
I2=B—jy1dx=8—ij H-T- AS|n(2—x+Aj dx=
8 o 8 tgo A

+——C0

2

_B_M B A 27[x+Aj ﬂ“ L— (12)
8 tgé 8 tgé A

B2

L 3
Ilz—ljyfdx— 11 j H—T—Asin(Z”x+AD dx=
69 61tg°0 o A
_ 2 2L 1
:—E%I(H —T)3dx+3(HE)jsm(2”x+Ajdx 3(H-2)Ajsin2(2”x+Ajdx+ (13)
619°0 o 6tg°0 o \ 4 6t9°0 o A
3L
+1A—3 S|n3(2”x+A)dx
619°0 o A

Bcei inTerpamu gopmynu (13) MoxyTh OyTH 3HalJeHI 13 BUKOPHUCTAHHSAM TaOJIMYHUX
1HTEerpaiB

(H-T)Pdx=(H-TPL

sin (2/1 X+ A}dx = —(co{ L+ Aj cosAj (14)

L

]

0

L

]

0

L

[sin (Zx + Ajdx = L—/l(sm(d'ﬂ L+ ZAJ sin ZAJ
0 A 2 A
L

[si

0

87

sin 2—x+A dx——— co —L+A —COSA +i 0033(2L+A) cos A
A 671 A

[Ticns migcraHoBKHM TabauyHUX iHTErpamB (14) y dopmyny (13), otpumyemo

P of ) o]

—3M[L—i(sin(% L+2A]—sin 2AD+ (15)

6tg 39 2 8x

3
LA A co{z—”HAj—cosA e 0053(2—”L+A)—0053A
6t939 2z A 67 A
Lp3 3
lg= [2 dx=5"|
024 24

My = pgtgd(ly + 15 +13)

Jlis BUMAAKYy, KOIMW XBWJIS TIEPETUHAE TMpaBUl OOPT 1 IHUINE CyJHA, BiTHOBIIOBAILHUN
MOMEHT M, ejgeMeHTa 0X MaThMe BHIIISIT
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B B
2 2 . (27m

my =pgdx [zydy =pgdx [ | T + Asm(T x+Aj+ ytgo |ydy =
Y2 Y2

B
A 2n tgo 3
d +—sin| == X+A |y*+— 2 =
PY {zy 5 (x jy 3 ]I
2n B2 ) tgo(B® 3
= - Zsin| == x+A e =
Pg{{ Y2j (k +j{4 Y2J+3(8 Y2 16
2
sm(—x+Aj +pngB— I-f-éSin(EX-i-AJ +
412 2 A

2

——pgdxyz(
dxtg0 B g0
+pgd><—( 3} PICXY y3—pgdxt99?yz—pgdxg—y§+

3
tgo B B2 B®
dx—=—— = pgdxtgd - —
+PQX 3 P9 xg[ y3 3 YZ+24
B . .
Jua Yo = R 3 hopmynu (16) otpumyemo dhopmyiy (5), AKa JOTUYHO MiATBEPAKY€E NPABUIBHICTh
OTPUMAHOTO PE3yJbTaTy.
3 2 3 3
1( B B By B 3 1 1 1 B
my = pgdxtgl| =| - = | ——| —— dxtgB°| ——+ —+— dxtg6 — 17
ngg[G(ZJ 8(2] 24}'0gg (48 16 24)'09912 a7)

BinnoBntoBanbHui MOMEHT Koprycy M, 3Haxoaumo iHTerpyBaHHsAM ¢opmynau (16) mo
JIOBXKUHI CyJTHA

B2 B3
= pgtgé —— VYo +— |dX 18
My ngf y2 g V2t 7, (18)
2L 2 L
I2=_B_jy2 =_B—ij( T- Asin(z—”x+ADdx=
8 A
2
:B_E___Co{_x Aj_l (19)
8 tgf 8 tgo

= c
8 tgfd 8 tgl 2x

L L 3 L
Ilzljygdx:l%j[—T—Asin(ﬁx+AD dx——l%jT
6 619°0 o A 61t9°0 o (20)
25 L 2 L 3 L
T ? sin(ﬁx+Ajdx—3 TA3 sinz(EX+Ajdx— A3 sin3[2—nx+Ajdx
6tg°0 9 \ A 6tg°0 0 A 6tg°0 o A

[Ticns BuKopucTaHHs TaOIMYHUX iHTErpamiB (14), oTpuMmyeMo

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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|1:_1L3T3|_ 3—— (——(co{—L+Aj COSAD—
61930 6tg 30

2
-3 TA L—i( |n(4—7TL+2AJ sinZAJ - (21)
6tg39 2 8rx A
3
LAA A CO{ZlL+Aj—COSA +i COSB(Z—EL+AJ—COS‘°’A
6tg30 2r A 67 A
Lp3 3
|3 J.B—dX—B—L
024 24

My = pgtgd(ly + 15 + 13).
Ha puc. 4 HaBeneHo momepeuHuil mepepi3 KOpIycy CyAHA y BHUIAAKY MPOXOPKEHHS XBHII
yepe3 nanyOy 1 THUIIE CyIHA.

y2

oz
Pucynoxk 4 — Ilonepeunuii nepepis cyaHa y BUNAAKy HPOXODKEHHs XBHIII uepe3 nanyOy 1 JHHIIE cyiHa

BisHOBIIOBaNBEHHUIT MOMEHT My eJeMeHTy OX y bOMy BHIAIKY JTOPiBHIOE

B
Y1 2 Y1 (2
my = pgdx | zydy + pgdx [Hydy = pgdx | | T + Asm(7x+Aj+ ytgé |ydy +
Y2 Y1 Y2

B
2
A 27 2 190 3y H| B 2
d 2— d —sin A = Ly pgdx—| ——y{ |=
+pgx y? |2 pg{y+2|(/1><+)y+3y}|y2+pgx2[4 yll

T A . (2 tgo
= pgdx(E(ylz - y§)+ ES|n[7ﬂx+Aj(y12 - y§)+%(yf - yg)j+ (22)
H(B% of T A (271 j H
dX—| —— yf |= pgdxyi| —+—=sin| Z=x+A |- — |-
+ g 2[4 y1] PgXY1(2+2 XA |-

T A.(2x H B? tgo 3
— pgdxy?| — +Zsin| 2 x+ A dx—— dx—
Jo Y2[2+2 (/1 + Dﬂ’g > 4 +9 (yl yz)

BpaxoBytoun piBusHHS (7), (8), OTpuMyeMO
2

B t
my =——P9dXY1t99+ PngY2t9<9+,09dX——+,09dX—g3 (Y1 —Y2)
2 ) (23)
y1 L2 HB
= pgdxtgd| — dx——
£IaX1g [ 6 5 Jﬂ?g 3
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B B H
Jdost yp = o Yo = R BpaXOBYIOYH, 110 B =196, 3 popmymu (23) orpumyemo popmyiy (5), 110

JOTUYHO MIATBEPAXKY€ NPABUIBHICT OTPUMAHOTO PE3yJIbTaTy

3 3 2 3 3 3
m,, = pgdxtgd L Y2 +pgdxﬂB— = pgdxtgé BB +pgdxtg€B— =
6 6 2 4 48 48 8 (24)
11 B
= pydxtgdBe| — = + = | = pgdxtgd —
. ( 24+8) PIY 15
BinnosmtoBanbHU MOMEHT koprycy My 3HaxoauMmo iHTerpyBaHHAM (opmynu (23) Mo IOBKUHI
CyIHa
L1351 HB? L
My =pgt991(——yf+—y§’jd><+pg—fdx (25)
oL 6 6 8 o
1L 3 . 1L 3 . . .
Interpan Iq = 5 [yidx Ta imTerpan |, = 5 [y2dx Oymm oGumcineni panime, aus. Gopmymu (13) i
0 0
(20).
2, 2
|3=EB—jdX=£L (26)
2 4 8
My = pgtgd(ly + 12)+ pgl3 (27)

Bapiantu po3ramnryBaHHS TOBEPXHI XBHJII 1 KOPIYCY MOXYTh OyTH PI3HUMHU TO JOBXKHHI
CyQHa, TOMY HpHU IHTErpyBaHHI HEOOXiJHO II€ BpaxoBYBaTW 1 BUOHMpaTH HEOOXinHYy (opmyiy
BIJIMOBIJTHO JI0 CUTYaITlii.

OO0uuca0BaIbHUI eKcnepuMeHT. s TepeBipKH Mpane3laTHOCTI Ta eQEeKTHBHOCTI
aHATITUYHOI MOJAETI TPOBENCHO OOYMCIIOBANBHUM EKCIIEPUMEHT. XapaKTepUCTUKU CyJHa,
napaMeTpu pyxy Ta TypOYJIeHTHICTh HaBeZeHi B Tabmmi 1.

Tabmuis 1 — XapakTepucTUKH CyHa

Haiimenysannsa napamempa 3nauenns napamempa
JomxuHa cynHa L, m 100
[[Inpuna cyana B, m 13
Bucora 6opty cynna H, m 10
Ocankxa T, m 4
Kyt xpeny 0, rpan. 10, 30, 60
AwmrmiTya XBuii A, M 0,24
JloBxHHA XBHIII A, M 100

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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PGByJ'II)TaTI/I 00YHCITIOBAILHOTO CKCIICPUMCHTY HaBEJCHI Ha puc. 5
100 s 60 v o
=N vil -5

50
8

40 1

30 -25

20

10 |

o 50 100 % 50 100 % s0 100
PucyHnok 5 — Pe3ynbratu 004nCIIIOBaIbHOTO €KCIIEPUMEHTY

Ha rpadikax mokaszaHo 3MiHy BimHOBHOTO MOMeHTY M, (L), mpu iHTerpyBaHHI 110 JOBXHUHI CyIHA,

MOJIOKCHHSI TOYKH TEPETHHY MOBEPXHI XBHWJI 3 maiay0or cyaHa Yq(X) Ta MONOXKEHHS TOYKU

HepeTHHy TMOBEPXHI XBWII 3 JHHINEM CyaHa Yo(X), 3aleXHO Bil KOOPIMHATH MOMEPEYHOTO

nepepisy, mia KyTiB kpeny 0=10° (3enena kpusa), =30 (cuna kpuBa) i 0=60° (uepBoHa

KpuBa). J{s XapakTepUCTHK CyAHA, HABEJCHHUX Yy TaOnuui 1, KoopauHaTa JIiBOTO OOPTY JOPIBHIOE

B B
y| = Y =—6.5m, KoopauHAaTa paBoro 6OpTy AOpiBHIOE Y, = o =6.5x . Jlna xyra kpeny 6=10°

%107

12

10

\\
\

g 0 1I0 2‘0 3IO 4I0 5‘0 SIO 7I0 8‘0 90 1 60
PucyHnok 6 — 3anexHiCTh BiJHOBIIIOBaJIBHOTO MOMEHTY BiJl KyTa KpeHY Ta aMILTITYAH XBUJII

(3enmeHa KpWBa): KOOpJAWHATA TOYKHU MEPETHHY MOBEPXHI XBWJIl 3 MAIy0OI0 Cy/IHA 3HAXOJUTHCS B
miamasoni 10w < y1(X) < 55m , 3a Mmeskamu nipaBoro Gopty Yp(X) > 6.5m . Ile o3Hauae, M0 MOBEpXHSI
XBWJII IO BCiM JIOBKMHI CyJHA MEpEeTHHA€E MpaBUil OOPT; KOOpAWHATA TOUKH MEPETUHY MOBEPXHI
XBHJI 3 JIHUIIEM CYIHA 3MIHIOEThCSA B fiana3zoni —45m < Yo (X) <0m . 3anexHo BiJ KOOPIHHATH
nepepizy BOHA MOKE 3HAXOIUTHCS K y MeXaX KOPITyCy CyJIHA, TaK 1 1032 MeXaMH JIiBOTO OOpTy.
Ile o3Hauae, M0 MOBEPXHS XBHWJII JIJIS PI3HUX TEPEpi3iB MOXKE MEPETHHATH SK THUIIE, TaK 1 JIBUK
oopr cyana. s kyra kpeny 0=230° (cuHS KpHBa): KOOPAWHATA TOYKH TIEPETUHY MOBEPXHI XBHJI 3
namy0or0 CyaHa 3HAXOMUTHCA B jaiama3oHi Sm < Yyp(X) <17m, T06TO, 3a]€XKHO BiJ KOOPIHHATH
nepepizy, BOHA MOXKE IMEpPEeTHHATH sK manyOy, Tak i mpaBuil OOPT CyaHA; KOOpAWHATA TOYKH
MEPETHHY MMOBEPXHI XBUIII 3 JHHUINEM CYIHA 3HaXOMUTHCS B Mekax —14m <y, (X)<0m, ToOTO, B
3QJIKHOCTI BiJl KOOPJIMHATU TIEpepi3y, BOHA MOXKE MEPETHHATH K THO, TaK 1 JIBHA OOPT cyjaHa.

Jlist kyTa kpeny O =60° (uepBoHA KpHBa): KOOPAWHATA TOYKH TIEPETUHY MOBEPXHI XBHIII 3 MAITYOO00
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cyana 3HaxoauThess B miamasoHi Om < yp(X) <5m, T0OTO 3aBXaM mHepeTHHAE HanyOy CyiHa,
KOOpJIMHATa TOYKH MEPETHHY TOBEPXHI XBWII 3 [HHUIIEM CyJHAa 3HAXOIUTHCS B Jliana3oHi
—5m < Y5 (X) <0m, TOOTO 3aBKIM MEPETHHAE THO CyaHA. 3MiHA BapiaHTy MEPETHHY MPHU3BOIUTH

A0 3MiHM BEIMYMHH BiJHOBIIOBAIRHOTO MOMEHTY My enemeHta OX Ta iHTEHCHBHOCTI

HaKomu4eHHs MOMEeHTY M, (X) mix yac iHTerpyBaHHs. 3arajibHUI BiJHOBIIOBAJIbHUI MOMEHT M
s kyta kpeny 0=10° cranoBute M, = 3.0x10" Hwm, mis Kkyra Kpeny ©=230° cTaHOBHUTb

My = 7.8x10’ HwMm, mis kyra xpeny O0=60° cranosute My = 9.2x10" Hwm. 3anexuocti
BiZTHOBIIIOBANEHOTO MOMeHTY M, (0) Bin KyTa kpeHy /st amrmonityn XxBwib A=0m (cuniit rpagik),
A=2m (3eneHwmii rpadix) Ta A=4m (depBoHuii rpadik) HaBeJACHI HA puC. 6.

Ha puc. 7 nokaszaHa 3aJIeXHICTb BIJIHOBJIIOBAJbHOIO MOMEHTY M, y KaHall KpeHy BiJ

3mintendss xBwii A(t) BiZHOCHO Kopmycy cyaHa, nuB. piBHsaHHs (3), mwis KyTiB kpeny 0=10°,

0=30" 0=60",

107 M (A®) 107 ML (A@) 107 M(A®)
2.99 o
7.84
S e L
0=10° 0= 30° ’
2.98 = 0=60
7.82 e
A7) A(t) A(F)
2.97 7.8 9.19
0 200 400 0 200 400 0 200 400

PucyHok 7 — 3aJeKHICTh BiAHOBIIOBaILHOrO MoMeHTy My Bix 3mimennst xeumi A(t) Ta KyTa KpeHy

Sk BugHO 3 rpadikiB, BIIHOBIIOBAILHUNA MOMEHT 3MIHIOETHCS B 3aJICKHOCTI BiJ a3y XBUITI
(TosIo’KeHHST XBWII) BIJHOCHO KOPIYCy Cy/HA, HallMEHIIEe 3HaueHHs BiH Mae s (a3m XBHIi
A(t)=90" ta A(t)=270° =-90°, xonu cymHO 3HAXOAUThCA Ha rpebHi xBuii. [lepioguyna 3MiHa
BiTHOBJIFOBAJIBHOTO MOMEHTY € MPHYMHOI0 TAaKOro HEOEe3NMeYHOro SBUINA, SK MapaMeTpUIHHN
pe30HaHC.

Ha puc. 8 moka3aHo 3aJe)XHICTh BiTHOBIIIOBaJILHOTO MOMEHTY M, (A) Bix JXOBXHHH XBUII,

115 KyTa Kpeny 0 =10°.

- MW
3.3 10 X

3.2 T

3.1

2.9 {

- . | | ‘ | 2
0 100 200 300 400 500 600

Pucynok 8 — 3anexHicTs BiaHoBoBansHoro Momenty My () Bix noBxuHn XBUITi

SIK BUIHO 3 OTpUMaHUX pe3yJbTaTiB, 3aJI€KHICTh MOMEHTY BIJTHOBJIEHHS B1J] JIOBXKHHH XBUJI1
Ma€ He3HauyH1 KOJMBaHHSA 3 aMIUTiTyZ0t0 10 0,7% Ans JOBXKUH XBHUJIb MEHILE TPETUHH JOBXKHHU
CyJIHa, aMIUTITya 3pocTae A0 3% st TOBXKUHU XBUJI1, IO TIOPIBHIOE TOBXKWHI cyaHA. JIJIsi TOBXKUH
XBWJIb, SKI B KUIbKa pa3iB MEpPEeBHULIYIOTh JOBXHHY Cy/JHA, BIJHOCHE 301UIbIICHHS
BITHOBITIOBAJILHOTO MOMEHTY CTaHOBUTB OM3bKO 7%.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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OcHoBHi pe3yJbTaTu Ta iX 00roBopeHHsi. Po3p0o0iieHO aHANITUYHY MOJIENb PO3PAXYHKY
BIJTHOBJIIOBAJIHOTO MOMEHTY Cy/IHA B KaHaJll KpEHY, sIKa J03BOJISI€ OLIHIOBATH OCTIMHICTh Cy/JHA Ha
peryisipHoMy XBUJIIOBaHHI. Po3poOsiieHa aHamiTHYHA MOJENh MOXKE€ BUKOPHUCTOBYBATHUCA TMPHU
71a00paTOPHUX AOCITIIHKEHHSIX OCTIHHOCTI Ha PEryJspHOMY XBUJIIOBaHHI, a TaKOX y OOpTOBOMY
00YHCITIOBaYl aBTOMATH30BAHOI CHCTEMH KEpPYBaHHS PyXOM CyHHA, IO JO3BOJIUTH TOCTIHHO, Ha
KOXXHOMY KpOIli O0PTOBOTO OOYMCITIOBaYa, OLIHIOBATH OCTIWHICTH CyAHA, 3MEHIIUTH, 32 PaXyHOK
[ILOTO, PU3UKHU NEPEKUIAHHSA, BTPATH CyJIHA 1 BaHTaXy. MOXIHMBICTh BUKOPHCTAaHHS aHAJIITHYHOI
Mojieni y OopToBOMY OOYMCIIIOBAdl MOSICHIOIOTHCS HE3HAUHUMHM BHUMOTAaMU /10 OOUYMCIIIOBAJIBHUX
notyxHocted. OTpuMaHi pe3yibTaT BIAPI3HAIOTHCSA BiJ BIJOMMX pILLIEHb THM, IO JO03BOJISIOTH
aBTOMAaTH3YBaTH MPOLIECH KOHTPOJIIO OCTIMHOCTI Ha PEryJsspHOMY XBHJIIOBAHHI, 3MEHIIUTH BILIHB
JIOACHKOTO YMHHHMKA Ta MIJBUIIUTH Oe3neky MoperuiaBctBa. OTpuMaHi  pe3ysibTaTh €
BIATBOPIOBAHMMHU 1 MOXYTh BHKOPHCTOBYBAaTHCS IpHU po3poOLli aBTOMATU30BAaHUX Ta
ABTOMATHYHUX CHCTEM.

BucHoBku. Po3po0ieHo aHamiTUYHY MOJENb PO3PaxXyHKY BiJHOBIIIOBAJIBHOIO MOMEHTY Yy
KaHaJll KPeHy, siKa J03BOJISIE MOCTIMHO OLIHIOBATU OCTIMHICTh Cy/JHA Ha PEryJIIPHOMY XBUJIIOBaHHI
y peanbHoMy 4aci. OTprMaHi pe3yJIbTaTH MOSCHIOIOTHCS MOKJIMBICTIO BUKOPUCTaHHS aHATITHYHOI
Mozeni y 0opToBoMy OOYMCIIIOBadl aBTOMaTH30BaHOI CUCTEMHU KepyBaHHs. TeopeTHuyHe 3Hau€HHS
OTPUMAaHUX PE3YJbTATIB MOJIATAE Y PO3POOLI aHATITHYHOI MO/ PO3PaXyHKY BiJIHOBIIIOBAJIBHOTO
MOMEHTY Ha PETYJISIPHOMY XBWJIIOBAaHHI, SIKA BPaXOBY€ T'€OMETPHYHI PO3MIpH Cy/HA, MMapaMeTpu
3aHypEeHHs, NMapaMeTpU XBHJIIOBAHHS Ta MapaMeTpH pyXy CyJAHA 1 XBWIb. lIpakTHuHe 3HAa4YECHHS
OTPUMaHUX pPE3yJIbTATIiB IMOJIAra€e y MepeBipll ii Mpane3gaTHOCTI MiJg 4Yac OOYHMCIIIOBAJIILHOTO
EKCHEPUMEHTY, MOXKJIMBOCTI 3aCTOCYBaHHA Uil J1aOOpAaTOPHMX JAOCHIUKEHb Ta y OOpTOBOMY
o0OYMCIIIOBaul aBTOMATU30BaHOi / aBTOMAaTMYHOI CUCTEMHM KEpPYBAaHHA pyXOM, IO JO3BOJISE
aBTOMAaTH3YBaTH IPOLECH KOHTPOJIO OCTIMHOCTI MiJ] YyaC BUKOHAHHA PEWCy, 3MEHIIUTH BILIHB
JFO/ICBKOTO YMHHUKA Ha TPOLIECH OIIHIOBAHHS, 3MEHIIUTH PU3UKH MEPEBEPTaHHS Cy/IHA Ta BTPATH
BaHTaXYy, MIABUIIUTH O€3MEKy CyJHOIUIABCTBA B LIIJIOMY.
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Zinchenko S. M., Tovstokoryi O. M., Mateichuk V. M., Nosov P. S. MATHEMATICAL MODEL OF
VESSEL STABILITY ON REGULAR WAVES

One of the important issues of shipping safety is a significant decrease and even loss of stability of ships in
waves, as evidenced by accident statistics. In real operating conditions, the shape of the volume of the
underwater part of the ship’s hull changes all the time, which leads to changes in the metacentric height and
stability shoulder up to 40%. Research has established that the greatest danger for ships is an encounter with a
wave whose length coincides with the length of the ship. Guidelines and Recommendations for safe sailing in
adverse weather conditions are provided in IMO documents. However, in order to respond to hazards in
accordance with existing guidelines, the hazards must first be identified, which is already a difficult technical
task, since, in addition to the specified hazard, there are other hazards that can lead to a capsize of the ship or
a collapse of the hull. According to the authors of the article, the most radical way to avoid dangers is to
utilize automated systems or automatic control modules in automated systems. Effective functioning of
automated and automatic systems is ensured by mathematical models of objects or processes, which must have
sufficient speed for the possibility of their use in real time. Therefore, the development of such a model is an
urgent scientific and technical task. The work developed an analytical model for calculating the restoring
moment of the vessel in the roll channel, which allows to estimate the stability of the vessel on regular waves.
The developed analytical model can be used both in laboratory studies on stability on regular waves, and in
the on-board computer of the automated ship motion control system, which will allow to constantly, at each
step of the on-board computer, assess the stability of the ship, thereby reducing the risks of capsizing, loss of
the ship and cargo. The possibility of using the analytical model in the on-board computer is explained by the
small requirements for computing power. The obtained results differ from the known solutions in that they
allow to automate the stability control processes on regular waves, reduce the influence of the human factor
and increase the safety of navigation.

Key words: intelligent transport systems; navigation safety; human factor; loss of stability; regular
disturbance; restoring moment.
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CUCTEMHUUI OIJIXIJ 10 PO3POBKU CUCTEMU ABTOMATUYHOI'O
KEPYBAHHS BE3EKIITAKHUM MATPYJIBHUM KATEPOM
JJIA OXOPOHU MIVIKOBOJHOI 3AXUIIIEHOI AKBATOPII

Haprowiit B. A., «xmmu, Ooyewm, Ooyewm  Kageopu  asmomamuxu  ma
eLeKMPOYCMAamKy8ants. XepcoHCbKo20 HAGUANbHO-HAYK06020 iHcmumymy Hayionanbnozo
VHigepcumemy Kopabnebyoysauns imeni aomipana Makaposa, m. Xepcow, Vkpaiua,
e-mail: nva074@gmail.com, ORCID: 0000-0003-3869-3546;

Bypynin A. I1., acnipanm xagedpu asmomamuxu ma erekmpoycmamxy8anHs XepcoHCbKO20
HABYANbHO-HAYK08020 [Hemumymy Hayionanvnoco ynieepcumemy kopabneOyoyeanHs imeHi
aomipana  Makaposea, m. Xepcon, Vkpaina, e-mail:  splashbox98@gmail.com,
ORCID: 0009-0005-1017-9766.

Besexinasicni nampynvni kamepu € 00HUM 3 610i6 HAOBOOHUX 3aC00i8 MOPCbKOI pobomomexHiku. Bonu 30amui
BUKOHYBAMU  WUPOKUL CHEKMp NPUKIAOHUX OXOPOHHUX 3a0a4 HA MIIKOBOOHUX —aK8AMOpisax, AKi
oxopousiomvca.  [ocniodncenHs HAyKosux npobnem iX CMEOpeHHs GIOHOCUMbCA 00  CneyianbHOCmi
«Aemomamu3zayis, KOMN 1OMePHO-IHMeSPOBari MEXHON02I ma pobomomexHikay eanysi 3Hans «Enexmponika,
agmomamuzayis  ma eieKmpoHHi KOMyHikayiiy. [ocniddcenna npuceauene po3podyi  y3azanbHeHol
DyHKYIOHANLHOI cXeMU cucmemMu asmoMamu4HO20 Kepy8anHs OCHOSHUMU PedCUMaMU pobomu 6e3eKinaicHo2o
nampyibHo2o kamepa. Taxi xamepu 6UKOPUCIOBYIOMbCA SAK HOCIT 3aco0i@ MOPCbKOI pobomomexHiku,
NPUSHAYEHOI O BUCBIMIIEHHA HAOBOOHOI, NIOBOOHOI Ma NOBIMPAHOI 0OCMAHOBKYU HA 3aXUUeHIl aKeamopii.
s OocniodceHHs BUKOPUCMAHO MemOOO0NI02iI0  aHANI3Y HAYKOBO-MeXHIYHOoI Jimepamypu ma OCHO8U
cucmemHo20 nioxody 00 CKIAOAHHA Nepeniky pexcumie pobomu 6e3eKinax3cHo2o nampyabHo2o Kamepd.
Copmosana MHOHNCUHA OCHOBHUX PeXNCUMI8 (DYHKYIOHYSAHHA Kamepa 6KIoYac 6a306ull nepenixk onepayii
kamepa. Muooicuna 3a0ay cucmemu Kepy8aHHs KAMepoM OXONIIOE KepPYG8aAHHSA GUKOHAGUUMU MEXAHIZMAaMU
Kamepa ma 1020 KOPUCHO20 6AHMAMXCY, Oe3neuny eieKmpoHHy Hagieayilo ma 3a0ayi OIaeHOCMYB8AMHSL.
Y3aeanvnena gynxyionanvha cxema cucmemu agmomMamuyHo20 Kepy8aHHs KAMepom YMEOPIOE Meopemuuny
OCHO8Y OJ151 CUHME3Y ANCOPUMMINHO20 3a0e3neyerHs CUCTeMU Kepy8aHHs Kamepom ma KOPUCHUM BaAHMAICEM.
Kniwouosi cnosa: Oesexinasxchuii nampyivbHuil Kamep, cucmema agmMoOMAMUYHO20 KePYBAHHS, PetCUMU
pobomu, 207106HI 3a0a4i KepySawHs, y3a2dibHeHd (OYHKYIOHANbHA CXeMd CUCHEMU a8MOMAMUYHO20
Kepy6aHH:.

DOI: 10.33815/2313-4763.2024.1.28.057-066

Beryn. besekinaxxHi HaZBOJHI Cy/AHA Ha LEH yYac IIMPOKO 3aCTOCOBYIOTHCS MPOMHCIOBO
PO3BUHEHUMH MOPCHKMMH KpaiHaMH y TocmojaapchKiid misuibHOCTI. CHEKTp iX 3acTOCyBaHHS 3
KO>KHUM POKOM PO3LIUPIOETHCS 1 CHOTOJIHI OXOIUTIOE MOPCHKI TPAHCIIOPTHI MepeBE3E€HHs, MOPChKI
HayKOBI JIOCJIIIPKEHHS Ta IPUPOI00XOPOHHI podoTH [1, 2].

VY mopiBHSIHHI 3 TpaJULIMHUMU CyJAHaMU Oe€3eKiMakHI HaJBOJHI CyJHAa MAlOTh HACTYIHI
niepesard [3, 4]:

— MOXJIUBICTh BUKOHYBATH OUIBII TPUBAJIi 3a 4acoM Ta HeOe3MeuHi Ui XKHUTTS 1 37J0pOB’s
YJIEHIB €KiMa)kiB MOPChK1 MiCii;

— HWK4i BUTPATH HA TEXHIYHE 00CITYyrOBYBaHHS CyJIEH;

— MEHILI BUTPAaTH Ta YTPUMAaHHS eKilaxiB (TUIbKK OeperoBuil TEXHIYHUI MepcoHan);

— HU3bKI MacorabapuTHI XapaKTEepUCTUKH Oe3eKiNMaXHUX HaJIBOJHUX CYJEH, 110 3a0e3neuye
iM BHCOKY MaHEBPEHICTb 1 MOKJIMBOCTI 3aCTOCYBAaHHS Ha MUIKOBOJHUX aKBAaTOPISIX;

— MOTEHINIIHO OLTbIIa BaHTAXOIITHOMHICTh, OCKIIBKH Ha 00pTy O€3eKiMakKHUX HAJBOJHUX
CyJ/ICH HEMa€ CUCTEM JKUTTE3a0e3TECUCHHS IS eKIMaXKiB CyJICH;

— MOXKJIUBICTD JJUCTAHIIIIIHO BUKOHYBAaTH THIIOBI MOPCHKI onepartii.

HaBenenuil Bumie nepenik nepeBar Oe3eKiMaKHUX HAJBOJHUX CYJIEH HaJa TpaJAuLIHHUMU
cyaIHaMH OOYMOBJIOE AaKTYallbHICTh X 3aCTOCYBaHHSA Ui OXOPOHHM MIJKOBOJHHMX MOPCHKHX,
pPIUKOBUX Ta O3€pHHX aKBaTOpii, Ha SKUX pO3TAlIOBaHI 00 €KTH MOPCHKOI KPUTUYHOI
1H(PPACTPYKTYpH Ta MPOBOAUTHCS IPOMHUCIOBO-TOCHIOAPCHKA AISITbHICTD ACPIKaBH.

[TocTanoBka mpooOyiemu. Ha 1ieit yac 3aBmaHHs OXOpPOHW MIUJIKOBOJHHUX aKBaTOPIH JIep KaBU
BiJl 3aTPO3 3 MOPs TPAIAMLIHNHO BUKOHY€ETHCSI OEPErOBUMH TEXHIYHUMH 3ac00aMU, SIKi KOHTPOJIIOIOTh
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TUTBKM HAJBOJHY Ta TMOBITPSHY OOCTaHOBKY HaJl aKBaTOpi€lo, sKa OXOpOHsA€ThCs. llomanmbiie
BJIOCKOHAJICHHSI TEXHIKM MPUXOBAHOTO MOPYIICHHS MEX TaKUX aKBaTopiil 3 OOKy 3J0BMHCHHUKIB
BHMAara€ IMOJAaJbIIIOT0 BJIOCKOHAJICHHS TEXHIYHMX 3ac00IB OXOPOHHM aKBATOPiIM BiJl ITiIBOIHHX
3arpo3. ToMy akTyanbHUM € CHCTEeMHHH MigXiJ A0 PO3pOOKH i CTBOPEHHS CHEIialbHUX 3ac00iB
MOpCBHKOi POOOTOTEXHIKH, sIKi O Manau 3MOry KOHTPOJIOBAaTH BCi TPH CKJIAJOBI 3aXMIIEHOT
aKBaTOpii — MOBITPSHY, HAJIBOJHY 1 ITiIBOJIHY .

Takuii miaxig Moke OyTH peai3oBaHMN 3a JIOTOMOTOI0 O€3eKiMaKHUX Malopo3MipHHUX
cyneH — Oe3ekimakaux marpynbHux KatepiB (BIIK, B anrmomoBHii giteparypi — Unmanned Patrol
Boat, UPB), ocHamieHMX npuiajgaMd Ta CUCTEMAaMH BHCBITICHHS HAJBOJHOI, IiJBOJHOI Ta
MOBITPSIHOT 0OCTAaHOBKM Ha 3aXMINEHIA akBaTOPii, a TAKOXK CUCTEMaMH 3B 513Ky Ta JUCTAHLIMHOTO
KOHTpoJIIO ¥ kepyBaHHs BIIK.

OaHuM 3 KITIOYOBUX 3aBJIaHb MPHU CTBOPEHHI TaKOr'O BUAY MOPCHKHX PyXOMHUX O0’€KTIB €
3aBnaHHs cuHTe3y cucreM kepyBanHHs BIIK, ski 6 3a0e3neuyBanu edexTrBHE Ta OeszaBapiiiHe
BUKOPHCTAHHS TaKUX KaTepiB B IHTEpPECcax JAeprKaBH.

OueBUAHO, 1IO YCHIIIHE BHKOHAHHS LHOTO 3aBJAaHHS MOJMIJIHMBE IIPU OIHOYACHOMY
BpaxyBaHHI HU3KH BUMOT, OOYMOBIIEHUX pEXHUMaMH POOOTH Ta OCOOJUBOCTSIMH aBTOMATHUYHOTO
KepyBaHHS BHKOHaBUMMH MexaHi3mamu bBIIK, ski 3a0e3neuyrors ioro (QyHKIIOHYBaHHS Ta
eKCIUTYaTyIoOThCsl 0€3BaXTOBUM METOAOM, a TaK0oXk OOYMOBJICHHX HEBH3HAUCHOCTSIMH YMOB
30BHIIIHBOTO MOPCBHKOTO CEpeAOBHUINA (HASBHICTIO 30BHILIHIX 30ypeHb — BITPY, XBHJIb Ta TEYiil)
[5, 6].

AHaJIi3 OCTaHHIX AOCJHIIKeHb Ta mnyOJikamii. ICTOpMYHO mEepIIMM MAaTEHTOM IIOJO
mobymoBu Gesekinaxkuoro HaaBogHoro cyana (BHC) 6ys marent Hikono Tecnm y 1898 poky [7].
Ha mouwarky XX cropiyus y Himeuunni Oymu mnoOynoBani pazmiokepoBani BHC, ki
BUKOpHUCTOBYBaiuCh y [lepmriii cBiTOBI#H BiliHI [§].

VY [pyriii cBiTosiii BiliHi BHC BukopucTOBYBanuch sk 3aci0 JOCTaBKM BHOYXIBKH IS
3HUIICHHS HAJABOIHUX KopabiiB Ha CepemnseMHomy mMopi [9].

Hanpuxkinmi XX cropiuus B [3paini 6yno crBopeno nusky BHC st aBromaru3anii onepartiit
3 OXOPOHHU MOPCHKOTO y30epexxs Ta akBatopii moptis [10, 11].

I'enepanbanii ian crBoperHs BHC mis motped BilicbkoBo-Mopchkoro ¢ioty CIHIA Oyro
po3pobaeno y 2006 pormi [12], a 3 2012 poky B pamkax eBpomeiicbkoi mporpamu “MUNIN”
pO3MoYaIicCh MPUKIATHI HAYKOBI TOCTIKEHHS MO0 po3poOku KoHuerii kepyBanHs BHC Ta
OILIIHKHU TEXHIYHO1, EKOHOMIYHOI Ta MPaBOBOI CKJIAIOBUX iX BUKOpUcTaHH: [13].

VY HacTymHi pOKHM y MPOBIIHUX MOPCHKHX KpaiHax CBITy OyJiO0 3al04aTKOBAHO CIEI[iabHi
poexTH 3 po3poOku Teopii BHC, ix mpoekryBanHto 1 OyaiBHunTBy [14—18]. {o Takux mporpam, y
nepury 4epry, MokHa BigHecTu: TpoekT «Advanced Autonomous Waterborne Applications»
(AAWA) [19, 20], npoekt “AUTOSEA” [21], mpoekt “Hull-to-Hull” [22] Ta iHmI npoekTH i
MPOrpaMu, y Pe3yJIbTaTi pearizallii SKiuX Ha ChOTOJIHI Y BCbOMY CBITI JIJIsi HAYKOBO-OCI THUIIBKUX
3aB/IaHb, MPUPOJAOOXOPOHHUX Ta aBapiMHO-PATYBAIBHUX MOPCHKHX POOIT BUKOPHUCTOBYETHCS BKE
nmonaz 1000 BHC [23-27].

Tomy Oe3ekinakHi MaTpyJbHI KaTepy, MPU3HAYCHI JII MOHITOPHHTY HAJIBOJHOI, ITiIBOTHOT
Ta TOBITPSHOI OOCTAHOBKM AaKBAaTOPii, IO OXOPOHSIOTHCS, € TMEPCIEKTUBHUM BHJOM MOPCHKOI
POOOTOTEXHIKH, @ PO3p0oOKa CUCTEM aBTOMATUYHOTO KEPYBAaHHS HUMHU BIJHOCUTHCS IO aKTyallbHUX
3aBJIaHb IX CTBOPCHHS.

MeTa Ta 3aga4i gociigkeHHs. MeTor poOoTH € po3poOka y3araibHeHOI (PYHKIIIOHABHOT
cXeMH cucteMu aBToMatudaHoro kepyBaHHs (CAK) ocHOBHMMH pexuMaM# poOOTH 0e3eKimaxHOTO
MaTpyJILHOTO KaTepa K HOCis 3aC00iB MOPCHKOT POOOTOTEXHIKH, SIKa TpU3HAYCHA IS BUCBITIICHHS
HAJBOJIHOI, MIJBOJHOI Ta TOBITPSHOI OOCTAaHOBKM Ha 3aXUIICHIW akBaropii. JJis JAOCATHCHHS
MOCTaBJAEHOT METH HeoOXigHO c(hOpMYyBaTH MHOXHHY OCHOBHUX PEXHMIB (YHKIIIOHYBaHHS
0€3eKINaKHOTO TATPYJIBHOTO KaTepa Ta MHOXXKHHY TOJIOBHHX 3alad, sIKi Mae peaji3yBaTh HOTO
CHUCTEMa aBTOMaTHYHOTO KEPyBaHHSI.
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Metoam gociaigxkeHHs. Y mpoieci poOOTH BUKOPUCTAHO METOAOJIOTII0 HAYKOBOT'O aHallizy
HayKOBO-TEXHIYHOI JTepaTypu JUIsl BH3HAUCHHS TepeBar Oe3eKimakHOI MOpPCHKOI TEXHIKH 1
JOLUIBHOCTI 11 CTBOPEHHS JUIA 3a/1a4 MaTPyJIIOBaHHA 3aXUIIEHUX aKBaTOPil Ta OCHOBU CUCTEMHOIO
MiAXOy 10 OLIHKK OE3eKiNakKHOTO MaTPYJIBHOTO KaTepa K 00’ €KTy KepyBaHHS 3 IMO3UIIH IiT1iCHOT
MHOXKMHHU BIJIHOIIECHb 1 3B'A3KiB MK MHOXXHHAMH PEXHMIB HOro poOOTH Ta TOJOBHUX 3a7ad
(yHKIIOHYBaHHS KaTepa Py BUKOHAHHI MOPCHKUX MICIH.

OcHoBHi pe3y/ibTaTH Ta iX 00roBopenns. [lonepenniii anami3 3apnans A bBIIK, ski BoHn
MalTh BHUKOHYBaTH Ha akKBaToOpisX, IO OXOPOHSIOTHCS, CBIMYUTH IPO iX pI3HOMAHITTS Ta
CKJIaJIHICTh, OCKUIBKH 111 3aBJIaHHS BKJIIOYAIOTh:

— Oe3me4yHy aBTOMATHMYHY HaBiramiro (e-Hapiramiro [27]) Ha akBaTopisiX, I SKHX
XapaKTepHUMH € BITPO-XBWJIbOBI 30ypeHHs 1 Teuii Ta sKI MICTATh CTAaTU4HI Ta JWHAMIYHI
HaBIramiiHi 3aBaju;

— BUCBITJIEHHSI MOPCBKOT OOCTaHOBKHU B TPbOX CEPEIOBHIIAX — HAIBOJTHOMY, IiJBOTHOMY Ta
MOBITPSIHOMY, 1110 BUMara€ OCHAIIlEHHs KaTepiB BIANOBIAHMMU CHCTEMaMU CEHCOPIB Ta 3acobaMu
MOpCBHKOi POOOTOTEXHIKM (U1 OINEPaTUBHOI'O BHMIPIOBAHHS IApaMeTpiB IUX CEpPelOBHIN) 1
PO3pOOKH CHCTEM aBTOMATH30BAHOTO Ta/4M aBTOMATUYHOTO KEPyBaHHS HUMH,

— 3aCTOCYBaHHS KOPHCHOTO BaHTaXy — OOPTOBHX 3ac00iB MOPCHKOi POOOTOTEXHIKU
(Masopo3MIpHUX KaTepiB, MIABOJHUX arapaTiB Ta JITaJbHUX amapariB KONTEPHOTO THITLY) IS
ONIEPATUBHOTO OOCTEKEHHS BEIMKHMX 3a IUIOIIEI0 aKBAaTOPiM Ta MiABUILEHHS MPOAYKTUBHOCTI
Mopcbkux Miciit BIIK;

— ocHaiueHHs BIIK napiiHuMHM cuctemMamu 3B’s3Ky 3 OeperoBUMH IIEHTpaMU KepyBaHHS
(nns mepenadi oTpuManoi iHGoOpMallii y peaJbHOMY 4act).

Sk 06’extu aBromarumzauii BIIK BigHOCATBCA 10 MOPCBKHX PYXOMHUX OO’€KTIB, SKHUM
MpUTAMaHHI BHCOKI IMBHUAKOCTI pyxy (50 By3miB 1 Ouiblie) Ta BHCOKI akKcelepaTHUBHI
XapaKTePUCTUKH PYXY.

Kpim Toro, ockineku BIIK € HOCisiMU iHIINX 3aC001B MOPCHKOI pOOOTOTEXHIKH, TaKi KaTepu
TTOBUHHI MaTH IIie Bl (PYHKI[IOHAJIbHI BIIACTHBOCTI:

— MOJIMBICTH TIO3HIIIOHYBaHHS B TOYIII (JIJIs CITYyCKY Ha BOJY Ta MiTHOMY 3 BOJAH KOPUCHOTO
BaHTaXY);

— MOXJIMBICTH PYXaTUCh 3 MalUMH IIBUAKOCTAMHU (3—5 By3miB), sIKi HEOOXimHI st
3aCTOCYBaHHA KOPHCHOTO BaHTaXy 3a NPU3HAYECHHAM (HaNpHKIaJ, A7 poOOTH 3 NMPHUB’ SI3HUMHU
TiIBOTHUMH amapaTtaMu pi3HUX THUIIIB).

3azBuuaii, BITK 3acTOCOBYIOTHCS Ha MOPCBKHX Ta PIYKOBHUX aKBaTOPISX 3 OOMEKECHUMHU
HaBirauiiHUMH yMoBaMmH, o BuMarae 3actocyBaHHs CAK Bemukoi Townocti. Yacro Bim CAK
BUMAraeThbcs pyX Karepa MO 3a/aHiil TpaekTopii 3 BUCOKOK TOYHICTIO A pOoOOTH 3 JAEIKMUMHU
BUJaMU KOPUCHOTO BaHTaXy (HAmpuKiald, 3 OyKCHpPYBaHHMMM Ta CAMOXiTHHUMH IPHUB’SI3HUMHU
MiBOJHUMH arapaTaMu), a TaKoX MiATPUMaHHA cTajoi mBuakocTi pyxy BIIK.

VY minoMy, BUXOJsUM 3 OCHOBHHUX 3aBjanb excrutyaraiii bIIK Ta 3 ypaxyBanusm [17] MmoxxHa
chopmyIIIOBaTH OCHOBHI PeKUMH HOTO (DYHKITIOHYBaHHS TIPH IMOBHIM aBTOMAaTH3allii:

— OeperoBa miaroroBka bBIIK 1m0 BukOHaHHS Micii — aBTOMAaTHUYHE J1arHOCTYyBaHHS
BukoHaBunx MmexaHi3MmiB BIIK Rpsi Ta aBTOMaTu30BaHe NiarHOCTYBaHHS BUKOHABYMX MEXaHI3MiB
KOPHUCHOTO BaHTaXy Rbci rmepes mo4aTkoM BUKOHAHHS MicCii;

— aBTOMATHYHHI YW aBTOMATHU30BaHHWH (IiI KEpyBaHHSIM OEpPEroBOro OmepaTropa) BHXIiJ
BIIK Rsm y cTapToBY TOUKY MapIIpyTy Micifi;

— ABTOMAaTUYHUI MOCTIMHMM KOHTPOJb Npane3gaTHocTi Rpw BHKOHABUMX MeEXaHi3MiB
camoro BIIK Ta #ioro KopucHOro BaHTaXy y MpOIeci iX 3acTOCYBaHH 3a MPU3HAYCHHSM;

— aBToMaTuyHMi TpaektopHHUi pyx BIIK R/ mig yac mepexony 1o poGouoi akBaropii aiis
BHKOHAHHS MICIi;
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— aBTOMAaTHYHUM yu aBToMaTH30BaHuil MmaHeBpoBuil pyx BIIK R npu #oro 3naxomxeHH1 B
poOouiii 30HI akBaTOpii Ta/uyu aBTOMATHYHA MpocTopoBa cTabimizanis Hepyxomoro BIIK Rs nHa
3aJjaHO1 aKBATOPII ITiJ] Yac 3aCTOCYBaHH KOPHCHOTO BaHTAXy 3a HOTO MPHU3HAYCHHSM;

— aBTOMaTH30BaHe a00 aBTOMATHYHE 3a0e3MEeUeHHsI 3aCTOCYBaHHS OOPTOBOTO KOPHUCHOIO
BaHTaXy 3a MpU3HAUYCHHAM R4u (Hampukiaz, 3amyck Ta NpuitoM O0e3eKiMmaXHUX JIITaIbHUX anapariB
KONTEPHOI'0 TUITy, CIIyCK Ha BOJAY NpPHB’A3HUX T4 aBTOHOMHHUX HEHACEJIEHUX IJBOJAHUX alaparis,
KepyBaHHS iX poboToro Ta migiiom ix Ha 6opt BIIK micis 3aBepiienns ix micii);

— aBroMaTnuHuil pyx BIIK RNnm mo Tpaekropii nmepexoy Ha HOBY aKBaTOpIlO YU PyX A0
KIHLIEBOI TOUKH MapUIpyTy, y AKii Micist Oye 3aBepiieHa;

— aBTOMaTUYHE YU aBTOMaTH30BaHe noBepHeHHs BIIK Rem o 6a3y;

— Oeperosi omepartii BIIK micns BukoHaHHS Micii — aBTromaTu4dHe miarHocTyBaHHs BITK
RpB2 Ta HOro KOpUcHOro BaHTaXy Rpc2 micist 3aBepiIeHHs Micii.

Taxkum uynHOM, MHOXKHHA RuPe OCHOBHUX pexuMiB ¢yHkiioHyBaHHs BITK MicTuTh HacTymnHi
CKJIaJIOBI:

Rupe = {Ros1; Roc1; Rsm; Row; Rri; Rar; Rs; Rau; Rnm; Rem; Roez; Rocz}. (1)

3a3HauMMo, 10 IiJl Yac BUKOHAHHS Mopchkoi wactuHH Micii Ha BIIK Tta ioro xopucHuit
BaHTaX OY/IyTh JiSTH 30BHilIHI 30ypeHHS, SKi MOKHA TPEACTABMTH BEKTOpamu cui Bitpy Fy,,

xBWwib F,, Ta Teuii F,, mo aitote Ha koHcTpykiii BIIK Ta 3ac06iB MOPCHKOT POGOTOTEXHIKH, SKi

3aCTOCOBYIOThCA 3 Horo 60pTy sik Hocig Takoi podotoTexHiku. Kpim Toro, npu cunre3i CAK BIIK
CJIiJ] BpaXxoByBaTH 1H(POpMaIlil0 PO BUHUKHEHHS MEPELIKO I HaBIraliifHOro NOX0oPKEeHHs (CUTrHaIU
B1Jl CTalllOHAPHMX HAaBIralllfHUX 3HAKIB, CUTHAJIU MPO HAABHICTh IHUIMX CYJIEH Ta MapaMmeTpu ix
pyXy TOILO).

VY3aranpHIOIOYM BCE BUIIIE CKa3aHEe, KOHCTAaTY€EMO, IO JI0 TOJIOBHUX 33134, sIKi BUCYBAIOTHCS
1o CAK BIIK, HeoOXigHO BigHECTH:

—3amady Tn 6esneunoi HaBiranii BIIK y pexxumax Rswm, R77; Ry; Rs; Rau; Rnv; Rewm;

— 3a/1a4y e aBTOMaTUYHOrO KepyBaHHs OoproBuMH mkepenamu eHeprii BIIK (nBurynamun
BHYTPIIIHBOTO 3TOPSIHHS YH IHIIMMU JDKEPETaMu eHepTii);

— 337a4y [P aBTOMATUYHOI'O KEPYyBaHHsS TOJIOBHUMHU Ta JIONMOMDKHUMH (IMIAPYJIIOIOUYUMM)
pyuriitaumu npuctposimu BITK;

—3a/1a4y TR aBTOMaTHYHOTO KepyBaHHs kepMoBUM npuctpoeM BIIK (kepmom, Hacakoro);

—3a7a4y [c aBTOMaTUYHOIO KepyBaHHsI KoprucHUM BaHTaxeM BIIK;

— 3a7a4y [p aBTOMAaTHYHOIO Ta/4d ABTOMATH30BAHOTO KOHTPOJIIO MpPale3JaTHOCTI)
obmannanns BITK Ta iioro koprcHoro BanTtaxy (pexxumu Rpai, Rpci, Row; Rpsz2, Roc?).

Muoxwuna Tups rooBaux 3a1a4 CAK BIIK mae Burmsaa:

Tups = {Tn; Tg; Tp; Tr; Tc; To} 2)

Koxna 3 mmx 3amady morpedye po3poOku BiamoBigHux MetoaiB cuHTedy CAK,
MaTeMaTUYHUX Mojesiell (YHKIIOHYBaHHS Ta alrOPUTMIYHOrO 3a0e3MeueHHs, a TaKoX iX
MPaKTUYHOI ampoOarii. YcmimHui po3B’s30K 3a1ad MHOXKHHH (2) AacTh 3MOTY 3a0e3MeduTd
BUCOKY e¢ekTuBHICTh 3acTocyBaHHS bBIIK gk MoOinpHOI muatdopmu 11 3ac00iB MOPCHKOI
POOOTOTEXHIKH PI3HUX THIIIB, 1110 3HAXOIATHCS Ha Horo OopTy.

Buxonsuu 3 anamizy mHoxuHH (1) ocHoBHuX pexumiB (yHkuionyBaHHs BIIK Rups Ta
MHOuHHU (2) ronoBaux 3amad CAK BIIK Tups, MOXHa 3amporoHyBaTH HACTYMHY y3arajabHEHY
(GyHKIIOHANIBHY cXeMy cucTeMH aBToMatuuHoro kepysanss BIIK (puc. 1).

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Crpareriuauii piBeHb Jlo Geperosoro 1eHTpy
(zaBmanms Pp) — KepyBaHHsI MICIEIO
V 2 Cencopu = = = 6
TakTHUHMIT pIBEHD X- somtt: LL}IJHiX Fyn Fp F, 30ypenHs
(zaBmauns Pr) 30BHILIHBOIO
l 30ypetn cepeloBHIINA
AJIanTHBHHII pIBEHb
(zaBmanHa Pry)
[Iporpamunii
pPIBEHb
(zamaui T, Tc, 1p)
Buxonasumii P " .
: erylsiTo eryJIATOpH
PIBCHB YIATOP Peryisitop CTYIATOp yaTop
KEpMOBOTO pymIis IKepena KOPHCHOI'O
MPUCTPOIO - BaHTaxK
PHCTP i« (3amaua Tp) eneprii y
(3anava Tk) (zamava T%) (3amaua 7¢)
/ [Tpusos I BuxoHasti Bukonasui
HBOJ MEXaHI13MH (exani-
KEPMOBOTO p;)miﬂ : MeXaHI3MH
MPHCTPOIO ] KOPHCHOTO
CHCPTIL BaHTaKY
Cencopu .
BHKOHABYHX Cencopu
MeXaHi3MIB KOPHCHOTO
BIIK BaHTaKY

Pucynox 1 — V3aranpHeHna GpyHKIIOHaTRHA CXeMa CHCTEMHU aBTOMaTHYHOTO KepyBaHHs BIIK

Sk Gaunmo, y3araqpHeHa (yHKIIOHAJIbHA CXeMa CUCTEMH aBTOMAaTW4YHOro kepyBaHHs BITK
€ 0araTopiBHEBOIO 1 MICTUTH II'SiITh OCHOBHHUX PIBHIB — BUKOHABYMil, MPOTrpaMHUNA, aAalTUBHUMI,
TaKTHYHUH 1 CTpaTeT1YHUH.

PosrasineMo Bka3aHi piBHI OLTBII I€TATBHO.

BukoHnaBunii piBeHb peanidye KepyBaHHS OKpeMHUMH BUKOHaBuMMH MexaHi3Mamu BIIK Ta
HOro KOPUCHOTO BaHTa)Ky B OCHOBHHUX pexumax Horo ¢yHkiionyBanHs 3rigHo (1). Ha npomy piBHi
BiIOYBA€TbCS KEpPyBaHHSA MPHUBOAAMU KEPMOBOTO Ta pYMIHHOIO MPHUCTPOIB, HACOCaMH,
KOMIIPECOpaMu, BEHTHJISITOpamMu ToIo (3aaadi Tg, Te, TRr).

Kpim Toro, Ha mpomMy piBHI BiIOyBaeTbCs KEpyBaHHS BHKOHABYMMM MeXaHi3MaMHU
KOPUCHOTO BaHTaXy (3a1a4a Tc) — MPUBOJaMH MPUCTPOIB, SKi 3a0€3MeUy0Th HOro BUKOPUCTAHHS
32 MpPU3HAYECHHSM (MPUBOJAMM ABTOMATHUHHUX CITyCKO-MiTHIMAJbHUX MPUCTPOIB I OOPTOBUX
3ac00iB MOPCBHKOi POOOTOTEXHIKM, MPUBOAAMM 3aMKIB Ta (iKcaTopiB IUX 3aco0iB, KPHUIIOK
KOHTEHWHEPIB Ta 1HIIOr0 NaTyOHOr0 YCTaTKYBaHHS).

Ha mporpamuomy piBHi CAK BIIK 3a0e3neuye kepyBaHHS OKpEMHMH eJIeMEHTapHUMU
omeparisiMi, SKi 3a0e3MmedyloTh KOHTpOJboBaHHMN mpoctopoBuit pyx BHC (3amaua Tn) Ta
KepyBaHHs WOTO KOPHMCHUM BaHTaxeM (3amada Tc). Lle peamizyeThcs 3a 10MOMOror0 BOYJOBaHUX
KepYIOUuX Mporpam, sKi 311HCHIOIOTh y3ro/keHe (PyHKI[IOHyBaHHS BUKOHaBUMX MexaHi3miB BHC
Ta KOPUCHOTO BaHTaXy. TyT BHKOHY€ThCS aHali3 iHQOpMalii mpo 30BHINIHE CEpeAOBHUIIE Ta
MNOTOYHHMI TEXHIYHMIA cTaH BUKOHaBuMx MexaHi3MiB BHC 1 kopucHoro BaHTaxy (3amaua Tp),
OomepaTuBHO (POPMYIOTBCSI KOMAaHAM KEpyBaHHSA, SKI 3a0e3MeuyloTh BUKOHAHHA 0a30BHX
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TEXHOJIOTITYHUX Ollepalliii kaTepa Ta KOHTPOJIb 3a iX BUKOHAHHSAM. 3a3HA4€HI KOMaHJIU KEPYBaHHSA
TeHEePYIOThCS 3T1IHO /10 MOCTaBICHUX BEPXHIMHU PIBHAMU 3aBJaHb (BUOIp TPAEKTOPiH POCTOPOBOTO
pyxy BIIK, mianyBaHHS pyXy BUKOHaBYMX MEXaHi3MiB KOPHCHOTO BaHTaXXy TOIIO).

Takum YWHOM, JBa HUXKHIX piBHI (DYHKIIOHATBHOI CXEMH CHCTEMH AaBTOMAaTHYHOTO
kepyBanHsi BIIK BupoOmsitoTh KOMaHIM KepyBaHHsS Jisi BUKOHaBuumx MmexaHizmiB BHC Ta iioro
KOPHUCHOTO BaHTaxy. /[ mux piBHIB BXiIHOW 1H(OPMAIIEI0 € CHUTHAJIW BiJ] CTPaTEridyHOrO,
TaKTUYHOTO Ta aJaNTHBHOTO PIBHIB KEpyBaHHS, a TaKOX CHUTHAJIU BiJl CUCTEMH BHYTPIIIHBOTO
KOHTPOJIIO 00Ia/ITHAHHS KaTepa Ta KOPUCHOTO BaHTaXy (3a1ava Tp), Kl HAAXOASATh BiJ] BIMOBITHUX
CEHCOPIB KOHTPOJIIO TEXHIYHOTO CTaHy 1X BUKOHABYUX MEXaHI3MIB.

PosrnsnemMo Temep CyTHICTh 3aBIaHb, PO3B’A30K SKUX PEATI3YETbCS Ha TPbOX BEPXHIX
PIBHSX KepyBaHHS.

Ha crpareriunomy piBHI KepyBaHHsS MOpchkor Miciero BIIK po3B’s3yerbesi mepBicHe
3aBJaHHs — 3arajibHe IulaHyBaHHS Micii Pp. TyT BUKOHYIOTHCS PO3PaxXyHKH IIOJIO MOKIMBOCTEH
BUKOHAHHS TOJIOBHHUX 3aBJaHb Micii — aHaji3 JOCSIKHOCTI 3aJaHuX pOOOUYMX aKBaTOPIM,
oOrpyHTyBaHHA TpaekTopiii pyxy BIIK Ta mBHAKICHMX peXHMIB, IMepeBipka HEOOXiTHOTrO
€HEePreTUYHOTO Ta iH(hOpMAaIiHHOTO (KOMYHIKALIMHOTO Ta HaBiramiiHoro) 3abe3nedeHHs Micii, a
TAKOX CKJIAJIAIOThCS IUIAHU-TPadikd MPaKTUYHOI peaizamii Micii, BKIIOYAIOYM 3aCTOCYBaHHS
KOPHCHOT'O BaHTaXY.

Ha TakTiuHOMYy piBHI 3 BHKOPHCTAaHHSIM pE3yJIbTaTiB POOOTH CTPATETIYHOTO PIBHS
BUKOHY€TbCA 3aBHaHHs Pr dopmyBaHHA TpaekTopiii mpoctopoBoro mnepemimienns BIIK Ta
MOCTIIOBHOCTI BUKOHAHHS KOHKPETHUX POOIT 3TiHO J0 MPU3HAYEHHS KaTepa Ta HOro KOpUCHOTO
BaHTaxy. [Ipu 11bOMy BpaxoBYIOTHCS MOXKIIMBI 0OMEKEHHSI, 00yMOBJICH] 30ypEHHSIMHU 30BHIIIIHHOTO
CepelioBUINa — BITPO-XBHJIBOBUMHU 30ypeHHSIMHM, TEUisIMH Ta HaBiramiiiHumMu oOmexenHsMu. Ha
IbOMY PIBHI CKJIaJIalOThCS JI€TajdbHI TUIAHU-TPa(iK BHUKOPUCTAHHS KOPHUCHOTO BAHTAXYy 3T1THO
Horo mpu3HAYEHHIO, SKI MepeadayaroTh Y3roJUKeHy poboTy mamyonoro obmamgnanus BIIK Ta,
BJIaCHE, KOHKPETHOT'O 3aC00y MOPCHKOT pOOOTOTEXHIKH, & TAKOXK OOJaHAHHS KaHATY KOMYHIKaIlii
3 OeperoBUM LIEHTPOM KEepPYBaHHS MiCi€lo.

Ha amantuBHOMY piBHI KepyBaHHs Miciero BIIK BukonyeThcs 3aBaaHHs Pce KOpUTYBaHHS
TU1aHiB-TpadikiB GYHKIIOHYBaHHS KaTepa Ta HOro KOPUCHOTO BaHTAXY 3 YPaxyBaHHSIM MOTOYHOTO
TEXHIYHOTO CTaHy iX BHUKOHAaBYMX MEXaHI3MIB (3a7aya Tp) Ta MOTOYHMX 3HAYEHb 30BHIMIHIX
30ypeHb Ha OCHOBI iH(opMarii BiJ BIAMOBIAHUX TPYI CEHCOPiB. Pe3ynpraroM poOOTH 1IHOTO PiBHS
CUCTEeMH KepyBaHHS € ONTHMalbHI PEKOMEHOBaHI TPAEKTOPIl pyXy BHUKOHABUUX MEXaHI3MiB
KaTepa Ta HOro KOpHUCHOTO BaHTAXKYy.

BucHoBku

1. Ha ocHOBI aHani3y HayKOBO-TE€XHIYHOI JIITEPATYpH 1O O€3eKiMaKHIUM HAJABOJHUM CyTHAM
BCTAaHOBJIEHA AaKTyaJbHICTh CTBOPEHHS O€3eKIMaXHUX NAaTPyJIbHUX KaTepiB M1 OXOPOHU
MUJTKOBOJHUX MOPCHKHX, PIYKOBHX Ta 03€PHUX aKBATOPi, Ha SKMX PO3TAIIOBaHI 00 €KTH MOPCHKOI
KPUTUYHO1 1HPACTPYKTYPH Ta MPOBOAUTHCS MPOMUCIOBO-TOCIOIAPCHKA AISUTbHICTh AEpPKaBH.

2. lloka3aHO aKTyalmbHICTb 3aBJaHHA CHHTE3y CHUCTEM KepyBaHHS Oe3eKiNMaXKHUMHU
HaJBOJHUMHU CyJHAMH, sKi O 3a0e3neuyBanu epeKTHBHE Ta Oe3aBapiliHe BUKOPHUCTAHHS TaKHX
KaTepiB B iHTepecax JAep’kaBu. 30KpeMa, MmoKa3zaHa HEOOXiJHICTh OJJHOYACHOTO BpaxXyBaHHS HU3KU
BUMOT, OOYMOBIIEHUX peXHMaMH poOOTH Ta OCOOJHMBOCTSMU aBTOMATHMYHOTO KEPyBaHHS
BUKOHABYMMH MEXaHI3MaMH TaKUX KarepiB, sKi 3a0e3medyroTh HOro (YHKI[IOHYBaHHS Ta
BUKOPHCTAHHS 32 MIPU3HAYEHHAM HOTO KOPUCHOTO BaHTAXKY.

3. CdopMoBaHO MHOXHHY OCHOBHUX PEXHUMIB (QYHKUIOHYBaHHS O€3€KiMa>kKHOTO
MaTpyJabHOTO KaTepa, $Ka BKJIOYae Oa30BUM TMepenik omepaliii Kkarepa, MOYMHAIOYU BiJl
aBTOMATHYHOI JIarHOCTHKH OOJIaJHAHHS 1 JI0 3aCTOCYBaHHS KOPHCHOTO BaHTaXy KaTepa 3a Horo
MIPU3HAYCHHSM.

4. ChopMOBaHO MHOXHMHY TOJOBHHX 3aJad, SKi Ma€ peayi3yBaTh CUCTEMa aBTOMATHYHOTO
KepyBaHHS Oe3eKiMaXHHUM MaTpPyJIbHUM KaTepoM, IO OXOIUIIOE 3aadi KepyBaHHS BUKOHABUMMHU
MeXaHI3MaMHu KaTepa Ta HOro KOPHCHOTO BaHTaXy, 3a/adi Oe3nmeuHoi eleKTpOHHOi HaBiramii Ta
3a/1a4l aBTOMaTUYHOTO A1arHOCTYBaHHS 00JaIHAHHS KaTepa Ta KOPUCHOTO BaHTAXKY.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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5. 3ampomoHOBAHO Yy3arajlibHEHy (YHKIIOHAJIbHY CXEMYy CHCTEMH aBTOMAaTUYHOTO
KepyBaHHs 0e3eKiMaXHUM MaTPyJIbHUM KaTEpOM SIK TEOPETUUHY OCHOBY JIJIsl CHHTE3Y CTPYKTYpPH Ta
QITOPUTMIYHOTO 320€31eYCHHS CHCTEMH KepyBaHHS KaTePOM Ta HOTO KOPHCHUM BaHTAKEM.

IlepcnekTHBY MOAANBIIMX J0CTiAKeHb. [loganbii AOCTIIKEHHS AOLIIBHO TPOBOAUTH Y
ABOX OCHOBHHUX HAIIpsAMKax:

— CHHTE3 CTPYKTYPHHMX CXEM CHCTEM AaBTOMAaTHYHOTO KEpyBaHHA Oe€3eKiMaxXHUMHU
maTpyJbHUMHU KaTCpaMu, SIK1 CKCILTYaTyIOThCA 0€e3BaxTOBUM METOA0M,

— CHHTE3 MaTeMaTHMYHOrO0 Ta AJITOPUTMIYHOTO 3a0e3MEeYeHHS CHCTEM aBTOMATHYHOTO
KepyBaHHs 0e3eKinaXHUMHU MaTPpyIbHUMH KaTepaMu.
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Nadtochii V. A., Burunin A. P. A SYSTEMATIC APPROACH TO THE DEVELOPMENT OF THE
AUTOMATIC CONTROL SYSTEM OF AN UNMANNED PATROL BOAT FOR THE PROTECTION OF
A SHALLOW WATER PROTECTED AQUARIUM

Unmanned patrol boats are one of the types of surface vehicles of marine robotics. These buildings implement
a wide range of applied security tasks in the shallow water areas that are being protected. The study of
scientific problems of their creation relates to the specialty "Automation, computer-integrated technologies
and robotics" of the course of study "Electronics, automation and electronic communications”. The study is
devoted to the development of a general functional diagram of the automatic control system of the main
operating modes of an unmanned patrol boat. Such boats are used as carriers of marine robotics equipment
designed to illuminate the surface, underwater and wind conditions in protected waters. For the research, the
methodology of analysis of scientific and technical literature and the principles of a systematic approach to the
development of a range of operating modes for an unmanned patrol boat were used. A set of basic modes of
boat operation has been formed, which includes the basic flow of boat operations. The multitude of tasks of the
boat control system includes control of the boat's control mechanisms and its useful load, safe electronic
navigation and diagnostic tasks. The general functional diagram of the automatic boat control system creates
a theoretical basis for the synthesis of algorithmic support for the boat control system and useful equipment.
Key words: unmanned patrol boat; automatic control system; operating modes; main management tasks; The
general functional diagram of the automatic control system is provided.
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The article examines the navigation complex as a mass service system and examines the relationship between
the complexity of sea conditions and the capabilities of the system. Mathematical modeling and reliability
analysis of the ship's navigation complex from the perspective of mass service theory were carried out. The
presented work is one of the first in the application of mass service theory in the analysis of safe shipping
problems, which ensures its importance and scientific novelty. The developed mathematical model was
implemented in numerical experiments, and the obtained results were mathematically processed and visualized
by building approximation equations of the second order, which relate the probability of the operating state of
the system to the corresponding intensities of failure and maintenance flows. Mathematical modeling was
carried out for different conditions of navigation complexity (from coastal to inshore navigation and port
maneuvers). This ensures the high practical importance of the model results in the development of relevant
maritime regulations and the assessment of the benefits of electronic navigation. A four-factor linear
regression was built, which connects the reliability of the navigation complex with the corresponding flows of
failures and maintenance in the system. The obtained regression is visualized in a nomogram, which is suitable
for solving a number of practical problems.
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Introduction. In the period from 2011 to 2018, there were 23073 maritime accidents and
incidents in the fleets of European Union member states or in EU maritime administrative waters,
as stated in reports by the European maritime safety agency. In relation to this extensive amount of
incidents, 699 individuals perished, 7694 individuals sustained injuries, 230 vessels were
completely destroyed, and over 566 instances of ocean contamination occurred. Hence, maritime
accidents and incidents have caused greater economic and environmental consequences in recent
times. It was claimed that maritime disasters could have a lasting impact on the ecosystem and
environment of a region. This is why authorizations and international alliances are beginning to
thoroughly analyze the underlying reasons of marine accidents and incidents, and then assess them
in order to manage the outcomes and seek ways to minimize them. This research project combines a
narrative review of pertinent articles with library studies of annual reports from the European
Marine Casualty Information Platform to analyze data and effective factors of maritime accidents. It
then suggests policies and strategies to decrease accidents and incidents related to those factors [1].

The safety of marine transportation relies entirely on the secure state of a ship's deck and
machinery. Having a strong technical knowledge and expertise is required for seafarers, analysts,
and researchers to achieve this. Based on the Marine Accident Investigation Branch (MAIB) reports
from 1993 to 2012, 6,692 maritime incidents can be traced back to technical causes alone, with 69%
of incidents being a result of various factors combined. The technical aspects include
main/auxiliary/deck machinery, bridge operations, maneuverability, collision/contact, electrical
systems, fire and explosion prevention, flooding and sinking risks, management protocols, ship
activities, grounding dangers, hazardous events, navigation and communication devices, design
considerations, pollution issues, stability measures, structural strength, safety apparatus, and
emergency response procedures, among other things. Throughout the history of mankind, a
commonly used strategy has been to learn important lessons from previous negative experiences,
which in turn enables people to prevent similar occurrences in the future [2].
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Through better maintenance, design standards, training, and monitoring, the maritime sector
can lessen accidents' impact and strengthen safety levels at sea. Enhanced maintenance protocols,
improved design standards, crew training on new technologies, and continuous monitoring of
systems are essential to avoid accidents caused by technical problems [3, 4].

Analysis of recent research and publications. Numerous methods have been found for
analyzing the reliability of electronic navigation systems, with a main emphasis on assessing the
reliability features of both the system as a whole and its individual subsystems [5]. Certain studies
about the reliability of navigation systems mention the definition of reliability as the susceptibility
of a navigation device or specific system or component (if present) to errors during a specified
timeframe and specific conditions. It indicates the likelihood of carrying out a specific task without
any incidents happening. The mean time between failures (MTBF) is a distinctive parameter that is
utilized to define reliability. This is the typical length of time between consecutive system or system
component failures. Along with reliability, IALA [6] also outlines availability, which is described
as the likelihood of an aid or aid system carrying out its designated function under specific
conditions at a randomly chosen moment. The mean time to repair (MTTR) parameter is utilized for
availability assessment.

In terms of examining the reliability of DGPS systems, Specht [7, 8] discussed the reliability
framework of the system and its components with regards to their functions and interconnections.
Components and systems were subsequently given two states based on their operation: 0 for failure,
1 for normal function. Additionally, the navigation system's dependability is evaluated over a set
period, known as the system's survival probability, taking into account the specified reliability
framework. The reliability of the navigation system and its marginal reliability within a specific
time frame were calculated based on an exponential lifetime and downtime distribution assumption.

The analysis of AIS system availability, as developed by Jaskolski [9-11], is utilized for
Markov chains. Three different states of the system (functioning, interim, and breakdown) were
identified based on the availability factor of AIS data transmission being monitored. Afterward, the
likelihood matrix of transition probabilities among distinct states of AIS availability was
established. The matrix was formed using the intensity of state transitions identified by analyzing
AIS base station signals that were recorded. Ultimately, the probability of the system staying in
each operating state was established by considering the initial and aggregate distributions of
transitions between specific states.

The evaluation of electronic transmission system reliability regarding electromagnetic
interference, as outlined by Pas and Rosinski [12, 13], includes three levels: full functionality,
security priority, and inadequate security. This was accomplished by differentiating among states.
The Chapman-Kolmogorov system of equations was used to describe the analyzed system by
defining transitions between certain safe states. The initial conditions were then implemented and
the Laplace transform was utilized to calculate the likelihood of the system staying in a specific
state. Moreover, the likelihood of the system staying operational was determined by tracking the
switch rate between particular states and the likelihood of staying in one state. Applications that
assess the dependability of electron transport systems rely on the belief that the transition times
between particular safety states follow an exponential distribution.

Sumic et al. [14-16] utilized the Markov model to examine the dependability and
accessibility of an ECDIS system with a main (master) and secondary subsystem (backup
subsystem). The primary and standby systems create a parallel setup in which, if each subsystem
can be in working or non-functioning condition, the system can be in one of four states. By utilizing
Markov model characteristics (where the likelihood of future states is based solely on the current
state; the subsequent state is determined only by the current state, not by the events leading up to it),
the system's reliability was calculated as the probability of not being in a state of failure. The
primary finding of the research was that the intended level of reliability was not reached. This led
the authors to suggest a different approach, known as the cold standby system, which involves
incorporating backup systems connected in series or parallel.
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Purpose and objectives of the research. Using queuing systems theory is a widely used
way to assess technical systems' effectiveness. This theory enables us to compute the likelihood of
various states within a queuing system (QS) and to establish the connection between specific QS
parameters and metrics of its efficiency.

If all channels in the system are considered basic channels, the operation QS is currently
undergoing can be characterized as a Markov random process. This procedure involves distinct
stages and takes place continuously over a period of time. If the ergodicity condition is met, the
system reaches the final steady-state state. In this state, probabilities of states and other process
parameters do not depend on time. Researchers frequently concentrate on these well-established,
enduring traits.

Main body. Inconsistent utilization of QS is caused by irregular application flows and
varying processing times. At times, incomplete orders may accumulate at the entrance, causing an
overload in quality assurance. On the other hand, in some cases the QS input may have a channel
ready but no tasks, causing the QS to be underused and leaving the channel unused. There is an
accumulation of orders at the entrance of QS. These orders can result in one of two possible
outcomes. Those who cannot wait any longer in the queue will either be added to the queue or leave
the QS without service [17].

In case of a channel failure, the recovery process starts right away. This could involve
waking up, receiving the necessary treatment for healing, or recovering effectively from the
incident.

The birth and death graph represents the state of the system and is shown as:

A Vv

Figure 1 — QS state graph

where So — channel is free;

S1—channel is busy (working), good;

S2 — channel failed, restored.

Let the simplest request flow arrive at its input with an intensity denoted by A. Service time

. . 1 - . . .
— exponential with parameter p = = where tosen — average request service time. This means that
o6c

the service flow is the simplest, i.e., a stationary Poisson process can be described by an intensity
parameter denoted by u. A functioning channel may fail and be rejected. Let us assume that the
simplest form of intensity v is proportional to the error flow. Immediately after a channel failure,
the channel restoration process begins. The channel repair time follows an exponential distribution

characterized by a parameter called intensity y = tl where t, — average recovery time (repair). In
P

[18], the problem was expressed in a similar way, focusing on the navigator as a service channel. In
this study, the complexity of the problem arises from considering the possibility of the occurrence
of channel disturbances and their influence on the resting state, denoted by an intensity v'. It is
reasonable to assume that v’ <v [19].

The graph representing the QS status will exhibit the following appearance:

v

Figure 2 — QS state graph with failure possibility during idle

o pyopuku exnioueno cmammi 3a memamuunor cupamosanicmio « Tpancnopmui mexnonoziin



HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpCchbKOi akaaemii WL PA )P L

We will now calculate the ultimate likelihood of the system state and its validation
characteristics. A stands for total throughput, while Q stands for throughput as a probability of
processing incoming requests successfully.

The state probability in a system of algebraic equations is determined by the Kolmogorov
differential equation when the left-hand side is set to zero, resulting in the final probability
expression:

(A +v)py = up; +vp2
(u+v)p; = Apg (1)
Yp2 = Vvp1 +V'Dg

Additionally, conditions for normalization to unity can be integrated into this system:
Pot+pi+p=1 2

The task is to determine the intended final probability:

A +/1v+,uv’+vv’ -

=[1+ 3
Po u+v yu+v) )
- @
p1 = u +Vp0
v+ +w'
= ®)
P2ty

To determine the relative throughput, we apply the principles described in [10] and obtain
the following result:

_ U
Q =Dpo v (6)
Absolute throughput:
A
A= = 7
1Q POH TV (7

By simplifying the expression for Q, we can write it into a form suitable for numerical
calculations:

_ uy
u+v)y+v)+Ay +v)

Results of research. The probability of processing an incoming request Q is determined by
five parameters. These parameters are the corresponding flow intensities: A, u, v, vu v'.

The value of Q will be calculated for various combinations of the specified parameters. The
calculations of the fulfillment probabilities of incoming requests in different sail conditions and the
intensities of incoming request flows, failed flows and return flows are presented in Figures 3-6.

Correlations for sailing in coastal areas are shown in Figures 3—4. In this scenario, the failure
flow intensity increases to 1, while the request flow intensity varies from 10 to 20. As a result, the
chances of fulfilling requests decrease compared to the previously mentioned information.

Q (8)
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Probability of servicing the received request, Q
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m0,65-0,7 m0,7-0,75 m0,75-0,8 m0,8-0,85 m0,85-0,9

0,9-0,95
Figure 3 — The correlation between Q and A, u, v, v, v'. The intensities of the corresponding flows are as
follows: v =1 per hour; v' = 0,2 per hour; A= 10; u from 40 to 160 per hour; y from 2 to 12 per hour
Q, = 0,5098 + 0,01 + (0,0258 + 0,0018)y + (—0,0013 + 0,0001)y2 + (0,0036 9)
4+ 0,0002)p + (—=1,2002 x 1075 40,0912 x 10~>)p?
R%=0,9839; ¢ = 0,0082.

Probability of servicing the received request, Q

0,9
0,85
0,8
0,75
0,7
0,65
0,6
0,55
0,5

140 160
u
m0,5-0,55 m0,55-0,6 m 0,6-0,65 m 0,65-0,7
m0,7-0,75 0,75-0,8 m 0,8-0,85 0,85-0,9

Figure 4 — The correlation between Q and A, u, v, v, v'. The intensities of the corresponding flows are as
follows: v =1 per hour; v' = 0,2 per hour; A= 20; u from 40 to 160 per hour; y from 2 to 12 per hour

Q, = 0,3222 + 0,011 + (0,0275 + 0,002)y + (—0,0014 + 0,0001)y? + (0,0051 (10)
+0,0002)p + (—=1,6011 x 1075 + 0,101 x 10~5)p?
R2 = 0,9897; & = 0,0091.

In difficult navigational conditions such as rivers, harbors, heavy traffic and poor visibility,
Figure 5-6 illustrates the relationships observed in sailing. The failure flow intensity increases to 5,

while the request flow varies from 20 to 40, further reducing the probability of a request being
completed compared to previous data.
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Probability of servicing the received request, Q
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Figure 5 — The correlation between Q and A, u, vy, v, v'. The intensities of the corresponding flows are as
follows: v =5 per hour; v’ = 1 per hour; A= 20; u from 40 to 160 per hour; y from 2 to 12 per hour

Q, = —0,0095 £+ 0,0163 + (0,0667 £+ 0,003)y + (—0,0031 + 0,0002)y? + (0,0049 (11)
+0,0003)p + (—1,5023 X 1075 40,1487 x 10~>)u?

R?=10,989; ¢ = 0,0134.

Probability of servicing the received request, Q

m0,15-0,2 m0,2-0,25 m0,25-0,3 m0,3-0,35 m0,35-0,4

0,4-0,45

Figure 6 — The correlation between Q and A, , v, v, v'. The intensities of the corresponding flows are as
follows: v =5 per hour; v' =1 per hour; A= 40; u from 40 to 160 per hour; y from 2 to 12 per hour

Q. = —0,1196 + 0,0171 + (0,0604 + 0,0031)y + (—0,0027 + 0,0002)y* + (0,005  (12)
+0,0003)p + (—1,3831 x 1075 + 0,1561 X 10~5)p2

R? =0,9886; ¢ = 0,014.

The equations below each graph are derived using a square two-factor approximation
method. The high level of the coefficient of determination (R?=0,98-0,99) indicates that the
obtained square statistical model is very appropriate. The standard deviation of the quadratic

regression is significantly lower (6=0,006-0,014), indicating its excellent accuracy. Therefore, these
models can be safely used to obtain reliable probability estimates [20, 21].
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Analysis of equations (9) and (10), which were obtained with the same values v=1.0 and
v'=0.2, but with different intensity of the flow of requests A, shows that an increase in A from 10 to
20 reduces the probability of servicing an incoming request Q (relative throughput ability) by 0.2.

In this case, the coefficients for u and p? increase by approximately one and a half times,
while the coefficients for y and y? remain practically unchanged. This means that keeping Q high
depends largely on p rather than y.

At the same time, analysis of equations (11) and (12) shows that an increase in the intensity
of the failure flow of channel v from 1 to 5 (v’ from 0.2 to 1) with the same intensity of the flow of
requests (A=20) reduces Q by 0.3. In this case, the coefficient for y increases by 2.4 times (for y? by
2.2 times), although the coefficients for p and u? practically do not change.

This means that keeping Q high depends largely on the channel restoration intensity y rather
than on the service flow intensity p.

Thus, the system responds to an increase in the intensity of the flow of requests A by
increasing the role of the intensity of the service flow p and, conversely, with an increase in the
intensity of the flow of failures v, the system responds by increasing the role of the intensity of the
recovery flow y.

In our opinion, the system in this case acts very physically and logically. The data are also
consistent with the following recommendations for the operation of bridges in various difficult
navigation conditions [22].

Table 1 — Watch conditions on the bridge as they relate to sailing conditions
Open Restricted Water, Anchoring, Entering or
Water Embarking or Disembarking a Pilot Leaving Port

Clear weather, little or
no traffic
Clear weather, heavy
traffic
Restricted visibility,
little or no traffic
Restricted V|S|l_J|I|ty, Horlll W or Il
heavy traffic

Pilotage | lor I | norll

Bridge Watch Condition — |

To fulfill this condition, the bridge must have both an Officer of Watch and a Lookout
present on the bridge.

The Watch Officer performs regular watch duties and sometimes acts as the only watch
during the day. In conditions requiring manual control, it is important to note that the skipper
cannot act as an observer. Therefore, it is necessary to appoint an additional team member as a
dedicated monitor. The engine room has the ability to operate in both manned and unmanned
modes.

Bridge Watch Condition — 11

To fulfill this requirement, the following persons must be on the bridge: the Master or Chief
Officer, the Officer of Watch, the Lookout, and the Helmsman.

The safe navigation of the crew and general watch arrangements are supervised by the
Master or Chief Officer. A Watch Officer assisting the Master or Chief Officer provides relevant
information, steers the ship and supervises the execution of orders. In situations deemed necessary
by the crew or in difficult conditions, such as heavy traffic, limited visibility, port maneuvers or
pilot embarkation, the helmsman takes over control of the ship manually.

It is important that the engine room is always staffed, but ultimately it is up to the Master to
assign personnel there or not.

Bridge Watch Condition — 111

I I or Il
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To fulfill this condition, the following persons must be on the bridge: the Master, Officer of
Watch, Additional Officer, Lookout, and Helmsman.

In condition 111, the Watch Officer is relieved of collision monitoring duty and an additional
officer assumes that role using AIS/ARPA systems. They provide the Watch Officer with
significant navigational information and information about nearby vessels. It is imperative that
personnel are present and ready in the engine room.

Also, the statistic modeling of the numerical experiments was performed. To that end, a 4-
factor linear regression for the dependence of Q’s magnitude on all 4 factors (A, v, v, and p) was
built. The multiple regression equation received is included in Fig.7.

Regression analysis was carried out on the basis of 168 dots on 4 variables.

Q. =0,6377 + 0,0138 + (0,0157 + 0,001)y + (0,0018 + 8,678 x 10~5) (13)
+ (—0,0412 + 0,0024)v + (—0,0063 + 0,0004)A
R%=0,9329; ¢ = 0,045.

The received equation is visualized via nomogram, which allows to rapidly perform any

necessary calculations and estimations.
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Figure 7 — Nomogram of the four-factor model for evaluation of Q from A, v, yand p
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The given model has a high indicator of the coefficient of determination R?=0.9329, which
shows the high adequacy of the built model and the standard error of the regression is acceptable for
practical use.

We will give several examples of the use of the nomogram.

Example 1. We choose the value of theX (for example, 30), we move in the direction of the
arrow to the left, choosing the value of v (in this case, it is 1), we move up on the arrow to select the
value of y (in the given example it 10), moving along the arrow to the right in the first quadrant we
choose the value of p (in our example it is 160) and at the very end we go down arrows down on the
Q axis, we will get its’ value.

Example 2. The reverse direction of movement along the nomogram is also possible, i.e.
solving the inverse problem: given the desired values and moving along the nomogram against the
time arrow step by step, we choose the values of the input parameters of the model that would
ensure the given value of Q. This task has many possible solutions and depends on the real
possibility of ensuring one or another level of each of the factors, in the end, on the degree of their
real reach.

Example 3. The use of the nomogram is not limited to the given example. Oncoming traffic
is also possible: according to the given diagram. For example, by setting the desired Q value and the
known values of some factors from model, it is possible to find the necessary values of other factors
that would ensure the achievement of the selected Q. With such a formulation of the problem, the
nomogram makes it possible to determine the existence of a solution and, if it exists, to determine
the set of possible values for the factors that are determined, as well as the rate of their substitution
(within certain limits, a decrease in the value of one of the factors can be compensated by an
increase in the value of another factor).

Example 4. The given nomogram provides wide opportunities for estimating the possible
limits of Q values, if the limits in which the input factors of the model can change are known. That
is, if the limits in which the values of each of the factors can be found with some confidence are
known, it is possible to move along the given nomogram gradually from one factor to another with
a "strip" of values, where each "strip” reflects the limits of variation of the possible values of this
factor. At the end of this process, we will reach the corresponding "band” of Q values, that is, we
will have estimates of possible deviations from the average forecast Q value (pessimistic and
optimistic forecast).

Conclusions. Through the examination of the simulation findings, it is possible to identify
how the initial parameters impact the likelihood of meeting a request that is incoming. This enables
forecasting the stability of navigation system components. The results obtained offer a chance to
create suitable suggestions for enhancing the functional stability of navigation systems. The results
of the simulation indicate that there is a substantial decrease in the likelihood of fulfilling an
incoming request as the failure rate and request rate increase. Therefore, the navigation complex's
performance is reduced.

Therefore, creating stability models for navigation systems allows for the simulation of
different emergency scenarios, enabling quick calculation and estimation of various possibilities
through the nomogram visualization obtained through linear regression. The simulation exposed the
connection between the performance of the system and its parameters: A, u, v, v, v'. On the other
hand, systems have numerous internal links. Not following these rules could lead to the system not
working properly.

This research emphasizes the need to establish the correct level of redundancy for navigation
devices in order to guarantee system reliability. Should the Q value drop under 0.7, a critical
scenario will take place aboard the vessel. Figures 3—6 demonstrate how the acceptance of a request
is influenced by the navigational conditions of the journey. Hence, steps need to be implemented to
guarantee the stability of the navigation system even under challenging circumstances.

Research findings can enhance comprehension of the dangers present as well as their
associated levels of risk. Even with the increasing attention in the area, as shown by the rise in
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publications, it is crucial to recognize the scarcity of literature and highlight the necessity for more
research. Conducting a thorough hazard analysis is advised, with a focus on categorizing the
hazards in greater detail. This method enables a thorough assessment of impact factors, resulting in
improved risk management plans that are more precise and efficient.
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Adpamor TI'. C., ILrotnikos B. I. AHAJII3 HAJIIMHOCTI HABITAILIIMHOIO KOMIIJIEKCY TA
PEKOMEHJIALIII {00 HIJIBUILLIEHHS CTIMKOCTI

YV cmammi  posensoaemvca  nagicayiiinuii  KOMNIeKC AK - CUCmeMd  MAC08020  00CNY208Y8AHHA —MA
00CTiONCYEMBCSL  36'A30K  MIDIC CKAAOHICMIO MOPCLKUX VMO8 | Modcausocmamu cucmemu. Ilposedeno
MamemamuyHe MOOCTOBAHH MA AHANI3 HAOIUHOCMI CYOHOB8020 HAGI2AYIIHO20 KOMMWIEKCY 3 NO3uyitl meopii
Mmacogozo obcayzosysants. Ilpeocmasiena poboma € OOHIEW 3 NEPUWUX Y 3ACMOCY8AHHI Meopii MAc08020
00cy208y8aHHs 8 AHANIZI NpoOIeM Oe3neyHo20 CYOHONNIABCMBA, WO 3abe3neuye il 8axNciusicms i HAYKOGY
Hosu3HY. Po3pobneny mamemamuuny molenb OYI0 pedani308aHO 6 YUCENbHUX eKCHepUMEHMAX, d OMpPUMAHL
pe3yrbmamu MamemMamuyHo oopoburu ma 8i3yanizyeanu, nodyo0yeasuiu anpoKCUMayilini PiGHAHHA Opy2020
NOpAOKY, AKi N08’A3)yiomb UMOGIPHICIb pob0o4020 CMAHy cucmemu 3 8i0ON0GIOHUMU [HMEHCUBHOCMAMU
nomoxkie 6iomos ma obcny208yeanta. IIposedeno mamemamuyre MOOen08AHHS O PISHUX YMO8 HABI2AYIUHOT
ckaaoHocmi (8i0 bepe2osoi 0o npubepedicrol Hagieayii ma nopmosux mawneepis). Lle 3abesneuye 6ucoxy
NPAKMuUyHy 8ANCIUBICINb PE3YAbMAMI8 MOOei NPu po3poodyi 8iON0GIOHUX MOPCHLKUX NPABUL MA OYIHYI nepesas
enexkmponHol  Hasieayii. Ilobydosana uomupvboxgaxmopua niHIIHG peepecis, WO NO08 A3Y€ HAOIUHICMb
HABI2AYilIHO20 KOMNAEKCY 3 GIONOGIOHUMU NOMOKAMU 6I0MO8 [ 00ciyeoeyeanusi ¢ cucmemi. Ompumana
pezpecis 8i3yanizo08ana 8 HOMO2pPami, AKA NPUOAMHA OJisl BUPIUEHHS HUSKU NPAKMUYHUX 340aY.

Knrouosi cnosa: cucmemu nagicayii; cmabinbHicms cucmemu, HAOIIHICMb, MeXHIYHUL akmop, cucmemu
MAC08020 00CIY208Y8aHH S, BIOMOBA MA BIOHOBNICHHS CUCMeMU, NOMIK 3aNnumis,; KeaopamuyHa anpoxKcumayis,
HoMozpama.
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IMPOEKTHI 3AJIAUYI CTBOPEHHS 3ACOBIB MOPCBHKOI1
POBOTOTEXHIKH JUISI OXOPOHMU TA 3AXHCTY OB’EKTIB
MOPCBHKOI KPUTUUYHOI IHOPACTPYKTYPHU

bainmos B. C., o.m.n., npogecop, npogecop kragedpu aemomamuku  ma
eLeKMPOYCMAmKY8ants. XepCcoHCbKo20 HAGUANbHO-HAYK06020 iHcmumymy Hayionanbnozo
VHigepcumemy Kopabnebyoysanns imeni aomipana Makaposa, m. Xepcow, Vkpaina,
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Tapuyk A. A., acnipanm xaghedpu meopii ma roucmpyiosanns cyoen Hayionanrbno2o
VHigepcumemy KopabaeOyoyeanHs imeni aomipara Makaposa, m. Mukonais, Yxpaiua,
e-mail: tarchuk1996@gmail.com, ORCID: 0009-0009-6904-2544;

TpudyabkeBuu B. B., suxiaoau xagheopu xomn romepuux mexunonociti ma ingopmayivinoi
besnexu Hayionanvnozo ynisepcumemy xopabnedyoysanns imeni aomipara Makaposa,
M. Muxonais, Yxpaina, e-mail: vika.trybulkevich@nuos.edu.ua, ORCID: 0000-0003-2251-6932.

Copmynvosano 3a60anus nioSUWEHHS eeKMUBHOCMI OXOPOHU [ 3axXucmy o0 €Kmie MOpcbKoi KpumudHol
iHGhpacmpykmypu wisxom 3acmocy8anHa cneyianrbhux 3acobie mopcokoi pobomomexnixu. Chopmynbosano
OCHOBHI 6UOU POOIM, AKI MOJICHA BUKOHYBAMU 3 3ANVYEHHAM 3aco0i6 MOpcbKoi pobomomexiku. Bouu
BKIIOUAIOMb HAOBOOHE Ma Ni0BOOHe 0OCMEedHCeHHA aK8amopiu, CHOCMePed CeHHs 3a 8UABNIEHUMU NOMEHYIHO
Hebe3neuHuMy npedmemamu ma MmexHiuHy npomuoito yum npeomemam. 3anponoHo8aHo OCHOBHI emanu poodim
w000 CMEOPeHHsT HOBUX 3acobié pobomomexHiku. Bonu exmouarome aunaniz icHywuux munié pooomis,
Gopmysanna Kpumepiie  eghekmugHocmi  iX 3aCMOCY8AHHA, OOIPYHMYBAHHA HOB020 — APXiMEKMYpPHO-
KOHCMPYKMUBHO20 Muny poboma ma 3a0ay 1020 npoekmysanus. /s nepuwozo emany pobim 3anponoHo8aHo
MHONCUHY 3AC00I8 MOPCLKOI pOOOMOMEXHIKU Ma MHONCUHY 3MIHHO20 HAYINHO20 OONAOHAHHS, SKI OOYLIbHO
3anyuamu 00 OXOpoHHUX podim. [lna Opyeoco emany pobim 3anponoHO8aHO mpu Kpumepii e@exmueHocmi
3aCcmocysants pobomis. ix NPoOyKMuHicmb, AKIiCMb poOim ma eKOHOMIYHA eDeKmuUBHICMb 3aCMOCYSAHHSL.
s mpemvozo emany pobim 3anponoHO8aHO YOOCKOHANEHUU 6apiaHm ABMOHOMHO20 HEHACEeNeH020
niosooHo20 anapama 3 padiobyem. Pobom noednye nepesacu mpaouyitiHux asmMOHOMHUX MA NPUS SA3HUX
HeHaceneHux ni08oOHUX anapamis. Bin mae 6ucoky npooykmueuicms, NOCMIlIHULL 080CMOPOHHIN 368 30K 3
CYOHOM 3a0e3neuenHs ma Modice npayioeamu Ha 6eIUKUX 8i0Cmanax 6i0 Hvozo. [na yemeepmozo emany pobim
chopmynbosaro 3a0aui KOHCMPYIOBAHHA YOOCKOHANEH020 NI0BOOHO20 anapama 3 padioOyem, npoEKmHi 3a0adi
020 eHepeemuKu, IH@oOpmamuxu ma exchayamayii. Pesyibmamu 00cnioxceHHA YMEOpIOIOmys HAYKOBO-
mexHiuHe RNIOTPYHMA NPOEKMY CMEOPEeHHs YOOCKOHANEHO20 8apiaHmy MOPCbKoi poOOmoOmexuiku Ous
eqhexmueHOI OXOPOHU MaA 3axXuUcmy 06 €Kmie MOPCbKOi KpUMU4HOL inghpacmpykmypu.

Knrouosi cnosa: 06’exm mopcokoi ingppacmpykmypu; 3acib6 Mopcbkoi pobomomexHiku, ni08oOHUU anapam;
bykcuposanuil padiobyu.

DOI: 10.33815/2313-4763.2024.1.28.079-091

Beryn. Jlo 00’ekTiB MOpCBhKOI KpUTHYHOI 1H(pacTpykrypu BigHocaTtbes (MKI, B
aHrinomMoBHiN miteparypi — Critical Maritime Infrastructure, CMI) 00’ekTu, sKi € CTpaTeriyHO
BKJIMBUMHM JJI €KOHOMIKHM 1 HallloHanbHOI Oe3neku nepxkasu [1]. TlopymenHs ¢yHKIIOHYBaHHS
TaKuX O0’€KTIB MOXE NPU3BECTH 10 EKOJOTYHUX KaTacTpod Ta 3aBJATH IIKOAM >KUTTEBO
BAXJIMBUM HAI[IOHAJILHUM 1HTepecaMm jepkaBd. OUYeBHIIHO, 110 BOJHI TPAHCIOPTHI CHCTEMU
MOPCBHKHUX JiepkaB (y Mepiry 4epry, MOpChbKUH TpaHCHOPT, MOPCHKi Ta PIUKOBI IIISXU Ta MOPTH),
BUJI00YBH1 CIIOPYAH MOPCHKOTO 1Ienb(]y (MOpPChKi cTalioHapHi HadTora3oBi miaaThopMu, MiABOIHI
TpyOOIPOBO/IM) Ta MOPCHKI CUCTEMH KaOeIbHOTo 3B A3KY (IMiBOIHI Kabesi) HalleXaTh 0 00’ €KTIB
MKI 1 noBHHHI MaTu cy4yacHy cuctemy 6e3nexu [2].

3abe3nedyeHHss Oe3neyHOro (YHKIIOHYBaHHS TaKUX OO0’E€KTIB y KPH30BUX CHTYaIliIX
MPUPOJHOTO UM AHTPOTIOIEHHOTO IOXOJKEHHS € aKTyaJlbHUM HAyKOBO-TEXHIYHMM 3aBJIaHHSIM.
Cucremy Oe3rneku TakuxX OO0 €KTIB JOMUIBHO OyayBaTH Ha OCHOBI KOMIUIEKCHOTO 3aCTOCYBaHHS
3ac00iB Mopchkoi pobororexHiku (3MP, B anrmomoBHil niTeparypi — Marine Robotics, MR) —
0e3MUIOTHUX JITAJIbHUX amnapaTiB MOPCHKOTO 3acTOCYyBaHHS, O€3eKiMaXXHUX HAJIBOJHUX 1
IiJIBOJTHUX arapaTiB, a TAKOXK CTaIlIOHAPHUX ITiIBOAHKX anapaTiB JOHHOTO O0a3yBaHHs [3].
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IMocranoBka mpodjemu. Oxopona ta 3axuct 00’ekriB MKI mepenbavae BHKOHAHHS

HACTYIHOI MHOXMHU pOOIT Jcmr HE3alIeXHO B1Jl TEXHOJIOT1H iX BUKOHAHHS:

— HaJ[BOJTHE 00CTE)KEHHS 3aXUIIICHNX aKBaTOPii JA Ha MIpeaIMeT BUSBJICHHS CTalliOHAPHUX YU
PYXOMHX HAJBOAHMX Ta MiABOAHUX (IMIAMOBEPXHEBHUX) MOTEHIIIHO HeOE3MeuHuX MpeIMeTiB
(ITHIT), sixi HeCaHKIIOHOBAHO 3HAXOSATHCS HA IIUX aKBATOPISX;

— migBoaHe obcrexeHHs Jo 00’exkTiB MKI, po3mimieHnx Ha 3axWINEHUX aKBaTOPisLX, Ha
npeamet BusiBieHHs [THII, siki HecaHKIIIOHOBaHO BCTAHOBJICHI HA X 00’ €KTaX;

— cnoctepekeHHs Jm 3a (yHKuionyBanHaM BusBieHux [THIT Ha npeaMer BUsIBICHHS 3arpo3
00’extaMm MKI;

— TexHiyHa mpotuAis Jr BusBiaenuM [IHII 3 Meroro HemomyIeHHS HAHECEHHS IIKOAM
00’extam MKI.

To6to, 6a30oBa MHOXkHMHA POOIT Jemr 3 oxoponu 00’ ekTiB MKI Mae Bu:

Jemr = {Ja; Jo; Iu; IR} 1)

OdeBHIHO, IO y 3arajJbHOMY BHIAJKY JUIsI KO)KHOTO BHAY poOIT MHOXuHHU (1) Mae OyTu
CTBOPEHO BianoBigHuM Tun 3MP, skuii 6 MakCMMaIbHO TIOBHO BIJMOBIJAB TEXHOJIOT1i BUKOHAHHS
1i€ei poboTH.

Tomy 3amauy ctBopeHHs 3MP TwmrR 3 HEOOXIIHUMH TEXHIYHUMHU XapaKTEPUCTUKAMHU,
npu3HaYeHUX s oxopoHu 00’ekTiB MKI, nominbHO po3B’s3yBaTH K MOCHIJOBHICTh HACTYMHHUX
eTariB:

— etan TR — OIJISIA 1 KPUTUYHHMA aHami3 icHyrounx TumiB 3MP 3 mo3uiiiii iX BiAMOBiAHOCTI
pobGoTtam MHOXHHH (1);

— eran 7k — popMyBaHHs KpUTEPiiB ePeKTUBHOCTI 3acTocyBaHHs 3MP 11 BUkoHaHHS poOiT
MHOHUHHU (1);

— eran 1c — OOIpyHTyBaHHS BHOOpY apXiTEKTYpPHO-KOHCTPYKTHMBHMX TumiB 3MP, sxi
MaKCHUMaJIbHO IOBHO BIJIIOBIAAIOTh BUMOTraM KpUTepiiB e(eKTHBHOCTI 3acTocyBaHHS 3MP nns
BHUKOHAHHS poOIT MHOXHHH (1);

— etan Tp — OOIpyHTYBaHHS OCHOBHUX HPOEKTHUX 337124 (BHYTpILIHE NMPOEKTYBAHHS), SIKI
HEOOX1THO pO3B’s3aTH JJig CTBOpeHHS 3MP 3 HEOOXiTHMMH TEXHIYHMMH Ta €KCIUTyaTallliHUMH
XapaKTepUCTHKAMHU JJIs BAKOHAHHS poOiT MHOXXUHH (1).

MHoXuHy eTamiB po3B’si3Ky 3a1adi TmMrR cTBopeHHd 3MP s BukoHaHHS poOIT MHOXHHU
(1) mo oxoposni 06’exTiB MKI mo3Ha4MMO HACTYTTHUM BiTHOIICHHSIM:

Tmr = {Tr; Tk; Tc; Tpr}. (2)
bazoBa maOxmHA (1) pobiT Jemr 3 oxopoHH Ta 3axucty 00’ekTiB MKI Ta MHOXXKHMHA eTariB
(2) 3amaui Tmr ctBOopenns 3MP ans BukoHanHs po6iT o oxoponi 00’exTiB MKI yTBOprooTs minan
JAHOTO JTOCIiKEHHS.

AHaJTi3 ocTaHHIX A0CTiKeHb Ta myOJikauiii. [Tutanus crBopenns 1 3acrocyBanns AHITA
3 panioOysiMH JaBHO 3HAXOAATHCS Y MOJIi 30py HAYKOBIIIB Ta 1H)KEHEPiB MPOBIAHUX MOPCHKHUX KpaiH
CBITY.

3a mpuzHayeHHsM cydyacHi AHITA-PB ykpymHeHO MOXHA pO3aiIMTH Ha pododi, 3B A3KOBI,
THCIIEKITiFHI Ta PO3BaXKaJIbHI.

[Mpuxmnamom pobodoro AHITA-PB € migBogHMit amapaT CiibHOrO BUPOOHHUIITBA 1TAIHCHKOL
kommaHnii «Plutoy Ta mBelnapcekoi kommanii «idRobotica» [4]. AHIIA-Pb ckmamaetscs 3
MiBOHOTO amapaTta-podota «Pluto Plus ROV» Ta 6ykcupyBanoro paniodys. IligBogauii amapar-
poOOT OCHAIEHUN aKyMyJISITOPHUM JKEPEJNIOM >KUBICHHS 1 NpPU3HAUYCHUN M7 BUKOHAHHS
IIUPOKOTO CHEKTPY MiJABOJHUX POOIT — BiA MiABOJHOI apXeoJIorii 0 MOIIYyKY Ta 3HEIIKOIKECHHS
MOpchKuX MiH. HasBHICTE OykcupoBaHOTO panioOys Hamae anmapary nepeBaru AHITA (BiACyTHICTB
MEXaHIYHOTO 3B’S3Ky 3 cynHoM 3a0esmedenHsi) Ta mnepeBarum HIIIIA (moxmuBocTi mepenadi
Mi1BOTHOT iH(OpMAIlii Ta ONIepaTUBHOTO KEPYBaHHS allapaToM y peaabHOMY Yaci).

PanioOyii, mo Bxoauts 1o ckiaxy AHITA-PB, 3a6e3neuye 3pyunuii 6e3ap0oTOBHIA 3B’ 30K 3
oeperoBuM 1eHTpoM kepyBaHHs (BLIK) 1 mae 3mMory BHKOHYBaTH BHCOKOTOYHI MiABOJHI Micii y
peampHOMy u4aci. PanioOyii BHKOHaHO y (OpMiI BEpPTHKAIBHOTO KpWia 3 MiHIMaJIbHUM
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T1IPOJMHAMIYHUM OMOPOM OYKCHUPYBaHHIO Ta BHCOKOIO OCTIHHICTIO 3a paXxyHOK BHUKOPHCTAHHS
K1JIAL.

Y KOMIUTEKT paaio0yst BXOSTh:

— panioOyil 3 BIAMOBIIHUMHU BOJOHENPOHUKHUMHU KOHTEHHEpaMU MJsl EJIEKTPOHIKK Ta
aKyMYJIATOPHOTO JDKEpesa KUBICHHS,

— kabenp-Oykcup (Kb), kopiHHUI KiHEelb SIKOTO 3aKpiruieHuid Ha GapabaHi MamorabapuTHOL
aBToMaTuyHOi kabenbHOI 1e01aku (KJI), sika BcranoBinena Ha AHITIA «Pluto Plus ROVy;

— aHTeHH 3B’s3Ky 1 kepyBanns (Wi-Fi, panio, GPS);

— IpOTrpaMHUi MakeT aBTOMaTUYHOI HaBirauii.

Panio0yii BiicTe)Ky€e CUTHAIU CyMyTHUKOBOI HaBirauiinoi cucremu GPS 1 nae MoxiuBicTh
BH3HA4yaTH miaBoaHe nonoxxenus AHIIA 1 nepenaBatu iioro va BIIK.

HenonikoM wmi€i migBoAHOI CUCTeMH € T TPOMI3AKICTh Ta CKJIAIHICTh EKCIUTyaTtarii,
0COOJIMBO Ha CTAIISIX PO3TOPTaHHS/3TOPTAHHS CUCTEMHU.

[TigBoani panioOyi 3B’SI3KOBOIO MPU3HAYEHHS CIEPILy 3 SBUIMCH SK 3aCO0M KOMYHIKAIlii
nigBoaHux 4oBHiB (I1H) 3 OeperoBumu BificbkOBO-MOpchkUMHU 0azamu [5, 6]. Bonu 3abe3neuyBanu
ONepaTUBHUM pagiooOMiH 0e3 HEeOOXIAHOCTI CIUIMBATH Ha IOBEPXHIO MOps 1, TAaKUM YHHOM,
rapaHTyBaJId IPUXOBaHICTh (akTy nepedyBanHs [1Y, skuii Bese oneparito y BOPOKUX BOJIAX.

KOHCTpYKTHBHO Taki CHCTEMH 3B 513Ky CKJIaJaluCh 3 po3TamoBaHux Ha namy6i [TH neGiaxu
3 kabenp-Oykcupom (KJI), «rapaxy» st 30epiranHs Pb (I'Pb) ta mexanismy yTpuMmaHHsA Ta
Bunycky-npuitomy (MYBII) Pb.

Hemomikom Takux CUCTEM € 1X BEJIMKI Maco-radapyuTH Ta CKJIAIHICTh €KCIUTyaTallii.

Jlo AHITIA-Pb po3BakaJlbHOTO MpPHU3HAYCHHS HANEXHUTh MiABoAHMNA amapat «Gladius
Advanced Pro» ¢ipmu «Chasing Innovation» (KHP) [7]. 3aBasku mnpoctum y yIpaBiliHHI
eJIEeMEHTaM KepyBaHH:, CEHCOpPaM OCBITJICHHS Ta BOY/IOBaHUM QJITOPUTMaM SIKOCTI 300paskeHHs el
Buj 3MP nae 3Mory HemiAroToBIEHOMY OINEpPAaTOpy 3HAHOMMTHUCH 3 MiABOJHUM CBITOM, 3HIMAIOUU
BUCOKOSIKICHI (pOTO- Ta Bifeo300paskeHHs 3 OeperoBoi cmyru abo 3 GopTy Oynb-sSKOro cyjHa,
MPU3HAYCHOTO JUISI BIIMIOYMHKY Ta TypU3MY.

Hemomikom AHITA-PB 1iporo tumy € BiCyTHICTh MOXKJIMBOCTI BCTaHOBJIIOBATH OYb-sIKE
30BHIIIIHE HAYiMTHE 00J1aTHAHHS.

Meta Ta 3aaaui aociizkeHHss. MeTOI JOCHIDKEHHS € po3poOKa HAayKOBO-TEXHIYHOTO
MIATPYHTS JUIS CTBOPEHHS CydYacHHX 3aco0iB MOPCHKOI pPOOOTOTEXHIKM, MpPHU3HAYCHHUX IS
e(hEeKTUBHOI OXOPOHHU 1 3aXHUCTy 00 €KTIB MOPCHKOI KpUTHYHOI 1HPPACTPYKTYPH Bia MiTBOTHUX
3arpos.

Buknag ocHoBHoro wmarepiamy. [l JOCATHEHHsS IIOCTaBJIEHOI METH y pPOOOTI
BUKOPUCTAHO METOAM CHCTEMHOTO MiAXO0Iy, sKi mepeadavaroTh BpaxyBaHHS B3a€EMHOTO BIUIMBY
yCIX 3Ha4YyIIMX CKJIaJOBMX HOBOCTBOPIOBAHOI'O IHHOBALIHHOIO TEXHIYHOIO 00’€KTa, METOJ
JIEKOMITO3MIII{ 3aBJaHb poOOTH3allli Ha OKPEeMi BHIM MiABOJHUX POOIT Ta METOJ JEKOMITO3UIIIT IpH
(dhopMyIOBaHHI pO3B’SA3KY 3a/1ad4 MHOXKHHH TMR cTBOpeHHs 3MP 1mi1st oXopoHu 1 3aXHCTy 00’ €KTiB
MKI.

PosrasiHeMo mocitiIoBHO po3B’ 30K ¢(hOpMYIIbOBAHUX BHIIE €TaIliB pOOIT MHOXKHUHH (2).

Etan 7R — ormsizt 1 KpUTHYHUHN aHami3 icHytounx tumis 3MP.

AHaJi3 HayKOBO-TEXHIYHOI Ta BUPOOHHMYOI JITEpaTypH, a TAaKOX NPAKTUYHUN TOCBIT
aBTOPIB y pO3pOOIIli Ta BIPOBAIKEHHI 3aC001B MOPCHKOT pOOOTOTEXHIKU CBITYHTD, IO JJIT OXOPOHU
00’ €KTIB MOPCHKOT KPUTHYHOI IHPPACTPYKTYPH JIOIITHHO 3aTy4aTH HACTYITHI BUAM ITI€] TEXHIKU:

— OesminotHi mitaneHi amapatu (BIIJIA, B anrmomoBHil mitepatypi — Unmanned Aerial
Vehicle, UAV) — mis omepaTdBHOTO Bi3yalbHO-ONTHYHOIO OOCTEKEHHS MOPCHKHX aKBaTOpid y
pearpHOMY dYaci 3 METOI0 BHSBICHHS O3HAaK HECAHKIIOHOBAHOTO TPOHMKHEHHS Ha 3aXHIICHI
aKBaTOpii HaJIBOJHUMHU TIIaB3acobamu [8, 9];

— HeHaceJseHi caMoxiaHi nmpuB’si3HI migBoaHi anapatu (HIIIIA, B anrimomMoBHil JiTeparypi —
Remotely Operated Vehicle, ROV) — mis BHKOHAaHHS IHCIEKI[IMHMX, KapTorpadidHux Ta
IHCTpYMEHTAJIFHUX TiIBOJHUX POOIT Ha 3aXUIIEHIN akBaTOpii y peanbHOoMYy 4aci [10, 11];
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— HeHacelneHi OykcupyBasi minBonHi anaparu (HBITA, B anriioMoBHii JiTepatypi — Towed
Unmanned Vehicle, TUV) — w1t BUCOKOTTPOTYKTHUBHOT'O OOCTEKEHHS y PEaTbHOMY Yaci HEBETHKHUX
3a IUIOHICI0 JUITHOK MOPCHKOTO JHAa 3 METOI BHSBJICHHS HECAHKI[IOHOBAHOTO PO3MIIICHHS
TEXHIYHUX 32C001B, SIKi MOKYTh CTAaHOBUTH 3arpo3y 06’ ektam MKI [12, 13];

— aBTOHOMHI HeHaceneHi minBonHi amapatu (AHIIA, B aHrimomoBHIW Jiteparypi —
Autonomous Unmanned Vehicle, AUV) — ais BUCOKOITPOIYKTUBHOTO OOCTEKEHHS Y PEaTbHOMY
gaci BENMKUX 32 IUIOMICI0 AUISTHOK MOPCHKOTO JIHA 3 METOI0 BHSBJICHHS HECAHKI[IOHOBAHOTO
PO3MIILIEHHS TEXHIYHUX 3ac001B, SIKI MOXKYTh CTAaHOBUTH 3arpo3y 00’extam MKI [14, 15];

— Oesekinaxxui HamBomHi cyana (BHC, B anrmomoBHii mitepatypi — Unmanned Surface
Vehicle, USV) — sk nocii UAV, ROV, TUV Tta AUV, mo peani3yroTb O€3II0HI TEXHOJOTIT
BHCBITJICHHS HaJ{BOJIHOT Ta ITi{BOIHOT 0OCTAHOBKHM Ha 3axHINEHii akBaropii [14—16];

— Oe3ekinakHi MiABOJHI amapatd JOHHOro Oa3yBaHHS (B AaHIVIOMOBHIN JiTeparypi —
Unmanned Bottom Vehicles, UBV) — ais TpuBajioro cnoctepeXeHHs 3a IMiIBOIHOI0 00CTaHOBKOO
Ha 3ajaHiil akBaTopii [17].

Toni MHO)kHMHA 3ac001B MOpchKoi pobororexHiku MR, sky nouipHO 3aiydatu 10 poOIT
1010 3a0e3neueHHs 0e3MeKH 3aXHUIIeHUX aKBaTopiii Ta po3TamoBaHux Ha HUX 00’ ekTiB MKI, Oymae
MaTH BUJI:

MR = {MRuav; MRrov; MRtuv; MRauv; MRusv; MRasv}. 3

J1o oTprMaHOT MHOKHHH CIIiJl TOJaTH MHOKMHY ME 3MIHHOTO HA4iMHOTO OOJIaJHAHHS, SKE
MO>KHa BCTAHOBJIIOBaTH Ha Ti 4M 1HII 3MP — nourykoBi npuiaau Ta iIHCTpyMEHTabHI 3aco0u, 3a
JIOTIOMOTOF0 SIKUX MOxHa 3aiiicHioBaTH nouryk [THIT. JIo Takoro o6nagHaHHs BiTHOCSTHCS:

— TIOpOaKyCTM4YHI Ta Mar”itomerpuuyHi npuiaau MEp — coHapu, mnpodinorpadu,
Mar”iTOMeTpH, BUCOKOSIKICHI TiABOIHI ()OTO- Ta Bigeokomiuiekeu [17, 18];

— HIABOJIHI IHCTpYMEHTU MET — MaHIyJISTOPH, pi3aku TPOCIB, FIPOMOHITOPH Ui PO3MUBY
rpyny [19];

— obOyajHaHHS [Tt 3a0€e3MeYeHHsT HaJJBOTHOTO Ta IMiJBOJHOTO MPOTHUCTOSHHS TOPYIIHUKAM
ME| — 3aco0H HENeTalIbHOTO Ta JETaJbHOTO BIUIMBY Ha MOPYIIHUKIB [20].

Muoxuny ME 3anmumemMo BiTHOUICHHSM:

ME = {MEo; MET; ME}. 4)

Takum umHOM, MHOXHMHH (3) 1 (4) XapaKTepU3YIOTh ICHYIOUYl MOMJIMBOCTI 3aCTOCYBaHHS
KOHKpeTHHX TuIiB 3MP Ta ix HawimHOTO 00MaHAHHS I OXOPOHH 1 3axucTy 00’ ekTiB MKI.

Etan Tk — ¢popmyBaHHS KpUTepiiB e(heKTUBHOCTI 3acTocyBanHs 3MP.

3acTocyBaHHS OyAb-SIKOTO THITY MOPCHKOTO poOOTa /Il BUKOHAHHS POOIT 3TiTHO MHOXKHHI
(1) HeoOXigHO OIIIHIOBATH 3a JIOTIOMOTOI0 CHCTEMH KpuTepiiB edexktuBHOCTI EC. Y OLIBIIOCTI
BUITAJIKIB II€ JAacTh 3MOTY KUIBKICHO OIIIHUTH PIBEHb pOOOTH3aIlli 1HXXEHEPHOTO KOMIUIEKCY 3
BU100yBaHHs eHeproHociiB /C.

J10 OCHOBHUX KPUTEPIiB €(HEKTUBHOCTI JOIIIBHO BiIHECTH:

— MPOIYKTUBHICTh BUKOHAHHS poOiT MHOXKUHH (1) ECp;

— SIKICTh BUKOHAHHSI po0iT MHOXUHH (1) ECQ;

— eKOHOMiUHa e(peKTHBHICTh 3aCTOCYBAaHHS KOHKPETHOTO 3aC00y MOPCHKO1 pOOOTOTEXHIKH 3
MHOXUH (3)1(4) ECE.

[IpakTUYHMI TOCBiJ aBTOPIB y BIIPOBAKEHHI 3aC00i1B MOPCHKOT POOOTOTEXHIKH Y MOPCHKY
MPaKTUKY CBIIYWTH, IO HA KUIbKICHI MOKa3HWKW BKa3aHUX KPUTEPIiB CYyTTEBO BIUIMBAE PIBEHb il
AaBTOMATH3AII1, SKUI BU3HAYAETHCS PeKUMaMU KepyBaHHS (3).

VY mijicyMKy, MHOXHHA KpHUTepiiB eheKTUBHOCTI FC Moke OyTH MpejcTaBieHa HACTyTHUMU
OCHOBHHMMH KPHUTEPISIMHU:

EC = {ECp; ECq; ECE}. (5)
Bkazani kputepii y moaaibpmioMy MOXYTh JIOTIOBHIOBATHCH, BUXOJSIYM 3 PEATbHOTO CTaHY
MOPCBHKOi BUIOOYBHOT raiy3i Ta piBHS pO3BUTKY TEXHIKH.
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Takum umHOM, MHOXHHHU (1) Ta (3)—(5) yTBOpIOIOTH iH(OpPMAIfHY OCHOBY Ui OIIIHKH
JOLITFHOCTI 3Ty4eHHSI KOHKPETHUX TUIIB MOPChKUX poOoTiB (3) Ta ix HawimHOro oOnagHaHHs (4)
y po0OoTax, OB’ sI3aHUX 3 OXOPOHOIO 1 3axucToM 00’ ekTiB MKI.

Ha mpaxTumi e moxe OyTH peanizoBaHO y BHUIJISAI TpUBUMIpHOI MaTpulli «PoboTa Jomr —
Tunn 3MP MR, ocHamienuii 30BHImHIM HauinHuM obnamHaHHsIM ME — Kpurepiii edekTuBHOCTI
EC», sika moka3zye MOXJIMBICTh Ta JOLUIbHICTb 3aCTOCYBAaHHS KOHKPETHOT'O THILY 3ac00y MOPCBHKOI
pOOOTOTEXHIKM Ta HOro 30BHIIIHBOIO HAYIMHOIO OOJIAJHAHHS JJIS OXOPOHM 1 3aXUCTY 00’ €KTIB
MKI.

Etan 7Tc — o6rpyHTyBaHHS BUOOPY apXITEKTYPHO-KOHCTPYKTUBHUX TUMiB 3MP.

Po3rnsHemMo Temep MOJKIMBI apXiTEKTypHO-KOHCTPYKTHMBHI THUIM 3ac00iB HAJBOIHOI Ta
MiIBOJHOT POOOTOTEXHIKM Ta 1X NPHJIATOBE OCHAIICHHS, $KE HEOOXITHE I YCHIIIHOTO
3aCTOCYBaHHS TaKOi TEXHIKM 33 IPU3HAYECHHSIM.

Jlo TpaaMuiMHUX apXITEKTypPHO-KOHCTPYKTHUBHUX THIIIB TaKOl TEXHIKH, KA 37€OUIBIIOr0
BUKOPUCTOBYETHCS Ha LIUX 00’ €KTAX, HAJIEKATh:

— O€3NUIOTHI JIiTaJdbHI amapaTd — KBaJPOKONTEPHOTO THUITY, OCKUIBKHM L€ BHU3HAYAETHCS
YMOBaMH 3aIyCKy Ta MOBEpHEHHs micis noiboTy; Taki BIIJIA ochameni 3xae0inbmoro ¢oto- i
BiJIeoamnapaTypolo; ix mepeBaroro € onepaTUBHICTD Nepeaadi iHpopMaIlii mpo HaABOJAHY 00CTAHOBKY
Ha 3axuieHid aksaropii 1o BLK, a HenomaikoM — CyTTEBI OOMEXEHHs MO Macorabapurax ILI0J0
PO3MIIIIEHHS 30BHINTHLOTO HAYIMTHOTO O0JIaIHAHHS;

— TeJEeKepoBaHI NMpPUB’SA3HI HEHACEJEHI MiJABOAHI amapaTH — KJIacy «MiHI» 3 Macow 10
100 kr, sxi MawoTh 3—6 pyHIWHUX TPUCTPOiB, oOcHameHi (oTo- Ta BiJeOKaMepamu,
riIpOAKyCTUYHUMHU TPUJIaJaMUd Ta MarHiTOMETpPaMH, a TaKoXX MpUIaJaMu Ui METPOJIOTIYHOI
IHCHeKUIi MiJBOAHMX KOHCTPYKLIH, BiAOIpHUKAMU MpoO IPYyHTY Ta MAaHINYJISITOPAaMH IS
BUKOHAHHSA OOMEXEHOro Mepelliky TeXHIYHUX poOIT miJx Bojxoro [21]; iX mepeBaror TakoX €
OIIepaTUBHICTH Nepeaayi iHpopMalii npo MmiJBoIHY 00CTaHOBKY Ha 3axHileH1i akBaTopii 10 BLIK,
a HEeJONIKOM — OOMEXEeHHS Mo NManbHOCTI (aucranuis, Ha sky HIIIIA moske BimidTu Bin cynHa
3a0e3neueHHs, 0OMeKeHa JOBKUHOK MOTro Ka0enb-Tpocy);

— OyKCUpOBaHI HEHACEJICHI IMABOJHI amapaTd — THUIy «IJIaHep», OCHalIeHi (oro- Ta
BiZIeOKaMepaMHu, T1[pOaKyCTUYHUMH NPUIaJaMHi Ta MarHiTOMETpaMH JIJIsl BUKOHAHHS MOITYKOBUX 1
kaprorpadiuamx pobit [21]; mepeBaroro 3actocyBanHs HBIIA € Bucoka NPOAYKTHUBHICTD
MPOBEICHHS MiJIBOAHUX TOIIYKOBHX POOIT Ha BENMKHX 3a IUIOLICI0 aKBATOPISX y IMOPIBHAHHI 3
AHIIA, a HeToTIKOM — HEMOKJIMBICTh ONIEPaTHBHOTO oOcTexxeHHs BusBiaeHux [THIT;

— aBTOHOMHI HEHAceJeHi MiIBO/IHI armapaTtu — Majoro kiacy 3 Macoro 1o 100 kxr, ocHameHi
¢doTo- Ta BiJjeOKaMepaMu, TiPOAKyCTHUHUMH MPHIAZaMU Ta MarHiTomeTrpamu [21]; mepeBaroro
AHIIA € BiacyTHiCTh KaOeNBbHOTO 3B’S3KY 3 CYIOHOM 3a0e3Ne4eHHs 1, 3HAUYUTh, MOKJIHMBICTH
00CTeXyBaTH BEJIMKI 32 TUTOMIEIO aKBAaTOPii, a HEJIOJIKOM — BiJICYTHICTh OMEPATUBHOTO KOHTPOJIIO 3
BIIK;

— Oe3ekinaxkHi HaJBOJIHI CyTHA — MAJIOPO3MIpHIi CyJIHA, OCHAIIICH] BiJMOBIAHUMHU CUCTEMAMHU
aBTOMATHYHOT'O KepyBaHHS 1 3B’513Ky Ta HaBiralifHUM OOJIaJJHAHHSAM, siKe 3a0e3neuye Oe3aBapiitHy
iX ekcrulyaranito; 1o nepesar BukopuctanHs BHC HanexaTh BHCOKa MPOAYKTUBHICTH IM1JJBOJIHUX
MOITYKOBUX pOOIT Ta HasBHICTH omepaTHBHOTO 3B’s3Ky 3 BLIK, a Takok MOXIUBICT BUKOHAHHS
¢byukmivt cymna-nocis ans BITJIA, HIITIA, HBITA ta AHIIA, a HemomikoM — HEMOXJIUBICTH
onepatuBHoOro oocrexeHHs BusBieHux [THII;

— Oe3ekimakHi MMiJBOJHI amapaTv JAOHHOTO Oa3yBaHHS — MaJIOTO 1 CEpeIHBOTO KiaciB 3
Macoro 10 500 Kr, ocHamIeHi TiIpOaKyCTUYHOIO amapaTypol0 aKTHBHOTO THITy (COHapHu) Ta
MacuBHOTO THUMY (TiAPO(dOHHU), a TAKOXK CINTUBAIOYMMH Paaiodysmu [21]; mepeBaraMu 1bOro THITY
3MP € MOXIHMBICTH OINEpaTHBHOTO pajnio3s’sisky 3 bBIII, a HemomkoM — HEMOXIHUBICTH
omepaTuBHOTO oO0cTexeHHs BusiBiaeHux [THIT.

[TomepenHiii aHami3 TEXHIYHUX XapaKTEPUCTUK HaBeAeHWX Bume 3MP cBiquuTh, IO
Ha/IBOJHE OOCTEKEHHsI 3aXMILEHUX aKBaTOPii Ta MPOTUAIS HAJABOAHUM MOPYIIHHKAM JOCTaTHBO
MOBHO BUKOHY€ETHCS 3a ponomororo BIIJIA ta BHC. KoHTponp miBOJHOTO MPOCTOPY 3aXHUIIEHUX
aKkBaTopii (BOIHOI TOBIII Ta TOHHOI MOBepXHi) 3 MeToto BusiBneHHs [THII € 3HauHO ckmagHIimUM i
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BAMara€e 3HA4YHO OUTBIIOT0 THIOpO3MipHOTO psixy 3MP  mms oOcrexeHHs Ta TPOTHAIIT
3JI0BMHUCHUKAM.

J10 OCHOBHHX €KCIUTyaTaliiHUX BUMOT II0JI0 pOOOTH30BAHUX TEXHOJIOTIH 3aXUCTy 00’ €KTIB
MKI Bifg 3arpo3 3-Tia BOAM HANEXKAaTh:

— MOKJIMBICTh OOCTEKYBaTH BEJIHMKI 3a IUIOMICI0 aKBaTOpii 0e3 0OMEeXeHb MO0 TUCTAHIIIT
Mmixk 3MP Tta BLIK (Bnactusicts AHITA i negomnik HIIITA Ta HBITA);

— HasABHICTb IOCTIHHOTO JBOXCTOPOHHBOIO 3B 513Ky Mk 3MP Ta BLIK (Bnactusicts HIIIIA
ta HBITA 1 mHenonik AHITA);

— MOXUIMBICTh 3aCTOCYBAaHHSI YChbOI'O HEOOX1THOTO JUIsl TAKUX 33/a4 MEPeNiKy 30BHIIIHBOTO
HaYiIMHOTO 00JIaJHAHHS 3T1IHO MHOXKHHI (4).

Takum 4yMHOM, ONTHUMAaNBHUM JUISl 3aCTOCYBAaHHS y 3a/ladyaX OXOPOHH 1 3aXHUCTy OO’ €KTIB
MKI € takuit Tun 3MP, sikuii 00’€1Hy€e nepeBaru aBTOHOMHHUX 1 IPUB’SI3HUX M1ABOJHUX pOOOTIB Ta
SIKUI Ma€ NIMPOKY HOMEHKJIATYpy 30BHIIIHBOIO HayinmHOro oOnanHaHHs it BusiBineHHs [THII ta
MPOTUIIT HUM.

BpaxoByroun Toil ¢akt, mo Ourbmicts 00’ekTiB 3MP posramoBani Ha npuOepexHUX
MIJTKOBOJHUX akBaTopisax 3 rmmbOuHamu a0 50-100 merpiB, HaOUIBII MOBHO BKAa3aHUM BHIIE
BHMOTaM BIJIMIOBIaI0Th aBTOHOMHI HEHACEJIeH1 MiIBOHI anapatu 3 pamio0ysmu (AHIIA-PB) [22].
Tomy posrisHeMo iX OiIbLI 1eTaIbHO.

[Ipononosanuii B [22] AHITA mae ¢popmy npsiMoro napaniesnenineaa, OKpyrjIeHOro 1Mo Kpasx
JUTSL 3BMEHILIEHHS CHII T1IPOIMHAMIYHOTO omopy (puc. 1).
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Pucynok 1 — ABTOHOMHUH HeHaceJIeHUH MiABOAHMH anapart 3 panioOyem 3a [22]

B sKOCTI 30BHINIHBOTO HAYIMTHOTO OONAJHAHHS MiTBOJHUN amapar mae pazniodyit (PB) 3
BIJIMOBIAHOIO pajioanaparyporo, 3a JOMOMOIOI0 SIKOT 3a0€3Mey€eThCsl IBOXCTOPOHHIN paio3B’ 130K
3 BIIK. 'opu3oHTansHO po3TamoBaHi Hecydi moBepxHi (kpuia) Pb 3abe3nedytors oMy yTpuMaHHs
Ha TOBEPXHI Mops mix 4yac OykcupyBanHs. J{o ckinamy obnamnanas AHITA BXomuTh aBTOMaTHYHA
OykcupHa JeOigka Kabenb-Oykcupy, mo 3abesnedye HEeoOXigHy HOro MOBXHHY TpPH Pi3HHX
pobounx riaumbuHax i mMBUAKOCTAX pyxy. [Hmmi ckinagosi AHITA ta Pb HaBeneni na puc. 1.

Taki migBoIHI anapatu-poOOTH MOEAHYIOTH NepeBaru «kinacuaaux» AHITA (He3zanexHICTh
ix poboTu Bim aAMcTaHIi A0 cyAHa-HOCIs) 3 mepeBaramu «kiacuyHux» HIIITA (MoxnuBicTh
KepyBaHHS MiABOJHUM POOOTOM Ta OTPUMaHHS BiJ HHOTO iH(OpMaIii PO MmiIBOAHY OOCTaHOBKY Y
peanbHOMY Yaci).
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Jlo HEeZTOMIKIB PO3TIITHYTOT KOHCTPYKIIiT HAaJIe)KATh:

— cknanHicTh ekcruryatanii AHITA-PB, oco6mmBo Ha moyatky i B KiHI Micii, 00ymMoBieHa
HEOOXIAHICTIO PO3rOpTaTH 1 3ropTaTH CKIAAHY MOPCBKY CHUCTEMY Yy CKJIaji ABOX TBEPAUX Til,
3’€JHAaHUX THYYKHUM 3B’ SI3KOM (Kabenb-0yKCupom);

— Hu3bKka nponykTuBHicTs AHITA-PB 3-3a Manoi mBHIKOCTI MiABOAHOTO PYXY, OOMEKEHOI
MIBUAKICTIO OykcupyBaHHsM Pb.

[Ipononyetscs BrockonanenHss AHITIA-PB (3a puc. 1) Takum ynHOM, 11100 MiJABULIUTH HOTO
MPOAYKTUBHICTh MPU BUKOHAHHI MOIIYKOBUX Ta 0OCTEXYBAJIbHUX POOIT HAa BEJIMKHUX 3a IUIOIICIO
aKBaToOpisIX. 30KpeMa, JOLUIBHOI € peai3allis pexuMy TpaiuliiiHoro miaBogHoro pyxy AHITA
6e3 OykcupyBanHs Pb. Takuil pexum BOayaeTbCs OCHOBHUM IpU BHMKOHAHHI aBTOMAaTHYHO
KEPOBAaHMX ITIJIBOJJHUX TIOIIYKOBUX MICiii Ha BETUKHX 3a IUIOMICIO aKBATOPISAX, KOJU MOCTIMHUMA
ornepatuBHUI panioss’s30k 3 BLIK He € 000B’S3KOBUM 70 MOMEHTY BHSIBJIIEHHS Ta aBTOMAaTHYHOT
inentudikanii [THIT.

ADpXITEKTYpHO-KOHCTPYKTHUBHHMIA TUI mpornoHoBaHoro Bapianty AHITA-Pb ans BukoHaHHs
3a/1a4 0XopoHHu 1 3axucty 06’exktiB MKI HaBeneno Ha puc. 2.
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Pucynok 2 — [IponoHOBaHUi apXiTeKTypHO-KOHCTPYKTUBHUM
THUI aBTOHOMHOTO HEHACEJICHOTO MiJJBOJHOTO anapaTta 3 pagiodyem

[IpornonoBanuii AHITA wmae TopnenononioHy ¢opmy KOpmycy 1 OCHAIIeHMH TBHHTO-
CTEpPHOBUM KOMIUIEKCOM Yy CKJaJl JBOX TIpeOHUX TBUHTIB KOHTPPOTOPHOrO OOEpTaHHA Ta
XBOCTOBOT'O OIIEPEHHS y CKJIAJll PYJIiB HANPSMKY Ta pyJiiB ITHOUHHU.

VY HocoBiit yactuHi AHIIA po3ramoBaHo 3MiHHE HadinmHe OONaAHAHHS JUISI BUKOHAHHS
MIJBOJHUX POOIT 3rifHO MHOXUHI (4). Y xopmoBiii yactuHi AHITA posminieno noxement 3 Pb ta
nebinka kabenab-OyKkcupa.

ITig yac BUKOHAHHS MOLTYKOBUX POOIT Ha BENIMKUX 3a TUIOIIEIO akBaTopisix Pb 3HaxoauThcs
y JIO)KEMEHTI 1 HE CTBOPIOE AOAATKOBUX TiAPOJMHAMIYHUX CHUJ IPU aBTOMATUYHOMY LIBHJIKICHOMY
pyci AHITA 3a cknamHum# TpaekTopissMu (moyatkoBe mojiokeHHss PB mokazano Ha puc. 2). [lpu
BUSIBJIEHHI OOpTOBMMHM BifeoonTuuHumH npunanamu AHITA migBogHOro mpeamera, CX0XKOTro Ha
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[THII, migBogHWii amapaT aBTOMAaTUYHO TIPOBOJWUTH HOr0 TEPBUHHY iNeHTH}IKaIi0 1, 3a
HeoOXiAHICTIO, BUITyCKae Ha moBepxHio Mopsi Pb i 3a iioro momomororo nepenae ¢orto-, Bigeo- Ta
reosiokariiiny iHgopmanito npo ITHII. Kpim TOro, 3a nOmoMoror yTBOPEHOTO padioKaHAIy €
MOXJUBICTh mepeBecTd poboTy AHIIA Ha pyuHe KepyBaHHS 1 BUKOHATH OUIBII peTENbHE
obctexenns 3HaineHoro [THIT abo BukoHaTH Aii m10/10 3acTOCYBaHHS KopucHOro BanTaxy AHITA
1t ipotuil BusisneHum [THII.

Taxum unHOM, 3actocyBanHst AHITA-Pb npononoBaHOi KOHCTPYKIIIT Ja€ 3MOTy MiJABUIIUTH
IPOAYKTUBHICTh MOIIYKOBHX POOIT 3a paxyHOK MiJBUILEHHS IIBUIKOCTI IiJIBOJHOTO PyXy IpHU
3Haxo/pkeHHl Pb y j0)keMeHTiI migBOAHOTO amapaTa Ta 3a paxyHOK 30UIbIICHHS poO04Y0i 30HH
oOCTexKeHHs 3a0e3nedy€e MOXJIMBICTh HPSMOro ONEPAaTUBHOIO PYYHOIO KEpyBaHHS IIiJIBOJAHUM
amaparoM, a TaKoX CIPOIIYy€ EKCIUTyaTallil0 BCI€i CUCTeMH, OCKIIbKU po3ropTanHs Pb y poboue
MIOJIO’KEHHS Ta MOBEPHEHHSI HOTO JI0 JIO)KEMEHTY 31 CHIOETHCSI aBTOMAaTHYHO.

To6T0, mifBOAHI amaparu-poOOTH MPONOHOBAHOTO APXITEKTYPHO-KOHCTPYKTHBHOIO THILY
MOEHYIOTh TiepeBaru «kinacuuHux» AHITA (He3anexHicTh iX poOOTH BiA AMUCTAHIIl 1O CyAHA-
Hocis) 3 mepeBaramu «wiacuyHux» HIITA (MoxnuBICTH KepyBaHHS MIJIBOAHMM pPOOOTOM Ta
OTpPUMaHHS Bl HOTO iH(pOpMalii Mpo MiIBOHY 0OCTAaHOBKY Y pealbHOMY 4aci).

Etan 7p — 0OrpyHTYyBaHHS OCHOBHUX ITPOEKTHHUX 3a/1a4 31 cTBOpeHHs 3MP.

AHani3 pe3yibTaTiB po3B’si3Ky eramiB Tr, Tk 1 Tc MHOXUH (2), BUKOHAHMH Ha OCHOBI
cucTeMHOTO miaxony [23] gae 3mory chopmyoBaTH OCHOBHI ITPOEKTHI 3a1a4i cTBopenHst AHIIA-
Pb:

—3agaui D7b xoHcTpytoBanus koprnycy AHITA-PB:

e xoHcTpyroBaHHI AHIIA sk HOCiS IIMPOKOro MEpeNiKy 30BHIIIHBOTO HAYilTHOTO
oOJasiHaHHs, IPU3HAYEHOTO JUIsl OXOPOHU Ta 3axucty 06’ ekriB MKI;

e KoHCTpyroBaHHs Pb rigpoamHaMiyHOo OOTIYHOI KOHCTPYKIIii, JIO)KEMEHTA JUIsi HOTO Ta
MexaHi3My BHUITycKY/BIycky Pb no noxxemenTa;

e migbip Ta OOIPYHTYBaHHS KOHCTPYKIIMHMX MaTepialiB Ta aJUTHBHUX TEXHOJIOTIN
puroropieHHs AHITA ta Pb;

—3aaa4di DT enepreruunoro 3abe3nedeHHss AHITA-Pb:

e oTpuMaHHS 3anexHOCTI «Jlucranmis — IIBunkicTe — EHEproemMHicTh Kepen eHepriin
st AHITA sik TeopeTHdHOi OCHOBU CTBOPEHHS HOBOro TUly 3MP;

e TmpoekTyBaHHS cucreMu eHeprozadesneueHHss AHIIA-Pb na 0a3i cywacHuMX mxepen
EHeprii;

—3aaa4i DT\ inpopmaniitHo-HaBiramiiaoro 3ade3neuenus AHITA-Pb:

® MPOEKTYBAaHHS IHTENEKTYaJbHOI CHCTeMH aBToMatuyHoro kepyBaHHs AHIIA-Pb y
HOpMAaJIbHUX Ta aBapiifHUX peKuMax poOoTH;

® TPOEKTYBAHHS CUCTEMH 3B’S3Ky (pajio-, CYNYTHHKOBOIO TOIIO) JUIs peami3arii
JMCTAHIIIHOTO KepyBaHHs Ta KOHTPOJIIo 3a ¢pyHKuioHyBaHHsIM AHITA-PB;

e mnpoektyBaHHs BIK sk ckiianoBoi cucreMu e(eKTMBHOIO 3aCTOCYBaHHS HOBOTO THILY
3MP 3a 1i0oro npu3HaYEHHSIM;

—3amaui DTo excrutyararii AHITA-Pb:

e yJIOCKOHAJIEHHS TEXHOJIOT1I OXOpoHM Ta 3axucTy 00’ekTiB MKI Ha 06a3i 3acTocyBaHHS
3MP HoBoOrO THITY;

® TPOEKTYBaHHS OeperoBoi iH(PpPacCTPYKTypu IUIsl YCHINTHOTO 3aCTOCYBAaHHS HOBOTO THUITY
3MP 3a 1ioro nNpU3HAYEHHSIM.

Takum umHOM, MHOXMHY D7 OCHOBHMX TpOEKTHHX 3amad 31 cTBopeHHs 3MP MmoxHa
MPEJCTABUTH HACTYTTHUM YHHOM:

DT = {DTo; DT&; DTi; DTo}. (6)

OcHoBHiI pe3yJbTaTH Ta iX 00ropopeHHsi. OXopoHa O00’€KTIB MOpPCBKOI KPUTHYHOL
1H(PACTPYKTYpHU NEpKaBH Ta il 3aXUCT BiJ HECAHKIIOHOBAHOTO TMPOHUKHEHHS Ta MPOTUIPABHHUX
T Ha 3aXUIIEHUX aKBaTOPISAX HAJCKHUTH /10 BOKIIMBHUX 3aBJIaHb 3a0€3MEUCHHS OC3MEeKH JepiKaBy 3
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MOPCBKOTO HAmpsIMKy. YCIIIITHUKA PO3B’SI30K IIHOTO 3aBIAHHS MOXKIMBHI Ha OCHOBI IIMPOKOTO
3aly4yeHHs Cy4acHUX 3ac00iB MOPCHKOI pOOOTOTEXHIKU, OCKITIBKY ii 3aCTOCYBaHHS Aa€ MOXKIIUBICTh
BHKOHYBaTH OOOPOHHI 3aXOJ IUJI0J000BO Ta BUKIIOYAE CyO’€KTUBHUN (akTop, IMOB’SI3aHUNA 3
MOMMUJIKaAMH JIFOAUHHU.

VY pe3ynbTari MPOBEACHUX TOCTIHKEHb CPOPMYITHOBAHO YOTHPH OCHOBHHUX BHIH POOIT, SKi
MOKHa BHMKOHYBAaTH 3 3aJly4Y€HHSIM 3ac00iB MOPCBHKOI POOOTOTEXHIKM: HaJBOJHE OOCTEXKEHHS
3aXMINEHUX  aKBaTopii, migBogHe oOcTtexkeHHs 00’ekTiB MKI, cmocrepexxenHs  3a
(YHKIIOHYBAaHHSIM BUSBJICHUX IMOTEHLINHO HEOE3MEYHMX MpPEIMETIB, fKi MOXYTh YTBOPIOBATH
3arpo3u 00’ ektam MKI, Ta TexHIUYHY IPOTHIII0 UM MPEIMETaM 3 METOI0 HEJIOIMYIIICHHS HAHECEHHS
mkoau 00’ exktam MKI.

3 MeTOo10 po3pOOKU €PEKTUBHUX 3aC001B MOPCHKOI POOOTOTEXHIKH 3allPOIIOHOBAHO YOTUPHU
OCHOBHI eTanu poOiT: oI 1 KpUTUYHUH aHaui3 icHyrouux TumiB 3MP 3 mo3utiit ix BiAnoBiAHOCTI
OCHOBHUM BHJIaM po0iT; (hopMyBaHHS KpUTEPIiB €(heKTUBHOCTI 3acTocyBaHHd 3MP 1isi BUKOHaHHS
uX podiT; oOIPyHTYBaHHS BUOOPY apXiTEKTypHO-KOHCTPYKTUBHUX THUMIB 3MP, siki MakCUMaJIbHO
IIOBHO BIJNOBIJAIOTh BUMOTaM C()OpPMOBaHUX KPUTEPIiB €(hEeKTUBHOCTI; OOIPYHTYBaHHS OCHOBHHUX
MIPOEKTHUX 3aj1ad, sIKI HEOOX1AHO po3B’s3aTh A cTBOpeHHs 3MP 3 HEoOXiTHMMU TEXHIYHUMH Ta
eKCIUTyaTallliHUMHU XapaKTepUCTUKaMU JJIi BUKOHAHHS OCHOBHHMX BHUIIB POOIT IO OXOpPOHI 1
3axucty 00’extiB MKI.

JUJis KOYKHOTO 3 YOTHUPbOX OCHOBHHMX €TamiB POOIT 3alpONOHOBAHO BIAMNOBIIHI MHOKUHU
3ax0/1iB IIOJI0 TX peaizalii.

Taxk, m1st meproro eramy poOiT 3aMpONOHOBAHO MHOXKHHY 3aC001B MOPCHKOT POOOTOTEXHIKH
Ta MHOXXMHY 3MIHHOIO HAdYiMHOTO OOJaJHaHHS, SKI JOLUUIBHO 3ajJydyaTH 10 poOIT MI0J0
3a0e3neueHHs O0e3MeKH 3aXUILEHUX aKBaTopiil Ta po3ramoBaHux Ha HUX 00’ exTiB MKI.

Jns npyroro eramy poOIT 3ampolOHOBAaHO CHCTEMY 3 TpPbOX OCHOBHUX KpHUTEpiiB
epeKkTUBHOCTI 3acrtocyBaHHd 3MP: nNpoayKTHUBHICTH, SIKICTh Ta €KOHOMIYHAa €(EeKTUBHICTh
3aCTOCYBaHHSA KOHKPETHOTO 3ac00y MOPChKOI pOOOTOTEXHIKH Il BUKOHAHHS HEOOX1AHUX POOIT.

Jlnst TpeTporo eramy poOIT 3amporoOHOBAHO YAOCKOHAJCHWH BapiaHT aBTOHOMHOIO
HEHACEeJIEHOT0 MiJBOJHOIO amapara 3 paaio0yeMm, KU MOeAHye mepeBaru «kinacuyHux» AHITA
(He3anexHICTh iX poOOTH BiJ NUCTAHLIi A0 CyIHA-HOCIA Ta BHCOKY NMPOAYKTUBHICTH ITiJIBOJHHX
MOITYKOBUX po0iT) 3 mepeBaramu «kjaacuuHux» HIIITA (MOXIHBICTE KepyBaHHS ITiIBOJTHUM
poOOTOM Ta OTpUMaHHS BiJ HHOTO 1H(OpPMAILIii PO MiBOJHY OOCTAHOBKY y pealbHOMY Yaci).

Sk pe3yapTaT monepeIHiX JOCIIKEHb JUIsl 9e€TBEPTOTO eTary pooiT chopMyIbOBaHO 3a/1adi
KOHCTPYIOBAaHHSI YJOCKOHAJICHOTO BapiaHTy aBTOHOMHOI'O HEHACEJIEHOTO ITiIBOJHOTO arapara 3
paniodyeM, MPOEKTHI 3a7a4i HOTO €HEePreTHKU Ta iH(OpMaIliiHO-HABIralliiHOTO 3a0€3MeUeHHS Ta
3aja4i Horo eeKTUBHOI eKCIUTyaTaIllii.

VY 1uimomy, oTpuMaHi pe3yJbTaTH JOCIHIDKEHHS YTBOPIOIOTH HAYKOBO-TEXHIYHE MIATPYHTS
JUIsS. 3alI0YaTKyBaHHS TPOEKTY CTBOPEHHS YJIOCKOHAJIIEHOTO BapiaHTy MOPCHKOI POOOTOTEXHIKH,
MpU3HAYEHOTro i e(eKTUBHOI OXOpoHM Ta 3axucty 00’ektiB MKI Bin 3arpo3 3 mMopcbkoro
HaTPSMKY.

BucHoBku

1. 3 cucTeMHHMX TO3UIINA PO3TISIHYTO NpoOIeMy MiABUIIEHHS €()EeKTUBHOCTI CHCTEM
OXOPOHH 1 3aXUCTy 00’ €KTIB MOPCHKOI KPHTHYHOI 1H(PACTPYKTYpH BiJ HECAHKIIIOHOBAHUX JIii
3JI0BMHCHUKIB Ha 3aXHIIEHUX aKBATOPisAX. Y pe3ysibTaTi aHali3y 0COOIMBOCTEH OXOPOHH 1 3aXUCTY
TakuxX 00’€KTIB CHOPMYILOBAHO YOTHPH OCHOBHUX BHJHM pOOIT, SKI MOXXHA BHUKOHYBAaTH 3
3allydeHHsIM 3aco0iB MOpPCBHKOI poOoTOTexHikM. J[0 HHMX HalekaTh: HAJIBOJHE OOCTEKEHHS
3aXMINEHUX  aKBaTopii, migBogHe oOcTexkeHHs 00’ektiB MKI,  cmocrepekeHHs  3a
(YHKIIIOHYBaHHSIM BUSIBICHUX TOTCHLIHHO HEOE3MEeYHHX MpPEIMETIB, SKi MOXYTh YTBOPIOBATH
3arpo3u 00’extaM MKI Ta TexHiuHa MPOTHIA UM MpeIMeTaM 3 METOI0 HEIOMYyIIEHHS! HAaHECEHHs
mkoau 00’ extam MKI.

2. IlpobneMy BIOCKOHAJICHHSI CUCTEMH OXOpPOHH Ta 3axucTy 00’ektiB MKI Bix 3arpo3 3-mia
BOAM 3alpOIIOHOBAHO pO3B’S3YBAaTH IIIITXOM CTBOPCHHS BIAMOBITHUX 3ac00iB  MOPCHKOI
POOOTOTEXHIKH, I YOrO MPOMOHYEThCA MOCTIOBHA peani3allisi YOTHPhOX €TamiB iX CTBOPEHHS:
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OILlIHKA ICHYIOUOTO TEpeNiKy B)KE ICHYIOUMX 3ac00iB MOpPCHKOI POOOTOTEXHIKH, (OPMYBaHHS
TUIIB HOBUX BHJIIB TMIJBOJHUX POOOTIB, fAKI MaKCHMaJlbHO IIOBHO BIAMOBIIAIOTE BUMOTaM
chopMoBaHUX KpHUTEpiiB e(EeKTHUBHOCTI Ta OOIPYHTYBaHHS OCHOBHHUX TMPOEKTHHUX 3a1ay, SKi
HEOOX1HO pO3B’A3aTH JUIsl CTBOPEHHS TaKOT pOOOTOTEXHIKH.

3. 3amnporioHOBaHO YJOCKOHAJEHHS AaBTOHOMHOI'O HEHACEJIEHOro IiJIBOJHOrO amapara 3
paniodyeMm, SIKHI MOEHYE MepeBaru TUIMOBUX aBTOHOMHUX Ta MPUB’ SI3HUX HEHACETICHUX IT1IBOTHUX
amapariB, y pe3yJibTaTi Yoro OTPUMAHO apXiTeKTypHO-KOHCTPYKTHBHHUH THII IiJABOAHOTO arapara,
po0oTa siKOro He OOMeXeHa [WCTAHIEl0 10 CyAHa 3a0e3leueHHs Ta SKUM Mae MOCTINHMM
JIBOXCTOPOHHIN pajiio 3B 30K 3 O€peroBUM LEHTPOM KEpyBaHHS.

4. Cdopmynp0BaHO 3a7adl KOHCTPYIOBAHHS YIOCKOHAJICHOTO BaplaHTy aBTOHOMHOIO
HEHACeJeHOTo IIJBOAHOTO amapara 3 paaio0yeM, NpPOEKTHI 3ajadi HOro eHepreTuKku Ta
iH(popMaLiiHO-HaBIraliiHoOro 3a0e3neyeHHs Ta 3ajayl Woro edekTHBHOI exciutyaTamii. Taxuit
[iABOJHUI amapar € yHIBepCaJbHUM 3aCO00M MOPCHKOI pOOOTOTEXHIKH Ul YCHIIIHOTO PO3B’S3KY
3aB/laHb 0XOpOHH 1 3axucty 00’ ektiB MKI Bix 3arpo3 3-mij Boau.

IlepciekTHBH NMOJANBIIMX JOCHiIzKeHb. [lonanbun nociiKeHHs aBTOpU BOAYarOTh 3a
JOLTBPHE TPOBOIUTH Y HampsMax pO3B’S3Ky OCHOBHUX TIIPOEKTHUX 3a1ad 31 CTBOPEHHS
YIOCKOHAJIEHOTO BapiaHTy aBTOHOMHOI'O HEHACEJIEHOI'O IiJIBOJIHOrO amapara 3 pajaio0yeM 3riJHO
MHOXUHI (6).
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Blintsov V. S., Tarchuk A. A., Trybulkevych V. V. PROJECT TASKS OF CREATING MARINE
ROBOTICS FOR PROTECTION AND PROTECTION OF MARINE CRITICAL INFRASTRUCTURE
FACILITIES

The protection of objects of maritime critical infrastructure of the state belongs to the important tasks of
ensuring the security of the state from the sea direction. A successful solution to this task is possible based on
the broad involvement of modern means of marine robotics. This makes it possible to perform defensive
measures around the clock and eliminates the subjective factor associated with human error. The article
formulates the task of increasing effectiveness of the protection and security of marine critical infrastructure
objects by using special means of marine robotics. The main types of works to protect water areas that can be
performed with the involvement of marine robotics are given. Many such works include surface and
underwater survey of water areas, observation of discovered potentially dangerous objects and technical
countermeasures against these objects. The main stages of work on the creation of new means of underwater
robotics are proposed. They include the analysis of existing types of robots, the formation of criteria for the
effectiveness of their application, the justification of a new architectural and constructive type of robot and the
tasks of its design. The first stage of the work includes a set of marine robotics and a set of variable attachment
equipment, which should be involved in security work. The second stage of the work includes three criteria for
the effectiveness of the use of robots: their productivity, quality of work and economic efficiency of use. The
third stage of the work includes an improved version of an autonomous unmanned underwater vehicle with a
radio buoy. The robot combines the advantages of traditional autonomous and tethered unsalted underwater
vehicles. It has high performance, constant two-way communication with the supply ship and can operate at
long distances from it. The fourth stage of the work includes the tasks of designing an improved underwater
vehicle with a radio buoy, design tasks of its energy, informatics and operation. The results of the research
form the scientific and technical basis of the project to create an improved version of marine robotics for
effective protection and security of marine critical infrastructure facilities.

Key words: marine infrastructure facility; marine robotics tool; underwater vehicle; towed radio buoy.
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Y ecmammi iomivaemocs, wo 3a ocmanui nigmopa cmoaimms y eany3i CmeopeHHs. Npuaaois il UHAYEHHS.
Qizuko-mexaniuHux enacmusocmell mMamepianie c@OPMOBAHO OCHOBHI KOHCMPYKMUBHI cXeMu MAauwluH OJis
sunpobysanus 3paskie mamepianie. Cunoga wacmuna yux MAwuH He 3a3HANAd NPUHYUNOBUX 3MIH, npome
3ACMOCOBY8AHULL CYMO MeXaHiuHull cnocid peecmpayii 3ycunv i oeghopmayiil 6 OaHUll 4ac 3aMIHIOEMbCA HA
eNeKMPUYHi Memoou BUMIPIOGANHS HEENeKMPUUHUX GeNUYUH. 3HAYHA HaACMUHA OONAOHAHHA Y GUPOOHUYUX,
OOCTIOHUYbKUX MA HABYANLHUX 1abopamopiax eunyuiena y opyeil nonoguni 20 cmoaimmsa i poboma ix
MeXaHizmie Yiikom 3a0080abHAE cydacHi gumocu. OCMAHHE CIMBOPIOE YMOBU eKOHOMIUHOI OOYitbHOCHI 000

11020 MOOEPHI3aYIL 3 YPAXYBAHHAM CYHACHUX 3AC00i6 BUMIDIE | KOMN ' TOMepHOT 00POOKU OaHUX.

Hocniono-xoncmpyxmopcoka poboma, wo po32na0acmvcs, supiuye 3a60aHHA CXeMOMeXHIYHOT MoOepHizayii
001AOHAHH HAYK0B0-00CHiOHOT nabopamopii TlonimMepHux KOMRO3UMHUX Mamepianié y CcyOHOOYOYEaHHi
Xepcorncokoi 0epoicagroi MopcbKkoi akademii ma CmMeopeHHs. NpPocpamHo2o 3abe3nedeHHs 01 NONepeoHbol
00pobKU  Oanux 3 GUKOPUCMAHMAM Komn'tomepnoi ma indcenepnoi epaghixu. Mexaniunuii  pecypc
8UNPOOYBANLHUX MauiuH 1abopamopii eupooruymea 60-x pokie 0obpe 30epiecst i dopoboK nompedyromo auuLe
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0713 00pOOKU pe3yIbmamie sUnpoOYSanis 3pa3Kie Mamepianie Ha YUCMUll BUSUH, WO 00380JIAE KOMNEHCY8amu

cucmemamudHy noxu6l<y HYJA CWOguMlpMBan HasanmasicyeailbHo2o npucmpoio.
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epagixa.
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Beryn. V nporneci HayKOBO-TEXHIYHOTO MPOTPECY OKpeMi HampsIMH TEXHIYHOI MEXaHIKH
JOCSATIIN TIEBHOT MipH 3aBEPIIEHOCTI Ta, y MeXaX CBOIX MOXIJIMBOCTEH, NMPOJOBXKYIOTh YCHIIIHO
3aCTOCOBYBATUCS 1HXEHEpaMu. 30KpeMa, PIIIeHHs] OTHOMIPHOT 3a/1a4i TeOopii MpyKHOCTI METOIaMH
OTIOpYy MatepiajiiB LIHYIOTBCS Ta YCIIIIHO BUKOPUCTOBYIOTHCS KOHCTPYKTOpPaMH 1 TEXHOJIOTaMHU
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HE3BKAIOUW HA PO3BUTOK CYYaCHUX YUCEIBHUX METOJIIB Ta HEOOXITHICTh TIepe]] 3aITyCKOM BUPOOY
B CEPI0 MIPOBOJUTH BEIMKHI 00CAT POOIT 3 €KCIIEPUMEHTAIILHOTO JToBeIeHHS [1].

Y ramy3i CTBOpPEHHS TpWIQNiB Ui BH3HAYCHHS (PI3UKO-MEXaHIYHUX BIJIACTUBOCTEH
MaTepialiiB TakoK c(hOpMOBaHO OCHOBHI KOHCTPYKTHBHI CXeMH MAIIMH JJIsl BUIPOOYBaHHS 3pa3KiB
MaTepiaiB Ha pO3TATyBaHHSA-CTHCKAHHS, KPyYEeHHS Ta BUTHH.

B

Pucynok 1 — EBomromist BUIpoOyBaTbHUX MaIIWH

Ha puc. la npencrasieHa po3puBHA MallliHa OCTaHHBOI TPETHUHM 19 CTONITTS KOHCTPYKIIT
O. Mopa, 1o «KOpPCTKO 3amae aedopmaiiio» 3pa3ka 3a JOMOMOTOI OJHOTO CHJIOBOTO T'BHUHTA 1
[1aCOBOT0 MPHUBOJY Bij Bay TpaHcMicii [2].

Ha mamonkax 10 1 1B 300paxkeHi cy4acHi OJHOCTIMKOBI Ta JBOCTIMKOBI €JI€KTPOMEXaHIuH1
PO3PUBHI MAITUHU KUTANCHKOTO BUPOOHHUIITBA [3].

CunoBa yacTMHA UX MalIMH 32 OCTAHHI IMIBTOpPa CTOJITTS HE 3a3Hajia MPUHIUIOBUX 3MiH,
poTe CYTO MEXaHIuHHUH crnocid peectpauii 3ycuib Ta aedopMariii npu BUIIPOOyBaHHI 3pa3KiB y
MepIIOMYy BHIIAQJKy, HHUHI 3aMIHEHUH Ha €JNEeKTPUYHI METOJM BHMIPIOBAHHSA HEEIEKTPUUYHUX
BEJIMYUH. AHAJIOTIYHA CUTYallis CKJauacs 13 TipaBliYHUMHU BUIPOOYyBaIbHUMH MamuHaMu. Ciin
TaKO’)X BpPAaxOBYBAaTH, IO OUIbIIY YAaCTUHY BHUTPAaT Ha BHUPOOHUUTBO EJNEKTPOMEXAHIYHHUX 1
TiIpaBIiYHUX BUIPOOYBAJIBHUX MAaIllMH NPUIAJae caMe Ha iX MeXxaHiuHy vacTuHy. Kpim Toro,
3HaYyHa YacTHHA TaKoro 00JIaJHaHHS y BUPOOHUYMX, JOCITIIHUIBKUX Ta HaBYAIBHHUX Ja00paTopisix
BUITyIlI€HA y ApyTii monoBuHi 20 CTOMITTS 1 podoTa iX MeXaHi3MiB LLJIKOM 3aJI0BOJIBHSIE CydYacHi
BuMoOrd. OCTaHHE CTBOPHUIIO YMOBH €KOHOMIUHOI JOIIIEHOCTI MOJIEpHi3alii IIbOr0 yCTaTKyBaHHS 3
ypaxyBaHHSIM Cy4acHHUX 3ac001B BUMIPIOBaHHS Ta KOMIT'IOTEpHOI 00poOku nanux [4].

IMocTanoBka npodaemu. Y nanuii yac 6arato BUAIB BUIPOOYBAIBHOTO OOJIAHAHHS, IO
eKCIUTyaTyeTbCsl Ha MIJIPUEMCTBAX Ta B HAYKOBO-JOCTIJHUX JIabOpaTopisiX, BTpavyaroTh
eKCIUTyaTalliiHi BIACTHBOCTI BHACHIAOK (i3WdHOro Ta MopampHOro 3Hocy [5]. Kpim Toro,
3pOCTalOTh BUMOTH HalllOHAJIbHUX Ta MIKHAPOJHUX CTAHAAPTIB 0 KOHTPOJIIO SKOCTI MPOAYKLIT Ta
BIJIMOBIHO JI0 TOYHOCTI 3ac001B BUMIiprOBaHb (TaduI. 1).

Ta6mums 1 — Bumoru 1o BunpoOyBaabsHOTO 0018 IHAHHS

Cmandapm I'panuuna noxuoka sumipy ne 6iﬂbm’...%
3ycunnsn depopmauii
I'OCT 28840 +1 +2
ISO 6892-1 +1 +1
ASTM E4 ASTM E8/EBM +1 +0,5

Bumoru craHmapTiB MOXyThb OyTHM 3a/J0BOJICHI LUIAXOM 3aKyMiBJi  BiIMOBIIHOTO
obnmamHanHsa. OIHAK TaKWil BapiaHT € Jy)K€ BUTPATHUM, a MOXJIMBICTH MPUIO0AHHS MOTPIOHOTO
oOagHaHHs HalvacTilie BiACyTHA. B ocTaHHbOMY BHIIAJKy MOJEpHi3allisl iCHYI0UOro 00JiaqHaHHS

/o pyopuku exknioueno cmammi 3a memMamu4Hol cnpamosanicmio «Mamepianoznaecmeoy



HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpCchbKOi akaaemii WL PA )P L

€ ONTHUMaJbHUM Ta eQEeKTUBHUM pimieHHsIM. OCKUIBKM MEXaHIYHHHA pecypc BITUYM3HSIHHX
BUINIPOOYBAJIbHUX MAIUH 3 4acoM J00pe 30epiraerbcs, TO JOOMPAIIOBAaHHS MOTPeOYyIOTh JIMIIIE
BHUMIPIOBJIbHI CHCTEMH.

Taki moompairoBaHHs 0a3yrOThCs 3A€01IBIIOTO HAa EIEKTPUYHHX METOAaX BUMIPIOBAHHS
HEENIEKTPUYHUX BEIMYMH 3 MOJAIBIIOI KOMITIOTEPHOI0 OOpOOKOI0, JOTOBHEHOI TpadidyHUM
NIPEJCTABICHHAM PE3YJIbTaTIB.

Tomy ocHOBHOIO MPOOJIEMOIO, IO BUPIIIYETHCA Y 1A CTATTI, € MOJACPHI3allis 00JIaIHAHHS
nabopaTopii 3 BUKOPUCTAaHHSIM CXEMOTEXHIYHHMX PILIEHb Ha Cy4yacHii eleMeHTHiH 0a3i, a Takox
CIEI1aJ1130BaHOT0 IPOrPaMHOro 3a0€3MeUeHHs Ta MEXaHIYHUX PUCTPOIB.

AHaJi3 OCTaHHIX J0c/igxKeHb Ta my0iaikauiil. 3a3HaueHa Bule npobdiema MoAepHizamii
ICHYIOYOTO TMMapKy oOOJagHaHHS [ JOCHIIKEHHS  (PI3MKO-MEXaHIYHHUX  BJIACTUBOCTEH
KOHCTPYKIIMHUX MaTepialiB Ta 3aXUCHUX MOKPHUTTIB, a TaKOX HPOTPaMHOro 3abe3NedeHHs Ui
00poOKH pe3yJibTaTiB BUMIPIOBaHb IIMPOKO OOrOBOPIOETHCS Y BIAMOBIAHOMY 1H(GOpMaLIHHOMY
cekTopi. PoOUTBhCS BHCHOBOK IpPO E€KOHOMIUHY JOLUIBHICTh TaKOi MOJEpHi3alii Ta HaJaloThCs
KOMEPIIiiHI Nporno3ullii Ha BUKOHAHHS BIAMOBIIHUX JOCI1HO-KOHCTPYKTOPCHKUX Ta BUPOOHUYUX
poGiTt [5-9].

Meta pociaigaeHHsi — BHUPIIMIEHHS CXEMOTEXHIYHMX 3aBJaHb MOJEpHI3amii oOjagHaHHS
HAYKOBO-JIOCHIIHOT J1aboparopii MONMIMEPHMX KOMIO3MTHUX MaTtepiajiB y cynHoOyyBaHHI
XepCcoHChKOI Jep:kaBHOI MoOpchKoi akaaemii (mani sabopatopis [IKMC XJIMA) Ta cTBOpeHHs
MIPOrpaMHOTro 3a0e3neueHHs AJIs MonepeIHboi 0OpOOKH JaHUX 3 BUKOPUCTAHHSAM KOMH'FOTEPHOI Ta
1HKeHepHoi rpadiku.

OcHoBHuii 3micT. Hiwkue po3risgaroTbes AesKi CXeMOTEXHIUHI pillleHHs, po3poOieHi Ta
BIIPOBaJIXKEH1 Npu peHoBauli odiaanHanHs gadopartopii [IKMC X/ IMA.

Pucynok 2 — Mammaa MUII-100 i3 npucTocyBaHHSIM T BUTTPOOYBaHHS 3pa3KiB HA YUCTHUH 3THH (TTaTEHT
Ha kopucHy Mozaenb UA 140422 Binx 25.02.2020): a) 3aranbHuid BUTISA; 0) 13 BCTAHOBJICHUM 3pa3koM

3okpeMa, MamnHa Ais BunpoOyBanHs npyxkuH MMUII-100 (puc. 2), nooGmamHaHa uis
MEXaHIYHUX BUIpPOOyBaHb 3pa3KiB MaTepiajiB Ha YHUCTHH (YOTHPHOXTOUKOBUI) BUTHH
HaBaHTAXYIOUOI0 PYXOMOIO Ta ONOPHOIO HEpyXoMmorw TpaBepcamu. KokHa TpaBepca Mae mapy
MEPEeCyBHUX MIAPHIPHUX OMOp. MexaHi3M TpUBOIY PYXOMOi TpaBepCH MICTHTh TOJATKOBHU
IMITyTbCHUN  OJIOK JKMUBIIEHHS, KPOKOBHM JABUTYH Ta IUTaHeTapHHM pemnykTtop. Lleit mpuctpiit
3a0e3mnedye MHUPOKHUH /iara3oH MBUAKOCTEH HaBaHTaKCHHSI.
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Pucynok 3 — I'padiune BinoOpaxxeHHs pe3ybTaTiB BUNPOOYBaHHA 3pa3Ka

BumiproBanbHa crctema 00JaiHaHa aBTOMATH30BaHUM nareHToBanuM [10] mpuctpoem st
BU3HAYCHHS MEXaHIYHMX XapaKTePUCTHUK 3pa3KiB MaTepiamiB 1 MICTUTh: TEH30METPUYHHUN
CWJIOBUMIpPIOBAY; TalMep BIUIIKY 4Yacy; IU(pOBUN 1HIWKATOP MPOTHHY; 1HGOPMAIIHHUN OJIOK;
06710k 0OpOOKM aHAJOTOBUX CUTHANIB, a TAKOX KaHAJIM BiOOpaKeHHS Ta aHami3y iHpopmamii i3
3aCTOCYBaHHSIM KOMITFOTEPHOI # irkeHepHoi rpadiku (puc. 3).

JIns MiIBUIIEHHS TOYHOCTI MEXaHIYHUX BUMNPOOYBaHb KOHCTPYKUIHHUX MarepiajiB
po3po0JieHO criemiaii3oBaHe MporpaMHe 3a0e3ledeHHs I OOpOOKM METOAOM HaWMEHIINX
KBaJ[paTiB pe3y/bTaTiB BUIPOOYBaHHS 3pa3KiB HA YUCTUN BUTHH, LII0 MA€ TaKi IepeBaru:

— Mporpama, HarucaHa MOIIMPEHOK MOBOK BHCOKOTO piBHs Pascal ABC, mpononyeTthcs y
BUXIIHUX KOJaX, 3a0e3reueHa BUYEPIHUMU KOMEHTApsSMHU 1 JIO3BOJISIE PAJOBHM KOPHCTYBadaMm
MMPOBOJIUTH i1 MoanbIm Moaudikaii;

— anroput™M 3a0e3neuye KOMIICHCAII0 CHUCTEMaTHYHOI
CHJIOBHMIpIOBaYa IMPHUCTPOIO, [0 HaBaHTaxye [11].

Ha puc. 4 npencraBneHa migcyMKoBa OJIOK-CXeMa JOAATKOBOTO OOJaHAHHS IS PEHOBAIil
mamuau MUTI-100.

IIOXHUOKH YCTAHOBKH HYJIA
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Pucynok 4 — biok-cxema pernoarii mamian MUII-100 s BunpoOyBaHHS 3pa3KiB Ha YUCTHN 3THH

Huxde HaBeneHO CXEMOTEXHIYHI PIlIEHHS JUIsi KOMIIOHEHTIB, IO 3a0e3MedyoTh IMpOoIec

BHMIPIOBaHb.

[paiiBep KpoKoBOro
ABuryHa
(Ha ocHoBI
cneuianizosaHoi MC
TMC2130)
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1. Ha pucyHKy 5 mpeacTaBICHO MiTKITIOYCHHS 32 4-X TPOBITHOIO CXEMOIO CHJIOBHMIpIOBayYa

Ha 06a3i KOHCOJILHOTO TeH30aaT4YrKa SPS5 [12].
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Pucynoxk 5 — Iligkmouenns Tenzonatuuka SP5 3 mexero 3BaxyBanHs — 250 krc,
kiacy TouHocti — C3 wepe3 ALII

2. Jna BuMiproBaHHs JedopMariii BUKOPHCTAHO LU(PPOBUI 1HIMKATOP TOAWHHHUKOBOTO
tuny (IJIT) ClockwiseTools DITR-0105 [13], mokasanuii Ha puc. 4. Ilpunax mae PKI s
BiTOOpaXeHHsI PE3yJbTATiB BUMIPIOBAHHS Ta IMOCHIAOBHUI iHTepdelc nis BUBEICHHS NaHHUX. Y
nporieci podoTH 3'scyBajiocs, 10 BUXIIHUMA TOPT Mae TpH JiHil — 3emiito GRND, niniro manux DT
ta JiHito cuaxpoHizamii CLK. Cramo 3posymino, mo i mnepenadi wiei iHdopmanii B
MikpokoHTposiep (MK) HeoOXimHO TepeTBOPUTH HECTaHAAPTHI PIBHI BUXIJIHUX CHUTHAJIB
inaukaropa (Hu3pkuii — 0 B, Bucokmii — 1.5 B) na piBai TTJI (Tpan3ucropHO-TpaH3UCTOPHOT
norikn). [Ipobmema Oyina BupilIeHa 3a JOTIOMOTOKO IEPETBOPIOBaYa PiBHIB, KU opMye CUTHATH
TTJI nona nonauyi ix Ha mudposi Bxoaun MK.
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Pucynok 6 — Cxema aHaJIOrOBOi YaCTUHU

3yNnUHUMOCS JTOKJIa/IHIIIE Ha MIepEeTBOPIOBaYl piBHIB. SIK 3a3Havasiocs BUILE, BX1HI CUTHAIIN
MmatoTh piBHi 0 1 1.5 B. [Ina ¢popmysBanns curnanis TTJI piBast Oyna 3acTocoBaHa cxeMa Ha OCHOBI
kommaparopa [L.M339 (BukopuCTOBYBaJMCS JBa KaHAIM 3 YOTUPHOX) (puc. 6). OmuH KaHal
06pobnse curnan DT, apyrumit — CLK. [IpuHuun po6OTH cXeMH NpOCTUH — Ha HETaTHBHI BXOAU
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000X KOMITapaTOpiB IMOAAETHCS OTIOPHE HANPYKEHHS BeNMWYHHOIO npubiam3Ho +1 B. Ha mo3utusHI
BXOJM HaaxonsaTh curHanu 3 [YT. Buxoau xommaparopa MOBTOPIOIOTH 3MIHU BXIJIHUX CHTHAJIB,
ane 3 piBasimu TTJI. i Buxinni curaanu TTJI nogatoteest Ha nudposi Bxoan MK [14].

3. EnextpoMexaHiuyHMI NPUBIA HABAaHTAXyBaJIbHOTO MPUCTPOIO BKIIOYAE IMITYJIbCHUM OJI0K
KHUBJICHHS Ta KpokoBui aBuryH Nemal7 [15] 3 mBoCTymiHYacTUM IJIAHETAPHUM PEAYKTOPOM
(puc. 4), 1o 3aMiHIOE ITATHUHN TpU(a3HUH.

4. IlporpamHe 3a0e3neyeHHs oOOpoOKM Ta rpadiuHOi IHTEpHpeTalii pe3yJbTaTiB
BHUMIpIOBaHb.

Jlani mepenmaroThcs IS MOJANBINOI OOpOOKM y KOMITIOTepHY mporpamy Excel, ne
(GUIBTPYIOTECS, HOPMANI3YIOThCS Ta B1OOpa)KarOThCsl y BUIMIAAL rpadika MTaTHUMH 3acobaMu
(puc. 3). OcraTouHa 0OpoOKa pe3yJibTaTiB BUMIPIB BEJCTHCS 3 BUKOPUCTAHHIM Tporpamu [4].

Ocob6nuBocTi peHoBallii yHiBepcalbHOI BUIPOOyBasibHOT Mauuu Y M-5.

Opni€el0 3 OCHOBHMX MpoOjeM =pu BHUIPOOYyBaHHI 3pa3KiB MarepialiB Ha CTUCK €
3a0e3neueHHs CTIHKOCTI (POpMU NMPYXKHOI PIBHOBArH, 110 00MEXKY€E IXHIO BIIHOCHY TOBKUHY.

[Ipn BunpoOyBaHHI Ha PO3TAr BUHMKAE MpoOjeMa 3aKpiIUIEHHsS KIHLIB 3pa3ka. Bemuki
oO0csarn  BumpoOyBanb B  ymoBax Jaboparopii IIKMC 3axaganu  po3poOKu  HOBHX
B3a€MOJIOTIOBHIOIOYMX ~KOHCTPYKTHBHHX pillleHb JUIsl 3axBaTiB, OIO0 CAMOIECHTPYIOThCS, 1
3arIeyuKaMH 3pasKiB, 10 3a0€3MeUy0Th IPOCTY 1 HaAlMHY (iKcallito B HUX.

Ha puc. 7 mpencraBieHa MojepHi3oBaHa BuIlpoOyBaibHa MamivHa YM-5, ocHauieHa
MaTEeHTOBAaHUMHU 3aXBaTaMH, 110 CaMOIIEHTPYOThCs [16].

PucyHok 7 — BHHpo6yBaﬂbHa MalluHa M-5 3 3aXBaTaMy, L0 CaMO LEHTPYIOThCH,
naTeHT Ha kopucHy Mogens UA 143840 Bix 10.08.2020

KoHcTpykiiist 3pa3kiB 3HAYHOK MIpPOK0 BHU3HAYAETHCA BIACTUBOCTSAMHM MarepiajiB Ta
BIIMOBIHOIO TEXHOJIOTICIO TX BUTOTOBJICHHS.

Ha puc. 10 npeacraBiaeHuii 3pa3oK 3 MMaTCHTOBAaHMMH 3HIMHMMHK 3aruieunkamMu [17]
0araTopazoBOT0O  BUKOPHUCTaHHS Ui BUNPOOYyBaHHS  HA  PO3TATYBAHHA  IEPEBAKHO
MOIKPUCTATIYHMX MaTepialliB y 3axOIUIeHHAX [16] BCTaHOBJICHHMX 3aMICTh 3HOIICHHMX INTATHUX.
KoskHe 3amieunko BKIIOYa€e 30BHIIIHE OaHJaKHE 1 BHYTPIIIHE KIJIbIE, 0 KIWHUTD, CIIOIyYeHE MO
KOHIYHIM MOBEPXHi 3 TOJIOBKAMHU IUJITHAPUIHOTO 3pa3Ka 1 po3/iijieHe Ha YaCTHUHU IS 3a0e3MeUeHHS
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ckinaganas. Ha 30BHINIHIA MOBEpXHI BHYTPIIIHBOTO KUIBI, IO KIMHUATH, MOKYTh OyTH BHKOHaHI
ofHa abo OiiplIe MPOTOYOK JJIsi BCTAHOBIECHHS B HUX, 3 METOIO 3PyYHOCTI CKJIaJaHHA, KiTbLEBOI
CKPITUTIOI0YO01 PO3PI3HOT IPYKUHH 200 CYIUTEHOTO KIIBIIS 3 €JIACTUYHOTO MaTepiay.

Pucynok 10 — 3pa3ok 31 3HIMHUMU 3aIJIeUUKaMH, 1110 0araropa3oBo BUKOPHCTOBYIOTHCS

Ha puc. 11 300paskeHo npu3MaTUyHUM 3pa3ok AJis BUIPoOyBaHHS KOMIIO3UTHUX MaTepiajiB
Ha ocHOBI peakroruiactiB [18]. [TapTii 3pa3kiB OTPUMYIOTh METOJIOM CIIJILHOT BUJIMBKU B pO30ipHY
dhopmy (onamyOKy), po3paxoBaHy Ha OJTHOYACHE OTPUMAHHS KIJIbKOX 3pa3KiB.

Pucynoxk 11 — 3pa3ok a1 BUNpoOyBaHHS KOMITO3UTIB Ha po3Tar: 1 — 0a30Ba yaCTHHA 3pa3Ka 3aBJIOBXKKH lo,
2 — 3aruieunky y GopMi KIIMHA, 3 — BUJIKHU 3aXOIUICHb, 4 — KOHTaKTHA MTOBEPXHSI 3aXBaTiB

Crin 3a3HauUTH, IO MEXaHIYHI CHIIOBHMIpIOBAIBHI MPUCTPOI, mepeadadeHi BUpOOHUKAMH
BunpoOyBanbHux MamuH MIII-100 Ta YM-5, 3a0e3neuyyioTh TOYHICTh, IO PETJIAMEHTYETHCS
CydyacHUMH cTaHmaptamu (tabm. 1). MogepHizamis 1mmx wMamuH y Jjabopartopii TIKMC
BHUKOHYBaiacs Tak, o0 30epertu:

— OCHOBHI KOHCTPYKIIii HABaHTa)XyBaJILHUX MIPUCTPOIB Ta Aiara30HN HaBAaHTAKECHD;

— TIpale3/laTHICTh MEXaHIYHHMX 3aco0iB BHUMIPIOBaHb, Nepen0adyeHUX BUPOOHHUKOM SIK
pe3epBHi;

— MOXUIMBICTh iX TOBIPKM 3 BHKOPHCTAHHSIM 3pa3KOBHUX JIUHAMOMETPIB Ta JIHIKHOTO
BHUMIpIOBAJILHOTO 1HCTPYMEHTY.

[Tpu npomy 3pyuHimi Ta edEeKTHUBHIINI €NEeKTPHUYHI 3aCO0M BHUMIPIOBaHb HEEIEKTPUUHHX
BEJIMYUH, BIPOBA/KEHI Y IPEICTaBI€HI BUMIPIOBAJIIbHI KOMIUIEKCH, MPALIOIOTH IapalielbHO 3
MexaHIYHUMHU. JIJIss HUX po3poO0JIeHO BIAMOBIAHI METOMMKH TOBIpKW. JlOKIajmHIiNIe THUTaHHS
MeTpoJioriyHoro 3abe3nedeHHs Jsaboparopii IIKMC Ta y3rojpkeHHS METOAHMK IIOBIPKU
HECTaHJapTHUX 3ac00iB BUMIPIOBaHb 3 JEPKABHUMHU OpraHaMU KOHTPOJIO OyAyTh PO3IIIAHYTI Y
HACTYIHHX ITyOJiKaIlisX.

BucHoBku Ta pexoMenaanii. BigmidaeTbcs OmpanboBaHICTh KOHCTPYKIIM Ta BHCOKHIA
pecypc X MEXaHIYHOT YaCTHUHH ISl OCHOBHUX THIIIB BUITPOOYBAILHUX MAIITUH.
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PoOuThCSI BUCHOBOK IOJO €KOHOMIYHOI JOLUIBHOCTI MOJEpHi3allii BITYM3HSHOTO TapKy
MalIH 151 BAPOOYBaHHS MEXaHIYHUX BIACTHUBOCTEH KOHCTPYKIIIHHUX MaTepialiB.

HaBeneHo cxeMOTeXHiUHI pimeHHs, po3pooiieHi B 1aboparopii [TIKMC:

— TEH30METPUYHOI'O CHJIOBUMIPIOBAYA;

— BUMipIoBaya Jedopmartiii;

— €JIEKTPUYHOTO NMPUBOJY MPUCTPOIO, IO HABAHTAXKYE.

Po3pobieno:

— MPUCTPOI AJ1s1 BUIPOOYBAaHHS 3pa3KiB HA YUCTUN BUTHH;

— TEXHOJIOT1YHI KOHCTPYKIIli 3aXOIJIeHb Ta 3pa3KiB, 10 MPUCKOPIOIOTh POOOTY MEPCOHATY
n1abopaTopiii;

— KOMILJIEKC mporpam g oOpoOKku Ta rpadidHOi 1HTepIpeTalii pe3yabTaTiB BUMIPIOBAHb

[10].

3HalieH] TEeXHIYHI pilIeHHS MOXYTh OyTH KOPUCHHUMHM OpraHi3alisM, MiANPUEMCTBAM Ta
nabopaTopisiM Mpu MOJIEpHi3allii 00J1aTHaHHS.

IlepcnekTHBM MOAAJBIINX JOCTIIKEeHb. 3 ypaxyBaHHSIM EKOHOMIYHOI CHUTyamii Ta
BUPOOHUYHMX MOXKITUBOCTEH ITaHYETHCS:

— CTBOPEHHSI HOBHX TEXHOJIOTTYHUX METO/IB Ta 3aCO01B BUMipIOBaHb;

— IPOJIOBKEHHS MOJICPHI3allli ICHYH0Uoro 00J1aiHaHHs JadbopaTopii,

—  JIOCIITHO-KOHCTPYKTOPChKI pOOOTH 31 CTBOPEHHS Ta MIJATOTOBKH BUPOOHHIITBA
CIeIiaIbHOTO 00JIaIHAaHHS HEOOX1THOTO ISl OCTIHKEHB TIPU PO3POOITl KOMIIO3UTIB 13 3a3/1aJ1eT1/1b
3aJaHUMH BiiacTuBOCTsIMH [19-21].
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Aleksenko V. L., Yurenin K. Yu., Tatarintseva Yu. G., Fostyk P. P., Vasylchenko G. Yu., Znamerovska
N. P., Onyshko D. M. SCHEMATIC SOLUTIONS IN RENOVATION OF TEST

The article briefly examines the construction process as an activity of creating a material image of an object,
which is developed in the form of a full-scale model and its graphic representation: drawings, computer
models.

The article considers the main ways of ensuring strength: empirical; experimental, which includes planning
and certain amount of calculations, and calculation, in which the empirical component is minimized due to the
appropriate theoretical apparatus, and with the development of science and technology, its role increases.

It is noted that when calculating strength, it is necessary to solve the following problems consistently and in
mutual agreement: the problem of external forces; the stress determination problem and the allowable stress
problem.

Solving the problem of calculating the stress-strain state requires knowledge of the mechanical constants of the
construction material, and the normalization of stresses - its strength characteristics.

The main content of the article includes the presentation of some methods and means of measurement
developed in the laboratory of polymer composite materials of the Kherson State Maritime Academy to ensure
research work on the creation of composite materials for shipbuilding with increased operational
characteristics.

These studies include experimental determination of physical and mechanical properties of the materials being
created, which requires special testing equipment. This task was largely solved by the laboratory team by
renovating the existing equipment, automating its operation and analyzing information using computer and
engineering graphics, as well as developing new methods and means of measurement. Technological designs
of samples and methods of determining the mechanical constants of polycrystalline and composite materials
are proposed.

The developed technical solutions are protected by patents, the implementation of which provided a significant
positive effect.

Key words: resistance of materials; testing machines; material samples; means of measurement; renovation;
modernization; economic feasibility, computer and engineering graphics.
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Y pobomi pozenanymo winaxu cmeopents yrompaopioHO3EpHUCHIO20 BUCOKOMIYHO20 Opomy Ois 3a0e3neyenHts
11020 HAOIIHOCMI NpU BUKOPUCMAHHI Y eleMaHmax KOHCMPYKYill MOCmis, Kpauié ma npu eupoOHUYmsi
WuHHO20 KOpoy. Y pobomi Oy10 6CIMAHOBNEHO 3aKOHOMIPHOCMIE 6NAUGY CKAAOHO20 HABAHMANICEHHS KPYUEHHAM
ma po3smaAzy8aHHAM HA OMPUMAHHA CIMPYKMYPU 3EPHUCINO20 Nepaimy npu cgepoidizyiouomy eionani. Ak
mamepian O O00CHIONHCEHb BUKOPUCIMOBY8ANU KAMAHKY 3 6ucokogyeaeyesoi cmani 75. YV pesynomami
KPYMIHH Ma PO3MASYSAHHS NEPAIMHI KOJIOHIT 0ehopMOBaH0, MIdNCNIACMUHOYHA GI0CMAHb 3DOCMAE, MAKOIC
30IMbUYEMbCA HACMKA YEeMEHMUMHUX NAACmuK Menuwioi 0oexcunu. Lleil egpexm nos'sazanuti 3 6nausom
OOMUYHUX HANPYICEeHb NPU KPYMIHHI Ma pPO3MSASY6AHHI HA MEEepOi YeMEeHMUMHI NIACMUHU, SKI KDPUXKO
pytinyiomscs nio ix eniueom. Bemanosneno, wo KpyminHa 3 po3mazy8aHHAM, 6UKOHAHE Neped 0N0YIHHAM,
npugoode 00 NOOPIOHEHHs YeMeHmuUmy, Wo 8 C8010 yepey IHmeHcu@ikye npoyec cghepoidizayii ma donomoezae
CMBOPUMU ONMUMATLHY CIMPYKIMYPY 01 NPOGEOEHHs NO0ANbUL020 8004IHHA. Tlokazano, wo a5 OMmpuUManHsa
CIMPYKMYPU 3ePHUCIO20 NePpaimy 01 YCRIUHO20 NPOBEOeHHS 80I0YIHHI HAUKPAW0t0 00poOKOI € 00pobKa 3a
sapianmom — (2apayexamanuti cman + oegpopmayisa (posmsaez 3 Kpyminuam) + cghepoioizyrouuii gionarn).
Knrouosi cnosa: sucoxogyeneyesi cmani; epum, nepuim; yemeHmum, 3epHucmuii nepiim, cgepoioizayis,
JomuyHi Hanpyau, MiIKpomeepoicmos, HeOOHOPIOHICIMb, PedcUM 0OPOOKU.

DOI: 10.33815/2313-4763.2024.1.28.104-116

Beryn. B ocTtaHHI JECATHIITTSA 3pOCTAa€ IHTEPEC IO METOJIB IHTEHCHBHOI IIACTHYHOL
nedopmartii (ITT1/]), ockiabKHM BOHH JO3BOJIIIOTH BHPOOJATH 00'€MHI MaTepiaiv i3 MiABUIICHUMU
MEXaHIYHUMHU Ta PYHKIIOHATBHUMH BJIACTUBOCTAMH [1]. ¥V 3BHUaitHUX mpoliecax 0OpoOKH MeTaliB
THUCKOM, TaKUX SIK MPOKATKa, KyBaHHS Ta €KCTPY3is, MPUKIIAJICHA TUIACTUYHA Jedopmarrisi 3a3BUIaid
ctanoBuTh MeHme 2,0 [2, 3]. Komm OararompoxigHa mpoKaTKa, BOJOYIHHA Ta EKCTPY3id
BUKOHYIOTBCS JI0 TIacTU4IHOI eopmartii Oinbire 2,0, TOBIIMHA Ta JlaMeTp CTAIOTh JTy’Ke TOHKUMHU
Ta HEMPUJATHUMH JUJIsl BUKOPUCTAHHS Y KOHCTPYKIIHHUX AeTansax. 3a nonomoroto 111 orpumyrots
IpiOHO3EPHHUCTY CTPYKTYpYy CIUIaBiB, SKy HE MOXHA OTPUMATH TPAAULIHHUMH CIIOCOOaMHU
nedopwmartii. [llo6 mokmacTu Ham3BUYAHO BeaUKy aedopmarliito 10 00'eMHOTO MeTaly O0e3 3MiHH
dbopmu, Oy1o po3pobIeHO BeNMKY KUTbKICTh mporieciB IT1J]. Taki cxeMu BUKOPUCTOBYIOTH CKJIQJIHE
HaBaHTAXXCHHS 31 3CYBOM, JIJIsl OTPUMAaHHS OiTbIINX CTyIeHiB aedopmartii [2—6].

JlpibHe 3epHO, chopmoBaHe 3a Takoi OOpOOKH, MPHU3BOMUTH 110 3pOCTaHHS (PI3UUHUX 1
MEXaHIYHUX BJIACTHBOCTEH CTajl 3a paxXyHOK OCOOJIMBOCTEH SIK CaMOro 3€pHa, TaK 1 HOro rpaHuIlb.
OnHak yepe3 MEeXaHIYHO BUKJIMKAHY MITrpallifo TPaHHIb 3epeH TOCSHKHE 3MEHIIEHHS PO3Mipy 3€pHa
Mae€ TOopir, MICA YOro HOTO po3Mip BXKE HE 3MEHIITYEThCS HEe3BaXkKalouu Ha picT aedopmarrii. OTxe,
J0JITaBaHHS PO3YMHECHHUX EJIEMEHTIB a00 YaCTUHOK JIPpyroi (ha3u JO3BOJISE JOCATTH IHTEHCUBHIIIIOTO
3MEHILEHHS! PO3Mipy 3epeH. 3aBIsSKH CBOiM HHU3bKIM PO3YMHHOCTI Ta BUCOKIM PYXJIMBOCTI BOHU
HQ/3BUYAHO  e(EeKTUBHO MPUTHIUYIOTh MNPUTPAaHWYHY Mirpamiro. Haibinem — mmpoxo
BUKOPHCTOBYBAaHUM TaKHUM €IIEMEHTOM € ByTJelb. AJe Ayxke Majo iHdopmaiii 1mo10 BIUIUBY
BYTJICITIO Ha TMOJAPIOHCHHS 3epHA 1 MEXaHIUHI BJIIACTUBOCTI, IO OTPUMYIOTHCS B pe3ynbraTi ITT/1.
Byno 6 mominbHO OOrOBOPUTH BIAMOBIIHI MEpeBard Ta MpoOJIeMH, MOB'SI3aHl 3 €0 BYTJICLIO Y
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cransax npu II1/1. He3ane:xxHo Bijg BHKOPHCTOBYBAaHOI CTparerii MOXHa OTpUMATH PiBHI MIIIHOCTI,
SKI BaXKKO MOCSTTH TP BUKOPHCTAHHI IHIIMX JIETYIOUMX elleMeHTIB. OCKITbKH MH MOXKEMO
KepyBaTH MEePEepPO3MOAIIOM BYTIICIIO MiX TBEPIUM PO3UMHOM BITPOBAKEHHS Ta KapOiaHOIO (a3oro,
a TakoX BIUIMBAaTH Ha i MOPQOJIOrito, TO MOXIMBO (POPMYBaHHS BHUCOKOMIIHOIO CTaHy NpHU
30epeXeHHI TUIACTHYHOCTI MaTepiamy.

IlocTanoBka mpo6Jjemu. TakuM YMHOM, MOMPHU BEIUKY KUIBKICTH POOIT, ICHYE YMMAio
MUTaHb TIOJI0 OTPUMAHHS ONTHMANBHOI CTPYKTypu mpu 3acrocyBanui II1J[. 3 mmx npuumx
aKTyaJbHO PO3LIMPUTH 3HAHHS NPO CTPYKTYPHY €BOJIIOLII0 Ta MEXaHi3MM jAedopMarlii, 3ajisHi B
MpoIieci BOJIOYiHHS APOTY, y 3B'I3KY 3 HOT0 KPUTHYHUMH 3aCTOCYBAaHHSIMHU, TAKUMH SK €IIEMEHTH
KOHCTPYKIIH MOCTIB, KpaHIB Ta y IIMHHOMY KOpAl. 3a3BU4ail A OTpPUMaHHA JAPOTy 3
BHCOKOBYTJIEIIEBO1 CTal 3 KPAIIMMHU BJIACTUBOCTSIMH KaTaHKY IMiJIaI0Th CHEpoiii3yr0uoMy Biamary
Ta BOJIOYIHHIO Hiciis Hboro. Lle mpu3BOaUTH 10 MiABUIIEHHS LIHU JAPOTY, JOAATKOBUX BUTPAT yacy
Ta EHEePrOpPECypCiB.

AHaJi3 OCTaHHIX JocaiIkeHb Ta NMyOJikauniil. Y jiTepaTypi MOKHa 3HAWTH Pi3HI CXEMH
I Ta ix xomOiHamii 3 TpaAWIIHUMU cxeMaMu JaeopMyBaHHS: TpoKaTka 31 3cyBoM [7],
pIBHOKaHAJIbHO-KyTOBE TpeccyBaHHS [6] Ta KpydeHHs 3 po3rsaryBanHsMm [8-9]. YV [7, 10-12]
mokaszaHo, mo komOinyBanHs I1I1]] 3 ogambIIO MPOKATKOI YK BOJIOUIHHSM JIO3BOJISIE OTPUMATH
OupIIMi cTymiHb AedopMarlii Ta GopMye TUCTIEPCHY CTPYKTYPY HE TUIBKH 3 HIJABUIIEHUM pPIBHEM
MILHICHUX XapaKTePUCTHK, aJie 1 3 MIABUILIEHUM PIBHEM ILJIACTUYHOCTI.

VY [12] npouecu II1]] Bu3HauaroThCs SIK Mpoliecd 0OpOOKH METaliB TUCKOM, IPHU SKUX 10
00'eMHOr0 mpoOIECY [JOJAEThCSl IHTEHCHBHA IUIAaCTUYHA Jedopmaiiss 3 METOH OTpUMaHHS
yIBTPaAPIOHO3EPHUCTOrO MeTaly. MeTor X NpOoLEciB IpU CTBOPEHHI YIbTPaApiOHO3EPHUCTOTO
MeTally € BHPOOHHIITBO JeTajeid 3 BUKOPHUCTAHHSM BHCOKOMIIIHOTO MeTaly i 3a0e3leyeHHs
Oesmexku Ta  HaxmidHocTi, Takoxk, 'y [12] oOroBoproroTbesi  Tamy3i  3aCTOCYBaHHS
yibTpaapioHozepuuctux (Y /3) Meranis, Ta mpecTaBieHl TEXHOJIOTIYHI MPOLIECH BUTOTOBJICHHS, a
came piBHOKaHanbHe KyToBe npecyBaHHsa (PKKII), HakonmuyBanbHa mpokatka (HIT), xpyuenns
nig BucokuM TuckoMm (KBT) Ta iHmi, a TakoX IOKa3aHO BJIACTUBOCTI MeTalliB, 0OpOOJIEHHX
npornecamu IT1J[. Kpim Toro, po3riissHyTo i KOMOIHOBaHI MPOIECH, PO3POOJICHI OCTAaHHIM YacoM.
Onnak y [12] He chopmynaboBaHi kpuTepii BuOOpy THma aedopmariii s AOCATHEHHS MEBHHX
BJIACTUBOCTEH CILIABIB.

VY [13] Oyno mpoBeneHO BCeOIUHMM OIS Cy4acHOi JITeparypu IO BUCOKOMIITHUM
JIPIOHO3EPHUCTHM CTaIsIM. XO04Ya B JAHWUW OTJISJ BKJIIOUYEHI BiAMOBIAHI TEXHOJOTII MPOEKTYBAaHHS,
00poOKH Ta TEepMOOOpPOOKM CIUIAaBiB, AKLIEHT pPOOUTHCS Ha TEXHOJOTII0 OOpPOOKM JApoTy 3
BHCOKOBYTJIELIEBOI CTalli, sIKa MOXXe OyTH JOCATHyTa 3a JONOMOTOK «TPaAMLIHHUX» IMPOLECIB
MPOKATKM Ta BOJOYIHHS JpoTy. TepMomexaHidyHa OOpoOOKa TEpIITHOI MIKPOCTPYKTYpH 3
HACTYIIHOIO XOJIOJHOIO BHTSDKKOIO PEKOMEHJYEThCS SK Kpaluid mpouec A e(peKTUBHOIO
OTpUMaHHS YIBTPaapiOHO3EPHUCTOT (bepuTHO-IIEeMEHTHUTHOT MIKPOCTPYKTYpH TUIst
Ha/IBUCOKOMILHUX JIPOTIB 13 HaJIBUCOKOBYIJIELIeBUX cTasiel. Taka cxema Jyxe e(eKTHUBHA, aje Mae
oOMexeHHs 1pH (OpMyBaHH1 JIpiOHO3EPHUCTOT CTPYKTYPH 33 paXyHOK 3MEHIICHHS TEXHOJIOTIYHOT
TJIACTUYHOCTI.

VY [14] moka3aHo, 10 y CTaJIEBHX APOTAX MPHU XOJOIHOMY BOJIOYCHHI (POPMYETHCS BHUCOKA
MminHIicTh (5—6 ['Tla) Ta 30epiraeTbcs MOCTATHSA IUIACTUYHICTh. Y Il poOOTI MpeacTaBiIeHO
MOPIBHSUIBHE JIOCIHI/DKEHHS CTaleBHX JpOTiB 3 BMicToM Byriemto 0,84% Ha pi3HHX cTamisx
nedopmartii. Bupié nemMoHcTpye HOpMajabHy TOBEIIHKY ITiJI Yac BUIPOOYBaHHS Ha Kpy4CHHS.
3a3HaueHe BUIPOOYBaHHS 3a3BHYail BUKOPUCTOBYETHCS JUISI MIATBEPKEHHS NMPUAATHOCTI JIPOTY.
OcHOBHa MeTa IbOr0 JOCHIKEHHS — PO3IIMPUTH 3HAHHS IPO CTPYKTYPHY EBOJIOLIIO IiCIs
XOJOAHOT BHUTSIKKM 3 ypaxyBaHHSIM MeXaHi3MiB naedopmariii, po3dMHEHHS LEMEHTUTY TicIs
KpyTiHHSA. CTpyKTypHE MOCIHIIKEHHsS MIATBEPIMJIO HAsBHICTb SIBUIA CKPYUYYBAaHHS y ApoTax 3i
3MIHOIO BiJICTAHEW Ta TOBIIMHH IIEMEHTHTHUX IJIACTHH. AJie B i poOOTi HE 3p0OJIEHO BUCHOBOK,
SIKUHM pexrM 00poOKHU € HaHOLIbII e()eKTUBHUM 3 TOUKH 30pY 3MiHHM CTaHY IEMEHTUTHIX TUIACTHH.

Ormsn [15] crocyeTbest BUCBITIICHHS CyYacHHX TTOTIISIIB HA €BOJIOIIIO MIKPOCTPYKTYPH B
KOHCTPYKUIMHUX Ta 1HCTPYMEHTAJIbHHUX BYIJICLEBMX CTaJsX MiJ 4ac MOBEPXHEBOI 1HTEHCHBHOI
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wractuanoi  gedopmanii (IT1). OcHoBHy yBary mnpuaiieHo edekraM HaHOKpHUCTai3amii B
MPUIOBEPXHEBIM  30HI  HHU3BKOBYTJIENeBUX cTamed 3  Bmictom  Byriemio  0,05-0,2%,
cepeHbOBYTIICNIEBUX cTanei (BMicT Byriemio 0,35-0,65%) 1 BHCOKOBYTJeNeBUX cTaneid ( BMICT
Byrieuto 1,0-1,5%). IlpoananizoBano BruB napaMetpis II1J] Ha HaHOKpHCTaNIUYHY MOJU(IKALIIIO
TaKUX OCHOBHMX (Da30BHX KOMIIOHEHTIB BYIJIELIEBHX CTalied, SK (EepuUtr, MepiiT 1 LEMEHTHT.
[lepeBaroro po6oTH € pakTUYHE OTPUMAHHS BEIMKOI0 3MEHbILIECHHS (hEepUTY, NEPIITY Ta LEMEHTUTY
y HOBEpPXHEBIN 30Hi, 110 JT03BOJILE 3pOOUTH BUCHOBOK MPO MPUHLHUIIOBY MOYJIMBICTh TaKUX 3MIH
npu Benukii nedopmanii 31 3cyBoMm. OnHak, 3 poOOTH HE SICHO: SIK OTPUMATH TaKy CTPYKTYpy B
00’ eMHHX 3pa3Kax.

Yaocnimkenni [16] npiT i3 HaABUCOKOBYIJIELIEBOI cTaui, mo Mictuth 1,8-2,1% Byraeo,
MOXE JIOCSTaTH Jy>K€ BHUCOKOi MIIHOCTI IMICJIS 1HTEHCHBHOI IIACTHYHOI Aedopmariii 3aBIsKH
OTpUMaHid TOHKIH CTpyKTypi. Y [16] OOroBOpIOETBCS MIKPOCTPYKTYpPHA €BOJIOILIS IIiJ 4Yac
BOJIOYIHHS JAPOTY, a TaKOX MILHICTh, IO OTPUMYEThCS B pe3yibTaTi, a TAaKOX MEXaHI3MHU
3MILHEHHs, L0 Jil0Th Yy IbOMYy Marepiani. IHTeHcuBHa paedopmaris 3abe3neuye 3Ha4YHE
BUPIBHIOBaHHSI MEPIITHUX IUIACTUH. J{McioKaliifHI ocepeku pO3BUBAIOTHCS BCEPEANHI (PEPUTHUX
IPOIIAPKIB, 1 31 3pocTaHHAM jAedopmMaliii ix po3mipu 3MmeHuIyroTses. L{i nucnokaniiini ocepenku
YUHATH OMIp AMHAMIUHIA peKpUCTali3allii miJl 4ac BOJOYIHHSA JAPOTY, TOMY MOXYTh yTBOPIOBATUCS
Ha/a3BUUYaiHO JpiOHI cyOcTpykTypu (d<10 HM). OOroBOprO€THCS BILIMB OOpPOOKHM Ta CKJIAAy Ha
JOCATHEHHS BUCOKOI MIITHOCTI uX JpoTiB 3a paxyHok II1/]. OnHak Taki cTajii He MalTh IUPOKOTO
3aCTOCYBaHHA Yy CBITOBiM IMPOMMCIOBOCTI Ta B JOCIHI/DKEHHI HEJIOCTaTHHO BHCBITICHO MEXaHI3MHU
(hopMyBaHHS BICOKOMIIIHOTO CTaHy Ha 3BHYATHUX BHCOKOBYTJICIICBHX CTAJISX.

Iness poOGorm mnonsgrae B TOMY, LIO KPYTIHHS 3 PpO3TATYBaHHSIM, BHKOHAHE IEpe[
BOJIOYIHHSIM, Ma€ TMPHU3BECTH /O TNOJAPIOHEHHS LIEMEHTUTY, II0 CBOEI YEProl0 MOXKe
iHTeHcu(iKyBaTH mpolec cdepoinizauii Ta CTBOPUTH ONTUMAIBHY CTPYKTYpPY JUIS HPOBEAEHHS
ojajbIIoro BojgouinHs. Lel crnocid6 KpyTiHHS 3 pO3TATYBaHHAM MOXKE€ OyTH BUKOPHCTAHO, KOJIU €
3aJjaua OTPUMAaHHS IPOTY 3 BUCOKOBYIJIELIEBOI CTalli AJIsl TOAAJIBIIOTO BOJIOYIHHS.

Metorw aociifkeHb OyJ0 BCTaHOBJICHHS 3aKOHOMIPHOCTEH CKJIAJHOTO HABAHTAKEHHS
KPYYEHHSIM Ta pO3TATYBaHHAM Ha OTPUMaHHA CTPYKTypU 3€pHUCTOTO HEpiiTy MpH
cdepoimizyrogomy Binnami. Chepoinizyrounii Biian BUKOHYEThCS JUISI OJIEPKAHHS CTPYKTYPH 10
CKJIQJTy SIKOi BXOAATH C(hepoiai30BaHU [IEMEHTHUT, PIBHOMIPHO PO3MOAUICHUH Y (DEPUTHIA MATPHIII.
Taka cTpykTypa Mae 3a0€3MeYnTH MiJIaTIMBICTh MaTepiany Aedopmartii y mporieci BOJIOUiHHS PU
BOJIOYIHHI 10 JIpOTY MaJIOro JiaMeTpa, 3aJIMIIal0YKiCh y MIIACTUYHOMY CTaHi IOCUTh J0Bro. Mera
JOCIIJKeHS MOXe OYyTH JOCATHYTa MpH EKCHEPUMEHTAIbHUX MOJENBbHUX IOCHIKCHHSX, SKI
JI03BOJIMJIM PETENIbHO BUBYMUTH BIUIMB BUAIB Aedopmaliii Ha po3mip, (opMy LEMEHTUTHUX IIACTUH
Ta 1X po3TalIyBaHHS Y MIKPOCTPYKTYPi IpOTY.

3agauer0 fgociigkeHHss Oyslo BHMBUMTH 3MIHEHHS CTPYKTypU Ta BJIAcTUBOCTEH
BHCOKOBYTJIECLIEBOI CTali 75 micis pi3HUX BapiaHTiB TepMoieopMaliifHoi 0OpoOKy.

Marepian Ta MeTOAMKA AOCTiAXKeHb. Y SKOCTI Marepiaqy s JOCIHiJKEHb
BUKOPUCTOBYBAJIM KaTaHKy JniamerpoM 6,24 MM 1 posxkuHoro 100 mm. XiMiyHMHA CKiIaj
nocmimkyBanoi cram B %: C — 0,72-0,8, Si — 0,17-0,37, Mn - 0,5-0,8, Ni — 0 0,25, S — 10 0,035,
P — mo 0,035, Cr — no 0,25, Cu — no 0,2. BukonyBanucs pi3Hi BapiaHTH TepmojedopMariiiaol
00poOku (Taba. 1). ns neskux pexxumiB mepea aedopmariiero MpOBOIUBCS MOBHHUMA BiAMMall TPH
temneparypi 800°C 3 Butpumkoro 10 XBHIMH Ta OXOJOKEeHHSAM y medi. [ledopmaris nomsrana B
OJIHOYAaCHOMY KpydeHHi 31 mBuaKicTio 30 00/xB 1 po3TaryBaHHsAM HampyxkeHHsMm 20 Mlla o
pyvinyBanns (puc. 1). HocmimkyBani 3pa3ku (1) Oynu 3akpimieHi OZHUM KiHIEM Yy HEPyXOMHH
3axBar (2), iHmmM — y pyxomuit (3), sikuii o6eprascs 3 yactororo 30 x1. JIo mporo 3axsary 6yna
npuknageHa cwia F, ska po3Tarye 3pa3ok 3a JOMOMOro0 HaBaHTaxeHHS (4). st JocCiiKeHb
CTBOPIOBAJIM HaIpyxeHHs po3TsaryBanHs 20 MIla.
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Tabmuus 1 — Buau nedopmariitHoi Ta TepmMigHoi 00pOOKH 3pa3KiB

Homep . .
spaska Hegopmauitina ma mepmiuna oopooka
| BUXIJHUAN CTaH
| BUXIIHUM cTaH + IOBHUM Bigman
Il BHXIJHUHN cTaH + aedopMarltist (po3TAT 3 OJJHOYACHUM KPYUECHHSM )
v BUXIJHUI CTaH + NOBHUM Bianan + nedopmariist (po3TSAryBaHHs 3 OTHOYACHUM KPYUCHHSM)
\Y BUXIJHUHU cTaH + cdepoifizyrounii Biaman
VI BUXIJHUH cTaH + nedopmanis (po3TATyBaHHS 3 OAHOYACHUM KPYUEHHIM) + chepoinizyrounii Bignan
VI BUXITHHUU CTaH+IIOBHHUN BiAma + z[eQ)opMauiﬂ (p03TﬂryBaHHﬂ 3 OJJHOYaCHUM KPYUIEHHSIM)
cepoinizyrounii Biaman

3 4
——, __—

| ]
T :

7

Pucynok 1 — Cxema ycTaHOBKH sl OTHOYACHOTO KPYTIHHS 3 PO3TATYBaHHSIM:
1 — 3pa3ok, 2 — HEpyXOMe 3aXOIUIEHHS, 3 — PyXOMe 3aXOIUICHHS, 4 — BAaHTaX

Hactynuum etanom 0ysio mpoBeieHHs cepoii3y0doro Biinasy IpoTsaroM 2,5 roiuHu npu
temneparypi 680°C 3 0XO0NOJKEHHsAM Yy medi. MIKpOCTpYKTypy OTpPHUMaHUX 3pas3KiB Oyio
JOCTIIKEHO Ha onTUYHOMY Mikpockori pipmu Olympus GX41.

BuMiproBaHHs 1HTErpoBaHOI MIKpOTBEPAOCTI NPOBOJWIUCS MeTOJOoM Bikkepca Ha
HaniBasToMaTuuHOMYy TBepaoMipi V-700 ¢pipmu FUTURE-TECH 3 naBantaxenusm 4,90 H (5 krc).
Po3nonain MikpoTBeprocTi mepepizy OyJjo MpOBEAEHO Ha HaMiBaBTOMAaTMYHOMY MIKpOTBEPAOMIpI
FM7 ¢ipmu FUTURE-TECH 3 naBantaxennsm 1961 MxH (mpubmuzuao 200 rc).

PesyabTaTH gociaimxenb. CTpyKkTypa cTaml y BHUXIJTHOMY CTaHI XapakTepu3yBasacs
mricteMa pisHUMHU obnactaMu puc. 2. Ha puc. 3 mpezacraBieHi MiKpOCTPYKTYPH JOCHIKYBaHUX
3pa3KiB y BHXIJIHOMY CTaHI Ta Mmicjas Biamany mepen nedopmartiero. MikpocTpyKTypa 3paska y
BUXITHOMY cTaHi B 30Hi | (puc. 3 a) xapakTepusyBaiacss MapTEHCUTHOIO CTPYKTYpPOIO, sIKa MOTJia
3'IBUTHUCS Yy TpoLieCl BUPOOHUITBA JPOTY.

Pucynoxk 2 — Cxema po3tantyBaHHS 30H IS JOCTIIKEHDb MIKPOCTPYKTYPH KaTaHKH
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[upuna 1iei 300U cTaHOBMIIA ~ 225 MKM. Y 30Hi 2 OyJa BUsiBIIeHa 00J1acTh Tpy003epHUCTOT
MEPIITHOI CTPYKTYPH HIMPHHOO ~ 300 MKM, IPUYOMY TUIACTUHKHU IIEMEHTUTY OYyJIO YiTKO BUIHO. Y
30H1 3 (puc. 3 ©) cmocrepiranacst mepiiTHA CTPYKTypa 3 (EPUTHOIO CITKOIO, i3 3ePHOM OLIBIINM,
HDK y LeHTpi KataHkd B 30HI 4 (puc. 3 B). Came 1 CTpyKTypa 3aiiMae HaiOuIbLly 30HY
JOCTIPKYBAHOTO 3pa3ka. Y 30HI 5 CTPYKTypa 3MIHIOEThCS Ha (DepUTO-TIEpIiTHY, 1e (hepuT mae
BUTJIAA NepOpMOBaHMX 3epeH 3a Mexamu mnepmity. lupuna wmiei 3oHi 165 MkM. Y 30HI 6
chopmoBaHa ¢epuTHa CTPYKTypa, BOHA 3aiiMae mupuHy ~ 8 MKM. CiiJ 3a3HAYUTH, IO PO3MIp
nepiT-pepuTHOI CyMilln 301IBIIYETHCS TP MEPEMILLIEHH] BiJl KPato 3pa3ka J0 LEeHTpA.

TakuMm YHHOM, TOKa3aHO, IO y BHXIJHOMY CTaHI KaTaHKa Ma€ HEOJHOPIAHY OyIOBY 3
KUIPKOMa THIIAMU XapakTepHOI CTpyKTypu. Tomy ans mnojanblIMX JOCHIIKEHb HANHOUIbIN
MMOKa30BUMHU oOyiactssMu € 30HHU 1, 3, 4, sxi Oyio oOpaHO Ui TOCIiPKEeHb Y jaedopmariiiiHo- Ta
TEPMIYHO 00pOOIECHUX 3pasKax.

Karanka nicns noBHoro Bignany (puc. 3 1, J, €) 10 BCbOMY Iepepi3y Mae MepiliTHO-PEepUTHy
cTpykTypy. Lle no3Bossie 3po6UTH BUCHOBOK MPO CHPUSATIMBUIN BIUIMB BiJHaly Ha OJHOPIAHICTh
CTPYKTYpH KaTaHKU B TomepeuHomy mepepisi. Ciia 3a3HauuTH, MO PO3MIP 3€peH 301IbIIY€EThCA
IpU MEepeMilleHHl BiJ Kparo 3pa3Ka A0 IEeHTpa, L0 OOYMOBJCHO YCHNAJKYBAaHHSM BUXITHOI
CTPYKTypHu c(HOpMOBAHOI KaTaHKH MPHU IPOKATIIL.

3ona 1

Pucynok 3 — MikpoCcTpyKTypH KaTaHKU: a, 0, B — 3pa3ku Ne [ y BUXiqHOMY cTaHi
TaT, 1, ¢ — 3pa3ku Ne I micyist moBHOTO Bignany

VY mpomeci Kpy4eHHs 3 OJHOYACHUM DO3TATYBAaHHSIM 3pa3KH TOBOAMIMCS IO-Pi3HOMY.
PyiiHyBaHHS 3pa3Kka y BHXiIHOMY CTaHi HacTajo micist 2,5 obeptiB (e=1,63%), a 3pa3ka micis
MOBHOTO Bianany micis 4 o6eprtiB (e=2,61%). Pi3Hy noBeaiHKy MaTepially MOXKHA MOSICHUTH THM,
IO MicIisl OBHOTO BiMaly MaTepial XapaKTepU3yeThes OLIBIIOK IIACTHYHICTIO. [0 TOro XK, SIK
OyJI0 MOKa3aHo BHIIIE, 1€ MOKe OyTH MOB'SI3aHe 3 OJTHOPITHICTIO CTPYKTYPH MICIHS BiANamy.

Ha puc. 4 npexacraBiena cTpykrypa cranii micis nedopmarii KpydeHHSIM Ta OJHOYACHUM
PO3TATYBaHHAM. Y MIKPOCTPYKTYpi cTaji 3pa3kiB micis aedopmallii y BUXiiHoMy cTaHi (puc. 4 a) y
30Hi 1 30epernmacs MapTeHCHTHa CTPYKTypa, NpOT€ NpuU HAOMKEHHI 10 IIEHTpa 3pa3ka
MapTEeHCUTHA CTPYKTypa 3MIHIOETbCA Ha (DepUTO-TIEPIITHY 1 3epHO 30UIBLIYETHCS MIPU MEPEMIIICHH1
710 TIeHTpa 3paska (puc. 4 0).

Crpykrypa aeopMOBAaHOTO 3pa3Ka IiCis MOBHOTO BiANany Ta KPYTiHHS 3 OJHOYaCHUM
po3TaryBaHHsM (pHc. 4 T) y 30HI 1 XapakTepu3yeThcs HasiBHICTIO HEPIBHOMIPHOI CiTKH (deputy. Y
pe3ynbTaTi KPyTiHHS Ta po3TATyBaHHS 3epHa depury aedopmoano. [Ipu mepemimieHH1 Bil Kparo
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3paska JIo IEeHTpa 3pa3ka citka Geputy crae TOHIIOW (pucC. 4 I, €), a MepIIiT J00pe PO3MIIAETHCS.
JloOpe BUIHO, 110 30UIBIIYETHCA YacTKa IIEMEHTUTHUX TUIACTUH MEHINOI JOBKUHU (3 MOPIBHIHHS
puc. 3 14 n). Lleit edhext Moxe OyTH TOB'SI3aHUH 3 BIUIMBOM TOTUYHHUX HAIPYKEHb NIPU KPYUCHHI Ta
PO3TATYBaHHI Ha TBEPJll LIEMEHTUTHI [UIACTUHM, K1 KPUXKO PYHHYIOTHCS Mif X BIUIMBOM, MOAI0HO
JI0 TOTO, SIK II€ CIIOCTEPITaiocs MPHU BOJIOYiHHI 31 3¢cyBOM [§].

Po3srnsHeMo, sik Taka pi3Ha CTPYKTypa BIUIMBAE Ha mpolec cepoiaizamii ctani. CTpykrypa
KaTaHKH Iiciis ¢hepoili3yrouoro Bianary IMpeACTaBIeHa Ha pHC. 5. Y MIKPOCTPYKTYpPl KaTaHKH Y
BUXIHOMY CTaHi (pUcC. 5 a) y 30HI | HaiOUIBII APIOHO3EPHUCTA CTPYKTYypa, 00 y Wil 30HI mepen
cdepoimizamiero Oyjia MApTEHCUTHA CTPYKTYpA.

3oHa 3

3ona 4 ’

PucyHok 4 — MikpOCTpyKTypa KaTaHKH MICIIsI KPYTiHHA 3 OTHOYACHUM PO3TSTYBaHHSIM:
a, 6, B —3pa3ku Ne Il y BuxigHoMy cTaHi i T, 1, € — 3pa3ku Ne [V miciis MOBHOTO Bifnary

CcdepoinizoBaHnii IEMEHTUT PIBHOMIPHO po3TamoBaHuil y (eputHidi MaTpuui. Y 30HI 3
BHUJHO (pepUTHA CiTKa, KA cTae HabaraTo MEHII BUPAKEHOO B 30HI 4. KpiM CTpyKTYpH 3epHUCTOTO
HepJiTy, MOXHa M00aYUTH KOJIOHII IUIaCTMHYAacToro mepaity (puc. 5 B). B mutomy npu
MepPEeMIIeHH] BiJ[ MOBEPXHI JIO IEHTPa 3pa3KiB CIOCTEPIraeThCsl YKPYIMHEHHS 3€PEH MEPIITy, M0
CIIOCTEpIrajocs B CTPYKTYpl KaTaHKM MICJsl MPOKATKU (puc. 3 B). 3arajoM, CTPYKTypy HE MOXKHA
Ha3BaTH FapHOIO B CEHCI MOJAIBIIOTO BOJIOYIHHS 3 IEKITHKOX MPHYUH:

— pi3Ka BIAMIHHICTh MI’)K TIOBEPXHEBOIO 30HOIO Ta LIEHTPOM 3pa3KiB;

— HasSBHICTH (PEPUTHOT CITKH;

— PI3HO3EPHUCTICTH 3a NEPEPI3OM.
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Pucynok 5 — MikpoCTpyKTypH cTanu micis cepoifi3yrodoro Biamaty: a, 0, B — 3pa3ku Ne V'y
BUXIIHOMY CTaHi, T, 1, € — 3pa3ku NeVI micns gedopmarii KpyTiHHAM 3 OTHOYACHUM PO3TATYBAHHSAM,
X, 3, 1 — 3pasku Ne VII micist moBHOTO Bifmany nedopmarii KpyTiHHSAM 3 pO3TATYBaHHIM

Cdepoinizamiss cram micas aepopmamii (puc. 5 1, 1, €) AO3BOJIMIA OTPUMATH
CTPYKTYpy 3€pPHHCTOTO HEpIiTy Ha OuIbImii miomy 3pa3ka. Tak sk 1 B aurstHkax Nel Ta Ne3
3pazka NeV crnocrepiraerscst ApiOHa piBHOMIpHA CTPYKTypa c(hepoini30BaHOrO HEMEHTHUTY B
(depuTHiii OCHOBI, alie B 30HI 3 CIIOCTEPIra€ThCs TAKOXX HEBEIHMKA KIIbKICTh MIACTUHYACTOTO
nepmity. Y 30H1 4 gocnimkyBaHoro 3paska NeVI BugHo cepoinizoBaHy CTpyKTypy, POTE €
Mmicis cerperanii ¢eputy. Taka cTpykTypa Moke OyTH HaJ3BHYaiHO NEPCHEKTHBHOIO 3
TIOTJISATY TIABUIIICHHS TEXHOJIOTIYHOT BOJIOYMMOCT] METAITy TIPH MOAANIBIIIN 00pOOITi.

Codepoiaizyrounii Bianan 3pa3ka micis MOBHOTO BiAnaity Ta aedopmarii (puc. 5 x, 3, 1)
TaKOX J03BOJIMB OTpUMAaTH c(epoii30BaHy CTPYKTYpy, ajlie 1 CTpyKTypa rpyOima. Y 30Hi 1
Mae Miclie cerperarii ¢pepury, y 30H1 3 1 4 croctepiratloTbes GparMeHTH TUIACTHH [IEMEHTHUTY
OuIbLIOr0 po3Mipy (MOPIBHSHO 3 puUC. 5 A), MO0 TOro X BOHU c(epoili3oBaHi Habarato
MEHIIO Mipoto, HiX Yy 3pasky NeVI. Ilo3utuBHOW0O puicoro 1i€i oOpoOKkHM € Te, M0 BOHA
JI03BOJISIE OTPUMATH OJTHOPIAHY CTPYKTYPY MO YChOMY Iepepi3y 3pa3ka.

Pesynbrat BumiptoBanHs TBepAocTi no Bikkepcy HVS y m’sTu Toukax Ha cepennHi
paaiycy KataHkH (Tabauus 2) Mokasajiy, 10 HalOUIbIly TBEPAICTh Ma€ 3pa30K y BUXITHOMY
crani (0xm3pko 370 HV). IloBHuit Bianman 3HM3MB TBepAicTh mpubimszno Ha 100 HV. Aune
KpPYUY€HHS 3 OJTHOYACHUM PO3TIATyBaHHSAM 3HM3MIO MiKpoTBepaicTh Ha 40 HV. Lle moxe Oytu
NOB'sI3aHE 3 TOBOPOTOM IIEMEHTUTHHUX IIJIACTUH MiJ] I€I0 JOTUYHHUX HANpyXeHb IPU KPYUEeHHI
Ha KyT 35-45" gk ne Oyno mokazano B po6oti [7]. IloscHMMO IO JyMKy CXEMOIO
po3TalryBaHHS 3epeH J0 OCl MpOoKaTKu (pHc. 6 a) 1 0cl KpyueHHS 3 po3TATYBaHHAM (pHC. 6 0).
Ockinbku Tapsiua TMpOKaTKa KaTaHKW BIIHOCHTBCS 1O OAHOOCHOi aedopmarii, To
CIIOCTepiraeThCsl JAesika CTPYKTypHa aHI30TpOIis B3AOBX oci jgedopmariii, aie BoOHa
3MIHIOETHCSI TIPH MOJANTBIIOMY PO3TATYBaHHI.

Och npokaTKu

—
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Ocsp
Ocp npoxkaTku PO3TATYBaHHSA
— Ta KPYTiHHSA
0

Pucynok 6 — Cxema posramryBaHHs 3epeH B3JIOBXK OCi MPOKATKH (a)
1 TCJIS TIPOKATKY Ta MOJAJBINIOT0 KPYUSHHS Ta po3TATYBaHHS (0)

Jedopmartiss KpydeHHSIM 3 OJJHOYACHUM PO3TATYBAHHSIM TIICIIS [IOBHOTO BiIAITy TiABHUINKIA
MmikpotBepaicTh A0 300 HV, mo € ouikyBanum edexrom. Chepoinizyrounii Bijnaa 3HaYHO 3HU3UB
TBepaicTh. Ilicnsa Takoi 0oOpoOKkM HaliMeHIa TBEpAICTb CHOCTepiraigacs y 3paska Micis MOBHOTO
Bigmany ta aedopmarii (205 HV).

Tabmuus 2 — Pe3ynbraTi BUMipIOBaHb MiKpPOTBEPAOCTI

Mixkpomeepodicms, HVO,2

Buo oopooku Ilepeo cehepoioizyrouum Ilicna cgpepoidizyrouozo
gionanom gionany
Buxiguauii cran 373+ 11 239+ 7
Buxiguunii ctad + MOBHUI BiImal 276+12 284+ 14
Buxigawmii ctan + Kpy4eHHS 3 331+ 16 234+ 4
PO3TATyBaHHIM
Buxinauii cTad + MOBHUM Bigmani + 301 £ 13 205+ 1

KpYYEHHS 3 pO3TATYBaHHIM

Ha puc. 6 a mpencrasneHo posnomin mikporBepaocti HV0,2 mo mepepizy 3paskiB y
BUXIJTHOMY CTaHi 1 MICJIsI TIOBHOTO Bigmany. Tak sk CTPYKTypa 3pa3ka y BUXIZHOMY cTaHi Oyra
HEpPIBHOMIipHOIO (pUC. 3 a — B), TO KpHUBa PO3MOILTY MIKPOTBEPAOCTI TEX BUTIISAIAE€ HEPIBHOMIPHO.

[ToBHMIA Bifmam 3HU3UB MIKPOTBEPIICTh 10 BcboMy niepeTuHy Ha 50—70 oxunauns (3 300 HV
y BuXizHOMY cTaHi 10 250 HV). Benuke 3HMKEHHS MIKPOTBEPAOCTI CIIOCTEPIraeThesl Ha MOBEPXHI B
paiioHi mapy 3i 3HIKEHHM BMICTOM BYTJICIIO, a TaKOX y 30HI 3, IO MOXke OyTH TOB's3aHE 3
MOTPAIUITHHSIM 1HJEHTOpa MIKpOTBEpAOMipa B (epHT, SKHUH YCHAJAKOBYETHCS Bifl IMOYATKOBOTO
CTaHy KaTaHKH (puc. 3 0).

Ha puc. 6 6 npencTaBieHO pO3MOAia MiIKPOTBEPAOCTI 1O Tepepi3y 3pa3KiB MiCHs KpyUeHHS 3
OJIHOYACHUM PO3TATYBAHHSAM. 3arajibHe 3HWKEHHS PIBHA MIKPOTBEPIOCTI, 110 CIIOCTEPIraeThes, K
OyJI0 CKa3aHO BHIIE, MOXXE OyTH MOB'sI3aHE 3 MOBOPOTOM 3epeH. CaMe UM MOXe OYTH TaKOX
MOSICHEHO TOM (hakT, IO B IIUX 3pa3KaX HE CIIOCTEPIraeThbCs 3HMKEHHS TBEPJOCTI MPU MEPEXO/Ii Bij
MapTEHCUTHOTO IIapy 70 (hepuTo-nepaiTHOro (Big 30HU 1 10 30HU 3).

Posnogin mikpoteepgocti HVO,2 no nepeTtnHy
3pa3Kka, MM
360
340
320
300
280
260
240
220
200
180
000 1,00 200 300 400 500 6,00

—e&—[IpoKaTKa MpoKaTKa + NOBHKUIA Bignan

a
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Posnogin mikpoteepgocti HVO0,2 no nepeTuHy
3paska, MM

360
340
320 B N
300
280
260

240
0,00 1,00 2,00 3,00 4,00 5,00 6,00

—e— [1poKkaTKa + aedopmauis

MpoKaTka + noBHWK Bignan + gedopmadia

0

Posnogin mikpotsepgocti HVO,2 no nepeTnHy 3paska, Mm
290

270

250

. . _
230 e
’ v P
/ ' ." b Pl
\ -~
210 A v v -
e-o-¢ ‘e
190 ] . \
/
/ “
170 é \
\
\
150 \
13
130
0,00 1,00 2,00 3,00 4,00 5,00 6,00

— @ —[1poKaTKa + NOBHWI BiAgNan + aebopmadia + chepoiansyounii signan
MNpoKaTka + aedopmalis + coepoigusyoumnii signan

MNpokaTka + chepoianzyoumm Bignan

B

Pucynoxk 6 — Posmomin mikpoTtsepaocti HV0,2 3a mepepizom 3pa3kiB y BUXiTHOMY
CTaHI MicIs MPOKATKY (a), TMIcIs MPOKATKHU Ta KPyUEHHS 3 OJHOYACHUM PO3TSATYBAHHSIM
(6) Ta micna gomatkoBoro cepoinizyrodoro Bignany (B)

Edext kpyTiHHS 3 pO3TATYBaHHSAM 100pe BHIHO Ha 3pa3Kax IOINEPEIHHO BiqNalCHHX.
3poctaHHsa cepeAHiX 3HaueHb TBepaocTi 3 284 HV no 331 HV mnoxkasye, mo aedopmaris
MPU3BOJHUTDH 10 3MIIHEHHS B LIJIOMY, MPOTE SKIIO MICINs BiAHay 10 KPYYEeHHS 3 PO3TATYBaHHSIM
CTIOCTEPITanocst 3MEHIIIEHHS KOHIIEHTPAIIii BYTJICIIO Ta TIOB’s13aHe 3 HUM 3HWKCHHS MiKPOTBEPIOCTI
Ha TOBEPXHI, TO micis aedopmarnii Takuii eQexT He crocTepiraeThes. Crif 3BEpHYTH yBary, IIo
3HIDKEHHS 3HaUY€Hb MIKPOTBEPIOCTI B 30H1 3 yCMaaKOBYIOTHCS BiJl BUX1THOTO CTaHy MICJsl TOBHOTO
BiJIasTy 1 MiCJIst KPYYEHHS 3 OJHOYACHUM PO3TSTYBAHHSM.

Posnoain MikpoTBepAOCTI 3pa3kiB micis cdepoifizylodoro BiAMally MpeICcTaBlIeHO Ha
puc. 6 B. Y BCiX BUMaAKax Ied BUJ TEPMOOOPOOKH 3HAYHO 3HU3MB MIKPOTBEPAICTH MEpepi3y s
BCiX 3pa3kiB. HallOinb11 piBHOMIpHUN pO3MOJILT Y 3pa3Kka Miclisd TepMOOOPOOKH y BUXITHOMY CTaHi.
MixkpoTBepaicTs y cepenaboMy 3HM3mnacs 3 373 HV no 239 HV micns cdepoinizyrodoro Bignany.
Opnnak npu chepoiizyrouoMy Bimaji Ha BCIX 3pa3Kax CIIOCTEPIraeTbCsl 3HUKEHHS MIKPOTBEPIOCTI
710 TIOBEPXHi 3pa3Ka, 0 TOB'sI3aHe 31 3MEHIIEHHSIM BMICTY BYTJICIIIO.
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Cdepoinmizyrounii Biaman 3pazka J1e)OpMOBAHOTO KPYUSHHSM 3 PO3TATYBAHHSIM MaiiKe HE
3MIHHUB PiB€Hb MIKPOTBEPAOCTI MOPIBHIHO 3 BUXITHUM CTAHOM ITicIisl MPOKaTKy (BiAmoBinHo 239 Ta
243 HV). Po3monin MiKpoTBepAOCTI MEHII OJHOPIAHMIA, HIX Yy pa3i Bignmany HeaehopMoBaHOTO
BUXiTHOTO 3pa3ka. [lo3uTMBHMM € TOHM (akT, 10 HAa TOBEPXHI 3pa3ka B JEAKHUX 30HAX
CTIOCTEpITaloThCsl 3HAYEHHS MIKPOTBEPAOCTI, SKi MOKHA TOpPIBHATH 3i 3pazkamu Ne VII micis
noBHoro Bignamy. lle sBumie moB's3aHe 3 HEOAHOPIAHICTIO nedopmaiii TpU KpyueHHI 3
PO3TATYBaHHSAM, 1 LI€ € NO3UTUBHUM (PAKTOM 3 TOUKH 30py HiABHUILEHHS 1e(OpPMOBAHOCTI METaILy
[IPU HOJAJIBIIOMY BOJIOYiHHI.

Haiimenini 3HadeHHsT MIKPOTBEPAOCTI Oyim OTpuMaHi Ha AedOPMOBAHOMY 3pa3Ky IICTs
noBHoro Bianany: Big 239 HV Bonu 3um3mnucs o 205 HV. Kpusa po3noainy HepiBHOMIpHA, 1€
MOKHAa TIOSICHUTH THM, IO Y CTPYKTYpi METaly CIOCTEpiraloTbcs 003acTi 3 IJIaCTHHYACTOTO
NEPJITY, SIKI YePryIOThCS 3 00JIaCTSAMHU 31 ¢(EepoiIi30BaHOTO NEPIITY.

BucnoBku

V pe3ynbTati NpOBEACHUX JOCHIKEHb MOXHA C(HOPMYJIIIOBATH TaKi TBEPPKEHHS:

1. [loBHuUI BiAmana AO3BOJIMB OTPUMATH MEPIITO-(QEPUTHY CTPYKTYPY IO BCHOMY IEpepi3y 3
BEJIMKHM 3€pHOM, MOPIBHSHO 31 3pa3KOM Yy BUXITHOMY CTaHi Ta 3HU3UTHU TBepAicTh Ha 90—-100 HV.

2. KpydeHHSI 3 OJHOYACHMUM pO3TATYBAaHHSAM Yy HEBENHUKIA Mipi BIUIMHYJIO Ha CTPYKTYpY,
3'ABISAIOTHCS eOpMOBaHi 3epHa, ane TBepaicTh 3Hu3niaca Ha 40 HV. Lle moxxe OyTu mos'sizaHe 3
MOBOPOTOM LIEMEHTUTHHX IUIACTHH IIiJ] Ji€0 JOTHYHMX HAIPy>KEeHb IIPH KPyYeHHi Ha KyT 35-45" Y
pe3yabTaTi Kpy4deHHs Ta PO3TATYBaHHS MEPIITHI KOJIOHIT 1e()OpMOBaHO, MIKIIJITACTUHOYHA BiJCTaHb
3pocTae, a TaKOX 30UTBIIYETHCS YacTKa IIEMEHTUTHHX TUIACTHH MEHINoi joBxuHu. Llei edekr
NOB'SI3aHMHA 3 BIUIMBOM JOTHYHUX HANpPy>XeHb IIPU KpPyY€HHI Ta pO3TATyBaHHI Ha TBepIl
LEMEHTUTHI IJIACTUHH, SKI KPUXKO PYHHYIOTHCA i iX BILTUBOM.

3. Haiikpama crpykTypa (piBHOMIpHUH 3E€pHUCTHUH TIEPJIT) OTPUMaHA B Pe3yJIbTATI
cdepoiaizyrodoro Biamamy 3paska JAeGOpMOBAHOTO KPYUYEHHSM 3 PO3TATYBAHHSAM y BUXITHOMY
crani. CTpyKTypa piBHOMIpHA, epUTHA CiTKa CIIOCTEPIra€Thes JIMIIE y IEHTPI 3pa3ka (30Ha 4).

4. Cdepoinizyrounii Biaj J03BOJIMB 3HAYHO 3HU3UTH TBEPAIcTh (Y cepeanbomy Ha 100 HV),
10 Ma€ MO3UTUBHUM BIJIMB Ha MpOIEC NOJAIBIIOro BojoviHHA. HailOuible 3HUKEHHs TBEPOCTI
CriocTepiranocs y 3paska cgepoi/li30BaHOIrO MiCisl MOBHOTO Bilnany Ta JedopmMaiii KpydeHHsIM 3
PO3TATYBaHHSM, X04a y CTPYKTYpi HE BIAJIOCS OTPUMATH 3epHUCTOTO Tepiity. HesBakaroun Ha Te,
10 KpHBa PO3MOALTY MIKpPOTBEPAOCTI 3pa3ka micis chepoiizoBaHoro Bianamty aeGopMOBaHOTO Y
BUXIJJHOMY CTaH1 HEpPIBHOMIpHA, CEpeH]1 3HaYEHHS MIKpPOTBEPOCTI HIKYE, HIK CepeHE 3HAUCHHS
MIKpPOTBEPI0CTI Cepoili30BaHOIO 3pa3Ka y BUXITHOMY CTaHi.

5. AHani3yroun BUIE CKa3aHe, MOXKHA 3pOOWTH BUCHOBOK TPO T€, IO JUIS TOCATHEHHS METH
OTPUMAaHHSI CTPYKTYPH 3€pHHCTOTO MEpJITy 3 HHU3bKUMHU 3HAUYEHHSMH MIKPOTBEPJIOCTI st
YCHIIIHOTO NMPOBEIECHHS BOJOYIHHS HalKpamio o0pobkoro € 00podka 3a BapiantoM VI (BuxigHuii
cTaH + aedopMartis (po3TAr 3 KpydeHHsIM) + cepoii3younii Biman).

IMepcneKTHBH T0CTiIKeHb TIOJSITAIOTh Y TOMY, MO0 MPOBECTH MPAKTUYHE MiATBEPIKSHHS
¢dakTiB BIJIMBY KOMOIHOBaHOI IjiacTU4HOI Aedopmariii Ha mporecu (GopMyBaHHS 3EPHUCTOTO
nepiity npu cdepoimizyrouomy Bimmami. Ile moxke BimOyTHCS Ha peaJbHOMY BHPOOHUIITBI TPH
pearmizaiii CXeMH KpY4YEHHsS 3 pPO3TATYBAaHHSAM IIpU BOJIOYIHHI APOTY Ta MOAAIBIIOMY HOIrO
chepoimizyrouomy Biamati.
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Pashynska O., Pashynskyi V., Boiko I. THE INFLUENCE OF TENSION WITH SIMULTANEOUS
ROTATION ON OBTAINING THE STRUCTURE OF GLOBULAR PEARLITE DURING
SPHEROIDIZING ANNEALING

Abstract. The development of new technologies of severe plastic deformation to form strengthened ultrafine-
grained state in materials is a promising way of properties increasing. Such materials demonstrate not only a
high level of strength properties, but also a sufficient level of technological plasticity. In current work, ways to
form an ultrafine-grained high-strength state in wire by its intensive combined deformation and heat treatment
are discussed. The goal of the work was to establish the fundamentals of the influence of intensive combined
plastic deformation by torsion and tension on the formation of the structure of globular pearlite during
spheroidizing annealing. The wire rod made of high-carbon steel grade 75 was used for investigation. The
wire from this steel is used to produce reinforced concrete parts, for manufacturing of steel ropes, and as
material for metal cord. It has been shown that as a result of torsion and tension treatment, pearlite colonies
are deformed, the interlamellar distance increases, and the proportion of cementite plates of shorter length
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also increases. This effect deals with the influence of shear stresses during treatment on brittle cementite
plates, which fragment under the influence of deformation. It has been established that torsion with tension,
fulfilled before drawing, activates the cementite particles refinement, which intensifies the spheroidization
process and provides formation of optimal structure for further drawing. It has been shown that to obtain the
structure of globular pearlite for successful drawing, the best way is wire rod processing after hot rolling
according to the scheme: deformation with tension and torsion and subsequent spherodizing annealing. In this
work the results of such scheme realization were considered. Positive influence of preliminary combined
plastic deformation on the formation of the structure of globular pearlite during spheroidizing annealing can
be used at industry for producing spheroidized wire. The effect of proposed technology on the spheroidization
process can reduce the duration of the spheroidizing annealing, and this will decrease the energy consumption
and oxidative decarburization of the wire surface.

Key words: high-carbon steels; ferrite; perlite; cementite; globular perlite; spheroidization; tangential
stresses; microhardness; heterogeneity; processing mode.
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3anpononosano cucmemy 6a2amoxKpumepiaibHO20 AHANI3Y BUSHAYEHHA OCHOBHUX XAPAKMEPUCUK OemOHHOT
cymiwi Ons. cyoHopemonmy i mpancnopmuoi inghpacmpykmypu 6 peanvromy uaci. Ii nepesazu nonszaiomo y
Macumaboganocmi ma a0anmueHocmi 00 pobouux Hasanmasicensb. OOUUCTIOBATLHOI OCHOBOK PO3PAXVHKIG
cmana yuposizayiss mexHoni02ii O0CIIONCEeHHsT MA aHANi3y QIi3UKO-MEeXAHIYHUX 61acmueocmel OemoHHUX
cymiwen. Po3pobneno anecopumm 0a2amokpumepiaibHO20 AHANIZY NPU  OOCHIONCEHHI MePMOOUHAMIYHUX
npoyecie y cyoHopemoumi. Buznaueno onmumanbHull CKiad CMpPYKMYpHUX elemMenmis cymiutell 0 3a0anor
mexuonozii ix eupobnuymea. Ilposedeni excnepumenmu ma OOUUCHEHHS NOKA3AAU, WO BUKOPUCTIAHHSA
pe3yIbmamis 00CHIONCEHHS. Y NOEOHAHHI 3 KPUMEPIAMU ONMUMI3ayii € 0CHOBOI NIOBUUeHHS OOCMOBIPHOCHE
OYIHIOBAHHS NApaMempie MepMOOUHAMINHUX NPOYecié ma ONMUMI3ayii MIYHICHUX 61ACmMUueocmel OemoHHOT
CyMIWi, BUSHAYEHHS CKIA0y Ma CMPYKMypU Mamepianie 3a 3MiHu mexHonoz2it ix eupoornuymea. ModenrosanHs
napamempis yinb0ogoi yyHKyil 011 cyOHOpeMOoHmy ma MmpaHCnOPmMHOL IHpacmpyKmypu 3aceiouuio nepesazy
yughpogizayii mexuonoeil nio wac awmanizy 61acmusocmell OemOHHUX cymiwiel, Oe KiHYesuil pe3yrbmam
Hatikpawe NOEOHYE 8 cobi pe3yibmamiu eKCnepUMeHmanibHux O0O0CNI0NHCeHb M iIXHbO20 MAMeMamuiHo20
onpayrosanns. Ilpedcmasnena cucmema 3acmocy8anHa 0aA2amoKpUmepiaibHo20 aHANI3y NPU O0CHIOHCeHHI
MepMOOUHAMINHUX NpOYecié y CYOHOPEMOHMI Ma MPAHCNOPMHIU [HOpACMPYKmMypi s61s€ co00i0 HAOIp
cmamucmuynol excnepmuoi inpopmayii, 6 Kl AKICHA cCA1abOCMPYKMYpPO8aAHaA CMOPOHA SBU3HAYACMbCSL Yepes3
6az06e 3MiCm AHANI308AHUX MEPMOOUHAMIYHUX GIACMUBOCMEU, WO NIONA2AI0Mb eKCNepmHIll oyiHyi, a
Kpumepianbhi Memoou 8UKOPUCIOBYIOMbCS Ot 00EPIICAHHIL OCMAMOYHO20 BUCHOBKY. Kinyesuil pe3yromam €
aoanmayicto 060x 000amkKie.

Knrouosi cnoea: 0Oacamokpumepianohuil —auaniz;, CcKIaod; ORMUMI3AYIA, MEPMOOUHAMINHI npoyecu,
CYOHOPEMOHM ; MPAHCNOPMHA IHPpaAcmpyKmypa.

DOI: 10.33815/2313-4763.2024.1.28.117-132

Beryn. 3amizo0eTOHHUH CyJHOPEMOHT — OJUH 13 HAMPSMIB PO3BHTKY CYJIHOOYIyBaHHS, IO
3aiiMa€eThCS BUKOPUCTAHHAM OETOHY 1 3a1i300€TOHY SK OCHOBHOTO Marepiany Jyisi BUPOOHHUIITBA
KOPITyCiB MOPCHKHUX 1 PIYKOBHX ILIaB3acOO0IB PI3HHUX MpHU3HAYCHBb. 3BEJACHHS OCTOHHUX IUIABYYUX
CIIOpYJ, JOKiB, AeOapkajepiB TOIIO Ma€ BHCOKY €KOHOMIUHICTh TOPIBHSHO 3 METaJeBUMH
KoHCTpyKIissMa. CyJTHOPEMOHTHI MiANMPUEMCTBA MAalOTh CBOKO CHENHUQIKY, PO3TAMIOBYIOYNCH
aKBaTOPISIMH JJIsi BIJCTOIO CYyJEH, MPHYaIbHUMH JiHISIMH, OOCIYrOBYIOUHMMH TOCHOJApCTBAMH,
CynHOmIHOMHUM oOnanHaHHsM. [lioHepoM Yy OyIiBHUIITBI 3alli300€TOHHUX CyJeH Oyiu
Typeuunna 1 Kutaii. ¥V 3B's3Kky 13 3arocTpeHHsIM JIe]ilUTy TOHHAXY YHHHOTO (JIOTY 1 HECTauero
MPOMUCIIOBHX 3allaciB cTayi 3aiiManucs OyAiBHULTBOM KOpaOJiB i CyIeH, MOPCBKUX OYKCHDIB,
CaMOXIIHMX TOPOMIB 1 MOTOpHUX OapkaciB Taki po3BHHYTI kpainu, sk CIIA, BenukoOputanis,
Itamis, Himeuunna, ®@pannis, Hopseris, [lBemist, [{anis i3 3aransHuM ToHHaXkeM ToHay 600 Twc.
TOHH. Y moBoeHHUH vyac y HiMmeuuunni Oyso crymieHo Ha Boay m'sitcoT 300 TOHHMX CyXOBaHTaXiB
st cynes y [liBHiuHOMY Mopi, Ha bantuii Ta B3moBx HopBe3pkoro y30epexiks.

Kopmycu Takux cyxoBaHTaXiB MNPOJEMOHCTPYBAIM BHCOKY CTIMKICTh IO AWHAMIYHHX
HaBaHTaXEHb (puc. 1).
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Pucynok 1 — Cniopya xopabis 3 6erony CILIA erasvite org
Halie()eKTHBHIIIUMU B CyYaCHOMY CBITI 3aJIUIIAIOTHCS TUIABYYi 3aCO0M 13 3alli300€TOHY Ta

iXHE BUKOPHCTaHHSI PH MIEPEBE3CHHI PI3HOMAHITHUX BAaHTAXKIB K BEJIMUE3HUX IJIABYYHX TTOHTOHIB
y TaBaHSX, Y HaBEJCHHI ITEpPeTpaB i IOHTOHIB JIa€ 3MOTY iCHYBATH iM y Cy9acHOMY CBiTi (puc. 2).

Pucynok 2 — IInaBydi ciopyiu 3 6eToHy: a) 6eTOHHE piukoBe CyHO 0) Oapika Ha Peitni

beronHi Ta 3a/1i300€TOHHI KOHCTPYKIIii MOPCHKOTO 1 BOJHOTO TPAHCHOPTY CKJIATAIOTHCS 31
IUTI031B, Tpedenb, HACOCHUX CTaHIM, MpUYaliB, HAOEPEeKHUX, TIAPOTEXHIYHUX CHOPYH 1
CYTHOPEMOHTHUX  MIJNPUEMCTB, a TakoX OydiBedb 1 CHOPyd 3  TPAaHCHOPTHOIO

iHpacTpykTypOto (puc. 3).

Pucynok 3 — Mopchka TpancnopTHa iHGpacTpyKTypa: a) HabepexHa, 0) mpudan

JocBig OyaiBHUITBA Ta eKCIUTyaTalii MOPCBHKMX IOPTOBHX CIOpYJA TIOKa3ye, IO
oOTpyHTOBaHE BHW3HAUCHHS IMapaMeTpPiB Ha e€Tall BUTOTOBJIEHHS KOHCTPYKIIM Ja€ 3MOTY
320€3MeUnTH MPAKTUYHO O€3pEMOHTHHI TepMiH ekciuryaTaii [1, 2].

3BefeHl TUTaBydl CHOPYaW 13 3aimi300eToHy (moku, aebapkanepu) BOJOMIIOTH BHIIOIO
e(EeKTUBHICTIO TIOPIBHSIHO 3 METAJIEBUMH KOHCTPYKIISIMH 3 OCTOHHUX OyAiBENbHHX EJIEMEHTIB,
iXHBOIO MM IBUIIIEHOIO IOBFOBIYHICTIO 1 CIIPOIIIEHOIO0 TEXHOJIOTTYHOIO 0a3010.
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ExoHOMIsI pecypciB y 3a1i300€TOHHOMY CyIHOOYyBaHHI OCOOJIMBO 3aroCcTpHIIacs depes
MOCTiiHE 3pOCTaHHA MLIH Ha neMeHT. CTae aKTyaJlbHUM 3aCTOCYBAaHHS CHPOBHUHHU Pi3HOI'O
MTOXO/KEHHS, 10 Y3TOKYEThCS SK 3 CKOHOMIYHUMH, TaK 1 3 €KOJOTIYHUMH BHUMOramu. Bimomi
myOmikamii 1040 BUKOPUCTAHHS SK B'SXKY4oro Cipku. BukopucTaHHs cipku K OyAiBEIBHOTO
MaTepially 3HaXOIUTh CBOE 3aCTOCYBaHHS B KOHCTPYKLISX PpI3HOTO TPHU3HAYEHHS, WIO
eKCIUTyaTylOTbCsSl y BaXKKUX YMOBax BIUIMBY IIONEPEMIHHOI'O 3aMOpOXKYBAaHHS Ta BiJTaBaHH,
3BOJIOKCHHSI Ta BHCYIIYBaHHS, arpeCHBHUX COJIbOBHX pO3YHMHAX IIiJl 4Yac Mii CTaTHYHUX 1
3HAKO3MIHHUX HaBaHTa)KeHb. BUAINAETbCA SIK caMOCTiiiHE HayKOBE 3aBJaHHs BHOIpP ONTUMAIbLHOIO
CKJIay IPUAATHOTO JJISi BAKOPHCTAHHS B CYJHOOYAyBaHHI 3 ypaxyBaHHSM IPUPOIHO-CUPOBUHHOI
6a3u [3, 4]. Pi3HOBHIOM OETOHHUX CyMIllIEH, SIKi 3aCTOCOBYIOTh y TPAHCIIOPTHOMY CYJTHOOY/lyBaHH1
Ta CYIHOPEMOHTI, € CIpKOOETOH — IITYYHMH KOMIO3MIIIHHM MaTepiaj, SKUl CKIagaeTbes 3
IHEpTHUX 3allOBHIOBAYiB, SIKI BUKOHYIOTH POJIb KapKacy, Ta CIpKOLIEMEHTY, SKHH € CIIOJy4HUM
MaTepiajioMm AJis Beiel komno3uuii. Ik iHepTHI 3aoBHIOBaul CIpKOOETOHY BUKOPUCTOBYIOThH IIJIbHI
ripChKi MOPOIH, MITYYH] Ta IPUPOAHI IOPUCTI MaTepiaiu, BiACIBH IpOOIEHHS TIPChbKUX 1 0CaJ0BUX
Topiz.

ITepexin mo 30ipHOrO 3a7i300€TOHHOrO CYIHOOYZYBaHHS IPYHTYBaBCS Ha TEXHOJOTIT
noOyZ0BU CyZeH 13 MIockux cekiiil. Ilpu npomy nikBiOBYBajduCs C€30HHI poOOTH Ha Bepdsx
3ai300€TOHHOTO Cy/JHOOYAYBaHHS 1 3MEHIIyBaBci cTamenpHuil mnepion. CBITOBHI JOCBiA
BUKOPHUCTAHHS 3a/11300€TOHY XapaKTE€PU3Ye€TbCA KPIM YAOCKOHAJIECHHS KOHCTPYKTHBHMX pIillIEHb
poGoTamu, NOB'A3aHUMH 13 3aCTOCYBAHHSIM HOBHX MEPCHEKTUBHUX MaTepiajiB Ha OCHOBI JIETKHX
KepaMiuyHUX  3amoBHIOBaYiB, (iOpobeToHiB [5], camoyIiIpbHIOBaJIbHUX OeTOHIB  [6, 7],
NOJIIMEPOETOHIB.

InTepec 10 TpaHcmOpTHOrO OETOHHOIO CYAHOOYIyBaHHS IOB'S3aHUN 3 TOSBOIO HOBHX
KOHCTPYKLIMHUX MaTepialliB, TAKUX K KOMIIO3UTHI MaTepianu, 1 pO3BUTKOM TEXHOJIOTii OETOHHUX
cynHoOyaiBHUX poOiT. IlnaByumit xommnosuuiiinuii ok "Ilammama SO000TLC" (puc. 4) moxe
3abe3nedyBaTy JOKYBaHHS BCIX THIIB IIUBUIBHUX CYJAEH 3 JOKOBOIO Macoro 70 5000 T., JOBXKHHOIO
120 meTpiB, a TakoX BIHCHKOBHX KOpaOJiB THUITy KOPBET 1 JIETKUW (perar, Iu3einb-eJIeKTPUIHUX
HIIBOJTHUX YOBHIB.

Pucynok 4 — IlnaByunit komno3zutHui nok [Tammaga S000TLC

[loHTOH pgOKa BHUIOTOBIEHHH 13 3aJi300€TOHY 13 3aCTOCYBaHHSM CYJb(aTOCTIHKOrO
MOPTJIAHALEMEHTY 1 creuianbHuX Jo0aBok. KepyBaHHs OanmacTHHMHU omepauisMu 3abes3neuye
KOMITFOTEpPHA CHCTEMa, IO 31MCHIOE TIOCTIMHUI KOHTPOJIh 3a CTAHOM CyJHA Ha Jomi. Takuil cTaH
MaTepialiB Jla€ 3MOTY 3HM3MTH BUTpPAaTH Ha O0OCIyroByBaHHA B 2—2,5 pa3u TOpPIBHSIHO 3
AQHAJIOTIYHUMU CTAJIEBUMHU CIIOPYJaMHU 1 BUKIIIOUA€ HEOOX1IHICTh CTAaBUTH iX MEPIOJUYHO B CYyXUM
JIOK IiJ] Yac yChbOTo TEPMiHYy eKCILTyaTallii, sKUui cTaHOBUTh oHaA 50 poKiB.

IlocranoBka mnpoOiaemu. JlocsrHEHHS ~ €KCTpeMyMy  OJAHI€E]l 3 BJIACTUBOCTEH
CYIIPOBOJIKYETHCS 3MEHILICHHAM 1HIINX BIACTUBOCTEN Ha MEBHY BenuuuHy. OJHAK HABITH Y LOMY
BUIA/IKy TOYKAa ONTHMAaJbHOI IMOCTAHOBKM BU3HAYAETHCS 3 BEIMKOIO MOXHOKO0. IlepcrnexkTuBHUM
HamnpsSMKOM BHUKOPDHCTaHHS OCTOHHMX cCyMilleli € wmarepiajd, [0 MAaloTh [PAKTHYHY
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0€3yCa/IKOBICTh, IUIACTUYHICTh, MIJBUINEHY aAre3it0, HHU3BKUH KOe(illi€eHT TeMIepaTypHOTO
pO3MIUpPEHHs. 3aCTOCYBaHHA TaKMX CHeEIlalbHUX OeTOHIB 3a0e3nedye JOBrOBIYHICT 1 3HAYHE
30UTBIIEHHS MIKPEMOHTHHX TepMiHiB. [lomyk omTuManbHOrO CcKiaay OETOHIB 3 BHUCOKHMH
XapaKTepUCTUKAMU MIITHOCTI Ta €KCIUTyaTalliiHUMHU BIaCTUBOCTSMH CTa€ aKTyallbHOIO MPOOIEMOIO.
OO6pobuienHs iH(poOpMaIii MOB'sI3aHO 3 KUTPKICHUMH ITapaMeTpaMH, BUKOPHCTOBYBAHUMH SIK BXiJHI
3MiHHI, 1 MapamMeTpamu, II0 MarOTh TUIbKH SIKICHUH omuc. B OCHOBY I1i€i poOOTH MOKIIaaeHO
MO€JTHAHHS €KCIIEPUMEHTANIBHUX PE3YJbTATIB 3 IXHROIO 0OPOOKOI0 METo/IaMU 0araToKpUTepiaibHOi
onTuMi3alii.

Merta Ta 3aga4i qocaigkeHHs1. MeToro poOOTH € MOETIOBAHHS (PI3UYHUX 1 TEXHOJIOTTYHUX
napamMeTpiB OETOHHUX CyMillIei 3a JOITOMOT 010 0araTOKpUTepiaabHOI ONTHUMI3AIl].

3aBaaHHAMH POOOTH €:

— CKJaJeHHS ampiopHOi ekcrepTHoi iHpopMmalii mnpo 3MiHY (i3MKO-MEeXaHIuHUX
BJIACTUBOCTEN y (QYHKIIIT B1 Yacy 3aTBEpIAIHHS;

— BCTaHOBJICHHS KPUTEPIiB ONTUMI3aLliI0 Ta HEOOX1IHUX 3TOPTOK;

— no0yoBa cucTeMu 0araTOKpUTEpiabHOI ONTUMI3aLl].

AHani3 ocTraHHiX JocailzkeHb Ta  nyOJaikamiii.  [neHTHdikanilo  CTPyKTypHHX
0COOIMBOCTEN MeXaHi3MiB Je(OopMyBaHHs i Yac BUTHHY MpeacTaBieHo B [8, 9]. Onrumizaliito
CKJIaJiB LEMEHTHUX IUCIEPCIMHO-apMOBAaHUX IPIOHO3EPHUCTUX OETOHIB, SIKI MICTATHh BYIJIELEBI
HaHoMoudikaTtopu, 3amnpornoHoBano B [10, 11]. Hegonikom npezacraBieHux poOiT € iIrHOpyBaHHS
6araTOKpUTEpiaIbHOTO MiIXOAY 0 OL[IHKH CKJIaay OETOHHUX CyMILIEH.

TexHoNOTiF0 Ta pemnentypy OTPUMaHHS TIOPUCTHX CTPYKTYP AapMOBaHUX KOMITIO3HTIB
onucaHo B [12]. Meroauky onTtuMizanii MaTpUYHOTO CKJIAAy, IO BIUIMBAa€E HA MeEXaHIuHI
BJIACTHBOCTI KOMIIO3HUTIB 3 BYIJVIELIEBUMM BOJIOKHaMH, mpezctasiieHo B [13]. baratokpurepianbHi
OLIIHKM CKJIQAy 1 BJIACTUBOCTEH AepeB'sTHMX KOHCTPYKIiH aaroTbesi B poboTi [14]. baratopiBHeBy
KOMIUIEKCHY 1€papXi4Hy KOMIUIEKCHY CUCTEMY CTPYKTYpHOI onTuMizauii ajas HadTOBOI Ta XIMIYHOI
1HAYCTpil 3 ypaxyBaHHSIM PHU3UKY 1 HEBU3HAYEHOCTI MpeacTaBieHo B [15]. 3a3HauyaeTscs cepiiozHa
o0YHCITIOBAJIbHA CKJIAJHICTh OTPUMAHHS pe3yJbTaTiB Ta iX igeHTu¢ikamii. Bukopucranus metomy
JUCKPETHUX EJIEMEHTIB JIJIsl OIIHKM CKJIaTy 1 BIACTUBOCTEH ac(haabTOOCTOHHUX CYMIIICH OMUCAHO
B [16]. ¥ [17] npeacraBieHO CTPYKTYpy MYJIbTHIUCIMILIIHAPHOTO ONTHMI3aIifHOTO aIrOpUTMy
JUI BU3HAYEHHS CTPYKTYPH JIaMIHOBaHUX KOMIO3MTIB. Y [18] BUKOHAHO OLIHKY 3MiH CTPYKTYypH
PENITOK KOMITO3UTIB Tl yac HaBaHTaxeHHS. Y [19, 20] HaBejeHO METOIMKY ONTHUMI3AIi CKIIaTy
KOMITO3UTHUX MaTepiajiiB 3 BUKOPUCTAHHSAM OaraTOKpUTEpiaJbHOTO aHATI3y.

OCHOBHMUMH MeTOJaMH OaraTOKpHUTEpiaJbHOI ~ ONTHUMIi3allii, BHKOPHCTOBYBAaHUMH B
LUTOBAaHUX JPKEpeax, € 3ropTka KpUTepiiB, ONTHMI3allisd 33 OCHOBHHUMM KpPUTEpIIMH 1 METOJ
MOCTIIOBHUX TMOCTYNOK. [IpakTWyHe 3acTOCYBaHHS KpUTEpIaIbHUX METOMIB IIUPOKe U
pizHOMaHiTHE. OCHOBHUM HEOJIKOM T00aabHOT ONTHMI3alii BCiX MapaMeTpiB reomojiiMepa €
BUCOKAa OOYMCITIOBAJIbHA CKJIAQAHICTh HUTbOBUX (YHKHiA. [lig OiIbIIOCTI NpakTUYHUX 3ajad
ONTHUMI3aIil aHATITHYHI BUpa3W TpaHUYHHX (QYHKIIA HeBijmoMi. Heposp's3aHO YaCTHHOIO
3arajibHOI IpoOIeMH MoOYI0BH CHCTEM OaraTOKpUTEpiadbHOI ONTHMI3alii € IXHS eKBiBaJIEHTHICTh
y pa3i 3aMiHM IOYaTKOBUX KPUTEPIiB 3arajlbHUMU arperoBaHUMU KPUTEPISIMH.

Buksianx ocHoBHOro marepiaay. Marepian 1 Meron. Bin mpaBWIBHOCTI BHOOpPY CKIITy
0eTOHy, MPU3HAYEHOIO JUIsl CyJIHOOYIYBaHHS, 3alie)KaTh TEXHOJIOTIYHI IOKa3HUKU CyMille:
MIIHICTh, MIUTBHICTh, HETPOHHUKHICTh, MOPO3OCTIHKICTh, a TAKOX KOpO3iHA CTIHKICTh OCTOHY.
3Buyvaitni  mpomopmii  mementy 10..15% Bomm 1 HamoBHIoBawiB  85-90% Bciei macw.
HanoBHioBayamMu BUCTYTIAIOTh IMiCOK, TPaBiid, MeOiHb, KEPaM3HUT, MOAPIOHEH] ripChbKi MOPOIH.

IlemeHTH, $Ki BHUKOPHUCTOBYIOTH IS CYJIHOOYIIBHOTO OE€TOHY, MalTh 3a0e3leduyBaTu
MOJIMBICTh OTPUMaHHS HEOOXIJHUX BJIACTUBOCTEH. BHKOPHUCTOBYIOTBHCS: CYIb(PaTOCTIHNKHIA
MOPTJIAHIIEMEHT, TIAcCTU()IKOBAHUNM TOPTIAHANEMEHT, TiapodoOHUI mopTiaaHaieMenT. [licus
BUTOTOBJICHHSI MIITHICTh OETOHY 3pOCTa€ OCOOJIMBO IIBUAKO MpoTsirom 7—14 ni6. 3a temmeparypu
15...25°C 1 BiTHOCHO1 BOJIOTOCTI HaBKOMUITHLOTO MOBITPs 90—-100% cynHoOyniBHUI 6€TOH mocsTae
HEOOX1HOT BOJOHETPOHUKHOCTI yepe3 28 mi0. Ckiax OETOHHOI CyMillll BCTAHOBITIOIOTh BUXOISIH
13 3aJaHUX TOKa3HHUKIB TUIACTUYHOCTI, CTAaTHCTUYHOI Ta JMHAMIYHOI MIIIHOCTI 3aTBEPALIOT
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KOMIIO3HIIii, HETPOHUKHOCTI ISl piAKoi (a3u, CTIHKOCTI O BIUIMBY MOPCHKOI Ta MPICHOI BOJM.
Ocob6nuBicTh CcynHOOYIBHOTO OETOHY s IUIaBY4YHMX CIOpYJ MOJSIrae B TOMY, IO MiJ Yac
TpUBaJIMX OYIIBHHIITB BiH MiIaeThcsl HaBaHTaxeHHsM depe3 90 i 180 mi6 i Oinpme. 3a meit vac
HOT0 MIIHICTh MPOJOBKYE 301IBITYBATHCS.

Cknmamn OETOHHMX CyMIIIed BCTaHOBIIOIOTH y JIA0OpaTOpHHX Bep(dsAx 3 ypaxyBaHHIM
MICLIEBUX BUPOOHHUYUX YMOB 1 MaTepiaiB, 110 3aCTOCOBYIOThCS JIJIsl BATOTOBIEHHS OeToHy. [1ig uac
BUT'OTOBJIEHHSI KOHCTPYKIIi SIKICTh O€TOHY KOHTPOJIIOIOThH MEPEBIPKOIO BIJMOBIAHOCTI MaTepialis,
10 3aCTOCOBYIOThCS, T€XHIYHMM BHMOTraM CTaHAapTaM 1 HOpMaTtuBaM. BOHU BCTaHOBIIOIOTH
BUMOTI'H JI0 KOMIIOHEHTIB OETOHY 1 METOAYy iX BUIPOOyBaHb. PyXJMBICTh CyMillleli BU3HAYAIOTh 3a
JIONIOMOT'OI0 CTaHJAPTHOI'O YCIYEHOI'0 KOHYyCa, y SIKOro JiameTp HHKHboi ocHOBU 200 MM, BepXHBOT
100 mm, Bucora 300 MM, KOHYC BIAKPUTHH 3BepXy 1 3HU3Y. J{J1s1 BU3HAYEHHS PYXJIMBOCTI OETOHHOI
CyMIillll KOHYC BCTAHOBJIIOIOTH Ha IJIQAKOMYy MeTajieBoMmy JucTi. Ilicis Toro, sk KOHyC 3HSTO,
OeToHHa cyMill BHBUIbHAETBCA 3 (GopMu. BennuumHa po3TiKaHHA CyMillll XapaKTepU3yHOTh
JIETKOYKJIaIalbHICTh. SIKICHOIO XapaKTepUCTUKOK OeTOHHOI cyMimi € 11 ycanka. Bennunna pivHOi
ycaaku Oerony crtaHoBuTh 0,2-0,4 MM Ha oOJMH TOTOHHUN MeTp. BoHa 3amexuTs Bifg
XapaKTepUCTUK IIEMEHTY, 3allOBHIOBAYiB  BOJOLIEMEHTHOTO  BifgHOmIeHHSA. ILli  3HayeHHs
XapaKTEPUCTUK OETOHY 3a0e3MeUyIOThCS PETENBHICTIO JOTPUMAaHHS TEXHOJIOT1H BHUTOTOBJICHHS.
XapakTepUCTUKOIO OETOHHOI cyMilli € 3B'A3HICTh 1 pyxiuBicTb. Ckmajg OETOHHOI cyMili
mia0uparoTh TAaKUM YHWHOM, 100 BOHA Oyja OJHOPIMHOIO 1 HE pO3IIapOoBYBajlacs IIiJl dYac
TPaHCHOPTYBaHHs Ta ykjiadaHHsA. BoHa 3pocTtae mpu 3011bIIEHHI BUTPATH LEMEHTY 1 3MEHIICHHI
BOJIOLIEMEHTHOTO BiJIHOIIEHHS. PyXiuBICTH OETOHHOI CyMIllll XapaKTEepU3ylOTh 3AaTHICTh
pO3TIKaTUCA MiJ] Ai€l0 BJIACHOI Baru 30epiraroud OAHOPiAHICTb. BoHa 3pocTae mpu 30UIbLICHHI
KUTHKOCTI BOJH 1 INIACTU(DIKYIOUNX 100aBOK.

[IpencraBneHo 3BefaeHy TaOMUIO (PI3UKO-MEXaHIYHUX BJIACTUBOCTEH 1 TEXHOJIOTIYHUX
rapaMmeTpiB TEpPMOAMHAMIYHUX MIPOLIECIB OTPUMaHHS Cy1HOOYAIBHUX O€eTOHIB (Tal:x. 1).

Tabmuus 1 — @Di3uko-MexaHIYHI BJIACTUBOCTI Ta TEXHOJOTIUHI MapamMeTpu TepMOIUHAMIYHUX
MIPOLIECIB OTPUMAHHS CyJHOOY1IBHUX OETOHIB

Dizuxo-mexaniuni | Texuonoziuni Pezynrweanvni , .
Cknao . . iaenocmuuni onepauii
61acmueocmi 61acmueocni cnocoou
CratucTiyHa Butpumka B yaci: Excniepumentu B
LemenT, Boxa, Ta TUHAMIYHA arsepinms Pizka 3miHa nabopaTopHUX BepPsix,
HAIIOBHIOBAYI: MIITHICTB p 7...14 ni6 BpaxyBaHHS MiCIIEBUX
rpagiii, meoOiHb, (15...20 MIIa) Ocratouna 28 ni0 BUPOOHHYUX YMOB
KepaM3HuT, MILHICTE HA CTUCK YTBOpEeHH: T'oToBHICTH 1O BianosigHicTh
KBapIIOBUH TTICOK 1 BUTHH HaBaHTaXKEHOT eKCIUTyaTamii TEXHIYHUM BUMOTaM
(10...50 MITa) cyMiIi 90...180 ni6 1 CTaHIapTaM
Bsenenns
) Busznauenns
. Ynoboykma- | mmacTH(iKyrouInx .
[TnacTu4HicTh . i PYXJIUBOCTI METOZOM
JaabHICTh n100aBoK Ta ix .
. yCiueHOro KoHyca
BapilOBaHHS
Cynbdarocriiikuii| HenponuknicTs 301IbIIEHHS .
S VYcanka KonTposns po3rikanHs
HNOPTJIAHIIEMEHT, | JJIs PiIKOi a3u BHUTPATH IIEMEHTY
ruracTu(ikoBaHUI 3MeHIIeHHS KOHThOE
HOPTJIAH/ILIEMEHT, [linbHIiCTH 3B's13aHICTh BOJIOLIEMEHTHOTI'O P
. . . po3niapyBaHHs
rigpodoOHumit B1IHOIICHHSI
nopriaHAueMenT | TerutonpoBimnicTs | TermonpoHuk- PeryntoBanus TennoTexHiuHi
2,04 Bt/mc HICTh BOJIOTOCTI pO3paxyHKH
PeryntoBanus .
) o . . . BapiroBanus 100aBOK
TpimuHocTiiikicte | CTupaHHICTH MOPHUCTOCTI Ta , N
. . B'SDKY401 pEUOBHHU
HIIJTBHOCTI

Sk MeToIN AOCHIKEHHS! BUKOPUCTOBYBAIH €KCIICPUMEHTANIbHY 1H(POPMAITIIO B ITOETHAHHI 3
KUTbKICHUMH OI[iIHKaMU OaraToKpUTepialbHOT ONTUMI3AIIi].
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Po3B'sizanHsa 3agau JJs1 3a0e3medyeHHs] JOCATHEHHs1 mocTaBjiaeHoi meTu. Ha cranii
BUTOTOBJICHHS 3aJIeKHO BiA (a3 TBepIiHHS OETOHY 3MIHIOIOTHCA MapaMeTpu TEIUIOEMHOCTI Ta
TETUTOTIPOBITHOCTI OETOHHOT cyMili. 3MIHIOETHCS TAKOK PIBHOMIPHICTH PO3MOIUTY TEMITEPATyPHUX
napameTpiB 'y OetoHoBaHOMYy o00'eMi. BuHHKaro4i Hampyrd CTBOPIOIOTH MiKpoaedekTH, sKi
3HWKYIOTh MIIHICHI BJIACTUBOCTI OETOHHOI cyMimii. Bix BUOOpY ONTUMambHUX TEPMOIUHAMIYHIX
IPOIECiB OTPUMAaHHS OETOHHUX CYyMIIIeH 3aJeKHO BiJi TXHBOIO CKJIaJy 3ajlexaTb BIACTUBOCTI
MILIHOCTI: M€ MIIIHOCTI Ha BUTHH 1 CTUCK, YJapHa B'A3KICTh 1 TyCTHHA Martepiany. JlociaiakeHHs
TEPMOJIMHAMIYHUX TMPOLECIB, 110 3aCTOCOBYIOTBCS B CYAHOPEMOHTI Ta TpPAaHCHOPTHIN
1H(ppacTpyKTypi, OOMEKYETbCSI EMIIIPUYHUM J000OPOM CKJIaJy KOMIIOHEHTIB 1 BCTAHOBJICHHSIM
Jiarna3oHiB iX 3MiHU. AJITOPUTM HasiBHUX TEXHOJIOTiH BUOOPY ONTHUMANBHOI pelenTypu O€TOHHHX
CyMilllel IpeICTaBIEHUH Ha puc. 5.

AHaii3 JiTepaTypHuX JKepen

BXIJTHA P O3HalioMJIEHHS 3 MpoliecaMu
[HOOPMAIIIA CTPYKTYPOYTBOPEHHS

v \ CupoBuHHa 6a3a perioHny
®dopMmyBaHHA
TPEH/IB i yMOB
Buuenns
HOPMaTHBHOI 06a3n v v
Ta CTaHJapTIB

| ExcnepumenranbHe Amnanis Ta

P JIOCIIJUKEHHS 3 TIOIYKY | OIpamOBaHHA
HEOOXI1THUX ITPOTIOPLIiH pe3yJibTariB

VY3romkeHHs pe3yIbTaTiB 3 yMOBaMHU
eKCIUTyaTarfil

A

A 4

Ananrariist METOI0I0TIT Bunaua BUCHOBKIB

PucyHok 5 — AJIropuTM HassBHUX TEXHOJIOTiIH BHOOPY ONTHUMAIbHOI peuenTypr OETOHHUX CyMillen

IcHyrOoul MeTOM OLIHKHU CKJaay OETOHHUX CyMillIeld He BPaxoBYIOTh JOJATKOBI 3HAYEHHS,
3HaliIeHI IUIIXOM EMIIPUYHOro crocrepexeHHs. Lle icTOTHO 3HMXKYye e(eKTHBHICTh METOJIB
ONTHUMI3AI]l 328 MHO)KMHHUMHU KPUTEPISIMU, OCKUIbKH yXBaJIEHHS pIlIeHb BiI0OYyBa€ThCs B yMOBax
HEBU3HAUYEHOCTI Ta pHU3UKy. ToMy HeoOXiJHa MOJEpHi3alis MEeTOJiB OaraTOKpHUTepiaJbHOI
OMTHUMI3aIli, 10 TOJIATae B TEPEXOJl BiJ BEKTOPHOI omTuMizaili mo ckaispHoi. Lls omeparris
NEePeTBOPIOE (PYHKILIT 3rOPTKH AKICHUX KpUTEPIiiB Ha €UHY Y3arajbHIOIOYY. YXBaJEHHS pIlICHb
II0/I0 CKJIAy CyMIIIl 3a HEBH3HAYCHUX BXIAHUX JJAHUX TMOYHMHAETHCA 3 TMOOYJOBH MAaTpPHIIi
BurpamiB R. MeTo/m0JIOTI4YHOI0 OCHOBOIO aJrOpUTMy MOOYJIOBM Omepalliii BHU3HAYCHHS CKIIAAy
OeTOHHUX cyMillel € o0y 0Ba MIATLKHOT MaTpulll ab0 MaTpulll Burpauris R.
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Hl Hz Hn
a, 5)’11 5}'12 é)lln

R &

Un é‘yml 5ym2 5ymn

ne qi,...,di,...,.m — BaroBHd CKJIaJ KOMIIOHEHTIB mnpobu, [I0,... [1,....[In — aHami30BaHi
eKCIUTyaTaliiiHi mapaMeTpH, L0 aHaJI3ylOThCS, Jyij — BIAHOCHE BIIXWJICHHS j-TO MapameTpa Bil
ONITUMAJILHOTO 3HAYCHHSI.

[Ipn BU3HAYCHHI €JIEMEHTIB MaTpPHIll HEOOXiTHUHN TEepexia BiJ BEKTOPHUX JO CKAISIPHHX
OliHOK. /I 1BOro BHUKOPUCTOBYIOTH (YHKIIiI 3rOpTKM BEKTOpPHUX aprymentiB [21]. s
BU3HAYEHHS €JIEMEHTa MaTpHIll BUKOPUCTOBYIOTH OLIHKY CKaJlIpHOIO BeKTopa. Y IIbOMY pasi
HEOOXITHHUI NepexiJ Bif OLIHKKA BEKTOpa A0 ckaisipa 00'exTiB. PyHKIII, sIKI BAKOPHUCTOBYIOTh TIiJT
yac poO3B'sI3aHHA OaraToKpuTepiaabHOI 3ajaadi, SBISIOTH €000 (YHKIIT 3ropTKM BEKTOPHUX
aprymenTiB Yi = (Yit,...,Yij,..., Yin) Y ckassipu oyij = f(Yi). 3ropTka BEKTOPHOTO apryMEHTY CIIYTY€ s
3MEHIIEHHs KUIBKOCTi KpUTepiiB. [i MeTa — 3aMiHUTM BHXi[Hi KpUTepii 3aralbHUMH KPHTEpisMHU.
OO00B'13K0BOI0 YMOBOIO BUKOPUCTAHHS arperaii KpUTepiiB € BCTAHOBJICHHS iX paHKyBaHHs. [Ipu
IbOMY CJIiJi BUKOPHUCTOBYBATH OIEpaIlifo HopMaiizaiii, sika HeoOXigHa Juisi KOMIIGHCAIll Majaux
3HAa4YeHb OJIHUX KPUTEPIiB OUTHIIMMH 3HAYCHHSMH 1HIIUX KPUTEPIiB

f.(yi)= Zri:Ayij (2

HaiinpocTimorw ckamapHoio (QyHKIIE, 10 3a0e3reuye JIHIMHUN MOpsIoK 00'€KTIB, fKa
(hopMy€eThCS 32 TPAHUYHOIO BKIIMBICTIO O3HAK.

§Yij = (3)

e | — HOMep psiZIKa; ] — HOMEp CTOBIIIS MATPHIII.

Sk 1inbOBI MapaMeTpH ONTUMI3aLi CIliJi BUOMpPATH HaWKpalli 3HaYeHHS, sKi MOXYTh OyTH
JOCATHYTI B €KCIIepUMEHTasbHIi BUOipii. BoHr Bu3Ha4YatoThCS 3 (PI3UYHOrO 3MICTY PO3B'S3yBaHOi
3aa4i onTuUMi3amii — I[e MOXYTh OyTH MaKCHMalbHi, MiHIManbHI a00 cepeaHi 3HAYeHHS 3
eKCIIepUMEHTaIbHOI BUOIPKHU. 3a Takoro miaxoay (Gopmyria 3MICTHTH L1l BEJIUYUHH LIOJO IIKAIU
(0,1). BomHowac ciin 3a3Ha4MTH, 110 3@ TAKOTO MiJ0OPY €IEMEHTIB MaTpHIli BUHUKAE IXHiH 30ir 3i
CTIOCTEPE)KYBAaHIUMH EKCIIEPUMEHTaIbHUMHU 3HaueHHsAMH. OJHaK 3a Takoro A000py mapameTpiB
BIJIMIOBITHI €NIEMEHTH MAaTpuIli 30iraloThCsi 3 OOOB'SI3KOBO CIOCTEPEKYBAHUMH 3HAUCHHSIMH.
BuxopucTtanHs cymMu 3ropTKd MPHU3BOAMTH 10 BTPATH BIAMOBIIHOI O3HAKM 13 3arajbHOI OIIHKU
00'ekTa, a BUKOPUCTAHHSA MJOOYTKY 3ropTKM mpusBene no 3MmeHmenHs jo 0. [ami crigye
pPO3MIUPEHHS BEPXHHOT MAaKCUMAJIBHOI Ta HIDKHBOI MIHIMAIBHOT MEX1 KOKHOT O3HAKU Ha IIeW caMuit
BiJIcCOTOK. Taka cKajsipHa ONTHMi3allisl MoTpedye BUKOPUCTAHHS BiANOBIAHUX 3HAHb MPO MacIiTadbu
BaroBHUX KoeQili€HTIB Ta IXH1{ BIUIMB Ha Pe3yJIbTaTH ONTUMI3aLlii.

OcCKiIbKM 111 3HaHHS 3aj1eXaTh BiJl MPEIMETHOI 00J1acTi, MOPAAOK 00'€KTIB y N-BUMIPHOMY
MPOCTOPI HE MOXKe OyTH SIBHO BU3HAUYEHHUI. TOMy aKTyallbHUM € BUBYCHHS BIUIMBY BIIACTHBOCTEU
y3arajJbHEHUX IUIbOBUX (YHKIIH, XapaKTepUCTHMYHMX MAacCIITa0iB 1 BaroBUX Koe(ilieHTIB Ha
pe3yapTaTd onTuMmizamii. Y TEOPEeTHYHOMY aHali3l BHUKOPHUCTAHO TaKi y3arajibHIOBAJIbHI
OaraTokpuTepiaibHi PyHKIIIT KOPUCHOCTI, SIKi € y3arajJbHIOBAIbHUMH.
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AZIUTHBHA 3rOpTKa

¥, :Zn:“’@’ij 4)

n
new; — BaYKJIMBICTh (BaroBHii KOe(illi€HT) j-1 03HAKH, Z o; = 1.
j=1
CreneHeBa MyJIbTUILTIKATHBHA 3rOPTKA

L N
§Yi =]:1[(5yij)] (5)
j=
JlogaTkoBa MyJIbTUILTIKATUBHA 3TOPTKA
¥ =1-110-0.3,) ©)
j=

Haiikpammm 06'eKTOM BBaXKAEThCSI TOH, 110 Ma€ MiHIMaNbHI 3HaUEHHS (QYHKITIH.
Kpurepiii Cesimxka (Banbna) (MiHIMyM-MaKCUMYM)

Z, = miin m?x Vi ©)
Kpurepiii Jlannaca (MiHIMyM-MiHIMYM)
Z = min mjln ; (8)
Kpurepiii ['ypBima
Z,,, = Min i(o min &, + (1- p)m?x & } )

ne 0 <p <1 - igauKaTop necuMizMy B po3paxyHKax mpuitmascs piBHEM 0,5.

AnuTrBHA 3ropTKa (4) CUHTE3y€ CyMapHy BEJMYMHY MTPUBATHUX MOKA3HUKIB 3 YPaxyBaHHAM
BaXIMBOCTI. [lpsima mynprumutikatuBHa (yHKIis (5) BigoOpakae pIBHOMIPHICTh NpPHUBATHUX
MOKa3HMKIB. JloaTkoBa MyJIBTHILTIKaTUBHA 3ropTka (6) Mae 3BOpOTHY BiacTuBicTh. Kpurepiit
CeBimka 3abe3nedye onepkaHHS TapaHTOBAHOTO pe3yJIbTaTy B HAWOUIbIT HEBUTIAHIN CHTYaIlii.
PosrnsimaeTscst HAWHECTIPUATIUBIIIA CUTYAIlis, IPH IIbOMY BHUKIIOYA€THCS K HAJAMIPHHUNA BUTpAI,
Tak i mporpanr. Moro JOIiNIBHO BHKOPHCTOBYBATH B EKCTPEMATbHMX CHTYAIlisX, KOJH PillleHHS
YXBaITIOIOTh TIJIBKM OJUH pa3, 0e3 MOKIUBOCTI KOPUTYBAaTH CHUTYallil0 1 BHUIIPABUTU TEpPBiCHE
pimenns. Kputepiit Jlarutaca Mae Ha3By KpHTEpil0 HECTPUMHOTO ONTHMI3My. BiH He BpaxoBye
MOJKJTUBI HETATUBHI IIISXM PO3BUTKY CHUTYaIlii Ta BHKJIIOYAE€ MOMXJIHMBICTh KPAaHHBOTO MPOTpAITY.
[IparHeHHs 10 MakCUMaJbHOTO BUTpAlly € BHU3HAYAIbHHUM, XO4Ya BEIHYMHU Di3aHHS NPHU HOro
BUKOPUCTAHHI BEJIUKI.

Kpurepiti T'ypBilla € OCHOBOIO YXBaJieHHs CTpaTEridYHUX PIlIEHb TPH BCTAHOBJIEHHI
Jiarma3oHy pe3yJbTaTiB JOCTiKEHb BiJ 3HaU€Hb KPaWHBOTO ONTHMI3MYy IO 3HAa4YeHb KpaiHBOTO
necumizmy. Kputepiii ['ypBina noB's3anuii i3 BBeAeHHSAM BaroBoro mapametrpa 0 < p < 1, skwuit
HA3WBAIOTh 1HAEKCOM necuMi3zmy. st Oyb-sKoi aabTepHATUBU BUOIp HAWTIPIIOr0 BU3HAYAETHCS 3
IMOBIpHICTIO p, a HaliKparuii BuOip poOuThCs 3 iMoBipHICTIO (1 — p). 3a p = 0 xpuTepiit ['ypsina B
MakcuMyMi 30iraetbes 3 kpurepiem Jlammaca, a 3a p = 1 — 3 kputepieM Banmpga B MakcuMymi.
HemomikoM 1bOro KpUTEpPit0 € Te, IO BiH BPaxOBY€ TUIBKUA JiBa PE3yJbTaTH — HAWTIPIUANA 1
HaWKpAaIUH.

Kpim Toro, iCHYIOTh TPYIHOII 3 BU3HAYEHHSM 1HJEKCY necumizmy p. IlepenbavaeTncs, mo
KO)KHa palioHalibHa JIIOJMHA, SKa yXBAIIOE PillleHHs, TOBUHHA BUOPATH BiAMOBIAHI MaKCHMAaJbHI
a00 MiHIMasbHI cTpaTerii. OCHOBHUMH eTarnaMu MOo0YyJ0BH CHCTEMH ONTHMI3aIil CKIaay CyMIili
CTaJlM: EKCIIePHUMEHTAJIbHI BUMIPIOBaHHS, MaTeMaTH4yHI pO3paxyHKH, 30epiraHHs Ta oOMiH
iH(opmarltiero, 1HTEepHpeTariss pe3yJbTaTiB. AJTOPUTM OaraTOKpUTEPiaIbHOTO aHai3y IIiJl 4Yac
JOCIIJDKCHHS TEPMOJAMHAMIYHUX TIPOLECIB Yy CYJAHOPEMOHTI Ta TPAaHCHOPTHHUX TEXHOJOTIAX
HaBeJICHO Ha puc. 6.
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AIIPIOPHI | POopMyBaHHS BUMOT 10
BIZIIOMOCTI eKCIUTVaTalliiHIX
A A A
\ 4
. CtBOpEHHS
& Konkperuzauia [ .
= . eKCTIEPUMEHTAIBHOT
.2 TEXHIYHUX YMOB
= <
Q = ‘o
2 < v Kpurepiii Banbna
3| &
- S8 'S B.CTaHOBJ'I?HHSI‘ Kpurepii
= sl gl < SIKICHUX OIIIHOK 1
] . ‘o
o 2| g = 8 TPEHIB Kpurepiii
m <SS <
S35l 8|l 28
NS =} o g
c 3| Bl &8
= 3Ol 2 §| | AnantuBHa < | Obuncienns
MVITETUTITIKATHRHA HEOOXITHUX KUJIBKICHUX
) OIIIHOK
Arperagm [Ipsima _ < ¢
KpUTEPIIB <« | MVITRTHTLTIKATHRAA
v - Bubip tumy 3roptku
|| JlomatkoBa < P y3rop
PanxyBanus .
. MVITETUTIITMIKATURHA
TTOKA3HUKIR
v v
[ToOynoBa | IHTeprperanis
y3arajibHeHOTO pe3yJIbTaTIB

Pucynok 6 — Anroput™ 6araToKpuTepialbHOrO aHaNi3y MiJ Yac JOCHTiKEHHS
TEPMOJUHAMIYHUX MPOLECIB Y CYAHOPEMOHTI Ta TPAHCHOPTHUX TEXHOJIOTISX

Mertoa 3ropTku KpuTepiiB MOJSArae B MEPETBOPEHHI BEKTOPHOIO KPUTEPIIO0 HA CKAISAPHUH 1
MIPOSBIIIETHCS B 3aJjaHHI KOe(Dili€eHTIB MOYAaTKOBUX KPHUTEPIiB Ta iX MOJaJbINii eKcTpemizalii Ha
MHOXHHI JONYCTUMHX BapiaHTiB. 3ropTKa sBIsi€ COOOI0 CepeAHbO3BAKEHE 3HAUCHHS BUXITHHX
KpUTepiiB. YMOBOIO i BUKOPHUCTAaHHS € MPHUBEACHHS O €AMHOI IIKalIW, TOOTO HOopMaiizauisi. 3a
OJTHOKpHUTEpiaJIbHOT a00 CKAIAPHOI ONTUMI3aIil OJHA LiTbOBA (YHKIIISA BU3HAYAETHCS JUIsl HAOOPY
BapiaHTIB pillleHHs. Y O6araTokpuTepialbHIA ONTUMI3alil TaKuX (YHKIIHN Kijbka. BOHU yTBOPIOIOTH
BEKTOPHUI KpuTeEpiil.

Excnepument. BunpoOGyBaHHs Ha CTHCK IMPOBOJAATH BiANOBIAHO 10 cTranaapty AS 1012.9 3
BUKOPUCTaHHAM IIMIIHAPUYHUX (hopM niameTpoM (D46 x 92) mm (puc. 7).

[inpHICTF MaTepiaNiB BHUMIPIOETbCA MUIAXOM JUIGHHS Macu 3pa3ka Ha Horo o0'eM.
HaBaHTa)X€HHS KOHTPOJIIOETHCS 3MIIEHHSIM 13 TMOCTIHHOIO IIBHUAKICTIO 2,4 MM/XB JJIs1 BCIX
BunpoOyBaHb. [l OTpUMaHHS pI3HMX MEXaHIYHHUX BJIACTHBOCTEH, HEOOXIAHHUX JJif
OaraToKpHUTepiaJbHOI ONTHMI3alii CKJIay, 3MIHIOBAJIM YMOBHU 3aTBEPAIHHS BiJl MOYATKy MpPOIECY
(dbopMyBaHHS CTpyKTypu cyMimi uepe3 7, 14, 28, 60, 90 116. OtpumaHi pe3yiabTaTH MpeacTaBlIeH]

B Ta0ui 2.

1
KoMnN'ioTep i eKpaH, Ha AKOMY
8iA06PaXaloOTHCA pesynbraTn

uunpwyuuuu Ha 8UNPOBYBAHHA Ha 3rUH
rpmmxoauﬂ 3rUH

+BEPXHA NNACTUHA

- cranesuii auct 30 Ha 30 mm?
— 3pasok

- cranesuii anct 30 Ha 30 mm?

NPUKA3AIHHA
HaBaHTAMEHHA

- HWKHA NNAcTUHa

PucyHnok 7 — YcTaHOBKa JUIsl CTpec-TeCTyBaHHS: a) BUIIpoOyBaibHa MaimuHa Instron momeni 4202,
0) ycraHOBKa Ji1sl BUIPOOYBaHb Ha BUTHH, B) YCTAHOBKA I BUTIPOOYBaHHS Ha CTUCK
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Tabmuus 2 — MexaHi4Hi BIaCTUBOCTI OETOHHUX CyMIiIIeH

Kino-mo | Iinvuicmo, Meca minnocmi Miyicmsy Mooyns Mesca miynocmi
onie p, Ke/m® Ha cmucr, Ha guen, HOnza, I'lla na pospus, Mlla
o, Mlla o, Mlla
2301 38.17 51.2 33.14 3.0
2302 42.14 50.3 31.01 3.1
7 2317 45,13 52.6 30.04 3.2
2361 44,15 50.9 34.19 3.4
2401 46.12 53.0 35.19 3.3
2450 47.14 52.1 35.17 3.3
2420 46.12 52.9 36.01 3.2
14 2400 49.14 51.4 36.90 3.3
2380 48.16 50.3 35.17 33
2358 50.14 53.1 37.00 3.2
2360 52.18 57.1 34.12 3.3
2400 54.21 56.6 35.01 3.2
28 2315 56.24 56.4 37.18 3.4
2320 56.28 57.4 38.01 3.2
2305 58.30 58.8 38.00 3.4
2302 60.01 54.1 39.02 3.2
2340 61.12 53.2 38.01 3.3
60 2305 58.14 52.1 38.87 3.4
2300 56.19 54.6 39.19 3.3
2280 58.35 55.1 41.01 3.5
2260 55.11 56.0 38.01 3.5
2212 57.15 54.1 37.16 3.5
90 2230 54.17 52.3 36.18 3.4
2215 56.15 54.1 37.13 3.6
2205 57.13 55.2 36.12 3.6

IIpencrarieHa ekcriepuMeHTalbHA 1H(POpMAIIis 310paHa JuIsi CyTHOOYIIBHOTO O€TOHY MapKu
M500. [iama3oHu 3MiHM MEXaHIYHUX XapaKTEPUCTHK 1 TPEHIH iX 3MiHHM B Pi3HUI Yac 3aTBEpAiIHHS
BU3Havamcs 3 ypaxyBanasaMm Bumor ['OCTiB 1 Mixunapoauaux crangaptiB SO 3893, TOCT 25192,
JCTVYB.B.2.7-176-2008, (EN206-1.2000NEQ). flkx HOpMaTHBHI JOKYMEHTH BHKOPHCTOBYBAIIUCS
mani Oct 5.9267-87 "beron cyaHOOymiBHUN BaKKWW, 3arajibHi BHMOTH". 3TiIHO 3 IHUMH
JOKyMEHTaMHU MapKy O€TOHY XapaKTepu3yIOTh MeXa MIIHOCTI Ha CTHUCK, Ha OCbOBE PO3TATHEHHS,
BUTHH, MOysib FOHTA 1 IIUTBHICTE micis 28 MHIB y HOPMaJIbHUX BOJOTICHMX yMoBax. [ cyneH i
TUTABCIIOPY/T 13 TPHBAJIUM TEPMIHOM TOOYJOBH JOMYCKAETHCS MapKy Ba)KKOTO CYTHOOYIIBHOTO
OCTOHY 3a MIIHICTIO BCTaHOBIIIOBaTH y Bimi Oetony 60 1 90 gniB. [[iama3oH 3MiHM TYCTUHH
ctanoBuTh 23002450 /M3, Meska MinHOCTI Ha ctuck 50—-60 MITa, MexXi MIlIHOCT] Ha PO3TATHEHHS
3,4-3,6 MIla, Mexxa MIITHOCTI Ha PO3TATHEHHS Mg 4ac BUruHy 55-58 MIla, Mmoayns mpy>KHOCTI
3541 I'Tla. HaBeneni 3HaueHHs y TabauIli 2 OTPEMAHO NUISIXOM €KCTPAIOJIALii CTPOKIB TBEPIIHHS
Ta IHTEPIOJIALII ycepeuHI YaCOBUX IHTEPBAJIIB 3T1IHO 3 BIIOMUMH TPEHIAMHU.

OcHoBHi pe3yjbTaTH Ta 00roBopeHHsl. Po3B's3aHHIM 3a7adi CKAIAPHOI ONTHMI3aIlii
BBXKAETHCS  €JIEMEHT, SKUM Makcumizye abo MiHIMI3ye 1iIboBYy (yHKIito. VY  pasi
OaraToKpHUTepiabHOI BEKTOPHOI ONTUMIi3alii BiAOyBa€ThCS MaKCHMIi3allis OJHOTO KPHUTEpito i
MiHiMi3allis iHmuX. be3niu pimeHns nogaeThes sk Habip 0OpaHUX BEKTOPIB.
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Tabmumg 3 — Matpulsd mepeTBOPSHUX BEIUYHH JIeBiallli MEXaHIYHUX XapaKTEPUCTUK OCTOHHHX
cymimiei

, . Mesrca Meonca Mooyns Mesrca miynocmi nHa
Kino-mp | Ilinonicme, . . . .
0Hi8 _0 16 MIUHOCML HA MIUHOCMHI Ha IOHZ(I, p03m}12HeHH}l,
o=y cmuck, ©=0.26 | euzun, »=0.26 ®=0.16 0=0.16
0.4419 1.000 0.9009 0.7275 1.0000
0.4456 0.8315 1.0000 0.9147 0.8427
7 0.5018 0.7046 0.7469 1.0000 0.6855
0.6666 0.7461 0.9339 0.6353 0.3710
0.8164 0.6625 0.7029 0.5474 0.5283
1.0000 0.6192 0.8019 0.5492 0.5283
0.8876 0.6625 0.7139 0.4754 0.6855
14 0.8127 0.5344 0.8789 0.3971 0.5283
0.7378 0.5759 1.0000 0.5492 0.5283
0.6554 0.4919 0.6919 0.3884 0.6855
0.6629 0.4053 0.2517 0.6414 0.5283
0.8127 0.3192 0.3067 0.5632 0.6855
8 0.4943 0.2330 0.3287 0.3725 0.3710
0.5131 0.2313 0.2187 0.2996 0.6855
0.4569 0.1456 0.0647 0.3005 0.3710
0.4456 0.0730 0.5818 0.2109 0.6855
0.5880 0.0259 0.6809 0.2996 0.5283
60 0.4569 0.1524 0.8019 0.2240 0.3710
0.4382 0.2351 0.5268 0.1959 0.5283
0.3633 0.1435 0.4718 0.0360 0.2138
0.2883 0.2810 0.3728 0.2996 0.2138
0.1086 0.1944 0.5818 0.3743 0.2138
90 0.1760 0.3209 0.7799 0.4604 0.3710
0.1198 0.2368 0.5818 0.3769 0.0566
0.0823 0.1952 0.4608 0.4657 0.0566

Metoauka po3paxyHKy MapaMeTpiB LUTbOBUX (PYHKIIH Ha OCHOBI GaraToKpuUTEpiaIbHOIO
aHajizy 3 BUKOpUCTaHHsAM KputepiiB Jlarumaca, ['ypeima 1 Bampga Bumarae mociiJIOBHOTO
BUKOPUCTaHHA 1 3HAXO/PKEHHS EKCIEpUMEHTAIbHUX 3HAueHb BIAXWIEHb BiJ MPIOPUTETHOIO
po3TalnTyBaHHS MIJIEH.

Tax Hanpukiax BHU3HAYeHHS KputepiiB Banbna 3a ¢opmyrnoro (7) BHKOPHUCTOBYIOUHU
KUIBKICHI JJaH1 HaBeJIeHl y ApyroMy CTOBMI B Tabnull 4 BUOMpaeMo MiHIMaJbHE 3HAUYEHHS 3 yCIX
MaKCHUMallbHUX II€ 3HaueHHS J0BoAUThCS 0.4569. AHANOTIYHO BH3HAUYAIOTHCS PE3YIbTaTH
onrTuMizalii 3a kpurepiem Jlamaca numie BuOupaemMo MiHIMyM 13 MiHiMyMiB. [Tpu 06poOrii gaHux
3a kputepiem ['ypBina HaOyBaemo 3HadueHHs p = 0.5. [lo3HayeHHs iHAEKCY p SK IHIEKCY cTpaTerii
palioHAILHOTO ONTUMI3MYy BB@KAETHCSA 3arajJbHONPUHHATHM Yy TeOpii MaTpUYHUX Irop uis
30epeeHHs CIIJTLHOCTI BUKIIATy MH 30€peryu 11e (opMyTIOBaHHS.

Po3paxyHkn mnpoBoAgMiMCS B CHCTEMi KOMITIOTepHOI MaTematuku Maple. Pesynpratn
po3paxyHKiB 3a dopmyiamu (3—9) i KOXKHOI Tpyld MEXaHIYHMX MapaMmeTpiB OyJiM BUKOHAHI 3
ypaxyBaHHSM BaroBUX KOeQiIi€HTIB, OTPUMAHUX EKCIIEPTHUM IIISTXOM:

e 1minpHICTE @ = 0.16

e Meka MIITHOCTI Ha CTHCK @ = 0.26

e Meka MinHOCTI Ha BUrHH @ = 0.26

e wmoxayas FOnra @ = 0.16

ISSN-print 2313-4763 127



N NP1 P L MaTepiaan03HaBCTBO

e Mea MIIHOCTI Ha po3TsarHeHHs @ = 0.16
Ha mimcraBi eKkcrmepTHHUX OIIHOK YCTAaHOBIIGHO ONTHMAabHI 3HAYEHHS IapaMeTpiB
(MakcuMabHI 200 MiHIMaNbHI 3HAYEHHS 3 TaONuIll 2): TYCTHHA — MiHIMalbHA; MIIIHICTh Ha CTHUCK,
MIIHICTh Ha PO3TATHEHHS, MOAYJb FOHTra — MakcuManbHi; PesynabTaT po3paxyHKIB 1 3HAYCHHS
3rOPTOK Ta KpHUTEpPii BUBHAYEHHS ONTUMAIBHOCTI MEXaHIYHUX MapaMeTpiB reonojimMepiB HaBEICHO
B Tabmuii 4. YV Tabn. 4 BUKOPUCTAHO Taki IIO3HAYEHHS: Ya — aJWTHBHA 3ropTka (4);
Yms — MYJIbTUIUTIKATUBHA 3ropTKa (5); Ymd — JOJAaTKOBAa MYJIbTHILTIKATHBHA 3ropTKa (6); KpUTepin
Banna-Banbna (7); kpurtepiii Jlamnaca (8); kpurepiit ['ypsuna (9). OntuMaiibHi 3HaYEHHST KPUTEPIiB

1 3rOPTOK BUILICHI KUPHUM HIPUPTOM 1 KOTLOPOM.

Tabmuns 4 — 3HaueHHs 3rOPTOK Ta KPUTEPii BU3HAYECHHS ONTUMAJIBHOCTI MEXaHIYHUX IapaMeTpiB
reonoaimMepiB

K’g:;.;m’ min max (max+min)/2 Ya Yims Yimd
0.4419 1.0000 0.7209 0.8413 0.8116 0.6091
0.4456 1.0000 0.7228 0.8287 0.8034 0.6021
7 0.5018 1.0000 0.7509 0.7273 0.7134 0.5473
0.3710 0.9339 0.6525 0.7045 0.6770 0.5393
0.5283 0.8164 0.6723 0.6577 0.6507 0.5087
0.5283 1.0000 0.7641 0.7019 0.6838 0.5342
0.4754 0.8876 0.6815 0.6856 0.6749 0.5242
14 0.3971 0.8789 0.6380 0.6455 0.6191 0.5045
0.5283 1.0000 0.7641 0.7002 0.6770 0.5366
0.3884 0.6919 0.5401 0.5844 0.5714 0.4654
0.2517 0.6629 0.4573 0.4641 0.4350 0.3860
0.3067 0.8127 0.5597 0.4926 0.4540 0.4053
28 0.2330 0.4943 0.3637 0.3441 0.3338 0.3001
0.2187 0.6855 0.4521 0.3567 0.3211 0.3103
0.0647 0.4569 0.2608 0.2352 0.1846 0.2149
0.0730 0.6855 0.3792 0.3850 0.2836 0.3348
0.0259 0.6809 0.3534 0.4103 0.2394 0.3545
60 0.1524 0.8019 0.4771 0.4164 0.3430 0.3610
0.1959 0.5283 0.3621 0.3841 0.3542 0.3318
0.0360 0.4718 0.2539 0.2581 0.1938 0.2361
0.2138 0.5283 0.3710 0.2983 0.2937 0.2658
0.1086 0.5818 0.3452 0.3133 0.2655 0.2810
90 0.1760 0.7799 0.4779 0.4474 0.3982 0.3812
0.0566 0.5818 0.3192 0.3014 0.2298 0.2726
0.0566 0.4657 0.2611 0.2673 0.2004 0.2438
Vald Laplas Hurwitz
0.4569 0.0259 0.5129

AHaniz OTpUMaHUX pe3yNbTaTiB Ja€ 3MOTYy KOHCTAaTyBaTH, IO aMOpPTH3allis 3TOPTOK
(aZUTHBHOI, MyJITUILTIKATUBHOI Ta JOJATKOBOT MYJIbTUIUIIKATUBHOI) 1a€ OJHO3HAYHUI BUCHOBOK —
ontumaneHui ckian 28 nHiB. Kputepiii Banpna Takox Bkazye Ha ckian 28 nHiB. BusnaueHo
ONTUMAaJIbHI 3HAYEHHS XapaKTePUCTHUK OETOHHOI CyMilli Ui CyJAHOPEMOHTY Ta TPAaHCHOPTHOI
indpactpykTypu: ryctuna 2305 xr/m°, Mexka MinHOCTi Ha ctuck 58.30 MIla, mesxa MilHOCTI Ha
BuruH 58.80 MIla, moxyne FOnra 38.00 I'Tla, mexa wmimHocTi Ha po3Tar 3.4 MIla. Kpurepiii
Jlarnaca mae ontuManbHuil ckian 60 nHiB. Kputepiit ['ypBina cyTTeBo 3aeXuTh BiJ KoedilieHTa
MecuMi3My p, BUOIp SKOro cy0'eKTUBHUMN 1 CUIIBHO 3MiHIOE pe3ynbTaT. Tomy kputepiit ['ypBina cmin
BB)KaTH JIOMOMIXKHUM 1 HE BPaxOBYBaTH HOT0 HEBIIMOBIAHICTh 3araibHiil TeHICHIIII.
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Crnin BiAMITHTH, IO Tpajallis 4Yacy 3aTBEPKCHHS IO OTPUMAHHX (i3MKO-MEXaHIYHUM
BJIacTUBOCTAM yepe3 7, 14, 28, 60 1 90 nHiB 3 po30MBKOIO HA I’ ATh PiBHIB € YMOBHOMW. Taka ¢opma
oOpana JUIsl 3pyYHOCTI KOPUCTYBAHHSI PE3yJIbTaTaMH JOCITI JDKSHHS.

BucHoBku

1. BiamoBigHO 10 raiy3eBUX BUMOT OSTOH JJIsl TPAHCTIOPTHOTO OY/iBHHUIITBA TOBUHEH MaTH
MIIHICTh Ha CTHUCK, MOPO3OCTIMKICTh, CTIHKICTb 1O CTHUpPaHHSA 1 JAMHAMIYHUX HABaHTAXKCHb.
Po3pobiiennst penenTyp Mae BpaxOBYBaTH BCl TMOTEHIINMHI CKJIQJHONI IMiJ 4Yac OyIIBHHIITBA
TPaHCHOPTHOI 1H(pacTpykTypu. Bu3HaueHO oNTHMalbHI 3HAYEHHS XapaKTEPUCTUK OETOHHOT
CyMillli 7T Cy THOPEMOHTY Ta TPAHCIIOPTHOI iHppacTpykTypu: TycTuHa 2305 kr/m3, Mexxa MinHOCTI
Ha ctuck 58.30 MIla, mexa minHocti Ha BuruH 58.80 Mlla, momyne FOnra 38.00 I'Tla, mexa
MiHOCTI Ha po3Tar 3.4 MIla. MonentoBaHHsI mapaMeTpiB MITLOBOT (PYHKINT AJIT CyTHOPEMOHTY Ta
TPAHCHOPTHOI 1H(PPACTPYKTYpH 3aCBITUMIO IepeBary IHQpoBizalii TEXHOJIOTIH MiA yac aHamizy
BJIACTUBOCTEN OETOHHMX CyMIlleH, e KIHIEBUN pe3ybTaT HalKpalle MoeIHy€e B co0l pe3yabTaTu
EKCHEPUMEHTAIbHUX JOCTIKEHb Ta IXHPOI'O MATEMAaTHYHOTO ONPAIFOBaHHS.

2. beron g TpaHCHOpPTHOro OyMIBHUITBA Ta CYyJHOPEMOHTY BIAPI3HSIETBHCA 3a
TEPMOJIMHAMIYHUMH Ta (I3UKO-TEXHIYHUMM TMOKa3HWKAaMH, a TaKOX PeLeNnTyporo, CKIaJ SKOi
MIPOEKTYEThCS 3aJI€KHO BI1J Kareropii o0'ekra. YBara, 10 HpUIUISETbCS pPELENTypl Ta SKOCTI
KOMIIOHEHTIB, 3yMOBJICHa YMOBaMH €KCIUTyaTalii TPaHCHOPTHUX OO'€KTIiB, y T.4. JOPIT 1 IITYYHHUX
ciopyn. IlpormonoBana cucremMa OaraTOKpUTEPiaIbHOI OIIHKM BHU3HAYCHHS ONTHUMAJIbHUX
XapaKTepUCTUK CyMilieil MICTUTh CyO'€eKTHBHI Ta OO'€KTHUBHI €JeMEHTH BHOOpY pimeHHs. Llen
X170 sIBJIsi€ COO00 HOBH criociO ompalroBadHs iH(opMarlli, o rpyHTY€EThCsI HA MAaTEMAaTUIHOMY
MOJEJIIOBAHHI.

IlepcnekTHBH MOAAJBLIIMX JOCTiIKeHb. [lepcriekTrBa MONANBIINX JOCHTIHKEHb TOJSTaE y
HIMPIIOMY 3aJy4eHHI JUIl aHali3y IHIIMX KPUTEpiiB ONTHUMI3alii Ta PO3IMIMUPEHHS JAMHAMIKU
TEXHOJIOTIM Ta penenTypa BUTOTOBIIEHHS CyAHOOYIIBHOTO OETOHY 3 ypaxyBaHHSIM yMOB HOro
BUKOPUCTAHHS.

[HII0'0 HE MEHIII BaXKJIMBOIO MEPCHEKTHUBOIO MOJANBIINX JOCTIKEHb € HAIPSIMOK TOB'SI3aHUI
13 BCTAQHOBJICHHSM MPUYUHHO-HACTIAKOBUX 3B'SI3KIB MiXK TEXHOJOTISIMU OTPUMaHHS OETOHHHX
CyMimei iX pelenTypu Ta CHOCTEPEKEHHSIM 33 3MIHOK Y (PI3UKO-MEXaHIYHUX BIIACTUBOCTEH MPHU
BU3HAYEHHI ONTHUMAJIbHUX KOHLEHTPALi CIIOJyYHHUX €JIEMEHTIB.
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Sharko O., Stepanchikov D., Sharko A., Yanenko A., Movchan P. APPLICATION OF MULTICRITERIA
ANALYSIS IN THE STUDY OF THERMODYNAMIC PROCESSES IN SHIP REPAIR AND TRANSPORT
INFRASTRUCTURE

The subject of research is a system of multi-criteria analysis in the study of thermodynamic processes in ship
repair and transport infrastructure in real time. The topic of research is the development of methodology for
assessing the composition of the concrete mixture during hardening process. The aim of the work is modeling
of physical and technological parameters of concrete mixtures using multi-criteria optimization. The relevance
of the research lies in the fact that at the manufacturing stage, depending on the phases of concrete hardening,
the parameters of the heat capacity and thermal conductivity of the concrete mixture change. The uniformity of
distribution of temperature parameters in the concrete volume also changes. The resulting stresses create
microdefects that reduce the strength properties of the concrete mixture. Depending on their composition,
strength properties depend on the choice of optimal thermodynamic processes for obtaining concrete mixtures:
bending and compressive strength limits, impact strength and density of the material. The novelty of the work
lies in the fact that a multi-criteria analysis algorithm has been developed for the study of thermodynamic
processes in ship repair. The optimal composition of structural elements of the mixtures for the given
technology of their production was determined. The results of the research are the computational basis of the
calculations became the digitization of the technology of research and analysis of physical and mechanical
properties of concrete mixtures. The field of application is the study of thermodynamic processes used in ship
repair and transport infrastructure. The practical significance of the work is that the conducted experiments
and calculations showed that the use of research results in combination with optimization criteria is the basis
for increasing the reliability of evaluating the parameters of thermodynamic processes and optimizing the
strength properties of the concrete mixture, determining the composition and structure of materials for
changes in their production technologies. The advantage of the methodology is its scalability and adaptability
to workloads.

Key words: multi-criteria analysis; composition; optimisation; thermodynamic processes; ship repair;
transport infrastructure.
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The problem of enhancing the readiness of marine engineers for the operation and repair of ship technical
systems is relevant due to the difficulty of detecting faults and the need for timely diagnostics. The aim of this
research is to develop and implement an intelligent system that improves marine engineer readiness by
visualizing 3D models of injectors and using fuzzy diagnostic methods. The research includes the formation of
a conceptual system description, the creation of a formal-logical structure of injector diagnostic rules based
on symptoms, the development of 3D injector models, and decision-support software.

The research employed methods of machine learning, automation, and fuzzy logic to improve diagnostic
accuracy. The main functional elements of the system include: data input, where symptoms of injector faults
are entered as a set of parameters; rule evaluation, which assesses the input data based on threshold values to
determine the severity levels of symptoms; recommendation generation, where the system automatically
generates recommendations based on rule evaluation; visualization of membership functions through the
construction of graphs for each diagnostic rule; and 3D modeling, which involves creating 3D models of
injectors for visualizing damaged components and facilitating the diagnostic process.

Experiments have shown that the developed system reduces the risk of errors and increases the efficiency of
injector repairs. Testing demonstrated that the speed of operations in injector repairs increased by 22.5%. The
system automatically evaluates symptoms and generates recommendations for the marine engineer, ensuring
timely fault detection.

The practical significance of the system lies in its ability to reduce the impact of human factors on the
operation of ship technical systems, enhancing overall reliability and safety. The system ensures operational
flexibility, allowing the marine engineer to visually identify damaged injector components. The implementation
of the intelligent system contributes to reducing the risk of emergency situations and optimizing the repair
process.

The theoretical significance lies in the introduction of new approaches to injector diagnostics using machine
learning, automation, and 3D visualization. The use of fuzzy logic for symptom evaluation and
recommendation generation ensures more accurate and reliable fault detection. The proposed methods can be
adapted for diagnosing other components of ship technical systems, opening new prospects for further
research.

Bibliography: 33 sources, 5 figures.

Key words: intelligent system; readiness enhancement; automation; injector repair; 3D modeling; machine
learning; fault diagnostics; maritime safety; risks; uncertainty.
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Introduction. The development of means to enhance the readiness of ship crews for the
operation of ship technical systems and complexes is an important task that requires control from
shipping companies and qualification centers for the training of seafarers [1]. Special attention
should be paid to the complexity of feedback during the monitoring of crew actions, particularly
marine engineers on the ship during the operation and repair of ship engine components and other
power units, considering the human factor [2]. Additionally, the decline in qualification levels, their
fragmented heterogeneity considering operational and repair experience, and the influence of
fatigue factors can pose problems [3]. Monitoring such manifestations of the human factor — marine
engineerin real-time is quite difficult because although crew members may notice deviations in the
work of an individual specialist, they cannot help or, moreover, replace them. At the same time,
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there are unfortunately many cases where specialists have documentary proof of their qualifications
but make mistakes under real conditions [4, 5].

In some cases, researchers actively use automated reinforcement learning methods to
optimize the management of digital flow processes in ship networks [6]. Furthermore, during the
operation of ship technical systems and complexes, difficulties may arise, particularly when
installing ship system bearings, which can significantly reduce lubrication efficiency, leading to
wear and failure of the bearings [7]. Installing stern bearings requires special attention due to their
sensitivity to vertical and horizontal errors. Implementing intelligent monitoring and correction
systems using 3D models can improve service quality and reduce the risk of errors, enhancing the
overall readiness of marine engineers for the operation and repair of ship systems.

Problems arising from human errors and electrical failures have shown that a significant
portion of accidents is associated with the human factor [8]. The use of the SHEL method to assess
human error in the ship's power supply system revealed that non-compliance with standard
operating procedures (SOP) and lack of proper experience lead to failures in the electrical system,
accounting for 12.7% and 17.2%, respectively. Moreover, the implementation of condition
monitoring and fault diagnosis (CMFD) technologies can significantly increase the reliability and
safety of ship systems, reducing the impact of the human factor [9]. Current fault detection and
diagnosis methods are often outdated and rely on manual inspections and regular maintenance,
which can be subjective and inaccurate.

Thus, the development and implementation of intelligent monitoring systems that use
machine learning algorithms and big data allow real-time assessment of equipment condition,
prediction of potential faults, and optimization of operational parameters. This is particularly
important for ensuring the stable operation of the crew and extending the service life of ship
technical systems.

Problem Statement. Many researches have shown a positive trend in both the application
and development of new intelligent systems and tools aimed at improving operational quality,
reducing risks, and ensuring the safety of ship technical systems and the vessel as a whole. For
example, in the research [10], the importance of monitoring the technical condition of materials of
metal structures according to international standards to ensure the reliability of marine equipment is
highlighted. The authors propose an innovative diagnostic system for ship power plant
turbochargers based on Markov chains, which replaces discrete time intervals of diagnostics with a
sequence of states of technical objects. This allows for consideration of various operational factors
and enhances equipment reliability under harsh operating conditions. The practical significance of
the methodology is confirmed by the results of data digitization, calculation of transition matrices,
and construction of an orgraph for studying the kinetics of damage in real-time. However, there is a
lack of detailed information on the application of the methodology in specific diagnostic tasks,
making the research relevant and promising but requiring additional details for a fuller
understanding.

In another research [11], the main methods include the integration of machine and deep
learning for automatic extraction of key fault features, early warning, and precise identification of
potential faults. Using advanced big data processing technologies such as stream computing and
distributed storage, the system significantly improves the accuracy and speed of diagnostics. The
combination of neural networks with genetic search algorithms ensures higher efficiency in fault
detection and prediction in real-time, which is confirmed by experimental results where the BP-GA
model showed the best results in accuracy, precision, and F1 score. However, although the article
demonstrates significant potential in improving diagnostics and reducing costs, it lacks details on
specific methods and their application, limiting the understanding of the full value of the proposed
methodology.

Other researchers in their work [12] have improved the traditional genetic algorithm by
adding an interpolation test function to avoid obstacle crossing and introducing a concentration
value to evaluate the probability of individuals transitioning to the next generation. The A*
algorithm is used to search for sub-paths during crossover and mutation, significantly enhancing
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problem-solving efficiency. In simulation experiments, the improved A*-genetic algorithm showed
better results in six indicators, including pipeline length, number of bends, energy value, fitness
value, number of optimal solutions, and average number of iterations to convergence, compared to
other algorithms. Thus, the proposed algorithm provides higher quality of pipeline layout and
problem-solving efficiency. However, the lack of real-life application examples limits the
understanding of its practical value, and the complexity of the algorithm may require significant
computational resources.

Additionally, developments are underway regarding the use of artificial intelligence
technologies for vulnerability analysis in information management intrusions [13]. The proposed
AFL-VA-ISN (Adaptive Fuzzy Logic-assisted Vulnerability Analysis of Intelligent Ship Networks)
model combines fuzzy logic and artificial intelligence for effective management of uncertainty and
fuzziness in intelligent ship networks. The model uses multi-sensor nodes to assess data on
malicious attacks and self-executing protective nodes to prevent attacks. Experimental results
showed that the model increases data transmission speed by 99.2%, attack detection rate by 98.5%,
risk assessment rate by 97.5%, and access control rate by 96.3%, while reducing network latency by
11.4% compared to existing models. However, for more guaranteed results when applying this
approach, additional research is needed to optimize the system and adapt it to different real-time
usage scenarios.

Researchers in their work [14] also conceptually identified the necessary intelligent
functions for inland vessels by 2030, 2035, and 2050, focusing on artificial intelligence
technologies, the Internet of Things, cloud computing, and big data to enhance safety, reliability,
and energy efficiency. The main methods include sensors for data collection, communication
technologies for information exchange, and evaluation and decision-making technologies for
navigation, energy efficiency management, and vessel maintenance. Although the lack of practical
examples and implementation complexity may limit technology adoption, the proposed approaches
provide clear guidelines for the development of intelligent vessels and improved energy efficiency
management.

Another research examines a wide range of intelligent tools that will enhance the operational
level of the engine room [15]. Specifically, it describes the use of intelligent engine room systems
on ships, including artificial intelligence technologies such as neural networks, support vector
machines, and genetic algorithms for fault diagnostics and equipment condition monitoring. The
use of big data, cloud computing, and industrial Internet increases the efficiency and safety of
engine room operations, although existing automation systems remain closed and isolated, limiting
their integration and real-time data exchange. Despite theoretical advantages, the lack of practical
examples and implementation complexity raise doubts about the effectiveness and feasibility of
widespread application of the proposed technologies.

Thus, the productivity of approaches to creating intelligent tools should also be considered.
In the research [16], the development of a database for an intelligent ship management system using
MySQL and distributed software MYCAT is described to ensure high performance and
management flexibility. The main methods include data flow analysis, database structuring, and
table design for storing information about the ship, user management, equipment, and signaling
points, ensuring system stability and reliability. Although the proposed architecture is effective, it
requires further optimization to handle highly competitive events and adaptation to real usage
conditions, particularly in the engine room.

The approaches discussed in the section and their critical analysis indicate the necessity and
importance of both developing and applying intelligent systems for ship process management,
ensuring safety, improving operational efficiency, and diagnosing faults in the engine room. The
current situation requires more flexible human-machine interaction systems when using intelligent
decision support systems for the marine engineer, which will enhance their operational readiness,
especially under conditions of implicit fault detection. One of the means to improve adaptive
feedback between the operator-marine engineer and the intelligent system could be higher-quality
3D visualization of parts that require maintenance and repair, their components, and elements of
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fuzzy determination using appropriate methods. All the above requires the development of separate
diagnostic modules for individual elements of ship technical systems and complexes, which process
symptoms and obtain the most effective operational solutions using fuzzy conclusions.

Research Purpose and Objectives. The aim of this research is to enhance the operational
readiness level of the engine room crew by developing and applying an intelligent decision support
system for marine engineesr, accompanied by 3D visualization of parts, using the example of
injector repair. To achieve this goal, a series of sequential tasks must be addressed, namely:

1. Formulate a conceptual description of the intelligent decision support system for marine
engineers.

2. Describe the formal-logical structure of rules for identifying injector faults based on
symptoms.

3. Develop a 3D measurable model of the injector to improve the visualization of faults in its
components.

4. Develop a software tool with inference functions to support the decision-making process
of the marine engineer-operator.

Primary Research Material. To address the first task of the research, a description of the
intelligent decision support system for marine engineers during the operation of the ship's engine in
relation to injector replacement and repair was formulated. Structurally, the system comprises the
following component blocks:

1. Data input - (input data on symptoms).

Symptoms: power_loss, rpm_fluctuation, acceleration_delay, fuel leakage, pressure_drop,
fuel_smell,  corrosion_level,  fuel consumption_increase,  startup_delay, visible_cracks,
black_smoke, misfire_frequency, oil_consumption_increase, deposits, vibrations, white_smoke.

2. Rule evaluation (Rules 1-15)

Each rule (from evaluate_rule_1 to evaluate_rule_15) has its inputs (specific symptoms) and
outputs (severity levels and recommendations).

—Rule 1:

Input: power_loss, rpm_fluctuation, acceleration_delay

Output: severity levels of symptoms, recommendation

—Rule 2:

Input: fuel_leakage, pressure_drop, fuel_smell

Output: severity levels of symptoms, recommendation

And so on for each rule from 1 to 15.

3. Recommendation determination

4. Combining rule results and determining best match

5. Visualization of membership functions

6. Plotting membership function graphs for each rule

To facilitate the most favorable understanding of the system's operation, a graphical diagram
of the system was constructed (Figure 1).

To accomplish the second task, relevant literature was analyzed, providing a formal-logical
framework for defining and refining rules that allow the identification of injector faults in real-time.

Rule 1: Nozzle Valve Clogging

If there is a decrease in engine power, uneven engine operation, or loss of power during
acceleration, this may be due to nozzle valve clogging [17, 18].

Solution: Cleaning or replacing the nozzle

Symptoms: Decrease in engine power, uneven engine operation, loss of power during

acceleration.
2AP
Q=CyA, /— (1)
Y2,

Equation for Mass Flow Rate (1)
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Q — mass flow rate (kg/s)

Cu — discharge coefficient

A — cross-sectional area (m?)

AP — pressure difference (Pa)

p — fluid density (kg/m?)

Purpose: This formula is used to determine the mass flow rate through the nozzle. It helps to
establish whether there is nozzle clogging, which may cause a decrease in engine power and other
symptoms.

Input Data

+send()

send

v

Symptoms

+transmit()

transmit

Rule Evaluation

+evaluateRule1()
+evaluateRule2()

+evaluateRule3()
+evaluateRule15()
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Figure 1 — Structural-Logical Diagram of the System's Functionality
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Fuel Flow Rate (2)
Q=k-AP 2

Q — fuel flow rate

AP — pressure drop

k — discharge coefficient

Purpose: This formula allows the determination of fuel flow rate through the pressure drop.
It helps to assess the efficiency of the nozzle operation and detect potential clogging.

Evaporation Constant (3)

b =y. e (3)

bev — evaporation constant

Y — correction factor

pc — final pressure of the compression process

d — average diameter of fuel droplets

Purpose: This formula is used to assess the evaporation of fuel, which helps to determine the
efficiency of the combustion process in case of a clogged nozzle.

Rule 2: Seal Wear (Nozzle Cap Nut, Cap Nut) [19]

Symptoms: Fuel leakage, pressure drop in the fuel system, fuel smell in the cabin.

Solution: Seal replacement.

Leakage Flow Rate (1)

Purpose: Used to determine the leakage flow rate through the seals. It helps identify worn
seals that may lead to fuel leakage.

Fuel Leakage (4)

- (@)

L — fuel leakage

Q — fuel flow rate

A — cross-sectional area

g — acceleration due to gravity

h — height of the fuel level

Purpose: Helps determine the amount of fuel lost through leakage. This is important for
assessing the effectiveness of the seals.

Fuel Evaporation Correction (5)

v (1000 ]”” 5)

ncrank

Y — correction coefficient

Nerank — crankshaft rotational frequency

my — exponent of the evaporation correction function (0.65-1.00)

Purpose: Used to correct the fuel evaporation process, which helps assess the quality of the
sealing and the impact of its wear.

Rule 3: Nozzle Corrosion (Nozzle Body) [20]

Symptoms: Corrosion on the nozzle, increased fuel consumption, difficulty starting the
engine.

Solution: Cleaning the nozzle, using high-quality fuel.

Corrosion Rate (6)

mcorrosion =k- A:orrosion (6)
M — MBUAKICTH KOPO3ii (Kr/c)

Kk — kopo3iitHuii KoedimieHT

Acorrosion — TIOIIA KOpOSiI (Mz)
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Purpose: Used to determine the corrosion rate on the nozzle. It helps assess the extent of
corrosion and the need for cleaning or replacing the nozzle.
Corrosion Stress (7)

F
O, :X (7)

oc — COrrosion stress

F — force due to corrosion impact

A — surface area of the nozzle

Purpose: Helps evaluate the mechanical impact of corrosion on the nozzle, which can lead to
damage.

Pressure Before and After Seal (8)

AP,

seal

= Pbefore - Pafter (8)

APseal — pressure difference before and after the seal

Prefore — pressure before the seal

Patter — pressure after the seal

Purpose: Used to assess the pressure difference before and after the seal, which can be an
indicator of corrosion or wear.

Rule 4: Incorrect Nozzle Calibration (Valve Spring) [21, 22]

Symptoms: Increased fuel consumption, uneven engine idling, black smoke from the
exhaust pipe.

Solution: Nozzle calibration.

Injection Pressure (9)

_ Mo - R 'Tfuel (9)

inj
chamber

Pinj — injection pressure

Mruelm — Mass of fuel

R — gas constant

Truel — fuel temperature

Vchamber — COMbustion chamber volume

Purpose: Used to determine the injection pressure. It helps identify incorrect nozzle
calibration that affects combustion efficiency.

Ignition Delay Time (10)

T e Ea/RTcyI .in.start

pc lin.start " cyl.in.start
=B (1-k y Y 10
TI 0( nncrank) (25+CN)/70 ( )

7i — ignition delay time

Bo — coefficient

kn — coefficient

Nerankn — Crankshaft rotational frequency

Peyl.injstartp— pressure at the start of compression

Teylinjstat — temperature at the start of compression

Ea — activation energy

R — universal gas constant

CN — cetane number of the fuel

Purpose: Helps determine the ignition delay time, which may be influenced by incorrect
nozzle calibration.

Rule 5: Mechanical Damage to Nozzle (Nozzle Body, Spindle) [23]

Symptoms: Fuel leakage, visible cracks on the nozzle body, constant pressure drop in the
fuel system.

Solution: Nozzle replacement.
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Leakage Flow Rate (1)

Purpose: Used to determine the leakage flow rate through cracks. It helps identify
mechanical damage to the nozzle.

Mechanical Stress (11)

o = K- I:’fuel (11)

om — mechanical stress
K — impact coefficient
Pruel — fuel pressure
A —crack area
Purpose: Helps evaluate the mechanical stress on the nozzle due to fuel pressure, which can
lead to cracks.
Impact Stress (12)
7, = it (12)
Acrack
ob — Impact stress
Fimpact — impact force
Acrack — crack area
Purpose: Used to assess the stress arising from impacts, which can cause mechanical
damage to the nozzle.
Rule 6: Clogged Injector Filters (Fuel Inlet) [24, 18]
Symptoms: Uneven engine operation, white smoke from the exhaust pipe, difficulty starting
the engine in cold conditions.
Solution: Cleaning or replacing the filters.
Equation for Mass Flow Rate (1)
Purpose: Used to determine the mass flow rate through the filter. It helps identify clogged
filters.
Filter Resistance (13)
AP
Rije =— 13
filter Q ( )
AP — pressure drop across the filter
Q — fuel flow rate
Purpose: Helps evaluate the filter resistance, which can indicate clogging.
NO Concentration (14)
[NO]=K,[O][N,] (14)
[NO] — NO concentration
K1 — reaction constant
[O] — oxygen concentration
[N2] — nitrogen concentration
Purpose: Used to assess the NO concentration, which helps evaluate the combustion quality
of the fuel with clogged filters.
Rule 7: Damage to Connecting Elements (Lock Nut, Spring Cap Nut) [25]
Symptoms: Fuel leakage, corrosion on joints, fuel smell around the engine.
Solution: Replacement of connecting elements.
Shear Stress (15)

F.

r= tight (15)
Ajoint

7 — shear stress

Ftight — tightening force

Ajoint — joint area
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Purpose: Used to evaluate the shear stress in the connecting elements. It helps identify
damage that can lead to fuel leakage.

Correlation and Sensitivity Coefficient (16)

v= ok (16)
m2

v — correlation and sensitivity coefficient

Mo, M2, M4 — spectral moments

Purpose: Helps evaluate the correlation and sensitivity of the system to damage in the
connecting elements.

Multivariate Correlation Model (17)

K K
H (X1’X21----Xk)=¢o,o,...,o "’Zﬂ,o,.“,oxi +Z¢|,j,0,u.,0xixj ot P X (17)
i i

H(x1,X2, ...,xk) — overall multivariate model

Xi — variables

k — number of variables

r — model order

¢ — model coefficients

Purpose: Used to assess the relationships between different system parameters, which helps
identify problems in the connecting elements.

Rule 8: Wear of the Spring Inside the Injector (Valve Spring) [26]

Symptoms: Increased fuel consumption, loss of power at high RPM, black smoke from the
exhaust pipe.

Solution: Spring replacement.

Spring Stiffness (18)

ks =- (18)

ks — spring stiffness

F —force

AX — spring deformation

Purpose: Used to determine the stiffness of the spring. It helps identify spring wear, which
affects the efficiency of fuel injection.

Gas Linear Velocity (19)

w= p | S Pe) (19)

w — gas linear velocity

u — discharge coefficient

p1 — pressure before the valve

p2 — pressure after the valve

p — gas density

Purpose: Used to determine the linear velocity of the gas, which helps evaluate the
efficiency of the spring's operation.

Period of Angular Velocity Oscillation (20)

cyl (20)

T — period of oscillations (s)

Neyt — number of engine cylinders

n — crankshaft rotational frequency (revolutions per second)

Purpose: Used to evaluate the period of angular velocity oscillations of the crankshaft,
which may be influenced by a worn spring.
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Rule 9: Wear of the Injector Valve (Nozzle Valve) [27, 28]

Symptoms: Uneven engine operation, black smoke from the exhaust pipe, frequent misfires.
Solution: Valve replacement.

Valve Flow Coefficient (21)

c -2 1)

Cv — valve flow coefficient

Q — flow rate

AP — pressure drop across the valve

p — fuel density

Purpose: Used to evaluate the flow rate through the valve. It helps identify valve wear,

which affects the uniformity of engine operation.

Root Mean Square Error (22)
1 s (a _a )2
n(n _1) = i aver

(22)

O, =

os — root mean square error

n —number of measurements

ai — value of the diagnostic parameter

aaver — average value of the parameter

Purpose: Used to evaluate the accuracy of measurements, which helps identify problems

with the valve.

Rule 10: Damage to the Nozzle Body (Nozzle Body) [23-25]

Symptoms: Fuel leakage, increased oil consumption, black smoke from the exhaust pipe.
Solution: Nozzle replacement.

Leakage Flow Rate (1)

Purpose: Used to determine the leakage flow rate through cracks. It helps identify damage to

the nozzle body.

Mechanical Ship Dynamics (23)
dv..
el =(1-t)T

ship dT

R (23)

prop — '“ship

Mship — Ship displacement (kg)

Vship — Ship speed (m/s)

7 — dynamic time (S)

Tprop — propeller torque (N-m)

Rship — hull resistance (N)

Purpose: Used to evaluate the ship's dynamics and intensity, which can impact the damage

to the nozzle body.

body.

Vibroacoustic Signals (24)
a,(0,7)=0[a,(6.r)]=0[g,(F.E,ZY),7] (24)

ap(0,7) — vibroacoustic signals

ao(0,7) — output signal

go(F,Es,Z,Y) — signal generation function

F —force

Es — energy

Z — resistance

Y — mechanical properties of the material

Purpose: Used to analyze vibroacoustic signals, which helps identify issues with the nozzle

Rule 11: Corrosion of the Injector from Aggressive Environment (Nozzle Body) [29]
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Symptoms: Corrosion on the nozzle, difficulty starting the engine, power loss under
increased loads.

Solution: Cleaning the nozzle, checking operating conditions.

Corrosion Rate (6)

Purpose: Used to determine the corrosion rate on the nozzle. It helps assess the extent of
corrosion and the need for cleaning or replacing the nozzle.

Mass Loss Due to Corrosion (25)

= (25)

Purpose: Helps evaluate the mass loss due to corrosion, which can affect the efficiency of
the nozzle's operation.

Rule 12: Incorrect Pressure in the Fuel System (Fuel Inlet) [30]

Symptoms: Increased fuel consumption, unstable engine operation when shifting gears,
black smoke from the exhaust pipe.

Solution: Adjusting the pressure in the fuel system.

System Pressure (26)

P =P, +AP

system set loss (2 6)
Psystem — System pressure
Pset — set pressure
APioss — pressure losses
Purpose: Used to evaluate the pressure in the system. It helps identify incorrect pressure in
the fuel system.

Indicated Thermal Efficiency (27)
ITE = e 27)

ITE — indicated thermal efficiency

Wc — indicated work

Qin — heat input

Purpose: Used to assess the combustion efficiency under incorrect pressure in the fuel
system.

Rule 13: Use of Low-Quality Fuel (Fuel Inlet, Nozzle Valve) [31]

Symptoms: Increased fuel consumption, uneven engine operation, black smoke from the
exhaust pipe.

Solution: Use of high-quality fuel.

Combustion Efficiency (28)

— Qcombustion 28

¢ Q.. ( )
nt — combustion efficiency
Qcombustion — amount of heat obtained from combustion
Qruel — amount of heat contained in the fuel
Purpose: Used to evaluate the combustion efficiency of the fuel. It helps identify the use of

low-quality fuel.

CO Concentration (29)

dlco]_ K,C[CO][OH] (29)

d[CO]
T

K1 — reaction constant

C — CO concentration

[OH] — concentration of hydroxyl groups

—rate of change in CO concentration over time

/o pyopuku exnioueno cmammi 3a memamuunor cnpamosanicmio « Cyonoeo0inHa ma eHepezemuKa cyoemny



HaykoBuii BicHUK XepCOHCBKOI AepzkaBHOI MOpCchbKOi akaaemii WL PA )P L

Purpose: Used to evaluate the kinetics of reactions affecting CO concentration when using
low-quality fuel.

Rule 14: Clogging of Fuel Supply Channels (Fuel Inlet, Spindle) [32]

Symptoms: Uneven engine operation, idling vibrations, white smoke from the exhaust pipe.

Solution: Cleaning the fuel supply channels.

Equation for Mass Flow Rate (1)

Purpose: Used to determine the mass flow rate through the channels. It helps identify
clogging in the fuel supply channels.

Rule 15: Improper Storage or Transportation of the Nozzle (Nozzle Body) [33]

Symptoms: Corrosion on the nozzle, fuel leakage, power loss at high RPM.

Solution: Nozzle replacement, adherence to storage rules.

Transport Stress (30)

O_h — Ftransport (30)
Asun‘ace

on— transport stress

Firansport — transport force

Asurface — Surface area

Purpose: Used to evaluate the stress during transportation, which can cause corrosion or
damage to the nozzle.

The next task, the third one, is the development of a 3D measurable model of the nozzle to
enhance the visualization of faults in its components. For this purpose, a drawing of the nozzle was
created, followed by a step-by-step construction of its three-dimensional model. This model will
enable the marine engineer to quickly navigate during the operation of the program, which will
indicate specific elements of the nozzle for replacement or repair (Figure 2).

§
§

22
SN

LS

72 - ,,/,,,. ~ —~

Figure 2 — 3D Modeling of the Nozzle as an Assembly Unit

The fourth task of the research involved the development of a specialized software tool with
inference functionality to support the marine engineer-operator's decision-making process. To
create this system, whose primary function is automated expert assessment and the generation of
appropriate advice, the Anaconda programming environment and the Python programming
language were used.

ISSN-print 2313-4763 145



N NP1 Pl rL CynHOBOAIHHA Ta €HEPreTHKA CyAeH

Main functional elements of the system:

1. Object Initialization (init method): The init method accepts input data in the form of a
dictionary and stores it as object attributes.

2. Symptom Evaluation (evaluate rule_ X methods): Each evaluate rule_ X method
evaluates a specific diagnostic rule (from 1 to 15). The input data is checked against various
threshold values to determine the severity of symptoms (minor, moderate, significant, critical). The
method returns the evaluation results and a match score.

3. Evaluate_all Method: This method calls all rule evaluation methods (evaluate rule 1 ...
evaluate_rule_15) and collects the results into a dictionary. It also collects match scores for each
rule.

4. Determine_best_match Method: This method analyzes the match scores and determines
the rule with the highest match score as the best match.

5. Plot_membership_functions Method: This method plots the membership functions for all

diagnostic rules (Figure 3). It uses the matplotlib library for visualization.
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Figure 3 — Visualization of Membership Functions
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Obtaining Membership Functions (get_membership_functions method):

Returns the

membership functions for a specific diagnostic rule based on triangular membership functions. As a
result of testing the program, 5 situations were analyzed, and the corresponding results were

obtained in the form of membership function graphs, for example (Figure 4).

Match Scores for Each Rule

Rule 15
Rule 14 -
Rule 13 -
Rule 12 -
Rule 11 4
Rule 10

Rule 9 q

Rule 8 q

Rules

Rule 7
Rule 6
Rule 5 4
Rule 4 q
Rule 3
Rule 2 q
Rule 1 4

0.0

0.5 1.0 15 2.0 2.5
Match Score

a

Match Scores for Each Rule

3.0

Rule 15
Rule 14 q
Rule 13 4
Rule 12 q
Rule 11 4
Rule 10

Rule 9

Rule 8 -

Rules

Rule 7 +
Rule 6 -
Rule 5 -
Rule 4
Rule 3 -
Rule 2
Rule 1

0.0

T T T T T
0.5 10 15 2.0 2.5

T
3.0

Rule 15 -
Rule 14
Rule 131
Rule 12
Rule 11 4
Rule 10

Rule 9 4

Rule 8 4

Rules

Rule 7
Rule 6
Rule 5 4
Rule 4 4
Rule 3 4
Rule 2 4
Rule 1 -

0.0

Match Score
Match Scores for Each Rule
0.5 1.0 15 2.0 2.5 3.0
Match Score

Figure 4 — Visualization of Membership for Situations No. 1, 2, 3 with Input Parameters
data_samples = [ {'power_loss": 10, 'rpm_fluctuation": 3, 'acceleration_delay": 1.0},

{'fuel_leakage": 1.5, 'pressure_drop": 10, 'fuel_smell': 2},
{'corrosion_level: 2, 'fuel_consumption_increase": 12, 'startup_delay": 4},]

Additionally, the program provides recommendations in the form of visual advice.

For Situation No. 1, the applicable rule is (Figure 5a): Nozzle replacement.

For Situation No. 2, the most effective advice is: Complete seal replacement (Figure 5b).

For Situation No. 3: Injector replacement (Figure 5c).
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Figure 5 — Visualizations of Damaged Nozzle Elements Requiring Replacement

The proposed approach will allow for quick operations in the maintenance and repair of
injectors, as it enables the marine engineer to promptly identify the corresponding damaged
elements and parts that require replacement or repair.

Conclusion. The research objective of developing an intelligent system to enhance the
marine engineer’s readiness for the operation and repair of injectors has been achieved through a
series of tasks that ensured the implementation of a comprehensive approach:

1. A conceptual structure of the intelligent system was developed, which includes several
key components such as data input, symptom evaluation, recommendation determination, and
visualization of membership functions. This allows for a comprehensive approach to diagnostics. In
terms of implementation, a user interface has been provided, ensuring ease of use for marine
engineers.

2. A formal-logical structure of rules for diagnosing injector faults was described. For
example, symptoms such as power loss, uneven engine operation, and fuel leakage are classified by
severity levels. Each of the 15 rules evaluates symptoms based on specified threshold values. If a
symptom meets certain criteria, the system generates the corresponding severity level and
recommendation.

3. 3D models of the injector were designed, allowing the marine engineer to visually locate
damaged components. This significantly improves diagnostic accuracy and fault identification
because the 3D model enables the user to interact with different parts of the injector, facilitating the
learning and diagnostic process.

4. A software tool with a fuzzy inference function was developed to support the marine
engineer-operator's decision-making process. The Python-based software tool automatically
evaluates symptoms and generates recommendations. Additionally, membership functions for each
diagnostic rule were visualized, making the results easier to understand and allowing developers to
improve and flexibly adjust the system.

Overall, testing of the developed system showed that the speed of operationalization during
injector repair increased by 22.5%, significantly improving the maintenance processes and
enhancing their overall safety and reliability.

Prospects for further research. Despite the fact that the developed system improves the
accuracy of diagnosing and identifying injector faults by reducing the impact of the marine engineer
human factor on the operation and repair of ship technical systems, future tasks should focus on its
enhancement, namely:

* Improve the effectiveness of marine engineer training through visualization and intelligent
support by adding dynamic display functions of repair processes and virtual augmented reality tools.

* Optimize the system for real-time operation, ensuring timely detection and elimination of
faults.
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* Expand the system's functionality to diagnose other components of ship technical systems.

* Explore possibilities for integration with other monitoring and ship management systems,
which will allow for the creation of a comprehensive decision support system for the entire ship
crew.
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Hocos II., T'yxss A., Ilonomapnosa B. PO3POBKA IHTEJIEKTYAJIbHOI CUCTEMU ITIJIBUILIEHHS
T'OTOBHOCTI MEXAHIKA JIO EKCIUTYATALIl TA PEMOHTY ®OPCYHOK 3 BI3VAJII3ALIEIO IX
3D MOJIEJIEM

Ilpobrema niosuwennss 20MoGHOCME MEXAHIKA 00 eKCHAYamayii ma pemoHmy CyOHOBUX MEXHIUHUX CUCTEM €
aKmyanbHol uepe3 CKIAOHICMb GUABNEHHS HeCnpasHoCmel ma HeoOXiOHICMb CB0€YACHOI OiaeHOCMUKU.
Memorw yvoco OocniodxiceHHs € po3pobKa ma 6NPOBAOIHCEHH [HMENeKMYAIbHOI cucmemu, wo niosUUye
20MOBHICMb Mexauika uiiaxom eizyanisayii 3D mooleneti (popcyHOK i SUKOPUCHAHHA HEUimKUX Memoois
OiacHOCMUKU.

s eupiwenns nocmasneHux 3a60aHb 00CHIOJNCEHHsT OYI0 NPosedeHo KinbKa Kuouosux emanis. Cnovamiy
Oy10 CPOPMOBAHO KOHYENMYAIbHULL ONUC [THMENEKMYAIbHOL cucmemu NIOMPUMKU RPULHAMMS  pilieHb
MEXAHIKa, AKUL 8KIIOHAE B8EOEHHS OAHUX NPO CUMNMOMU HECHPABHOCMENU, OYIHKY YUX CUMNMOMIE HA OCHOSI
3A0aHUX NPAsUl, 2eHepayiln peKomMeHoayit ma eizyanizayito @yHxyiu Hanexcnocmi. OCHOGHI elemenmu
(yHKYioHany cucmemu 8KIIOUAIOMb. 86E0CHHSL OAHUX, 0 CUMNMOMU HeCNPASHOCMeEl (OPCYHOK 8600MbCSL Y
6uenA0i Habopy napamempis, OYiHKA NPAGU, K OYIHIOIOMb 6XIOHI OAHI HA OCHOBI NOPO2OBUX 3HAYEHL OIS
BUBHAYEHHS DIBHIB CePUO3HOCMI CUMNMOMIB, BUSHAYEHHS PeKOMeHOayil, 0e CUcmemMa asmoMamuyHo 2eHepye
peKomeHOayii Ha OCHOBI OYIHKU NPAsU,; Gi3yanizayis pYHKYIll HaledcHOCmi yepes nooyoosy epagikie @yHkyii
HAAHCHOCIE 01 KOJICHO20 npasuna diachocmuku, 3D modeniosanns, wo exioyac cmeopenns 3D moodenei
¢opcynox 0ns 8i3yanizayii NOUKOOICEHUX KOMNOHEHMIE ma Nojleculelts npoyecy 0iacHOCMUKU.

Hacmynnum emanom 6ynro cmeopenusi popmanvro-nociynoi cmpykmypu npasui 0is  ioenmugixayii
HecnpasHocmetl (popcyHoK Ha 0cHOGI cumnmomie. Kooche 3 15 npagun oyinioe cumnmomu Ha OCHOGI 3a0aHUX
NOPO208UX 3HAYEHD.

Ha 3asepwianvnomy emani Oyno pospobneno npocpamuuti 3aci6 i3 QyHKYi€l0 HeYimKo20 GUCHOBKY Ol
nIOMpUMKYU RPUUHAMMSL pileHb onepamopa-mexatixa. Ilpozpamnutl 3acio6 agMoMamuyHo OYiHIOE CUMNMOMU
ma eenepyec pexomenoayii. Kpim moco, 6yno 6i3yanizo8ano (yHKYii HALENHCHOCMI Ol KOJNCHO20 NpASuld
O0IAZHOCMUKUY, WO NOJIe2ULy€ PO3YMIHHS Pe3yIbmamie ma 003608€ PO3POOHUKAM NOKPAUO8AMU Md SHYYKO
HARauwmogy8amu CUCmemy.

Excnepumenmu nokaszanu, wjo pospodnena cucmema O0036018€ 3HUUMU PUSUK HOMUIOK Ma RIOGUUUMU
epexmusnicms pemonmy gopcyrox. TecmyganHs noxkasano, wo weuoKicms onepayii npu pemormi oopcyHox
spocia na 22,5%. Cucmema asmomMamuyHo OYIHIOE CUMNMOMU MA 2eHepyE peKomeHoayii Ons Mexamika,
3a6e3neuyiouly C80EUACHe BUABNIEHHS HECNPABHOCME.

Cucmema 3abe3neuye onepamu@Hicmv Ma SHYYKICMb )Y GUKOPUCTNANHI, O0360NAI0YU MEXAHIKY BI3YaANbHO
i0enmudhixysamu nowKoox’ceni KoMnonenmu Qopcynox. Bnposadcenns inmenexmyanvhoi cucmemu cnpuse
SHUIICEHHIO PUSUKY ABAPTUHUX cumyayiil ma onmumizayii npoyecy pemoumy.

3anpononosani memoou modcymv Oymu aoanmosaui 01 OIAZHOCMUKU [HWMUX KOMROHEHMI8 CYOHOBUX
MEeXHIYHUX cucmem, wo GIOKPUBAE HOBL NePCNeKmusu 0/ ROOaLbux 0ocriodcers. Tlodanvui docniodicenHs
nepedbauaiome inmezpayilo 3 HWUMU CUCIEMAMU MOHIMOPUHZY MA YAPAGIIHHA CYOHOM, d MAKOMIC
PO3WUperHs (OYHKYIOHANy 01 OIaeHOCMUKY THIUUX KOMINOHEHMIE CYOHO8UX meXHiuHux cucmem. Ilnanyemocs
BNPOBAOICEHHST OUHAMIYHO2O GI00OPAdCEHHsT Npoyecie peMoHmy ma GIPMYAnrbHUX 3acobig O0NO0GHEHOT
peanvHocmi 071 ni0sULeHHs eheKmueHoCcmi ni020MmoeKY MexauiKis.

bi6n. 33, puc. 5.

Knrouosi cnosa: inmenekmyanvHa cucmema, nio8UWEHHs 20MOBHOCHI, ABMOMAMU3AYIA, PeMOHM (DOPCYHOK;
3D moolentoganua, mawluHHe HABUAHHA, OIASHOCMUKA HecnpagHocmel, be3neka MOpeniagcmed; pusuKu;
HeBU3HAYEHICMb.
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CUCTEMM NIITPUMKHU NPUMHATTA PILIEHb B CYJHOBO/IHHI:
CYUYACHUM CTAH TA NEPCIEKTUBU MOJAJBIIOIO PO3BUTKY

Benb A. Il., x.m.1., npoghecop, npopexmop 3 HAYK0B0-nedazo2iunoi pobomu XepcoHCbKoi
oepoicasnoi  mopcwbkoi  akademii, m. Xepcown, Vxpaina, e-mail: a_ben@i.ua,

ORCID: 0000-0002-9029-34809.

Cmamms npucesuena NUMAHHAM CMEOPEHH, 3ACMOCY8AHHA A PO3GUMKY CUCEM NIOMPUMKYU NPUUHAMMS
piwens (CIIIIP) y eanysi cyono800inHs. Posensanymo ocnosni nanpsimxu euxopucmanns CIIIIP ma cucmem
wmyunoeo iHmenekmy 6 mopcokutl eanysi. Ilposedeno knacugixayiro icuyiouux CIIIIP 'y eanysi
CYOHONNABCMBA, NOKA3AHO 0CObIUBOCMI N0OY008U Makux cucmem. Busnaueno kiacu npakmuunux 3a0ay, sKi
Modcyms Oymu yeniwino eupiweni i3 3acmocysannam CIIIIP. Pozenanymi memooono2iuni 0CHO8U CMEOPEHHSA
ma enposaoddicennss CIIIIP y cyonosodinni. [lokazarno, wo egpexmuene 3acmocysannss CIIIIP moocruse auuie
34 YMO8 2apMOHI308aHO20 pPO3GUMKY BCIX CKIA00BUX, WO 3a0e3neuyioms Nnpoyecu CHEOPEHHs,
3anpoeaodicenHs, po3GUMKY ma 600CKOHANEHHA makux cucmem — dcummesozo yukny CIIIIP. Pospobaeno
cmpyxkmypy socummesoeo yuxay CIIIIP ma 3anponorogani nioxoou 00 npakmuyHoi peanizayii KoJcHo20 3 11020
emanig. Busnaueni cneyugiuni pucu npoyecié npuiiHammsa piuleHb 8 CYOHOB800IHHI ma O0coOIUBOCHIE
cnputinammst  ingopmayii [ nputiHamms  piuieHb  cYOH0800iem. IIpoananizosano cmpyKkmypy Yukiy
iHhopmayitinoi 63aemooii ocobu, wo npuiimae piwennsi, ma CIIIIP, susnaueno tioco okpemi ¢pasu. Iloxazano
nepcnexkmugnicmes 3acmocyganus 6 CIIIIP modeni ocobu, wo npuiimae pilleHHs 3 Memor niO8UUeHHs
epexmusHocmi npoyecia iHpopmayitnozo 0ominy. Buseieno xono npobremuux numats, wo SUHUKAIOMb NPU
npaxmuunomy enpogaodicenti CIIIIP 6 cyOHOB0OIHHI mMa GUSHAYEHI WUISIXU IX MOJNCIUBO2O GUDIULEHHSL.
3anpononosani  nioxoou 0o nokpawenus npoyecie cmeopenns ma 3acmocyeanus CIHIIP na npaxmuyi.
Busnaueno npiopumemni nanpsmxu euxopucmannsa CIIIIP ma cucmem wmyuno2o inmenekmy 8 cyOHOB00IHHI
ma nepcneKmusU ix no0aIbUO20 PO3GUMKY.

Kntouosi cnosa: cucmemu niompumku npUiiHAMms piiens, cyOHO800IHHA, WMYYHUI IHMeNeKm,; Memooo02is
CMBOPEHHs,; HCUMMEBULL YUKIL, TOOCbKULL hakmop, be3nexa cyOHONIA8CMEd.

DOI: 10.33815/2313-4763.2024.1.28.152-162

Beryn. CrpiMKuii pO3BUTOK CydyacHMX 1H(GOpMAIIfHUX TEXHOJOTH ICTOTHO BILIMHYB
MPAKTUYHO HA yCl Tally31 HAYKU 1 IPOMHUCIOBOCTI, 3a0€3MeUyr0un iX BUX1] Ha MIPUHIIUIIOBO HOBUMA
TEXHOJOTIYHUH 11abenb. ['any3b Cy/HOBOJIHHS HE CTajla BUKIIOYEHHSM, IPO 110 MOXE CBIIYUTH
IHTEHCUBHHUI PO3BUTOK 3acO01B €JIEKTPOHHOI HaBiraumii Ta aBTOMaTH30BaHUX CHCTEM KepyBaHHS
PYXOM CyJHa Ta 3arajJbHOCYJHOBUMH CHCTEMaMHM, SIKUH BiOyBAa€ThCS MPOTATOM OCTaHHIX JIBOX
necaTiiTh. OKpeMUM Ba)KJIMBUM HAIPSIMOM 3alpOBa/KEHHS HOBITHIX 1H(OpMaLIHHUX TEXHOJIOT1N
y CyJIHOBOJIiIHHI IOCTa€ CTBOPEHHS CUCTEM MiATPUMKH NpUiHATTA pimens (CIIIP) cyanoBomis.

BaxJMBOrO CKIIQJI0BOO TTOJANBIIOTO BIOCKOHAJICHHS Ta YCIIIIHOTO 3aIPOBAHKEHHS TaKUX
CHCTEM € BU3HAYEHHS METOJOJIOTIYHUX OCHOB iX MOOYJIOBH, MEPCIEKTUBHUX HANPSMKIB PO3BUTKY
Ta TMPOOJIEMHUX THTaHb MPAKTUYHOTO 3aCTOCYBAaHHS B CyYaCHHX YMOBAax, IO 1 CTall0 METOIO
JAHOTO JTOCIIIPKEHHS.

IlocTanoBka npodaemu. Egextusne 3actocyBanns CIIIIP y cyaHOBOAIHHI MOXKIIMBE JIUILIE
32 YMOB I'apMOHI30BaHOT'O PO3BUTKY 0aratboX CKJIaJ0BHUX, L0 3a0€3MeUyI0Th MPOLECH CTBOPEHHS,
3ampOBaDKEHHS, PO3BUTKY Ta BJOCKOHAJICHHS TaKUX CUCTeM (Tak 3BaHuM >kutTeBuil nukin CIITIP).
BrockoHasieHHsT BuIl€3a3HAuY€HUX TMPOLECIB, y CBOIO 4Yepry, norpedye BH3HAUEHHS HU3KU
MpoOJIEMHUX NMHUTaHb, 110 BUHUKAIOTh MPHU JOCHIDKEHHI Ta mpaktuyHoMy 3actocyBanH1 CIIIIP 1
HUISAXIB 1X €()eKTUBHOTO BUPIIIEHHS.

AHaJi3 ocTaHHIX JociaigxkeHb Ta nyoOJuaikauniil. [IuTaHHs CTBOpPEHHS Ta BHUKOPHCTAHHSA
CIIIIP y cymHOBOAIHHI TOKJIAIHO PO3TISHYTO B HU3II POOIT BITUM3HSIHUX Ta 3apyOKHUX aBTOPIB
[1-19]. Xoua nepuri 3rajki Mpo €KCHEepPTHI CUCTEMHU B CYJTHOBO/IIHHI OepyTh CBiif o4aTok 3 80-x
pokiB XX-ctr. [20-22], cmig 3a3HauuWTH, IO peadbHe NpakTudHe 3actocyBanHs CIIIIP y
CYTHOBOJIIHHI Ta TPOBEICHHS HAyKOBHX JOCTI/DKEHb Y Mil Tramy3i po3MoYajocs Ha I0YaTKy
XXl-cT. 3a3HaueHi oOcTaBUHM OyinM, OOyMOBJEHI, MEpIl 3a BCE IHTEHCHUBHUM pPO3BUTKOM Ta
BIIPOBA/DKEHHIM CydYacHHX iH(POpPMamiiHUX TEXHOJOTiH B yciX cdepax MisIIBHOCTI JIIOICTBA.
[Iupoke 3ampoBa/KeHHS 3ac00iB €ICKTPOHHOI HaBirailii, Ta mosBa kouremniii E-Navigation [2],
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MPU3BEJIO JO0 BIPOBAKEHHSI IHTEIPOBAHUX CHUCTEM Xoj0Boro Mictka [3, 4], 1 o0ymoBuiIO
HEOOXIAHICTh CTBOPEHHS Cy4YaCHHX aBTOMATH30BAHMX CHUCTEM KEpyBaHHS PyXOM CynHa. Takum
YMHOM, BHHHKJIAa mnpobnema crTBopeHHs CIIIIP 3 kepyBaHHS mpoliecaMu pO3XOKEHHS,
MaHEeBPYBaHHS Ta 3arallbHOTO TJIaHyBaHHS PyXy.

BaxmBUMH TUTaHHAMHU TMOCTAIH TpoOieMu BHOOPY ONTHUMAIBHUX MapIIPYTiB CyACH 3
MO3UIlIA MiHIMi3allil BUTpaT manuBa Ta 3a0e3meueHHs Oe3neku mepeBe3eHb [5—12], mobyaoBu
JOTiICTUYHHX JIAHIIOXKKIB TPAHCTIOPTYBaHHS TOBApiB, CKIIAJaHHSI ONTHMAaJIbHUX BAaHTAKHUX TUIAHIB
CyJeH-KOHTeHHepoBo3iB [13] Ta KepyBaHHS BaHTAXHUMH OINEpalissMU IpU [EPEBE3CHHI
BEJIMKOBAroBUX, HETa0apUTHUX, Ta HEOE3MEYHUX BAaHTAXIB, TOHO [23, 24]. OkpeMHM HampSIMOM
JUIS TEOPEeTUYHMX JOCHI[DKEHb Ta MPAKTUYHUX HAMpaIIOBaHb CTal0 pPO3B’S3aHHS TMHTaHb,
OB’ SI3aHUX 3 ONTHUMI3aIi€l0 pOOOTH MOPTOBUX TePMiHAIIB Ta iH(ppacTpykTypu moptis [25, 26].

Benuxuit xmac 3amau s CIIIIP y cyaHomnaBcTBI cOpMyBaliM TakoX MpoOsieMu
KepyBaHHS pU3MKaMH B Tajy3i, a caMme: CTpaxyBaHHS CyJE€H Ta BaHTaXy, KepyBaHHS
(bpaxTyBaHHIM, PO3PaXyHOK PiBHS PU3MKIB MOPCHKUX IEpeBe3eHb [27], areHTyBaHHS Ta OepOOyT-
qapTepy CyJeH.

Cnig 3a3HauMTH, 10 aKTHBHUM PO3BUTOK Ta mpakTuuHe 3actocyBanHs CIIIP y ramysi
CYIHOIUTaBCTBA, OOYMOBHJIO TaKOX IMOSIBY HU3KH BAXKIMBUX IMHUTaHb, IO MOTPEOYIOTH HArajabHOTO
BupimenHs. [lepmr 3a Bce ciin choKycyBaTu yBary Ha BAHUKHEHHS HacTymHux Bumor a0 CIIIIP:

— 30UIbIIEHHA KIIBKOCTI 1H(GOpMaUIWHUX JJKepesl Ta IHTEHCUBHOCTI 1H(OpMaLiiHUX
MIOTOKIB 3 IKUMH JIOBOJMTHCS MaTH CIpaBy ocodam, 1o npuiiMarots pitenns (OI1P);

— MIJBUIICHHS 3arajlbHUX BUMOT JI0 ONEPaTHUBHOCTI 1 CBOEYACHOCTI TNPUUHATTS pIllIEHb B
yMOBaX BUCOKOTO PiBHS BiJIMOBIAATLHOCTI 32 TX HACIHIIKHU;

— noTpeda MaKCHMaIbHOI'O 3MEHILIEHHS PIBHS Cy0 €KTUBHOCTI OLIHKU CUTYallii;

— 32 MOXKJIMBICTIO, MAaKCUMaJIbHE 3MEHIICHHS BIUIMBY TaK 3BaHOTO JIIOACHKOTO (akTopy [28—
30] Ha mpouecu NpURHATTS PilLIEHb.

Merta Ta 3agaui jgocailzkeHHsA. MeETOI JOCTIDKEHHS € BU3HAUYEHHS METOIOJIOTTYHHX
ocHoB 1modynoBu CIIIIP y cyqHOBOMIHHI, MEPCIIEKTUBHUX HANPSMKIB PO3BUTKY Ta MPOOJIEMHHX
MUTaHb IX MPAKTUYHOTO 3aCTOCYBAHHS B Cy4YaCHUX yMOBaX.

O6’extom nocmimkenas € CIIIIP y cynnoBoxinni. IlpenMeToM MOCHiKEHHS €
METOJIOJIOTIYHI OCHOBH CTBOPEHHSA, PO3BUTKY Ta mpakTuyHoro 3actocyBanHs  CIIIP vy
CYTHOBO/TiHHI.

JIoCATHEHHST TIOCTaBJIEHOT METH JIOCHTI/DKCHHS OOYMOBIIIOE HEOOXIHICTh BHPIIMICHHS
HACTYIHHX 3a/1a4:

1. Bu3HauuTu MpiOpPUTETHI HANPSMH 3aCTOCYBaHHSA CUCTeM mTy4Horo iHrenekty (LLII) Ta
CIIIIP y cy1HOBOIHHI.

2. IlobynyBatu ctpyktypy xkutteBoro nukiy CIIIIP y cyaHoBomiHHI Ta 3’sCyBaTH
0COOJIMBOCTI MPAKTUIHOI peatizaiii HOoro OKpeMHUX eTalliB.

3. 3amporoHyBaTH HOBI IIUIIXH PO3BUTKY Ta BrockoHaneHHs CIITIP cynHoBomis.

4. BuzHauntu mpioputeTHi Hampsimku 3amnpoBajpkeHHs CIINIP ta cuctem I B
CYJTHOBO/IIHH1 Ta MEPCHEKTUBYU MOJANBIINX HAYKOBUX JOCIIIKEHb.

Bukian ocHoBHOro marepiany. I[CTOTHE WiABUINIEHHS IIBUAKOJII CydacHUX 3aco0iB
OOYHCTIOBAIBHOI TEXHIKM Ta I1HTEHCUBHHMM PO3BUTOK HOBITHIX 1H(GOpMAIliHHUX TEXHOJIOTIH,
CTPUSUIN ICTOTHOMY posuirpeHHro cep 3actocyBanus sk CIITIP taxk i B3aramni cuctem LI

Cepen OCHOBHUX HAmpsIMiB, 32 SKUMH 3I1HCHIOETHCS BIPOBAIKEHHSI TaKUX CHCTEM, CIIiJ
3a3HayuTy [1]:

— aBTOHOMHI CyJIHAa Ta CUCTEMHU aBTOHOMHO{ HaBirarii;

— CIIIIP 3 xepyBaHHsSI PyXOM CyJEH y CKIQIHUX HaBITAIlIfHMX YMOBax Ta 3a HAsSBHOCTI
(haKkTOpiB PU3HKY;

— TEeXHIYHA J1arHOCTHKA Ta MPOTHO3YBAaHHS BiJIMOB CYyIHOBOTO OOJIaJHAHHS;

— EHEPreTUYHHI MEHEKMEHT MPOIIECiB eKCILTyaTallii CyJHOBUX €HEPreTUYHUX YCTaHOBOK
Ta eJIEKTPOOOIIaIHAHHS,
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— KEpyBaHHS BaHTQXHHMHU OIEpalliiMd KOHTECHHEPOBO3IB Ta CYyJAEH, IO MEPEBO3SATH
HeraOapHuTHI 1 BETUKOBAroBi BaHTaXi;

— TIJIaHyBaHHS e(peKTUBHOI poOOTH MOPTOBOI 1HYPACTPYKTYpH Ta MOPTOBUX TEPMIHAIIIB;

— palioHaJbHe IUIAHYBaHHS MapLIPyTiB pyXy CYJEH Ta YHpPaBIiHHA JIOTICTUKOIO MOPCHKHUX

HIepEeBE3CHb.

besymoBHoO, cdepa 3actocyBanHsa came CIIIIP y Mopchkiii ramysi Jemo By’ 4a, HiXK CHCTEM
I B3arauni, mpoTe BOHA TAKOX JIOBOJII LIMPOKA 1 OXOIUIIOE MPaKTUYHO yci Hampsimu. Ha mincrasi
IPYHTOBHOTO aHali3y HU3KH HaykoBux poOiT [1-19, 23-30] Oyno moOymoBaHO y3arajibHEHY
kiacudikamiro HanpsaMmis 3actocyBaHHs CIIIIP y cynHomuiaBcTBi, sika HaBesleHa Ha puc. 1.
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Pucynoxk 1 — Kimacudixkamist HanpsmMkiB 3actocyBaras CIIIIP B ramysi cyqHomaBcTsa

Crin 3a3HaunTH, M0 X04a cnenrdika po3pooku CIIIP 3a koXHMM i3 3a3HAUYEHUX HAIPSIMKIB 1
Ma€ TIEeBHI BIJIMIHHOCTI, OJHAK JJIA Taly3l CYJHOBOJIHHS MOKHAa BH3HAYUTH TEBHY y3arajibHEHY
METOJIOJIOTIF0 CTBOPEHHS Ta BIPOBAPKCHHS TaKWX CHUCTEM. 3a3HaueHa METOoJIoris moOyaoBu
CIIITP o6yMoBIIO€ HEOOXITHICTD MOCITIIOBHOTO BUKOHAHHS HACTYTHUX €TaITiB:

— BHU3HAYCHHA Ta aHalli3 0COOIMBOCTEN MPEIMETHOI ramy3i;

— aHaJIi3 nmpoueciB popMyBaHHS Ta NIPUHHATTS PIlIEHb CYHOBOJIIEM;

¢dbopmyBanHs 6a3ucHuX npuHLumiB nodyaosu CIIIP cyaHoBoxis;

BHU3HAUEHHS 0COOJIMBOCTEN MIATPUMKH MPUHHATTS PILIEeHb Y CYIHOBOIIHHI;

— BH3HAYeHHs KOJIa MPUKJIAIHUX 3a/a4, AKi Oy yTh BUpILTYBaTUCh 3a Jornomororo CIIIIP;

34CTOCYBAHHA;

cTBopeHHs1 nociigHoro 3paska CIIIIP Ta ananmi3 edekTHMBHOCTI HOTO MPAaKTHUYHOTO

— wmoaudikairis Ta BJOCKOHAJIEHHS BIAMOBIIHO 3 TOCBIIOM MPAKTUYHOTO 3aCTOCYBAHHS;

— BIIPOBAKEHHS Ta cepTudikatis (y pa3i He0OXiIHOCTI).

BiamoBigHo 10 BUIE3a3HAYCHUX €TamiB OyJI0 MOOYAOBAHO CTPYKTYpPY KHUTTEBOTO ITUKITY
CIIITP y ramy3i CyTHOBOAIHHS, sIKa HaBEJIeHA Ha pHC. 2.

154810 DYOpUKuU 6KI0UEHO cmammi 3a memMamuyHolo cnpamosanicmio « Cyonoeo0innusa ma enepzemuxa cyoemny
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Pucynox 2 — Xutresuit muxn CIIIP y cymnoBominH

3riZiHO 3 MEepIIMM eTaroM HeoOX1IHO BPaxOBYBaTH, 110 OCOOIMBOCTIIMU MPEIMETHOT Talys3i,
110 PO3TIIBIIAETHCS, € HacTymHi [15]:

— HasBHICTh CTOXaCTUYHMX Ta HETEPMIHOBAaHUX (DaKTOPiB BIUIMBY HA MPOIECH KEePyBaHHS
PYXOM Cy[IHa;

— HasBHICTH (DAaKTOPIB HEBU3HAYEHOCTI Ta HETTOBHOTH BUXIJHUX JIaHUX CTOCOBHO CHUTYaIlii,
IO PO3TIISIAI0THCS;

— HasBHICTh YaCOBUX OOMEXEHb Ha MPOIIECH Ha MPOLIECH BBEIEHHS, aHali3y iH(popMarlii Ta
(hopMyBaHHS YIIPaBIIHCHKUX PIlIE€Hb;

— HEeOOXiJHICTh KOMIUIEKCHOTO BpaxyBaHHs 30BHIIIHIX 30ypeHb Ha MPOLECH NMPUHHATTS
pilieHb, 10 00yMOBIIEH] BIUTMBOM HAaBKOJMIIIHBOTO CEPEOBHIIA;

— HasgBHICTH (pakTOpy CyO’ €KTHBHOCTI CyMKeHb 0coOH, 10 npuitmae pimenHs (OITP), mo
00yMOBJIEHO HasBHUMHU B Hel cTepeoTunaMu (pOpMyBaHHS YNPABIIHCHKUX DIIEHb JJISl MEBHUX
CUTYaIlii;

— 1CTOTHMI BIUIMB HA MPUNHATTS pillleHb ncuxodizionoriunoro crany OIIP;

— 000B’s3KOBa BIAMOBITHICTh PIIIEHB, 1[0 TPUIMAIOTHCS, BUMOTaM YHHHHUX MIKHAPOJIHUX
HOPMATHUBHUX JJOKYMEHTIB, 110 PETIAMEHTYIOTh AiSUTBHICT y Taily3i CyHOIIaBCTBA;
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— vy Bumaaky 3acrocyBanHs CIIIIP y cdepi 3amoOiranHs 3iTKHEHHS CYZAEH, clij Opatu a0
yBaru, MI0 MPOLECH MPUHHATTSA pIillleHb IIOAO iX PO3XOKEHHS MAalTh PO3MOJUICHUN 1
KOOTICpAaTUBHUH XapaKTep 3a YMOB IUICCIPSIMOBAHOI TMOBEMIHKU BCIX yYaCHUKIB HaBIrariiHoi
CUTYaIlii.

3a3Ha4eHi 0COOJIMBOCTI MPEJAMETHOI rary3i BUMararoTh KOMOIHOBAaHOTO 3aCTOCYBaHHS BIJIOMHUX
MaTeMaTHYHUX METO/IiB KepYBaHHs y MOEAHAHHI 3 MojaessiMu 1 Mmetomamu LTI [14].

Hactynmaumu, He MEHI BaXIMBHMHU CKJIAIOBUMH JKUTTEBOTO Iukiy ctBopenHs CIIIIP e
BU3HAYECHHS OCOOJIMBOCTEH MIATPUMKH HPUNHATTS pillleHb y CYJHOBOJIHHI Ta aHali3 MPOLECIB
(hopMyBaHHS 1 NIPUHHATTS pilleHb cyAHOBoAIeEM. Ciil BpaXxOByBaTH, 10 IPU MPUUHSTTI PilIEHHS,
CYJIHOBOJII{ 3a3BUYall KepYy€eThCs HUKUEHaBeIeHUMHU ITpaBuiamu [15]:

1. Ilix yac 3a1iiCHEHHS aHaJi3y CHUTYyallii, 110 CKJajacs, CyJHOBOIN MiJCBIIOMO OI[IHIOE
JMHAMIKy HaBIraliifHUX MapaMmeTpiB, 3/1HCHIOIOUM NMPOTHO3YBaHHs iX 3MiH y yaci i popmyroun,
TaKMM YMHOM, HaBIralliifHy CUTYyaIlito, [0 MAaTUME MICIe Y MallOyTHbOMY.

2. 3a cupusATIMBUX YMOB (BIZICYTHICTh BTOMHU, HECKJIQJHA CUTYALlisl BUOOPY pIIIEHHS, CTAIH
(akTopu BIIMBY 30BHIIIHBOTO CEpPEIOBMINA) CYAHOBOAIM 3/1aTHUN CAaMOCTIHHO JoJaTH (PakTopu
HETOYHOCTI Ta HEMOBHOTU BMXIJHUX JAHUX, Ta IIBUIKO NpUHAMATH BipHE pIlIEHHS, CHMPAIOYHUChH
JMILE HA HasIBHUM JTOCBI.

3. 3a HeCIPUATIMBUX YMOB, CYyAHOBO/IiH MiJICBIAOMO 3[IIHCHIOE «OrpyOIeHH» CUTYyallil, 10
CKJIaJacsl, aHaJI3yIOuH JIMIIE TIeBHY KIJIbKICTh, «HAMOUIBIN BAKIMBUX», 3 HOTO CY0’€KTUBHOI TOUKH
30py, HapaMeTpiB 3 METOO OUIBII MIBUAKOTO YXBaJICHHS PillICHHS.

4. CynnoBojii 3a3Budvail popmye st cede MOXKIMBUN CIIEHAPiil PO3BUTKY MOMAIBIINX 1A
CIMPAIYUCh HA BIACHUN JTOCBIJl MPUUHATTS PillIeHb Y MOAIOHUX CUTYaLisX, SIKIIIO BOHHU BXE Mallld
MiCLIe B MMHYJIOMY, IIPOT€ HE 3aBXAM MOJIOHI ClieHapil € KOPEeKTHUMHU 1 JIOCTOBIPHUMHU, W10, SIK
HACJIiJIOK, IPU3BOAMTH 10 NPUHHATTSA HUM CY0’€KTUBHUX PillICHb.

5. CyaHOBOAIM MOCTIMHO OLIHIOE PIBEHb [OCSITHEHHS HHUM IIOCTABJIEHUX pPE3yJIbTaTIB
KEepyBaHHS, IO 3aBXIU CYNPOBOKYETHCS NEBHUM pIBHEM EMOLIHHOIO BIIUYTTS YCIiXy abo
TPUBOTH B 3AJIEXKHOCTI BiJl CKJIIAJJHOCTI CUTYaIlil, IKa Ma€ Micle.

Came BwuIIe3a3HA4YCHI OCOOJMBOCTI y TMO€AHAHHI 3 TOCTIHHUM 30LIBIICHHSAM OOCSTIB
iHpopMmaii, mo norpedye ornepaTuBHOI 0OPOOKH, 1 € MEPIIOYSPrOBUMH YHUHHUKAMUA BHHUKHEHHS
TaKOTO SBUIIA, K JTIOJACHKUN (akTop. MOXKIMBI NUISIXU HOTO MOAONAHHS JOKJIATHO PO3TISHYTO Y
pobotax [14-16, 28-30].

3 METO 3MEHIICHHS HETaTUBHOTO BIUIUBY JIOACHKOrO (akTopy, Ta MiABUILEHHS
epextuBHOCTI B3aemoxii CIIIIP i3 cynHOBOJiEM y MHiJOMy, JOIIBHO BPaXxOBYBAaTH CTPYKTYpPY
nporieciB iHpopMmariitHoro oOMiny, ta 3actocoByBatu B CIIIIP inTerpoBany mozens OIIP, a6o
CYIHOBOMIA. Y TakoMy BHIAJIKy MpPOIEC B3a€MOJIl PO3IIANAETHCA Yy BHIVIALI O€3MEpepBHOTO
JIAHITIOKKA TIOCIIIIOBHUX ITMKIIIB, 11O HaBeleHI Ha puc. 3. be3nmocepenubo Uk iHGOpMaIiitHOT
CKIamaeTbcss 3 4YOTHPhOX (a3: «Cr—Iy»—«B»—«A» («Cunres», «llomanusy, «B3aemomisy,
«Anamizy).

[Tix yac umkiy iHpopmaniiinoi B3aemonii CIIIIP 3acTocoBye Momenb CyAHOBOIIS 3 METOIO
BU3HAYEHHS TMPIOPUTETHOCTI pO3B’S3aHHA 3a7ad, M0 BUPIMIYIOTHCSA, BHU3HAUYEHHS (GopMU
Bi3yautizanii BUXITHUX JaHUX Ta 3MicTy iHpopMmaniiHux noBigomienb. OxnouacHo B CIITIP Takox
3MIMCHIOETHCA HAKOTMYCHHS iH(OpMaIlii mpo aii CyTHOBOMIS, SKa B MOJAJBIIOMY 3aCTOCOBYETHCS
JUTSL yTOYHEHHSI HOTO MOJIETI.

Hassnicts Mmoaeni OIIP no3Bossie 3HM3UTH piBeHB iHPOpMaLiifHOTO HaBaHTaxeHHs Ha OITP
Ta MIJBUIIWTH IIBUAKICTH TporeciB oOMiHy iHpopmarieto. BumieBkazane HaOyBae 0COOIUBO
BaYXJIMBOTO 3HAUEHHS 32 YMOB IPUUHATTS PillIeHb Y KPUTHUHUX CUTYAIlisIX Ta HASBHOCTI OOMEXEeHb
gacy Ha iX (QOpMyBaHHS Ta MpPaKTUYHY pearizamio. J[okimamHo 0oCOOIMBOCTI MPAKTUIHOTO
3aMpoBaKEHHS 3a3HAYEHOT0 MiAX0Ay PO3rIAHYTI y poooTi [29].

/o pyopuku exnioueno cmammi 3a memamuunor cnpamosanicmio « Cyonoeo0inHa ma eHepezemuKa cyoemny
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Pucynok 3 — Luxun indopmaniitHoi B3aemonuii cymaoBoxis 3 CIITIP

be3symoBHO mnpoOsema 3HM)KEHHS BIUIUBY JIIOJCHKOTO (AKTOpy € OJHIEI0 3 HaWOLIbII
BaxxuBuX y ranysi crBopennst CIIIIP, mpote, pa3om 3 TuM, CIiJl 3a3HAYUTH, 11O BIPOBAHKECHHS
CIIIIP y cyTHOBOJIHHI TaKOK CTHUKAETHCS 3 HU3KOIO 1 ITHIIMX MPOOJIEMHUX MUTaHb, cepel HalOLIbIII
3HAUYIIUX 3 SIKUX CIIi] BKa3aTH HACTYIIHI:

— CKJAQAHICTh CepTH(IKOBAHOI TEXHIYHOI IHTErpaii 3 ICHYIOUMMH HaBITallliHUMU
cUcTeMaMH Ta CHCTEMaMU KepyBaHHs Cy/IHOBUMHU TEXHIYHUMH 3aC00aMU;

— HEOOX1HICTh TapMoHi3auii pimensb, npuiHaTHX CIIIIP 3 HopMaTHBHOIO MPaBOBOIO 0a3010
y cdepi Mopchbkoro cymHoruiaBctBa, mepm 3a Bce MIIII3C-72, ¢opmanizaiis sSKUX 1CTOTHO
yCKJIaJJHEHa BHACIIIIOK HEMTOBHOI JIETEPMIHOBAHOCTI;

— IOPUJIMYHO-TIPABOBI ACHEKTH BIAMOBIIATBHOCTI 3a HACTIIKM KEpyBaHHS PYyXOM CyIHa
3T1JIHO HOPM YUHHOTO 3aKOHOJABCTBA Yy c(hepl MOPETIIaBCTBA;

— 1HEepPTHICTh MHCJICHHS OCI0 KOMaHIHOTO CKJIaJy CYJEH 13 3alpoBa/)KCHHS HOBAIlli Ta
MOOOIOBaHHS BTPAaTH POOOYMX MICIh BHACTIJIOK TIJBUINEHHS PIBHA aBTOMAaTH3allli CHCTEM
KepyBaHHS CYIHOM.

He3Baxaroun Ha BuIIe3a3HaueHi mnpoOiemu, npaktuyHe BrposampkeHHs CIIIP vy
CYJIHOBO/IIHHI TPO/IOBXKY€ETHCS 1 aKTUBHO PO3BUBAETHCA. B yMOBax, 110 CKJIaIUCS, MPIOPUTETHUMHI
HanpsiMKamu € [1]:

— crBopenHs CIIIIP cymHOBOis, 10 T030J9Th 3MIMCHIOBATH KEPYBaHHS PYyXOM CYJICH Yy
CKJIQ/THAX HABITAlIMHUX CUTYAIISIX Y PEXKUMI PEATBHOTO Yacy;

— MOJANBIINKA PO3BUTOK 1 BIOCKOHAJICHHS CUCTEM aBTOMATHYHOI Bi3yaJbHOI imeHTHUdIKaIliT
pyxoMux 00’€KTiB (MAIIMHHHN 3ip), 0COOIHMBO B CKJIAJHUX YMOBaX CIOCTEPEKEHHs, 32 HasBHOCTI
30BHIIIHIX 3aBaJ;

— PO3BHUTOK MOJIENIel 1 METO/IiB KOOPAMHAIIT KOJIEKTUBHOI MOBEIIHKH aBTOHOMHHUX CyJieH (Y
TOMY YHCIIi Y BiiiCbKOBI# cepi);

— IUTAHyBaHHS MapIIPYTIiB PyXy CYJEH Y BiIIOBITHOCTI A0 MOTOJHUX YMOB Ta iX aJalTHBHE
KOperyBaHHS;
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— pamioHalbHEe KepyBaHHS TPa(iKoM MOPCHKUX CyZIEH Y BY3bKOCTSIX Ta 30HAX IHTEHCHBHOTO
MOpEIIaBCTBA.

MoxIMBO, CTPIMKHI PO3BHTOK CydacHHX iH()OpPMAIIIfHUX TEXHOJOTIH 1 Cy/JHOIUIaBCTBA B
LUIOMY CHPHUATHME ICTOTHOMY PpO3IIMPEHHIO BHILE3a3HAYEHOTO IMEpelliKy, aje 3 BIEBHEHICTIO
MOXKHa KOHCTaTyBaTH, OO0 4YacTKa (QYHKIIH Ta 3agad KepyBaHHA, SKi B MaiOyTHbOMY
BukoHyBaTUMyThcst CIIIIP a6o moBHicTio aBToHOMHUMH cucTtemamu 3 LI, 6yae numie moctiiHo
3pOCTaTH.

BucHoBKH. 3 METOIO NiABUIIEHHS €(EKTUBHOCTI MPOEKTYBAHHS, CTBOPEHHS, TECTYBAaHHS Ta
npaktuuHoro 3amnpoBakeHHs CIIIIP Tta cuctem LI B ramy3i CyaHOBOMIHHS, TPOIOHYETHCS
3MIMCHIOBATM BHUKOHAHHA BKa3aHMX €TaliB 3 YypaxyBaHHSIM CTPYKTYpPH 3alpOIIOHOBAHOI'O
xutteBoro mukimy CIIIIP Ta ocobGiamBocTelt mporeciB B3aeMOAIl TaKMX CHCTEM 3 TEXHIYHUMH
3acobamu Ta Ge3nocepenHbo OIIP. Takum unHOM Oyjae CKOPOYEHO BUTPATH yacy, HEOOXilHI Ha
peanizaiilo BHILE3a3HAYEHUX €TamiB, LI0 CHPUATUME MIJBULICHHIO $KOCTI MpPOTrpaMHHUX Ta
amapaTHHX 3ac00iB, SIKi CTBOPIOIOTHCS. BpaxyBaHHs cTpyKTypH npolecy iHpopMaliifHoro ooMiny 3
CIIIIP Takox 3abe3neunTh MOJINIIEHHS yMOB iH(opmauiiiHoi B3aemonii 3 OIIP i, sk Haciiiok,
MO3UTHUBHO BIIMHE HAa HAJIMHICTh Ta €()EeKTUBHICTH (DYHKIIIOHYBAHHS TAKHX CHCTEM B LIIJIOMY.

IlepcnexkTuBM NoaaJbLMIMX J0CTaiKeHb. [IpoBeeH1 JOCTiKEeHHs T0Ka3alu He0OX1AHICTh
ylockoHaneHHs 1 mnopanbiioro po3Butky CIIIIP Tta cuctem III B ramysi cyIHOBOAIHHS.
[lepcieKTUBHUM HampsIMOM MOAAJBIIMX HAYKOBUX [JOCHIDKEHb CTaHe TpaHcopmalis Ta
MIEPEHECEHHs] HAasBHUX TEOPETUYHUX Ta MPAKTUYHUX HAINpALIOBaHb, L0 BXXE OTPUMAaHI B ramysi
ctBopenHst CIIIIP y cyanoBoxinHi, y chepy po3pobku cuctem LI ans kepyBaHHS poOOTOIO
0e3eKiNaKHUX Ta AaBTOHOMHHMX MOPCBKHUX CyJaeH. OKpeMuUM BaXJIMBUM HaNpsSMOM CTaHe
JNOCHIPKEHHST NHUTaHb, IOB’S3aHUX 3 KOOPAMHALIEID CHUIBHUX /i Ta [UIECHPSIMOBAHOIO
MOBEIIHKOIO TAaKUX CYyJI€H JJIsl BUPIIIEHHS MOCTABICHUX 3a/1a4.
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Ben A. P. DECISION SUPPORT SYSTEMS IN NAVIGATION: CURRENT STATE AND PROSPECTS
FOR FURTHER DEVELOPMENT

The article is devoted to issues of creation, application and development of decision support systems (DSS) in
the field of shipping. The main areas of use of DSS and artificial intelligence systems in the maritime industry
are considered. The classification of existing DSS in the field is carried out, the peculiarities of the
construction of such systems are shown. The classes of practical problems that can be successfully solved with
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the use of DSS are defined. The methodological foundations of the creation and implementation of DSS in
navigation are considered. It is shown that the effective application of the DSS is possible only under the
conditions of the harmonized development of all components that ensure the processes of creation,
introduction, development and improvement of such systems - the life cycle of the DSS. The structure of the
DSS life cycle was developed and approaches to the practical implementation of each of its stages were
proposed. The specific features of decision-making processes in navigation and the features of information
perception and decision-making by the shipmaster are determined. The structure of the cycle of information
interaction of the decision-maker and the DSS was analyzed, and its separate phases were determined. The
perspective of using the model of a decision-maker in the DSS is shown in order to increase the efficiency of
information exchange processes. A number of problematic issues that arise during the practical
implementation of the DSS in navigation are identified and the ways of their possible solution are determined.
Approaches to improving the processes of creation and application of DSS in practice have been proposed.
The priority directions for the use of DSS and artificial intelligence systems in ship navigation and the
prospects for their further development have been determined.

Key words: decision support systems; navigation; artificial intelligence; creation methodology; life cycle;
human factor; safety shipping.
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BUKOPUCTAHHA HAVIMIIKOBOI'O KEPYBAHHA
JJIA MIHIMIBALIIT EHEPI'OCITIO’KUBAHHA

Binuenko C. M., 0.m.u., doyeum, npoghecop Kageopu ynpasninHs cyOHOM, XepCOHCbKA

oepoicasna  Mopcbka — akademisi, M. Xepcow, Vrpaina, e-mail:  srz56@ukr.net,
ORCID: 0000-0001-5012-5029.

Iumanns 3meHwlenHs eHep2OCnOoNCUBANHA HA CYOHAX, 4 MAKOXC NO6 A3aMi 3 YUM NUMAHHA CKOPOYEHMS
BUKUOIE MA NOKPAWEHHS CMAHY HABKOIUUWHLO20 cepedosuuja € ocoonueo akmyanvrumu. Lllnaxu eupivienna
YUux NUMaHs pisHi, aie HauYacmiule BUKOPUCHOBYIOMbCS KOHCMPYKMUGHI PilueHHs, 2i0pOOUHAMIYHI PilueHHs,
gimpuna abo cy4acHi cunogi YCMAaHOGKU. 3MEHUEHHS eHeP2OCNONCUBAHMS MAKOINC MOJICHA 00CAmuU 3d
PAXYHOK NPABUTbHO20 NIAHYBAHHS MAPUIPYMY, NCUXONI02IYHOI NI020MOBKY eKinasicy, agmomamusayii npoyecie
KepyeanHs pyxom. Y cmammi 3anponoHO8aHO Memoo MIHIMI3ayii eHepeoCnodNCUBAHHA 3d PAXYHOK
BUKOPUCMAHHA  HAOIUWKOB8020 Kepy8aHHua. Haonuwkoei cmpykmypu 6UKOHAGUUX HPUCHPOIE WUPOKO
BUKOPUCMOBYIOMbCA HA CYHACHUX CYOHAX, 30KpeMd, HA CYOHAX 3 OUHAMIYHOIO CUCEMOI0 NO3UYIOHYBAHHSL.
Tpaouyitine npusHaueHHA HAOTUWIKOBUX CMPYKMYP — 30iMbUieHHA HAOIHOCMI cucmemu Kepy8awHs HO
BUKOHABUUM NPUCIPOAM MA NIOBUWEHHS MAHE8POBUX MOXMCIUBOCHel CYOHA. 3anponoHoeanuil Memoo
BUKOPUCINOBYE HAABHT HA CYOHAX HAOTUWUKOGT CIMPYKMYPU we Ul 01 MiHiMizayii eumpam naiuga. Ompumanuii
Dpe3ynbmam NOACHIOEMbCS 3HAXOOICEHHAM ONMUMATLHUX KepPYy8aHb, WO MIHIMI3VIOMb eHepeOCnONCUBANHSL,
WILAXOM  SUDIUEHH 6 OOpMOBOMY OOYUCTIO8AY] ABMOMAMU308AHOT cucmemu onmumizayiinoi 3aoaui 3
MHIHUMU  Ma  HeNHIHUMU  OOMEJNCEeHHAMU HA Nnapamempu Kepy8awHs, SUKOPUCHAHHAM 3HAUOEHUX
ONMUMANbHUX Kepyeanb Oisl GUKOHaHHA onepayiu. Ilpayezoammuicme ma egexmugnicmes po3pobreHo2o
Memooy niomeepodicena mamemamuyHum mooentoganusim y cepeoosuusi MATLAB. Pezyromamu nposedenozo
eKCnepUMeHmy NOKA3AMU, WO SUKOPUCMAHHS PO3POOIEHO20 MemOOy 00380JIAE ZHUSUMU eHepeosUmMpamu Ha
(35-50)%. Ilpu yvomy, 000amroge HABAHMAICEHHS HA PO3PAXYHKOGUIL MAKm 60PmMo6020 06UUCII08aYad He
nepesuwye 25-50 mc, wjo cmanosums (2,5-5)% 6cvo20 HasanmaxceHHs.

Knrwouosi cnoga: inmenekmyanvHi mMpancnopmui cucmemu;, JIOOCbKUL YUHHUK, Hasieayitina 6e3nexa;
HAOMUWKOGI KepYBAHHSL, MIHIMI3AYis eHeP2OCNONCUBAHHS, YMOBHA ONMUMI3AYIsL.

DOI: 10.33815/2313-4763.2024.1.28.163-173

Beryn. IlutanHs miHiMiZalli €HEpProcroXKMBaHHSA Ha CyJHAX, a TAKOXK TOB’si3aHi 3 IUM
MUTAHHS CKOPOYEHHS BUKHIIB Ta MOKPAIICHHS CTaHy HAaBKOJMIIHHOTO CEPENIOBHINA € OCOOIMBO
akryaapHuMu [1]. I[lmsixm BupimieHHS IMX NUTaHb Pi3HI, aje HaWJacTile Id I[hOTro
BUKOPUCTOBYIOThCS KOHCTPYKTHBHI pimieHHs [2], rizpoauHamiuHi pimenHs [3], Bitpuna [4] abo
CydacHi cuiIoBi ycTtaHOBKH. OnTuMizallis pyxy Ta €KOHOMIs MajdruBa TaKOXX MOJXKIIMBI 3a paxyHOK
MPABWJIBHOTO IJIAaHYBAHHS MapIIPyTy, TICHXOJIOTIYHOI MIATOTOBKH €KIlMaXXy, BUKOPUCTAHHS CHCTEM
MIATPUMKH TPUWHATTSA pilleHb, €praTUYHUX Ta AaBTOMATHU30BAHHUX CHUCTEM 3 MOJIYJISIMU
aBTOMATHYHOTO KepyBaHH: [5—8]. DyHKIIT IIOJMHN B TAKUX CHCTEMaX 3BOASTHCS JIUIIE JI0 3aITyCKY
ABTOMAaTUYHOTO MOYJISl Ta KOHTPOIIIO 32 HOro poOOTOI0, 0 3HAYHO 3MEHIIY€E BIUIUB JIOJCHKOTO
YHHHUKA Ha MIPOIIECH KepyBaHHs, CIpUs€ 3MEHIIEHHIO KiJTbKOCTI aBapiii Ta karactpod Ha mopi [9].
OcTaHHIM dYacoMm, /A ONTHUMi3allii MpOLECiB KEepyBaHHS, BUKOPHCTOBYIOTHCS HAJIUIIKOBI
KepyBaHHS. Bimomi cmocoOM BUKOPUCTaHHS HAJUIMIIKOBOTO KEpPyBaHHS B  aBiamiiHIN
npomucioBocti [10], y 3BaproBasibHOMY BuUpoOHMITBI [11], Tomo. HammumkoBi kepyBaHHS
BUKOPUCTOBYIOTHCS TaKOX Ha CyYaCHHMX CY/IHAaX, HAIpPHUKJIaJl, OCHAIEHUX JTUHAMIYHOIO CHCTEMOIO
MO3UINIIOHYBaHHS: CyaHa 3a0e3neuenHs miatrgopm (PSV), cynna 3abe3nedyeHHss BOJOJMA3HUX POOIT
(DSV), 6ypoBi cyana, cyaHa JUisl MIPOKIJIAJKKA KaOelto Ta peMOHTY, CYAHA JUIS MPOKIAIKU TPYO,
3eMCHapsAM, KpaHoBi Oapki a0 KpaHOBI Cy/HA, CyJHa JJIA CKUAAHHS MOPOIH, MOOUTEHI MOPCHKI
Oypogi ycraHoBkr (MODU), 4OBHHKOBI TaHKEPH, MACAKUPCHKI, BINCHKOBO-MOPCHKi Cy/THA Ta iHIIII.
Jlo cuctem KepyBaHHS TaKUX CYJEH Mpea’ sIBISIOTHCS MABUIIICHI BUMOTH J0 HAaIIMHOCTI, TOYHOCTI 1
MaHeBpeHocTi. Jlns 3abe3nedeHHs LUX BHUMOI CyJHAa OCHAIIEHI BHCOKOTOYHHUMHM 3aco0aMu
BUMIpIOBaHHS abcomoTHoro (cucreMu DGPS) 1 BIAHOCHOrO TMOJIOKEHHS, HAJIMIIKOBUMU
CTPYKTYpaMU aKTHBHOTO KepyBaHHS Ta OOPTOBMMH OOYHMCIIOBAJIBLHUMHU MOTYyXHOCTsMH [12, 13].
HasiBHICTP HA/UIMIIKOBUX CTPYKTYp KEpyBaHHS JIO3BOJISI€ MiABUIIUTH HE TUIBKKM HAAIHHICTH Ta
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MaHEBpPOBI MOXJIMBOCTI CyJIeH, ajJlé i ONTHUMI3yBaTW TNPOLECH KEpPyBaHHS, 30KpeMa, 3MEHIIUTH
BUTPATH MaINBa, 30UTBIIMTH KEPYIOYi CHIIM 1 MOMEHTH, 3MEHILIUTH Yac HAa BUKOHAHHS OTepalii.

OO0'ekTOM JOCTI[UKEHHS € TpOIeCH MiHiMi3amii eHeprocrnoXHBaHHA, 32 paxyHOK
BUKOPHCTAHHS HAUTUILIKOBOCTI KEPyBaHHSI.

[TpenMeToM IOCHIPKCHHS € MOJENl Ta METOIM MiHIMI3amii €HEepProBUTpAT, 3a PaxXyHOK
BUKOPHCTAHHS HATUILIKOBOCTI KEPyBaHHSI.

ITocTanoBka npodaemu. /s cyqHa 3 HAAJUIIKOBOIO CTPYKTYPOIO KepyBaHHS HEOOX1JIHO

3HAWTH ONTUMAJIbHI KEPYBAHHS uo , IK1 MIHIMI3YIOTb €HEpPrOBUTPATH
EU%) - min, L)
. * * . * .
32 YMOBHM CTBOPEHHs HEOOXinmux kepyrounx cun Py, Py i momenty M; min wac Bukonamms

ornepauid (IMHAMIYHOTO TO3UI[IOHYBaHHSA, IPOIPAMHOI0 IEPEMIllleHHs, BUKOHAHHS 1HIIMX
MaHEeBpIB)

P (U?) = Px
Py(UO) =Py (2)
M (U%) =M
MIpU HAsIBHOCTI OOMEXEHb Ha KepyBaHHS
U <Upmax- ©)

AHaJIi3 OCTaHHIX JoCTiIKeHb Ta MyOaikamii. [TutanHs onTuMmizalii npomeciB KepyBaHHS
13 BUKOPUCTAHHSM HAQJIUIIKOBUX CTPYKTYp paHille po3risaanocs Oaratbma aBTOpamu. Tak, y
po6oTi [14] po3risHyTI MUTAaHHS MIABUIICHHS HAIIMHOCTI MAMIUAITHUKIB 3 MarHiTHUM TIiJBICOM Yy
KOHCTPYKIIISX 13 pe3epBYBaHHM, 32 PaXyHOK peKOH]Iryparii KOHCTPYKIi y pa3i BiIMOBH OKpPEMHUX
KOMIOHEHTIB. KoedillieHT cTpyMy 3MIIICHHS € OJHHM 13 KIIOUYOBUX (PaKTOPIB y CTIMKOMY [0
BIIMOB KOHTpOJIi. ABTOpamMH po3po0JIEHO METOJA ONTHMIi3alii Koe(ilieHTy CTpyMy 3MilIEHHS B
pe3epBHIN CTPYKTypi. 3a JOMOMOTOK MaTeMaTHYHOTO aHalli3y Jiara3oHy 3MiHU KOEQiIlieHTy
CTPYMY 3MIIIIEHHS JIOBE/ICHO ICHYBaHHS ONTUMAJILHOTO pilleHHs. Po3po0iieHO anropuTMH MOUTYKY
ONTUMAJIBLHOTO PIlICHHS.

JlocmiKeHHST CUCTEeMH KepyBaHHs aBTOHOMHUM HAaJBOJHHM CYJTHOM, ska 0 3a0e3neuyBaia
Oe3reyHe Ta TOYHE BHUKOHAHHS (YHKIIIOHAJBHMX 3aBJaHb 3a HAsBHOCTI BITpPY, Teuii Ta
XBUWJIFOBaHHS, HaBeleHO Yy pociimkeHHi [15]. IlpexcraBneHa HOBa TOMOJOTIS KOHTPOJEPA,
3acHoBaHa Ha mnoenHaHHi [IIJI- perynstopa Ta onTtuMandbHOro KepyBaHHsS. HamamTyBaHHS
perynsatopa chopMOBaHI Ha OCHOBI OTPUMAaHHMX pe3yJbTaTiB ONTHMAIbHOTO KEpyBaHHS, IO
3a0e3mevyrIo MiHIMI3allii0 MOJIETLHUX HeBU3HaUYeHOcTel. [Ipane3naTHicTh Ta eheKTUBHICTh METOTY
NepeBipeHi Ha MaTeMaTU4HIi MOJelNi pealbHOro cyaHa 3 3 crymneHsMHu cBoboau (Moxaens DoF).
Pesynbratn MopemoBaHHa mokazanu, 1o IIIJ[-perynsrtop, HajmamToBaHUN BIIMOBITHO [0
3aIpOMOHOBAHOTO METOTy, 3JaTHUH MPAIFOBATH 32 PI3HUX IMapaMeTPUYHIX HEBU3HAYCHOCTEM.

VY crarti [16] po3MIsSIHYTI MUTaHHS ONTHMAJIBHOTO KEPYyBaHHS CTPUIOBUMHU KpaHAMH, IO
BUKOPUCTOBYIOThCS Ha CyaHaX. MoJiesnb TUHAMIYHOTO CTPIJIOBOTO KpaHa JIiHEapH30BaHA HUIIXOM
po3knananHa B psj Telnopa HaBKOJIO poOOYOi TOUKH, siIKa MepepaxoByBajacs Ha KOKHOMY Kpolii
KepyBaHHs. sl po3paxyHKy Koe(]ilieHTy MiJCHICHHS y KaHalli 3BOPOTHOTO 3B'SI3KY peryisropa
po3B's3yBaniocsi anreOpaiuyHe piBHAHHSA PikkaTi. 3anmponoHOBaHWM IMiIXiJ 10 ONTUMAaIbHOTO
KepyBaHHS 3a0€3MeUrB IIBUAKE Ta TOYHE BIJICTE)KEHHS 3MIHHUX CTaHIB CTPUIOBHX KpaHiB IpHU
MTOMIpHUX (UIYKTYaIlisIX BXITHUX KEPYIOUHX CUTHAIB.

JlocmipKeHHI0 MIBUAKOAIT aBiamiifHoro maneBpy Kymnw0iT, mpu cTBOpeHi 0a3u MaHEBpiB,
npucBsiueHa podota [17]. 3a mormomororw MeToay 3aMiHU 3MIHHUX 1 HaKkiaaeHHs (QyHKIT mrpady,
3aJada ONTUMAIBFHOTO KEPYBaHHS 3 BIIBHMM KIiHIIEBUM CTaHOM 1 4acOM IEpETBOPEHA y 3a1ady
ONTUMAJILHOTO KepyBaHHS 3 (iKCOBAaHUM KIHIIEBUM CTaHOM. Pe3ynbTaTu MOJENIOBaHHS TOKa3alH,
110 3aIPOTIOHOBAHUI METO/T I03BOJISIE ONTHMI3YBaTH Y Yaci KepyBaHHA il MaHeBpY Kyb0iT.
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VY crarti [18] po3risiHyTO IMIBapTOBUI MaHEBpP aBTOHOMHOTO HajBojaHoro cynHa (AHC) 3
BUKOPHCTAHHAM MOAU(]iKOBaHOI MeXaHiKH (Tpocy). Mana MBHIKICTh CyJHa TpPHU IHIBapTyBaHHI
ICTOTHO 3HW)KYy€ WOTO MaHEBPOBI MOXIIMBOCTI, a BiT€p 1 XBHIIIOBaHHS 3HAYHO MiJCHIIIOIOTH IIEH
edext. BHecok craTTi B po3pobky meroais mBapTyBanHs AHC 3 BUKOpuCTaHHAM MOJU(IKOBAHOT
MeXaHIKH TIOJISTa€e y BpaxyBaHHI MPOBHCaHHS KaHaTta. lle MocATHyTO 3a paXyHOK BHKOPHCTAHHS
riaakoi mrpadHoi GyHKIT Ta TiHIHHOTO KOMILIEMEHTApPHOTO PillICHHS.

VY crarti [19] mochmimkeHo 3amady onTHUMI3AIlli BEPTHUKAIBLHOTO 3HMIKEHHS KOCMIYHOTO
KOpalJis mij yac MOCaJKHM Ha IUIAHeTy, 3 ypaxyBaHHSIM OOMeXeHb Ha IJlicaay Ta TiAry JBUryHa. B
SIKOCT1 KPUTEPII0 ONTHUMAJILHOCTI NpUiHATA QYHKIIS MiHIMI3allll eHeproBuTpaT. Brepiie 1oBeneHo
dopmy Max-Min-Max abGo Max-Singular-Max onTUManbHOrO KepyBaHHS 32 MPUHIMIIOM
MakcumyMy [loHTpsirina. OTpuMaHuil pe3yabTaT MOMIMPEHO Ha 3a/a4i KePYBAaHHS 3 ypaxXyBaHHSIM
BILUIMBY arMmocdepu. [lokazaHo, 110 CHUHTYJIspHA CTPYKTypa HE BHHUKAE B PO3LIMPEHHUX 3ajayax
KepyBaHHSI.

VY crarti [20] po3risHYTI NUTaHHS CTBOPEHHS BIJAMOBOCTIHKOI CHCTEMH pYJIbOBOIO
KepyBaHHS O€3NUIOTHUX MiJBOAHMX amapariB. llpoBenenuili aBTOpamu aHayi3 IOKas3aB, UIO
HaJIMHICTh CHCTEMHM KEpYyBaHHS, sIKa BUKOPUCTOBYE CTpATEril0 Ta aJrOpUTMH KepyBaHHs
pe3epBYBaHHIM, 3HAUHO Kpallla, HK TpaJulliiiHa KoH}iryparis.

Metoau KepyBaHHS PE3EPBHOI0 CTPYKTYpPOIO €JIEKTPOTiApaBIIYHUX NPHUBOJIB HA OCHOBI
HEYITKOi arperarii, mpaBWwJI HEYITKOI JIOriku MampaaHi Ta Teopii HEUITKUX HEHUPOHHHX MeEpex
JocIipKeHo B [21].

VY kepiBHULITBI [22] MICTATHCS peKOMEHJAIIT 111010 MPAKTUYHOTO MAaHEBPYBAaHHS CYJAHOM 3
JIBOMa KOPMOBHMHM a3uMyTadbHUMU mpuctposimu (AlIl). Po3risHyTo MOXIMBOCTI KUIBKOX
(dikcoBaHUX pexuMiB. BpaxoByroum, 10 III peXUMHU peanizyloTbcs BpyuHy, Kytu All y Bcix
pexuMax BUOMPAIOTHCS KPATHUMHU 45 Tp. KPIM PEKUMIB HIBUJIKOTO IEPEMIILEHHs BIIIBO Ta BIPABO.
Crpykrypa 3 gBoma kopMoBUMH All MOke BUHHKHYTH, KOJU HOCOBHUN 1 KOPMOBHM MiIPYITIOOUI
IPUCTPOT BUXOAATH 3 JIaAy 4epe3 3acMideHHs IMickoM abo mynoM. Taka KOHCTPYKIISl € OCTaHHIM
«pyOexxem», iKui 3a0e3nedye TpUBUMIpHE KEPYBaHHS, TOMY BOHA OCOOJIMBO IIiKaBa.

Y mociOHuky KopucTyBada [23] ommcaHi TpW CydYacHi CHUCTEMH JHHAMIYHOTO
no3unionyBanHs: Navis, Marine Technologies i Rolls Royce, siki BUKOPUCTOBYIOTh HAJTUIIKOBI
CTPYKTYpPH JJII ONITUMI3aIlii POIIeCiB KepyBaHHS.

SIk BHIHO 13 TPOBENEHOTO aHali3y OCTaHHIX JOCT/DKeHb Ta MyOmiKamii, MeToau
MiHIMi3alil €eHeprocnoXXKUBaHHS, 3a PaXyHOK BHUKOPHCTAaHHS HA/UIMIIKOBOTO KEPyBaHHs, paHille y
BIIKPUTHUX JDKepenax He posrisganucs. Tomy, po3poOKa TakMX METOIIB € aKTyaJbHOK HAyKOBO-
TEXHIYHOIO 33/1a4€l0.

Merta Ta 3amadi aociaizkeHHsi. MeTor0 IOCHiDKEHHS € 3MEHIIEHHS EHEeproBUTpaT Ha
MIPOBE/ICHHS Omeparlliil Cy/JHOM 3 Ha/IJIMIIKOBOIO CTPYKTYPOI BUKOHaBYMX MpUCTpoiB. [locTaBnena
MeTa JOCATAETHCS 32 PaxXyHOK: BUMIPIOBAHHS TOTOYHHMX IapaMeTpiB PyXy CyJHA; BU3HAYCHHS
BIJIXWJICHh BUMIPSIHUX ITApaMEeTPiB pyXy BiJl MPOTPAMHHUX, SIKI TOBUHHI 320€31eYyBaTUCS CHCTEMOIO
KEepyBaHHS TiJ 4Yac BUKOHAHHS OIEpalliif; BU3HAYEHHS KEPYIOUWX CHJ 1 MOMEHTY B KaHajax
M03/I0B)KHBOT0, OOKOBOIO pyXy Ta pPHCKaHHSA, HEOOXIAHMX [UId BIJNPAIIOBAaHHS BHSBICHHX
BIZIXWJIEHb; BU3HAUEHHS ONTHMAJIBHUX KEpyBaHb, SIKi 3a0e3MeuyaTh CTBOPEHHS KEPYIOUHMX CHII 1
MOMEHTY 3 MiHIMaJbHUMHU €HEPTOBUTpATaMH, IUISXOM BHpIIIEHHS B OOpPTOBOMY OOYHCIIIOBadi
ONITUMI3aIiITHOT 3a/1a4i 3 OOMEXEHHSAMHU THUITY PIBHOCTEW Ta HEPIBHOCTEH; peati3allisi ONTHMAaIbHUX
KepyBaHb CHCTEMOIO KEPYBaHHS.

OcHoBHAa yacTMHAa. Y 3araJlbHOMY BHIIQJKYy, T[IOCTaBJeHa 3ajaya MiHimi3amil
€HEeprocloKMBAaHHSA ITiJ] 4aC BUKOHAHHA oOmepaliil 3BOANUTHCS A0 BUPILICHHS Yy peaJbHOMY Haci
onTUMI3aIiitHOT 3a/1a4i 13 3a1aH00 (pyHKIIEO SKOCTI KepyBaHHA (1), HEMHIKHUME 0OMEXESHHSIMU
TUIy piBHOCTEW (2) Ta JIHIMHUMH OOMEXKEHHSAMH THIy HepiBHOcTeH (3). DyHKIA SKOCTI
kepyBaHHs (1) siBise cO0O0I0 3aJIEKHICTh €HEPrOCIOXKMBAHHSA BiJl TapaMeTpiB KepyBaHb, TOBUHHA
MaTé TI00a1pHUi MiHiMyM abo INfinum, a Takok MOXe MaTH KiJbKa JIOKAJIbHUX €KCTPEMYMIB Ta
supremum B o00JacTi JOMYyCTUMHUX KEpyBaHb, HENiHIHHI OOMEXEHHS THITy piBHOCTEH (2)
BU3HAYAIOTh HEOOXiJHI KEpYIOUl CHJIM Ta MOMEHT, IJid 3a0e3MeueHHs JOMyCTUMHX BIIXUIIEHb BiJ
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MPOTPaMHMX 3HAYEHB ITiJ] Yac BUKOHAHHS OIepaii, a JiHiitHi oOMexeHHs THITy HepiBHOCTeH (3) €
oOMEeXeHHSIMM Ha KepyBaHHA. [laHa 3amaya Moke OyTH BHpillIEHAa 4YHMCEIbHO B OOpPTOBOMY
00YHCITIOBaYl aBTOMAaTHU30BAHOT CHCTEMH 13 BUKOPUCTAHHSM OJTHOTO i3 BIZIOMHX METO/iB YMOBHOT
onruMizarii.

PosrnsiHemMo BupimeHHsS MaHOI 3aadi Ha NMPUKIIaai OQIIOPHOTO CyIHA 3 ABOMA KOPMOBHMHU
a3UINoJaMM Ta HOCOBUM IiJIPYJIIOIOUYUM IPUCTPOEM, pHC. 1.

a c

f__]ACDl

B, AN
b

*L° Y , K
rIlC. P,
NG
P, " Y,

Pucynok 1 — Cxema odmopnoro cynHa OSV 3 1BomMa KOpMOBUMH
a3MIOJaMH 1 HOCOBUM MiAPYIIOI0OUYNM IPUCTPOEM

[TouaTok 3B’s13an01 cuctemu koopauHat (3CK) OX1Y1Z1 po3Mimienuit y nentpi odepranus O,

Bich OX1 JIOKUTH y JiaMeTpaibHIN TUIOIIMHI CyJHA, TapajielbHa NaxyOl CyJHA 1 HalpaBlicHA B
HOCOBY 4yacTUHY cyaHa. Bice OY1 nepneHaukyssipHa AiaMeTpasbHii MIIOLIMHI Cy/IHA 1 HalpaBiIeHa
B CTOpOHY IpaBoro 0opTy. Bice OZ1 nomoBHIOE cUCTeMy 110 «IpaBoi». HammumikoBa CTpyKTypa
KepyBaHHs BKimtouae: nepmuit azunox ACDi, mnonoxenns sxkoro y 3CK Bu3HauaeTbes
xoopauHatamu  (—a,-b,0); apyrmit asumox ACD2, monmoxenns sxoro y 3CK Bu3HauaeThes
KOOpAMHATAMU (— a,b,O)Ta HocoBUU miapymorounii npuctpiit BT, monoxenns sikoro y 3CK
BH3HAYAETHCS KOOPIUHATAMH (c,0,0). [Mepmmii asumon ACD1 cTBOprOE BEKTOp CHIIM YIIOPY TBHHTA
Py = (P cosay, P sinag,0), ne P — Moaysnb M yHopy IBHHTA NEPLIOrO a3HIOLY, Of — KyT
max .
PR |(x1| <. dpyrui
asunoa ACD2 cTBOprOE BEKTOp CHIIM yIopy TBHHTa Py = (P2 cosay, Py sin ap ,O), ne Po — moaynn

MOBOPOTY MEpUIOro asumoiay, Ta Mae OOMEXEeHHs Ha KepyBaHHS |P1| <

CHJIM YIIOPY TBHHTA JPYTOTO a3MIIONy, O — KYT MOBOPOTY JPYTOro a3WIIONy, Ta Ma€ OOMEKEHHS

max

Ha KepyBaHHS |P2| < P2 : |OL2| < . HocoBwuii miapyJItOr0Unid MPUCTPI CTBOPIOIO OOKOBY CHITY

P3 = (0, P3,0) , IKa 00MeKeHa BEJIMYUHOIO |P3| < Psmax :

CyMapHi CHIM 1 MOMEHT HaUIUIIKOBOT CTPYKTYPH, PHC. 1, MOXKHA 3aIIUCATH Y BUTIISL
Py = B cosag + Po cosay
Py =R sinag+Posinoay + Py , 4)
M; = PBbcosaj — Pobcosas — Rasinaq — Prasinay + PsC

ae Py — cymapHa 1mo31oBxHS Kepyro4da Chiia CTPYKTYPH,
Py — cymMapHa 00OKOBa Kepyloda Cuiia CTPYKTYpH,
M ; — cymapHmii KepyrOUYHii MOMEHT CTPYKTYPH Y KaHaJli pUCKaHHS.
3nauenns Py, Py, M, Oyaemo BH3Ha4YaTH Yepe3 BiIXWICHHS BUMIPSHUX ITapaMeTpiB pyXy CyaHa

BiJI iX MPOTPaMHUX 3HAYECHb, HEOOX1THUX /I BUKOHAHHS OIeparlii
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* * ® *
0

* * 0 *
0

* * @ *
M; :k7((Pm -0 )+k8(mzm—wz)+k9f(@m -0 )jt
0

ne Kq—kg — xoediuientu mincunenns IMIJI-peryasropa (5), Xm, Ym, ©Om — BUMipsHi JiHiiHi Ta

KyTOBE MOJIOKECHHS cyaHa, Vym , Vym , W7m — BUMIpPsHI JiHIIHI IIBUAKOCTI Ta KyTOBA IIBUJKICTh

* * * * * *
puckanus, X , Y , ¢ — mporpamHi MOJIOXEHHS CyJHa, Vx’ Vy , ®, — NPOrpaMHi IIBHIKOCTI

CyJHa.
Jo cxiany cucremu (4) BXoAuTh I’ATh KepyBanb: Py, a1, Pp, oo, P3. KinbkicTe piBHSIHB

cucreMd (4) (KUIBKICTH CTyNEHIB CBOOOAM, IO MiUIATalOTh KepyBaHHIO) — TpH. OTKe,
HA/UTUIIKOBICTh KEPYBaHHS CTPYKTYpH 5—3=2. L{f0 HaAIMIIKOBICTh OyZ€MO BUKOPHCTOBYBATH IS
OINITUMI3Alli] €eHEeProCIoKMBAaHHS Ha BUKOHAHHS ONepariil.

VY sKocTi H1bOBO1 PyHKIII Oy/1€MO BUKOPUCTOBYBATH (DYHKLIIO

2, p2, p2
E(P, Py, P3)=P  +Py +P;, (6)

MPOMNOPIIHHY MOTYKHOCTI BUKOHABUMX MPUCTPOIB 1 EHEPrOBUTPATAM.
OOMerxeHHs Ha KepyBaHHS CTPYKTYPH MaTUMYTh BUTJIIS

max max
—TSO1<T
- P < py < P (7)
—T<ap ST

max max

Jst onruMizarntii mieoBoi GyHKIT (6) 3 HEMHIHHUMA 0OOMEKEHHSIMU THITY piBHOCTEH (4) Ta
JTiHIMHUMEU 0OMEeXeHHAMHU THUITy HepiBHOcTel (7) Bukopuctana Gpynkuis MATLAB

f min con(@ fun,xO,A,b,Aeq,beq,lb,ub,@ nonlcon) (8)

e @ fun - MMOCHJIaHHS Ha byHKITII0 (%), 10 mijsrae OITUMI3All;

X0 = (Fj(O), a1(0), P> (0), a2 (0), P3(0)) — [OYATKOBUI BEKTOp MapaMeTPiB ONTHUMI3allii;

A — MaTpuls CHUCTEeMM JIIHIHHUX OOMEXEeHb THUIy HEPIBHOCTEH, y HalIOMy BUIAJKy
BIJICYTHS;

b — BexTOp mMpaBoi YACTHHM CHCTEMH JIHIHHUX OOMEKECHH THIy HEPIBHOCTEH, y HAIIOMY
BUTIAJIKY Bi/ICYTHIH,

Aeq — MaTpULs CHUCTEeMM JIIHIHHUX OOMEXEeHb THIy PIBHOCTEH, Yy HaIIOMYy BHUIAJIKYy
BIJICYTHS;

beq — BEKTOp NpPaBOi YaCTUHHM CHUCTEMH JIiHIHHUX OOMEXEHb THITy PIBHOCTEH, y HAIIOMy
BHMAJIKY BiJCYTHIH;

Ib= (— leax ,— T, — P;‘nax ,— T, — P3max) — HIWKHI 3HAYEHHs TapaMeTpiB KepyBaHb,

ub = (leax , T, P;nax , T, Psmaxj — BepXHI 3HAYCHHs TapaMeTpiB KepyBaHb;
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@ nonlcon — mocunanHs Ha (aiin 13 cuctemoro (4) HeNMHIHHUX 00OMEXEHb TUITY PIBHOCTEH.
MaremaTu4yHe MOJeJIOBAHHS MNPOLECiB JAMHAMIYHOTO TO3UIIOHYBAHHSI 3 ONTHMIi3ali€cio
€HeprocnoKuBaHHA. MaTeMaTHIHE MOJCITIOBAHHS TTPOBOAMIIOCS B 3aMKHYTOMY KOHTYPi «O0’€KT
kepyBaHHs — Cucrtema KepyBaHHs», cTBopeHOMYy B cepenoBuili MATLAB. V skocti 00’ekTy
KepyBaHHS BUKOPHCTOBYBayacs MareMatudyna mozenb cymHa ESNAAD-224, xapakTepuCTHKH
SIKOTO HaBeJleH1 y Tabnuii 1.

Tabmuus 1 — Xapakrepuctuku cyaaa ESNAAD-224

Ilapamemp 3nauenna
[IpomnynbcHBHA yCTaHOBKA Isa asumogun SCHOTTEL Azimuth Thrusters electrically driven, tum:
SRP 1012 R/R, motyxsictb: 1250 KB, kyT noBopoty 360 rpaaycis.
I'BuHT ®dikcoBaHoro Kpoky, giamerp 2100 MM, KinbKicTh JonaTei: 4.
Cucrema KepyBaHHS SCHOTTEL Steering System, Tun SST 612, motyxHicTh: 45 KBrT.
[Migpynrorodi mpucTpoi Tpu SCHOTTEL Tunnel thrusters electrically driven, tum: STT 002,

notyxHicth: 600 KBt, IlIBuakicts: 1770 00/xB, rBUHT PiKCOBAHOTO
KpOKy, miamerp reuHTa 1540 mm.

Maxkcumansae Bogosumimenss | 4020 T.

MakcumalibHa ITBUIKICTh 13 Bys3.
Burparu nanusa 161/m00y @ max. mBuakicTh 13 By3.
MaxkcuManbHa ocaaKa 4,85 m.

Ha puc. 2 HaBeneHi pe3ynpTaTd MaTeMaTUYHOTO MojentoBaHHs y cepenosuili MATLAB y
BUTJISA1 TpadikiB 3MiHM y Yaci mapaMeTpiB pyXy CyJIHa, KEpyBaHb 1 BUTPAT MaJuBa JUIsl TPbOX CXEM:
ONTUMAJILHOTO KepyBaHHs (rpadikd CHHBOTO KOJBOPY), PIBHO-BEKTOPHOTO KepyBaHHA (rpadiku
3€JIEHOT0 KOJIbOpPY) Ta PIBHO-MOJYJIBHOIO KEpPYBaHHSI 3 OPTOrOHAJbHUMH BEKTOpaMu (rpadiku
YEPBOHOTO KOIBOPY).
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Pucynok 2 — I'padixu 3MiHN y 9aci mapaMeTpiB pyXy CyIHa JUIsl TPhOX CXeM KepyBaHHS
Ha rpagikax 306paxeHi: mo3maoBxHs mBUAKICTh cyaHa Vy[m/c], no3nosxue nepeminieHns
Xg [m], GoxoBa mBHAKiCTH Vy [m/c], 6okoe mepemimenHs Yg [#], xyToBa mBuUaKicTh pHCKaHHS

®z[ep/c], xyr puckannst (kypc) ¢[ep], cuina ymopy reunta Pi[r] Ta kyr moopory oq[ep]
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MEpIIOro asuIojy, cuwia ymopy raunta Pp[x] Ta xyt moBopory ao[ep] mpyroro asumomy, cuma
YIopy TBHHTa HOCOBOTO Migpyirorouoro npuctpowo P[x] Ta smadenns uinbosoi ¢ymkuii (6)
Energy, mupomopiiiinoi BuTparam manwBa. [loyaTkoBi 3HAYCHHS MapaMmeTpiB pyxy CyaHa
craHoBnATh: mo3aoBxkus mBUAKicTh Vy (0) =0m/c, mosnokse mnepemimieHHs Xg(O) =0m,

OOKOBa HIBUJKICTbH Vy (0)=0m/c, Gokoe mnepemimeHHs Yg (0)=0m, xyroBa mBHAKiCTH

puckannsi ®7(0) =02p/c, kyt puckanns (kypc) ¢(0) =02p/c. Sk BuaHO i3 HaBeneHUX rpadikis,
CYJIHO CIOYATKy TEpPEMINIy€eThCS B TMO3UIII0 JWHAMIYHOTO TMO3UIIOHYBAHHS 3 IMapaMeTpamu:
no3noexkus mBHakicts  Vy(t) =0m/c, mnosmoxkue mnepemimenns X g (t)=100m, Gokoma

MIBUKICTD Vy(t)=0M/C, Goxose mepemimenns Y (t) =50Mm, xyToBa IBHIKICTH PUCKAHHS

®;(t) =0ep/c, xyr puckanns (kypc) @(0) =302p/c Ta y noganeiioMy miarpumye ii. [lpu mpomy,
gk BUAHO 3 rpadiky Energy(t), HaiiOinpiie 3Ha4YeHHS WUIbOBOI (YHKLIT AT ONTUMAIbHOTO
t

kepyBanHs ctanosuts | E(t)dt =1.1612[H26’] , HalOLIbIIEe 3HAYEHHS IUIBOBOT (DYHKIIIT JUTs PiBHO-
0

122 oy . .

BEKTOpHOro KepyBaHHs cranosuth |E(t)dt=1.7e"“[#"c] Ta wHaii6inpwe 3HaYeHHS LiTLOBOT
0

GbyHKUii A8 pIBHO-MOJYJIBHOTO KEpyBaHHS 3 OpPTOTOHAJIBHHMH BEKTOPAMU CTaHOBUTh

t
[E(t)dt = 2.2e22[12].
0

PesyiapTat MareMaTH4YHOTO MOJETIOBAHHSA IOKa3ylOTh, WLI0 ONTHUMAallbHE KepyBaHHS
HQ/UTUIIKOBOIO CTPYKTYPOIO 3 LIJIHOBOIO (DYHKII€I0 MiHIMAJIBHOTO €HEPrOCHOXHBAHHS 03BOJISIE
3HM3UTH eHeprocnoxuBanHs Ha (35-50)%, y HOpIBHSAHHI 3 HE ONITUMAIBLHUMHU KepyBaHHIMHU.

OcHoBHi pe3yJbTaTH Ta iX 00ropopeHHsi. Po3po0ieHo MeTo]l ONTUMAaJIbHOTO KEPyBaHHS
HA/UTAIIIKOBOIO CTPYKTYpPOIO BHKOHABYMX TPUCTPOIB cyaHa, skuil no3Bosisie Ha (35-50)%
3MEHIIUTH EHEPrOBUTPAaTH Ha BUKOHAHHA omepanid. OTpuUMaHMN pe3yibTaT TMOSCHIOETHCS
3HAXO/DKEHHSIM ONTHUMAllbHUX KepyBaHb, IO MIHIMI3YIOTh €HEpPrOCIOXXKHUBAHHS, ILISXOM
BUpILICHHS B OOPTOBOMY OOYHMCIIOBAa4i aBTOMATH30BAaHOI CHCTEMH ONTHUMI3allidHOI 3amadi 3
JTIHIAHUMH Ta HEeNHIHHUMU OOMEXEHHSIMH Ha MapaMeTpUu KepyBaHHS, BUKOPUCTAHHAM 3HAWJIECHUX
ONTUMAIIFHUX KEepyBaHb IS BUKOHAHHsS orepanid. OTpuMaHi pe3ynbTaTd BiIPI3HSAIOTHCS Bif
BIJIOMHUX PpIllIEHb THM, 1[0 BHKOPHUCTOBYIOTh HAJUIMINKOBI KEpyBaHHS JJIs  MiHIMI3allii
€HEeprocrnoXuBaHHsA. Meron po3poOieHui il BHUKOPUCTaHHA B OOpTOBOMY OOYHMCIIIOBaYi
ABTOMATHU30BaHOI CHCTEMHU CyJHA 3 HAAJUIIKOBUMM CTPYKTypaMH KEpPYBaHHS 1 HE MOXKe
BUKOPUCTOBYBATHUCS Ha CyJIHAaX, II0 HE MAlOTh HAJUIMIIKOBOTO KEpyBaHHS, abo i PYYHOTO
kepyBaHHs. OTpuUMaHi pe3yJIbTaTu € BIATBOPIOBAHUMHU 1 MOXKYTh BUKOPHUCTOBYBATHCS MPHU PO3POOIT
MOJIyJIiB ONTHMAaJbHOTO KEpyBaHHS pPyXoM Ui MiHiMi3alii eHeprocrnoxuBaHHs. [lomambii
JOCITIJDKEHHST MOXKYTh OyTH TOB’s3aHI 3 BUKOPHUCTAHHSIM IHIMUX (DYHKIH SKOCTI KepyBaHHS Ta
IHIIMX HAIJTUIIKOBHUX CTPYKTYP.

BucnoBku. IIpoBeneHo anHami3 JiTepaTypHUX JDKEpeN, Y SKUAX PO3TJSAANUCS MHUTaHHS
ONITUMAJILHOTO KEPYyBaHHs, Y TOMY YHCHI 13 BUKOPUCTAaHHAM HAJUTMIIKOBHX CTPYKTYpP BHKOHABYHX
pUcTpoiB. BcTaHoBIIEHO, 110 HAMOIMIKYI TEXHIYHI PIIIICHHS peaTi3oBaHl B CHCTeMaX JHHAMIYHOTO
MO3UITiOHyBaHHs BUpoOHUKIB Navis, Marine Technologies, Rolls Royce, Transas, Consberg. Pazom
3 TUM, BIJIOMI PIIlICHHS HE JO3BOJISAIOTh BUKOPHUCTOBYBATH HAJIUIITKOBI KEpyBaHHS JJI MiHIMI3aIlii
€HEepProCIOKMBAaHHA. 3alpPONOHOBAHO METOJ MiHIMi3allli EHEeprocroXMBAaHHSA 33 PaxXyHOK
BUKOPWCTAHHS HAJUIMIIKOBOCTI KepyBaHHA. MeETon TepeBipeHO Ha MPHUKIAAl  MiHIMIZaIi
€HEeProCIOKUBAHHS CyJHA 3 HAUIMIIKOBOIO CTPYKTYpPOIO JBOX KOPMOBHUX A3WUIOJIB Ta HOCOBOTO
MiIPYTIOI0YOro MPUCTPO0. Pe3ynbTatu MoIenroBaHHS MOKa3ald, IO 3alpONOHOBAaHUI METO.
nos3Bosisie Ha (35-50)%  3MeHmMTH eHeproButrpaTH. OTpUMaHM pe3yJbTaT MOSCHIOETHCS:
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BUKOPUCTAHHSIM OOPTOBOTO OOYHMCIIIOBAaYa; 3HAXO/DKEHHSM Ha KOXHOMY KpoIlll OOpTOBOrO
o0uuciIIOBaYa ONTUMAJIBHUX KEPYBaHb, 110 MIHIMI3yIOTh €HEPrOCIOXKHUBAHHS, IUIIXOM BUPILICHHS
ONTHUMI3AIIIHOI 3a7aul 3 OOMEXEHHSIMU Ha IMapaMeTpu KepyBaHHS, BUKOPUCTAHHSAM 3HaNWJACHHUX
ONTUMAJIbHUX KepyBaHb JUIsl BUKOHAHHSA onepalliil. TeopeTuHe 3HaUeHHS OTPUMAaHUX PE3yJIbTaTiB
[oJiArae 'y po3poOiii MeToxy MiHIMI3alli EHEeprocrnoXUBaHHS, 3a pPaxyHOK BHUKOPHCTAHHSA
HaQ/UTMILIKOBOrO KepyBaHHsA. IIpakTuuHe 3Ha4eHHS OTPUMAHUX PE3yJbTATIB IOJIATAa€ y MepeBipli
Mpane3aTHoCTi Ta €(GEeKTHBHOCTI PO3pOOJIEHOrO0 METOAY MAaTeMAaTHMYHHUM MOJICIIOBAHHSIM Ta
MOJKJIMBOCTI MOTr0 BHKOPHCTAaHHS Yy OOpPTOBOMY OOYHMCIIIOBadl aBTOMAaTU30BAaHOI CUCTEMHU
KepyBaHHS pyXOM CyJHa JUIsl MiHIMI3alli €HeprocrioXKUBaHHs.
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Zinchenko S. M. USING REDUNDANT CONTROL TO MINIMIZE ENERGY CONSUMPTION

Reducing energy consumption in maritime transport, as well as the associated emission reductions and
environmental improvements, are particularly relevant. The ways of solving these issues are different, but most
often structural solutions, hydrodynamic solutions, sails, or modern power plants are used. Reducing energy
consumption can also be achieved due to proper route planning, psychological training of the crew,
automation of traffic control processes. The article proposes a method to minimize energy consumption using
redundant control. Redundant structures of actuating devices are widely used on modern ships, in particular,
on ships with a dynamic positioning system. Traditional purpose of redundant structures is to increase the
reliability of the actuating control system and increase the maneuverability of the vessel. The proposed method
also uses redundant structures available on ships to minimize fuel consumption. The subject of research are
models and methods of optimizing energy consumption, due to the use of redundant control. The aim of the
study is to minimize energy consumption for operations. To solve the problem, a systematic approach, analysis
and synthesis, imaginary experiment, methods of automatic control theory, numerical methods of conditional
optimization, and mathematical modeling were used. The scientific novelty of the obtained results consists in
the development of a method for determining optimal controls that minimize energy costs for performing
operations by solving optimization problem with constraints in the on-board computer of the automatic or
automated control system, unlike known solutions, it uses redundant controls for optimization and allows
reducing energy costs by (35-50) %. At the same time, the additional load on the calculation cycle of the on-
board computer does not exceed (25-50) ms, which is (2.5-5) % of the total load. The practical value of the
obtained results consists in checking the workability and efficiency of the developed method by mathematical
modeling and the possibility of its use in the on-board computer of the automated ship motion control system
with redundant structures of actuating devices.

Key words: intelligent transport systems; navigation safety; human factor; loss of stability; regular
disturbance; restoring moment.
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CUCTEMA NIJITPUMKHU NPUHUHATTSA PILHIEHD 3 ®OPMYBAHHS
BAHTAXKHUX IIJIAHIB KOHTEMHEPOBO3IB

bens A. 1II., xmmu., npogecop, npopekmop 3 HAYKOB0-nedazo2iunoi pobomu
Xepconcwroi depoicasnoi mopcwroi axademii, m. Xepcow, Yxpaina, e-mail: a_ben@i.ua,
ORCID: 0000-0002-9029-3489;

CoxoJgi0B A. B., acnipaum, Xepconcvka oepoicasna mopcoka akademis, m. Xepcon, Ykpaina,
e-mail: arthursokolov7@gmail.com, ORCID: 0000-0003-3115-3854.

Y cmammi odocnioxcytomecs numanns cmeopenHs. cucmemu niompumku nputinsmms piwens (CIIIP) 3
OpMYBaAHHS BAHMAICHUX NAAHIE KOHMEUHeP0B803i6. Busnaueni npiopumemni Hanpsamu HAYKOBUX 00CAIOHCEHb
6 eany3i ommumizayii npoyecig¢ Kepy8awHs BAHMANCHUMU onepayiamu KoHmelHepogosie. Ilokazano, wo
KAIOYU080I0 NpoONeMoI0 8 ONMUMI3AYIi MOPCbKUX KOHMEUHEPHUX nepede3eHb € npobiema @GOpMy8aHHS:
ONMUMANLHUX BAHMACHUX naaHie. Posenanymi ocobausocmi npoyecy nobyoosu niamy po3miuyeHHs
B8AHMANICI6 HA KOHMEUHEePOBO3l mMa NPUHYUNU U020 KOpe2y8aHHs O GUNAOKY MYJIbMUROPMOBUX
KOHMeUHepHUX nepeseseHb. 3anponoHosani nioxoou woodo onmumisayii npoyecy QopmyeanHs 6aHMANCHO20
NniaHy KoHmetiHepogosy. Busnaueno, wjo npobiema opmy8aHHs ONMUMATLHO20 8AHMANCHO2O0 NIAHY CYOHA
NoAA2AE 8 PO38 AZAHHI MHOMCUHU CKIAOHUX B3AEMONO08 A3AHUX 3004y bazamoxpumepianoHoi onmumizayii. I3
3ACTNOCYBAHHAM CUCMEMHO20 NIOX00Y 00 AHANI3y npoyecy opmy8aHHs 8AHMANCHO20 NIAHY CYOHA, BUSHAUEHO
KAIOY08I YUHHUKU GNIUBY HA Hb020. Buxoosuu 3 eusnauenux ocobnusocmeii npoyecie 0opooku ingopmayii npu
opmysanHi 6anmadiCHoO20 NAAHY KOHMEUHEPOBO3Y, d MAKONIC Cneyudixu 1020 CmeopenHs ma KOpe2y8ants 6
yMOo8ax 30TUCHEHHS MYJTbIMUNOPMOBUX nepeseserb, pospobneno cmpykmypy CIIIIP Ona xepysanms makum
npoyecom ma 6U3HA4eHo nepenik ii OCHOBHUX (YHKYIU. 3anponoHosano GUKOPUCMAHMS SHYUKUX Cmpamezii
8UOOpY onmuMizayiuHux npoyedyp, WO Bpaxosylomv 6NAUE Npiopumemié CYOHOBIACHUKA HA Hpoyec
Gopmysanns eanmadicnozo naAamy CyoHa. Busnaueni nepcnexkmueni HAnpAMKU HOOANBUIUX HAVKOBUX
00CHI0MHCEeHb 8 3A3HAYEHIU 2ay3I.

Knrouosi cnosa: cucmema niompumky npuiiHAmms pilueHsb, 8AHMANCHUL NIAH KOHMEUHEPOBO3Y, 8AHMANCHI
onepayii cyona, b6azamoxkpumepiaibHa OnmMuMizayis,; MyIemunopmosi nepegesents,; besnexka cyOHONIa8cmed.

DOI: 10.33815/2313-4763.2024.1.28.175-184

Beryn. IlocriiiHe 3pocTaHHs 00CATIB Cy4acHUX MOPCHKUX KOHTEHHEPHHX IE€pPEeBE3CHb Ta
YCKJIAMHEHHA 1X JIOTICTUYHUX JIAHIJIOKKIB, 10 TIOB’s3aHE 3 ICTOTHUM 30UIBIICHHIM
KOHTEHHEPOMICTKOCTI Cy4acHUX CYJeH KOHTEHHEpoBO3iB, sike Moxke gocsratu jao 24000 TEU
(20-tu yTOBHX KOHTEHHEPHUX OJAMHUI a00 20 KOHTEHWHEPIB), 00OYMOBIIIOE HAraIbHY MOTPeOy B
PO3B’sA3aHHI HU3KU TEOPETHUHUX Ta MPAKTUYHMX 3a/1a4, OB’ S3aHUX 3 MiJBUIICHHSAM €KOHOMIYHO]
e(eKTUBHOCTI Ta Oe3meyHoCcTi Takux TmepeBe3eHb [1, 2]. OpHier0 3 KIIOYOBUX CKJIIAJOBHUX
YCIILIHOTO pO3B’s3aHHA BKa3aHUX 3a7lad € po3poOka MaTeMaTHYHUX MoJeNed, METOIB Ta
1H(pOopMaLIHHUX TeXHOJOT1H (JOpMyBaHHS BaHTa)XHUX IUIaHIB CyJA€H-KOHTEHHEPOBO3iB. 3 OISy Ha
BHUIIIEBKa3aHe, aKTyaJIbHOIO MPOOJIEMOI0 ChOTOJICHHSI € CTBOPEHHS CHUCTEM MiIATPUMKU NMPUHHATTS
pimens (CIITIP) 3 kepyBaHHs mporiecamMyd TOOYAOBH BaHTAKHHUX IUTAHIB. 3a3HA4yeHl MHTAHHS
BUKJIMKAIOTh CYTTEBUH 1HTEpec cepea HAyKOBIIB Ta (paxiBIiB y rainy3i MOPCHKHMX KOHTEHHEPHHX
NepeBe3eHb, MPo M0 CBIIYUThH 3HAYHA KUIBKICTh HAYKOBUX TOCIIHKEHb 3 PI3HUMU TEOPETUYHUMHU
MiXO0IaMH JI0 BUPINICHHS BKa3aHuX 3anad [ 1-28].

IlocranoBka mnpoGuemu. IliaBUIIEeHHS eKOHOMIYHOI €QEeKTUBHOCTI Ta Oe3MeyHOCTI
MOPCBHKUX KOHTEHHEPHUX MEPEBE3CHb € OJHUMHU 13 KIIOUOBUX MHUTAaHb CYy4aCHOT'O CYyJIHOILJIABCTBA.
3a0e3neueHHs 1X BHpIIIeHHS NOTpeOye, Mepll 3a Bce, pallioHaJIbHOI OpraHizaiii BaHTaXHHX
orepauiid KOHTEHHEpPHOTo (IIO0TY, 10 B CBOIO Yepry, 00yMOBIIIOE OTpedy B ONTUMI3ALi] MPOIECIB
dbopmyBaHHS BaHTAXHUX TUIAHIB KOHTEWHEPOBO3iB, OCOOIMBO IS CKJIATHUX JIOTICTUIHHUX
JaHLIOKKIB TepeBe3eHb. HaiOunbmioi akTyanbHOCTI 3a3Ha4yeHe MNUTaHHsA HaOyBae JUIs ramysi
MYJBTHIIOPTOBHX KOHTEHHEPHHX IMEPEBE3CHb, SIKI XapaKTEePU3YIOThCS K CKIATHICTIO (hOpMYyBaHHS
MOYaTKOBOTO BaHTAXHOTO IUIaHY CYy/HA, TaK 1 MOTpeOOI0 B MOro MOAaIbIIOMY KOPEryBaHHIO B
HACTYIIHUX MOpTaX BUKOHAHHS PENCYy.

HeparnionanpHuil BaHTaXHUH TUIaH Cy/IHA MPU3BOJUTH 10 HEOOXITHOCTI BUKOHAHHS 3alBHUX
BaHTAKHUX Omepaliil y moprax, 110 MpuU3Bee 10 JOJATKOBUX, SIK MPSIMUX, TaK 1 OITOCEPEIKOBAHMX
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€KOHOMIUHUX BTpar. KpiM TOro, HasBHICTh 3aBUX BAaHTaXXHUX OIEPAIliil MOTIpIIye OE3MEKOBY
CKJIaJIOBy BHUKOHAHHS PEHCy, TOMy ONTHMi3allisl CTPYKTypH BaHTQXXHHMX IUIAHIB BKpail BakKiMBa.
[lepcrieKTUBHUM IIUISIXOM BHPIIICHHS BHIIE3a3HAUYEHUX IMPOOJIEM € CTBOPEHHS CIIEIiasli30BaHUX
CIIITP 3 ¢popmyBaHHS BaHTaKHUX IUIaHIB KOHTEIIHEpoBO3iB. Pazom 3 Tum, pospobka takux CIIIIP
notrpeOye TPOBENEHHs I'PYHTOBHOTO aHaJi3y HAsSBHOTO JOCBiAYy iX CTBOpEHHS Ta NMPaKTHYHOTO
3allpOBa/KEHHs, a TaKOXX BHBUEHHS OCOOJIMBOCTEH mpoleciB MOoOylIOBHM Ta KOperyBaHHs
BAHTAXXHMUX IUIAHIB CYyJAEH, 10 1 OOyMOBWJIO BHOIp TOJIOBHOI METH, O0’€KTy Ta MpPEAMETY
JIOCJIKEHHS.

AHaJi3 OCTaHHIX A0c/igxkeHb Ta myOjikamiii. 3HauHMI 1HTEpeC 10 CTBOPEHHS HOBHUX
MaTeMaTUYHUX Mojelel, MeToniB, iHpopmauiinux cuctem Ta CIIIIP y HanpsmMKy kepyBaHHs
BAaHTQXHUMH OIEpalisiMi KOHTEHHEepoBO3iB BUHUK Ha moyaTky XXI| cTomiTTs, 1mo oO0ymMOBIEHO
IIBUAKUM PO3BUTKOM Cy4acHUX 1HPOPMAIIITHIX TEXHOJIOT1H 1 METOAIB iMITAI[ifHOTO MOAETIOBAHHS
Ta X rIMOOKOI0 IHTErpalil0 y MPOLECH PpO3B’SA3aHHS pPEAJbHUX HPAKTHUUHUX 3aJad y raiysl
MOpChKUX TepeBe3eHb. OCHOBHMUMM HampsiMamMM, 3a SKUMH BiIOyBalIMCh JIOCHIKEHHS 3
ONTHMI3Alli] MPOIIECIB KEPYBaHHS BaHTA)XKHUMHU OIepaliiMU KOHTEITHEPOBO31B, CTaJIM HACTYIIHI:

— po3poOKa MaTeMaTHYHUX MOJENEeH Ta METOMIB ONTHUMI3alii CTPYKTYPH BaHTAXHHUX
IUTaHIB KOHTEHHEPOBO3iB Ta mpaBui ix Gopmysanus [3—10];

— KepyBaHHS JIOTICTHKOIO KOHTeHHEPHHUX mepeBe3ens [11, 12];

— KepyBaHHS pO3MIIIEHHSAM KOHTEHHEpIB Ha CyJHI y BIAMOBIAHOCTI JO MpPaBUJI cerperarii
HeOe3MeyHNX, CHeliali3oBaHUX BaHTAXIB Ta BAHTaXIB 3 0COOJIMBUMH yMOBaMu mepeBe3eHHs [13,

14];

— IUTAHYyBaHHA MYJbTHIIOPTOBHX II€PEBE3CHb Ta IE€PEBE3CHb HA BHYTPILIHIX BOJHHX
nursixax [9, 10, 15-17];

— MOHITOPUHT Ta KOHTPOJIb HU3KH MapaMeTpiB Cy/Ha, 110 BIUIMBAIOTh HA HOTO OCTIMHICTH
Ta 30epeKeHHS MOPEXIIHUX SIKOCTEH: MEeTalleHTPUYHA BUCOTA, 0Ca/IKa, KpeH Ta qudepent [17, 18];

— ONTHUMI3allid IPOLECIB 3A1MCHEHHS BaHTAXXHUX OIEpaliil Ha CyJIHI Ta B IMOPTOBUX
tepMminanax [19-21];

— KOHTPOJIb Ta ONITUMI3aIlisl CKOHOMIYHHMX TTOKa3HUKIB KOHTCHHEPHUX MepeBe3eHb [22, 23].

Cning 3a3HauMTH, MO KIFOYOBOIO MPOOJIEMOI0, sika Oe3MOoCepeHbO TOB’s3aHa 3 yciMma
BUIIIE3a3HAYCHUMH HampsMamu, OyJia 1 3aJuInacTbcsl MpoOjieMa CTBOPEHHS pallioHaabHOTO (abo
ONITUMAJIFHOTO) BAaHTAKHOTO IUIaHY CyJIHA-KOHTEHHEPOBO3Yy, OCKUIBKH CaMe BAHTAXHUN IUIaH €
«cepiem» I yCiX BUIE3a3HAYEHUX HAIPSAMIB 1 caMe BiJl HbOTO, Y HAWOLIBIIIN Mipi, 3aJIeKUTh 1X
ycrminiHa peaiizamis [24—28].

[Tpuitmaroun n0 yBard Ti OOCTaBMHH, IO 3a3HayeHa MpoOsieMa HOCUTh KOMILUIEKCHUMN
XapakTep Ta MOTpedy€e OJHOYACHOTO BHPIMICHHS HU3KH CKJIQJHUX Ta B3a€MOIIOB’S3aHUX 3a1ad
OaratokpuTepiadbHOI ONTHMI3alii, aKTHBHOTO PO3BHTKY HaOyBae HampsM po3poOKu Ta
BrpoBapkeHHs Bignosigaux CIIIIP [1, 2, 24-28].

Meta Ta 3amaui xocjailzkeHHsi. MeToro JociimxeHHs € po3poOka ctpykrypu CIIIIP 3
(opMyBaHHS BaHTOXKHUX IUIaHIB KOHTEHHEPOBO3IB B yMOBaX MYJBTUIOPTOBUX KOHTEHHEPHHX
MepeBe3eHb Ta BU3HAYECHHS OCOONMHMBOCTEH 11 mpakTW4HOi peamizamii. JlocArHEHHS IMOCTaBIEHOT
MeTH Tepedadae HeoOXiAHICTh BUPIIICHHS HACTYITHUX 33/au:

1. BusHaueHHs 0coOIMBOCTEH mpouecy NOOYJOBU IUIaHYy pPO3MIIICHHS BaHTaXIB Ha
KOHTEHHEPOBO31 Ta METO/IIB HOTO KOpPEeTyBaHHS.

2. BuzHaueHHs1 0a30BUX MPHUHIUIIB ONTHMI3allii BAHTQKHOTO IJIAHY KOHTEHHEPOBO3Y INPH
MYJIbTUTIOPTOBUX MEPEBE3CHHAX ISl MOMIMIIIEHHS €KOHOMIYHOI €()eKTUBHOCTI BUKOHAHHS peiCy.

3. Po3pobka crpyktypu CIIIIP 3 ¢opmyBaHHS ONTHMAIBLHOTO BAaHTAXHOTO IUIAHY
KOHTEWHEPOBO3Y /ISl MyJIbTUIIOPTOBUX KOHTEHHEPHUX MIEPEBE3CHb.

0O6’extom nmocnimkennas € CIIIIP mns BupimeHHs 3amad CTBOPEHHsS BAaHTAXHUX TUIAHIB
KOHTEWHEPOBO3iB.

[Ipenmerom nochipKeHHA € mpoliecH (OpMyBaHHS ONTHMAJIbHUX BaHTaKHUX IUIAHIB
KoHTeliHepoBo3iB y CIIIIP B ymoBax 3/1iliCHEHHS MyJIbTHIIOPTOBHUX IIEPEBE3€CHb.
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Buxnan ocHoBHOro marepiany. BantaxHuii 1jaH KOHTEHHEPOBO3y BHU3HAUYA€ TOPSAIOK Ta
0COOJIMBOCTI PO3MIIlIEHHSI KOHTEWHEpiB Ha OOpTy CyAHa Mia yac BUKOHaHHS peiicy. KonteitHepu
3a3BHYAil PO3MIIYIOTECS SIK Y TPIOMax, Tak 1 Ha maiy0i, a iX KOHKPETHE pO3TAIIyBaHHS 3aJIC)KUTh
BiJl KOHCTPYKTUBHUX OCOOJIMBOCTEH Cy/JHAa Ta TUIYy CaMUX KOHTeiHepiB (puc. 1).

Komione .  Kpinnema ./ MpoTHAiYK cUnK
Wrabens M'P\’f Micue ( |

L \ ——— ————p

[ 1 BatepniHia

— J

—— ManueHi Ta 6anacTHi LUCTEPHU ——

Pucynok 1 — Y3arasibHeHU BUTJISA]T BAHTAXXHOTO TUIaHY KOHTEHHEPOBO3Y

Haii0inp1 po3noBCIOJKEHUMHU € TPU TUIIOPO3MIpH KOHTEHepiB 3a AoBxkuHOIO: 207, 40” 1
45” Ta nBa THMOpPO3Mipu 3a BHUCOTOIO: 8,6” Ta 9.6”. CranmaptHumu € koHTeitHepu 207 1 40”
JIOBXHUHHM Ta 8,6” BucoTu. Bara ogqHOro KoHTeliHepy 3a3BUYail 3HaXOAUTHCS B Jiana3oHi B 5 10 30
ToH. KoHTeiHepHn ckiamaroThes B mTalenmi, MpU IOMY JUIS CTaHIAPTHUX KOHTEHHEPIB KOXKHA
BaHTa)KHa KOMipka Moke OyTH 3aiiHsra onHuMm 40” abo nBoma 20 koHTelHepamu (puc.l). Kpim
TOT0, KOHTEHHEPH MOXYTh OyTH peQpHKepaToOpHOTO THUIY — Yy IbOMY BHIIAJKy BOHU MarOTh
CTaHJApTHI TUIIOPO3MIpPHU 1 MOXKYTh OyTH pO3MIILIEH] JIUIIE B OKPEMHUX, 3a3/1aJIeT11b IPUCTOCOBAHUX
JUTS ITHOTO MICIISIX HA CY/IHI, sIKI 00JIa/IHaHI [DKEPEJIaMH €JIEKTPUYHOTO KUBJIEHHs. 151 po3B’si3aHHS
3a1adi (POpMyBaHHS ONTUMAJILHOTO BaHTaKHOTO IIJIAHYy KOHTEHHEPOBO3Y, 3a3BUYAll PO3IIIAAAI0THCS
JMIle KOHTEMHEPH CTaHAapTHUX TUIOpPOo3MipiB (ToOTo 20” ab6o 40 noBxkuHU Ta 8,6” BUCOTH), SIKI
MOXYTb OyTH 3BHYaifHOro abo pecdpmwxepatopHoro tumy. ns crnpouieHHs BukoHanHs CIIIIP
MpoLEeAyp 3 pO3paxyHKy IOTPUMaHHS BHMOI OCTIHHOCTI CyJIHA, BCi KOHTEHHEpU AOULIBHO
3a3/aleriib OKPeMO pPO3MOJUIATH Ha KijbKa BaroBUX Ipym 3a X MaKCHMAJIbHO MPHUITYCTHMOIO
Baroro: 5, 10, 15, 20, 25, 30 ton BignosigHo [1].

Crhin 3a3HayuTH, 10 OpPU CKJIAJaHHI BAaHTAXXHOTO IUIaHY KOHTEHHEPOBO3y HEOOXiIHO
BpPaxoByBaTH HHU3KYy OOOB’SI3KOBMX Ta JOJATKOBUX OOMEXKEHb, SIKi MOXXHa CTPYKTypyBaTh
HACTYITHUM YHHOM [4].

1. JlorpumaHHs BHUMOTr 30€peXeHHs MILHOCTI KOpPIYCy CyJHa Ta BpaxyBaHHS HOro
KOHCTPYKTHBHUX OCOOJIMBOCTEH (MO30BXKHS MILHICTh KOPIYCY, BUTHMHAIOYli MOMEHTH, MIIHICTh
naxyOu, po3TalryBaHHS KPUILOK JIFOKIB Ta MICIb KPIIJIEHHS! KOHTEHHEPIB TOILIO).

2. JloTpuMaHHS BHMOT J0 30€peKEeHHS OCTIHHOCTI cyaHa (KOHTPOJb MPUITYCTUMHUX MEX
JUIS. METaLlEHTPUYHOI BUCOTH, OCAIKH, KPeHY Ta AU(epeHTy).

3. BpaxyBaHHS MOCIIIOBHOCTI 3aBaHTa)KEHHS-BUBAaHTAXKEHHS KOHTEHHEPIB Y BIAIOBITHOCTI
3 MOpTaMu TMiJg Yac BUKOHAaHHsS pekcy (MiHIMIZamis «mu@TIHTY» — 3alBUX TEXHOJOTIYHUX
nepeMilleHb OJJHUX KOHTEHHEPIiB 3 METOI0 OTPUMAHHS JOCTYITY JIO 1HIINX).

4. JloTpuMaHHS TEXHOJOTIYHMX BUMOT JI0 B3a€EMHOT'O PO3TallyBaHHS 1 KpirsieHHS 20-Tu Ta
40-ka ¢pyTOBHX KOHTEHHEPIB, a TAKOXK KOHTEHHEPIB 301JIbIIIEHOT BUCOTH Ta JIOBKUHH.

5. BpaxyBaHHSI BUMOT, MOB’sI3aHHUX 3 CErperawiclo BaHTaXiB Ta PO3MIIIEHHAM HeOe3MeUHuX
BAaHTAXIB Ha CYJIHI.

6. Po3mimenns pedprkepaTopHUX Ta CHEIiaTi30BaHMX KOHTEHHEPIB Yy 3a3malieriihb
MPU3HAYCHUX [T HUX MICIISIX.

7. UltaGemoBaHHs KOHTEWHEpiB, fAKI pO3TallOBaHI Ha Tmanxydi CyAHAa ITOBHHHO
3MIACHIOBAaTUCh 3 YPaxXyBaHHSAM IPAaHUYHUX HABAaHTAXKEHb Ha MaiayOy, Ta TAKMM YMHOM, 1100 BOHHU
HE MepPEeKPUBAIIH JIHIIO OTJISIAy 3 HaBiramiiHoro mictka (puc. 1).
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8. lomatkoBo mipu (OpMyBaHHI BAaHTAXKHOTO IUIAHY CyJAHA OaXaHO BpaxoBYBaTH
XapaKTEPUCTHKH BAHTAXXHOTO OOJIaJHAHHS Ta TOPSIOK 3IIHCHEHHS BaHTAKHUX POOIT y mopTax
IMPU3HAYCHHA 3 MCTOIO 3SMCHIICHHA BUTPAT 4acCy Ha MOro 3aBaHTa)keHHA Ta PO3BAHTAXKCHHA.

-
— - M

MeTaueHTpUYHa
KpinnexnHa BUCOTa
Cuna, wo
PedpuiepaTopHUiA * * 4 BULITOBXYE
KOHTEWHEp W BN IR
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Pucynoxk 2 — JloTprMaHHS TEXHOJIOTIYHHX BUMOT 3 PO3MIMIEHHS KOHTSHHEPIB HA CYIHI

Ha puc. 2 npoinrocTpoBaHo 0a30Bi MPUHIMITE BUKOHAHHS OKPEMUX TEXHOJOTIYHHX BUMOT
70 CKJaJaHHs BAaHTa)XHOIO IJIaHy KOHTeiiHepoBo3y. Ha puc. 2(a) mokas3aHo, 110 PO3MILICHHS
KOHTEWHEPIB MOBHHHO 3/11HCHIOBATHCH 3 ypaXyBaHHIM KOHCTPYKTUBHUX OCOOJIMBOCTEH HAasBHUX HA
CYJIHI KPIIUICHb, a PO3MIIIEHHS CIeliali30BaHUX KOHTEHHEPIB — JIMIIE Y 3a3JaJIeTiab 00JaJHAHNX
MICIIX (HAIpUKIIaA, HASBHICTh MEpEXi €NEKTPOXKUBICHHS U pepIKepaTOPHUX KOHTEHHEPIB).
Ha puc. 2(6) npoistocTpoBaHO BIUIMB BaHTaXy Ha IMapaMeTPH OCTIMHOCTI CyJHa — KyT KpeHy ® Ta
MeTaleHTpu4YHy BHCOTY M (Takox 1ie o00B’sS3KOBO HEOOXiJHO BpaxOBYBaTH 1 iHIII MapameTpH,
Taki K JUQPEPEeHT Ta ocaaky Kopmycy). YacTkoBO Kopekuis KyTa ® Ta MeTalueHTpUYHOi BUCOTH
MOXYTh OyTH 3MIMCHEHI 3a paxyHOK 3MIHHM KUIBKOCTI Ta PO3MOJIIy Oamacty, 10 3HAXOJIUTHCS B
OanactHux Tankax cyaHa WB, siki po3rammoBani B pi3HUX MiCIBIX Koprycy (puc. 2(a)).

VY Bumaaky (QopMyBaHHS BAaHTA)XXHOTO IUIAHYy IJIs pelCy cynaHa, L0 BiIOYBa€Tbcs MiXk
KUTbKOMa MTOPTaMH, IpOoIIeC HOoro moOyI0BH JETIO yCKIAHIOIOTHCS, OCKUIBKY B IPOMIKHUX MOPTax
MOJKJIMBE 3J1HCHEHHS JOJATKOBUX BAHTa)XKHUX OIepalliil, ki MoTpeOyroTh BHECEHHS 3MiH /10 BXKe
c(OpMOBaHOTO BaHTAXXHOTO IUIAHY, 1 BIANOBITHO BUHUKAE MOTPeda HOTO KOPEryBaHHS y KOXKHOMY
3 MPOMDKHUX MOPTiB. [Ipu 1IboMy JTy’Ke BaXKIIMBUM MTUTAHHSM € 3MEHIIICHHSI KITbKOCTI «IIHQTIHTYY,
TOOTO HEpaIl[iOHATBbHUX, aJié TEXHOJIOTIYHO HEOOXITHUX TMepeMimeHb KoHTeiHepiB [10].
3MeHIIeHHsT MWHGTIHTY MOXHA JOCATTH IUIIXOM 3allpOBa/PKEHHS JBOXETAITHUX TPOIETYP
1noOy/TI0OBH BaHTa)XKHUX IUIaHIB [7, 24], pu IIbOMY CIIOYATKy BUKOHYEThCS (hOpMyBaHHS OrpyOIeHIX
BapiaHTIB BaHTaXHHUX IUJIaHiB, ab0 MalicTep IJIaHIB, a Jajl 3A1MCHIOIOTHCS MNPOLEAYpPH IX
MOCTIIOBHOTO YTOUYHEHHSI B KO)KHOMY 3 TOPTIB JUIsl PO3MIILIEHHSI KOKHOTO KOHTEHHEpPY B OKpEMY
KOMIPKY, 1, TakuM YHMHOM, (GOpPMYyeTbCS BXKE OCTAaTOYHHMI BapiaHT BAHTAXXHOTO IUIAHY.
IocninoBHICTH eTaniB 00poOKHU iH(POPMALi A7 TAKOTO BUMAIKY HaBEJeHAa HA  pHUC. 3.

BuxiOHi OaHHi: BaumaxcHuii

naau
nomoy4yHo20
nopmy

1.BaHmaxcHi nucmu

2. Mapamempu cydHa
3. Xapakmepucmuku
nopmie

nomoyHoz20
nopmy

Pucynoxk 3 — ITocmimoBHicTh eTamiB 00poOku iHhopMartii npu ¢popMyBaHHI
BaHTA)KHOTO IUIAHY KOHTEHHEPOBO3Y B YMOBAX 3[iI{CHEHHS MYJIbTUIIOPTOBHX ITEPEBE3ECHB
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Buxoznsun 3 BUIIEHABEACHOTO, MOXHA JIWTH O BHCHOBKY, IO Ipobiema ¢GopMyBaHHS
onTUMaNbHOro (ab0 palioHaNbHOT0) BaHTAXKHOTO IJIaHy HOTpeOye OJHOYACHOTO KOMILJIEKCHOTO
BHUPINICHHS HU3KH CKJIQJHAX B3a€MOIIOB’SI3aHUX 3a7ad OaraTOKpUTEpiaIbHOT ONTHUMI3AIii, M0
MO’KJIMBO JIMILE 32 YMOB PETEJIbHOTO BPaxyBaHHS BIJIMBY OTPUMaHHMX PO3B’A3KIB KOXKHOI 3 HUX Ha
KIHIIEBUI pe3ynbTat, TOOTO, BIacHE, BAHTAKHUHN IUIaH.

Posrnspatoun mponec (opMyBaHHS BaHTAXHOIO IJIaHY KOHTEMHEPOBO3Y 3 TMO3MIIN
CHCTEMHOTO IiJIX0/1y, TPOIOHYEThCS 3aCTOCYBAaHHS HACTYIHOI CTPYKTYPHO-JIOTIYHOI CXEMH ISt
aHaJIi3y BIUIMBY HOrO OKpPEMHUX CKJIaJOBHMX Ta ONTUMI3ALil B LiJIoMy (puc. 4).

VY 3a3HaueHOMY MPOIIECI MOXHA BUIUIMTH JIBa B3a€MOIIOB’SI3aHMX KOMILJIEKCH CKJIAJIOBUX
BruiMBY. Ilepmmii BH3HAua€e TEXHOJOIIYHY CKJIAJOBY 1 YiTKE BHMKOHAHHS HOro BHMOI HOCHTH
000B’s13k0BUM XxapakTep. Jlpyruil KoMIIeKC  BiANOBigae 3a (OpMyBaHHS €KCIUTyaTaliiHOT
CKJIaJIOBOT BAaHTAXXHOTI'O IJIaHy 1 Mae OiIbIll BapiaTUBHUNA XapakTep.

Crizx 3a3Ha4MTH, IO HE 3aBXIH Mporec (OPMYBAaHHS BAHTAKHOTO TUIAHY PO3IIOYHNHAETHCS
3 BUKOHAHHS BHMOI' KOMIUJIEKCY TEXHOJOTIYHMX CKJIQJAOBUX (XOoya Ha MpaKTHLl Yy OUIbIIOCTI
BUIAJKIB B1IOyBaeTbcsl caMe Tak). [HOAI JOMIHAaHTHUM (AKTOpPOM NPUNHHATTS pIllleHb s
CyIHOBJacHUMKa (a00 KOMMaHii — MEepeBi3HMKAa BAHTAXIB) BHUCTYNAIOTh €KOHOMIYHI MOKa3HUKU
BUKOHAHHS peiicy (Makcumizalis npuOyTKy 3a yMOB MiHiIMI3alli BUTPAT), 1 B TAKOMY pa3i Mpoiiec
(opMyBaHHS BAaHTa)XHOIO IUIAHY KOHTEHHEpPOBO3y pPO3MOYMHAETHCS 3 HOro eKCIUTyaTaliiHol
CKJIQJIOBO1: BU3HAYAIOTHCSA JIOTICTUYHI JIAHITFOKKH TTEPEBE3€Hb, MPOBOJAUTHCS aHAJI3 Ta ONTUMI3aIlis
MOCTIZIOBHOCTI BUKOHAHHS BaHTAXHUX pPOOIT, pPO3PaXOBYIOTHCS EKOHOMIYHI IMOKa3HUKHU
puOyTKOBOCTI peiicy cynHa. | numie Ha qpyromy erari NpopoOsieTbCs TEXHOJIOTTYHUNA LUK, SIKAN
BXK€ IIOBMHEH 3a0€3MeUnuTH JOTPUMAHHSA HEOOXIAHMX TEXHOJOTIYHUX BHUMOI BHUKOHAHHS
CTBOPEHOTO JIOTICTHYHOTO JIAHITIOXKKA TIepeBe3€Hb. 1aKOX MOXIIMBI BHIAJKH, B SKHX
npiopuTeTHUM Oyje GakTop yacy IMOCTaBOK TOBApiB, 1 B TAKOMY pasi, TOJIOBHUM YMHHUKOM CTaHE
ONTHMI3Allls 3A1MCHEHHsS BaHTaXHUX OIepaliil y moprax, 3 METOI MiHiMi3alli 4yacy BUKOHAHHS

peucy.

OcTiiltHicTb
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AKOCTi cyaHa

KoHcTpyKTUBHI
BUMOTM Ta
MiLHicTb
Kopnycy
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T Em T e
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KOHTeWHepiB
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CMOCOBHO:
1.KoHTelHepu

2. CyaHo = Ay, 2. NMocnipgoBHicTb
3. MapuwpyT Ta N e e e e e e e e e e BaHTaXKHUX
nopTu peicy onepauii
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Pucynok 4 — Ctpykrypa mporecy GopMyBaHHs BaHTa>KHOTO IJIaHY
KOHTEHHEPOBO3Y Ta B3a€MO3B 130K OCHOBHUX YMHHUKIB BIUIMBY Ha HHOTO
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TakuM 4yMHOM, Hapa3l ICHYIOTb HarajibHi MOTpeOM BpaxyBaHHS PI3HUX 3alUTIB MPaKTUKU
IIpU KepyBaHHI IMporecoM (GopMyBaHHsS BaHTaKHUX IUIAaHIB KOHTeHHepoBo3iB. IlocTae mpobnema
PO3pOOKM THYYKHX ONTHUMI3alliiHUX CTpaTerii BUOOPY NPIOPUTETIB y MPHUUHATTI pIlIeHb, SKi
MOBUHHI BPaxOBYBaTH MpHU TUIaHYBaHHI MEpEeBE3€Hb BAHTAXIB ICHYIOUl MOTPeOU Cy/THOBIIACHHUKA.
OauuM 3 HaWOUIBLI JOLIIBHUX LUIAXIB BUPIIIEHHS BUIIE3a3HAYEHOI MPOOJIEMU € CTBOPEHHS
cneuianizopanux CIIIIP, ocoGmuBO [Uid IUIAaHYBAaHHS MYJIBTUIOPTOBUX II€pEBE3€Hb, 1110
BIJIPI3HSAIOTBCS CKJIAJHOIO CTPYKTYpOIO TpOLeCY IUIaHyBaHHS Ta HEOOXIJHICTIO BHECEHHS
MOCTIMHUX 3MiH J10 B)K€ c(hOPMOBAHOI0 BaHTAXKHOTO IJIaHy cyaHa [6].

Buxonguun 3 BHILlEHAaBEJEHUX OCOOJMBOCTEM ImpoueciB o0poOku 1Hpopmauii mpu
(opMyBaHHI BaHTa)KHOTO TIUJIaHYy KOHTEHHEPOBO3Yy, a TaKOX cheuudiku HOro CTBOPEHHS Ta
KOpEeryBaHHS B YMOBax 31MCHEHHsSI MYJbTUIIOPTOBUX IE€PEBE3EHb, OYJIO PO3POOJIEHO CTPYKTYpPY
CIIITP nnst kepyBaHHS TaKUM IIPOLIECOM Ta BU3HAYEHO MEPENiK 1 OCHOBHUX (DYHKITiH.

®dynkionansHO 3a3HaueHa CIITTP moBuHHA 3a0€3ne4nTH BUKOHAHHS HACTYITHUX 33]1a4:

— (hopMyBaHHS MHOXXHHHU MaicTep IUIaHiB AJIsl KOKHOTO 3 IOPTIB peiicy cyaHa;

— YTOYHEHHS 1 ONTHMi3alilo BigiOpaHoro MaiicTep IUIaHy /0 BaHTaXHOTO IUIAHY Y
BIJIOBITHOCTI IOTpebaM MOTOYHOTO TIOPTY;

— PpO3paxyHOK MapaMeTpiB OCTIMHOCTI Ta MILIHOCTI KOPILYCYy CY/HA;

— OITUMI3al1l110 BAKOHAHHS BAHTAXXHUX ONepaliil Ha Cy/Hl 1 IOPTOBUX TEpPMiHAJIAX;

— PO3paxyHOK €KOHOMIYHUX ITOKa3HUKIB BUKOHAHHS PEUCY;

— BUOIp Ta peKOMEHAIlisl 0cOOH, 10 MPUIMAaE PIICHHs, HAHKpAIMX BapiaHTIB BAaHTAXKHUX
IUTaHIB Yy BIAMOBIAHOCTI 10 33J]aHOT HEIO CTpaTeTii NPIOPUTETIB MPUUHATTS PillICHb.

CTPYKTYPA CMMP 3 ®OPMYBAHHA BAHTAXHOTO NIAHY KOHTEMHEPOBO3Y

[ IHmepdeiic kopucmysava ]

Buxioui dani Moaynb Mogaynb BuxioHi daHi
S po3paxyHKy ¢$opmyBaHHsA
1.Mapwpyr ocTilHOCTI CyAHa Ta maiictep 1. MHOXUHa
cyaHa MiyHoCTi Kopnycy nnaxis maiicTep nnais
2.XapaKTMpUCTMKK 2.BapiaHtn
obnagHaHHsA Mogaynb ontumisauii Moaynb BaHTaXKHUX NaHiB
nopris BaHTaXXHMX onepauii dopmyBaHHA PaH:KoBaHi 3a
3. XapaKTepucTUkM R .mpTOBMX BaHTa)K,H"x nPlopHTETaKH
CyAHa TepmiHanis nnaHie 3. Po3paxyHKu
4, XapaKrepuctukm napf:jmerp.is
BaHTaNiB MozyNb BU3HaYeHHS Mogy/ib po3paxyHKy ocTMHOCTITa
MHOMXMHM KpuTepiis EKOHOMIYHMX migHocti kopnycy
> Kpurepl Ta npioputertis NOKa3HWKIB 4, PekomeHpauii
opmyBaHH3 NOLYKY pilleHb BUKOHaHHSA peicy 040 3AiCHEHHA
BaHTa)XXHOTO NNaHy A HTAHIX
6.Mpi onepaLlii
Npioputetn e
noLyKy pilieHs Mogaynb dopmyBaHHsA BapiaHTis piweHb CMMNP 5.P03pa).(yHKM
€KOHOMiYHMX
\ ) \ MOKa3HUKiB peiicy

Pucynox 5 — Ctpykrypa CIIIIP 3 dhopMyBaHHS BaHTa)KHOTO TUTaHY
KOHTEHHEPOBO3Y Ul MyJIbTUIIOPTOBUX KOHTEHHEPHUX NIEPEBE3EHb
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BucHoBkH. 3acTOCOBYIOYM NPUHLUIN CUCTEMHOrO MIiAXOMYy MO aHalidy Npouecy
(opMyBaHHS BaHTA)KHOTO IIJJaHy KOHTEHHEPOBO3y, OyJI0 BH3HAYEHO MHOXHHY KIIIOUYOBHUX
CKJIQJIOBUX, IO BIUIMBAIOTh Ha ¥WOro moOyaoBy Ta omTHMi3allilo. BusHaueHo, mo mpobdiema
(opMyBaHHS ONTHUMAJIBHOIO BAHTAXHOIO IUIAHY HOJATa€ B PO3B’A3aHHI MHOXHHU CKJIaTHUX
B3a€MOIIOB’sI3aHUX 3ajad OaraTtokpuTepianbHOI omTumizarii. [IpakTndHe BUpINICHHS 3a3HaYeHOI
npoOJeMH 3HAXOOUThCA B IUIOMIMHI MOLIYKY CyOONTHMMAaJbHMX pillleHb BKa3aHMX 3aj4ady, LI0
BI/IMOB1Ial0Th 3alMUTAM MPAKTHKHU.

Po3pobneno crpykrypy CIIIIP 3 ¢dopmMyBaHHS BaHTaKHOTO IUIAaHY KOHTEHHEPOBO3Y IS
MYJIbTUIIOPTOBUX KOHTEHHEPHUX TIEpEeBE3€Hb Ta BHU3HAUYEHO MEpeliK 1i OCHOBHUX (YHKIIIH.
3arponOHOBAaHO BUKOPUCTAHHS THYYKHMX CTpareriii BHOOpY ONTHMi3alliiHUX MpoLeayp, IO
BpPaxoOBYIOTh MIPIOPUTETH CyAHOBIACHHUKA (a00 mepeBi3HUKA) 710 mpolecy (OpMyBaHHS BaHTAXKHOIO
wiany cygaHa. 3aszHaueHo, mo CIIIIP e nume iHcTpyMeHTapieM MONIyKy pillleHb, a BHOIp
MPIOPUTETHOCTI 3aCTOCYBaHHS KpPUTEPIiB MOIIyKYy Ta PIBHIB NPUHHATHOCTI pe3yibTaTiB, IO
OTpHUMaHi, € 1 3aBXX/IU 3JIMIIUTHCS TOJIOBHUM 3aBJaHHSAM 0cO0U, siKa MPUIMAaE piIIeHHS.

IlepcnexkTuBM mNOJAABLIIMX JOCHiIKeHb. llepcriekTMBHMM HampsMoM  MalOyTHIX
HAYKOBUX JOCHIUKEHb € MOJANbIIMNA PO3BUTOK Ta 3alPOBAKEHHS KOMIUIEKCHOIO CHCTEMHOIO
MIAXOAY JO0 aHali3y BIUIMBY Ta B3a€MO3B’SI3KY KIIIOYOBHX CKJIAJOBHUX Ipolecy (opMmyBaHHS
BAaHTAKHUX IUIaHIB KOHTEHHEPOBO3iB, SIK HAa ONEPATHBHOMY, TaK 1 Ha TEXHOJOrIYHOMY pPiBHSIX.
BusiBieHHs Takux B3a€MO3B’SI3KIB JI03BOJIUTH C(OPMYBAaTH CHCTEMY INPIOPUTETIB MpPU NPUUHATTI
pilieHb 3 MOOYJJOBH BaHTA)XXHOTO IUIaHY CYJHA, OPIEHTOBAaHY Ha BUPILICHHS MPaKTHYHUX MOTPeO
KOHKPETHOT'0 Cy/JHOBJIaCHHKA.
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Ben A. P., Sokolov A. V. DECISION SUPPORT SYSTEM FOR THE FORMATION OF CARGO PLANS
OF CONTAINER SHIPS

The article examines the issue of creating a decision support system (DSS) for the formation of cargo plans of
container ships. The priority directions of scientific research in the field of optimization of processes of
control cargo operations of container ships have been determined. It is shown that the key problem in the
optimization of sea container transportation is the problem of forming optimal cargo plans. The peculiarities
of the process of building a cargo placement plan on a container ship and the principles of its adjustment for
the case of multiport container transportation are considered. Approaches to optimizing the process of forming
a cargo plan of a container ship have been proposed. It was determined that the problem of forming the
optimal cargo plan of the ship consists in solving a set of complex interrelated problems of multi-criteria
optimization. With the application of a systematic approach to the analysis of the process of forming the ship's
cargo plan, the key factors influencing it were determined. Based on the identified features of information
processing processes in the formation of the cargo plan of a container ship, as well as the specifics of its
creation and correction in the conditions of multiport transportation, the structure of the DSS was developed to
manage such a process and a list of its main functions was defined. The use of flexible strategies for choosing
optimization procedures that take into account the influence of the shipowner's priorities on the process of
forming the ship's cargo plan is proposed. Prospective directions of further scientific research in the specified
field are determined.

Key words: decision support system; cargo plan of the container ship; ship cargo operations; multi-criteria
optimization; multiport transportation; safety of shipping.
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HOoA0 IIMTAHHS NIABUIIEHHA
MNPOPECIMHOCTI KOPUCTYBAYIB ECDIS

IlerpoBecbkuii A. B. x.m.n., doyenm kagheopu cyonoeodinus XepcoHcvbkoi OepircaHoi
mopcvkoi  akademii, M. Xepcow, Vkpaina, e-mail: andreyanybody@gmail.com,
ORCID: 0000-0002-3337-9577,
Kmyp B. M. «k.o0.n., cmapwuii euxniaday xagedpu CcyOHOB00iHHS —XepCOHCbKOL
oepoicasnol  mopcekoi  axkademii, M. Xepcow, Vkpaina, e-mail: viz.post@ukr.net,
ORCID: 0000-0002-5034-3007.

Kinvricne 3pocmanns c6imogozo mopcvkozo romy, 30inbuieHHs po3mipie cyOeH sumazawoms ece OLnbuie
yeazu w000 ONAHYBAHHS KOMAHOON HAGI2AYILIHO20 MICWKA CYYACHUMU A6MOMAMU308AHUMU CUCTEMAMU
KepyeaHHs. CyOHa ma giocmediceHts Hagieayiunol obcmanoexu. Haesieayitini ingpopmayivini cucmemu éce oo
VCKAAOHIOOMbCS (DYHKYIOHAIbHO, IHMep@eticHo, wo npu3eeno 00 HeoOXIOHOCMI opeauizayii 000amKosoi
nideomoseku onst kopucmysannsi cyonosumu Electronic Chart Display and Information System (ECDIS). 1
momy, NUMaHHs nPoPecitinocmi NepcoHary MiCmKa, NOCMAE Ha nepuiUll NIaH NpU eupitleHHi OYO0b-aKUX 3a0ay
KepysanHs. cyonom. Y cmammi nasedeni npuxiadu 3¢imie Marine Accident Investigation Branch (MAIB), 3
SAKUX BUOHO, HACKLIbKU KPUMUYHUM € 2nubOoKe po3yminHa wmypmanamu enacHux oiu y ECDIS, a maxooc
NpasuibHa iHmMepnpemayis ompuManux Oanux/pesyrvmamie. Buceimieni ocnosHi npobnemmui Hanpamku y
suxopucmanni ECDIS ma nokaszano, wo Oesxi memu npogheciiimumu 3akiadamu 0Ceimu 6U8UaAOmoscs 0yice
nosepxo6o. Onawnysanns npaxmuunumu Hasuuxamu 6onodinna ECDIS wa cumynsmopi i, oououacho,
8IOCYMHICMb  GI3YANLHO20 AHANI3Y HACAIOKI8 HeGIpHOI iHmepnpemayilii OAHUX, HEBIPHUX HAIAUINYBAHD,
HeOOCMamue Onpayio8antsa Nonepeonboi NPOKIAOKU — He HA0Armb BNeGHEeHOCMI Y 81ACHUX OiAX Maubymuim
wmypmanam. Ilposedeni y cmammi 00cCniOdceHHs NOKA3AMU eheKmusHicms npakmuunoi npsamoi yyacmi
KYpCcaHmis y 8IOHOBIeHHI ORUCAHUX THYUOEHMI8 HA MpeHadcepi 3 Memor NOKPAWEeHH HABUYOK Md 3HAHb 3
3anobizanHa maxkux eunaokis. i yboeo 6y10 po3podieHo noemantuii naau Oill 3 OPIEHMOBHOI KiNbKICMIO
sumpam 4acy Ak iHCMpyKmopa-euxiaoaia 01 MOOeT08aHHA cumyayii, max i ciyxasig 3axiady oceimu ona
npogedenHs excnepumenmis. s nposedents 00CaiodceHb obupanucy ougepenyitiosani subIpKu Kypcanmis
no iHMe2panbHOMy Kpumepiro YCHNIWHOCMI 3 HABYAHHA MUX mem, SAKi HOmpiOHI Ond NposedeHHs
eKcnepumeHmy.

Knruosi cnoea: ECDIS; MAIB; ENC; SENC; Navi Sailor.

DOI: 10.33815/2313-4763.2024.1.28.185-195

Beryn. OcranHi J€KigbKa POKIB MOPCBHKHH TpPaHCIIOPT BCe OibIEe BiJHOBIIOE BJIACHI
o0csTu mepeBe3eHb. 3pOCTa€e K KUIBKICTh CKIIaay MOPCBHKOTO (JIOTY y CBITOBOMY MacmTaOi, Tak i
po3Mipu cyaeH. OcrtaHHIM (akTop Hodae HEOOXITHOCTI MOJANBIIOTO BTUICHHS Ta PO3BUTKY
aBTOMATH30BaHUX CHCTEM YIPAaBIiHHA Yy NpOIECH KepyBaHHA cyaHamu. OJIHIEI0 3 TOJOBHHX
CKJIaJIOBUX CYJIHOBOTO MpOTrpamMHOro 3adesnedeHHs Bke naBHO moctanu ECDIS, sk cuctemu, siki
3HAYHO TiIBULIYIOTH O€3MeKy MOpPEIUIaBCTBA 33 PaXyHOK: IHTEIPOBAHOCTI HAaBITalliHHUX MPUIIAJIiB
10 ojHi€T iHpOpMaIIHHOT CHCTeMH, OTPUMaHHS Oy Ib-SIKUX TIOBiJOMJICHb HaBITAI[IHHOTO XapaKTepy,
BiZJOOpaKeHHsI BEJIMKOI KUTBKOCTI iH(opMallii Ha eNeKTPOHHMX KapTax Ta iH. 3BiCHO, OCTaHHIM
4acoM, KUIbKICTh aBapifHUX BHUITQJIKIB HA MOPI 3HU3MIIACS TIOPSIT 31 301IBIIICHHSAM KIJTBKOCTI CY/IEH.
Ile mosicHIOEThCS OaraTbMa NpPUYMHAMH 1, HE B OCTaHHIO uepry, posButkom ECDIS. Axe,
He3BakKaloul Ha MocTiiHe oHoBJeHHs Bepcii ECDIS nns BumpaBiieHHS TMOMWJIOK TIOMEPETHIX
Bepciid, 30inblIeHHS (YHKIIOHATY 3a/Uld TPUCKOPEHHS Ta IMOJETHICEHHS pOOOTH IITypMaHiB,
KUTBKICTh BHMAJKIB HEBMiJoro BuKopucTaHHs 1mrypmanamu ECDIS ne mnamae. Came
pi3HOMaHITHICTH iHTEpdeiiciB Bia pisHuX po3poOHUKiB ECDIS mpusseno takox i 10 HEOOXigHOCTI
ceptudikarlii mepcoHany HapiraiiHoro Mictka. 3riiHO 3 MaHiIbCbKUMHU TonpaBKamMu 10 Komekcy
STCW (ITJIHB), kamitanu, cTapiii MOMIYHAKH KalliTaHiB 1 HaBiraIiifHi odinepu, Mo mpamrooTs Ha
cynnax 3 ECDIS, moBuHHI Matu ceptudikatu npo Bukopuctanas ECDIS y Bigmosignocti 3 IMO
Mopenbaum Kypcom 1.27.

OcHoBHMMHM crpusitouMMu (akTopamu npu BukopuctanHi ECDIS 3amumarorses, 3rigHo
3BiTiB MAIB [1]:
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«— TUTaHyBaHHS MEPEXO/IiB Yepe3 HaBIiraliitHi HeOe3 ek,

— BIAKJIIOYEHHS 3BYKOBOiI CUTHAJI3allii;

— IrHOpPYBaHHS CTIOBIIIICHB;

— He BcTaHoBIeHi mapamerpu LookAhead;

— wnanamryBadas Safety Contour ta Safety Depth une Biamosimarore UKC (Under Keel
Clearance);

— XTD € mmpmmnm 3a CyAHOILUIABHUM KaHAa;

— Bukopuctanis ENC 3 Overscale;

— HasgBHICTL Ta HeTO4YHICTE ENC;

— HepocTaTHe 3HaHHI ECDIS;

— BIZCYTHICTh KOHTPOJIIO Ta HATJISIAYY.

Pe3ynbraToM NOMMIOK CHPUHHATTA 1H(QOPMALii/BTOMICHHS/BIACYTHOCTI TIMOMHHOTO

po3yminas ECDIS e craTrctuka BUIMAgKiB MOCAJAKK Ha MUTHHY/3ITKHEHHS Ta iH., HAPUKIAJ, 32
2020 p. (Tabax. 1):

Tabmuus 1 — Hocmimxenuss MAIB Safety Digest 2/2020 BumankiB aBapiii Ha MOpi 3a TEpioa
01.03.2020-31.08.2020 [2]

Hama Haszea cyona ,
nodii (PLN/IMO nomep) Tun cyona Ilpanop Po3zmip (gt) Tun nooii
23/03/20 | Koomz (19063885) | General cargo vessel Bahamas 2715 H?\f&iﬁym

. ITocanka Ha
Key Bora Chemical/products . .

28/03/20 (93160241) tanker Gibraltar 2627 MiTHHY,
MMIATOINNIICHHSA

Snearwaier Brpara
09/04/20 (16822216) Dredger UK1 342 MOYKITHBOCTI

PyxXy

25/06/20 | Arrow (9119414) | Ro-ro freight vessel | Isle of Man 7605 Tocamka na

MUIMHY

MorrtzSehufte
04/8/20 (9220794) LPG tanker Isle of Man 8234 3aropsiHHs

Dromond D L IlepeBopot/
16/08/20 (SN 103) Fishing vessel UK 48 ATONICHS

[IprurHaMy TOMUIIOK MOXYTb BUCTYTIATH:
— HEJIOCKOHaJie po3yMiHHs (QyHKIioHATY Ta Hanaromkenb ECDIS BHacimok He3acBOEHHS
HaBYaJBLHOTO MaTepiany;

— CKJIQJHICTH OIIHIOBaHHS PeaJIbHOI HaBIramiiHOi 00CTaHOBKHU;

— JIIOACKKHN pakTop.

OcTaHHIM 9acOM € TEHCHIIIS MI0/I0 30UIBIICHHS BIICTAaHEH MOPCHKHUX MEPEBE3CHB, Y TOMY
YHCIl 32 PaxyHOK BEJCHHS BOEHHMX Jili Ha Teputopii Ykpainu (puc. 1). 3BicHO, 30iNbLICHHS
BIJICTAHEHl CHpHUs€ 3pOCTAHHIO TEPMIHIB KOHTPAKTIB MOPSKIB 1, SIK HACHiJIOK, HAKOIMUYyBaHHIO
CUCTEeMAaTUYHOI BTOMHU Ta, y JAEIKUX BHIMAJKaX, BTPAaTH yBaru JO CTEXKEHHS 3a 0OCTAaHOBKOIO
HaBKOJIO CyJIHa, TiepekiaganHs GyHKIii Toanan (K cymnepsizopa) Ha Aii ECDIS, mo crocyerbes,
Hanpukian, Track control system (TCS).

ToMy y po3pi3i Takoro MUTaHHS, SK MABUINECHHS PiBHSI «po3yMiHHs» KoMitoHeHTiB ECDIS,
noTpiOHO TpUAINATH Oiblle yBarM caMe y HaBUaJIbHUX 3aKjajzax. Takox, MpOBEICHHI
nociipkeHHs [3], SKi CTOCYIOThCS B3a€MOJIl BaXTOBUX ogimepiB HapirariiiHoro mictka 3 ECDIS,
JOBOJISITh HEOOXIAHICTh BUPINIEHHS [HOTO MUTAHHS I Ha 4Yaci HaBYAHHA 3 METOK HaOyTTs
TOTOBHOCTI JI0 BIATIOBIAHUX CUTYAITIH.
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Pucynok 1 — Biiina B YkpaiHi 30iIbIImIa BificTali KOMEPIIIMHIX TepeBe3eHb [4]

AHani3 ocTaHHIX [J0CHiKeHb Ta nyOdaikamiid. BuBuenHs ECDIS 3ymoBieno
[Monmoxxennssm ~ MixkuapoaHoi  KowBenmii  SOLAS, wgactmuoro V, mpaBumiom  19.2.10,
kouBeHliet0o STCW  posnimamu A-I1I/1 Ta A-1I/2 1 € 000OB’S3KOBUM Yy MeXaxX IUCHUILTIHU
«Hagiramiiini iHpopmariitHi cuctemu». OCHOBHI TeMHU, sK1 migiiimMatoTbes ipu BuBueHH1 ECDIS, sk
3aCHOBYIOUOIO efeMeHTa aucuumiiny  «Hapiramilini iH@opMaiiiiHi cucTeMu», CTOCYIOTHCS:
TEOPETUYHUX 3HaHb, IPABOBOr0o 3a0e3nedeHHs Ta pe3oitouii moao ceprudikanii ECDIS Bin IMO,
HanamrtyBaHHd SENC Ta (QyHKI[IOHAIbHUX MOXJIMBOCTEH JAaHOTO MporpaMHoro 3abesnedeHHs [5].
JHonatkoBo Ha kypcax IMO 1.27 — Operational Use Of Electronic Chart Display And Information
Systems Hamarothes aaui moxao Detection of misrepresentation of information, and factors affecting
system performance and accuracy, including the risks of over-reliance on ECDIS [6-10].

Takox BTUIGHHS CYYacHHX HAyKOBHX JOCIHIDKEHb II€ y TMepioJ] HAaBYaHHs: HOBITHIX
iHopmariiHuX TexHonorid, Takux sk VR [11], 3 MeToro 301bIIeHHS 4Yacy Il MPaKTHIHOTO
O3HAMOMJICHHS IITypMaHa 3 MICIICBUMH OOCTaBUHAMHU Ta MOJEIIOBAHHIO JIESKUX HECIOMiBaHHX
CUTYyaIlill PO3XO/KEHHSI 3 CYTHOM-IIIJUIIO; O3HAHOMIICHHSI 37100yBayiB OCBITH 13 3aIIPOIIOHOBAHUMU
MOJICJISIMUA YCYHEHHSI KOJIi3ii mpu oOronax [12] Ta oIiHIOBaHHIO Miclie3HaxokeHHs Pivot point
[13] mpu geskux cutyamisx [1] — MOXyTb AONOMOITH HPUHHATH BipHE DILIEHHS MPU PI3ZHUX
oOctaBuHax. Ilpu TOMy >k BUKOPUCTAHHS Yy HaBUYaHHI JOCHIUKEHb IOJO OUIBII PETETbHOTO
MIIX0/Iy HAJIaroJDKEHHS TapaMeTpiB HaBiramiiHux rauOuH [14], Hagae MOXIMBICT KypcaHTaMm
npuadaTH HaBUUKHU KOPEKTHOTO MPOpaxyBaHHs O€3MeYHUX 30H aKBAaTOPiil CTOCOBHO 0COOIMBOCTEN
cynna, BiamoBimHO g0 CATZOC 1 BCiX HasBHHX i1H(pOpPMAIIHHUX TOBIIOMJICHD, BKIIIOYAIOYU
NavTex ta AlO.

[TommpenicTh MOCTIKEHb 3 TMIJIBHINCHHS €(QEKTHBHOCTI KOMIUIEKCHOTO HAaBYaHHS SIK
yIpaBIiHHAM CYyAHOM, Tak 1 kopuctyBaHHAM ECDIS, npusBoaute 10 OUIBII SIKICHOTO CKIIATY
cnemianicti [11], ToMy po3mInpeHHs HAIPSIMKIB TAKUX JAOCITIIKEHb € aKTyaJIbHHUM.

ITocTanoBka mpoOaemu. OnaHyBaHHS NMPAaKTUYHUMHU HaBuukamu BojodiHHs ECDIS Ha
CUMYJISITOp1 1, OAHOYACHO, BIJCYTHICTh BI3yaJIbHOTO aHaJi3y HACIHIJKIB HEBIPHOI IHTeprpeTarii
JaHNX, HEBIPHUX HAJIAIITYBaHb, HEJOCTATHE OIPAIFOBAHHS MOTNEPETHHOI MPOKIAJAKH — HE HA/Ial0Th
BIIEBHEHOCTI Y BJIACHHX /151X MalOYTHIM IITypMaHaM.

3a3BUYail TpakTHYHI HAaBUYKA 3 AUCHMIUTIHU «HaBiramiiiHi iHpopMaIiiiHi CcUCTEMID)
OTPaIbOBYIOTHCS BiNMoBiIHO 10 IMO MoaenbHOTO Kypey 1.27, Takok 1HOI HagaeThes iHOpMartis
mozao 3BiTiB MAIB, mo crocyerbes nomuiok BukopuctanHs ECDIS, ane MopaenmtoBaHHS Yy
MPAKTUYHOMY PO3pi3i TAKMX CUTYAIll Ta MOKJIMBOCTI/BapiaHTH YCYHEHHS KPUTHYHUX CUTYaIllH, y
BU3HAYCHUX 3BiTaMU O0OCTaBUHAX, SKE Jdy)Xe BaXKJIMBE M HaOyTTs NpoQeciifiHUX HaBHUUOK
Bukopuctanas ECDIS maiiOyTHiMU crieriaaicTaMu, He BEJEThCS.
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Merta Ta 3amadi gocJigkeHHsl. MeTOIO CTATTI € MOTTUOJICHHS CHCTEMaTH3allii 3HaHb Ta
MPAKTUYHUX HABUYOK MpHU BHUBUEHHI npodinbHOi auctumiinu «Hapiramiiiai iHbopMmaliiHi
CHCTEMH» 3a DPaxyHOK Bi3yaiizallii, mpsMoi yd9acTi y BIiJHOBJICHHX aBapiiiHMX CHTYyallisX Ha
TpeHaxkepi. OO’€KTOM JOCHiIPKeHHS € Tpolec BHUKIadaHHA auciumiing «Hasiramiiini
iHpopMaIliiHI  CHCTEMW», MPEAMETOM JOCHI/DKCHHS BHUCTYNAIOTh OCOOJHMBOCTI  HaJgaHHS
HABYAJIBHOTO MaTepiaiy. 3aJayaMu JaHOTO JOCTIKEeHHS €:
— po3po0OKa eTartiB MOJCITIOBaHHS TOCIIIKyBaHOI cutyarii Ha Mmopi y NaviTrainer 5000;
— po3poOka erarmiB MPOBEACHHS €KCIEPUMEHTY 3 JOCTIIKYBaHOIO BHUOIPKOIO KYypCaHTIB Y
NaviSailor 4000;

— PO3MOJII KYPCaHTIB 3a IHTErpajJbHUM KPUTEPIEM YCHIITHOCTI 0OpaHUX TEM Ha BUOIPKH 3
KJIACUYHOTO HABYAHHSA Ta JOCIIKYBAHOTO;

— TMPOBEICHHS EKCIIEPUMEHTY Ta MOPIBHIHHS 3 BUOIPKOIO KypCaHTIB KIIACHYHOTO HAaBYaAHHS
y NaviSailor 4000.

Bukiaax ocHoBHoro wmarepianay. JlochmikeHHs NpPOBOAMIINCH IICAS ONaHyBaHHS
KypcaHTaMH TE€M 3 HaJaliTyBaHHsS Ta oOcHoBHoro ¢ynkuionany ECDIS NaviSailor 4000
cumynstopa NaviTrainer 5000. Ha Ttpenaxkepi BuKopucTOByBajioch ycratkyBanus ECDIS
BIJIMOBIHOTO BCIM 3aTBEp/KEHUM cTaHiapraM [15] 1 3aCTOCOBaHMM EKCILTyaTalliiiHUM BUMOTaM
(po6ouum crangapram): IMO MSC, IHO ta IEC (Pesomromii: A.817(19), A.893(21),
MSC.530(106), MSC.232(82), MSC.191(79), MSC.64(67), IHO S-57(3.1), IEC 61174, IEC 60945)
3 BHKOPHUCTAHHSIM  iMITaTOpiB 30BHIMHIX maTumkiB: GPS, nariB, ripokommnaciB, MarfiTHOTO
kommnacy, PJIC, 3APII (ARPA), aBTopyb0BOT0, HaBirauiiHoro exonory, AlS.

OCHOBHI HalpsIMKA TPOBEACHHS TOCI1KEHb:

1. BuBuenHs koHKpeTHOTO 3BiTYy MAIB 32 Temoro.

2. IlepeBipka HasBHOCTI KapT BiAMOBiMHOI akBaTopii i, SKIIO BOHM HE BCTAHOBIICHI,
3/1HCHEHHS MOJIEJIIOBaHHS HaBIraliiHuX HeOe3neK, 00’ €KTIB (0 SKUX MOXJIMBI oOcepBaliiiHi i)
Ta KOPUCHOT JIJIs1 eKCIIEPUMEHTIB 0aTUMETPUYHOT KOPEKTYPH.

3. MopenroBaHHS aHAJIOTIYHOI CUTYaITii.

4. Po3poOka BJIaCHHX Jil:

—  CHUTYyallisl CTa€ KPUTUYHOIO;

—  CHUTyalisl TUIbKY MOYMHAE BUXOTUTH 3 il KOHTPOJIO;

—  CHUTYyallis HEeJIOMYIIEeHHS 10 KPUTHYHOT;

—  CcHUTYyalisi, HAOJIM)KEHa J10 1/1eaJIbHOTO PILICHHS.

TepMmin npoBeeHHS eKCIIEpUMEHTY — 4 ToAauHu (2 Tapu) Ha TpeHakepi KypcanToM (Tadir. 2)
Ta BUTPAuCHHI Yac Ha MirOTOBKY IHCTPYKTOpOM — 85 XBuiHH (Tadu. 3).

Tabmuus 2 — Cepenniii yac, BUTpa4eHU KypCaHTOM Ha KOKHOMY €Tarli MpOTAToM 4 akaJeMiqHHX
TOJTUH

Emanu Xapaxkmepucmuxa emany Bumpauenuii uac, xe
1 2 3
0 [linroToBka m0 3aHATTA (y 3arajbHI ayIJUTOPHI BHUTpPATH dacy He 40
BXOJIUTB).

O3zHalfoMIIeHHS 3 CHTYali€l0 KypcaHTaMHu Y JOMallHIX YMOBax 3i 3BiTiB
MAIB (puc. 2) Ha mpuxmani [16]. Hamaerbcs y BHUIIIAA TTOCHIAHHS
QR-kozmom Ha 3BiT pdf popmary (anrmificbka MoBa).

1 JocnippxeHHss yMOB TUIaBaHHSI Ha peajibHil/KoperoBaHiil kapri. Brnpasa 10
3aBaHTa)XCHa, alie BCi Jii npusynuHeHi. Mne o3HalioMieHHs.

2 AHani3 Hapiraiiiaux oOctaBuH, HamamrtyBanb ECDIS 1 Hapiramifinmx 20
TIPHJIA/IIB.

3 P030ip moMHITOK TIepcoHaTy MiCTKa ITiJT KEpIBHUIITBOM BHKJIaIada. 20
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[TponoBskeHHs Tab. 2

4 BukonaBya mpoxiangka (MoJelbOBaHa JOCIHIPKEHA KPUTHYHA CHUTYAIlis:
MOBHA BiJMOBIZIHICTh HANAIITYBaHb HaBiraniiinux npuianis Ta ECDIS).
Brpaga 3amyiiieHa Ha BUKOHAHHSI.

10

) BigkaT 3aBmaHHs Ha MOYATKOBY MO3UIlI0. BripaBa 3aBaHTa)xeHa, ajie Bci
Ii1 IpU3yIUHEH.

3niricaenHs HeoOXigHOi KopekTypu SENC (y Tomy 4ucii 3 ypaxyBaHHSIM
CATZOC).

30

6 JocnimkeHHs BIacCHUX BapiaHTiB BUIIPABIICHHS CUTYallil (HaJalTyBaHHS
ECDIS, mnapiraumiiinux mnpunazgiB, HeoOxigHa KopekTypa SENC,
BiMOBiHI /ii). BUCHOBKH 3 KOYKHOTO BapiaHTy.

40

7 I'pynoBe ontumanbHe pIlICHHS cepejl 3ampoNOHOBAHUX KypCaHTaMHU.
[osicHeHHs1 BWKJazaya IOJO IEpeBar Ta HEAOJIKIB 3alpOIIOHOBAHUX
BapiaHTIB.

20

8 HeoOoB’s13k0BHMII eTan (AKIIO HA aBapird BIUIMHYJA iHINA WUk Ta ii il
ckIaaHo OyIo mependadnTH, BUXOA4H 3 qaHuX 3Bity MAIB). JlomaTtkoBe
po36utTs Ha 2 miarpynu: 1 — mii cyaHa misi, siKi BIDIMHYJIX Ha aBapiio, 2 —
JTOCTIDKEHUI THT CYHA.

P036ip MOXITMBUX BapiaHTIB MOBEMIHKHU MIATPYIH 2 B 3aJI€KHOCTI BiJl it
miarpynu 1 (MOXKIMBUH  aHami3 3 BUKOPHUCTAaHHSIM pe3yJbTaTiB
nmociimkens [12, 13]).

(Y naHux [OCHiKEHHSX €Talm HE BHUKOPUCTOBYBABCS, ale TMpHU
HEOOXITHOCTI € MOMJIMBICTP BHKOPHUCTAaHHS 3a paxyHOK 4dYacy Ha
KOPEKTYpY, AKYy YacTKOBO MOKE IMIATOTYBAaTH 3a3Jalierilb BHUKIIAAad,
Tabm. 2 m. 2).

(15)

9 BucHOBKY 110 3am00iraHHIO JaHOT CUTYAIil.

10

Bceboro gacy

160

Crossed safety contour

Planned passage

Pucynok 2 — [puxitag MapmpyTy Ut TOCTiKEHHS
(mapuipyT mepetunae Safety Contour mepen roukoro Kattegat) [15]
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Ta6muus 3 — Etanu miaroroBku cutyariii 31 38ity MAIB Ha TpeHaxepi IHCTPYKTOPOM

Homep Emanu Bumpauenui
yac, X6
1 2 3
0 Hapmanns 3sity MAIB. Peani3yerbcs 3a 10moMOror O€30IUIATHHX TEHEPaTOpiB 10
QR-koxis mo BBegeHoMy nocrianuioo. QR ko HagaeTses y cuctemy Moodle (puc.
3).
1 TTomyk BiANMOBITHHUX KapT cepell BCTAHOBJICHUX Ha TPEHAXEPI. 5
2 SIk10 BigMOBITHUX KapT HEMAE, KOPEKTYPOIO: 30
— Lines (ninii i300at, y30epexoks, iHII HeOOXiIHi JiHiiHI 00 €KTH 31 cTaTycoM
danger/depth, sxuio HeoOXinHO);
— Points (IDS, Aids to Navigation, immr To4ukoBi 00’€KTH, a TaKOX Taki,
BIIHOCHO SKUX € MOXIJIMBICTh TPOBEACHHS OOCEpBAIlIHHUX i MPOTITOM
BUKOHABYOI mpoknanku. OCKUIbKH Ha CHUMYJIATOpi-pajapi, Mmicis 3amycKy 3
Navi Trainer 5000 mporpamu NaviSailor 4000 Takux 00’exTiB He Oyne, TO
Kpalle BHUKOPHUCTOBYBAaTH TaKi TOYKOBI €JIIEMEHTH, SIKI 32 CBOIM CTaTyCOM
OyayTb BimoOpakaTHCS CHUMYJISITOPOM: HANpPHKIAA, CTaTUYHI CyIHA-IIIi 3a
BU3HAYCHHMH KOOpJIWHATaMU a0 Taki, M0 MAalOTh HIBUAKICTH i Kypc, mo0
3QJIAIIATUCS Ha MICITi, KO € Teis);
— Square (mmomamni 06’ektH, Taki sk: Land danger, 3omm 3 BiAmOBiAHUMHE
YMOBaMH IUIABaHHA) BiIHOBUTH yMOBH 3BiTY MAIB [16].
3 IlepBicHe po3TamryBaHHS JMHAMIYHHX ITUICH, SIKIIO BOHU BIUIMHYJIHM Ha aBapiro (y 5
JIAaHUX JIOCJTIJKCHHSX HE BUKOPHCTOBYBAJIOCH).
4 MonenroBaHHS MapUIpyTiB pyXy LijeH Ta X MIBUAKICTb, sIKi BIUTMHYJIH Ha aBapito 10
(y maHuX IOCHiIKEHHSIX HE BUKOPHUCTOBYBAJIOCH).
5 OO0paHHs HOCITIKYBaHOTO THITY CyIHA 3rimHo 3BiTy MAIB [16] amst otpumaHHs y 5
JIOCTIDKEHHSIX OLIbII-MEHII aJeKBATHOI (Pi3UKO-MaTeMaTHYHOI MOJICITi TOBEIIHKH
CyIHa IpH pyci.
6 [ToOGynoBa MapipyTy pyXy AOCIiAKyBaHOTO CyAHa 3rigHo 3BiTy MAIB [16]. 5
7 BcTanoBieHHS TOCTIKyBAaHOTO CyIHA HA TIO3UII0 MapipyTy (10 XB 10 modaTky 5
HasBHUX MTPOOJIEM/BiIXUICHD ITOKA3HUKIB 3Ti1HO 3BiTY MAIB [16]) 3 BinmoBigauM
KyPCOM Ta HIBHJIKICTIO.
8 BcraHoBIIeHHST TIOKAa3HHMKIB HAaBKOJUIIHEOTO CepeloBHINa 3rizHo 3BiTy MAIB 5
[16].
9 BcTaHoBIIeHHS OKA3HKUKIB HAaBiraliitHuX mpriaais 3rigHo 38ity MAIB [16]. 5
Bcroro 85

=)
g YkpaiHceka (uk) ~

T Kypc: Hasirauiini indgopmauiic X +

c 25 mdlksmaks.uafcoursefview.phplicd=708

E Manual Nawvi Sailor 400044100
E 3BiTW B4 MAIB | DMAIE 2021

Pucynok 3 — QR-ko mocuaHHs Ha 3BIT
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st TectyBanHs Oynmm oOpani 2 rpynm Il kypcy cmenianbHOCcTi 271 «MoOpchkuid Ta
BHYTpIIIHIN BogHuii TpaHcmopt» cremianizamii 271.01 «Hagiramis 1 ymnpaBmiHHS MOPCHKUMHU
CyHaMu» 3a CKOpodeHow (opmoro HaB4yaHHSI. CkopodeHa (opMa HaBYAHHS HAJA€ MOXKIUBICTH
KypcaHTaM 1Ie y KoJeJDKi MPUIMaTH y4acTh Y MOPCHKHX Iepexo/ax Ta OTPUMATH JEsiKi HaBUUKU
kopuctyBanHsM ECDIS no Bctymy y 3BO (3akiman Bumioi ocBitu). Jlucrurutina «Haeirarmiiiai
iH(pOopMalliliHI CUCTEMU» BUBYAETHCA 2 poku mo 60 roauH Ha KoxeH pik. Bevoro y rpymi 1 — 30
KypcaHTiB, y rpymi 2 — 32 kypcanTa. KoxHy nocnipkyBaHy rpyily KypcaHTIB OyJo pO3JAUIEHO Ha
JBl MIATPyNH, M0 OOYMOBJIEHO OOMEXEHOI KITBKICTIO MiCllb Ha TpeHaxkepi (MICTKiB 8 of.) Ta
HEpIBHOMIPHICTIO ONAHYBaHHS 3HAHHAMM Y KOXHIM rpymni. 3a TeMamMH MOJAjibIIUX JOCTIIKEHb
OyJ10 po3paxoBaHO IHTErpaIbHUN MOKA3HUK YCHIIITHOCTI Ul KOXKHOTO KypcanTa (1):

Kinm = 3\/ K1K2K3 (@)

ne K1 — nanamrysanns SENC y ECDIS mono napamerpis cynHa;
K2 — HeoOxiaH1 TpaKTUYHI HABUYKH 3 TUCIHUIUIIHA « Y TIPaBIIHHS CyTHOMY;
K3 — mpakTu4Hi HaBHUYKH OIiHIOBaHHS HaBiramiitaux ooctasun y ECDIS.
Koxny rpyny noauneno Ha miarpynu Ai/bi ta A2/b2 y Mexkax K0>KHO1 IpyId 110 3HAYEHHAM
IHTETpajbHOTO MOKA3HUKA!
— miarpyn A1i A2 K,

HmM

€[0.741]
€[0.6;0.74)

Po3nozin Ha migrpynu 3AiHCHEHO TAaKOX JJIS MOPIBHSAHHS 3HAaHb Ta MPAKTUYHUX HABUYOK
MDK Kypcantamu miarpyn Ai i A2 ta bi1 b2 rpyn 1 ta 2 3 MeTor0 o1liHIOBaHHS KypCaHTIB MIATPYH 3

PIBHOMIPDHMM ONaHyBaHHSIM Marepiaidy. ToMy MOXHa TOBOPUTH IPO PIBHOMIPHICTH OTPUMAaHHUX
3HaHb 32 IHTErPAIBHUM ITOKA3HUKOM II0JI0 TIPOBEIEHHS HACTYITHUX JOCIIKEHb.

- migrpyn biib2 K,

Hm

Tabmuus 4 — Pe3ynbTatu OILIHIOBaHHA HEOOXIJHMX 3HAaHb KYpPCAHTIB OKpEeMO IO OOpaHHX
MOKa3HUKaX

Hianazon 3nauens Ipyna 1 Ipyna 2
ycniwnocmi Iiozpyna | Iliozpyna | Iiocpyna | Iiozpyna
Onanyeannsa memoro oKpemux A, % By % A, % By, %
HOKA3HUKIG Kinbkocmi | Kinbkocmi | Kinbkocmi | KinbKocmi
1 2 3 4 5 6
Hanamrysanus SENC y K, €[0.74,1] 80 45 75 40
ECDIS mozno napamerpis -
cyana K, €[0.6;0.74) 20 55 25 60
Heo0xiani mpakTudHi K, €[0.74;1] 90 70 88 72
HAaBUYKH 3 JUCHUILIIHHA ) 10 30 12 28
«Ynpasninas cyaHom» (Ko) K, €[0.6:0.74)
[IpakTr4Hi HABUYKH K, €[0.747] 70 40 67 43
OLIIHIOBAHHS HaBIraiiHuX
o6¢crasun 'y ECDIS (Ks) K, €[0.6,0.74) 30 60 33 57
[HTerpansumii KpuTepii K. [0.74]] 55 53
KiHT HmM
(K K, <[0.6074) 5 a7

3riJIHO PO3MOMITY MOXKHa CTBEP/UKYBATH, IO SK KYPCaHTH y miArpynax Ai ta A2 MaroTh
pUOJIM3HO OTHAKOBUH piBEHB MIATOTOBKHA MOMIX c00010, Tak 1y miarpynax b1 i ba.

Jami, 3rigHO po3KiIamy 1 TMPOBEACHHS JICKIIMHUX 3aHATh HA TMOTOKY, OOWIBI Tpynu Ha
JEKIsIX OTPUMYBAJIHM OJHAKOBY 3arajibHy iH(OpMAIliio JOCTiKyBaHOTO BHUIAIKy 3i 3BiTY MAIB
[16]. Omnak, mocmimkyBani miarpymnu: b1 Ta b2 mpoxoawnu ime mpakTU4Hi 3aHATTS (4 TOTUHMU) 3
anamizy 3BiTy MAIB [16] 1 mManu moctym 10 3BITY Al TONEPEAHBOTO O3HAHOMIICHHS IEpen
MPOBEJICHHSAM MPAKTUYHUX 3aHATh, a MArPYNU KiIacuyHi: A1 Ta A2 OMaHOBYBaJIHM (PYHKIIIOHAJIOM
ECDIS oo 3aiiiCHEHHS TOITYKOBO-PATYBAIBHUX OTeparliid (1HIIa Tema).
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[Ticns mpoxomKeHHs 2-X MPaKTHYHUX 3aHATH (Tabmn. 1) 3 miarpynamu b1 i b2 rpym 1 Ta 2
BIJIMOBIIHO, MPOBOJMIIOCH OIiHIOBaHHSA oOpaHux mapameTpiB Ki 3MomenboBaHOi CX0XkO0i cCUTyarlii
JOCITIKYBAaHUX TIATPYT Ta KIIACUIHUX.

Tabmuus 5 — [1opiBHSIBHI Pe3yAbTATH TOCITIIKEHb

Ipyna 1 Ipyna 2
Jianazon 5 g - .§ S g S g
e %) e e ) e
Onanysanns 3n‘al¢enb . E 2 °\, s S °\ Er 2 °\, s S °\,
MO0 ycniwnocmi § < § § e § § e § § % §
OKpemux .5 3 &3 3 &3 S X3 s
HOKA3HUKIG E \: 3 E \E 3 § \§ 3 g \§ =
1 2 3 4 5 6 7 8 9 10
Hanamrysauns | K, €[0.74;1] 75 -5 65 20 68 -7 62 22
SENC y ECDIS -
o0 K, €[0.6;0.74)
napameTpis 25 5 35 -20 32 7 38 -22
CyIHa
Heobxinni K, €[0.741] 88 -2 80 10 85 -3 90 18
FIpaRTIH K, €[0.6;0.74)
HaBUYKH 3
JWCLATUTIHI 12 2 20 -10 15 3 10 -18
«YnpaBiiHHS
cymaom» (Ka)
TpaxTirami K, €[0.74]] 60 -10 60 20 58 -9 65 22
HaBUYKA
OL[IHIOBAHHS K, €[0.6,0.74)
HABITaL[ KX 40 10 40 -20 42 9 35 -22
ob6cTaBuH y
ECDIS (Ks)
Iarerpanenmit | K. 0.7471] 48 73
kputepiit (Kiur)
K,, €[0.6,0.74) 52 27

OcHoBHi pe3yabTaTH i iX 00roBopenHs. Pe3ynpraTi 10CTiKEHHS MTOKa3aJ, 10 KIaCHYH1
miarpynu A1 Ta Az, He3BaXKaloy Ha MOMepeAH] pe3yJabTaTH OUIbIIOI YCHIITHOCTI, MPAKTUYHO HE
MaJId TepeBary rnepei MEeHII YCIIITHUMU KypCaHTaMu JOCTIDKYBaHUX MiATPYIL.

Bin’emui 3HaueHHS % TIOKa3ylOTh 3MEHIIEHHS KUIBKOCTI KYpPCaHTIB 3 BiJANOBITHUMU
3Ha4eHHsAMU 00paHux KoedinieHTiB Ki.

VY HasgBHOCTI 3MEHILIEHHS SKOCTI MIATPYN Ai B cepelHbOMY Ha 7% mpu 30UIBIIEHHI SKOCTI
MEHIII YCHIIIHUX 32 HaBYaHHAM KypcaHTiB miarpyn bi Tex y cepennbomy Ha 20%. Tomy 3araibpHa
3MiHa SIKOCTI CKJIaze y cepeqHboMy 27% 3a paxyHOK KypcaHTIiB 3 miarpyn A1 Ta A2, XTO 3HU3UB
BJIACHI TIOKAa3HUKH, Ta KypcaHTiB 3 miarpyn bi i b2, XTo miABUIIUB pe3ybTaTH.

Tako BCTAaHOBIJICHO 3MEHIIICHHS Yacy Ha BHECEHHS KOPEKTYPH 1 OLIBII TOYHI JIii KypcaHTIB
100 3an00iraHHs BAHUKHEHHS KpUTHYHOI cuTyarii came y miarpymnax bi ta bo.

OCKUIBKM OUTBIIICTh BCIX KypCaHTIB Oyje MPOXOAUTH KpPi3b MOCaAy APYroro MOMIYHHKA,
SKUW y OUIBIIOCTI BUMAJKIB BIJIIMOBIAAa€ 3a TMPOKJIAAKY, TO 3arajbHa pi3HHIS Yy skocTi 27%
CIIyXadiB, JOCUTh CYTTEBO BIUTMHE HA MPOeCiiHHICTh MaltOYTHIX CIEIIaiCTiB.

BucnoBku. [TpoBeneHi AOCHiPKEHHS MMOKA3ald, 10 € JOUUTBHUM 3IIHCHIOBATH HE JIUIIE
TEOPETHYHUN OrJs BumaakiB 31 3BiTiB MAIB, ame ¥ 3zificHIOBaTH MOJIETIOBAaHHS OIMCAHUX
BUTIAJIKIB Ta 3aJIy4aTH JI0 MPSAMOi y4acTi KypCcaHTIB Y BiTHOBJICHHI TAaKUX CUTYyaIliil HAa TpEHaXKepi Ta
ix 3amoGiranHi. Lle# miaxia 701aTKOBO Ha/la€ HAOYHE YSBIIEHHS KypCaHTaMU:

— HACHIJKIB HEBIPHUX i, momumikoBux HamamTyBaHb SENC, HemoBHI po3paxyHKH iX
BIZICYTHICTh NTapaMeTpiB HaBiramiiHux riubun Takux sik Safety Depth, Safety Contour;

— HeoOX1THOCTI TOCKOHAJIOTO JTOCTIKEHHS aKBaTOPiil Mepexoy;
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— HEOOX1THOCTI MOCTIHHOTO KOHTPOJTIO MO3UIIiT CyTHA.

IlepcnekTHBH MOAAJBLIIMX JOCTIIKEHb. Y Cy4acHHMX yMOBaX 3JIHCHEHHS HaBYaJIHHOTO
mpoLecy y po3pisi mpodeciiHuX AUCHUILTIH, SIKi BUMararoTh OTPUMaHHS MPAKTHUYHUX HABUYOK,
Iy’)K€ YCKJIaJHEHO HEOOXIJHICTIO BUKOPHUCTAHHS TpPEHAXKEPIB-CUMYJIATOPiB. ToMy pO3BHUTOK
XMapHUX TEXHOJOTIH camMe Yy HampsMKy HaBirauifHux iHGoOpMaliiHUX CHCTEM CIpHIB OU
3HaYHOMY ITiJIBUIEHHIO MTPO(eciiHNX HAaBUYOK MailOyTHIX CIIEIialiCTiB 32 paXyHOK BUKOPUCTAHHS
oOMEeXeHUX (PYHKIIOHAIbHO, JEMOHCTpAaLIdHUX, ane Oe30IUIaTHUX BepCiii MpOrpaMHOro
3abe3neueHHss 3 MojemoBaHHs cumyistopiB ECDIS Tta pamapy. MosxnmBicTe caMOCTIHHO
MOJICJIIOBATA Ta TNPOXOMUTH Bumaaku, omucani y 3Bitax MAIB/DMAIB, nyxe cepiio3Ho
HiABUILATH PIBEHb HABYAHHS, 4 3HAYMTH 1 MOAAJIBIIY Oe311eKy MOpPEIUIaBCTBa.
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Petrovskyi A. V., Zhmur V. M. REGARDING THE PROFESSIONALISM OF ECDIS USERS

Quantitative growth of the world marine fleet accompanied by the increase in the size of ships require more
and more attention to mastering modern automated systems of ship control and tracking of the navigational
situation by the navigation bridge team. Navigational information systems are increasingly complex
functionally, interface-wise, which has already led to the necessity of obtaining certificates for the use of ships'
Electronic Chart Display and Information System (ECDIS). And therefore, the question of the professionalism
of the bridge personnel comes to the fore when there is the need to solve problems of ship management. The
article provides instances of reports from the Marine Accident Investigation Branch (MAIB), which show how
critical it is for navigators to have a thorough understanding of their own actions in the use of ECDIS, as well
as the correct interpretation of the data/results received. The main problem areas in the use of ECDIS are
highlighted and it is shown that some topics are studied very superficially by professional educational
institutions. Mastering the practical skills of using ECDIS on the simulator and, at the same time, the lack of
visual analysis of the consequences of incorrect data interpretations, incorrect settings, insufficient
elaboration of the preliminary layout - do not give future navigators confidence in their own actions. The
research conducted in the article showed the effectiveness of the proposed consideration of not only the
theoretical part of MAIB reports, but also the practical direct participation of cadets in the recovery of the
described incidents in order to improve skills and knowledge to prevent such incidents. In order to achieve
this, a step-by-step action plan was developed with an estimated amount of time spent by both the instructor-
teacher to simulate the situation and the students of the educational institution to conduct experiments.
Differentiated number of cadets was selected for conducting research based on the integral criterion of success
in learning the topics required for conducting the experiment. Since the majority of all cadets will someday
hold the position of second assistant, who in most cases is responsible for the route creating, then the total
difference in the achieved quality by almost 1/3 will significantly affect the professionalism of future
specialists.

Key words: ECDIS; MAIB; ENC; SENC; Navi Sailor.
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YIPABJIHHA TPAHCITIOPTHUM ITIOTOKOM

Cnasnu B.Il., xm.n., oOoyewm xagedpu mpancnopmuux cucmem 1 MEXHIYHO20
cepgicy XepCcoHCbK020 HAYIOHANIbHO20 MEXHIYHO020 YHieepcumemy, M. XepcoH, Ykpaiua,
e-mail: vslavich@ukr.net, ORCID: 0000-0001-7882-4198;

CaBuenko M. O., cmyoenm «kagheopu mpancnopmuux cucmem I MeXHIYHO20 cepeicy
Xepconcvko2o  HAYiOHANbHO20 — MeXHIYHOo20 — yHieepcumemy, M. Xepcow, Vkpaina,
e-mail: maxsava2004@gmail.com.

Y emammi npeocmasneno po3pobxy mamemamuunoi mooeni cneyianbHoi cucmemu YnpaeiiHHsa c8imiogopHoo
CUSHATI3AYIEI0  OOPONHCHLO2O Nepexpecms MpaHcnopmHoi mepedci micma. Cyme cucmemu noaieae 8
BUBHAYEHHI OCHOGHUX NAPAMEMPIE PEeNCUMIE CEIMIOPOPY 6 3aNeHCHOCMI 8I0 6CMAHOBICHUX Hanepeo
Kpumepiie. B sxocmi maxux Kpumepiie y poOOmi NpuliMaromvCs HACMYRHI: 1) MIHIMAIbHA NPONYCKHA
30amHicme nioxodie 00 nepexpecms, W0 BUHAYAEMbCS KLIbKICMIO MPAHCROPMHUX 3ac00i8, wo 30amua
npoixamu 3a uac 003601€HO20 CUSHATY CEIMIOYOPY — NPUYOMY Ye 3HAUEHHA € Y3A2dbHEeHUM O/ BCix
nioxooie, 2) MaxcumanibHe 3A8AHMANCEHHS NePexpecms, WO GUSHAYAEMbC KINbKICMIO MPAHCHOPMHUX
3ac00i6, WO HAKONUUYIOMbCS NIO YAC 20PIHHA 3A00POHEHO CUSHANLY C8IMIOPOPHOL cueHani3ayil, sike MmaKolc €
V3a2anbHeHuUM 075 8CIX nioxo0i8. Jlani 6uKnadenHs OOYiibHi 00 BUKOPUCMARHS 01 OYOb-AKUX nepexpecms, OJis
SAKUX HeOOXIOHO pecyniosamu 3a3HaYeHi 08a napamempu 3 Memow NOKPAWEeHHs O00PONCHbO-MPAHCNOPIHOT
cumyayii, a came 011 6UNAOKi8, KOIU HA NeSHOM) Nnepexpecmi 6CMAHOBNeHI 3a 3aMO8UYS8AHHAM Napamempu
C8IMNoPopHO20 YNpaesiiHHA He 8i0N08i0aAloMb HAABHIN IHMEHCUBHOCTI a8MOMOOINIbHO20 NOMOKY, d MAKOMC
04 8UNAOKIB, KOMU NPU HAAGHUX NApamempax 8i00yeacmvcs 3aliée HAKONUYEeHHs Ha OOHOMY YU HA OeKiIbKOX
nioxo0ax mpaHcnopmuux 3acodis, moomo npusode 00 3amopHux cumyayitl. Jana mooensb 3anponoHosana o
X-nOOibHUX nepexpecmyb 3i 6CMAH0BEH0I0 4-X (asnoto ceimnogophoio cucmemoro ynpagiinus. Taxa mooens
VAPAGLIHHS  003601UMb  GUPIULYSAMU 08l 6ANCIUBL NPObNeMU Nepexpecmb — HeslONOBIOHY NPONYCKHY
30amuicmes ma 3MeHuleHHsl 3amopie.

Kniwouosi cnosa: mpancnopmuuii nomix; 0OpOJICHIU pYX, nepexpecms, CUCMeMda YIPAGIiHHA MPAHCROPMHUM
HOMOKOM, CEIMAOPOPHA CUSHANIZAYISL, NPONYCKA 30AMHICMb Nepexpechis; MpaHCROPMHA Mepedicd.
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Beryn. Cuctemu ynpaBimiHHS CBITIO(QOPHOIO CHUTHANI3AIIEI0 MOKHA TOJUIMTA CHCTEMH 3
TaK 3BaHUM YKOPCTKHM YIPABJIIHHIM Ta CUCTEMH, 110 3[IaTHI MIHATH CBOI ITapaMeTpH B 3aJICKHOCTI
BiJ BXiTHUX YMOB [1, 2].

XKopctke ympaBiiHHS — I THUI CHUCTEMH TMpAIOE€ 3a 3a3/ajerib BCTAHOBJICHUM
po3knagoM. CurHamu CBITIO(OPIB MEPEKIIOYAIOTHCS BIAMOBITHO 110 (HiKCOBAHOTO YaCOBOTO
iHTepBay, 0e3 ypaxyBaHHS aKTyaJlbHUX YMOB Ha JIOpO3i (TaKuX SK IHTEHCUBHICTH Tpadiky abo dac
no6u). JKopcTke ympaBiiHHS 4YacTO BHKOPHCTOBYETHCS Ha MalMX TepexpecTsx abo Tam, e
MiJICYMKOBHH Tpadik MPOrHO30BaHUH 1 CTA0THLHUH.

[HTEeNeKTyaNbHe yMpaBIiHHSA — I THUI CUCTEMH 3aTHUHN alanTyBaTHCS 1O 3MiHIOBAaHUX
YMOB JOPOKHBOTO PyXy. BiH BHKOpHUCTOBYE pi3HOMaHITHI ceHCOpH (Taki SK KamepH, TeTi,
aKyCTUYHI JaTYMKH TOMIO) Asi 300py maHux mpo Tpadik i mimoxoniB. Lli maHi aHamizyroThCs
NTOPUTMaMHU, SIKi BU3HAYAIOTh ONTUMAJIBLHUN PO3KIa] CBITIOGOPHHUX ITUKJIIB 3 METO MiHIMI3aIlii
3aTopiB 1 Yacy OUYiKyBaHHSI.

[HTeNneKTyallbHi CHCTEMH YNIPAaBIiHHA MAlOTh psAJ IepeBar TMOPIBHSIHO 3 J>KOPCTKUMHU
CUCTEMaMH, TaKUX SIK:

1) Onrumizanis Tpadiky. [HTenekTyalbHE yHpaBiIiHHA MOXKE 3HAYHO 3MEHIIUTH dYac
OYiKyBaHHS 1 3aTOPH, OCKUJIBKU pearye Ha MOTOYHI YMOBH.

2) EneproedexTuBHICTh. 3MEHIICHHS Yacy poOOTH CBITIIO(OPIB MPU HU3BKOMY Tpadiky
JI03BOJISIE 3MEHIIINTH CIIOKUBAHHS €HEPTii.

3) AnanTartis 10 3MiH. [HTeNneKTyaabHI CHCTEMHU MOXKYTh IIBUIKO adanTyBaTHCS JIO 3MiH Y
Tpadiky B peaTbHOMY 4aci, 3a0e3Medy0dn Ol THYYKE YIIPaBITiHHS.
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Tomy iHTeNnekTyanbHE YHpaBIiHHSA CBITIIOOpAMH MOKHA BBA)KATH OLIBII MEPEJOBUM Ta
e(eKTUBHUM pIIICHHSIM, OCOOIMBO B yMOBaX TyCTOTO MICBKOTO TpadiKy 1 BETHKOI KUTBKOCTI
MePeXpecTb.

ITocTanoBka nmpodaemu. OaHiero 3 Npo0IeM MICBKMX HEpeXpecTb y BUMAJIKY XKOPCTKOTO
YIPaBIiHHA € TaKUM NapaMerp, sK KUIbKICTh TPAaHCIOPTHUX 3ac001B, 110 BCTUTA€ MPOIXKIKATH 32
Yyac TOpiHHA JI03BOJICHOTO CUTHATY cBiTiIodopa. Lleit mapamerp € BaxJIuBUM Ul €(PEeKTUBHOCTI
pobotu cBitnodopa. Lleit mapamerp Moke OyTH KPUTHYHUM Y MICBKMX YMOBax, € BeJIMKa
KUIBKICTh aBTOMOO1UIIB MO>KE YTBOPIOBATH 3aTOPH, SIKIIIO Yac, MIPUCBIUYECHUN pyXy, HEJJOCTaTHIN 1S
BI/IBEICHHS BCIM TPAHCIIOPTHUM 3ac00aM.

[Ipu »opcTKOMy ynpaBiliHHI CBITI0(OpaMH BaKIMBO 3a0€3MeUnTH, 1100 Yac, BUALICHUH Ha
pyXx aBTOMOOLIiB, OyB JOCTaTHIM JUIsl TOTO, 1100 YHMKHYTH 3aTOpPIB 1 3a0€3MEYUTH IUIaBHUN pyX
TpaHcnopty. lle Moke BHMaraTv peTeabHOr0 HAJAIITYBaHHA 4YaciB IUKIIB CBITIO(ODIB,
ypaxyBaHHs [IKOBUX HaBaHTA)KEHb 1 B3a€MOIi 3 IHIIUMU CBITJIOhOpaMu Ha MApUIPYTI.

Tomy po3poGieHHS Ta BIPOBAIKEHHS CUCTEM YIPABIiHHA TPAHCHOPTHUM IOTOKOM Ha
MepexpecTi, MO JIO3BOJIAIOTH BPAaXOBYBAaTH KUIBKICTh TPAHCHOPTHHUX 3acO0iB, IO BCTUTAE
NpODKIDKATH 3a dYac TOPIHHS JIO3BOJICHOIO CHUTHaNy CBITIO(Opa, € BaXIMBOIO 3aJayelo.
30anaHcoBaHe YHpaBIiHHSA CBITIO(QOpaMH J03BOJSE ONTUMI3ZYBaTH PYX TPAHCIOPTY B MICTI,
3HWKYBAaTH BHUKHMJIM BYIJIEII0O Ta 4Yac OYIKYBaHHs, CHPUSIOYM 3arajbHiil e(eKTUBHOCTI
TPAHCIIOPTHOT IHPPACTPYKTYPH.

AHaJi3 ocTaHHIX J0CaiIKeHb Ta MyOJikanii. Y cyyacHuil mepiof] iCHYIOTb pPi3HOMAaHITHI
METOJIM 1HTENIEKTYaJIbHOI'O YIIPaBIIHHS CBITIO(QOPHOIO CHUTHAI3alli€l0. AHali3 HayKOBHX pOOIT
ykpaincekux [6-8, 14, 15] ta 3akopaonHux [9-13] mociiiHuUKIB, MPUCBIYEHUX I mpodiemi,
BKa3ye€ Ha 3aCTOCYBaHHS PI3HUX MIAXO/IB Ta METOIB PEryJIOBaHHS TPAHCIOPTHOTO PyXy Ha
MEPEeXPeCTsX y Pi3HUX KpaiHax.

[Ipo6Gnemu onTuMizalii pexUMIB CBITIO(QOPHOrO PEryIrOBaHHS JOCHIDKYBaJIHCS SIK
BITYM3HSIHUMHU, TakK 1 3aKOpJJOHHUMH BueHUMH, 30KkpeMa B. I1. [Tomimykom, B. I. €pecosum, O. II.
H3t06010, 0. O. Kpemenniem, M. II. Tleuepcekum, €. KO. @opuanpunkom, M. C. ®imenbscoHOM,
B. T. Kamitanosum, €. O. Peitnienom, a takox @. Bedbecrepom, X. [roce, T. Xamanorw Ta iHIIUMHA
JOCITi THUKAMH.

Crnig 3a3HA4YMTH, IO B MPOAHANI30BaHUX POOOTaX HE 3yCTPIUAIOThCS MOJEII yHpPaBIIHHS
TPaHCIOPTHUM TOTOKOM Ha TMepexpecTi, ska O Moria 3MIHIOBATH PEKUMH YIPABIIHHS TiJ
3a3HayeHl BHUIE KpUTepii — Hamepen 3amaHoi (iKCOBaHOI KUTBKOCTI aBTOMOOLIIB, sKa Ma€
BCTUTHYTH TIPOiXaTH 3a Yac JO3BOJEHOTO CHUTHATY, Ta Hamepesa 3aJaHoro (ikCoBaHOTO YHUCIa
aBTOMOO1TIB, OUTBIIE 32 SKE HE Ma€ X HAKOMMYYBATHCS 3a 4ac 3a00pOHEHOTO CUTHAITy, B yMOBaXx
4-azHoro perynroBaHHS Ha repexpecti. Po3po0iri Takoi Moeni i Oyjie MPUCBIYCHO JaHy POOOTY.

Meta Ta 3amaui gocjimkeHHsi. Mera 11i€i poOOTH MOJsATaE B CTBOPEHHI TaKOi MOJEIi
YIPaBIiHHS CBITIO(POPHOIO CUTHATI3AIIEI0 HA MICBKOMY MEPEXPECTI, K MA€ KIIACHYIHY X-TIOJIIOHY
KOH(irypaIiito, Ta Ha SIKOMy BCTAHOBJIEHO 4-X (ha3HUI PEKHUM YIPABIIIHHSA, SIKA MOXE 3MIHIOBATH
napaMeTpu poOoYOoro pexXuMy CBITIOPOPY BIAMOBIAHO O JBOX HACTYIHUX KPHUTEPIiB — 3a1aHOi
Harepes] (pikKCOBaHOI KUIBKOCTI aBTOMOOLTIB, SIKI MOXYTh MPOIXaTH 3a Yac TOPIHHSA J03BOJICHOTO
CHUTHAJly, Ta MAaKCUMaJbHOTO 3aBAaHTAXKEHHA NEPeXpecTs, M0 BU3HAYAETHCS KUIBKICTIO
TPAaHCIIOPTHUX 3ac00iB, 110 HAKOMHYYIOTHCS ITiJl YaCc TOPiHHS 3a00POHEHO CHUTHAIY CBITIO(POpPHOT
CUTHAaJTi3aIii.

3a3HayeHa mapaMmeTp KUIbKOCTI MAIIMH Ha MPAKTUI[ BCTAHOBIIOETHCS €KCIEPUMEHTAIBHO
JUIL TIEBHOTO TIEPEXPECTs, BUXOAAYM 3 3ajad, sAKi HeoOXinHO BUpimMTH. Hampukmaa, xKomu Ha
OJTHOMY MMiX0ai (YM JEKUTbKOX) BCTAHOBJICHI MapaMeTpH CHUTHai3allii He BiAMOBIAAIOTh HASBHIN
IHTEHCUBHOCTI TPAHCIIOPTHOTO TOTOKY. ToMy 3acTocyBaHHS MOMIOHOT CHCTEMH JO3BOJIUTh
BUPILIYBATH 3a3Ha4€Hy POOIEMy JOPOKHBOTO PYXY.

Bukiaan ocHoBHOro martepiany. Hexaii 3amane Jesike TPaHCIOPTHE MEPEXPeCTsi, IO Mae
X-oAI0Hy KOH]ITypallito, 3 YOTUPMa MiAXO0aMU 10 HHOTO.
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KoxxHuii minxin mae TpaHCHOPTHUH TOTIK 31 CBOIMH BIACHUMH XapaKTEPHCTUKAMHU.
[Tepexpectst ympaBiseTbcsl CBITIO(GOPHOIO CUTHAIIZAIIEI0 31 BCTAHOBJICHUMHU Ha HElo 4-X (a3HUM
PEXUMOM YTIpaBIiHHS.

VY naniit poboTi Oyae posrnsgaTucs came 4-x gazHa cCUCTeMa, KOJIH A7l KOXKHOTO 3 HasiIBHUX
MOTOKIB HANAEThCS OKpema (aza peryioBaHHsA. Bumagku 2-x (asHUX CHUCTEM YIIPaBIIiHHS
aBTOpaMU PO3IIISIATUMETHCS B IHIIUX HAYKOBUX POOOTAX.

Jlns MojemoBaHHS OyJjie 3aCTOCOBAHO KIITHHKOBHE croci6 [3, 4, 5], konu TpaHcmopTHa
Mepexa MpeAcTaBisie cOO0K CYKYNHICTb KIIITHHOK, IO SIKHUM MEepeMillaroThesi aBToMoOLmi. Llen
cnoci0 MojentoBaHHS NpUOIM3HUM, aje 3 MEeBHOIO TOYHICTIO 37aT€H BIJOOpa)kKaTH IMpoLec s
BCTaHOBJICHHS B3a€MO3B’A3KiB MK HOro mapameTpamH.

Lleit mMeTom € AOCHTH TMOIIMPEHUM Y TPAHCHOPTHUX MOMENSAX JUIA aHalli3y MOTOKIB Ta
onrtumizanii podotu cBiTI0(OPIB.

JIo OCHOBHMX HPUHLMUIIB KIITUHKOBOIO MOJICIIOBAHHS TPAHCIOPTHOI MeEpexl MOXKHa
BiJIHECTH HACTYTIHI:

1. KiitnunkoBa cTpykrypa. TpaHcropTHa Mepeska MOAUISEThCS Ha KIIITUHKY (200 CETMEHTH),
yepe3 [Ki PyXaroThCsl TPAHCHOPTHI 3acobu. KoxHa KiIiTHHA MOXE MaTH BJIACHI XapaKTEPUCTUKH,
TaKi sIK JOBKMHA, MAaKCUMaJIbHa €MHICTbh, CEPEAHS MBUAKICTD PYXY TOIIO.

2. Totik aBromoOimiB. KokeH miaXiA 10 MepexpecTss MOIENIOETbCS SK BXITHUHM TMOTIK
aBTOMOOLIIB, 10 HAJXOAUTD JI0 MEPEXPECTS Yepe3 BIANOBIHI BX1/IHI KIITHHKU.

3. @a3u ceitnodopa. g KOXKHOrO HampsIMKy pyxy 3afaroTbes (azu cBiTIIOdopa, sKi
PEryIIoI0Th pyX aBTOMOOLIIB Yepe3 BUX1/IHI KIIITUHKU (BUXOH IIEPEXPECTS).

4. Vnpasninus cBiTiodopom. Yacosi iHTepBaiu (a3 CBITIIOPOpa PO3NOAUISIOTHCS TaKUM
YUHOM, 11100 MaKCHMIi3yBaTH MOTIK a00 MIHIMI3yBaTu 3aTOPU B CUCTEMI, BPaXOBYIOUH OOMEKEHHS
pecypciB (HanpHKIaj, yacy CBITIO()OPHUX UKIIB).

[Ipouec monenoBaHHS:

1. Imimiamizamis. [lo4aTkoBi yMOBH BCTAQHOBIIOIOTHCS MJsi KOXKHOI KIITHHKH (BXiOHI 1
BMXIJIHI ITOTOKH, MAaKCHMAJIbHI IBHJIKOCT1, EMHOCTI).

2. Pyx aBTOMOO1TIB. ABTOMOO1JI1 MTEPEMINTYIOTHCS MK KIIITHHKAMH BiJIMTOBITHO JI0 33aJIaHUX
MpaBWII (HATPUKIIA, 3aJI€)KHO BiJ] TOTOYHOT MIBUKOCTI Ta JOBKUHU KIITHHKH).

3. CitnodopHe ympaBiaiHHA. 3aJIeKHO BiJl MMOTOYHOTO Yacy iHTepBaliB ¢a3 cBiTiodopa,
aBTOMOOLTI 3 BX{JHUX KIIITHHOK BUOMPAIOTh HAIIPSMOK PyXy Yepe3 IepexpecTsi.

4. OmiHka TPOAYKTUBHOCTI. 30HMparOThCs JaHI PO IMOTIK aBTOMOOWUIIB dYepe3 BUXOIU
MEPEXpPECTsi, CepeIHI Yacu OUYIKYyBaHHS 1 MPOITYCKHI 31aTHOCTI ISl KOXKHOTO HAIIPSIMKY.

BaxnuBi acniexTu:

1. KepyBanusi onrtumizamiero. Mera MOJENIOBaHHS — 3HAWTH ONTHUMANIbHI MapaMeTpu
cBitmodopiB (yac a3, MOCHiIOBHICTH ha3), SKi MaKCHMI3yIOTh IPOMYCKHY 3/IaTHICTh a0o
3HWKYIOTh CEpE/IHI Yacu O4iKyBaHHSI.

2. Bamipamis moxaem. Moaens motpeOye Bamigallii depe3 MOPIBHSIHHS IPOTHO30BAHUX
PE3yNBTATIB 3 pEATbHUMHU JAHUMH 200 IHITUMH BIJIOMUMHU MOJIEITSIMH.

ToMy KITITHHKOBMH MiAXiT AO MOJEIIOBAHHS TPAHCHOPTHOTO TMEPEeXpecTs 03BOJISIE
JOCIIJKYBAaTH 1 TIOKpallyBaTH e(QeKTHBHICTH pOOOTH CBITIOPOPHOI CHCTEMH 3 ypaxyBaHHIM
pI3HUX TOTOKIB aBTOMOOTIB. [le BaxMBUI IHCTPYMEHT JUIs TJIaHYBaHHS MICBKOI 1HPPACTPYKTYpH
Ta PO3BUTKY TPAHCIIOPTHUX CHCTEM.

HactymauM kpokoM BBeAeMO HEOOXiAHI BXiJHI MapaMeTpd MOJCII 3a3HauYe€HOTO
TPAaHCIIOPTHOTO MEPEXPECTSI:

At — 4ac, 3a SKUW OJMH TPAHCIIOPTHHM 3aci0 MEpeMIillyeThCs Ha OAHY KIITHHKY MEpexi
(cexyHnn);

[, — iHTepBamM MDK TPaHCIOPTHUMHU 3aco0aMHU BIAMOBIAHO MJIS MEPUIOro MiAXOIY
nepexpectst (CeKyH/IN);
[, — iHTEepBamM MiX TpPAaHCHOPTHUMH 3ac00aMU BIIMOBITHO S JPYTrOTo MiAXOTY

nepexpects (CeKyHIN);

o pyopuku exnioueno cmammi 3a memamuunoro cnpamosanicmio « Tpancnopmmui mexuonociiy
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[; — iHTEepBaNM MDK TPAHCIOPTHUMH 3aco0aMM BIAMOBITHO IS TPETHOTO IIXOTY
nepexpects (CEKyHIN);
[, — iHTepBaJiM MK TPAHCIOPTHUMH 3acOo0aMM BiJMOBIAHO MJisi YETBEPTOTO IIIXOIY
nepexpects (CeKyHIn);
k; — KiJIBKICTh KJIITUHOK BiJl TOYATKy MEPEXi 10 IEHTPY MepeXpecTs AJIs MepIIoro MiaXoay

(oIMHHUIIB);

k, — KUIbKICTh KIITHMHOK BiJl TOYATKy MEpeXi 0 HEHTPY MepPexpecTs Ui IPyroro maxomry

(onuHULIB);

k3 — KiUIBKICTH KIITHHOK BiJ] TOYATKy MEPEXKi 10 LEHTPY MEePEXPecTs sl TPETHOTO MiX01Ly

(omuHUILIB);

k, — KUIBKICTh KIITHHOK BIiJ] MOYATKy MEPEXi IO LEHTPY MEePEXpecTs IS YETBEPTOTrO
miaxony (OJUHUIIB).
BBenemo 3MiHHMI mapaMeTrp M — KIABKICTh TPAHCHOPTHHUX 3ac00iB, IO Mae€ MpOiXaTu
MEPEeXpPECTsi 32 Yac TOPiHHS JI03BOJICHOTO CHTHAITY.
Jlnist BUBEACHHS MOJAIBLINX 3aJEKHOCTEH MOOYyAyeEMO CXeMy pyXy TPaHCHOPTHHX 3aco0iB
Ha OJIHOMY 3 IIJIXOIiB mepexpects (puc. 1).

I
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Pucynok 1 — Cxema pyxXy MallluH Ha JI03BOJICHUH cUTHAN cBiTiIodopa

Ha OTHOMY 3 MiJXO/iB IIePEeXPecTs
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3adikcyemMo HOMEpa MalIMH Ta PO3TISTHEMO MPOAHATIZYEMO JHMHAMIKY iX MEPEeMIlIeHHS Ta
MOJIOKEHHS B Mepeki B (DIKCOBaHI YaCOB1 MPOMIKKH.

Y ModYaTKOBMI MOMEHT Yacy B CHUCTEMi 3 SIBISIETBCS TEPINUH aBTOMOOUTb y KpaWHii
KIIITUHII Ta MMOYMHAE PyXaTUCh 31 HIBUAKICTIO OJTHA KITITHHKA 3a 4ac At.

Beeaemo HacTymHi QyHKIII:

TA(i; m) — TpuBamicTh 103BOIEHOI (ha3U B 3aNEKHOCTI Bl KiIBKIiCTi TPAHCIIOPTHHX 3aCO0iB,
110 3MO’KE€ MPOIXaTH MEPEeXpecTs 3a yac TOpPiHHS JO3BOJEHOIO CUIHAY, A€ 1 — HOMEp HiAXO0Iy
nepexpects, i = 1,4.

TY(i; m) — TtpuBamicth 3a00poHeHOi (ha3u B 3aJEKHOCTI BiJ KUIBKICTI TPaHCIOPTHUX
3ac00iB, 110 3MOXKE MPOIXaTH MEPEeXpPecTs 3a yac TOPiHHS JI03BOJEHOIO CHTHANy, Jie 1 — HOMeEp
niaxony nepexpects, i = 1,4;

Tlp (m) — TpuBamicTh CBITIIOGOPHOTO IMKIY B 3aJEKHOCTI BiJ KUIBKICTI TPaHCIIOPTHHX
3ac00iB, 1110 3MOXKe€ MIPOIXaTH MEePEXPECTs 3a Yac rOpiHHS JO3BOJIEHOTO CUTHATY.

Toxi BuXoasuM 3 HaBEACHOI CXEMH, MOKHA OTPUMATH HACTYITHI 3aJIS)KHOCTI IS KOXKHOTO 3
M1AXO0/IB:

(Ta(1;m) = ((ky + 1)+ (m—1)- I;)- At
TA(2;m) = ((ky + 1) + (m —1) - I,) - At
TA(3;m) = ((k3 + 1) + (m —1) - I3) - At
Td(4;m) = ((ky + 1) + (m—1) - I,) - At

O4eBUAHO, L0 TPUBaAJOCTI 3abopoHeHUX a3 OyAyTb BU3HAYATUCSA HACTYMHOMO
CUCTEMOIO:

TZ(1; m) = T4(2; m) + TA(3; m) + T (4; m)
TA(2;m) = TH(1;m) + T (3;m) + T (4 m)
TZ(3;m) = TH(1; m) + T (2; m) + T (4 m)
\TZ(4; m) = T3(1; m) + T{(2; m) + T (3; m)

Tomi moBHMI CBITIO(GOPHUHN ITUKII BU3HAYAETHCS 32 JOTIOMOTOK) HACTYITHOTO BUPa3y:
Ty (m) = B, TG m) = B (G + D + (m = 1) - 1) - Av).

Tenep po3risiHeMO BU3HAYEHHS apaMeTpPiB CBITIIOGOPHOTO PETYIIOBAHHS B 3aJIEKHOCTI BiJl
JOBKWHU YEPTH, [0 HAKOTIMYMIIaCh Ha YePBOHIH (a3i.

Brenemo 3MiHHMI mapamMeTp N — KUIBKICTh TPAHCIIOPTHHUX 3ac00iB, 110 HAKOIMMYYETHCS Ha
TIIXO/I1 TIepEeXPECTsI 3a Yac TOPiHHS 3a00pOHEHOT0 CUTHAITY.

Jl71 BUBEEHHS MOJAJBIINX 3aJI€KHOCTEH MO0y IyeEMO cXeMy HAKOMMYEHHS TPaHCIOPTHUX
3ac00iB Ha OTHOMY 3 TiAXOiB mepexpects (puc. 2).

Beenemo HacTynHi (yHKIIIT:

T;(i;n) — TpuBamicte cBiTIOGOpPHOT ()a3d B 3aNEKHOCTI BiJl KUIBKICTI TPaHCIIOPTHUX
3aco0iB, IO HAKOMUYYETHCS 3a Yac TOPIHHS 3a00pPOHEHOTr0 CHUTHANY, JIe 1 — HOMEp IMiJIX0Iy
nepexpects, i = 1,4.

TS (i; n) — TpuBamicTh 103BOMEHOI a3y B 3aMEKHOCTI Bif KiTBKICTi TPAaHCIIOPTHHX 3aC00iB,
110 HAKOTIUYYETHCSA 32 Yac TOPIHHS 3a00POHEHOTO CUTHAIY, /1€ 1 — HOMEp MIIXOAY MepexpecTs, i =
1,4,

sz (n) — TpuBasicTh CBITIO(GOPHOrO HUKIY B 3aJIEKHOCTI BiJl KUIBKOCTI TPaHCHOPTHHUX
3aco0iB, [0 HAKOTIMIYETHCSA 32 Yac TOPIHHSA 3a00POHEHOT0 CUTHAITY.
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|
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Pucynok 2 — Cxema HaKOMTMYEHHS MAIlIMH HA OJHOMY 3 MiJIXO/IiB PH BKIIOYEHOMY
3a00pOHEHOMY CHUTHAII CBiTIIOQOpHOT cUrHamizamii

Toi BUXOASIUM 3 HABEJCHOI CXEMH, MOYKHA OTPUMATH HACTYITHI 3aJICKHOCTI JIJIT KOYKHOTO 3
HIIXOMOIB:

TZ(1;n) =(I; —1) -n-At
TZ(2;n) = (I, — 1) -n-At
TZ(3;n) = (I3 —1) -n- At
TZ(4;n) = (I, —1) -n- At
Toni moBHMIA CBITIO(GOPHUI LUK A IPyroro BUMAAKy OyJlie BU3HAYaTHCA 32 JOIIOMOTOIO
HACTYITHOT 3aJI€)KHOCTI:
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TP (n) = B, TG n) = T, (0 — 1) - n- At).

BucHoBkn. Takum YuHOM, y poOOTiI 3amporOHOBAaHO PO3POOKY MOJEINi YIpaBIIiHHS
CBITIIO(OPHOIO CHUTHANI3AIEI0 MICBKOTO MEpexpecTs, sika MOKe 3MIHIOBATH CBOi IapameTpu
poOOTH B 3aJI€)KHOCTI BiJ] IIOCTABIICHUX BXiJHHX YMOB.

Takoro yMOBOIO € HPOMyCKHA 3[aTHICTh J103BOJIEHOI (a3u CBITIO(GOPHOTO perystoBaHHS,
KOJM B 3aJIe)KHOCTI BiJ 0OpaHOi Ui MEBHOTO IMEPEXPEecTs] BEIMYMHHM KUIBKOCTI TPaHCHOPTHHUX
3ac00iB, IO Ma€ BCTUTATH IMPOiXaTW 3a 4Yac TOPIHHS JO3BOJIEHOTO CHUTHANy, MiOMpaEeThCs
ONTHUMAaJbHa i1 TPUBATICTD.

Takox, Takol yMOBOIO € TPHUBAJICTh 3a00pOHEHOI (ha3u, CBITIIOPOPHOIO PETYJIIOBAHHS,
KOJIM 1 4Yac TOpiHHSA MIJOMPAETbCS TAaKUM YHMHOM, 1100 Ha MiAX0Jax /0 IEepexpects He
HAKOMHUYYBaJOCh TPAHCIIOPTHHUX 3aC001B OiJIbIlIe BCTAHOBJIEHOTO (DIKCOBAHOT'O 3HAUCHHS.

Jlana mMojenp 3amporoHOBaHa ISl X-TIOJIIOHUX MEepPEeXpecTh 31 BCTAHOBIEHOIO 4-X (Da3zHOIO
CBITJIOOPHOIO CHCTEMOIO yIPaBIIiHHS.

Taka Monenb ynpaBiiHHS JO03BOJUTH BUPIIIYBAaTH JABI Ba)JIMBI HPoOJEMHU MEpeXpecTb —
HEBIANOBIAHY MPOITYCKHY 3J1aTHICTh T 3MEHILIEHHS 3aTOPIB.

IlepcnexkTuBY NoaaJbLMIMX J0CTiKeHb. [IpoBeeH1 JoCTiKeHHs T0Ka3alu HeOOX1AHICTb
YIOCKOHAJIEHHS! CUCTEMHM YIPABIiHHS CBITVIOPOPHOIO CHUTHAJ3ALIEI0 MICBKUX HEPEeXpecTb.
3arponoHOBaHa MOJIENb 3aCTOCOBYETHCS U1 OKPEMOTO TepeXpecTs, IO I UIATae JOCTIKSHHIO 1
onTUMi3alii.

Y mnojmanpmioMy TUIAHYETHCS PO3MIMPEHHS MOJENl Ta 3aCTOCYBaHHSA IS BHITAJIKIB
NePEXpPeCTb 31 BCTAHOBJICHOIO 2-X (ha3HOIO CBITIO(OPHOIO CHCTEMOIO YIIPABIiHHS, 110 3/1aTHA Oyae
OXOILTIOBATH HE TIABKU OJHE MEpEeXpecTs, ajie ¥ ULy IpyIly B3a€MOIIOB’SI3aHUX NEPEXPECTh, SKi
OyAyTh TpyIyBaTHCs 3a pI3HUMH  O3HaKaMH, HANpuUKIal, CAMUM JIOTIYHMUM — CYCIAHIM
pO3TanTyBaHHIM.

Ie 103BOIUTH MOKPALIUTHU CTaH JOPOXKHBOTO PYXY HE TUIbKH Ha JIOKAIBHUX JUISHKAX, ane i
Ha TPAHCIOPTHIN Mepexi B LIJIOMY.
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Slavych V. P., Savchenko M. O. MODEL OF A FOUR-PHASE TRAFFIC FLOW MANAGEMENT
SYSTEM

The article presents the development of a mathematical model of a special traffic light signaling control system
of a road intersection of the city's transport network.

One of the problems of urban intersections in the case of strict management is such a parameter as the number
of vehicles that manage to pass during the time when the permitted traffic light signal is burning. This
parameter is important for the efficiency of the traffic light. This parameter can be critical in urban
environments, where a large number of cars can create traffic jams if the time dedicated to traffic is not
sufficient to accommodate all vehicles. The essence of the system is to determine the main parameters of the
traffic light modes depending on the pre-established criteria. As such criteria, the following are accepted in the
work: 1) the minimum passing capacity of the approaches to the intersection, which is determined by the
number of vehicles that can pass during the time of the permitted traffic light signal - and this value is
generalized for all approaches; 2) the maximum loading of the intersection, which is determined by the number
of vehicles accumulating during the burning of the prohibited traffic signal, which is also generalized for all
approaches. These explanations are suitable for use at any intersections for which it is necessary to adjust the
specified two parameters in order to improve the traffic situation, namely for cases when the traffic light
control parameters set by default at a certain intersection do not correspond to the existing intensity of traffic
flow, as well as for cases when, under the available parameters, there is excessive accumulation on one or
several approaches of vehicles, that is, it leads to traffic jams. This model is proposed for x-shaped
intersections with an installed 4-phase traffic light control system. Such a management model will allow
solving two important problems of the intersection - inadequate bandwidth and reducing congestion.

Key words: traffic flow; road traffic; intersection; traffic flow control system; traffic signal; intersection
capacity; transport network.
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HaykoBuit BicHUK XepCOHCBKOI Aep3KaBHOI MOPCHKOI akageMii
BUMOI' 1O O®POPMJIEHHA 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 CTaTTi1 HECE aBTOpP.

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 3arajJbHOMY BUIJIAI Ta ii 3B'I30K 13 BaXJIMBUMU HAayKOBUMU
Y OPAaKTUYHUMU 3aBJAaHHSAMH; aHaN3 OCTAHHIX JOCIIPKEHb 1 MyOuiKalii, y sSIKMX 3al04aTKOBAaHO
PO3B'sI3aHHS J1aHOT MPOOJIEMHU, Ha SIKI MOCHJIAETHCS aBTOP; BUALICHHS HEBUPILICHUX paHillle YaCTHH
3arajibHOI MpPOOJIEeMH, SKUM INPUCBSIUYETHCS CTATTS; (POPMYINIOBaHHS 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.

Oébcaz cmamein — 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.

Odopmnenna cmammi. Ha mepuriii cTopiHmi pykomucy 3a3HadaeThes koa YK, Haspa
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). mpizBulle, IHIIIAIH, HAYKOBUWM CTYyMiHb, BUYCHE 3BaHHII,
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, intepsan — 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™;

a63auHuit Biactyn — 1,25 cM, BUpIBHIOBaHHS 32 IIMPHUHOIO, 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 pefakTopa 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 dopmyu Tex Oe3 ab3airy 1 3 BUPIBHIOBAHHSIM IO IEHTPY. Mexa MK KOJOHKaMHU TaOJIHII
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 Toiio) 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 OCHOBHOrO Marepiasly (MeTOOM 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 MOXYTh MaTH Ha3BH, JICIIO BIIMiHHI Bi/l IPUBEICHUX BUIIE HAHMEHYBaHb
31 30€pEIKECHHSIM 1X 3arajibHOI JIOT1YHOT IMMOCIiJOBHOCTI.

Cnucox euxopucmanoi nimepamypu NOJAETHCSA 3araJbHUM CIIMCKOM Yy KiHII PYKOIHUCY
(MOCTIIOBHICTh — y TOPSAKY 3TaJyBaHHs I0 TEKCTYy) 3TiJHO 31 BCTAHOBJICHHMMH BHMOTaMH
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 BHWAAHb, IO IHACKCYIOThcs Oa3zamu 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 BUKOpUCTOBYeTbCS APA-ctunb. CHHCOK JiTepaTypd TpaHCIITEPYEThCS  abo
MEePEKIIAIAETHCS aHTIHChKOI0 MOBOK. TpaHciiTepyBaTH iH(GOpMaIlito HEOOX1JHO BiAMOBIAHO 0O
nocraHoBu KaGinery MinictpiB Ykpainu Big 27.01.2010 «IIpo BHopsiaKyBaHHsS TpaHCIiTEparii
YKpaiHChKOTO ani(aBiTy JaTHHUIIEIO» (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 MOMKIHMBICTH OyTH MPEIACTaBICHOIO 1
CIPUIHSTOIO YNTaueM OKPEMO BiJ CTATTi;

e aHOTAIliA Mae OyTH M030aBJeHOIO MyOJfOBaHHA iH(OpPMAaIlii, 0 HAaBEJICHa B 3aroJOBKY
CTATTI;

e aHOTAIllT Mae OyTH iH(QOPMATHBHOI, 3MICTOBHOIO, MICTUTH KOPOTKY iH(popMaliro 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 3p03yMUINMU 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 ajapecH, BKa3zaHI KOpUCTyBauaMM Ha CAalTi LbOTO JKypHaly, OyIyTh
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
unresolved parts of a general problem, to which the article is devoted; formulation of article goals
(statement of the task); presentation of the main material of the study with a full justification of obtained
scientific results; conclusions and prospects for further scientific research in this area.

Article total volume allowed is 10...15 pages with all materials embodied, including tables,
figures, graphs and reference list. The sum of figures and tables should be no more than 30% of the
research body.

Article design. The following information shall be placed on the first page of the manuscript:
Universal Decimal Classification (UDC) index, article title, surname, initials, and scientific degree
(academic status) of the author (s).

Universal Decimal Classification (UDC) index is to be placed on the left side, font size — 10 pt.

Article title is to be placed in the centre in block letters (bold type, font size — 14 pt.).

Information about an author (s): surname, initials, academic degree, academic status,
occupational  title, full name of institution or  public organization, country,
e-mail address, author’s ORCID is to be indicated in Italics, on the left side, font size — 12 pt.

The text is to be given in MS Word document format, font — Times New Roman, font size —
12 pt., line spacing — 1.

Page setup (menu option FILE, Page setup):

paper size — A4: 210*297 mm,;

paper layout — book (album is forbidden);

margins — 2.00 cm;

casework — 0.00 cm;

page header/footer — 1.30 cm;

paragraph indent — 1.25 cm, full justification, no page numbering is required.

The article is to contain only those formulas, figures, tables that provide disclosure of the
content of the presented research, all of them must be referenced in the text of the article.

Formulas should be typed using the built-in Equation Editor formula editor. All formulas are to
be inserted into a table with no outline, consisting of two columns: the first column is to contain a
formula without a paragraph and centre justified, the second one is to contain a formula number (if any),
without a paragraph and centre justified. The border between the columns of the table is to be set at
14 cm.

This also applies to formulas and formula characters that appear in the text. The parameters in
the formula editor must exactly match the following:

Sizes (Equation Editor menu option: SIZE, Determine ...):

Regular 12 pt.

Large index 7 pt.
Small index 5 pt.
Large character 18 pt.

o Small character 12 pt.

Tables are to be made up in Microsoft Word.

Figures should be black and white, preferably transparent, and inserted into the file and article
print. Figure format (tif, pcx, bmp, etc.) must be compatible with the Microsoft Word text editor. Figure
resolution is to be at least 300 dpi.
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Article structure:

introduction;

statement of the problem;

analysis of the recent research and publications;
the purpose and objectives of the research;

e statement of the main material (research methods, problems solutions to ensure the
achievement of the objectives);

e discussion of results;

e conclusions;

e directions for further research;

o reference list.

The main sections may have names that are slightly different from the names given above while
maintaining the general logical sequence.

Reference listis to be given in the form of a general list at the end of the manuscript (the
sequence is to be in the order of citation) in accordance with the established requirements of DSTU
8302: 2015 standard. The list should contain total 15...30 titles, of which at least 2/3 published in the
last 10 years, of which at least 5 foreign. There should be at least 3 references to articles from
publications indexed by the Scopus and/or Web of Science Core Collection databases. The amount of
self-citation (links to your previous publications) is allowed to be no more than 1/3 of the total number
of sources.

The article is to be followed by the reference list in Roman alphabet (References). ARA-style is
to be used when executing it. The reference list is to be transliterated or translated into English.
Information transliteration is required to be in accordance with the Resolution of the Cabinet of
Ministers of Ukraine dated 27.01.2010 “Concerning the regulation of Ukrainian alphabet transliteration
by Roman alphabet” (Ukrainian language transliteration can be done at http:
[lukrlit.org/transliteratsiia#source=0JzZQsNGAOY LQUNGIOLXQstGB0OYzQutC40Lk= [select standard:
Passport (CMU 2010)]).

It is not required to transliterate the sources written in Roman alphabet.

Structured abstracts in Ukrainian (150 to 250 words) and English (not less than 1800 words)
languages are given as follows: an abstract is given before the introduction if it has been executed in
article source language, but if an abstract has been executed in a language different from article source
one, an abstract is given after the text of the article. Keywords list is given under the abstract.

Basic requirements for abstracts:

e the abstract must be written in such a way as to be able to be presented and perceived
separately from the article;

¢ the abstract must be devoid of duplication of information given in the title of the article;

e the abstract should be informative, meaningful, contain brief information about the research
presented in the annotated paper - the field to which the work belongs, relevance, applied methods, main
results, their significance for theory and practice;

e the sentences used in the abstract should contain 10...20 words, be understandable to the
reader without excessive primitiveness;

o keywords from the text of the article should be used in the text of the abstract;

e the abstract in English should not be a blind duplication of the abstract in Ukrainian, but
should be an independent, complete text.

The documents to be submitted to the editorial office.

In order to be published, the author is required to submit electronic
(to journalnvksma@gmail.com) version of the following documents to the editorial office:

« electronic article — a file, typed in Microsoft Word editor;

o aseparate file of each figure included in the article.

Along with the article text, the author (s) must submit:

e structured abstract with keywords list in both Ukrainian and English languages, including
article’s title and author (s) surname (s) in three languages — on a separate page;
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e license contract;

o information about authors (surname, name, middle name, academic degree, academic title,
place of employment, occupation title, home or work address, contact telephone number, e-mail address,
scientific interests of authors, author (s) ORCID — on a separate page.

Avrticles submitted for consideration are checked for plagiarism and double-blind peer review.
For review, the editorial board can involve external experts in the relevant direction.

The editorial board reserves the right to make decisions regarding the compliance of the
presented works with the directions of the magazine. Materials that are not designed according to the
above rules, contain plagiarism, or do not correspond to the directions of the journal will be rejected.

Privacy Statement

The names and email addresses provided by users on journal’s site, shall be used solely to
perform the internal technical tasks of this journal; they shall not be distributed or transmitted to any
outside parties.
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