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Analysis of operating conditions and modes of locomotive traction motors

Abstract. Traction motors are a key element of locomotive drive systems, the safety and
efficiency of transportation depend on the reliability and stability of their operation. Under
intensive operating conditions, motors are exposed to variable mechanical, electrical and thermal
loads. Additionally, their operation is affected by environmental factors — temperature, humidity,
dust, vibrations. An important component of increasing efficiency is the implementation of modern
methods of diagnosing, monitoring and predicting the condition of motors using the Internet of
Things and cloud computing. The object of research is the physical processes that occur in
locomotive traction motors during their operation in different modes and under different operating
conditions. The article analyzes the conditions and operating modes of locomotive traction motors
with detailed consideration of the influence of temperature conditions, insulation quality, load
modes, operating conditions,
technologies. The features of thermal processes in windings, methods of monitoring the condition of

electromagnetic interference, and modern cloud monitoring
insulation and diagnostics, as well as the implementation of remote monitoring systems are
considered. The need for a comprehensive approach to assessing the technical condition of traction
motors, based on a combination of traditional control methods with the analytical capabilities of
cloud services, is substantiated. The results of the analysis showed that the efficiency and reliability
of locomotive traction motors are significantly influenced by external factors. The greatest threats
are climatic conditions, electricity quality, vibration levels, electromagnetic interference, and
maintenance organization. Their negative impact can be reduced by using modern diagnostic
monitoring systems. This, in turn, will help increase motors efficiency, reduce operating costs, and
extend the service life of locomotives.

Keywords: traction motor, locomotive, heating temperature, cooling, insulation, vibrations,
operating modes, electric machine, electromagnetic interference, cloud technologies.

Relevance of the research topic. insulation quality, load modes, operating conditions,

electromagnetic  interference, and modern cloud
monitoring technologies is important for increasing the
reliability and efficiency of rail transport.

The efficiency of locomotives is largely
determined by the condition of their traction motors.
Traction motors, as a key element of electric traction, are
particularly sensitive to changes in operating conditions,

Introduction.

characterized by a wide range of factors that can reduce
the efficiency of motors, reduce the service life of their
components, and increase the risk of accidents. Therefore,

The traction motor is certainly the main and most
important component of a locomotive, and the

conducting an analysis of the conditions and operating
modes of locomotive traction motors with detailed
consideration of the influence of temperature conditions,

© NERUBATSKYI V. P., 2025

temperature management of electric motors is attracting
increasing attention from both industry and the academic
community. This is because the traction motors in modern
locomotives need to be more powerful and competitive,
so effective temperature management becomes important
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to maintain the efficiency, durability and safety of the
motors. A thermal management failure can lead to
demagnetization of magnets, aging of insulating
materials, reduced efficiency, shortened service life, and
even burnout of motors.

Locomotive traction motors operate in extremely
difficult conditions that are significantly different from
the operating conditions of stationary electric machines.
Therefore, it is necessary to take into account a number of
specific features of their operation. Thus, the ambient
temperature during motor operation and idling can vary in
the range from —50 to +50 °C with relative air humidity
up to (95£3) %. Under such conditions, the mechanical
strength of individual structural elements decreases. At
low temperatures, most insulating materials become
brittle, with cracks appearing on their surfaces. In the
summer, the operation of traction motors is complicated
by deteriorating cooling conditions, drying out of
insulation, and increased dustiness of the air. Increased
humidity, especially during precipitation in the form of
rain or snow, contributes to corrosion of metal parts and
worsens the condition of insulation.

The traction motor housing is periodically, and in
some cases, constantly exposed to accelerations that
exceed the acceleration of free fall by 10-20 times. Such
dynamic loads acting on traction motor elements can
cause various damages: breaks in wires and windings
(especially in soldering areas), cracks and insulation
destruction, accelerated wear of axles and bearings, as
well as disruption of the normal functioning of elastic
elements.

The design of the motor and the conditions for its
installation on the locomotive [1-3] must provide
convenient access to:

— plain bearings with liquid lubricant — to control
the sufficiency of the lubricant supply during autonomous
lubrication and to check the circulation of lubricant
through the bearings during forced lubrication;

— grease-lubricated rolling bearings — for partial
replacement or replenishment of grease without the need
to disassemble the bearing assembly;

— brush apparatus of DC motor collectors or slip
rings of AC motors;

— bolts that fix the main and additional poles of
DC motors to the frame;

— air coolers;

—terminal boxes of motor winding ends of all
types of current;

—heavy elements — in order to ensure the
possibility of using mechanized means for their
maintenance and repair.

In some motors are operated on
locomotives in enclosed spaces with limited ventilation
and no air exchange. Such conditions lead to
contamination of the motor with coal dust from the
brushes, deterioration of commutation, and increase the
risk of arcing from the collector to the housing.

cases,

And vice versa: sometimes during movement,
traction motors are blown by an oncoming air flow
containing dust particles with abrasive properties. These
particles damage the insulation of traction motors, impair
the operation of bearings, and form conductive paths that
can cause short circuits.

The efficiency and reliability of locomotive
traction motors depend to a large extent on the
electromagnetic environment in which they operate.
During the operation of rolling stock, numerous
electromagnetic interferences arise, which negatively
affect the operation of electrical machines, control
systems, and auxiliary equipment [4, 5].

Some of these conditions contradict the basic
requirements for locomotive traction motors. For
example, to ensure minimal dimensions, the active core of
the motor must operate at a high utilization rate, which
leads to increased operating temperatures that reach the
limit values allowable for heat-resistant insulation. A
similar situation is observed with regard to mechanical
stresses and structural elements, which, due to increased
motor speed, also reach high, and in some cases,
maximum permissible levels.

The creation of new, more advanced and reliable
motors, as well as their effective operation, is possible
only with a deep understanding of the physical processes
occurring in similar operating motors [6]. Such processes
include wear, relaxation and fatigue of metals, corrosion
and erosion of structural elements under the influence of
fluid flows, aging of lubricants, thermal destruction of
electrical insulation, dusting, as well as prolonged
exposure to repetitive overloads, vibrations and other
factors [7, 8]. All these phenomena appear only after
prolonged motor operation, therefore, reliable information
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about wear can only be obtained on the basis of a
systematic analysis of the experience of operating
equipment in real conditions of moving vehicles.

Analysis of recent research and publications.
References [9] present a comprehensive collection of heat
transfer mechanisms for various heat removal methods
used in traction electric motors. They provide an
overview of different cooling concepts in existing and
future traction motors, and compare cooling approaches.
Geometric calculation formulas for various cooling heat
transfer mechanisms used in motor technology have been
collected and general heat transfer phenomena occurring
in traction electric motors have been considered. Various
specific aspects are analyzed, including rotor shaft
cooling, different spray cooling concepts, different air
convection phenomena, bearing heat transfer, and stator-
housing contact. Thermal analysis and comparison of
various cooling methods were carried out. The issue of
economic feasibility of applying the proposed approaches
to cooling traction motors was left out of consideration.

The paper [10] presents the current state of the
art of various thermal management methods for traction
motors, including air cooling (natural and forced, air
impingement cooling) and liquid cooling (water/oil
jacket, jet impingement, spray, forced
convection in slotted channels) for the stator, winding and
rotor. However, hybrid thermal management technologies
for dealing with extreme conditions have not been fully
considered.

immersion,

The review article [11] mainly focuses on
different types of effective thermal design methods that
analyze the thermal performance of traction motors. It
presents a brief overview of the comparison of different
thermal design and analysis methods for different types of
traction motors with the aim of showing how improved
thermal design can be achieved through optimal
electromagnetic and structural design characteristics for
different traction motor geometries.

In [12], an analysis of the operating conditions of
traction drives of electric locomotives with asynchronous
traction motors was conducted. It was found that during
operation, defects may occur in the output converter of an
asynchronous motor, which leads to asymmetric modes of
its operation. Models of the traction drive of an electric
locomotive with asynchronous motors with scalar and
vector control of the output converter, which take into
account asymmetric operating modes, are proposed. As a
result of the simulation, the starting characteristics of the

traction drive were obtained for various control methods
in both normal and emergency modes of operation of the
drive. Comparison of the simulation results showed that
in emergency modes of the traction drive, the torque
pulsations on the motor shaft in the drive with vector
control are 13 % smaller, and with scalar control, the
phase current asymmetry coefficient is 22 % smaller.
Among the shortcomings of the study, it is worth noting
that it does not take into account the impact of digital
technologies and Smart Grid systems on the development
of electric drives.

In the article [13], the operating modes of the
traction asynchronous drive of a diesel locomotive are
optimized according to the efficiency criterion and the
optimal control modes of the autonomous voltage inverter
at different temperatures of the traction motor windings
are identified. In addition, the optimal operating modes of
the traction drive of a diesel locomotive and a tram were
analyzed, which allowed us to establish the differences in
the location of the transition point from space-vector to
single-phase PWM depending on the motor temperature.
The disadvantage of the article is that it does not present a
comprehensive approach to the analysis of the system
«asynchronous motor — converter — load — control
system.

Publications [14, 15] are devoted to determining
additional heat losses from higher harmonics in the
windings of electric motors. And materials [16, 17]
consider the influence of higher harmonics of rotating
electric machines on the operating modes of active-
adaptive networks and their power equipment. This
influence depends on the energy level of higher
harmonics and the operating modes of active-adaptive
networks. A method is proposed that allows determining
the levels of slot harmonic components in the phase
windings of electrical machines. The calculation of the
energy level of higher harmonics was carried out taking
into account the electromagnetic asymmetry of rotating
electrical machines and asymmetric operating modes of
three-phase electrical networks using the phase coordinate
method.

In [18], a thermal model is presented that can be
used to estimate the resulting temperatures in PMSM
components for different operating points and duty cycles.
The model is used to compare two cooling systems for
electric motors: frame cooling and direct winding cooling.
Both systems can be equipped with additional rotor
cooling. It is claimed that direct winding cooling instead
of frame cooling provides significant advantages in terms
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of resulting continuous torque and power at the assumed
manufacturing costs. A limitation of the work is the
insufficient attention to the adaptability and self-updating
of the proposed thermal model.

The publications [19, 20] consider the
application of the finite element method for thermal
calculations of electrical equipment of diesel locomotives.
A solid-state model of an asynchronous traction motor
was built using the SolidWorks program. The developed
finite element model of the elements of an asynchronous
traction motor allows determining the thermal state of the
elements of the rotor and stator of the electric machine of
a diesel locomotive. The disadvantage of the study can be
considered the limited feasibility of the experimental
conditions.

In [21], a practical approach to modeling and
analyzing transient thermal effects in air-cooled traction
motors is presented. The developed thermal modeling
method allows for accurate estimation of the temperature
in critical parts of the motor, including the winding and
bearing. In addition, the developed model provides an
opportunity to study the effect of stator and rotor air duct
clogging on the thermal characteristics of the motor,
which is a common cause of failures in traction systems
during operations in a polluted environment. A limitation
of the study is the insufficient consideration of spatial and
temporal temperature gradients.

The study [22] is devoted to the improvement of
the method of protection of traction motors based on the
use of programmable logic controllers. In addition to the
voltage and current parameters, the proposed method
involves monitoring the magnetic field. It also provides
the possibility of adjusting the protection response time.
As a result, in the event of overload, short circuit and
other non-standard situations, the improved method
provides the system with the ability to make more
accurate and reliable decisions. However, little attention
has been paid in the work to the influence of operating
conditions on the performance of traction motors.

In [23], an innovative system combining a
machine learning model with Internet of Things (IoT)
technology for real-time diagnostics of the technical
condition of traction motors is presented. This allows for
rapid monitoring of changes in the motor condition. The
developed system generates recommendations on the
appropriate time for maintenance based on actual motor
performance indicators. This approach allows you to
traditional scheduled maintenance to

move from

predictive maintenance based on real-time diagnostic
results. As a result, reliability is increased and motor
service life is extended, as well as the number of
unplanned downtimes is reduced. However, the issue of
interaction of the system presented in the work with
motor control systems or SCADA in order to provide
remote monitoring and control of its operation through
integration with IoT technology is not fully disclosed.

Defining the purpose and objectives of the research.

The purpose of the article is to conduct a
comprehensive analysis of the conditions and operating
modes of locomotive traction motors, which, under the
conditions of implementing an integrated approach to the
issue of effective operation of traction motors, which
includes monitoring the temperature state and insulation
of windings, adaptive control of operating modes,
protection against electromagnetic interference, the use of
cloud monitoring and diagnostic technologies, etc., will
contribute to increasing reliability, extending the life of
motors and reducing operating costs. To achieve the goal,
the following tasks were set:

— analyze the heating and cooling processes of
traction motors, identifying the main causes of motor
overheating;

— consider the effect of heating temperature on
the aging of motor insulation;

—identify the main causes of traction motors
vibration;

—to review the nominal operating modes of
traction motors;

—to investigate the effect of electromagnetic
interference on the operation of locomotive traction
motors;

—to learn about the use of cloud technologies in
traction drives control systems.

The main part of the research.

Analysis of heating and cooling processes of
traction motors. The operation of locomotive traction
motors is accompanied by the conversion of electrical
energy into mechanical energy, which is always
associated with the appearance of energy losses in the
form of heat. Heating and cooling processes determine the
thermal state of the machine, which directly affects the
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reliability, durability and efficiency of the traction motor.
Therefore, their analysis is a necessary component in the
design, operation and diagnostics of traction rolling stock.

The load capacity of electric motors mainly
depends on their heating conditions, since it is the
temperature increase that is the main factor limiting the
motor power under both long-term and short-term loads.
As the load increases, energy losses increase and,
accordingly, the amount of heat released. With excessive
load, the temperature of individual elements, especially
insulation, may exceed permissible values.

At the beginning of operation, the temperature of
the electric motor practically coincides with the ambient
temperature. At this stage, all the heat released in the
motor is spent on heating its parts. Gradually, the
intensity of heat transfers to the environment increases.
After some time, the motor heats up to such an extent that
the amount of heat released by it per unit of time is
completely balanced by the amount of heat transferred to
the environment. At this point, the temperature increase
stops, and thermal equilibrium is established, in which all
the heat generated in the motor is dissipated through its
surface.

The motor heat balance equation has the form:

dT
C—-=P .. —k\T-T., ) 1
dt losses ( cm) ()

where C is the heat capacity of the motor;
T is the current temperature;

T.,, 1s the temperature of the cooling medium;
Bgses 18 the total power losses;

k 1s the heat transfer coefficient.

Equation (1) describes the change in temperature
over time under the influence of internal heat sources and
external cooling.

An electric machine consists of many elements
(windings, parts of the magnetic circuit, structural parts)
that differ in thermal conductivity, heat capacity, and
cooling conditions [24]. As a result, the temperatures of
individual parts of the machine also differ. Despite the

complexity of the distribution of heat flows inside the
motor and the limited accuracy of thermal calculations
based on this approximation, it is possible to identify
general patterns of temperature changes in the processes of
heating and cooling the motor. The temperature of the
traction motor during heating and cooling changes
according to an exponential law. During heating, the
temperature rise of the motor above the ambient
temperature  gradually increases and asymptotically
approaches a value corresponding to a certain current level.
This behavior is observed with increasing power losses
(load) of the motor or a decrease in its cooling efficiency
[25].

By increasing the cooling intensity or reducing the
load current, the temperature rise decreases to a new
steady-state level corresponding to the changed current
values. After disconnecting the motor from the mains, the
load current becomes zero and the motor gradually cools
down to ambient temperature.

During  sufficiently long operation, the
temperature rise reaches an almost constant level. In this
state, the motor is in a practically stable thermal mode,

which is called continuous.

The main reasons for overheating of electric
motors can be as follows:

—motor contamination and dust deposition on
the windings and active steel of the machine, which leads
to deterioration of heat transfer;

—the fan with inclined blades rotates in the
wrong direction, which causes it to supply insufficient air
to the motor and the cooling system to operate
inefficiently;

—increased ambient temperature (over +35 °C),
at which the motor heating temperature exceeds

permissible values;

— reduction of the armature or rotor speed below
nominal, which causes reduced air circulation and poor
motor cooling;

— interturn short circuits in the motor windings,
as a result of which an electromotive force is induced in
the short-circuited circuit, and due to the low resistance of
this circuit, significant short-circuit currents flow through
it, which cause the motor to overheat;
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—reducing the armature rotation frequency, due
to which, to ensure the nominal voltage, a current of a
greater magnitude than the nominal is supplied to the
excitation winding in order to create a more powerful
magnetic flux, which leads to overheating of the
excitation winding.

Motor overheating can also be caused by
increased bearing temperature, which is usually caused by
insufficient lubrication or an overly tight belt.

In DC motors, collector overheating occurs when
there is strong sparking under the brushes, which occurs
due to poor commutation, the use of brushes that are too
hard, or excessive pressure on the collector.

In synchronous generators, the rotor excitation
winding overheats at low power factor. This is because to
compensate for the demagnetizing effect of the armature
reaction, the current in this winding must exceed the
nominal value when the generator is operating at rated
load.

For asynchronous motors, in addition to the
causes of overheating common to all electric machines, an
additional temperature increase can occur for the
following reasons:

— increasing the voltage in the network above the
nominal value leads to increased losses in the steel;

—operation of the motor on only two phases
while maintaining the rated load causes the rated current

in these phases to exceed approximately NE) times;

—a decrease in voltage at the motor terminals
causes its current overload under rated load conditions;

— connecting the stator windings in a “delta”
instead of a “star” configuration leads to a significant
excess of the rated current in the stator windings.

To maintain an acceptable thermal regime in
locomotive traction motors, various cooling systems are
used, depending on the type of motor and operating
conditions:

—natural (self-cooling) — used in low-power or
auxiliary machines. Heat is removed through convection
and thermal conductivity from the surface of the housing
to the environment;

— forced air cooling is the most common method
for DC and AC traction motors. The air flow is supplied

by fans or turbines built into the motor or locomotive
design [26]. The system can be open, when air is drawn
from the environment, closed, when recirculation flow
through heat exchangers is used;

—liquid cooling — used in powerful traction
motors of modern electric and diesel locomotives. Water,
oil or antifreeze are used as a coolant, which circulates
through the cooling jackets of the body and windings;

—combined systems — combine air and liquid
cooling for different components (e.g. winding — liquid,
collector — air).

To ensure optimal thermal conditions of traction
motors, the following technical measures are used:

—use of materials with increased thermal
conductivity for housings and winding elements;

— optimization of aerodynamic channels in the
motor design to improve cooling air flow;

—use of modern heat-resistant insulating
materials of classes F"and H (up to 155-180 °C);

—the use of intelligent temperature control
systems that provide automatic adjustment of fan or pump
speed depending on the load,

— periodic cleaning of channels and checking the
condition of cooling systems during maintenance.

For heating and cooling analysis, thermal
equivalent models are used, where individual parts of the
motor are represented as elements of an electrical circuit:

—thermal resistances — as an analogue of
electrical resistances;

— heat capacities — as capacities;
— heat sources — like current generators.

Solving such models allows you to determine the
dynamics of temperature changes under different loads
and cooling modes, as well as evaluate transient processes
after start-up, stop, or short-term overloads.

Effect of heating temperature on motor
insulation aging. The operating temperature is one of the
determining factors affecting the durability and reliability
of the insulation systems of locomotive traction electric
motors. During operation, motors operate in difficult
conditions characterized by variable loads, high humidity,

8
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vibrations, and the effects of electromagnetic fields. The
combination of these factors causes accelerated aging of
insulating materials, especially when the permissible
temperature limits are exceeded: mechanical strength
decreases, insulation becomes brittle, cracks form [27].
The presence of cracks in insulation reduces its electrical
strength. The main causes of insulation aging include the

following:
— high temperature;
differences  between

—large  temperature

individual motor parts;
— electric field;
— high humidity;
— mechanical loads.

causes an
in the

An increase in temperature
intensification of physicochemical processes
structure of insulating materials, such as [28]:

— oxidation of organic compounds, which leads
to loss of elasticity, formation of microcracks and
reduction of dielectric strength;

— evaporation of plasticizers and moisture, as a
result of which the insulation becomes brittle and less
resistant to mechanical stress;

—acceleration of polymerization and thermal
degradation processes, which change the molecular
structure of the material and worsen its operational
properties.

Increased temperature leads to oxidation of the
components of the insulating varnishes. Therefore, to
ensure the specified service life of the traction motor, the
heating temperature of individual components must not
exceed the permissible values. Thus, the maximum
permissible operating temperature of the motor is
determined by the thermal resistance of the insulation
used. At the same time, increasing the permissible
temperature of motor parts allows for increased load, but
at the same time accelerates the aging processes of
insulation and reduces the service life of the machine
[29]. Electrical insulating materials used in electric
motors are classified by the level of thermal resistance
into seven classes, the temperature limits of which are
given in Table 1.

Table 1 — Thermal resistance classes of electrical
insulating materials used in electric motors

Insulation class Y A E B F H C
Permissible overheating 80 105 120 130 155 180 Above
temperature, °C 180

The most vulnerable to the effects of elevated
temperatures are materials based on cellulose, paper, silk
and similar substances, which are used in class 4 and E
insulation. In class B insulation, the binding components
and impregnating varnishes are primarily subject to
oxidation when heated. Class F and H insulation, like
class B, is made using mica, asbestos and fiberglass, but
they use binders that are more heat-resistant. Class C
insulation, made of ceramic and mica, is resistant to high
temperatures.

The duration of insulation aging (in years) under
the influence of temperature can be roughly calculated
using the following expression:

t=e", )

where a is a coefficient depending on the insulation class;

6 is temperature, °C.
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From expression (2) it is clear that with
increasing temperature the aging process of insulation is
significantly accelerated. For example, for class 4
insulation at a temperature of 95 °C its service life is
about 16 years, at 110 °C it decreases to 4 years, and at
150 °C it is reduced to only a few days. In approximate
calculations, the so-called «eight degree rule» is usually
used: each increase in insulation temperature by 8 °C
above the permissible level reduces the service life of
class 4 insulation by half. For class B insulation, the
temperature dependence of service life is similar, but
reduced by approximately 20 °C towards higher
temperatures. Therefore, the above patterns and the eight-
degree increment can be applied to other types of
insulation. Although it is difficult to practically determine

the actual overheating of the insulation, it is always
necessary to consider its effect on the durability of the
electrical machine.

Table 2 shows the
temperature excesses of some parts of electric machines
of rolling stock, the service life of which is 815 years.

maximum permissible

Table 2 — Overheating of electric machine elements

Parts of an electric machine

Maximum permissible temperature, °C

Insulation classes

A E B F H
Armature windings connected to the collector and 60 75 80 100 125
AC windings
Multilayer excitation windings of DC and AC 60 75 80 100 125
machines
Single-row excitation windings with bare surfaces 65 80 90 110 135
Cores and other steel elements in contact with 60 75 80 110 125
insulated windings
Collectors and slip rings 60 70 80 90 100

In locomotive traction motors operating in severe
conditions with frequent starts, braking, and short-term
overloads, the winding temperature often exceeds the
nominal values. This leads to accelerated aging of
impregnating varnishes, resins, and insulating tapes, and
subsequently to interturn short circuits or insulation
breakdowns on the housing.

The maximum permissible winding temperature
is determined by adding the maximum permissible
temperature rise to the nominal ambient temperature,
which is assumed to be 40 °C. If the actual ambient
temperature is higher than this limit, the permissible
winding temperature rise must be reduced so that the
actual winding temperature does not exceed the set limit.

If the ambient temperature is lower than the
standard, then during operation it is allowed to
proportionally increase the maximum permissible excess
of the winding temperature, but not more than by 10 °C
compared to the value established by standards or
technical specifications. When operating the machine in
areas where low barometric pressure reduces heat transfer
efficiency, it is necessary, on the contrary, to slightly
reduce the permissible temperature excesses.

In some cases, for special-purpose electric
machines, their service life is reduced by allowing higher
insulation heating values than those specified in Table 2.
This allows for increased power with the same
dimensions or to produce a machine of the required power
with a smaller mass and dimensions.

1
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The average excess of the winding temperature
over the temperature of the cooling medium is usually
determined based on the change in the resistance of the
winding or conductor:

r=n-l+a-(0-6,) (3)

where 7, and 7, is the active resistance of the winding in

the cold and heated state, respectively, Ohm;

o is the temperature coefficient (for copper
a=0,004 K1),

6 is the winding temperature, °C;

6, — is the ambient temperature, °C.

To minimize the negative impact of temperature
on insulation in traction motor designs, the following
technical solutions are used:

—use of heatresistant materials of heat

resistance classes F, H or higher;

— implementation of efficient cooling systems
(forced ventilation, liquid or combined cooling);

— monitoring the temperature state of windings
using temperature sensors and automatic control systems;

— preventive cleaning of ventilation ducts to
ensure proper heat exchange.

The main causes of traction motors vibrations.
During operation of traction motors, their parts vibrate,
which is called vibration. Vibration leads to disruption of
connections in the motor, increased wear and overheating
of bearings [30-32]. Vibration is considered permissible
if the doubled amplitude of vibrations does not exceed the
limits specified in Table 3.

Table 3 — Permissible vibration limits

Motor revolutions per minute Permissible vibration, mm
750 0.12
1000 0.10
1500 0.08
3000 0.05

The occurrence of vibration of traction motors is
caused by various factors of both mechanical and
electrical nature [33-35].

The main mechanical causes of traction motor
vibration include the following:

—rotor imbalance — occurs due to uneven mass
distribution or wear of parts, which leads to the
appearance of centrifugal forces during rotation;

— shaft or rotor deformation — even a slight shaft
distortion can cause beating and vibrations;

—rotor and stator misalignment — misalignment
during installation or operation leads to an uneven gap in
the air gap;

—wear or damage to bearings — increased
backlash, misalignment or destruction of separators cause
vibrations and noise;

—unreliable fastening of the motor to the
locomotive frame — loose bolts, deformation of supporting
elements or metal fatigue cause additional vibrations.

Electromagnetic causes of traction motor

vibration are:
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—unevenness of the magnetic field in the gap —
may be a consequence of winding asymmetry or stator
displacement;

— electromagnetic forces that vary with the
network frequency — in DC or AC traction motors they
can cause periodic torque pulsations;

— poor commutation (for DC motors) — sparking
on the collector creates pulsed electromagnetic
disturbances;

— power asymmetry or winding defects — unequal
current in the phases causes electromagnetic imbalance.

In addition, there are also structural, operational
and external factors, which should be included:

—mismatch of the geometry of the connection
with the gearbox or chassis — misalignment of couplings
or gears can transmit vibrations to the motor housing;

— wear of the gear teeth — causes periodic shocks
and vibrations during operation;

— operation under excessive load or abnormal
conditions — overloading of the rotor or stator windings
increases dynamic forces;

— Insufficient or uneven lubrication — increases
friction in bearings, causing vibrations;

—the impact of vibrations from wheelsets and
track — especially when driving on uneven or worn track.

Thus, the main cause of vibrations of electrical
origin is interturn short circuits in the windings. As a
result, magnetic asymmetry occurs in the motor, due to
which the attraction between the stator and rotor becomes
uneven, which causes oscillations of the machine
elements. Magnetic asymmetry can also occur due to
eccentricity of the rotor relative to the stator, which is a
consequence of bearing wear or uneven air gap between
the rotor and stator. In DC motors, magnetic asymmetry
rarely causes vibration, while in AC motors, even a slight
asymmetry of the magnetic field can cause severe
oscillations.

To determine what exactly is causing the
vibration — magnetic asymmetry or a mechanical fault —
the excitation is removed while the generator is running,
the electric motor is disconnected from the mains and its
vibration is observed while it continues to rotate by
inertia. If the vibration stops after the voltage is turned

off, then the cause is magnetic asymmetry. If the vibration
does not disappear, then the source of the malfunction is
mechanical defects.

Traction motors operating modes. Depending on
the characteristics of load changes, locomotive traction
motors can operate in different nominal modes: long-
term, short-term, repeated short-term, and others, which
mainly take into account frequent starts, braking, reverses,
and intermittent operation [36-38].

Long-term mode. A continuous motor operation
mode is considered to be a mode in which the motor
operates at a constant load for a sufficiently long time for
the motor temperature to reach a set value that exceeds
the ambient temperature. This means that for a given
cooling surface size and cooling intensity, the electric
motor can only operate at a power level at which losses
do not exceed the level corresponding to the maximum
permissible  heating. The amount of permissible
overheating is determined by the thermal resistance of the
winding insulation used in this type of motor.

The power at which the overheating limit
temperature is set (rated power or continuous power) is
the main indicator that determines the ability of a traction
motor to operate under load in continuous mode. In order
for the motor temperature to not exceed the permissible
limit at a given load, it is necessary that the dimensions of
the cooling surface are large enough. If the cooling area is
given, the permissible overheating temperature can be
ensured by increasing the cooling intensity.

The characteristic features of long-term motor
operation are that:

— the temperature of the windings and magnetic
core reaches a constant (nominal) value;

—stability of parameters (resistance, torque,
current) is ensured;

—mode promotes reliable and safe operation if
permissible temperatures are not exceeded;

— insulation wear is minimal, which increases
motor life.

An example of a long-term motor operation is
the movement of a locomotive along a flat section of track
at a constant speed.

Short-term mode. In short-time operation, the
electric motor operates at a constant load, alternating

12

IKC3T, 2025 Ne4




IHOPOPMAIIMHO-KEPYIOUI CUCTEMU HA 3AJIIBHUYHOMY TPAHCIIOPTI

periods of operation with shutdowns. In this case, the
time of operation under load is not long enough for the
motor temperature to reach the set value, and the pauses
between switching on are long enough for the motor to
cool completely to ambient temperature. For general-
purpose electric motors, the standards provide for the
following values for the duration of the operating period:
10, 30, 60 and 90 minutes.

Prolonged motor operation in overload mode is
unacceptable and should be limited in time. As the power
output increases, and therefore losses, motor overheating
increases — the temperature rises more and more
intensively as it heats up. Therefore, as the motor load
increases, the operating time before reaching the limit
overheating temperature decreases.

During short-term overloads lasting 2—3 minutes,
it can be assumed that the heating process proceeds
without heat transfer, that is, adiabatically.

An example of a short-term motor operation
mode is the movement of a heavy train or movement on a
short slope.

Repeated short-term mode. In rolling stock,
electric motors often operate in a repetitive short-term
mode. In this mode, intervals of motor operation under
load alternate with pauses when the motor is off, as a
result of which the entire operating time is divided into
regularly repeating cycles. At times of load, the motor
temperature does not reach a stable value, and during
periods of pauses the motor does not cool down to
ambient temperature. The cycle duration in this mode of
operation should not exceed 10 minutes. The
characteristic of the repeated short-term mode is given by
the fraction of the on-time, expressed as a percentage of
the total cycle duration.

During the operating cycle, the motor
temperature increases according to its heating curve, and
during pauses it decreases according to the cooling curve.
In repeated short-term operation, higher loads are possible
compared to long-term operation. The ratio of power
losses in the motor in repeated short-term and long-term
modes, which ensure the same temperature excess,
depends on the duration of switching on.

An example of repeated short-term motor
operation is frequent stops and starts during maneuvering

or driving in urban conditions.

Intermittent mode. In this mode, short periods
under load (working intervals) alternate with periods of
idling (pauses). The intermittent mode is defined by the
relative duration of the load, expressed as a percentage,
the standard values of which are 15, 25, 40 and 60 %. The
duration of one cycle is usually taken to be 10 minutes.
The nature of the changes in parameters in this mode is
similar to the changes observed in the repeated short-term
mode. During the operating period, the motor temperature
and the temperature rise do not have time to reach the set
values.

Additional nominal modes. In addition to the
nominal operating modes, additional
(recommended) modes are established in which the load
is cyclic in nature:

main

1) repeated short-term mode with frequent starts
and a duty cycle of 15, 25, 40 or 60 %;

2) repeated short-term with frequent starts and
electric braking with a duty cycle of 15, 25, 40 and 60 %;

3) interspersed with frequent reverses and

electric braking;
4) interleaved with two speeds.

The following parameters are set for additional
nominal modes:

— for modes 1) and 2) — standard number of starts
per hour;

— for mode 3) — number of reverses per hour;

— for mode 4) — the number of cycles per hour is
30, 60, 120 and 240.

Work under variable load. During the operation
of electric motors, modes may occur that differ from those
listed earlier. The most characteristic is the mode with a
rapidly changing load, similar to repeated short-term, in
which the temperature of the motor parts practically does
not change during the cycle. If an electric motor operates
continuously but under varying loads, different power
losses occur at different times. The equivalent current
method is usually used to assess the motor's ability to
withstand a given load schedule. It is based on the
assumption that the variable losses in the machine are
proportional to the square of the load current.

Operation under alternating current load. When
operating traction motors, operation in modes other than
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those specified above is possible. Such machines are
characterized by conditions with rapidly changing current
and power. If the motor operates for a long time at
constant power, but with currents of different magnitude,
then the thermal process in it should be considered as not
steady, since a change in current leads to a change in
losses.

The influence of electromagnetic interference
on the operation of locomotive traction motors. The
operation of modern locomotives is closely related to the
widespread use of powerful traction motors [39, 40],
semiconductor converters [41, 42], microprocessor-based
control systems [43—45], and numerous auxiliary
electronic devices. Under such conditions, a complex
electromagnetic ~ environment  arises in  which
electromagnetic interference can significantly affect the
operation of traction motors and related systems.

Electromagnetic  interference is unwanted
electrical or magnetic influences that cause electrical
current or voltage parameters to deviate from their
nominal values. Their occurrence is caused by both
internal and external factors.

The main internal sources of electromagnetic
interference in locomotive traction drives are:

—switching processes in power circuits
(operation of thyristors, transistors, contactors, relays);

— sparking on the collector-brush assembly of the
traction motor;

—operation of power frequency converters,
rectifiers and inverters;

—inductive and capacitive coupling between
power and signal circuits.

External sources of electromagnetic interference

include:

— electromagnetic influences from the contact
network;

— interference from other locomotives or electric
vehicles;

—lightning  pulses and  other  natural

electromagnetic phenomena.

As a result of the action of electromagnetic
interference in the power supply circuits of traction

motors, short-term overvoltage pulses occur, which can
significantly exceed operating values. This leads to:

— partial or complete breakdown of the insulation
of the stator and rotor windings;

— accelerated aging of insulating materials;

— the appearance of local partial discharges that
destroy the insulating coating;

—the occurrence of eddy currents in
ferromagnetic parts of the motor, which increases heating
and power losses.

Particularly dangerous are high-frequency pulses
of short duration that act adiabatically — without heat
removal, which causes a local increase in temperature and
can lead to insulation degradation.

Modern locomotives are equipped with
microprocessor control systems that are highly sensitive
to electromagnetic interference [46, 47]. Electromagnetic
interference can cause:

— distortion of signals from measuring sensors
(current, voltage, temperature, speed);

—false triggering of automatic control and
protection systems;

— controller software failures;

— disruption of data exchange between system
units via CAN or RS-485 interfaces.

Such deviations reduce the stability of traction
modes, can cause spontaneous shutdown or incorrect
operation of the electric motor, which directly affects the
safety of train movement.

High-frequency electromagnetic interference
causes additional energy losses in the form of eddy
currents in the ferromagnetic parts of the machine (yoke,
cores, housing), which, in turn, leads to local overheating
of structural elements, increased bearing temperature and
increased friction, reduced motor efficiency, and the
possibility of resonance phenomena when the frequencies
of electromagnetic interference coincide with the natural
oscillation frequencies of the electric drive elements,
which enhances their destructive effect. In addition,
electromagnetic emissions from traction motors and
converters can extend beyond the power circuits and
affect locomotive systems, the contact network and

14

IKC3T, 2025 Ne4




IHOPOPMAIIMHO-KEPYIOUI CUCTEMU HA 3AJIIBHUYHOMY TPAHCIIOPTI

adjacent tracks, creating interference for other means of
transport [48, 49]. Such effects are critical because they
can cause loss of communication between the driver and
the dispatcher, failures in signaling, centralization and
blocking systems or even incorrect indication of signals.

To ensure reliable operation of traction electric
drives, it is necessary to implement a set of measures
aimed at ensuring electromagnetic compatibility of
systems. The main methods for reducing the impact of
electromagnetic interference include:

1) electromagnetic shielding and filtering:

— application of high-pass filters
circuits;

in power

—use of metal screens and grounded cable
sheaths;

— separation of signal and power wires in space;
2) optimization of control and switching circuits:

—using smooth (soft) switching methods for
power elements;

— limiting the rate of rise of current (di/dt) and
voltage (du/dt);

—application  of circuits  and

interference suppression filters;

damping

3) improvement of the grounding system:

— correct organization of grounding of electrical
equipment;

—eliminating ground loops that can act as
antennas for interference;

— use of symmetrical cable routes;
4) constructive solutions:

— increasing the electrical strength of insulating
materials;

—use of materials
characteristics to reduce losses;

with  high magnetic

—temperature control and timely equipment
maintenance;

5) diagnostics and monitoring:

—regular measurement of

radiation levels;

electromagnetic

— checking the condition of screens, filters and
contacts;

—computer diagnostics of the state of control
systems for the presence of interference.

Using cloud technologies in traction drive
control systems. The modern development of railway
transport is characterized by the widespread introduction
of digital technologies [50-53], among which cloud
computing occupies a special place. The use of cloud
technologies in traction electric drive control systems [54,
55] opens up new opportunities for monitoring,
diagnostics, condition prediction, and optimization of
locomotive traction motor operating modes.

Cloud technologies involve storing, processing,
and analyzing large amounts of data on remote servers
accessible via the Internet. In transport infrastructure, they
are used for:

—collection and analytical processing of

information about equipment operation in real time;

—centralized storage of technical data and
operation history;

—remote control and adjustment of electronic
locomotive systems;

— implementation of the principles of «predictive
maintenancey.

In the context of traction motors, cloud
technologies allow for the creation of an intelligent
control system that integrates data from the locomotive
into a single information transport network [56-58].

A typical architecture for interacting with cloud
services and traction drives includes three levels:

—field level (on-board layer) -
controllers and microprocessor units that directly capture
data from traction motors: current, voltage, temperature,
vibration, rotation speed, load, etc.;

S€nsors,

—communication layer (edge layer) — data
transmission via wireless networks (LTE, 5G, Wi-Fi,
radio channel) to pre-processing where
information filtering, normalization and encryption are
performed,

servers,
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— cloud layer — an analytical platform that stores
large data sets (Big Data), performs real-time analysis,
models the technical condition of motors, and generates
recommendations to optimize their operation.

The use of cloud technologies provides a number
of advantages that significantly increase the efficiency of
locomotive traction drives:

— improved maintenance — cloud systems allow
for continuous monitoring of motor parameters, which
allows for timely detection of deviations, prediction of
malfunctions and planning of repairs based on the actual
condition of the equipment;

data
analysis in the cloud helps determine the most efficient
motor operating modes depending on the load, track
profile, temperature conditions and the driver’s driving
style;

—energy consumption optimization —

—increasing the service life of electrical
machines — thanks to precise adjustment of control
parameters, peak currents, heating and mechanical loads
are reduced, which has a positive effect on the durability
of windings and bearings;

—remote diagnostics and software updates —
updates to control algorithms and protection parameters
can be carried out without physical intervention in the
locomotive, via secure communication channels;

— improving traffic safety — artificial intelligence
systems integrated into cloud platforms are able to predict
emergency situations by analyzing historical data from
numerous locomotives and issuing warnings about
possible failures.

Despite significant advantages, the integration of
cloud services into the traction motor control system is
accompanied by a number of challenges:

—data transmission delays (latency) — the
operation of a traction electric drive requires high-speed
control systems, so even minor signal delays can affect
the accuracy of regulation;

— dependence on the quality of communication -
in the case of an unstable or absent Internet connection
(especially on remote sections of the track), data
exchange between the locomotive and the cloud may be
disrupted;

— cybersecurity issues — data transmission over
public or corporate networks requires reliable encryption
and protection against unauthorized access;

— difficulty of integration with existing systems —
many older locomotives do not have compatible
interfaces and require modernization to connect to cloud
platforms;

— increased requirements for technical personnel
— the operation of such systems requires special training
of engineers and drivers capable of working with digital
services and remote monitoring interfaces.

In the coming years, a transition to integrated
cyber-physical traction control systems is expected, where
cloud platforms will be closely linked to artificial
intelligence (AI) and Internet of Things (IoT) systems.
Such solutions provide a complete digital model of the
traction motor («digital twin»), adaptive real-time control,
automatic  optimization of energy consumption,
synchronization of locomotives in trains («smart train»
technology). As a result, cloud technologies will
contribute to increasing the efficiency, reliability and
environmental friendliness of the new generation of
locomotives.

Conclusions.

Based on the research conducted, the following
conclusions can be drawn:

— analysis of the heating and cooling processes of
traction motors shows that the thermal state is one of the
main factors determining their reliability and service life.
Increasing the temperature of the windings beyond
permissible limits leads to insulation degradation,
increased electrical losses and reduced mechanical
strength of the elements. Ensuring effective cooling, using
modern  heat-resistant materials and temperature
monitoring systems can significantly increase the
durability and efficiency of locomotive traction motors in
various operating conditions;

— heating temperature is a critical parameter that
determines the intensity of aging processes of insulating
materials in locomotive traction motors. Maintaining the
optimal thermal operating mode contributes to increasing
the reliability, durability and energy efficiency of railway
rolling stock;

—traction motor vibration is the result of a
combination of factors, most often combining mechanical
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imbalances with electromagnetic asymmetries. To reduce
it, rotor balancing, bearing and mounting inspection,
motor alignment control, and winding and electrical
parameter diagnostics are required;

— the influence of operating modes (long, short-
term, repeated short-term, etc.) on locomotive traction
motors is decisive for their reliability, durability and
efficiency. Each mode is characterized by its own loading
conditions,  thermal  processes and  operating
characteristics;

— electromagnetic interference is one of the most
significant factors affecting the efficiency, reliability and
durability of locomotive traction motors. Its impact
manifests itself in the form of overvoltages, failures in
control systems, increased heat losses and electrical
interference in adjacent devices. To ensure stable
operation of electric traction systems, it is necessary to
provide for electromagnetic protection measures that
comply with electromagnetic compatibility requirements
at the design stage, and during operation, to carry out
systematic monitoring and prevention of sources of
interference;

—cloud technologies are an important direction
in the digital transformation of rail transport. Their use in
traction motor control systems provides a new level of
intellectualization of operational processes, allowing for
real-time  monitoring, diagnostics, analysis, and
optimization of motor operation. At the same time, the
effective use of cloud solutions requires addressing
cybersecurity issues, standardization of data exchange
protocols, and technical compatibility with existing
equipment. In the future, the integration of cloud
technologies with artificial intelligence systems and the
Internet of Things will become a key factor in increasing
the efficiency of electric traction drives and the
development of «smart railway transport».
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Hepyoayvkun B. II. Ananiz ymoe i pexycumie podomu
mA206UX OGU2YHIE TIOKOMOMUEIE.

Anomayin. Ta208i enekmpoOsueyHU € 8ANCIUBUM
cucmem  npusooda  JIOKOMOMuUeis,  6i0
HaoiiHocmi i cmabitbHOCmi poOOMU  SAKUX 3ATeHCUMD
besnexa i eghexmuenicmv nepesesenvb. B ymosax
excnayamayii - 08ucyHu
3MIHHUX eNeKMPUYHUX 1
HaganmaiceHs. JJo0amKko80 Ha ixHI0 poOOMy 6NAUBAIONb
gaxkmopu  306HIUIHBLO2O cepedosuwa — memMnepamypa,
siopayii. Baoicnusoro
CKAA006010 NIOBUWEHHS eQeKMUBHOCMI € BNPOBAOINCEHHSL
CYUAcHUX Memooie  OIaeHOCMUKY, MOHIMOPUHZY mda
NPOSHO3YBAHHA CMAHY OBUZYHIE (3 BUKOPUCHAHHAM
Iumepnemy peueti i xmaprux ob6uucienv. 00 ’ekmom
docniodcents € (i3uuHi npoyecu, wo HPOMIKAOMb Y
MA208UX OBUSYHAX IOKOMOMUBIE N0 uac ixHboi pobomu 6
PI3HUX pedcumax i 3a pI3HUX YMOG eKkchayamayii. Y
cmammi npOAHANI308aAHO YMOBU MA pedcumu pobomu

eN1eEMEHRMOM

IHMEHCUBHOT sasuaoms  Oil

MEXAHIUHUX, menjioeux

80J102iCcmb, 3anuUleHicmo,

MA208UX eNIeKMPOOBUSYHIB JIOKOMOMUBIE 13 OemanbHUM
VPAXY8aHHAM GNAUBY MEMNEPAMYPHO20 CMAHY, AKOCHI
i301aYil, pexcumie HA8aHMANCEHHs, YMO8 eKCHyamayii,
ENeKMPOMACHIMHUX ~ 3a6a0 |  CYYACHUX — XMAPHUX
mexHonozitl  moHimopuney. Posensmymo  ocobnusocmi
MEnIo8Ux npoyecie 6 0OMOmMKAx, Memoou KOHMPONIO
cmawy oigeHocmuky, — a

Bonsyii  ma maxoodic

BNPOBAOICEHHA CUCMEM OUCTNAHYIUHO20 MOHIMOPUHSY.
O0TpyHmMOBaHO HEOOXIOHICMb KOMNAEKCHO20 Ni0X00y 0715
OYIHIOBAHHS MEXHIYHO20 CMAHY MA208UX O0BUSYHIB, WO

06a308aHuUll  HA  NOEOHAHHI ~ MPAOUYIUHUX — MemOOi8
KOHMPONIO 3 AHANIMUYHUMU MONCTUBOCHAMU XMAPHUX
cepgicig. Pesynomamu auanizy noxkazyloms, wo Ha
epexmusnicmb 1 HAOWIHICMb  MA20BUX  OBUSYHIB
JIOKOMOMUGIE  GU3HAYANLHO  GNAUBAIOMb  306HIWHI
¢daxmopu. Hauibinvwy 3a2po3y cmanoensims KiimMamuimi
YMO8U,  AKICMb  eleKmpoeHepeli, pisenb  giopayii,

eNeKMpOMACHIMHKI 360U MA OpP2aHi3ayis MeEeXHIYHO20
00cye08y8anua. 3menwiumy iXHill He2AmuGHUU 6NIUS
MOJICHA ~ 3d  PAXYHOK
Oiaenocmuunux cucmem mouimopuny. ILle, 30kpema,
cnpusmume nIOBUUeHHIO  Koeghiyienma KopucHoi Oii
08U2YHI8,
NOO0BICEHHIO CIPOKY CYAHCOU TOKOMOMUBIB.

3acmocyeaHnHs CYy4aCHUX

CKOPOYEHHIO  eKCNIyamayiunux eumpam i

Knrouosi cnosa: mseosuil 0sucyH, J10KOMOMUS,
memnepamypa  HAazpi6anus,  OXON00NCEHHS,
sibpayii, pexcumu pobomu,

eNeKMpOMASHIMHI 3a6A0U, XMAPHI MEXHONL02IT.
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VYKpaiHChKUI Iep:KaBHUI YHIBEPCUTET 3a1i3HUYHOTO TPAHCIOPTY

@O80

BV MG MND

YaockoHaleHHs TeXHOJIOTIl JOCTABJIeHHSI TEPMIiHOBHX BaHTAXIB i 0araxy 3aJi3HHYHHM
TPAHCIOPTOM

AHoOTauig. Y cTaTTi po3rsHYTO NMPOOJIEMH OpraHizallii JOCTaBIECHHS TEPMIHOBUX BaHTAXIB 1
Oaraxy Ha 3ali3HUYHOMY TpaHcnopTi Ykpainu. IIpoananizoBaHO Cy4acHUH CTaH Maca>kKUPChKUX
NepeBe3eHb 1 SAKICTh CEPBICHOrO OOCIYrOBYBaHHS Ha MPUKIAAI POOOTH BOK3aIy MacakKUPChKOi
cranuii X. BcTaHOBIEHO OCHOBHI HEIOJIKU iCHyloqo'l' cucteMu O00poOku Oaraxy Ta
BaHTa)x00araxy. 3alporoHOBAHO YAOCKOHAJIEHY TEXHOJIOTII0 TpaHCc(epy 0araxy 3 BUKOPUCTAHHSAM
JOCBIy aBlallitHOTO TPAHCIOPTY 1 JIOTICTUYHUX OIEpaTOpiB. 06rpyHTOBaHo JOULTBHICTh
BIIPOBA/DKEHHSI  aBTOMATHU30BaHMX IIOMITOMATIB Juii OOpPOOKM TEPMIHOBUX  BiJIpPaBJICHb.
Po3paxoBano HEOOXiqHY KiIbKICTh KOMiIpoK morrromariB i TVM-aBTomariB Ui npojaxy KBUTKIB
Ha OCHOBI aHali3y NacaXHUPOMOTOKiB. IIpoBeAeHO TEXHIKO-€KOHOMIUHE OOIpYHTYBAaHHS
3alPONOHOBAHUX 3aXO0/1iB, AK€ MIATBEPMIO IXHIO EKOHOMIUHY JOLIIBHICTD 13 TEPMIHOM OKYITHOCTI

JIBA POKHU.

KiurouoBi cjoBa: 3ali3HUYHUU

TPaHCIOPT,

MacaXHpChKi  TEpeBE3eHHsS, Oarax,

BaHTa)x00arax, MoImToMaT, TPAHCIIOPTHI TEXHOJIOT11, cepBiCHE 00CIyrOBYBaHHs, aBTOMATH3aIlisl.

Beryn.

AHaJI3 0CTaHHIX J0CTiIKeHDb i myOJiKkanii.

CyyacHi yMOBHM  eKcIulyaramii — BITYM3HSHHX
3aJTI3HAIb IEMOHCTPYIOTH, 110 MACAXXUPCHKI IIEPEBE3CHHS
3aJIMIIAIOTHCS OJHUM 3 OCHOBHHMX HAmpsIMiB JisUTBHOCTI,
3a0e3rneuyroud  MOTpeOM HaceJeHHs HE JMIe B
nepecyBaHHI, ame 1 TepeBe3eHHI Oaraxy Ta
BaHTako0araxy [1]. [IpoTe neski HaPsIMKA 3aTi3HHYHUX
MacaXUPCHKUX INEPEeBe3eHb MAIOTh 30MTKOBHH Xapaktep,
mo OOyMOBJICHO 3acTapiiliM TEXHIYHHUM OCHAICHHSM,
HelocTaTHIM  (iHAHCYBaHHSAM 1 HH3BKOIO  SIKICTIO
00CITyroByBaHHSI.

AKTyalTbHICTD JOCIIPKECHHS IIATBEPIXKCHA THM,
o MacaXUPChKi NIepeBE3CHH 3aJI3HUYHUM
TPaHCIIOPTOM Ha CBOTOAHI € 30HMTKOBOIO Ceporo
JUSUTBHOCTI 4epe3 HU3bKHH piBEHb J0XOJIB, BiJCYTHICTbH
JIOCTAaTHIX IHBECTUIIHHMX pecypciB 1 HeeeKTHBHY
cucteMy oprarizamii [2]. 3amydeHHS HOBHX KII€HTIB
HEIJIBrOBUX KaTeropii MO)Ke JONMOMOTTH 30UTBIINTH
JIOX1Jl y HampsiMi MacakKHpChKUX Hepese3eHb. s 1mporo
HEOOXiHO  MiABUIIMTH  3alliKaBJICHICTh  HACEJICHHS
KOPHUCTYBATHCS 3QJ1I3HUYHIM TPAHCIIOPTOM.

Posmmpenns Ta MIOKpAIICHHS SIKOCTI
TPAaHCIIOPTHUX TIOCIAYI € HEBII'€MHOI0 CKJIaJ0BOIO
ITiABUIICHHS KOHKYPEHTOCIIPOMO>KHOCTI Ta
PEHTA0CTBHOCTI 3aMi3HHYHOTO TpaHcmopty [3]. V mpomy
CEHCI PO3BUTOK IIOCIYT i3 JIOCTAaBJIECHHS TEPMiHOBUX
BaHT@XIB 1 Oaraxy 3ali3HWYHUM TpPAHCIIOPTOM €
aKTYaJIbHUM 1 3aTpeOyBaHUM HaCEJICHHSM.

[MuraHHAMH  MAaCaKMPCHKUX  TIEPEBE3CHb 1
MiJBUINEHHA pIiBHA cepBicy 3aiiMalOTbCs HAYKOBII
Kpacuomrran A. M., Byteko T. B., Ilanuenko C. B,
IMpoxopuerko A. B. Ta immi [4-8]. ¥ poboti [6]
3alpPOIIOHOBAHO METOAW  yJIOCKOHAJICHHS  TEXHOJIOTIl
MYJIBTHMOATBHIX 3aITI3HUIHAX MTACAKUPCHKHAX
IepeBe3eHh 32  y4acTI0  aBTOTPAHCHOPTY  4epe3
y3ropkeHHs  rpadikiB  pyxy. Y  gocmimkeHHi [9]
PO3TISIHYTO HEOOXITHICTH MiABHINCHHS e()eKTHBHOCTI
poboTH 3ami3HUIP dYepe3 BJOCKOHAJICHHS TEXHOJOTl
00poOKH Ta IepeBe3eHHs BAHTaXIB, Oaraxxy Ta ITOIITH.

AHani3 HayKOBHX Ipalb IIOKa3ye, II0 OCHOBHY
yBary NpPUIAIOTh 3aralbHUM THTAaHHSIM OpraHi3arii
MMACAKUPCHKAX TEPEBE3CHb, TOAI SK TEXHOJIOTIYHI
acrekTd OOpoOKM TepMIHOBMX BaHTaXiB 1 Oaraxy 3
BUKOPHCTaHHSIM Cy4YacHHX aBTOMAaTH30BaHUX CHCTEM
BHCBITJICHI HEJIOCTAaTHEO.

Meta po6oTH mojsirac B yIOCKOHAJICHHI CepBicy
MaCaXUPCHKUX IEPEBE3CHb 3a PAXYHOK BIIPOBAKEHHS
TEXHOJIOTIi TpaHc(epy TEPMIHOBHX BAaHTAXIB 1 Oaraxy y
noizgax Intercity 3 BHKOPHCTaHHSM aBTOMAaTH30BAHUX
momToMaris i TVM-aBTomaris.

MeToauka TOCIIiHKEHHS.

Ilig gac mocmimKeHHS BUKOPHUCTOBYBAIM METOMH,
XapakTepHi I TPAHCIOPTHUX TeXHONOTid. IlepBuHHI
MeTronu BKIroyanu 30ip iHdopmamii mpo  poOoTy
3aJTI3HUYHOTO BOK3AIy Ta 0arayKHOTO BiTUICHHS,

© JJOMOTBKO . B., APCEHEHKO . B., ABOJIOHIH A. 1., KO®AHOB O. B. 2025
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BHUBYEHHS TEXHOJIOTIYHOTO aHai3
HOpPMATHBHUX aKTiB [2, 3].

Jns oO0poOKM JaHUX 3acCTOCOBYBaJM BTOPHHHI
METOJIM: aHaNi3 KUIBKOCTI TEpPEeBE3CHUX IacaXupiB 3a
2023-2025 pokn mnacaxkmpchkoi craHmii X, aHaii3
ITOTOTMHHOTO KOJMBAHHS IMACaKUPOIIOTOKIB, OI[IHIOBAHHS
SKOCTI ~ HamaHHS  MOCHyr.  MeTon  TOpiBHSHHS
BHKOPHUCTAaHO JUII BHOOPY ONTHMATBHOTO METOMY
aBTOMAaTH3aLIil pobotu Oara)xHoro BIIIIEHHSL.
Heobxinny KIJIBKICTB KOMIpOK MOLITOMATIB
pO3paxoByBal Ha OCHOBI TEOpii CHCTEM MacOBOTO
obciyroByBaHHs 3a popmynoro Epnanra

porecy,

Am
m!
Ec=(m, A)= ak
+(1——) Yo T
k=0 J1
(D
Jie M — KiJIbKICTh KOMIPOK TTOIITOMATA;
A — HaBaHTaXeHHS Ha OaraxHe BiIUICHHS
BIZMOBiIHO /10 3akoHy Epianra,
A=TsA,
2
ne Ts— cepenniit yac 0OpoOKH 3aMHTY, XB;
A — KUTBKICTB 3aITUTIB 32 OJUHUIIIO Yacy, OJI/XB.
Pe3yabTaTn TOCTiTKEeHHS. Amnauni3
MMACAKUPOTIOTOKIB CTaHIii X IMOKa3aB, M0 MaTeMaTHYHE
OUIKYBaHHS CEpPEIHBOO00BOI  KUTBKOCTI  IMACaKUPIB

TpaHcnopTHo-niepecanouHoro By3na (TIIB) cranmii X y
MIPUMICBKOMY CIIOJIy4eHHI ckiagae 7865 mac/moba, a B

eBaKyaliiH1X TOi3/iB). Koedinientn Bapiarii
MOKAa3HUKIB cKkjaad BigmosigHo 0,3644 1 0,3326, mio
CBITYMTBH TPO BiHOCHY CTaOLIBHICTh MACAKUPOIIOTOKY Ta
HOTO cepeaHIO BHYTPIIIHBOPIYHY HEPIBHOMIPHICTb.

AHaJi3 TOTrOJMHHOTO KOJMBAaHHS II0Ka3aB, IO
HaWiHTCHCHBHIIIMK  MAcaXUPONOTIK i3 mpuOyTTs
npunajgae Ha paHkoBuit 9ac i3 5:00 go 11:00, makcumym —
105 macaxupiB — o 6:00. I3 BigmpaBiueHHS TiK
crocTepiraroTs y BedipHii gac i3 17:00 go 22:00.

AHaitiz poOOTH JOTICTHYHUX OIIEpaTOpiB IOKa3aB,
mo JigepoM puHKy noctaBieHHA € «Hosa [lomray i3
monay 5000 BignineHs. OCHOBHUMH TPSHIIAMU PHHKY €:

e 3poctaHHs e-commerce 10 21 % po3xpidHOT
TopriBimi A0 KiHig 2025 poky;

® perioHajbHa EKCIIaHCis;

e po3mmpeHHs QyndiTMeHT-cepBiciB;

o u(pOBI3aLlis JIOTICTHKH,

® [IMPOKa aBTOMATHU3Aallisl IIPOIIECIB.

[NopiBHsbHUM  aHaNi3 TapudiB mOKazaB, IO
HaMJICIIeBINEe TOCTABICHHS B «YKpIOmMTH» (<55 TpH 3a
BiJlIpaBJICHHSA 10 2 Kr), HaimBuama — y «Hooi Ilomrm
(ommu-nBa nHi). CepenHiii Tapu¢ BCTAaHOBICHO Ha PiBHI
80 rpH 3 ypaxyBaHHSIM KOHKYpPEHIII.

VYIocKOHaJIEHYy TEXHOJIOTiI0 00poOKHM Oaraxy
3alPOMIOHOBAHO HAa  OCHOBI  JOCBiAy  aBialiifHOTO
TPaHCIIOPTY 3 TEXHOJOTi€l0 TpaHcdepy Oaraxy uis
MDKHapOJHHX 1 BHYTPIIIHBOJCP)KAaBHUX II€PEBE3CHb.
CTpyKTypHO-JIOT19HY cXeMy 00poOKH Garaxy
(TepMiHOBMX BaHTaXiB) Mmicisd NPUOYTTS Ha KiHIEBY
cTaHIio a00 CTaHIIIO Mepeca Ky y BUIAAKY CKaHyBaHHS
Ta MEpeBipKH Oaraxy IJ Jyac NepeBaHTAKCHHS 3 BaroHa
Ha 3aco0M MeXaHi3allil HaBeJCHO Ha PUCYHKY.

nanexkoMy — croiaydeHHi — 8147  mac/moba  (6e3
MepeMILLiEHHA
Daraxy Ha
nnarpopmy 3aBaHTaXeHHA
ans —= v noTaruu
3aBaHTaXeHHA asToOyC
y NOTAr Yn
asTodyc
= Cranysanna 3aBaHTaXeHHA MepemileHHn Po3copTysaHHA 3aBaHTaXXeHHA
MpuoyTTA T2 nepesipka Garaxy Ha y sigain Garaxy B 3aBaHTaXeEHHA Garaxy y notar
Garaxy Ha npuHanexHoctil . 28ToKap B 30€pIraHHA  |—=]3aNexHOCTI Bigf—| Oaraxy Ha [— uu asTo0yC
cTaHUjilo Garaxy 3anexHOCTI Bia TpaHCepHoro peiicis noTaris asTOKap BKa3aHWi Ha
2 NPUHANEXHOCTI Garaxy 4u aBTOOYCIB Gipui

MepeMilleHHa

Oaraxy B Buaaya
30HY BUAAYI |— Oaraxy
8 GaraxxHOMYy nacaxpam

siaAinexHi

Puc. CrpykrypHo-yoriuna cxema 00poOKku Oaraxxy (TEpMiHOBOTO BaHTaXKy) y BUIIa[Ky CKaHyBaHH Ta IEPEBIPKU
Garaxy

OcHoBHI eranu 00poOku Oaraxy (TepMiHOBOTO
BaHTaXXy) BKJIIOYAIOTh!

1. IlpuiimanHs Oaraxy (TEpMiHOBOTO BaHTaXYy)
BiJ] acaxxupa 3 o(hOpMIICHHSIM TpaHc(hepHOi OUpPKH.

2. 3aBaHTaXEHHS y CIeNiaNi30BaHui MIOMTOMAT
y Gara)xHOMY BiZICIKY TOi3/a.

3. TpancmnopTyBaHHS 10 CTaHIIii HEpECaaKH.

4.  ABromaruzoBaHa
TIepeBaHTaKeHHSI.

5. JloctaBneHHS 10 MyHKTY IIPU3HAYCHHS.

6. Bupmaua mnacaxupy dyepe3 momroMar abo
JIOCTABJICHHS OTIEPATOPOM.

3arpornoHoBaHo BUKOPHCTaHHS MOOUTEHUX
nomroMatiB Loko momemi Logis 17 i3 17 xomipkamu
(po3mip 2050x1000%500 mm) 6e3mocepeTHRO B OarakHUX

imeHTUdIKaIis Ta
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Bincikax mBuakicaux moi3aie EKpl «Tapman» i HRCS2
«Hyundai».

Po3paxyHok  HEOOXimHOI  KUTBKOCTI  KOMipOK
momrToMaTiB Ha MapmpyTi Bif craHmii X mo cranmii K.
Buxinni gaHi [uis po3paxyHKy:

¢ MaKCHMaJbHa KUTBKICTh ITACAKHPIB 32
roauny: 105 ocib;

e yacTKa rmacaxupis i3 6araxem: 10 %;

e cepenHiit yac 06pooku: 240 c;

® JIOIYCTHMHUH Yac O4iKyBaHHS: 7 C;

® BIJICOTOK 3asBOK y Mexax HopMu: 85 %.

3a pesymbTaTaMd PO3paxXyHKIB 3a (opMyITaMu
(1), (2) 13 BuKOpuCTaHHSIM OHyaliH-cepBicy [7]
BU3HAYEHO, 10 MAaKCHMAaJIbHO HEOOXigHA KIUIBKICTh
KOMIpOK TIOIITOMATa CTAaHOBUTH 13 ONWHUIG y MIKOBHUI
gac (6:00). Po3nofin 3a ronnHamMu 10O HaBEICHO B Ta0I.
1.

Tabmuns 1
Heo0xinHa KiJbKiCTh KOMIPOK MOIITOMATA

I'ogunn | Hicas npudyrra | Iicnasa Binnpasiaenns | Pasom
0:00 2 5 7
6:00 10 3 13
11:00 4 6 10
17:00 4 4 8
22:00 4 8 12
Kimpkicte TVM-aBTOMATIB IS TIPOJAXy KBUTKIB
Ta OIUIATH IOCIYTH 3 TEPMIHOBOTO JOCTABJICHHS Oaraxy
(BaHTaXY) po3paxoBaHa 3a (JOPMYJIOI0
4
At I+ 1+—F———
oobc.
/’i(T - tO6C/l.) 3)
n=
2 2

Jie A — IHTEHCHUBHICTb BXiJJHOTO IIOTOKY HaCaXUPiB
BOK3aJy, OCi0/XB;
toger. — CEpemHId dac, SKWH BHTpadalOTh Ha
00CITyrOByBaHHSI OJJHOTO MacaXXnpa, c;
T — MakcuManbHO NPUIYCTHMHUHA Yac 3HAXOIPKCHHS
nacaxupa B uep3i, T < 10 xB.
Buxinni mani:
e IHTEHCHBHICTH IIOTOKY: A = 4,55 mac/xs;
e vac obciyroByBaHHS: t 0obca = 110 ¢ = 1,83

XB;
e MakcHMasbHHH yac ouikyBaHHS: T = 10 XB;
e koedimienT HepiBHOMIpHOCTI: K H=2,82.
Pesynbrar pO3paxyHKy MIOKa3aB, mo
onTUMaikHUM € n = 5 oa. OTxe, NOPONOHYEMO

po3mictut 5 TVM-aBromMariB y MICIIX MacOBOTO
MIPOXO/KCHHS TIACAXHPIB Y TOJIOBHOMY 3alli Bok3aiy. Lle

TToxa3znuk

Bapricts nomromara Loko Logis 17

ITigroroBiaeHHs MicLs

MoHTax 1 HaJIaroHKEHHS

JacTh  3MOTY  CKOPOTHTH  KIJIBKICTh  TpaMLiiHHX
KBHUTKOBHX Kac i3 20 110 9.

Texuixo-exonomiune 00rpyHmysarnts. EKoHOMiuHa
e(eKTUBHICTh TPOEKTY PO3PAaXOBaHA HA OCHOBI
TIOKa3HUKIB, HABEJICHUX Yy Ta0I. 2.

Buxigni gani [uis po3paxyHKy
3Ha4YeHHA

290 795 rpu
15 000 rpu

30 000 rpu
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TpancnopTHi BUTpaTi
Pa3om kamitanbHi BUTpaTH
Butparu Ha excruryarartito

Exonomist @OI1

Joxiza Big mocayr (365 x 80 rpH X 13 KOMipoK)

KoeoimienTn npuBeneHHs 10 PO3PAXYHKOBOTO
POKy po3paxoBadi 3a opMyIoro

1+E \tp~tk
a, = '
1+I+R

ne E =0,13 (craBka nemnosury);
1=0,09 (indmsmis);
R =0,02 (pu3uk).
PesynbraTi po3paxyHKy eKOHOMIYHOTO eeKTy
HaBeJeHO B Ta0I. 3.

3300 rpu

339 095 rpu
139 982 rpu/p.
326 040 rpu/p.

379 600 rpu/p.

“

ExoHOMiuHMIA €eKT Bii BHPOBAKEHHS ITPOEKTY

Pik | Kamitaneni Exonowmis, rpa JlomarkoBsi Joxin, TpH Koedoirient Edexr, rpu Hapocrarounm

BUTpPATH, I'PH BUTpATH, I'PH TIPUBEICHHS TTiICYMKOM, TPH
I 339 095 326 040 139 982 379 600 1,074 -120 864 -120 864
II - 326 040 139 982 379 600 1,055 239032 118 168
11 - 326 040 139 982 379 600 1,036 234 801 352 969
v - 326 040 139 982 379 600 1,018 230 645 583 614
\Y% - 326 040 139 982 379 600 1,000 226 563 810177

3amizHuIsix  Himewawmnw, Opanmii ta Anomii [11].

3amporoHoBaHa TEXHOJIOT 15 noctaBiaeHHs — OcoONMBICTIO 3alPOITOHOBAHOI TEXHOJIOTII € ajanTariist

TEPMIHOBHX BaHTaXiB 1 Oaraxy Mae psja IepeBar
MOPIBHSTHO 3 ICHYIOYOIO CHCTEMOIO:

1. ITinBumeHHAS IIBUIKOCTI 00po0OKH.
BukopucranHs aBTOMAaTH30BaHHUX ITOIITOMATIB Ja€ 3MOTY
CKOPOTHTH Yac Ha NMpUHMaHHs Ta BHAady Oaraxy 3 3 1o
1 xB.

2.Jlokpamennst  sikocti  cepBicy. Ilacaxupm
OTPUMYIOTh MOKJIUBICTB I1JI0JOOOBOTO JIOCTYILY A0 CBOIX
BiJIIpaBJIeHb 0€3 O4iKyBaHHS B Yeprax.

3.3MeHmeHHsT BTpaT Oaraxy. ABTOMaTH30BaHa
cucrema o0niky 3 QR-KomyBaHHSIM MiHIMI3yE pH3UK
BTpaTH 200 MOMIJIKOBOI BUAadi Oaraxy.

4.ExoHoMiuHa e(eKTHUBHICTb. TepMiH OKYHHOCTI
MIPOEKTY CTAaHOBWUTH JIBA POKH, CyMapHHH EKOHOMIUYHMH
edexr 3a 1’ sTh pokis — 810 177 rpH.

5.KonkypenrocnpomoskHicts. Cepenniit Tapud 80
I'PH KOHKYpEeHTHHH mopiBHIHO 3 «HoBoro ITomrroro» (85
TPH 3a JOCTaBJICHHS aHAJIOTIYHUM HANpsIMKOM) 32
LIBHIIOTO TOCTABJICHHS 3Ti3HALCIO Ha JOBT1 BiICTaHI.

[NopiBHSHHS 3 TOCBiOM IHIIMX KpaiH MOKa3ye, 0
aQHAJOTIYHI ~CHCTEeMH YCHIIHO (PyHKHIIOHYIOTH Ha

JI0 YMOB MIBUIKICHUX MOI3/iB 3 OOMEKEHUM OaraXHUM
TIPOCTOPOM.

OOMEeKeHHSIM JIOCHI/PKEHHS € Te, 110 PO3paxyHKH
BHKOHaHI i1 ofHiei cranmii. J[nst mMacmtaOyBaHHA Ha
MEPEXY HEOOXiTHE JI01aTKOBE JTOCTI JDKCHHS
0co0IMBOCTEH PI3HUX TUIIB CTaHIiH 1 HAIPSIMKIB PyXy.

BucnoBku. IlpoBenenmii anami3 IOKaszaB, MI0
icHyroua cuctemMa OOpoOKHM Oaraky Ha 3aJli3HUYHOMY
TpaHCTIOPTI YKpaiHM Mae 3HAa4YHI HEJONIKM: 3acrapiie
oOagHaHHA, pydHa mpans, BiJCYTHICTh aBTOMAaTH3allil i
TPEKIHTY.

1. 3ampomoHOBaHO YIOCKOHAIEHY TEXHOJIOTI0
TpaHcepy TEPMIHOBHX BaHTaxiB 1 Oaraxy 3
BUKOPHCTaHHSIM MOOIIBHMX TIOIITOMATIB y  CKIai
OIBUAKICHUX TOi3MiB, IO A€ 3MOTY IIiJBUIIUTH
IIBUIKICTH OOPOOKH Ta SKIiCTh CEPBICY.

2. Ha ocHOBI  aHali3y  Maca’KUPOIIOTOKIB
BH3HAYCHO, MO I cTaHmii X HeoOximHOo 13 KoMipok
nmomroMata i 5 TVM-aBromariB Juiss 3a0e3nedcHHs
HaJIS)KHOT'O PiBHS 00CIyTrOBYBaHHSI.
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3. TexHiK0O-€KOHOMIYHI PO3PaxyHKH MiATBEPIHIH
JIOLUUTBHICT  BIIPOBA/DKEHHS MPOEKTY 3  TEPMIHOM
OKYIHOCTI JIBa POKH Ta CYMapHUM EKOHOMIYHMM
edexrom 810 177 rpH 3a I’Th POKIB €KCILTyaTaIlii.

4. BnpoBaJpKkeHHS 3alpoONOHOBAHOI TEXHOJIOTIT
JaCTh  3MOTY  IIABHIINTH KOHKYPEHTOCIIPOMOXKHICTb
3JI3HAYHOTO  TPAHCIOPTY HAa  PUHKY  EKCIIpec-
JIOCTABJICHHS Ta 3aJy4YNUTH JOJATKOBUX KIIIEHTIB.

[epcriekTHBY MOAANBIINX JOCIIKEHb BKIIOYAIOThH
PO3pOOJICHHS  aNrOpUTMIB  ONTHMI3allil  pO3MIIIEHHS
MOLITOMATIB Ha MEpeXi 3aJi3HHIb 1 CTBOPEHHS €IWHOI
mudpoBoi IaTGOpMHU Ul YHPaBIIHHA JOCTABICHHSIM
TEPMiHOBUX BiIIPaBIICHb.
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Arsenenko D. V., postgraduate students Abolonin A. L.,
Kofanov O. V.

Ukrainian State University of Railway Transport

IMPROVEMENT OF TECHNOLOGY FOR
DELIVERY OF URGENT CARGO AND BAGGAGE
BY RAIL TRANSPORT

Abstract. The article considers problems of organizing
delivery of urgent cargo and baggage by railway transport
in Ukraine. The current state of passenger transportation
and quality of service at station X terminal has been
analyzed. Main shortcomings of existing baggage
handling system have been identified. An improved
baggage transfer technology using aviation transport
experience and logistics operators practices has been
proposed. An analysis of scientific works shows that the
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main attention is paid to general issues of organizing
passenger transportation, while the technological aspects
of processing urgent cargo and baggage using modern
automated systems are not sufficiently covered.

The feasibility of implementing automated parcel lockers
for processing urgent shipments has been substantiated.
Calculations of required number of locker cells and TVM
ticket vending machines based on passenger flow analysis
have been performed. Technical and economic
justification of proposed measures confirmed their
economic feasibility with 2-year payback period.
Secondary methods were used for data processing:
analysis of the number of passengers transported for
2023-2025 at passenger station X, analysis of hourly
fluctuations in passenger flows, assessment of the quality
of service provision. The comparison method was used to
select the optimal method for automating the operation of
the baggage compartment. The calculation of the required
number of mailboxes was performed based on the theory
of mass service systems using the Erlang formula.

The implementation of the proposed technology will
increase the competitiveness of rail transport in the
express delivery market and attract additional customers.
Prospects for further research include the development of
algorithms for optimizing the placement of post offices on
the railway network and the creation of a single digital
platform for managing the delivery of urgent shipments.
Keywords: railway transport, passenger transportation,
baggage, cargo, parcel locker, transport technologies,
service, automation.
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YK 656.2 DOI: https://doi.org/10.18664/ikszt.v30i4.351524
ITPOXOPOB B.M,, K.T.H., IOIICHT,

ITAPXOMEHKO JI.A., A.T.H., 1OIICHT,

KAJIAIIIHIKOBA T.1O., k.T.H., OOIICHT,

CJIOBOASHIOK O.A., maricTpaHT

(YkpalHCbKHii iepKaBHUN YHIBEPCUTET 3aJI3HUYHOTO TPAHCIIOPTY)

®opmyBannsa Moneai Transit Network Design a8 IBHAKICHOTO 3aJi3HUYHOIO
NMACaKMPCHKOr0 CIOJYYEeHHS] B KOHTEKCTi mapajirMu nu(poBHX ABiIHHUKIB TPAHCIOPTHHX

CHCTEM.

Y cmammi pozenanymo gopmyeanus mooeni Transit Network Design ons onmumizayii
Mapuipymie  WEUOKICHUX NACANCUPCOKUX NO0I3018 HA 3ANIBHUYHIN Mepedci 3 VPaxy8aHHAM
NPOCHO308AHO20 NONUMY HA nepeseseHHs mixc cmanyiamu. OcHO8HY yeazy npuodileno nobyoosi
MamemMamuyHo2o0 anapamy, wo 00360JIA€ 2eHepysamu mapupymu 6e3 3a30ane2iob 3a0anoeo ix
nepeniKy, GUKOPUCMOGYIOYU JUule MONON02I0 Mepexci ma Mampuyio OYIKY8AHO20 NONUMY.
3anpononosana mooenv 6i0X00ums 6i0 CMAMUYHO20 NIAAHYBAHHSA, BPAX08YIOUU He Juule 0a308i
3HAYeHHs Nonumy, ane Ut YHKYII0 3HUMNICeHHs NpueadIuBoCmi NOI30KU 3ANeHCHO 8I0 KilbKOCMI
NPOMINCHUX 3YRUHOK MIJC CMAHYIEI0 8ionpaeieHHs ma npusnadenus. Lle 0ozeonae 06'ekmugno
OYiHIOB8AMU 2INOMEMUYHI Mapupymu ma opmyeamu payioHalbHy Mepexcy pyXy WEUOKICHUX
noi30i6 3 N0y K onepayiunoi echekmugHOCmi, Max i NACANCUPCLKOT NPUBAOIUBOCHI.

Y mooeni zanpononosano yinbogy QyuKyilo, CnpamMo8aHy HA MAKCUMI3AYil0 CYyMApHO20
peanizoeanozo nonumy abo 00Xody Onepamopa MpaHCNOPMHUX NOCHye, 3a0e3neuyioyu OYiHKY
8NIUBY MONONO2IYHUX piutensb (KoHicypayii mapupymis, po3miyeHHs 3YNUHOK, O08IHCUHU NOI300K)
Ha eKOHOMIuHY egexmusHicmb cucmemu. Lleti nioxio 3abes3neyye HaAyKo8y O0OIPYHMOBAHICMYb |
npo3opicms npoyecy npoeKmysanHs mepedxci pyxy. Takooc 0emanvHo po32asaHymo MOACAUSICD
3acmocysantsa napaouemMu Yyugposux OGIIHUKIE O CUMYAAYIUHO20 8i0MEOPEHHS (hYHKYIOHY8AHHSL
Mepedrci, Wo 00360JI€ AHANIZY8AMU ANbMEPHAMUBHI 8aAPIAHMU PO3KIAOI8, MONOL02IU | NOTIMUKU
mapwpymuzayii 'y macumabi, Oauzbkomy 00 peanvHozo uacy. Lle 3abe3neyye ocmogy 0na
noodanvuioi asmomamusayii popmyeanus mepedsici pyxy ma il 8i0meoprHeaHocmi 8 CYUACHOMY
yugpposomy cepedosuuyi.

Knrouogi cnosa: onmumizayia mapuipymie, weuokicHi nepegesenus, Transit Network
Design, nonum Ha nacaxcupcoki nepege3enHs, yu@dposuil O8IUHUK, MAMeMAmuiHe MOOent08aHHs,
3QNI3HUYHUL MPAHCHOPM.

10 BU3HAYA€ MPHUBAOIUBICT MapIIPyTy JUIS MAcaXHpiB,
€ KUIBbKICTh 3YMHHOK MIDXK ITyHKTaMH

IMocTanoBa npodiaemu.

TIPOMIXXHHUX

CyuacHi TMacaKUpChKi 3aJi3HWYHI IEPEBE3CHHSA
(YHKIIIOHYIOTh B YMOBaX BUCOKOi KOHKYPEHII 3 IHIINMHU
TPaHCIIOPTY Ta 3POCTAlOYMX BHMOT  JIO
IIBUIKOCTi, PETYJSIPHOCTI Ta KOMQOPTY IOJOPOKEH.
OpHuM 13 KITI0OYOBUX (aKTOpiB,

BUIAMU

BIJIpaBICHHS Ta TMpH3HaueHHs. HaaMmipHa KiTbKiCTh
3YIMUHOK 301IBIIYE Yac TOI3IKHA Ta MOXE MPU3BOAUTH IO
BTPAaTH YaCTHHU MACaKUPOIOTOKY, IO Oe3MOCepeaHbO
3HIKYE EKOHOMIYHY €(eKTHBHICTh Ta 3aBaHTaKCHICTh
TTOT3/1iB.

© I[TPOXOPOB B.M.,ITAPXOMEHKO JIL.A., KAJTAITHIKOBA T.1O.,CJIOBO/ISIHIOK O.A., 2025
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Pazom 3 TUM peanpHa eKcIDTyaTamildHA
CUTyaIlisl YCKIAQIHIOEThCS HEBU3HAYCHICTIO TIOMUTY,
BapiaTHBHICTIO IHTEHCHBHOCTI pPyXy, 3MIHOIO PO3KJIaiB
Ta IHIIAMU JUHAMIYHAMHA YAHHUKAMH, SKi BaXKKO TOYHO
BpaxyBaTd Ha €Tali IIaHyBaHHS. TpaaulliifHi MiaX0Iu 10
MOJICITFOBaHHSI YacTO CITUPAIOTHCS Ha YycepemHeHi abo
CIIPOIIICHI TIapaMeTph Ta HE JO3BOJSIOTH OICPATHBHO
ajanTyBaTd MapIIpyTHY MOJITHKY 1O 3MiH PEaTbHOTO
CepeIOBHUIIIA.

Y 1pOMy KOHTEKCTI aKTyallbHUM  CTa€
BIIPOBA/DKEHHSA IM(POBUX JBIHHWKIB TpPaHCHOPTHOI
CHUCTEMH, SIKi 3a0€3MeUyI0Th CHHXPOHI3aIlif0 MoJnenel 3
JMAHUMH PEaTbHOTO dYacy, JO3BOJSIOTh MOJICITIOBATH

aNbTepHATHBHI BapiaHTH MapIIPyTiB Ta OLIHIOBaTH
HacHiKW  JUIi  T[ACaXMPONOTOKY,  HAaBAaHTAKEHHS
iH]pacTpyKTypH Ta SIKOCTI 00CITyrOBYBaHHSI.
Bukopucranns ~ mmdpoBoro - ABIHHMKAa ~ CTBOPIOE

MOJKJIMBICTh OIIIHIOBATH BIUIMB 3MIHH KiJTBKOCTI 3yITMHOK

me J0 1X BIOPOBAPKCHHS, MIHIMI3yBaTH pPH3HUKH
HEeC(PCKTHUBHUX  pIMICHh Ta  MIJIBUIOIATA  TOYHICTH
MIPOTHO3yBaHHS.

OTxe, BHHUKAa€ HayKOBO—TIPaKTHYHA 3a/a4a
pO3pOOICHHS TMIiAXOAYy 1O OIIHKH Ta ONTUMI3alil
MapHIpyTHOi ~ IOJITHKM 3  YpaxyBaHHSAM  peakuii
MaCaXUPCHKOTO IONMUTY Ha KUIBKICTh 3YNHHOK Ta
MOXJIMBOCTI iHTeTrpalii OTpUMaHOi MOJIETl Y cepeloBHUIIe
muGpoOBOro NMBIHHWKA I MIATPUMKH aJalTHBHOTO Ta
00IpyHTOBAHOTO yIIpaBIiHHS 3aTI3HIYHUMHA
TIepeBE3CHHSIMHU.

AHaJti3 ocTaHHIX A0CTiTKeHb i myOJTikamiii.

VY crarti [1] 3anporonoBaHo GaraTtopiBHEBY
apxiTekTypy nu¢poBOro IBiifHWKA 3aJli3HUYHOI MEpexi,
IO BKJIIOYA€E IMiJICUCTEMH 1H(QPACTPYKTYPH, PYXOMOTO
CKJIaJy Ta IacaKMpOIOTOKIB. ABTOPM IOKAa3ylOTh, IO
Taka MOJETh JO3BOJIIE€ 3IIHCHIOBATH MOHITOPUHT 1
IIPOTHO3YBAaHHS CTaHy Mepexi B peanbHOMY 4daci. [Ipote
B po0OOTi HE BpaxoBaHO OOMEKEHHS Ha MacIITa0yBaHHS
JUTSL BEJTUKHX MEPEX.

Y crarti [2] po3risHYTO  IHTErpamiro
muQpoBOro ABIHHMKA 3 MOJEISIMH  IIPOTHO3YBaHHS
MaCaXKHPOTIOTOKIB 32 JIOMOMOT0I0 TNIHOMHHOTO HAaBYAHHS.
PezynpraT  AEMOHCTPYIOTH  MiJBHMIIEHHS  TOYHOCTI
NIPOTHO3IB  Ta  €(QEeKTUBHOCTI  IUIaHYBAaHHI  pYyXy
HIBHAKICHUX MNOi37iB. HemomikoMm € Opak J0BroTpuBainx
JTAaHUX JJIS1 TPEHYBaHHS MOJIEIIEH.

Y crarri [3] 3ampomoHOBaHO MIOXim IO
chimpHOI  omTuMizamii  «MapmpyT  +  3YIHHKH
+ seat-allocation / LiHOYTBOPEHHSD) Juis
BUCOKOIIBHJKICHAX  3ali3HWIb, 3  ypaxyBaHHAM

€JIACTUYHOTO (3AJICKHOTO BiJl I[IHM) NONHTY. ABTOpH
JIEMOHCTPYIOTb, III0 iHTETpallisl PillieHHs] IPO TPaCyBaHHI
MOT3/1iB, iX 3YIHWHKH, PO3IOALTY MICIh 1 I[iHU Ja€ 3MOTY
Kpamie Y3roAWTH TPOTO3HUII0 3 MONWTOM, IIiIBUIIUTH
3aIIOBHIOBAHICTb Ta JOXIJ.

V crarti [4] moOynoBaHo Mozensb «stop-plan +
timetable + seat allocation» 3  ypaxyBaHHAM
CTOXaCTUYHOTO (4aCOBO3AJIEKHOT0) MAcaKUPOIIOTOKY —
3 METOIO ajanTalii Kypcy-BaHHS IO AWHAMIKH TOIHTY.
Ile no3Bossie Kpaime MiAJIAIITOBYBATH pPO3KIA] IO
peasIbHOTO TMOMUTY Ta 3MEHIIYBaTH HEBUKOPHUCTAH] MICIISL.

VY crarTi [5] 3anponioHOBaHO MeTox riOpuaHOL
MEPiOMIHOCTI + JTONABaHHS IO3ANCPIOUIHUX ITOT3/IiB
(hybrid periodic timetable) 3 ypaxyBaHHSIM BapiaTHBHOCTI
MONUTy Ta OOMEXEeHb Ha pPyXOMHH CKiIag — JUIs
IiIBUIIEHHSA THYYKOCTI Ta opieHTanii Ha macaxwupa. Lle
JI03BOJISIE 3MIHIOBATH PO3KJIAJ 3aJISKHO Bifl Yacy noow /
JTHS / TIOTIATY.

Y crarti [6] po3misHYTO —oONTHMI3aLiiiHI
pilIeHHs 100 NeperuianyBaHHs po3kiany (rescheduling)
y pasi 300iB ab0 3MiHM yMOB 3 PO3IJISIOM PECYpCHHX
oOmexxeHb Mepexi. lle mae 3Mory HIBHAKO afanTyBaTh
pyX, 30epiratoun SIKiCTb 0OCITyroByBaHHS Ta HPOITYCKHY
3JIaTHICTB.

YV crarti [7] JOCHIKEHO ONTHMIi3aIliio
MOTYXHOCTI ~ TOI3AIB  IIOAO0  TOMUTY:  HANpPHUKIA,
BUKOPHCTaHHS MEHIIOI KUIPKOCTI BaroHiB y TOJWHHU 3
MEHIIMM MOMUTOM i OlbIIe — y IiKOBi, 00 e(heKTHBHO
BUKOPHCTOBYBATH PECYpPCH Ta 3MEHIIMTH HEBUKOPHCTaHI
MiCIIL.

TakuM  YMHOM, OCHOBHMMH  BHKJIHKaMH
3aIUIIAIOTHCS iHTerpamnis Ppi3HOPITHUX JIaHUX,
MacmTabyBaHHS ~ MOJeNIell  Ha  piBeHb  Mepexi,

MMPOrHO3yBAHHA HI/IHaMi‘IHI/IX 3MIH Yy NacaxxuporoToKkax Ta

BpaxyBaHHS 30BHIIIHIX (akTopiB Al MiABUILCHHS
TOYHOCTI 1 HagidHOCTI IU(POBUX IBIHHUKIB Y
BHCOKOIIBH/IKICHUX 3aJII3HUYHUX CHCTEMaXx.
DopMyTIOBAHHS nijen. Mertoro
MOCTIDKCHHS € po3po0ka MaTeMaTHYHOI MOJENi st
onTHMi3alii  MapumIpyTHOi  TOJITHKM  IMIBUAKICHUX

MacCaXUPCHKUX TIEPEeBE3eHb Ha 3ali3HWYHIN Mepexi 3
ypaxyBaHHSM BIUIMBY KiJIBKOCTI IPOMDKHHUX 3yNMHOK Ha
TIOITUT MTACAXHPIB Ta 3aralbHy EKOHOMIUHY €()eKTHBHICTB
pobotn mepeBi3HHKAa. OCHOBHE 3aBIaHHS TIOJISATAE Y
CTBOPEHHI 1HCTPYMEHTY, SKMH J03BOJIUTH aBTOMAaTHYHO
TCHEpYBaTH MOXIIMBI MapHIpyTH pyXy Ha OCHOBI
TOMOJIOTii Mepexki, OI[HIOBaTH iX 3 TOYKH 30pYy
3aBaHT)KEHHS, JIOXOAHOCTI Ta NPUBAOIMBOCTI JUISt
MacakMpiB, a TAKOXK 3a0e3IedyBaTH BiOIp ONTUMAaIbHUX
pillIeHb.

JL1st MOCSITHEHHS 1€l MeTH HeOoOXiTHO:

cthopmyBaTi MaTeMaTHYHHI OIIHC
MACAKUPCHKOTO TIOMUTY HA OCHOBI 0a30BUX IMPOTHO3HUX
MaHuX Ta QYHKIID 3HWKCHHS TONUTY 3aJIe)KHO BiJ
KUTBKOCTI 3yIIMHOK MK CTaHI[isIMH;

— pO3poOUTH MeXaHi3M I'eHepallii MapIIpyTiB

06e3 3azpmaserizp  (ikcoBaHoro HabOpy  BapiaHTIB;
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— 3alpoOIOHYBAaTH MWiJIbOBY (YHKIIIO, sKa
MaKCHMI3y€e CyMapHHH 10Xil abo 00csAr 3aJ0BOJICHOTO
TIOTTUTY Ha MEPEXi;

— 3a0€e3MeYnTH MOXKIIMBICTE peaizamii Moaei
B CEPCIOBHIN IU(PPOBOTO NBIlfHWKA IS aJalTHBHOTO
aHaJi3y MapIIpyTHUX pilleHb Yy pealsHOMy abo
HaOJIMKEHOMY JI0 pealbHOTo MaciTadi yacy.

Peani3aui${ 3a3Ha4YCHUX 3aBJaHb JO03BOJINTH
HiIlBI/IHII/ITI/I TOYHICTh MMPOTrHO3yBAHHA, CKOPOTUTH PUSUKU

HEeC(PCKTHBHUX pIOICHh Ta 3a0€3MECYUTH HAYKOBO
OoOIpyHTOBaHy  MIATPHUMKY  TIPOIECIB  IUIAHYBaHHS
IIBUIKICHUX MTACAKUPCHKUX MIEPEBE3CHb.

BuxiaageHns OCHOBHOI'Q Marepiany
JOCTiIKeHHSI.

IMocraBneni 1T  MPAaKTHIHO  TIOBHICTIO

BIJNOBIAIOTE KiIacy 3aj1ad, sKi (opMynoloThes SIK
3amaun qu3aiiHy Mepexki (aHrir Transit Network Design,
TND) [8]. [IpobnemMu npoekTyBaHHSI MepeKi MapIuIpyTiB
TpaHCTIOPTY (B TEpHIy 4Uepry MacaXXKHpPChKOTro 1
I'POMAaJICBKOT0) OXOIUTIOIOTh KOMIUIEKCHE MaTeMaTH4YHe
3aBIaHHS ONTHMIi3alii, II0 TOJIsirae y BHU3HAYCHHI
imeasbHOrO0 Ha0Opy MapHIpyTiB, IXHBOI YacTOTH Ta
posknany. OcCHOBHa MeTa TIIONSITAE y 3HAXO/DKEHHI
HallKpamoro Ganancy MiX MiHiMi3aIiero
eKCIUTyaTallifHuX BUTpAaT 1 MaKcHUMi3amielo NpHOYTKIB
JUIS TPAHCIIOPTHOT'O OIEpaTopa Ta MAKCHMI3aIl€l0 PiBHA
oOciyroByBaHHS  (WIBHIKICTb, 3pY4HICTb, MIHIMYM
Tiepecaziok) IS MacaXkHpiB.

Sk Oymo 3a3HaueHO BUINE, MpodIeMH
MIPOEKTYBaHHs Mepeki MapmpyTiB TpaHcriopty (TND)
OXOIUTIOIOTh ~ KOMITJIGKCHE  MaTeMaTW4HEe  3aBJaHHS
onTHMIi3allii, MmO TOJSIra€ y BH3HAYCHHI 11€aTBHOTO
Ha0Opy MapuIpyTiB, IXHHOI YaCTOTH Ta PO3KIAAY 3 METOIO
JIOCSITHEHHSI HaWKpamoro OajlaHCy MDK MiHIMI3aIli€ro
BUTpaT  omeparopa  Ta  MakKCHMi3ali€lo  piBHA
oOcimyroByBaHHs mnacaxupiB. [lapagurma 1mdpoBux
nBiitankiB (anra. Digital Twins) BHBOIMTH BUpIIICHHS
IILOTO 3aBAAaHHS HAa HOBMH PiBEHb, OCKLIBKU BipTyajbHA
KOITi CHCTEMH, IO OTPHMY€ JaHi B peabHOMY dYaci,
JI03BOJISIE  TMHAMIYHO KOPWTYBaTH Ta IPOTHO3YBaTH
BIUIMB 3MiH Yy MepexXi MapuipyTiB, 3a0e3nedyoun
Oe3repepBHY ONTHMI3allil0 TPAHCIOPTHOI CHCTEMH.

PosrnsHemMo ~ MareMaTWYHY ~— MTOCTAHOBKY
3aa4l  omTuMizamii  cxeM  00epTy  IIBHAKICHUX
MacaXUPChKUX o013 /1iB [IJIIXOM MaKcuMi3alil
3a[OBOJICHHS TIONMUTY Ha IBUIAKICHI IACaXKUPCHKI

mepeBe3eHHs. Hexall 3amaHa 3ami3HHYHA MeEpexa sSK
HeopieHTOBaHUH Tpad G= (V’E), ne V' — muoxuna
CTaHIIii, E _ vmoxuna JUISHOK MK CcTaHmisMu. J{ist

(wv)€EE

pebpa BiZIOMa JIOBKHHA lyy >0 (y xm).

Marpuiist 6a30BOr0 IIPOrHO3HOTO HOIHUTY:

D = [dlj]' dlj = 0,

()

LjEV,i#],

d

ne "YU — KiNpKiCTh MacaxupiB, sAKi 6axKaroTh 3a

niepiof] (HarpuKIiIaz, 3a 100y) ixatu 3 ig].
[Mapamerpun moneni:

C — wmictkicTs oaHOrO NOi3/A (macaxxupiB);

N

sets — KiJIbKiCTh IOCTYITHUX COCTaBiB;

U — tunosa kpelicepchbka MBUAKICTD (KM/TOJ);

Tstop CepelHiii Yac CTOSHKA Ha 3YIHHII
(rom);

Touffer — rexnonoriumnmit Oydep Ha obopor
(rom);

P0 — GasoBa momycTMMa IIiIBHICTB 3yIHHOK

(OCTaHOBOK Ha KM);

p>0 mapaMeTp YyTIMBOCTI IOMHUTY JO
TIEPEBUIICHHS IIUTHHOCTI.

Hami posrnsgaemMo (opmaiizamito MapHIpyTiB.

Mapuipyt 7" — npoctuii nuisx y rpagi:

Vg €V, ivgpisHi.

)

r = (Vg,V1,--4Vk),

MHOXMHAa KaHAWAATHAX MapuipyTiB  (Tmicis
reHeparii 3 rpada) mo3HaYNMO R.
Jlns mapwpyry 7 i s mapu cradmiii L, (s1xi

JeKaTh Ha Mapmpyti |y NpaBUIBHOMY TOPSIKY)
BH3HA4Ya€EMO:

nj ) _ KIJIBKICTh TIPOMDKHHMX 3YITHHOK MIiX
ITyHKTaMHU i) na MapupyTi I (TOGTO YKCIO CTaHIiN Mixk
Lil);

Ly ) _ JIOBXKUHA TANUIAXY Bij [ o J no

mapiupyty 7

Lij(r) = z luv ’

(wv)EP;;i(r)

@)

e p ij ) _ MHOXHWHA pebep Ha MiJNUIIXy

=] y mapmpyri 7.
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IloBHa JIOBXKHMHA

MapuIpyTy:

k—1
fr = z lvsvs+1 ;

s=0
3)

3aranbHa KiTHKIiCTh 3yHMHHOK MapmpyTy '“r (Hampukmap,
KIJIBKICTB BY3JIiB y CIIMCKY 3yNMHOK MiHyC 1);

UYac ogHOTO TOBHOTO 000pOTY (TYAH ¥ Ha3am):

turn __ r
T, = 2 ? +n, - Tstop + Thuffer-
“4)
[inbHICTH 3yNMUHOK ISl TTApH i,J na MapIpyTi
T
o n; (1)
pPi(r) = :
/ Lij(r)
)
BaxkauBHUM eJIeMEHTOM MoJeJli TOBHHHA

cratu QyHKNisAs KopuryBaHHs nonuty. lias Oinbmiol
peaiCTHYHOCTI MO/IeJIi JOULIBHO 32CTOCYBATH IIABHY

kij(r)e (0'1],

(YHKIiI0 MHOKHHKA fAKa NpH

pi(r) < po 6amsbka 20 1, a npu spocranni Pii ()
MeHIIa€. 3 MeTo0 riaagkocTi Ta nudepeHniiioBHOCTI
JAOLINTBHO BUKOPHUCTATH Softplus—annpokcuManiio ais
Bia’€MHOI YaCTHHH:

softplus(x) = In(1 + €%).
(6)

Toni pekoMeHIOBaHIIT MHOXHHK:

kij(r) = exp(—p softplus(p;;(r)—po))-
(M
s dopmyna 3amae oxHONiHINHHMK Bupa3 (0e3

KyCKOBHX BH3HAa4Y€Hb) 1 3aJIOBOJIbHAE IHTYITHBHUM
BHUMOTaM:

SKIIO Pii(r) < po, To
softplus (p;—po) = 0 ky(r)~ 1,

AKILIO pi(1)>> po 0
softplus (p;;—po) = piyy—Po ;
kij(r)= eXp(=B(pi—po)).

CkopuroBanuii  momuT, SAKHH  3a0esmeuye

Mapiupyt ! st napu =J.

aij(r) = d;j k(1)
(®)

3MiHHI MO€eI
Jlist KosxHOro Mapuipyty I ER BBOJUMO:

x €{0,1) iHAMKATOp 3aIlyCKy MapipyTy |
(1 — 3amyckaemo, 0 — Hi);

=0 o -
— YacToTa peHciB MapipyTy 3a

riepiof] (HarpuKiIaz, peicis Ha 100Y);
Zr,ij € {0'1}

ingukatop: mapuipytr T

o0ciryroBye mapy =] ax obpana anprepHatuBa (1 —
TaK);

5.>0 -
15 pean},Ho nepeBe3eHa KUIBKICTBh

MTacaXXHpiB 3 ig].
[Mapamerpwu, 1m0 epe10OUNCIIOIOTHCS:
5”1' €{0,1} — IHIUKATOp TOTO, IO MAPIIPYT

T npoxoxuts uepes ! ta J y npaBuIbHOMY MOPSIIKY;

dij (r) — CKOPHUT'OBaHUH IOIUT (SIK BUILE);

C — wicrxicts oi3/1a;

max

fr — MakCHUMaJbHa JOIyCTUMa YacToTa
mapiupyty 7.

LinboBa GyHKIIS

bazoBa 3amawa — MakcuMizalisi CyMapHOTO

IEPEeBE3CHOTO (CKOPUTOBAHOTO) TMOMUTY abo JIOXOIy.
3amnuiieMo 3arajabpHy (opMy 3 ypaxyBaHHSIM JTOXOY:

max Z = ZPU Sy — Z(Cf"fﬁchxr),

i#j reR

©)

nePij — cepenHiil 0XiJ 3 0HOro macaxupa Ha
. . var
mapi 7], Cr

i
Mapiupyty T (Hanpukiai, Iponopuiiui npooiry), Crl -

— 3MiHHI BHUTpaTH Ha OJIMH peiic
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¢ikcoBani BuUTpaTd Ha 3amyck Mapmpyty . s

IIPOCTOTH MOXKHA B3SITH Pij =+ BiIKHHYTH BUTPATH,
SIKIIIO METa — MaKCHMi3allisl TOKPUTTSI.
Problem, MILP) npu

YMOBI  NONEpeAHbOro

004YHCIIEHHS TapaMeTpiB dij ().

Ilepmr 3a Bce HeOOXiAHO BBeCTHM TeXHIYHI
00MesKeHHs, AKi 320e31eYyl0Th KOPEKTHICTh 3aIyCKy
Ta 00CJIYTOBYBAHHSI MAPUIPYTIiB:

Zrij < Xops Vr R, Vi+].

(10)
Zrij < O, ijy VL.

(11)

(to6T0 271/ Moxe GyTi | e SIKIO MapmpyT
3aIyIEHO 1 MapIIPyT ITPOXOJUTH Yepes mapy.)

Hacrynne  o0me:xeHHs HeoOXigHe 1719
3a0e3neYeHHs] KOPEKTHOCTI BHOOpY aJbTepHATHB.

OnuioHAJILHO MOIEIIEMO, 0 M5 KOKHOI mapu L =]

BUOUpaeTbCsT He  Oible  OAHiEI  WIBUAKICHOL
aJlbTePHATUBHU:

z Zprij <1, Vi#]j.

reR

(12)

(SIx  ampTepHaTHBA, JIO3BOJIIEMO  PO3MOMLT
MacaXupiB MDK KUIBKOMa MapIIpyTaMH, BBOJSYH
YaCTKH).

Hactynne o0Me:keHHsI MOBHHHe 3a0e3le4UTH
KOPEeKTHe BpaxyBaHHs peaizoBaHux
naca:xkuponorokis. IloreHuiiiHe NOKPUTTA (AKLIO

BHOpaHA aTbTEPHATHBA):

Z aij ™ Zy,ij*

reR
(13)

PeanbHO nepeBe3eHa KUIBKICTb:

pot

SI]SSU ) VI':'t]'

(14)

Po3srnsinemo Takoxk MicTKicTh peiiciB. ko

mapupyt 7" o6pano ans mapu 7/, peansHuii nepesis
He MO2Ke NepeBUIYBAaTH CYMapHOI MiCTKOCTI peliciB:

SI} S Z C frZr,ijl

reRr

Vi#].

(15)

Jani BBenremMo HeoOXiaHi oOMexeHHs], sKi
HAKJaJal0Thcd Ha 3MiHHI Moaeni. Hu:kye HaBeaeHO
Ha0ip o0MesKeHb, 110 NMepeTBOPIIOThL JaHy 3ajavyy Ha
3agavy CMIIIAHOT 0—LJIOYHCETbHOTO JiHIHHOTO0
nporpamyBanHs (anri. Mixed Integer Linear

Hacrynne oOmexeHHsl CHPAMOBAaHe Ha
KOPEeKTHe BpaxXyBaHHS PeCcypciB cOCTaBiB:

E turn
fr Tr = Nsets'

reR
(16)

npu  ObOMYy IOBHHHI
HACTYIIHi Me:Ki Ta THIIN 3MIHHUX:

3a0e3ne4yBaTUCh

0<f,<f™*x., f €Rg

(17)

Zy i S;:=0.

x, € {0,1}, € {0,1}, =

(18)

Po3risinemo Tako:XKk [A0AATKOBI YMOBH Ta
3ayBakKeHHsl IIOAO0  peanizanii  3anponoHoBaHOI
MojeIi:

L.

R TCHEPYEThCS 3a37aJeTib (HAIPUKIIAI, alrTOPUTMOM k—
shortest paths), TO BCi napaMeTpu

(1) Lig ()i (r) kg () i (M0 Tr™  yowaa

nepedoduucaumu. Toni 3amava 3Bomutbest 1o MILP (3a

SIKIo MHOXMHA BCIX NMPOCTUX HUISAXIiB

YMOBH, IO fr MOXYTh OyTH HeENepepBHUMH abo
ITOYHCETEHUMH).

2. Sxmo x moTpidHO, MO0 Momenp cama
CHHTE3yBaJla MaplIpyTH Oe3 MOIepeAHbol reHepaii, TO
3aCTOCOBYIOTh KOJIOHHY TeHepalilo abo KoMOiHaTopHi
MIXOMU; e 3HAYHO YCKIATHIOE MOICTh 1 IOTpedye

cy03amad Juid  TOMYKYy NUBIXIB 3  HO3UTHBHUMH
3BEJICHUMH I[iHAMH.
3. ITapameTpu BiPo ciij KamiopyBatu Ha

ICTOpMYHMX JaHMX ab0 BCTAHOBIIOBATH eKcnepTHO. [lis
YyTJIUBOTO aHANi3y PEKOMEH/IOBAHO ITPOBOJMTH Bapialito

,3 € [0-1:5] ta PO y pO3yMHHX MEXax BiIITOBIIHO IO
Mepexi.
Hasenemo cxeMy oO4YHCICHHS IS OJAHIET Mapw

I'_)] i OJJHOI'O KaHAuaara r:

pi(r) = :j—ig Jeyj(r) = exp(—BIn(L + e”7
(19)

aij(r) = dyjki; (1), SS'Ot = Z aij (r)zyij-
(20) '

HaBenena cxema OOYHCICHP JIEMOHCTpYE

HOCJ'Ii,HOBHiCTI) KpOKiB, 3a 4KOK MOJCJIb BU3HAYAE, SIKY
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YaCTHHY MONHUTY MK KOHKPETHOIO Tapol0 CTAaHIIH MOXKe

IOTEHIIHHO  3a0e3leYuTH  KOXKHUKA  KaHIWJaTHUN
MapuipyT. Criepiry OLIHIOETBCS MIUIBHICTH 3yIIMHOK Ha
MapHIpyTi — TOKa3HHUK, IO XapaKTepH3ye piBeHb HOTO

MPSIMOTH Ta BiIOBITHICTh BUMOTaM IIBUIKICHOTO PYXY.

Jlanmi Bu3HAYa€ThCSI CKOPUTOBAHUHM MOMMT JUIS
KOHKPETHOTO MapuIpyTy, SIKMH BigoOpaxae peasicTHIHUN
o0csr macakupiB, o o00epyTh JaHMH HANpPsSMOK 32
yMOBH Horo aktiuHoi KoHGirypamii. IloTenmiiiHo
MOXJIUBHI 00CST 00CITyroByBaHHS ()OPMY€ETHCS LUITXOM
ITiICyMOBYBaHHS BHECKIB YCiX MapuIpyTiB, IO MiXOSATh
JUId JaHoi Tapu CTaHMiW, 3 ypaxyBaHHSAM OiHapHOTO
BUOOpY MapmipyTy B oONTHMi3amiiHii Mozmeni. Taxkum
YMHOM, MOJIENIb OIIHIOE HE JIMIIE SIKICTh KOXHOTO
OKpEeMOro MapmipyTy, a W WOro pojb y 3araibHii
KoH(iryparii Mepexi.

Y migcyMKy Taka CcXeMma JIO3BOJIAE  YiTKO
CTPYKTYpYBaTH B3a€MO3B’S30K MDK  TOHNOJIOTIYHHUMH
XapaKTEpPUCTUKAMH MapIIpyTiB, 1X NpHUBaOIMBICTIO VIS
MacaXupiB, MOXIMBUMH 00cCsATaMH TI€PEeBE3CHb 1
MOJaJIBIINM BHOOpOM 4acTOT KypCYBaHHSI.
3anpornoHoBaHUM MiAXia 3a0e3rneuye y3ro/DKEHICTh MiK
PIIICHHSAMH IIOAO BIAKPUTTS MapLIPYTiB i MapameTpamu
ix exciuryaramii. 3aBAsKM 3MVIQJDKCHOMY KoedillieHTy
3HI)KEHHS TONHUTY MOJICNIb YHHKA€ PI3KHX CTPUOKIB y
MOBEMIHII HiNbOBOI QYHKMi{, M0 pobuTth ii OimbI
CTaOIBHOIO U YHCETHHOI ONTHMI3allii Ta MPUIATHOO
Juts MaciiTaOyBaHHs Ha MEpEKEBOMY PiBHi.

dinansHa MILP-TiocTaHOBKA, SIKA OTPUMYETHCS
Ticis reHepartii Habopy MapIIpyTiB, T03BOJISE OAHOYACHO
oOupaTy MapHIpyTH, BU3HAYaTH YacTOTH KypCyBaHHS Ta
pO3MOAUIATH TONMT MDK HHUMH 3  ypaxyBaHHIM
MIPOIYCKHOI ~ CIIPOMOXKHOCTI  iHQPAcTpyKTypu  Ta
0oOMEXeHb I0JI0 PYXOMOIo CKiany. TakuM YuHOM,
MoJenb 3a0e3neuye KOMIUIEKCHMH OIHWC  OpraHizamii
IIBHAKICHOTO  MAacaXUPCBKOTO  PyXy,  IOETHYIOUH
TEOMETPII0 MEpeXi, MOBEIIHKY MacakHPChKOTO IOMUTY
Ta eKCIuTyaTaliiHi pilieHHs B €quHiN Gopmartizamii.

BucHoBkn.

CdopMoBaHO KOHIICIII0O MOJIET OpraHizamii
IIBHKICHOTO TIACaKUPCHKOTO PyXy Ha 3aji3HWYHIN
Mepexi B KOHTEKCTI IMapajurMu HU(POBUX IBIIHUKIB
TpaHCIIOPTHUX cucTeM. Ha BimMmiHy Bix TpaguuiitHux
miaxomiB 10 (GOpMyBaHHS — MapUIpyTHOI — MEpexi,
3alpOIIOHOBaHA MOJIENIb  OJHOYACHO BHU3HA4Yae  SIK
TOIIOJIOT1I0 MapUIPyTiB, TaK i YAaCTOTH IX KypCyBaHHS, 1110
3a0e3medye  Y3rOKEHICTh MK  OOCSTOM — TIOMHTY,
MIPOITYCKHOIO ~ CIPOMOJKHICTIO  iH]pacTpykTypn Ta
OUiKyBaHHM EKOHOMIYHHUM pE3YyJbTaTOM. BKIIOueHHs
4acTOT y SKOCTI ONTHMIi3aifHUX 3MIHHHUX BIiJIIOBiNAE
Cy4JacHHMM TEeHZIEHIIsIM y 3afa4dax Transit Network Design
Ta JI03BOJISIE BpaxyBaTH, sKa YacTHHA IIONUTY pPEalbHO
Oyze 3a70BOJICHA.

Ha ocHOBI i€l XapaKTepUCTHKN OTPUMYETHCS KOe]illieHT
3HWKEHHS TIONUTY, KU IUTaBHO MOAM(IKYE BHXiTHUN
o0csir Macaxkxupis, BpPaxOBYIOUH TOTipIICHHS
NpuBabIMBOCTI MapuIpyTy 3i 30UIBLICHHSIM KIJIBKOCTI
MIPOMIXXHHUX 3YIHHOK.

Oco0MBiCTIO MO/l € BUKOPUCTAHHS IUTAaBHOTO
KoedilieHTa 3HIDKECHHS TOMHTY 3aJIC)KHO BiJ MIUTBHOCTI
3yMMHOK, IO YCYBa€ HENOJIKH KyCKOBO—BH3HAYEHHX
¢GyHKIIM monuTy ¥ 3a0e3nedye KOPEKTHIIY ITOBEIiHKY
NP TIOPIBHAHHI MapmipyTiB pi3HOi cTpykTypHu. Lle
JI03BOJISIE  J€KBAaTHO MOJIENIOBAaTH KOMIIPOMIC MiX
HIBHKICTIO Ta OXOIICHHSIM HacakKUPChKOTO PHHKY.

e oxHiero epeBaroo € GOpMyIIOBaHHS 3a1a4i

y Burmmi MILP  micas monepenHboi — reHepariii
KaHIUIATHUX  MapmpytTiB. Takwii minxix poOuTh
MPAaKTUYHO 3MIIHCHCHHOI ONTHUMI3aIlif0 HaBiTh Ha

MEpPEKEBOMY piBHI, 3a0€3IeUylour BiATBOPIOBAHICTH 1
MOXJIMBICTh iHTErpamii 3 HU(POBUM ABIMHUKOM JUISt
MOJATIBIINX CHEHAPHUX JIOCHIPKEHb.

Pa3om 3 TMM, MoJIenTb Ma€e HU3KY oOMeskeHb. [To—
nepire, BUKOPHUCTAHHS J00OBHX ITaca’KMpOIIOTOKIB HE
JTO3BOJISIE BpPaXyBaTH INKOBI KOJHMBAHHS TOMUTY, IO
MOJKE BIUTMBATH HA TOYHICTh OLIHKA HEOOXiTHOI 9acTOTH
KypcyBanHa. [lo—zmpyre, TeHepamis  KaHIWITATHUX
MapHIpyTiB 33/1a€ BEPXHIO MEXy Ha pI3HOMaHITHICTh
KOHQITypaIiiii Mepexi, a SKiCTh PIMICHHS 3aJIC)KUTh Bif
MIOBHOTH 11bOTO Habopy. Ilo—TpeTe, moToyHa mocTaHOBKa
HE BpAaXOBYE MOJMJIMBHX TEXHOJOTIYHUX OOMEXKEHb,
MOB’SI3aHMX 13 TIEPETHHAMH [OTOKIB, KOHQJIIKTaMU
po3kiIany abo 0COOIMBOCTAMY IMIBUAKICHUAX JUISHOK.

HepCHGKTI/IBI/I ,HOCJ'Ii,H)KeHL

nepen0avyaroTh:

IO JaJIbIIINX

— BKJIIOYEHHS YacoBOi AWHAMIKM TIIONHTY Ta
BUKOPHCTaHHS TPOTHO3HMX MOAENEH Uil  pI3HUX
CIICHApiiB PO3BUTKY PHUHKY;

— iHTerpamito Mozem 3 MOXyJeM imiTariifHoro
MOJICTIIOBaHHS ~ JUIi ~ aBTOMATHYHOTO  OHOBJICHHS
rapameTpiB U(POBOTo IBiiHNKA;

— po3MMpeHHsT Habopy 0OMEeXeHb Ta KPUTEPIiB 3
ypaxyBaHHSIM  pO3KJIaJiB,  IHTEpPBAJiB,  TEXHIYHHX
perJIaMeHTIB Ta YyTJIMBOCTI 0 30BHIIIHIX YMHHHKIB;

— 3aCTOCYBaHHS METOJIIB POOACTHOI ONTUMI3arlil
JUTsE pOOOTH 3 HEBU3HAYCHUMU a00 HETIOBHUMU JTaHUMHU
TIPO TIOTTHT.

3arpornoHoBaHa MOJIENIb € BarOMHM KpPOKOM JI0
CTBOPEHHS IHTEJEKTYaJIbHOTO IHCTPYMEHTY IiJTPHUMKH
pilleHb y TPOEKTYBaHHI MEpeXi BHUCOKOUIBHIKICHOTO
pPYXy, 34aTHOTO aJanTyBaTHCS JO YMOB peajbHOTO
MONUTYy W  B3aEMOIIATH 3 LUPPOBUM  JBIHHUKOM
TPaHCIIOPTHOI CHCTEMH.
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Prokhorov V.M., Parkhomenko L.O., Kalashnikova
T.Yu., Slobodianiuk O.A. Development of a Transit
Network Design Model for High—Speed Rail Passenger
Transport within the Digital Twin Paradigm of
Transportation Systems.

The article discusses the development of a
Transit Network Design (TND) model for optimizing the
routes of high—speed passenger trains on a railway
network, considering the predicted demand for
transportation between stations. Primary attention is
given to the construction of a mathematical apparatus
that allows for the generation of routes without a
predefined list, utilizing only the network topology and
the expected demand matrix. The proposed model moves
beyond static planning by accounting not only for
baseline demand values but also for a function modeling
the decrease in travel attractiveness depending on the
number of intermediate stops between the origin and
destination stations. This approach allows for an
objective evaluation of hypothetical routes and the

2. Ou, Y., Mihidita, A.-S., Ellison, A., Mao, T., Lee, S.,
Chen, F. Rail Digital Twin and Deep Learning for
Passenger Flow Prediction Using Mobile Data.
Electronics. 2025. 14(12), 2359.
https://doi.org/10.3390/electronics 14122359.

Jformation of a rational high—speed train network in terms
of both operational efficiency and passenger appeal.

The model proposes an objective function aimed
at maximizing the total realized demand or the revenue of
the transport service operator. This approach enables the
assessment of the influence of topological decisions (route
configuration, stop placement, trip lengths) on the
economic and operational efficiency of the system. The
paper also thoroughly examines the potential application
of the Digital Twin paradigm for the simulation—based
reproduction of network functioning, which allows for the
analysis of alternative schedules, topologies, and routing
policies on a near—real-time scale. This provides a
foundation for the subsequent automation of network
formation and its reproducibility within a modern digital
environment.

Keywords: route optimization, high—speed
transport, Transit Network Design, passenger transport
demand, Digital Twin, mathematical modeling, railway
transport.
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VK 625.143: 681.586.5: 004.8 DOI: https://doi.org/10.18664/ikszt.v3014.351527

37100yBay pyroro pisHs BUIIoi ocBitH, M. B. KAHEBCHKUI,
KaHIUAAT TeXHiuHuX Hayk, C. O. 3MII7I,

(YkpalHChbKHii epKaBHUN YHIBEPCUTET 3aJ1I3HUYHOTO TPAHCIIOPTY)
1. C. KAHEBCbKUI

@dyHpaMeHTaIbHI TPUHIMINA TMPOAKTUBHOTO MOHITOPHHTY pEHOK 3a JONOMOTOI0 BOJIOKOHHO-
ONTUYHUX CEHCOPIB

Anomauia. Jlocniodxcenus npucesauene po3poOieHHIO | MeopemuyHoMy OOIPYHMYBAHHIO
@dyHOaMeHMANbHUX NPUHYUNIE CMBOPEHHA NPOAKMUBHOI CcUcmeMu MOHIMOPUHZY YiLiCHOCMI
3aNI3HUYHUX PelioK HA OCHO8I MEeXHON02i pO3N00iNeH020 aKycmuuno2o 30H0yeanus (DAS).
Ilpoananizosano KpumuuHi HeOONIKU ICHYIOUUX MemOoOi68 IHCNeKMYBAHHS, WO (OYHKYIOHYIOMb y
peaxmusHiil napaouemi i cmeoprioms «cini 30Huy mixc nepegipkamu. Oorpynmosarno, wo DAS €
ONMUMATILHUM MEXHOJO2IYHUM DIUEHHAM 3a80AKU HeUyMau8ocmi 00 eleKmpOoMASHIMHUX 3a84a0,
Moxcaueocmi KOHmponio O0inanok 0o 100 km ma exkoHOMiYHOCMI 3a PAXYHOK BUKOPUCHMAHHA
CYYACHUX 80JIOKOHHO-ONMUYHUX Kabenis. JJocnioxiceno Qi3uky nouwupenus npyICHUX Xeuib y petiyi,
Wo 0ano 3mMo2y GCMAHOBUMU KOMAPOMIC MIdNC OANbHICMIO (HU3LKI yacmomu) i O0emanizayieto
(6ucoxi uacmomu) monimopuney. Chopmynrbo8ano 20108HULI HAYKOGUL BHECOK — MeEOPEeMUUHy
OCHO8Y 0/11 NPOAKMUBHO20 BUABILEHHS 0e(eKmis «3 BUNEPEONCEHHAM» Yepe3 aHani3 eiopayil, wo
NOUUPIOIOMbCS Petikoio nonepedy noizoa.

Knrouogi cnosa: 3aniznuyni petiku, MOHIMopuHe, po3noodilene akycmuyte 3010yeanis, DAS,
B0JIOKOHHO-ONMUYHI CEHCOpU, NPOAKMUBHE BGUABIEHHS, YLTICHICMb KOJii, NPYiCHI X8uii, Oe3nexa

Pyxy.

a (hyHZaMEHTAJIFHOIO BUMOTOIO JUIA 3arto0iraHHs
aBapisM 1 30epeKeHHs JTIOJICHKHUX KHUTTIB.

CyuacHi METOAM KOHTpOIIIO, TaKi SIK Bi3yaJibHI
oMM Ta HEPYHHIBHUM KOHTPOJIb, MalOTh CYTTEBI
oOMekeHHS. BOHM € TIepeBa)kHO peakTHBHUMH abo
MIepiOJMYHAMH, 110 CTBOPIOE HEOE3MEUHI «Cili 30HW» B
qaci, MpOTATOM SIKUX Ae(PEKTH MOXYTh PO3BHBATHCS
HeroMideHnMH. BisyanpHi ornsam € cy0'eKTHBHUMH 1
TPYIOMICTKMMH, TOJIi SK IHCTPYMEHTaJbHI METOOM 3a
JIOTIOMOTOI0 ~ TIOBUTBHHMX ~ A€(EKTOCKONMHHMX  BaroHiB
3aJIMIIAIOTH 3HAYHI MPOMIKKH Yacy MK IepeBipKaMu.

Haiirocrpimoro € ciucremMHa nporajnHa Oe3neKH,

Beryn.

JlocnimKeHHs, HaBeIeHe y CTaTTi, HAJICKHUTh 10
rajgysi 3aJi3HHYHOTO TPAHCIIOPTY, a caMe iHKeHepii Ta
MOHITOPUHTY KOJIIHHOI iH(pacTpyKTypH. AKTyalbHICTh
po3riIsiHYTOI  mpoOjeMu  OOIpyHTOBaHa  KiJIbKOMa
KputnaHUMHU (akropamu. [To-nepire, 3ami3HUYHI Mepexi
€ OCHOBHMMH apTepisiMH CBITOBOi EKOHOMIKH, 1
HAOIHHICTF 1 Oe3meka TepeBe3eHb OE3IMOCepPETHBO
3aj]eXarh BiJ LUTICHOCTI Koiii. 3 omisigy Ha mocTiiiHe
3pOCTaHHS INBUAKOCTEH Ta OChOBHX HaBaHTaKCHb
Halnpy)XeHHs, IO JiIOTh HAa PEHKH, EKCIIOHEHIIHHO : Hpote ;
[i/IBUIIYIOTECS, 4epe3 WO HABiTh He3HauHuil gedexr O BUHMKAE BHACHIZIOK ~MOJEPHI3Alil 3almi3HUYHHX

MOJXE LIBUJKO MPH3BECTH A0 KatacTpodiunmx Hacmigkip — CHIHAIBPHEX CHCTCM. Tpamuuifini peiikosi xoma, xod i
(1] HEHAIHHO, ajJe BHUKOHYB&JIM BTOPUHHY (DYHKIIIO

BUSBIICHHS TOBHUX PO3pHBIB peliku. CydacHi cHUCTEMH,
TaKi SK JIYMIFHUKH OCEH, IO BIIPOBADKYBaHI B paMKax
MIEPEXOAy IO €BPOICHCHKOI CHCTEMH YIIPABIIHHI PYXOM
moi3xiB (ETCS), € 3HauHO HamiHHIIIUMY IS BUSBICHHS

BaxumBicte  mi€l  mpoOieMu  TiATBEpIKCHA
craructukoto: yume y CHIA y 2018 poui nedexr komii
CTaJld TPUYMHOI 546 IHIUACHTIB, IO 3aBIAld 30WTKIB
Ha moHay 97 MinbiioHiB monapis [2]. Ile mimkpeciroe, 110

paHHE BUSBJICHHS IOIIKO/UKEHb € HE IPOCTO MUTAHHIM
ONTHMi3alLii 00CITyroByBaHHS,

Moi3aiB, ajle MaloTh (yHIAMEHTAJIbHUI HENOJIK — BOHU
abCOJIIOTHO HE3/1aTHI BUSBIIITH 3J1aMH PEHOK.

©M. B. KAHEBCBKHUI, C. O. 3MIi1, C. KAHEBCBbKHUMH 2025
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OTxe, MOJEpHi3alisi HEHaBMHUCHO YCYBae
BTOPMHHHMH MeXaHi3M O€3NeKH, CTBOPIOIOYHM HarajbHY
motpeOy B HOBIH, cremiani3oBaHili TEXHOJNOTii, ska O
HitectpsiMoBaHo 3a0e3nedyBajia HaJidiHWH MOHITOPUHT
LUTICHOCTI KOJTii.

AHaJi3 oCTaHHIX JOCTiIKeHb i myOmikamiii

[IpoGnema MOHITOPHHTY CTaHy 3aJi3HHYHOI
IHQpaCTPyKTypH € MPEeAMETOM IHTCHCHBHHUX JOCIIKEHb
SK BITYM3HSHHX, TaK 1 3aKOPJOHHHMX YUYCHHX. AHaII3
HAyKOBHMX ITyOJiKaiifi OCTaHHIX pOKIB CBIAYUTH TIPO
CTIMKUI TpEeH] TIEpEXOIy BiJ TPaOWIIHHUX TEPiOTUIHIX
METOMIB IHCIEKTYBaHHS JIO CHCTEM Oe3IepepBHOTO
MOHITOPUHTY B peajbHOMY Yaci.

TpaauniiiHi MeTomu HEpYHHIBHOIO KOHTPOIIO
(NDT), Ttaki sk y’abTpa3BYKOBHH 1 BHXPOCTPYMOBHH
KOHTPOJIb, MPOJIOBXYIOTh BAOCKOHaIoBaTH. OcTaHHI
JOCTIDKCHHS 30Cepe/DKEHI Ha IiIBUICHHI TOYHOCTI Ta

IIBUAKOCTI IHCIEKIII 3a [OIOMOrOI0 HOBUX THIIB
JATYMKIB, TakuX sAK (a30BaHI AaHTEHHI pEUITKA B
yinbTpasBykoBux  cucremax (PAUT) 1 Texwika

BUMipIOBaHHS Tmons 3MiHHOro crpymy (ACFM) sk
aNbTepHATHBA MAarHiTONOPOIIKOBOMY KOHTpoio [3].

OnHak, HE3BaXKAIOUH Ha mi BJIOCKOHAJICHHS,
¢yHmamMeHTambHa  TpoOJieMa  MEPIOAWYHOCTI  TaKUX
MEPEBIPOK 3AIMIIAETHCS HEPO3B’S3aHOI0, IO HE A€
3MOTY BHSBIATH JEPEKTH, SKi BHHUKAIOTh MK
1HCIIEKI[iSIMH.

Takox 3Ha4YHy yBary HpUAUIAIOTH BOJOKOHHO-
ontmuHuM  ceHcopam  (FOS), sxi  posrmspaiors  SIK
TEXHOJIOTIIO, 3AaTHY 3IMCHUTH TapaJurMalbHUA 3CYB Y
MOHITOpUHTY. B ormsmoBiit crarti [4] miaTBepKeHO, 110
FOS € mnoryxHuM iHCTpYMEHTOM JUIS MOHITOPHHTY
3TI3HAYHUX CHCTEM 3aBISJKM IXHIH CTIHKOCTI 110
€JICKTPOMArHiTHUX 3aBaj, JOBrOBIYHOCTI Ta MOXKJIMBOCTI
PO3IOIICHUX BUMIpPIOBaHb.

Ocob6muBe mictie cepen FOS-TexHomoriH 3aiimae
posrmofinene aKyCTUYHE 30HAyBaHHS (DAS).
JlocipKeHHST OCTaHHIX I'SITH POKIB IEMOHCTPYIOTh HOTO
BUCOKHMI MOTEHIIaNl JUIS BUPIIICHHS IIUPOKOTO CIEKTpa
3aBIaHb. Y gJochiypkeHHI [5] HaBeneHo pesynbTaTté
MOJBOBUX BUIPOOYBaHb B ABCTpIi, SIKi HMiATBEPAXKYIOTb,
mo DAS 3natHa eeKTHBHO BHSBIATH PO3PHBH PEHOK,
aHaJIi3ylo4un BiOpawiiiHi CUTHATYpH BiI NMPOiXKHKAIOUOTO
1oi3aa, aje He Iepes HAM.

Opnaxk BoOpoBamxkeHHa DAS cTBOprO€ HOBY
mpobimemy. Y poOoti [6] mMmOKa3zaHO, IO TEXHOJOTis
TeHEpy€e BeNMYe3HI OOCITH CKIagHHX, 3allyMJIEHHX
JIaHUX, PyYHUH aHaJi3 SKMX HeMOXJMBHH. Lle Bu3HaumIO
HACTYITHUHA  HAampsM  JIOCIIPKEHb 3aCTOCYBaHHS
mrygroro inrenekty (ILI) i mammuHoro HaByanus (MH)
JUIs aBTOMATH4HOI iHTepnperamii nanux. JlociiukeHHS
[7] nemoncTpye Brcoky edeKTHBHICTH TiOpuaHOi Moaemi
Ha ocHOBI MH To9HOCTI B Kiacudikallii Takux Mmomai, sk
KaMEHETa ! Ta TMa [iHHs JepeB, 3a nanuMu DAS.

OTxe, aHaii3 myOiikamiil MoKasye, M0 HayKOBa
CHIIBHOTA aKTHBHO Tpamioe Haja 3actocyBaHHSAM DAS i
I 11 MOHITOPHHTY CTaHy eJIeMEHTIB 3aji3HuIb. [IpoTe
OiNBIIICT ICHYIOUMX JOCHI/DKEHb 30CEpeIKeHi Ha

BUPILIEHH] KOHKPETHUX IMPHUKIaJHUX 3aBAaHb, TAKUX SIK
BUSIBJICHHS CTOPOHHIX BTOPrHEHb a00 BiJCTE)KEHHS
moi3miB. HeBHpilIeHOI0 YaCTHHOKO 3arajibHOI MPOOIIEMH
3IMIIAETBCS  TVIMOOKE PpO3YMIiHHS —(pyHIaMEHTaIbHUX
(GI3MYHUX TPUHIMINB, IO JIEKATh B OCHOBI B3aEMOJIi
noiza-komisi-nedexr i ii mposBy y BiOpamiiiHMX naHMX,
oTpuMaHuX 3a gonoMoror DAS. CraTTs npucBsdeHa ik
HEeBHpIIIEHIH YacTUHI — aHamidzy (I3WKH MOIMPEHHS
NIPY’KHUX XBWJIb y peiikax 1 ixHpoi Moxyssinii nedexramu
JUIi  CTBOPEHHsI caMe IIPOAaKTHBHOI, a HE MpPOCTO
PEaKTUBHOI CHCTEMH MOHITOPHHTY.

Merta pocaigxeHHs

Mertoto cTarTi € TeOpeTHdHe OOIPYHTYBAaHHS Ta

po3pobneHHs  (QyHOAMEHTANBHUX  NPHUHLMINB  JUIA
CTBOPEHHS  NPOAKTUBHOI  CHUCTEMH  MOHITOPHHTY
LUTICHOCTI  3aJi3HWYHMX peHok, mo ©0a3oBaHO Ha

TEXHOJIOTIi PO3MOALIEHOr0 AaKyCTUYHOTO 30H/IyBaHHS.
JlocnmimKeHHsT CIpsSIMOBaHE Ha JIOBEJCHHS MOXIIMBOCTI
BUSIBJICHHS JAe(eKTiB Koumii, aHami3yroud BiOpamiiHi
XBWJIi, IO MOUIMPIOIOTECS PEHKOIO MOMEpery pyXOMOTro
CKIIamy.

JUIst MOCATHEHHSI TOCTaBJICHOT METH HEOOXiIHO
BUPILINTH TaKi 3aBJaHH:

— IPOBECTH KPUTHYHMH aHami3 ICHYIOYHX
METOMIB 1HCHEKTYBaHHS 3ali3HWYHOI iH(}pacTpyKTypH,
BUSBUTH  iXHI  (yHZAMEHTaldbHI  OOMEXEHHA  Ta

0oOIpyHTYBaTH HEOOXIAHICTH HEPEXOAY 10 IMPOAKTUBHOI
rapasiurMi MOHITOPUHTY;

— omucatd (i3WYHI TPUHIMIKA Ta MepeBaru
BOJIOKOHHO-ONITHYHHAX CEHCOpIB, 30KpeMa TEeXHOJOTii
PO3IIOICHOTO aKyCTUYHOTO 30HAYBaHHS, SK OCHOBHOTO
IHCTPYMEHTY JUIsl pO3B’sI3aHHS TIOCTABJICHOI MPOOIIEeMH;

— Jjocnianti (i3uKy reHepamii Ta HOMIMpPEHHS
NIPY’)KHUX XBWJIb Y CHCTEMi «pelKa-mmana-0amact» 3a
JIEI0 PyXOMOTO CKJIay, BKIIFOUAIOUM aHaJli3 THITIB XBUIIb
1 3aKOHOMIpHOCTEH TXHBOTO 3racaHHs;

— c¢opMyIOBaTH TEOPETUYHY OCHOBY JUIA
IIPOAaKTUBHOIO BHSBIICHHS nedexriB «i3
BUIICPE/DKEHHAM», BH3HAYMBIIA (i3UUHMH KOMITPOMIC
MIX TAIBHICTIO i JCTAI3aIi€I0 MOHITOPHHTY.

OCHOBHA YaCTHHA AOCTiIKEeHHS

1. Kputn4yauii OrIsan TpamuIliftHUX TapagurMm
IHCTICKTYBaHHS

IcHyroui MeTomu KOHTpOJIO, HE3BaKAlO4W Ha
JICCATHIITTS.  BJAOCKOHAJEHb, MAlOTh (yHAaMEHTaIbHI
oOMeKeHHSI, sIKi poOJsITh 1X HelOCTaTHHO e(EKTHBHUMHU
JUIsl CyJacHHX BUMOT. IXHiif ToOBHUIA He0MiK MosArae B
TOMy, [I0 BOHH € TIIEPEBAXHO PEAKTUBHUMH abo
MIePiOMYHAMH, 3AJIUIIAI0OYN HEOE3MEUHI «CIili 30HW» B
Yaci, MPOTSATrOM SKMX MOXYTh BHHHKATH 1 PO3BHBATHCS
KPUTHYHI IeEKTH IO MOMEHTY iX BHSBICHHS.

dyHIaMeHTanbHIM METOJIOM KOHTPOJTIO
3QIMIIAETBCS  BI3yaJIbHMH ~ OTJIS[,  BUKOHYBaHHH
KBaTi(piKOBAaHUM TIEPCOHAIOM. IHCIEKTOPH UIyKaroTh
BHIUMI JEPEKTH, TaKi K TPIIHHU, 3HOC, TOIIKOKCHHS
KpimieHs 1 npociganss 6anacty [8]. OxHak meit minxin e
BKpail CyO0'eKTMBHMM 1 3HAYHOIO MIpOIO 3AJICKUTH BiX
JocBimy, kBamidikamii Ta THIBHOCTI  KOHKPETHOTO
IHCTIEKTOpa, a TaKOX 30BHIIIHIX YMOB, SIK-OT MOroja Ta
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ocBiTJICHHS. JIJIs1 Cy4acHHX pO3TallyKCHUX 3aJi3HHYHUX
MEpEeX, IO MPOCTITa0THCS HA TUCSYl KUIOMETpIB, 4acTo
yepe3 BaXKOJOCTYNHY MICIEBICTh TaKHi METOx €
JIOTICTUYHO HECTIHKMM dYepe3 BUCOKI BHUTpPATH, 3HAYHI
TPYZIOBI pecypcu Ta HeOE3NeKy Ui CamMoro IMepcoHay
[9].

Jtst 00'€KTHBHIIIOTO OIIHIOBAHHS CTaHYy pPEHOK
3aCTOCOBYIOTh IHCTPYMEHTaJbHI HEpYHHIBHI MeToan
koHTpomo (NDT), sxi gomomararoTb — BHSIBIISITH
MIPUXOBaHI 1eEKTH.

Meron ynbrpasBykoBoro koHTtpoiio (Y3K) e
e(EeKTUBHUM JUI BHSBJICHHS TIJHMOOKHMX BHYTPIIIHIX
nedeKTiB, TakuxX K TpimuHU BToMU. OnHaK MOTpPiOHI

BHCOKOKBAJII(pIKOBaHI ~omeparopu Ui  iHTepIpeTanii
CUTHAJIIB, PETEJILHOI MiITOTOBKY ITOBEPXHI peiiku, 60 1en
METOI MOXe OYTH «3aciliIUICHMH» TOBEPXHEBUMHU
nedekrtaMH,  SKI  IEepelIKO/DKAIOTh  TPOHUKHEHHIO
YIIBTPa3BYKY.

Buxpoctpymosuii kontposs (BCK) npuitastHuiz
JUIs  BUSIBIGHHA  TIOBEPXHEBUX 1  HEITHMOOKHX

IiATTOBEpXHEBUX Ae(EKTIB y MPOBIIHUX MaTepianax, aie
foro rnuOMHA TPOHUKHEHHS OOMEXEHa, a pe3yJbTaTH
MOXYTb 3aJI€XKATH BiJ] T€OMETPii peHKH.

MarsiTonopoImKkoBui KOHTPOIIb (MIIK)
BUCOKOTOYHMH Ui TIOBEPXHEBUX  TPIMH Y
(hepOMarHiTHUX CTaNAX, aJie ITOTPEOYE MPSIMOTO KOHTAKTY
3 PEHKOIO 1 HE BUABJISE BHYTPIIIHIX ITOIIKOKEHb.

Iaon  meromm  (paniorpadiuHuid, KamiIIpHUI)
Yyepe3 BUCOKY BapTiCTh, BUMOTH IIOJ0 OE3MEKH Ta HU3bKY
LIBHAKICT HE MPHUHHSTHI JJIs IIMPOKOMACIITaOHOTO Ta
0e3mepepBHOTO MOHITOPUHTY Mepexi [8].

CHiTbHEM 1 TOJIOBHHM HEIONIKOM YCiX METOIIB
NDT e ixus nepioguunicTs. IX 3a3BHMuaii 3acTOCOBYIOTH 32
JIOTIOMOT OO CIIeIiaTi30BaHMX, MTOBLILHUX
JIe()eKTOCKOITHUX BaroHiB, [0 CTBOPIOE 3HAYHI MPOMIKKH
yacy MDK NepeBipKaMH, MPOTATOM SIKUX JE(PEeKT MOXKe
JIOCSITTH KPUTHYHHX PO3MIIB.

Cucremu 3aTi3HUYHOI aBTOMATHKY NPU3HAYCHI B

0 CHUCTEMa MOXKE IHTEPIPETYBAaTH SK 3alHATICTH
JIUISTHKH, CTBOPIOIOYM «B1IMOBOCTIMKHMIY curHan. OgHak
IS 3[aTHICTh € HEHaJiltHOI. PelKoBi Koia Bpas3muBi IO
enexkTpomarHitHux 3aBax (EMI), moranoro crany
OanacTy, 3aTOIUICHHS Ta, L0 HaWBaXJIMBIIIE, MOTaHOTO
CJICKTPUYHOTO KOHTAaKTy (IIyHTYBaHHSA) 4depe3 IpxKy,
yucts abo macTwio Ha peiikax. CucreMu JiYeHHS, IO
moOyIoBaHI Ha OCHOBI JIYWJIBHUKIB OCEH, € OUIbII
Cy4yacHUMH Ta HaJiHHUMH [JIs BUSIBJICHHS NOI3IB,
OCKIJIBKM MEHII Yy TJIMBI 10 CTaHy peiok i Oanacty. Bonn
IIPOCTO  paxyloTh KIJIBKICTh  KOJNICHMX Tap, MIO
B'DKIDKAIOTE 1 BUDKIDKAIOTH 13 aUIIHKY. OpHaK BOHU
MaroTh (QyHIaMEHTAIBHUHA HENOJIK — JIHYMWIBHUKH OCed
aOCOJIIOTHO HE3IaTHI BHSABIATH OOPWBH PEHOK, IO
CTBOPIOE Cepiio3Hy nporanuHy B 6e3merti [10].

OTmxke, y mporeci MoAepHi3almil 3aTi3HHIHOI
IHQpacTpyKTypu  BHHHMKAa€E KPUTHYHA  IPOTAJIMHA
6esnexm». Ilepexix Bix crapux peHKOBHX KT A0 OLIBII
HaAIMHMX JHYWIBHHUKIB Ocell (Hampukiajy y pamKax
BrpoBapkeHHs cucteM ETCS) HeHaBMHCHO ycyBae
BTOPMHHMH, X0Y 1 HEIOCKOHAINH, MEXaHi3M BHUSBIICHHS
oOpuBiB peiiok. lle cTBOpIOE HaranbHy CHCTEMHY
motpeOy B HOBIH, crmemiani3oBaHii TEXHONOTii, ska O
LJIECTIPSIMOBAHO 3ar0BHUIIA 110 MIPOTAJINHY,
3a0e3neuyroun HaJiiiHe BUSBICHHS MOPYLIEHb IUIICHOCTI
KoJtii.

[Tepexix Bix peakTHMBHOTO 10 MPOAKTUBHOTO Ta
MIPEAUKTUBHOTO OOCITyTOBYBAaHHS

AHamiz  TpagWIiHHUX  METOHNIiB  (TaOIuUIs)
II0Ka3aB, 1[0 BOHU HAJIEKaTh JI0 PEaKTUBHOI («3HAWIIOB-
BiZJpeMOHTYBaB») abo  mepiogu4yHoi  («IIEpeBipUB-
3arulaHyBaB») napagurmu. CydacHi BHMOTH  IIOJO
Oe3reKl Ta EKOHOMIYHOI e(eKTHBHOCTI MHOTpeOyroTh
Mepexo/Iy 10 MPOAKTUBHOI Ta MPEAMKTUBHOI MOJIEN, sKa
Ja€  3Mory  OesrepepBHO  BIJCTE)XyBaTH  CTaH
IHQpacTPyKTypH Ta NPOTrHO3YBaTH IMOTECHIINHI BiIMOBH
me g0 iX BuHUKHeHHs [11]. Takwii migxim mormomarae
ONTUMI3yBaTu Tpaiku PEMOHTIB, MiHIMI3yBaTH MPOCTO],

Mepiry 4epry Uil KOHTPOJIO PyXy, ajle 1 TpajumiiHO 3HM3UTH eKCIUTyaTamidHi BUTpaTh 1, HaHrosjoBHimIe,
BUKOHYBAJIM BTOPHHHY (YHKIIO BUSBICHHS JAESKUX  3al00IrTH aBapiifHUM CHUTYaIlisIM.
TUMIB  TOIIKO/UKEHb  Koiii. OCHOBHUMH  TaKUMH
CIIEMEHTAMH € pPEWKOBI KOJla Ta JYWIGHUKKA oceil.  Tabmumrs 1
OCHOBHOIO (DYHKIIi€I0 pEHKOBMX Kid € BusABICHHA [IOpIBHSJIIBHMI  aHaJli3  TEXHOJOTIH  IHCIIEKTYBaHHS
MOi3/10M 3aMHUKaHHS EJIEKTPUYHOTO KOJIa 4Yepe3 KOJICHI  3aJi3HHMIb
napu. [loBHHMH po3puB pelKU TaKO¥XK pO3PUBAE L€ KOJIO,
Meton KoHTpoto [OCHOBHHM OCHOBHI TIepeBaru Kputnuni oomexxennss  (Onepaniiinnii  [Bapricts
00'exT PEKIM
BUSIBIICHHS
BizyaanHmuii Bumumi nedextu [Ipocrora, Hu3bKa [Cy0'€eKTUBHICTB, [Mepiogmunuit  [Hu3bpka
OTJIs1]Y BEJIHKI BapTicTh 0ONMaHAHHSA TPYIOMICTKICTb,
TPIIMHN,  3HOC, BAJICKHICTH B YMOB,
[TOIIIKO/PKECHHS HEBUSIBIICHHS
KpiTUICHb) BHYTPIIIHIX 1e(eKTiB
YabTpa3BykoBuii BHyTpiniHi Bucoka uyrmuBicts 0 [[Torpedye [Mepiognunuit  Bucoka
KOHTPOJIb nedextn BHYTPIIIHIX 1e(eKTiB  (crenodiaa HaHHs Ta
TPILIMHH, MepcoHaly, MOBLIBHUM,
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[TOPOXXHUHH) MOXKe Oytn
(3aCIIIUICHAN
[TOBEpXHEBUMHU
meekramu
PeiikoBi KoJs1a [TpucyTHicTH BinmoBocriiika  norika[lytnuBicte o EMI Ttalbesnepepsuunit  [Cepenus
moi3na IS BUSIBIICHHSI TTOT3/1iB  [CTAHY  KOJIil, TTOMIJIKH
HEHaJIi1HO), [IyHTyBaHHS
[oBHUH  00puB
peiiku
Uliuyniab HUKH [TpucyTHicTH Haniiinicts y cknaguux [HesmatHicts  BusABIATH be3nepepBauii  [Cepenus
BiceH [oizzna YMOBaX,  HEUYTJIHMBICTb OOPHBH peiiok
10 cTaHy perok
Po3noniniennii  [ledextn peliok, besnepepBHuii CxiaaHicTh 00po0Oku [besnepepruit  Husbka (i3
AKYCTHYHMIT CTOPOHHI MOHITOPHHI Ha BEJMKHX [TaHWX,  MOTpeba B BUKOPHCTaHHIM
cencop (DAS) p0'exTH, pyX BiacTaHsx, IHTEJIEKTYJIbHOMY ICHYIOUUX
[10i31iB, MPOAKTUBHICTH, AHAITI31 KaOeiB)
HecaHKI[IOHOBaHa paraTo(yHKII0HaJIbHICTh
IMISIBHICTD

2. B0JIOKOHHO-ONTHYHi CEHCOpH

Bonokonno-ontuuni ceHcopu (BOC) npamrorots
Ha OCHOBI aHali3y 3MiH Yy CBITJIOBOMY CHTHaji, IIO
MIOUIMPIOETHCS Yepe3 ONTHUYHE BOJIOKHO, IIiJ] BIUIMBOM
30BHINHIX (I3MYHUX (PAKTOPIB, TAKUX 5K Aedopmariis,
TemmepaTypa abo BiOparis. OCHOBOIO IS PO3MOAUICHIX
CCHCOPHHX CHCTEM € TPHPOJHI SBHUIA PO3CIIOBAHHS

CBiTJIa, 1[I0  BUHUKAIOTh  Yepe3  MIKPOCKOIIYHI
HEOJHOPIMHOCTI B CTPYKTypi ckia. Jlo HUX Halexarb
peneiBchKe, OpILTIOEHIBCHKE Ta pamMaHiBCBKe

pO3citoBaHHS. AHAI3YIOUM XapaKTEePHUCTHUKH 3BOPOTHOTO
pPO3CISSHOTO  CBiTJIa, MOXHA 3 BHCOKOIO TOYHICTIO
BU3HAYUTH BEJIINYHHY Ta MICIIE3HAXOJKEHHS
30BHIIIHBOTO BIUIMBY B3/IOBXK YChOTO BOJIOKHa [12].

JIi KOMIUIEKCHOTO MOHITOPHHTY 3aJIi3HUYHOI
IHQpacTPyKTyp:! MOKHa BUKOPHCTOBYBAaTH pi3HI THITH
BOC, ski eeKTHBHO IOITOBHIOIOTH OJIMH OJJHOTO.

Toukose 30H0y6anHs 3a 00nOM02010
60710KOHHO-Opezciecokux pewimok (FBG)

FBG € ToukoBMMH CEHCOpaMH, LIO SBISIOThH
co00I0 [JUISTHKY BOJIOKHA 31 CIICIialbHO HAaHECEHOIO
MIepiIOMYHOI0 CTPYKTYpOIo («pemritkoro») (puc. 1). s
pelriTka BigOMBae CBITIO JIMINIE Ha TMEBHIM, UiTKO
BH3HAYCHIN JOBXWHI XBHJII (7OBXkWMHA XBUii bperra). Lls
JIOBXXHMHA XBUJII 3MIHIOETHCS TIPOTIOPLIHHO 1O MEXaHIYHOT
nedopmanii abo 3mian Temneparypu. FBG ineansHi s
BHUCOKOTOYHHMX BHUMIPIOBaHb HAIPYXEHb Yy KPUTHYHO
BROXIIMBUX TOYKAaX I1HPPACTPYKTYypH, TAKUX SK MOCTH,
CTpiNOYHI mepeBoau abo 3BapHi ctuku [12].

OnTidHE BOJIOKHO

CefrnoBHii MoTiK

Cepuesmla. . . .
l ’ » A

Joexama xewn Bpera

BonokoxHa Operiecbka peunTxka

Puc. 1. IIpunimn poGOTH BOJIOKOHHOTO CEHCOpa Ha OCHOBI pewriTku bperra

Po3nodinene  memnepamypune  30n0yeannsa
(DTS)

Cucremun DTS BHKOPHCTOBYIOTH paMaHiBCHKE
PO3CifOBaHHS, IHTCHCHUBHICTh SKOTO 3aJIC)KHUTh  BiJ

temrepatypu. lle mae 3mory crBoproBath Oe3nepepBHY

TEMIEpaTypHy KapTy B3IOBX YChOrO Kabenmro, 1o €
HAJI3BUYAfHO KOPWUCHUM JUIS BUSIBICHHS IIEPETPIBiB,
MOKEXX Y TYHENsSX, Ha CTaHIisX abo B CHIOBHX
KaOeIbHUX JTIHIsMX.

Po3noodinene akycmuune 3ondysanns (DAS)
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Texnomoriss DAS mneperBoproe craHmapTHHN
OIHOMOZOBHMH  TEJIEKOMyHIKalliifiHMii  kabenp  Ha
CYLUTBHUH MacHB i3 THCSY BipTyaJbHUX MiKpo(OHIB abo
BiOponarunkiB (puc. 2). I[IpuHunn pobotu 6a3oBanuii Ha
¢dazouyTnuBii onTH4HIA pediekromeTpii B 9acoBid
obmacti (®-OTDR). BucokorexHOJOTiYHUI TPHCTPIi,
0 HA3WBAaIOTh ONHTyBadeM (interrogator), Mmocwiiae B
OIITOBOJIOKHO KOTEPEHTHI JIa3epHi IMIYJIbCH Ta aHAJ3ye
peIeiBCchKe 3BOPOTHE PO3CiOBaHHS. By/b-sika akycTHYHA
a0o BiOparriiiHa XBWIA, IO JTi€ Ha Kabelb (HapUKIa Bif
pyxy moi3ga, KomaHHS abo gedopmamii  IpyHTY),
BUKJIMKA€E MIKPOCKOIIUHI 3MiHM y BoJsokHi. Lli 3MmiHM
MOJIyJIIOIOTh (Pa3y pO3CISTHOTO CBiTHA. AHANI3yrud IIi
(ha30Bi 3CyBH Ta Yac MMOBEPHEHHS CUT'HAITY, CHCTEMa MOXKe
3 BHCOKOIO TOYHICTIO BWSBUTH, Kilacu]ikyBatu i
JIOKamizyBaTtu jkepeno BiOpatii. ['omoBHOIO mepeBaroro
DAS € 3maTHICT, KOHTPOJIFOBATH BEIMYE3HI BiCTaHI (110

Fiber Optic Cable (Sensing Element)

Changes in backscattered
light reveal acoustic
disturbances along the fiber

Puc. 2. ITpunmmn po6oTtu akycTuyHOro cerncopa DAS

Bos10OKOHHO-ONITHYHI CEHCOPH MalOTh YHIKaJIbHI

BIIACTUBOCTI, IO poOIATH iX  iH€aNBHUMH IS
BHKOPHCTAHHS Ha 3aJTi3HUILIX.
lomoBHOIO  mepeBarol0  BCIX  BOJIOKOHHO-

ONTHYHHUX CHCTEM € IXHS TIOBHA HEYYTJIMBICTH [0
enexkrpoMartiTHux 3aBag (EMI). Ockinbku ceHCOpoM €

100 kM 1 Oimblne) 3 OJHOTO OIUTYBAJLHOTO OJIOKa,
3abe3neuyroun Oe3rnepepBHUI MOHITOPHHT y PEaIbHOMY
qaci [13].

3actocyBanns BOC 'y 3amizHuuHIH Tamysi
BiJTKpHBAE MOJKJIMBICTB JUISt Oe3nepepBHOTO
CTPYKTYPHOTO MOHITOpHHTY. Taki cucremMu qonomararoTh
BUSIBJISITH  JIeAb IIOMITHI 3MIHM B  Halpy>KeHO-
nehopMOBAaHOMY CTaHi KOJIii, IO MOXYTh CBITYHUTH IIPO
PO3BHUTOK TpIIIMH, TMPOCiIaHHA 0ajxacTy UM pPH3HK
BUKpUBJIEHHS Kouii. BoHM Takox edexkTtuBHI Ui
MOHITOPUHTY IPUPOJHUX HEOE3IeK, SIK-0T 3CYBU IPYHTY,
¢ikcyroun BiOpamii, II0 TNepeayOTh KaTacTpopiyHUM
IOTISIM.

Light Pulse

I[ieJ'ICKTpPI‘lHC CKIIIHC BOJIOKHO, a CHUHTHAaJIOM — CBiTJ'IO,

cucremu BOC  moBHiCTIO  HeCHpUHHATIMBI 10
€JIEKTPOMArHITHAX TIOJNIB BiJI KOHTAaKTHOI MeEpexi,
CHWJIOBHX KaOemiB 1 JBUryHIB JokoMoTHBiB. lLle €

BUPIMIAJIGHOIO TIEPEBAroi0 IOPIBHSIHO 3 OyAb-SIKUMHU
€JIEKTPOHHUMH aTYNKaMH.
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3matHicth DAS  KOHTpONIOBAaTH  JECATKH
KIJIOMETpiB KOJIii 3 METPOBOIO PO3IUIHHOIO 3JATHICTIO 3

ONHIET TOYKH TIAKIIOYCHHS € PEBONIOMINHO IS
IIMPOKOMacIITabHOTO MOHiTOpHHTY [12].

Haiibinpir  3Hauymia TiepeBara IOJIATaE B
MOKIUBOCTI BUKOPHCTAHHS ICHYIOUHX

TEJICKOMYHIKAIIHHIX BOJOKOHHO-ONTHYHHUX KaOeliB, sKi

BXKEC TPOKIAACHI B3IOBX OUIBIIOCTI  3aTI3HUIHHUX
Marictpaneir. lle pamukanbHO  3HIDKYE  BapTICTh
po3ropTaHHs cucTeMHu. [lacWBHa TpUpoma Ccamoro

BOJIOKHA 3a0e3leuye TpUBAIMH TEpPMiH CIyxOM Ta
MiHIMaJIbHI BAMOTH II0/I0 0O0CITYTOBYBaHHSI.

Texnosorist DAS npomnoHye He HpocTO HOBHH
TUI CEHCOPA, a HOBY MapaJurMy 30HIYBaHHS. 3aMiCTb
pPO3TOpTaHHS THCAY OKPEMHX NaT4YMKIB, KOXKEH 13 SKHX
norpedye  KMBJCHHsS,  IlepelaBaHHS  JaHUX  Ta
oOcimyroByBaHHs, DAS 1ae 3MOry «akTHBYBaTH» YKe
iCHyIOUy TacuBHY iH(QPACTPYKTYpy — TEJIEKOMYHIKaIiiH1
kabemi. OAWH ONWTYBAJNGHUHA OJOK, IiIKITFOUYCHUA 10
KIHI[I Takoro KaOelio, MHUTTEBO IIEPETBOPIOE JIECSITKU
KIJIOMETpiB IMaCHBHOTO CKJIa Ha MIJIbHY CEHCOpPHY
Mepexy 3 TUCSYaMu BipTyanbHHX naTuukis [14]. Llei
mepexif BiJl «pPO3TOPTAaHHS CEHCOPIB» JI0 «aKTUBALil
iHQpacTpyKTypn» € (QyHIaMEHTAIBHUM 3pYLICHHIM, L0
pOOHTH EKOHOMIYHO JOIIBHUM IIUTbHAHN, Oe3repepBHUM
MOHITOPHUHT YCi€i 3aJ1i3HUYHOT MEPEeXi.

3. ®izuka Bidpauiii, 0 reHepoBaHi MO AOM, i
MOIIMPEHHSI XBIUJIb Y pefikax

OCHOBHMM JpKepesioM BiOpamii € auHaMiyHa
B3a€EMOJIisI MiX Kollecamu Ta peiikamu. L[ B3aeMomis sk
reHepye BiOpawii i 4ac HOPMAaJBHOTO KOYEHHS 4Yepes
MIKpPOHEPIBHOCTI NOBEPXOHb, TaK i, MO OUIBII BaXIHUBO,
CTBOPIOE  BHpPa3Hi, BHCOKOCHEPIeTHYHI  MepexiaHi
MIPOLIECH 32 HAABHOCTI AE(EKTIB, TAKUX K «IOB3yHW» HA
KoJlecax, TpIINIMHU, HEPIBHOCTI Ha 3BapHUX MIBaXx abo
CTHKaXx peHok. JlomaTKoBMMH, MEHII 3HAYyIIUMHU,
JOKEpEeIaMH € CHJIOBI YCTAaHOBKHM Ta TAJIBMIBHI CHCTEMH
noiszaa.

[NopiBHsIbHUI aHATI3 BIOpaliHHIX CIIEKTPIB

Pi3Hi Tumm moi3niB reHepyroTh  BiOpariiHi
«CHUTHATypw» 3 PI3HAMH XapaKTepUCTUKaMH, M0 €
Ba)XJIMBUM JUIS HAJIAIUTYBaHHS aJTOPUTMIB BHSBICHHS.
Banra)kni 1oi3gu MaroTh BEJIHKI HaBaHTA)KEHHS Ha BICH 1
BIJTHOCHO HHW3bKI mBuakocti. lle mnpu3BomuTh 10
reHepanii MOTY)XHMX, HHM3bKOYACTOTHUX BiOpamid, sKi
3aBISIKM  HU3BKOMY KOE(IIlieHTy 3racaHHs MOXYTb
MIOLIMPIOBATHCS Ha 3HAYHI BIICTaHI B3MOBX pEHKH.
[MacaxxupchKi Ta BUCOKOIIBUKICHI TIOi3IM MAlOTh MEHIITI
HaBaHT&KEHHS Ha BiCh, ajié 3HAYHO BHIII LIBHIKOCTI.
Bonn crBOpIotoTh BiOpamii 3 MMPIINM CHEKTPOM, IO
BKJIIOYa€ 3HA4YHI BHCOKOYAcTOTHI KommoHeHTH. Lli
BHCOKOYaCTOTHI KOJIUBaHHS HECyTb JIETAIBHY
iH(opMario, aje 3racaroTh 3HAYHO LIBHJIIIE.

JluHaMmiKka TMOIIMPEHHSI XBWJIb Y CHUCTEMI peiika-
mnana-oanact

BiOpamii mommproroTeCsi  B3AOBX PEHKH Y
BUTJSII TIPY>KHUX XBHIb. PO3yMiHHS TXHBOI OBEMIHKH €
OCHOBHHM JUIs iHTepIpeTanii Janux. Y peini ogHoYacHO

MIOLIMPEHO KiJIbKa TUIIB XBWJIb, KOXKHA 3 SKUX HECE Pi3HYy
iHpopMmariio:

no3noBxkHi  xBwii  (P-xBuiti) XBUITI
CTHCHEHHS-PO3TATYBAaHHS, IO €  HAWIIBUANINMH,
IIBHAKICTB 1X MOIIMPEHHS B CTalli CTAHOBUTDH NPHOIN3HO
5780 m/c;

— momepeuHi xBwIi (S-XBWJI) — XBWII 3CYBY,
MOBUIBHIIN 32 MO3J0BXKHI, 31 MBHAKICTIO Oau3bKk0 3140
M/c y craii;

— 3ruHaNbBHI ((reKcypanbHi) XBUIII BUHUKAIOTh
BHACJI/IOK BUTUHY PEWKHU IIiJ] HABAaHTAXXCHHSIM 1 CHIIBHO
3aJIeXaTh BiJl )KOPCTKOCTI PEHKH Ta MiATPUMKH IIITAIL.

[HTeHcnBHICTH BiOparii EKCTIIOHEHIIIHHO
3MEHIIYETBCSA 3 BiJICTAaHHIO Bix pkepena. Llei mporec
OIIMCAHO BiIOMHMM 3aKOHOM €KCIOHEHIIITHOTO 3racaHHs

[(x) =1, e %,
)

ne lp — MmovaTkoBa IHTEHCUBHICTB;
X — BIJICTaHb,
0. — KOeQiIlieHT 3racaHHs.

KpurnuHo BayJmBO, 0 KOEili€HT 3racaHHs o
CHWIBHO 3aJIeKUTh Bix uacrotu. Llg 3anmexHicts €
¢dbyHraMeHTaTbHAM (i3UYHIM OOMEKEHHSIM CHCTEMH, 10
BHU3HAYa€ KOMIIPOMIC MK MJalbHICTIO BHSBJICHHS Ta
Jietanizamiero iHpopMmarii.

BuxopucroByroun BHpa3 (1), MOJKHA
pO3paxyBaTH MaKCUMajbHy TEOPETHYHY BiJCTaHb, Ha
SIKIfl CHTHAI BiX mMOi374a MOXke OyTH HaIiifHO BUSBICHUN
ceHcopoM. llg BigcTaHp 3aleXHUTh BiJ IOYATKOBOI
MoTyXHOCTi curHany (Po), 9yTinuBocTi ceHcopa (Psensor) 1
koedimienra 3racaHHs (o). MaxkcuMmanbHy BiACTaHb
BUSIBIICHHS (Lumax) BU3HAYAIOTH SIK

Py

Psensor

Hanpuknan, mis HU3BKOYACTOTHHX BiOpamiid
BaHTakHOTO moizna (i3 a =~ 0.0005 1/M) curnam moxe
MOUIMPUTHCS Ha BijcTaHb 10 9.21 kM, mepmr HiX HOro
IHTEHCUBHICT, Bmage g0 1 % movarkoBoi. Jlns
BHCOKOYACTOTHHUX BiOpamiii macakupcbkoro moizna (i3
o~ 0.002 1/m) s BiCcTaHP CTAHOBHTH JIHIIE OIU3BKO 2.3
KM.

4. TeopermuHa OCHOBa Uil IPOAKTUBHOTO
BUSIBJICHHS «i3 BUIIEPEIKCHHIM

CuHTe3 BUIIE3a3HAYEHUX ITYHKTIB (HOPMYIIIOE
LEHTPAIbHY TillOTe3y AOCIIUKEHHS: CTajeBa peika fie 5K
XBWJIEBIJ], 10 SIKOMY BiOpauii, 10 T'€HEepoBaHi MOI30M,
MIOLIMPIOIOTHCS BIIEPE Ha 3HAUHY BiJCTaHb. AHANI3YI0UN
mi BiOpamii 3a momomororo cuctemu DAS, MoxHa
JiarHoCTyBaTH CTaH KoJii Ha KiIbKa KIJIOMETpIiB
Toriepety moiz/a, o Ha/la€ KPUTHYHO BaXKIIMBHUNA Yac JUIs
pearyBaHHs Ha 3arpo3H.

dizuka MOLIUPEHHS

XBHJIb
(yHAaMEHTAIBHAH  KOMIIpOMIC i

MIX

HaKJIaae
JAJILHICTIO
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BUSBIIEHHA Ta WOro Jeraimsamiero. Hu3pkodacTOTHI
KOMITOHEHTH BiOpamii, 110 T€HepoBaHi BEIHKOIO Macolo
1oi3/a, MOUIMPIOIOTHCS HA BEJIMKI BijcTaHi (MoHam 9 kM
JUId BaHTWKHHUX TOI3/IB), [0 Ja€ 3MOTY BHUSBISITH
MIPUCYTHICTh TMoi3aa 3xaneky. OjHak BHCOKOYACTOTHI
KOMIIOHEHTH, SIKi HECYTh JETalbHY I1H(QOPMAIL0 TIPO
roCTpi, KOPOTKOYacHi Moxii, Taki SK yaap Koijeca 00
MIKpOTpIlIMHY, 3aracaioTh Habarato mBuame (y Mexax
1-2 xMm). lle o3Hadae, MO cucTeMa Mae OaraToOpiBHEBY
3MATHICTh 10 BUSBJIICHHS: JajbHS 30HA JJISI BUSIBICHHS
MIPUCYTHOCTI Ta BEJMKUX HEPEUIKOA, CepelHs 30Ha Ui
BUSBIICHHS 3HAYHWX PO3PHBIB 1 ONWKHA 30HA IS
JIaTHOCTUKHA APIOHUX JEPEKTiB.

BucHoBkn

[IpoBenene JTOCTIJDKCHHS 00TpyHTOBYE
(byHAaMEeHTaTbHI IPUHLWITN JJIsI CTBOPEHHS IPOAKTUBHOT
CHUCTEMH MOHITOPHHTY IIUTICHOCTI pEHOK Ha OCHOBI
TEXHOJIOTIi PO3MOJIUIEHOT0 aKyCTHYHOTO 30HYBaHHS
(DAS), mo 3amoBHIOE iCHYIOUYy HayKOBY IIPOTaJHHY.
JloBeneHo, 1m0 CydacHI  METOAM  KOHTPOJIO €
PEaKTUBHUMH 1 CTBOPIOIOTH HEOE3IEUH1 «CIIiIT 30HW» MiX
NepeBipkamMH, a MOJIepHi3alis CHTHAIBHUX CHCTEM
nornuoIoe «poranuHy Oesnexu». OOrpyHTOBaHO, IO
DAS € ontumanbHUM pIiIEHHSM 3aBASKA HEUYTIMBOCTI
JI0 €JEeKTPOMAarHiTHUX 3aBajl, MOJMJIMBOCTI KOHTPOIIIO
nistHoK 10 100 kM Ta CSKOHOMIYHOCTI 3a PaxyHOK
BUKOPHCTaHHS icHytouMx kaOemiB. JlocmiukeHOo ¢i3uKy
MOUIMPEHHs TPYXHUX XBWJIb y PEHIl, IO JaJI0 3MOTyY
BCTaHOBHTH KOMIPOMIC MK JaJbHICTIO (HU3bKI YacTOTH,
> 9 kM) 1 Jeramizamiero (BHUCOKI YacTOTH, < 2 KM)
MoHiTopuHry. CdopMynb0BaHO TOJOBHMH HAyKOBHH
BHECOK — TEOPETHYHY OCHOBY JJIsI TPOAKTHBHOTO
BUSIBJICHHS JIE()EKTIB «i3 BUIEPEIKCHHSIM», aHATI3YI04n
BiOpallii, 0 TOMIMPIOIOTECS PEHKOI0 TOmepeay Moi3a.
Ile 3akmamae TeopernuHy ©Oa3zy JuUId TEpexomy BiX
PEaKTUBHOTO pearyBaHHS J0 MPEIUKTHBHOTO KOHTPOJIIO.
[NepcriextiBu TOJATIBIINX pobir BKJIIOYAIOTh
PO3pOOJICHHS aNrOPUTMIB MAIIMHHOTO HaBYaHHS JUISA
aHaJI3y AaHUX 1 IPOBEICHHS MOIBOBUX BUIIPOOYBaHb LIS
Baianii MoseIi.
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Abstract. This research is dedicated to the
development and theoretical substantiation of the
fundamental principles for creating a proactive system for
monitoring the integrity of railway rails based on
Distributed Acoustic Sensing (DAS) technology. The study
addresses the critical shortcomings of existing inspection
methods, which are predominantly reactive or periodic,
leading to dangerous «blind spotsy in time during which
critical defects can emerge and develop unnoticed. A key
issue highlighted is the systemic «safety gap» arising from
the modernization of signaling systems, where the
replacement of traditional track circuits with more
reliable axle counters inadvertently eliminates a
secondary, albeit imperfect, mechanism for detecting
complete rail breaks. The paper substantiates that DAS is
the optimal technological solution to fill this gap. Its key
advantages are analyzed in detail: complete immunity to
electromagnetic interference (EMI) from power lines and
traction motors, the ability to monitor vast track sections
(up to 100 km) from a single interrogator unit, and
significant economic efficiency achieved by leveraging
existing telecommunication fiber-optic cables already laid
along most railway lines. This approach signifies a
paradigm shift from «deploying sensors» to «activating
infrastructurey. The physics of the generation and
propagation of elastic waves in the «rail-sleeper-ballasty
system under the influence of rolling stock is thoroughly
investigated. It is established that the rail acts as an
effective waveguide for longitudinal, transverse, and
flexural waves. A crucial finding is the strong frequency
dependence of the attenuation coefficient, which defines a
fundamental trade-off between the range and detail of
monitoring. Low-frequency components propagate over
long distances (> 9 km), enabling early train detection,
while high-frequency components, which carry detailed
diagnostic information about localized defects, attenuate
rapidly (< 2.3 km). The main scientific contribution of
this work is the formulation of a theoretical basis for
proactive, «look-aheady defect detection. The central
hypothesis is that a moving train can be considered a
mobile source of acoustic energy, and by analyzing the
vibrational waves propagating ahead of it, it is possible to
diagnose the condition of the track several kilometers in
advance, providing critical time to respond to threats.
This moves the state of the art from reactive analysis of
past events to the pre-emptive identification of hazards.
Future research directions are outlined, emphasizing the
need for advanced machine learning algorithms for real-
time data analysis and extensive field trials to validate the
theoretical model.

Keywords: railway rails, monitoring, distributed
acoustic sensing, DAS, fiber optic sensors, proactive
detection, track integrity, elastic waves, traffic safety.
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Po3po0sieHHsi cTPYKTYpHOI cxemHM Ta 0a3uM NPaBWJ HeHPO-HEUITKOI CHCTEeMH KepPyBaHHA

@080

AU3CJIb-TCHEPATOPHOIO YCTAHOBKOIO

Anomauyia. Y cmammi nooaHo KOMNIOMEpHYy MOOelb IHMenNeKmyaibHoi cucmemu
KepyB8aHHs Ou3eiib-2eHepamopHoi0 YCMAH08Ko, peanizoeany 6 cepedosuuyi MATLAB/Simulink.
Onucano opmyeanus cmpyKmypHoi cxemu, wo NOEOHYE Qi3uyHi mModeni curogux niocucmem i
MO0y Helpo-HeyimKko2o KepysanHs. Ocobausy yeazy npudineno nobyoosi basu npasui, cmeopeHoi
Ha ocnosi knacmepuszayii Fuzzy C-Means i nooanvbuioco HelpoHHO20 HABUAHHA, WO 3abe3neuye
aoanmayilo cucmemu 00 3MIHU Macu noizoa, npoghino Koaii ma 008dCUHU OLISAHKU PYX).
Ilpooemoncmposano  ananimuuui  3a1eHCHOCMI  Kepy8albHO20  Koeiyienma Onsi  pi3HUX
eKCHILYamayitiHux yMo8 i NOKA3aHo 30amHICmb MOOei NPO2HO3Y8AmMU ONMUMANbHI Kepy8abHti Oii 6
pedcumi peanvHoz2o yacy. Pesynomamu niomeepoicyoms eghekmusHicms NOEOHAHHA HeYimKoi
JIO2IKU Ma MAUUHHO20 HABUAHHS 8 CUCEMAX KePYBAHHA OU3eb-2eHePAMOPHUMU YCMAHOBKAMU.

Knwuoei cnosa: ouzenv-cenepamopHa ycmaHo6Ka, IHMeNeKmyaibHe Kepye8aHHs, Heupo-

Heuimki cucmemu, MauuHHe Ha64aHHA, aA6MOHOMHUU pyXOMMiZ CKao0.
3HayHy yBary NpPUALIAIOTL 32CTOCYBAHHIO
ITocmanoeka npodnemu. MaTeMaTUYHMX MOJeJiel, 0 ONUCYI0Th JTMHAMIKY
AM3eJbHOr0 JBHUIYHA, MOAETI €JeKTPHYHUX MAIIHH
VY CyYacHHX YMOBAX eKCIUIyaTauii Iu3eib- 3MIHHOTO CTPYMY i TeIUIOBMX HpOLEciB CHUCTeMU
eHEpATOPHUX ~ YCTAHOBOK — HEOOXigHO  migpumuru  OXOJMOKeHHsi  [4, 5] y MOCTIIKEHHAX  TAKOK
CHEProe(eKTHBHICTh, ~ €KONOTi4Hy  crabimpmicte |  MPOCTERYITL — TCHACHUII0  [OA0  AKTHBHOrO
alanTHBHICTh PEKHMIB POOOTH CHIOBHX arperarip 3a ~ BHKOPHCTAHHS  TEXHOJIOIM IITYYHOTO IHTEJEKTY,
3HAYHOI BapiaTMBHOCTI 30BHIMHIX ymoB. Tpamumiiimi 30KPEMa HEHPOHHHX MEPEK 1| HEUITKUX CHCTEM, SIKI
CHCTEMH KEPYBAHHs HE 3a0€3I1€UyIOTh JOCTATHLOrO pipHs ~ AOHOMAralOTbL  pealisyBaTh  HEIIHIMHI  3aKOHM
ananTamii 10 3MinM Tpodimo Komii, Macu moizza i PErY/IOBaHHs Ta 3a0e3nedyBaTH aJANTHBHICTL 10
JTIOBXKWHU JUITHKA PYXY, IO TPU3BOAUTH IO IMiIBUIICHIX 3MiHHHX YMOB HaBaflTameHHZl [6 - 8]:
BUTpPAaT MAalbHOIO, HECTaOLIBHOCTI MapaMeTpiB 1 Mertononoris HEHPO-HEHITKUX CcHCTEM,
INOTIPUICHHs JMHAMIYHMX XapaKTepuCTHK. Y 3B’s3ky 3 ~ HaBeldeHa B podorax, 1mo CTOCYIOThCH ANFIS-
MM BHHUKAae [OTpeba y CrBOpeHHIi iHTenekryanphoi — APXITEKTYpH, BH3HAYAEC MOMINBOCTL KOMOIHYBaHHSI
CHCTEMM KepyBaHHS, 37aTHOI iHTerpyBatH wMeromu  CKCHEPTHHX NpAaBHJ i3 MeXaHi3MAMH MAalIMHHOIO
LITy4HOrO iHTENEeKTy 1 3abesmedyBatd onTuMizamjro ~ HABUAHHS LIS Hi}%?muemm TouHocTi mozeni [9]. Y
KEPYIOUMX BILIMBIB y PEXHUMI peaybHOro 4acy. Peamizanis ~ HUSIL .JIyﬁ.]IlKaIIll/I PO3LJISIHYTO  BUKOPUCTAHHS
Taxoi cuctemm moTpeGye (opMyBaHms KowmmloTephoi — CBOTIOMIHHHX aqropuTMiB, TAaKMX SIK OmTHMi3auis
Mofeni, WO BigoOpakae ¢isuuHi mpomecu poborn PO YACTHHOK, ISl HATAIITYBAHHS TapaMerTpis
JIU3eITb-TeHEPATOPHOI YCTAHOBKU Ta MICTUTH aJarTHBHI HEYITKHX MHOKHH i BATOBHX Koeq’iHiFHTiB [1(!]-
Moy  Hepo-HediTKkoro kepyBanHs. Came TOMY Hespazkaoun Ha  HasiBHi  0CTiKeHHsI,
AKTYaIbHHM 3aBIAHHAM € 1106y 10Ba Moeti npodiaema itlTel"paIli'l' ¢izuunux Moaenell aM3eNb-
{HTe/ICKTyaNbHOT CHCTEMH KepyBaHHs B cepeoBumi — TeHEPATOPHOI  YCTAHOBKM 3 iHTEJdeKTyalbHUMH

Simulink i3 nofaIBIION ii NEPEBIPKOIO. peryJisiTopamMu B €IHHOMY Cepe0BHII MO/IETIOBAHHS
3aIMIIAETHCSI  HEJ0CTATHHO PO3KPHUTOI0, O0COOJIUBO

oa0 Mo0yI0BM TMOBHOI CTPYKTYPHOI CXeMH Ta
BiIIpaLIOBaHHS B3a€EMOJIl Mi’>k MOAY/ISIMU KepyBaHHS
B Simulink [11]. e dopmye mninrpynrss s
NMOJAJBIIOr0 PO3PO0/ICHHS KOMILICKCHOI MojeJi, y
MeKaxX SIKOI peatizoBaHO AaJANTHBHI AJTOPUTMH
NPOrHO3yBaHHS i peryJIl0BaHHs po004nX napaMerpis.

Buoinenns nesupiwenux numans. He3paxkawun
HA 3HAYHHMI OO0CAr JOCHIAKEHb, CNPAMOBAHHX Ha
nigBuileHHs1 e(QeKTUBHOCTI KepyBaHHS [M3e/ib-
© 3AJIATA A. C.,2025 reHePATOPHAMH  YCTAHOBKAMH, HHM3KAa  ACIEKTIiB
3aJMIIA€ThCA  HeBupimeHnow. Hacammepen  me

Ananiz ocmannix docniodicens.

Y HaykoBiii JiTepaTypi NMTAHHS NMiABHIICHHSA
e¢(peKTHBHOCTI KepPyBaHHSI JAU3eJIb-TeHePATOPHUMH
YCTAHOBKAMH pO3rJISial0Th y KOHTEKCTi
B/JIOCKOHAJICHHSI AJITOPUTMIB peryJIlOBaHHA MNoAayvi
NaJIbHOr0, 30y/[:KeHHs TeHepaTopa i aJanTHBHOIO
HAJIAIITYBAHHA pe:kuMiB podoru [1 — 3].
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CTOCYEThCSl CTBOPEHHS €IMHOI iHTErpOBaHOI MOJeII, Yy
sIKiil (Pi3MYHI IponecH Ta iHTeIeKTyalbHi peryJIsiTopu
B3a€EMOJIIOTL Yy PeKHMi PpeaJbHOr0 4Yacy Ta
3a0e3me4yl0Th JIMHAMIYHY ajJanrtamgilo [0 3MiH
30BHIIIHIX YMOB.

B ony0JIiKOBaHUX podorax 4acTo
PO3IIISAIAI0TD JIOKAJIBHI 3a1a4i, Taki ik onTuUMi3auist
NMEeBHOTO0 By3na 200 (OpMYyBaHHS  OKpPeMOro
peryJsitropa, nNpore BiACYTHi KOMILUIEKCHi MojeJi, 110
OXOILIIOIOTH  NMOBHUM  HUKJI  PodOTHM  JM3e/ib-
reHepaTopHoi YCTAHOBKH. HenocraTubo
po3po0JieHUMHU 3aJMIIAITHCS AJIrOPUTMH
Y3roJ:KeHHsl Pi3HMX 4YacToT JuUCKpeTu3alii B
OaraTopiBHeBHX CHCTEMAX KepPYBaHHf, a TaKOX
MexXaHi3MH iHTerpanii MoayniB onTumizamii, 30kpema
MO (IKOBAHOIO AJITOPUTMY POI0 YACTHHOK, 3 HEHpPO-
HEYITKHMH peryassTopamMu.

Tako:k He NOBHICTI0O BHPIilICeHO NHTAHHS
no0y1oBM YyHiBepcaibHOI 0a3m mnpaBwiI, fKa 0
3a0e3nedyyBasa KOPEKTHYy Ppo0OTYy CHCTEeMH UIA
IIHPOKOI0 Aiala3oHy eKCILIyaTANIHHHX HapaMeTpis,
Takux fIK npodiab koJjii, Maca moizga i J0BKUHA
MapmpyTy. Y HasBHMX JOCI/UKeHHAX Opakye
MojeJiel, 3JaTHHX  3a0e3meynTH  Oe3mepepBHHIA
nepexii Bil AUCKPeTHUX 3HAYeHb 0a3uW JaHUX [0
AHAITUYHMX 3aJ1€KHOCTEH, 110 3aCTOCOBYBaHi IJisl
dasudikauii Ta nedasudikanii B HeUiTKHUX cHcTeMax.

Yce me morpedye CTBOpPEHHSI y3arajJbHEHOL
KOMI'IOTepHOI MoJesi IHTeJIeKTyaJIbHOI CHCTeMH
KEePYBAaHHs, 3JAaTHOI NoeaHATH (i3UYHY JUHAMIKY
AU3eJIb-TeHEPATOPHOI  YCTAHOBKH, iHTEJIEKTyalbHi
MOAYJIi POrHO3YBAHHA Ta ONTHMi3aliliHi MexaHi3MH
B €1MHOMY cepenoBuili Simulink.

Tlocmanoska 3a0aui 00CaiOHCeHHA.

Meroro crarTi € po3podJieHHs1, peaji3alisi Ta
BaJlilalisi KOMII'IOTEPHOI MoJe/i iHTeleKTyaJbHOL
cUcTeMH KepyBaHHA JAu3e/Ib-TeHePATOPHOI0
ycraHoBkoww B cepenoBumii MATLAB/Simulink i3
BHKOPHCTAHHSIM  HEHPO-HEYiTKMX  MeTOdiB  Ta
ONTUMI3ALIHHUX AJTOPUTMIB.

Y mexax chopMynbOBaHOI MeTH HeOOXiHO

IHTeIeKTyaJILHOI 0 KepyBaHH1, chopmyBaTH
yHiBepcajbHy 0a3dy mnpaBua i 3a0esmeuuTH il
BHKOPHUCTAHHS JUIA aJanTHBHOIO PeryJIOBAHHSA
BXIIHHX apameTpiB.

3aBiaHHA NOJATa€ Takoxk y N00yAOBi

CTPYKTYPHOI CXeMH, II0 JAa€ 3MOry MOJEeTI0BATH
B3a€MOJII0 Mi’K CEHCOPHMMM BY3JaMH, HeHpo-
HEYiTKUMH peryJjasitopamu, onTHMi3aNiHHIMH
MOJYJISIMH Ta BUKOHABYMMH MexaHisMamu. Oco0/1nBy
yBary NpHALICHO CHHXPOHIi3anii mpomeciB y Meskax
€IMHOI YACTOTHM [MCKperu3auii Ta 3a0e3le4YeHHIO
MOXKJIUBOCTI BIpTyaJbHHX BHIIPOOYBaHb, fIKi Jal0Th
3MOry OHiHNTH e(eKTHBHICTH  3aNpONOHOBAHUX
ATOPUTMIB  KEPYBAHHS B IIMPOKOMY Jiana3oHi
ekcIIyaraniianx ymoB. Peanizania 3a3Hauvenux
3aB/IaHb CIIPIMOBAHA HA CTBOPCHHH YHIBepPCaJbHOI T
aJanTHBHOIL CHCTEMH, 31aTHOIL MiJABUIYBaTH
eHeproe(eKTUBHICTh, CcTA0iNbHICTH 1 eKoJIOTiuHi
NMOKA3HUKH POOOTH AU3e/Ib-TeHEePATOPHOI YCTAHOBKH.

Buxnao ocnosenozo mamepiany 0ocnioxncenns.

JUin  moOymoBu  Mojiesli  IHTENEKTyalnbHOI  CHCTEMH
KEepyBaHHS  JM3€Ib-TEHEPATOPHOIO  YCTaHOBKOIO B
cepemoumii  Simulink 0Gyno CTBOPEHO CTPYKTYpHY

OCHOBY, IIO BIITBOPIOE peaibHy (i3HMUYHY apXiTEKTypy
CHJIOBOTO KOMIUIEKCY. Y Mekax 0a3oBOro piBHS Oymmn
peani3oBaHi MoOneNi JHU3EIBHOTO JBHUTYHA, CHCTEMH
HaJIyBY, OXOJIOJDKCHHS, IIJCHCTEMH BIIOPCKYBAHHS
TIaJIuBa, reHepaTopa 3MiHHOTO CTpyMy Ta
HaBaHTaXyBaIbHOTO  Monmyis. s 3abesnedeHHs
aJIeKBaTHOT'O BiOOpa)KCHHS NPOLECIB KOXXHUI €JIEMEHT
dhopmyBaH Ha OCHOBI (hizmaHO KOPEKTHUX
MaTeMaTUYHUX 3aJIeKHOCTEH, IO ONMUCYIOTH HEJiHIHHY
JMUHAMIKY BIIIOBIAHUX MigcucTeM. MoJelb AU3eTHHOTO
JIBUTYHA OXONWJa 3MiHy THCKYy B Kamepi 3rOpsHHA
3aJI€KHO BiJl IIMKIJIOBOI IMO/adi MaJbHOTO Ta 3HAYCHHS
HaJAyBY, IHEpIiHI BIACTMBOCTI KOJIIHYACTOTO Baja,
TEIUIOBI BTPAaTH 1 YacoBY OMHAMIKY BHXJIOIHHX Tras3iB.
Mogenb eJIEKTpOTeHepaTopa BiZITBOpIOBaJa
€JICKTPOMArHiTHI TpOLECH y CTAaTopi Ta pOTOpi, 3MiHY
BUXiHOI Hampyrn 3a mii crpymMy 30y/[DKeHHS Ta
HaBaHT@KEHHS, a TAKOXX TEIUIOBI XapaKTEPHUCTHKH, IO
BU3HAYAIOTh 3MiHY MTapaMeTpiB y ANHAMILI.

Ha npomy erami c)opMOBaHO CTPYKTYPHY CXEMY
cucTteMH KepyBaHHs (puc. 1), y Mexax skol nepeadadyeHo

BiATBOpUTH diznuny apxiTekTypy AH3e/Ib- N . .
.. BKIIIOYEHHSI HEHPO-HEUITKOI0 MOJYJIs, AATYMKIB CTaHy Ta
reHepaTOpPHOI YCTAHOBKH 3 YPaxyBaHHAM . . .
. . M1JCUCTEMH 3BOPOTHHX 3B’ SI3KIB.
AUHAMIYHUX, TeIUIOBUX Ta  €JeKTPOMATHITHHX
npouecis, CTBOPUTH  iHTErpoBaHi  mixcucremMu
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[n3enb-reHepaTopHa ycTaHOBKa

Mpodine konii
(yxunw/ kpusi)

HelpoHeuyiTkuin KoHTponep

Maca noisga

[loBXXWHa AiNsHKN

EkcnnyataliiiHi BuMoru dasundikauis
¢°pMVB‘?‘f' * Ynpasnsiodi
eKkcnnyartaulmHux i
BUMOT Basa npasun A
3BOPOTHUIA 3B’A30K ,D.ed)aSVI(bIKaLI,Iﬂ
MokasHukn
Natunku cTaHy AKOCTi
ary

Puc. 1. CtpykTypHa cxema Helpo-HeuiTKoi cucteMu kepyBaHHs JII'Y 3 ypaxyBaHHSAM BXiJHUX YMOB

Ha pucynky nokasaHo y3araJibHEHY CTPYKTYPHY
CXeMy  IHTEJEKTyaJdbHOI  HEHpO-HEYITKOI  CHCTeMH
KEpyBaHHS JW3ENb-TEHEPATOPHOIO YCTAHOBKOIO,  SIKa
3abe3neuye anantUBHE (OPMYBaHHS KEpyBaJbHUX il
3aJIeXKHO BiJ] 30BHIIIHIX 1 BHYTPILIHIX MapaMeTpiB podoTn
SHEepreTHYHOro KoMiuiekcy. Cxema JEeMOHCTpY€E JIOTidHi
B3a€MO3B’SI3KM MDK Ojokamu, o OepyTh yd4acTb Yy
Ipoleci yXBaJIeHHS! pillleHb, 1 BijmoOpaxkae B3aEMOII0
MiX eKCIUTyaTali tHIMH yMOBaMu PYXY,
BUMIPIOBAJIbHUMH MiJCHCTEMaMH Ta HEHPO-HEUITKUM
KOHTPOJIEPOM,  BIANIOBIJAIBHUM 32  OOYMCIICHHS
ONTHUMAIBHUX CUTHAJIIB KEPYBaHHS.

3miBa  BiOOpaX€HO TPH OCHOBHI 30BHIIIHI
rapameTpH, SKi BU3HAYal0Th YMOBHU €KCILTyaTallii Ju3eib-
TeHEpaTOpHOi yCTaHOBKH. Jlo HMX Hanexarb npogiib
KOJIii, 10 BKJIIOYAE YXWJIM Ta KPHBi; Maca IOi37a, sKa
BIUIMBAa€ HA TATOBE HABAHTAXXCHHS, JOBXWHA MIISTHKA
PYXY, LII0 BU3HAYAE TPUBAIICTH J1ii KOHKPETHOTO PEKUMY.
L1i mapaMeTpu € BXiJHAMH 3MiHHIMH BEpPXHBOTO PiBHS Ta
BU3HAYAIOTh XapakKTep peXHMy pOOOTH  CHIIOBOTO
arperary. Boun  Hamxomate 1o ¢dopmyBaya
eKCITyaTallifHuX BUMOT, SKHH BHKOHYE IEPETBOPEHHS
30BHILIHIX TEXHIKO-eKCIITyaTalliiHIX YMOB y
CTaHAapTu3oBaHy (QopMy, TMpUAATHY Ui JajibIIoi
00poOKH HEHPO-HEYITKUM KOHTPOJIEPOM.

®dopMyBau eKcIuTyaTaliiHIX BUMOT 3a0e3redye
CTBOPEHHS MHOXXWHHM MapaMeTpiB, sKi BiJoOpakaroTh
HEOOXiMHMHA  peXUM  poOOTH  IU3eNb-TeHEPATOPHOI
ycraHOBKM. Jlo TakMX TmapaMeTpiB MOXeE HaJIeKaTH
OaxxaHa  3MiHa  TIOTY)XHOCTi,  JONYCTHMi  MEXi
HaBaHT&KEHHS, BUMOTH IIOAO CTAaOUIBHOCTI YacTOTH
obepTaHHs Baja Ta iHIII XapaKTEPUCTHKH, 1110 BIUIUBAIOTh
Ha SKiCTh  (QYHKIIOHYBaHHS  JIU3€Ib-TCHEPATOPHOI
ycraHoBku. CdopmoBaHi  eKcIulyaraliiHi  BHMOTH

HaIXOMATh [0 HEHpO-HEWITKOro KOHTpojepa, IO
CKJIAZa€Thesl 3 TPHOX 0a30BHMX eNeMeHTIB: Qazudikarii,
6a3u npaBwui 1 nedasudikarii.

[Mpouec dazudikanii nependavae nmepeTBOPEHHS
YHUCIIOBUX EKCIUTyaTallifHNX BUMOT Yy HEYiTKi 3MiHHI Ha
OCHOBI ()YHKIII HAIEKHOCTI. Y MeXax IbOTO eTaIry
BiIOYBa€TbCS TONAHHSA pEAIBHUX 3Ha4eHb Yy (opMi
HEUITKHX TEPMIB, 10 3a0e3Meuye MOXKINBICTD MOIAIBIIOT
iHTepnpeTamii  iHQopMaIlii 3a JOMOMOTOI JIOTiYHUX
mpaBwi. ba3za mpaBun  BUKOHYe JIOTiYHI  omepauii
BIJMIOBITHO 110 3aKjajeHoi B cucTeMy 0a3W 3HaHb, fSKa
chopMoBaHa 3a JONOMOTOI0 KJacTepHu3alii JaHumX 1
KOperoBaHa B IIPOLIECi HAaBYaHHS HEHPOHHOI CKJIaJOBOI.
KorxHe mpaBuito onmcye 3aJexXHiCTh MK YMOBAMH PYXy
Ta OaXaHOIO KEpyBaJIbHOIO Ji€l0, MHI0 3ade3redye
MOXJIMBICTh aJaNnTHBHOTO pEryJIIOBaHHS B YMOBax
HEBH3HAYEHOCTI.

Ha erami pnedasndikamii HewiTki pe3yibraTv
JIOTIYHOTO BHCHOBKY INEPETBOPEHI Ha KOHKPETHI YMCIIOBI
KepyBaJbHi Jii IS BIAMIOBITHUX BUKOHABYMX MEXaHI3MiB
JIN3eIb-TeHEPaTOPHOI yCTaHOBKH. Jlo TakWxX Jili MOXYTb
HaJISKaTH KOPEKIisl MOoAadl NajJbHOTO, 3MiHa CTPyMy
30y/DKCHHSI ~ TeHeparopa,  pPeryJloBaHHS  4YacTOTH
oOepraHHS Ta IHON BIUIMBH, IO OE3MOCEPEITHBO
BU3HAYAIOTh CTAH EHEPreTHYHOTO arperary.

Y HWKHI YacTHHI pHCYHKa HaBeIE€HO OJIOK
JIATYMKIB CTaHy JW3elIb-TeHEPAaTOPHOi YCTaHOBKH, SIKi
3a0e3MeuyoTh 3BOPOTHHN 3B’S30K. BOHM BHMIpIOIOTH
OCHOBHI ITapaMeTpH, TaKi SIK TeMIlepaTrypa, THCK, 4acToTa
oOepTaHHs, CINEKTPUYHI HABAaHTAXEHHS Ta  IHII
MIOKAa3HUKH, IO (HOPMYIOTH OIIHKY SIKOCTI KEpyBaHHS.
[Noka3HuKM SKOCTI HAaAXOIATh 1O HEHPO-HEWiTKOTOo
KOHTpOJIepa, 3a0e3MMeUyoYr MOKIIMBICTh KOPEKIii i, a
TakoX 10 (opMyBada eKCIUTyaTamifHUX BHUMOT, IO Jla€
3MOTY aJIaliTyBaTH CUCTEMY UISl 3MiHHUX YMOB PYyXY.
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Ilomana cTpyKTypHa cxemMa JEeMOHCTpPYE IOBHUH
UK B3a€MOZIlT MK 30BHINIHIMH EKCIDTyaTaIliHHUMHI
YMOBaMH, BHYTPIIIHIM CTaHOM JW3€JIb-TEHEPATOPHOL
YCTAaHOBKM Ta HEHPO-HEYITKHM KOHTPOJIEPOM, SIKHH
3abe3rneuye  amanTHBHE (OPMYBaHHA  KepyBalIbHHUX
CUTHAJIB U MIATPUMAHHS ONTHMAJIbHOTO DPEXUMY
poOOTH EHEPreTUYIHOTO KOMITIEKCY.

CrtBopeHa cCTpyKTypa 3a0esmeuye 0azy s
HaCTYITHOI iHTerpamii iHTENEKTyaJbHUX KOMIIOHEHTIB 1
(¢bopMyBaHHS  MEXaHI3MIB  QJaNTHBHOTO  KEPyBaHHS
JIN3eIb-TeHEPAaTOPHOI0  YCTAHOBKOIO 3MIHHHUX
eKCIUTyaTallifHAX yMOBaX.

[Micns popmyBaHHA (BI3UUHOI MOzENi AN3EINb-
TCHEPaTOPHOi YCTAaHOBKM HACTYIIHUM €TalloM CTaJlo
IHTETpyBaHHA 10 Hel IHTENeKTyaJlbHHX  MOJYJIIB
KepyBaHHs. /s peanizamii HEHpO-HEWITKUX PEryJISTOPIB
Oynmm BukopmcTaHi 3acobm 6ibmiorek Neural Network
Toolbox i Fuzzy Logic Toolbox, sxi 3abe3mnedyroTh
MOXJIMBICTh ~ TOEJHAHHS  MEXaHi3MiB  MAIIMHHOTO
HaBYaHHS 3 €KCIIEPTHUMU IpaBmiiaMu. KoxkeH perynsTop
peaiizoBaHM SK aBTOHOMHHM IiJICHCTEMHHIA OJIOK, IO
MicTuTh piBHI (azudikanii, Hopmaizamii, 6a3u 3HaHb i
nedazudikamii. MexaHisM  1m0OyJOBH  PEryJsiTOpiB
IpyHTOBaHMH Ha mpuHimnax apxirektypu ANFIS, ska
3a0e3neuye (QopMyBaHHS TiOpUAHOI CHUCTEMH, 3JaTHOI
ajanTyBaTUCST O 3MiH 30BHIIIHIX MapaMeTpiB i
KOperyBaTH KepyBalbHi Jii BIAMOBIAHO IO MOTOYHOTO
CTaHy yCTaHOBKH.

Ha ocnHoBi moOymoBaHOi  HeHpoO-HEUITKOI
cucremu Oyj0 BHKOHaHO (opMyBaHHS Ta HOAAIBLIIMN
anaii3 0asu mpaBmi (puc. 2), sKa BimoOpaxae 3aJeKHICTh
MDK Macolo Toi3fga, mpodiseM Komii Ta JOBXHHOIO
IUITHKK  pyxXy. Ha pucyHKy mnomaHo y3arajbHEHe
300paxxeHHs mi€l 0a3u MpaBmWII VIl TPHOX XapaKTEPHUX

JOBXHH auIsHOK, a came 100, 200 i 300 kM. Koxna
AP% ans 100 kKM

y

Maca noispa

PiBHMHHA
MNpodins Konii

Cnyck

MNiaAom Cnyck

AP% ana 200 km

PisHuHHa
Mpodine Konii

MaTpuLsl JEMOHCTPYE 3MiHY BIZHOCHOTO HPHPOCTY
KepyBabHOTO  KoedimieHTa AP 'y  BiICOTKOBOMY
BHpP&KEHHI 3aJICKHO BiJl MOEIHAHHS (AKTOPIB, IO
BU3HAUYAIOTh eKCIUTyaTalliifHi yMOBH pOOOTH JTU3€Ib-
TCHEPATOPHOI YCTAHOBKH. Y MeXaxX TaKoro 300pasKeHHS
0a3a mpaBWJ HaOyBae iHTEpIIpeTOBaHOI (GopMH, IO Jae
3MOTY OLIIHUTH XapakTep BIUIMBY OKPEMHUX IapaMeTpiB Ha
(hopMyBaHHS ONITUMATBHUX KEPYBAIBHUX JIiii.

Jos ginsaku moxuHO0O 100 KM criocTepiraroTth
YiTKy TEHJCHIII0 3pOCTaHHs KepyBaJIbHOIO KoedimieHTa
Ha MmigfioMax 1 BIAIDOBIZHOIO MOro 3MEHIIEHHS IIiJ 4ac
pyxy Ha cmyckax. Tak, misa moizma macoto 1000 T 3miHa
AP craHOBUTH BiX -6 % Ha ciycky 1o +6 % Ha migiiomi,
IO CBIYUTH MpPO MOTpedy 30iIbIICHHS IMOTY>KHOCTI B
YMOBax 3pOCTa0uoro ONOpY Ta, HABMAKH, 11 3SMEHIICHHS 3
pyxom yxwmiom. Jlas macu 3000 T xapaktep 3MiH
30epekeHNH, OTHAK aMIUTITy/ia BapiloBaHHS 3pOCTa€, 10
00yMOBJICHO 30UIBIICHHSM BIUIMBY MAacH Ha TSTOBE
HaBaHTaXeHHs . OTpUMaHi 3aJeXHOCTI BiTOOpakaroTh
3MIaTHICTh MoJei KOPEKTHO BpaxoBYBaTH
CHIBBITHOIIEHHS M)XK Macolo Ta IpogiieM Kol B Mexkax
KOPOTKHUX JIISTHOK PYXY.

Jns nowxuan nutstaka 200 kM cTpykTypa 0asu
npaBuil 30epirae 3arajbHi 3aKOHOMIPHOCTI, OJTHAK 3MiHU
MOKa3HUKIB AP cTaroTh OLIbII BupaxeHuMU. Lle cBiquuTh
PO  HAaKONMYyBwIbHHK edekt mpodimo komi 3i
30UTBIICHHAM JIOBXKMHH MapUIpyTy, KOJH pEryJsTop
BpaxoBye HE JHIIe MHUTTEBI IMapamMeTpd, a # ixHil
IHTETpAJIbHUK  BIUIMB HAa  HABAaHTAXCHHS  JTU3€IIb-
reHepaTopHoi yctaHoBkH. Tak, w1t macu 3000 T i3 pyxom
Ha migiiomi npupict craHoBuTh 10 +11 %, a Ha cmycky
3HaueHHs focsrae -11 %, mo BimoOpakae OuTbII cyBOpi
BHUMOTH II[0JI0 KOMIICHCAlii 3MiHH TATOBOTO PEXUMY.

AP% ans 300 KM

AP, %

-10

PiBHMHHA
Mpodine Konii

Niaom

Cnyck

Niaitom

Puc. 2. ba3za npasun kopekuii moryskHocti 'Y

Jnst nminsakr 300 KM BigMIYeHO TMOJAITbINE
MIOCWJICHHSI acHUMETpii MDK peXuMamMu Iigiiomy Ta
cnycky. 3HaueHHS AP aisi MakcMMajbHOI MacH Ioi3zia
nocsraroth +12 % 1 -12 % BiANOBIAHO, IO TOB’S3aHO 31
30UIBIICHHSAM CHEPreTHYHHUX BTPAT 3a TPUBAIOTO PYXY Y
CKJIaJHUX yMOBax mpodimo komii. Taka moBezdiHKa
CBIIYHUTH TIPO Te, II0 HEHpO-HEWiTKa cucTeMa He JIMIIe
ajanTye KepyBaHHS IIii IapaMeTpyl Macd Ioi3ja Ta

npodiaro Kojii, a 1 BpaxoBye IXHIO iHTErpajbHy JAil0 Ha
BCill TOBXWHI AIISIHOK. YCi TpH MaTpHUIli AEMOHCTPYIOTh
CTPYKTYPHY Y3TOKEHICTH 1 JIOT1UHY 3aBepIIeHicTh 0azn
MIPaBWJI, MIO MIATBEPIKYE KOPEKTHICTH i MOOYZOBH 3a

moromororo  FCM-kimactepu3aiiii  Ta  MOJAJIBIIIOTO
HEHPOHHOTO HABYAHHS.
Ilomana ©Ga3a TpaBWJI € OCHOBOIO IS

(dhopMyBaHHS aNaNTHBHUX KEPYBAIBHUX i, OCKLUIEKH
BOHa 3a0e3Ieuye 4YiTKe BiIOOPaKEHHS 3aJICKHOCTEH MiX
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30BHINIHIMU (DaKTOpaMH Ta ONTUMAJIBHUMH 3HAYCHHIMHU
KEepyBaJIbHOTO  BIUIMBY.  HasBHICTH  y3ro/KEeHHX
3aKOHOMIPHOCTEH Ul Pi3HUX JOBXHH AUISHOK CBITYUTH
PO 37aTHICTH MoJeni 3abe3rnedyBaTd CTaOUIBHICTD 1
repeoavyBaHiCTh pobotn JU3€EI1b-TeHEPAaTOPHOT
YCTAaHOBKM B  pa3i BIUIMBY IIUPOKOTO  CHEKTpa
eKCIUTyaTalifHux yMmoB. OTe, pe3yJabTaTH aHalizy
MiATBEPIKYIOTh BaJIiIHICTh MTOOYTOBAHOT HEIPO-HEUITKOT
CHUCTEMHM Ta ii 34aTHICTh O a/IeKBaTHOTO y3arajibHEHHS
BXIJIHUX JaHUX, OO0 € HEeOOXiMHOK YMOBOI I
MIPaKTHYHOTO 3aCTOCYBAaHHS B aJaNTUBHHUX CHCTEMax
KEpyBaHHS TATOBHMH €HEPTeTHYHUMH yCTaHOBKAMHU.

Ha erani HaByanHs popmyBanm Hadip TaHUX, 11O
BKITIOYAB BXIiJHI MapaMeTpH, Taki sK HaBaHTa)KCHHSI Ha
KOJIIHYacTOMy Bajly, THCK HaJJIyBy, TeMIepaTypa
OXOJIO/KYBJIBHOT PIIMHM, 1 BIANOBIOHI KepyBaJbHI
BIUIMBH. BXimHI JaHi miymaramrd HoOpMamizamii s
VHUKHEHHs  aucOamaHcy  MaciuTabiB — CHTHamiB 1
i IBUINEHAS e()eKTUBHOCTI HaBYaHHA. Ha OCHOBI MeTO/IiB
Kjacrepusanii, 30kpema anroputMmy Fuzzy C-Means,
BU3HAYAJIM MOYATKOBI (DYHKIII HaJIeKHOCTI Ta KUIBKICTH
MPaBWJI, WICIS YOro BHKOHAHO TIPOIEC HABYAHHS 3
BUKOPHCTaHHSIM KOMOIHOBaHMX METOMIB 3BOPOTHOIO
TIOLIMPEHHSI HOMIUIKH 1 TPaJiEHTHOTO CITyCKY.

OTtxe, 3a0e3reueHo CTBOPEHHS aJalTHBHOTO
peryisropa, SKuii (OpMye ONTHMAaNbHI KepyBaJbHI Iii,
BUXOIMYM 3  JIAaHMX  JAaTYMKiB 1  BU3HAYCHHUX
eKCIITyaTallifHuX BUMOT.

Bucnoexu.

Pospobiiena B cepenoBumi MATLAB/Simulink
MOJICNb IHTEJCKTYallbHOI CHCTEMH KEPYBaHHS JW3eIb-
TEHEPATOPHOI YCTAHOBKOK 3a0e3nedye KOMIUICKCHE

BIATBOpeHHS  (I3UYHMX  TPOLECIB 1  aJTOPUTMIB
amanTHBHOTO  perymoBaHHsi. CTBOpeHa  CTpyKTypa
OXOIUTIOE ~ MOJIeNi  JM3EJBHOTO  JBHI'YHA, CHCTEMH

HagAyBy, CJICKTPOIrcHEpATopa, TCIIJIOBUX l'[iI[CI/ICTeM, a

TAKOX IHTEJEKTyaJbHUX MOAYJIB, peali30BaHUX Ha
OCHOBI HEHpO-HEUITKOI JIOTIKM Ta ONTHUMI3aI[ifHIX
MeTOiB. IHTerpamis 0HMX KOMIIOHCHTIB Vy  €IWHE

cepenoBHILe Jaia 3MOry c(OpPMyBaTH CHCTEMY, 3aTHY
KOperyBaTH poOOTy CHIIOBOTO arperary BiAIIOBITHO [0
3MiH eKCIUTyaTalliiHMX YMOB, IO HPOSBISIEThCS B
ITi ABUIIICHH] eHeproe(eKTHBHOCTI, CTabUTBHOCTI
JMHAMIYHHX [TOKa3HUKIB 1 3MEHILICHH] BUTPAT MAJILHOTO.

3amporoHoBaHa MOJIETTh JIEMOHCTPY€E
e(CKTUBHICTh IHTENEKTyaJbHUX METOJIB Yy cdepax
KEepyBaHHS  JN3ENb-TCHEPATOPHUMH  YCTAHOBKaMH 1
TATOBHMH  CHEPreTUYHUMH KOMIUIEKCAMH  3arajoM.
[lepciekTBM TOmANBIIMX AOCH/DKEHb IOJSTAIOTh Y
PO3LIMPEHH] MO/l 32 PaXyHOK ypaxyBaHHS JJOAaTKOBUX
¢i3mgHEX TporeciB, 30LTBIICHHI TOYHOCTI MOJEICH
3TOpSIHHSL Ta EJIEKTPOMArHiTHOi JMHAMIKH, iHTerpamii
OibII CKIAMHUX HEHPOHHHX apXiTeKTyp, 30KpeMa
IIMOMHHUX Mogzenel abo peKypeHTHHX MEPEeX, a TAaKOXK Y
3aCTOCYBaHHI ITOPUTMIB GaraTokpuTepiaIbHOT
onTuUMizalii A JIOCATHEHHS Ganancy MK
€HEProc()eKTHBHICTIO, EKOJIOTIYHICTIO 1 JUHAMIYHOIO
crabinpHicTio. [Toanpie BAOCKOHAJICHHS CHCTEMH MOXKE

BKJIIOYaTH CTBOPEHHS pEalbHOTO CTEHAA arapaTHo-
MIPOTPaMHOI  CHUMYJISLIl Ta pO3pOOJICHHS aAITOPUTMIB,
3MaTHUX  (QYHKIIOHYBaTH B  PEXHUMiI  OHOBIJICHHS
rapamMeTpiB Ha OCHOBI MOTOKOBHX JaHUX, OTPUMAHMX TTiJ{
Yac eKcIuTyararii.
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Abstract. This article presents the development
and validation of an intelligent control model for a diesel-
generator unit implemented in MATLAB/Simulink,
integrating physical dynamics with adaptive neuro-fuzzy
regulation. The study addresses the limitations of
traditional control systems that fail to ensure sufficient
adaptability under varying operational conditions such as
track profile, train mass and section length. A
comprehensive mathematical representation of the diesel
engine, turbocharging, cooling, fuel injection and
synchronous generator subsystems is constructed to
reproduce nonlinear thermodynamic and
electromechanical processes. On this foundation, a hybrid
neuro-fuzzy controller based on ANFIS principles is
introduced, combining data-driven learning with an
interpretable rule base formed through Fuzzy C-Means
clustering and refined via a hybrid backpropagation and
gradient-descent training procedure.

The paper analyses the resulting rule base,
which captures the dependence of the corrective power
coefficient on mass, gradient and route length,
demonstrating stable and logically consistent behavior
across 100, 200 and 300 km sections. The model ensures
adaptive modification of fuel supply, excitation current
and rotational speed based on sensor feedback and
external requirements. Simulation results confirm the
capability of the developed system to maintain energy
efficiency, stabilise dynamic parameters and decrease
fuel consumption under various traction scenarios. The
model provides a unified computational environment for
studying real-time interaction between physical processes
and intelligent regulators, offering a basis for further
extensions including more detailed combustion and
electromagnetic models, deep neural architectures and
multi-criteria optimisation frameworks. The proposed
approach can serve as a foundation for advanced
adaptive control of traction power systems and real-time
hardware-in-the-loop  implementations  aimed  at
improving performance, ecological sustainability and
operating stability of diesel-generator units.

Keywords: diesel-generator unit, intelligent
control,  neuro-fuzzy  systems, machine learning,
autonomous rolling stock.
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CJIIBAPEHKO A. O., k.1.H., gouent (YxkpAY3T)

Po3paxyHOK eJIeKTPOMar”iTHoI CyMicHOCTI B  3ajadax

YaCTOTHO-TEPUTOPiaTbHOIO

IUIAHYBAHHS MepeK TeXHOJIOTTYHOro pafio3B’si3Ky

@0C0

EV MG MHD

YV pobomi pozenanymo KoMnIeKc NUmMaHb 4acmomHoO-mepumopiarbHo20 NiaHYEAHHS MePeNC
3ANIBHUYHO2O MEXHONOCTUHO20 paodioss 'a3Ky. [ po3paxyHKié 3anponoHo8ana MoOelb NOUUPEHHS.
Paoioxeunb Ha 3aNI3HUYSX, SIKA OAE 3MO2Y BUKOHYB8AMU PO3PAXYHKU NPOCHOPOBO2O | HACHOMHOO0
PO3HeCeHHs. paodio3acobié 3a BUKOHAHHA YMOG 3a0e3NeUeHHs eleKMPOMASHIMHOI CYMICHOCMI.
Po3pobneno memoouxy, sika modice 6ymu nokiadena 8 0CHO8y 8i00M40i HOpMAMUBHoI b6asu.

Kniouosi cnoea: 3aniznuuynuii mMexHONO2IYHUL Padioss’s130K, eleKMPOMASHIMHA CYMICHICMb,
npocmopose i uacmomue po3Hecents padio3acodis, bazamocueHaIbHa 8UOIPKOGICIb.

Beryn

I3 dyacToTHO-TEpHUTOpiaIBHMUM  IUIAHYBAaHHSAM
HEoOXiTHO 3abe3neunTH PO3paxyHKH 30H
00CITyrOByBaHHS pafioMepex Ta yMOBH 3a0e3NeueHHS
€JICKTPOMArHiTHOI CyMIiCHOCTI paj1i03aco0iB.

YacToTHO-TEpHUTOpiabHUI IIJIaH BUPILIyE OCHOBHI
MIUTAHHS IIPOEKTYBAaHHSI MEPEX y KOHKPETHHX YMOBax
opranizanii pamio3s'si3ky. s miaHyBaHHS BHU3HA4YarOTh
30HU PAJIOMIOKPUTTS POOOTH MEPEK i3 3aIaHOO AKICTIO i
HAQIHHOCTI, YaCTOTHI OOMEXEHHS POOOTH HA ITiIX0Hax
3TI3HMYHUX JIIHIM 70 BY37iB a00 B IPUKOPAOHHHUX
CMyrax, IEpeBipsifOTh  30BHIIIHIO  €JIEKTPOMAarHiTHY
CYMICHICTb IDTaHOBaHOI cuctemu 3 PE3 iHmmx cuctem.

[TnmanyBaHHS MEpeX TEXHOJIOTIYHOTO Pagio3B’ 3Ky

ICTOTHO  BiJpi3HS€TBCS  BiJ  3aBAaHb  YAaCTOTHO-
TEPUTOPIAUTFHOTO IUIAHYBaHHS MEpPEX CTUIBHUKOBOTO
panio3B's3Ky Ta pErIaMeHTOBAaHO BiJTOMYIMH
HOPMaTHBHUMH JOKyMeHTamH [1].

Po3zpaxyHox €JIEKTPOMArHiTHOT CyMiCcHOCTI
pamio3acobiB 'y CHCTeMax pyXOMOTO paio3B’sI3Ky

3aJIMIIAETHCS aKTyalbHUM 3aBAaHHAM. [Ipo me cBimuatb
HE TIIBKM 4YHCJIEHHI IyOmikamii B HayKOBO-TEXHIYHIN
jmiTepatypi, a 1 pO3pOOJICHHS HOBHX HOPMATHBHHX
MaTepianiB MiXKHapOIHOTO COI03y EICKTPO3B’SI3KY 3 IHX
mutasb [2, 3]. Y pekomenmamii ITU-R SM.337-6
3aIIPOIIOHOBAHO HOPSJIOK PO3PaxyHKy TEpHUTOPIabHOTO i
YaCTOTHOTO PO3HECEHHS ISl 3a0€3MeUeHHs IPHIHATHOTO
PIiBHS B3a€MHHUX 3aBaj. MeTOI0 peKOMEH/alii € HaJaHHA
METOJIMKH, a HE PO3PAXyHOK KOHKPETHUX 3HAUCHb.

VY crarri [4] pO3MIIIHYTO OCOOJIMBOCTI BU3HAUCHHS
METO/y OLIHIOBaHHS €IEKTPOMAarHiTHOI CyMiCHOCTI Ha
OCHOBI Mojeni TpuiiMaya, IepeAaBada 1 aHTeHH 3
CEpPEIOBHIIIEM PO3ITOBCIOKEHHS B JIOKAIBHUX 30HAX.

© €JII3BAPEHKO A. 0.,2025

Jliist OM3BKO PO3TAalIOBaHMX JKEpENl 1 pelenTopiB 3aBaj
3alpPOIIOHOBAHO BHKOPUCTOBYBATH KOE(ImIEHT 3B’S3KY
MK aHTEHAaMH SIK TOKA3HUK B3a€MHUX BIUTUBIB.

VY pobori [5] po3riasgHyTO MeTOmu 3a0e3MeucHHs
CJICKTPOMArHiTHOI ~ CyMICHOCTI 3  NHPOEKTYBaHHSAM
JIOKaJIBHUX MEpEeX Oe3MpOBOOBOTO JIOCTYILY.

Y pob6orax [6, 7] mna pospaxynky EMC
3aIIPOIIOHOBAHO BHKOPHCTOBYBATH CTATHCTHYHY MOJETb,
sKa pPo3po0JicHa Ha OCHOBiI JIBOIPOMEHEBOI MO
TIOUIMPEHHS PaiOXBUIIb.

Ha cporomui B Matepiamax AT «Ykp3ami3HHIID
YHOPMOBaHO METOAM PO3PaxyHKy 30H OOCIyrOBYBaHHS
paniomepex [1], y ToMy umcai po3poOiieHi Mpomo3uiii
mono yHidikamii MeToJiB po3paxyHKy pajioMepek
pi3HOro mpu3HaueHHsA [8], ame BIICYTHI METOIUKH
PO3paxyHKy EICKTPOMArHiTHOI CYMICHOCTI paiio3aco0iB,
SIKI € Ba)XJIMBOIO CKJIAJI0OBOIO YaCTOTHO-TEPUTOPIaIbHOTO
IUTAaHyBaHHS.

IHocTanoBka npodemu

Po3pobnenns METOJUKU PO3paxyHKy
BHYTPIIIHPOCUCTEMHUX 3aBajl Y Mepekax 3ali3HHYHOTO
TEXHOJIOTIYHOTO Ppa/io3B’3Ky Ha €ramax YacTOTHO-
TEPUTOPIATFHOTO IUTAHYBAHHS MEPEXK.

OcHOBHI pe3yabTaTn

Po3po0iieHHsT 9acTOTHO-TEPUTOPIATBHOTO IUIaHy €
3aBepUIAIBHUM  €TarnioM  pobodYoro  MpPOEKTYBAHHS
paniomepexx. Ilpy 1pOMYy BH3HAYalOTh  JAIBHICTB
panio3B'a3Ky, yMOBM 3a0e3IEUYCHHS eJIEKTPOMarHiTHOL
CyMICHOCTI pajio3aco0iB i BHOMparoTh poOOdYi YacTOTH
paniomepex.

Enextpomarnitna cymicHicts (EMC) panio3aco6iB
e 3JaTHICTh PI3HUX EJEKTPOHHUX MPHUCTPOIB
mpamroBatd  0e3  B3aEMHHX  3aBall |y  €IMHOMY
€JIEKTPOMArHiTHOMY HIPOCTOPI.

IMpobnema EMC BuHuKae
CJICKTPOMArHiTHI  BUIIPOMiHIOBaHHS,

yepe3 HebakaHi
0 CTBOpIOBaHI
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panmiozacobaMu, a TaKoX 4Yepe3 CIPUHHATINBICTD
panmionpuiiMa4iB A0  30BHIMIHIX  €IEKTPOMArHITHHUX
BIUIMBIB.

JonatkoBumu (akTopamu, IO BIUTUBAIOTh Ha
npobiemy EMC, € mumpokuii CieKTp BUKOPHCTOBYBAHUX
4acTOT, BUCOKA IUIBHICTh Palio00IaTHAHHS, HEAOCTATHE
eKpaHyBaHHS, BIUIMB IHIyCTpiaJIbHUX pajmiozaBan. Lle
MOJKE TPHU3BECTH IO MOTIPIICHHS SIKOCTI Ta HaIiHHOCTI
3B'SI3KY i HABITh BiTMOB KPUTHYHO BKIIHMBHUX CHCTCM.

Jdns  anamizy  esleKTpoMarHiTHOi  0OCTaHOBKH
HEOOX1IHO BU3HAYUTHU BILINB BHITPOMIHIOBAHHS
3aBaJOBUX TIepelaBaviB, 3aKOHOMIPHOCTI MOIIMPEHHS
PamioXBWIb MK BHIPOMIHIOBaYaMH Ta PEHEHTOPAMHU

paniosaBas, XapakTep panioszaBaj 1 YMOBH
CHPUMHATIMBOCTI 70  pajgio3aBajg  NpUHAMAaIbHUX
IIPUCTPOIB.

v nepeaaBadax CTBOPIOIOTH HEHABMUCHI 3aBaau.

BumpomiHtoBaHHS ~dYepe3 aHTEHY, XapaKTepHi Ul
panmioniepeiaBaviB, MOMUISFOTh HA OCHOBHI Ta HCOCHOBHI.
OcHoBHE BUTIPOMIHIOBaHHS TIpU3HAYCHE ISt
repeaBaHHs KOPHCHOTO CUTHAITY. HeocHoBHi
BHITPOMIHIOBaHHS nepeaaBada MOAUISIOTh Ha
1103aCMYTOBI, TOOIYHI Ta ITyMOBI.

IToGiunuMu Ha3UBaIOTh KOJIMBAaHHS, 10
BUHUKAIOTh Yy TepelaBavi  BHACTINOK  OYAb-SIKHAX
HENIHIHHUX  TPOIECiB, KpiM  MpoIecy  MOJIYJISAIII.

Po3pizHsatoTe W'SATH BUAIB NMOOIYHMX BHIIPOMIHIOBAHB!
BUIIPOMIHIOBaHHS Ha TapMOHIKAaX, CyOrapMoOHiKax,
KoMOiHaIiiiHi, IHTepMOAYIISLIHHI Ta Mapa3uTHI.

3a JCTY, nobivHi BUIPOMIHIOBAaHHS HE MAalOTh
nepeumyBaty 2,5 MkB. Ilpu npoMmy MoXIMBe
OesrocepeiHE TIPOHUKHEHHS 3aBajl Ha BUXIJ NIpHiiMayda
BHACJIIOK CIPUHHATINBOCTI NpHiiMada /10 3aBaJOBUX
CUTHAJIB dYepe3 MOOIYHI KaHanu mnpuiiManai. Yactorn
MOOIYHNX KaHaTiB HE HOPMOBaHi, ane mi (akTopu He
MaroTh CyTTEBOTO BIUIMBY Ha yMOBH 3abe3neueHns EMC.
Tomy 3  4YacTOTHO-TEPUTOPIANGHUM  IUIAHYBAaHHSAM
HEOoOXiTHO HacaMmImepe]] YpaxoBYBaTH IOTY>KHI CHTHAJIN
OCHOBHOTO BUIIPOMIHIOBAaHHS 3aBaJIOBHX IIE€peaaBadiB i
HeNmiHiIMHI  edekTH, sKi BHHHUKAIOTh Yy NpHiiMadax:
OJIOKYBaHHS CUTHAJIB Ta iIHTCPMOAYJIALINHI 3aBa/IH.

Po3paxynkoBi  meromu  omiHtoBanHs =~ EMC
HEOOXimHI Ui  BUpIMICHHS TakuX  3aBJaHbh 3
CJICKTPOMArHiTHOI ~ CyMICHOCTi, K  IIPOrHO3YBaHHS
€JICKTPOMArHiTHoi OOCTAHOBKHM, ITIATOTOBKA MarepialiB
Ha BUJAUICHHS Ta TIIPUCBOEHHS 4YacTOT, PO3POOJICHHS
BUMOT' MIO/I0 YacTOTHO-TEPUTOPIAIFHOTO IIIaHyBaHHS,
OLIIHIOBaHHS CTYICHs BIUIMBY HEHABMHCHHX 3aBaJi Ha
sakictb  ¢ynkuionyBanus PE3  ta  oninioBaHHA
e(eKTHUBHOCTI 3ax0iB mo/10 3abe3ncueHass EMC.

BaxnuBuMH €  po3paxyHKM ~ Ha  OCHOBI
SHEPreTHYHUX XapaKTepUCTHUK MEpEeX, SKi BHU3HAYarOTh
ymoBu 3abesneuenHss EMC. VY pasi BHKOpUCTaHHA
SHepreTHYHUX KpuTepiiB ominioBanHs EMC BaximmBuM
MOMEHTOM € PO3PaXyHOK 3aracaHHs Ha Tpaci MOIIUPEHHS
pallioOXBHIIb.

VY 3aranpHOMY BHIVISAI  HampyKEHICTh  TOJIS
3aBaJI0BOTO curHaity, aAb, y Mmicui po3ranlyBaHHS aHTCHU
npuiiMada pagioctaHuii sk ¢yHKOis gactotu f, gacy t,
IIPOCTOPOBOTO PO3HECCHHS I 1 mojsgpu3arii curHamy P
MoXe OyTH Hoj1aHa sIK

E23(f’tﬁr7p)=E1M (fatap)+L(fat:rap):
(1

ne By (fst,p)

po3TanTyBaHHS aHTCHH IiepeaaBaya, 1b;
L( f ,t,¥,p) — OQyHKUis, WO BU3HAYAEC BTPATH

— HampyXeHIiCTb Tonsi B Micui

eJICKTpOMArHiTHoi eHeprii 3 i TOMMpPEHHAM MiX
nepenaBayeM i npuiimadem, /1b.
Y cucremax  3ali3HUYHOTO  TEXHOJIOTIYHOTO

panio3Bs3Ky po3paxyHOK BHYyTpimHbocucTeMHoi EMC
JICHIO CIIPOIIEHUH i3 BHKOPUCTAaHHAM pajio3aco0iB 3
opieHTarniero Ha mapametpu, BcraHosieHi JJCTY [9]. B
YMOBax pO3paxyHKy BHYTPIIIBOCHCTEMHHUX 3aBa]] TaKHUM
rapamMeTpoM Moyke OyTh BHOIpPKOBICTH Ipuiimada, sKa
BH3HAauCHA 0araToCUrHaJIbHUMH METOJIaMH BiATIOBIHO JI0
JCTY 4384:2003.

Jns 3ab0e3neuendss EMC HeoOXigHO BU3HAYUTH
IIPOCTOPOBE Pa3HECEHHS aHTEH IPAIIOI0YNX Pazio3acodiB
1 YaCTOTHE PO3HECCHHs! POOOYMX KaHATIB, KOOPUHALIHHI
BiJICTaHI Ul IIOBTOPHOTO BHMKOPUCTAaHHA pPOOOYMX
4acToT.

Y pobotax (6, 7] 3arpoITOHOBaHO
BUKOPHCTOBYBATH €KCIIEPUMEHTAIbHI KPUBI IOIIHUPEHHS
pamioxXBWiab MUl OpraHizamii Mepex 3aJi3HHYHOTO
panio3s’si3ky. Ha pucyHKy Mmoka3aHO KpHBI HOIIMPEHHS
pPamioXBWiIb, SKi BiIMOBINAIOTH JBOIPOMEHEBIA MOIEIi
MIOLIMPEHHSI Ta CKOPETOBaHI 3a pe3yIbTaTaMH JOCIiIKeHb
KaHAIB 3aJII3HUYIHOTO pajio3s’s3ky [10, 11].

Y Mopeni po3riIAAalOTh HANPYKEHICTh IO SIK
CyMy MpsIMOTO Ta BIiZOWMTOTO BiA 3eMiIi MPOMEHS, TOMIL
Pe3yIbTYIOUE TI0JIE TTOJIAI0Th SIK

2r .
JTAV +jBo
Q)‘e

ek V30PG

np

e
e 4 1+‘

+ Eei() = (2)

VBech Iiama3oH MOXKJIMBHUX BIJACTaHEH Mij dYac
PO3paxyHKy MEpex pamio3B's3Ky MOXKHA PO3TISLIATH SIK
TPH 30HU:

- 30HA B3aEMHUX 3aBaJl, Y MEKaX KO 3HAXOIATHCS
JIOITYCTHAMI BiZICTaHi 30JIMKCHHS MK PaliOCTaHITIsIMH, III0
MPAIOI0Th Ha Pi3HUX YacToTax, — 0,1-1 kM;

- poboua 30Ha, y MeXax SKOi NepeOyBarOTh
MOJJIHMBI BifIcTaHI HEOOXiTHOI JanbHOCTI 3B's3Ky, — 1,0-
20 xM;

- KOOpIUHAIIHA 30Ha, Y MEXaX SKOI 3HAXOATHCS
HEOoOXimHI  BiACTaHI  TEPUTOPIAILHOTO  PO3HECCHHS
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paniocTaHIIii, 0 NpaIrooTh Ha oHIN yacToTi, — 20-100  HampyxeHocTi 1 QopMye cKiIagHy iHTephepeHmiiHy

KM. CTPYKTYpYy WO 3  TIMOOKUMH  IIPOCTOPOBUMH

Ha mowarkoBux ninsukax kpuBux 0,1 — 1 kM  ¢uykTyanismu, sSiKi BpaxOBYIOTh BiJIIOBIIHO 10 KPUBHUX
BiIOMTHII TIPOMIHP HE CTBOPIOE CYTTEBOTO BIUIMBY Ha  iHTErpaibHOI (YHKIIi posmoxiny. Po3paxoByroun 30HU
3arajbpHy BEJIMYMHY CHUTHAIY, 1 BEJIMYMHA HAINPY>KCHOCTI  MOKPHTTS, MOTPiOHO  BUXOJWTH 3  IMOBIPHOCTI
1oJIsI HAOJIMKA€Thesl JI0 3HAUCHb HANpPYXKEHOCTI moist B 3abesrmedeHHs 3B’si3ky  90-95 % piBHS  KOpPHCHHUX
yMOBax BUIBHOTO nipocTopy [12]. CHUTHAJIB.

OCHOBHOIO OCOOJIMBICTIO TOLIMPEHHS B MeEXKax
pobouoi 30HM € HasABHICTH BIUIMBY 1H(PACTPYKTYpH
3aJI3HUIb, 110 TIPU3BOAUTH JI0 3MEHILIECHHS Pe3yIbTYI0UOl

[

U, 46 1£2.86
1o = T — 120
00 10

-
B
% NSRS 100
AUAY N
NN
80 X : \\A‘\ ® s”
i ) SENAY ¥
. JL \\\“k\ \: Ay 80
= 24
§0 AVIAN \\ N )f\ h‘h2 Vi Ipqan
\\ L 1 L' v 70
O 7 /a.aa
50 Y INT LR Y L |
AN X — 60
SRl
Y i y
90 N\ N } 7\}‘1\ ll I ! 50
> \ \ 'lz‘glm
3o ) ;} A\ w
,DU' /“\‘\‘ \‘ 2 \ JD
Iﬂ T ‘\)ﬂ‘\ ‘\ \‘v
‘M‘, = YA Y B ¥ 20
JU AN
0 | INAYA
I} A‘ Y\\‘ AW Ia
, el N
¢ SN 2
AN
-2 ~ NS0

oo 002" 005 01 62 05 10 2 8 10 20 50 100Tmm

Puc. Kpusi nommpennsi pagioxBujib B yMOBax BIUIMBY iHGPACTPYKTYPH 3aJi3HUIB
XapaKkTepuCTUKU BHOIPKOBOCTI npuiiMayda
s 3a6e3nedenns ymoB EMC HeoOXinHO, 100 Y ~ MOKa3ylOTh YMOBH BIUIMBY 31 B3aeMoJi€lo. J[BOCHTHAIBHY
TOYIl MpUIIMaHHA PiBEHb 3aBaJ0BOTO CUTHANY, Uz OyB  BHOIPDKOBICTP MOKHA pO3MIAATH  SIK  JUHAMIYHUH
MEHIIMH 32 AOMYCTUMHUN Uzsas oon, TOOTO Uzsas < Uzsas.oon.  JIaIIa30H CHTHATY 32 YMOBAaMH OJIOKYBaHHSL.

Jin  pospaxynkiB EMC  iMOBIpHICTh TEepEeBHIICHHS Hns  3abesrmeuenns ymoB EMC  HeoOxigHO
. —Cx 10 i

3aBAJOBOrO PIiBHA CTAHOBHTH p=5+10% To6ro BUKIOYUTH _saBam 6J‘IOKyBaHH$I. CHUTHAJIB  Ta

iHTepMoIysinii. I3 OJIOKyBaHHSIM HOTIPIIYIOTHCS YMOBH

HaziiHicTh BUKOHaHHA yMoB EMC Oyne cxmagaru 90-95 . .
o NpuiiMaHHs [0 CHiBBiJHOIIEHHS cUrHan/myM 12 nb nHa

BUXOJIi TpHiiMaya.

3HaueHHS!  Uzaeoon BHU3HAYEHO MapaMeTpaMU
3aXMIIEHOCTI pUiiMaya JyIsi KOHKPETHOTO BHY BIUIHMBIB.
PiBeHp 3aBajgoBOro curHayly y IHpuiiMadi 3aJIeKUTH Bil
YaCTOTHO-3aJIEKHOTO  OcClla0JIeHHs, sSIKe€ €  MIpolo
OaraTocurHaJbHOT BHOIPKOBOCTI npuiiMaya. fi
BUMIpIOIOTh ~ ABOCHTHAIBHHUM METOJOM Ha YacTOTi
CYCIZIHBOTO KaHAITy.

MakcumManbHO JIONYCTHMHUM piBEHb 3aBafioBOTO
CHUTHAJy Ha BXOJl IpuiiMada HEOOXiJHO BH3HAYaTH
BUXOJISTYHN 3 PEasTbHOTO 3HAUYEHHS AMHAMIYHOTO Jiara3oHy
3 OJOKyBaHHS 1 NMPUIHATOrO MiHIMaIbHO JIOITyCTHMOTO
PiBHSI KOPHCHOT'O CUTHAITY:
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U =S, +S,(AN)+U

23a6.00n 2min °

©)

e S JIBOCHTHAJIbHA BHOIPKOBICTB
HEJIOITyCTUMOCTI OJIOKyBaHHS, 1b;

S, (Af)

3aBaJIOBOI0 CHTHAJTy B pEAIBHUX YyMOBax poOoTH
paniomepex, nb;

32 yMOBH

4aCTOTHO 3aJIC)KHE nocaadJIeHHsS

U

2min — MIHIMQJIbHHH P1BEHb KOPHUCHOI'O CUI'HAILY.

3nauenns BubGipkosocti 3i 3poctannam S, (Af)

HE HOpMOBaHe, ajle Moke OyTH BH3HAUCHO 3a
CHeLiaATbHUMH JIOCII/DKSHHSIMU Ul KOHKPETHHX THIIIB
panio3aco0is.

Jis  pealbHOTO TPOEKTYBAaHHA PO3PAXyHKOBUM
PiBEHB 3aBaJIOBOTO CUTHATY BH3HAYAIOTH 3 YPaxXyBaHHSIM
HEOOXiTHUX MTONPaBOYHUX KOe(]ilmieHTIB 3a (GOpMyIIor0

U23a3.p = U23a3.don + Z BnapaM + Zl

v pCalibHUX YMOBaAX 301UIBIIEHHS. YaCTOTHOIO
PO3HCCCHHA MixX KOPpUCHUMU CUTHAJIaMU i 3aBaIOBUMH

AN =\fe = fuaa

30UIBIIEHHST  3aXUINEHOCTI
JIBOCHTHAJILHOT BUOIPKOBOCTI.

SIKIO KOpPUCHMI CUTHANl 3pOCTa€, TO 3aBalOBUU
cUrHaj TeX Moxke Oytu Ouremmm. Tomy momyctummuit
piBEHb  3aBajiOBOTO CHTHANy B IOMY BHIAJKY
BU3HAYAIOThH SIK

U

CHUTHaJIaMH a0

MMPpU3BOAUTH

npuiiMaya 1 3poCTaHHS

23a6.00n.(brn) = SZ + UZMiH >

(4)

e U 25a6.00n(BJT) JIOIyCTUMUIN PIBEHb 3aBaJIOBOTO

CHUTHAIY;

SZ — JIBOCHTHaJbHa BHOIPKOBICTb CHTHAIIy IIO
CyCiTHROMY KaHAIy.

YacroTHe PO3HECEHHS TIPU3BOTUTH JI0
30UIBIIEHHS 3aXMUINEHOCTI 1 3MEHIIEHHS BUMOI MO0
MIPOCTOPOBOTO PO3HECCHHS JKEpEIa Ta PEelenTopa 3aBaj.

VY pe3ynbTaTi BIUIMBY iHAYCTpiaJbHUX pajio3aBal
Ha eNeKTpu(iKOBAaHWX MUISTHKAX 3aTi3HUIB 3pPOCTAIOTh
BHMOTH TIO/O PiBHA KOPHCHOTO CHTHANY, MO Ja€ 3MOTY
BIJINIOBITHO TMiJBHUINYBATH MJOMYCTHMi PIiBHI 3aBaJOBHX

CHT'HAJIiB U23a6'oon(5ﬂ)=7405. A Ha JAUIAHKax

nocriitroro crpymy cxnagae Uy, sonsr) = 6805 .

Tomi mpocTOpoBE pPO3HECCHHS MiX aHTCHAMH
CTAaIllOHApHUX PATIOCTAaHIIA CKJIagae Ha JUITHKaX

3MIHHOTO CTpyMY AVO on = 550 m, a wa npinsmkax i3
MOCTIHHUM CTPYMOM HEOOXiJHa BIACTaHb 3pOCTaE [0
Ar,, = 800 M, 3a KpMBMMHU IOIMMPEHHS PaTiOXBUIb HA

pucyHky. I3 wyactorHum posnecennsm 150 kI'm
IIPOCTOPOBE PO3HECEHHS MOxke OyTH 3MeHIeHe 1o 50 M,
32 paxyHOK 3pOCTaHHS JOIyCTUMOTO PiBHS 3aBaJOBOTO

CUTHAJTY 31 3pOCTaHHAM S 2 (Af ) .

IaTepMonynsmiliHi 3aBaii BUHUKAIOTh HA BHUXO1
npuiiMaya y BUNAIKy B3aeMogii 1BoX abo Oinblire
CUTHAJIIB, YacTOTH SIKMX HE CIIBIAJalOTh i3 4acTOTaMu
OCHOBHOTO i MOOIYHMX KaHAIIIB IPUHMaHHSI.

[HTEepMOYIALIIIHO CYyMICHUMH € CUTHAJH, SKi HE

YTBOPIOIOTh ~ CKJIQJIOBUX 13 pOOOYMMH  YacTOTAMH
npuiiMadis.
Haii6inpmr  HeOesneuHnMu €  iHTepdepeHiiai

CK.HaZ[OBi TPETbLOro MNOpPAAKY, JII BUHWUKHCHHS SKHUX
JOCTAaTHBO ABOX 3aBaJIOBUX CUTHAJIIB.

200 =12 = f oo
S+ ha=1s=F s

[HTepMonynALiiiHy BHOIpKOBICTH BH3HAUYAIOTH 32
3HAYEHHSIMU TPUCUTHAIBHOT BHOIPKOBOCTI.
[HTepMOnynAIil BUHMKAaE B IIpecesIeKTOpi, a Jaii
TIICHITIOETECS] B TPAKTI MPUHMaHHS KOPHCHOTO CHUTHAITY.
Tomy 3HaueHHs iHTepMOAYJALiHOI BHOIPKOBOCTI HE
3aJIeXKHUTh BiJ| PI3HUII YacTOT KOPHCHOTO 1 3aBaJOBOTO
CHUTHAJIB.

Haii6inpmr edextBHUM 3acoboM  3abe3neueHHs
IHTEpMOIY AL THOT BHOIPKOBOCTI € BUOIp
IHTepMOIYIALIHHO CyMicHMX dacToT. Lle BakimBO UIst
BUOOpYy pOOOYMX YacTOT MepeX Ha COPTYBAIBHUX
CTaHIisIX, J€  pO3TalloBaHa  3HayHa  KUIBKICTh
pamio3aco0iB  CTaHIIHHOTO, TMOI3HOTO Ta PEMOHTHO-
OTIEPaTHBHOTO Pa/lio3B’sI3KY.

Jns po3paxyHKy KOOpAWHANIHHMX BiACTaHeH i3
poboToro  pamio3aco0iB  HAa  OAHAKOBHUX  YacCTOTax
BUKOPHCTaHO TPETWHY KPHBHX Ha BijcTaHsx mnoHax 30
KM, B OCHOBY SKHX TIOKJIaJ€HI KpHBI ITOIIUPCHHS
panioxsuib 3a pekomenganiero ITU-R P.1546 [13].

Y pa3i poboTu pamio3aco0iB Ha OJHAKOBHX
YacTOTax HEOOXiTHO BHUKIIOUYUTH ITOMWJIKOBE MPHUHMaHHS
3aBa/I0BOTO CUTHAITY 31 CHpaIOBaHHIM
LIYMOMNOJABIIOBAYA, AKIIO Uzsas.00n.xoopo= 0,3 MKB.

Jns ymoB moTykHOCTI mnepenaBada P=12Bm i
JIOOYTKY BHCOT YCTAHOBJICHHS aHTEH hth:IOOMz (e

HEOOX11HE 3HAYECHHS

hy =104, h=10x )

KOOPAMHAIIHOT BiicTaHi Arxopz CKIIamae 01m3pk0 50 KM,
a a1 JoOyTKy aHTeH hl h2 —2002 HeobximHa

KOOpJHMHAII}{Ha BiJIcTaHb 3pocTae 10 60 KM.

BucHoBkn
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I. Y poboTi pO3MIAHYTO KOMIUIEKC ITUTaHb
YaCTOTHO-TEPUTOPIaILHOTO TUTAHyBaHHS Mepex
3aJI3HUYHOTO TEXHOJOTIYHOTO PAJio3B’sA3KY.

2. Jlma 9acTOTHO-TEPUTOPIATBHOTO TUIAaHYBAHHS
pamioMepex HEOOXiTHO pO3B’sI3yBaTH NIBa THITM 3a/1ady:
BU3HAYUTH 30HM OOCIYTOBYBaHHS pPagiOMEpex i3
3aJ]aHOI0 SIKICTIO 1 HAAIHHICTIO 3B’SI3Ky Ta pO3paxyBaTH

IIPOCTOPOBE Ta YacTOTHE pO3HECEHHS 32 YMOBHU
3a0e3revyeHHs €JIEKTPOMarHiTHOT CyMiCHOCTI
panio3aco0is.

3. CrBopena HopMaTHBHA 0a3za BHpIIIye DAL
IUTaHb OpraHizalii Ta po3paxyHKy 30H OOCIyrOBYBaHHS
paniomepesx. 3apa3 BiJICYTHI HOPMAaTHUBHI IOKYMEHTH, SIKi
0 periiaMeHTyBaJIl MeTOoan PO3paxyHKy
€JICKTPOMArHiTHOI CyMiCHOCTI Ta BHOip HOMiHAJIIB 4acToT
JUIs ~ BUKODHCTaHHS B  MeEpeXax  3aJi3HHYHOTO
paniosB’sI3Ky.

4. B ocHOoBy pospaxynky EMC mnokmaneHi

SHEepreTn4Hi KpUTepii Ta PpO3MIAHYTI OCOOIMBOCTI
MOUIMPEHHsT  PajioXBWJIb B yMOBaX  BIUIUBY
IHQpaCTPyKTypH 3aJTi3HULb.

5. Poszpobieno METOJUKY PO3paxyHKy

EJICKTPOMArHiTHOI CyMiCHOCTI, sIKa MOke OyTH HOKJIaieHa
B OCHOBY BiJIOMY0i HOpMaTHUBHOI 0a3M.
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Yelizarenko Andriy. Calculation of
electromagnetic compatibility in frequency-territorial
planning  problems of  technological radio
communication networks

The paper considers a set of issues of frequency-territorial
planning of railway technological radio communication
networks. In frequency-territorial planning of radio
networks, it is necessary to solve two types of problems:
to determine the service areas of radio networks with a
given quality and reliability of communication and to
perform calculations of spatial and frequency separation
provided that the electromagnetic compatibility of radio
equipment is ensured.

At present, the regulatory framework that has been
created solves a number of issues of organization and
calculation of service areas of radio networks. Currently,
there are no regulatory documents that would regulate the
methods of calculating electromagnetic compatibility and
the selection of operating frequencies for use in
technological radio communication networks.

To analyze the -electromagnetic environment, it is
necessary to determine the influence of radiation from
interfering transmitters, the patterns of radio wave
propagation between emitters and receptors of radio
interference, the nature of radio interference, and the
conditions of susceptibility to radio interference of
receiving devices. In the calculations, a model of radio
wave propagation under the influence of railway
infrastructure was proposed, which allows calculations of
spatial and frequency separation of radio equipment while
meeting the conditions for ensuring electromagnetic

compatibility. A methodology has been
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developed that can be used as the basis for departmental
regulatory framework.
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('YkpaiHChbKuil IepKaBHUH YHIBEPCUTET 3ATI3HUYHOTO TPAHCTIOPTY)

Po3po0ieHHs1 NPUCTPOIO A1 ABTOMATHYHOTO PEryJII0BAHHS TeMIIEPATYPH €J1eKTPO0OirpiBy KOHTAKTIiB
aBTONEePEeMHKAYiB CTPIJIOYHHNX eJIEKTPONPHUBO/IiB

Amnoranis. ABTONEpeMUKad eJIeKTPHYHOTO NPUBOAY CTPLIKHM € BiANOBIJAJBHUM €JIEMEHTOM KOHCTPYKIi, BiH

3abe3mneuye opMyBaHHS iH(POpPMAIIIT PO TOTOKESHHS KIHIIIB CTPiTKHA. BogHOYAC Te# KOMIIOHEHT, MIOPiBHSHO 3 iHIITUMHA
eJIEMEHTaMH KOHCTPYKIII NPUBOAY, € HaMEHII HaliliHNM. 3HaUHa KUIBKICTh MOIIKO/KECHb BUKJIMKaHA HETATUBHUMH
BIUIMBAMH HAaBKOJMIIHBOTO CEPE/IOBHIIA: BHCOKA BOJIOTICTh, HHM3bKa TEMIIEpaTypa MOBITPS MOXYTb CIPHIMHUTH
3aTBEpAiHHS KOHTAKTIB, 1110 HETATUBHO BIUIMBAE Ha POOOTY JIAHIIIOTa KEPYyBaHHSI.
IcHyroui TexHi4HI 3aco0n A 3armo0iraHHs HETaTHBHUM aTMOC()EPHUM BIUIMBAM BKIIIOYAIOTHh BKIIIOUYEHHS PE3HCTOPIB
JUISL eJIEKTPUYHOTO HArpiBaHHS KOHTAKTIB IPOTITOM 3MMOBOTO Iepiony ekciutyaTauii. HasiBHa cucTema TEXHIYHOTO
00CITyrOByBaHHsI €JIEKTPOIIPHBOMAIB CTPUIOK Tiependadae BKIIIOYECHHS Ta BUKIIIOYEHHS EJICKTPUYHMX HarpiBaIbHUX
PE3UCTOPIB OOCITYTOBYIOUUM ITEPCOHATIOM.

Crnig 3a3Ha4WTH, MO TEPEBaKHA OUIBIIICTh CTAHIH 3 HEBEIMKOI KUIBKICTIO CTPLIOK HE IependavyaroTh
MOCTIHHOI TPHUCYTHOCTI OOCIYyrOBYIOUOTO IIEPCOHANY, TOMY, OYEBHIHO, L€l Tpoliec 30BCIM HE Y3TOIXKYETHCS 3
KOJIUBaHHSMHM TeMIlepaTypHy HaBKOJHMIIHBOTO cepenoBuina. Hacrpasai enekrpomexanik SCB mMoxxe OyTu nmprcyTHIM Ha
TIeBHIN CTaHIii cBOro paifoHy Miji Yac BUKOHAHHS IUTAaHOBHMX POOIT abo Mij 4ac yCYHEHHsI HOIMIKO/KEHb EIEKTPUIHUX
MIPUCTPOIB IEHTpaJIi3arii.

KirouoBi croBa: 3arizHnyHa iH(ppacTpyKTypa, TEXHIYHE 00CITyrOBYBaHHS, EKCIUTyaTallis, eIeKTpoHarpiBayi,
aBTOMAaTHYHHN 00IrpiB, TaTYMK TEMIIEpaTypH, aBTOIIEpEMHKaY.

Beryn

ABTOIEpeMHUKay CTPIJIOYHOTO EJIEKTPOIPHBOIA € Q%BHHHO’ HasBHICTE  JIIONHH-OTICpaTopa B

BiJUITOBIA/IbHAM €IeMEHTOM KOHCTPYKILii, BiH 3a0e3neuye  KOHTYPI KEPYBAHHsS HE MOKe 3a0€3MEUNTH BHKOHAHHS
. vee . . 5 2 5

¢dopmyBanHst iH(OpMaIil PO IOJOXKEHHS BicTpskip  SABIAHb  HCPE3  HAABHUN cyO’exruBHUIT  (akTop.

crpinki. V Toil XKe uac LeH KOMIOHGHT MOpiBHAHO 3 Y HACTIZIOK HBOro BHUHHKAE _HP.O6HCM2.‘
IHIIMMHU eJIeMEHTaMM KOHCTPYKIII NpUBOJa € HalOuIbII CHEproe(eKTHBHOCTI  IpoLecy eﬂeKTpOOﬁll"p.l.By, i
HeHAHHIM. 3HauHa KUTBKiCTE omKoKenp  TPAIUBIIOTBCS BUIIAIKH MOLIKOJUKEHHS KOHTAKTHOI IpyIHu

00yMOBJIEHA HEraTUBHMMHU BIUIMBAMU HABKOJNUNIHboro  ABTOICPEMHKAYTA HCPE3 HeeekTHBHY POOOTY MPHCTPOIO
cepeloBHIIA; MiJBUIIEHA BOJIOTiCTb, HU3bKA TEMIIEpaTypa enextpoo0birpiBy. Tomy 3asHayeHui HampsiM poboTH €
TNOBITPS. MOXYTh OyTH NPUYMHOIO iHAiBiHHS KoHTakTiB,  AKTYIbHHM, MAa€ HPAKTHYHC SHAYCHHS Ta HallpaBICHUH
[I0 HECIPUATIMBO BIUIUBAE HA pPOOOTY KOHTpojpHoro HA  3MCHINCHHT — BIIMOB y  CHCTCMaX  CTaHIINHOL

KoJIa. [IEHTpaTi3allii.
Icayroui TexHiuHi 3acobu g 3amoOiraHHS Auaunis rlyﬁnmaqm . . .
HETaTUBHUM aTMOC(epHHM BIUIMBaM I€pPeI0avaroTh 3ayi3HUYHI CTPUIOYHI MEPEBOMM, Y TOMY YHCII i

BBIMKHCHHSI PE3UCTOPIB I €IeKTPooOirpiBy koHrakrip ~ KOHCTPYKIIFO — CJICKTPONPHBO/A,  MOKHA  BIICBHEHO
y 3MMOBHMii Tepion ekcrutyatamii. IcHyioua cucrema  HA3BaTH  HAMUYTIMBIMMM - CKIIALOBHMH  3ali3HHYHOL

TeXHIYHOrO 06CITyrOByBaHHs crpinoummx ~ KOJi, TOMY IO 20 iXHKOrO CKIajay BXOIMTh BEIMKa
€JEKTPOTIPHBO/IIB Tlepe6auac BEIMKHCHHS Ta BUMUKaHHs ~ KUIPKICTE MEXAHIYHHX CIIEMEHTIB, 0arato 3 sKuX e
PE3UCTOPIB eNEKTPOOOIrPiBy HABYCHHM MIEPCOHAIIOM. pyxomumu [1].
. . . b 9 .
Crmig 3a3HauWTH, IO TIEPEeBaKHA OLIBIIICTH Meroau poss’sizaHHs mpobieM, IO IOB’si3aHi 3

CTaHI[iif i3 HEBEHKOIO KiTBKICTIO CTPUIOK He mepenbauac  MOKPANICHHAM  YMOB  CKCILIyaTalii — CTPLIOHHNX
HOCTifiHE 3HAXOKEHHS HABYEHOr0 MEpCoHalty, ToMmy, UCPCBOMIB, a ODKC, MIABHIICHHAM IXHROL HAaAIMHOCTI
OUeBHAHO, LeHl NpOLEC 30BCiM He y3rokeHuii i3  NPCACTABICHI B ICAKMX TEXHIYHHX PILICHHSX, HAMPHKIAL
KOJMBAHHSIM TEMIIEPATYPH HABKOIMIIHEOrO CepesoBuita,  CHUIBHHH HPOEKT HIMEIBKOT dipmu ESA
@aktiaHo enekrpomexanik CLIB Moke 6yt npucyrniv  Elektroschaltanlagen  Grimma GmbH  (Himeuuuna) i
Ha KOHKPeTHii craHmii coei minbHuumi mis Bukonamms Kommauii TOB «Temnomoxe-Tuinpo» [2]. 3okpema, y
PEerNaMeHTHHX ~pPOGIT a60 YCYHEHHs IOWIKOMKeHHs — [IPOCKT KOMKOHCT-20 [3] posrasuyto cuctemy
NPHCTPOIB eIeKTPHYHOT LIeHTpati3alii. eJIeKTPOODIrpiBY CTPITOYHHX TIEPEBOIB: EICKTPOOGITpiB
BICTPSIKIB CTPIJIKM, & HE KOHTAKTiB aBTONEpEeMHKaua, i
aBTopu He poOwiIM crnpoly pos3B’s3aTH  came Lo
npoOiemy.

©MOMCEEHKO B. 1., TABPIJIOB M. O. ,KOBAJIb B. 0., 2025

56 IKC3T, 2025 Ne4




IHOPOPMAIIMHO-KEPYIOUI CUCTEMU HA 3AJIIBHUYHOMY TPAHCIIOPTI

Jns peanizamii NpOEKTIB 31 CTBOPEHHSI CHCTEM
00irpiBy OCHOBHHMH €JIEMECHTAMH € HarpiBajbHi
€JIEMEHTH; TUIH Ta (HAKTOPH, SIKUMH CITiJ] KOPHCTYBATHCS
i gac iX BHOOpY, IIMPOKO BUCBITIIEH] B CTATTi HA CaMTi
BUPOOHMKA ENEeKTPUYHHX KOMIIOHEHTIB KommaHii DMX
[4]. Oxpemo moxna Buminmutu crartio JI. I. MenpauKa 3
KuiBcpkoro momitexHiuHOrO YyHiBepcuTeTy imeni [
CiKOpCBKOTO, TEMOIO SKOI € CTBOPEHHSI TEPMOCTIHKHX

SJICKTPOIIPOBITHUX ~ MaTepiagiB i3  peryJbOBaHHUMH
SNICKTPUIHIMHU BIIACTHBOCTSIMH, o MOXHa
BHUKOPHCTOBYBATH SIK 00irpiBaui [5].

Takox BenWKe 3HA4YEHHS JUIS  PO3B’SI3aHHS

po0iieM eHeproeeKTHBHOCTI aBTOMaTHYHOTO O0IrpiBy €
MIPUCTPOI PETYJIOBAHHS TEMITEpaTyp (TEpMOpPEryIJIsITOpH),
pI3HOBHIM SIKMX MOJaHi B CTAaTrTi OCBITHBOTO IPOEKTY

€JIEKTPOIIPUBO/IIB i T IBUIICHHS iXHBOT
€HEepProe)eKTHBHOCTI.
BukiageHHs1 0CHOBHOIO MaTepiairy

TuroBa cxema opranizamii  eleKTpooOirpiBy
KOHTaKTIB aBTOIEpEMHUKaya CTPLIOYHOTO

€JIEKTPONPUBOJA, fKa II0Ka3aHa Ha puc. 1, BKIIOYAE
MIPUCTPOI JKUBJICHHS T10CTa EIEKTPUYHOI IEHTpasi3aii,
Kabeb, 3HWKYBaIBHUN TpaHcopmarop tuny ITIOBC 5A
i mBa pesuctopu [19B-25-56 Om. BoHu BcTaHOBIICHI HAX
KOHTaKTaMH aBTOIlepeMHKada 1 BBIMKHEHI IapajeibHO,
Hamnpyra Ha HUX He Mae nepesuinyBatu 26 B. XKusnenns
MIPUCTPOIB  €JIEeKTpoodirpiBy monmatore i3 mocta EILJ
3MIiHHHM cTpyMoM gactortoro 50 I'm, manpyroro 220 B, i3
HACTYITHUM 3HIDKCHHSIM Ha TpaHchopMaTopax THUILY

ElectricalSchool.info [6]. INOBC-5A. Tpanchopmaropu BCTaHOBJICHI y
TpaHc(opMaTOpHUX SIIAKAX nopy4 i3
Mera crarTi pO3rary>KyBaJIbHOIO Mydroro CTPLIIOYHUX
VYIOCKOHAJIEHHSI  TPHUCTPOIB  EJIEKTPOOOIrpiBY  EIEKTPOIIPHUBOIIB.
KOHTaKTiB aBTOIIEpEMHKAYiB CTPLIOYHUX
Ioct EL]
ITpuctpoi A > R
CJICKTPOIKHBIICHHS
Kepytoua nis
Crpinouni
€JIEKTPOTIPUBOIU
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Puc. 1. Cxemu enekTpoo0irpiBy KOHTaKTiB aBTOIEPEMHUKaUa CTPLIIOYHOTO €IEKTPOIPHBO/IA;

a — CTPYKTypHa; 6 — IPUHIIUIIOBA

Cuip 3a3HauMTH, IO 10 OJHOTO TpaHcdopmaropa
I[MTOBC-5A moxxe OyTH MigKIIOYEHO HE OuLIbIIE ITSITH
CTPUIOYHHX EJIEKTPOTIPHBOIIB.

Jnst onepkaHHs Ha pe3ncTopax o0IrpiBy Hampyru
Uk He Oinmbie 26 B i3 nocta EI Ha nepBuHHY 0OMOTKY
[MOBC-5A mopatoTe 3MiHHUHA cTpyMm Hampyroto 220 abo
237 B. JomycruMe maniHHs Hampyrd B Kabemi AUk
npuiiMatoTs BianosigHo 70 abo 87 B i1 BU3Ha4aoTH i3
PIBHSHHS

AUx=2Lxrlp,
ne Lk — moBxkMHA KaOelto 10 KOJTIHHOT KOPOOKH, M;

Ip — po3paxyHKOBHH CTpyM y TEpBHHHIA 0OMOTII
I[NIOBC-5A, A (BH3HAYAKOTHh BIATOBIAHO 1O KUTBKOCTI
crpinok Bix 0,21 mns omwiel crpinku go 1,1 A mus st
CTPLIIOK);

r=0,0235 — omip xwn kabemo, Om/M.

Skmo Ha mepBHMHHIA 0OMOTHI TpaHchopmaropa
[NOBC-5A Bimx 190 mo 220 B, T0 cnapeni
CJICKTPONIPUBOAY  MIAKIIOYAIOTH IO  JBOX  JKHJIAax
napaessHo. J{o mepuioi CTpUIKK MPOKIIAAEHO JB1 KWIIN 1
MDK CIAPEHMMH CTPUIKAMHM TakoX MBI JKWIM. 3i
3HWKeHHAM miei Hanpyru 3 180 mo 150 B pesucropm
KOXKHOI CTPUIKM BBIMKHEHI IO OKpEMHX JKHJax, [0
nepIroi 31 CHapeHuX CTPUIOK MPOKJIAJEHO YOTHUPH KHIIH,
a MDK CIIapeHHMH [Bi, IPHUYOMY CXeMa BBIMKHCHHS
pe3ucTOpiB NapasenbHa.

Takuii migxim, Xo4a BiH i JOCTaTHHO MPOCTHU Y
TeXHI4HIH peaizaii, HE MOKHA BBAXKaTH
eHeproe()eKTUBHIM — Ha PE3UCTOpH MoaaHa QikcoBaHa
Hampyra HE3MIHHOi BEIWYMHH. 3a paxyHOK IbOTO
BUTpaTH EJIEKTPOEHEPrii € MOCTIHHUMHU Ta HE 3ajiekaTh
BiJl TeMIlepaTypd HaBKOJMIIHBOTO CEPElOBHIIA, a
e(EKTHBHICTh MPOIeCy Oe3mocepeIHbO 3ANCKHUTD BiI i
HaBYCHOTO MEPCOHATY.

Busnauumo  BUTpaTH  eleKTpoeHeprii  uist
eJIEKTPOOOITPiBY KOHTAKTIB aBTONEPEMHKAYiB CTaHIIi, Ha
Kl TPOBOMWIIM JTOCTIKCHHS. 3arajbHa KiIBKIiCTh
CTPIJIOK CcKIagae 23, TepMiH JOCIIIKEHHS — OJIIH MiCSIIb,
peXuM 00IrpiBY ITOTOO0BHIA.

SIKIo cTpyM eleKTpoHarpiBajJbHOTO eneMeHTta Ip
st omHiel crpinkm gopiBHroe 0,21 A, a mia m'atu
CTPUIOK, SIKi MIAKIIOYEHI O OJHOTO TpaHcdopmaropa,
BignoBigHo 1,1 A, To B MeXaxX CTaHLil MaKCUMaIbHUN
ctpyMm omHiel crpiutku  Oyme 0,506 A. Tepwmin
MaKCUMQJIBHUHA CTPYM BXXHTO TOMY, IO JO OIHOTO
TpanchopmaTopa MoOXe OyTH MiTKIIOYEHa  pi3HA
KIJIBKICTB CTPIJIOK, ajie He OibIie I’ STH.

Orxe, Burtpatu  enekrpoeneprii E  ma
eJIEKTPOOOITPiBy KOHTAKTIB aBTOIEPEMHUKAUiB Ha CTaHIII
3 23 cTpijKaMu Ha OJMH MicsIb 3a Oe3nepepBHOI podoTH
€JIEKTPOoOODITpiBaviB CKIaIe

E=23%0,506%24%30= 8379,36 Br-rox.
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OueBuHO, HaBITh B MeEXax OfHIE] HEBEIMKOI
CTaHIIii Ma€MO JJOCUTh 3HAYHI BUTPATH KOIITiB, OCOOIUBO
SKIIO B3ATH 10 YBaru TEHJICHLIIO /0 IiJABUIICHHS
cepenHbo000BOT TeMIepaTypy 3UMOBOTO Hepioay, SKy
CIOCTEpPIraloTh OCTaHHIMH poKamMH B YKpaiHi. Aue
TOJIOBHUM (DaKTOpPOM €HEeproeeKTUBHOCTI € BapTiCTh

KiloBaTa ENEKTPUYHOI EHeprii Ui  MPOMECIOBHX
CIIOKUBAYiB, SIKAa Ma€ TEHACHIII [0 IOCTIHHOIO
3pOCTaHHS.

Tomy aBTOPH MIPOTIOHYIOTH CTBOPHUTH
aBTOMATHYHY cucTeMy KepyBaHHS TIPOIIECOM

eJIEKTPOOOITPiBy KOHTAKTIB aBTOIEpPEMHUKaya 3aJIeKHO
BiJl 3MIHM TEMIeEpaTypy HaBKOJHIIHBOTO CEpPEIOBHILA
(puc. 2).

Cucrema Mae JaT4nK TEMIIEPaTypH, MPUCTPI, 110
3abe3neuye miATpUMaHHs 1 3a3/ayieTigb BCTAHOBJICHOTO

3HAUEHHSA, 1 KOMYTaliiHWil mpucTpii, mo 3abesrneuye
T KTFOYCHHS eJIEKTPOOOIrpiBabHAX €ICMEHTIB. 3aBIsKH
peryJsTopy MOXKHa BCTaHOBHTH HEOOXiJHE 3HA4YCHHS
TEeMIIepaTypu, fKy 1 Oyae MiATPUMYBaTH pEryJsTop
aBTOMaTHYIHO.

Moct EL,

Crpinounnit

. , €IIEKTPOIIPHBI ]
JlaT4nKu TemMIepaTypu

A4

a

=
g
=
£S)
=%
)
=%

MpwucTpin
BTOMATUYHOTO
peryntoBaHHaA
Temnepatypu

KomyTauiiianii Enement

HPHUCTPil

€IeKTPooOIrpiBy

A

HanamryBaHHs TeMiepaTypu

Puc

. 2. briok-cxema IpucTpOr0 aBTOMAaTHYHOTO PETYIIIOBAHHS TEMIIEpaTypH €IeKTpOooOirpiBy KOHTAKTIB

ABTOIICPCMUKAYA

3acTocyBaHHS HOBOI CXEMH IOPOKYE JIEKUIbKa
3alUTaHb, OUIBIIICTh i3 HHUX CTOCYIOTBCS — MICIIS
BCTaHOBJICHHS IUIAaTH 31 CXEMOIO AaBTOMAaTHYHOTO
pETyJIIOBaHHS TEMIeEpaTypy Ta JaTdhKa TeMIIepaTypH
noBiTps. Ha mymKy aBTOpiB, MOMJIMBI Taki BapiaHTH
PO3MIIIEHHS anapaTypu:

- JaT4uK 1 TUIaTa KepyBaHHS BCTaHOBJCHI B
KOPIIYCl CTpLIIOYHOTO IepeBoAay (BapiaHTt 1);

- JaT4uK 1 TUIaTa KepyBaHHS BCTaHOBJECHI B
TpaHCOPMATOPHOMY SIIIUKY Ha TPYIY IO II'SITH CTPLIOK
(BapianT 2);

- JaTYMK 1 IU1aTa KepyBaHHs BCTAHOBJICHI HA MIOCTY
LeHTpamzanii (Bapiasr 3).

OdeBHIHO, MOXKIIMBI 1 1HIII BapiaHTH, HAIPUKIIAT

i3 PpO3HECEHHSIM JlaTYMKa TEMIIEpaTypu 1 IUIaTu
KepyBaHHSI.

Jns BU3HAueHHS HAHOIIBII ONTHMAIBHOI CXEMH
PO3MIIIEeHHS anapaTypu Oy TIpOBEJICHI
eKCTIEPUMEHTANIbHI  JOCH/DKEHHSI  TeMIIepaTypHOTO
pEeKUMY B Kopmyci €JIEKTPOIIPHUBOJA i

TpaHc(opMaTOpHOMY SIIMKY B pi3HI mepioan vacy Ta 3i
BCTAaHOBJICHHSAM Ha pI3HHX TUNax OamacTy 1 mman.
PesynbraTi BUMiprOBaHh HaBEICHI B TaONHUII Ta Ha
rpadikax puc. 3.

Excriepumentn mpoBomwii  0e3  mepeMillleHHS
NpWwiIagiB Uil BUMIPIOBaHHA  TeMIeparypH, il
BHMIpIOBAJIN  Oe€3MMOcepelHbO0 B KOPITYCi  CTPLIOYHOTO
IepeBogy, a He HaJg pe3ucTopaMu oOirpiBy 3a
MapaJieNIbHOTO MIAKIIIOYEeHHS pe3nucTopiB. [lepen i micis
IIPOLIECY BHMIPIOBaHb MPOBOAWIN Bi3yaJIbHUH OIS
00’€KTiB, OO BUSBUTH MOKJIMBI 3MIiHH.
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KomenTyroun pe3ynpTaTé  BUMIpIOBaHb, MIO
HaBeJIeHI Ha pucC. 3, MOJKHA BiJI3HAYNTH TaKe:
1. TemmeparypHi TOKasHHKM B  KOpHyci

mpuBoAa 1 TpaHCPOpPMATOPHOMY SIIUKY HE MArOTh
3HAYHHUX BiAMIHHOCTEH, pi3HUIS cTaHOBHTS jmmie 1-2 °C.
[e BKa3ye Ha Te, MO TEMIIEPATYPHI YMOBHU B 000X MIiCIISIX
CXOXi, X04a TpaHCHOPMATOPHUHN SIIUK MOXKE MaTH
Kpauly TeIIOi30JsMil0 3aBIsSKH CBOIHl KOHCTPYKTHBHIN
0OCOOJMBOCTI.

2. Pizauns TeMIepaTypH B KopImyci
€JIEKTPONPUBO/Ia 3aJCKHO BiJl THIY INIATBHOI OCHOBH
(mepeB'sHi ab0 3ami3o0cToHHI mmimanw), ckimamae 0,5-1,5

°C. BwusBneno, 1o TeMmieparypa B  KOpIyci
CIICKTPONPUBO/Ia Ha 3ami300CTOHHHMX INMaiax Oymna
HIKYOIO, 0 MOXKHA MOSICHUTH OLIBIIO

TEIUIONPOBITHICTIO 1 MEHIIOK TEIUIOI3OJSAILIEI0 [IHOTO
Marepianxy MOpiBHSHO 3 IePeB’ THUMH I IaMH.

3. TemmeparypHi KONMBaHHI B KOJiHHOMY
SIIUKY BigOYBaIOThCs OUTBII JUHAMIYHO, HIK y KOpITyci
EJICKTPOIIPUBO/IA, OCKIJIBKH Marepiai AIIMKa Mae MEHILY
Macy, o 3a0e3redye IIBUALLY peakLil0o Ha 3MiHK
TEMIIEpaTypy HaBKOJIHUIIHHOTO CEPEIOBUINA.

4. HaiHmwk4di  TeMmeparypu B KOpITycCi
eJIeKTpornpruBoaa Oysn 3adikcoBaHi B paHKOBI Ta BEUipHi
TOAVMHY, 1[I0 BIJNOBia€ MiHIMyMYy TeMIepaTypu
HABKOJIMIIIHEOTO TOBITps. 1le miaTBepmkye HeoOXiMHICT
BIIPOBA/DKCHHS ~ aJallTUBHOTO KEpPyBaHHA  0OIrpiBoM
KOHTAKTiB.

5.  BmmB mingpizku Oanacty Ta CKiaxy IPYHTY:
3a TIMOOKOI MiJAPI3KM Ta MEHII MIUIBHOTO OanacTy
crioctepirajiy OLTBIII  TEMIIEpaTypHi KOJIMBAaHHS, IO
CBiIYMTH PO Te, IO YMOBH  pPO3TallyBaHHS
SJICKTPOIIPUBOJA MOXYTh BIUIMBATH Ha e(EKTHUBHICTH
CHUCTEMH O0IrpiBy.

6. Exonomis eHeprii: 3aCTOCYBaHHS
aBTOMAaTUYHOI  CHUCTEMH o0irpiBy  mae  3Mory
ONITUMI3YyBaTh CIOXHBAHHS €JEKTPOCHEPrili Ta 3HU3UTH
Burpatd Ha 20-30 %, mo € OCOONMBO BAXIIUBUM JUIS
BEJIMKHMX CTAHIiH 13 BETMKOI KUTBKICTIO CTPIIIOK.

7. TlepcrieKTHBH BIOCKOHAJCHHS: OB
MOCTI/DKCHHS MOXHa 30CEPeIUTH Ha  IOJNIMIICHH]
KOHCTPYKIii  HarpiBaJlbHUX  €JIEMEHTIB, HalpHKJIal

3aCTOCYBaHHS JIOKaJIi30BaHOTO HArpiBy IS 3MEHIICHHS
TEIUIOBUX BTPAT 1 MiJBUIICHHS e()eKTUBHOCTI 00IrpiBy.

8. IlpakTtuuHi peKOMeHAALil: ONTUMaJIbHUMH
BapiaHTaMH PO3MIILCHHSI CUCTEMH KEpyBaHHS € JIPyTUi i
TpeTiit BapiaHTH (po3MimeHHs JIaTYHKIB y
TpaHcopMaTopHOMy  SIMUKYy abo0  LEHTpaTi30BaHEe

KEpyBaHHS), OCKUIBKH IIi BapiaHTH 3a0€3MedyroTh 3aXHCT
CJICKTPOHHUX KOMITOHCHTIB BiJ 30BHIIIHIX BIUIMBIB i
CIPOUIYIOTH OOCITYTOBYBaHHSI.

3  ypaxyBaHHSIM  OTPUMaHUX  PE3YJIbTATIB
eKCIIEPUMEHTY 3 BHMIpPIOBAaHHA TeMIepaTrypu  Oymu
3alpONIOHOBAaHI TPW BapiaHTH MOMJIMBOI peaiizamii
CHUCTEMH eJIEKTPOOOIrpiBy KOHTAaKTIB aBTONEPEMHKAUiB
CTPUTIOYHMX EJIEKTPONPHUBOIB (pHC. 4).

MoCT ELL,

CI - CTpinoYHUA enekTponpusog,
TA - TpaHchOPMATOPHUIA ALLMK

- T T t-C°
JaTunk
Mnata
_ KepyBaHHA
/ﬁuux
—_— N
CTPINOK
HATPIBAY
cn

a) [leueHTpanizoBaHuit BapiaHT
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Mnata
KepyBaHH

MocTey | 1k |

TA - TpaHchOPMATOPHUI AWMK

6) Npom
-C° MnaTa KepyBaHHA <
e Py : > T~ HATPIBAY
JaTtumk : AN
. \ [cn
: [0 iHWwKnx
CTPiNoK
Mnata KepyBaHHA . y;
t-C .
JaTunk i 4 —
[ nocTeg
CN - CTpino4HMi enekTponpusos,
B) LleHTpanisoBaHuii BapiaHT
Puc. 4. BapianTtu peaizalii cucTeMu eJIeKTpooOirpiBy KOHTAKTIB aBTOIIEpEMHUKAYa CTPIIOYHUX
CJIEKTPOIIPUBO/IIB HA CTAHIII1
SIIUKA, a HarpiBAIbHUH €JIEMEHT PO3MIIIYIOTh Y
[epmmit  Bapiant (puc. 4, a) i3 KOPITYCl CTPLIIOYHOTO €IEeKTPOIPHBO/IA.
JICIEHTPaJIi30BaHIM PO3MIIIEHHAM JlaT4uKa Tperii  Bapiant (puc. 4, B) i3

TEeMIIepaTypd Tnependavyac BCTAHOBJICHHS IUIATH
KEepyBaHHS 3  JaTYUKOM  TEMIepaTypu Ta
HarpiBadeM 0e3MOCepeHBO B KOPITYCi CTPLIIOYHOTO
enexTponpuBoaa. JKWBJIGHHS IIONAIOTH 13 IocTa
LEHTpati3alii 10 TpaHc(hOPMATOPHUX SIIHKIB, a BiJ
HUX PO3BOJSTH IO CTPIIIKaX.

Hpyruii (puc. 4, 0), NpoMi>KHHH, BapiaHT —
BCTaHOBJICHHS IUIATH KEPYBaHHA 3 JIaTYUKOM
TEMIIepaTypd B KOpIyci TpaHc(OpPMaTOPHOTO

LEHTPATI30BaHUM DO3MILICHHAM IIaT KEpyBaHHS
Ha TIOCTY EJISKTPUYHOI LeHTpamizamii nependadae
BUHECEHHS  JaT4MKiB  TEMIIEpaTypH  HA30BHI,
MOXIIMBE KpimjieHHs Oe3nocepeqHbO Ha  CTiHI
OynmiBmi. 3a Takoro po3TallyBaHHA JaTYHKIB
HEOOXiTHO TepemndauuTH  iXHIH  3aXWCT  Bif
MIOTPAIUISTHHS IPSIMAX COHSIYHUX ITPOMEHIB.

Cuip 3a3HaYUTH, Y BCIX PO3IIITHYTHX BHIIE
BapiaHTaxX CTPYKTYp BHKOPUCTAHO Jif0uy KaOelbHYy
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MCpPCIKYy, MO 3HAYHO CIpoIly€ Ta 3ACHICBIIOE
mponec BIIPOBAZKCHHS IIPOIIOHOBAHOI'O ITPUCTPOLO.

BucHoBkn

3amporioHoBaHa ~ po3poOka  3abe3mnedye
aBTOMAaTHYHY pOOOTY IPUCTPOIB €IEKTPOOOIrpiBy i
He ToTpedye  BTPy4YaHHS IEpPCOHANY IS
BBIMKHEHHSI Ta BHUMHKAHHS, JIa€ 3MOTY YCYHYTH
JIO/ICBKUH (haKTOP 1 MiABUIINTH HaJilHICTh poOOTH
CTPUIOYHHX EIEKTPOIIPHBOIIB.

Kpim Toro, BHIpoBajKeHHS aBTOMAaTHYHOTO
€IIEKTPOOODITPIBY JTOTIOMOXKE 3HHA3HUTHU
CHEproCIOXKMBaHHA  Ta  IOKPAIIUTH  HOTO
eeKTUBHICT, O0COONMBO B YMOBax pi3KOTO
KOJIUBaHHS TEeMIIepaTypu HaBKOJIMIIHBOTO
cepeoBHIIIA.

3a paXxyHOK PETYIIOBaHHS TEMIEpaTypHOTO
PeKUMY B KOPITyCi €JIEKTPONPUBOIA 3aJIE€XKHO BiJ
3MIHM TEMIIEPaTypH HaBKOJIHIIIHBOTO CEpEOBUINA
3a0e3Me4eH0 MOXIIMBICTh EKOHOMIl eNeKTPHYHOT
eHeprii, MmO BHUTpaueHa Ha eJIEKTPOOOIrpiB
KOHTaKTiB aBTOIIEpeMHUKaya CTPLIOYHOTO
enexTporpuBoa. [logansmiM po3BUTKOM poOiT y
BHU3HAUCHOMY HamlpsiMi MOke OyTH BIOCKOHAJICHHS
KOHCTPYKIIi €JeKTPOHArpiBaJIbHOTO eJIeMEHTa 3
BUKOPHCTAHHSAM IIPUHIMITY HAIIPaBJICHOI TEIUIOBOT
Iii, 0 MOXKE CYTTEBO MOKPALIUTH EHEPreTHYHI
XapaKTEepPUCTUKU TIporiecy o0irpiBy. JlocimimkeHHs
TaKOX MOXXYTb OyTH CIIPSIMOBaHI Ha BUKOPHUCTaHHS
aNbTEepPHATUBHAX MaTepiayliB JUIsI BUTOTOBJICHHS
HarpiBaJbHUX €JICMEHTIB.
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Development of a device for automatic
temperature control of electric heating contacts
of automatic switches of turnout electric drives

Abstract. The autoswitch of the turnout
electric drive is a responsible element of the design,
it provides the formation of information about the
position of the arrow tips. At the same time, this
component, in comparison with other elements of
the drive design, is the most unreliable. A
significant amount of damage is caused by negative
environmental influences: high humidity, low air
temperature can cause contact induration, which
adversely affects the operation of the control
circuit.

Existing technical means to prevent negative
atmospheric influences include the inclusion of
resistors for electric heating of contacts during the
winter period of operation. The existing system of
technical maintenance of turnout electric drives
provides for the inclusion and exclusion of electric
heating resistors by service personnel.

It should be noted that the vast majority of
stations with a small number of turnouts do not
provide for the constant presence of service
personnel, therefore, obviously, this process is not
at all consistent with fluctuations in ambient
temperature. In fact, the electromechanic of the
SCB may be present at a specific station of his
district when performing routine work, or when
eliminating damage to electrical centralization
devices.

Obviously, the presence of a human operator
in the control loop cannot ensure the fulfillment of
the tasks due to the emerging subjective factor. As a
result, the problem of energy efficiency of the
electric heating process arises, and there are cases
of damage to the contact group of the autoswitch
due to inefficient operation of the electric heating
device. Therefore, the specified direction of work is
relevant, has practical significance and is aimed at
reducing failures in station centralization systems.
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'TABPAIIIEHKO A. O.

AcmipanT kadeapu eIeKTPOHHUX OOYMCIIOBAIIBHUX MAIIMH XapKiBCHKOTO HAIliOHAIBHOTO
YHIBEpCUTETY pPa/lioeNeKTPOHIKU

BAPKOBCBKA O. IO.

K.T.H, gom.kadenpu eIeKTPOHHUX OOYHMCIIOBAIBHUX MAIIMH XapKiBCHKOI'O HAIllOHAJILHOTO
YHIBEpCUTETY pa/lioeNIeKTPOHIKU

InTesexTyanbHa iHpopManiiiHa cucTeMa nepekJaay ITYYHUX MOB @080

B MC D

Anorania. Cmamms npucesuena po3poONeHHI0 [HMeNleKmyalvHoi iHpopmayitinoi
cucmemu nepexnady WMmMy4yHUxX MO8 i3 BUKOPUCAHHAM MemoOi8 WMY4YHO20 IHmeneKmy i
CMAMUCMUYHUX — AI2OPUMMIB,  NPONOHYIOUU  [HHOBAYIUHUL  NiOXI0 018  NIOSUWYEHHS
ehekmusHoCmi  MAWUHHO20 NepeKaady 6 YMOo8ax OUHAMIYHO20 PO3GUMK)Y CYUACHUX
mexHonoziu. Memow pobomu € po3podienHs iHmMeneKkmyaivHoi iHgopmayitinoi cucmemu
nepexknaoy wmyyHux mos. JloCnioHuybKow CKI1a006010 6 3anponoHO8aMiu cucmemi €
OYIHIOBAHHA eqheKMUBHOCMI SUKOPUCMAHHA Memo0i6 Wmy4Ho20 iHmenekmy O nepekiaoy
WMYYHUX T 36UYAUHUX MO8, WO MOJCe npuzeecmu 00 CKOPOUEHHS YACOBUX | pecypCHUX
3ampam, a maxkodic 3abe3neyumu GUCOKY MOUYHiCMb I HAOIUHICMb pe3yivmamis. Y pobomi
docniddceHo  3acmocysanusi 008200 kopomxouachoi nam'smi (LSTM) ona nepexnady.
Pezynomamu oemoncmpyroms, wo LSTM docseae mounocmi 0o 97.5 % 0nsa konmponvosanoi
8ubipxu 6xioHux daumux i 0o 93 % Ha eunadkogomy oamacemi. Ompumani pesyrbmamu
niomeepoAHCyioms  eeKmusHicms  po3pooNeHoi  cucmemu, WO 0A€ 3M02Yy 3 BUCOKOIO
eexmuenicmio nepexiadamu 36UdatiHi ma WmyyHi MOsu.

Knrouoei cnosa: mawunne naguanns, wmyunuil inmenekm, LSTM, damacemu, enxooep,
dexodep, NOCIi008HICMb ) NOCAI00B8HICb.

Beryn Ha BimMiHy BiJ CTaTHCTHYHUX METOMIB, SIKi
3aCHOBaHI Ha TOEJHAHHI HMOBIpHICHUX Mojened i

Y cyuacHOMy CBiTi 0GCATM MiKKyIbTypHOi  UACTOTHHX 3aJICKHOCTEH, HEeHpoHHI Mepexi
KOMyHiKauii ~ cTpiMko  3pocraroTe.  [mobamizauis, —AOTOMArarTh  MOICTIOBATA  HMCPEKIAA  SK - CKIalHY
MDKHapoJHa CIIBIpalsl, pO3BUTOK  iH(pOPMAIIHHIX TPAHC(OPMALIIO  TOCIIZOBHOCTEH 3 ypaxyBaHH:IM

KOHTCKCTY, 'PaMaTUKN Ta CCMAaHTUKU.

TEXHOJIOTIH 1 HOMMPEHHS IHTEPHETY 3yMOBIIIOIOTH JIe1alTi
Heiiponanii mMammHHMHA Tepeknan 1mo0yI0BaHUN

Oinpmry  morpedy y — IIBHAKOMY, TOYHOMY  Ta

MacIITaGoBaHOMY TepEeKIafi TEKCTiB pisHMMH Mopamu. 1@ TMOOKoMy Hapuammi (deep learning) — ATy 31
Tpauifini METoMH Tepekiany, SK-oT poboTa JioauHy-  MAUMHHOTO HABYAHHS, KA BUKOPHCTOBYE OaraTopiBHCBI
nepekianaya abo cucremu, 1o 0asoBaHi Ha mpaswiaax ~— WITYTHL  HEHPOHHI - MEPEX1  IUIA 00pOOKH  JaHUX.

(rule-based systems), xoua # 3a6e3[EUyIOTh BHCOKY OCHOBHHMH apXiTEKTypaMH, IO BUKOPHCTaHI B CHCTEMAax

SIKICTh 'y BY3BKOCTICITIAII30BAaHMUX KOHTEKCTAaX, HE 3HaTHI
e(CKTHUBHO BIIOpATHCS 3 OOPOOKOI0 BEIUKHX OOCSTIB
TEKCTY B pealbHOMY daci.

Uepes 1e 0coOnmBOi akTyalbHOCTI HaOyBaroTh
aBTOMATH30BaHI CHCTEMH MAIIMHHOTO  IEPeKIamy.
[IpoTsaroM OCTaHHIX HAECATIIITH IS Taly3b 3a3Hajia
CYyTTEBUX 3MiH: BiJl CTaTUCTHYHHX MeToxiB (Statistical
Machine Translation, SMT) mo cydacHHMX MiIXOMiB, SIKi
6azoBaHi Ha WMTy4yHHX HeiipoHHMx Mepexax (Neural
Machine Translation, NMT). Po3Burtok HelipoMepexeBrx
TEXHOJIOTIH  KapIWHAIBFHO 3MIHMB IMIIXOMH  IIOJIO0
aBTOMATHUYHOTO TICPEKIIay.
©BAPKOBCBKA O. 10.,'ABPAIIEHKO A. 0.,2025

NMT, e pexypentni Hediponni mepexi (RNN), nosri
kopotkoyacHi mam’siti (LSTM), a 3rogom Tpanchopmepu
(Transformers), K1 CHOTOJTHI BBaXKaIOTh
Halle(DeKTUBHIIINMH JUIS 3aBJaHb OOPOOKH MPUPOIHOT
moBu (Natural Language Processing, NLP). Came
3aBISIKM TpaHcopMmepaMm Oyiin CTBOpEHI Taki YCHIIIHI
Moneni, ik Google Translate [1], DeepL [2], ChatGPT [3]
Ta 1HII.

CyuacHi cHCTeMHU nepexIIamy, 1110
BUKOPHCTOBYIOTH TpaHC(HOpPMEpH, YMIIOTh HE JIHIIe
TIepeKIIaiaTH OKpeMi ciioBa abo ¢pasy, ase ¥ po3ymiTu
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3MICT TEKCTY, BUSIBISITH NPUXOBaHI 3HAYCHHS,
rpamMaTH4Hi KOHCTPYKIii, CTHIIICTUYHI 0COOJIMBOCTI MOBH.
Bonn 31aTHI migTpUMyBaTH y3Tr0JUKEHICTh TEPMIHOJIOTII B
MeKax OJTHOTO JIOKyMEHTa, po3mizHaBaTu
HEOJHO3HAYHOCTI, 8 1HO/I HABITh YPaXxOByBaTH KOHTEKCT
morepenHiX pedeHb abo miamoriB.  Takuit  piBeHB
pO3YyMiHHS  pOOUTH HelipoMepexki  HaI3BUYAWHO
MOTYXXHAM IHCTPYMEHTOM JJisl BUPIIICHHS 3aBJaHb
aBTOMAaTHYHOTO Tiepekiany [4].

OnHak, IOonpy JOCSTHEHHS B LM cdepi, 1me icHye
yuMaslo BUKIJIMKIB. HelipomepeskeBi Mozemni morpedyroTs
BEIUKMX OOCATIB JaHUX ISl HaBYaHHsS, 3HAYHUX
00YHCITIOBAIFHUX PECYpCiB 1 MOXYTh OyTH CXWJIBHHUMH
JI0 TIOMIJIOK y pasi Tepekiagy piJKOBXHBaHHX MOB,
TEXHIYHMX  TEKCTiB  abo  KyJbTypHO-crieludidHnX
BucioBiB. KpiM TOro, BHHHKAlOTh HHWTaHHS ETHYHOTO
XapakTepy, SIK-OT aBTOPCBbKE IpaBO Ha IIepeKiajeHi
TeKCTH a0 yNepemKeHHS, M0 BHHUKAIOTH Yepe3
acHMETPHYHI J]aHi y MpoIieci HaBYaHHS.

s poboTa mpucBSYEeHa AOCIIKEHHIO MPOLECY
MepeKIaay 3a JOIMOMOrOI0 HEHPOHHUX Mepex. Y Hil

Translation

PO3MIISTHYTO 0a30Bi MPUHIMIK (YHKI[IOHYBaHHS MOJeeH
NMT, npoanamizoBaHO apxiTeKTypH, MO Ha{dacTimie
BUKOPHCTOBYIOTh JUISl IIEPEKIaAy TEKCTY, 1 PO3IIISHYTO
cydacHi TeHaeHmii B mid ramy3i. OcoOiuBy yBary

NPUAIJICHO  TPAaKTUYHUM  acleKkraM  1oOynoBu i
TpeHYBaHHS  HEWpOMEpeXeBHX  IepeKiaaaviB,  iX
OLIIHIOBaHHSI.

Mera JOCHi/DKEHHS TOJNATae y  CTBOPEHHI

IHTENeKTyanbHOi 1H(GOPMAIIHHOI CHUCTEMH TIEepeKiIamgy
IITyYHUX MOB. Y Mexax poOoTu Oyne Takox 3po0ieHo
cnpoOy  moOynyBaTh 1 TPOTECTyBaTH  BJIACHY
HelpoMepekeBy MOEb NepekiIany Ha 0asi BIIKPUTHX
KOPIYCIB JaHNUX 1 MAIIMHHOTO HABYaHHSI.

AHaJIi3 OCTaHHIX A0CTiIzKeHb i myOikamii

Y pobGorax [5-7] Oyno TpOBEAEHO 3HAYHY
KIJIBKICTh  JOCII/KEHB, CIPSIMOBAHMX Ha ITOKpPAIICHHS
SIKOCTI HEHPOHHUX MAaIIMHHUX nepeKiIaaavis.
Knacudikanis TumiB rnepexnanaviB HaBeJeHa HA pHc. 1.

Traditional machine
translation methods

Human translation

Neural network machine

Rule-Based Statistical
Machine Machine
Translation Translation

translation
Pre-trained
Seq2Seq Transformer Language
Models
Adaptive Massive NMT
models Models

Puc. 1. Kiacudikarist nepexiaziis

HefipoHHI METOIM MANIMHHOTO TMEPEKIAAy CTall
TOJIOBHOK) TEXHOJIOTI€I0 B aBTOMATHYHOMY IEPEKIIaIi
3aBISIKM CBOIM 3JaTHOCTI MOJIEJIIOBATH CKJIAJHI MOBHI
3aJICKHOCTI 1 CTBOPIOBATH TEPEKIIA/IN, 0 HAOIIDKEHI 110
JONCHKMX. IXHS €BONIONiS pO3IOYAnach i3 IPOCTUX
apxXiTeKTyp, SKi  IIOCTYyIIOBO  YCKIQIHIOBAIHCH 1
BIIOCKOHAITIOBAIMCS, IO Jal0 3MOTY JIOCATaTH BHCOKOT
TOYHOCTI TIEPEKIIay HaBITh MK MOBaMH 3 IIy)Ke Pi3HOIO
CTPYKTYPOIO.

Iepmi Mmopeni HEHpOHHOTO Tmepekiany Oymu
0a30BaHi Ha NPUHIIUII «IIOCIIIOBHICTD y MOCHIZOBHICTBY.
VY 1poMy mizxo1i BUKOPHCTAHO /1B peKypeHTHI HEHPOHHI
Mepexi — OIHa JUId KOAYBaHHS BXITHOTO PEUYCHHS Yy
BEKTOp (hiKCOBAHOT NOBXKWHM, a IiHINA U ACKOAYBAaHHSI
FOTO BEKTOpa B PEUYCHHS IUTHOBOIO MOBORO. Ilim wac
HABYAaHHS Taka MOJENb  IOCTYIIOBO  HABYAETHCS
aCOLIIOBATU Il IOCIIJOBHOCTI CIIB MIXK CO0OI0, HE

po30MBalOYM peUeHHs Ha OKpeMi cioBa uu (pasw, SK 1e
BiOyBaOCh y CTAaTHCTHYHHX Merofgax. (OCHOBHOIO
MIepeBarol0 bOTro MiAXO0Ay Oyia HOro 3JaTHICTh BUBYATH
mabJoHM B MOBJIEHHI 0e€3 SBHOTO IPOrpaMyBaHHS
npaBwi. Ilpore Mozemi Takoro THIy MajH CyTTEBE
OOMEXEeHHSI — BOHM IIOTaHO IPAIfOBAJIM 3 JIOBTUMH
PEUYCHHSIMH, OCKUIBKM BECh CEHC BXIAHOTO pEYCHHS
MYCHUB BMICTHTHCS B 0inH (pikcoBanmii BexTop [8].

1106 po3B’s3atu mpobneMy BTpaTH iH(opMmamii 3
KOIyBaHHSIM JIOBI'MX pEYEHb, OYyJO0 3alpOIIOHOBAHO
MeXaHi3M yBaru. YBara jornomarae Mojeii GpoxkycyBaTucs
HE Ha BCbOMY BXIIHOMY PE€UYEHHI OTHOYaCHO, a BUOIPKOBO
3BepTaTH yBary Ha OKpeMi HOro 4YacTWHHM i dac
reHeparii KOXXHOTO ClioBa Ha BHXoi. [Hakmie Kaxyuw,
JICKOZIEp, CTBOPIOIOYM MEPeKIIajl, OTPUMYE IOCTYN [0
MOBHOTO Habopy NPOMDKHUX CTaHIB €HKojepa 1
JMHAMIYHO 3BaXYE€, SIKi 3 HUX € HAHOUIbII peJIeBaHTHUMH
JUId TIOTOYHOTO MOMEHTy mepekiany. lle mamo 3mory

66

IKC3T, 2025 Ne4




IHOPOPMAIIMHO-KEPYIOUI CUCTEMU HA 3AJIIBHUYHOMY TPAHCIIOPTI

3HAYHO ITOKPAIINTH TOYHICTH 1 Y3TOPKEHICTh NepeKiany,
30KpeMa B THX BHUIAJKax, KOJM CTPYKTypa PEUYEHHsS B
OJTHIH MOBI 3HAYHO BiJ[Pi3HSIETHCS BiJl 1HIIOT.

Haii6inpmmii npopuB y HeWpOHHOMY Nepexiai
CcTaBcs 3 TOSBOIO apxirtekTypu Tpanchopmepis. Llei
MiAXiJ KapAWHAIGHO BIIMOBHBCS Bil PEKypESHTHUX
MepeX 1 3aMiCTh HHMX  BHKOPHCTAaB  MEXaHI3M
GararorosoBoi camoyBaru. Y TpaHcdopMmepax MOJENb
MOXE OJHOYacCHO aHali3yBaTH BCi CJIOBa BXIAHOTO
pEUYCHHS 1 BCTAHOBIIIOBATH MK HUMH 3B’SI3KH HE3AJICKHO
BiJl IXHBOTO MOPSJIKY. 3aBISKM LOMY MOXKHA JOCATTH
HabaraTo e(eKTHUBHIIIOr0 MOJEIIOBAHHS JOBIOTPUBAIIMX
3ajexHocre 'y MoBi. Kpim TOro, Tpanchopmepn
JIO3BOJISIIOTh HAaBYAaHHA Ha 3HAYHO OLIBIIMX oOcsrax
JAaHUX 1 3 BUKOPHUCTAHHSIM TapayenbHoi 00poOKu, 1o
3pobmino ix ayxke edekTuBHMMH Ha mnpakTuini. Came
TpaHC(OpMEpH CTald OCHOBOIO OIJIBIIOCTI CyYacHHX
CHCTEM IepeKiaiy, Takux sk Google Translate, DeepL ta
iHmm [1, 2].

HactymauM KpoKOM y pO3BUTKY HEHPOHHOTO
MepeKIIaay CTaI0 BUKOPHCTAHHS BEJIMKUX IOINEPEIHBO
HaBUCHMX MOBHHUX Mozeneil. 1li Moneni HaBualoThes He
JIMIIE Ha NapalielIbHUX KOPILycax, a 1 BeJIMU4e3HUX o0csrax
HECTPYKTYPOBAaHOTO TEKCTy pI3HUMH MOBaMH, IO
noriomarae iM HaOyBaTH TJIMOIIOTO PO3YMiHHS MOBHOI
CTPYKTYpH, TpaMaTHkd 1 crwmo. OJHi€l0 3 Takux

moneneii € mBART, sxa moemHye MOXKIIMBOCTI
TpaHcdopMmepa i JOAATKOBE NEepeJHABYAHHS HA 3aBJaHHI
BITHOBJICHHA  3aIlyMJICHOTO TEKCTy. Y  Mporeci

MepeKIaay Taka MOJIENb JIEMOHCTPY€E BHCOKY TOYHICTBH
HABITh Y BUIAIKaX MaJIOPECypCHUX MOB, OCKLITBKH 3/1aTHA
y3araJIbHIOBaTH 3HAHHS, HaOyTi 3 IHMMX MOB. [HIIMiA
MpUKIaa — Moaenb T5, ska TpakTye BCi 3aBIaHHS,
BKITIOYAIOYM IIEPEKIIaj, SK 3ajady TeHeparlii TeKCTy y
BIIMIOBiTh HA TEKCTOBHU 3amuT. Hanpuknanm, o0
MEPeKIIaCTH PEUYCHHS, 1M JOCTaTHHO HATH IHCTPYKIIIFO
«TepeKIay 3 aHTIIIACHKOI Ha YKPaiHCBKY», IICIS YOTO
BoHa chopMye BiAmoBiHUI pe3ybTat [9].

OxpeMy  KaTeropiro CKIIaNal0Th ~ MAaCHBHI
0araToMOBHI MOJENi, $Ki 3[JaTHI NEpEKIagaTH MiX
COTHSAMH MOB 0€3 HEOOXITHOCTI MaTd MapajielibHi JaHi
st KokHOoi  MoBHOi  mapu.  Taki  cucremu
BUKOPHCTOBYIOThH y3arajbHEHE MOBHE IPE/ICTABICHHS Ta
MIPUHITUTH TpaHC(EPHOTO HaBYaHHA. Hampuxian, Moenb
M2M-100 a6o NLLB (No Language Left Behind)
PO3pOOJISIFOTE 3 aKIICHTOM Ha MIATPUMKY PiIKOBKUBAHIX
MOB 1 3a0e3nedyeHHs SKICHOTO TIEpeKiIagy B YMOBax

oOMexkeHMX  pecypciB. BoHm  HaBualoThcs  Ha
06araTOMOBHUX KOpITycaX, BHKOPHUCTOBYIOUM TIPHHIMITN
HaBYaHHA ©0€3  yuuTelns, BHpPIBHIOBAaHHA MOBHHX

IpocTopiB i GaraTopiBHEBOI camoyBar, 1o poOHTH X
Ha/[3BUYAIHO NMOTY>KHUMHU Ta yHiBepcassHuMHu [10].
3HaYHWIA iHTEPEC TaKOXK BUKIMKAIOTH MOJEHI, SKi
MOEAHYIOTh ~ HEWPOHHMI  Tepekiag 13  MeToJamu
miaKpimeHHs abo ajganramii 10 3BOPOTHOTO 3B’SI3KY BiX
KOpHUCTYBadiB. Y TakKHMX CHCTEMax MOJAEIb MOXe OyTH
JI0JJATKOBO HABYEHA HAa OCHOBI JIFOJICBKHX OLIHOK
nepeknany abo penaryBanb. lle mae 3mory He nwie

MJBUIIMTH SKICTh, a ¥ 3a0€3[eYuTH BiANOBIAHICTE
CTWJIIO, TEpMiHONOrii Ta cCHenudiyHUM BHMOTaM
KopucTyBada. Taki CHCTEMHM aKTHBHO IOCII/DKYIOThH VIS
BIIPOBA/DKEHHSI B Oi3HEC-IHCTPYMEHTH, A€ TepeKiIaj Mae
BIJINIOB11aTH KOPIIOPAaTHBHUM CTaHIapTaM.

Otxe, HEWPOHHI METOIM MAIIMHHOTO IEepeKIIamy
MPOWIIIM JOBTUH HUISIX — BiJ HPOCTHX PEKYPEHTHUX
Mojeneid g0  MacmTaboBaHMX  TpaHC(HOPMEPHHUX
apxiTeKTyp Ta YHIBEpPCAIBHHX O0araTOMOBHHX CHCTEM.
Koxxen HOBHII eram pO3BUTKY HaOJIKae MAalIMHHHUNA
MepeKyIag A0 piBHA pPO3YMiHHS, BJIACTHUBOIO JIFOJIMHI,
3a0e3neuyroun He JIMIIE MepekiIaj CIIiB, a i rmepeaaBaHHs
3MICTY, CTHJIIO Ta IHTEHIIi1 BUCIIOBIIOBAHHSL.

Merta Ta 3aaa4i podoTn

MeTtoro po0OTH € PO3pOOJICHHS IHTEICKTYaITBHOT
iHpopMamiiHOI CHCTEMH TMepeKiIagy INTYYHHX MOB.
JloCTiAHNIIBKOIO CKJIaJ0BOIO B 3aIIPOIIOHOBAHIN CHCTEMI €
OLIIHIOBaHHS €()EKTUBHOCTI HEHPOMEPEKEBOTO MEPEKIATY
1 BUMIpIOBaHHs 4acy poOOTH Ha CTpec-TeCTax, L0 MOXKE
TIPU3BECTHU JI0 CKOPOYCHHS YacOBHX 1 PECypCHUX 3aTpar,
a TakoXX 3a0e3NeYnTH BHCOKY TOYHICTh 1 HaIiHHICTH
Ppe3yJbTarTiB.

Jnst oCSTHEHHS TTOCTaBJICHOT METH MaroTh OyTH
BHpIIIICH] TaKi 3aBJJaHHS:

- TOPIBHSJIBHUIL aHAJII3 TUIIIB MEPEKIIaIaviB;

- CTBOpEHHsI poOOYOro Jaracery sl ITOJaIbIIOro
TOCHIIKEHHS;

- PO3pOOIEHHS METOJUKHI IIPOBEACHHS
€KCIIEpUMEHTY;
- CTBOPEHHS Mojeni IHTENIEKTYaTBHOT

iHpOpMaNiiHOT CHCTEMH NepeKIIaay ITyYHHX MOB;

- OIIHIOBaHHS BIUIMBY HEHPOMEpEKEBUX MOAEIeH
Ha pe3yNbTaT IMepeKyaay IITYYHHX MOB y MeXKax
3aIPOIIOHOBAHOI CUCTEMH Ha OCHOBI METOMIB MAIIMHHOTO
HaBYaHHS.

[IpoBeneni exkcHepyuMEHTH € OCHOBOIO  JUISt
MOJJaJIBIIIOTO MTOKPAIIEHHS! METO/IB IepeKiiasy Ha OCHOBI
HEHpOMepe)KeBUX MoJeNed 1 YacTHHOIO 3arajbHOTrO
KOMIIIEKCY MepeKIIamy.

OOMEeKeHHSIMH CUCTEMH € HeOOXiTHICTh HaBYaHHS
HelpoMepeski Ha ImapaienbHOMY KOPITYCl TeKCTIB Pi3HUMHA
MoBamMH. TakoXX 110 OOMEXEHb MOXKHA BIIHECTH
HEOOXiHICTh HaBYaHHS CHCTEMH Ha CJIOBax, IO OyayTh
BUKOPHCTAaHI JIJIsI IEpeKIIamy.

Otpumani
pe3yJIbTaTiB

HaykoBi pesyabratn. (OOroopeHHst

Y 1npoMy JOCHIPKEHI BIIEpIIe 3alpONOHOBAHO
IHTeNeKTyanbHy iH(GOpMALiifiHy CHCTEMY TepeKiIamy
IITyYHUX MOB, SIKa T€HEPY€ HOBI CIIOBHMKH Ha OCHOBI
icHyrouoro Habopy napajenbHUX TekcTiB. [Hpopmaniiiny
CHCTEMY HaBEJICHO y BUTJI y3aranbHeHoi Mozeni (puc.
2) mepekianaya, sKa CKIANAE€ThCS 31 B3a€MO3AICKHHUX
MOJYJiB: HEHPOHHOTO TMEpeKNianxy 1 CTaTUCTUYHOTO
TIepeKIIamLy

67

IKC3T, 2025 Ne4




IHOPOPMAIIMHO-KEPYIOUI CUCTEMU HA 3AJIIBHUYHOMY TPAHCIIOPTI

O6pobka Tlokpamenus
. ITokpammenHs
BBE/IHUX PEUeHb pe3ylsTariB .
pe3yIIbTaTiB
CTaTUCTHYHUMHU 00poOKH A
Yepe3 1HIIM MOBU
MCTOdaMH AIrOpuTMaMH
Crarucruusi Auropurvi H- AJITopHTMI
QJITOPHTMU rpam, Kayra- TONIYKY
Mopica-IIpara, CIIiB
JTBOXCTOPOHHIM
HOKpAIICHHSIM
Tenepaniz Pesynbryroui
BaereHHs Tokemizaris PESYIBTYIONX | ¢ oppmkn
; CJIOBHHKIB — .
HapalelbHuX pedenp | BBCACHIX CIIB | TokeHH CIIOBHHUKH
2 MOBaMH BX1JHHUX A
T Yac TOPUTMH
AnropurMy  BHXUIHHX | HaBYaHHS TIEPCTBOPCHIL
06pobi B 4'—HananH;1 PI3HOTHIIOBHX
JIaHIX
REKCRY: HEHPOHHOI CIIOBHUKHI
Mepexi
ITapamerpu
HelpoMepexi
Puc. 2. IntenekryansHa iHpopMaliiiHa cucTeMa IepeKiany ITYYHHX MOB
MoCIiZIOBHO 00poOiste 1i Bektopu yepes LSTM. Ha
Metoauka IIPOBEICHHS eKCIepuMeHTy,  KokHoMmy kpoui LSTM renepye npuxoBaHui cTaH, aje B

HEOOXiHOTO Uil JIOCSTHEHHS IIOCTaBJICHOI METH, €
TaKoIO: criepury OyJio MiIrOTOBICHO POOOYHU JaTaceT
yepe3 OTpUMaHHA HaOopy mapajelbHUX  pedYeHb
aHIITIHCHKOIO, YKPaiHCBbKOIO, ()PaHIy3bKOI0 MOBaMH 1
IITYYHOIO MOBOIO ecriepaHTo. KoxeH i3 maraceTiB MiCTHB
OJTHAKOB1 pEUCHHS PI3HUMH MOBAMH.

Hami 3a 1omomMoror IbOro jgaracery Oyso
CTBOPEHO HEHPOHHY MOAEINb Ul MAIIMHHOTO MIepeKIIaly,
moOymoBaHy 32  TMPHHIOUIOM  IIOCHIIOBHICTE Yy
MOCHIZIOBHICTEY  (sequence-to-sequence,  CKOPOYEHO
seq2seq). OcHoBHa i1 MeTa — HaBUYNTHCS IIEPETBOPIOBATH
MTOCTITIOBHICTE CIIiB 3 OJTHIET MOBH Ha JIOTIYHO BiAMOBIIHY
MTOCTIIOBHICTD 1HIIIOI0 MOBOIO SIK IMITAINFO MTEPEKIaay 3a
JIOTIOMOTOI0 TIINOO0KOT HEHPOHHOT MEpexi.

Ha Bucokomy piBHI MOJENb CKJIQIAETHCS 3 JABOX
OCHOBHHMX KOMITOHEHTIB: eHKozaepa (encoder) i gekonxepa
(decoder). Oo6unBa pearizoBaHi Ha OCHOBI
6araromapoBoro LSTM (Long Short-Term Memory) —
PI3HOBUly pEKypEeHTHOI HEWpOHHOI Mepexi, sika moOpe
00po0itste oCiOBHOCTI Ta 30epirae iHpOpMAIlifo B Yaci.

pe3ynbTari BUBOAWTH JHOie (iHAIbHI TNPUXOBaHI 1
KIITHHHI CTaHH, sIKi 30epiraroTh CTHCHEHY iH(OpPMAIIiO
mpo Bce BximHe pedeHHsA. Came 1 (QiHATBHI CcTaHH
nepefaBaHi B JEKOJEp SIK IOYaTKOBMH KOHTEKCT JUIsl
reHeparii nepexiamy.

Jlekozep Ha KOXKHOMY KpOIIl NMpHUAMAE TONEpeaHE
CJIOBO BHXIJHOTO pedeHHs (1] 4ac TpeHyBaHHA 1ie abo
MIPaBWJIBHE CJIOBO 3 HAaBYaJbHOTO INpHKIagy — teacher
forcing, abo monepenHe nepeadadeHe), MEPETBOPIOE HOTO
Ha BEKTOp, MPOBOIUTH uepe3 ¢Bor0 LSTM 3 oHOBIIEHUMH
cTaHamu i ¢opmye nependadeHHsT HACTYITHOTO cioBa. Lle
repet0aYeHHs! € BEKTOPOM PO3MipY 31 CIIOBHHKA BHXiTHOT
MOBH, /i€ KOXEH €JEeMEHT BKa3ye Ha HMOBIpHICTb
BIJIOBITHOTO cJoBa. BuOWpae CIIOBO 3 HAHBHUIIOIO
HMOBIpHiCTIO, sike abo 3HOBY IoJae Ha BXig, abo
TIOPIBHIOE 3 €TAJIOHHUM Y BHIAJIKy TPEHYBaHHSI.

HaBuaHHs cKJ1aIa€ThCs 3 TAKHUX ETalliB:

- 1us 3MiHM BHYTPIIIHIX CTaHIB HeWpomepexi
BUKOPHCTAaHO METOJ 3BOPOTHOTO ITOUIMPEHHS MTOMMIIKA
(backpropagation through time), 3a sIKOTO ONTHMIi3aTOp

LSTM crBopena pnst 30epiranHs goBrotpuBaiioi  Adam 3MiHIOE Barm Mepexi, M00 3MEHIIUTH (yHKIi0
3aJIeKHOCTI MDK CJIOBaMHM, IIO OCOOJIMBO BAXIWBO Ui BTpAT;

3aBJaHb NepeKIIasy, Jic CJIOBO HA MOYATKy PEUCHHS MOXeE - SK ¢byHKIIIIO BTpaT BUKOPHCTAHO
BIUIMBAaTH Ha Nepeknax Hampukinmi. Ha Bigminy Binm — kpocentpomiiiny  Brpary  (CrossEntropyLoss), sika

AQHAJIOTIYHAX CHCTEM, ISl CHCTeMa TIpaIroe 3 HaObOpoM
TOKEHIB, 3allMCAaHWX Y CIOBHUKAX, IO Ja€ 3MOTY
BHKOPHUCTOBYBaTH CHUCTEMY Ha 3BHYAMHHUX 1 IITYYHHX
MOBaX.

Ha mepmiomy erami eHKonep mpuiiMae BXiTHE
peYCHHS y BUINIAMI IHACKCIB CIiB (SKi BiIITOBINAIOTH
TOKEHaM i3 TONEepeAHHRO TOOYJOBAaHOTO CIIOBHHKA),
MIEPETBOPIOE TX Y BEKTOPHI MPEICTABICHHS 33 JOIIOMOT OO
BOymoBaHoro mrapy (embedding layer), a motim

MPUUHATHA U1 3aBJaHb KIacUdikarii, 30kpemMa BHOOPY
OJTHOTO ITPAaBMIIFHOTO CJIOBA 3 BEJIMKOTO CIIOBHHKA;

- Helpomepexka HaBuaeTbcss 100 enox,
KOXKHIH 13 SIKUX aHaAII3yI0Th €()eKTUBHICTH HABYaHHSI.

s oriHIOBaHHS HeHpoMepexi Oyma po3podiieHa
TaKOX OILIHKa TOYHOCTI (accuracy), sIKy po3paxoBYIOTb SIK
BIZICOTOK IPaBHJIBHUX Iepei0adeHb cepe]] YCiX TOKEHIB y
pEUYCHHSIX.

Ha
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[Ilo6 ™onens mparoBaiia, IEpe]] HaBYAHHAM
CTBOPIOIOTH CIIOBHUKH JJIsI 000X MOB: KOKHOMY CIIOBY
BIJINIOBi/Ia€ 1HAEKC, a KOXKHE PEUCHHS IEPETBOPIOETHCS Ha
(hikcoBaHOI JOBXWHHU IOCIIOBHICT WX iHIEKciB. [laHi
OepyTb i3 ABOX BXIIHHX TEKCTOBHX (haiyIiB, HampHKIa
AHIMNACHKMHA TEKCT y TepmoMy aiiimi  Ta  Horo
yKpaiHChKui nepekinan B inmomy [11, 12]. Ockinbku uis

BBenenns pcUCHb

]

Toxkenizawis ciiiB

!

CTBOpEHHS eHKOIEpa Ta
JeKoziepa

Hapyanns LSTM

IepeKIIay OKPEMOro CJIOBa MOTPIOHO HA HHOMY HABUUTH
HEHPOHHY MOJIENb, TO TOJUT JaTaceTy Ha HaBYAIBHUH i
TeCTOBHM HeMomBui. KoxXHEe TecToBaHE CJIOBO Mae
MpONTH HaBYaHHA. AJTOPUTM  OIMCAHOI  MOJEi
300pakeHo Ha puc. 3.

100 emox

l \
Pezynsryroua LSTM

]

PesynbTyrounii BekTop
MOIIMBHX CTaHIB IIEpeKiIany

BBejieH s JaHUX U1 TIepeKiaay

Puc. 3. Anropurm Bukopucranns LSTM neiipomepesxi Ut epexiany

Jnst tectyBaHHS Mozeni Oyno mpoBeneHo Hadip
eKCIIepIMEHTIB. Y KOXXHOMY 3 HHX Opamm croemriaibHO
BUOpaHMI  JaraceT, IO CKJIANAEThes 3 Habopy
napajelbHUX PEYeHb JIBOMAa BHOpaHMMH MOBaMH, MiCIs
Yoro Ha IbOMY HAOOpi JaHWX IIPOXOAWJIO HAaBYAHHS
HeWpoMepexki Ta TepeBipka sKocTi mepeknany. Jlms
MepeBIPKM  SIKOCTI KOXKEH Hadip CIIOBOCHONIydEHb i3
MOYaTKOBOI MOBH IEPEKIaJali HA MLITGOBY MOBY 3a
JIONIOMOT'0I0  HelpoMmepexi. Y pe3ynbTari HelpoMepeka
reHepyBaja BEKTOp, SIKMH OIIIHIOE MOXKJIMBI IT€PEKJIaJIH.
[Ticast bOro BEKTOp 3HAYEHb aHAII3YBAJH 1 MTOPIBHIOBAIN
3 TPaBWIBHOIO BiANOBiII0. 3aranbHUN pe3yiabTar — Ie
BIiJICOTOK pPO3MIPY BXiTHOTO CJOBHWKA CIiB, IS SIKHX
3HAUeHHS TIOPOTY TIPaBMJIBHO BHM3HAUCHHX 3aBYACHO
BUOpaHMX BiAmOBigel Oyyio HaOIBIIMM cepen ycix
BapiaHTIB.

Jnst TOBHOTO TecTyBaHHS HPOBOAMIN TPH DPI3HUX
HabOPHU EKCIIEPUMEHTIB:

1. TecryBanus ©Ha HeBenukiii (40  peueHs)
KOHTPOJIbOBaHIK BHOIpLI MiAiOpaHUX pedeHb aHTJIIHCHKOIO,

YKpaiHCBhKOIO, (ppaHITy3bKOI0 MOBAMH 1 IITYYHOIO MOBOIO
€CIIEPaHTo.

2. TecryBamHs Ha  Oumpmmidi  BuOipmi (40
KOHTPOJIGOBAHMX pedeHb i 40 BUITAIKOBHUX) 13 JOAABAHHIM
JIO TIEpIIoi BUOIPKY BUITAKOBHX CJIIB 1 pEUCHb.

3. TectyBaHHs Ha BeNMKid BHOIpLi (CTpec-TECTH 10
1100 peyens y HabOpi) AL TECTYBaHHS MaKCHMaJILHOTO
4acy poOOTH CHCTEMH.

V¥ nepmomy Habopi eKcriepuMeHTiB OyJI0 MTPOBEACHO
12 TecTyBaHb 1 OTpUMaHO pe3yJIbTaTH, HaBeIeHi B Ta0. 1.

TouHiCTh IepeKIIaly IepIIoro Habopy

AHrnificeka YkpaiHcbka @DpaHiy3bKa Ecnepanro
AHriificpka - 93.4 % (1) 96.1 % (3) 97.2% (5)
Ykpaincbka 94.7 % (2) - 94.1 % (7) 94.6 % (9)
DpaHITy3bKa 953 % 4 93.9% (8) - 97.5 % (11)
Ecnepanto 96.8 % (6) 96.3 % (10) 96.8 % (12) -
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VY Ttabnuii momaHO pe3yNbTaTH EKCIEPHMEHTIB.
Psnox o3Havae BHXiIHY MOBY, CTOBIYHK — ILUILOBY. Y

%Translated

words
98

92

90

Puc. 4. Pesynbrar nepioro Habopy eKCliepUMEHTIB

VY npyromy HabOpi EKCIICPUMEHTIB OYJIO TPOBEIICHO
12 TecTyBaHp i3 PO3MIMPEHHAM JaTaceTOM 1 OTPUMAHO
pe3yibTaTy, HaBeIeHi B Tab. 2.

AYXKKax OIMMCAaHO HOMCP CKCIICPUMCHTY, SIKUI 306pa)l(€HO

Ha puc. 4.

s First test batch results

Experiment Ne

TounicTh Tepexitany mepmoro Had@opy Ipyroro Habopy

EKCIICpHMEHTIB a
AHrniliceka VYkpaiHcbka @DpaHiy3bKa Ecnepanro
AHruificpka - 89.7%(1) 92.2%(3) 92.8%(5)
Yxpaincbka 90.3%(2) - 89.6%(7) 90.5%(9)
@paniy3pka 91.1%(4) 89.2%(8) - 92.9%(11)
Ecniepanro 92.7%(6) 92.1%(10) 93.0%(12) -

PesynpraTi Tabmui onrcaHo B ToMy caMoMy (opmari, mo i Tadu. 1. [TopiBHSHHS pe3ybTaTiB JBOX HAOOPIB
eKCIIEPUMEHTIB I10JIaHO Ha pHC. 5.
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98.

92

90-

88

86

%
Translated
words

S First test batch results

S Second test batch results

Experiment Ne
2 4 6 8 10 12

Puc. 5. TlopiBHAIBHNUI pe3yJIbTAT MEPLIOTO Ta APYroro Habopy eKCIIEpUMEHTIB

Y pe3ymbraTi MH MOXEMO OauuTH, MO SKIiCTh
MIepeKIIaay JOCUTh BUCOKA, ajle HIDK4a, HIK 32 1/1ealbHOT0
migoopy pedeHs. OCKiIbKH CI0Ba NEPETBOPEHI B UMCIIA B
CIIOBHHKY, Ha pe3yJbTaT MEHIIE BIUIMBAIOTh OKpEMi
cnoBa, a Oijgplie BIUIMBAE CTPYKTypa MOBH. [ 3
MIPaBWIIBHUM ITiI00POM pedeHb pe3yibTaT PoOOTH MOXKe
OyTH KpaIum.

Y TperboMy HaboOpi eKCHEepHMEHTIB  OyJo
BU3HAUCHO BIUIMB DPO3MIpY JaTaceTy Ha 4Yac HaBYaHHS

Yac poboTH TpeThoro Habopy eKCIIepUMEHTIB

onHiel enoxu Heifpomepexi. Exciepument nposoaunu Ha | ExcriepuMeHT KimpkicTh Cepenniit yac
obuncmoBaui 13th Gen Intel(R) Core(TM) i7-13620H mmapajgeIbHIX HABYAHHS OMHI€l
240 GHz. Mns mpoBeneHHS EKCICPUMEHTIB OyIlo peyeHb CIOXH
BHOpAHO IITYYHY MOBY €CIIEPAaHTO Ta YKPaiHCBKYy MOBY. | | 40 2¢
OTtpuMaHi pe3yabTaTH MOAaHI B Ta0I. 3. 2 400 15¢

3 1100 75¢

PesynpraTtn y rpadivHOMy BUTIIAI TOgaHi Ha puc. 6.
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Puc. 6. 3anexxHicTs yacy HaBUaHHS OZIHIE] €OXH HEHPOMEPEXI Bijl KUTBKOCTI BXITHUX peUeHb

Ax MoxkemMo OauuTH, 31 3pOCTAaHHIM PO3MIpY
JlaTaceTy dac 30UIBIIYETHCS Maike 3 KBaJpaTHYHOIO
ckraggicTio. Ile  MOXHAa  MOSCHUTH  THUM, IO
repet0aYeHHs € BEKTOPOM PO3Mipy 31 CIIOBHHK BHXiJTHOT
MoBH. | 3i 30UIBIIEHHAM PO3Mipy AaTaceTy 30UTbIIYETHCS
CKJIAIHICTh BHYTPIIIHBOI CTPYKTYpH Helipomepexi. Tomy
e MeTox He MOXHa BHKOPHCTOBYBAaTH SIK OCHOBHHM
METOJ IepeKiaty, aje BiH MoXXe OyTH OKPEMUM MOJIYJIeM
JUTS TIOKPAIIEHHS Pe3yJIbTaTiB.

BucHoBknu
Y nmochmimkeHHi Brepmie  Oyio  po3poOIiieHO
IHTeNeKTyanbHy iH(GOpMAIiifiHy CHCTEMY TepeKiIamy

IITY9HAX MOB. Y paMKax JOCIIKCHHS BAAJIOCS TOCATTH
BCTaHOBJICHUX ILJICH 1 BUPIIIIUTH ITOCTABIICHI 3aBIaHHS.

[IpoBenu paeranbHE AOCHIIKECHHS Ta TOPIBHSIIN
mepeknanavi. Ile mamo 3MOry BH3HAYHTH, SKi TEXHIKH
TepeKiiay HalKpamii U IITYYHUX MOB.

Byno mpoBeneHO MOCHIIKEHHS OJHOTO 3 MOJIYJIB
CHCTEMH, a cCaMe HEHPOMEPEIKEBHUH MEepeKIIal.

Y  pesympraTi MM OTpUMATU  TE, IO
HEHPOMEPEeIKEBUI TMEpeKyiaJ TpaIloe Ha BCIX THIIAX
BHOpaHMX MOB 1 IOKa3ye pe3ynbTatu 10 97.5 % ToyHOCTI
TepeKIIaay Ui CIeiadbHO BHOPAHOTO JaTaceTy.

Cnucok BUKOPHCTaHHX JIZKepe

Byno MpOaHaJi30BaHO MaKCHMaJIbHE
HaBaHTAKEHHS Ha HEWpOMepexy Ta 3’SCOBaHO, IO 3a
BEIMKHX OOCAriB HaHMX dYac HaBYaHHSA OJHIET €eroxu
MOXE CSITaTH JEKITBKOX XBUJIUH.

VYpaxoByloun OTpUMaHi pe3ysibTaTH, MOXHA
3pOOMTH BHCHOBOK, IO I METoJ) He MOXKHA
BUKOPHCTOBYBAaTH SIK OCHOBHHUHM METOA TII€peKiamy
CHCTEMH JJIsl IITYYHHUX MOB, aJIe¢ BiH MOXe OYTH OKpEeMHM
MOJIYJIEM JUIS TIOKPAIIEHHS Pe3yJIbTaTiB.

HaykoBe  3HaueHHs  pobotm  momsrae B
MOTJMONIEHHI PO3yMIHHS MeEXaHi3MiB, MIO JIeKaTb B
OCHOBI HeHpoMepX. Bukiasneni BUCHOBKH MOXYTh OyTH
OCHOBOIO JUIi TOAAIBLUIMX JOCHIIKeHb Yy Taiysi
MAaIIMHHOTO HABYAHHS Ta PO3POOJICHHS IHTEIEKTyaIbHUX
CHCTEM, L0 CHPHUITUME IPOTpecy y cdepax IITYIHOTO
IHTEJIEKTY 1 MAaIIMHHOTO TIepeKIaLy

[IpakTHyHa IHHICTH IIHOTO AOCIIHKEHHS MOJIATae
Yy CTBOPEHHI IHTEJEKTyalbHOi iH(OpMAIiHHOI CcHCTEMH
NepeKaay, o He 3aJISKUTHh BiJl MOYaTKOBHX MOB. lle
JIaCTh 3MOT'Y BUKOPHCTOBYBAaTH aBTOMAaTHYHHH MEpPEKIIaa
JUId  3BHYAWHUX, INTYYHHX 1 CICHTOBUX MOB 0e3
JIOJIATKOBHX 3aTpart.
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the conditions of dynamic development of modern
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effectiveness of using artificial intelligence methods
for the translation of artificial and ordinary
languages, which can lead to a reduction in time
and resource costs, as well as ensure high accuracy
and reliability of the results. The work investigates
the use of long short-term memory (LSTM) for
translation. The results demonstrate that LSTM
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COTHUK B. O., nonenr kadeapu aBTOMaTUKN Ta KOMII FOTEPHOTO TeJIEKEPYBAaHHs PyXOM TOi3/iB,
KaHIUJAT TeXHIYHUX HAayK, Y KpaiHCHKHH JepKaBHUN YHIBEPCUTET 3aJ1i3HUYHOTO TPAHCHIOPTY

XICMATYVYJIIH B. L., npodecop kadeapu aBTOMATHKH Ta KOMIT FOTEPHOTO TeJIEKEPYBAaHHS PyXOM
noi3/1iB, KaHIUAAT TEXHIYHMX HayK, YKpaAiHCbKHH Jep)KaBHUI YHIBEPCUTET 3aJi3HUYHOTO
TPAHCHIOPTY

CIPOKJIMH 1. M., nmoueHT Kadeapu aBTOMATHKH Ta KOMII IOTEPHOTO TEJIEKEPYBAHHSI PYXOM
noi3/1iB, KaHIWAAT TEXHIYHMX HayK, YKpaiHCHbKHH Jep)KaBHUI YHIBEPCUTET 3aJi3HUYHOTO
TPAHCHIOPTY

[MPUJINIIKO A. A., moueHT kadeapu aBTOMATHKH Ta KOMII IOTEPHOTO TEJIEKEPYBaHHS PYyXOM
Noi3/1iB, KaHIWAAT TEXHIYHMX HayK, YKpAiHCbKHH Jep)KaBHUI YHIBEPCUTET 3aJi3HUYHOTO
TPAHCHIOPTY

CrBOpeHHs 1M(POBOro ABiHNKA 3aJi3HMYHOI MepexXi Ta HOro iHTerpaiis 3 aBTOMaTHu3aLico
pearyBaHHsA Ha Ki0ep3arpo3n SOAR Ha 0a3i IITy4YHOro iHTe1eKTy

Anomauin. Y cmammi 06IpyHMOBAHO HeOOXIOHICMb CMBOPeHHs Yupposozo O08IilHUKA
saniznuunoi mepexci (L[/]) i docniosxceno mexauizmu iio2o inmezpayii 3 nepeodosoid CUCMeMO
asmomamuzayii peazysanns Ha kibepsacpozu (SOAR) ma 6azi wmyunoeo inmenexmy (LLI). B
yMmogax momanvHoi yugposizayii, enposadicenns Inmeprnemy peuei (loT) i ACY/CLB 3aniznuuna
iHGhpacmpykmypa KpumuuHo po3uupioe NOGepXHIO 015 Kibepamak, wo nompebye nepexody 6io
PEeaKmuHux 00 NPOAKMUBHUX MeMOOi8 3aXUCT).

LJ] eusHaueno 5K BUCOKOMOUHY GIPMYANbHY KONil0 (i3uyHoi cucmemu (Kouii, pyxomutl
cknao, euepeonocmavanns, CLb, ACYTII i wmepedcesa ingppacmpykmypa), sKka ciyeye
IHMeNeKmyaibHuUM NONi2OHOM 05 Kibepzaxucmy. [lemanvHo po3ensinymo ocHosHi yuxyii L
MOOENIOBAHHSA PYXY, MOOeN08anHs inpacmpykmypu, mooenroeanns cucmem CLIB i mooentoganus
enepeonocmavanus i 36'a3ky. Koowcna 3 yux @ymkyiti € KpumuuHo 6axsciusorw O CumMynayii
Kibepamak i OYiHIOBAHHA IXHbO2O peanrbHO20 QI3UUHO20 6NAUEY HA 0e3neKy pyXy, HANpuxiao
CHpoOU HeCAHKYIOHOBAHOI 3MIHU NOJONHCEHHS CIMPINKU YU NOPYULEHHS 36 3K

Cucmema SOAR nooana sk 20n06HU [HCMPYMeHM, WO 3a0e3neyye OopKecmpOosKy
(Koopounayito  incmpymenmie Oe3nexku) [ asmomamu3ayilo (6UKOHAHHA KOHMP3axodie 3a
00NOMO02010 «NIeldYKIBY), HeOOXIOHY OJ11 MUMMEBO20 Pea2y8anHs Ha THYUOEHMU.

HImyynuii inmenekm 6UCmMynae 6 poii «MO3Ky» OJisl YX6AJeHHs pilleHb, GUKOPUCMOBYIOYU
LJ] ona oyinto8anHs HACTIOKIG iHYUOeHMY | 8UOOPY ONMUMATLHO20 cyeHapiio peazysants SOAR i3
npiopumemom: besnexa pyxy — @yukyionanenicme — Bionoenenns.  3anpononosamo
KOHYenmyaubHy apximekmypy ma aneopumm inmezpayii, wjo oae 3mocy SOAR/ILI asmomamuuno
mecmyeamu KOHmMp3axoou y @ipmyanvHomy cepedosuwyi L[] neped sacmocysanmnam ix y peanvHii
mepedict, MIHIMI3YI0UU Onepayiuti pu3UKU.

Haseodeni npaxmuuni npuxnaou sacmocysauns eremenmie /] i LIl na 3aniznuysax ceimy
(Deutsche Bahn, Network Rail, Imaniiicoka /epocasna 3aniznuuna I pyna) wo niomeeposicyromes

nepcneKmuHicms MmexHoa02ii.
@©COTHUK B.O., XICMATYJIIH B.II., CIPOKJIUH .M., MTPUJINIIKO A.A.,2025
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YV eucnosxy 3asnaueno, wo inmeepayis L/], SOAR i I1I] € cmpame2iynow HeoOXiOHicmio Oisl
niOBUWEHHSl 3a2aNbHOI Kibepcmiukocmi ma HAOIUHOCMI 3ANi3HUYHO20 MPAHCHOPMY, 0COOIUBO 8

YMOBAX NOCMIUHUX KIDEPHEeMUUHUX 3A2PO3.

Knrouogi cnosa: yugposuii 0sitinuk, kibepbesnexa, cumynayis Kibepamax, npoaxmuHull

3axucm, 3a1I3HUYHUL MPAHCHROPM.

IHocTanoBka npod/emu

CyyacHuil 3ali3HUYHUN TPAHCIIOPT IIEPEKHUBAE

KPUTHYHUHA eTalm TEeXHOJIOTiYHOI TpaHcdopmamii —
ToTabHY  IU(dpoBi3amifo, M0 BKIIOYaE  MacoBe
BrpoBapkeHHs [Hrepuery peueir  (IoT), a Takox
MacmTabHy IHTErpamil0  aBTOMAaTH30BaHMX  CHCTEM

ynpasninas (ACY) 1 cy4acHMX CHCTeM CHTHAII3alii,
nenrpamzauii ta oiokyBanns (CLIB). Lli inHoBawii, xoua
i oOIIMIoTh 3HAYHE MIABHIIEHHS e(QEeKTUBHOCTI Ta
MIPOITYCKHOI ~ CIIPOMOXHOCTI, BOJHOYAC KapJIUHAIBHO
pO3LIMPIOIOTH  TIOBEpXHIO Juisi  Kibeparak. Kpuruuna
3aJi3HMYHA 1H(QPACTPYKTypa CTa€ OAHIEI0 3 TOJOBHHUX
MilmeHeld ais kibep3arpos, sSiKi MOXYTb TIPH3BECTH [0
KatacTpoiYHUX HACIIJKIB, BKIIOYAIOYH MOPYIICHHS
rpadikiB, eKOHOMIYHI BTpaTH 1 HpsMy 3arposy Oesmeri
pyXy mnacaxupiB 1 mepcoHamy. TpanuiiiiHi, peakTHBHI

METon 3aXHCTY BUSIBIISTIOTHCS HE/I0CTaTHBO
e(eKTUBHUMHU Ta HaJITO MOBUTBHUMH y
BHCOKOIIBHJIKICHOMY 3aJI3HUYHOMY cepeloBHI,

OCKIJIBKM CydacHi KibepaTaky € CKIaIHUMH 1 IIBHIKO
MIPOHUKAIOTh y CHUCTEMH OIICPaTHBHOTO ympaBiiHHA. Lle

CTBOPIOE  TOCTPY HEOOXITHICTP Yy TNPOAKTHBHOMY,
MOBHICTIO aBTOMATH30BAaHOMY Ta IHTEJIEKTYaJIbHOMY
3aXHCTi.

AHaJIi3 OCTaHHIX A0CTizKeHb i myOikamii

AHami3 OCTaHHIX JOCHDKCHb 1 ITyOJiKariit
CBIIYHTH IIPO T€, IO OCHOBHWUM HAIPSIMOM Y BiJIIOBiIb
Ha [i BUKJIMKK € BHUKOPHCTaHHS HIH(POBOTo IBilfHMKA
() 3amisamyHOi Mepexi Ta iHTerpamis Horo 3
MIepeIOBUMH CHCTEMaMM pearyBaHHS Ha Kibep3arposw.
Hudposuit aeiitauk (I/]), BU3HaUCHMIA K BHCOKOTOYHA
BipTyaibHa Komis (i3uuHOi cuctemu (Kouiii, pyxomui
ckian, eHepronocrtadanss, CIIb, ACYTII i mepexeBa
iH]pacTpyKTypa), CIyrye iHTENCKTYaJIbHUM IIOJITOHOM,
JAIoYd  3MOTy IMiTyBatu KibepaTtaku B Oe3reqHOMY
CEpENIOBHIIII Ta OLIHIOBATH IXHIM MOTEHIIHHUHA (Qi3naHuN
BIUIMB Ha 0Oe3neky pyxy, HaOpukiag crpooy
HECaHKI[IOHOBaHOT 3MIiHH MOJIOXKEHHS CTPUIKH.
@Oynxknismu 1] € MonenmroBaHHS pyXy, MOJCIIOBaHHS
iH]pacTpyKTypH, MOJCIIIOBAHH CHCTEM CILb,
SHEpronocTayaHHss Ta 3B'I3Ky, SKi € HaiOuIbII
KPUTUYHUMH MO0 OE3MEKH.

SOAR (Security Orchestration, Automation, and
Response) — 11e TEXHOJOTIUYHUHA MiIXiT, MO 3a0e3medye
Imepexii Big pPYYHOTO OOpOOJICHHS IHITUACHTIB [0

aBroMatu3oBaHoro. Cucrtema SOAR € ronoBHUM
IHCTpyMeHTOM,  sKWii ~ 3a0e3medye  KOOpAMHAIIIO
pi3HOpigHMX IHCTpyMeHTIB Oesneku (OpaHzmayepw,

SIEM, IIJI) mms noriyHoro poGodoro Impomecy Ta
BUKOHAHHS KOHTP3aXOJiB 3a IOMOMOIOI0 3a3JajieTi/ib
BHU3HAUCHWX a00 IMHAMIYHO 3r€HEpOBAaHMX CIIEHApiiB,

BIZIOMHX SIK «IUICHOYKM», JUII MHTTEBOTO pearyBaHHS Ha
IHIMACHTH.

Wryunwuit  intenexr (III) BUKOPHCTOBYIOTH Y
SOAR sk «M030K» g yxBaneHHA pimens. I
BukopuctoBye LI/] ans omiHIOBaHHS HACTIAKIB IHIMICHTY
1 BHOOpPY ONTHUMAaJbHOTO CIEHApil0 pearyBaHHS 3
npiopureToM: besneka pyxy — DyHKIiOHaNBHICTH —
Bimnoenenns. Il peamizoBaHmii depe3 MalIWHHE
HaBYaHHS Ta HEHpOMepexi Uil BHSBICHHS aHOMAJIii,
KJacugikanii HIMIEHTIB 1 aBTOMaTHYHOTO (hopMyBaHHS
TuIeHOyKiB.

CBITOBHI JIOCBiA MiATBEpPIXKYE IMEPCHEKTUBHICTH
TexHouorii. Psn kpain, Ttakmx sk Himewumna, Bemuka
Bpuranis, Irtamis, BegyThb akTHBHI pO3poOKHM Ta
BIPOBAa/[DKEHHS B IboMy  HampsiMi.  CTBOpPIOIOTH
¢doropeanictryni LI/ s nagyanns LI, sxi ananizyrots
CepeNIOBHILIE Ta pearyioTh Ha HETHIIOBI IOXIl, a TaKOX

ONITHUMI3YIOTh JICTIETYEPChKE YIpaBIiHHS.
BukopucroByrots  IIJI  Takoxk A ymnpaBJiHHS
iH]pacTpyKTypOIo Ta CKJIaJIHUMH MIPOEKTaMHU
MoJIepHi3arii.

HaykoBa  nymka 1 MPaKTHIHUNA  JTOCBIJ

3aTI3HMYHUX OIEPATOPiB 30CEPe/KEHI HAa TPHOX IHX
B3a€EMOIIOB'SI3aHUX ~ TEXHOJOTIYHMX  CTOBHAxX  JUIs
3abe3neueHHs KibepcriiikocTi. OCHOBHUI TpeH moysrae
B CHHEPreTHYHOMY O0'€IHaHHI IHX TPHOX TEXHOJIOTIH,
IO JIONIOMAra€ 3ali3HWYHOMY TPAHCIOPTY MEperTH 10
MIPOAKTUBHOTO, IHTEJIEKTYaJIbHOTO KiOep3axucry, SKHH

MOKE CaMOCTIHHO BUSBIIATH, OILIIHIOBATH 1
HEHTpali3yBaTH 3arpo3H.

Buainenns HeBHPpilIeH ol YaCTUHH 3arajbHoOl
npooJjeMn

3aranpHa TpoOiieMa TMoJsirae B IEpexoni 1o
MIPOAKTUBHOTO, IHTEJEKTYaJbHOTO 3aXHCTy KPUTHYHOI
3aTi3HNYHOI 1H(PACTPyKTypH B YMOBaxX 3pOCTarOuMX
kibep3arpo3. Xoua HeoOXimHicTh iHTerparii [1/], SOAR i
I Bu3HaHa SIK cTpaTeriuHa, HEBHPILICHOIO YaCTHHOIO
3aNUIIAETECSA  JIeTallbHA, TpaKTHYHA peawi3armfis 1€l
CHHEprii, ypaxOBYIOUM BiJCYTHICTh 3araJbHONPUIHATOI
KOHLIENTYaJbHOI apXiTEKTypHU 1 alropuTMy iHTerparii,
skuit 0u nmaaB 3mory cuctemi SOAR/III aBromatwarO
TECTyBaTH KOHTP3aXOH y BipTyaldbHOMY cepemoBuii [{J]
mepen iX 3acTOCYBaHHSM Y peajibHI Mepexi. [cHyroui
METOIM TOTPEeOYIOTh PO3pOOJIEHHS YITKHX MEXaHi3MiB
JIBOCTOPOHHBOTO 00MiHy iH(popMmamniero Mk LI/l i SOAR,
nme IIJI mamae xoHTekcT ¢izmunoi Oesmekn, a SOAR
BukopuctoBye I[JI 1 CHMyIAIIAHOTO BiATBOPEHHS
IHIMAEHTY 1 Bepudikamii mieioykiB. [HIIOI0 HeOCTaTHHO
PO3B’S13aHOI0 IIPOOJIEMOIO € HEOOXiTHICTh PO3pOOICHHS
yHi}iKOBaHNX TIPOTOKOJIB OOMiHy maHmmu Mix LIJI i
SOAR i Brockonanenus moneneit 1111, sxi Oymu © 3gatHi
MPOTHO3YBAaTH CKJIAHI, OaraToeramHi kiOeparaku Ta
kepyBatu pimeHHsiMu SOAR i3 mpioputerom «besneka
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pyxy — @yHKIioHAIBHICTE — BinHoBieHHS». [Ipobdiemoro
BripoBapkeHHs 1[/] Takok € BICOKI (hiHAHCOBI iHBECTHIIII,
norpeda y BenMMKHUX oOcsrax SKICHAX JaHuX 1, IO
0CO0JIMBO CKJIaJHO, TOYHE MOJICIIOBAHHS JIOTIKM CHCTEM
3amizauaHoi aBToMaTiku (CLIb ta ACYTII).
IlocTanoBKa 3aBIaHHA

Meta mi€i crarTi moiATaE B JICTANIGHOMY
00TpyHTYBaHHI HEOOXiTHOCTI pO3poOICHHS
KOHIICTITyaJTbHOI apXiTeKTypH CTBOPEHHS MH(POBOTO

JBIMHUKA 3aTi3HIYHOI MEPEXKi, a TaKOXK JOCHTIKCHHI Ta
(hopMyFOBaHHI MEXaHI3MiB HOTO iHTErparlii 3 IepeIoBOkO
cuctemoro SOAR.

Jins  JocATHEHHS — I[iei  MeTH  HeoOXiJTHO
oOTpyHTYBaTH HEOOXimHicTh cTtBOpeHHs LIJ]  mis
M ABHILEHHS KibepcriiikocTi 3aJI13HUYHOL

iHppacTpyKTypu B ymoBax IM¢poBi3amii Ta 3pocTaHHS
Kibep3arpo3 i JeTalbHO PO3IIISIHYTH 1 OIMCATH OCHOBHI
¢ynkmii /], xpuTHYHO BaKIMBI I KibOep3axucry.
Takok HEOOXiTHO IOCTIIUTH 1 HABECTH TPHHIUIHN
pobotn i xomnoHenTH cucteMu SOAR (opkecTpoBka Ta
aBTOMaTu3alisg) 1 pojb IUTYYHOTO IHTENEKTY B Hil,
3aIpONOHYBATH KOHIENTYAIBHY apXiTeKTypy iHTerpamii
IJT i SOAR mna 6asi I, BkIOYarOYM MeXaHI3MH
nBoctoponHboi  B3aemoxii (IIJT — SOAR: konTekcr

¢ismgnoi Oesmekn; SOAR — IJI: cumymsmis  pis
Bepudikamii  KoHTp3axomiB). Takox  Haa3BHYaWHO
BOXJMBAM €  PO3pOOJIEHHS  QJTOPUTMY,  SIKMH
BUKOPHCTOBY€ pe3ynbTatu cumyisinii B LIJ] anst BubGopy
ONTHUMaNbHOTO  creHapito pearyBanHs SOAR i3
npiopureToM: besmeka pyxy — @DyHKIiOHaNBHICTH —
Binnosnenus.
1. Beryn

CyuacHui 3ajJi3HUYHHUH TPAHCHOPT Yy BCHOMY
CBITI, 30KkpeMa B YKpaiHi, 3HaXOIUTHCSI HAa KPUTUIYHOMY

erami TEeXHOJOTiYHOi TpaHcdopMmalii, BiIOMOMY SIK
mudposizamis. s mporo  mpomecy  XapakTepHi
IHTEHCHBHE BIIPOBA/DKEHHS IEPEJOBHUX TEXHOJIOTIH,

takux sk [aTepuer peueit (IoT), sxkuit oxorumoe pyxomui
cKilan Ta iHQPAaCTPyKTypy, a TakoX MacluTaOHa
IHTEerpamiss aBToMaTn30BaHuXx cucrteM ympasiiaasa (ACY)
1 Cy4JacHHMX CHCTEM CHTHAJi3aIlii, IeHTpai3amii Ta
onokyBannst (CLIb), mo rapaHTyroTh Oe3neky Ta
eextuBHicTh pyxy moi3aiB [3]. Lli iHHOBamii, xoua
00IIISIIOTh 3Ha4YHe TTiIBUIICHHSA IIPOIYCKHOI
CIPOMOXKHOCTI, OITHMI3aIlif0 BUTPAT 1 ITOKpAICHHS
00CITyroByBaHHsI, BOJHOYAC KapAWHAIBHO PO3LIMPIOIOTH
TIOBEPXHIO 1y Kibeparax [1].

Sk HACIIIJIOK, KpUTHUYHA 3ajIi3HAYHA
iHppacTpyKTypa CTae ONHIE€I0 3 TOJOBHHUX MiIICHEH s
Kibep3arpos, siki MOXKyTh MaTH KaTacTpodidHi Haci K1 —
BiJl OpYIIEHHS TpadikiB pyXy Ta 3HAYHUX €KOHOMIYHHX
BTpaT 10 TmpsMoi 3arpo3W Oe3meri macaxupiB i
nepcoHaiy. IcHyro4i TpamumiiHI METOIM 3aXMCTy, II0
3a3BMYail TOKJIAZeHI Ha pPEaKTUBHE BUSBIICHHS 3arpo3 i
py4Hy OOpOOKYy IHIIMIEHTIB, BHUSBISIFOTHCSI HEIOCTATHBO
e(eKTUBHUMH Ta 3aHAATO NMOBUIBHUMH B JUHAMIYHOMY,
BHCOKOIIBHJIKICHOMY 3aI3HUYHOMY CepeIOBHIIII.
CyuacHi kibepaTtaku € CKJIaJHHMH, OaraToeTamHUMH Ta
3MAaTHUMH IIBUJKO TPOHHUKATH B CUCTEMH OIIEPATHBHOTO

ynpasninaa. OTXe, BHHUKAa€ TOCTpa, HEBIAKIAIHA
HEOoOXiHICTh y IPOaKTHBHOMY, MIOBHICTIO
aBTOMAaTH30BaHOMY Ta IHTEJIEKTYaJIbHOMY 3axHcTi [2].

VYpaxoByrouu mi BUKJIMKH, OCHOBHHM HarpsMOM
PO3BHUTKY CTa€ CTBOPEHHS LU(POBOTO  ABIHHHKA
samizamaaoi mepexi (IIJ). LJI — me BucokoTouHa
BipTyaJbHa KOmisl peanpHOi (i3MYHOI CHCTeMH, fKa
BKJIIOUA€E Mojeni Koutii, PYXOMOTO CKJIay,
eHepromnocTadanas, a rojxoBHe — mozeni cuctem CIIB,
ACVYTII i mepexeBoi iHPpacTpyKTypH, sKi € 00'eKTamMu
kibeparak [2]. Bukopucranns L/l nae 3mory imiTyBatn
Kibeparaku B Oe3NEUYHOMY BIpTyaJIbHOMY CEpEIOBHIII,
OIIIHIOBATH iXHIM TOTCHIIWHWA BIUIMB Ha peaibHi
npouecy (HampuKiIag Ha poOOTYy CTPUIOYHMX HEPEBOJIB
4yn Oe3neKy pyxy HOi3MiB), 1 B Takuii crioci0 TecTyBaTH i
BJJOCKOHAJTIOBAaTH KOHTP3axo[u IS iX 3aCTOCYBaHHS Ha
peaibHii Mepexi [12].

Mera wmi€i crarTi nonsrae B JI€TAIbHOMY
00TpyHTYBaHHI HEOOXiTHOCTI Ta po3po0bieHHi
KOHIICTITyadbHOI ~ apXiTEKTYpH  CTBOPEHHS  TaKOTO

mU(ppPOBOrO NBIMHUKA 3alli3HUYHOI MEpeXi, a TaKoxXK
JIOCHI/PKEHHI MeXaHi3MiB HOro iHTerpamii 3 HepesoBOIo
cucremoro SOAR (Security Orchestration, Automation,
and Response). [aTerparist mae 6ytn noOyxoBana Ha 0a3i
anroputMiB Ty4Horo inrenekry (III), mo momomoxxe
CTBOPUTH CaMOHAJIAro/KyBaJIbHy CHCTEMY, 31aTHy HE
IIPOCTO pearyBaTH Ha IHIMAEHTH, a W NPOTHO3YBATH iX,
OIIHIOBAaTH pH3WKH depe3 cumynsamii B L] i mMutreBO
3aCTOCOBYBAaTH ONTHMalbHI aBTOMAaTH30BaHi CIeHapii
pearyBanHs [4]. Taka cumepris I[JI, SOAR i III e
BUPIMIATBHOIO IS I ABHUILCHHS 3arajibHol KibepcTiiKocCTi
3aJTI3HHYHOTO TPAHCIIOPTY.

Y crarti MOCHIIOBHO PpO3MIAHYTO TEOPETUYHI
3acaxu LIJ], mpuniunum podoru SOAR, pons LI y ipomy
KOMIUIEKCI, 3alpOIIOHOBAHO apXIiTEKTypy IHTerpamii Ta
MIPOaHaJIi30BaHO TPaKTHYHI cueHapii ii 3acrocyBaHHA [3].

2. Teoperuuni ocHoBM uHuppoBoro ABiliHNKA
3aJ1i3HUYHOT Mepexi

B ymoBax toranpHOI 1m¢poBizamii 3ami3HUYHOTO
TPaHCIIOPTY KOHIEMIis IudpoBoro ABiliHMKAa HaOyBae
CTpaTeriyHoro  3HAa4Y€HHA  sSK  (QyHIAMEHTAIBHUN
IHCTpYMEHT YIpaBIiHHS, ONTHMI3allii Ta, M0 OCOOJIMBO
BaXUIMBO, 3a0e3meueHHs KibepOesmeku [2]. L sBise
co00I0 BHCOKOTOYHY BIpPTyalbHY peIUIKy (i3n4HUX
aKTHBIB, IPOIIECIB 1 CHCTEM, IO J0IloMarae aHallizyBaTH,
MOJICTIIOBAaTH 1 TPOTHO3YBAaTH iXHIO TIIOBEIIHKY B
peamsHOMY daci [7]. LludpoBwii NBIHHUK y KOHTEKCTI
3aM3HMII — Il JUHaMiuHa, IHTErpoBaHa BipTyajbHA
MOJIEJNb, sIKa BiZjoOpaxkae ¢biznaHnH CTaH,
(YHKIIOHATBHICTE 1 B3a€MO3B'SI3KM  yCiX OCHOBHHUX
€JIEMEHTIB 3ai3HUYHOI Mepexi [2]. Po3ristHeMo OcHOBHI
dymxuii LI,

MopaenoBaHHsl PyXy — II€ TpOIEC CTBOPCHHS
BHUCOKOTOYHOI, JTUHAMIYHOI BIpTyaJbHOI CHMYJALIl BCiX
aCIIeKTiB MEPEMIIIEHHS PYXOMOTO CKJIaIy Ta IOB'S3aHUX
i3 HUM omepauiii Ha Mepexi B peambHOMy daci [10]. Lix
¢yHKIis € GararomapoBoro i MoTpedye iHTerparii JaHux
Bi ycix mincuereM 3ani3HMNi. DYHKIIS 0XOILIIOE
BIpTyaJbHE BiATBOPEHHS TAKUX OCHOBHHX EJIEMEHTIB, SIK
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pyxomuii  ckyaj, iHQpacTpyKTypa, AWCIETYEPCHKi
pimenHss Ta  30BHImHI  (aktopu.  EdexTuBHICTH
MomenroBaHHs pyxy [IJ] 3amexuts Big TOCTIHHOT
cuHXpoHi3alii 3 (I3NYHOI0O Mepexelo dYepe3 CHCTEeMH
CLb, cucremu NO3UIIOHYBaHHS, CHCTEMH YIIPaBIIiHHS
pyxomuMm ckmagom 1 ACY aucneruepmzamii. LI
BUKOPHCTOBYE IIi JaHi, 00 MOCTiiHO KOperyBaTu CBOIO
BIpTyaJbHY MOJENb, 3a0e3Meuyroul <OKMBUI» IBIMHUK
pyxy. MogenioBaHHs pyXy BHKOHYE psZl KPHUTHYHO
Ba)XXJIMBHX 3aBJaHb, TaKUX SK INPOTHO3 Tpadika pyxy,
aHalli3 CICHApiiB, ONTHUMI3aIlil EHEProCIOKUBAHHS,
aHaJIi3 MPOIYCKHOT CIPOMO>KHOCTI ALTBHUID Ta iHIe [9].

MopenroBaHHsl pyXy € KPHUTHYHO Ba>KIMBUM JUIS
iHTerpanii 3 kibepOesnekoro. Skmo cucrema SOAR
BusBnsie KiOepatraky ©Ha CIb (mampukimang cmpoOy
HECAHKIIIOHOBAHOI 3MIHHM TIOJNIOKCHHA CTpiku), L]
HEraifHO CHMYITIOE ITI0 3MiHY y CBOEMY cepemoBui [5].
Ile nae 3Mory MWTTEBO OLIHWTH pEaNbHUNA Qi3MIHUN
HacJiIOK aTakd (TpH3BeAE 1€ 1O 3ITKHEHHS YM JIHIIe
3aTPUMKH, Y1 3MOKE CHCTEMa Oe3MeKH bOMY 3aro0irTH)
[12]. M, mo xepye SOAR, BHKOpHUCTOBYE maHi
MojemnmoBaHHs pyxy 3 LI, mo0 Bu3HauuTH mpiopuTer
IHIIMIICHTY: aTaka, M0 3arpoXkye Oesmeri pyxy, oTpuMae

HaWBUIIMI MPIOPUTET 1 BUKINYE HANHOILIBII arpecuBHHUN
aBToMatnuHnid mieidyk SOAR (mampukian aBapiitne
BIJIKJIIOYEHHS TTeBHOTO cerMeHTa Mepexki) [3]. Ilepen tum
sk SOAR 3actocye KoHTp3axin (HampuKiIaz i30JMi0
MIEBHOTO MepekeBoro cermenra), LI/ moske mIBHIKO
NIPOMOJICIIIOBATH, SIK 1€ BIUIMHE Ha rpadik pyxy
(HanpUKIIaa 9M 3YNHUHATHCS 1HII 1M013/11), 3a0€31euyoUH,
IO pimeHHs npo KibepOes3neky He CHPUYUHNATH 3HAYHUX
omeparmiiHuX 300iB, SKIIO IIe HE HEOOXITHO s Oe3MeKH
[8].

MopaemoBanns  iHppacTpykrypu.  DyHKuis
MOJICTIIOBaHHS IH(PPACTPYKTYPH € OCHOBHOIO YaCTHHOIO
muppoBOoro  ABIMHWKA 3ami3HUYHOI Mepexi. Bona
3a0e3rnedye CTBOPEHHS CTATHYHOI Ta  JTUHAMIYHOI
BIpTyaJIbHUX KOMHiM BCiX (i3MYHMX aKTUBIB, SIKIi HE €
PYXOMHM  CKJIQJIOM, aje KPHUTHYHO BaKJIWBI JUIA
¢ynkionyBanns ta Oesnekn pyxy [11]. L dynkuis
BUXOIUTh 3a paMkKu mpocroro 3D-mozenroBaHHS,
IHTErpyIoun iH)XKEHEepHi, TeOMETPHUYHI, EKCIUTyaTalliiiHi Ta
niarHocTWYHI  JaHi. MopemoBaHHS — 1HQPACTPYKTYpH
OXOIUTIOE CTBOPEHHS JIETaJbHUX BIpPTyalbHUX MoOAeIeH
OCHOBHHX ()i3MYHMX aKTHBiB (Tabm. 1).

Tabmums 1

@Di3u4HI aKTHBU MOJICITIOBAHHS 1H(YPACTPYKTYPH 3aTi3HUIHOI MEpexki

Kareropist akTuBy “

EneMeHT MoaeII0BaHHS ||

Kpurnunmii napamerp |

Komii, 3eMisHE TOJOTHO,

Kouiiine rocmonapctso
MIPHU3Ma, T

I'eomerpis komii (mpodink, mIaH), 3HOC PEHOK,
HasiBHICTh  Je(bekTiB  (TpIIMHM, BiIKOJIH),
JIOITyCTHME HAaBaHTa)KCHHS

OanacTHa

Crpinouni mnepeBoau, cBiTiodopw,||PakTuuHuii  TEeXHIYHWH  craH  (Harpis,
00'extn ClIb KOJIIHHI ~ JaTYMK{, pEHKOBI KOIa,|[BiOpamis), IBUAKICT CIIPAlbOBYBAHHS, JIOTIKa
nepeizau KEepyBaHHS

Cranuiiini 00'exkTn [Tnardhopmu, Bok3anm, Aemo

Po3mipn,
HaBaHTAKECHHS

IIPOITyCKHa CHpOMO)KHiCTB,

Tounicte 1 axrtyanpHicTh [IJ] 3amexuts Big
Oe3repepBHOTO MOTOKY JaHMX Yy peajbHOMY daci, 0
HAJXOIATh BiJl JIarHOCTHYHHX cHCTeM, ceHcopiB [oT,
cucremu SCADA, BIM-momeni  (BHKOpHCTaHHS
iHpopMmaniiHux Moneneit Oyaisens (Building Information
Modeling)) [13]. LI/ 3abe3nedye CHHXpPOHI3AI[IO X
PI3HOPIAHAX MaHWX M CTBOPEHHS €IWHOI, MLTICHOT
KapTUHM  CTaHy  iH(QPacTPyKTypu.  MoJemoBaHHs
IHQpacTPyKTyp#  BHKOPHUCTAHO  JUIS  IIPOTHO3HOTO
TEXHIYHOTO OOCIyrOoBYyBaHHS, aHANi3y HaBAaHTAKEHHS Ta
pecypciB, OLIIHIOBaHHSI BIUIMBY 3MiH [9].

MopentoBanHst  IHQPacTpyKTypu €  SKHUTTEBO
HeoOXimanM Uit KibepOesneku. lle mae MOXKITUBICTB
3pO3yMITH, SIK KibepaTaka BIUIMHE Ha JIOTIKY KEepyBaHHS
(manpuxnan BrpydanHs B ACYTII enepromocrauaHHs
abo CLIb), 11 ¢isnuny CTpyKTYpy, HallpuKiIaj NpU3BEae
aTaka JI0 MEepeBaHTAXKCHHS MiACTAHII] YM HEKOPEKTHOTO
CHpalbOBYBaHHS CTPIJIOYHOTO TIEPEBOJY, IO 3arpoXKye
oesmerni pyxy [12]. LIJI normomarae BUSBUTH CTa0Ki MICIIS,

e kibepaTaka MOXKE 3aBAaTH MaKCHUMalbHOI (iznmaHOl
mKoau, mo nae 3mory cucremi SOAR mpioputesyBatu
3aXHCT HaWOTBII KPUTHUYHHX €JICMEHTIB
iHppactpykrypu. Ilicast BusBnenHs araku LIJ] moxxe
CHUMYJIIOBaTH CIeHapil aBapiifiHOTO BiJHOBJICHHS YU
nepexoHdirypanii 00'exTiB iHOPACTPYKTYpH (HANpPHUKIAL
NIepEeMHUKaHHS Ha pE3epBHY JIIHIIO EHEeprornocTadaHHs),
3abe3neuyroun, mo nii cucremu SOAR He crippumHSATH
JTOJTATKOBHX ITOIIKO/KCHb a00 pu3uKiB [8].
MopemoBannsi cuctem CIBb (curnamizamis,
neHTpagizanis, oaoxkyBanus). L dyHkuis € HalOTBII
KPUTHUYHOIO 3 TOYKH 30py Oe3meku Ta KibepcTifikocTi B
IU(GPOBOMY IBIMHHUKY 3aJIi3HHIHOT MEPExkKi, OCKUTBKH IIi
cucteMH Oe3nocepeHb0 KOHTPONIOIOTh PyX TMOI3AIB 1
3amobiraroTe ix 3itkHeHHAM [5]. Ile He mpocro
BipTyaJbHE BimoOpakeHHS oONamHaHHSA, a TOYHA
CUMYJISILISE JIOTIKH, aJITOPUTMIB 1 B3a€EMO3AJIC)KHOCTEH, 110
3a0e3neuyroTs 0e3BiIMOBHY pOOOTY CHUCTEM 3aJli3HUYHOI
apromatuku. MognemoBannss CLb y LJI  oxomoe
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BIpTyaJIbHE BIATBOPEHHS YOTHPHOX T'OJOBHHX PIBHIB, IO
3a0e3meuyroTh Oe3mneKy pyxy (Tadm. 2).

Taburs 2

Pini mogemoBanns CLIb

Pisenn CIIb EneMeHT MoaeII0BaHHS

OcHnoBHa ¢ynkuisi B I1JT

CurnaJizanisn

BbaokyBanHst

cuctemu ERTMS/ETCS

Hus 3abesnedenHs Touynocti LIJ] cucrem CIIb
BUKOPHCTOBYIOTh  JIaHi  BiJ ~ MIKPONpPOIECOPHUX 1
peneitnux cucreM CIB (mani mpo dakTuyHuii craH
JOTIYHUX  €JIEMEHTIB, BCTAHOBJEHI  MapumpyTH i
MTOMIJIKH), JIarHOCTHYHUX KOMIUICKCIB (iH(popMalis mpo
TEXHIYHUH CTaH eJIEMEHTIB (HalpHKIax CTPYMH,
Halpyry, 4ac CIIpanbOBYBAaHHA peJe YH CTPUIOYHHX
NIpUBOJIB)), KoHGirypaumiiHux ¢aiiniB (3aBaHTa>KeHHS
¢dakTryHOi TpOrpamMHOI  JIOTIKM  (3aJeXHOCcTeH) i3
Mikponporiecopunx  cucrem CLb y  Bipryanbhe
cepenosutie. L/ 3abe3nedye QUHAMIYHY pEILTIKAIIO:
Oynp-ska 3MmiHa B peanbHiil cuctemi CLb (mampuxman
BCTaHOBJICHHSI MapHIPyTy IHCIIETYEPOM) MHTTEBO Oyne
BiZJoOpakeHo y BipTyaibHii Mozeni) [5].

MopemoBanus CIIb €  He3aMiHHEM  JUIS
TecTyBaHHS HOBOI um 3MiHeHOi Joriku CIIb mepenm ii
BIIPOBA/DKEHHSAM Yy peanbHy cucremy. lle nomomarae
BUSIBUTH JIOT1YHI MOMMIIKH, SIKI MOXYTb HPH3BECTH [0
HeOe3neyHnX cHUTYyamii (HampukIaz MapupyT
BCTaHOBJICHMI Ha 3alHATY KOJII0), CHMYJIALIl BiIMOB
oOmagHaHHs (HANIPUKIIAJ HECIPaBHICTh PEHKOBOTO KOJa,
BiIMOBa CTPIJIOYHOTO TPHUBOJA) Ta OIIHIOBAHHS PEaKIIil
PE3EpPBHUX CHCTEM i OIlepaTropa Ta MOJICIIOBaHHS BIUIUBY
mBuAKoCcTI  crpansoByBaHHs CLb  Ha mpomyckHy
CIIPOMOXHICTB CTAHIIIT Ta 3aTI3HUYHOI AUThHMIII [ 14].

Kpim Toro, monemroBannst CLIb € HafiBaMBIIMM
KOMITOHEHTOM ISl Kibep3axucTy KpUTHYHOI 3ali3HHMIHOI
iH]pacTpyKTypH. SKIo KibepaTaka crpsiMOBaHa Ha 3MiHY
noriku CIb (Hanpukiag 3J0BMHCHHUK HaMaraeThCs
3MIHHTH TIOKa3aHHs cBiTIodopa abo TepeBecTH CTPLIKY),
I/ HeraiiHO BiATBOPIOE IO aTaKy B CHUMYJIILiHHOMY
cepemopuri [12]. Lle mae 3mory III/SOAR wmwmtTeBO

Cgimitodopw, JI0TiKa IXHIX MOKa3aHb

ABTOMaTn4He KOJiiHE OJOKYBaHHS,

CHMyJIAIisS 3aJISKHOCTI MMOKa3aHb BiJf 3aWHATOCTL
KOJTiii i BCTAHOBIICHIX MApIIPYTiB

MogentoBaHHS CHCTEMH KOHTPOJIIO IUTICHOCTI KOJIi1
Ta PO3MEXyBaHHS PYyXOMOIO CKJIaJlly Ha IIeperoHax

OWIHUTH, YW TpU3BEAE I BIpTyallbHA 3MiHAa JIO
HeOe3rmeyHoro  (ismuHOrO  creHapifo  (3ITKHEHHS,
CXOIKeHHs 3 periok). Takox 1e mormomarae cucrtemi SOAR
TECTYBaTH CBOI aBTOMaTH30BaHiI KOHTP3aXxo[¥ (HaIpHKIIaza
130J1smis 1H(IKOBAHOTO ITPUCTPOIO, NEPEBENICHHSI CUCTEMU
B Oesneunwnit cran) y LI, rapanTyroun, mo mi xaii He
JOJaTKoBOI  3arpo3m  Oesmeri  pyxy. LT
BUKOPUCTAHO JUIS TeHEepallii TUCSY CHHTETUYHNX CIIEHApiiB
kibeparak Ha CLIb, sKi HEMOXKJIMBO CTBOPUTH B PEaTbHOMY
cepenoBuili. L[i maHi BHKOPHCTOBYIOTH JUISi HaBYaHHS
anroputmiB 111 cucremun SOAR posmisHaBaTtH HaBiTh
HalMeHI aHoMauii B poOOTi KpuTnaHOi Joriku [4]. Kpim
toro, /I mamae SOAR KpUTHUHMII KOHTEKCT Oe3reKH
pyxy. Inmmmu crnoBamu, iHiwmneHt, nos's3anuii i3 CLIB,
SIKHH CTBOPIOE TIpsAMY 3arpo3y Oesrerti, Oyie aBTOMaTHYHO
NIPIOPUTE30BaHNI BWINE, HDK IHIMACHT, IO CTOCYETHCS
yvmre odicHOI Mepexi, 10 € OCHOBOIO ISl €pEKTHBHOTO

CTBOPATH

aBTOMATH30BaHOTO pearyBaHHs [6].

Mopaeni0oBaHHSI €HEPromnocTAYaHHA Ta 3B'f3KY.
MopenioBaHHsT ~ €HEpPronocTadaHHs Ta  3B'SI3Ky B
U(pOBOMY IBIHHHKY 3aJli3HUYHOT MEpEXi € KPUTHIHO
BAXKJIMBUM, OCKIITBKA BOHO BimoOpaxae
JKUTTE320€3MeTyBalIbHI CUCTEMH, 0€3 SIKUX HEMO>KJINBUH
pyx moi3aiB, pobora CLIb i mepenaBaHHS KPUTHYHHX
nmauux [11]. g QyHKIisA 30cepemkeHa Ha JUHAMIYHOMY
BIZITBOPEHHI MEPEKEBUX, CNCKTPHUYHHX 1 KOMYHIKaI[IITHUX
napameTpiB. MoJIelroBaHHs €HEProrocTadyanHs OXOILTIOE
BCl €JIEeMEHTH, IO 3a0e3MeUyIOTh JKUBICHHS PYyXOMOTO
CKIIamy 1 CTalliOHapHUX OO0'€KTiB: KOHTaKTHY MEPEKy Ta
enexrpudikanito, Tarosi miacranmii (TII) 1 po3aminbHi
ITyHKTH, CHEPronoCTayaHHs HEMPO(QUIBHUX CIIOKHBAiB.
KiGeparaky, crnpsiMoBaHI Ha CHCTEMH YIpaBIiHHS
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migcrarmisvu (SCADA/ACY TII), MOXyTh TpPU3BECTH
JI0 BIIKIIIOYEHHS >XWMBJICHHS KPUTHYHUX AUTHOK. L{JT
CHUMYJIIOE 1IeH CIeHapii, TOKa3ylouH, SK HIBHIKO
3YIUHSATHCS MOi3aU Ta K BiqMoBiaTh cuctemu CLB [12].
I nae 3mory takoxx SOAR/IIII 3MozenfoBaTy, 9u 3MOXKE
aBTOMAaTUYHE MEepeMUKAaHHS Ha pe3epBHY JIHIIO (SK
KOHTp3axiJl NMpOTH aTaku) OyTw BUKOHaHe Oe3 30010 B
€JIEKTPOINIOCTAYaHHI, IO € HEOOXITHUM JuTst Oe3meku [§].
Ha ocnoBi mopemoBanHs eHeprocucremu I moxe
YXBINTH pIlICHHS: y pa3i KidepaTaky Kparie MOBHICTIO
BIJIKJIIOYNATH JKUBJICHHS JUISL JIOKANi3alili 9M TepeBecTH
HABAHTAXXCHHS HA CYCiTHIO ITiICTAHIIIO [4].

MopenroBaHHsT 3B'3KYy BIOOpaka€ MeEpEKeBy
ToroJiorito 1 Tpadik, HeoOXimHuWi It podoTH BCiX
KPUTHYHHUX CHCTEM. Y IIbOMY BHIIQJIKy IPEIMETOM Ta
0o0CsiroM  MOJZICTIOBaHHS €  MepekeBa  TOIOJIOTis,
poToKouH i Tpadik, 6e3aporoswuii 385130k (GSM-R/LTE-
R). IJ  nomomarae 3mMonmenroBath  KibepaTakw,
CHpsSIMOBaHI Ha HOpPYIIeHHS KoMyHikamii: DDoS-arakwu,
CKaHyBaHHS Mepexi, MaHIITyJIsIis MaKeTaMH,
KoMITpomeTaniss Mapupytu3atopiB [12]. OcHOBHUM €
MO/ICITIFOBaHHS TOTO, SIK BTpaTa 3B'SI3Ky Ha MEBHIN AUISHII
(manpuxiax mMix npuctpoem CLB 1 neHTpoM KepyBaHHS)
BIUIMHE Ha (DYHKLIOHYBaHHS (HANpHKJIa] Hepenae moizn
y Oe3neuHuil peXHWM «CTOI» 4YH, HaBIIAKW, BTPATUTH
koHTpoNb) [5]. Cumctema SOAR Moke aBTOMAaTHYHO
TeHEpYBaTH KOHTP3axogu (HANpHKIaX 3aCTOCYBaHHS
npaBu OpaHaMayepa, i305s1mis 1H(IKOBAHOTO CErMEeHTa).
/1 mMonemntoe, un HE TMOPYIIMTH Il i30JISMisT KPUTHYHUN
3B'I30K MDK  IHIIMMH  OE3MEYHUMH  CHUCTEMaMH,
rapaHTylo4d, Mo Kibep3axucT HE TpHU3BelIe [0
omepaniiinoro xonarncy [3]. LI BukopucroBye Mopenb
HopManbHOro Tpadiky LIJ] anst BUsABIEHHS HaMEHIINX
aHOMaJIif, [0 MOXYThb CBIIYHTH PO MOYATOK aTaKh
(HanpuKIax HETHNOBUH 00CAT YM THN JaHHUX, IO
nepenano Ha npuctpoi CLB) [4]. Orxe, MonemoBaHHS
SHEpronocTayaHHsl Ta 3B'A3Ky 3a0e3ledye KOHTEKCT
XKUTTE3a0e3MmeducHHs, naroun 3Mmory cuctemi SOAR Ha
6a3i LI yxBamoBaTH pimieHHs, 10 € 0OIPYHTOBAHMMH SIK
i3 TOYKM 30py KiOepOe3meku, Tak 1 omepamiiHOl
LUTICHOCTI Ta Oe3mekn pyxy moizmiB [9].

I — ne notyxHa riatdopMa Ui TECTYBaHHS
3MiH, ONTUMI3alii PecypciB Ta, IO € TOJOBHUM JUIS ITi€l
CTaTTi, aHANI3y Bpa3IMBOCTEH 1 cuMyisii kideparax [15].

CxaanoBi eqementn I/l 3ami3HU4YHOT Mepexi.
Jist  3a0e3medeHHsT KOMIUIGKCHOI Ta (YHKIIOHAIBHOL
perutikanii peambHOro cepenosuina, /I 3ami3Humi Mae
BKJIIOUATH KUIbKa B3a€EMOIIOB'SI3aHUX PiBHIB MOJIETICH:

1. Mooeni ¢izuunux axmuegie. 1li Moxenmi €
¢i3uuHMMu  o0'ekTamu, SKi MOXKHa Oe3noceperHbo
aTakyBaTH a00 BIUIMB Ha SIKi € KPUTHYHHM JUIS
(byHKLIOHYBaHHS:

KoJ1ii (reoMeTpisi, CTaH);
pyXxoMuii ckiaj] (JIOKOMOTHBH, BarOHH);

B3aEMOJIII0  KEPYOUUX SIK1
0e3IIeKy Ta ONepaTUBHICTS!

CHCTEMH €BPOIIEHCHKOI CHCTEMH YIpaBIIiHHA
3aizanyHuM pyxoM (ERTMS/CLIB);
aBTOMAaTU30BaHi CHCTeMHU

texaonorivanmu npouecamu (ACYTII) [5].

CHCTEM, 3a0e3nevyroTh

VIpaBITiHHS

3. Mooeni kibepnpocmopy. lleft piBeHb €
BUPIMIAJIBHUM /ISl TIMTaHb KiOepOe3neKku, OCKUIBKU BiH
MOJIEIIIOE IIUISAX, SIKUM MOXe OyTH 3/1iiCHEeHa aTaKa:
MepexeBa  TOHOJIOTISL  (MapLIpyTH3aTopH,
KOMYTaTOPH, MEPEXKEBI CErMEHTN);

KOMYHIKaIiifHi IIPOTOKOJIH, II0 BUKOPHCTaHI
B 3aTi3HMYHMX cucTeMax (Hampukian Modbus, OPC UA,
mpotokomu CLIB) [12].

Iarerpamis I/l € BaXIMBEM KPOKOM IS
CTBOPEHHS CHCTEMH IPOAKTHBHOI KibepOe3neku. ['onosna
mepeBara ToJATa€ B MOMIIMBOCTI imiTamii kibeparak i
OLIHIOBaHHS IXHBOTO BIUIMBY Ha peajbHI IpoIecH
(6esmexa pyxy) [12]. Lle mae 3Mory MOHETIOBATH «IIIO,
SIKIIIO», BUSIBJISATH TIPUXOBaHI BPa3JIMBOCTI B CHCTEMax
CIb i ACYTII mo Toro, siK iX BUKOPUCTA€E 3TOBMUCHUK,
TECTyBaTH CIeHapii KibepaTak, Hampukiag Ccrpoly
JIUCTaHLIHHOTO TIEPEBEICHHS CTPUIKM, Ta OIL[IHIOBATH
peaibHi (hi3UUHI HACHTIIKK IIbOTO BTPYYAHHS, PO3POOIISTH
1 TepeBipsATH KOHTP3aXOJW Ta CIEHapii BIIHOBICHHI B
0e3reyHOMY BIPTyaJIbHOMY CEpelIOBHINI 0e3 IKOIHOTO
PH3HKY JUIs peasibHOI 3a1i3HNYHOT Mepexi [§].

Orxe, IIJI nepeTBOPIOETbCSI 3  MPOCTOrO
IHCTPYMEHTY MOJICJIIOBAHHS Ha IHTEJIECKTyaJIbHUH MOJIIroH
JuIsl Kibep3axucTy, SKHH € OCHOBOIO ISl iHTerpamii 3
TIepeIOBUMH CUCTEMaMu pearyBanHs [17].

3. KibGepOe3neka 3amisHu4HOi indpacTpykTypn
Ta KoHuenuiss SOAR (Security Orchestration,
Automation, and Response)

[Muranus kibepOe3nekn HadyBa€e MEepLIIOUYEProBOr0
3HAYEHHS IS 3aJII3HUYHOTO TPAHCIIOPTY, SIKUH CHOTOHI
€ BHCOKOaBTOMAaTH30BAHOIO KPUTHUYHOIO
THPPACTPYKTYpOIO. 3pOCTaHHS 3aJIC)KHOCTI BiJl IU(POBUX
TEXHOJOTiIH TOTpedye Tepexoay Bil TpaIumiiHUX,

PEaKTUBHMX  METOMAIB  3aXWUCTy JIO IPOAKTUBHHX,
IHTEJIEeKTyaIbHIX CUCTEM pearyBaHHs [2].
3amisHn4yHa  1HQPACTPYKTypa €  YHIKQIBHOIO

MIIICHHIO, OCKLIbKM KiOepaTaku Ha HEl MOXYyTb MaTu
npsmi  ¢iznuni Hachigku. Crenudika kibepsarpos Ha
3aJTI3HMII TOJISATAa€E y CIPSIMOBAHOCTI aTak Ha KPUTHYHI

cucremu, Taki sk cucremu CLb, aBromarnzoBani
CHUCTEMH  YIPAaBIiHHA TEXHOJOTIYHUMH  TIPOIIECaMH
(ACVYTII), cucremn mucnerdepm3amii [12]. Orxe,

MOTCHI[IMHNN BIUIMB KibepaTak Ha 3ali3HUIN HE JIHIIC
cTocyeThesi (piHAHCOBHX BTpaT, aje i 3arpoxkye Oesmeri
pyXy Ta rpadixa.

B ymMmoBax 3pocTaHHsS KiTBKOCTI KiOEpiHITUICHTIB
HEOOXiMHMHA IHCTPYMEHT, 3JaTHUH OIEpaTHBHO Ta
epeKTHBHO OOpOONATH BEIWKI MAaCWBH JaHUX i

- CTpPUIOYHI TIepeBOIM Ta IHIN BHKOHAaBYl  aBTOMATHYHO pearyBaTH Ha 3arpo3u. Llum iHCcTpymMeHTOM
mpucTpoi [16]. ¢ xourenmuiss SOAR. Bona sBisie co0010 TEXHOIOTTYHHUI
2. Mooeni cucmem ynpaeninna ma piaxin, 1o 3abe3medye mepexija Big pydHoro oOpoOIcHHS
asmomamuxu. ~Bino6paxaiors joriky poGorm i IHIWMICHTIB J0  aBTOMATH30BAHOIrO [3]. OcuHoBHEM
KOMITOHEHTOM SOAR € OPKeCTPOBKA. e
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¢ynnamenranpHa ckmagoBa SOAR, mo mo cyri €
KOOPJMHAIIIMHUM IIEHTPOM cucTeMu KibepOesneku. Bona
3abe3rneuye e(eKTHBHY B3a€MOMII0 Ta  YIPaBIiHHA
PI3HOPITHAMH, 4YacTO pO3'€IHAHUMU IHCTPYMEHTaAMH
Oesriekn  Ta IT-cucremamu, ski  (QYHKIIOHYIOTH Y
3aTi3HNYHINA Mepexi. OpKecTpoBKa — I TEXHOJIOTTYHHN
TIpo1ec, o 00'eAHy€e Ta KOOPJAMHY€E BUKOHAHHS 3aBJIaHb 1
(GYHKIIH KUTBKOX pI3HMX IHCTpYMEHTIB Oe3lekn (Takux
sK OpaHaMayepH, CUCTEMH BHSBJIEHHsS BTOprHeHb (IDS),
cucremu SIEM, aHTHBIpyCHI CKaHepH, CHCTEMH
KOHTPOJIIO JIOCTYITy TOIIO) JJISi JOCATHEHHS CIUIBHOI
metH [3]. s ckmagoBa SOAR Mae ToOBHY BiAMIiHHICTB
MOPIBHSHO 3 IPOCTOI0 AaBTOMATH3AII€I0: aBTOMATH3ALlis
BUKOHY€ OKpemi 3aBIaHHS, HaNpuKiIajg OJIOKYe OIHY
migospimy  [P-ampecy, a  opkecTpoBKa  KoopouHye
nocniooguicms 1MX 3aBIaHb, 3a0€3MeUyIOud JIOTTYHHN
poOouwmii mporiec.

Ha 3anizanuHOMy TpaHCHIOPTI, € iCHY€ BeIM4Ye3Ha
KIJIBKICTh KPUTHYHHX cUcTeM (Bix odicHOi Mepexi 1o
ACVYTII enepronocrauanus Ta CLIb), opkecTpoBka
BiJlirpa€ BUPIMIANBHY pOJb, OCKUIBKH CTBODPIOE €IMHHUN
LEHTP YHpaBliHHA, 3a0e3ledye KOHTEKCTyasli3amilo
(30upae iHpOpMAILiFO TPO IHIUACHT 3 YCiX BiAMOBIIHUX
cucreM: Bigx SIEM (s maHux KibepmpocTopy) [0
UQpoBOTro ABIHHKUKA (JUIT KOHTEKCTY (Di3UYHOTO BILIUBY)
1 cHcTeM yHpaBliHHS aKTHBaMH (U1 BHU3HAYCHHS
Ba)KJIMBOCTI PUCTPOIO)) 1 mATpHMYe Oe3nexy pyxy [12].

OpxkectpoBka sk (pyHKIis peanizoBana yepe3 API-
inTrepdeiicn (MexanizmMu ais 3B's13ky cucteMu SOAR 3
iHmMMK  cucremamu Oesneku Ta [T-iHcTpymeHTamm),
poboui mpomecu  (Bi3yalbHE TOJAHHSA  JIOTIYHHX
MOCHIZIOBHOCTEH JiH, $KI Ma€ BHKOHAaTH CHCTEMa Yy
BIJNIOBib HA IHOWAEHT) 1 LEHTpajdi3oBaHy Oa3y 3HaHb
(30epirannst  iHdopmamii TpPO  IHCTPYMEHTH, iXHI
MOJJIMBOCTI Ta MPOTOKOIH B3aeMoIii) [3].

OTxe, OpKECTPOBKA € THM «IUPUTCHTOMY, SKHI
rapanTye, 0I0 BCi I1HCTpyMeHTH KibepOe3nekn B
JUHAMIYHOMY  CEpefOBHMIIl  3aJi3HHII  IPAIIOIOThH
371ar0/PKEHO, MIBHIAKO 1, HAWTroJOBHiIIE, 3 ypaxyBaHHSIM
0e3meKn pyxy.

ABTOMATH3AIlif € IPYroI0 BXIIMBOIO CKJIAJ0BOIO
koHuennii SOAR 1 mpsiMUM BHKOHAaBYMM MeEXaHi3MOM,
SKMH peallisye KOOpAMHAWiWHI BKa3iBKH, BH3HAUYCHI
OPKECTPOBKOIO.

Ile TexHomoOris, MmO Ja€ 3MOTY BHKOHYBaTH
PYTHHHI, TOBTOPIOBaHI Ta 4YacTO 3aJIeKHI BiJ dacy
3aBmaHHS y cdepi kibepOesmekn Oe3 mpsMOi ydacTi
JIOIMHM-aHANITHKa. BOHa BHKOpPHCTOBYE 3a3lalieriab
BU3HAuUCHI a00 JMHAMIYHO 3reHepoBaHi cleHapii, BimxoMi

SK «IJICHOYKW», MO MHUTTEBOTO pearyBaHHA Ha
immuneaTn.  CyTHICTP ~ aBTOMAaTH3allii  [MONATae  y
OIBUAKOCTI Ta MacmTaboBaHOCTI. B yMoBax, Koiu

aHAJITUK BUTpayae TOIUHM Ha 30ip iHdopmanii, aHami3 i
BUKOHAHHS KOHTP3aXOJiB, aBTOMAarTW3allis BUKOHYE Ti
cami aii 3a cekyHau abo MiTICEKyHIH.

Aemomamuzayin 6 SOAR oxonnioe 0éa ochoeHi
munu  3a60amb aBTOMaTHu3amilo 300py JaHHX,
30aradcHHs KOHTEKCTY 1 aBTOMATH3aIlil0 peaKIii i
ycyHeHnHst HaciuiakiB. Ha nepwiomy emani micns

BUSIBJICHHS IHIIMJCHTY aBTOMAaTH3allis BUKOHYE PYTHHHI
TIepeBipKu: 30ip ingopmayii (aBTOMATUYHUM 3aIlUT 10
BHYTpimmHIX cucteM (Hampukian SIEM, cucremn
VOpaBIiHHA  aKTUBaMH, NUQPOBHH  JBIMHUK) Ui
OTPMMaHHS IMOBHUX JaHUX IPO aTAKOBaHWI NHPHUCTPIi),
po3sioka 3azposu (aBTOMaTH4YHA IIEpeBipKa Mil03piInX
[P-anpec, xemiB (aiiiB Y1 JOMEHHHUX IMEH Yy 30BHIIIHIX
0azax JTaHUX 3arpos), nepesipxa JICYPHANIE
(aBTOMaTHYHUI TOWIYK IO XXypHajiax (JOTiH) Ha IHIINX
MIPUCTPOSIX U BU3HAYEHHsS MaciiTaly KOMIpPOMeETarlil).
Ha oOpyzomy emani BUKOHyBaHi Oe3mocepeaHi nii,
CHpSIMOBaHI Ha JIOKAJTI3alilo Ta HEWTpali3alilo 3arpo3H:
Mepedicesi  KoHmp3axoou (aBTOMAaTHYHE OJIOKYBaHHS
Tpadiky 3 mimo3pinux IP-ampec nHa Opanamayepax),
VIPAeniHHs KiHyesumu moukamu (BIIOATCHWA 3aITycK
aHTUBIPYCHOI'O CKaHyBaHHS, 130JLig  iH(IKOBaHOTO
MIPUCTPOIO B OKPEMHUI MEPEXKEBUH CETMEHT), YNpPAGIiHHSA
ioenmuunicmio (aBTOMAaTHYHE CKWJAHHA MapojiB abo

OJIOKyBaHHS 00JIIKOBHX 3aITUCIB, AKi Oymn
CKOMIIDOMETOBAH1), 63aemodis 3 I[[/] (aBTOMaTHYHE
IHIMIIOBaHHA CHUMYJIILII IHOUIEHTY B LOU(POBOMY

IBIHHUKY IS OIiHIOBAaHHS (Di3mgHOTO pU3UKY) [3, 8].

Xoda TepMiHM YacTO IUTYyTalOTh, BOHH MAalOTh
qiTKEe PO3MEKyBaHHS: OpPKECTPOBKa BH3HAYaE
MTOCTIIOBHICTE [Iifi, SKi MOTPIOHO BUKOHATH, 1 3'€IHYE
HEeoOXimHI 1HCTpyMeHTH (Oupucenm), a aBTOMATH3ALisl
BUKOHY€ caMi 3aB/IaHHS Y BU3HA4YCHIN MOCTIJOBHOCTI 0e3
BTPYYaHHS JIFOUHH (8uKoHaseys). OpKECTPOBKA CTBOPIOE
JIOTIYHUH TIOTIK, a aBTOMAaTH3allil HAIMOBHIOE HOro
TEXHIYHUM 3MiCTOM 1 IIBUAKICTIO.

BrpoBamkenns ~— aBTomaruszamii €  JKHUTTEBO
HEOOXITHMM ISl 3ali3HUYHOTO TPAHCIIOPTY 4epe3 Taki
¢dakTopu, AK  HEOOXigHICTP  MHUTTEBOI  peakuii,

rapaHTyBaHHS O€3MeKH PyXy SK MPIOPUTETY i 3HMKEHHS
JofickKoro  (hakTopa B TEXHOJOTiyHOMY mpomeci [12].
3apmsaku aBTomMatm3amii SOAR meperBoproe mporiec
KibepOesnekn Ha e(eKTHBHY, BHCOKOIIBHIKICHY Ta
HaliiHy CHCTeMy, 37aTHy 3axWIIaTH  KPUTHYHY
iHppacTpykTypy B pexumi 24/7. SOAR nomomarae
3HAYHO CKOPOTHUTHU Yac pearyBaHHS, ITiJBUIIUTH TOYHICTh
pilleHb 1  3BUIBHUTH  EKCIEPTiB-aHAIITHKIB  JUIA
BUPILICHHS HAWCKIIAIHIIINX, HETUITOBHUX 3aBIaHb.

[arerpaniss mryynoro inrenexkty B SOAR €
HEOOXIiTHOI0O YMOBOIO /ISl CTBOPEHHS I1O-CIPaBXHHOMY
MIPOAKTUBHOI Ta IHTEJEKTyanbHOi cucteMu Oesreku. 1111
3a0e3medye KOTHITHBHI MOMJIMBOCTI, SIKi JAlOTh 3MOTY
aBTOMaTu3alii BHHWTH 32 MEXI INPOCTHUX, IONEPEIHBO
BuszHaueHnx npaswia. Poms Il B SOAR peanizoBana
yepe3 MamuHHe Ha4aHHs (MH) s BusBIeHHS
aHOMaJIiil 1 MPOTHO3YBaHHS 3arpo3, HeHpoMepexi — Uit
knmacudikamii iHIMICHTIB 1 BU3HAUCHHS MPIOPUTETIB Ta
aBTOMAaTUYHOTO (OpPMYyBaHHS «IUICHOYKiB» (cleHapiiB
pearyBanns) [4]. Bukopucranns 111 neperBoproe SOAR
Ha QJanTHBHY CHCTEMY, fKa 3/JaTHa HE TUIbKH
aBTOMAaTUYHO pearyBaTd, ajieé ¥ NOCTIHHO BYHMTHCS Ta
caMOBIOCKOHAMIOBaTHCS [1].

4. Inrerpanisn mudposoro aBilinuka Ta SOAR
Ha 6asi 11
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IuTerpamis mmdpoBoro MABIMHWKA 3ali3HUYHOT
Mepexi i3 cucremoro SOAR Ha 6a3i ITyYHOTO iHTEIEKTY
€ BAXIMBOIO [UIA MiABHUINCHHA KiOepcriiikocti. Lls
CHHEpTis Ja€ 3MOTY BHITH 3a MeXi 0OMEXEHb ICHYIOUHX
METOJIB 3aXHCTy, BUKOpUCTOBYIoun LI/ sik momiron st
iMiTarii kibeparak i1 OIliHIOBaHHS iXHBOTO BIUIMBY Ha
Oesneky pyxy 6e3 pu3uKy AJIs peanbHoi Mepexi [2].

[arerpanis nudposoro neiitanka Ta SOAR Ha 06a3i
I crBOprOE KOMIUIEKCHHH IHKI  KiOep(i3HIHOTO

3aXUCTY, IO CKIAJA€ThCS 3 TPbOX OCHOBHUX €JIEMEHTIB
(puc. 1) [11].

.

\

AHani3 AaHHUX

BusasneHHs

Konii

iHLMAeHTIB

»
-

loT- npucrpoi

> PearyBaHHA

Puc. 1. Apxitekrypa interpanii mudposoro asiitnnka Ta SOAR Ha 6a3i 11
JUTSL 3aJTI3HIYHOT Mepexi

1. IudpoBuii ABIHHMK BUKOPHCTOBYIOTH SIK
CepeNIOBHIIIE MOJICIIIOBAHHS Ta aHajli3y KOHTeKcTy. BiH
Hajae BIpTyadbHy Komio (i3WyHMX akTHBiB (KOdIii,
PYXOMHUH  CKJal, CTPUIOYHI  IEPEBOAM), CHCTEM
ynpasiiaas (ERTMS/CIB, ACVYTII) i kiGepmpocTopy
(MepexeBa TOIOJIOTsL, TPOTOKOIH) [7].

2. Cucrema SOAR i€ sk cucremMa pearyBaHHs,
o0 BIONOBITa€ 3a OPKECTPOBKY, aBTOMATH3AIll0 Ta
BHKOHAHHS KOHTP3axoiB [3].

3. Ilry4ynuii iHTeNeKT BHKOHYE (QYHKIIIO
«MO3KY» JUIi yXBaJCHHS pilieHb, 3a0e3nedyroun
iHTenekryanbHy JaHky Mix LI/ Ta SOAR [4].

EdexTuBHiCcTH CUCTEMH 3aJICKUTH Bif

JIBOCTOPOHHKOTO 00MiHYy iH(popMarieto Mixk L[/l Ta SOAR

(puc. 2).

d

.
>
.
>

Puc. 2. Mexanizmu B3aemoii mudposoro asiitanka Ta SOAR Ha 6a3i LI ast 3ami3HIIHOT Mepexi
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T — SOAR: xonTeker ¢pizmunoi cucremu. Ha
mpomy ertami [IJI mamae SOAR TOYHHI, XUTTEBO
Ba)XJIMBUH KOHTEKCT NP0 NOTOYHUM cTaH (i3nyHMX
cucreM. Y pasi BusBIeHHs KiOepinummenty SOAR
3BepTaeThesa A0 I/, mo0 ominuth Qi3wyHI HACITIIKU.
Hanpuknan, I[JI mMoxe BiANMOBICTH HA 3alHMTaHHS «4YH
BIUIMHE BIAKJIIOUCHHS KOMyTaTopa X Ha Oe3leKy pyxy
moizma  Y?». La indopmamis nmomomarae SOAR,
kepoBaHoMy LI, xopekTHO kiacu(ikyBaTH IHIUAEHT i
BU3HAUUTH HOTO pealbHUI MpiOpHTET: Kibeparaka Ha
odicHy MepeXy Mae MEHIIHH NpiOpUTeT, HiK araka Ha
CIIb, sika 3arpoxye 3iTKHCHHsM [12].

SOAR — II: cumy’asuiliHe BiATBOpeHHs
inumaenty. lleii MexaHi3M BHMKOPUCTOBYIOTH  JUISI
Bepudikamii Ta TectyBaHHS KOHTp3axomiB. SOAR
nepefae JaHi Npo BHABIEHI IHOWAEGHTH JUIi iXHBOTO
CHUMYJISILIITHOTO BiATBOPEHHS B 0€3MEYHOMY CEepeIOBHIII
OA. ILe mae 3Mmory imiTyBaTH HACHiAKH KibepaTakw,

ABTOMAaTU30BaHi

3axogm

36ip i
06po6Ka
AaHUX

MNpuAHATTA
pilueHb

HaIpHKIa crpo0y HECaHKIIOHOBAHOI 3MIHM CHUTHAILYy YU
nepeBefeHHs cTpinku. [lepen 3acrocyBaHHIM Oyab-sSKHX
aBTOMAaTHU30BaHUX KOHTP3axo/iB (TUICHOYKiB) (HampHKIiIan
130JI5111isT MEPE)XKEBOTO CETMEHTA) iX CIIOYaTKy TECTYIOTh Y
OA. Ie rapantrye, mo xais SOAR He mpusBenme [0
HeOaKaHUX OTICPAIlIfHUX 9H OE3MEKOBUX HACHIIKIB [§].

ITy4Huil iHTEIEKT € «MOCTOMY, IO 3abe3reuye
PO3yMHY B3a€EMOJIII0 MDK BIpPTYaJIbHHM CEpEIOBHUILIEM
UQpOBOro JBIHWKA 3aTI3HUYHOI MEpEXi Ta CHCTEMOIO
aBTOMaTU30BaHOIO pearyBaHHs SOAR. Ient
IHTErpoOBaHMK TMIAXiJl CTBOPIOE aJaNTHBHY CHCTEMY,
3MaTHY K aBTOMAaTHYHO pearyBaTH Ha 3arposu, Tak i
MIPOAKTUBHO iX MPOTHO3yBaTH, BHKOpucTOBYIoun LI sk
BIPTyaJbHUHM TIONITOH JUIS YXB&ICHHS ONTHUMAJIBHUX
pileHs y pexxumi peanbHoro gacy [15].

Cam anroputM  peaji3oBaHO
300pakeHi Ha puc. 3.

4yepe3  eraru,

Puc. 3. Anropurm LI st interpamnii L] Ta SOAR y 3anizanuny iHQpacTpyKTypy

Etran 1. 36ip i o0podka nmanmx. Ha mpomy

MOYaTKOBOMY eTami 30WpaloTh JaHi 3  peasbHOl
3aTi3HUYHOI MEpexi, M0 HEOOXigHI IS CHMYJAIIl Ta
aHaizy [6].

Eran 2. Amnanis koHrekcry. 3iOpani maHi
aHAJI3YIOTh Ul BU3HAYEHHS KOHTEKCTY IHIMICHTY YU
curyanii. Helfipomepexxi nomomararoTb Ha IIbOMY eTarli,
KJIacuQiKylour iHIUACHTHY 1 BU3HAYAIOUH 1XHI IPIOPUTETH

[4].

BUOIp 3aBXIM KEpPOBaHWI WiTKUM mpiopureToM: besnexa
Pyxy — @yuxyionansuicms — Bionoenennsa [12].

[Micns  yxBaneHHs  pimeHHA  BigOyBaeThCs
peanizamiss aBTOMATH30BAHHMX 3aXOliB (3aIlyCKaroTh
BinoBiHI cuieHapii pearyBanHs SOAR, BuoOpani 11, ms
YCYHEHHsI 3arpo3d UM IHIMICHTY) 1 BigoOpakeHHsI
HACJIAKIB (pe3yJbTaTH BUKOHAHHS 3aXO[iB (IKCYIOTH i
aHayi3yioTh) [3].

Jns MiATPUMKH aKTyaJIbHOCTI Ta e(eKTHBHOCTI
aNropuTMy HEOOXiZHE oOunamiune onoenenns IL[/J.

Eran 3. YxBanenns pimennsi. Ile xputnunmii  3acToCyBaHHS MAIIMHHOTO HAaBYaHHSA € KPUTHYHO
eTar, sKui rpyHTOBaHuil Ha cumymsnii B [I/1. Ha mpoMy  BaknuBuM It TOCTIfHOTO — KOperyBaHHS — Ta
eram I BUKOPUCTOBYIOTH UIA OIIIHIOBAaHHS HACHINKiB  BaockoHaneHHs mozeneit 11J]. Koperyrors momeni LIJ] Ha
IHIMACHTY, SIKMHA OyB IPOMOJICIOBAHUHN y BIPTYaJJbLHOMY  OCHOBI  JIaHMX  peajbHOr0 dacy Ta  (aKTHYHUX
cepemoumti  I[JI. Ha ocHoBi mporo III BuOupae  KiOepiHLMIEHTIB. Mainnne HABYaHHS TaKOX
ontuManbHui crenapiid pearyBanHs SOAR. Ilpy oMy  BHKOPHCTOBYIOTH  JUIS  BUSIBJICHHS  aHOMalid 1
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MIPOTHO3YBAaHHS 3arpo3, Mo 3a0e3leduye aKTyalbHICTh
BipTyanbHOro cepenosuma LI st cumysnsmii [4]. Lei
IHTErpoBaHMH MiAXiJl CTBOPIOE aNaNTHBHY CHCTEMY,
3[aTHY He JIMIIEe aBTOMaTHYHO pearyBaTH Ha 3arpo3u, aje
H TPOaKTHBHO TPOTHO3YBaTW iX, BHUKOPHCTOBYIOUH
BipTyanbpHuH nosirod LIJ] st yxBajieHHS ONTUMAaIbHUX
pileHs y pexxumi peanbHoro gacy [15].

5. IIpakTnyHi acnmekTH 3aCTOCYBAHHA Ta
NEePCHEeKTHBH  PO3BUTKY  LHM(POBOro  ABiliHMKa
3aJ1i3HUYHOT Mepexi

[udpoBuit  OBIHMK 3aII3HUYHOI MeEpexi €

MIEPeIOBOI0  TEXHOJIOTI€I0, IO CTBOPIOE BIPTYaJIbHY
KOMI0 peanbHOi  iH(PACTPYKTypH, IAl0ud  3MOTY
MOJICITIIOBATH, aHANi3yBaTh 1 NPOTHO3yBaTtd ii craH [2].
BrpoBamkenns 11/l mae BupimamsHe B3HAYCHHS IS
MiABUINEHHSA CTiHKOCTi, ©Oe3nekn Ta e(eKTUBHOCTI
3amisHmuHOro Tpamcmopry [9]. HMoro BuKopHcTamHs
BIIKpMBA€ HOBI MOXIJIMBOCTI Juisi KibepOesmekn Ta
orepaniifHoi crifikocti 3amisHn4HOi Mepexi. LI/ ciyrye
0e3IeYHIM TTOJIITOHOM JUISl TECTYBAaHHS HOBHX IIIICHOYKIiB
(cuenapiiB  aBromMarm3zoBaHoro pearyBaHHs) SOAR-
cucreM. lle pmomomarae mepeBipATH e(EKTHBHICTD
aBTOMAaTH30BaHUX Mid TIepex iX 3acTOCyBaHHSAM Y
peanbHiN Mepexi. Uepe3 cumyrsmio pi3HUX Kibepartak i
3arpo3 y BipryansHOMY cepemoBuii 1[/] daxiBii MOXYTh
BUSABJISATH BPa3JIUBOCTI iH]pacTpyKTypH, AKi
3aJIMIIAIOTHCS HETIOMIYCHUMH TPAAWLiMHUMH 3aco0aMu
3axucty [8]. YV pasi ycmimmoi araku IIJ] moxe Oytn
BUKOPHUCTaHHUN JU1s aBTOMATH30BaHOL
nepekoH(pirypauii Mepeski. Pimenns npo BigHOBICHHS
TIOTIepeTHBO MEPEBIPSIIOTH 1 BIANPALbOBYIOTh y IBIHHHUKY,
3a0e3Meuyroun MiHiMaTbHUN Jac mpoctoro [10].

Onnak, He3BaXalOYM Ha 3HA4YHI II€peBarwy,
BrpoBapkeHHs L[/l 3ami3HUYHOI MepeXi CTHUKAaeThCs 3
HU3KOIO Cepio3HMX mpobiem. Po3pobieHHs Ta miarpuMka
MIOBHOLIIHHOTO IU(POBOro ABIHHMKA MOTpeOye 3HAUHUX
¢inancoBux imBectHmiid. Kpim Toro, it TOYHOTO
MOJICJIIOBaHHS HEOOXiJHI BENHKI 00CATH  SIKICHUX,
aKTyaJIbHUX JaHuX 13 peasbHOi Mepexi. OcoOmuBy
CKJIAIHICTD CTaHOBUTH MOJICTIFOBaHHS cucTeM
3ami3HUYHOI aBTOMATHKH, Takux sk cucrtemu CIBb Ta
ACYTII  (aBTOMaTH30BaHi  CHUCTEMH  YHPaBJIiHHA
TEXHOJIOTIYHUMH ITporecamu). TakoX iCHYIOTh ITUTaHHS,
MOB'sI3aHi 3 PO3POOJICHHSAM  €IWHUX CTaHIApTIB 1
perynsTopHoi 6a3u s 3acrocyBanus L [2, 5].

Bararo kpain cBity, 30kpema €Bpoma, A3is Ta
CIIIA, yxe MaroTh NPUKIAIU BIPOBAPKEHHS OKPEMHX
enemeHntiB IIJI i SOAR nHa cBoix 3ami3HuMmgx. Tak,
HiMeUbKui 3ani3an4nui onepatop Deutsche Bahn (DB) €
OIHMM i3 JigepiB y BrmpoBampkeHHi LJ[ 1 mTydHoro
iHTenekty. Y pamkax npoekty Digitale Schiene
Deutschland (DSD) DB cmineno 3 NVIDIA crBOpIoe
¢oTopeanicTHYHOr0 IU(POBOTO JBIHMKA 3aTi3HUYHUX
JiHIA 1 craHuiit (Hanpukaax s S-Bahn NamOypra), mio6
MIOBHICTIO CHUMYJIOBAaTH aBTOMAaTW4HE OOCIyTOBYBaHHS
Moi3aiB y BCi Mepexi. /[BiliHNKa BHKOPHCTOBYIOThH LIS
napuanHs IIII, sxkuit Mae Oe3mepepBHO aHaNi3yBaTh
HaBKOJIMIIIHE CEPEJOBHUILE Ta ONTUMAJIBHO pearyBaTH Ha
HEeTUNOBI NoAii (HaNpUKIaz MagiHHs MPEIMETIB Ha KOJII0

abo mosiBa mOAWHW Oums kparo twrargopmu) [1]. Lle
JIorioMarae po3po0JIATH 1 TECTyBaTH CUCTEMH CHIPUIHATTS
Ta  ynpaBimiHHA ~ 0e3  pU3MKYy AU pealbHOL
iHppactpykrypu. DB axtuBHO Bmposamkye LI, sxwmit
cnHpaeThess Ha NU(POBY KOO MEpexi, Uil BUPIILICHHS
KOH(IIKTIB MIX I0i31aMH B CHCTEMaX AMCIETYEPCHKOTO
ynpaBiiHHA ~ (30KpeMa  Ha  MICBKMX  3aJIi3HHIIX
MryTtrapra, Mionxena Tta bepnina). MopemoBanns
CIICHApiiB PO3BHUTKY CHTYyalii Ja€ 3MOTy JHcCIETYepy
OTPUMYBaTH  ONTHMI30BaHi BapiaHTH  PETYJIOIOYUX
3aX0/iB 1 YHHKAaTW 3aTpUMOK M€ /0 BHHHUKHCHHS
cepiio3HUX mpodieM [4].

Y Bemukiit bpuranii xomnanis Network Rail
BukopuctoBye /1 amst yrpaBimiHHS iHQpacTpyKTyporo Ta
CKJIAJIHUMH TIPOEKTAMH, CepeJl HUX TaKi, SIK MOJepHi3awis
iHdpactpykrypu. I1ix yac MozxepHizamii BaXXaIuBoro Bysina
Carstairs Junction II/I BimirpaB TONOBHY poib Yy
MiHiMi3amii 300iB 1 NPUCKOPEHHI BUKOHAHHSA PpOOIT.
JluHamiuHa, HACUYCHA JAaHUMHU MOJIENb Jaja 3MOTY TOYHO
KOOPJMHYBAaTH TIPOEKTYBaHHS Ta OyIiBENbHI 3aXO0[H,
CHUMYJIIOIOYM peaJibHi YMOBH Ta IHTErpylodd pisHi
JUKEpena JaHWX JUIl YXBaICHHS pIOIEHb Y PpEeXUMI
peanbHOTO "Hacy [13].

VY 2022 pomni imxkunipuHroBa ¢ipma Iramiiicekoi
JeprxaBHoi 3anizanynoi ['pynu 3acTocyBana TEXHOJIOTIO
L s mpoeKTy BUCOKOMIBUAKICHOT 3alli3HUYHOI JIiHIT
Hearmons-bapi. oa OyB iATOTOBICHUH i3
BukopucTanHsM 1udposoi BIM-6i0miorekn (Building
Information Modelling), mo namigyBana Gmussko 1500
rapaMeTpUYHUX KOMIIOHEHTIB, IO 3HAYHO ITOKPAIIIIO
YIPaBIiHHSA HPOEKTOM Ta OLIHIOBAHHS HOTO YXMTTEBOTO
mukiy [7].

B Ascrpanii 6ymo mponemoncrpoBano, mo L],
MO€HAHNHM 13 TTTMOOKMM HaBYaHHSM, MOXKE Ha/laBaTh
JIeTaNbHII JlaHi Tpo BIUIMB 3001B Ha MacaXxwpiB y
PeKUMI peaibHOTO 4Yacy. MeTolo IbOro JIOCIiDKEHHS
Oylo fmaTH 3MOry OINEpaliiHUM IEHTpaM Kpaiie
MOM'SIKIIYBAaTH  HAcJHiAku 300{B Ta  ONTHUMI3yBaTu
o0ciryroByBaHHs acaxupis [9].

i MIPUKIIAAN LTIOCTPYIOTH, o oa
BUKOPHCTOBYIOTh ~HE JIMIIE JJIsI  IPOTHO3YBaHHS
TEXHIYHUX BIZIMOB Ta YNpaBIiHHA AaKTHBaMH, ajle W
omnruMizanii pyxy, HaBuanHs cuctem III/SOAR i
MIIBUINEHAS KiOepCTiKOCTI 3ai3HUYHUX Mepex [15].
Ieit MIKHAPOIHUN IIOCBIL MiATBEPIKYE
MIEPCIICKTUBHICTH TEXHOJOT11.

Hus Ykpaiam BupoBamkenHs L[] mae ocobmmBe
3HaUeHHA. TEXHOJOris € KPUTHYHO BaKINBOIO JUIS
MoJIepHi3arii 3aJI3HIYHOL iH]pacTpyKTypH Ta
MABUIIEHHSA CTIMKOCTI YKpaiHCBKOI 3aJi3HUMI, IO €
KUTTEBO HEOOXiMTHUM B YMOBAaX BOEHHHX 1 TOCTIHHHX
KibepHeTHUHMX 3arpo3 [12].

Tarerparis 1J] 3anizammi Ta SOAR Ha 6asi LI €
HaCTYITHUM eTarnoM €BOJTFOL T KibepOe3nexn
3aJTI3HMYHOTO TPAHCIIOPTY, WIO JIa€ 3MOTY IIEpEeHTH Bil
PEaKTUBHOTO JI0 KOHTEKCTHO-3AJIC)KHOTO IPOAKTHBHOTO
pearyBanHsi. Po3poOinenns yHiikoBaHMX MPOTOKOINIB
oominy mamumu Mk IIJI i SOAR, ymockoHalleHHsS
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MoJeIeH
HUHIOIHBOMY €Tami pPO3BUTKY IHUX TEXHOJIOTIH

I st MIPOTHO3YBAaHHS CKJIaIHUX,

[4].

3aranom 1uQpOBUI ABIHHWK 3aJII3HUYHOI MEpeXi € He

JUme  iHCTpyMEHTOM JUIs  ONTHMizamii, ame W
CTpaTeriyHol0 HEOOXigHICTIO JJIsi TapaHTyBaHHS il
HAOIHHOCTI Ta OE3MEeKH B CY4acHOMY ITU(PPOBOMY

cepenosui [17].
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CREATION OF A DIGITAL DOUBLE OF

THE RAILWAY NETWORK AND ITS INTEGRATION

WITH AI-BASED SOAR CYBER THREAT
RESPONSE AUTOMATION
Abstract

The article substantiates the need to create a

digital duplicate of the railway network (CD) and
explores the mechanisms of its integration with an
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advanced system of automating response to cyber threats
conditions of total digitalization, introduction of the
Internet of Things (IoT) and ACS/CSS, the railway
infrastructure critically expands the surface for cyber
attacks, which requires a transition from reactive to
proactive methods of protection.

CD is defined as a high-precision virtual copy of
the physical system (tracks, rolling stock, power supply,
control system, automatic control system and network
infrastructure), which serves as an intellectual training
ground for cyber protection. The main functions of the
CD are considered in detail: traffic modeling,
infrastructure modeling, SBS systems modeling, and
energy supply and communication modeling. Each of
these functions is critical for simulating cyber-attacks and
assessing their real-world physical impact on traffic
safety, such as attempted unauthorized changes to the
arrow's position or communication disruption.

The SOAR system is presented as a key tool that
provides the orchestration (coordination of security tools)
and automation (implementation of countermeasures
using «playbooks») necessary for immediate incident
response.

Artificial intelligence acts as a «brainy for

decision-making, using the CD to assess the consequences
of an incident and choose the optimal SOAR response
scenario with the priority: Traffic safety - Functionality -
Recovery. A conceptual architecture and integration
algorithm are proposed that allow SOAR/AI to
automatically test countermeasures in a virtual CD
environment before deploying them in a real network,
minimizing operational risks.
Practical examples of the application of CD and Al
elements on the world's railways (Deutsche Bahn,
Network Rail, Italian State Railway Group) are given,
which confirm the promising nature of the technology.
The conclusion emphasizes that the integration of CD,
SOAR and Al is a strategic necessity to increase the
overall cyber resilience and reliability of rail transport,
especially in the face of constant cyber threats.

Keywords: digital  twin, cybersecurity,
cyberattack  simulation, proactive protection,  rail
transport.
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