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DEVELOPMENT OF A HYBRID (PHYSICS-INFORMED)
MODEL OF SHIP MOTION DYNAMICS

Vychuzhanin V.V., Vychuzhanin A.V.

PO3POBGKA I'BPUTHOI (PI3UYHO-IH®GOPMOBAHOT)
MOJAEJII JMHAMIKH PYXY CYJIHA

Buuy:xanin B.B., Buuy:xkanin O.B.

Improving the operational efficiency of marine vessels
and the reliability of ship power plants requires the
application of advanced methods for intelligent data
analysis and modeling of complex dynamic processes.
One of the most promising approaches is scientific
machine learning, particularly physics-informed neural
networks (PINNs), which combine physical laws
governing technical systems with the capabilities of deep
learning. The aim of this study is to investigate the
potential of physics-informed neural networks for
modeling hydrodynamic processes and for intelligent
diagnostics of the technical condition of ship power
plants. The paper analyzes modern approaches to
computational hydrodynamics and machine learning
methods used to describe ship motion dynamics and
operational processes of marine energy systems. Special
attention is given to the principles of constructing PINN
models in which differential equations describing the
physics of the investigated processes are incorporated
directly into the neural network loss function. This
approach improves prediction accuracy and model
robustness when only limited experimental or
operational data are available. It is shown that the use of
physics-informed neural networks allows more accurate
reproduction of nonlinear dynamic relationships
between ship motion parameters, hydrodynamic
characteristics, and the performance indicators of
propulsion and power systems. Based on the analysis of
recent scientific studies and published results, the
advantages of the PINN approach compared with
traditional computational fluid dynamics methods and
purely data-driven machine learning algorithms are
identified. It is demonstrated that the integration of
physical models with neural network algorithms
improves the reliability of predicting the technical
condition of ship equipment and provides a foundation

for developing intelligent monitoring and diagnostic
systems for marine power plants.

The obtained results confirm the nepcnekmugnocmo of
applying physics-informed neural networks to problems
of ship hydrodynamics analysis, prediction of
operational parameters, and improvement of technical
diagnostic systems in marine engineering.

Keywords: physics-informed neural networks, scientific
machine learning; ship hydrodynamics; ship power
plants; technical condition diagnostics; neural networks;
computational fluid dynamics.

Introduction. The development of the
Modeling & Simulation Core level of the
hierarchical architecture of the digital twin requires
a qualitative transition from simplified analytical
dependencies to  high-precision  predictive
structures. This section presents the development of
a hybrid model based on the principles of Physics-
Informed Neural Networks (PINN). Such an
approach makes it possible to overcome the
fundamental limitations of classical
hydromechanics in terms of accounting for
nonlinear disturbances and, at the same time, to
avoid the “black box” problem characteristic of
purely empirical machine learning methods.

The current state of the theory of ship motion
control is characterized by a fundamental dilemma
between the accuracy of dynamic description and
the computational complexity of the model.
Traditional White-box approaches, relying on
analytical equations of motion and numerical
simulation of hydrodynamics, provide physical
interpretability and structural consistency with the
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fundamental laws of mechanics. A review of works
in the field of ship hydrodynamics emphasizes that
classical methods, including strip theory, potential
approaches, and RANS-CFD modeling, are capable
of adequately describing maneuvers and
disturbances, but require significant computational
resources and are sensitive to parametric
assumptions and boundary conditions [1, 2, 3]. In
practice, methods based on the numerical solution
of the Navier—Stokes equations are used to obtain
highly accurate estimates of the forces and moments
acting on the hull under maneuvering regimes;
however, they are rarely applicable in real time due
to high computational cost and the need for high
mesh density [2]. In addition, RANS-CFD
approaches require calibration of hydrodynamic
coefficients, which often reduces such models to
semi-empirical  identified  systems  (ITTC
Recommended Procedures). At the other pole are
Black-box deep learning models, such as recurrent
neural networks (LSTM, GRU) and other deep
network architectures. These models are capable of
extracting complex nonlinear dependencies from
data and achieve high approximation capability on
training datasets [4]. However, their key limitation
is the absence of an explicit physical structure and
constraints, which leads to unstable behavior when
extrapolating beyond the training domain and
reduces the interpretability of predictions [4, 5]. In
applications to marine dynamics, purely data-driven
models prove to be sensitive to noise in the data and
limited by the volume and representativeness of the
dataset, which restricts their  operational
applicability [4]. Partially, neural network
approaches are developing in the direction of
Physics-informed Machine Learning (PIML),
where physical laws are incorporated into the
training functional. The fundamental works of
Raissi, Perdikaris, and Karniadakis are known as
PINN, which embed the equations of physics
directly into the optimization loss function and
demonstrate the ability to solve differential
problems with physically meaningful regularization
[6]. Review studies show that PIML provides a
balance between data and physics, increasing the
generalization capability and stability of models [7,
8]. In relation to the problems of the dynamics of
moving objects, PIML approaches are used to
recover not only the state of the system but also
hidden dynamic parameters, which increases
prediction accuracy while maintaining physical
consistency [6, 7]. Such methods are already finding
application in problems of modeling hydrodynamic
fields, continuum mechanics, and dynamic systems

where classical models experience difficulties under
complex disturbances and limited data volumes [8].

Thus, the theoretical and methodological
analysis indicates that neither classical White-box
models nor fully empirical Black-box models
simultancously  provide physical adequacy,
computational efficiency, and robustness of
generalization under changing operational regimes.
A hybrid approach based on the inclusion of
physically meaningful constraints and data makes it
possible to combine the advantages of both classes
of models. Within the framework of a digital twin
of a modern marine object [9, 10], such an
architecture ensures structural consistency with the
laws of mechanics, stability of the training process,
and a reduction in the requirements for the volume
of training data, which is especially important in the
early stages of operation.

Results. The proposed hybrid architecture
implements the principle of synergy, where the
equations of dynamics act as a rigid structural
framework, and the trainable component identifies
subtle physical effects. This is especially critical for
a digital twin, which must function synchronously
with the real object, adapting to changes in its
characteristics (for example, degradation of the
propulsion complex or changes in hull roughness).
The formation of the hybrid computational core of
the digital twin is based on the principle of
decomposing the model into physical and neural
network components with subsequent integration
through a residual module. The architecture
provides for limiting the norm of the weight
coefficients to prevent overfitting, as well as an
adaptive mechanism for online updating of
parameters with a guarantee of stability in the ISS
sense. The generalized structural scheme of the
developed model is shown in Fig. 1.

The proposed hybrid architecture (Fig. 1)
implements an ISS-stabilized closed-loop control
system. The analytical model forms the basic
control signal zuuapsc, Which is supplemented by a
corrective action 7. generated by the residual
operator based on Physics-Informed Neural
Networks. The resulting signal CUTHAT Tyl = T anaiyric
+ 7o 18 applied to the ship’s actuators. The neural
network component functions as an adaptive
corrector of nonlinear effects and external
disturbances. The limitation of the L.-norm of the
weights (Weight Bounding) ensures boundedness of
the parameters 6\thetaf, while the online adaptation
loop updates them in real time with a frequency of
10-50 Hz based on the physical residual (ziwwm —
Tanalviic). The external stabilizing loop with the gain
matrix K>0 guarantees the fulfillment of the input—
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state stability (ISS) conditions of the closed system,
due to which the residual operator enters it as a
bounded disturbance without violating the
asymptotic stability of the basic dynamics. Thus, the
presented structure is a dynamically justified hybrid
architecture fully suitable for the operation of a ship
digital twin in real time.

1SS-Stabilized Closed Loop

Analytic Model Residual PINN-Operator
My + C)v+D()y + —» (A-Dynamic dentification)
T = Ny 70)

==K

7 =Total

Analytic Model == Neural Network (PINN)
My Colv Dy + —(V‘% 16,1 0= max

Al=w=)™ Tog =

\: . |0,f'9kHWeight§aunding?—f—
] 9Mvgk_gm-son )

i . d Residual (T, - Tnalyic | -
AL T, | ! J ' -
4 Y ‘
12 Constraint / j.‘..___-\-y‘ Update Frequency: 10-50 Hz | ‘ Object
LWeightBuundingli ] K: | "

Sensors

Real-Time Adaptation Loop

Fig. 1. Structural diagram of the hybrid PINN core of
the digital twin with a physical regularizer, residual
operator, and an adaptive online update loop

Mathematical structure of the intelligent
model core. The development of the structure of the
intelligent model core is based on an extended
system of differential equations describing ship
motion. According to the proposed concept, the
complete dynamics is represented as a superposition
of deterministic and adaptive components [1]:

Mﬁpred +COWV+DW)v+g(M)= Teontrot +
+Afhy (7]» v T, e)a

where M is the inertia matrix taking into account the
rigid body mass and the added masses of water;

Vprea 18 the vector of ship accelerations in the
body-fixed coordinate system;

v = [uvr]" is the velocity vector
(longitudinal, lateral, and angular velocities);

C(v) is the matrix of centrifugal and Coriolis
forces and moments;

D) is the
(resistance) matrix;

g(m) is the vector of restoring forces and
moments (static stability);

n =[x, y, y]" is the vector of ship position and
orientation in the earth-fixed coordinate system;

Teontrol 18 the vector of control forces and
moments generated by the propulsion—steering
complex;

hydrodynamic  damping

Afpypri () is the output of the PINN neural
network component approximating the total
contribution of unmodeled hydrodynamic effects
and external disturbances.

The originality of the proposed structure lies in
representing the function Afyypriq in the form of a
trainable operator [6]:

Afhybr ((: 6) ~ NB (()' ( = [77' v, e]T;
where 8 is the optimized parameters (weights) of
the neural network;

NNy is the multilayer perceptron with a set of
trainable weights and biases 6;

{ is the input vector;

E .y, 1s the vector of environmental parameters
integrated into the model through the sensor level of
the overall architecture;

[7,v,7,Eonpy]T is the transposition operation
forming the final column vector of input data.

Architecture and parameters of the neural
network component. To ensure efficient
approximation, the author designed a specialized
neural network architecture optimized for solving
problems of rigid body dynamics in a viscous
medium. The parameters of the developed network
are presented in Table 1.

Table 1

Configuration and hyperparameters
of the PINN neural network component

Parameter Description / Justification
Value
Fully Ensurin'g dirept
Architecture connected Conréert(cig;c;r;yw1th
type (MEPYwha | differenial
Phy Y equations (ODE)
Optimum
Number of 4 between depth
hidden layers and training
speed
Sufficient
Neurons per capacity for
64 NN
layer approximation of
D)
Presence of
Activation Swish (Self- continuous first-
function Gated) and second-order
derivatives
Adam with Stability in the
Optimizer learning rate neighborhood of
decay local minima
L2 Prevention of
Regularization (coefficient overfitting to
1x107%) Sensor noise
Analysis of PINN architecture design
decisions. The choice of the configuration
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presented in Table 1 is determined by the specificity
of marine hydromechanics. The use of four hidden
layers allows the network to form hierarchical
features, starting from linear  resistance
dependencies and ending with complex turbulent
effects. The key innovative solution is the use of the
Swish activation function Swish)f(x)) =x-
sigmoid (B (x)). Unlike the classical ReLU, Swish
is a smooth and strictly monotonic function, which
is critically important for physics-informed
networks. The presence of continuous higher-order
derivatives makes it possible to correctly use AD
algorithms to compute the physical residual Lypys
without introducing numerical artifacts into the
gradient. The choice of the Adam optimizer with
adaptive learning rate decay is o0ycnosneH the need
to search for the global minimum under conditions
of a complex loss function landscape caused by the
superposition of stochastic wave disturbances on
deterministic dynamics.

The introduction of L2 regularization (weight
decay) acts as a predictive filter that limits the
growth of neural network weights, which prevents
the model from reacting to high-frequency “white
noise” of navigation sensors while preserving
sensitivity to low-frequency drift.

Structural organization of the PINN block
and the differentiation mechanism. The most
important innovation of the PINN architecture is the
mechanism for computing the physical residual.
Unlike standard neural networks, where gradients
are used only to update weights, in this model they
are used to formalize the equations of motion
through the mechanism of automatic differentiation
(AD).

The essence of the differentiation mechanism
in the PINN structure lies in the fact that the
computational graph of the neural network allows
the exact values of derivatives of the approximated
function NNg({) with respect to the input
variables (time ¢ and components of the state vector
v) to be computed. This is implemented through the
chain rule, integrated into the training software
environment, which eliminates approximation
errors characteristic of finite difference methods.

The signal flow scheme in the block is
organized according to the following algorithm:

1. Prediction: the neural network component
produces the current estimate of nonlinear forces
Afpyp  based on the input vector ¢;

2. Differentiation and correction: using the
AD mechanism, gradients of the network output are
computed, forming the vector of calculated
accelerations Vs . Then the residual relative to the
basic ODEs of dynamics is calculated;

3. Feedback: the residual error is summed
with the error based on empirical data. This forces
the weights 8 to adapt not only to specific points of
the noisy trajectory but also to the fundamental
physical constraints of the system.

Mathematical formulation of the developed
hybrid modeling core. The system state vector
XuMt) is supplemented by the vector of neural
network adaptation parameters W. The original
structure for modeling ship motion at level V is
described as:

v=M"1 (Teontror — C(W)v = D(W)v — g(¢t) +
+Afy (v, T,€0))

where NN () is the developed intelligent corrector
trained to minimize the discrepancy between the
theoretically predicted and the actual vector of ship
velocities.

The introduction of the vector n\etan into the
input parameters of the neural network is necessary
to account for spatially dependent disturbances (the
influence of the ship’s course on the perception of
wave load, shallow water effects, and coastal
currents). Thus, the neural network approximates
the function Afp,p

An architecture for the tasks of a digital twin of
a marine vessel is proposed, and a formal
justification of the structural identifiability of the
hybrid PINN architecture based on the
decomposition of analytical and residual dynamics
is performed.

Analysis of the structural identifiability of
the hybrid model. The introduction of the trainable
operator Afyy, (1)  into the structure of the
dynamic equation of ship motion required
answering the fundamental question of the
structural identifiability of the model. In particular,
it is necessary to show that: the operator Afpypriq
does not duplicate the parameters of hydrodynamic
damping D(v); the parameter estimation problem is
not degenerate; the separation of deterministic and
adaptive components is correct in terms of dynamic
decomposition.

Decomposition of dynamics. Assuming that
the real dynamics has the form [1]:

M 1.7pred + COV+D*()v+g(M) = Teontrot +
dext (D),

where D*(v) is the true damping matrix;
dext(t) is the external disturbances and
unmodeled effects.
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Decomposing:
D*(v)=D(v)+ AD(v)
we obtain [11]

MV +Cv)v+D(v)v+g(M) = Teontror + AD (V) +
+d eyt (t)

Consequently,  the
approximates:

operator  Afyyp

Afhybri ~ AD(U) + dext (t)

Condition for non-duplication of damping.
To eliminate degeneracy, the orthogonality of
functional spaces was ensured:

FD N Fg = Q),
where F, = {D(v)v|D } - parametrized analytically

Fg = {Afhybrid (')}

In the developed architecture this is ensured by
three mechanisms.

Input space limitation

The neural network receives an extended
vector including: environmental parameters e;
course #; control actions T onero1, Which are absent
in the analytical matrix D(v).

Therefore, the approximation spaces do not
coincide.

Physical regularizer

The loss function contains a physical residual

[6]

R = Mv + COv)v+Dw)v+g(M) - Teontrot —
Af; hybrid Q)

Minimization of [IR||> prohibits the network
from compensating the linear part of damping
already taken into account by the model, since this
would increase the residual. Thus, the network
corrects only the part of the dynamics that is not
described by the structural core.

Bounded approximation capacity

The matrix D(v) is defined parametrically and
has a fixed functional form (linear + quadratic
components). The neural network approximates
nonlinear residual effects of higher order. At the
same time, the condition holds:

9fhybria() _ aD(W)v
ov - ov ’

which excludes functional equivalence of the
operators.

Observability and identifiability condition

The system is represented in the extended form

[12]:
. _ 7
xZMZ
_ Jmv
M= CWv=DWIv — g + Afnypri O

Analysis of the rank of the observability matrix
of the nonlinear system (according to the Lie
criterion) showed that in the presence of
measurements 7(2); v(t),; t(t), the system is locally
observable, since external disturbances manifest
themselves in accelerations. Consequently, the
residual operator Afhybrid(-)\Delta
f {hybrid}(\cdot)Afhybrid(-) is identifiable from
trajectory measurement data.

Thus: the operator Afpyprig(*) approximates
only the residual dynamics; the functional spaces of
damping and the neural network corrector are
separated; the parameter estimation problem is
structurally non-degenerate; in the presence of
trajectory measurements the system is locally
observable.

The obtained result confirms the correctness of
introducing the hybrid operator and substantiates
the mathematical consistency of the proposed
architecture.

Loss function with physical constraints

The key difference between the PINN
approach and classical machine learning lies in the
way the training quality criterion is formed. To
ensure the physical adequacy of the model, a
structure of the loss function was developed that
includes a regularizer based on the equations of
hydromechanics [6]:

L = Adata * Luse + Aphys ’ ”RZ”’

Lyse = 4q % icaf|vieet - vfred”Z tAp

TR — w12,
R=M- vp;ed +Cw)v+Dw)v+gMm)
— Tcontrol — Afhy QF
Lphys = ”M : 1.7pred +Cw)v+DW)v+gmn)

2
— Tcontrol ”

where L is the total minimized loss function;

Lysg 1s the mean squared error between
predicted motion parameters and real monitoring
data;
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Lynys 1s the physical regularizer determining
the degree of discrepancy between the model and
the laws of hydromechanics;

Adata> Apnys 18 the weighting coefficients
determining the contribution of empirical data and
physical constraints respectively;

Vpreq 18 the vector of ship accelerations
predicted by the hybrid model.

This approach guarantees that the computed
motion parameters will not contradict the laws of
classical mechanics even in the case of a deficit of
training data.

Conducting computational experiments.
Verification of the developed hybrid model was
carried out on data generated by a high-precision
numerical simulator of large-tonnage vessel motion
(a 6-DOF model with added masses and CFD
calculation of external disturbances). Three test
scenarios were used (Table 2), corresponding to
different hydrometeorological conditions: from
calm water to sea state 4 with a beam wind of 12
m/s. The purpose of the experiments was to evaluate
the accuracy, robustness, and computational
efficiency of the model under conditions where
classical analytical assumptions and stochastic
filters demonstrate a decrease in adequacy. The total
data volume amounted to 18 hours of simulated time
with a sampling frequency of 10 Hz (648,000
samples). The dataset was divided into training
(60%), validation (20%), and test (20%) subsets
according to the principle of temporal segmentation
without leakage of future information.

Table 2

External disturbance simulation conditions
(test scenarios)

Scenario | Sea state Wind Direction, o
ID | (points) speed, deg Test objective
m/s
TS-01 0-1 20 0 Calibration in
calm water
Verification
TS-02 3 8.5 45 of the e?ffect
of oblique
waves
Drift
TS-03 4 12.0 90 estimation
' under beam
wind

The selected set of scenarios (Table 2) aimed
at comprehensive validation of the robustness of the
hybrid model under conditions where classical
analytical assumptions lose accuracy. Scenario TS-
01 is the baseline and serves for “pure” calibration

of the neural network component. At this stage the
ability of the model to reproduce mnominal
propulsion characteristics without the influence of
external disturbances is verified. Transition to
scenario TS-02 introduces the factor of asymmetric
hydrodynamic impact, which makes it possible to
evaluate the accuracy of identifying cross-couplings
in the damping matrix D(v) under oblique waves.
Scenario TS-03 has particular scientific and
practical significance. Sea state 4 with a beam wind
of 12 m/s represents a boundary condition of normal
operation for most types of commercial vessels.
Under these conditions nonlinear effects of drift and
unsteady hull flow become dominant, which are
extremely difficult to formalize analytically.
Successful operation of the hybrid model in this
scenario confirms its ability to act as an “intelligent
corrector”, complementing the physical picture of
motion based on real-time data.

Dataset formation protocol and
reproducibility of experiments. To ensure
statistical correctness and reproducibility of results,
a regulation for the experimental validation of the
hybrid model was formed.

Formation of the initial dataset

The total volume of trajectory data amounted
to: 18 hours of motion simulation; sampling
frequency - 10 Hz; total dataset size - 648,000 time
samples.

The data included: position vector #(?);
velocity ~ vector v(?); control actions 7(%);
environmental parameters e(?). The dataset was
formed for three scenarios (TS-01 — TS-03).

Dataset splitting

The dataset was divided according to the time-
series split principle, excluding leakage of future
information: training set (Train) - 60% (388,800
samples); validation set (Validation) - 20%
(129,600 samples); test set (Test) - 20% (129,600
samples). The split was performed in blocks of 300
seconds of continuous motion, which prevents
dependence of neighboring observations between
subsets.

Training parameters

Training was performed with the following
parameters: number of epochs - 150; mini-batch
size - 512; initial learning rate - 1073; exponential
decay - 0.98 every 10 epochs; optimizer — Adam; .2
regularization - 10-°. Early stopping was applied in
the absence of improvement in validation loss for 20
epochs.

Initialization and reproducibility

To eliminate stochastic variability, a fixed
initialization of random number generators was
used - seed = 42 (Python/NumPy /PyTorch).
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Additionally: weight initialization - Xavier uniform;

computations performed in FP32 format;
deterministic CUDA mode (when GPU is
available).

Experiment repeatability

Each experiment was repeated 5 independent
runs with different seeds - seed€ {42, 123, 256, 512,
1024}.

Final metrics (MAE, R?) are presented as: uto,
where |1 - mean value across 5 runs; ¢ - standard
deviation. The deviation of MAE between runs did
not exceed 3.2%, which indicates the stability of the
training procedure.

Prevention of overfitting

To control overfitting, the following were
analyzed: dynamics of train-loss and validation-
loss; divergence of MAE between validation and
test; distribution of error on previously unseen
scenarios.In all experiments, the difference between
validation and test MAE did not exceed 4.5%,
which indicates the correct generalization capability
of the model.

The presented protocol ensures: statistical
correctness of model comparison; reproducibility of
results; robustness to stochastic initialization
effects; absence of information leakage between
datasets.

Thus, the accuracy metrics obtained in the
following subsections reflect stable properties of the
hybrid architecture rather than a random effect of a
particular initialization.

Analysis of training results and model
verification. The most important aspect of
implementing the proposed hybrid model is its
ability to perform stable training on limited datasets,
which is typical for the initial stages of vessel
operation. The limited amount of empirical
information at the early stage of the equipment life
cycle requires architectures capable of effectively
using physical prior knowledge.

To evaluate this property, the developed hybrid
architecture (PINN) was compared with a classical
recurrent neural network (LSTM) that does not
contain physical constraints. Training was carried
out on a fixed dataset of size N = 10,000 with 50
independent runs, which made it possible to
evaluate the statistical stability of the algorithms.
The optimization process was controlled by the
value of the combined loss function including
empirical and physically regularizing components.
For each epoch, the mean loss values and 95%
confidence intervals were calculated. The learning
dynamics results are presented in Fig. 2.

Analysis of the graphs in Fig. 2 shows that the
introduction of the physical regularizer L,y has a

statistically significant stabilizing effect on the
optimization process. While the LSTM architecture
demonstrates pronounced oscillations and high
variability between runs, the hybrid model is
characterized by a narrow confidence interval and a
smooth convergence curve. The hybrid model
reaches the threshold Loss = 0.2 approximately by
the 50th epoch, whereas the MLP requires about
80-90 epochs, which is approximately 40% faster
compared to the empirical architecture. The absence
of overlap of the confidence intervals after the 40th
epoch indicates a statistically significant superiority
of the PINN approach.

1« Hybrid PINN (Avg)
2. MLP (Avg)
TR 3-L5TH (g

MLP ~85 epochs
\ 'P'FNN_- pochs

% féster_

Mean Loss (log scale)
-
:
:
;
.
:
:
:
:
i
:
;
;
:
:
:
:
:
;
;
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H o
:
= 1
:
.

005

¢ % w1 M B B 40
Epochs (Training Iterations)

Fig. 2. Dynamics of the loss function during training
of the hybrid PINN model and the LSTM architecture
(50 independent runs, dataset size N = 10,000). The
shaded areas correspond to 95% confidence intervals

Accuracy analysis in dynamic maneuvers.
The results of comparing the calculated trajectories
(Fig. 3) and accuracy metrics (Table 3) confirm the
advantage of the proposed hybrid architecture.

Table 3

Statistical indicators of trajectory prediction
accuracy (120 s interval, “Zigzag” maneuver)

MAE MAE
. (nominal | MAE | (hybrid R?

Motion | . 1vtical | (EKF), | PINN | (PIN

parameter model), m model) N)
m , m
Heading
angle y 2.10 0.48 0.15 0.99
(deg)

Lateral
displacem 142.5 34.7 11.2 0.96
entY (m)
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For objective evaluation, the comparison was
carried out with two reference approaches: the
nominal analytical model based on the Fossen
equations of motion with fixed hydrodynamic
coefficients taken from literature sources (without
adaptation of parameters to real loading conditions,
hull state, and external disturbances - a typical
situation at the initial stage of creating a digital
twin); the Extended Kalman Filter (EKF) - one of
the most widely used real-time methods for
estimating and predicting ship motion.

The analytical model was used with unchanged
nominal coefficients. The values for EKF
correspond to the standard filter tuning on the same
input data. The significant error of the nominal
analytical model is due to the accumulation of
deviations caused by parametric uncertainty and the
absence of adaptation to real operating conditions.
The EKF allows a noticeable reduction in error due
to recursive state correction, but its capabilities are
limited by linear assumptions in the model of
strongly nonlinear ship dynamics. The proposed
hybrid PINN model provides the best results:
compared with the nominal analytical model, the
error is reduced 14 times in heading angle and 12.7
times in lateral displacement; compared with EKF -
3.2 times in heading angle and 3.1 times in lateral
displacement.  Particularly important is the
reduction of the lateral displacement error from
142.5 m to 11.2 m. This value corresponds to less
than 4% of the characteristic hull length of a large-
tonnage vessel, indicating effective compensation
by the model of nonlinear hydrodynamic effects
(hydrodynamic drift and water suction), which are
not described by the standard damping matrix D(v).
High values of the coefficient of determination (R?
> 0.96) confirm that the model reproduces the
overall motion dynamics well, not just individual
experimental points. Verification of the quality of
reproduction of dynamic characteristics was carried
out using the standard “Zigzag” maneuver, widely
used to evaluate ship maneuverability. Comparison
of calculated trajectories with simulator data was
performed based on 30 independent runs of the
models. To assess the statistical stability of
predictions, mean trajectories and 95% confidence
intervals were calculated (Fig. 3).

Analysis of the results presented in Fig. 3
shows that the hybrid PINN model demonstrates
more accurate reproduction of the amplitude and
phase structure of the zigzag maneuver compared to
the LSTM architecture. The confidence interval of
the PINN model is significantly narrower
throughout the entire time interval, indicating high
stability of predictions between independent runs.

The LSTM model is characterized by increased
variability and noticeable phase delay in sections of
course change, which manifests itself in the
widening of the confidence interval and an increase
in the root-mean-square deviation relative to the
actual trajectory. Quantitative evaluation of
approximation quality shows that the hybrid model
provides a more than twofold reduction of the mean
absolute error (MAE) compared to the empirical
architecture, and the coefficient of determination R?
confirms a higher degree of explanation of the
variation in experimental data. The absence of
significant overlap of confidence intervals in key
phases of the maneuver indicates a statistically
significant advantage of the physics-informed
architecture. The obtained results confirm that the
inclusion of a physical regularizer increases the
generalization capability of the model and ensures
correct reproduction of ship motion dynamic
regimes.

Zigzag Maneuver Trajectory Verification (30 Trials, 95% CI)
350 +

=== Hybrid PINN (Avg)
95% CI (Hybrid PINN)

LSTM (Avg)
95% CI (LSTM)
E +  Actual Vessel Data
o
E Summary Statistics (30 Trials)
v
a) MAE = 8.4mvs.24.7 m
R? = 0.85vs. 0.51
50 L1 | | | | | | I
0 50 100 150 200 250 300 350

Time (Seconds)

Fig. 3. Verification of trajectory characteristics during
the “Zigzag” maneuver

Statistical assessment of result reliability
and confidence intervals. To ensure the statistical
validity of the obtained results, confidence intervals
of accuracy metrics were estimated and the
hypothesis of superiority of the hybrid PINN model
over alternative methods was tested.

Since the distribution of trajectory prediction
errors is not strictly normal (Fig. 4), a nonparametric
bootstrap method was applied to estimate the
uncertainty of the MAE metric. The procedure
included: formation of 10,000 bootstrap samples
from the test dataset; resampling with replacement;
calculation of MAE for each sample.

The 95% confidence interval was defined as:

Closg = Q2.58, Q9758
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where @, is the ppp-th percentile of the bootstrap
distribution of MAE.
Results for the “Zigzag” scenario (120 s
interval) are shown in Table 4.
Table 4

Results for the “Zigzag” scenario

MAE 95% CI Std. deviation
Model
(m) (m) o (m)
. [138.2;
Analytical 142.5 147.9] 4.6
[32.9;
LSTM 34.7 36.8] 1.9
[10.5;
PINN 11.2 12.1] 0.8

Non-overlapping confidence intervals confirm
the statistically significant advantage of the hybrid
architecture.

The null hypothesis was formulated as:

H,:E[MAEPINN] = E[MAE}4sciine]
and the alternative hypothesis:

H,: EI[MAEPINN] < E[MAEpgsetine

Since the error distribution is not strictly
normal, the nonparametric Wilcoxon signed-rank
test for paired samples was used.

Results: PINN vs analytical model: p-value <
0.001; PINN vs LSTM: p-value < 0.001.

In all cases, the null hypothesis is rejected at
the significance level a = 0.05.

To quantitatively assess the magnitude of
superiority, Cliff’s delta coefficient was calculated.

Table 5
Cliff’s delta coefficient
Comparison Cliff’s & Interpretation
PINN vs
Analytical 0.91 Very large effect
PINN vs LSTM 0.78 Large effect

The obtained values confirm not only statistical
significance but also practical significance of the
improvement.

Confidence intervals for R? .

For the coefficient of determination (Table 6),
bootstrap analysis with 5,000 resamples was
applied.

Table 6
Confidence intervals for R?
Model R? 95% CI
Analytical 0.72 [0.69; 0.75]
PINN 0.96 [0.95; 0.97]

The intervals do not overlap, confirming a
stable increase in the explanatory power of the
model.

The performed statistical analysis
demonstrates that: the improvement in accuracy of
the PINN model is statistically significant (p <
0.001); MAE confidence intervals do not overlap
with alternative models; the effect size is large
according to standard criteria; the obtained results
are robust to variations in the test dataset.

Therefore, the superiority of the hybrid
architecture is systemic rather than random.

Sensitivity and robustness to uncertainty

To assess reliability under real operating
conditions, a sensitivity analysis was performed
(Table 7).

Table 7

Sensitivity analysis of model accuracy
to variations of vessel parameters

Error change |Error change
Parameter variation (analytical (hybrid
model), % model), %
Mass error M (+5%) +12.4 +1.2
Damping error D (+10%) +18.7 +2.5
GNSS sensor noise (c = 42 408
0.5m)

Analysis of the data in Table 6 showed the
presence of a self-calibration effect. The intelligent
loop compensates parametric uncertainty through
dynamic adaptation of weights, which makes the
system suitable for operation on vessels with
inaccurately known loading characteristics.

Efficiency at different speed regimes

The statistical data (Table 8) emphasize the
universality of the development: unlike standard
Kalman filters (EKF), the hybrid model maintains
consistently high performance across the entire
speed range, outperforming classical solutions by
3—4 times.

Table 8

Trajectory prediction error depending
on the Froude number (F)

Error Error
Motion |[Speed,| (EKF / (Proposed Motion
regime knots |Kalman), PINIEI) m regime
m b
Maneuvering| 4-6 324 8.2 |Maneuvering
Cruising |12-16| 18.1 4.5 Cruising
Full speed | 20+ 25.6 6.1 Full speed
Error Error
Motion |[Speed,| (EKF/ (Proposed Motion
regime | knots |Kalman), p regime
g PINN), m| '®
m b
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PINN (MAE = 11 m)

Analytical (Fat tails)

Probability Density

0

Forecast error (Error, m)

Fig. 4. Histogram of trajectory prediction
error distribution

The histogram of trajectory prediction error
distribution shown in Fig. 4 allowed a qualitative
and quantitative assessment of the robustness of the
compared models from the standpoint of the theory
of reliability and navigation safety. Visual analysis
of the probability density curves revealed a
fundamental difference in model behavior. The
hybrid PINN model demonstrates a leptokurtic
distribution (high kurtosis). The main mass of errors
is concentrated within a narrow range of +15
meters, which for a vessel length of 200-300 meters
is negligibly small. The sharp peak near the zero
value confirms the high predictive power of the
intelligent corrector.The analytical model is
characterized by a platykurtic distribution with
pronounced fat tails. This means that the probability
of abnormally large deviations (more than 100
meters) remains statistically significant, which is
unacceptable for automatic ship navigation systems.
The presence of fat tails in the classical model (gray
region in the graph) mathematically confirms its
tendency to generate critical misses when the vessel
leaves the calculated operating regimes (for
example, during sudden wind gusts or entering
shallow water areas). In terms of navigation safety,
this means a risk of sudden exit of the vessel from
the safe corridor (fairway), which cannot be
predicted in time by traditional mathematical tools.
An important obtained result is the symmetry of
both distributions relative to the zero mark, which
indicates the absence of hidden systematic errors in
the developed algorithm. However, the PINN model
provides a significantly smaller root mean square
deviation (o), which makes the digital twin a
predictable tool: the decision maker can be
confident that the real vessel position will remain
within a very narrow confidence zone. Statistical
analysis (Fig. 4) showed that the hybrid model is not

only more accurate on average (according to the
MAE metric), but also fundamentally safer. It
minimizes the probability of “rare but catastrophic”
deviations, ensuring stable operation of the vessel
digital twin even under conditions of intense
nonlinear disturbances.

Computational efficiency and suitability for
real-time systems

The operation of a digital twin in a closed
control loop imposes strict requirements on the
speed of prediction iterations. Traditional
computational fluid dynamics (CFD) methods,
which provide high accuracy, are unsuitable for
operational control due to extremely high time
costs.

To evaluate the efficiency of the developed
hybrid model, a comparative analysis of
computational complexity was performed on an
embedded industrial controller (ARM Cortex-A72,
1.5 GHz).

Table 9

Comparative analysis of computational costs of
predictive models

Modeling | Time per | Update II{:;I(;/I .RT. .
method | step (ms) | rate (Hz) (MB) suitability
CFD |~850,000|<0.00001 |>12,000 No
(RANS
solver)
Pure NN 34 29.4 215 |Conditional
(LSTM)
Analytical 8 125.0 12 Yes
2
Proposed 12 83.3 48 Yes
PINN

Stability of the closed-loop hybrid
architecture. Since the neural network operator is
used in a closed-loop control system, an analysis of
the dynamic stability of the system was carried out.
The structure of the model represents a cascade
consisting of: a physically consistent base core
(analytical model); a residual operator bounded in
norm; and a stabilizing controller with a gain matrix
K>0. The conducted analysis showed that: the
residual operator enters the system as a bounded
disturbance; the neural network weights are
constrained by L2 regularization and bounded
gradients; the computation delay (12 ms) is
significantly smaller than the time constant of the
actuators. Under these conditions, the closed-loop
system satisfies the Input-to-State Stability (ISS)
criteria.

The results of numerical simulation of the
closed-loop hybrid control system are presented in
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Fig. 5. The simulation was performed for scenarios
of a step change in course and an impulsive wind
disturbance with evaluation of transient processes,
control error, and phase dynamics.

(b) Control Signal t (Nm)

(@) Response to Step Command and Wind Gust
60

Step Command 415°  Wind Gust
Nyt Sereey]

Yaw Angle ‘W)
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(d) Phase Portrait and Spectrum
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Fig. 5. Numerical verification of the stability of the
closed-loop hybrid system: (a) response to a step change
in course and a wind gust; (b) dynamics of the control
torque; (c) evolution of the control error; (d) phase
portrait and spectral analysis

Analysis of the transient processes (Fig. 5a)
shows that when the course setpoint is changed
stepwise by +15°, the system demonstrates an
aperiodic response with moderate overshoot not
exceeding 8%. The time characteristic indicates that
the steady-state regime is reached within 20-25 s.
When a wind disturbance is applied (t = 35 s), a
short-term deviation is observed, after which the
system returns to the 3amannoe value without the
formation of self-oscillations. The dynamics of the
control signal (Fig. 5b) confirm the absence of
actuator saturation and the boundedness of the
control torque. Peak values are short-term and
correspond to a compensating response to the
disturbance. After the transient process is
completed, the amplitude of the control action
rapidly decreases, which indicates the stability of
the controller and the absence of parasitic modes.
The plot of the error e(?) (Fig. 5c¢) demonstrates
exponential decay with a decrease in the oscillation
amplitude. The error tends to zero, and the residual
steady-state deviation does not exceed 0.02 units,
which confirms the fulfillment of the Input-to-State
Stability (ISS) conditions. The absence of growing
harmonics indicates stability in the presence of
external disturbances. The phase portrait (Fig. 5d)
has the form of a decaying spiral converging to a
stable equilibrium point. Such a trajectory structure

indicates asymptotic stability of the closed-loop
system. Additional spectral analysis does not reveal
pronounced resonance peaks, which confirms the
absence of self-oscillatory modes and the
accumulation of phase shift. Thus, the results of
numerical simulation confirm that the integration of
the PINN corrector into the closed-loop control
system does not violate the stability of the base
dynamic system, ensures boundedness of the states,
and guarantees decay of transient processes under
external disturbances.

- == Pure NN (LSTM)
=== PINN (Proposed)

Inference time (ms)

Forecast horizon (s)

Fig. 6. Comparison of inference time of models
for different prediction horizons

A detailed study of the temporal characteristics
of inference (inference time), presented in Fig. 6,
makes it possible to identify the key asymptotic
properties of the proposed algorithm. Unlike purely
neural network structures (LSTM), whose
computation time tends to grow nonlinearly with an
increase in the prediction horizon, the hybrid PINN
model demonstrates an almost linear dependence
with an extremely low slope coefficient. The
presence of a “rigid framework™ in the form of
hydromechanical equations allows the neural
network component to operate in a significantly
narrowed state space. This eliminates the need for
the system to process redundant statistical
relationships, which is confirmed by the stability of
the delay time (12 ms) even when the maneuvering
scenario becomes more complex. In the context of
automatic control systems (ACS), a delay of 12 ms
is negligibly small compared with the time constant
of the rudder drive actuators (200—500 ms). This
guarantees the absence of phase shift in the
feedback loop, which is critical for preventing
vessel self-oscillations when moving in shallow
water or narrow channels. A 4.5-fold reduction in
RAM load compared with LSTM architectures,
while maintaining a high update frequency (83.3
Hz), confirms the architectural elegance of the
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solution. This makes it possible to use the freed
resources of the onboard computer to solve tasks of
predictive diagnostics and multi-criteria route
optimization. Thus, the data presented in Fig. 6
prove that the developed model not only ensures
scientific accuracy but also has industrial
applicability for the implementation of control
systems for autonomous vessels in hard real-time
mode.

In recent years, significant attention has been
devoted to the integration of physics-based models
and machine learning methods for describing
complex dynamical systems. In particular, physics-
informed neural networks (PINNs) have become a
promising approach for solving differential
equations and modeling engineering systems
governed by known physical laws.

Several recent studies have demonstrated the
effectiveness of PINN-based approaches for marine
and mechanical systems. For example, Xu et al.
proposed a physics-informed neural network
framework for modeling the dynamics of unmanned
surface vehicles, where the governing equations of
motion were incorporated directly into the neural
network loss function to improve physical
consistency and prediction accuracy [13]. A similar
approach was developed by An and Xiang, who
applied PINNs for identifying ship maneuvering
dynamics and demonstrated that the inclusion of
physical constraints significantly improves model
robustness and reduces the amount of required
training data [14]. Other studies have explored the
use of physics-informed learning for modeling
hydrodynamic  phenomena and propulsion
processes. For instance, Hou et al. investigated the
reconstruction of ship propeller wake fields using
physics-informed neural networks, showing that the
method can successfully approximate fluid-
dynamic behavior even when limited measurement
data are available [15]. In addition, Wang et al.
applied PINN-based models for predicting vessel
engine power, demonstrating improved prediction
performance compared with purely data-driven
approaches [16]. Beyond maritime applications,
physics-informed machine learning has also been
widely applied in the modeling of mechanical and
structural systems. Lee et al. used PINNs for
analyzing the dynamic behavior of cantilever
structures subjected to fluid-induced excitation and
showed that physics-based constraints allow
accurate approximation of system dynamics [17].
Similar conclusions were obtained in studies
devoted to lubrication processes [18], heavy
machinery dynamics [19], and structural monitoring
problems [20], where the incorporation of

governing equations into neural network training
significantly improved the reliability of the models.
In addition, recent studies have emphasized the
importance of hybrid modeling strategies that
combine physical equations with neural network
approximations in  fluid dynamics and
transportation systems. For example, Wong et al.
demonstrated that physics-informed surrogate
models can significantly accelerate computational
fluid dynamics simulations while preserving
physical consistency [21]. Likewise, Alam et al.
showed that PINN-based models can effectively
predict vessel trajectories and dynamic behavior in
maritime environments [22]. The results obtained in
the present study are consistent with the conclusions
of the above-mentioned works and further develop
this research direction. The proposed hybrid
modeling framework combines classical ship
motion  equations  with  machine-learning
components, which allows preserving the physical
interpretability of the model while improving its
predictive capability. In contrast to purely data-
driven approaches, the proposed model incorporates
physical constraints that ensure stable and
physically consistent solutions. Therefore, the
obtained results confirm the -effectiveness of
physics-informed hybrid modeling approaches for
describing complex marine vehicle dynamics.
Conclusions. This paper presents hybrid
model of vessel motion dynamics based on the
architecture of PINN was developed. The proposed
structure combines an analytical core based on the
hydromechanics equations of Fossen with a neural-
network residual operator that identifies non-
modeled nonlinear effects and  external
disturbances. The hybrid approach provides a
balance between physical interpretability and high
approximation capability under conditions of
limited data volume and changing operational
parameters. Computational experiments conducted
on data from a high-precision 6-DoF simulator
confirmed a significant increase in trajectory
prediction accuracy: the mean absolute error
decreased by 12—14 times compared with the purely
analytical model and by 60—70% compared with the
extended Kalman filter. At the same time, the
coefficient of determination R? remains at a level
not lower than 0.96 even with a 10% error in the a
priori values of mass and the damping matrix. The
developed model core possesses the property of
physics-informed self-adaptation in real time and
satisfies the input—state stability requirements when
integrated into a closed-loop control system. The
obtained results form a reliable basis for a digital
twin of the vessel and create a methodological
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foundation for subsequent integration with robust
control algorithms (SMC) and nonlinear filtering
(SRUKF).
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Buuyskanin B. B., Buuy:kanin O. B. Po3pooxa

riopugHoi (piznuno-indopmoBaHoi) MomeJti
JHHAMIKH pPyXy CyIHA

Iiosuwenns epexmusHocmi excniayamayii
MOpCbKUX ~ CYyOeH — ma  HAoitiHocmi  CYOHOBUX

eHepeemUuyHUX YCMAHOB0K NOMpebye 3acmocy8anisl
CYUACHUX MemOoOi8 IHMENeKMYaIbHO20 AHANI3Y OAHUX I
MOOEN08AHHS CKIAOHUX OUHAMIYHUX npoyecie. OOHuM i3
NnepcneKmuHUX  HANpsAMi6 €  HAYKOGe — MAuiUuHHe
Hasuanus, 30Kkpema physics-informed neural networks
(PINN), saxi noeouyiomov izuuni 3aKOHOMIpHOCMI
DYHKYIOHYBAHHSI MEXHIYHUX CUCTEM 13 MONCTUBOCTAMU
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2nuboKo2o Hasyauns. Memoio pobomu € 00CHIOHCeHHs
ModcIugocmel 3acmocysants QizuuHo ingopmosanux
HEUPOHHUX Mepedic OJisk MOOENIO8AHH S 2I0POOUHAMIYHUX
npoyeci¢ I IHMENEKMYAIbHO20  OIACHOCHYBAHHSL
MEXHIYHO20 CMAHY CYOHOBUX eHEPLeMUYHUX YCINAHOBOK.
Y cmammi euxowmanmo awaniz cyuacHux nioxoodis
obuucnosanbHol  2iOpoouHamiky  ma  Memoois
MAUWUHHO20 HABYAHHSL, WO BUKOPUCHOBYIOMbCS  OJisl
onucy OuHamiku pyxy cyoHa ma pobouux npoyecisé
Mopcokux  enepeemuynux cucmem. Ocobaugy yeazy
npudineno npunyunam nooyoosu mooenei PINN, y saxux
ougepenyianvui  pigHAHHA, WO ONUCYIOMb  DI3UKY
00COACYBAHUX npoyecis, beznocepednbo
BKIIIOUAOMbCL 00 QYHKYIT 6Mpam HeUpoHHOI Mepedici.
Taxkuii  nioxio  0036018€  NIOSUWUMU — MOYHICIb
NPOSHO3Y8AHHA MA  CMIUKICMb  MoOelell 3  YMO8
0bMedHceH020 obcszy eKCnepuUMeHmantbHux i
excnayamayiunux oanux. Iloxazano, wo 6uKOpUCmManHs
physics-informed neural networks 3abesneuye 6inou

KopexmHe  GIOMBOPEHHsT — HeMHIUHUX — OUHAMIYHUX
3anexdcHoCmeli  Mixc —napamempamu  pyxy —cyoHud,
2I0pOOUHAMIYHUMU Xapakxmepucmuxamu ma

eHepeemUYHUMU NOKA3HUKAMU cunosoi ycmanosku. Ha
OCHOBI  aHANI3Y CYYACHUX HAYKOBUX nyoOaikayiu i
pe3yrpmamis 00CiONCEHb UBHAYEHO nepesazu nioxooy
PINN  nopisnano 3 mpaouyitiHumu  Memooamu
oOuuC08anbHOl  2i0poOuUHamMiKU ma cymo  o0ama-
OPIEHMOBAHUMU  ATICOPUMMAMYU MAWUHHO20 HABYAHHSI.
Bcmanoeneno, wo inmeepayis izuunux modeneu i
Helipomepedcesux aneopummie nioguwye
00CMOBIPHICMb  NPOSHO3YBAHHS  MEXHIYHO20 CMAHY
0071A0HAHHA MaA CMBOPIOE OCHOBY OJisl PO3POONeHH s
iHMeneKmyanbHux cucmem MOHImMopuHey u

diazHOCMy8aHHA CYOHOBUX eHepeemMUYHUX YCAHOBOK.
Ompumani pe3yrbmamu niomeepoHCyons
nepcnekmugnicms  3acmocysanusi  physics-informed
HeUpOHHUX Mepedic Ol pPO38 A3AHHA 3A0ay aAHANI3Y
2I0pOOUHAMIKU CYOHA, NPOSHO3YEAHHS eKCNILYAMAYIUHUX
napamempie i niOBUWEHHs eQeKMUSHOCMI CUCmeM
MexHIYHOT 0IacHOCMUKY 8 MOPCHKIU [HJICEeHeDI.

Kniouosi  cnoea:  physics-informed  neural
networks; Haykoge MawunHe HABUAHHA; 2i0POOUHAMIKA
cyoua; CyoHo8i eHepeemuyHi VCMAHOBKU;
0ia2HOCMYBAHHA MEXHIYHO20 CMAHY, HEUPOHHI MepedCi;
0buuUCTI08ATbHA 2TOPOOUHAMIKA.
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PO3POBJEHHSI METOJIB AJANITUBHOI KOMITIEHCAIIIT
MOXUBOK HENPUBEJEHHS JIPYKY HA OCHOBI KEPYBAHHSI
MMPUBOJIAMH PYJOHHUX JIPYKAPCHLKNX MAIIINH

3enkin M.A., IBanko A.l., lllumko B.B.

DEVELOPMENT OF METHODS FOR ADAPTIVE COMPENSATION OF PRINT
MISREGISTRATION ERRORS BASED ON DRIVE CONTROL OF WEB PRINTING
PRESSES

Zenkin M.A., Ivanko A.l., Shymko B.V.

Memoio cmammi € po3pobaenusi ma excnepumenmanbha
nepegipka memooie adanmueHoi Komnencayii noxubox
HenpugeoeHHs OpYKY WIIAXOM AaKMUBHO20 KepyB8aHHs.
npugooamMu  pYIOHHUX — MAUIUH. Hocnioocenns
cnpamosane Ha 3uudicenus amnaimyou MD ma CD-
BIOXUNEHb Y NEePexiOHux i CMAIux pexcumax pooomu
obnaouanns. Memooonozis 6azyemvcsi HA NOCOHAHHI

MamemamuyHo20 MOOEN0BANHSL MidccekyitiHol
OUHaMIiKu ma eKcnepumMeHmanivHol  ioenmuikayii
napamempis.  I[lob6yoosano  y3aecanvHeny — MoOeib

63a€MO0Il «NpuUGio — Hamse — NO3UYIUHA NOXUOKAY 3
VPaxy8aHHaM iHepyitiHoCmi, enacmuyHOCmi NOTOMHA Ma
mogpmis nepeoad. [[na oyin08aHHs CMAaHy 8UKOPUCHIAHO
CUSHATU eHKOOepi8 | MeH300aMYUKI8, AKI pecCmpy8anu 3
yacmomoro 1 «ly. Ilapamempu modeni 6usHayeHo
MemoOoOM HAUMEHUUX K8AOpamie Ha OCHOBI peanbHUX
sumiproeansv azosux 3scysie. Pospobieno ancopumm
OHIAUH-OYIHIOBAHHA ~ NOXUOKU — mMa  (OpMYBaHHS
KOpU2yrouux eniueie Ha weudkicms [ azy eanis.
Aoanmuerutl pe2yisimop 6paxo8ye MidCCeKyilHi 36 A3Ku
ma  obmedxcenns — npusodis.  Excnepumenmanvhi
8UNPOOYBAHHS NPOBEOEHO HA YOMUPUCEKYIUHIL PYIOHHIU
mawuni hopmamy 820 mm i3 cepsonpugodamu 7,5 kBm.
V' peocumi poseony 6be3 xommencayii maxcumanivHa

noxubxka cmanosuna 0,038 mm. Ilicia axmueayii

aneopummy i smenweno oo 0,017 mm. HYac
ecmanognents ckopomuscsi 3 126 0o 78 mc y
HOMIHATbHOMY — pedcumi.  InmezpanvHull  Kpumepii
Konusanb 3Husuecsa na 43 %. I1io uac 30ypenna namsazy
na 20 H cucmema 8ioHo8a108a1a cUHXpoHizayito 3a 95
Mc. 3a imnyrschoeo momenmy 6 H-m nepepezymoeanus
He nepesuwuno 4,1 %. Tpueanuii mupasc niomeepous
cmabinvuicmo noxudxu 6 mexcax 0,014 mm 6e3 pyunoeo
smpyuanns onepamopa. Ilpaxmuuna yinnicme noaseac 6

Modicnugocmi inmezpayii ancopummy 6 npomucnosi IVIK
uepez mepedcy FEtherCAT 6e3 3minu Mmexaniynoi
CMpyKmypu mMawunu. 3anponoHo8anuti nioxio 3HUNCYE
piseHb Opaxy ma nioguwye MOYHICMb CUHXPOHI3AYTT
cexyiti. Haykosa Hoeusna nonseac y KOMNIEKCHOMY
NOECOHAHHI  MOOeNi  MINCCeKYIUHOI  OuUHAMIKU — ma
aoanmueno20  KepyeaHHs, WO B8PAX0BVE  PeanbHi
napamempu npugody i namsey noaomua. Ompumani
pe3yrbmamu niOmMEepOICYioms eqreKmueHiCmb Menmooie
KomneHcayii 0ns cepiiinozo 3acmoCcy8aHHs Y PYIOHHUX
OPYKapCoKUX MAUWUHAX.

Knrwouoei cnosa: pynonna opykapcoka mawuna,; noxuoka
HenpugeoeHHs,; aoanmuseHa KOMneHcayis;
MidICCeKYItHULL 36 130K, CEPBONPUBOOHE KePYBAHHSL,
¢aszoea cunxponizayis.

Beryn.  PyrnoHHi  mpykapchKi  MamldHU
MIPALIOIOTh y pexumi OaraTrocekuiiHoi
CHUHXpOHi3auii. SKicTh cymimeHHs: ¢papd Bu3Hauae
TOYHICTh TIO3MINIOHYBaHHSA (OPMHHX IFUTIHIIPIB.
Ilim dWac po3roHy Ta 3MiHH HaBaHTKCHHSI
BUHHKAIOTH (Pa30Bi 3cyBH. HepiBHOMIpHICTH HATATY
MTOJIOTHA 3MIHIOE€ TEOMETPUYHUN KPOK 300pasKeHHS.
Jioptn mepemau 1 IHEPUIHHICT  MPHBOIIB
dbopMyroTh  nmOomaTkoBe  3ami3HeHHs.  HaiTh
BIIXWJICHHSI Ha JIECSITKH MIKPOMETDIB 3HMKYIOTbH
SKICTh BimOuTKa. [IpoMHCIIOB] cucTeMu KepyBaHHS
3a0e3neuyoTh CTabilizamio MBUAKOCTI, MPOTE HE
BpPaxOBYIOTb TOBHY MDKCEKIIHHY B3a€MOIIIO.
CratnyHi HaJaITyBaHHS PETYJSITOPIB BTPAvalOTh
e(PeKTUBHICTh MPH 3MiHI pexuMiB podotu [1].
Tomy HeoOXigHe BIPOBAKCHHS AITOPHUTMIB,
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3IaTHUX aJIalTYBaTH IMapaMeTPH B pealbHOMY Yaci.
Taki pimeHHEss MalOTh BpPaxoOBYBaTH JTHHAMIKY
TTOJIOTHA, MEXaHIYHI 3a30pH1 Ta 30ypEHHS MOMEHTY.

[TigBummenHs TOYHOCTI HEIPUBEICHHS
3MEHIIIY€ TEXHOJOTIYHI BTpaTH Ta CTadiIizye
nporiec  JApyKy.  Po3poOiieHHS — iHXKEGHEPHO

OOIpyHTOBaHMX METOMIB KOMIIeHcalii ¢opmye
NepeayMOBU JIsl iHTerpalii iHTeNeKTyaJbHOrO
KepyBaHHA y poOOTy CepiiiHUX ApyKapChKUX
MaIllnH.

Mertoro CTATTI € po3pobka Ta
eKCIIepUMEHTaIbHa TIepeBipKa METOIB aJalTHBHOL
KOMIICHCAIlll MOXMOOK HEMPUBEACHHS IIiJ 4ac

APYKY.

BuxJiian OCHOBHOI'0 Marepiaiy
JAOCJTiIKEeHHS.

1. Mooens dopmysanus noxubox

Henpueeoen s 8 pYIOHHUX OPYKAPCOKUX MAUWUHAX.

[Toxmbka HempuBeAcHHS (OPMYETHCS B
JIaHII031 B3a€MONOB’ g3aHuX ceKuiil. KoxHa cekiis
Ma€ BJIACHUM NPUBIA 1 IPyKapchbKUH LWTIHAP.
[TooTHO mepesae MexaHiuHI 30YPEHHS B3IOBXK
TpakTy. HaBiTh Masti 3MiHU IIBUAKOCTI CTBOPIOIOTH
Hakomu4eHHs (a3oBoro 3cyBy. HepiBHOMIpHICTB
HATATY 3MiHIOE e(eKTUBHHH KpOK 300paKeHHS.
Hedopmariis mMoJIOTHA 3aJeXKUTh Big MOIYIA
npyxHocti. JlropTu 3ybuacTux mepenad A0ONAIOThH
3amizHeHHA. KineMaTHuHui 3B’ 130K MiXK CYCiIHIMHU
CEKINISIMU OIMCYE PI3HUI KyTOBHX IIBUIAKOCTEH
[13]. s i-i cexrii mo3umiiHy moXuoKy BU3HAYNMO
SK:

g0 =R[o.O)- o (O)]+AL®), (M

ne: R — paaiyc GOpMHOTO LHMITiHAPA;
@i(t) — KyTOBE TIOJIO’KECHHS i-1 CEKIIii;

@i-1() — KyTOBE TIOJIOKEHHS IOMEPEIHBOT
CEKIIiT;

ALi(t) — npopmaTKoBa JOBXHHA IOJIOTHA MIiX
CEKIIISIMU.

Jomxuny ALi(¢) TOB’SI3yl0 3 HATATOM 1
MPY>KHICTIO:

AL®=22[10)-T, ], @

ne: Ly — HOMiHaJbHA JIOBKUHA MPOJHOTY;
E — Monyns py>KHOCTI MaTepiany;
A — Totia monepeyHoro nepepizy MojioTHA;
T(t) — MUTTEBUIA HATSIT,
Toi — HOMIHAJIbHMI HATST.
[logumiitna moxmubka wmae ckmagoBi MD
(Machine Direction — MallTMHHHN HAIPSMOK, TOOTO

MO3J0OBXKHIM HampsIMOK pyXy TMOJOTHAa B3HOBXK
npykapcebkoi mamman) 1 CD (Cross Direction —
MONEPEYHNUN HANPSIMOK, MNEPHeHAUKYISAPHUN 0
pyxy nonotHa). MD Bu3Hadae 3cyB y3I0BXK pyXy
nmosiotHa. CD BimoOpaxkae momepeyHe 3MIICHHS
[9]. Hms MD-KOMIIOHEHTH pIiBHAHHI Mae
HACTYITHUH BUTJISAI;

Eups (0= R [ [0,(0) -0, ()] dr + AL (1), ()

Ie: wi(t) — KyToBa MIBHUIAKICTb IPUBOY i-1 CEKIIi.
ITomepedHy CKIaOBY OIHIOI Yepe3 MEepeKic
BaJIiB 1 ACHMETPIIO HATATY:

8CD,i(t) = kaiai(t) +kTi []:L(Z) _];R(t)] , (4)

Iie: 0,(t) — KyT IepeKocy IIIIHIPA;
Tiz, Tir — HATAT JTIBOI 1 MPaBOi KPOMOK;
kei, kri — KOCILIEHTH BILTUBY.

KoxkeH mpuBig ONUCYETBCA  HACTYIIHUM
PIBHSIHHSM pPyXYy:
Jfa.),'(t):Mi(t)_MLi(t)_Biwi(t)a (5)

ne: J; — MOMEHT iHeplii cucremu;

M;(t) — enexTpOMarHiTHAN MOMCHT JIBUTYHA;

M.i(t) — MOMEHT HaBaHTAXKEHHS;

B; — xoediLieHT B’SI3KOTO TEPTSL.

30ypeHHsT BUHHUKAIOTh NPH PO3TOHi. Y LEeH

mepion  w;i(?) 3pocrtae. IHTeTpanm  pizHMII
MIBUAKOCTEH  Hakomuuye  (a3oBy  MOMMIIKY.
HepiBHOMipHICTE MOMEHTY MiJACHIIOE KOJIMBAHHS
Hartary. Jlnst cucremHOro omucy chopmyemo
BEKTOP CTaHy:

T
xN=[lo, o, ... T T, ..]. (6
JuHamiKy 3amuimemMo MaTpUIHOMY BHUTIISAIL:

x(¢) = Ax(¢) + Bu(t) + Df (1), (7)

ne: A — MaTpHIls BHYTPIITHIX 3B’ S3KiB;
B — Marpuiis kepyBaHHS;
u(t) — BEKTOp KepyBaJILHUX MOMEHTIB;
D — matpurist 30ypeHs;
f{t) — BeKTOp 30BHIIIHIX BIUTUBIB.

Matpuus A MICTHTb KoedilieHTn
€JaCTUYHOCTI ToJIOTHA 1 Tmepegad. Hymposi
€JEMEHTH BiIOOpaXaloTh BIACYTHICTh IPSIMOIO
3B’s13ky.  HeHymbOBi  3HaueHHS  IMOKa3yKOTh
MDKCeKIiitHui BB,  Ilapamerpm  mopeni
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BH3HAUAI0 CKCIepUMEHTabHO. Ha MarmmHi (ikcyro
IIBUAKICTh, Hatar, (asy. JlaT4uku eHKoZepiB
3a0€31euyoTh KyTOBY pO3IiibHy 31aTHICTH 0,01°.
TeH30aTYMKK BUMIPIOIOTH HATAT 3 moxuOkoro 1 H.
Hani 3ammcyro 3 dacrororo Ikl [15].
InenTudikamiro koedirieHTIB MPOBEAEMO Ha OCHOBI
METOJTy HaWMEHIIINX KBaJIPATiB:

o=@ @) @y, (8)

ne: €- OITiIHEHUH BEKTOP IMapaMeTpiB;
@ — MaTpHUILA PETPECOpiB;
y — BEKTOP BUMIPSHUX TIOXHUOOK.
JUis  mepeBipKH  BHKOPUCTOBYIO
CepeTHLOKBAIPATUYHOT TOXHOKH:

KpUTEpii

1 < A2
RMSE = | => (5, -&,), ©)
N k=1
ne: N — KUTbKiCTh BUMIpIB;

&k — EKCTIEPUMEHTAbHA MIOXUOKA;

2, |
— MOJIEJIbHA OIHKA.

OTrpumaHi mapamMeTpW TOKa3adw  Pi3HYy
YyTIUBICTh 10 HaTAry. KoediwieHT emacTHYHOCTI
BIUIMHYB Ha MD-kommoneHty HanOinbime. JliopT
nepenay 301bIIKMB (a30Be 3alli3HEHHS Ha 3,2 MC.
InepuifinicTh cHCcTEeMU OOMEXWIIA IIBHJIKICTh
komreHcamii [12]. UyTnmBicTh BH3HAYMMO 3a
JOTIOMOTO0 YaCTHHHUX MOX1THUX:

(10)

Bucoke 3Hauenns S7T; CBIZUUTH  TIPO
3aJIeKHICTh Bi HATATY. 3MEHIICHHS >KOPCTKOCTI
MOJIOTHA 30UTBIIY€E IIeW TOKa3HWK. [linBUIICHHS
iHepriii 3MeHIye Sw;. Pe3ynpTyrodi MeTomudHi
MIIXOAH 1 PO3paxyHKH MPOCyMOBaHi B Ta0wmii 1.

Pesynprat mokasyroTh NOMiHYBaHHS JTHO(TY
nepenad. HapiTe HeBenrke 301TBIICHHS BHKIIUKAE
3Ha9HUKA (a3oBWil 3CyB. Monmymnb TPYKHOCTI
BIUIMBA€E JIHIHHO. 3pOCTaHHs LIBUIKOCTI 3MEHIIYE
ammiityny ~ MD-moxubOku.  Ilpore  Bucoka
MIBUIKICTh  IMIABHUIYE BHUMOTH 1O TOYHOCTI
eHkozepiB (puc. 1).

Mopnenb aneKBaTHO BIATBOPIOE TEpeXigHi
pexumu. Ilix gac posrony RMSE ctanoButs 0,012
MM. Y crtanomy pexkumi RMSE 3Menmryetbest 1o
0,006 mm. I[Noganpmuii aHami3 BKIIOYA€E YaCTOTHY
obnacte. llepematHa ¢yHKLIA MDK MOMEHTOM
JIBUTYHA 1 TOXUOKOIO Ma€ BHUTJIS:

Gy="28 o R (11)
M, (s) Js +Bs+K,

ne: Kr; — eKBIBAJICHTHA KOPCTKICTh IMPOJIBOTY.

Ta6mu 1

ExcnepuMeHTaIbHA OL[iIHKA MapaMeTpiB Moaesti
Ta ixHiii BuiuB Ha MoxauBy MD-noxudky [7, 17]

. . 3mina MD- .
Hominanbue 3MiHa Koediuient|
ITapameTp MOXUOKH, .
3HA4YCHHA mapaMeTpa % TYTIUBOCT1
Monym, 32TMHa | -10% | +14,5 1,45
py>kHOCTI £
Hatsr T; 250 H +15 H +8,2 0,55
E/,[OM‘“'HT WHEPH 0 42 krm2 | +5 % 3,1 -0,62
Ulrodpt mepemau | 0,08 mm | +0,02 Mm +6,7 3,35
Roediuient —y o5 1o 1909 44 0,22
repTsi Bi
[BrcicTs dwlc | +05mc | -5.8 0,12
MOJIOTHA
Kyt nepekocy aif  0,02° +0,01° +3,9 3,9

Cexuyin i1
DopMHUit LUAIHAD e

— e
= & 1R &
R =210 mm 7 | \\\ y i
Cepaonpusia Pii(t) B2 \ [ @) !
7,5kBT N TC e T { - =
) . - >

Cekuin i
Dopmuuit uunikap
¥ R=210mm

Cepaonpusig
)/ 1.5kBr

i MonoTHo (Hanpamok pyxy)
-~ —

Napamerpu:

L gi(B)=R(; (1) - @i (1) +AL; (1)

gy M scm £01) - gy
y ALi(H)
by

<= R -papiyc uuninapa (210 mm)
r—= Ly - HOMIHaNbHa AOBKIHE NpoNbOTY

—————— AL;{t) - nonaTkosa pedopmauis nonoTHa

+
» t

—— T: - natar nonotHa Pialt)_»1 1 BCICIR S Y
Hhchs

i-MWararnonorha TR g TF
1 -

(£) - kyToBE NonoxeHHA ceruil i
fill)-wy 4 Hanpamok pyxy nonotha
—

Puc. 1. Kinematnana mojens GopMyBaHHS
MO3I0BXKHBOT MOXUOKK HEIPUBEACHHS MiXK IBOMa
CYMDKHHMMU JIPYKAPCHKUMH CEKI[ISIMH PYIOHHOT

MallluHHU
Kopeni XapaKTEPUCTUIHOTO PIBHSIHHS
BU3HAYAIOTh CTIMKICTh. 3MEHIICHHA Kr; 3HUKYE
BJIACHY Y4acToTy. Konupanus CTarOTh

MOBUIRHIMIMMHE. BomgHodac amIuriTyga 3pocTae.
OTpumaHa MoJeNb TPUAATHA IS MOJAIBIIOTO
CUHTE3Y peryasTopa. BoHa BpaxoBye iHEpIIiiHICTb,
€JIaCTUYHICTD 1 MEXaHIIHI IO TH.

2. Pospobaenus aneopummié adanmueHoi
KOMneHcayii noxubox HenpueeoeHus.

Cucrema KOMICHCALIT MPAIIOE Y 3aMKHEHOMY
KoHTypi. KokHa Apykapchka CEKIlis Mae€ OKpeMUi

cepBonpuBin. Enkonmepu QopMyroTh  cHrHAMH
KyTOBOTO MOJIOKECHHS. JaTauku HaTATY
BUMIPIOIOTh CHJIy B TpojdboTax. KoHTpoiep

oTpuMye naHi 3 iepiogom 1 Mc. OOUHCITIOBATHHII
MOJyJIb BUKOHYE OLIHIOBAaHHA B pEalbHOMY 4aci.
ApXITEKTYypy bopmyto 3a MIPUHLIUIIOM
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posnoninaeHoro kepyBanHs. JIoKanbHi peryistopu
CTaOLTI3yIOTh MBUAKICTE BajiB. Haj HUMY mparrroe
KOOpJWHALIWHUA piBeHb. BiH kopurye ¢daszose
nosnoxenHs cexuiit [ 10]. 30ypeHHs! BHHHKAIOTh IPH

3MiHI IIBHAKOCTI TOJIOTHA. HepiBHOMipHICTH
HATATY 3MIHIOE TEOMETPUIHHN KPOK 300pakKeHHS.
Jiopr  pemykropa BUKITUKAE IMITYJIbCHE
BimcTaBaHHd. [l  KOXKHOI  CEKIii  OMHIIEMO
0a30BUi BEKTOP BUMIPIOBaHb:
0,0)
— 12
Z(0=| a0, (12)
T.(1)

1e: (1) — KyTOBE MOJIOKCHHS;
i(t) — TMBUAKICTH 0O0CepTaHHS;
Ti(t) — HATSIT TIOJIOTHA.
OmnnaiH-OIiHIOBAaHHS TTOXUOKH HETPUBEACHHS
OKPECIIIOEMO Yepe3 Pi3HHUITO (a3:

50 =R[0O-0,.0]. (13)

ne: R; — paxiyc ¢OpMHOro HUITiHAPA;
@reri(t) — eTasiOHHE (ha30BE MOIOKECHHS.
Etanonny ¢a3y ¢opMyemMo iHTErpyBaHHSIM
IIBUAKOCTI 0a30BOT CEKIIil:

t
¢ref,i (t) = J.Oa)baxe (T)dT + A ¢S@[,f’ (14)
TI€: Wpase(t) — MBUAKICTH OTIOPHOI CEKIIT;
A@yer; — 3a7aHMIA (Ha30BUH 3CYB.
[Moxnbka mae BumagkoBy ckinazoBy. ILllym

naTIrKiB omiHioo ¢insTpoM Kammana [14]. Cran
MOJIETIi OMTUCYEMO TAKUM PiBHSIHHSM:

x,(k+1)= Ax,(k)+ Bu,(k)+w,(k),
yi(k) = Cox, (k) + v, (k),

(15)

ne: xi(k) — BEKTOp CTaHy;
ui(k) — Kepyrounii MOMEHT;
Vi(k) — BUMIpSHUIA BUXiT;
wi(k) — mrymm.
KanmaHiBChKHH OLIIHIOBaY OOYHCITIOE TIPOTHO3
ctany. BiH 3meHmye aucnepcito moxubku. [licns

¢inpTpaLii oTpUMyIO (C,;(t) [3]. Ouinena BenuunHa

HaIXOOuTh O  AJanTHBHOIO  PEryJsITOpa.
Kepyrouuii curnan 3anucyemo Tak:
dé, (t)
ui(t):Kpt l(t)+Kdl uff,i(t)ﬁ (16)

ne: K,,;, Kq; — xkoedilieHTH perynsropa;
ufi(t) — BUIIEpeKaIbHUMN BILJIUB.

BunepemxanbHUil KOMIIOHEHT 3alIe)KHTh BiJ
MIBUIKOCTI ITOJIOTHA:

u; (=K, (@, 0-a@®)), a7

ne: Kpyi — KoedillieHT KOMIEHcalii MIBHIAKICHOT
pi3HMUIII.

Apnarrariito mapaMmeTpiB MOKHa cOpMyBaTH
3a TPaliEHTHUM TIPaBHIIOM:

o2, (k)

Kk +1)= K, (0) = 7,6, (k) == (18)

p,z

Ie: y; — KoeQilieHT HaBYaHHS.

MiKCceKIItHuN 3B’SI30K BpPaxOBYEMO dYepe3
MaTPHITIO B3aEMHOTO BILTUBY:

L my, m,
M=\m, 1

m

(19)

o omy, 1

ne: m;; — Koe(iieHT BIUTUBY j-1 CEKLil Ha i-Ty.

3 ypaxyBaHHSM 3B’SI3Ky CHTHAJI OTPHUMAE
BUTJIS:
(20)

u(t) = Ke" — Mu(t-1),

ne: K — MaTpulis peryasaTOpHUX Koe(illieHTIB;
&(f) - Bexrop oLiHeHNX TOXUBOK.

[Tig wac po3rony mBHAKicTE 3pocTtae 3 0 10 5
M/c. Y 1el mepion BHHHMKA€E IKOBE BIIXUIICHHS.
Kontponep kopurye ¢azy mporsrom 120 mc, a
aMILTiTYAa 3MeHIyeTbest BABidi. [licns crabimizamii
moxubka He mnepepumye 0,015 mm. Cucremy
TECTYIO TPU PI3HUX pEKUMaX. 3MIHIOIO HATST Bif
200 mo 280 H. Bmwukaio iMmyjibcHe 30ypeHHs
MOMEHTY. BuMiproeMo dac BCTAaHOBJICHHS Ta
MePePeryoBaHHs ,i 3aHOCHMO pe3yJbTaTH JIO
Taom. 2.

AHani3 noka3sye cTabiIbHICTE anroputMmy. Hac
BCTAaHOBJEHHS  He  mepeBumye 130  wmc.
[lepeperymroBanHs 3anumaeTbest HIDK4Ie 6 %. [lpu
modTi penykropa moxumOka 3pocrtae [8]. IIpote
PETYIIATOP KOMIICHCY€E [Qhi3110% JaCTUHY
BinxwieHHs. OOYHCIIOBallbHE HABAHTKEHHS HE
nepesuirye 40 % pecypcy koHtponepa. CepenHiit
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UK po3paxyHKy TpuBae 0,4 mc. Lle 3abe3neuye
gactory 2,5 kx[1. 3arpumMka y KOHTypi He
repeBuIye 2 Mc. B ymMoBaXx 3MIHHOTO HATATY
ITOPUTM KopHrye mapaMeTpH 3a 30 itepamiii [2].
Koedimiear waBwanmas ~=0,002 3abe3neuye
cTifikictp. 30impmenHs y; mo 0,01 Bukimkae
KOJIMBaHHA. TOMY BBEIEMO HACTYITHE MaTeMaTHYHE
OOMEKEeHHSI:

K" <K (<K 1)

Tabmuus 2

ExcnepuMenTaibHa e(peKTUBHICTh aJaITHBHOL
KOMMeHcauii y 6ararocexuiiiniii mammuHi [S, 16]

IIBun- |IlouatkoB| IToxmubka q I
Pexum KiCTb a MD- micyst ac epepery
BCTAHOBJIC JIXO-
pO60TI/I II0JIOTHA, HOXI/IGKa, KOMIICHCAI 0
e MM i, M HHSI, MC |BaHHS, %
Postin 05 1 56 | 0032 | 0014 | 118 45
M/C
Hominamen| -y 6| o618 | 0,009 74 2,1
i pexum
Bmina
matary 20 | 4,0 | 0,025 | 0,011 96 3,7
H
IMmyibC
IMOMEHTY 5 4,0 0,029 0,013 102 4,0
H-m
Mepexinma | 35| o1 | 0010 85 2.8
3 m/c
30ypeHHs
IIBUIKOCTI 4,5 0,027 0,012 90 3,3
+0,5 m/c
UTro
[pemyKTOpa 4,0 0,034 0,016 124 5,2
+0,01 MM
ACHMETDIL |4 | g 003 | 0,011 88 3,0
HaTsry 10 H
Mexi BU3HAYAK0 CKCIICPUMEHTAIILHO, 1 HAXHS
MeXa TapaHTyBaTUME IIBUAKOAIIO. BepxHs
oOMeXye TepeperystoBaHHs, a MIKCEKIIHHUN
3B’S30K 3MEHIIYEMO MoTNepeaHIM
nekopemoBaHHsaM.  Jlmsg  mporo  00UHCINMO

obepHeny Martpumo M ', OTpuManHil CcHTHaN
po3noginsiro MK cekuismu. lle 3HmKyBaTHMe
B3aeMHHi BrumB Ha 35 %. Iloxubka He
HaKOMHMYYETHCSA 110 JIAHITIOTY. Y peallbHOMY PEeXUMI
KOHTpOJIep npaioe 6e3 3ynuHok. Konu aqpykapcpka
MamuHa JApykye tupax 10 000 apkymiB, TO
noxubka He nepepunryBatume 0,012 mm. Cucrema
miATpUMYe€ cTabIbHICTD IPH 3MiHI TEeMIlepaTypy Ha
8 °C. Harumku 30epiraioTb TOYHICTH MPOTITOM
3MiHHU. 3aPONIOHOBAHUNA AJITOPUTM IHTETPYETHCS Y
npomuciiouir  [1JIK. CrpykTypa mporpamHOro

Koay MopayinbHa. OHOBIEHHS  Koe(iIieHTiB
BimOyBaeThCcsl Oe3 mepepuBaHHA IMKIY. OOMIH
JAaHUMH peaji30BaHO dYepe3 3a JOMOMOIOI0
nporokony EtherCAT [6].

CepBOIIPUBOAM  OTPUMYIOTH  KOPHUTYIOUi
curHam 3 mepiogom 1 mc. Cucrema pearye Ha
30ypeHHsT y Mexax JBox mepiomiB. [loxuOka
3MEHIITY€EThCS IIE 10 HAKOITMYCHHS (Pa30BOro 3CYBY.
AanTUBHUM KOHTYp TIpaIlOE CUHXPOHHO 3
JIOKAJILHUMHU perynsropaMu IIBUIKOCTI.
Pesynpratn  ekciuiyaTamiiHEX ~— BHIIPOOYBaHb
MIATBEPDKYIOTh S(EKTUBHICTh CTPYKTypH. lLlei
aJToOpUTM 3a0e3reuye cTabiabHe NMPUBEACHHS MPH
3MIHHMX HaBaHTaKeHHSIX. KOHTpOJBHI MOKa3HUKU

SKOCTI TIEPEBHINYIOTH BHUMOTH TEXHOJOTI9HOT
IHCTPYKITii.
3. Excnepumenmansvna nepegipka

eghexmusrHocmi Memooie KOMneHcayii

BunpoOyBanHsS TpoBOIWIM Ha PYyJIOHHIN
mamuHi Gopmaty 820 mm. JliHis MICTHTh 4OTHPH
JIPYKapChKi CEKIlii, a KOXHa CEeKIlis OCHAIICHA
cepBonpuBoIoM 7,5 kKBT. MakcumanbHa IIBHIIKICTh
MOJIOTHA CTaHOBUTH 6 M/c. Jliamerp (opmHOro
mtigapa nopiBHioe 210 mm. Crucrema KepyBaHHS
mpamtoe Ha IIJIK 3 mmkiaom 1 wmc. IlonotHo
BukoHaHe 3 mamnepy 90 r/m? Illupuna pyioHy
craHoButh 800 ™M, HowminaneHu#  HaTAT
BcTaHoBieHO Ha piBHi 240 H. Ilpomsotum Mix
CEKIIISIMH MaroTh NMOBXHUHY 1,4 M. BumipioBanas
MIBUIKOCTI 3MIMCHIOBATN €HKOACPH 3 PO3IiIHHOIO
3patHicTio 5000 imMm./06. Harsar ¢ikcyBanu
TEH30JIaTYNKH Kacy ToaHocTi 0,5 [4].

CTeHIl MICTHTh MOXYJIb IITYYHOTO 30ypEHHSI.
Bin BBOOUTH immynbcHHA MoMeHT 10 8 H-m.
Oxpemuit 0ok 3miHe Hatsar Ha +30 H. Jlawi
peectpyBaau 3 uactororo 2 k[ OOpoOky
BUKOHYBAJIM B PEXHMi peasbHOTO Yacy. [loxuoky
HENPUBE/ICHHS BU3HAYAIH 32 JIOTIOMOTO0 OTITUYHOT
cucremMu. Kamepa 3 pPO3AUIBHOIO 3IaTHICTIO
2048x1024 mikcenis 3untyBana MiTku. [IpoctopoBa
TOYHICTh BuUMipioBaHHs ctaHoBHIa 0,005 MM (puc.
2).

s kokHOT CekIlii opMyBalll YaCOBHH Psil
BigxwiieHHs. [lo3uniiiny moxuOky oOuncIoBau 3a
BHPa30M:

£0=R[p®-0,,0)]. (22)

ne: R; — paaiyc opMHOTO LMITIHAPA;
@i(t) — KyT CeKIIii;
@sync(t) — CHHXpOHHA (a3a.
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Mogyns iMnynscHoro OnmHyHa kamepa
momenTy 40 B H-m 2048+1024

M EtherCAT

NpyKapceka Npyxapeeka
cexun 3 ceruyn 4

Npyxapceka Npykapeska
BAOK 3MiK HATArY cexus 1 ceKwg 2

+30H 4 a _— a
Cepsonpuson, Cepaonpuea, Cepponpian g Cepsonpusny
75 kBT 75 kBT 75kBT 75 BT
Fwongp 5000 iun job Ertonep 5000 wn i) Terconamm Wy TeHAaTH HaTAY

Bnok aminn Peansimi vac pani
warary 30 H

Mposvcoenii MK
Uwirn T wc

Puc. 2. CtpykTypHa cXeMa eKCIIepUMEHTAIBHOTO
CTEH/ly PYJIOHHOI IpYKapChbKOI MalllMHU
3 GaraTOCEKIiIfHIM CEepBONPHBOIHUM KEPYBaHHIM
Ta BUMIPIOBAJILHOIO TTiICHCTEMOTO

VY pexuMi po3roHy MBUAKICTE 3pocTana Big 0
0 5 w/c 3a 1,2 c¢. dasoBe BiIXuUIEHHA
HakomuuyBajocs mpoTsarom rmepmux 300 wmc.
MakcumanbpHa — amIuniTyna 0e3  KOMIIeHcaIlii
mocsrana 0,038 mm. [licnmsa akTuBallii anropuTMy
BimxwieHHS 3MmeHmryBaiocs g0 0,017 mwm. s
OIIIHFOBaHHS aMIUTITy I BHKOPHUCTOBYBAIIN
MOKA3HUK:

A4, = max(¢&,(t)) — min(g,(¢)). (23)

ne: A; — po3Max KOJUBaHb y MPOJIBOTI ;.

3MeHIIeHHsT A; CBIAYUTH NMPO e(PEeKTHBHICTDH
KomreHcanii. Yac BCTaHOBJIEHHS BH3HAYalIM 3a
KkputepieM 5 %:

t, =min{t]&(1)[<0,054}.

set

24

Leii mnoka3sHMK XapaKTepu3ye MIBHIKOIIIO
CUCTEMHU. Y PO3TOHI f CTAaHOBUB 126 Mc. Y
HOMIHAJIEHOMY PEXHUMI BiH CKOPOTHBCS 1O 78 Mc.

CtalifbHICTh OLIHIOBAJIM 4Yepe3 iHTerpalibHUM
KpHTEPIi:
r 2
J, = [ & @t (25)
ne: T — iHTepBall CIIOCTEPEKECHHSI.
3menmenns J; Ha 43 % migTBEepaMIio

nokpameHss. [lin yac HoMmiHanbHOI poboTu mpu 4
M/c moxuOka sammmanaca B Mexax 0,012 mwm.
30ypennss Harary Ha +20 H  BukiImkamo
KOPOTKOYacHe BiJIXUJICHHS. Cucrema
KOMIIeHCYBaia #oro 3a 95 mc. Ilpu immynsci

MoMeHTy 6 H-M criocTepiranocs nepeperyatoBaHHs
4,1 %. KonuBaHHS 3racajiv IpOTATOM JBOX ITHKIIIB.
IligBumieHass MIBUAKOCTI IO 5,5 M/c 301IBIIHAIIO
YacTOTy KOJIMBaHb. AMIUNITYAa  3ajMIIanacs
Hwkuoro 3a 0,02 mMm. Uymnmmsicte 10 sodrty
nepesavy  MepeBipsuid  BBEIEHHSIM JOAATKOBOTO
3azopy 0,015 mm. [Toxubka 3pocna no 0,041 mm 6e3
KoMIIeHcarii. Aaroput™ 3mMeHmmB i 10 0,019 mm
[11]. Jngd KOMIIEKCHOI OIIHKH BUKOPHCTAIH
Koe(]ili€HT MOKpaIeHHS:

Ai,O - Ai,camp (26)

ne: A;o— amruriTya 6e3 KoMIeHcallii;
Aj comp — AMILTITY/Ia TICTIS] BIPOBAIXKCHHS.

Cepenne 3nadeHHs #; cranosmwio 0,52. Otxe,
crucTeMa 3MEHINWIa po3Max OuTbIe HIK YABII.
Brums temmiepatypu nepeipsum 3miHoro Ha 10 °C.
TemmoBe po3uupeHHs BaiB 3MiHuI0 ¢aszy Ha 0,006
MM. KoMrteHcarist BifHOBHIIa CHHXpOHI3ariio 3a 60
Mc. Pe3ynbTaT miaTBepAnB CTIHKICTh AITOPUTMY IO
TeIIoBUX BILIUBIB. Ilin yac TpuBamoro tupaxy 15
000 BimbOuTKiB BimXMiIeHHS He epeBunryBaio 0,014
MM. BimxuiaeHHS HaTATY 3aquImaiocs y Mexax +3
H. Konrtponep ©He mnorpedyBaB  pydHOTO
KOPHUT'YBaHHA. [HTeTpario anropuTMy BHKOHYBAIIN
gepe3 mpomucioBy Mepexy FEtherCAT. Uac
nepemadi makera cranoBus 0,3 Mmc. CHHXpOHI3aIIi0
3a0e3meuyBaB  mporokos  distributed  clocks.
3aTpuMKa y KOHTYpl HE NEpeBHINyBaja 2 MC.
IIporpaMuuii  MOAyNb  peani3yBadd  MOBOIO
Structured Text. Koxg micTuTh OKpeMi OJIOKH s
OLIHIOBaHHS Ta  KommeHcawii.  OHOBICHHA
napameTpiB  BigOyBaeTbcs 0e3  Imepesamycky.
PesepByBanHst 3a0e3neuye Oe3nepepBHICTL POOOTH.

Iepen BIIPOBA/IKCHHSIM BUKOHAJIH
KajmiOpyBaHHA JaT4MKiB. 3CyB HYJIbOBOi TOYKH
BuzHauamu 3a 200 Bumipamu. CranpapTHe
BigxmieHHs He mnepeBuinysaio 0,003 mm. Ilicns
KaJgiOpyBaHHS cHCTEMa Mepexoania y BApOOHHIHUHA
pexum.  JIns  OPOMMCIOBOIO — 3aCTOCYBaHHS
PEKOMEHIOBAHO i ITPUMYBaTH 4acToOTy
muckpernsanii He Hwkdye 1 k['m. 3arpumka ik
CeKlisMu Mae OyTH MEHII HiK 3  MC.
PekoMeHIOBaHO  3aCTOCOBYBaTH €HKOAEPH 3
po3aUTbHO 3nmaTHiCTIO He MeHmre 4096 imm./00.
Kopctkicts MeXaHIYHUX BY3JIiB Mae
nepesuitysaru 1,2-10° H/m.
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VY mpormeci iHTerpamii Ciif HaJaITOBYBaTH
koedilieHT ~ HaBuaHHS  perymstopa.  Moro
30LJBIIEHHS CKOpPOYy€ dYac ajamnTarii, aie
MiJBUINYE PU3MK KojduBaHb. [IpakThka mokasana
ontuManbHe 3HaweHHs 0,0025. OOMmexeHHs
Koe]ilieHTiB perynsropa 3MEHIIY€
nepeperynoBanHs. BupoOHuui  BuUmpoOyBaHHS
MiATBEPIMIIM Tpale3laTHICTh CUCTEeMH. MarmHa
mpamioBana 0e3  aBapiii  NpPOTATOM  3MiHH.
ITokasHMKH SIKOCTI BIAIOBIZAIH TEXHOIOTTYHUM
BuMoraM. PiBeHp Opaky 3meHmmBcs Ha 18 %.
CucteMa miaTpuMyBaja cTaOiIbHY CHHXPOHI3aLiIo
y Bcix pexxumax. OTpuMani pe3yibTaTH JOBOJAATH
MpUAATHICTD ANTOPUTMY  JUIS cepiiiHOTO
3acTocyBaHHS. KoMIeHcalist ckopouye aMILITyay
MOXWOKW Ta 4Yac BIiAHOBJICHHSA. I|HTerpaiis He
norpedye  3MIHM  MEXaHIYHOI  CTPYKTYpH.
Bupobunui mapamerpu 30epiratoTh cTaOiTBHICTD
MPOTATOM THPAXKY.

BucnoBku. Po3po0iena MareMaTnaHa MoJeNb
onucye (OpMyBaHHA MOXMOKH HEMPHUBEACHHS SIK
pe3yIbTaT CyMICHOI [il KIHEMaTUYHUX, IPY>KHUX Ta
iHepuiitHUX (akTopiB. Monenb BpaxoBye pPi3HUIIO
KyTOBUX MIBHJKOCTEH, MOAOBXKEHHS MPOJIBOTIB i
mopTH nepenaad. ExcnepumenTanbHa
ineHTudikaris rapameTpiB 3abe3neuna
cepemHbOKBaApaTHdHy moxubky 0,012 MM y
nepeximzaomy pexnMmi ta 0,006 MM y cTalomy
pexumi. HalOinpmmii BrummB Ha MD-KOMIIOHEHTY
Mae JrodT nepenad i3 Koeili€eHTOM YyTIHBOCTI
3,35. 3menmenHs moxyns mpyxHocti Ha 10 %
301IBIIY€E TIO3JIOBXKHIO TIOXHOKY Ha 14,5 %. Mozaenb
BIATBOPIOE YACTOTHI BIACTUBOCTI CHCTEMH Ta
JI03BOJISIE TIPOTHO3YBATH (Da30Bi 3CYBHU MPH PO3TOHI
MOJIOTHA.

ANanTHBHUHA ~ aNTOPUTM  KOMIICHcaIli 3
(bimpTpariero CTaHy Ta MDKCEKITI THOIO
JNCKOPEJISIIE€I0  3MEHIIYE aMIUNTYAy IMOXHOKH

Ol HiK yaBidi. Y pexumi posrony Big 0 10 5 m/c
amrorityna 3HmWKyetbes 3 0,032-0,038 MM 1o
0,014-0,017 mm. Yac BCTaHOBJICHHS CKOPOUYETHCS
1o 118-126 Mc, a y ctaoMy peXuMi CTAaHOBUTH 74—
78 wmc. IlepeperynroBanHs HE nepeBumye 5,2 %.
Koedimiear napganns 0,0025 3abe3nedye CTiHKICTh
0e3 aBToKONMMBaHb. [lonepeaHe oOepHEHHS MaTPUIT
B32€EMHOTO BIUIMBY 3MCHIITY€ MIXCEKI[ITHUIA BILIUB
Ha 35 %. Cwucrema mniarpumye dazoBy
CHUHXPOHI3aLil0 TpPH IMIOYJIbCHUX 30ypPEHHSX
MOMEHTY 110 6 H-m.

ExcruryaTartiitai BUTIpoOyBaHHS ITiATBEP TN
MPOMHUCIIOBY TIPUAATHICTH anroputmy. Ilim dac
trpaxy 15 000 BiIOWTKIB MO3MOBXKHS TOXHOKA HE
nepesumrye 0,014 wmm.  Bigxunenns Hatary
3JIMIIAIOTHCS B Mexkax +3 H. 3arpumka y KOHTYpi
KepyBaHHs He nepeBuilye 2 Mc npu mukii [1JIK 1
Mc. [lepenaua nanux uepe3 EtherCAT 3aiimae 0,3
Mc. Temneparypue 30ypenHs 10 °C Bukiukae
¢azose 3mimmenHs 0,006 MM, sIKe KOMIIEHCYETHCS 3a
60 wmc. PiBenr Opaky 3menmeno Ha 18 %.
Iarerpauis BukoHana 6e3 Moaudikanii MexaHiqHOT
YaCTHHU MAlllVHHU.
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Development of methods for adaptive compensation
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The purpose of the paper is to develop and
experimentally  validate  methods  for  adaptive
compensation of print registration errors through active
control of web press drives. The study focuses on
reducing the amplitude of MD and CD deviations in
transient and steady operating modes. The methodology
combines mathematical modeling of inter-section
dynamics with experimental parameter identification. A
generalized “‘drive—tension—position error” interaction
model was constructed, taking into account inertia, web
elasticity, and gear backlash. Encoder and load cell
signals were used for state evaluation and recorded at a
sampling rate of 1 kHz. Model parameters were
identified using the least squares method based on actual
phase shift measurements. An online error estimation
algorithm and corrective action generation for shaft
speed and phase adjustment were developed. The
adaptive controller accounts for inter-section coupling
and drive constraints. Experimental validation was
carried out on a four-section web press with a format
width of 820 mm and 7.5 kW servo drives. During
acceleration without compensation, the maximum
registration error reached 0.038 mm. After activation of
the algorithm, it decreased to 0.017 mm. The settling time
was reduced from 126 ms to 78 ms under nominal
conditions. The integral oscillation criterion decreased
by 43%. When the web tension was disturbed by 20 N, the
system restored synchronization within 95 ms. Under a 6
N-m torque impulse, overshoot did not exceed 4.1%. A
long production run confirmed stable error levels within
0.014 mm without manual operator intervention. The
practical significance lies in the possibility of integrating
the algorithm into industrial PLC systems via EtherCAT
without modifying the mechanical structure of the press.
The proposed approach reduces waste and improves
section synchronization accuracy. The scientific novelty
consists in the integrated combination of inter-section
dynamic modeling and adaptive control that considers
real drive and web tension parameters. The obtained
results confirm the effectiveness of the compensation
methods for serial application in web printing machines.
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MATEMATHYHA MOJIEJ/Ib PEI'YJIIOBAHHA TUCKY
B IIMHAX KOJIICHUX MAIIIHUH ITOABIMHOI'O TPU3HAYEHHA
ITP1 BUKOHAHHI BUBHAYEHUX 3AB/IAHb

Peopos O.1O., Ilerpenko O.I'.

MATHEMATICAL MODEL OF TIRE PRESSURE CONTROL
FOR DUAL-PURPOSE WHEELED VEHICLES UNDER SPECIFIC
OPERATING CONDITIONS

Rebrov O.Yu., Petrenko O.H.

YV cmammi pozenanymo nioxoou 00 MOOen08aHHs.
KOHMAKMHOi 83a€MO0ii «WUHA—IPYHMY» Ma APUHYUNU
@yHKYiOHY8aAHHA CUCTEM ABMOMAMUYHO20 Pe2YI08AHHSL
mucky 6 wunax (Central Tire Inflation System, CTIS) ons
KONICHUX MAWwuH noositino2co npusHayenus. Ilokasano,
wo 6 oinvwocmi gioomux peanizayit CTIS arecopummu
Kepy68aHHs OPIEHMOBAHI NePeBaANCHO HA eKCHIAYAMAayiiuHi

NOKA3HUKU — MPAHCROPMHO20  3Ac00Y, 30Kpema
npPOXIOHICMb, msA2060-34INHI  @laAcmMueocmi  ma
Kepogauicmv, Mmool SAK napamempu  KOHMAKMHOI
83a€MO0ii Koneca 3 IPYHMOBOIO OCHOB010

BUKOPUCMOBYIOMbCS 0OMEINCEHO AO0 He 8PAX08YIOMbCs
be3nocepednvo y hopmysanni Kepyrouux Oitl.

Tlpoananizoseano ocobrusocmi mooenet terramechanics,
Yy AKUX ~ BHYMPIWHIL MUCK Y WUHI  3438udail
posenadacmvcs  AK - iKcosanuill  napamemp,  Wo
VCKAAOHIOE iX iHmezpayilo y Ccmpykmypy cucmem
a8MoOMAamuyHO20 Pe2yo8aHH. 3anpononosano

KOHYenmyanvHuil nioxio 0o iHmezpayii ananimuyHol

OYIHKU KOHMAKMHOT 63AEMOOIT 8 aneopummu Kepyeanis.
CTIS. 'V medicax 3anpononoganoeo nioxody niowd
KOHMAKMY WUHU 3 ONOPHOI NOBEPXHEIO PO32NA0ACTNBCSL
AK  QYHKYIsL  GHYMPIUWHBLO20 MUCKY 6 WuHi ma
BEPMUKATLHO20 HABAHMAICEHHS HA KOIECO, Wo 0ac
MOJUCIUBICY OYIHIOBAMU MAKCUMATLHUL KOHMAKMHUL
MUCK Y TPYHMI.

Ha ocnoei ompumanoi oyinku 66edeno obmedicenHs 3a
donycmumum pigHem KOHMAKMHO20 MUCKY, AKe Modice
sUKopucmosyeamucsa Ak  Kpumepii  opMy8aHHs
Kepyiouo2o enaugy y cucmemi pezyniosanus. OKpecieHo
@yuKyionanvy CmMpYKmypy Ccucmemu, wo GKIOUAE
niocucmemy — GUMIDIOBAHHS — napamempis  CMAawy,
obuuco8anbHull  ON0K  GUSHAYEHHA  KOHMAKMHUX

Xapaxmepucmux ma 6UKOHABYUL KOHMYP pe2yNi08aHHS
BHYMPIUWHBO20 MUCKY 8 WIUHAX.

Poszenanymo obmedicents 3anpononosanozo nioxooy,
no8’A3aHi 3 HeOOHOPIOHICMIO TPYHMOBO20 Cepedosuiyd,
HAKONUYYBAbHUMU — ehekmamu  YWjilbHeHHA — npu
bazamopa3zogomy NPOXOOHCEHHI MexHiKu ma
OUHAMIYHUMU KOJNUBAHHAMU HABAHMAICEHHA N0 4Yac
PyXy. 3anpononoganuii nioxio 3abesneuye MoICIUGICMb
aoanmayii Kepywouux Oill 3a1e)HCHO 6i0 3MIHU YMO8
excniyamayii, 30Kkpema eapiayili HA8AHMANCEHHs ma
Xapakmepucmux — IPYHMOBOI  OCHOBU, d  MAKOIC
8DAXYBAHHA IX 6NAUSY HA KOHMAKMHY 63AEMOOIIO.
Ompumani pesyromamu mMoxcyms 0ymu 6UKOPUCHAHT
ons nooaAIbLUO20 PO3BUMKY aneopummis
ABMOMAMUYHO20 pe2YTI08AHHA MUCKY 6 WUHAX 3
VPAxXy8aHHAM a2POEKONIO2IUHUX 00MedHCeHb, a MAKONHC
0711 RiOBUWEeHHS eqDeKMUBHOCII eKCNILYamayii KOAICHUX
MAQWUH 8 3a1eAHCHOCMI 610 3MIHHUX YMO8 pobomu ma
PI3HUX MUNAx IPYHMOBUX OCHOB.

Knrwuosi cnoea: nnesmamuuna wiuHa, KOHMAKMHA
63aemo0is; terramechanics; CTIS; peeymosanns mucky;
nAOWA KOHMAKMY, OONYCIMUMULL KOHMAKMHUL MUCK.

Beryn. [lHeBMartuyHa IIMHA € OCHOBHUM
€JIEMEHTOM Tiepe/aui HaBaHTaXCHHS Bij KOJiCHOT
MAaIlliHU Ha OMOPHY IMOBEPXHIO. JIJIT TpakTopiB i
TPAHCIIOPTHUX 3aC00iB TMOJBIMHOTO MPH3HAYCHHS
eKCIUTyaTallisl 4acTo BiIOYBAa€TbCsS Ha TPYHTOBUX
OCHOBax, (i3MKO-MEXaHi4Hi BJIACTHUBOCTI SIKUX
3aJIeKaTh  Bi  BOJIOTOCTi,  CTPYKTYpH  Ta
MOMEPEHBOr0 HABAHTAKEHHA. 3a TaKUX YMOB Y
30HI KOHTaKTy (opMyeTbcs  HEpiBHOMipHHUHI
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PO3MOJT HANPyKEHb, M0 MOXKE MPHU3BOIUTH 0
JIOKAJILHOTO NePEBHUILCHHS JIOITyCTUMOTO
MMATOMOTO THCKY Ta yIIUTbHEHHS IpyHTY [1].

BHyTpimHii THCK y NHEBMaTW4HIA MIMHI €
OJTHAM 13 BU3HAYAIBHUX IapaMeTpiB KOHTAKTHOL
B3a€EMO/II. 3a CTaJIOTO BEPTUKAIILHOTO
HaBaHTaXKCHHS HOTO 3MEHIIIEHHS CYITPOBOIKY€ETHCS
30IJBIICHHSM IUION[ KOHTAKTY Ta 3HWKCHHSIM
MaKCUMAaIbHUX KOHTaKTHHX HaTpyKCHb.
OnHOYaCHO 3MiHA TUCKY BILTUBAE Ha TATOBO-3UiITHI
BJIACTUBOCTI, OMmIp KOYEHHIO Ta JAWHAMiyHi
xapaktepucTuku MamuHu [2]. Lle 3ymoBiroe
HEOOXITHICTh PETYNIIOBAHHS THCKY 3 YpaXyBaHHIM
eKCIUTyaTaIllfHUX YMOB.

TpamuiiitHoO 3MiHa BHYTPIIIHBOTO THUCKY
3MIHCHIOBANACS OIEPATOPOM TMepesl MOYaTKoM
pobotu abo micng 3MiHM YMOB pyxy. Po3BuTok
CUCTEM aBTOMATUYHOTO PETYJIIOBAHHS THUCKY B
maax (CTIS) 3abe3neyrB MOXKIIMBICTH afanTariii
THUCKY 0€3mocepelHbo IMiJl Yac eKcruryararii. Taki
CUCTEMH IIMPOKO 3aCTOCOBYIOThCS Y BIMICHKOBIM Ta

crierianbHIf TEXHIIT, a TaKOXK y
CLIBCHKOTOCTIONIAPCHKUX MAITHHAX.
MopnentoBaHHS ~ B3a€EMOJIi  «IIMHA—TPYHT»

PO3BHBAETHCA B MEXKaX JBOX OCHOBHHMX HAIPSMIB.
[Teprmuii 0XOTUTIOE MOJIEITI THEBMATUIHUX TTHH, K1
ONMMCYIOTH  JKOPCTKiCHI  Ta  Jedopmauiiiui
XapaKTePUCTUKH 3aJIe)KHO BijJi HABAHTAXCHHS 1
BHYTPIITHBOTO THUCKY. Jlpyruii mnpencTaBicHUi

migxomamu  terramechanics, y  SKHX  IPYHT
PO3TISAAETHCS SIK MPYKHO-TUTACTHYHE
cepenoBuie, 10 AeGOpPMYETbCS Mia  JII€IO

KOHTaKTHUX HaBaHTaXXeHb [3—3].

Binbmmicte Mozpeneilt mwmHU PO3pOOIICHO s
B3a€EMOMIi 3 TBEPAMMH TOKPUTTSAMHU, TOII SIK
KJIACHYHI Mojei terramechanics BUKOPHCTOBYIOTh
BHYTpIIIHI THUCK SK 3agaHuil mapamerp. Y

cuctemax CTIS  amropurMum  peryiaroBaHHS
MePEBaXHO  OpIEHTOBaHI  HA  TIIBUIICHHS
MPOXIMTHOCTI a00  TOKpaIeHHS JIUHAMIYHUX

XapaKTepUCTUK TpaHCHopTHOro 3acoly [9, 10].
IaTerpartis aHAMITHYHUX MOJAENEH KOHTAKTHOL
B3A€EMOIIT «IIMHA-TPYHT» O€3M0cepeIHbO B KOHTYP
KepyBaHHSI Peai3yeTbcsi OOMEKEHO.

AHaJIi3 0CTaHHIX JOCTiIKeHb i mMyOaiKkamii.
Jlist  aHamizy B3aeMomii  KOJIICHUX PYMIiB i3
neOpMIBHUMH  TIOBEPXHSIMH  3aCTOCOBYIOTHCS
migxoau terramechanics, y Mexax SKHX IPYHT
PO3IIIAIa€ThCS K HPY’KHO-IUIACTHYHE
cepefloBHIIE. Y TaKUX MOJEISAX BCTaHOBIIOETHCS
3aJIe)KHICTh MiXK KOHTaKTHHUM THCKOM, OCiJTaHHSM
IPYHTY Ta T€OMETPIEI0 30HU KOHTAKTY [3, 4].

[Monanpmri JTOCITI JKEHHS YTOUYHIOIOTh
pO3MONIT HampyXeHb Yy 30HI KOHTAakTy Ta
OLIHIOBAaHHA IUIOUIi B3a€EMOAIl 3 YypaxyBaHHIM

XapaKTePUCTUK HABaHTAXCHHS 1 TmapaMmeTpiB
IPYHTY [5]. ExcriepumenTanpHi poboTu
MiATBEPIKYIOTh ICTOTHUM BIUIMB BHYTPIITHHOTO
TUCKY Ta BEPTUKAIBHOTO HABAHTAXXCHHSI HA IIIONTY
KOHTaKTy 1 MakCHMajbHI KOHTaKTHI HANpy>KCHHS
[6, 71.

Y  oOumpmocti  Mogzenein  terramechanics
BHYTPILIHIA THCK y IIWHI 3aJa€ThCS K (hiKCOBaHUM
mapametp. lle yckmamHroe iX Oe3mocepenHio
IHTETpaIlif0 B CTPYKTYPY CHCTEM aBTOMATUYHOTO
peryJIIOBaHHS THUCKY.

CucremMu aBTOMaTUYHOTO PETYITIOBAaHHS TUCKY
B mmHax (CTIS) 3abe3medyroTh  3MiHY
BHYTPIIIIHBOIO  THUCKY  3alleXHO  BiJl yMOB
eKcIuTyaTarlii TpaHcrmopTHOro 3acoOy. IlepBuHHO
TaKi CUCTEeMH OTPHUMAJIM TOMTUPEHHS Y BIACHKOBIi
Ta CIeiaIbHIHM TEXHIIl, /Ie IX OCHOBHOIO (YHKIIi€I0
Oyno WiABUIIEHHS TPOXITHOCTI TpU pyci MO
c1aboHeCyIHnX TTOBEPXHSX.

Y cinecekorocnionapebkin  texnimi  CTIS
3aCTOCOBYIOTBCS JUISl ONTUMI3aIlii TSATOBO-34UiITHUX
XapaKTEepPUCTUK, 3HIKEHHS NPOOYKCOBYBaHHS Ta
MOKpAaIlleHHs ~ manuBHOI  edexkTuBHOCTI  [9].
JlocmimKeHHs MiTBEPHKYIOTh TIO3UTUBHUHN BILTUB
peryJrOBaHHS TUCKY Ha €KCIUTyaTalliliHi [TOKa3HUKH
TPaKTOPIB 1 MAIIMHHO-TPAKTOPHUX arperariB.

VY cdepi JOPOKHBOTO TPAHCIOPTY PO3BUTOK
CTIS cnpsiMoBaHMI Ha TOKpAIICHHS IWHAMIYHOT
CTIHKOCTI Ta KEPOBAHOCTI TPAHCIIOPTHHUX 3aco0iB
[10]. IaTemexkTyanpHI aITOPUTMHU PETYJIIOBAHHS
BPaxXxOBYIOTh MIBUJKICTh PYXY, MAHEBPOBI PEKUMU
Ta XapaKTEPUCTUKU TTOKPUTTSL.

HesBaxkaroun Ha pi3HOMAHITHICTh peai3alliid,
ANTOPUTMHU PETYIIOBAaHHS B OUIBIIOCTI BHIIAJKIB
Opi€HTOBaHI Ha 3a0e3Me4YeHHsS MPOXiTHOCTI abo
nuHaMigHOi epexTuBHOCTI. [lapameTpn KOHTaKTHOT
B3a€MOJIi  «IIMHA—TPYHT» TpPH [BOMY HE
BUKOPHUCTOBYIOTECS SIK Oe3MocepeHiil KpuTepii
(hopMyBaHHS KepyrOYOi Iii.

Icayroui  cmcremun  CTIS  peamizyroTh
aJanTaiio BHYTPIIIHROTO THUCKY IEPEBAKHO Ha
OCHOBI eKCIUTyaTaIliifHIX MMOKa3HUKIB
TPAHCIIOPTHOTO 3aco0y, TOMiI K IHTErpamis
AHATITUYHUX MOJICNIeH KOHTaKTHOI  B3aeMOJil
3aITUIIAETHCS. OOMEIKEHOIO.

Meta  pobotH. Meroro  pobotH €
CHUCTeMaTh3amis TMiAXOMiB [0  MOJETIOBAaHHS

KOHTaKTHOI B3aeMozil Ta aHaji3 MOXJIUBOCTEH X
iHTerpamii B CTPYKTYPY CHCTEM aBTOMAaTHIHOTO
peryJiloBaHHS THUCKYy B IIMHAX 3 YypaxyBaHHAM
00MeXEHb 32 JJOMMyCTUMUM KOHTAKTHUM THCKOM Ha

IPYHT.
Buxiaaa ocHoBHOTo Martepiaay. KonraktHa
B3a€MOJIiI MMHEBMATUYHOI WIMHA 3 IPYHTOM

XApPaAKTCPU3YETHCA BCPTUKAIIbHUM HABAHTAXKCHHIAM
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Ha Kojeco Fz, BHYTPIIHIM THCKOM y LIMHI P Ta

TEOMETPIEIO TISIMU KOHTAKTY (puc. 1).

Puc. 1. Cxema KOHTaKTHOI B3a€MOLIl THEBMAaTHYHOT
IIMHHA 3 IPYHTOM

[Inoma KOHTaKTy mo3Ha4yaeTbcsi K A 1
PO3TIANAETHCS K QYHKIISA:

A=A(p.F.) (D

MakcuManbHIM KOHTAaKTHUM THCK Yy IPYHTI
MOJKe OYTH OIliHCHHH SIK:

£
Omax = k7 (2)
ne k — xoeQilieHT HEPiBHOMIPHOCTI PO3MOILTY

HaNpy>XeHb y 30HI KOHTAKTY.
JlonycTuMe 3HauYeHHS KOHTAKTHOI'O THUCKY

MO3HAYAETBC K q,,, 1 BU3HAYAETHCSA
HOPMaTHUBHUMH abo arpoeKOJIOTIYHUMHU
oomexenusmu  [11].  YmMoBa  3abe3medeHHs

JOTTYCTUMOTO PIBHS HABaHTAXCHHS MOXe OyTH
MoJIaHa y BUTIISII:

O max < 9o0n (3)

IaTerpamiss Momeni KOHTaKTHOI B3aeMOIii B
CHCTEMY aBTOMATHYHOTO PETYJIIOBAHHS THUCKY
0a3yeTbcsl Ha BUKOPUCTAaHHI PO3paxyHKOBOI OL[IHKH
MaKCUMAaJIbHOTO KOHTaKTHOTO THUCKY SIK KPHUTEPIiIO
dbopmyBanHs kepyrodoi mii (puc. 2). Y Takiit
CTPYKTYpl BHYTPINTHIA THCK KOPUTYETHCA 3
ypaxyBaHHIM MMOTOYHOTO BEPTUKAIBHOTO
HaBaHTAXCHHS Ta OOMEXEHHS 32 JIOMYCTHMUM
piBHEM KOHTaKTHOTO THCKY.

OyHKIIIOHAIEHO cucrtemMa BKJIIOYAE
MiCUCTEMY BUMIpIOBaHHS, 0OYMCIIOBAILHIN OJIOK
Ta BUKOHABYMHA KOHTYp peryioBaHHsA. Ha ocHOBI
BUMIpAHUX a00 OLIHEHUX 3HAYEHBb TUCKY B ILUHI Ta
BEPTUKAIBHOTO  HABAaHTAKEHHS  3AIHCHIOETHCS
pO3paxyHOK IUIONII KOHTAKTYy Ta BIAMOBITHOTO

PIBHSA MaKCHMaJIbHOTO HAIpPYXKEHHS Y TPYHTI.
OTpumaHe 3HaAYCHHS TOPIBHIOETHCS 3 JOITYCTHMHUM,
TiCIIs 90T0 (DOPMYETHCS KOPUTYIOUNI BILIUB.

biox BuMiproBanHs ObymcmoBatbHHi

; Buxonasuuii 6nok
napamerpin ok

JIaTuHKH THCKY B LIHHI; Kommpecop;

OuinroanHs F; CHTHa . L peHmHan | Enextpomaritiuit
. - OuinKa 0,y (P, F); .
Ouinka mapameTpis Topi V| xnana;
(OPIBHSHHS 3 . I ;
IpyHTY. HEBMOMAriCTPaslh.

Monens A(p, F,);

IFRHIND

3BOpOTHHIT 3BA30K 00’ eKT KepyBaHHs

TlHeBMariyHa mHHA

Puc. 2. CTpykTypHa cXeMa CHCTEMH aBTOMATHIHOTO
PETYIIOBAaHHS THCKY B ITMHAX 3 IHTETPAIli€l0 MOJIENTi
KOHTAKTHOI B3a€MOIT

AnroputM  (QYHKUIOHYE  LUKIIYHO 3
MEePIONUYHUM OHOBJICHHSM TIapaMeTpiB CTaHy.
Takwii miaxix J03BOJISIE BpaXxOBYBaTH 3MiHHICTH
HABAaHTAXKCHHS, XapakTEepHY Ui TPAKTOPiB i
MaITUHHO-TPAKTOPHUX arperatiB mpu poboTi 3
HABICHUM 0O0JaJHaHHAM a00 IpPH IMEepPexoiai MiK
MOJBOBUMH Ta TPAHCHOPTHUMH PEKHUMaMHU.

3amponoHoBaHa y3arajpHeHa MOJeIb
KOHTaKTHOI B3aEMOJII1 IPYHTYEThCA Ha
aHAJITHYHOMY OIHUCi 3aJIeKHOCTI MJIOMII KOHTAKTy
Bil BHYTPIIIHBOIO THUCKY Ta BEPTHKAIHHOTO
HaBaHTa)XEHHSI. BoxHouac peanbHa TOBEIiHKA
TPYHTOBOI OCHOBH XapaKTePU3yETHCS
HEJiHIHICTIO, MPOCTOPOBOIO HEOIHOPIIHICTIO Ta
3JICKHICTIO BiJ] BOJIOTOCTI W TIOTIEPEAHIX ITMKIIIB
HaBaHTAKEHHS.

Mogens He BpaxoBye KyMYJSTHBHI e(eKTh
VIIUTBHEHHST TpU 0araTopasoBOMY MNpPOXOKEHHI
TEXHIKH, a TaKOX JIOKaJbHI 3MiHH (i3uKo-
MEXaHIYHUX BJIacTHUBOCTEW IpyHTY. Kpim Toro, He
PO3TIIANAIOTHCS JUHAMIYHI KOJIMBaHHS
HAaBaHTAKCHHs, IIOB’s3aHI 3 PyXOM II0 HEpiBHIM
MTOBEPXHI.

[omanpmni  mOCHIIKEHHS  MOXYThb  OyTH
CIIPSIMOBAHI Ha YTOYHEHHS MapaMeTPiB MOIEII IS
pI3HMX THWITIB TPYHTIB Ta IHTETpAIlil0 METOIIB
OMEpaTUBHOI OLIHKK iX CTaHy B a&JITOPUTMH
peTyIOBaHHS.

BucHosku.

1. ¥ craTTi CHUCTEMaTH30BaHO IiIXOAH 10
MOJICITIOBaHHS B3a€MO/IIT «IITHHA—TPYHT» Ta aHATI3Y
CUCTEM aBTOMATHYHOT'O pETYJIIOBAHHS THCKY B
muHax. BcTaHOBIIEHO, MO OUTBINICTD peatizamii
CTIS Opi€HTOBaHi Ha eKCIUTyaTaliiHi
XapaKTEPUCTHKU TPAHCIIOPTHOTO 3acol0y 1 He
BUKOPHCTOBYIOTh rapameTpu KOHTaKTHOI
B3a€MOJIIi K Oe3MmocepeiHil KpuTepiil KepyBaHHSL.
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KOHTaKTHOI B3a€MOii Yy KOHTYp peryJIOBaHHS
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KOHTAaKTHHUM THCKOM.
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Rebrov O. Yu., Petrenko O. H. Mathematical
model of tire pressure control for dual-purpose
wheeled vehicles under specific operating conditions

The paper analyzes approaches to modeling tire—
soil interaction and the operating principles of Central
Tire Inflation Systems (CTIS) used in dual-purpose
wheeled vehicles. It is shown that in most existing CTIS
implementations the control algorithms are primarily
focused on vehicle performance indicators such as
mobility, traction efficiency, and handling stability, while
parameters of tire—soil interaction are rarely used
directly as control criteria.

In classical terramechanics models, tire inflation
pressure is typically treated as a fixed parameter, which
limits the possibility of their direct integration into
pressure control systems. To address this limitation, a
conceptual approach for integrating an analytical
assessment of contact interaction into the CTIS control
structure is proposed. Within the proposed framework,
the tire—soil contact area is considered as a function of
inflation pressure and vertical wheel load, enabling the
estimation of the maximum contact pressure acting on the
soil.

Based on this estimation, a constraint related to the
permissible contact pressure is introduced, which may
serve as a control criterion for pressure regulation. The
functional structure of the proposed system includes a
measurement subsystem, a computational unit for
evaluating contact parameters, and a control loop
responsible for adjusting the tire inflation pressure. The
proposed approach allows adapting control actions
depending on variations in operating conditions,
including changes in load and soil characteristics.

The limitations of the proposed approach
associated with soil heterogeneity, cumulative soil

compaction effects, and dynamic load variations during
vehicle motion are also discussed. Particular attention is
paid to the applicability of the model under real
operating conditions, where the parameters of the
supporting surface may change significantly over time.
The obtained results may be used for further development
of CTIS control algorithms that take into account agro-
environmental constraints and variable operating
conditions, as well as for improving the efficiency and
adaptability of wheeled vehicles in field and transport
applications.

Keywords: pneumatic tire; tire—soil interaction,;
terramechanics, central tire inflation system; contact
area; permissible contact pressure.
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STUDY OF THE INFLUENCE OF NONLINEARITIES ON PARAMETRIC
OSCILLATIONS OF ELECTROMECHATRONIC SYSTEMS

Rudniev Y.S., Romanchenko J.A.

JOCJAIKEHHA BIIMBY HEJTHIMHOCTEW HA IAPAMETPAYHI
KOJIMBAHHS B EJIEKTPOMEXATPOHHUX CUCTEMAX

Pyanes €.C., Pomanyenko F0.A.

In the article The analysis of parametric oscillations in
electromechatronic  systems and the influence of
nonlinearities on them caused by physical properties of
the elements and design features of the system.

It has been shown that Real electromechatronic systems
are characterized by the presence of various
nonlinearities. Factors that render a mechanical system
nonlinear include nonlinear forces arising during the
operation of such a system and its variable parameters.
It has been established that parametric oscillations,
caused by periodic or quasi-periodic changes in the
system's parameters over time, occupy a special place
among the dynamic phenomena occurring in
electromechatronic systems.

The article discusses the effect of parametric resonance,
which is a manifestation of dynamic instability in a
system, where small disturbances can lead to significant
changes in the system's motion. Consequently, any
random disturbance over a sufficiently long period of
time can lead to emergency consequences. Nonlinear
factors in a mechanical system with periodically
changing parameters manifest themselves primarily in
zones of parametric resonance.

The authors present the concept of self-oscillations,
which can occur in nonlinear systems in the absence of a
periodic disturbing force, and, as an example, consider
quasi-harmonic frictional self-oscillations. Suppressing
frictional self-oscillations is a crucial engineering
challenge, as they complicate the precise stopping of a
working element and disrupt the smoothness of its
movements.

A unified structural diagram for any type of
electromechanical electric drive system, its parameters,
and a mathematical model are provided.

The electromechanical system was simulated in the
MATLAB/Simulink environment in accordance with the
structural diagram with the given parameters.

The processes of development of self-oscillations in the
considered circuit at a given speed for three variants of
the studied load characteristics are obtained.

The dependences of the velocities of the first and second
masses, the elastic force and resistance on the second
mass, and the dynamic force on time are presented. It is
established that the implementation of computer -
integrated adaptive and robust control systems, taking
into account the presented studies of nonlinear effects
and parametric oscillations, ensures the coordination of
the dynamic modes of the electromechatronic system with
the requirements of a specific technological process. This
reduces the influence of unwanted oscillatory modes and
improves the stability and accuracy of actuator control.
Key words: parametric oscillations, electromechatronic
systems, nonlinearity, mathematical model, disturbance,
self-oscillation, synthesis, computer-integrated control
system, adaptive control, robust control.

Introduction. Modern electromechatronic
systems are complex dynamic objects combining
electrical, mechanical, electronic, and information
subsystems. They are widely used in automated
production facilities, robotic devices, electric
drives, precision positioning systems, and power
plants. The increasing level of integration and
complexity of the structures of such systems leads
to increased demands on the quality of their
dynamic characteristics, stability, and operational
reliability under variable loads and external
disturbances [1, 2].

Real electromechatronic  systems  are
characterized by the presence of various
nonlinearities, caused by the physical properties of
the elements and the design features of the system.
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Factors that render a mechanical system nonlinear
include nonlinear forces arising during the operation
of such a system and its variable parameters [3].

The nature of nonlinear forces can be different
[1]:

1)  restorative  forces when  elastic
characteristics deviate from Hooke’s law;

2) dissipative phenomena such as «dry»
(Coulomb) friction M, =—|M .| signe;

3) nonlinear forces associated with the design
features of the mechanical system (gaps, limiters,
clamps, stops, special couplings), in which the
transmitting moment depends on the magnitude of
the elastic deformation of the coupling elements —
M (A0);

4) forces arising in mechanisms with a
nonlinear position function, when linearization in
the vicinity of the current value of the rotation angle
is impossible due to large angular deviations of the
driving elements (systems with a clearly variable
gear ratio; for example, clutch slip).

These factors have a significant impact on the
dynamic behavior of the system and can lead to the
emergence of complex oscillatory modes.

Nonlinear characteristics of mechanical
systems are often deliberately used to achieve
desired dynamic  effects  (vibration-impact
mechanisms). However, nonlinearity often leads to
undesirable effects (impact phenomena in gaps,
frictional self-oscillations, and others) [4].

Parametric oscillations, caused by periodic or
quasi-periodic changes in system parameters over
time, occupy a special place among the dynamic
phenomena occurring in electromechatronic
systems. Such oscillations can arise as a result of
modulation of stiffness, mass, inductance, or other
parameters dependent on the operating mode or
external influences. Parametric resonances can
cause a sharp increase in oscillation amplitude, loss
of stability, and deterioration of the system's
performance [5].

The presence of nonlinearities significantly
complicates the analysis of parametric oscillations,
as it changes the conditions under which they arise,
creating additional instability zones and a variety of
motion modes. Nonlinear effects can both limit the
growth of oscillation amplitude and contribute to
the development of chaotic processes, which
negatively impacts control accuracy and the
durability of system components. Therefore, the use
of linear models is often insufficient to adequately
describe the real dynamics of electromechatronic
systems.

The objective to analyze and evaluate the
influence of nonlinear characteristics  of
electromechatronic system elements on the
conditions for the occurrence, development, and
parameters of parametric oscillations, as well as to
determine their impact on the dynamic stability and
operating modes of the system in order to improve
the modeling efficiency and reliable operation of
electromechatronic systems.

Research results. There are a significant
number of mechanisms with a nonlinear position
function P, which relates the output x and input ¢
coordinates: x = P(¢) . These include piston pumps

and compressors, guillotine shears, and others. In
these cases, it becomes necessary to detect, to a first
approximation, the distortions arising from drive
vibrations.

The initial data for constructing a mathematical
model of the system are the equations of motion and
dynamic characteristics of the engine:

2
sdo o d(9)
dt 2 do

= m, [I_Y(MJFEQZZ_A;[H'

After linearization in the vicinity of the current
phase angle and elementary transformations, we
obtain a second-order differential equation with
variable coefficients of this type [1, 2]:

=M -M_;

(M

2
627?+2n(t)c;—?+K2(t)m=W(t), @)
where 2n(t):i+2(o*§;
1 1 Jio, 3
K*(t)=— e WARE
(x) J*L/Teco* T 2" } 3

()=t Me M Jior o),
T, a2, 2 )

e

J'=dllde; J' =d*J]d¢" .

K*(f) can be considered as a variable «natural»
frequency, and W(¢) as a disturbance function.

Asterisks (*) correspond ¢=¢.=w. to the
average value of angular velocity o+ in steady-state
conditions. This is correct for small unevenness
coefficients, typical for many devices.

When J(¢)=const we have J'=J"=0 the

coefficients of equation (2) become constant.
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The solution of the homogeneous equation
according to (2) is proposed in [1, 2]:

d+2n(1)o+ K (1)o=0. 4)

By changing variables, we move on to a
differential equation in which the term containing
the first derivative of the coordinate is missing. For
this, we use the substitution

y= w-exp{j'n(t)dt} , (5)
Then
o= y-exp[—j‘n(t)dt}

o=( y—ny)exp{—j;n(t)dt} ©)

o= (nzy—2nj/—ﬁy+j})exp{—j‘n(t)dt:|

0
After substituting (6) into (4) we obtain
y+p'(t)y=0, (7

where  p?(1)=K(t)—n*(¢t)-n(t).
Moreover, in this class of problems p*/n” it

differs little from one.
According to the “conditional oscillator”
method, the solution is sought in the form [1, 2]

y=B(t)cos®d(r). (8)

Differentiating (8) twice, we obtain
j= (E - B®® )cos o(1) —(ZBCD + B('I'))sin(p(t) . (9)
Solution (8) is presented as a product of two
unknown functions, which gives the right to connect

these functions with one additional condition. If we
accept

2Bd')+B(.I'):O’ (10)
then the dependence (9) will look like this
j}:(é—Bd)z)cosd)(t). (11)

Next, we find the relationship between the
functions B, @ and the «natural» frequency p(¢). To
do this, it is sufficient to substitute (8) and (11) into
(7). From where

Qz—§=P2,

(12)
where Q=0

The additional condition (10) is a first-order
differential equation with separable variables with
respect to B and Q.

B __1d9 03

B 20

the solution of which is

B=4 <, , (14)

Q(1)

where B(0)=4; Q(0)=9Q,.

Now equation (3) takes the form
y=A 2, cosﬁQ(z)dﬁLa}. (15)
Q@) s

Here 4 and a are determined by the initial
conditions. After substituting (14) into (12) and
making some transformations, we obtain

Z-0,52° +2Q* =2p* (1), (16)

where Z=In(Q/Q.), Q.is a free parameter with

the dimension of frequency.

Differential equation (16) corresponds to a
certain oscillatory circuit (oscillator) with a «rigid»
nonlinear characteristic. The perturbation is a
function proportional to the square of the «natural»
frequency. Since the variable Z can only be
considered as an analogue of some deformation,
such an «oscillator» is called conditional. It is
sufficient to have a solution to the conditional
oscillator equation (16) for (15) to transform into a
calculated dependence determining the solution to
the homogeneous equation (7). To obtain a solution
to the original equation (4), it is necessary to address
the initial variable o, respectively, as in (5).
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o= Aexp{—j).n(t)dt\/% cos[lQ(t)dt+ a]ﬂ _

t
= Aexp{—jn(t)dt—O,S(Z—Zo)]
0
t
~COS[QOJ-eZ(')dt+a],

0

(17)

When |Z| <1 one can use the linearization of the

coefficients of equation (16). In this case, the latter
takes the form

Z+4p’z=2(p"-p?), (18)

where p. = Q. is the average value of the function
p(@).

It should be noted that, according to (17),
unlimited growth of @ will occur only due to the
exponential factor, which in turn can reach infinitely
large values at Z — . Since this effect is caused
not by an external force, but by changes in the
system's parameters, it is called parametric
resonance. Parametric resonance is a manifestation
of the dynamic instability of a system, when small
disturbances can lead to significant changes in the
system's motion. From (17), it follows that at, 4=0
respectively ©=0. However, sufficiently small
initial conditions, under which 4 #0, can t —> o be
obtained w— oo through an increasing exponential
factor. The practical importance of the concept of
dynamic instability follows, firstly, from the fact
that unstable motion is uncontrollable, meaning that
any random disturbance over a sufficiently long
period of time can lead to emergency consequences.
Moreover, the dynamic model is far from
completely equivalent to the physical original.
Deviations caused by these inaccuracies can be
viewed as disturbances, which, in the case of
instability, will lead to significant distortions of the
obtained solution.

The condition of dynamic stability is [1, 2]:

kz}n(l‘)dt>0,5|AZ , (19)

where AZ is the difference between the minima of
the function Z, separated by the period T (
T =2m/p.); \is the logarithmic decrement.

In the presence of a pulsation of the function
p’ () with frequency o:

p(1)=p! (1 —£COS m*t) , (20)

where ¢ is the pulsation depth,
then using (19), equation (18) can be represented in
the following form:

Z+4p2Z =2epl cosmt . 21
It is obvious that the «conditional oscillator»
resonates at o =2p,, which corresponds to the

main parametric resonance. Its development in
accordance with (21) follows the law [1, 2]:

Z =-0,5p.tesin2p.t , (22)
Where
|AZ|=|z(1,)-Z(t,)| = e, (23)
Where ¢ =n/4p.;t,=t,+T; T =2n/p. .
Substituting (23) into (19), we have:
A>0,5me, (24)
which is y =2 equivalent to
Yy > TE (25)

Nonlinear factors in a mechanical system with
periodically  changing parameters manifest
themselves primarily in parametric resonance
zones. The critical oscillation frequency, around
which a region of dynamic instability forms, now
depends on the amplitude level of the oscillations.

Opp =§K(A0,A). (26)

Moreover, sufficient conditions (19) and (24)
of the dynamic stability of the system are also
functions of Ao, 4, since the logarithmic decrement
depends on the coefficient n(4,,4)[1, 2]

T

n=[n(4,4,t)dt.

In linear systems, all free oscillations are
damped by dissipation. Oscillations in steady-state
conditions can persist due to external periodic
influences (forces). In nonlinear systems, however,
established periodic oscillations can arise even in
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the absence of a periodic disturbing force. These are
called self-oscillations. In a self-oscillating
mechanical system, the action of dissipative forces
is compensated by an external energy source
controlled by nonlinear feedback loops dependent
on the system's oscillations. In all cases, the onset of
self-oscillatory conditions is preceded by a zone of
dynamic instability.

As an example, let's consider quasi-harmonic
frictional self-oscillations. They can be observed
during the movement of supports, tables along
sliding guides in metal-cutting workbenches, ingots
along the hearth of a heating furnace, etc.

A simplified dynamic model of such systems is
shown in Fig. 1, a. From element 1 moving at a
constant speed, ¥, > 0 motion is transmitted through

an elastic-dissipative element (Ci2, y2) to link 2,
which may have a speed ¥, > 0 different from V5. A
friction force F¢ is applied to link 2.

CIZ

Y, V

—_——

1 2

Yi2 F,

Vi

F.
b

Fig. 1. Dynamic model (a) and dependence of friction
force on speed (b) for mechanisms with «negative»
viscous friction [1]

The differential equation under the conditions
V>0 has the form:

d q

+B12 +C]2q— —F (V) (27)

where m is the mass of element 2, kg;
C12 — coefficient of rigidity of the kinematic
connection between 1 and 2, N/m;

Bi» — coefficient of equivalent linear
resistance (viscous friction, reflected by the
dissipation coefficient y2), Ns/m;

g — deformation of the elastic-dissipative
connection (drive), m.

Dividing both parts (27) by m, we have

d’q dq . 1
42 +Kig=——F.(V), (28
e P TR = R (), (28)
where 2n, =B, /m; K; =C,,/m.

The coefficient no can be considered as the
coefficient of harmonic linearization of the
dissipative forces of the drive, corresponding to the
dissipation coefficient yi2.

The sliding speed consists of two components:

Vo — speed set by the drive;

d o
_CtI — the speed caused by vibrations.

Let us expand Fc(V), which determines the
friction force, into a Taylor series in powers of ¢ [1,
2].

Fo(Vo+q)= Fog +hg+hg* +hig* s, (29)
where  F,=F(V,); h = 1' cfﬂi (V,), i=12,3.

To determine the coefficients /;, the static
characteristic of friction is used (Fig. 1, b), taking
into account (29), the differential equation (28)
based on the harmonic linearization method can be
represented as follows:

\|J:2n0§+1(2q+

Alren (4] o (4] .

After transformations, we have

2no+%(hl +%h3A2Q2j:0, (31)

Since the harmonic linearization coefficients
are functions of three variables 4, 4o, Q, then, taking
into account that Q=K the amplitude of

oscillations can be given as follows:

A=n. | Hmth
3hK,

(32)
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The stability condition of this regime is
determined by the inequality [1, 2]

3

Since the left side of equation (31) is
proportional to n(A), then differentiating it with
respect to 4 and substituting it into (33), we obtain

an(A)
oA

>0,

Al

(33)

3
—Ah, >0
2m Iy ’

from which it is clear that 4, >0.

To obtain real values of 4 in (32) it is necessary
to require that A +2mn, <0, which can be achieved

for b <0 and || >2mn,.

Apparently, the first of these conditions
corresponds to a section F,(V)with a negative

slope, and the second to a violation of the conditions
of dynamic stability of the system at low oscillation
speeds (dq/dt).

In addition to the considered frictional self-
oscillations of the quasi-harmonic type, relaxation
self-oscillations can be excited in the system,
accompanied by stops in each oscillatory cycle.

Suppression of frictional self-oscillations is a
very important engineering task, since they make it
difficult to precisely stop the working element and
disrupt the smoothness of its movements [6, 7].

The structure of the mathematical model in the
MATLAB/Simulink package is built on the basis of
the model of a two-mass electromechanical system
(Fig. 2) with the addition of a structure for
implementing resistance on the second mass,
depending on the speed and the «stickingy effect [1,
2]. The parameters of the model presented in Fig. 3
are reduced to translational motion for ease of
consideration. Consequently, we have two masses
(m1, my), connected by a spring with stiffness Ci»
without internal losses, which move with velocities
V1 and V>, respectively. The driving force of the first
mass £ is formed by a structure reflecting the
electromechanical properties of the engine with the
stiffness of the mechanical characteristic y (the
electromagnetic time constant is assumed to be
zero). The output of the Integrator2 block is the
speed of the second mass. The logic for
implementing the «sticking» and «breakdown»
effects is discussed in detail in [8]. Thus, the
Integrator2 block has additional inputs (for setting
the initial conditions and the impulse for
establishing these conditions) and an information
output (at the top of the block), which has an output
signal V2. At the output of the Switch block, we
have the drag force F¢, which is either equal to the

Y

.p+]

.'I.IQ

C\,

P

O

- —
LT

M

Fa M M,

Fig. 2. Unified structural diagram of a two-mass electromechanical system [1, 2]

L poresEaent

Sarburaton

ribegratos

5]
CCEsIng

Tan

L o )

Fig. 3. Mathematical model of a mechanical system for studying frictional self-oscillations [1]
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driving force (in the case when the second mass is
stationary, and the driving force F\, is less than the
shear force), or as a function of the velocity /> when
body 2 is moving. The switching signal is the signal
from the zero crossing block (Hit Crossing). The
switching level of the Switch block is set to 0.5. The
«shear» force of body 2 (Fs) is specified in the
Saturationl block. The dependence of the drag
force on the velocity F¢ (V) is specified analytically
in the Fen block

Consequently, when applying a driving force
Fiy at V> =0, we will have a signal equal to F, at
the output of the Switch block, while the dynamic
force F; (at the output of the Sum block) will be
zero, and body 2 will be motionless. When the force
F1» exceeds the value of the shear force Fg, at the
output of the Saturationl and Switch blocks we
have a force Fs< Fi,, and at the output Sum a
positive value of the dynamic force, under the action
of which body 2 will begin to move. When body 2
shifts, a signal will appear at the output of the Hit
Crossing block, which will reverse the signal from
the Product block to the Switch output — the
resistance force will be formed according to the
dependence specified in the Fen block. Similar
processes occur when body 2 comes to a stop.

%10
2 : : : : ; :
16F----F-- Laeeaees LR é ....... LSy WSS ey e
2 E
£ 1 ........ Ll i i L i o i ; ....... lececaas decennaa J4.1)
>
05 et e e ELEEL LS B -
0 H
0 05 1 15 2 25 3
2){103 FeiN x 10°

V2, mis

V2, mis

b 1D8

Fig. 4. Forms of the studied load characteristics

The model was wused to study an
electromechanical system with the following
parameters:

m, =0,1-10°kg; m, =0,5-10°kg;
C, =1-10"N/m; y=1,5-10" Ns/m.

Shear force F, =3-10°N.

The processes of development of self-
oscillations in the considered scheme were obtained
at a given speed of 1 mm/s for each of the load
characteristics (Fig. 4). Fig. 5 shows the velocities
of'the first and second masses, the elastic force (F12)
and the resistance force on the second mass (Fc2)
and the dynamic force F;.

The results of this study on the influence of
nonlinearities on parametric oscillations of
electromechatronic systems can be directly applied
in the synthesis and tuning of adaptive and robust
control systems. The identified patterns of
occurrence of parametric instability zones and the
conditions for the development of self-oscillatory
modes provide a theoretical basis for the
development of control laws aimed at actively
limiting oscillation amplitude and preventing the
loss of dynamic stability.

Within the framework of adaptive control,
modeling results can be used to develop algorithms
for automatically adjusting controller parameters,
taking into account the current system state, the
level of oscillations, and changes in mechanical
characteristics, particularly friction parameters and
the stiffness of elastic connections. This improves
control accuracy and reduces the system's
sensitivity to parametric disturbances.

The use of robust control based on the research
presented in this article ensures the continued
operability of electromechatronic systems under
parameter uncertainty and the presence of external
disturbances. Taking into account nonlinear effects
and parametric oscillations during the synthesis of
robust controllers allows for an expansion of the
dynamic stability range and increased system
reliability in boundary operating conditions.

Thus, the obtained results complement and
develop the provisions presented in the works of the
authors [9-10], and can be used as a methodological
basis for the synthesis of computer-integrated
adaptive and robust control systems for
electromechatronic  objects  with  increased
requirements for dynamic stability, accuracy and
operational reliability.
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Fig. 5, a. The process of development of self- Fig. 5, c. The process of development of self-
oscillations at the moment according to Fig. 4 (1) oscillations at the moment according to Fig. 4, (3)

Fig. 5, d. Limit mode of breakdown of self-oscillations
at V1 = 0.024 m/s and the moment of resistance
according to Fig. 4, (2)

Fig. 5, b. The process of development of self-
oscillations at the moment according to Fig. 4 (2)
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The implementation of computer-integrated
adaptive and robust control systems based on the
research into nonlinear effects and parametric
oscillations presented in this article ensures the
alignment of the dynamic modes of an
electromechatronic system with the requirements of
a specific technological process. This reduces the
impact of unwanted oscillatory modes, improves the
stability and control accuracy of actuators, and leads
to process optimization, reduced energy losses, and
increased overall efficiency of electromechatronic

systems.
Conclusions. This article examines the
influence of nonlinear characteristics  of

electromechatronic system elements on parametric
oscillations and their key dynamic parameters. The
analysis revealed that the presence of nonlinearities
(magnetic circuit saturation, backlash and dry
friction, elastic nonlinear characteristics, current
and voltage limitations) significantly alters the
conditions for the occurrence and development of
parametric resonance.

It has been established that parametric
oscillations are one of the most dangerous forms of
dynamic instability, as they develop due to periodic
or quasi-periodic changes in system parameters,
rather than as a result of an external disturbance.
Under such conditions, even small initial
disturbances or model inaccuracies can lead to an
exponential increase in oscillation amplitude and a
loss of system control.

Using the conditional oscillator method,
analytical relationships have been derived that allow
us to describe the development of parametric
resonance and formulate sufficient conditions for
dynamic stability, taking into account nonlinear
effects. It has been shown that nonlinearity can
either expand or contract the system's instability
regions, depending on their type and intensity.
Incorporating nonlinear factors into mathematical
models allows for more accurate predictions of the
actual operating modes of electromechatronic
systems, particularly under conditions of variable
power supply or load parameters.

The processes of development of self-
oscillations in the circuit at a given speed of 1 mm/s
for three types of load characteristics were obtained,
which made it possible to obtain the dependences of
the speeds of the first and second masses, the elastic
force and the resistance force on the second mass
and the dynamic force on time.

Special attention is given to the analysis of
frictional self-oscillations arising in systems with
negative effective viscous friction. It is shown that
such oscillations form after passing through a zone
of dynamic instability and can degrade positioning

accuracy, smoothness of motion, and the
operational reliability of electromechatronic
systems. The resulting analytical conditions for the
existence and stability of self-oscillatory modes are
consistent with the physical nature of sliding
friction processes.

A  mathematical model of a two-mass
electromechanical  system, implemented in
MATLAB/Simulink, allowed us to study the
development of self-oscillations for various load
characteristics. The modeling results confirmed the
significant influence of the shape of the drag force
characteristic on the dynamic behavior of the
system and demonstrated the possibility of both
persistent self-oscillations and their ultimate
breakdown modes.

The obtained results confirm the need to use
nonlinear models in the design and modernization
of control systems, as simplified linear approaches
can lead to underestimation of the risk of
undesirable resonant modes. The practical
significance of the study lies in the possibility of
targeted selection of system parameters and control
laws to improve dynamic stability, reliability, and
operational efficiency.

The authors' subsequent research will focus on
developing computer-integrated control systems for
electromechatronic systems capable of ensuring
stable operation under nonlinear conditions,
parametric  oscillations, and variable load
conditions. Integrating mathematical models of
nonlinear dynamics with real-time hardware and
software controls will improve the accuracy of
detecting and preventing hazardous resonant
modes.

A promising approach is the use of adaptive
and robust control, which ensures the system's
dynamic stability under parametric uncertainty,
external disturbances, and changes in the
characteristics  of  the  mechanical and
electromagnetic subsystems of an
electromechanical system. The combination of
adaptive algorithms and robust methods will allow
automatic reconfiguration of control laws and limit
the development of parametric and frictional self-
oscillations.
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Pynnes €. C., Pomanuenko FO. A. JlocaigxeHnns
BILINBY HeJiiHiliHOCTeil HA napaMeTpu4Hi
KOJIMBAHHSA B €JeKTPOMEXaTPOHHMX cHCTeMaX.

B cmammi npedcmasnenuii ananiz napamempuirux
KOIUBAHb 8 eNeKMPOMEXAMPOHHUX CUCTNeMax ma GNiue
Ha HUX HeliHIUHOCmel, 00YMOGIeHUX  (Di3UYHUMU
B1ACTMUBOCAMU ~ EeMEHMI8 |  KOHCMPYKMUGHUMU
0COOIUBOCMAMU CUCTHEMU.

lloxazano, wo peanvui enekmpomexampoHHi
cucmemu Xapaxmepusyomuocs HAAGHICIIO
pisHomanimuux — Heniniunocmeu. Daxmopamu,  wWo
poobamb  Mexauiuny cucmemy HeiHiUHoI0, MOJCYMb
Oymu HeniHiuHI cunu, SKi BUHUKAIOMb npu pobomi makoi
cucmemu, ma ii nepeminui napamempu. Bemanoeneno,
wo ocobauee micye ceped OUHAMIYHUX SGUUY, SKI

BUHUKAIOMb 6  eleKMPOMEXAMPOHHUX — CUCTEMAXx,
3aUMarmb  NAPAMempuiHi  KOIUBAHHS, — 3VMOGNEHI
nepioouunoro  abo  KGA3INepioOUUHON  3MIHOK

napamempie cucmemu 6 4aci.

B cmammi poszenanymo egexm napamempuunozo
PDE30HAHCY, WO € NposgOM OUHAMIYHOL Hecmitikocmi
cucmemu, KOIU Maii 30YpeHHs MOJCYMb NPU3Becmu 00
cymmesux sminenv pyxy cucmemu. Omoice 6y0b sKe

8UNAoOKose 30ypeHHs Ha OOCMAMHbBO BEIUKOMY GIODI3KY
yacy Moodice npuszeecmu 00 ASAPIUHUX HACTHIOKIS.

Heninitini  ¢paxmopu 6 mexauiuniti  cucmemi 3
napamempamu, — wWo — NepiOOUYHO  3MIHIOIOMbCS,
NpOAGNAIOMbCA, 8 OCHOBHOMY, 8 30HAX NAPAMEMPUYHUX
PE30HAHCIB.

Asmopamu nooano nonammsa agmMoKOAUBAHb, WO
MOJMCYMb  GUHUKAMU Y HETIHIUHUX —cucmemax npu
giocymHnocmi nepioouunoi 30yprowyoi cuau ma, AK

NPUKNAO0,  PO32TAHYMO  KBA3I2APMOHIYHI  (PUKYILHI
A6MOKOAUEAHHA. Iooasnennsn @puxyivinux
ABMOKOIUBANL €  OYJice  BAJCIUBOIO  IHICEHEPHOIO

3a0auero, OCKLIbKU OHU 3aMPYOHAIOMb MOYHY 3VNUHKY
Ppobou020 Opeany ma NOPYWYIOMb NIAGHICIb U020
nepemiujeHb.

Hageoeno yuighixosany cmpyxmypuy cxemy 0as

0y0b-51K020  Muny  eneKmpoOMexXamiyHoi  cucmemu
erexmponpugooa, il napamempu, A  MAKOHC
Mamemamuymy Mooens.

Bukxonano  mooemosanna  enexmpomexauiunoi

cucmemu 8 cepedosuwyi MATLAB/Simulink 6ionogiono
00 cmpyKkmypHOI cxemu i3 3a0AHUMU NAPAMEMPAMU.

Ompumano npoyecu po36umxy A6MOKOIUBAHL Y
DPO32IAHYMIU cXemi npu 3a0aHil WeUOKoCmi 01 Mpbox
eapianmis docnidocenux Xapakmepucmux
HABAHMAIICEHHS.

Haseoeno sanexcrnocmi wisuoxocmeil nepwioi ma
Opyeoi’ mac, npysicHoi cunu ma cuiu onopy Ha opyeii
maci i oumamiynoi cuau 6i0 uacy. Bcmanoeneno, wo
peanizayis Komn 1omepHo-inmezposanux adanmuenux i
pobacmuux — cucmem  KepYBAHHA 3  YPAXYBAHHAM
HageOeHUx  OOCNiOJCeHb  HeniHiUHux  egexmie i
napamempuyHux Koaueauwsv 3abe3neuye y3200CeHHs
OUHAMIYHUX PECUMIB eNeKMPOMEXAMPOHHOL cucmemu 3
BUMO2AMU KOHKPEMHO20 MeXHOoNI02iuH020 npoyecy. Lle
00360/19€ 3MEHWUMU 6NIUE HEeDANCAHUX KONUBANbHUX
pedcumie, niosuwumu  cmabitbHicmy i MOYHICID
KepyBaHHs BUKOHAGUUMU MEXAHIZMAMU.

Kniouosi cnosa: napamempuuni
eNeKMPOMexXampOoHHi cucmemu,
mamemamuuna Mooenb, 30YPeHHS,
cunmes, KOMN 10mepHOo-IHmezpo6eana
KepyeaHHs,  adanmueHe  KepyBaHHs,
Kepy8aHHsl.

KOMUBAHHA,
HeniHiuHicmb,
A6MOKONUBAHHSL,

cucmema
pobacmmue
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HEOBXIJTHICTb BUKOPUCTAHHA
3D-MOJEJIIOBAHHS B IHZKKEHEPHIU I'PA®IIII

Kapmok JI.B., laBinenko H.O., lypumen O.A.

THE NEED FOR 3D MODELING IN ENGINEERING GRAPHICS

Karpiuk L.V., Davidenko N.O., Duryshev O.A.

Ilpu npoexmyeanui cyuacHux mexHiuHux cucmem i 8
MEeXHONI02IYHUX NPOYecax WUPOKO SUKOPUCHIOBYIOMbCS
pi3Hi  asmomamuzosani cucmemu. Buwi Hauanvhi
saknaou (BH3) nosunni ecomysamu @axieyis, sKi
MONCYMb  eheKMUBHO  3ACmoco8y8amu  NPOSPAMHI
npodykmu 8 npogeciiuniii  disnbnocmi. Cmydenmam
HeoOXIOHO 6usYaAmMU OCHOBU IHIICEHepHOi epaghiku ma
xomn'tomepue 3D-mooentosanns. Ompumani 3HaHHS

HeoOXiOHI maubymuiv gaxieysim O ix nodarvuiol

npogeciinoi  disnvHocmi. [ Habymms HAGUYOK Y
MOOemo8anti  HAubLbWl  PO3GUHEHUM — NPOSPAMHUM
sacobom € AutoCAD — ynigepcanvua epagiuna

cucmema npoexmyeants. Cmeoprorouu mooeui 0y0b-axol

CKNaOHOCmi 8  npocmopi  3a  00NOMO20I0  Yb0O20
epagiunoeo pedakmopa, KOpucmysay 3modxHce nobauumu
ix @3aemHe posmauty8anHs, OYIHUMU GIOCMAHb MIdC
Humu. Moodenb Modicha GinbHO nepemiyamu 6 NPOCMopi,
nepecnaoaoyu  oezniv  gapiaumis.  Mooicnusicmo
VIPABIIHHSA MOYKOIO 30pY 00380JIAE 3pYUHO 8UOpAmMU 8U0
Ha  MpUBUMIDHY — MOOelb,  AKA  PO3POOAAEMbCA.
3ymyeanHs, NAHOPAMYBAHHS 8 PEICUMI PeaTIbHO20 HAC) 3
MOJICIUGICMIO  GLILHO20 NOGOPOMY KAMEPU HABKOJIO
MOOeli Haoarmv MONCIUBICIL WBUOKO20 nepeisioy
00'exmis 3 6yOb-sik0oi mouku 30py. Y Oawuiii cmammi
PO3210aA0MbCsl Memoou  GUKOPUCMAHHA  2pAPIuH020
peoaxmopa AutoCad 0718 cmeopeHHs MPUBUMIDHUX
00'exmis, a MaxKoduc MONCIUBOCHI MPUBUMIPHOZO
Mmooenosanna 8 epaghiunomy peoaxmopi AutoCad onsn
onmumizayii  HAGYAILHO2O  Npoyecy — OAKANABPIE
MexHiYHUX  cneyianbHocmeu  ma — AHANI3VIOMbCA
ONMUMANbHI CNOCOOU cMEopeHHs KpecieHukig. Takoo
HaBeOeHo  Npuxiaou  6ubopy  HAUONMUMATLHIULO2O
eapianmy CMBOPEHHS MPpUBUMIDHOT Mooeri.

Tpaouyitinuii cnocib6 cmeopenHs KpecleHuka o00'emHoi

MOOeNi CKIadaemovcsi 3 GUKOHAHHSA O0BOBUMIDHUX 6UJI8
yiei moodeni. Ilpu cmeopeHHi JHc NIOCKO20 KpeCIeHUKa €
ILMOBIPHICIb NOMUNKY NPU GUKOHAHHI NPOEKYill, MAaK 5K
BOHU CMBOPIOIOMbCA 00HA 8i0 O0OHOI He3aNeAHCHO |

CKIa0arwmspcsi 3 O0eKLIbKOX 300padiceHb. 3a NioCKUM
KpeCcieHUKOM O00CUMb CKIAOHO YAGUMU NpeoMem Y
npocmopi. B Oawnutl uac cyuwacui npoepamui epagiuni
peoakmopu CHpAMO8AHI HA CHBOPEHHS MPUBUMIDHUX
MoOenell, wo 00360J810Mb CMBOPIOEATNU DeaTiCIMUYHI
MoOeni i Ha iX 0CHO8I OMPUMYBAMU OB0BUMIPHI NPOEKYI.
Memoo  mpueumipnozo  MoOent08anHs  00360JAE
CMBOpI0Bamu  KOMHIAEKCHUlL KpeCcleHuK 3 0YO0b-sKoio
KIMbKICMIO 300paxcenb Ha OCHOGI MPUGUMIPHOT Moodeli.
Icnyromos cnocobu cmeopenns Ha OCHO8I MPUBUMIPHOT
MoOeni  0BOBUMIDHUX — NJIOCKUX — KPECNeHUKI8 i
MOJCTUBICMb  peddzy8anHs 6lce 20MOBGUX NPOEKMIs,
BCTNABIEHUX 3 NPOCMOPY MOOeni 8 NpOCMIp apKyuld.
Takuil cnocib 003605€ HAM BUKOPUCTOBYSAMU 3ACOOU
WBUOKO20 cmBOpeHHs cucmemu 3 3—4 nog'sazanux 6uoie
ons. mpusumipnoi mooeni AutoCad.

Knwuoei cnoea: mooenv, moodentosants, Komauou,
KOMWAGKCHUL  KpeCleHux, Komn'romepna 2pagbika,
AutoCad.

Beryn. CydacHui piBeHb PO3BHUTKY TEXHIKH
HaKJIaJae OCOONMBI BHUMOTH Ha IATOTOBKY
IHKEeHEepiB TeXHIYHUX creuianbHocTel. [mkeHep
MOBMHEH  3HATHM  HAYKOBI  Ta  MPakTHYHI
HaIpaIloBaHHs y CBOiH mpodeciitHiit ramysi. Kpim
TOro, loMy HEOOXiHO MaTH MOBHE YSBJICHHS IIPO
NEePCIEKTHUBHI /1€l Ta HayKOBI HANIPSIMKH, TIOB's3aHi
3 WOTO NiSTTBHICTIO.

Ilpr WiATOTOBIN BHUITYCKHUKIB HEOOXiTHO
BpaxoOBYBaTH, IO IIiIITPHUEMCTBA-3aMOBHUKHA BCE
yacTime BUMararoTh 3HaHHA ocHOB 3D CAIIP [1].
Ile o3Ha4ae, M0 B HABYAITBLHOMY ITpOIIeci HEOOX1THO
npuainsaTa Bee 0inpiny yBary CAIIP. IlopiBHIo0UH
11l TCHJICHIII1 3 OPTaHi3aIli€l0 HaBYATLHOTO IPOIIeCy
yHiBepcuteTiB CIIIA Ta €Bpornu [2], MOKHA TiATH
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BHUCHOBKY, [0 YacTKa KOMIT'IOTEepHOI rpadiku B
HaBYAITBHOMY IMPOIECi TOBUHHA 3POCTATH.

Pazom 3 TUM Tpu TATOTOBIN iH)KEHEPIB HE
MOKHa HEJOOLIHIOBATH POJb KIACHYHOI OCBITH.
Busdenns imxeHepHOI rpadiku — 11e 3HAaHOMCTBO 3
TeOMETPUYHIM MOJICTIOBAaHHSIM. OckinpKu
MOJICTIIOBAaHHS — 1[¢ IHCTPYMEHT poboTtu 3
iHpopMalLli€ro, TO, BHUBYAIOYH KypC IHXKEHEPHOI
rpadikd, CTYJCHTH 3HAWOMISITECI 3 METOJaMHU
00poOKH iHpOpMAIii.

IIpu  mogmemioBaHHi  00'€KTa,  TEXHIYHOI
CHCTEMH abo TEXHOJIOTTYHOT'O poIecy
BHUKJTIOYAIOTHCS 3 PO3TIIALY HECYTTEBI IS Ti€l
MoOJieNli  BIAacTHUBOCTI abo o3Haku. Hampukian,
CXOXa 3ajJjadya BHHHKAE TPH  OTPUMAaHHI
reoMeTpuyHoi iHGoOpMamii TPO TPUBHUMIPHUI
00'eKT Ha ocHOBi iH¢popmauii ¢ororpadidyHOTO
300pakeHHs abo eckizy. Ilpu mpoMy MokHA
CKa3aTH, IO B N-BUMIPHOMY IPOCTOpPI TTapaMeTpiB
nesikoro o0'ekta, cucremMu abo mporecy AesKi
napaMeTpu HEJOCTYNHI A BHUMIpIOBaHHSA a0o
HecyTTeBI g 1€l Mmopem. ToMmy BHHHKaE
HEOOXIiTHICTh TIePETBOPCHHS N-BUMIipPHOTO
MPOCTOpPY THapameTpiB AESKOTO 00'€KTa, CUCTEMHU
a0o mpoliecy B MPOCTip 3 iHIIOKW po3MipHicTio. [Ipu
TCOMETPUYHOMY MOJCIIOBaHHI B  IH)KEHEpHIii
rpagini  Take  MEpPETBOPEHHA  BUKOHYETHCS
OTIEPALi€I0 TPOSKTYBAHHS.

ImxeHnepHa rpadika € HepIiow 3 JAUCIUILIIH,
[0 BUBYAIOTHCSA y BHUIIIM IIKOJI, TPHU BHPIMICHHI
3aBJaHb SKOI CTYyJJCHTH 3aCTOCOBYIOTh Ha MPAKTHUIII
OCHOBH MOJICJTIOBaHHS. BOHM BUaThcsl 3aMiHIOBATH
HEJIOCTYITHI BJIACTUBOCTI ab00 O3HAKW 00'eKTa
iHmuMy. [Ipyu 1bOMy BOHU OTPUMYIOTH MOXKJIUBICTD
JOCHIDKYBaTH 1 TpaIloBaTH 3 HEAOCTYITHUMHU
CIIOYATKy BJIACTHBOCTAMHU ab0 oO3HaKaMu 00'€KTa
yepe3 Mojenb. [mkeHepHa rpadika mT03BOISE
aHaJli3yBaTH CKITaHi B3a€MO3B'SI3KU B
HaBKOJIUITHEOMY CBiTi. ToMy MOXHa CKa3aTH, IO
reoOMEeTpHYHE MOJICIIOBAHHS ONICYE HABKOJIMIITHIO
JUHCHICTH Yepe3 TeOMETPUYHI 00pa3u.

KowMmrr'roTepHe TpUBUMipHE MOZICITIOBAHHS — I1€
OJIMH 13 BapiaHTiB T€OMETPUYHOTO MOJICITIOBAHHSI,
SIKMH 3HAWIIOB ITUPOKE 3aCTOCYBAHHS Ha MPAKTHIIL.
PeanizoBana 3amavya Ha KoMm'toTepi y Burasiai 3D-
MOJENi MaTreMaTHYHO 3HAa4yHO CKJIajgHima 1
TPOMI3AKIIIA, HiX TP KIACHYHOMY BHPIIICHHI
MeToAaMu imkeHepHoi rpadiku. OgHaK 3HAYHUHA

pe3epB  OOYMCIIOBAILHUX PECYpPCiB  CydacHOl
KOMITFOTEPHOI TEXHIKH O3BOJISIE OLIBINY YaCTUHY
PYTHHHUX 00YHUCIIeHb MIEePEeKIIacTH Ha

KOMIT'tOTepHU# mpouecop. Lle mo3Boise 3BUTBHUTH
JIONWHY BiJl MOHOTOHHOI TIpaIli 1 Ta€ MOXJIMBICTh
CKOHIICHTPYBaTH yBary came Ha CYTHOCTI 3ajadi,
0 BUPIMYyEThCA. TOMYy ICTOTHO 3HHXKYETHCS

KUTbKiCTh  moMmioK. OcoOmuBocTi  peamizamii
TEOMETPUIHHUX Mo Iereit Ha KOMIT'TOTEPi
JIO3BOJISIFOTH 3HAYHO JICTIIIC BUMIPABJISITH 3HAWICHI B
mporeci poOOTH TMOMWIKK, HDK TP KIACUYHIN

peamizamii  Momened  MeTomamMHM  IH)KEHEpPHOI
rpadika.
Kpim TOro, xomm'roTepHa TexHika, NpHU

MiHIMaJIbHAX BHUTpaTax 4acy i pecypcis, HO3BOJIIE
KOITIFOBaTH 1 MAacoBO THPaXKyBaTH pe3yIbTaTH
BUKOHaHO1 po0OTH. JlomycKaeThCcst BHOCUTH 3MiHH B
po3pobneni Mopmeni i 30epirath X OKpeMHUMHU
MoxynsMH. Bce me B CyKymHOCTI IPH3BENO [0
pOo3po0KH 610JTI0TEK TUITOBUX MOACIICH, SIKI MiCTITh
SIK  OKpeMi KOHCTPYKTHBHI €JIEMEHTH, TaK 1
CKJIaJJaHHI OJJUHHUIL.

Crim 3a3HAYUTH, IO TPAMUIIHHUNA CIIOCIO
MOJIENIIOBAHHS, a caMe CTBOPEHHSA KpEeCJIeHHKa
00'eMHOI MoOJedl, CKIAZA€ETHCI 3 BHUKOHAHHSA
JMBOBUMIpHUX BHIIB 11l mMoxeni. [Ipu cTtBopeHHI
TUIOCKOT'O KpEecleHUKa iCHye HMOBIPHICTh TOMUJIKH
Opd  BHUKOHAHHI  MPOEKWiH, OCKUIBKA BOHH
CTBOPIOIOTBCST HE3aJIe)KHO OJHA Big OMHOI 1
CKJIQIAl0ThCS 3 IEKIIbKOX 300pakeHb. 3a IIOCKUM
KPECJICHHSM JOCHTh CKJIaJHO YSBHTH HpPEAMET Y
npoctopi. B pmaHmii wac cywacHi mnporpami
rpadidai pemakTOpH CIpsSIMOBaHI Ha CTBOPCHHS
TPUBUMIPDHUX  MOAENeH, MO0  J03BOJISIOTH
CTBOPIOBATH pEANiCTUYHI MOAENI 1 Ha iX OCHOBi

OTpUMYBAaTH JBOBUMIpHI TmpoekIti. I 'padiarmit
pemakrop  AutoCad  1m03BOJIIE  CTBOPIOBATH
TpUBUMIpHI 00'€eKTH Ha OCHOBI CTaHIAPTHHUX

KOMaH/I, Y BUTJISA1 MIWIIHIApPA, KOHYyCa, SIIIUKa, Topa
TOIIO, MPH pellaryBaHHI SKUX MOXHA OTPUMYBATH
noTpibHi popmu.

Meton TPUBHUMIPHOTO MOJIEITIOBAHHS
JIO3BOJISIE CTBOPIOBATH KOMIUIEKCHUM KPECICHHK 3
OyAb-KOI0 KIJIBKICTIO 300pakeHb Ha OCHOBI
TpuBuUMipHOi Mozemni [1-5].

MeTta pociaimxenns. HeoOXigHO po3mstHYTH
METOJIM BUKOPHCTaHHA TpadiuyHOro pemakropa
AutoCad anst cTBOpEHHSI TPUBHUMIPHUX 0O0'€KTIB. 3
OTJISIy Ha TIOYATKOBY TIATOTOBKY CTYACHTIB,
3HaHHsA  iHkeHepHOl  rpadiku, BMIHHS i
3aCTOCOBYBAaTH Ha  TPAKTUIl, THM CaMHM
3a0e3neuyoud MBHAKY poOOTy, THYYKICTH 1
aIanTUBHICTh A0 PI3HUX METOIIB MOJEIIOBaHHS,
pPO3BHHYTH MOTHBAIII0 JIO CaMOCTiHHOI Ta
Mi3HABAIBHOI JiSUTEHOCTI CTYJICHTA CTa€ PeaTbHUM.

BuknagenHss ocHoBHOro wmartepiaay. Jlns
o0y 10BH TPUBUMIPHUX 00'eKTIB MU
BUKOPUCTOBYeMO Tpadiunmii pemakrop AutoCad.
AutoCad migTpumye Tpu crmocodu MmoOyaoBU
TPUBUMIPHUX O0'€KTIB: TBEPIOTLIbHI, KapKacHi Ta
noBepxHeBi. KoxkeH 3 HUX Mae cBOi 0COOIMBOCTI.
Jnis KOKHOTO THUIY MOZEJel iCHye CBOS maliTpa
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KOMaHJl MaJllOBaHHs Ta penaryBaHHS. OCKiIbKH
ICHy€e KUJIbKa BUJIiB MOJICIIOBAHHS Ta peJaryBaHHs,
HE  Bapro iX  3MimlyBaTH.  PamioHajbHO
BUKOPHCTOBYBATH SIKUIICh OJTMH crioci0. CTBOpEHHS
TPUBUMIPHHUX MOJENEeH MOXKe 3JIHCHIOBATUCS B
Habopi ¢opM Mozeni 3 TpadiuHUX TPUMITHBIB,
TaKUX K IITIHIPH, KOHYCH, SIIUKH, chEepH, TOPU
TOIIO, Ta 3acCTOCYBaHHI KOMaHJ peIaryBaHHS,
TaKWX SK BiJHIMaHHS, O0'€HAHHS Ta TEPETHH.
Takox € it apTepHATHBHI KOMaH/IU JUIsl CTBOPEHHS
MOJIeTICH — 11e «00epTaHHS 1 «BUIABIIOBAHHS.

Pesyabratu. Ha puc. 1  mokaszano
3aCTOCYBaHHS KOMaH]| «00epTaHHD» i
«BHJIABIIOBAHHS». 3acTOCYBaHHA IIMX KOMaHJ

3HAYHO MPHUCKOPIOE CTBOPEHHS TBEPIOTUIBHUX
Mojeelt. J{ist boro HeoOXiTHO CTBOPUTH PODih
MoJeni. Ajie moTpiOHO BpaxyBaTH, IO CTBOPIOBATH
IUIOCKUHM Tpodise HEOOXiTHO TiABKH KOMAaHIOIO,
sIKa Ha3MBAEThCA «momimiHis». Il komanga
JIO3BOJISIE HAM CTBOPUTH 3aMKHYTHH KOHTYp, 3
SKOTO MOYKHa OTpUMAaTd 00'€eMHy netanb. Takox
CJIiJT TOTPUMYBATHUCS BiJICYTHOCTI TIEPETHUHIB JIiHIH
KOHTYpy abo mpodimo. [Ipu HasBHOCTI TaKHX
MEePEeTHUHIB KOMaH Ia BUAacTh 30iii. [lotim kpecmumo
Bicb oOepTaHHs 1  BuUOUpaeMO  KOMaHAy
«00epTaHHs» IS CTBOPEHHS MOJEINI:
1) Bubupaemo 06'ekT 1151 00epTaHHS.

2) Bubupaemo Bicb o0epTanHs 1 A7
OTpHMaHHS TOBHOT MOJeJdl BHOMpPAEMO KyT
obepranns 360.

3) OrpumaBIIM TPUBUMIPHY MOAEIH KOPITYCY,
HaM TOTPIOHO B Il MoOjeNl 3pOOHUTH YOTHPH
oTBOpH. JI7I IIbOTO CKOPHUCTAEMOCS TPHMITHBOM
muwtisap. [looyayemo #oro Tak, Moo BiH MepeTHHAB
Hallly MOJeNs B MeBHOMY Micui. [lani koMaHIo10
«MacuB»  (BUOHpaeMO  KpYroBHH  MacuB),
OTPUMYEMO YOTHPH MOTPIOHI HaM UHWIIHIPH.
BukopuctoBytoun  KOMaHIy «BIJTHIMaHHS»,
OTpUMYEMO OTBOpH. [l 1IbOro BHOMpPAEMO camy
Mozenb, HaThuckaemo «Enter», moTiM BHOHMpaemo
IWIHIPY, HaTUCKaeMO «Enter».
4) Otpumyemo pe3ynbTaT (puc. 1).
PosrnsHyBImm HPUKIIAT noOy0BH
TPUBHUMIPHOI MOJIEIi, CITijl 3a3HAYUTH, 110 CTBOPEHA
MOJIEJIb 1a€ MOBHE YSBJICHHS PO ii T€OMETpPUUYHY
¢dopmy (puc. 2). Hacrymaum eramom Oyje
oopmiIeHHS  KOMIUICKCHOTO — KpECJIeHHKa 32
TPUBHUMIPHOIO MOJEILTIO. J[JIsl IbOTO 3aBaHTaXyEMO
Bke rotoBudl (opmar A3 1, BHKOPHUCTOBYIOUHU
BKIIQJIKYy <JTUCT» Y CTpIYlli, BHOMPAEMO KOMaHIy
«CTBOPEHHsI 0a30BOi MOJEIi 3 MPOCTOPY MOJIEHI».
Ha ocHoBi 1poro ¢GopmyloThCsl BCi iHINI BHIU
KpecJeHnKa. 3a IOTIOMOTO0 TIPOEKITIITHOTO 3B'SI3KY
OyayeMo Tpu BHIM i, 32 HEOOXiTHOCTI, JOJAEMO
4eTBepTUi (130METPUYHUIA) BU.

—

oo
(8

Puc. 1. [ToGynoBa mozeni i3 3aCTOCYBaHHSIM KOMaHAN

«obepTaHHI»

Puc. 2. [ToGymoBa 3a 6a30BOI0 MOJEIITIO
HEOOXIIHUX BUIIB

IMicns  moOymoBu  HEOOXiMHWUX  BUMAIB
HEepexXoaUMO 10  TOJAIBIIOTO  O(GOPMIICHHS
kpecnennka. OTpuMaHi BUJIW BiZJOOpaXKarOTh BCi
BHJIUMI 1 HEBHIUMI JTiHI{ 1 BUMararoTh peJlaryBaHHs.
Jns 1nporo BHOMpAaEMO BHJA Ha KPECICHHKY 1
BHUKOPHCTOBYEMO KOMAHJy «peaaryBaTu BUI», TYT
MH MOXXEMO 3MIHHUTH Macmrald, MNpPUXOBATH
HEBUJUMI JIiHii, TOHYBaTH 3 BUIUMHUMH JIiHISIMHA
tomto. [Tpoexkirii 6e3 peaaryBaHHs MOKa3aHi Ha PHC.
3. Pesynprar penaryBaHHs MMOKa3aHUi Ha pHcC. 4.

OCHOBHUM 1 HAWOUIBIIMM IUTFOCOM JaHOI'O
croco0y € Te, M0 MEXaHi3M 3MiHH OYIb-SKOTO
eJieMeHTa B TIPOCTOpi MOjeli Ha 00'€KTi, TSTHE 3a
c00010 aBTOMaTHYHE MEPETBOPEHHS BCiX BHUIIB Ha
kpecnenuky. Le# croci6 mokazanuii Ha puc. 5.
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Puc. 5. ABroMaTn4He nepeTBOpEeHHs BUIIB

BucnoBku. JlocmimKyroun Ta aHaTI3yIOUH
crocoou 1 BapiaHTH KOMaH;I, K1
BUKOPHUCTOBYIOThCS TP CTBOPECHHI TPUBUMIPHHX
MOJEJICH 1 TIOCKMX KPECICHUKIB, MPUXOIUMO 10
BUCHOBKY, IO BHOWpaoyd HaWmpocTimui i

HAUIIBH/IIINN BapiaHT MOJICTIOBaHHS, B PE3yJIbTaTi
OTPUMYEMO OIITHMI3AIlil0 HABYAJILHOTO IIPOIIECY.
Bukonyroun iHAUBiAyaTbHE 3aBIaHHS, Y CTYICHTIB
3'SIBJIIETHCS. MOKJIMBICTh BHOCUTH TIOMIPABKH B yKE
TOTOBUH MJIOCKHUM, KOMITJIEKCHUI KPECIECHHUK.

Ha cranii npoekTyBaHHS, TpAMIOIOYd 3
TPUBUMIPHOIO MOJICIUTIO, BHOCSYHM TIOTIPABKH 1
OTPUMYIOUH 3MiHH B aBTOMAaTUYHOMY PEXKHMI Ha
BUJIOBUX TIPOCKIIISX, MU OTPUMYEMO:

1) exoHOMilO wyacy Ha
TTOMHMJIOK;

2) MOXJIMBICTh BHUKOPHCTOBYBATH KITBKOX
BapiaHTIB MOJCITIOBAHHS;

3) cTBOprOBaTH HEOOMEXKEHY KUIbKICTh BUJIIB
3 OJHI€T TPUBUMIPHOT MOJIEIII.

Bce 1e o3Hagae, 110 KJIacH4YHI CIIOCOOM
CTBOPEHHS TCOMETPUYHHUX MOJIENIeH METOAaMu
iHKeHepHoi Tpadiky MaroTh NPAaKTUYHE 3HAYCHHS.
Ha punky mpari HaiOumem 3atpeOyBaHi ¢axisiii,
SKi BOJIOJIIOTh CHCTEMHUMH 3HaHHSMHU Y CBOIU
npodeciiiniit ramysi. 3D-MoentoBaH A
IPYHTYETHCS HAa KJIACUYHUX METOAaX 1HKEHEepHOI
rpadiku, TOMy 0a30Bi 3HAHHS TOTO X MTPOEKITIHHOTO
KpPECJICHHS € «OymiBeIbHUMH  JlicaMu»  JJIs
MOJIABIIO] YCIIIHOT POOOTH 3 KOMITIOTEPHUMU
MoaeisiMu. Sk micist  OyaiBHHITBA OYyIWMHKY
npudHparoThest OyIiBeNbHI JicH, Tak 1 0a30BHiA

BUITPABJICHHA

Kypc imkeHepHoi Tpadiku B  mpodeciiiHii
IISTBHOCTI  MOXKe ~ Oe3mocepeqHho 1 HeE
BUKOPUCTOBYBATHUCS, aj€  HEBUAUMO € il
(hyHmaMeHTOM.
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Karpiuk L. V., Davidenko N. O., Duryshev O. A.
The need for 3D modeling in engineering graphics.

Various automated systems are widely used in the
design of modern technical systems and in technological
processes. Higher education institutions (HEIs) must
train specialists who can effectively apply software
products in their professional activities. Students need to
learn the basics of engineering graphics and computer
3D modeling. The knowledge gained is necessary for
future specialists in their further professional activities.
AutoCAD, a universal graphic design system, is the most
advanced software tool for acquiring modeling skills. By
creating models of any complexity in space using this
graphic editor, users can see their relative positions and
estimate the distance between them. The model can be
freely moved around in space, viewing multiple options.
The ability to control the viewpoint allows you to
conveniently select the view of the three-dimensional
model being developed. Zooming and panning in real
time with the ability to freely rotate the camera around
the model allows you to quickly view objects from any
angle. Zooming and panning in real time with the ability
to freely rotate the camera around the model allows you
to quickly view objects from any angle. This article
discusses methods of using the AutoCad graphics editor

to create three-dimensional objects, as well as the
possibilities of three-dimensional modeling in the
AutoCad graphics editor to optimize the educational
process for bachelor's degrees in technical specialties,
and analyzes the optimal methods for creating drawings.
Examples of choosing the most optimal option for
creating a three-dimensional model are also given. The
traditional method of creating a drawing of a three-
dimensional model consists of creating two-dimensional
views of this model. When creating a flat drawing, there
is a possibility of error when performing projections,
since they are created independently of each other and
consist of several images. It is quite difficult to imagine
an object in space using a flat drawing. Currently,
modern software graphic editors are aimed at creating
three-dimensional models that allow you to create
realistic models and obtain two-dimensional projections
based on them. The three-dimensional modeling method
allows you to create a comprehensive drawing with any
number of images based on a three-dimensional model.
There are ways to create two-dimensional flat drawings
based on a three-dimensional model and the ability to
edit ready-made projects inserted from the model space
into the sheet space. This method allows us to use tools
for quickly creating a system of 3—4 related types for a
three-dimensional AutoCad model.

Keywords: model, modeling, commands, complex
drawing, computer graphics, AutoCad.
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INTELLIGENT AUTOMATION OF THE FORECASTING PROCEDURE
FOR THE OPERATIONS OF ELECTRIC POWER ENTERPRISES

Kotov I.A., Shvets D.V.

IHTEJIEKTYAJIBHA ABTOMATU3AIA TPOLHEAYPHU TPOT'HO3YBAHHSA
JAIAJBHOCTI EJIEKTPOEHEPTETUYHUX HNIAITPUEMCTB

Koros L.A., llIBens /I.B.

The article investigates a highly relevant scientific and
practical problem related to the development of
intelligent automation systems for forecasting the
operations of electric power enterprises under conditions
of high information uncertainty and incomplete input
data. Decision-makers face increasing responsibility
within a competitive business environment. This
necessitates the wurgent implementation of novel
mathematical computational models and intelligent
information technologies. The research focuses on
automating the forecasting process for electric power
enterprises. The primary goal is to develop a sofiware
application based on formal, structural-functional, and
logical models.

In this work, a comparative review of existing forecasting
methods has been conducted, highlighting time-series
methods, exponential smoothing, simple and moving
averages. Special attention is paid to the development of
the fuzzy forecasting system architecture, which accounts
for both the probabilistic nature of the parameters and
the specific characteristics of the electric power industry.
The development cycle of the fuzzy model is described in
detail, including the stages of fuzzification of input
variables, the formation of a comprehensive knowledge
base, the configuration of the inference engine based on
fuzzy rules, and the final defuzzification process to obtain
real-world values for long-term strategies. To limit the
confidence interval of the parameters, various
membership  functions (Gaussian, triangular, and
exponential) are applied. Additionally, the model
incorporates reliability indicators for the components of
the electric power complex. It is proposed to use the
constructed knowledge base in conjunction with
statistical forecasting results to refine the trend of the
investigated parameter.

During the modeling process, three key regions of failure
rate were identified. This distribution improved the

forecasting architecture.

accuracy of evaluating the equipment's technical
condition and the probability of an application failure
event. The study's result is a software complex that has
been created and fully tested, utilizing artificial
intelligence modules and a neural network-based
The conducted forecasting
experiments on retrospective data have confirmed the
high efficiency, stability, and adequacy of the developed
system and its evaluation results. Ultimately, this
approach significantly minimizes potential financial
risks and optimizes resource allocation.

Keywords: forecasting, automation, knowledge base,
model, membership function, reliability,
intellectualization

Introduction. In recent years, the interest in
and significance of forecasting have sharply
increased [1]. This interest is exhibited by both the
academic community and forecasting practitioners.
The rapid development and emergence of free
software particularly facilitate the advancement of
this field. Therefore, particularly in recent times, a
significant shift toward the creation of innovative
information systems to execute and support
forecasts has been observed [2].

The role of forecasting is constantly growing.
The reason for this lies in the continuous increase in
the responsibility for potentially erroneous actions
on the part of decision-makers. The primary and
most crucial area for implementing new forecasting
methods and tools is the production sector,
including electric power enterprises and complexes.
The operations of electric power enterprises are



BICHUK CXIOHOYKPAIHCBKOIO HALIOHAMBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 2 (300) 2026 49

based on operational, medium-term, and long-term
forecasts.

There are numerous categories of forecasting
methods, including statistical, time series, critical,
and target forecasting. The principal ones among
these are statistical and time series methods [2].

Forecasting errors result in significant
economic losses  within power  systems.
Concurrently, an additional adverse factor

impacting forecasting quality is the unreliability and
incompleteness of input data. Under such
conditions, acquiring a valid and reliable forecast of
enterprise operations constitutes a complex and
pressing issue.

Consequently, there is a need to implement
novel mathematical computational models and
intelligent information technologies. These enable
the forecasting of electric power enterprise
operations using historical data, aiming to provide
management with timely information to deploy
control strategies that improve performance under
uncertainty [3].

In this study, the object of research is the
automation process of forecasting the operations of
electric power enterprises under conditions of
information uncertainty. The research subject
comprises structural, functional, mathematical, and
logical models, along with the software modules of
the intelligent automation system for forecasting the
operations of industrial enterprises, particularly
electric power enterprises, under conditions of
uncertainty.

A comparative literature review in the field of
forecasting was conducted, during which the
principal features of forecasting that formed the
basis for the design of a software solution were
identified [1, 3, 4]. It was deemed necessary to
incorporate fundamental methods and indicators,
such as: graphical data representation, selection of
proven forecasting methods (exponential smoothing
forecasting methods: SES, Holt, Damped, Naive),
representation of  statistical indicators and
forecasting errors, development of an algorithm to
identify an optimally tuned forecasting method, and
representation of forecasts alongside the primary
qualitative characteristics of the time series.
Furthermore, forecasting technological
advancements in the technology sector, particularly
in the electric power industry, is radically
transforming the structure and operations of these
enterprises, as well as how they justify their
decisions and formulate strategies to enhance
competitiveness in a continuously changing
environment.

The proposed research direction possesses
novelty, which lies in the fact that the developed
intelligent automation software complex differs
from existing counterparts in that, based on novel
structural, functional, mathematical, and logical
models, it ensures an intelligent forecasting process
accounting for the uncertainty of input parameters
within the industrial environment of electric power
enterprises. Introduction. In recent years, the
interest in and significance of forecasting have
sharply increased [1]. This interest is exhibited by
both the academic community and forecasting
practitioners. The rapid development and
emergence of free software particularly facilitate the
advancement of this field. Therefore, particularly in
recent times, a significant shift toward the creation
of innovative information systems to execute and
support forecasts has been observed [2].

The role of forecasting is constantly growing.
The reason for this lies in the continuous increase in
the responsibility for potentially erroneous actions
on the part of decision-makers. The primary and
most crucial area for implementing new forecasting
methods and tools is the production sector,
including electric power enterprises and complexes.
The operations of electric power enterprises are
based on operational, medium-term, and long-term
forecasts.

There are numerous categories of forecasting
methods, including statistical, time series, critical,
and target forecasting. The principal ones among
these are statistical and time series methods [2].

Forecasting errors result in significant
economic losses  within power  systems.
Concurrently, an additional adverse factor

impacting forecasting quality is the unreliability and
incompleteness of input data. Under such
conditions, acquiring a valid and reliable forecast of
enterprise operations constitutes a complex and
pressing issue.

Consequently, there is a need to implement
novel mathematical computational models and
intelligent information technologies. These enable
the forecasting of electric power enterprise
operations using historical data, aiming to provide
management with timely information to deploy
control strategies that improve performance under
uncertainty [3].

In this study, the object of research is the
automation process of forecasting the operations of
electric power enterprises under conditions of
information uncertainty. The research subject
comprises structural, functional, mathematical, and
logical models, along with the software modules of
the intelligent automation system for forecasting the
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operations of industrial enterprises, particularly
electric power enterprises, under conditions of
uncertainty.

A comparative literature review in the field of
forecasting was conducted, during which the
principal features of forecasting that formed the
basis for the design of a software solution were
identified [1, 3, 4]. It was deemed necessary to
incorporate fundamental methods and indicators,
such as: graphical data representation, selection of
proven forecasting methods (exponential smoothing
forecasting methods: SES, Holt, Damped, Naive),
representation of  statistical indicators and
forecasting errors, development of an algorithm to
identify an optimally tuned forecasting method, and
representation of forecasts alongside the primary
qualitative characteristics of the time series.
Furthermore, forecasting technological
advancements in the technology sector, particularly
in the electric power industry, is radically
transforming the structure and operations of these
enterprises, as well as how they justify their
decisions and formulate strategies to enhance
competitiveness in a continuously changing
environment.

The proposed research direction possesses
novelty, which lies in the fact that the developed
intelligent automation software complex differs
from existing counterparts in that, based on novel
structural, functional, mathematical, and logical
models, it ensures an intelligent forecasting process
accounting for the uncertainty of input parameters
within the industrial environment of electric power
enterprises.

The aim of the research is to develop a
software application for the intelligent automation
of the forecasting process for the operations of
electric power enterprises under conditions of
uncertainty, based on formal, structural-functional,
and logical models of the automated forecasting
system.

Based on the conducted analysis, the following
research tasks are formulated: to develop the main
approaches to the implementation of intelligent
systems for evaluating enterprise operations; to
develop forecasting models under conditions of
uncertainty based on time series; to develop
operation algorithms for the knowledge base model
of the automated system; to develop data
management software modules for the automated
system; to conduct research on the operation of the
knowledge base of the forecasting software system;
to conduct modeling of interactive human-machine
interaction with the forecasting software system.

Presentation of the main research material.
Forecasting has become highly popular in recent
years across numerous scientific fields. The rapid
development and emergence of free software
particularly facilitates the advancement of this area.
In this context, the aim of the work is to develop an
automated, intelligent forecasting system for the
operations of electric power enterprises, serving as
a foundation for further research and a widely
applicable tool.

The essence and general strategy of forecasting
can be illustrated graphically. A graphical example
of a mathematical approach to forecasting using
regression approximation is shown in Fig. 1.

Indicator
20

-20 -10 0 10 20 30 40 50 60 X

Fig. 1. Graphical example of linear regression
approximation for forecasting

Let us briefly describe the necessary stages of
the forecasting process that were utilized during the
development of the software complex:

Step 1. Problem definition. This involves a
profound understanding of the situation, how the
forecasts will be used, who will use them, and how
the corresponding method will be adapted to the
data.

Step 2. Information gathering. The collection
of historical data regarding the considered elements
is highly important, as they constitute the
foundation upon which the corresponding
forecasting method will be developed and adapted,
thereby yielding the forecast result.

Step 3. Exploratory analysis. The objective of
this step is to identify the pattern in the data and, in
general, extract vital information from the available
historical data. A common method for achieving the
aforementioned is data visualization via its
graphical representation. This step also indicates
which quantitative methods are appropriate to
employ.

Step 4. Model selection and adaptation. This
step entails selecting and adapting an appropriate
quantitative model to the specific data. There are
numerous factors to consider. Various simulations
are frequently required.
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Step 5. Use and evaluation of the forecasting
model. After carefully selecting an appropriate
forecasting model for each case and estimating its
parameters, the model must generate forecasts that
are subsequently evaluated.

Based on the previous considerations, let us
briefly consider some implementations of the
forecasting procedure. The so-called naive method
provides a forecast for the next time period equal to
the value recorded in the previous time period. The
mathematical formula describing this forecasting
method is as follows (1).

x, (m)=x., (1)

Historical data can be smoothed in various
ways. Some of these include the simple average and
the moving average.

The simple average method involves
calculating the mean of all observations and using it
for forecasting. Thus, the forecast is generated
based on the following formula (2).

F, =

i+

~ | —
MN

2

¥ 2

Moving average. One way to control the
influence of past observations on the forecast when
the moving average method is selected is to
determine the length of the moving average to use
when deriving the forecast. The term "moving
average" is utilized to describe the process because,
as a new observation emerges, a new average value
of the most recent observations of the selected
length is calculated. The relation used for the
moving average method takes the form (3).

Fo=l sy 3
r ki:t—k+1 i ( )

An extension of the simple average methods
comprises the weighted average forecasting
methods. That is, not all observations have equal
weight in the derivation of forecasts. It is often the
case that the most recent observations provide the
best indicator for forecasting a future outcome.

The intellectualization of  forecasting
necessitates the detailed elaboration and definition
of the forecast generation processes and the
subsequent management of forecast results. In turn,
the forecast results management process requires
incorporating new observational data and
formalizing the outcomes of managerial decision-
making [3]. Based on these considerations, a
diagram of the correlation and interrelation between

the forecasting processes and the management of
forecast results has been formulated and is depicted
in Fig. 2.

Historical data

v

Forecast generation Forecast
* management

T A

Forecast

v

‘ Decision-making ‘ Current
¢ observations

Modified forecast

Fig. 2. Correlation between forecast generation and
forecast results management

It is evident that, in the decision-making process,
the developer or user requires an approximate estimate
of the probability of parameter values or the reliability
of the expert system [3, 4]. To overcome this problem
and limit the parameter confidence intervals, various
fuzzy membership functions (triangular, trapezoidal,
exponential, and Gaussian) are used. An example of a
Gaussian membership function is presented in Fig. 3.

w(X)  Gaussian-type membership function
© : — Gaussian

04 0.

0.2

0.0

Degree of membership

0.0 5.0 10.0 15.0 20.0

Fig. 3. Example of a Gaussian membership function

In evaluating the reliability of components of
the electric power complex, one of the crucial
functions in reliability analysis, as it demonstrates
changes in the probability of failure over the
system's service life, is the time to failure (TTF). In
practice, the TTF indicator possesses a
characteristic bathtub shape. The upper and lower
bounds of fuzzy numbers for the probability of the
forecasting result occurrence can be obtained by
assuming triangular fuzzy and exponential fuzzy
failure rates, respectively.

Consequently, let us assume that the fuzzy
exponential TTF constitutes the minimum or lower
bound for modeling. In contrast, the triangular fuzzy
failure rate constitutes the maximum or upper bound
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of the modeling results. This curve comprises three
regions: decreasing failure rate (DFR), random
failure rate (RFR), and increasing failure rate (IFR).
In the bathtub curve with a low operating time for
the TTF system, based on three fuzzy distributions,
the three failure rate regions (IFR, RFR, and DFR)
are characterized by random component failures.
The TTF system may exhibit a relatively extended
period of random failures. Furthermore, the
probability of an application failure event (EDS) is
derived from the PAND gate as the system's final
output.

At the subsequent stage of the work, the
structure of the fuzzy forecasting system was
established. This structure accounts for the specifics
of both the probabilistic nature of the forecasting
parameters and the electric power industry, which is
considered the object of research.

The methodology for developing fuzzy
systems is employed. It is of paramount importance
to properly design the fuzzy system's architecture.
The transformation of real-world values into the
fuzzy domain using membership functions is called
fuzzification of input variables in a fuzzy system.
This process is the most critical.

Following fuzzification, it is necessary to
possess a knowledge base (a set of information that
will enable imparting "intelligence" to the system)
to subsequently determine the inference engine or
the fuzzy inference process, which is the most
critical component of the entire fuzzy model, since

this specific part will execute the whole process
based on the available information. After evaluating
the fuzzy rules that link the fuzzy variables, it is
typically necessary to convert the obtained values
back to their original, real-world values, as these are
required to obtain real values derived from the fuzzy
sets defined within the output variable. In other
words, defuzzification is necessary. Fuzzy models
utilized in process control or information
technologies  generally undergo the same
application development cycle, as illustrated in
Determination of the functional and

Fig. 4.
Determination of normalization and data
operational characteristics of the model flow (internal connections within the

l system)

’{ Determination of control surfaces (fuzzy |

sets)

Determination of the behavior of control

surfaces (fuzzy rules) — —

Determination of acceptable limits of

l compatibility and stability

Determination of the defuzzification method

for the control surfaces

Execution of the system simulati 14

‘{ Tuning and validation of the system

’—’{ Connection to production systems

Fig. 4. Development cycle of the fuzzy forecasting
system

Table
Input data array of the enterprise operations for forecasting
Functional parameters Time duration, h Parameter change, %
2022 | 2023 | 2024 2022/2023 2023/2024
1 2 3 4 5 6
Resource planning 23 21 15 109,52 140,00
Calculation of indicators 13 11 12 118,18 91,67
Control measures 21 15 9 140,00 166,67
Preparation of new documents 17 17 4 100,00 425,00
Accounting for depreciation costs 5 5 5 100,00 100,00
Calculation of resource allocation 29 23 13 126,09 176,92
Phased planning 15 13 7 115,38 185,71
Distribution of managerial workload 23 21 11 109,52 190,91
Drafting of legal documents 9 31 31 29,03 100,00
Preparation of long-term contracts 25 21 15 119,05 140,00
Control activities 8 5 9 160,00 55,56
Development of informational processing methods 5 5 5 100,00 100,00
Market promotion measures 23 25 25 92,00 100,00
Accounting of counterparty data 8 6 6 133,33 100,00
Tracking of counterparty loyalty 33 15 7 220,00 214,29
Implementation of modern software systems 13 17 19 76,47 89,47
Configuration of modern automation tools 114 72 85 158,33 84,71
Support and development of automated systems 13 17 17 76,47 100,00
Generalization and systematization of data arrays 114 97 54 117,53 179,63
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Layout of modern automation tools

Layout of modem automation tools
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Fig. 5. Forecasting the process of configuring modern automation tools:
a — retrospective data as a basis for analysis and forecast, b — forecast based on the knowledge base

A large volume of data characterizing the
operations of the electric power enterprise within a
specific time period is processed in the automated
system. These data serve as the input data array for
processing and forecast generation [1, 2]. Table
presents a partial input data array for forecasting the
operations of an electric power complex.

Based on the examined concepts, approaches,
and models, a forecasting software system for
enterprise operations in the electric power complex
under conditions of incomplete information about
operational parameters has been developed. A series
of forecasting experiments was conducted using the
available data. The processing of the obtained
forecasting data results, incorporating subsequent
defuzzification operations, demonstrated the
adequacy of the constructed models and the forecast
evaluation results.

Examples of specific operational results of the
intelligent forecasting system are presented below.
Fig. 5 depicts the input data and forecasting results
for the configuration process of modern automation
tools.

The test results of the developed software
complex demonstrated that the implementation of
artificial intelligence system modules, based on
knowledge of the operational specifics of electric
power enterprises, as supplementary tools, enhances
the efficiency of evaluation and the adequacy of the
forecasting results [4, 5].

Conclusions. The necessity of forecasting in
the modern and competitive business environment
increasingly concerns enterprise  executives.
Particularly in recent times, a significant shift
toward the development of novel, intelligent
information systems for forecasting support has
been observed. In this context, the need to consider
a broader set of parameters for forecasting in both
research and operational spheres becomes evident.

To achieve the aim of the work, the software
system's knowledge base and the structure of the
forecasting neural network were constructed [6].
The knowledge base was adopted as a foundation,
and the forecasting system's operation was modeled
using the available parameters. The acquired data
permit the following conclusions to be drawn: an
analysis of intelligent system methods for forecast
implementation was conducted; the problem of
constructing a forecast for enterprise operations
under conditions of uncertainty was formulated; the
structures of the intelligent system's knowledge
base for forecasting purposes were established;
forecasting models under conditions of uncertainty
based on time series were developed; a forecasting
software system for the operations of electric power
enterprises was developed; data management
software modules for the automated system were
developed; the knowledge base of the forecasting
software system was constructed; a study of the
developed forecasting system was conducted,
which demonstrated the efficiency and adequacy of
the software complex.
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Kotor 1.A., Heens J/I.B. InTenexkryainHa
aBTOMATH3aLisA npoueaypu NPOTrHO3yBAHHSA
AiSTbHOCTI eJIeKTPOeHEePreTHYHUX MiNPHEMCTB

Y ecmammi docnioxcyemvcs axmyanvha Haykoeo-
npaKmu4Ha npobrema  po3pobrenHs cucmem
iHmeneKmyanibHoi asmomamu3ayii npoyeodypu
NpocHO3YBaAHHA  OIANLHOCMI  eNeKmpoeHepemuiHUxX

NIONPUEMCING 8 YMOBAX BUCOK020 PiBHS THGhOpMayiiHoT

HeBU3HAYeHOCi ma HeNnoBHOMU  UXIOHUX  OAHUX.
3pocmannsa  gionogioanvnocmi ocib, sAKi NPUUMAIOMDb
VAPABNIHCOKI  pilieHHss 8 KOHKYDEeHmMHOMY Oi3Hec-
cepedosuwyi,  3YMOBNIOE  20Ccmpy  HeoOXiOHicmb
BNPOBAOINCEHHS HOBUX MATNEMAMUYHUX OOUUCTIOBATTHUX
MoOeneli  ma  IHMENeKMyalbHUX  IHOOPMAYIUHUX
mexnonoziu. O6’ekmom  O0CHIONCEHHs. €  npoyec
aemomamu3zayii.  NPOSHO3Y6aAHHSA  (DYHKYIOHYBAHHS
eleKmpoenepeemudHuUx —nNiONPpUEMCmS, d Memor -
PO3pobOKa BIONOBIOHO20 NPOZPAMHO20 3ACMOCYHKY HA
OCHOBI  (hOpMATLHUX, CMPYKMYPHO-DYHKYIOHATHUX 1§
JI02TYHUX MoOeriell.

Y pobomi 30iiicneno nopisnanvhuil 0eaa0 icHyouux
Memo9ie NPOSHO3YBAHHS, ceped SAKUX BUOLIEHO Memoou
uacoeux psois, eKCNOHEHYIANbHO20 — 321A0NHCYSAHMHS,
npocme ma Kog3He cepedHe. Ilpudineno yeazy po3pobyi
apximexmypu Heuimkoi cucmemu NpPOSHO3YBAHHS, KA
8paxogy€ IMOGIDHICHUL Xapakmep napamempis ma
cneyuiky enexmpoenepzemuunoi eanysi. Onucano yuxi

po3pobienns Hewimkoi MoOen, wo 6KIoYde emanu
Qasugirayii 6xiOHUX 3MIHHUX, OPMYSaHHS OA3U 3HAHD,
HANAWMYBAHHST MAWUHY 6UB00Y HA OCHOGI HEYimKux
npasui ma ocmamoyroi depazugikayii 0 OMmpUMAanHs
peanvhux  suauenv. Jlna  obmedceHHs — 008ipuO2O
iHmepeany napamempis 3acmMoCO8aHO pI3HI DYHKYIL
NPUHANEIHCHOCT (I'aycosi, MPUKYMHI,
eKcnouenyianvui). JJooamkoeo 6 Mooelni 6paxo8ano
NOKA3HUKU HaoiliHoCcmi KOMNOHEHMmI8
€/IeKMPOEHEP2EMUYHO20  KOMNIEKCY.  3anpononosano
suxopucmosygamu nooyoosamy 6azy 3HaHbL CHIILHO 3
pe3yibmamamy  CmamucmuyHo20 NpoSHO3YEaHHsL Oisl
VMOUHEHHsL PYXY O0CHIOAHCY8AHO20 MPEHOY NAPAMEMPIE.

YV npoyeci mooenosanus 6yno eudireno mpu
KA0408i  obnacmi  wacmomu  8i0M08.  3aznauenutl
PpO3nodin  0036071UE RIOBUWUMU  MOYHICMb  OYIHKU
MeXHIYHO20 CMAaHy OONAOHAHHS ma  UMOGIPHOCMI
BUHUKHEHHs. ~ NOOIl  6I0MOSU 8  3ACMOCYBAHHL.
Pesynomamom  Odocniddicennss €  cmeopeHuil.  ma
NPOMECMOBAHUI  NPOSPAMHULL  KOMNLEKC,  SIKUL
BUKOPUCMOBYE  MOOYII  WMYYHO20 —IHMeNeKmy ma
CMPYKmMypy  HPOSHO3VIOWOI  HEUPOHHOI  Mepedici.
Iposedeni NPOSHO3HI excnepumenmu Ha
PEemMpoOCNeKmueHuUx — Oanux  niOmeepounu  GUCOKY
epexmusHicmb,  cmabilbHiCMb  MA  A0EKGAMHICMb
Ppo3pobaenoi cucmemu. 3azHaueHuu nioxio Cymmeso
MIHIMI3YE ROMEHYTUHT QIHAHCOB PUUKU MA ONMUMIZYE
PO3Nn00iN pecypcis.
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INVESTIGATION OF METHODS FOR IDENTIFYING DYNAMIC
CHARACTERISTICS OF CONTROL OBJECTS

Kobzarev E.V.

JOCJAIIXKEHHA METOAIB IIEHTU®IKALIT JUHAMIYHAX
XAPAKTEPUCTHUK OB’EKTIB KEPYBAHHS

Ko63apes €.B.

The paper proposes an approach for constructing a
mathematical model of a control object, where the
transient response of the object is used as the initial data.
The advantages of this approach include the use of
objective data generated by the control object itself,
relative simplicity of implementation, and the ability to
obtain an adequate and accurate model due to the
utilization of comprehensive dynamic characteristics of
the system. In addition, the approach improves
identification reliability under conditions of limited
experimental data.

The study is aimed at optimizing the considered
technological process.

The results show that limiting the order of the differential
equation (or transfer function) to the second order
significantly ~ simplifies the development of the
mathematical model. In some cases, high-order models
can be reduced to lower-order models, including first- or
second-order ones, without a significant loss of accuracy
in describing their characteristics. This can be explained
by the following factors: analysis and synthesis tasks are
much easier for low-order models;, computational
accuracy is inversely proportional to the model order,
first- and second-order models contain sufficient
information for system analysis and synthesis, moreover,
increasing the model order does not always improve its
accuracy. It is also shown that reducing the model order
decreases computational costs and enhances numerical
stability.

The obtained identification error is within acceptable
limits for this type of problem.

The paper addresses the following issues: selection of the
number of points on the step response curve of the control
object; choice of an appropriate identification algorithm;
determination of point distribution along the curve; and
analysis of the influence of the number and placement of

points on approximation accuracy. The obtained results
can be applied in the design and tuning of automatic
control systems.

Keywords: mathematical model, dynamic
characteristics, ammonia production, identification, step
response, control object, transient process.

Introduction. In recent years, global markets
have been characterized by a significant increase in
raw material prices, which directly leads to higher
production costs for domestic industries [1]. In
particular, the share of natural gas costs in the total
production cost of chemical products currently
reaches approximately 75%. Under such conditions,
ensuring the competitiveness of Ukrainian
manufacturers requires improving the efficiency of
raw material and energy resource utilization. This
necessitates the optimization of technological
processes and control systems. These challenges are
especially relevant for ammonia production, which
is of considerable importance for the region[1].

Relevance. Ammonia production plays a key
role not only in the manufacture of mineral
fertilizers but also as a fundamental raw material for
various chemical industries. Increasing its
efficiency by reducing energy and resource
consumption is an important and akryal task. This
can be achieved by improving existing control
systems or developing new ones, as well as
optimizing controller settings.

It should be noted that no mathematical model
can fully and accurately represent the behavior of a
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real physical system. Increasing model accuracy
typically requires increasing its complexity, which
does not guarantee absolute precision. Therefore, an
effective model must balance adequacy and
simplicity.

The objective of this study is to investigate
methods for identifying control objects using the
example of a mathematical model of an ammonia
synthesis column, in order to simplify the
optimization of dynamic characteristics of
automatic control systems[273].

Purpose of the study. The aim of this work is to
develop an algorithm for identifying control objects
based on the least squares method for aperiodic
transient processes described by second-order
clements with time delay, for the purpose of
technological process optimization.

To achieve this goal, the following tasks are
addressed:

development of an
structure of relationships
parameters;

description of the transient response of the
control object using a second-order differential
equation.

Analysis of studies and publications. Practical
experience  shows that modernization of
technological processes and control systems does
not always yield the expected results if controllers
at the lower level are improperly tuned. According
to literature sources, more than 50% of controllers
used in industry are incorrectly adjusted [4-6].

The objects of study include key units of the
ammonia synthesis stage: the synthesis column,
circulation compressor, separator, and air-cooling
apparatus [2].

During the synthesis process, the nitrogen-
hydrogen mixture (fresh gas) enters the circulation
loop and is directed to the synthesis column, where,
in the presence of a catalyst, part of the gas is
converted into ammonia. The gas is then cooled, and
ammonia is condensed and separated in separators.
The unreacted gas is compressed and returned to the
cycle. The produced liquid ammonia is stored in
specialized high-pressure tanks.

The synthesis column is one of the most
complex and critical units in the process. Its reliable
operation requires maintaining technological
parameters within the limits specified by
operational regulations (Fig. 1).

The key control and regulation parameters are
pressure, temperature in the catalyst beds, the
nitrogen-to-hydrogen ratio in the gas mixture, and
the ammonia concentration at the column
outlet(Fig. 2).

information-logical
between process
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Fig. 1. Ammonia synthesis column
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Fig. 2. The synthesis column as a control object:
C1 — ammonia concentration at the inlet;
CH/N — N/H ratio; G1, G2, G3, G4 — flow rates at
catalyst beds 1-4; Gin — flow rate at the synthesis
column inlet, feed stream; Tin — inlet temperature;
Gout — concentration of the outlet stream;
Tout — outlet temperature

The concentration and temperature of the
ammonia at the outlet depend on the concentration,
temperature and flow rate of the feedstock at the
inlet, the influence of bypass flows, and the ratio of
nitrogen (N) to hydrogen (H) flow rates during the
process. [7] As the substance passes through each
catalyst layer, the temperature between the shelves
changes due to heat release during the process; a
diagram showing the dependence of outlet
temperatures in the catalyst layer on the opening of
the control valves is shown in Fig. 3.

Transient processes in controlled systems may
be aperiodic or oscillatory in nature. It is known that
both types of process can be described with
sufficient accuracy by a second-order differential
equation.

Let us consider the block diagram of a single-
loop automatic control system shown in Fig. 4.
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=3 »

Fig. 3. Block diagram illustrating the relationships
between the parameters:
x1, x2, x3, x4 — degree of opening of the actuators
on the bypass cold streams; y1, y2, y3, y4 — temperature
in the catalyst beds, control parameters;
z1 — ammonia concentration at the inlet;
72 — ratio of nitrogen N to hydrogen H
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e | [ ]
| | L1

Fig. 4. Block diagram of a single-loop
automatic control system:
R — controller; IC — intermediate converter;
EM - actuator; AO — control element; CO — controlled
object; S — sensor; NC — normalising converter

When recording the acceleration curve on an
actual controlled object, we effectively obtain the
transient response of an equivalent controlled object
(an open-loop system from the intermediate
converter to the regulating converter, provided that
the transfer function of the secondary instrument is
equal to 1). That is, if we identify the equivalent
controlled object in the acceleration curve as a
second-order system, the functional diagram of a
single-loop automatic speed control system can be
represented as shown in Fig. 5.

K ¥
T.5% T,§ +1

Fig. 5. Modified block diagram of a single-loop
automatic control system

The second-order differential equation for the
control loop takes the form:

" d2 Id
(T )27;+Td—);+y=Kpu0 (1)

7", T' - control system time constants;
K , - System transmission ratio;

u, - 3task;
y - output signal.

The nature of the transient process in this stage
will depend on the magnitude of the ratio

AT

o > 7, then the transient process will be

"

Tr
T
!

aperiodic, if T <2 - oscillating.

Let’s find the roots of the differential equation

2
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If F > 2, the roots of the differential equation

(1:

P1,2 ==

P; 1 P; will always be positive and negative.
The equation for the transfer function will then take
the form:

2

y(t)=Kpuy| 1 - % exp(—ayt) +

a 1 270

exp(_aZt) D
3)

where o, =-P,, a, =-P,;

u, - step disturbance

!

If T < 2 the roots will be complex:

Ba=aytjay, 4)
where o, =——— - degree of damping of the
2(TN)
transient process;
2
Wy = ! > - 4 > — the natural
(TII) 2(T”)

frequency of the system.
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In this case, the transfer function is described
by the equation:

y(©) =K pu, {1 —exp(—ayt)(coswyt + X0 gin a)ot)} .(5)
)

Let us consider the identification of control
objects using the example of a mathematical model
of an ammonia synthesis column calculated
theoretically, which has the transfer function (6):

25

- (6)

15854450 110-53 41052 +5-5+1

We are constructing the fifth-order link
response curve with a time delay (Fig. 6).
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Fig. 6. KpuBa po3roHy JaHKH ITSITOTO TIOPAIKY
3 4acoM 3ami3HeHHS

Figure 6 shows that the acceleration curve is
aperiodic; therefore, equation (3) can be used to
derive the equation for the acceleration curve.

The most appropriate approach to determining
these variables is the use of the mathematical
software package Mathcad.

At the initial stage, the values of the variables
o1 and o2 are calculated. The obtained results are
then substituted into equation (3) in order to derive
the transfer function equation. As a result of these
substitutions, equation (7) is obtained.

() = D(t —3.505) - (1 - 1.84642-10* - )
/70.553896(#3.505) +l 84632' 104 . €70.553926(t73.505))
Let us plot the response curve of a fifth-order

link and the curve corresponding to equation (7) on
the same graph.

Fig. 7. Initial and obtained response curves
of the equivalent object:
1 — response curve of a fifth-order system with time
delay; 2 — transient response of a second-order system
with time delay; 3 — identification error

Based on the analysis of Fig. 7, it can be
concluded that a second-order aperiodic element
with time delay provides an adequate
approximation of the aperiodic control object with
time delay. The maximum deviation between curves
1 and 2 does not exceed 3%. Therefore, in further
calculations, it is reasonable to replace the
equivalent control object with a second-order
element with time delay. To obtain the transfer
function (8) [9], the direct Laplace transform of the
corresponding equation is performed.

W= . 1 g 3505 )
3.259-5°+3.611-5+1

Thus, based on the analysis of the points of the
step response curve of an aperiodic control object
with time delay, it has been established that the
application of the least squares method allows the
object to be identified with sufficient accuracy as a
second-order aperiodic element with time delay.
This approach enables the construction of a
generalized mathematical model that adequately
reflects the main dynamic properties of the real
control object.

A key feature of the proposed method is the use
of experimentally obtained transient response data,
which makes it possible to take into account the real
operating conditions of the technological object.
The least squares method ensures minimization of
the approximation error between the experimental
step response and the analytical model
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representation. This  improves identification
accuracy without significantly increasing model
complexity.

The obtained results indicate that even
complex technological control objects characterized
by high-order dynamics can be represented with
sufficient accuracy by lower-order models. In
particular, for aperiodic transient responses, it is
advisable to use a second-order model with time
delay. This significantly simplifies further analysis
and synthesis of automatic control systems.

It is important to emphasize that reducing the
order of the mathematical model does not lead to a
substantial loss in accuracy of dynamic behavior
representation. On the contrary, it often improves
numerical stability, reduces computational costs,
and simplifies controller tuning procedures.
Therefore, second-order models represent an
effective compromise between accuracy and
simplicity.

The analysis of the obtained results shows that
the approximation error between the actual step
response and the second-order model with time
delay does not exceed acceptable limits and is
suitable for engineering calculations. This confirms
the applicability of the proposed approach in the
design of automatic control systems for complex
technological processes, particularly in the
chemical industry.

Taking into account the obtained results, it can
be concluded that for automatic control systems
involving complex multiparameter technological
processes, such as an ammonia synthesis column,
the equivalent transfer function can be effectively
approximated by a second-order aperiodic element
with time delay. This significantly simplifies the
analysis of dynamic characteristics, as well as the
synthesis and optimization of control parameters.

Moreover, the proposed method contributes to
improving the efficiency of automatic control
systems by enabling the use of simpler yet
sufficiently accurate models. This is especially
important in industrial applications, where
reliability, responsiveness, and cost-efficiency are
critical factors.

Conclusions. In this study, an algorithm for
identifying control objects based on the least
squares method for aperiodic transient processes
using second-order models with time delay has been
developed and investigated. It has been shown that
this approach allows obtaining an adequate
mathematical model of the object with relatively
low structural complexity.

The results demonstrate that the identification
error does not exceed 3%, which is acceptable for
this class of problems. This confirms the practical

applicability of the proposed method for analysis,
synthesis, and optimization of automatic control
systems.

The obtained results can be applied in the
development and improvement of control systems
for technological processes, particularly in
ammonia production, as well as in other industrial
domains involving complex dynamic systems.
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Ko63apes €. B JlocaimkeHHss MeToaiB
inenTudikauii TMHAMIYHUX XapaKTePUCTUK 00’ €KTIB
KepyBaHHS

Y pobomi 3anpononosano nioxio 0o no6yoosu
mamemamuyHoi Mooeni 00’€Kma KepyeauHs, 8 KoMy 8
AKOCMI  BUXIOHUX —OAHUX — BUKOPUCMOBYEMBCA U020
nepexionuil npoyec. Ilepesazamu 3anponoHo8ano2o
nioxody € BuKOpucmauns 06’ ckmuenoi ingopmayii,
cghopmosanoi camum 06’ckmom KepysauHs, GIOHOCHA
npocmoma  peanizayii, a MAKoOHC  MONCAUBICD
OMPUMAHHsL A0eK8amHOi ma MouHOi MoOeni 3a80sKU
BDAXYBAHHIO Y3A2AbHEHUX OUHAMIYHUX XAPAKMEPUCTIUK
cucmemu kepyeanus. Kpim moeo, nioxio 3abesneuye
niosuwjenns HaodiuHocmi iOewmu@ikayii 6 ymosax
06MedHceH020 00CA2Y eKCNePUMEHMATbHUX OAHUX.

Jlocniooicennsi  cnpsamoeéane  Ha - ONMUMI3AYIIO
8I0N0BIOHO20 MEXHONOSIUHO20 NPOYeCy.

Y pesynomami ecmanosneno, wo obmedncenHs
nopsaoKy Ougepenyianvhoeo pieHAHH (ab0 nepedamuol
QyHKYii) Opyeum nopsoKom cymmeso Cnpousye nobyoogy
Mamemamuynoi mooeni. Y psaoi eunaokie mooeni
BUCOKO020 NOPSIOKY MOAICYMb OYmMu npugederi 0o mooenel
HUICY020 NOPAOKY — 30KpeMa nepuiozo abo opy2oeo —
be3  icmommoi  empamu  mouHOCmMi  onucy  ix
xapaxmepucmuk. Lle noscuioemvcs mum, wo. 3adaui
aHanizy ma cuHmesy 3HAYHO NPOCmiuwii 011 Mooeneu
HU3bK020 NOPAOKY, MOYHICMb YUCETbHUX DPO3PAXYHKIE
obepHeHo 3anedcumsv GI0 NOPSAOKY MoOei, MOoOei
nepuio2o ma Opy2020 NOPAOKY MiCmsimb OOCHAMHIl
o0csie iHghopmayii 011 OOCHIONCEHHS CUCEM,; A MAKONC
mum, wo 30inbuenHss NOPAOKY MOOeni He 3a8icou
npu3zeooums 00 nioguwjenns ii mounocmi. JJooamkogo
BCTNANHOBNIEHO, WO 3HUNCEHHST NOPSOKY MOOENi CHpusic
3MEHUWEHNIO O0OUUCTIOBANbHUX GUMPAM | NIOBUUYEHHIO
CMIUIKOCI YUCENbHUX NPOYEOYP.

Ompumana noxubka ioenmugixayii 3Haxo00umsvcs 6
00nyCmuMux mexcax 0jis 3a0ay makozo muny.

YV pobomi posensmymo maxi numawnua: ubip
KITbKOCMI  XApaKmMepHux mMo4oK HA KPUGili pO320HY
06’ckma  Kepyeawms,  GUSHAYEHHA  eQeKmUsHO20
aneopummy i0enmupikayii; 0OIPYHMYSAHHS CHOCOOY
PO3MIWEHHsT MOYOK, AHANi3 6Naugy KILIbKoOCmi ma
PO3MAULYBAHH MOYOK HA MOYHICMb AnPOKCUMAYiL.
Ompumani pesyiomamu MO3Cymv Oymu 6UKOPUCMAHI
npu  NPOEKMYSAHHI  MdA  HANAWMYSAHHI — CUCTEM
ABMOMAMUYHO20 KePYBAHHSL.

Kniwouoei cnoea: mamemamuuna mooens, OUHAMIYHI
Xapakxmepucmuxy, GUPOOHUYMBO amiaKy, al2opumm
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nepexionuil npoyec.
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BU3HAYEHHS BILUIUBY BJIACTUBOCTEM PYJIHOI IYJIbIINA
HA TAPAMETPH II'€E30KEPAMIYHOT'O IIEPETBOPIOBAYA

MopkyHn B.C., Mopkyn H.B., Ilopkysun O.B., I'pumenxo 5.0.

DETERMINATION OF THE INFLUENCE OF ORE PULP PROPERTIES
ON THE PARAMETERS OF A PIEZOCERAMIC TRANSDUCER

Morkun V.S., Morkun N.V., Porkuyan O.V., Hryshchenko Y.O.

B npoyeci 36azauenns pyonoco mamepiany nyivha €
20JI06HUM — MPAHCNOPMYIOUUM — A2EHMOM,
Xapaxmepucmuxkyu Maioms 6adCIUGUN 6NIUE K HA
eghekmusHicmb MexXHON02IUHUX onepayilu, max I Ha
pe3yrvmamu 6UMIpIO8ans napamempie it meepooi gasu.
Tycmuna ma 6'askicmv  nynonu — ye 08I pIi3HI

eracmusocmi, SKi 0arOmv YiHHe VAGIeHHs npo il

noeedinky ni0 wac mexHono2iuHux onepayiu. L[i
napamempu  8U3HAYAIOMb Npoyec pyxy HACMUHOK
noopionenoi pyou na cumi epoxoma i, maxKum YuHoM,
Maromv npAMULL 6NIUE HA pe3yIbmamu il 80102020
epoxouenns.  J{nA  GuUBsHAUeHHA ~ Yux — napamempie
3aNPONOHOBAHO  BUKOPUCMOBYBAMU  BUMIDIOBAHHS
Xapakmepucmux n’'€30e1eKmpuiHo20 Nnepemeoposaid,
3anypenozo 'y o0ocnioxcysane cepedosuuje. Modenb
n’€30KepamMiuno20 Nepemeoplosayd npeoCcmasneHo y
BuUcIA0i  B3AEMONOG A3AHUX — ENeKMPUUHO20  Md
MEXAHIYHO20 O0OMeHI8. Mexaniunuii OOMeH CUMYTIoE
n'ezoenexmpuunull nepemeoplo6ay, W0 3amypeHuli y
nyaony. @Di3uKko-mMexaHiuni 61acmMusocmi cepedosuiya
3M00eIb0BAHi I3 3aCMOCYBAHHAM MUNOBUX oa0xie Mass,
Translational Damper ma Translational Spring
posuupenns Simscape 0 Simulink® MATLAB®. bnox
Piezo Stack npeocmaensc enexmpuuni ma mexamiumi
Xapaxmepucmuxu n'ezoenrexmpuunozo
bazamowiapoeoeo  nepemeoprosaua. B npoyeci
MOOeTOBAHH S I3 3ACMOCYBAHHAM OAHUX CNEKMPATbHO20
aHanizy GUMIPAHUX CUSHANIE GUSHAYEHO PEe30HAHCH)Y
yacmomy  00CHiOxcysanoi  cucmemu O 6A308uUx
ONOpHUX Xapaxmepucmuk cepedosuwja. Ha eusnaueniil
PDE30HAHCHILL wacmomi CUMYTIOBATUCD 3MIHU

KoHyenmpayii meepooi gazu nyavnu 6i0HOCHO 0A30601

seauyunu.  Jlocniodicena  3anedlcHicmv  AMAAIMYOu
nepuioco (Hatbibuwo2o) niKy GUMIPAHO20 CUSHATLY BI0

KoHyenmpayii meepooi ¢azu nyivnu ma 6UKOHAHA i

anpokcumayis i3 3acmocy8aHHAM NOJIHOMIANbHOI ma
0sounennol excnonenyianvhi mooeni. [losedeno, uio

momy il

O0BOYICHHA ~ EKCNOHEeHYIAIbHA ~ MOOelb  00380JIAE
ompumamu  AKICHYy — ANPOKCUMAYil0  00CHIOMHCYBAHOT
3ANEAHCHOCII. Pesynomamu MOOENOBAHHS

n’€30Kepamiuio20 nepemeopr6ayd, 3aHypeHo20 y pyouy

nyaLny, Ccei0Yams Npo  MONCIUBICIb  3ACMOCYBAHMS
3anponoOHOB8AHO20 nioxody 00 onepamueHo2o
BU3HAYeHHs1 KOHyewmpayii i1 meepdoi ¢pasu ma

Gopmyeanns iHopmayilinol Oasu KepysaHHs NPOYecom
MOHKO20 60102020  2poxouenHs — pyou.  Takuil
nepemeopiogay  Modce Oymu  GUKIIOUHO —HACHUHOIO
CneyianbHo20  GUMIPIOBANLHO20 NPUCMPOI0  ab0 Ol
OMPUMANHS 8I0N0BIOHOT ingopmayii Moodxce
3aCmMoco8y8amucs HasGHULL NOMYAICHUTL
BUCOKOEHEP2EeMUYHULL YIIbMPA3EYKOBULL NePemeoplosay
MEXHON02IUHO20 NPUSHAYUECHHSL.

Knwowuosi cnosa: zpoxouenns, mooennb, nepemeoposay,
Kepysanms, agmomamu3ayis, Xapaxmepucmuxu,
egexmugHicmo.

Beryn. BiOpamiifiHi TpPoXOTH € KPUTHYIHO
BXUIMBMMH MAIllMHAMH, 10 BUKOPHUCTOBYIOTHCS
s kiacugikamii 3a  po3MipoM  MOAPIOHEHHX
MarepiamiB y TIpoIeci MepepoOKH KOPHUCHUX
KOTIaTMH. IXHS edeKkTHBHAa po6OTa, BKIIOYAIOUH
TOYHMH BiOpamiiHUM pyX Ta KyT Haxwily, MOXe
3a0€3MeYUTH EKOHOMIIO €HEPTii 1 3HMKEHHS BUTPAT
y omeparisx TPOXOYEHHS Ta B yChOMY IIPOIIECi
nepepoOku  pymu. JmHaMiuHI  MoOmeNi  pyxy
BiOpawiifHOro TpoxoTa, AOCTYNHI B JiTeparypi,
HEJOCTaTHbO 1H(POPMATHBHI CTOCOBHO CHMYJISIIT
pPyXy YacCTHMHOK PyAHM Ta X B3aEMOIii 3 CHTOBUM
moJIoTHOM. Y poboti  [1]  3ampomnoHoBaHO
BUKOPUCTOBYBAaTH METOJ| AMCKPETHUX EJICMEHTIB
(MIAE) anmg  po3paxyHKy OUHAMIKY  pyIu.
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[IpoTecToBaHi ABI IBOBUMIpHI TUHAMIYHI MOJEII 3
TppOMa CTYICHSAMH CBOOOAM I BiOpaIiifHOTO
rpoXoTa, BUKOPUCTOBYIOYHM  JIHIHHUA  Ta
HEJTIHIMHUHN T1IXO0U 10 KYTOBOTO 3MIIIICHHS.

OnruManbHi napameTpu KOJINBAHb
BiOpaIifHUX  TPOXOTIB  BHU3HAYAIOTHCS 34
JIOTIOMOTOK0  QHAJITUYHUX  METOMIB  IUISXOM
JOCIIKEHHSI pyXy OKpeMoi cepruiHOi YaCTHHKY B
HEIHEepILiaabHIM CUCTeMI BIUIIKY BIOpaIiiHOrO
cura. Y pob6oti [2] Bu3HaueHo Oe3po3MipHi
napaMeTpy, 10 BU3HAYalOTh C(EKTHBHICTH
Mporiecy TMpocifoBaHHA. BrumB B3aeMomili Mix
KiJTbKOMa YaCTUHKAMH, IO PYXAaOThCSA Ha CITII,
aHaJI3y€eThCS 32 OMOMOTOI0 METOAY JHCKPETHUX
eneMeHTiB. [IopiBHIOIOYM aHANITHYHI Ta YHCIIOBI
pe3yabTaTH, MOKHA IOOAYUTH, M0 aHATITHIHY
OIIHKY  €(EeKTHBHOCTI TPOCIFOBaHHS  MOKHA
BUKOPUCTOBYBATH JI0 3aJJaHOTO PO3MIpYy YaCTHHOK
3a0pyIHIOIYOT  PEYOBHHM  HEOOMEXKEHO B
JOCIIDKYBaHOMY Jliana3oHi KyTiB cuta. Kpim Toro,
Y BUMAJKy LOTO MiHIMaJIbHOTO PO3MIPY YaCTHHOK
3a0pyMHIOIOYOi PEYOBHMHH ICHYE MaKCHMaIbHE
3HAYCHHS KyTa MPOCifOBaHHA. 3p00JICHO BUCHOBOK,
0 BUKOPUCTAHHS  3alpPONOHOBAHOI  OLIHKH
e(eKTUBHOCTI TMPOCIIOBaHHS Ha OCHOBI METOIY
JMCKPETHUX EIIEMEHTIB € HEMUHYYHM JUIS KyTa
BHUIIIE IHOI'O MaKCUMAaJIbHOTO 3HAYCHHSI.

Y crarri  [3] TOpencTaBIEHO  YUCIIOBE
JOCTI/DKEHHSI TOTOKY YaCTHHOK Ta TIOBEIIHKU
CHUTOBOTO TIOJIOTHA TPOXOTa i Yac 30araucHHS
Byriuis. [IoTik 4acTHHOK MOJEIOETHCS METOAOM
TUCKPETHUX CJIIEMCHTIB, TOJI SIK TOTIK BOIM Ha
CUTOBOMY TIOJIOTHI CHUMYJIIOETHCS 32 JIOIOMOTOIO
00YHCITIOBATBHOI TiApoAnHaMiKU. BB pobounx
YMOB JIOCTIKYETbCSL 3 BUKOPUCTAHHSIM cepil
KOHTPOJIbOBAHUX YHCIIOBUX €KCIIEpUMEHTIB. [loTik
YaCTUHOK Ha TPOXOTI aHANI3yeThCS 3 TOUYKH 30py
MoJsl  IIBUJIKOCTEH, MPOCTOPOBOTO  PO3MOILTY
JaCTHHOK Ta 4acy mepeOyBaHHS B poOOUiil 30HI,
TOJI K €()EKTUBHICTh MPOCIFOBAHHS aHAII3YETHCS 3
TOYKHU 30Dy 3arajbHOTO BiJCOTKA MPOXOIKEHHS Ta
pO3MOAUTY  BIICOTKA  TPOXOKCHHS  B3IOBXK
rpoxota. [[7s CHTOBOTO IMOJIOTHA BENMKA KUTBKICTh
BOAM 3 HHU3BKOIO MIBHJKICTIO € KpaIlow s
MOJIOJIAHHS KOTe3ii MiXK YaCTUHKaMU Ta KOHTPOJTO
MIBUJIKOCTEH YaCTHHOK, IO MOXE IOKPAIIUTH
BIJICOTOK TIPOXOJpKEHHs. [k TpoxoTa 3 HU3BKUM
HaTopoM 30UTbIIEHHS KyTa HaXWly Ta aMILTITyId
KOJINBaHb y TOPHU30HTAJIBHOMY HANPSMKY MOXE
301JIBIINTH IPOIYCKHY 3IaTHICTh, 30epiratouu npu
LBOMY BiJICOTOK MTPOXOJKECHHSI.

VY poboti [4] mocmiHKEeHO MOBENIHKY CYXOro
TpaHyJIBLOBAaHOTO  MaTepiasly Ha  BiOpariiHUX
KOHBeepax. Y  TPOBEICHUX  EKCIEPUMEHTax
BHKOPHCTOBYBAJIM BEPTUKAIBHY Ta TOPU3OHTAIBHY

BiOpaliio 3 OJHAKOBOIO aMILTITYZI0I0 Ta (ha30BUM
3cyBoM 7/2. Ile o3Hauae, M0 KOXKHA TOYKA OMOPU
pPYXa€eThes MO KPyTOBii TpaekTopii. CTosidi XBHII,
10 KOJIMBAIOTHCS HA IOJIOBUHI YacTOTH BIUIMBY,
CITOCTEPIratoThCs B TIEBHOMY niarmma3oHi
MIPUCKOPEHHS pyXy. JloMiHyio9a JOBKWHA XBHII
JiarpaMu BUMIPIOETBCS [UISl PI3HUX YaCTOT BIUIUBY
3 mocTiiiHOO amruiitynoro. Lli xBwii He €
CTaIllOHAPHUMH, a IPEHPYIOTh 31 MBHUAKICTIO, KA
JOPIBHIOE HIBUKOCTI MEPEHECECHHS
rpaHyJIbOBAaHOTO MaTepiany, 10 BU3HAYAETHCS 32
JIOTIOMOTOI0 TPAcepHOi YaCTHHKH.

Boma Moxe cuiabHO BIUIMBATH HAa MEXaHIYHY
NOBEIIHKY  TpaHyJbOBaHMX  MarepiamiB. Y
JTOCITI JKEHH1 [5] TIPOBEICHO YUCIIOBE
MOJICTIOBaHHSI /i1l BUBYCHHS BILTUBY BMICTY BOJIH,
0 ONKCYEThCS HACHYCHHSM, Ha pPYHHYBaHHS
rpaHylbOBaHMX  MmarepiamiB.  Jlms  Bojorux
TpaHyJILOBAaHUX MaTepialiB  Big MasSTHUKOBOTO
cTaHy 210 Kanissipaoro (HacudenHs Big 30 go 100%)
BUKOPHCTOBY€ThCS NoB's13aHa Moaens CFD-DEM, a
IUII  BOJIOTMX  TpaHyJhOBAaHUX  MarepiaiiB
MasITHUKOBOTO cTaHy (HacwmueHHs MmeHme 30%)
BUKOPUCTOBYETHCS MOJIEJTb JTMCKPETHOTO
eJeMEeHTa-piAMHHOTO  MocTy.  JlochmimKyeThes
BIUIMB HAaCHYEHHS, pajilyca YaCTWHOK Ta TepPTS Ha
dopmy ocamy, a KiHIeBa MeXa  ocaxny
anpOKCUMY€ThCs OiiHilHOI0 Mozesto. Kpim Toro,
JOCITIKYEThCSI TUIMHHICTD 32 PYXOM IICHTPY Mac
TpaHyTLOBAaHUX MaTepialmiB. UYWCIOBI MpUKIAIH
MOKa3y¥0Th, IO B Jiana3oHi HacwueHHs Bix 0,1 10
0,5% Ta Bixm 30 mo 100% Boma Mae OYECBUIHUU
BIUTMB Ha KiHIEBY (opMmy ocamy. Y miama3oHi
HacnueHHs 0,5-30% Boa Mae He3HAYHMI BIUTMB Ha
KiHLEeBY ¢opMy ocany. st niama3oHy HacHUEHHS
0,1-0,5% mIMHHICT 3MEHIIYETHCS 31 30LIBIICHHAM
HACUYCHHS, a KOJU HacuyeHHs mnepesunrye 30%,
TUTMHHICTh 3pOCTa€e 31 30LIbIICHHSM HACUYCHHSI.
JlocmimKeHHsT BUSBHJIO BIUTMB IPOIIAPKOBOI BOIH
Ha TUIMHHICTh 3CPHUCTHUX MaTrepiajiB, IO €
BXUIMBUM  JUIsL  JIOCHIJDKCHHS — IHXKCHEPHO-
TeOJIOTIYHHX MPOOJIEM, TAKHUX SIK 3CYBH.

3 HaBeJCHOTO MOXHA 3pOOHUTH BHCHOBOK, IIIO
OTepaTUBHE BH3HAUCHHS XapaKTePUCTUK
NPOMHCIIOBUX CYCICH31H, 30KpeMa pyJHO1 MyJIbIIH,

Ma€  BaJIMBE 3HAYCHHS JUIS  ITiJIBUIICHHS
eexTuBHOCTI TIporeciB il MOKPOTO BOJIOTOTO
TPOXOYCHHS Ta MTOKPAICHHS SIKOCTI

aBTOMAaTH30BAHOTO KEPYBAHHS UM MPOLIECOM.

MeTtoro po6oTu € OOTpYHTYBaHHS
BUKOPHUCTAHHS METO/ly BU3HAUCHHS XapaKTEPUCTHK
PYIHOI IMyJIBIIK Ha OCHOBI BUMIpPIOBaHb IapaMeTpiB
3aHYpPEHOTO y Hel T’ €30KePaMiqHOTO
nepeTBoproBaya.
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BuxkinaganHss OCHOBHOro wmarepiaay. B
rporieci 30aradeHHs pyJHOro MaTepiany IyJblia €
TFOJIOBHUM TPAHCIOPTYIOUUM areHTOM, TOMY il
XapaKTePUCTUKA MAlOTh BAKJIMBHUHA BIUIMB SK Ha
e(EKTUBHICTh TEXHOJOIIYHUX OIepalliid, Tak i Ha
pe3yabTaTH BUMIPIOBaHb TapaMeTpiB ii TBepmoi
¢dasu [6]. ['ycTuHa Ta B'SI3KICTh MyJIBIHM — IE JBA
pi3HUX mapameTpa, SIKi JaloTh L[iHHE YSIBICHHS PO
i BmacTuBOCTI. I'yCTHHA 30CcepemKkeHa Ha Maci Ha
OJIMHUINI0 00'€My PEUYOBHHH, TOJII SK B'S3KICTh
OIMCYE OMip PIAMHHU MOTOKY. YacTWHKH B pinuHi
TIOTh K TIEPEIIKOAM, TEPEIIKO/KAIOYN TTOTOKY
pimuHU Ta 30UIBIIYIOYHM OIp TOTOKY, TOOTO
B'A3KiCTh. ['yCTHHA € CKaJsIpHOIO BEIMYMHOIO, a
BSI3KICTh — II€ TEH30pHA BeIWYWHA. [ycTHHA
3QIAIIAETHCS TIOCTIMHOIO HE3JICKHO BiJl pO3MIpy
gy ¢GopMH 3pa3Ka, TOAI SK BYSI3KICTH MOXKE
3MIHIOBAaTHCS 3aJIEKHO Bil Takux (akTopis, sK
TeMIieparypa Ta TUCK.

Mopnens Einstein anst omucy  MmiJIBUIICHOT

B'I3KOCTI Ui Jy)KE HHU3bKOI  KOHIIEHTpAIlii
JaCTUHOK, Ma€ BT [7]
_ 5
n=1n01+39), (1

ne 11 - o0'eMHa B'SI3KICTh CYCIEH3Il; 1) - B'SI3KICTb
PIAUHM; @ - BMICT TBEpOi (paKiIii.

dopmyiy 0ya0 Moau(BIKOBAHO Ta aJalTOBAHO
Batchelor nyist kinpkox cdep oAHAKOBOTO po3Mipy
(«MOHOAMCTIEPCHUXY) TSI MAKCUMATHHOTO BMICTY
TBepaoi ¢pakii Big 0,15 10 0,2 [8]

n=no(1+2.5¢ + 6.2¢%), ()

Cycnensii 3 1Ie BHINIM BMICTOM TBEpIOI
YacTka MOXKHA OIKMCAaTH 3a JIOTIOMOTOI0 MOjedi
Krieger & Dougherty, mo mie ams HU3BKHX Ta
BHCOKHX IIBUIKOCTEH 3CyBY [9]

N =no(1 — =2~ ¢max, (3)
Pmax

€ Pmax — 1€ MakCUMalbHa TBEpJla YacTKa B
CyCIIeH3ii, sIka BCe IIe J03BOJISIE CYCIICH3il TEKTH;
[n] - mipa popmu yacTuHOK (2,5 1 cdep).

SIKIO TPUITYCTUTH, MO0 YaCTHHKU ChepudHi,
TEOPETUYHA MaKCUMaJIbHA MIIBHICTh YIAKOBKH
Moske ctaHoButd Big 0,52 mo 0,74, 3amexHO Bif
cxeMHu ykiagaHHs cdep [6]. 3arajapHO BiIOMO, 1110
JUIST  BUITQJIKOBOI IIIJIbHOI YHAaKOBKU cdep 1ie
3HA4YeHHsI CTaHOBUTH Npuomm3Ho 0,64 [10].

J1s  HU3BKOTO BMICTY TBepaux Gpakilii
B'SI3KICTh PiAUHM 3011blIyeThCs. OgHAK CYTTEBOI
B3a€MO/IIi YaCTHHOK HE BiOYBA€THCSI, 1 TIOBEIHKA
MOTOKY CyCHeH3il Bce IIe KOHTPOJIOETHCS
HBIOTOHIBCHKOIO TTOBETIHKOIO MIOTOKY (Da3u piauHU.

31 30impIIEHHAM  BMICTY  TBepAoi  ¢paxmii
HAMOBIPHICTh 3ITKHEHHS YaCTUHOK CTa€ OUIBIIIOKO.
Tenep BOHM MAiOTh SK MEPEIIKOAM, 1 MOTPiOHA
J0JaTKOBA CHJIa 3CYBY, KOJIM BUHUKAE TEPTS I 4ac
3iITKHEHHs 4acTHHOK. Komm TBepma (dpaxiiis
HAOMIKAETBCA IO  (Oypqy, TOCTIHHA — B32EMOISI
YaCTUHOK CYTT€BO 301IbLIYE CHITYy, HEOOXIAHY A
3CyBY 3pa3Ka, fika Terep JAOMIHye HaJl Harpyroro
3CYyBY, HEOOX1THOIO JIJIs 3CYBY PilUHU. ¥ poOOTi [6]
NpOaHali30BaHO BIUIMB KOHLEHTpamii TBepaoi
¢da3u, kpynHocti Ta Qopmu I 4YACTHMHOK Ha
B’SI3KICTH CyCTeH3I1.

Konnenrpariss TBepmoi ¢asm Ta B’A3KICTH
OyJblId BHU3HAYAIOTh MPOLEC PyXy UYACTHHOK
nopiOHEeHOI pyIu Ha CUTI IPOXO0TA 1, TAKUM YHHOM,
MarOTh NPSIMUI BIUIMB HA PE3yJIbTATH Ii BOJIOIOrO
rpoxouenns [11-13]. [ns Bu3HAYEGHHS LUX
napameTpiB MIPOTIOHYETHCS BUKOPHUCTATH
BHUMIPIOBAHHS XapaKTEPUCTUK I’ €30€JIEKTPUIHOTO
MepeTBOPIOBaYa, 3aHYPEHOrO Yy JIOCII/KYBaHE
cepenoBuile. Takuil TEpeTBOPIOBAY MOXeE OyTH
BUKITIOYHO YaCTHHOIO CHeTiaTbHOTO
BHMIPIOBAJIBHOTO TMPHUCTPOIO ab0 I OTPUMAaHHS
BIJIMIOBIIHOT 1H(oOpMAIIl MOXE 3aCTOCOBYBATHUCS

HasBHUU HOTYKHUI BUCOKOEHEPIreTUYHUI
YIBTPa3ByKOBUI TEPETBOPIOBAY TEXHOJOTIYHOTO
[IPU3HAYCHHS.

[Mpuknan KOHCTPYKWii M'€30€NEKTPHYHOTO

MEepeTBOPIOBaYa  JIAHXKEBEHIBCHKOTO ~ THITYy IS
(hopMyBaHHsI TOTY)KHOTO YJIbTPa3BYKy HaBEICHO
Ha puc. 1 [14].

Bucokmit
piBeHb

Huzpxnit
piBeHb

Puc. 1. [T'e30enekTpuuHmii NepeTBOPIOBAY:
a — KOHCTpyKUist: 1 — mepeaHii BUIPOMiHIOBAY;

2 — mtudT IpoTH obepTaHHs; 3 — OTBip IS
OXOJIO/DKEHHS; 4 — IM'e30KepaMidHi TUCKOBI TJIACTHHU;
5 — enexTpoau; 6 — ¢aHeb yIIiTbHIOBAIHHOTO KiTBIIS;
7 — 3agHIi BUMPOMiHIOBAY; 8 — IIEHTpaTLHUH 00T,

6 — KOJIbOPOBA XapaKTEPHUCTHKA aMIUTITY/I! 3MIIIeHS [ 14]

Taxwuii mepeTBOpIOBaY SBJIsIE COO0I0 OAHY ab0
JICKITIbKa IT'€30KePaMiuYHUX JTUCKOBHUX IJIACTHH, IO
MEXaHIYHO CTHCIHI (IONEPeAHbO HAIpPY)KEH1) MiXK

MepenHiM  Ta  3aJHIM  BUIPOMIHIOBaYaMH.
MexaHigHi XapaKTEPUCTHKH '€30KEPaMIKH
BIJIITOBIIAIOTH nmapameTpam MIPUKIAACHOTO

CJIICKTPUYIHOI'O T10JIA.
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Cucremu, moO KOJUBAIOTHCS MEXaHIYHO abo
€JIEKTPUYHO, MAIOTh MOIOHI XapakTepucTuku. Ha
puc. 2 HaBeJICHO KOHIICTITYaJIbHY
CIICKTPOMEXaHIYHy MOJIENb I’ €30€JICKTPUIHOTO
MEpEeTBOPIOBAYa,  aKTHBHA  YacTHHA  SIKOTO
KOHTAaKTY€ 3 CepeIOBHINEM, IO Ma€ MeBHI (Pi3uKo-

MeXaHIYHi BIacTHBOCTI [15].

U
M K C

~

Puc. 2. KoHuenrtyanbHa eeKTpoMeXaHiYHA MOJIEINb
I’ €30€JIeKTPUYHOT0 epeTBoproBaua: U — MpUKIaAeHuil
CJeKTPUYHUIA CUTHAT; P — 1T’ €30KepaMivYHUI CJICMECHT;

M — maca; K — ipyxuuii enement; C — nemrdep

Jns  mpocroi  cucteMu — maca-mpy’KUHa-
nemngep, 300pakeHoi Ha puc. 2, PIBHSHHA PyXy
Mae BUTIISI [ 16]

d?u

F(t)=m 2

+cZ—Z+ku=m1’l+cu+ku,(4)

. du
ne F(t) - mpuxnanena cuia; U - 3MIIIEHHS;, — -

dt

. d’u . .
WBMIKICTh; —— - TPUCKOPEHHSA; M - Maca; C -
KoHcTaHTa JemndyBaHHsS  (B'SI3KiCTB); Kk -

YKOPCTKICTh MPY>KHHH.
Y MeXaHIYHHX CHCTeMax MOJKJIHMBI Pi3HI BHIH
nemndysanns. Hasenene sumie piBHAHHS (4)
nepenoayae B'si3ke AeMidyBaHHS, e cuia
neMII(yBaHHS IPONOPIIiiiHA IIBUAKOCTI.
EHepris, Mo HAKOMMYYETHCS B PyXOMiil Maci
3aBIIAKH ii IBUAKOCTI, TOPiBHIOE [16]

Win

1
—mu

° 2

b

&)

PesonancHa wacrora HaBEACHO1 MEXaHIIHOL
CUCTEMHU BU3HAYAECTHCA HACTYIITHUM YHHOM

f=\/§, ®)

EnexrpomexaniuHa MOJIEITb
I’ €30€NIEKTPUYHOTO TIEPETBOPIOBAYA, 3aHYPEHOTO Y
pyIHY TyNbIly, peaii3oBaHa Yy PO3IIUPEHHI
Simscape mas Simulink® MATLAB® [17]. Ha
puc. 3 HaBeJleHa  cXeMa  MOJICIIOBAaHHS
1’ €30€JICKTPUYHOT O IEPETBOPIOBAYA, 3aHYPEHOTO Y

PYAHY IIYJIbITY.

EnexTpiyHuii 1oMeH Mexaniummit ToMen

12| 13| 15 %
A© | F:I ICV(C P
L 3 5 9 | ||
i
8
L "
==
2 7 11 4—«17,__.
qe—I[ s
-

Puc. 3. Cxema MozenIOBaHHS I’ €30€IEKTPUIHOTO
IIepeTBOPIOBaYa, 3aHYPEHOT0 Y PYAHY MYJIbITY

Y HaBeneHili Mojneni BUKOPHCTAaHI HACTYITHI

omoku: 1 — 6nok Controlled Voltage Source i3

oiomiorekn Simscape / Foundation Library /

Electrical / Electrical Sources; 2 — 6mox Simulink-

PS Converter i3 6i6mioreku Simscape / Utilities; 3
— ook Current Sensor i3 6i0mioTekn Simscape /
Electrical / Sensors & Transducers; 4 - 010K
Electrical Reference i3 06iOmiotekn Simscape /
Foundation Library / Electrical / Electrical
Elements; 5,16,17 - 6moxku PS-Simulink Converter
13 06i6moTeku Simscape / Utilities; 6 — 010k Resistor
i3 Oibmiorekn Simscape / Foundation Library /
Electrical / Electrical Elements; 7 — 610k Subsystem
1; 8 - omok Solver Configuration i3 0i0mioTeKH
Simscape / Utilities; 9 — 6ok Goto i3 0i0IiOTEKH
Simulink / Signal Routing; 10 — 6ok Piezo Stack i3

010110TEKH

Simscape

/

Electrical

/

Enepris,

0 HAaKONMMYYETHCA B MPYXKHUHI

3aBJIAKH ii pO3TATYBaHHIO, CTAHOBUTD
1,2
Wy = 3 ku?, (6)

IToTyXHICTh, IO PO3CIIOETHCS AeMIIEPOM,
JOPiBHIOE

P, = ci?, (7

Electromechanical / Mechatronic Actuators; 11 —
osox Subsystem 2; 12 - 6mox Mass i3 6i0mioTeKn
Simscape / Foundation Library / Mechanical /
Translational Elements; 13 — 6mox Translational
Spring i3 6ibmioTekn Simscape / Mechanical
Translational Elements; 14 — 0mok Mechanical
Translational Reference i3 6i6mioTeku Simscape /
Foundation Library / Mechanical / Translational
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Elements; 15 — 6nok Translational Damper i3
0i0miorexkn Simscape / Foundation Library /
Mechanical / Translational Elements; 18 — 6ok
Ideal Translational Motion Sensor i3 0i0mioTexu
Simscape / Foundation Library / Mechanical /
Mechanical Sensors;

Brnox  Solver  Configuration  Bu3Havae
napamMeTpu po3B’s3yBaya, sKi MOTPiOHI Moxeni
nepe; MoYaTkoM MOJICITIOBAaHHS.

Brok Subsystem 1 — renepye enekTpudHHN
curHan oopaHoi popmMu, 4acTOTH Ta aMILTITY IH.

Bbiok Controlled Voltage Source siBiiste co00r0
i7leaylbHe JDKEpENl0 HAMNpYTH, sSKE € JIOCTATHHO
MOTYKHUM, 100 MiATPUMYBAaTH 3a/IaHy HANpyTy Ha
CBOIX KJIEeMaX HE3aJIEXKHO BiJI CTPyMY, IIIO TIPOTIKAE
qepes JHKepero.

Biiox Current Sensor siBnsie co00r0 iieaTbHUH
JaTYUK CTPYMY, TOOTO MIPUCTPIH, SIKHiA IEPETBOPIOE
CTPYM, BHUMIpSHWA B €ICKTPHUYHIA TULT, Ha
(i3WYHUH cUTHAN, TPOMIOPLIHHUI CTPyMY.

Biiox Resistor Mozentoe JTiHIHHUNA pe3UCTOp B
CJIEKTPUIHUX CUCTEMAX.

bimok Translational Spring sBise co0oro
ieanbHy MEXaHIYHy JiHIHHY NpY>KUHY, OMHCaHy
TAKUMH PIBHIHHAMH

F =Kx, )
X = Xinjt + Xp — X¢ (10)
v="o (11)

ne F - cuna, 10 miepeaeTbes yepes npyxuny; K -
Koe(IIieHT >KOPCTKOCTI TPYKUHHU; X - BiITHOCHE

3MilieHHs  (medopmaliist  OPYXKUHH);,  Xipit -
MMOYATKOBE 3MINICHHS TPYyXHHH (TI0YaTKOBa
nedopmariisi, NPyXKUHA MOXe OYTH CIIOYaTKy

CTUCHYTOIO (Xjni+ > 0) a00 po3TATHYTOIO (Xipir <
0)); xg, X, - abcomoTHi nepeMimeHHs kieM R i C,
BiJNOBIHO; V - BIIHOCHA IIBUKICTB; ¢ — Yac.

biiox Mass npeacTaBisie ineanbHy MEXaHITHY
MOCTYMANbHY Macy, SIKa OMUCYEThCS HACTYITHUM
PIBHSHHSIM

dv

F=m—
dt’

(12)
ne F - cwa imeprtii; m - Maca; v - IIBUAKICTG; ¢ -
yac.

brmox Translational Damper sBise coboro
ieaNbHI MEXaHIYHWM TOCTYIAIBHUN B’ SI3KHIA
neMrdep, Mo ONUCYEThCS TAKUMU PIBHIHHIMU

F =Dv, (13)

vV=vg—vc, (14)
ne F - cuna, o nepenaethes yepes aemmndep; D -
koedimieHT nemndyBaHHs (BSI3KOTO TEpTH); V -
BIJHOCHAa IIBHIKICTb, Vg, V¢ - aOCONIOTHI
MIBUAKOCTI TepMiHaiiB R i C BiMTOBITHO.

Brmox Mechanical Translational Reference
MPEJICTABJISIE OMOPHY TOYKY a00 paMKy s
MEXaHIYHUX MOPTIB IMOCTYIALHOTO PYXY.

Brnok Ideal Translational Motion Sensor siBiisie
c000I0 TIPUCTPIiid, SKUH TMEPEeTBOPIOE MOIMEPEUHY
3MiHHY, BHMIPSHY MDK JBOMa MEXaHIYHHUMH
TPAHCIIIHHUMHA BY3JIaMH, Y KEpYIOUHH CHTHAII,
OPOMOPUIHHAKA HPUCKOPEHHIO, IMIBUAKOCTI abo
nonioxkeHHto. 3'eqnanusa V ta P — e noptu Buxoay
(hi3MYHUX CHUTHAMIB JUIS IIBHIKOCTI Ta IMOJIOKECHHS
BIJIITOBITHO.

Brmox Subsystem 2 BUMIPIOE, BHKOHYE
CIICKTPAJIbHUIM aHalli3 Ta BiIOOpaka€ CUTHAIH Y
gacoBoi oOmacrti, mo orpuMani y Omomi Ideal
Translational Motion Sensor.

Bmox PS-Simulink Converter nepeTBoproe
(hi3uuHuil curHan y BuxigHui curHai Simulink®,
omox Simulink Converter-PS Bukonye 3BOpOTHE
MIEPETBOPCHHS.

Biok Piezo Stack mpezacraBiisie eeKTpHUHi Ta
MEXaHIYHI XapaKTEePUCTHKU I1'€30CICKTPUIHOTO
OaraTomapoBOro IMEpPEeTBOPIOBAYA 3a JIOIOMOTOIO
TaKUX PiBHSHD

S=sET+d'E, (15)

D =dT + €"E, (16)
ne S — ren3op nedopmatii; T — TEH30p HANPY>KEHB;
E — Bekrop enekTpuyHOro moiyisi; D — BeKTOp
eIeKTPUYHOro 3MimeHns; s¥ — marpuns npysknoi
MOJATIUBOCTI T JI€I0 TIOCTIHHOTO €IIEKTPUIHOTO
nojst; d— Marpuus M'€30eeKTPUYHOI KOHCTAHTH;
e’ — nienekTpuYHA NMPOHMKHICTh, BUMIpSHA MPH
MOCTIHHOMY HaIpY KEHHI.

MexaHiuHHH JOMEH MOJEJ, HaBeIeHOol Ha
puc. 3, CHUMYJIIOE M'€30CNEKTPUUHUN
NEePEeTBOPIOBAY, IO 3aHYPEHUH Yy JOCIIKyBaHE
cepenoBuie, TOOTO MybiTy. Di3UKO-MEXaHIUHI
BIIACTHBOCTI  CEpPENOBHINA  3MOJIENbOBaHI i3
3acTocyBaHHAM 0J70KiB Mass, Translational Damper
ta Translational Spring. Jlocmi)keHO BIUIUB

KOHIICHTpaIlii  TBepaoi  ¢a3m  Myaelnud  Ha
XapaKTePUCTUKH ' €30€IEKTPUYHOTO
HepeTBOPIOBaya.

B mpormeci MomemoBaHHS 13 3aCTOCYBaHHSIM
JAHUX  CHEKTPAIBHOTO  aHANi3y  BUMIPSHUX
CUTHANIIB  BH3HAYCHO  PE30HAHCHY  YacTOTy

JOCITIKYBAaHOT CHUCTEMH I 0a30BHX OIOPHUX
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XapakTepUCTUK cepenoBuina. Ha Bu3HaueHiH
PE30HAHCHIH YacTOTI CHMYJIOBAJIUCh  3MIHH
KOHIIGHTpaIlii TBepmoi ¢Ga3u IyIbIH BiTHOCHO
06a3oBoi BenmumHH p,. Ha puc. 4 HaBeneHo
pe3yabTaTH CHEKTPAIBLHOTO aHai3y BHUMIPSHOTO
CUTHAITY TIpH (HIKCOBAaHMX 3HAYCHHSAX KOHIICHTPAIIil
TBepnoi (azu pyAHOI MyJbNU: @) - Pp; 0) - Pp1 =
0.99pp; 6) - pp2 = 0.95pp; 2) - pp3 = 0.9pp; 0) -
Ppa = 0.85pp; €) - pps = 0.8pp.

[a) Pl 0)

4 Pl ‘
o P2 |
B oo A oo X
‘B
g
Z-200 -200 i
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32
Yacrora, kI'1 Yacrtora, KI't
C ‘e) T I 2)
g | Plp2 Pl p2
Boops Q4 oy O
Z-200 -200
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32
Yactora, kI'x Yacrora, k'
R (o )
£ Pl p2 Pl p>
Z-200 -200
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32

Yacrora, KI'r Yacrora, KI't

Puc. 4. 3miHa BUMipIOBaHHUX TapaMeTPiB MPHU Bapiamisx
KOHIIEHTpAIlii TBepAOi (a3u MyJIbITH:
a—pp; 06— pp1 = 0.99pp; 6 — py = 0.95pp;
2—pp3 = 0.9py; 0= pps = 0.85p,; € — pps = 0.8p;,

3MiHa KOHIEHTpalil TBepaOi a3y pyaHOT IMyIbITH
CHUMYJIIOBaJIaCh  BIINOBIAHUMH 3MIHAMH T1apaMeTpiB
610ky Mass nocnimxkyBanoi moneni. HaBeneni Ha puc. 4
3aJIeKHOCTI MaroTh BHpakeHi miku: P1 — nHa 0a3oBiif
pe3oHaHCHIH 4acToTi; P2 — Ha pe3oHaHCHIH YacTOTi
CHCTEeMHU 3 HOBUMH BCTaHOBJCHHUMH IapaMeTpamu. [lik
P3 BiamoBizae mMOYATKOBOMY CIUIECKY BUMIpIOBaHHMX
rapameTpis. AHani3 aMIUTITY THO-9aCTOTHO1
XapaKTePUCTUKH I €30KEPAMIYHOTO TEPEeTBOPIOBAYA,
HaBeneHoi y Tabm. 1, TmOKasye JOIUIBHICTH  ii
BUKOPUCTaHHS I BU3HAUCHHS IapaMeTpiB pPyIHOI
IyJIBIIH.

V tabn. 1 BukopucTano Taki nozHaueHHs: FP1,
FP2, FP3, AP1, AP2, AP3 — gacroTa i amIutityga

BIAIIOBIAHUX MiKiB aMILTITyTHO-4aCTOTHOI
XapaKTePUCTUKH T’ €30KePaMiqHOTO
MepeTBOPIOBaYa.

Sk cmimye 3 pe3yNbTaTiB  MOJICIIOBAHHS,
HaBeleHMX y Tabn. 1, [na  BHU3HAYEHHS
XapaKTepUCTUK  PYAHOI  MyJNbOM  JOLIJIBHO
BHKOPHUCTOBYBAaTH BUMIpPSIHI 3HAYCHHS aMILTITYIN
niky P1, a Takox wactoTu Ta aMIUTiTYau miky P2.
Ha puc. 5 HaBeneHO 3aeKHICTh aMILTITY IU EPIIOT
TapPMOHIKH BUMIPSHOTO CHTHATY BiJl KOHIICHTpAIii
TBepaoi ¢asu mynapnM  Ta  pe3yabTaTth il
ampokcuMalii i3 3acTOCYBaHHSM IIOJIIHOMIiaNbHOT
(@) Ta TBOYICHHOI €KCIIOHEHITiabHI Moei (6).

Tabmums 1

CnekTpajbHUIl aHATI3 aMITITYIHO-4aCTOTHOT
XapaKTepUCTUKH N’ €30KepaMiyHOro
nepeTBOpIOBayYa

Pl P2 P3
FP1, | API1, | FP2, | AP2, | FP3, | AP3,
j Bt b kg b kg b

Pp 23.6 | 68.3 - - -
0.99p, 23.6 | 543 | 23.7 | 25.7 | 0.01

[Tapamerpu
ITyJIBIH

-48.2

0.95p, 23.6 | 293 | 242 | 9.88 | 0.01 | -62.5
0.9pp 23.6 | 202 | 248 | 429 | 0.01 | -69.1
0.85p, 236 | 16.7 | 25.6 | -0.16 | 0.01 | -72.4
0.8pp 236 | 142 | 264 | -2.70 | 0.01 | -744

70

60

Awmrtityna, 1b
5

0.8 085 0.9 095 I
Pbx/ Pb

Puc. 5. Pe3ynpTatn anmpokcuMaIiii 3aJ1exKHOCTI
aMIUTiTY U mMiky P1 BumipsiHOTO CHTHAITY Bix
KOHIIEHTpAIlii TBEPAOi (a3u MyJIbITH i3 3aCTOCYBaHHSIM
MOJIIHOMIiaJIbHOT (@) Ta JBOYJICHHOT €KCITOHECHITIAbHI

Mozeri (6)
Ampokcumariisi, HaBeIeHOI Ha pHC. 5
3QJICKHOCTI  BHKOHAHAa i3 3aCTOCYBaHHSIM

iHcTpyMeHTapito curveFitter MATLAB® [18].
[MomiHoMiankHi MOJENi y BUKOPHCTAHOMY
IHCTpYMEHTApIi ISl KPUBHUX 3aJIAl0THCSI SIK

— yn+1 n+1-i

Y = Li=1 PiX ; )
Je n + 1 — mopsoK MONTiHOMAa, 1 — CTYIIHb
mominoma, a 1 <n<9.
VY pO3rIIsSIHyTOMY €KCIIEpUMEHTI 3aCTOCOBAHO
TIOJIIHOM TPETHOTO CTYIEHs (KyOiuHHA)
— 3 2
Y =D1X” + pax® + p3x + py. (18)
Koedimientn no Bupasy (18) ta 95% mosipui
IHTEepBaJIN HABEACHO y Ta0II. 2.
IacTpymenTapiit curveFitter Hamae TBOWICHHY
€KCIOHEHIIANbHY MOJEIb Y BUIIIAL
y = aeb* + ce?.

(19)
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Ta6murs 2

KoediuieaTu Ta 95% noBipui inTepBanu mis
MoJIiHOMiaIbHOT anpoKcuManii

Koedoimientun | Benuunna Hixns Bepxns
MeKa MeKa

122 9.9615 -1.7909 21.7138

Dy 19.4136 9.5170 29.3101

D3 11.5574 -3.7025 26.8172

Dy 20.0027 11.9579 28.0476

Koedimientn no Bupasy (19) ta 95% nosipui
IHTEepBaIM HABEICHO y TaOI. 3.
Tabmurst 3

KoedinieaTu Ta 95% nosipui inTepBanu mis
€KCIIOHEeHUIAJBHOI anpoKCcUMAaIil

Koedoimientu | Benuunna Hixns Bepxns
MeKa Mexa
a 20.3127 18.9884 21.6371
b 0.2518 0.1863 0.3173
c 1.7223 0.8885 2.5561
d 2.9870 2.5981 3.3759
SxicTh, TOOTO BIAMOBITHICT pPE3YNIHTATIB
anpoKCHUMAIIii, XapaKTepU3yIOTh TMOKa3HUKHA
HaBeJleHi y Taom. 4.
Tabmuns 4
IMoka3HMKH SIKOCTi anmpoKkcuManii
IToninomiansHa | ExcrioHeHuianbHa
TToka3znuk
MOJIETIb MOJIETIb
SSE 13.1582 0.0656
R-square 0.9947 1.0000
DFE 2.000 2.0000
Adj R-sq 0.9868 0.9999
RMSE 2.5650 0.1811

OTxe, ABOYJIEHHA EKCIIOHEHIlaJIbHA MOJEINb

JO3BOJISIE ~ OTPUMATH  SKICHY  alpOKCHUMAIII0
PE3yNIbTaTIB MOJICTIOBAHHS.
Takum YUHOM, MOJIETTIOBaHHS

T’ €30KEPaMiqHOTO TEePETBOPIOBAYA, 3aHYPCHOTO Y
pyIHY TIyJbIy, CBiIYHTh TIPO MOXIIUBICTh
3aCTOCYBaHHS 3alpOTIOHOBAHOTO MiAXOOY IO
ONEPaTHBHOTO  BHW3HAUCHHS  KOHICHTparii ii
TBepnoi ¢a3u Ta popmMyBaHHA iHPOpMaLiiHOT O6azn
KepyBaHHS  IPOIIECOM  TOHKOTO  BOJIOTOTO
TPOXOUCHHS PYIH.

BucHoBku. Mojens 11’ €30KepaMiqHOTO
MepeTBOpIOBaYa  MPEACTABICHO y  BUIIAIL
B3a€EMOTIOB’SI3aHUX EIIEKTPUIHOTO Ta MEXaHIYHOTO
JIOMEHIB. MexaHiuHuin IOMEH CHUMYJTIOE
'€30€IEKTPUYHUI MIEPETBOPIOBAY, L0 3aHYpPEHUH
y IOCHIDKyBaHE CEpEeJOBHINE, TOOTO IIyIbILY.
®di3uKo-MexaHIyHl  BJIACTUBOCTI cepenoBuUIIa

3MOJICJIEOBaHI 13 3aCTOCYBaHHSM THUIIOBHX OJIOKIiB

Mass, Translational Damper Tta Translational
Spring PO3IIMPEHHS Simscape TUTS
Simulink® MATLAB®.  JocmikeHO  BILUIUB
KOHIICHTpaIlii  TBepaoi  ¢a3u  MyJdblld  Ha
XapaKTepUCTUKU '€30€IEKTPUIHOTO
nepeTBOproBaya. B mpolieci MOIECNIOBAaHHS i3

3aCTOCYBAaHHSM JIJaHUX CIIEKTPAJIBHOTO aHANTi3y
BUMIPSHUX CHTHAJiB BHU3HAYECHO PE30HAHCHY
4acToTy [JOCHIDKYBaHOI cHCTEeMH sl 0a30BHX
OTOpHUX  XapakTEepUCTHK  cepepoBumia. Ha
BH3HAYCHIN pPE30HAHCHIM YacTOTI CHMYJIOBAINCH
3MIHH KOHIEHTpamii TBepAoi (a3um  MmyibIHu
BIJTHOCHO 0a30BoIl BEJIMYMHU. JloBeneHo
JIOTTUTHHICTh BUKOPHUCTAHHS 3aJICKHOCTI aMILTITYIH
MEpIIoi TapMOHIKM BHMIPSHOTO CHTHAIIY Bif
KOHILIEHTpalii TBepAoi (ha3u mybIH Ta pe3ybTaTiB
ii ampokcumamii i3 3acTOCyBaHHSM JIBOYJICHHOT
SKCTIOHCHIIIAJIbHI ~ MOJENI JJIsT  OINEPaTHBHOTO
BU3HAYEHHSI LIHOTO MapaMeTpy B MPOLEC BOJIOTOTo
TPOXOYECHHS PYIH.

HampssMom momansmmx JOCHIDKEHBb  CITIT
BB2)KATH BU3HAYEHHS BIUTUBY KPYITHOCTI YaCTHHOK

nopiOHeHo1 pynu, ix arperamin Ta
(hIOKYIOyTBOPECHB Ha CIIEKTPOMEXaHIuHI
XapaKTEPUCTHKU 1’ €30KePaMiTHOTO
nepeTBOpIOBaya, AaKTHBHA  MOBEPXHS  SKOTO

KOHTAaKTY€ 13 3aJ1130py THOIO MYJIBIIOH0.
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Morkun V.S., Morkun N.V., Porkuyan O.V.,
Hryshchenko Y.O. Determination of the influence of
ore pulp properties on the parameters of a
piezoceramic transducer

Well drilling is the most common and resource-
intensive technological operation in the extraction of
minerals. The economic efficiency of this operation
directly depends on the quality of automated process
control, which, in turn, is determined by the completeness
of its information support. The main factor affecting the
results of the drilling process is the correspondence of
the speed of well penetration and the resulting control
actions to the physical and mechanical characteristics of
the rock or its mineralogical varieties. A method is
proposed to improve the efficiency of the procedure for
determining the characteristic features of mineralogical
varieties of iron ore in the process of drilling wells based
on the simulation of the conversion of a probing
electromagnetic signal in the studied environment using
Simscape®  physical modeling blocks  for
Simulink®MATLAB®. The approach used is based on
the use of an electromagnetic transducer that generates
a probing pulse in iron-bearing rock with certain
electrical and magnetic properties. As a result, eddy
currents are formed in the studied medium, which create
an induced magnetic field, affecting parameters such as
the voltage on the measuring coil or its impedance. The

electromagnetic properties of the medium material affect
the distribution of these induced eddy currents, which
changes the parameters of the measuring coil compared
to the reference material. During the modeling process,
the parameters of the signal measured on the secondary
winding of the electromagnetic transducer were
determined when the characteristics of the studied
medium changed. At the same time, changes in the ratio
of minerals in the composition of iron ore varieties were
simulated. Analysis of the results obtained shows their
strong dependence on the magnetite content in the
studied medium. This complicates the recognition of iron
ore varieties that include other weakly magnetic minerals
with low electrical conductivity. To obtain satisfactory
results from this procedure, it is necessary to include
additional characteristic features of the physical
properties of the object being recognized, which
primarily include the parameters of the propagation of
ultrasonic waves formed during the formation of an
electromagnetic pulse in ferromagnetic rock.

Keywords: drilling, model, control, automation,
characteristics, electromagnetic converter.
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MIKPOKJIIMATOM

CotnikoBa T.I'., AnikeeB ML.A.

DIGITAL EXPERIMENTAL ENVIRONMENTAS A CONCEPT
FOR IMPROVING GREENHOUSE MICROCLIMATE CONTROL EFFICIENCY

Sotnikova T.H., Anikieiev M.A.

Y cmammi 3anpononosano xomyenyiio yudposozo
eKCnepuMeHmanbHo2o cepedosuwya (digital experimental
environment) 071 O00CHIOJCEHHS MA B80OCKOHANEHHS
cucmem  Kepy8aHHsA  MIKDOKNIMAMOM — Menauyb.
Heobxionicms maxo2o nioxody 3yMo8ieHa CKAaOHICmIO
CYUACHUX TMENIUYHUX 00 €KMIi8, 0N AKUX BANCTUBUM €
00HOYACHe 3abe3nevents acpomexHiuHo HeoOXIOHUX
napamempis cepedosuiya, SHUIICEHHS
EHeP2OCNONCUBAHNS, EeKOHOMIYHOT egekmusHocmi ma
eKONO2IYHOI NPUNIHAMHOCIME  MEXHOJO2IYUHUX — PIiUieHb.
3acmocysanns yugposoeo cepedosguwa oae  3moey
nposodumu bazamopazose GIONPAYIOBAHHS ACOPUNMIG
KepyeaHHs, — aHanizyeamu  OUHAMIKY  npoyecig I
OYIHIOBAMU HACAIOKU 3MIHU PEXCUMI8 Oe3 8MPYYanHs 6
pobomy peanviozo 001aA0HAHHSL.

3anpononosanuii nioxio noconye 3acobu imimayitnozo
MOOeNI08AHHA, SCADA/HMI-gizyanizayiro,
incmpymenmu 300py ti 00pOOAEHHS eKCNePUMEHMATbHUX
OaHUX, @ MAKOAHC ONMUMIZAYTUHT MemOoOU, OPIEHMOBAHT
Ha NOWYK PAYIOHATLHUX PeAHCUMI8 QYHKYIOHYBAHHS
cucmemu.  Poszenamymo  iepapxiuwy — cmpykmypy
KepysanHs, y AKiU  HUdCHIU  pigeHb  3abe3neuye
cmabinizayito OCHOGHUX NAPAMEmpié MIKPOKIIMAMY,

30KpemMa memnepamypu, 801020CHI Ma KOHYEHmMpayii

CO:, mooi sk 6epxHill pigeHb peanizye ONmMuMI3ayiio
Yinbosux QyHKYitl 3 YpaxyeamHam 306HIWHIX 30ypeHb,
NPOSHO308AHUX  3MIH — cepedosuwia ma  MeXHIYHUX
obmedicenv. Ak kpumepii onmumizayii po3ensidaomovcs
sumpamu eHepeii, 6apmMiCHI NOKA3HUKU, A MAKONC
YMOSU, WO ~ GMAUBAIOMb  HA  NPOOYKMUGHICHb
MEXHON02IYHO20 NPOYeCy.

YV meorcax oocniodicenns yuppose excnepumenmanvhe
cepedosuuje  GUKOPUCMAHO  OAs1  BIONPAYIOBAHHS
CYeHapiie  KepyBaHHs  MENJ06UM  KOHMYPOM i3
MENLI00OMIHHUKOM, Y AKOMY Odcepeiom Meniomu €
8mMopunHa  mexuonoeiuna  napa. ILle  0oszgonuno

npoaHanizyeamu pooomy Cucmemu 6 pi3HUX pedcumax,
oYiHumMU  CMIUKICMb  KOHMYPI@  pecylioeaHus ma
nepesipumu  OOYiNbHICMb  BUKOPUCTAHHSL BIMOPUHHUX
eHepeemUYHUX pecypcie y MeniudHoMy 20CnoO0apCme.
Iokazano, wo 3acmocysanus mako2o cepeoosuya
niosuwye GI0OMBOPIOBAHICMb eKCHEePUMEHMIB, 3MEHULYE
PUBUKU BNPOBAONCEHHSA HOBUX ANOPUMMIB V peanbHi
yMo8u  exkcnayamayii ma  cmeopre  OCHO8Y Ol
NOOANBLULOZO BUKOPUCTHANHS THMENEKMYAIbHUX MEMOOi8
ananizy U onmumizayii, 30Kkpema 3aco0ie Wmy4HO2O
inmenekmy, 'y cucmemax KepySaHHA — MenIudHUM
MIKDPOKAIMAMOM.

Knrouosi cnosa: menauys, mikpokiimam, yugpose
eKxcnepumMeHmanbHe cepedosuuye, SCADA,
eHepeoeheKmusHicme.

Beryn. Tennnune BUpOOHULTBO € OTHUM i3
HAMOIBII TEXHOJOTIYHO HACUYCHHX CETMCHTIB
Cy4acHOTO arpapHoro Ccektopy. Y KepyBaHHI
MIKpPOKJIIMAaTOM TEIUIMLI MOEAHYIOTHCS 010J70TivHI
mim (craGigpHUE picT 1 fAKiCTP MPOAYKLii) Ta
IKeHepHI oOMekeHHS (IHEpIiHHICTE CHUCTEMH,
3aJICXKHICTD BiJ MOTOIU, OOMEKEHHSI MOTY>KHOCTI,
BapTICTh eHepropecypcis). B ymoBax 3pocTaHHS
IIHA  eHeprii Ta TOCWICHHS BHUMOI IO
JexkapOoHizalii 0co0auBoi Baru HaOyBae mepexis
Bill <CKOPCTKOTO» MIATPHUMAaHHS YCTaBOK JI0
KepyBaHHS, OPI€HTOBAHOTO Ha ONITUMYM — TOOTO Ha
KOMIIPOMIC ~MDK TPOAYKTHBHICTIO  KYJIBTYPH,
BUTpPATaMU Ta €KOJIOTTYHUM CJIiJIOM.

OxpeMoro IpoOIIEMOIO € TPAKTUYHA MIEPEBipKa
KEepYyIOUHX anropuTMiB. PeampHa Terumis —
CKIamgHuit  O0’€KT 3  ICTOTHOIO  IHEpIII€Io,
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HETMOBHOTOI0 BHUMIPIOBaHbh 1 PHU3UKOM BTpaTH
BpOXKar0 B pasi MOMIIKH. TOMy CydacHi IiaXomu
JieIalTi 9acTille CIIUParoThes Ha ITUGPOBI IBIMHAKMY,
iMiTariiiHe MOJEIIOBAaHHS, ICTOPUYHI JaHi Ta
CIIEHApHE TECTyBaHHs. Y IIili pPoOOTI PO3BHUTOK
OTpUMYyE caMe TaKWil MmOxiJi — CTBOPCHHS
U(POBOTO EKCIIEPUMEHTAIBHOTO CEPEIOBUINA SIK
NPOMDKHOI JIaHKM MDK TEOpi€l0 KepyBaHHS Ta
MIPOMHUCIIOBUM BIPOBA/KEHHSIM.

Mera i 3amaui. Meroro € pPO3LMIMPEHHS
KOHIENIii  IM(PPOBOr0  EKCIEPUMEHTAIBHOTO
CepeloBHINA Ui  KEpPyBaHHS  TEIUIMYHUM
MIKPOKITIMATOM 3 aKIICHTOM Ha
eHeproe(eKTUBHICTh 1 €KOHOMIYHY JOIIIBHICTb.
JU1st MOCSATHEHHS METH PO3B’A3YIOTHCS 3a7adi;

1. dopmamizamis iepapxidHOi CTPYKTYPH
KepyBaHHsI MIKPOKJIIMAaTOM;
2. mobyaoBa  MaTeMaTHYHUX  MOJEIeH

TEIJIOBOTO KOHTYPY W 00’ €KTa KepyBaHHS;

3. imrerpamis moxeni 3 HMI/SCADA mus
BiITBOPEHHS PEKUMIB 1 300py HaHUX;

4. BU3HAYCHHS HAOOPY ONTHMI3alliitHUX
KpHTEPIiiB 3 BKJTFOUCHHSIM €KOHOMITHOI
KOMIIOHEHTH (BapTiCTh €HEprii) Ta EKOJIOTiYHOI
KOMITOHEHTH (edpexruBHe BUKOPUCTAHHS
BTOPHHHOI TEIJIOTH).

3aranpHy i€papXito 3alpOIIOHOBAHOTO MiJXOAY
10 KepyBaHHS TEIUIMYHUM KOMILJICKCOM HaBEICHO
Ha puc. 1.
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Puc. 1. KoHuenryanbHa iepapxist KepyBaHHS
TEIUIMYHAM KOMILJIEKCOM
(HrKHIH piBeHb — cTablizalis, BEpXHil — ONTHMI3aNis)

OcHoOBHA YacTHHA. BiamosinHo o
OTJISIIOBUX JIOCIHIIDKCHb 3 KEPYBaHHS TEILTUYHUM
MIKPOKIIIMATOM, HaWOIIBII TEPCHCKTUBHUM €
TTO€ THAHHS OaraTopiBHEBOI CTPYKTYPH KEpyBaHHS 3
METOAaMH MPOTHO3YBaHHS Ta onTuMizanii. HikHii
piBeHb peanizye KoHTypu crabimsarii (PID/PI,
JIOTIYHI PeryisITopHu, JokaiabHi MPC-KOHTYpPH),
TONI AK BEpXHIH piBeHb (OpMYye YCTaBKH Ta
OOMEKEHHS Ha OCHOBI NMPOTHO3Y MOTOIH, CTaHy
KyJIbTypH, JOCTYIIHOI €Heprii Ta EeKOHOMIYHHX
napamerpiB.  TakuM  4YHHOM  QOPMYETHCS

KepyBaHHSA, Ji¢ «IliHa eHeprii» abo «IOCTYIHICTh
BTOPHUHHOI TEIUIOTH» CTa€ TaKUM JK€ BXIJIHUM

(dakTopoM, SK 1 TemImeparypa 30BHIIIHBOIO
MOBITPsL.[5]

bazoBum €JIEMEHTOM 1 poBoro
EKCIIEPUMEHTAIILHOTO  CEpPE/IOBUINIA €  MOJENb

JUHAMIKA TeMIeparypd B 30HI pociuH (abo
KOHTPOJIOBaHIM 30HI Terummili). Y CHPOIICHOMY
BHTJISITI TETIOBUI bamanc OTINCYETHCS
JuQepeHLiHHIM PiBHSIHHSIM:

dr;
Ceff : i = Qi(t) — Quoss(t) + Quise(t)

e Cerr - e(exTuBHA TEIJIOEMHICTh
KOHTPOJIbOBaHOTO 00’ emy;Ti — TeMIieparypa B 30H1
kepyBanus;  Qi(t) —  migBemeHa — TemyoTa
(narpiB/oxonomkeHns); Qioss(t) — TEmIoBTpaTH
gepes OTOPOHKYBaIIbHI KOHCTPYKITii Ta
iHpimpTparito; Quis(t) — 30ypeHHs, 110 1MoB’sA3aHi 3
BEHTHIALICIO, COHSTYHOIO paziaitieto Ta
BHYTPIIIHIMH ~ TEIUIOBUAUICHHAMH. Y  MeEXax
cepenonuia napameTpu Cesr Ta CKITAIOBI Qloss, Quist
MOXYTh YTOYHIOBATUCS 32 €KCIICPUMEHTAJIbHUMU
JAHUMH, 10 POOUTH MOIETh aJaNTUBHOK Ta

MIPHUIATHOIO IS Pi3HUX TEIUINYHUX
KOHCTPYKLii1.[2]
Exosioriyanii 1 €KOHOMIYHHUNA KOHTEKCT:

BTOpHHHE TeInI0. IIpakTudHa IMiHHICT TH(POBOTO
CepeIoBUINA 3pOCTAE, KOJU MOJICIb BKIIOYAE
peanbHi Txepena eHeprii Ta oOMexeHHs. Y poOoTi
PO3BTIITHYTO BUKOPUCTAHHS BTOPUHHOL
TEXHOJIOTIYHOI TMapH SK JpKepella TEeTUIOTH s
HarpiBy MOBITpSl TEIUIMLI Yepe3 TEIIOOOMiHHUK.
Takuit miAXix € THIIOBUM TPUKIIAJI0M IPOMHCIOBOT
CHMOI103HOCTI: BIIXiTHE TEIIO IMANMPHEMCTBA CTAE
pecypcom arpoBUpOOHUIITBA, 3MEHIITYIOUU
CTIOKMBaHHS TCPBUHHOTO IMajliBa Ta TIOB’s3aHi
Bukuan.[10]

Y cy4acHHX yMOBax pO3BHTKY arpapHoro
BUPOOHWIITBA TEIUIMYHI TOCIIONApPCTBA  Jeaalli
YacTile pPO3TIIINAI0TECS HE JIMIE SK 1HKCHEPHI
CHIOPY/H JIJIsl 3aXHCTY POCIVH Bijl HECTIPUSTIMBUX
30BHIIIHIX (akTopiB, a SIK CKIagHl TEXHiKO-
010JIOTiIYHI CHCTEMH, Yy SKUX TOETHYIOThCS
TEIUIOTEXHIYHI, aBTOMAaTH3aIiiHI Ta iHpOpMariiHi
MIPOIIECH. 3abe3neucHHS CTaOLTHHOTO
MIKpPOKJIIMaTy B TEIUIMLI € HEOOXiIHOI0 YMOBOIO
OTPHMaHHsI IPOTHO30BAHOTO BPOXKAID BUCOKOI
SKOCTi, TIPOTE€ BOJHOYAC TMOTpeOye 3HAYHUX
EHEPreTHYHUX BUTPAT, OCHOBHA YacTKa SKHUX
npunanae Ha cucteMu omnaneHHs. Came ToMmy
MIIBUINECHHSA  €HEProe()eKTUBHOCTI  TEIUTMYHHUX
KOMIUICKCIB € OJHHM i3 KIIOUOBHX HAIpPsMiB
iXHBOTO TEXHOJOTTYHOTO PO3BUTKY. Y MeXax JaHol
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po0OTH  TEIUTUI  pO3TISAAETHCA  SK 00 €KT
aBTOMATH30BAaHOTO  KEpyBaHHS, y  SIKOMY
TeI103a0e3IeUeHHsT  Pealmi3yeThCsl Ha  OCHOBI

pekyneparii BTOPHUHHOI TEXHOJIOTiYHOI TEIUIOBOL
emeprii.  Takumit  miaxig  IPYHTYEThCA  HA
BUKODHCTAaHHI  TeIUla, [0 YTBOPIOETHCS B
MTPOMUCIIOBUX TEXHOJOTIYHUX MPOIecax i 3a3BU4ait
HE BUKOPHCTOBYEThCS a00 BTpayaeThCsi B
HABKOJIMIITHE CEpEeNOBHUINE. 3alydeHHs] BTOPHHHOT
TEXHOJIOTIYHOI Tapy JJO CHCTEMHU OIAJICHHS TETUTHII
JO3BOJISIE ~ ICTOTHO  3HHM3WTU  CIIOKUBaHHS
TIEPBUHHUX €Hepropecypcis, 3MEHIIUTH
eKCIUTyaTaIliiiHi BUTPATH Ta MiABUIIUTH 3arajbHy
e(EeKTHBHICTh EHEPreTUYHOT0 OanaHcy.

IIpuHIIMTIOBY CXE€MY BUKOPHUCTAHHS BTOPUHHOL
TEXHOJOTIYHOI Tmapu Ais  TeIUIONOCTAaYaHHS
TEIUTHII HABEJCHO Ha pHC. 2.

Harpite nositps

BropuHa TexHonoriyHa napa

| Korpercar ,

b= TleT e
- (;"( e

? e N/

Tennuua

lMosiTps Ha Bxoai =» Hacoc

Puc. 2. [IpuanMIIOBa CXeMa BUKOPUCTAHHS BTOPUHHOT
TEXHOJIOTIYHOI MapH AJIS TeIUIONOCTavYaHHS TeTUTHII

Knro4oBrM e€leMEHTOM Takol CHCTEMH €
KOXXYXOTPYOHMI TEIJIOOOMIHHUK, SIKHH BHKOHYE
(yHKIIO ~ TEIUIOTEXHIYHOT  PO3B’SI3KH  MiX
MPOMHKCIIOBUM JDKEPENIOM TeIUla Ta TETUTHYHUM

roCHoAapcTBOM. Y  TEIIOOOMIHHHMKY —TEIuioTa
BTOPHHHOI TEXHOJIOTIYHOI IMapu IepeaacTbCst
poboYOoMy  TEIUIOHOCII0, M0 MHPKYJIIE B

3aMKHEHOMY KOHTYpi CHCTEMHU ONaJICHHS TETUIMLII.
[Ipu mpOoMy yTBOpEHHMI y TIpOIleci TeIuronepenadi
KOHJIEHCAT BiJIBOOUTHCS Ta MOXKE OYTH ITOBEPHYTHI
Yy BHUPOOHMYMH LHWKJ, IO AOAATKOBO ITiJBHUILYE
pecypcHy e(QeKTHBHICTh cHCTeMH. Taka cxema
3abe3nedye Oe3MedHy iHTEeTpallito MPOMECIOBOTO
Ta arpapHoro O00’€KTiB, MIHIMI3YIOUH PHU3UKH
MPSIMOTO KOHTAKTY TEXHOJOTTYHHX CEPEIOBHIIL.

VY TemmnIHOMY KOMIUICKCI TEIIOBa €HEPTis,
OTpHMaHa B TEIUIOOOMIHHHKY, BUKOPHCTOBYETHCS
IUIl HarpiBy MOBITPS Ta MiATPUMaHHSA 3aJaHOTO
TEMIIEPaTypHOTO PEXHMY B 30HI POCTY POCIHH.
s IbOrO  3aCTOCOBYETBHCSI CHUCTEMa LUPKYJSIT
TEIUVIOHOCIA 3 ~ BUKOPHCTAaHHAM  HACOCHOTO
00J1aIHAHHS, & TAKOXK CJIEMEHTH MOBITPOPO3IOILITY

Ta BEHTWIILIi, AKi 3a0e3NedyroTh piBHOMIpHUHN
PO3MOiN TeIuIa 1Mo 00’ eMy TeIUIHii. BeHTUIsIIIHHI
CHUCTEMH BUKOHYIOTbH MTOJBIHHY QYHKIIIIO: 3 OJHOIO
00Ky, BOHH HiATPUMYIOTh TeMIIEpaTypHUH OajaHc,

a 3 iHmoro 3a0e3MeuyoTh  HEeOOXIiTHUH
MTOBITPOOOMIH, 3ano0irayu HaIMipHOMY
HAKOTIMYEHHIO BOJIOTH Ta MIPOAYKTIB

KUTTEAISTTBHOCTI POCIIHH.

Iarerpanis 3 SCADA/HMI Tta 1wmdposum
CTCHJIOM. Hudpose eKCIepUMEHTaIbHE
CEPEIOBHIIE PEaTi3y€eThCs K 3B’S3Ka «iMiTalliiiHa
MoJieb — cucteMa 300py aanux — HMI/SCADA-
iHTepderic — MOayab KepyBaHHS/ONTHMI3aLii.
Taka KOMIO3ULiS TO3BOJISE:

1. BiOTBOpIOBAaTH CIlCHApii KepyBaHHI ¥
MIPUCKOPEHOMY MacIITadl 9acy;

2. TmepeBipsITH KOPEKTHICTh CUTHAJIB Ta MEX
PETYIATOPIB;

3. HaKOMUYyBaTH JaHI IS [OJAJbIIOTO
aHaJi3y Ta igeHTu(iKarmii;

4. rotyBatH iHTepdeiicu omeparopa Imie A0
3aMmycKy Ha 00’ €KTi.

3 [pakTHYHOTO TIOTIIALY 1€  OCOOJIHUBO
BRXKIUBO JUI TEIUIMYHUX CHUCTEM, JI¢ «IliHA
NOMWJIKW» BHUMIPIOETHCSl HE JIMIIE EHEprieio, a i
BpokaeM.[7]

IIpuknan

Bi3yasi3arii 1 poBoOro

EKCMICPUMEHTAIILHOTO CEPEIOBHINA Y CEPEIOBHIIN
SCADA/HMI HaBeneHo Ha puc. 3.

n-—u——-u-—”.—-\\_— |

PROCESS OVERVIEW - Steam Heating System

Puc. 3. Bizyauizanis nudpoBoro eKcriepuMeHTaIbHOTO
Cepe/IOBUINA: MHEMOCXEMa TEIUIOBOTO KOHTYPY Ta
tpenau temmnepatyp (SCADA/HMI)

Ponp nanux ta moneneit kynpTypu. KepyBanus
MIKpOKJIIMATOM Ma€ CEHC JIMIIE Y 3B 53Ky 3

iJIbOBOI0  (YHKINEK KYJIbTYPH: BereTalliiHUn
PO3BHUTOK, ypOKaWHICTP Ta  fAKICT. Tomy
MEPCIICKTUBHI  MIIXOAH  IMOENHYHOTh  MOZCII

MIKpPOKIIIMATy 3 MOJCIISIMUA pocTy ((Di3i0a0TiYHUMHU
a00 JIaHHMHU-OPIEHTOBAaHMMH). Y IUPpPOBOMY
CEpelOBUIN[I II¢ O3HA4Ya€, IO JaHi CEHCOpIB
(tremnepatypa,  Bosorictb, CO:,  pagiamis,
napaMeTpH TOJIMBY 1 KUBJICHHS ) TIEPETBOPIOIOTHCS
Ha IHIUKATOPH CTaHy KyJIbTYpH, a Jali — Ha
ONTHMI3aIliiHI PIlIEHHS MO0 YCTaBOK.[1]
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VY3aranpHeHy cxeMy B3aeMmonii  (akTopi
MIKPOKIIIMATy 3 POCTOM Ta PO3BHTKOM POCIHH
IToAaHo Ha puc. 4.

KniMaTusHni bypesam Marogs y-oan
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Puc. 4. Y3arampHeHa cxeMa B3aeMoii GpakTopiB
MIKpOKJIIMaTy 3 POCTOM Ta PO3BUTKOM POCIUH

ExoHoMiuHO-onTUMI3aLiiiHUi ~ acmekr y
cepemoBumi. Ha BimMiHy Big  KIQCHIHOTO
peryIIOBaHHS, JIC METOIO € MiHIMI3aIis BIAXUICHHS
Bil YCTaBKHM, BEpXHIdH piBeHb y UIH(POBOMY
CEpEIOBHUII MOKE MIHIMI3yBaTH CyKYITHY (YHKITi 1O
BUTPAT, HATIPUKIIA]:

J=a-E+ -4y + vy R,

ne E — eneprocnoxuBanHs (a0o HOTO BapTiCTh 3a
tapuom), Ay — BIAXUICHHS KIIIOYOBUX MTOKa3HHUKIB
MIKPOKITIMATy BiJI ONTUMAILHUX IS KYJIBTYpH, R —
mTpad 3a TOpymIeHHS OOMEXKeHb (Teperpis,
KOHJIEHCallisl, KpUTUYHA BOJOTICTh TOLIO), & d., 3, Y
— BaroBl koedimieHTH. Y Takiii IOCTaHOBII
«CKOHOMIKa» BOYIOBYy€Thcs Oe3mocepeHho B
QITOPUTM KEpyBaHHS: 3a 3pocTaHHs Tapudy adbo
nediuuTy Temja CHCTeMa UIyKae palioHadbHi
KOMITPOMICH (3MiHa HIYHUX YCTaBOK, IIEPEPO3OILIT
Bentuinii/moaaui CO2, BUKOPHCTAHHS TEIJIOBOI
iHepii).[12]

OOGroBopeHHS 1 CITIBCTABIICHHS 3 JIITEPATyPOIO.
OrnsagoBi poOOTH 3 BHUKOPHUCTAHHSIM IITYYHOTO
1HTEJIEKTY Ta i€epapXiyHUX AITOPUTMIB y TEIUIHLSIX
MOKAa3ylTh TEHJACHII0 ng0 iHTerpamii MPC,
MIPOrHO3YBaHHS Ta HMU(DPOBHX IBIMHUKIB Yy €IUHY
cucreMy. BomHouac npakTuuHuii Oap’ep yacto
MOJISITa€ B JAOCTYMHOCTI OE3MEYHOTOo CeperoBHILA
TUTS TeCTyBaHHS " yHiikartii TAaHUX.
3anporoHoBaHe  IU(GPOBE  EKCIIEpUMEHTAIbHE
CEpEelIOBHIIE CcaMe€ I TNOKIMKAHE 3aKpUTH Lel
pO3puB: BOHO (GOpMYy€ CTPYKTYpy, I€ IHKECHEpHIi

Moxenmi, JgaHi Ta  iHTepdelick  omeparopa
Y3TO/UKYIOTECS B OJTHOMY KOHTYPI.
BucHoBkun. PosBuneHo KOHIIEIIIIO

1 (POBOTO EKCIIEPUMEHTATIBHOTO CEPEAOBHIIA JUTS
KEepyBaHHS  TEIUIMYHUM  MIKPOKJIIMAaTOM  SK
IHCTPYMEHTY TIEPEBIpKU aNTOPUTMIB 1 MiATOTOBKH
MIPOMHUCIIOBOTO  BHpoBammkeHHs. OOIpyHTOBaHO

iepapXiuyHy CTPYKTypy KEpyBaHHs, IO IOETHYE
crabimzarito  mapamMeTpiB Ta  ONTHMI3allilo
E€HEPreTHYHUX/€KOHOMIUYHUX KpuTepiiB. [TokazaHo,
IO IHTerpamiss MOJENi TEeIJIOBOrO KOHTYpY 3
SCADA/HMI  3abe3meuye  BiATBOPIOBaHICTh
CLICHApIiB Ta HAKONHWYEHHS JaHMX. B  poborti
MPOJACMOHCTPOBAHO JIONIIBHICTh BKJIIOYCHHS Y
MOJICHb JOKepe BTOPUHHOI TEIUIOTH
(TEeXHOJIOTIYHOI MapH) K EKOJIOTITHO i eKOHOMIYHO
3HAUYYMIOTO YWHHHWKA. [lomampini JOCIHIKEHHS
JIOITLHO CIIPSIMYBaTH Ha TOTIUOJICHHS MOZICIi
KyJAbTypH, IHTETpAIlil0 IMPOTHO3IB IIOTOAH Ta
3aCTOCYBaHHSI METOJIIB MAIIMHHOTO HABYAHHS JJIs
ajanTamii mapaMeTpiB 1 NPUHAHATTA pilleHb Y
peXUMI PeaTbHOTO Jacy.
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Sotnikova T.H. Anikieiev M.A. Digital
experimental environment as a concept for improving
greenhouse microclimate control efficiency

The article substantiates the concept of a digital
experimental environment as a tool for improving
greenhouse microclimate control under current energy,
economic, and environmental constraints. The study is
motivated by the need to test advanced control strategies
in a safe virtual space before their transfer to real
greenhouse facilities, where errors may lead not only to

excessive energy consumption but also to crop losses.
The proposed environment integrates simulation models,
SCADA/HMI visualization, data acquisition modules,
and hierarchical decision-making logic into a unified
research and engineering framework.

The lower control level is intended for stabilization
of key microclimate parameters, primarily temperature,
humidity, and CO: concentration, whereas the upper
level performs optimization of operating modes with
regard to weather disturbances, crop requirements,
technical limitations, and the cost of energy resources.
Special attention is paid to the possibility of combining
greenhouse  climate  models with  crop-oriented
indicators, which allows the transition from simple
setpoint  tracking to economically justified and
biologically meaningful control. In this interpretation,
the digital environment serves not only as a simulation
tool but also as a prototype of a future digital twin for
greenhouse production.

The paper also develops the practical idea of using
secondary technological steam as an alternative heat
source in greenhouse heating systems. The integration of
waste-heat recovery into the digital environment makes
it possible to assess the stability of thermal control loops,
compare operating scenarios, and estimate the potential
reduction in primary energy demand and environmental
burden. The obtained results show that such an
environment increases reproducibility of experiments,
supports data-driven optimization, and creates a
foundation for further implementation of model
predictive control, machine learning, and artificial
intelligence methods in greenhouse management. In
addition, the proposed approach improves the
preparation of operator interfaces, facilitates parameter
identification from experimental data, and reduces the
risks associated with direct full-scale trials in industrial
greenhouse conditions.

Keywords:  greenhouse microclimate,  digital
experimental environment, model predictive control,
energy efficiency, SCADA, digital twin.
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INOIMUPEHHA BOITHEI'ACHUX AEPO30JIIB B OB’€EMI

bananwok B.M., I'ipcbkuii O.1.

SPREAD OF FIRE-EXTINGUISHING AEROSOLS IN VOLUME

Balanyuk V.M., Hirskyi O.I.

YV cmammi Oocnidsxceno ocobausocmi  nouiupeHHs

Aepo30NbHUX ~ BO2HE2ACHUX  PEYOB8UH )y  3AMKHEHUX
NPUMIWYEHHAX 31  CKIAOHOI 00 €EMHO-NIAHYBATLHOIO
CMPYKmMYyporo. Pozenanymo 8NIU8 ceomempii

npuMinyensb, HAABHOCMI NepecopoooK, MebOis, 08epPHUX
npopizie i GeHMUIAYIUHUX KAHATI8 HA OOPMYSAHHS
KOHYyenmpayiinux  noaigé  Odiokcudy @yeleyio  ma
6oeHezacnux aeposonis. Ilpoananizogano 6iOMiHHOCHI
Mexauizmie nepeHocy 2azo-meepoodasnux aepo30abHUX
cucmem, 30Kpema pofib KOHEEKMUBHO20 NEPEeHoc),
mypOyIeHMHO20 — NepemMiuly8anus ma  Ou@y3iuHux
npoyecie 'y ¢opmysanni 301  epekmusHozo ma
HeepexmusHo2o nogcedxcozacinna. Iloxkasano, wo 0ns
aepo30NbHUX — A2EHMI6  GU3HAUANLHUM — HYUHHUKOM €
epasimayitine 0CAONCEHHA YACMUHOK, SKe 3YMOBIIOE
npocmoposy  HepiGHOMIpHICMb  KOHYeHmpayii  ma
obmedicye mpusanicmv  egekmuenoi  @asu  eaciumsl.
Oxpemy y8azy npudiieHo aHanizy eUmMoKie 802He2aCHUX
azeHmis uepe3 O6epHI NPOPI3U U GEHMUIAYIUHI ULAXIMU
ma ix 6nauBy Ha 3HUJICEHMsI epeKxmusHocmi cucmem

06’emno20  nodcedcoeacinus.  Bcmanosneno, o
epexmusHicmo 06 ’emHoco aepo301bHO20
NOJHCENCOCACTHHA SK npasuno BUSHAUAEMbCS

pisHOMIpHICMIO PO3NO0INY 602HE2ACHOI pPEevuOBUHU 6
npuminyenni, weuoKicmio O00CACHEeHHs PO3PAXYHKOBOT
KOHYenmpayii ma 30amuicmio aepo3o0 NPOHUKAMU Y
sasxckooocmynHi  30Hu. Ilpu yvomy Ha xapaxmep
NOWUPEeHHs aepo3onio ICIMOMHO GNAUBAIOMb PO3MIp |
dopma uacmuHox, NOYAMKOBA WGUOKICMb GUKUOY,
PO3MAUYy8anua Oxcepena nooayi, a maKo#C HAsA8HICb
nepewkoo i eHympiwHix nepeeopodok. Ilpu poszensoi
MexaMizmy  NOWUPEHHA B02He2ACHO20 aepo30il0 3d
mebaamu, OYI0 BUAGNEHO, WO MeONl ma MexHopo2iuHe
001A0HAHHA CMEOPIIOMb MAK 38AHY AEPOOUHAMIYHY
MiHb, ) MeHcax AKOi IHMEHCUBHICb KOHEEKMUBHO20
nepeHocy 3MeHWyemvcsa i SAK HACHOOK 802He2acHd
KOHYEHmpayis  3HUNCYEMbCA, WO NPUBOOUMsb 00
30inbents wacy eacinms. Ak Hacaiook, 3a mMacueHumu
MeOnAMU  MOXHCYMb  POPMYBAMUCA TOKANbHI 30HU 3

KOHYEHMpAayiero aepo3oio HUNACHOIO 3a B02HE2ACHY, U0
npu3eo0ums 00 3HUNCEHHS JNOKATbHOL epexmusrHocmi
NOJHCEHCO2ACIHHA.

O0TpYyHMOBAHO OOYITLHICMb 3ACMOCYBAHHS YUCETbHO20
MOOent08anHs ons NPOCHO3Y8AHHS nogedinKu
B02HE2ACHUX A2eHMI8 V PealbHUX YMOBAX eKCHIYamayii,
onmumizayii  posmiwenns — Odxcepenr  nooawi  ma
nioguwenHs e@eKmusHOCmi A8MOMAMUYHUX CUCTEM
24308020 Ul AEPO30JIbHO20 — NOJCEINCOACIHHA 8
NpUMIWEHHX 31 CKIAOHO0 KOHpieypayicro.

Knrouosi cnosa: 00’ emnue eacinms, 8oeHe2acHi aepo3oi,
OIOKCUO 8yeneyio, 3aMKHEHT NPUMILEHHSL.

Beryn. Peanphi mokexi XapaKTepU3YIOTHCS
CKIagHUM  IUIAHYBaHHSM  Ta  TEOMETPIE0
MPUMIICHb, HASBHICTIO TIEBHUX IEPETOPOIOK,
MeOITiB, TBEpHUX MPOPI3iB, BEHTHIAIIHHAX KaHATIB
Ta 1HIHUX 00’ €MHO-TUIaHYBaJIbHUX O0COOIHMBOCTEH

mpumimens.  Yepes 1me  eKclepeMeHTalbHi
JOCITIJDKEHHST 3aHaaTO JOpOTi, TPYIOMICTKI Ta
4yacTo 3  OOMEXEHHMMH 3  TOYKH 30Dy
BiZITBOPIOBAHOCTI.

Y 3B’M3ky 3 IIMM y CYYacHHX HayKOBHX
JMOCT/DKEHHSAX ~ yce  OUIbIIOr0  MOIIUPEHHS
HaOyBalOTh YHCENbHI METOAM  MOJCIIOBAHHS
MPOIIECIB  TOKEKOTACIHHA, sKi  JO3BOJIAIOTH

aHaJi3yBaTH TOBEMIHKY BOTHETACHUX aepo30JIiB y
3aMKHEHHX O00’€Max 3 ypaxyBaHHSM peaJbHOI
reoMeTpii MPUMIIIEHb Ta PI3HOMAHITHUX CIICHAPIiB
PO3BHUTKY TTOXKEXKI.

EdextuBHicTE  00’€MHOTO  aepO30JLHOTO
MOXKEKOTACIHHA K TMPaBWJIO  BU3HAYAETHCS
PIBHOMIpPHICTIO PO3MOiTy BOTHETaCHOI pEUOBHHH B
MPUMIIIICHHI, MIBUIKICTIO IOCATHEHHS
PO3pPaxyHKOBOI  KOHIICHTpamii Ta  3JaTHICTIO
aepo30JII0 MMPOHUKATH Y BAXKKOJOCTYIHI 30HU. [Ipn
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[IFOMY Ha XapakTep MOUINPEHHS aepO30JI0 iICTOTHO
BIUTMBAIOTH po3Mip 1 popMa YacTHHOK, MOYaTKOBA
MIBUJKICT BUKHIY, pO3TAaIlyBaHHS JpKepelna
nojadi, a TAKOXK HasIBHICTh MEPEIIKO/ 1 BHYTPILIHIX
neperopoiok [1].

Takum YUHOM, JTOCITIKEHHS
3aKOHOMIDHOCTEH  TOMIMPEHHS  BOTHETACHHUX
aepo3oJiiB B 00’€Mi TPHUMIMICHh € aKTyaJIbHOIO
HAYKOBO-TIPAaKTHYHOIO 3aJauelo, CIPsIMOBAaHOI0 Ha
i IBUIICHHS ¢EKTUBHOCTI aBTOMAaTHYHUX CHCTEM
00’€MHOTO Ta JIOKAJFHOTO IIOXKEXKOTACiHHS Ta
OOIpyHTYBaHHS 1X TPOEKTHUX MapaMeTpiB.
OTpumMaHi pe3yIbTaTH MOXYTh OYTH BHKOPHCTaHI
SIK IS BJOCKOHAJICHHS ICHYIOUYMX HOPMAaTHBHHUX
BHMOT, TakK 1 Ui ONTUMi3alii KOHCTPYKTHBHUX Ta
PEKUMHUX XapaKTEPUCTHK CHCTEM MOKEKOTACIHHS
3 ypaxyBaHHSIM peajlbHUX YMOB eKcIuTyaTami [2,3].

ITocTaHoBKa 3agayi. ITomupensst
BOTHETACHOTO aepO30JI0 Y TMPUMIIICHHI Pi3HOTO
NpPU3HAYCHHS € HeNpoCTHM 0araToQakTOpHUM
MPOIIECOM, SIKUH BH3HAYAETHCA JI€I0 JCKITBKOX
(i3UKO-XIMIYHIX MEXaHi3MiB, a came
MOJICKYJISIPHOIO nudysiero, KOHBETII€O,
TypOyJICHTHICTIO, TpPaBITAIlIHHUM OCIIaHHAM Ta
IHIIMMHU TIporiecaMu. byab-skuil 13 UX YUHHUKIB
BIUIMBAE€ HAa IIBUIKICTh TEPEHECEHHS YaCTHHOK,
XapakTep X po3moainy B 00’eMi MpUMIILIEHHS Ta
TPUBAJICTh 30epeKCHHS BOTHETACHO1
KOHIICHTpaAITi.

CyuacHi CHCTEMH MOXKEXOTaciHHS MIMPOKO
BHKOPHUCTOBYIOTH BOTHETACHI aepo30JIbHI 3aco0u
3aBOSKM  IXHI  34aTHOCTI  LIBHIKO TacUTH
nudysiiine MIOJTyM 4, CTBOPIOIOUHN raszo-
TBepaoda3Hy CyMill, sika IHriOye XiMidHI peakiii

TOPiHHA Ta YacTKOBO OXOJOMXKYE OCEpPElIOK
MOKEXI. Ipore e(EKTUBHICTh 3ac00iB
MOXEKOTAaCIHHA ~ 3aJ€KHUTh  Bil  PO3MOILLY

BOTHETAaCHOTO aepo30J0 B 00 €Mi MPUMIILICHHS, a
TakoXX  Big  TOro, HACKUIBKH  PIBHOMIPHO
JOCSTAEThCS MiHIMalnbHa eDeKTUBHA KOHIICHTPALisI
y BCIX 30HaX, BKIIOYHO 3 BaXKKOJOCTYITHUMH YU
30HAJIBHO OOMEXKEHMMU AulsHKamu. Lli muraHHS
CTal0Th 0COOJIMBO aKTYaJIbHUMHU B YMOBAaX CKJIaIHOT
reoMeTpii TPUMIIIEeHb, HAsSBHOCTI IEPEIIKOa Ta
TypOyJNEHTHHX TMOTOKIB, LIO0 BHHUKAIOTH [
BIUTMBOM CHCTEM BEHTWJIALII YU KOHCTPYKTHBHHX
€JIEMEHTIB.

Buxnanenus OCHOBHOI'0 Marepiainy.
[Toxexi B 3aMKHEHHX 00’ €MaX MOXYTh ¢(DEKTHBHO
TaCUTUCS  aepO30JIbHUMHU  pPCYOBHHAMH,  SKi
YTBOPIOIOTH TOHKOJUCIIEPCHY Ta30 - TBepaAoQasHy
CyMim 1 3a0e3redyroTh IHTIOyBaHHS peaKIIii
ropinHs B 00’emi mpuminieHHs [4]. 3 ornsay Ha
pi3HUI (Gi3MYHMEA CTaH 1 MeXaHi3M il 3a3HauYeHUX
areHTIiB, MPOLECH X TOMIMPEHHS B 3aMKHEHHX
MpocTopax MamTh TeBHI ocoOmmBocTti.  Jlimst

aepO30JIbHUX BOTHETaCHUX pEeYOBUH
BU3HAYAIBHUMH € Ta30AMHAMIuHI  TpolecH
(hopMyBaHHS KOHIICHTPALIHHUX IIOJIIB 1 BHTOKY
areHTy uYepe3 HeUIIBHOCTI, a TAKOX CYTTEBY POJb
BiZIrpaloTh TUCIIEPCHICTh YACTHHOK 1 MPOLECH iX
ocamkeHHsa [5]. Cepen aepo30JbHUX BOTHETACHUX
PEUOBHH 0COOJMBE Miclle 3aiiMal0Th MipOTEXHIUHI
aepo30JIbyTBOPIOBATBHI CIOJYKH, SKI TIPH TOPiHHI
YTBOPIOIOTH BOTHETaCHHUH aepo30Jib, SIKUH IMPOKO
3aCTOCOBYETHCS AJISl TACIHHS MOXEXK Y 3aMKHEHHX
npuMilieHHSIX. EQEeKTHUBHICTD HOTO BUKOPHUCTAHHS
3aJIeKUTh BiJl TEPMETHYHOCTI 00’€My, OCKUIBKH
HasBHICTh OTBOpIB, JABEPCH, BEHTHWIALMIMHUX MIAXT
Ta IHIMMX KaHaJiB BHUTOKY ICTOTHO BIUIMBaE Ha
JOCATHEHHS ~ Ta  YTPUMaHHS  BOTHETacHOi
KOHIICHTpAITii.

MogenioBaHHd ~ MOXEXiI  OpU  TaciHHI
aepo3oyieM y 3aMKHEHHUX IPOCTOpaxX IPYHTYETHCS
Ha TOE€JHAHHI Ta30MHAMIYHHMX, TEIUIOBUX Ta
XIMIYHHX MpoIeciB, fKi 3MIHIOIOTBCS y daci. B
MOMEHT YTBOPEHHS aepo30Jib BOJIOJIE BHCOKOIO
TEMIIEPaTypol0 Ta CIUIMBA€ B BEPXHIO YAaCTHHY
00’emy. Ilpm aepo30JBPHOMY  ITOYKEKOTACIHHI
KIIIOYOBY pONb BiJirpae AHCIEPCHUN  CKIIaf
YaCTMHOK, a TaKOXX BH3HAYaJIbHUM € YaCOBUU
xXapakTep crabimizamii KOHIEHTpaIii aepo30Ji0 B
MOMEHT HOro yTBOpPEHHs KOJIM BiH IpH
OXOJIOJDKCHHI 3alloBHIOE 00’eM Ta 3a0e3meuye
MEPEPO3IOIIT Ta30BUX CyMIlied y TPHUMIIICHHI
[6,7].

B mouatkoBuit mepioa: po3BUTOK TOMKEXKI IO
3allyCKy CHUCTEMH TOXKEKOTACIHHA MOZETIOETHCS
BUIBHUH  PO3BUTOK  MOXKEXi  0e3  BIUIUBY
BOTHETAaCHOTO  aepo3oito. Y  ImeW  mepiof
BU3HAYAJIILHUMU €. TWIBHJKICTh TEIUIOBHUIIICHHS,
YTBOPEHHSI KOHBEKTHBHHX ITOTOKIB, (pOpMYyBaHHS

TEMIIepaTypHOi  cTpartudikamii,  CHOXHBaHHS
KHCHIO B 30Hi TOPiHHS. Y YHCENbHUX MOJAEISIX, ek
eram  3aJa€  TOYAaTKOBI  YMOBH:  PO3MIpH

TEMIIEPAaTypHUX TOJIiB, KOHIICHTPAII0 KHCHIO,
HampsMKH TOTOKiB. Came Ii mapameTpu iCTOTHO
BIUIMBAIOTh Ha TMOJANBITy S()EKTHBHICTh TaCiHHS
aepo30JI0,  OCKUIBKM  BHCOKI  TeMIepaTypH
CTBOPIOIOTH  TOTYXKHI ~ KOHBEKTHBHI  BHUCXITHI
MOTOKH, SIKi MOXKYTb IEPEIIKOIKATH PIBHOMIPHOMY
3alIOBHCHHIO TPHUMIIICHHS aepo3oieMm.  Ilicis
BUBUIHPHCHHS a€pPO30JII0 1€ YTBOPEHHS CTIHKOL
aepo30JbHOI CTPYKTypu siKa  (OPMYETbCA B
BH3HAYCHOMY 00’€Mi Ta 3aJIMIIAETHCS CTA01IHHOIO
1o 20-35 xBunuH. [Ipotarom nporo yacy B 00’emi
3aITUIIAE€THCS BOTHETacHa KOHIICHTpAIlis,
mapaMeTpu KOTpPOi HEe3HAa4YHO 3MIHIOIOTHCS B
3a3HaYCHOMY POMDXKKY 4acy.

B MoMeHT raciHHS KOJIM aepo30iib HaATo
IIBUIKO  3aIlOBHIOE 3aXWITyBaHUH  00’eM
BiIOYBAEThCS CTBOPEHHS HAIJIUIIKOBOTO THCKY.
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Came y 1ieii MOMEHT BiJOYBAIOThCS: IHTCHCHUBHE
TypOyJICHTHE TIEpEeMIITyBaHHSI; Ta  MOJKIIHBE
JIOKagbHE  pi3Ke  3HIKCHHA  KOHIIGHTparlil
aepo30JIt0, MOr0 YacTKOBE OXOJOJpKeHHs, Lle x
caMe sBUIle MOXe BHHHKATH Tpu TaciHHi CO;
gepe3 Horo po3mupeHHs [§].

MopaentoBaHHS MOKazye [5-8], 10
e()eKTUBHICTh TaCiHHs HA Il CTalii BU3HAYAETHCS
HE JIUIIIE KUTBKICTIO aep030JTI0, a i MIBUIKICTIO HOTO
momadi. 3aHaATO MOBUIbHA  IHDKEKIIS MOXKE
MPU3BOJIUTH JI0 BUTOKY acpo30JII0 Yepe3 Mpopisu i
BEHTHJISIIMHI KaHAJIH, TO1 SIK HAaJITO IHTCHCUBHA —
JI0 HEePIBHOMIPHOTO PO3MOILTY KOHIICHTpAIlii Ta
30HAJILHOTO JIe(ilIUTy BOTHETaCHOT peuoBHUHH [9].

ITicis 3aBepIieHHS aKTUBHOI ITOadi a€PO30JTI0
cucreMa mepexoguth |y  (dazy  yTpuMaHHS
BOTHETAaCHOi ~KOHHeHTpawii. Y wmeil mepioxg
KIJIFOUOBHM € 3a0€3ICUYCHHS YMOB, 3a SKUX 00’ €MHa
KOHIICHTpAITiS 3aIHIIAETHECA CTAOUTEHOIO Y BCHOMY
00’eMi Ta He BiAOyBaeThCA MOBTOPHE 3aiiMaHHS. 3
mo3utlii e(PEeKTHBHOCTI TaciHHA 16 HaWOLIbII
YyTIIUBHA €Tall, OCKUIHKH HaBiTh HE3HAYHI BTPATH
aepo30JII0 Yepe3 ABSPHI MPopi3u a00 BEHTHIIALINHI
IIaXTH MOXYTh TPU3BECTH IO JIOKAJIHHOTO
BifHOBJIEHHS ropiHA. CaMe TyT HalOUIBII
MIPOSIBIISIETHCS BIUIMB T€PMETUYHOCT] MPUMIIIICHHS
Ta KOH(]irypamiii cmomydenux o6’emis [10]. B
3aBepIIALHUN TIepioj BiIOYBAEThCS JAera3allis Ta
TporiecH micist mokexi. OcTaHHii 9acOBHM Tepio
TIOB’ SI3aHUIA i3 MTOCTYTIOBUM 3HIDKCHHIM
KOHIICHTpAIIi1 aep030JI0 BHACIIIOK HOTO OCiTaHHS
— CeIMMEHTAIIIl Ta BTPATH HOT0 YaCTHHH BHACIITOK
MPUPOTHOTO ab0 MPUMYCOBOTO IMOBITPOOOMIHY. 3
MOTJISI/TY TTOXKEXKHOI OE3MEKH el eTall He BIUIMBAE
Ha caM (haKT raciHHs, OJHAK € KPUTUIHHUM 3 TOYKH
30py Oeslekrd TMepcoHaly, dYacy IOIMyCTHMOTO
nepeOyBaHHS JIIOJCH Ta MOBTOPHOTO JOCTYITY IO

MPUMIIICHHS.

BoraeracHuii  aepo3osib Yy  3aMKHEHOMY
MPUMIILIEHHI  fABJsSE CO00H0 Tra3o-TBepaodazHy
CUCTEMYy, TMOIIMPCHHS  SKOi  BU3HAYAETHCS
MO€THAHHIM KOHBEKTHBHOTO MepeHocy,

TypOyneHTHoi nudy3ii Ta OCaIKEHHA TBEPIUX
YaCTHHOK TIiJi Jli€efo rpaBitarii. Ha BiaMiHy Bif
ra30BUX areHTiB, KOHLEHTpaLiliHe MoJe aepo30JII0
€ TIPOCTOPOBO HEOJHOPIIHUM, IO MPU3BOJIUTH JIO
dbopMyBaHHS  30H  3HIKEHOI  €PEKTHBHOCTI
noxkexxoracigug. Kirrouosa BigMminHicTh Big CO: 1ie
Te, 10 aepo30Jib HE MOBOJMTHCS SIK 11ealbHUI ra3,
TOMY 3a TEPEropoAKaMH Ta MEOJISIMH MOXIIHBI
«TiHpoBi 30HW” [11] [licas akTuBarii aepo30ibHOT
CHUCTEMH Yy TpHUMILIeHHI (OpMYETbCS XMapa 3
MIKPOJUCIIEPCHUX YaCTHHOK, SKI 3BOKEHI Yy
MOBITPSHOMY CepEeIOBHILL. [Mommpenns
AepO30JILHUX YaCTUHOK Y MPOCTOPI BU3HAYAETHCS

B3a€MOJII€I0  KUTBKOX  (hi3MYHUX  MPOIIECIB:
TypOYJCHTHOTO TepeMilllyBaHHs, Au(y31HHOrO
MEepPeHoCy, I1HEPMIMHMX CHJI Ta TPaBiTAIiitHOTO
ocajukeHHs. YacTuHKY po3Mipamu Bif 1 g0 10 MM
MaioTh JOCTaTHIO PYyXJHBICTh UIS 3alIOBHEHHS
00CITy TpHUMIMICHHS, aje OIHOYACHO 3HAYHOIO
MIpOI0 TIAJAIOTBCS OCIIaHHIO 3 4YacoM, IO
NPU3BOIUTH IO  3HIDKCHHS  KOHIICHTpaIlii
BOTHETACHOTO areHra y moBitpi. [licis posmoainy y
MOBITPSIHOMY CEpPEIOBHII aepO30JIbHI YaCTHHKU 3
YacoM OCIJIalOTh MiJ JI€F0 TPaBiTAliMHUX CHJ, IO
MPU3BOIUTH IO 3HIKCHHS iXHBOI KOHIICHTpAIli y
noBiTpi. Lle Bimpi3Hsae aepo30i Bi ra3iB, OCKUTEKH
3MCHIIICHHSI KOHIICHTpAIlli BIUTUBAE HA TPUBANICTH
edexTuBHOT hazu raciHHs. BigmiaHot0
OCOOJIMBICTIO a€pO30IIiB € Te, MO IX TOUTUPECHHS
yepe3 JBEPHI MPOPi3u BiI0OYBAETHCS 1HIIIMM YHHOM,
HK JJIS TA30BHX areHTiB. 3a paxyHOK OLIbII0T MacH
YAaCTHHOK Ta IHEPUINHUX e(EeKTIB BOHH MarOTh
MEHIIY 3JaTHICTh JO BUTOKY 4Ye€pe3 BiAKPHUTI ABepi
MIOPIBHSHO 3 JISTKMMU ra3zamu. YacThHA 4acTHHOK
MO’KE OCIJIaTH Ha KpOMKaX IPopi3iB ado y X Mexkax,
10 3MCHIITYE MACOBHH TOTIK PEUYOBHUHHU Y CyMDKHI
npumimeHss [12].

3 MeTol BUSBICHHS OCOOJNIMBOCTEW Ta
nmapamMeTpiB TOMUPEeHHS 00’eMHOi BOTHEracHOi
pEUYOBMHU, 30KpeMa aepo3oiiio  HaMH  OyJo
MPOBEIECHO EKCIIEPUMEHT 3 BHSIBIICHHS
0oCOONMMBOCTE Ta  mapaMeTpiB  TOMIUPCHHS
BOTHETACHOT'O aepO30JIi0 B 00’ €Mi 3a MEPEropoIKu
3 pi3HoIO TwIomero. s uporo 0yino BUKOPHCTaHO
kamepy posMipamu 2*0,5%0,5. B kamepi Oyio
pO3TaIIoOBaHO TMEepPeropoaku po3mipom 0,5M*0,2M,
0,5m*0,3Mm, ta 0,5M*0,4M. 3rigHO Ii€i METOOUKH
Oy7n0  TpPOBEACHO  BU3HAYCHHS  3a3HAYCHUX
mapamMeTpiB B HACTYITHOMY TOpsaky. CrodaTky B
KaMepy HoMilany 1-i TUrenb 3 H-TenTaHoM, SIKUH
MiIaTIOBaIM, BCTAHOBUBIIHM IOCEPE] Kamepu
BIJIITOBITHI TTEPETOPOJIKH, MOTIM 2-i THUTEIb, SKUI
TeX MiIMATIOBATN 1 MICIS YOTO BCTaHOBIIOBAIN
3apsij] aePO30JICy TBOPIOBAIEHOT CIIOMYKH, SIKY TICIIS
30 cexyH 1 TOPiHHS THTJIIB TEX MianamoBanu. [Tics
Toro (hikcyBaM yac raciHHs TUTIIB. JlaHi 3aHOCHITN
B TaOUIII.

Jani HaBemeHi B Tabnwii OTpUMaHi 3
PO3KAaIPOBKH BiJIEO3AIUCIB EKCIIEPUMEHTY, IaHi
KOTPHX YaCTKOBO MOKAa3aHO HA po3KaJpoBKax Puc.
Ha pucynky mnokazaHO po3KaJpOBKH JOCIIKCHHS
MIPH TaCiHHI THTJIIB 3 pO3TaITyBaHHIM IIEPETOPOIKH
mocepenuHi. Puc. (moz 1.1., 1.2) Ta 3
po3TalryBaHHIM TPhOX MEPETOPOIOK 3 OiIBIIOT J0
MeEHIIO1 B KiHIl kamepu Puc., mosumis 2.1.-2.3.
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Tabmurs
Pe3ysibTaT excriepMMeHTY 3 BU3HAYCHHS ¢(DEKTHBHOCTI raciHHs H-TeNTaHy 32 NepPeropoaKamMu
No Micue BctaHOBNIeHHS Ta po3Mip | Yac raciHHs THTIIB Tpimitia
[IepEerOpPOAKU c.
1 Iocepenuni, 6iyts cTinku. 0,2*0,5m ltur -14 BinOynock iHTCHCHBHE TEpEMIIlyBaHHS pO3
2tur- 12 NPUALTICHHS aepo30JIbHOI XMapu B BEpXHIH
yactuHi. Puc.1 (mo3.1.1.,-1.2)
2 IMocepenuni, 6ins ctinku. 0,3*0,5m 1 tur—11 CrocTepirajioch IHTEHCHBHE NEpEeMIlIyBaHHS
2 tur - 15 PO3 NPUAUIEHHS PO3 NPUAIICHHS aepo30JII0
HABITh MICJISI TACIHHSL.
3 TTocepemuni, 6inst ctinku. 0,4*%0,5m 1 tur—7 CriocTepiranoch MEHIIT IHTEHCHBHE
2 Tur - 17 MepeMilTyBaHHs PO3NPHUALIICHHS aepO30JIIO.
4 TlocmimoBHO ~ po3TamioBaHi  Bix 1 Tur — 18 Crioctepirasioch iHTEHCHBHE IEpEeMilTyBaHHS
BEJTUKOI 10 MaJIOT MePeTOPOIKH 2 tur — 22 aepo30JII0 Yepe3 BEPXHIO YACTHHY MPUMILICHHS
3 tur — 25 HaBITh MICJII TACIHHSL.

Puc. Po3kaapoBKu IOCTIKEHHS TaciHHS TUTIIIB IIPH PO3TAIIyBaHHI IEPETOPOIOK BCEPEANHI KaMepH

Ha pucynky moka3aHo mo3wilii po3TainryBaHHs
rieperopoiok. Ha mosumii 1.1., cTpikoro BKa3aHO
MiCIle PO3TalllyBaHHS MEPETOPOJIKA PO3MipaMu
0,2m., Ha 0,5 M. Bupazamu 1T ta 2T mosznaueHo
MICIIsSI pO3TanTyBaHHS TUTIIIB B Kamepi. Ha moswmiii
2.1-2.3 BKa3aHO MicIie pO3TaITyBaHHS
neperopotok — A posmipom 0,5 ma 0,2m, B -
po3mipom 0,5 ra 0,3M., Ta C pozmipom 0,5 Ha 0,4M.

TakuM YHMHOM, BHXOOIYM 3 peE3yJbTaTiB
MPOBEJICHOTO  CKCIEPUMEHTY  BHSBIIEHO, i3
301IBLICHHSIM PO3MIpIB IUIOLI TEPETOPOAKH Yac
raciHHS y BCIX JOCHigaxX IepIIoro TUTIS OyB
HaWMEHIIINM, a IPYToro — OUTBIINUM, IPU EOMY 115
BEITMYMHA 3aJIe)Kajia BiJ] TUTOIIIi CaMOi IIEPETOPOIKH.
VY BCiX AOCHigax raciHHS TUTIISI BiIOYBaJIOCH, KOJIH
aepo3ojib TPOHWUKAB B CYCITHE BIATIJICHHSI Ta
CTBOPIOBAB TaM BOTHETacHY KOHIICHTpamio. [lpu
IbOMY IIUTKOM JIOT1YHO OYyJI0 OTPUMAHO pe3yibTaT
KOJIM HaWanbllla Ta HAHOUIBIIA TEeperopoka
HaHOUIBIE CTPUMYyBaJIa TIOMIMPEHHS aepO30JII0, a
Yac raciHHs npu oMy 3poctas — Tabn. IT3 Ta I1.
5. 3 HUX BHHO, IO Yac TaCiHHA MTPH BUKOPHUCTAHHI
MEPETOPOJIKM 3 HAWOUIBIIOK IUIOMICID 3pPOCTaB
BimmoBimHO g0 17 Ta 55 cekyna. 3araiom

criocTepiranach siBUINE 30UTBIICHHS Yacy TaciHHSA,
KOJIM OCTaHHS TIeperopojika Maja HalOUIbITy
IDIONTY — MAKCUMAJIBHUHN Yac TaciHHS — 55 CeKyHI.
I xonmu meperopoaKu po3TAIIOBaHI B 3BOPOTHHOMY
TOPSIIKY TOOTO  CHOYaTKy MeperopoJika
MaKCUMAJIBHOI IUTONII TIOTIM IO Mipi 3MEHIICHHS
IUTOIIi, TO BIAMOBIAHO Yac TacCiHHS CTaHOBUB 25
CceKyHn. TakuMm dYHWHOM, MOXXHA 3pPOOHUTH JesKi
3aKIIOYECHHS II0JI0 TONIMPEHHS BOTHETACHOTO
aepo3oyito, a  came, TMpH  TOCHIJIOBHOMY
po3TalryBaHHI HEperopojoK Bin Oimpmoi 1o
MEHIIO1, Yac TaciHHsI 3HAYHO 3piC TSI BCIX THUTIIIB
0 55 cekyHA Npu TpPHOX Meperopojakax Ta 17
CEeKYHJl TPH OJHINA TEperopojll, 10 BKa3ye Ha
YTPYJIHEHE MOIMUPEHHSI aePO30ITI0.

om0  cmocoOy  MOMMPEHHS  TMOTOKIB
aepo30JI0 TO  IHTEHCHBHE  IE€pPEeMillyBaHHS
aepo30JIbHOT XMapH CIIOCTEPIraioch y BUMAJKaX 3
MEHIIIOI0 TTEPErOPOIKOI0 IO, Ta IMICIIs TaCiHHS MPH
HaWOUIBIIN  Teperopoi. BigmosigHo 13
301IBLICHHSAM IUIOIII TMEPErOpOAKH, aepo30ib
e()eKTUBHIIIIE TaCUTh MEPIIUN TUTEIb, aje TipIle
racUTh HACTYITHHUH, TIPU I[bOMY Maja MeperopojKa
3a0e3neuye  OUIbII  PIBHOMIpDHHM  pO3MOALT
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aepo30I0 MK JBOMa ocepeakamu. Benmka
meperopojika crBoproe edekT JokKamizamii, B
pe3yabTaTi KOHIICHTPAITiS aePO30JTF0 KOPOTKOYIACHO
MiBUIIYETbCS 3HAYHO BHUIE 32 BOTHETACHY
KOHIICHTpAIi0  BIAMOBIMHO TMEPITHH  THTEIh
TaCUThCSA IMBUAKO, APYTHA — TI3HINIE, IIiCIA
JIOCSATHEHHSI BOTHETAaCHOT KOHIICHTPAIIii.

OTxe, JMOCTIDKYIOYA  PO3MOBCHOIKCHHS
BOTHETAaCHOTO aepo30Ji0, OyJl0 BHABIEHO IO
HasBHICThH MEPETOPOIOK MPHU3BOIUTH JO 3HAYHOTO
BUTOKY acpo30ii0 Ta BUHECCHHSI TBEPIMX
YaCTUHOK y CYMDKHI TpuMimeHHs. [IpoBenenuit
eKCIIEpIMEHT T0Ka3aB, [0 dYepe3 OTBOpH
MepPEBaKHO MiIHOM TMOBITPSIHUX TOTOKIB Y
BEHTWIIALIMHUX IIAaXTaX MOXE TaKOXK CIPUATH
MIEPEHOCY aepo30JIf0 Ha IHMI piBHI OymiBmi,
CTBOPIOIOYH NOTEHLIHHI HEOE3MEKH Ta MOPYLTYIOUH
YMOBH JIOKQJIEHOTO TOXeKoracinHsi. HopmatusHi
mokymeHTH EN 15004-8 ta ACTY EN 15276-
1:2021 (EN 15276-1:2019, IDT [7T
PEKOMEHIYIOTh BpaxoBYBaTH BILINB
BEHTWIAIIMHAX CHCTEM IIiI 9ac MPOEKTYBAHHS Ta
BHIPOOYBaHb aepo3oibHuX cucteM [13]. Takox
OyJlo BH3HAYEHO, LIO MEPETrOPOAKH 3MiHIOIOThH
CTPYKTYpy TIOTOKY, BUKJIHMKAIOYHA TIOSBY 30H
peLMPKYISINi  Ta  3acTiHMX  oOmacte  3a
mepemkoaamMu. Y IMX 30HAaX  KOHIEHTpAIlis
ACpO30JILHUX YaCTHHOK MOXKE 3MCHINYBATHCS Y
1,5-3 pa3u MopiBHSHO 3 BIAKPUTHM IIPOCTOPOM, IO
HEraTWBHO BIUIMBA€ HAa JIOCSTHEHHS MiHIMAaJIbHOT
edexTuBHOI KOHIEHTpamii racinHs [14]. Taxum
YUHOM, PO3TJISIIAIOYM TMOIIUPEHHS BOTHETACHOTO
aepo3oJTio 3a MeOIsIMH, OyJI0 BHUSBJICHO, 110 MeOTi
Ta TEXHOJOTIYHE OOJIaJJHAHHS CTBOPIOIOTh Tak
3BaHy acpoAMHaMIYHy TiHb, Yy MeXax SKOl
IHTEHCHBHICTD KOHBEKTHBHOTO epeHocy
3MEHIIYEThCS 1 SK  HACHiJJOK  BOTHEracHa
KOHIICHTpAIlisl 3HWXKYEThCS IO TNPUBOAUTEH JO
30LJIBbIIEHHST 4Yacy TaciHHSA. Sk Hacmimok, 3a
MacHBHUMH MEOISIMH MOXYTh (HOpPMYBaTHCS
JIOKaJbHI 30HM 3 KOHIEHTPAILI€I0 aepo30Jio
HI)KYOI0 3a BOTHETacHy, IO MPHU3BOAUTH 0
3HIDKCHHS JTOKaIBHOL () eKTUBHOCTI
MO>KEeKOTaciHus [5].

BucHoBku. VY pesynbTari  [poBenEHOTO
aHaJli3y, JMJOCHIHKEHO OCOOJIMBOCTI IOIIMPEHHS
BOTHETaCHUX aepo30IiB y 3aMKHEHHX
OPUMIMIEHHSX 31  CKIagHOI0  TE€OMETIElO.
[Mokazano, 10 eQEKTUBHICTh aepO30JHHOTO
MOKEKOTACIHHS, ICTOTHO 3aJIC)KHUTH BiJI
TepPMETUYHOCTI 00’ €My Ta 31aTHOCTI HiATPUMYBaTH
HEOOXiZHy BOTHETacCHY KOHLEHTPALilo, IPU LOMY

cam nporec HOIINPEHHS aepo30JI0
XapaKTepU3yIOThCS ra3oTBepAopazHuM
MEXaHi3MOM  TOMIMPEHHS 3  TpaBiTalliiiHUM

OCaJKCHHSIM YaCTUHOK i MIPOCTOPOBOIO
HEPIBHOMIPHICTIO KOHIICHTpAITI .
ExcnepuMeHTallbHO BCTaHOBIJICHO, IO HAsIBHICTH
NEePEropoIoK, MeOIIB 1 ABEpPHUX MPOPI3iB CYTTEBO
BIUIMBA€E HA PO3MOJIiJI BOTHETACHOTO aepo30Ji0 Ta
TPUBATICTh HOTO €PEKTUBHOI [ii, IO MiATBEPIKYE
HEOOXI1THICTh 3aCTOCYBaHHS YUCEIBHOTO
MOJICTFOBAHHS ~ TpU  MPOEKTYBaHHI  CHCTEM
00’€MHOTO TIOXKEKOTACIHHS B pPEATbHUX YMOBax
eKCILTyaTallii.

Jitepartypa

1.  Chow, W. K. JlochikeHHSI TIOXKESXK y 3aKPUTHX
kamepax. JKypran nosxcexcrux nayx. 1995. T. 13, Ne
2. C. 89-103. DOI: 10.1177/073490419501300201

2. JACTY EN 15276-1:2021. CrauioHapHi cuctemMu
TOXKEKOTACIHHSIL. Cucremu aepo30JIbHOTO
noxexoracinas. YactmHa 1. Bumorm o
KOMIIOHEHTIB 1 MeTtomu ix BunpoOyBanHs (EN
15276-1:2019, IDT). Kuis: Il «YxpHIHI»,
2021. URL: https://online.budstandart.com/ua/
catalog/doc-page.htmlid_doc=95761

3. Zhou, J.,, Chan, N. K. YucensHe A0CHIIKEHHS
posnominny  koHmenrtparii  CO:. B KBaprtupi.
Buympiwne ma anmponozenne cepedosuwye. 2010.
T. 20, Ne I. C. 91-100. DOI:
10.1177/1420326X10390670

4. McGrattan, K., Bilson, M. MojenoBaHHs
MO3/I0BXHBOT BEHTWIISILIT B TYHEJIAX 32 JTOTIOMOTOX0

CUMYISITOpa  TMOXEXKHOI  JUHAMIKU.  JKypHan
nooicexcroi 6esnexu. 2023. T. 141. Crarra 103982.
ISSN 0379-7112. DOI:

https://doi.org/10.1016/j.firesaf.2023.103982

5. Su, Z., Li, Y., Luo, R., Zhong, H., Li, J., Geng, Z.,
Guo, Z. MexaHi3M po3iuBy HuIeH(}iB i3 KiTbKOX
OTBOPIB Ha PO3MOALT TEMIEPATYypH CTENi TMija dac
HNOXEXK Yy TYHENSIX METPO Ha OCHOBI MPHUHIUITY

cynepnosuuii.  Tymeniosanns — ma  nio3emHa
xocmiuna mexnonozis. 2025. T. 158. Crarta
106412. ISSN 0886-7798. DOI:

https://doi.org/10.1016/j.tust.2025.106412

6. Li, H, Zhang, G., Jia, B., Zhu, G., Guo, D., Zhang,
P. ExcniepuMeHTa IbHE NOCIIIPKCHHS BOTHETACHHUX
XapaKTePUCTHK PIIKOTO a30Ty B IMI3eMHOMY
JIOBI'OMY Ta BY3bKOMY MpocTopi. TyHnentoganns ma
niozemui kocmiuni mexnonoeii. 2021. T. 114. Crartst
104009. ISSN 0886-7798. DOI:
https://doi.org/10.1016/j.tust.2021.104009

7. I, K., Jio, K., Jly, K., Tan, JI., By, /1., Xyan, X.
Bruus MPSIMOKY THUX TIEPELIKOT Ha
XapaKTePUCTUKUA  TOTOKY  YIBTPAJUCICPCHOTO
CYXOT0o TIIOPOIIKOBOIO BOTHETAaCHOTO arcHTa B
3aMKHYTHUX npoctopax. [Hoocexcna. 2025. T. 8, Ne
6. C.236. DOI: https://doi.org/10.3390/fire8060236

8. Du, X., Wang, T., Zhao, J., Yu, Z., Zhang, H.
JocmimkeH s edexTuBHOCTI 3MiNTyBaHHS
YABTPATOHKUX CYXHX MOPOIIKOBHX BOTHETaCHHX
areHTiB y PI3HUX 30HAX PEIUPKYISIMii MepenTko




80

BICHW/K CXIOHOYKPATHCbKOIO HALLIOHANBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 2 (300) 2026

10.

11.

12.

13.

14.

TOHJON JIITaKkiB. besneka npoyecy ma 3axucm
HaskonuwHb020 cepedosuuya. 2026. T. 206. Crarts
108344. ISSN 0957-5820. DOI:
https://doi.org/10.1016/j.psep.2025.108344

Hu, X., Kraayeveld, A. ExcnepuMeHTaibHe Ta
YHCeIbHE TOCIIPKEHHS BOTHETaCHOT €()eKTHBHOCTI
IHEPTHUX Ta3iB y HErepMETUYHOMY KOPITyCi.
Enepeii. 2022, T. 15, Ne 12. Crarta 4323. DOL:
https://doi.org/10.3390/en15124323

banantok, B. M., Kossip, H. M., T'apacum’tok, O. 1.
BukopucTaHHS — ra30aepo30JbHUX  ITOPOIIKOBHX
BOTHETaCHUX cymimiei JUTst 3aXHCTY
3anallloBalIbHUX cyMimen. Science Rise. 2016.
DOI: 10.15587/2313-8416.2016.69333

Fan, W. P, Gao, Y., Zhang, Y. M., Chou, C. L.,
Chow, W. K. ExcriepiMeHTabHI AOCTIKSHHS Ta
MOJICITIOBAHHS IIBUJIKOCTI MOJyM’ st npu
TypOyneHTHIH aednarpauii y BigKpuTid TpyoOi.
besnexa npoyecy ma 3axucm HABKOIUWHBLO2O
cepedosuwya.2019. T. 129. C.291-307. ISSN 0957-
5820. DOI: https://doi.org/10.1016/j.psep.2019.07.013
Zhang, X., Ismail, M. H., Ahmadun, F., Abdullah,
N., He, K. TI"apstai aepo30sbHi BOTHETACHI pEYOBHHHI
Ta MOB’sI3aHi TeXHOJOTI: oz, Brazilian Journal
of Chemical Engineering. 2015.

Hu, X., Kraayeveld, A. ExcnepuMeHTaibHe Ta
YHCeIbHE TOCIIPKEHHS BOTHETaCHOT €()eKTHBHOCTI
IHEPTHUX Ta3iB Yy HErepMETUYHOMY KOPITyCi.
Enepeii. 2022. T. 15, Ne 12. Crarrsa 4323. DOL:
https://doi.org/10.3390/en15124323

Zhang, W.-B., Yin, Q., Liu, M.-R., Li, C.-Q., Wang,
Z.-C., Hu, Z.-M. JlocmimkeHHS €(QEeKTUBHOCTI
BUIIAPOBYBAHHS Ta PAaNTOBOrO  OXOJIOPKCHHS
rentadroprnpornmany B 30ipHHX  TPHUCTPOSX
MTOXEKOTACIHHS Ha OCHOBI UYHCEIBFHOTO METOY.
Hoowceancna. 2025, T. 8, Ne 4. Crarra 124. DOI:
https://doi.org/10.3390/fire8040124

References
Chow, W. K. Doslidzhennia pozhezh u zakrytykh
kamerakh. Zhurnal pozhezhnykh nauk. 1995. T. 13,
Ne 2. S. 89-103. DOI:
10.1177/073490419501300201
DSTU EN 15276-1:2021. Statsionarni systemy
pozhezhohasinnia. Systemy aerozolnoho
pozhezhohasinnia. Chastyna 1. Vymohy do
komponentiv i metody yikh vyprobuvannia (EN
15276-1:2019, IDT). Kyiv: DP «UkrNDNTsy,
2021. URL: https://online.budstandart.com/ua/
catalog/doc-page.htmlid doc=95761
Zhou, J., Chan, N. K. Chyselne doslidzhennia
rozpodilu kontsentratsii SO- v kvartyri. Vnutrishnie
ta antropohenne seredovyshche. 2010. T. 20, Ne 1.
S. 91-100. DOI: 10.1177/1420326X10390670
McGrattan, K., Bilson, M. Modeliuvannia
pozdovzhnoi  ventyliatsii v tuneliakh  za
dopomohoiu symuliatora pozhezhnoi dynamiky.
Zhurnal pozhezhnoi bezpeky. 2023. T. 141. Stattia
103982. ISSN 0379-7112. DOL:
https://doi.org/10.1016/].firesaf.2023.103982

10.

11.

12.

13.

14.

Su, Z., Li, Y., Luo, R., Zhong, H., Li, J., Geng, Z.,
Guo, Z. Mekhanizm rozlyvu shleifiv iz kilkokh
otvoriv na rozpodil temperatury steli pid chas
pozhezh u tuneliakh metro na osnovi pryntsypu

superpozytsii.  Tuneliuvannia ta  pidzemna
kosmichna tekhnolohiia. 2025. T. 158. Stattia
106412. ISSN 0886-7798. DOLI:

https://doi.org/10.1016/j.tust.2025.106412

Li, H., Zhang, G., Jia, B., Zhu, G., Guo, D., Zhang,
P. Eksperymentalne doslidzhennia vohnehasnykh
kharakterystyk ridkoho azotu v pidzemnomu
dovhomu ta vuzkomu prostori. Tuneliuvannia ta
pidzemni kosmichni tekhnolohii. 2021. T. 114.
Stattia ~ 104009. ISSN  0886-7798. DOI:
https://doi.org/10.1016/j.tust.2021.104009

Li, K., Liu, K., Lu, K., Tan, L., Vu, D., Khuan, X.
Vplyv priamokutnykh pereshkod na
kharakterystyky potoku ultradyspersnoho sukhoho
poroshkovoho vohnehasnoho ahenta v zamknutykh
prostorakh. Pozhezhna. 2025. T. 8, Ne 6. S. 236.
DOI: https://doi.org/10.3390/fire8060236

Du, X., Wang, T., Zhao, J., Yu, Z., Zhang, H.

Doslidzhennia efektyvnosti zmishuvannia
ultratonkykh sukhykh poroshkovykh
vohnehasnykh  ahentiv u riznykh  zonakh

retsyrkuliatsii pereshkod hondol litakiv. Bezpeka
protsesu ta zakhyst navkolyshnoho seredovyshcha.
2026. T. 206. Stattia 108344. ISSN 0957-5820.
DOI: https://doi.org/10.1016/j.psep.2025.108344
Hu, X., Kraayeveld, A. Eksperymentalne ta
chyselne doslidzhennia vohnehasnoi efektyvnosti
inertnykh haziv u nehermetychnomu korpusi.
Enerhii. 2022. T. 15, Ne 12. Stattia 4323. DOI:
https://doi.org/10.3390/en15124323

Balaniuk, V. M., Koziar, N. M., Harasymiuk, O. 1.
Vykorystannia hazoaerozolnykh poroshkovykh
vohnehasnykh sumishei dlia zakhystu
zapaliuvalnykh sumishei. ScienceRise. 2016. DOI:
10.15587/2313-8416.2016.69333

Fan, W. P., Gao, Y., Zhang, Y. M., Chou, C. L.,
Chow, W. K. Eksperymentalni doslidzhennia ta
modeliuvannia shvydkosti polumia pry turbulentnii
deflahratsii u vidkrytii trubi. Bezpeka protsesu ta
zakhyst navkolyshnoho seredovyshcha. 2019. T.
129. S. 291-307. ISSN 0957-5820. DOI:
https://doi.org/10.1016/j.psep.2019.07.013

Zhang, X., Ismail, M. H., Ahmadun, F., Abdullah,
N., He, K. Hariachi aerozolni vohnehasni
rechovyny ta poviazani tekhnolohii: ohliad.
Brazilian Journal of Chemical Engineering. 2015.
Hu, X., Kraayeveld, A. Eksperymentalne ta
chyselne doslidzhennia vohnehasnoi efektyvnosti
inertnykh haziv u nehermetychnomu korpusi.
Enerhii. 2022. T. 15, Ne 12. Stattia 4323. DOI:
https://doi.org/10.3390/en15124323

Zhang, W.-B., Yin, Q., Liu, M.-R., Li, C.-Q., Wang,
Z.-C., Hu, Z.-M. Doslidzhennia efektyvnosti
vyparovuvannia ta raptovoho okholodzhennia
heptaftorpropanu v zbirnykh  prystroiakh
pozhezhohasinnia na osnovi chyselnoho metodu.



BICHUK CXIAHOYKPAIHCBKOIO HALLIOHANBHOIO YHIBEPCUTETY imeni Bonoagumupa Jans Ne 2 (300) 2026 81

Pozhezhna. 2025. T. 8, Ne 4. Stattia 124. DOI:
https://doi.org/10.3390/fire8040124

Balanyuk V.M., Hirskyi O.I. Spread of Fire
Extinguishing Aerosols in Volume

The article investigates the peculiarities of the
spread of aerosol fire-extinguishing agents in enclosed
spaces with complex volumetric and planning structures.
The influence of room geometry, the presence of
partitions, furniture, door openings, and ventilation
channels on the formation of concentration fields of
carbon dioxide and fire-extinguishing aerosols is
considered. Differences in the mechanisms of transfer of
gas—solid-phase aerosol systems are analyzed, in
particular the role of convective transport, turbulent
mixing, and diffusion processes in the formation of zones
of effective and ineffective fire suppression. It is shown
that for aerosol agents, the determining factor is
gravitational particle deposition, which causes spatial
non-uniformity of concentration and limits the duration
of the effective extinguishing phase. Special attention is
paid to the analysis of leakage of fire-extinguishing
agents through door openings and ventilation shafts and
their impact on reducing the efficiency of volumetric fire
suppression  systems. It is established that the
effectiveness of volumetric aerosol fire suppression is
generally determined by the uniformity of distribution of
the extinguishing substance in the room, the speed of
reaching the calculated concentration, and the ability of
the aerosol to penetrate into hard-to-reach zones. At the
same time, the spread of the aerosol is significantly
influenced by particle size and shape, initial ejection
velocity, source location, as well as the presence of
obstacles and internal partitions. When considering the

mechanism of aerosol spread behind furniture, it was
found that furniture and technological equipment create
so-called aerodynamic shadows, within which the
intensity of convective transport decreases and, as a
result, the extinguishing concentration is reduced,
leading to an increase in extinguishing time.
Consequently, behind massive furniture, local zones may
form with aerosol concentrations lower than the
extinguishing threshold, which reduces local fire
suppression efficiency. The expediency of using
numerical modeling to predict the behavior of fire-
extinguishing agents under real operating conditions,
optimize the placement of supply sources, and improve
the efficiency of automatic gas and aerosol fire

suppression  systems in  rooms with complex
configurations is substantiated.
Keywords:  volumetric ~ suppression,  fire-

extinguishing aerosols, carbon dioxide, enclosed spaces.
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®OPMYBAHHS ABOXPIBHEBUX BOAOBIAILITOBXYBAJIBHUX
TEKCTYP HA ITIOBEPXHI ITOJIIMEPHHUX IIJIIBOK

Maxkoscbkuii /I.I1., Muponiok O.B.

FORMATION OF TWO-LEVEL WATER-REPELLENT TEXTURES
ON THE SURFACE OF POLYMER FILMS

Makovskiy D.P., Myronyuk O.V.

Y pobomi Oocnidxceno opmysanus Mikpo- ma
iEpapxiuHo  MeKCMmypo8aHUX HNOBEPXOHL  NONIMEPHUX
NIi8OK MemoOoM MepMOBIOMUCKAHHSA 3 BUKOPUCMAHHAM
Memanesux wadbIoHi8, OMPUMAHUX GeMMOCEeKYHOHOIO
JIa3epHoI0 AbIAYIEI, A MAKOXHC NPOAHANIZ08AHO NIUS
mexcmypu il 6N1AGNEHUX HAHOYACMUHOK HA 2i0podoOHT
eracmusocmi mamepianie. Ax  MoOenvHi noaimepu
BUKOPUCIAHO noniemuneHosi (T1IE) ma
noaiemunenmepegmanamui (IIET) nniexu moguurorwo
200 mrm. Ilokasano, wo IET-nnisku 3abesneyyiomo
Haubitbw  moyHe ma  CmMAbiIbHE — 8IOMEOPEHHS.
MIKpOpenvedy npu npamMomy mepMOGIOMUCKAHHI 3
Memanesux mampuysb, mooi sk ona IIE xapaxmephi
Mopghonociuni  depexmu, nos’sizani 3 aoeesier 00
Memany ma peono2ivHUMU 81ACMUBOCMAMU MAMEPIATy.
3anpononosano  euxkopucmanms npomiocnux ITIET-
PpeniiK, wo 003801A€ NOKPAWUMU AKICMb (POpMYSanHs
1IE-giobumkis i 3MeHwumy He2amusHull 8NaU8 Memai-
noaimeproi 63aemooii. Bemawnosneno, wo cgopmosani
MIKPpOMEKCmypo6aHi nosepxHi 0eMOHCmMPYIOmb
BUPADICEHY AHI30MPONII0 3MOYYBAHMHS, O 3HAYEHHS KYIMIG
3MOYYSAHHS ICIOMHO 3a1eXCams 8i0 opieHmayii Kpanii
BIOHOCHO — HanpsmKy — mexcmypu.  Texcmypysanis
3abe3neuye cymmese nioguujeHHs1 2iopogoorHocmi sk 0ist
eiopogobnozo I1E, max i 015 nouamrkogo 2iopo@inwiozo
TIET. [lopiensanus excnepumMenmanibHux OaHux i3
meopemuyHUMU po3paxyHkamu 3a moodeimo Kacci-
baxcmepa nokaszano nepesuwjenus excnepumeHmanibHux
3HAYeHb, WO CEI0YUMb NPO GopMYBaHHs 000AMKOB020

CYOMIKPOHHO20 DpigHA uopcmKocmi.
IIpodemoncmposarno ModHcIUgicmy CmMBOpeHHs
lEpapxiuHux NnOBEPXOHb WIAXOM 6NI1AGNEHHS
2i0pohobizosanux HAHOYACMUHOK nipo2eHH020

Odiokcudy KpemHuilo 0Oe3nocepedHbo nid uyac npoyecy
MepMOBIOMUCKAHHAL. Yacmunku eexmusHo
QIKCYIOMbCs NEPesasicHo Y GepUUHAX MIKpopenvedy,
dopmyrouu  dodamxosy  Hawmomexkcmypy. Hatiguwi

2I0po@OOHI  NOKA3HUKU OMPUMAHO O/l He2aAmuGHUX
mexcmyp IIET i3 eniasienumu yacmuhkamu, oOe
docsealomuvcs cmabinvhi cynepeiopooodui enacmusocmi

3 Kymom 3mouyeamss nomao 156 + 3°. Ompumani
pesyibmamu  niomeepoX*Ccyroms — NepchneKmusHiCme
NOECOHAHHA ~ MEPMOBIOMUCKAHHA — ma  iHmeepayii

HAHOYACMUHOK 8K  MACWMAab08ano20 nioxody 00
CMBOPEHHS (YYHKYIOHANbHUX NONIMEPHUX NOBEPXOHb i3

Keposanumu 60008I0WMOBXYEATLHUMU
671aCMUBOCMAMU.

Kuarouosi cJIOBA: MIKPOTEKCTYpyBaHHS;
TEPMOBIATUCKAHHS; TIOJTIETHIICH;
MoJTieTUIICHTEpe P TaIaT; riapodoOHICT;

cyneprinpodoOHi moBepxHi;

Beryn. TekcTypoBaHi IMOBEpPXHI MPOTITOM
OCTaHHIX JAECATHJIITH MepedyBaloTb Y ULEHTpi
MiABUIICHOI YBarn HAyKOBOi CIIIBHOTH, OCKiJIBbKH
MOEJAHAHHS ~ MIKpO-  YH  HAHOTEKCTYp 3
rizpodoOHicTIO MaTepianry 3abe3medye BHCOKI
MOKa3HUKMA BOAOBIAIITOBXYBaJbHOI 3JAaTHOCTI 3a
paxyHOK peamizamii crany Kaci-bakcrepa [1].
OkpiM BIacHE BOJOBIAIITOBXYBAaHHS, 3HATHHI
iHTepec  CTaHOBIATH  CymyTHi  edektu -
CaMOOYMINICHHSI Ta 3HIDKEHHS ajaresil Jbhoay [0
TakuX TOBepXOHb. CTBOPEHO WIMPOKUI CHEKTp
Mmarepiais, 10 JIEMOHCTPYIOTh
cyneprizpodoOHicTh, TOOTO KyT 3MOYYBaHHS
noHag 150°, a TakoX HaA3BUYaMHO HM3bKI
3HAYCHHS TiCTEPE3UCy KyTa 3MOYYBAaHHS Ta KyTa
CKOUYBaHHS Kparui [2].

I[Tompm  Taki  BHCOKI  eKCIUTyaTaIliifHi
XapaKTEePUCTHKH, TTOMIOHI TTOBEPXHI MAaOTh HHU3KY
CyTTeBUX HeAOMiKiB. OHUM 13 KIFOYOBUX € IXHS
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HECTIWKICTh 1O JAii pI3HMX YHMHHHKIB, 30KpeMa
KOHZeHcarlii BOJIOTH, TPUBAJIOTO
yIbTpadioeTOBOTO OMPOMIHEHHS UM KOHTAaKTy 3
pianHamMu HU3BKOI MOBepXHEeBoi eHeprii. Lli BiumBu
HEMUHYYE CIIPUYUHSIOTH TepeXil BiJl 3MOYyBaHHS
y ctani Kacci no crany Benszens yepes 3MeHIICHHS
KUIBKOCTI OKJTIOJIOBAHOTO B TEKCTYpi MOBITPs. Y
pe3ynbpTaTi  pi3KO  3pocTae  rictepesnc  KyTa
CKOYyBaHHSI, a KyT 3MOYYyBaHHI CTPIMKO
3HMKYETBCS - HEPIIKO 10 3HaUeHb MeHIe Hix 110°,
mo (aKkTHYHO O3HAYa€ BTPATy MOBEPXHEIO CBOIX
YHIKQJIBHHUX BJIaCTHBOCTEH [3] .

[HmUM icTOTHUM OOMEXEHHSIM € CKIaIHICTh
MacmrTa0yBaHHsS  TakKMX  IOBEpXoHb.  [lepmri
JIOCTIKEHHs, SIK 1 3HaYHA YacTHHA TMOJANbIINX
poOiT, Oynu 30CepeKeHI Ha JIESMOHCTpALii
MOKJIMBOCTI ~ OTPUMAaHHS  CyHeprizpopoOHuxX
MOBEPXOHb, MpPOTe MpolieMa  MPOMHUCIOBOI
MaciiTaboOBaHOCTI  3aiuWInanacss I03a YBarolo.
Tpamuriiiai ans Takux MarepiaiiB METOAH -
ra3oda3Ha KOHJCHCAIlis, 30Jb-Teb TEXHOJIOTII,
CEJIEKTUBHE Ja3epHe TpaBJICHHS - €
MaJOMpPHUIATHAMH JJISl TIEPEeXOmy 1O BEIHUKHX
IUIOI, IO CYTTEBO OOMEXYye iXHE NpaKTHYHE
3aCTOCYBaHHSI.

IlepCrieKTHBHUM ITiIX0I0OM Y ITOMY KOHTEKCTI
€ BHKOPUCTAHHS YK€ HAsSBHHX IPOMHCIOBUX
TEXHOJIOT1H, TAKUX K THCHCHHS, SIKE 32 IPUHITUTIOM
nii Onm3bKEe N0 TEPMOIPECYBAHHSI ¥ JTO3BOJISE
dbopMyBaTH Ha TIOBEpPXHI TMOJNIMEPHUX IUTIBOK
MIKpOPO3MipHi MaTepHH, 3[aTHI 3a0e3meuyBaTH
BHICOKI TMOKAa3HWUKH BOIOBIAIMITOBXYBaHHI. Bigomo

TaKOX, IO  MAaKCHUMaJbHy  €(EKTHUBHICTH
JEeMOHCTPYIOTb ~ TIOBEPXHI 3  i€pPapXi4HOIO
CTPYKTYpOIO, a BBEJICHHS JOAAaTKOBOI
HAHOTEKCTYPH CYTT€BO I ICHITIOE

BOJIOBI/IIITOBXYBAJIbHI BIACTUBOCTI[4].

B sixocTi BUXiAHUX TOBEPXOHB (I1a0JIOHIB) AJIS
THCHEHHS MOXKYTh OyTH BUKOPHUCTaHI TEKCTYpPOBaHi
BIATIOBITHO METaJeBl TMOBEPXHI 3 TEPioIoM
natepHiB B Mexax 10-100 mMxwm, mio Binmmosimae
PO3MIpPHOCTI peaiizamii aHoOMallii 3MOYYBaHHS,
30KpeMa, (hopmyBaHHIO CTabLIHHOTO
rereporeHHoro crany Kaci. OpepxaHHS TakKHX
npeuu3iiHuX 1mabJoHIB — HETpUBiaJbHa 3ajaua,
sIKa, BTIM, MOXK€ OyTH BHpINICHAa 3a paxyHOK
BUKOPUCTAHHS TaKMX METOJIB K (PeMTOCEKYyHIIHA
na3epHa adiswis abo MikpodpesepyBaHHSI.

Xoua  mpomec  (OpMyBaHHSI  TEKCTYp
THCHEHHSIM Ha TMOBEPXHI € MOCTaTHHO BHBUYEHUM,
HOro acmeKTH NMpH YMOBI PO3MIPHOCTI €JIEMEHTIB
TekcTypu Oinst 10 MKM BHCBITJICHI HEIOCTATHBO.
dopmyBaHHST Cy0-TEKCTYp Ha TaKHX IOBEPXHSX
BiZOyBaeThCs 3a3BHUAil 3a PaxyHOK JONATKOBOI
omepauii — HaHECEHHs 30Jb-Tellb METoA0M abo

razoga3Hum, 10 3HHKYE MO3KJIMBOCTI
MacITa0yBaHHs BUPOOHHUIITBA.

3 ormiay Ha BUKIAACHE, JOMUIBHUM €
3aCTOCYBaHHS TOJIIMEPHHUX IUTIBOK, Ha IOBEPXHIi
SKAX  MIKPOTEKCTYpPY  (OPMYIOTH  METOIIOM
TEPMOTIPECYBAaHHSA 3 METAJICBHX IMAa0JIOHIB, IO €
JIETKO MAIITa0OBaHUM Y TPOMHCIIOBHX yMOBaX.
JonaTkoBe CTBOPEHHS i€papXi4YHOI HAHOCTPYKTYPH
MOKe OyTm 3a0e3leueHe IIITXOM BIUIABICHHS
HAHOYACTHHOK Y TIOBEPXHEBUH IIap MaTepiaiy.

Mertoro mwie€i poboTM €  JOCITiKEHHS
MOXXJIMBOCTI ~ TIEPEHECEHHS  MIKPOTEKCTYp 13
METaJeBUX IA0JIOHIB, OTPUMAaHHX METOJIOM

(emTOCEKYHAHOI Ta3epHOI adsALii, HA MOJIIMEpHi
IUTIBKH, & TAaKOK BUBYCHHS IIPOLECIB (POPMYBaHHS
JIOJJATKOBOI HAHOTEKCTYpH IIUISIXOM BIUIABJICHHS
YaCTMHOK 1 aHami3  BOJOBIAIITOBXYBaJIbHUX
BJIACTUBOCTEH OTPUMAHHUX MaTepialiB.

Marepiaau i metoau. BukxopucrtoByBamucs
MoJIIMEpHI TUTBKK ToBmMHOIO 200 MKM, a came
nonieruineHosa (I1E) miiska (Plastics, Ykpaina) Ta
nomermientepedTamaraa ([IET) mriska (Hanex,
ITonpmra). Jost Moaugikarii MMOBEPXHI
3aCcTOCOBYBaNM TrifgpodobizoBaHuid  MipOreHHUH
nmiokenn kpemHiro AEROSIL R972 BupoGHuLTBA
Evonik (HimMeuunHa), moBepXHs SKOro oopoOeHa
JUMETHUILANXJIOPCUIIAHOM, 110 3a0e3euye 3HIKEHY
MIOBEPXHEBY €HEPTiI0 Ta MiABUIICHY TiApodoOHICTH
mokpuTTiB. DopmyBaHHS  Mikpopenbedy  Ha
MOBEPXHI  TMOJIMEPHUX IUIBOK  3MIHCHIOBAIH
METO/IOM TEPMOBIATHCKAaHHS 3 BUKOPUCTAHHIM
METaJeBUX IA0JIOHIB, OTPUMAaHHX METOJIOM
(dheMTocekyHaHOI JlazepHOi  aOmamii.  [Ipomec
rapsuoro MpecyBaHHS MPOBOIWIM Ha TepMOIpeci
[IMO-45 Bupobnunrea MIKPOTEX (VYkpaina)
NPY KOHTPOJILOBAHUX TTapaMeTpax TeMIIEPATyPH Ta
TUCKYy. Mopdororito TOBEpXHI Ta  SKICTh
BIITBOPEHHSI MiKPOCTPYKTYP aHAi3yBaJId METOI0M
ONTHUYHOI  MIKPOCKOMII 3  BUKOPHCTAHHSIM
Mmikpockorma Konus Academy, ocHameHOTO
mugposoto kameporo UCMOS 1300 (Sigeta Optics,
KuiB, VYkpainma, mnporpamHe  3abe3ncUcHHSI
ToupTek, Hangzhou, Zhejiang, Kuraii, Bepcis
4.11.23945.2023.1121). T'impodoOHi BIacTUBOCTI
OTPUMAaHHX TOBEPXOHb OLIHIOBAIM  HUISXOM
BUMIpPIOBaHHS CTATHYHOTO KyTa 3MOYYBaHHS 3a
nmoniomororo mpuiaaxy BGD 190 BupoOHHIITBA
Biuged Precise Instruments (Guangzhou, Kuraii).

BumiproBanHsS ~ NpOBOAWIM  MPU  KiMHATHIHN
TeMIlepaTypi, a HaBeIeHI 3HAYCHHI KyTa
3MOYYBaHHS € CEpeAHIMH 3a pe3yJbTaTaMu

IIOHAIMEHIIIE TPHOX HE3aJICKHUX BUMIPIOBAHb.
OcHoBHMii Matepias. Y pobori Oyio

BUKOPUCTAHO  CEpil0  MeETaJeBHX  IIAOJIOHIB,

c(hopMOBaHHX METOJOM (PEeMTOCEKYHIHOI JIa3epHOL



84

BICHW/K CXIOHOYKPATHCbKOIO HALLIOHANBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 2 (300) 2026

abmswii, mo 3abe3neuye BUCOKOTOUHE (POPMYBaHHS
MiKpopenbedy 3 MiHIMATBHOIO 30HOIO TEPMITHOTO
BIUINBY. HaakopoTka TpHBANICTh  IMIYJIBCY
3yMOBJIOE JIOKJi30BaHUH XapakTep B3aeMOJil
JIa3epHOTO BUIIPOMIHIOBAHHS 3 MaTepiajioM, IO
MPaKTUYHO BUKIIOYAE PO3BUTOK  BUPAKCHUX
TEPMIYHHX JeopMaliil, IIaBJIeHHs! Ta TOBTOPHOI
KpHUCTati3auii MoBepXHEeBUX InapiB. Takui migxif
JIO3BOJIIE ~ OTPUMYBAaTH  MIKPOCTPYKTYpH 3
KOHTPOJIBOBAHOIO T€OMETPIEI0 Ta BIITBOPIOBAHUMHU
MOpPQOJIOTIYHIMU ~ XapaKTePUCTHUKaMH, M0 €
NPUHIMIIOBO ~ BAXJIMBUM  JUIL  MOJAIBIIOTO
KOPEKTHOI'O aHaji3y IpOIECIiB perutikamii peasedy
B moyiiMepHuX Matepianax [5]. Ha Bigminy Big
MMiIXOMy, OINHMCAHOTO B pobOoTi [6], me nasepHa
00poOKka 3acTocoByBayach Uit  (OPMYBaHHS
MEPEeBAXHO  PETy/SIPHUX  MIKPOKaHaBOK  Ha
MOBEPXHI, y MAaHii pPoOOOTI BUKOPUCTOBYIOTHCS
mabIoHH 3 OUIBII BHpPaXEHUM penbedoM, IIIo
XapaKTepU3YEThCS HASBHICTIO YiTKO C(OPMOBAHHUX
3amaJiH Ta BEPIIMH TEKCTypH. Taka reomerpis
CTBOPIOE CBOEPIAHY «PIB-BEPIIHUHAY» MOPQOJIOTi0
MTOBEPXHi, SKa CIPOIIyE IOMABINE BiITBOPCHHSI
CTPYKTYpH TMiA Yac perutikauii Ha MONIMEpPHUX
IIiBKax Ta  crpuse (GOPMYBaHHIO  OiIbII
e(eKTHBHUX BOJIOBIIIIITOBXYBAJTbHUX
BJIACTUBOCTEH 3a PaXyHOK yTPHMaHHs IOBITPS y
MOpPOXHHMHAX TekcTypu. Ilapamerpun mponecy
00pOoOKH onucaHi B HAIIH monepeaHii pooori [7].
Jl1s TomampIX eKCIEPUMEHTIB 0yJ10 00paHo
3pa30K TEKCTYpH 3 XapakTepHHUMHU pO3MipaMu
CTPYKTypHHX enemeHTiB 20 X 60 MKM;
Mikpodororpadii BIAMOBIIHKUX I1a0JIOHIB HAaBEACHI
Ha puc. 1. TloBepxHS  XapaKTepU3yeThCS
NEPIOUYHO BHOPSIKOBAHOIO CTPYKTYPOIO THITY
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«BEPUIMHHU-KaHABKWY», sKa (HOpMYye aHI30TPOIHUN
MIKpopenbed 13 YITKO BHPAKCHUM HAIPSIMKOM
nepioguuHocTi. Taka reoMeTpis 3abe3meuye pizHy
MOBENIIHKY TIOBEPXHI 3aJIe)KHO BiJ OpieHTAaIll

BITHOCHO  HAmNpsAMKYy  CTPYKTyp, IO €
MEPCIIEKTUBHUM 3  TOYKH 30py  KepyBaHHS
3MOYYBaHHSIM,  aJAre3i€l0 Ta  MEXaHIYHUM

3UCIUICHHSAM 13 TIOJIMEPHOI MATPUIICIO IMij dac
TEPMOBIITUCKAHHS.

BusBneni HesHauni Mopdonoriuni aedekrwu,
30KpeMa JIOKaJbHI HEPIBHOCTI Ta TOOAMHOKI
MOPYIIICHHS YIiTKOCTI KpaiB KaHABOK, € THIIOBUMH
JUIS TIPOIIECIB JIa3epHOi a0isAIriitHol 00poOKmM i
NOB’513aHi 3 OCOOMUBOCTSIMU BUAAJICHHS MaTepiary
Ta MOXJIMBHM YaCTKOBHM OCa/DKCHHSM IPOAYKTIiB
abmamii. BomHowac 1mi  gedeKTH HE MAarOTh
CHCTEMHOT'0 XapakTepy, He TOpYIIYIOTh 3arajibHol
NEePIOTUYHOCTI CTPYKTYPHU Ta HE MPU3BOAATH IO
CYTTEBOTO CIIOTBOPEHHSI T€OMETPIi EJICMEHTIB.

Bymu otpumani Bigbutkn 3 IIE-mniBku
toBmuHOKO 200 MKM Ha MeTaneBHx HIa0joHAaX i3
BHKOPHUCTAHHSIM TepMoTIpecy [IMO-45,
OCHAIIEHOTO BOYJOBaHWM JAaTYHUKOM THUCKY, IO
JO3BOJIAIB MiATPUMYBATH ONTHUMAaJbHI MapaMeTpu
(dhopmyBaHHSL. ®opmyBaHHA Mikpopenbedy
3MIHCHIOBAJIN ITPH KOHTPOJIHLOBAHOMY HarpiBaHHI Ta
OpUKIaIeHOMY THCKY, 3 YacOM yTpHUMaHHS
nojgiMepy mig mpecoM OnM3bKO  1-2 XBHIIMH.
OnTtumainsHOW a1 ¢hopmyBanHs 3 I1E BusiBuiiacs
temrepatypa 130°C, Tomi sk i
MiABUIICHHS CIOPUYMHSIO CYTTEBE

HOJAJIbIIIE
SHUKEHHS

PIBHOMIPHOCTI BIiIOUTKY 3a paxyHOK YTBOPEHHS
neeKTiB TUIY BOJOKOH, III0 BIPOTIIHO 3yYMOBJICHO
JIOKAJILHOKO aJITe31€10 PO3IUIABY.

Puc. 1. Metanesi mabnonu 20 Ha 40 (a) Ta 20 Ha 100 (6)
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0

Puc. 2. ®oro Heratusy 3 I1E Buz 3ropu (a), Bun y npodins (0)

Mikpodororpadii MOKa3yoTh, L0 MOBEPXHSI
BiJOWTKIB HE € TEOMETPUYHO i/I€alIbHOIO: BEPIINHI
CTPYKTYpHUX €IIEMEHTIB MAlOTh KOHYCOIOJIOHY
abo 3aokpyriieHy ¢opMmy 3a paxyHOK 3HAYHOL
B’SI3KOCTI pO3IIIaBy MU TEMIIEPaTypi GOpMyBaHHS,
a BHCOTa Ta JiaMeTp BHUCTYIIB BapilOIOTHCS, IO
MOXXe OyTH TIIOB’S3aHO 3  HEPIBHOMIPDHUM
pPO3IOAUIOM TeMIepaTypd H THCKY, a TaKoX i3
B’sA3KoNpyXkHUMH  BractuBocTsmu  [IE  mpm
TepMooOpoOIi. Ha 300pakeHHSAX 3BEpPXy BHIHO
XapakTepHuid nedeKT - JOKalbHE BUPHUBAaHHS
BOJIOKOH a0o  ¢parMeHTiB  moniMepy, IO
NPU3BOANUTH O YTBOPEHHS MIKPOMOPOXKHUH 1
TIOPYIIEHHS IIUTICHOCTI penbedy.

Takum unHOM, TipsiMe (GOpMYBaHHS BiIOMTKIB
[NE-mmniBku Ha MeTaneBUX IIa0ioHax 3abe3mneuye
BIATBOPEHHS MiKpopenbedy, OJTHAK
CYIPOBOUKYETbCS MOP(GOJIOTIYHUMH Ae(PEeKTaMH,
00yMOBJICHIMH  PEOJIOTiYHUMH  BJIACTUBOCTSIMH
MOJTIMEPY Ta aATE31MHOI0 B3aEMOIIEI0 3 METAJIOM.
e  migkpecmtoe  MOIIBHICT  MMOMAIBIIOL
onTuMi3alii TEXHOJOTIYHUX ITapaMeTpiB, BKIIOYHO
3 THCKOM, 4aCOM yTPUMaHHsI Ta TEMIIEPaTypolo, abo
BHKOPHUCTAHHS MIPOMI>KHUX peruIiK qu
AHTUAATC31MHUX MTOKPUTTIB JIJIS i IBUIIEHHS SKOCTI
MTOBEPXHI.

HacrynHa naptist BigOUTKIB OyJia BATOTOBJICHA
AQHAJIOTIYHAM METOJOM TEPMOBIATHCKAaHHSA Ha
mwmiBui IIET npu temneparypi 145°. Pesynbratn
HaBeneHi Ha puc.3. Ha Biaminy Big IIE, [MET-
IUTIBKa  MPOAEMOHCTpYyBajla  CYTTEBO  KpaIry
BiITBOPIOBAHICTh MiKpOpenbedy Ta BiACYTHICTDH
BUpaxeHUX Mopdonoriuanx nedextiB. OTpuMaHa
MTOBEPXHS XapaKTePU3y€ETHCS YITKUM
(hopMyBaHHSIM CTPYKTYp THITY «KaHaBKU-BHCTYTIH»
3 100pe OKpeclIeHUMH MEXaMH Ta CTaOLTBHUMU
TCOMETPUYHUMH TIapaMeTpaMu 10 BCIH IUTOMI
3paska. [Ipu 11oMy BCi 1HIIN TTapaMeTpH MPoIecy -

TACK Ta Yac YTPUMAaHHS IDIBKH Mmix mpecoM (1-
2 XBUJIMHM) - 30iranucs 3 pesxumom 1uis [1E, Toxi six
ontuMaibHOI0 TemnepaTtyporo 1 [IET BusBuBcs
miarmazon 140-150°C, mo 3yMOBJICHO OLIBITIO0
YKOPCTKICTIO MaTepiainy.

Mikpodororpadii cBigyate Hpo MOBHE Ta
KOpPEKTHE 3aIl0OBHEHHS MIKPOIIOPOKHUH
MeTajJeBoro ImabjoHy ©0€3 O3HaK BHPHUBAHHSI
MaTepially, po3pHBiB a00 TUNIACTHYHUX JedopMariii
moBepxHeBoro mmapy. Ile Moxe OyTu moB’s3aHO 3
BHIIOIO JKOPCTKICTIO Ta Kpamomw pPo3MipHOIO
crabinpHicTio IIET mopiBastHo 3 IIE, a Takox 3
MEHII BUPAXECHOIO aIre3iiHOI0 B3aEMOJIEI0 3
METaJEeBOK IIOBEPXHEI0, IO IIOJIETIIye IPOLEC
BiJIIJICHHS 3pa3Kka micist popMyBaHHS.

CdhopmoBaHi  TakUM  YMHOM  BiAOUTKH
HOBHICTIO TOBTOPIOIOTH TEKCTypy INAOIOHY 3
iHBepcieo mpodiTo, TOOTO € HOro HEraTHBHUM
BiZoOpaskeHHSIM. Y MOJANIBIIOMY IIi 3pa3kKu OyayTh
IIO3HAYATHUCS SIK HEraTUBH T4 BUKOPUCTOBYBATHUCS
SIK TIPOMIDKHI PETUTIKH JUTsl OTPUMAHHS HACTYITHUX
KOl MiKpPOCTPYKTYpOBaHUX HOBEPXOHb.

Kpim Toro, Oyno 3miiicheHo Bigbutok IIE
IUTIBKK 3 BUKOPUCTAHHAM Y POJIi MA0JOHY paHilie
orpumannx IIET-mmiBok (puc.4). Y manomy
Bunanky [IET-miiBka BukoHyBana (yHKIiO
BTOPHHHOI MAaTpPHII, IO NajJ0 3MOTYy peali3yBaTH
MPOIIEC TOABIHHOIO PEILIiKyBaHHS MIKpOpEIbeDy.
dopmyBaHHS BiIOyBaloCs 3a THX K€ MapaMeTpiB
TUCKY Ta 4acy yTPHUMaHHs MiJ TpecoM, Mo W A
MEPBUHHUX  BIMOUTKIB, TIPOTE ONTHMAIHHOIO
TEMIIEPaTypolo JJisi LBOTO0 MpOILECY BUSBUIIACS
120 °C. V pesynbrati copmoBana texctypa I1E-
IUTIBKY  BIAPI3HAETHCS BiJ TEPBUHHUX 3Pa3KiB,
OCKUTBEKH (DaKTHIHO € TTO3UTHBHHUM BiITBOPECHHSIM
Komii, a He Oe3mocepeqHiM BIiIOUTKOM 3
IOYaTKOBOT'O METAJIEBOTO IA0IOHY.
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a

6

Puc. 3. ®oro veratusy I1ET Bux 3ropu (a), Bux y npodins (0)

AHaiiz MiKporeoMeTpii MoBepXHi MOKa3as, 110
dbopma BUCTYMIB 3a3Hajia MEBHOI TpaHCcQOpMAITii:
SIKITIO JIJIST TIEPBUHHMUX CTPYKTYp OyJiM XapaKTepHi
OimbII  YITKO  OKpecleHi Ta  ONM3bKI 110
OPSAMOKYTHHX a00 IMIIHOPUYHUX E€JIEMEHTIB
BUCTYIH, TO y BUNAJIKy BTOPHHHOTO KOTiIOBaHHSI
ixHs reomerpis HaOyna O3HaK ycideHuX Qiryp.
3okpema, mpodiab BUCTYIIB CTaB OUTBII MOAIOHNM
0 TpamerienoaioHoro, i3 ACmo pPO3MHUPEHOIO
OCHOBOIO Ta 3IVIJIXKEHUMH peOpamu.

BopHouac micns  mpoBeNEHHA — TPOLECY
pemrikanii ITET-mutiBka, o0 BHUKOPUCTOBYBaiacs
aK 1rabson, 30eperna cBoi (¢i3uKo-MexaHiuHi
BIacTUBOCTI. He crmocrepiraiiocsi CyTTEBHX O3HAK
nedopwmariii, pyHHYBaHHS MIKpPOCTPYKTYp abo
BTpaTH IIITICHOCTI TIOBEPXHi, IO CBITYUTH IIPO
MOJKJIMBICTh il TIOBTOPHOI'O BHKOPHCTaHHS B
MOAI0HUX TEXHOIOTTYHUX IUKIIAX.

[NopiBHsnpHMIA aHaMi3 MikpodoTorpadiii ycix
OTPUMAaHHX 3pa3KiB IMOKAa3aB CYTTEBI BIIMIHHOCTI y
SIKOCTI BIITBOPEHHS MIKpOpenbedy 3aIeKHO BifT
TUIy TOJNiMepy Ta crnocoly perumkarii. [TET-
IUTIBKH MPOJAEMOHCTPYBaJIM HaMOLIBII TOYHE Ta
CTa0OlIbHE KOMIIOBaHHSA TEKCTYpH MpPU NPSMOMY

)

Puc. 4. ®oro nosurusa I1E Ha madnonax 3 [IET Bux 3ropu (a), Bun y npodins (6)

dhopmyBaHHI 3 METaJEBUX mabJIoHIB,
BUTOTOBJICHUX METOAOM (DEMTOCEKYHIHOI JJa3epHOT
abmmii. ['eoMeTpis CTPYKTyp THIY «BEpPITHHU-
KaHaBKW»  BIATBOPIOETHCS  YITKO, 3  Jo0Ope
30€pEeIKCHOI0 TICPIOINYHICTIO Ta OJHOPITHICTIO TIO
BCi TUIOMII 3pa3ka. Mexi eJIeMEHTIB 3aTUIIa0ThCS
BUPa3HUMH, 0€3 03HAK PO3PHUBIB a00 MaTepiaIbHUX
BTpaT, IO CBIYUTH NMPO ePEKTHBHE 3allOBHEHHS
MIKPOITOPOKHHUH ITA0JIOHY Ta KOPEKTHE BiTITICHHS
TUTIBKH ITiCIIS TEPMOBIATHCKAHHS.

Ha Bigminy Big [1ET, BinOoutku 3 I1E-mutiBkwy,
OoTpuMaHi 0e3MocepelHh0 3 METAJICBUX MAaTpPHIIb,
XapaKTePU3yIThCS  HIDKYOK  MOPQOJIOTIYHOIO
MocKoHamicTIo. [l HHMX TpWTaMaHHI TEeBHI
CIIOTBOPEHHS TeOMeTpii  BHUCTYMmB  (30KpeMa
KOHYCOMNOIIOHICTh 3aMICTh YITKO OKPECICHOI0
npodio), a TaKOX MPOSBU aAre3iiiHol B3aemomii 3
METaJIOM, [0 TPU3BOIWIN JO YaCTKOBOTO
TIOIITKO/PKEHHS TIOBEPXHEBOIO APy i Yac 3HATTS
3pa3ka. lle cBimuuTHL MpO TE, MO0 PEOJOTIUHI
BnactuBocti IIE Ta #ioro cXumpHICTE 10
MPWIAIIAHAS ICTOTHO BIUIMBAIOTH Ha  SKICTh
(opMyBaHHS ~ MIKPOCTPYKTYpH TIPH  MPSMOMY
KOHTAKTi 3 METaJCBUM I1a0JIOHOM.
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Puc. 5. KyT 3mouyBanus Heratusy I1E nonepeunuii(a), mo3posxHii(0)

Bopmnouac 3acrocyBanHs mpomikHOi TTET-
PEIUTiKy (HeraTuBy) JUIsl MOJANIBIIOTO (OpMyBaHHS
[NE-BiiOUTKIB  JO3BOJIWIO 3MIHHTH  XapakTep
MTOBEPXHEBOI reOMETPil Ta 3SMEHIIINTH BILTUB METaJI-
noimiMepHOi  anares3ii. Y TakMx  3paskax
CIIOCTEPIracThCs OLBIN BIIOPSIKOBAHA CTPYKTYPA,
xoua Tpodids  eneMeHTIB  Ha0yBae  O3HaK
TeOMETPUYHOI TpaHCQOpMAIlil - BUCTYIH CTaIOTh
OTpII  3rIaKCHUMH Ta HAOMIDKEHHMH 10
Tpanemienonionoi  ¢opmu. Ile  Bkasye Ha
HAKOMMYEHHS HE3HAYHUX BIIXHIJICHb TEOMETPIi IPU
OaratoeTamHOMY  KOMIiIOBaHHI,  omHaK  0e3
KPUTUYHOT BTpaTu MePiOMYHOCTI qu
aHI30TPOIHOCTI peNbedy.

OTtxe, cepen yciX JOCHIDKCHUX BapiaHTIB
came [IET-1utiBku mpu npsiMOMY TEpMOBIATHCKAHHI
3 METalleBUX IIA0JIOHIB 3a0e3MeuyloTh HaWBHUIILY
TOYHICTD 1 BIZITBOPIOBAHICTh MIKPOCTPYKTYPH, TOJI1
sk [IE motpebye onTuMizanii yMOB (opMyBaHHS
a00 BHKOPUCTAHHS TPOMDKHHMX pEIUTIK  JUIst
JIOCSTHEHHSI MTOPIBHSIHHOT SIKOCT1 MOBEPXH.

Hna KUTBKiCHOT XapaKkTepUCTUKH
MopdoJoriyHuX Ta TiApodoOHUX BIACTUBOCTEH
OTPUMAaHUX  TOBEPXOHb  OylO0  IPOBEICHO

BUMIPIOBAaHHS KyTiB 3MOYyBaHHS METOAOM CHJSUYO]
Kpamt 3a jgonomoror mpuiany BGD 190. Ha
MOBEPXHIO 3pa3KiB HAHOCHIIN JIEKIJIbKa HEBEIHKUX
Kparenb JUCTHIBOBAHOI BOJU TIPH KiMHATHIM
temneparypi (~18°C), micns dYoro mporpamue
3a0e3MeyeH sl MpWwiagy aBTOMaTHYHO BU3HAYAIIO
3HAUCHHS KyTa 3MOYyBaHHS. J{JI KOKHOTO 3paska
BUKOHYBAJIM IIOHAWMEHIIE II'SITh HE3aJEeHKHUX
BUMIpIOBaHb, M0  JO3BOJSUIO  MiHIMi3yBaTu
BUMAJIKOBI MIOXUOKH Ta OTPUMATH PENPE3CHTATUBHI
cepesiHi 3HaueHHS. Y poOOTi HaBEJICHO Pe3yJIbTaTH,
SIKi BIAMOBINAIOTh CEPEIHHLOMY 3HAUCHHIO KyTa
3MOYYBaHHS.

Crnig 3a3Ha4WTH, IO IS TEKCTYPOBAHHUX
IIOBEPXOHb 3HAYECHHS KyTa 3MOYYBaHHSA CYTT€BO
3aJexaTh BiJ Opi€HTaLii Kpaml LI0A0 HaIpsSMKY
nepepizy  Mikpopenbedy - TO3MOBXHIH abo
morepedyHnii. Y 3B’SA3Ky 3 [HUM  Pe3yibTaTh
MpeCcTaBiIeHi A7 000X OpieHTaLil.

Jis weraruBHux BinOuTkiB I1E kyT 3MouyBaHHS
Y MOTIEpEeYHOMY Hiepepi3y craHoBuB 143°, Toni sk npu
Mo3J0BXHbOMY - 152° (pumc.5). Lle cBiguute mpo
HasBHICTh ~ BHPA@XXCHOTO  aHI30TPONMHOTO  e(eKTy
3MOYYBaHHS Ta JAEMOHCTPYE, L0 Yy IIEBHOMY HaIpsIMKY

TIOBEPXHA Jociarae 3HA4YCHB, OJIM3BKUX pi(¢]
cymepriapodoOHux.
Hnsa  weratmBHux BigbutkiB IIET &yt

3MOYYBaHHSl IPU TONEPEYHOMY TIepepi3y CKJaB
138° (puc.6). BumiptoBaHHS B MO3I0BKXHBOMY
nepepizy BHKOHATH HE BJAJIOCS Yepe3 MOBHE
PO3TiKaHHs Kparuli B3I0BX TEKCTYPH, 110 BKa3y€e Ha
3HaYHE 3HIDKCHHS KyTa 3MOYYBAHHSI y LBOMY
HAMPSMKY Ta JOKAIbHY T1IPOQUILHICT TOBEPXHI.

Puc. 6. Kyt 3mouyBanus neratusy I1ET nmonepeunnit
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Puc. 7. KyT 3mouyBanns noszutusy I1E nonepeunnii (a), mo3nosxHii (0)

Jns  mosutuBHUX  BimoutkiB IIE Kyt
3MOYYyBaHHS MIPH MOMIEPEYHOMY TI€pPepi3y CTAHOBHB
146°, Toxi sk mpu mo3noBKHBOMY - 110° (puc. 7),
MO MiATBEP/KYE aHI30TPOIHICTh BIIACTHBOCTEH
TEKCTYPOBAaHHUX MOBEPXOHb i CYTTEBE 3MECHIICHHS
3MOYYBaHOCTI B3JIOBX HaNpPsIMKY TEKCTYpH.

Jlnis opiBHSIHHSL TakoX OyJI0 BHMIPSIHO KYT
3MOuyBaHHS rnankoi (Hetekcryposanoi) IIE-
ITiBKY, skui  cranoBuB 100° (puc.8), 1o
BIJITIOBIZIa€ TUTIOBUM TiJpo(pOOHHM BIACTHBOCTSIM
ME. ¥ Bunanky rnaakoi [IET-mniBku Bigomo, 110
TUTIOBUI KYT 3MOYYBaHHs CTAHOBUTH OJIHM3BKO 76°,
MATBEPIDKYIOUM 11 TigpodimpHUI  XapakTep.
Bomnouac  TekcrypoBani [IET-BimOutkm mipu
MOMIEPEYHOMY Tepepi3y JAEMOHCTPYIOThH 3HauHe
3pOCTaHHs KyTa 3MO4yBaHH: 10 138°, mo cBiqunuTh
PO CYTTEBUH BIUIMB MiKpopenbedy Ha 3MiHY
rizpooOHUX BIACTUBOCTEH MMOBEPXHi.

Puc. 8. KyT 3MmouyBanHs riaaakoi
(nerexcrypoBanoi) miiBku [1E

3arajoM  aHami3 ~ OTPHUMAHMX  JaHHUX
JIEMOHCTPY€E HASBHICTh TCHJICHII J0 ITiBUIICHHS
KyTa 3MOYYBAaHHS NpH TONEPEYHOMY Hepepisy
MOPIBHSHO 3 TO3JIOBXKHIM  TepepizoM, IO
V3TOMXKYETbCA 3  XapaKTepoM aHi30TPOIHOTO
Mikpopenbedy. HesBakaiounm Ha  HasBHICThb
OKpeMuX JiedeKTiB, TekcTypoBaHi noepxHi [1E Ta
[ET MIOKa3yl0Th CyTT€BE MIOKpAaIlCHHS
rizpohoOHUX BIACTUBOCTEH: MiHIMaNbHE 3HAYECHHS
KyTa 3MouyBaHHA [t TekctypoBaHoro I[1E (110°)
NIEPEBUIIyE BIJINOBIHE 3HAYEHHS IS TIaKOl
wriBkn (100°), a MakcumanbHi 3Ha4YeHHs (TIOHAT

150°)  wHaOmmxkarOTbCS  JIO  XapaKTEPUCTHK
CyTepriipooOHHUX MOBEPXOHb.

TakuM  YMHOM, OTpUMaHi  pe3yJIbTaTH
i ITBEPUKYIOTh, 10 (dhopMyBaHHS
MIKPOTEKCTYpOBAaHUX MOBEPXOHb € E(QEKTUBHUM
crocoooM peryJIroBaHHA rizpodoOHIX

BJIACTHBOCTEH TIOJIMEPHUX IUTIBOK, TPH IIbOMY
Opi€HTAIlisl Kparuli IIOJ0 HAaNpsSMKY TEKCTypH
BiJIITpa€ KIFOYOBY POJIb Y BU3HAYEHHI PiIBHOBAXKHIX
KYTiB 3MOYYBaHHSL.

3 opepkaHMX TIOKa3HMKIB  3MOYYBaHHS
OUEBHUJIHO IO Ma€ MicIie aHomalis (hopMyBaHHS

3HAQUCHHS CTaTHYHOTO KyTa 3MOYYBaHHS Ha
TEKCTYypPOBaHUX TIOBEPXOHb. OCKITBKH
TEOMETPUYHO TEKCTYPH € PIBHOMIDHUMH Ta
aHI30TPONHUMH, OyJO  BHPIMIEHO  MPOBECTH
MOPiBHSIHHS (hakTHYHIX 3HaYEHb KyTiB
3MouyBaHHsl 3 Teopetnunumu (Tabmums 1). s
PO3paxyHKy TEOPETHIHUX KyTiB

BHUKOPUCTOBYBAJIOCS NPUIYLIEHHS IO Ha cyO-
MIKpOpIBHI TOBEpXHS Marepially € IUIacKoo, a
reoMeTpisi MIKpOHEPIBHOCTEH MOXe OyTH OIUCaHa
CKBIBAJICHTHUMH 33 PO3MipaMH MPSIMOKYTHHKAMHU.
PospaxyHok 3miiicHIOBaBcs 3a piBHsSHHAM Kaci-
baxkcrepa (1):
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Tabmmms 1
IlopiBHSIHHS pe3y/IbTATiB BU3HAYCHHS MOKA3HUKIB 3MOYYBAHHS NOBEPXOHb
Ne Tekctypa 0*3a (2) O* nonepeyHuit O* M0310BXHIH
1 PE neratus 136 143 152
2 PE no3utus 116 146 110
3 PET nerarus 125 138 -

a

0

Puc. 9. Mikpockormis nmoBepxHi I1E 3 BrutaBieHuM MiporeHHUM KpeMHe3eMOoM (a)
Ta (6) BUA 3rOpH, IEMOHCTPYIOTh PO3MOILT YaCTHHOK Y Pi3HUX 30HAX

Cos®O* = f,C0s0, + f,C0s0, , (1)

ne Cos®* - KOCHHYC KyTa 3MOYYBaHHS
TEKCTYPOBAHOI MOBEPXHi; f1 Ta f, — 10J1 MOBEPXHi
koHTakTy ¢pakuii (1) ta (2); CosOy i CosO, —
KOCBHIIBIIIMHYC KyTa 3MOYYBAaHHSA BiANOBITHUX
IUTACKUX MOBEepXOHb (pakiii (1) Ta (2).

Ockinbkn  mix  ¢pakmisma 1 Ta 2 B
opuriHaasHOMY piBHSHHI Kaci po3ymitoTbes came
TBEpIll MaTepiaad, TPH PO3TIAAl  MMOPHCTHX
MOBEPXOHb, B SKHX poib ¢pakuii 2 Bimirpae
noBiTps, a 3HaueHHAC0SO, = (-1), piBHSAHHA
npuitmae BUTIAL (2):

Cos®* = f,CosO; —f,, 2)

3 pe3yabTariB HaBeaeHuX B Ta0um. 1 3Beprae Ha
cebe yBary ToW (haKT MIO EKCIEPUMEHTAIbHI
pe3ynbTaTH 3HAYHO IEPEBHUILYIOTH OYIKyBaHi
TeopetruHi. Ile Moxke OyTH TOSCHEHE IBOMA
npuunHamu. llo-mepmie, oOTpuMaHi TOBEpxXHi
MICTATh PiBEHb CYOMIKPOHHHX €JIEMEHTIB TEKCTYD,
K1 HOPMYIOTECS BHACIITOK KOMIUIEKCHOTO BILIUBY
MPOIIECiB CKIYBaHHS MOJIiMepy, HOro aare3iifHOro
3aXOIUICHHS (hOPMOIO, HASBHOCTI CYOMIKPOHHHX
NaTTepHIB HA TIOBEPXHI CaMUX METaJIeBHX
mabioHiB. BTiM, TeopeTMYHa TEHIEHINS B
OinmpIIOCTI BUMAAKIB 30epiraeThes: 3pa3ku 1 ta 4
MaloTh HaWBHUILIN MPOrHO30BAHUH KYT Ta HAMBHII
KyTH 3MOYYBaHHS B TOB3IOBXHBOMY HAIPSIMKY.

AHOMalbHA TIOBEIIHKAa 3pa3Ky 2 Moxke OyTu
MMOSICHEHAa KIHCTUYHUM XapaKTepOM BHUMipIOBaHb
[8].

3 ormsay Ha TEPCHEKTUBHICTH (OPMYBaHHS
JOJAaTKOBOTO mapy iepapxidnoi Texctypu [9], [10]
JUTA T IBAIICHHS BOJOBIAMITOBXYBAJIEHUX
BJIACTHUBOCTEH, y poOOTI Oylo BHKOPHUCTAHO
miporenauii miokcun kpemHito AEROSIL R972,
KU (IKCyBaBCs Ha IOBEPXHI IUIIBOK IUIIXOM
BILTABJICHHS i qac TEpPMOTIPECYBaHHS
opuriHanpbHUX TekcTyp. Ha Pmc. 9 HaBemeHo
pe3yNbTaT Takoi 00pOOKH IS TIIAKOT ILTIBKH, TOII
gk Ha Puc. 10 Ta Puc. 11 momano anajoriusi
pesyabTaTty i 11E ta [IET mmiBok BiANmOBiIHO.

3 pucyHka 9 BHIHO, 110 YACTHHKU aepOCHITY
3aiiMarOTh CTATHCTHYHO PIBHOMIPHE ITOJIOKEHHS 110
BCii  muomli moBepxHi  3pa3ka. YacTHHKH
arperoBaHi, po3TanioBaHi HEPIBHOMIPHO.

VY pasi HagBHOCTI MIKPOTEKCTYpH YaCTHHKH
IIEPEBAYKHO PO3TALIOBYIOTHCS HA il BUCTYyHAX, IO
no0pe BUAHO Ha pUCYHKY 10. 3Ha4yHa 1X KUIbKICTh

30cepe/KeHa  caMe y  BepxHii  uacTuHi
TEKCTYPOBAHOTO PEIbEDY.
y BUMAJKY HEraTUBHOL TEKCTypU

CIIOCTEPIracThbcsl aHANOTiYHA 3aKOHOMipHicTh. Ha
pucyaky 11 a  BuAgHO, 1[0  YaCTUHKH
PO3TaIIOBYIOTECS Ha BY3bKUX BEPILMHAX BUCTYIIIB,
(akTuuHO oOpamiroroun abo iHKpycTyroud ix. Li
YAaCTUHKHA YTBOPIOIOTH CIIPaBXKHINA CYOMIKpOHHUI
JOJATKOBUI PiBEHb TEKCTYypYBaHHS.
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Puc. 10. Mikpockomnis Ho3uTHBY TeKcTypoBaHoi noBepxHi [1E:
a — BUCTYIIM TEKCTYPH; O — 3alaJJMHU TEKCTYypPH

a

6

Puc. 11. Mikpockorist HeraTuBy TekcTypoBaHoi noBepxHi [1ET:
a — BUCTYIIH TEKCTYpH; O — 3alaJJMHU TEKCTYypPH

TakuM YHHOM, TIPOBENECHI EKCIIEPHUMEHTH

JEMOHCTPYIOTh, IO M  Yac  Ipouecy
TepMOQOPMYBaHHS TEKCTYPH Ha IOJIMEPHHUX
IDIiBKaX  MOXIJIMBAa  IHTETpaIlisi  JOJAaTKOBHUX

YacTUHOK JUIs  (GOpMyBaHHSA OaraTOpiBHEBOTO
penbedy NUIAXOM IX MPSIMOTO  BIJIABJICHHS.
Yactunku epekTUBHO (IKCYIOTbCS HAaBITh Ha
BY3bKMX Ta TOCTPUX €JIEMEHTaxX peibedy,
XapakTepHHUX U1 HETAaTUBHUX TEKCTYp MOBEPXHI,
TOAl SK y KaHaBKax CITIOCTEPIracThCS iX MEHIIA
KOHLICHTpALIis, 10 MOXKHA TOSICHUTH JIOKaJIbHUMH
3MiHaMH Tomorpadii Ta 3MEHIIEHUM KOHTAaKTOM 3
MaTepiajJoM OCHOBH.

JIn1st TOBEPXOHB 13 BIUIABICHUMH YaCTHHKAMU
aepocuity Oyl TpPOBEACHI BHMIPIOBaHHSI KyTa
3MOUYYBaHHSI METOJIOM CHISYOI Kparwii JJisi OL[iHKH
rigpogoOHMX BiacTUBOCTEH mojimepiB. s
HetekctypoBaHoro IIE BhpoBajkeHHsI aepocuiy
NpU3BeN0 10 30UIbIICHHS KyTa 3MOYYBaHHA IO

pubInM3HO 128°, 110 CYTTEBO MEPEBUIITY€E 3HAUCHHS
nas yguctoro IIE, ske cramoBmimo Omm3pko 100°
(puc. 12). Lle minkpecitoe epeKTUBHICTb CTBOPECHHS
MIKpPOITIOPCTKOT TIOBEPXHi 3a paxyHOK BIUIABIICHUX
YACTHHOK 1, BIJIMOBITHO, 3MEHIIICHHS 3MOYYBaHOCTI
MaTtepiaiy.

Jns  texcrypoBanoro IIE cmocrepiramacs
BUpaXEHA aHI30Tpomisl KyTa 3MouyBaHHsA. Kyt
3MOYYBaHHS MPH TOMEPEYHOMY IEpepi3y OCITaB
npubnuzao 143°, Tomi SAK TPH TO3I0BKHBOMY
nmepepizy Kyt craHoBuB 126° (puc. 13). Take
PO3XOPKEHHS CBIIYUTH MPO MOMIPHE ITiIBUIICHHS
rigpoGoOHOCTI B MOPIBHAHHI 3 TEKCTYPOBAHUM
guctuM [IE 1 Bka3zye Ha YacTKOBE YTPHMAaHHSI
aepocuily Ha IOBEPXHi, MPUYOMY €(EKTHBHICTb
BIUIABJICHHS  3MCHIINYEThCS HA  JUISIHKaX i3
MO3UTUBHOIO TOMOTpadi€ro, e KOHTAKT YaCTUHOK
13 MaTepiaioM OOMeXeHUH.
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Puc 12. Kytn 3MouyBanHs HeTekcTypoBaHoro I1E 3 BIutaBieHHMU YacTHHKaMu acpocuity (a) Ta (0),
JIEMOHCTPYIOTh KyTH B Pi3HUX YaCTHHAX MOBEPXHI

a

6

Puc 13. Kytn 3mouyBanns no3utuBy 11E 3 BIUIaBICHMMH YaCTHHKAMHU a€pOCHITY TTOTIEPEUHHiI (), TO3I0BXKHIiH(0)

a

6

Puc 14. Kytu 3mouyBanns HeratuBy [IET 3 BIaBieHUMH 9aCTHHKAMH aepOCHITY TIONEpeYHNH (), Mo310BXHIH(0)

Hnsa weratuBHux BinbutkiB i3 IIET xytn
3MOYYBaHHS B IIONEPEYHOMY Ta IO30BKHBOMY
nepepizax cknaganu 156° ta 149° BinnosigHo (puc.
14), 1o JEMOHCTpYye BHUCOKY e(hEKTUBHICTh
BIUIABJICHUX YACTHHOK aepOCWIy y IIiABUIIICHHI

rizpo¢obHux BnactuBocteil. lle moB’s3aHO 3
SKICHUM BIUIABJICHHSAM YaCTHHOK y HIKH penbedy
I[IET, mo 3abe3neuye HamidHy ikcamiro Ta
(hopMyBaHHS TOBEpXHI 13 cymep-riapoGoOHUMHU
BIIACTUBOCTSIMH.
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B Kyt 3mo4yBaHHR (NepneHanKynapHo)

160

B Kyt 3mo4yBaHHs (napanensHo)

MET veratue  ME aepocun ME noautne  MET Heratns
aepocun aepocun

Puc. 15. TlopiBHSHHS KyTIB 3MOYyBaHHS Pi3HUX TEKCTYP

150
140
130
120
110
100
90
80
70
60
50
MNE yucTuit NET umnctuin MNE Heratus MNE noautus
3aramoM, TIOpIBHSHHS  3HAa4YeHb  KYTiB

3MOYYBaHHS BCIX JIOCHIDKCHUX MaTepiaiiB (puc.
15), mo3BoJsie 3p0OUTH BHCHOBOK TPO TOCTYTIOBE
MiZBHIICHHST €(EKTHUBHOCTI TMPH TEKCTypyBaHHI
MOBEPXHI HA MIKpPO PiBHI 32 JJOMTOMOTOI0 METaJICBUX
mabJIOHIB Ta HA HAHOPIBHI IIISXOM BILIABJICHHS
riipo¢oOHux  vacTHHOK. (OCTaHHE  JI03BOIISIE
YaCTKOBO 3aMiHHTH TIOPiBHSHO TiIpodiIbHY
noBepxHio [IET riapodo0izoBaHo0 MOBEPXHEIO
HAaHOYACTHHOK MIPOTEHHOTO JHOKCUITY KPEMHIO 32
OiomemeTHUHNM NpUHIMTIOM Salvinia moleste [11].

AHani3 OTpUMaHHX PE3yJbTATIB JEMOHCTPYE

YiTKMHA BIUIMB TEKCTypH Ta BIPOBAHKCHHS
aepocwily Ha  TiIpodoOHI  XapaKTEPHCTHKH
nomimepiB. Y uumcroro IIE kxyTr 3MouyBaHHS

cranoBuB 100°, TOzl SK BIPOBAKCHHS YaCTUHOK
HmiJBHINYBano Horo o 128°, mio cBiT4UTH PO
3HaYHE TIOKPAICHHS  BOIOBIAIITOBXYBAJBHUX
BractuBocteil.  TekcrypoBani  Binmoutku [IE
MPOJIEMOHCTPYBAJIM aHI30TPOINFO: HETATHBHI MIKH
3a0e3rnieuyBaid KyT 3ModuyBaHHs 143-152°, a
no3utuBHI - 110-146°, mpuyoMy BIIABICHHS
aepocuily MiABHUILYBaJlO MONEpeyHuil Kyt ao 143°
Ta MO3MOBXKHIA Mo 126°. Ile minTBepKye, MO
YaCTKU ae€pOCHIy YacTKOBO HE YTPUMYIOTHCS Ha
MOBEPXHIX 13 MO3UTHBHOK Tomorpadiero, 0
3MEHINy€e eeKTHBHICTP T1Ipodoodizarlii.

V Bunazaxy [IET npupoaHuii KyT 3MOUyBaHHS
JUIA TUIACKOTO MaTepiaqy CTaHOBUTH NPUOIH3HO
76°, mo  BimoOpaxkae Horo  TigpodinbHi

BiaactuBocTi. HeratuBai texctypu IIET 0e3
aepocuily JEMOHCTPYBaIM momnepeuyHuit kyt 138°,
TOII SIK TIO3AOBXHIA KyT BHMIPSTH HE BAAJOCS
yepe3 pO3TIKAHHS Kparun, W0 MiJAKPECIoe
aHI30TPOIHUI XapakTep riapodinbHOCTI.
BrutaBiieHHs1 aepocuily B TEKCTYPOBaHY ITOBEPXHIO
IET 3a0e3neumsio  3HaYHe i{BUIICHHS
rigpodobHOCTI 10 156° Ta 149° y monepeuHoMy Ta
MMO370BXKHROMY  TI€pepi3ax  BIAMOBIAHO, IO
CBIZUUTH TIPO ¢(EKTUBHE YTPHUMAHHS YACTHHOK Y
mikax penbedy Ta GopMyBaHHS CTAO0UTLHOTO CyIIep-
rizpodobHOrO edekry.

TakuM YMHOM, pe3yNbTaTH MiATBEPIKYIOTb,
o KOMOIHOBaHE BHKOPUCTaHHS TEKCTYPyBaHHS
MOBEPXHI Ta BIUIABJICHHS aepOCUIy € e()eKTHBHUM

MIXOAOM  JUIS  MiJBUIICHHA  TiApo¢poOHMX
BJIACTHBOCTEH TMOJIIMEPHUX IUTIBOK, i3 OCOOJHBO
BUCOKOIO  €(eKTHUBHICTIO Ui  HETaTHBHUX

BinoutkiB I1ET, ne 3abe3mneuyeThcsi MakCUMabHA
Gbikcamisi YaCTMHOK y CTPYKTYPHHX €JIeMEHTax
pensedy.

BucHoBok. Y  po0oTi  cucCTeMaTH4HO
JOCHIHDKEHO MOXJIHMBICTH ()OpMYBaHHsS MIKpO- Ta
i€papxigHO TEKCTYPOBAHHUX MOJTIMEPHHUX
MOBEPXOHb  METOJOM  TEPMOBIATHUCKAHHS 3
BHUKOPUCTAHHSIM MeTaJIeBUX 11abJIOHIB,
BUTOTOBJICHNX  (PEMTOCEKYHIHOIO  JIa3€pHOIO
a0JIAIIi€r0, @ TAKOXK OIIHEHO BIUIMB TAKOI TEKCTYPH
1 BIUIaBICHUX HAHOYACTHMHOK Ha TiapodoOHi
BJIACTUBOCTI MOJIIMEPHUX ILTiBOK.
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Ilokazano, 1O MeTaleBi MAOIOHH 3
MepioguUHUM MiKpopeasedoM po3mipom 20 Ha 60
MKM 3a0e3reuyioTh e()eKTUBHE Ta BIITBOPIOBAHE
MEpEeHEeCeHHs] TEKCTYpH Ha TMOJIIMEPHI IUTiBKH.
Cepen JTOCITI KCHIX MarepiaiiB
noJlieTuieHTepedTagaTHi TIJTiBKH
MPOJEMOHCTPYBaJIM HaWKpally SKICTh peruTiKamii
MpH TOPSIMOMY TEPMOBIJITHCKaHHI 3 METaJIeBUX
MaTpHIh: MIKPOCTPYKTYpa BiATBOPIOETHCS UIiTKO,
0e3 3HauHNX MOPQOIOTIYHUX 1ePEKTIB, i3 BUCOKOIO
OJTHOPIAHICTIO MO TwIoNIi 3paska. [lomieTuineHOBI
IUIIBKM TIPA TPSIMOMY KOHTaKTI 3 METAJICBUMH
abJOHaMU  CXWJIBHI 70 YTBOpPEHHS Je(EeKTIB,
MOB’S3aHUX 3 airesi€lo Ta B’SI3KOMPYKHIMHU
BIIACTUBOCTSIMH Marepiainy, 1o 3HUKYE
MOPQOJIOTIYHY TOCKOHAIICTh ITOBEPXHI.

BcraHoBieHo, 10 3aCTOCYBaHHS MPOMIKHHUX
[NET-pennik K BTOpPMHHMX IIA0JIOHIB AT
dbopmyBannas [1E-BiqOWTKIB MTO3BOJISTE 3MEHIIUTH
HETaTUBHUU BIUTMB ajre3ii MeTal-moiiMep Ta
OTPUMATH OUTBIN BIOPSIKOBAHY CTPYKTYpPY, X04a
IpU 1IbOMY BiMOYBA€EThCS TEBHA TpaHChOpMAIIis
reoMeTpii eleMeHTiB penbedy (3rIamKyBaHHS,
nepexig Ao TpamnenienofiOnux mpodimis). lLle
CBIAYUTDH MPO HEMPUCTOCOBAHICTH JaHOI TEKCTYpH
MOBEPXHI 10 TIOBTOPHOI pEIUTIKaIlii, OIHAaK
TEPMOBIJITUCKaHHS TPOXOAWTh 0€3 KPUTUYHOI

BTpPaTH  MEPIOAMYHOCTI Ta  aHi30TPOITHOCTI
TEKCTYpH.
BumiproBanas KYTiB 3MOYyBaHHS

MiTBEPIUIN CYTTEBUN BIUIMB MIKPOTEKCTypU Ha
rigpodoOHI BIACTHUBOCTI TOBEPXOHB. I BCiX
TEKCTYpOBAaHUX 3pa3KiB 3a(iKCOBAHO BHUPAKCHY
aHI30TPOMII0 3MOYYBaHHSI, 3yMOBIICHY OPI€HTALIIE0
Kparuli  BiJHOCHO  HAIPSIMKY  MIKPOPEIbEDY.
TekcTypyBaHHS JO3BOJISIE 3HAYHO MiJBUIUTHA KYT
3MouyBaHHS SK Ui rigpodoOHoro I1E, tak 1 mns
noyatkoBo  rigpodineHoro  IIET, mpuuomy
MaKCHMaJbHi 3HAYCHHS JIOCATAIOTh abo
HAOIMXKAOTBC 0 00jacTi cynepriapohoOHOCTI.
[TopiBHSHHS EKCHEPUMEHTATBLHUX 3HAYCHb KyTa
3MOYYBAaHHS 3 TEOPETUYHHUMH, OTPUMaHHMHU 3a
mozemtio Kacci-bakcrepa, mokasaio, mo GpakTudaHi
KyTH  3MOYYBaHHS  3HA4YHO  IEPEBHUIIYIOTh
po3paxyHkoBi. Ile CBiguMTHP TIPO HASBHICTH
JI0OTaTKOBOT'O CYOMIKPOHHOTO PiBHS TEKCTYPYBaHHS
Ta YCKIAJHEHUM XapakTep 3MOYYBaHHS, SKUU HE
BpPaxoOBYEThCS B paMKax igealli3oBaHOi MOJEI.
Kpim Toro, crmoctepexeHne 3Ha4HE PO3XOKECHHS
KyTiB 3MOYYBaHHS TIIpH BHUMIPIOBAHHIX Yy
MOMEPEYHOMY Ta  MO3JOBXKHBOMY  Iepepizax
CBIJTYUTH TIPO HENOIUITLHICTh 3aCTOCYBAaHHS MOCII
Kacci-bakcrepa s 1aHuX THITIB TEKCTYPOBaHUX
MOBEPXOHb.

[IpopeMOHCTPOBaHO MPUHLUIIOBY MOKJIMBICTh
(hopMyBaHHS i€papXiYHUX I[OBEPXOHb IUIIXOM
BIUIABJICHHS TiApo00i30BaHMX HAHOYACTHHOK
HiPOTEHHOTO IIOKCHAY KpeMHilo Oe3nocepeaHbo
M 9ac TPOIECY TEePMOBIATHCKAHHSA. YaCTUHKH
aepocuity e(eKTHBHO (IKCYIOTBCS Ha IIOBEPXHI,
NepeBaXHO y  BEpIIMHAX  MIKpOpensedy,
¢dbopMyIoUH JOAATKOBHH CYOMIKpDOHHUI piBEHb
mopctkocti. HalOinpiiuit ehekT AOCATHYTO s
HeratuBHuX Tekctyp I[IET, ne 3abesmeuyeThbcs
HajgidHa ¢ikcamiss YacTUHOK 1 (OpMyBaHHS
CTaOUIbHUX  CymneprizpooOHUX IOBEPXOHb 3
KyTOM 3MOYyBaHHS 156°.

TakuM 4HMHOM, MOEAHAHHA MAacIITa0OBaHOTO
METOJy TEPMOBIITUCKAHHS 3 BHUKOPUCTAHHIM
JIa3epHO TEKCTYPOBAaHUX METAJICBUX IAOJOHIB 1
BIUIABJICHHS HAHOYACTMHOK € e(EeKTUBHHM Ta
TEXHOJIOTIYHO TEPCIEKTUBHUM  MiAXOAOM IO
CTBOPCHHS MIKPO- Ta i€papXidHO TEKCTYypPOBAaHUX
NOJIMEPHHUX IOBEPXOHb 13 KEPOBAHUMH, Y TOMY
yhcni  cyneprizpooOHMMH,  BIACTUBOCTSIMH.
OtpumaHi pe3yJbTaTH CTBOPIOIOTH OCHOBY IS
MOJTATBIIIOT onTuMizamii TEXHOJIOT19HUX
mapamMeTpiB i pO3MIMPEHHS  NPaKTHYHOTO
3aCTOCYBaHHS TaKuX MOBEPXOHb y
(YHKIIOHATIbHUX TMOKPUTTAX Ta TMPOMHUCIOBUX
BUpOOax.

L]e Oocnioocennss 6yn0 npoghinancosano 6 pamkax
npoekmy Ne  2025.06/0031 «Ilonimepui  piounno-
iHGhy308aHi nIi6KU 3i 30amMHICMIO 00 AHMUODICOCHIHHSY
(xoumpaxm Ne 217.0031 01.08.2025) Hayionanvroeo
gonody docnidocenv Yrpainu.
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Makovkyi D.P., Myronyuk O.V. Formation of
two-level water-repellent textures on the surface of
polymer films

This study investigates the fabrication of micro- and
hierarchically textured polymer film surfaces via
thermoforming using metallic molds produced by
femtosecond laser ablation. The influence of surface
texture and embedded nanoparticles on the hydrophobic
properties of the materials was analyzed. Polyethylene
(PE) and polyethylene terephthalate (PET) films with a
thickness of 200 um were used as model polymers. It was
shown that PET films provide the most accurate and
stable reproduction of the microrelief during direct
thermoforming with metallic molds, whereas PE exhibits
morphological defects associated with polymer—metal
adhesion and its rheological properties. The use of
intermediate PET replicas was proposed to improve the
quality of PE imprints and reduce the adverse effects of
polymer—metal interactions. The fabricated
microtextured  surfaces demonstrated pronounced
wetting anisotropy, with contact angles strongly
depending on the droplet orientation relative to the
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texture direction. Surface texturing significantly
enhanced the hydrophobicity of both inherently
hydrophobic PE and initially hydrophilic PET.
Comparison of experimental data with theoretical
predictions using the Cassie—Baxter model revealed
higher experimental contact angles, indicating the
formation of an additional submicron roughness level.
The possibility of creating hierarchical surfaces by
embedding hydrophobized fumed silica nanoparticles
directly during the thermoforming process was
demonstrated. The particles were effectively fixed
predominantly at the microrelief peaks, forming an
additional nanotexture. The highest hydrophobic
performance was achieved for negative PET textures
with  embedded nanoparticles, reaching stable
superhydrophobicity with contact angles exceeding
156 + 3°. The results confirm the potential of combining
thermoforming with nanoparticle integration as a
scalable approach to fabricate functional polymer
surfaces with tunable water-repellent properties.
Keywords: microtexturing; thermoforming;
polyethylene, polyethylene terephthalate;
hydrophobicity, superhydrophobic surfaces
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OCOBJIMBOCTI TEXHOJIOT'TI OTPUMAHHS T'IJIPOJII3ATIB
TETPAETOKCHCHUJIAHIB PI3HOI'O ® YHKIIIOHAJIBHOI'O IIPU3HAYEHH
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Axmyanvuicme 00CNi0NHCEH S 2ioponizamie
mempaemoxCUCUnamy 3yMo6IeHa WUPOKUMU
MOJCIUBOCIAMYU  IX — GUKOPUCMAHHA Y CMEOPEHHI

DYHKYIOHANbHUX HeOp2aHTYHUX i 2IOPUOHUX Mamepiaie
i3 KepoBAHUMU BIACTNUBOCIAMU, WO 3ACMOCOBYIOMbCA 8
Mamepiano3Haecmsi, byoienuymai, Meouyuni,
eHepeemuyi ma 3aXUCHUX mMexHoao2iax. Y pobomi
y3a2anbHeno 0cobauoCcmi OMpuMaHHs 2iOponizamie
mempaemoKcucuIamy y 3omb-2env  npoyeci ma
NpoaHanizoeaHo OCHOGHI MEXHOJIO2IUHI napamempu, wo
susHauaroms ix  izuxo-ximiuny —cmabintbHicms i
@yuxyionanvne npusnauenns. Posensamymo mexamizmu
2I0ponizy ma NOAIKOHOEHCayii emuaCuIikamy y Kuciomy
ma JYHCHOMY Cepedosuyax, a makoxic ix 6nau8 Ha
dopmysanna  CuloKcamogoi - CMPYKmMypu — 3070.
Tloxazano, wo cnisionowenus weuoxocmeti 2ioponisy i
KoHOencayii cymmeso 3anexcums 6io pH cepedosuwa: y
KUCIomMy  cepedosuwyi  2ioponis — nepesaxcac  Hao
KOHOeHCayiclo, Wo CRpusc GopmysanHio 0OHOPIOHUX
npo3opux 301i6, MOOL 5K Y JYIHCHOMY cepedosuuyi
IHmMeHCcUpIKyembesi KoHOeHcayis | 6i00y8aemv st ueUoKe
VMBOPEHHA NPOCMOPOBO 3WUMOI CUNOKCAHOBOI CIMKU
ma yKpynHewHs wacmuHok. IIpoananizoeano enaus
monsiproeo  cniggionowenns — HO/TEOC,  muny
Kamanizamopa, npupoou pPOHUHHUKA, MeMNepamypu
cunmesy ma ymo8 nepemiuly8antsa Ha KiHemuky peaxyiil
i cmabinenicms  cucmemu. Bcemanoseneno, wo
ONMUMANbHI  3HAYEHHS napamempis cunmesy
003601A10Mb KOHMPOII08AMU MOPPON02iI0 YACMUHOK,
CMYNIHb 3UUBAHHA CUOKCAHOBOT MePeXCl ma peoslociuHi
eracmusocmi cioponizamie. Oxpemy yeazy npuoiieHo
giominnocmam mixe TEOC ma emuncunixamom-40, wo
BUBHAYAIOMb IX 3ACMOCY8AHHA Y 1AOOPAMOPHUX Md
npomucnosux mexuonoziax. Iloxazano, wo KOHmMpos
CKAAdy 30710 mMa YMOG 2IOpOoNi3y 0d€ MONCIUBICMb
pezynioeamu  61acCmMuU6oCmi  KiHyeeux mamepianié i
posuwuproeamu cghepu ix euxopucmanus. Y3acanbHeHo
cyuacHi nanpamu 3acmocysanns 2ioponizamie TEOC,

30KpemMa y (Popmy6anHi 3aXUCHUX MA AHMUKOPO3IIHUX
NOKpUmMmis, CuHmesi KpemMHe3eMHUX HAHOYACMUHOK,
aepoeenis, (YHKYIOHATbHUX MEKCIMUTLHUX Mamepianie,
BOJIOKOH mMa  KOMRO3UyiuHux cucmem. Busnaueno
OCHOGHI ~ mpobnemu, no8’s3ani 3  NIOBUWYEHHAM
cmabinbHoCmi 30118, O0OMEICEHHAMU BUKOPUCMAHHS,
8I0MBOPIOGAHICINIO  Pe3VIbMAmMie ma ONMuUMI3ayicio
MEXHONOIUHUX ~— PedHCUMI 30/1b-2€/b cuHmesy.
OO6TpyHmMOBAHO Nepcnekmuby NOOAILUUUX O0CTIONCEHD.

Kniouosi cnoea: 30/1b-2€/b npoyec,
MmempaemokCucUIaH, noxpumms, 2ioponis,
NoMIKOHOeHCayisl.

Beryn. 3onb-rens mpouec — Ie «MSIKa»
MOKpa XiMiYHa TEXHOJIOTis, 5Ka JI03BOJISE
CHHTE3YBaTH Marepianm pu HU3BbKHUX
TeMITepaTypax, 10 3MEHIINY€E CTIOXKWUBAHHSA CHEPTil
Ha BiIMiHY BIJI TpaauIli HFHIX

BUCOKOTEMIIEPATYPHUX METOAIB CHHTE3Y KepaMiKH
Ta MOKpUTTIB. [lo Woro mepesar Ime BiTHOCSTHCS
Jerka  MacmTaboBaHICTh Yy  MPOMHCIOBOCTI,
MOPIBHSIHA €KOJIOTIYHA Oe3MeYHICTh, BHACIIJIOK
MEHITIOI  KUTBKOCTI TOKCHYHHUX PEYOBHH  Ta
YVHIBEpCATBHICTh 3aCTOCYBaHHSI. CrabinbHi
rigpomnizatu TEOC (TeTpaeToKcUcHIaHy) y 30J]b-
re’db TEXHOJOTIl JECATKH POKIB € OCHOBOIO IS
OTpUMAaHHS HIHPOKOTO CHeKTpa
noJi(pYHKIIOHAIEHUX MaTepiajiB: BiJg 3aXHUCHUX
MOKPUTTIB Ha METanax, CKJi, COHTYHHX TaHENIX,
JIepeBl 70 TIOPOIIKIB pPi3HOI TUCIEPCHOCTI Ta
3B’S3yI0UMX 1 Mpocodyrounx cucteM. [Ipomyktu
BiJITIOBITHOTO T1POJIi3y i KOHACHCAIlIT B 30J1b-T€Ib
CHMHTE31 KOPWCHI 3aBASKA CBOId Oap’epHIN i
KOPO3iiHIH CTIHKOCTiI, OCOOJIMBO 3a MOXKJIHBOCTI
JOCSATHEHHsI CyNepriipooOHOro CTaHy MLUIIXOM
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TEKCTYpYBaHHS TTOBEPXHI, OloMeuuHii
CyMicHOCTI, 010CTIHKOCTI, 3IaTHOCTI JO YTBOPECHHS
TiOpUIHUX OpraHo-, HEOPTaHIYHMX IOKPHTTIB,
M ABHIIEHIH TepMmocTabinbHOCTi.[1,2,3,4]. v
Mporeci OTpUMaHHS CTaOUTBHUX  TiIpoJii3aTiB
MOXXHa CHCTEMaTHYHO BHBYATH 3B 530K YMOB
CHHTE3y 1 BIIACTMBOCTEH KIiHLEBOIO MaTepiaiy.
JlocmimkeHHsT TIPOIIECiB TiPOi3y Ta KOHACHCAI]
TEOC y gaci momomarae 3po3yMiTH CTPYKTypHY
€BOJTIOLIIF0 30JTI0 Ha MOJIEKYJIIPHOMY Ta HAHOPIBHSIX
1 miai0paTH TEXHOJOTIYHI PEKUMH IS [TOJAIIBIIOTO

MPUKIIAJHOTO BHUKOPUCTaHHSI. MOXIUBICTh
Moaudikamii (QyHKIIOHATEHUMH TpPylaMd Ta
BBEIICHHS JI0O0ABOK  JTO3BOJISIE po3pooATH

IHHOBAIlIHI, TIOpHUIHI MaTepiany 3 3aJaHAMH
XIMIYHAUMH Ta MEXaHIYHUMHU BJIACTHBOCTSMH, IIIO
Ma€ BUCOKY aKTYaJIbHICTh 1 HAyKOBO-TIPAKTUYHY
3HAYYIIICTh JUIsl MaTEPiaJIo3HABCTBA Ta 1HXKEHEPIi.

IToctanoBka mnpodJjemu. Ilompu 3HAYHUH
o0csAT  JOCHIKEHb, TPUCBIYCHHUN  30JIb-TEIh
cucremam Ha ocHoBi TEOC, y cyuacHiii mitepaTypi
BIICYTHIN Y3TO/DKCHHM TMMOXiA 0 BHU3HAYCHHS
KpUTepiiB  CTaOUIBHOCTI  TiApomizaTiB Ta  iX
knacugikamii 3aJeKHO Bi YMOB CHHTE3y 1
(yHKIIIOHATBHOTO mpu3HadeHHs. Jlawi 110710
BIIIMBY pH,  MOJIApHOTO  CHIBBIAHOIICHHS
KOMITIOHEHTIB, TUIy KaTalli3aTopa, PO3UYMHHUKA Ta
TEMIIEPaTypyd  TOAATHCS  (pParMeHTapHO, a
pe3yAbTaTH PI3HUX aBTOPIB YACTO € CKIIATHUMU JIJIST
MOPIBHSAHHS dYepe3 BIAMIHHOCTI Yy METOAMKAX
MPOBENEHHS EKCIEPUMEHTIB 1 XapakTepUCTHI
OTpUMAaHHUX CHCTeM. Y OurbmocTi poOiT yBara
30cepekyeTbess  abo Ha  (yHIAMEHTAbHHX
MeXaHi3MaxX Tipomi3y 1 KOHJAeHcalii, abo Ha
MPUKJIATHUX acCIeKTaX 3aCTOCYBaHHS MarepialiB,
TOAl SK KOMIUICKCHHH aHali3 B3a€EMO3B’SI3KY
«YMOBH CHHTE3Y — CTPYKTypa 30JH0 — BIACTHBOCTI
KIHIIEBOTO MPOJYKTY» MPEACTABICHHA OOMEKEHO.
Kpim Toro, HemocTaTHRO CHCTEMaTH30BaHI JaHi
IIOI0 JTOBrOTPUBAJOi CTAOIIBHOCTI TiAPOJII3ATIB,
BIUINBY YMOB 30epiraHHs Ta pPEOJIOTIYHHX
XapaKTepUCTUK Ha TMOJAJblIe BHUKOPHUCTAHHS
CHUCTEM Y TIOKPUTTSAX, MTOPOIIKAX 1 KOMIIO3HUITIHHIX
Matepianax. Y 3B’S3Ky 3 I[UM aKTyaIbHUM €
y3araJlbHEHHS CY4YaCHHMX MiJAXOIIB 10 OTPUMAaHHS
crabimpamx  Tigpomizatie TEOC Ta  aHami3
(akTOpiB, MO BHW3HAYAIOTH iX (QIZHKO-XIMIUYHY
CTaOLTBHICTD.

Meta. Meror0o maHOi OIIISIIOBOiI CTaTTi €
y3arajgpbHEHHS CyYacHHX HAyKOBHX ITIXOIIB 10

OTpUMaHHS cTablIbHUX rizpomizariB
TETPACTOKCUCHIaHy Y  30Jb-Telb  IpOIeCi,
BCTAHOBJICHHS 3aKOHOMipHOCTEN BILUTUBY

TEXHOJIOTIYHUX TapaMeTpiB CHUHTE3y Ha (i3UKO-
XiMiuHY cTaOiIbHICTH 30J1iB 1 BIACTUBOCTI KiHIIEBUX

MmarepianiB. Y MeXax TIOCTaBI€HOI  MeETH
nependavaeTbCsl  3MIMCHUTH — aHaAi3 CyYacHUX
JTEpaTypHUX TAHUX IMOJO0 MEXaHi3MIB TiIpOi3y
ta kouzaeHcauii TEOC y pi3HuUX cepemoBHIIAX,

y3araJbHATH  BIUIMB ~ OCHOBHHUX  ITapaMeTpiB
npouecy —  30kpema  pH,  MomspHOro
CHIBBiAHOLICHHS MIPEKypCopiB, MIpUpOIU

KaTaJlizaTopa, TUILY pO3UMHHUKA i TeMIIepaTypH —
Ha TOBEIIHKY 30JIF0 Ta HOro CTaOUIbHICTh y dYaci.
Takox naHOIO PoOOTOI0 MependayeHo OrJISTHYTH
Pi3HOMaHITHI 3aCTOCYBaHHA TaKHMX TiApOi3aTiB.

Bukaan OCHOBHOI0 Marepiany.
TigpomiTidHa  MONMIKOHACHCAINSI  CTHICHIIIKATY
JOCUTHh CKJIaJHHHA, Xo4ya 1 BHUBYEHHH, IPOLEC
napayiebHUX 1 OCTIIOBHUX peakIliii. BBaxaeThcs,
mo modatkoBi etokcurpynu(—OEt) 3amimmyroThes
Ha rigpokcwibHi(—~OH), yTBOpPIOIOYM CHIIAHOH
(-Si-OH), abo kpemHieBI KHCIOTH SKi €
HECTAOUTPHUMH ¥ TEpEXOIITh B CHIOKCAHOBI(Si—
0O-Si) cnonyku, Oe3mocepenHbO (HOPMYHOUUMU
noximepHy 3D citky. Uepe3 KOMIUIEKCHICTD IIOTO
MIPOIECY 3aBXKIU YTBOPIOETHCS CYMINI CKIIATHHUX
MIPOTYKTIB.[5]

[lepBuHHMI eTam - TiOponi3, € peakiiero
HYKJICO(DITBHOTO 3aMillleHHs] MEPLIOro MOPSIKY
Uy Sn2-Si, M0 XapaKTepu3yIOThCs TEePeXigHIM
CTaHOM, B  SKOMY  aTOM  CHIINII0 €
N'SITUKOOPAMHOBAaHMM.  BinOyBaeTbcs — LUISAXOM
aTakl MOJIEKYyJlMd BOIHM Ha aroM CHIILII0, IO
MPU3BOIUTEL A0 yTBOpeHHs cmiaHomB (-Si-OH) i
OTHOYACHOTO BHUBUIBHEHHS €TaHOIy. Y BOJHO-
CIIUPTOBOMY CEpPEIOBHIII O€3 KaTari3aTopa peakKiist
Wae nyxe TMOBUIBHO, TOMY IS TPUCKOPEHHS
3aCTOCOBYIOTH KHCJIOTHUHN a00 Jy>KHUM KaTtaiiz[5].

v KHUCIIOMY CePEeIOBHIIT rigpois
TETPACTOKCUCHIIAHY I1HIMIIOETHCS TPOTOHYBAHHIM
aToMa KHCHIO B €TOKCUTPYIi a00 CHIIOKCaHOBOTO
MICTKa TIpM aTOMi CHIILII0O B OJromepax.
IIpoToHyBaHHS  WiABUINyE  €IEKTPOPIIHHICTH
CUJIIIlif0, POOJISYM WOro OUNBII YYTIUBHM [0
HYKJIeo(iTbHOI aTaky MOJIEKYJM Boau. Bracmigok
1IHOTO BiOyBaeThes 3amimenus —OEt rpym na —OH
3 YTBOPEHHSAM CHJIAHOJIB 1 BUAUICHHSM €TaHOIY.
Peakiist mpoXoauTh MOCIiIOBHO — BiJ] YaCTKOBO
rigpomnizoBaHux (GopM A0 MOBHOTO MEPETBOPEHHS
Si(OR)4 y Si(OH)a. (Puc. 1)

" OR W ” OR W OR

v
O0=—Si—0—R | ——2= HO—Si—O0R * ROH + H*
AN

H OR H RO OR OR

0 + RO—Si—O0—R

Puc. 1. Cxema npotikauus rigponizy TEOC
B KHCIIOMY CEpelIOBHIII [6]
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KonpeHcaniss y KHCIOTHOMY CepeOBHILI
BIIOYBA€ThCS IEPEBAYXKHO YEPe3 PEaKIilo MK
MPOTOHOBAaHUMU CHIIAaHOJIEHUMHU rpymamMu.
VY1BopenHss Si—O-Si MICTKIB CYIPOBOKYETHCS
BHIIUICHHSM BOAM a00 ciupTy. MexaHi3M 3a3Budait
MIPOXOJNUTHh HYepe3 eIEeKTPOodiIbHy aKTHUBAIIIO
CHJIQHONBHOI TpynH, IO crpuse (OpMyBaHHIO
BIJHOCHO JiHIHHMX ab0 crabopo3raryKeHuxX
roriMmepHux JIaHmoriB[ 7]. (Puc. 2).

OR H OR

N
“0—Si—OR
"GN

OR H oR

H* + HO—5—0R ===
|

H OR OR H ORH OR OR OR

| \ i e d

/ |
'\ﬂ—"--—OR'“O—\-—O“ === +0—Si—0D—5—0R =—= RO “fi —'0—‘|—Uﬂ' H,0
£

I P |
H OR OR H RO OR g OR oR
Puc. 2. Cxema npotikanas koHunencarii TEOC
B KHCJIOMY CEpEeIOBHIII [6]

Yepes Te M0 KOHAEHCAlis BiIOyBaeThCs
MOBIUNBHIIIE, HDK TiApoi3, (GOpMyeTbcs OLIbII
OJTHOpi/THA Mepeka 3 MEHIIINM CTYIIEHEM JIOKAIBHOT
arperauii. ¥ pe3ynbTaTi NEepeBakKHO BHHHUKAIOTDH
mpo30pi 30111 3 HEBEIHKHM PO3MIpPOM KIIacTepiB.
Taki yMOBH € CHPUSTIMBAMHU Uil (OPMYyBaHHS
TOHKHMX OJHOPITHUX MPO30PHUX ILUTIBOK 1 HOKPHUTTIB
13 HU3BKOIO TTOPUCTICTIO.

v Ty)KHOMY CcepeIoBHIITI Tiapomi3
BiIOYBAa€ThCS 3a YYacCTIO TIAPOKCUA-HOHIB, SKI
Oe3mocepeHbO aTaKylOTh aroM cuimidito. Ha
BIIMIHY BiJi KHCIOTHOTO MEXaHI3My, TYT HeE
BiIOYBA€ThCSI TOMEPEIHBOTO IPOTOHYBAHHI —
peakiist iine uepe3 HyKJICO(IIbHHNA MeEXaHi3M 3
YTBOPEHHSM IEHTaKOOPAMHOBAHOTO IEPEXiTHOTO
cTaHy. Y IIUX YMOBaX TiAPOIIi3 1 KOHACHCAITIS 9aCTo
BiIOYBalOTbCS Maibke OJHOYACHO. SIK TUIbKH
YTBOPIOETHCSI CHJIAHOJBHA Tpyla, BOHA IIBUAKO
TIEPETBOPIOETHCS B CHJIAHOJAT aHIOH 1 BCTyHae B
peaKIIio KOHACHCAITIT, IO 3HAYHO CKOPOUYE TEPioT
iCHyBaHHS OKpPEMHUX TiApONi30BaHUX MOHOMEDIB.
(Puc.3).

OR OR OR

=—— OH—Si—OR + OR

HO: + RO—Si—OR
b S

OR RO OR (|JR
Puc. 3. Cxema nporikanns rigponizy TEOC
B JIy’)KHOMY cepeaoBHi [6]

KonmeHcamis B JIy’)KHOMY  CEpPEIOBHIII
MPOXOIUTh dYepe3 JeNpOTOHOBaHI CHJIAHOJBHI
rpynu (Si—O"), AKi € cunbHUMU HyKineodinamu. Lle
3HAYHO ITiJIBHIY€E IMBHUAKICTH yTBOpeHHS Si—O-Si
3B’s3kiB.  [Ipumyckarorh, 1m0  BimOYBa€ThCS
nojimMepusalis 3a 1OHHUM MEXaHi3MOM. Y

pe3ynbTati  (popMyeThCcsl TpUBHMIpHa CiTKa 3
BHCOKMM CTYIICHEM 3IIMBaHHSA BXE Ha paHHIX
crazisx mporecy|7]. (Puc. 4)

OR OR

Tw | )

OH + H—0=S1—0R === 0—5i—OR+ H,0
OR |

OR

OR OR FR OR OR OR

/ ]
0—5i—0R+ HO—5—0R ==—— | OH—5i—0—5I—0R | === RO—§ —U—.\I—UR' OoH

\ ) SN | |
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Puc. 4. Cxema npotikanus kounencarii TEOC
B JTY’)KHOMY CEepeIOBHII [6]

[MoBepxHeBWit 3apsii YaCTHHOK BH3HAYAE
CTAaOUTHHICTh TIMPOJI3aTiB y TMPOIECi peakIliil.
[30enexkTpryHa TOYKa KpEMHE3eMY 3HAXOIUTHCS B
Mexkax npubnuzHo pH 2-3 3amexHo Bim yMmoB
CHHTE3y, 10HHOI CWJIM Ta CTYIIEHS KOHJCHCAIi
YaCTHHOK. Y Wil o0nacTi cyMapHUH MOBEPXHEBUI
3apsa 4acTHHOK SiOz MpsIMy€E JT0 HYJIS, 1[0 03HAYAE
MiHIMQJIbHE E€JCKTPOCTATHYHE BiAMITOBXYBAHHSI
Mik Humu. CaMe TOMY MOOJU3Y 130€IeKTPUIHOT
TOYKH 3pOCTa€ CXWIBHICTH JO arperamii Ta
KOoarynsiii, a  KoJIoifHa  CTaOlIBHICTH €
HantHmkdor0. Ilpm Bimxmnenui pH y kucity a6o
JIyXHY CTOpOHY TIOBepXHs HaOyBa€ BigNOBiTHO
no3utuBHOTO (Si—OH:") 260 HeraTtuBHOTO (Si—0O7)
3apsany, IO  MJIBUIIYE  €NeKTPOCTATHUYHY
crabim3artito 3050[5,7,8].

[lIBuakicTe ¥ THUN TPOIECIB 3ajJekKaTh BiJ
KHCIIOTHOCTI ~ cepefoBHIa. Y  CHIBLHOKHCIIHN
00J1aCTi MBHUIKICTH TiAPOII3y € BiTHOCHO BUCOKOIO,
TOJIi SIK KOHJIEHCAIlis BiI0yBA€ThCS MOBUIBHIIIE, IO
CIpUs€ HAKOIMYCHHIO CWJIAHONBHUX Tpym i
(hopMyBaHHIO IPIOHUX, MEHIII 3IIMUTUX CTPYKTYp. Y
MPOMIKHIM 30HI (OIM3bKO HeWTpamsHOro pH)
MIBUIKICT TiAPOJI3y MPOXOIUTH Yepe3 MiHIMyM,
e KOHACHCAIS AaKTUBI3YETHCSA, IO 3MIHIOE
MEXaHi3M  CTPYKTypyBaHHSA. Y  Iy)XHOMY
cepenopuiti (pH > 7) xonnentpanis OH™ pizko
NpUCKOpIOE HyKJIeodinbHy ataky Ha Si—~OR Ta Si—
OH rpynm, ToMy TIBUIKICTh KOHJIEHCAIlli 3HAYHO
nepeBuIlye MBUAKICTH rimpomisy. Lle Bexe mo

MBUAKOTO (OpMyBaHHS 3MMTOI MeEpexi Ta
YKPYIHEHHS YaCTUHOK. EdexTuBunii
TUTIBKOYTBOPIOBAJIHUIM  30JIb  YTBOPIOETHCSA 32

YMOBH TOBHIIIOIO TigpoOJi3y Ta OOMEXEHHs
koHaeHcartii[ 8]. (Puc. 5)

Bcranonenns i BumiproBanss pH € He Takoro
NpOCTOIO 3aAa4et0. Takx K peakiis BiiOyBaeTbCs He
Yy BOZHOMY CEpeJOBUIL, a 3a3BUYail y CyMillli BOIU
i CIUPTY, TO 3BUYANHMI IHAMKATOPHUH mamip Oyie
JaBaTh MOXHOKy, Yepe3 Te HI0 BiH 3MOYYETHCS
CIOHUPTOM. AJle, HOTO MOKHA BUKOPHUCTOBYBATH MPH
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ouinmgi pH cymimi Bomm H  Karamizaropa,
HEOOXITHOTO IS PeaKilii, Mpyu YoMy CJIiJI BBaXKaTH
o0 TpH 3MINTyBaHHI 3  AJIKOKCHCHIAHOBHM
PO3YMHOM BiH 3MIHIOBaTUMEThCS. TOMy Kparmm
Oyme  BHUMIPIOBAaHHSA  IOTCHIIIOMETPUYHO, 3
KamOpyBaHHSIM Ha BIZIITOBITHY cyMiIt
po3unHHUKIB. KpiM 1p0r0, CcTaHmapTHA MIKaIa
KHCIIOTHOCTI BHU3HA4YCHA JJIs BOJHUX CHCTEM 1 HE

BpaxoBy€ CIENMU(pIYHOTO BIUIMBY  3MIIIAHOTO
pO3YMHHUKAa HA AaKTUBHICTh 10HIB  BOJHIO,
BpPaXOBYHOUH KaTani3zaTopu pi3HOT CHIIH.

Hanpukman, s po3vMHIB CHJIBHUX KHCIOT Y
MpUCYTHOCTI TizpomizoBanoro TEOC Benmanna pH
npakTu4HO BigmoBigae —log(cKucmotu) i cmabo
3aJIeKUTh BiJl CKJIAJy PO3YMHHHKA, IO J03BOIISE
BUKOPUCTOBYBAaTH CKOpUTOBaHEe 3Ha4YeHHs pH sk
HaOJIMKECHY XapaKTePUCTUKY aKTHUBHOCTI IPOTOHIB.
HartomicTe y cuctemax 3i CIaOKUMH KHCIOTaMU
BUMIipsiHe 3HaudeHHs pH BimoOpakae He IuIIe
akTuBHICTH H', ame i 3MiHy KOHCTaHT AUCOINarlii
IiJ] BIUIMBOM BOJTHO-CITUPTOBOTO CEPEOBHIIA, IO
HEOOXiTHO BpaxoBYBaTH TIIPH  IHTEpHpeTaIii
KIHCTHYHHX JaHUX Tigpoii3y Ta KOHACHCAIi
TEOCI9].

(=Y

KongeHcauia

BigHOCHA WBKWAKICTb, BiAH. Of.

] |

T T

14

o
3

pH cepepoeuwa

Puc. 5. 3anexHiCTh BiTHOCHUX MIBUAKOCTEH TiAPOi3y
Ta KoHeHcauii Bixg pH po3unny [§]

Pisens pH Bu3Hauae MIBUAKICTH TIPOIECY 1
JTOMIHYBaHHS Tifpomi3y abo KOHACHcAmii IpHu
3alaHuX ymoBax. HaBiTh HeBenmwka 3MiHa I[HOTO
rmapaMeTpy CYTTEBO 3MIHIOE SKICTh YTBOPEHOTO
npoayKTy. TpaauIiiiHo Iy OTpPUMaHHS MIPO30PUX
Ta OJHOPIHMX TOHKHX IUTIBOK OOHUpAaKTh
cnabkokucnuit karamiz[10]. Y mykHHX yMoBax
OTPUMYIOTH  OiNbII  IIUIRHI, cdepuuHi  abo
MOHOJIUCTIEPCHI YaCTUHKH KpEMHE3eMY,
xapaktepHi ans IltoOep-momiOHMX cucTeM; Taki
Marepiaay  3acTOCOBYIOTh  SK  HAIIOBHIOBAdi,
abpa3uBH, HOCIi KaTaai3aTopiB, IMIrMEHTH, a TAaKOX
UL OACpKaHHS TOPOIIKIB 1 TIOKPHUTTIB 13
ITi IBUIIIEHOI0 MEXaHIYHOIO MirHicTIO[ 11].

[Ipote, nBa po3unHm 3 ogHaKOBUM PH MOXYTh
MaTHd PI3HUK 4Yac TeJICyTBOPEHHS, 3aJIeKHO Bif
MIPUPOIH MPOTHIOHA, 32 1HIIUX PIBHUX MTapaMeETPiB.
Tomy pi3Hi KaTaji3aTopu HEOJHO3HAYHO MOXKYTh
BIUTMBAaTH  HA  peakIiiiHe  cepemoBuiie[S].
Hampukian, HaitgacTimie 111 KUCJIOTHOTO KaTaizy
3aCTOCOBYIOTH CHJIbHI MiHepanbHi kuciotu HCl abo
HNOs, y SKMX MBHAKICTH TiAPOJi3y AOCTATHHO
KOHTPOJbOBAaHA TIOPIBHSHO 3  KOHJICHCAIIEIO.
[Ipuyomy HiTpaTHa CHOBUIBHIOE MOJIKOHICHCALIIO
IUISIXOM  YTBOPEHHS TmojdimepiB  Tumy Si—O—
NO;[12]. VY rigpomizatax TEOC 3 HF ta H3PO4
KOHJICHCAIliA BiOyBaeThCs MNPHOJIM3HO Ha TPHU
NOPSIIKK IIBUAIIE, HDK B iHIUX. Lle moB’s3aHo 3
KaTalli3ylouoo Ji€l0 aHioHa F~ 1 3 yTBOpeHHAM
JMIOHOPHO-aKIenTOpHuX 3B s3KiB Mk H3POs Ta
CYCITHIMU CHJIOKCAaHOBUMM JiaHItoramu. Li MicTku
MOXYTh 30JIDKYyBaTH CYCiHI JaHIIOTH OJUH 3
OJTHAM 1 CTEPHYHO TTOJICTIITYBATH KOHICHCAITIIO MiX
3B"s3kamu Si-OH (a6o SiOEt). Ognak, us npo0iema
3acimyroBye Ha monanbiii gocuimkenHsa[9]. loxo
JMY>KHOTO  KaTallidy, {YacTO BHKOPHUCTOBYETHCS
BOAHMI po3unH amomniaky[13,14], abo x ioro
CydacHUH aHanor, OimbIl M KM 1 BOAHOYAC
rigpodo0bizyrounii areHT —
rekcamermiaucmiazan[15,16].

Bubip npekycopy 3Ha4HO BIUIMBA€ HA CHHTE3
rigpomizariB. JloCTynmHO AeKiibKa BapiaHTIB, sKi
MICTATh TETpaeTHUN opTocuiikar. Haifgacrime
BukopuctoByiotecss ETC-40, ETC-32 i TEOC.
Etuncunikat-40 (ETC-40) BinmpisHA€TbCS  Bif
TEeTPAeTOKCUCHJIAaHY THM, M0 € CYMIIIIIIO
OJIITOETOKCUCHIIOKCAHIB Pi3HOT pO3raiIy>KeHOCTI, B
TOMY uucii 1 nukaivaux|[ 17] i3 BMicToM 61u3bK0 40
% SiO: B mepepaxynky, toai sk TEOC — me
iHauBigyansHa MoHOMepHa crionyka Si(OC:Hs)a 3
TEOPETUYHUM BHUXOJOM Oym3bko 28 % SiO:. s
OlTBII TOYHOTO BHM3HAYEHHsS CKIamy 3a3BHYAl
MIPOBOJUTHLCSA Xpomarorpadiunuii aHamiz (pakiii
OTPUMAaHMX TiJA dYac BaKyyMHOI JTUCTHIISIIII.
3aBasKM MONEepeJHHO C(HOPMOBAHKM 3B’ SI3KaM =Si—
O-Si=, ETS-40 wMae Bumy B’sI3KiCTh, MECHIII
JETKICTh 1 ycamKy Ima dYac Tigpomizy Ta
koHIeHcauii. Lle 3MeHIIye TpIIMHOYTBOPEHHS i
BHYTpIIlIHI ~ HANpYyXCHHS y TOBCTHX Ilapax
MOKPHUTTIB, a Takoxk  3a0e3medye  Kparrmi
3B’SI3yBaJIbHI BIIACTUBOCTI IOJI0 MiHEPATbHUX 1
METaJICBUX HAIOBHIOBAYiB[18].

Y  mpaktmuHomy  3actocyBanHi TEOC
NEPEeBAKHO  BUKOPHCTOBYIOTH  SIK  YHWCTHH
MPEeKypcop y  KOHTPOJNBOBAHWUX  30JIb-T'€llb
mporecax, Uil CHHTe3y  TOHKHX  IUTIBOK,

HAHOCTPYKTYp 1 (DYHKI[IOHAJIBHUX IOKPUTTIB, 1€
Ba)XJIMBA KEpOBaHa KiHETHKa Tifpomizy. HatoMicTb
ETS-40 O6inpm npupaTHUHA A0S TPOMHUCIOBHX
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CHUCTCM — 30KpCMa JIK HeopraHque 3B’$IBYB3.J'II>HC B

JIUBApHOMY  BHUPOOHHUIITBI,  ITUHK-CHJIIKATHUX
aHTHKOPO3iiiHMX  (apbax Ta  TEPMOCTIMKHX
MOKPUTTAX — JI¢ HEOOXiIHI MiJBUIICHUN BUXIiJ
SiO2, MeHma JETKICTh 1 CTaOUIBHICTE TIpH
dbopmyBaHHI MacWBHHX a00 TOBCTOIIAPOBHUX
MaTepiais.

Kpim mporo  HeoOXimHO  BpaxoByBaTH

CIIIBBIAHOIIICHHS CyOCTpaTy ¥ peareHTy B PeakKilii.
Mounspae crnisBinuomenHs H2O/TEOC (r) € ogauM
13 KJIIOYOBUX TapaMeTpiB, IO BH3HAYAE KIHETHKY
TiApoMi3y Ta MEXaHi3M CTPYKTYPOYTBOPCHHS B
3071b-Telb Tporieci. [Ipu rigposisi, KiITbKICTh BOIU
Ha OIHY €TOKCWIbHY Tpymy 0,5 Monb, 3aBeICHO
BBOXATH  CTEXiOMETPUYHOIO  HOPMOIO  JJIst
nmoganemioi  koHaeHcarii B SiO:-cTpykTypy. 3a
HU3BKUX 3HadeHb T (=1-2) MBHAKICTH TigpOIizy
oOMexeHa, a KOHJCHCAIliiiHI peakiii BIJHOCHO
MepeBaXKaroTh, MO CIpHUsie GOPMYBaHHIO JIHIKHUX
a00 caOKo PO3ralTy’)KeHUX TOJTIMEPHUX CTPYKTYP,
3 HEMOBHUM 3aMIIICHHSAM TiIPOKCUIBHHUX TPYII,
MPUAATHHUX JJIS IPO30PUX IMMOKPUTTIB 1 MOHOJII THHX
marepianiB. Ilpm cepennix 3HadeHHSIX 1 (=2—4)
JIOCATAETHCS OLIbII 30aJIaHCOBAHE CIIBBIIHOIIEHHS
rizpomizy Ta KOHIeHcamii, Mmoo 3a0e3medye
(hopMyBaHHSI TPUBHUMIPHOI CITKH TOJIIKPEMHIEBUX
KHCIOT 3  KOHTPOJBOBAaHOIO  IOPHUCTICTIO,
XapakTepHOi Uil KceporemiB i (QyHKIiOHaJIBHHUX
mokputTiB[17,19]. 30impmenas r no >4 CyTTeBO
MIPUCKOPIOE K TIAPOJi3, TakK 1 KOHACHCAIIIIO,
iHTeHCU(]IKy€e HYyKJI€alil0 Ta CHpHUSIE€ YTBOPEHHIO
CHIIIKarejro abo KOJOIZHMX YAaCTHHOK, IO
BHKOPHUCTOBYETHCS I CHHTE3Y IIOPOIIKIB 1
MoHoaucrepcHux  Si0: wyacTuHOK. HaitOinbimn
CTaOUIbHUMH € PO3YHMHHU Y SIKHX T € 2-2,5 3rigHo 3
eKCcTiepUMeHTaTLHUMHU JaHuMHu[20].

OCKUTbKM CTHJICWIIKATH HE 3MINIYIOThCSA 3
Bojoto, To y Bunaaky TEOC Haituacrime
BHKOPHUCTOBYIOTh HIDKYI CITUPTH — €TaHoa abo
i3ompormanoi. ONTHMaTLHAM € €TaHOJ, BIH €
MPOJYKTOM TiApoIizy, TOMY cucremMa
TEPMOJAMHAMIYHO  CTaOLIBHIIIA, 3MECHIIYETHCS
(dazoBe  po3mapyBaHHA 1  3a0e3MEUyETHCS
piBHOMipHUE Timpomi3. Bin no0pe 3mimryetbes 3
BOJIOIO, 3HMKYE TOBEPXHEBUH HATAT 1 J03BOJISIE
KOHTPOJTIOBaTH IMBUAKICTH peakinii. [3ompomanon
Jla€ TTOBUTHHIIIHMA TipoIi3 (depe3 OUIbITy CTepHuIHy
MEPEHIKOAY 1 HIKYY MOJISIPHICTB), 10 KOPHCHO IS
VIIOBUIBHEHHSI TEJICyTBOPEHHS Ta (opMyBaHHS

OUTBII  ONHOPIMHMX  TOKPHUTTIB.  MeTaHOI
MPUCKOPIOE MPOLIEC, ajle € TOKCHYHIIINM 1 JacTimie
3aCTOCOBYEThCS B JlabopaTtopii, HDK Yy

npomuciioBocTi. Jns ETC-40 Takox mepeBakHO
3aCTOCOBYIOTh €TAaHOJI, 1HOJII alleTOH OCKUTbKU BiH
3abesreuye 0OpPY CYMICHICTP 3  HasBHUMU

oliroMepaMH Ta  KOHTPOJIb  B’s3KOCTi. Y
TIPOMHUCIIOBUX MOKPUTTSIX MOXYTh
BHKOPHCTOBYBATH CYMIIIli CHUPTIB 200 apoMaTHIHI
PO3YMHHUKA (KCHIJION, TOJYON) JUIS 3MCHIICHHS
IIBUIKOCTI BUIAPOBYBAHHS Ta TOBIIMHU IIIapy, aye
TaKi CUCTEMH MEHIN XapaKTepHi I KIACHIHOTO
30J1b-TelNb cuHTe3y[S,7,11,12].

Bimomi Takok Meromu rigpomizy  0e3
BUKOPHCTaHHS po3unHHUKA[17,21], sk OLIbII
eKoJIOTiyHO uwncTi. Peakiis Tomi TpOXOAHTH

JIOKaJbHO Ha MexXi ¢a3, TiApomi3 BiIOyBaeThCs
HEPIBHOMIPHO, BUHUKAIOTH MIKPOIUISHKH 3 P13HOIO
MIBUIKICTIO KOHJACHCAIi, M0 TNPU3BOIUTE IO

arperarii YaCTHHOK 1 HEeCTaOUTBHOTO
rejgeyTBOpeHHs. Taki MeToau MaroTh  CBOI
OOMCE)KCHHSI, HANpPWKIAX Yy BHKOPUCTaHHI B

ONITUYHO TPO30PUX OJHOPIJHUX IUTIBKAX IS
COHSIYHMX TaHened. [lomaBaHHS crnupty poOUTH
CHUCTEMY TOMOI'CHHOIO, 3a0e3leuye piBHOMIpHUI
po3moin BOAM Ta Karaji3aTopa i, BiJlIOBiIHO,
KOHTPOJIbOBAaHY KIHETUKY, TOMY IO 30Jb-I'€llb
METOJ AYyXE UyTIUBHHA JO YMOB B MIKpPOOO’€Max.
TakoX PO3YMHHHUK PETYIIOE IIBUAKICTH PEaKIii.
Po3baBieHHs 3HWXKYE JIOKadbHY KOHIICHTPAIIIO
peareHTiB, 3MCEHIIye IIBHUAKICTb  HyKJIeawil
YaCTUHOK 1 JIO3BOJISE YHHKHYTH MHTTEBOTO
reneyTBopeHHs. lle 0coOnuMBO BaXIHMBO IS
(hopMyBaHHS TOHKHX TUTIBOK 200 CTAOUTLHUX 30J1iB
3 KOHTPOJIbOBAHMM  PO3MIPOM  YacCTHUHOK.
ChiBBiIHOMICHHS]  PO3YMHHHKA 1  MOHOMEPY
BIUIMBAE€ HAa TOBIIMHY YTBOPIOBAHUX IOKPUTTIB.
KpiMm TOro, pO3YMHHHWK 3MEHIIYE BHYTPIITHI
HaIpy>KeHHS TpH BUCHXaHHI. CIHUPT yHOBUIBHIOE
BUTIAPOBYBAHHSI, 3HWXKYE TOBEPXHCBHU HATST 1
no3sonsge (opmyBaTH OLTbm ogHOpPigHY Si—O-Si
citky[22].

[Ipomec mporikae npu BiZHOCHO HU3BKUX
TeMmreparypax, IO € BaroMol IE€pPeBarolo.
IlinBuiena TeMriepaTypa 3/1aTHa iIHTeHCH(DIKyBaTH
TETUIOBHJIUICHHS, 1110, CBOEI YEPro, MOXKe
MIEPeIYACHO IHIIIFOBATH peakilii KOHICHCAIll BKe
Ha TIOYAaTKOBHMX CTamisx Tigpom3sy. Lle cmpuse
HIBHJIKOMY 3POCTaHHIO YaCTHHOK, KOATYJISIil Ta
MOYJIMBOMY  PO3MIapYBaHHIO  TifgpomizaTy i
IMIBUIKOMY TeJIeyTBOPEHHIO. Peakiis rigponizy
STHJICHITIKATy €30TepMidHa, 10 OCOOIMBO ITOMITHO
3 CHJIbHUMH KHCIIOTaMH KaTajizaTopamMu. 3 OISy
Ha 1Ie, B JITEepaTypi 3yCTPiYaeThCsl OXOJOIKEHHS
BHUXIJTHUX peareHTiB momnepenubo a0 5—10°C [12].
3HWKCHHSI TEMIIepaTypd JO3BOJIE 3MEHIIUTH
€K30TepMiuHMi €(eKT, YMOBUIBHUTH LIBHIKICTH
KOHIeH a1 Ta 3a0e3MeuynT OLIIBII
KOHTPOJLOBAHWN 1 MOBHUH mepedir Tiapomi3y.
BupimansHuM ciayrye OanmaHc MiK KHBYYICTIO
pO34UMHY 1 WIBHJKICTIO TMpoIeCy. 3a3BHYail Iie
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KiMHATHa TeMIIepaTypa, sSika MoKe MiATPUMYBaTUCS
B CepeaMHi  peakTopa  3a  JOIOMOTOIO
OXOJIO/DKYBAIILHUX TIPUCTPOIB[9].

Crabinphicts rigpomizatiB TEOC y waci

3HIDKYETBCSA depe3 OeslepepBHE  IMPOTIKAHHS
peaktiit MONTIKOHMCH ATl  Ta MTOCTYIIOBE
(hopMyBaHHsI TPOCTOPOBOI CHIIOKCAHOBOI CITKH:
YAaCTHMHKH  YKPYITHIOIOTHCS, 3POCTa€  CTYIiHb
3MIUBAHHS, IiIBHIIYEThCS B’SI3KICTh, 1 CHCTeMa
3pemrorw  mepexoauth y  renb.  CTymiHb

OJHOPITHOCTI ETHICHIIKATHOTO 30JI10 3HAXOIUTHCA
B MPsIMIiH 3aJI€KHOCTI Bl KIHSTUIHHX IapaMeTpiB
MPOTIKAHHSA  TIOCHIIOBHO-TIAPATICIBHAX — PEaKIIiit
rigpomizy 1 moNiKOHAEHcalil eTWicHiikary Y
Mporeci CTapiHHS  BigOyBAa€TbCs  CTPYKTYpHA
rmepeOymoBa Ta YIIUTBHGHHS, IO JOJAaTKOBO
3MEHIIlY€ KOJOiAHY cTabubHicTh. [lepeminryBanHs
Ha paHHIX CTafisx 3a0e3nedye OTHOPIAHICTH
CHCTEMH, a B OUIBII CTPYKTYPOBAHUX 30IITX MOXKE
TUMYacOBO 3HW)KYBaTH B’S3KICTb 3a PaxyHOK
pyHHYBaHHs CIaOKUX MIXYaCTHHKOBHX 3B’SI3KiB,
OJTHAK ITiCJISA 3YMUHKH 3CYBY CTPYKTYpa YacTKOBO
BIMHOBIIOETHCA[S,7].  SIkmio  mepemilryBaHHS
MPOJOBXKYETBCS  JOBIIE, HDK TPUBAE CTamis
rigpomizy, y cHCTeMi TIOYMHAE JOMiHYBaTH
MOJIIKOHACHCAITS B Mexax MOCTIiIOBHO-
napaneiabHOTO Kackagy «rigpomis-
MOJIIKOH/ACH AL, 0 AaKTUBI3ye  3IIMBaHHS
CHJIOKCAaHOBHIX JIAHITIOTIB Yepe3 MICTKOBI 3B’SI3KH
Si—0-Si Ta TIPUIITBUATITYE (hopMyBaHHS
TpuBUMipHOI CiTKM. HaromicTe mnpunMHEHHS
MepeMIlTyBaHHs ~ Oflpa3y  MICJHS  3aBEPIICHHS
TiIPOTi3y CIpHUs€e IHTCHCUBHOMY POCTY KOJIOITHHUX
YaCTUHOK CaMe MONTIKPEMHI€BOI KUCIOTH, IPHUOMY
MIBUIKICTh iX YKPYNHEHHS MiJBUIIYEThCS 3i
3pOCTaHHAM JIOKAJTHHOI KOHIIEHTpAIlii KUCIOTHOTO
Kartanizatopa. B pe3ynbraTi 3016 CTa€ CTPyKTYPHO
HEOJHOPITHUM: y HbOMY CIiBiCHYIOTh acOLliifoBaHi
YaCTUHKW PI3HOTO PO3MIpYy W pIi3HOTO CTYICHS

MOMIKOHACHCAMII. 33  HAWIWIIKY  KUCJIOTH
(OpMYIOTBCSI ~ TIEPEBAKHO  3IIUTI,  CITYACTI
CTPYKTYpH, a 3a 1 Ae(iuuTy — OUIbIN JiHIHHI

nosiiMepHi popmu| 12].

DyHKUiOHAIBLHE NpHU3HAYeHHA. Po3risaHyTi
ocobimmBocti  mponeciB  rigpomizy — TEOC
JIO3BOJISIIOTH  TIPOTHO3YBAaTH KOHKPETHI  KiHIIEBI
BJIACTUBOCTI  MPOMYKTy Ta Cy4YacHi cdepu
e(eKTUBHOTO BUKOPUCTAHHS.

TexnromoTiUHI PEXKUMHU OTpUMaHHS
TiApOMi3aTiB  TETPACTOKCUCHIIAHY, a TaKOX iX
nojaneiie MOAU(IKyBaHHS, BUTPUMYBAaHHA 1
MEPEeTBOPEHHSI BHU3HAYa€ Taly3b 3aCTOCYBaHHS
KIHIIEBOTO MaTtepiany. 3MIHIOIOUYH YMOBU CHHTE3Y
MOKHa BIUIMBATH HA BIACTHBOCTI W TOBENIHKY
OTPUMaHHUX CHCTEM B IIUPOKOMY Aiana3oHi. 30Jb-

reib METOJ 3 TaKUM MPEKYPCOpPOM JO03BOJISIE
OTPUMYBATH HAIOBHIOBAYl JUISI CTOMATOJIOTIYHUX
MaTepiaiiB, BOTHE3aXUCHI TTOKPHUTTS Ha TKaHWHAX
VTSl TIOKEKHUKIB. Y TEKCTHIIBHIM NMPOMHUCIOBOCTI
3a JIOTIOMOTOIO TIPOCOYCHHS MOXKHA HaJaBaTH

TKaHUHAM BOZIOBIAIITOBXYBaHICTh,
MAacCJIOBIIITOBXYBaHICTh, Ta
camoouuieHHs[23,24|Po3unnu Ha OCHOBI

kpemuezemy 3 TEOC, miarotosieHi 3a 1OIOMOT OO
METOJTy 30JIb-T€JIb, € 1ICaTbHUMH JJIsI BAPOOHUIITBA
BOJIOKOH 32  JIOIOMOTOK)  €JICKTPOIIPSIiHHS.
BosiokHa, BUTOTOBJIEHI 3a JONOMOTOI IHOTO
METOIY, IEMOHCTPYIOTH Bpa)karodi BIACTHUBOCTI,
BKJIIOYAlOYH BUCOKY TEPMOCTIHKICTh, XiMi4HY
IHEpPTHICT, Ta OiocyMicHicTh. KpiM TOro, BOHHU
MalTh TaKi TepeBaru, SK eJICKTPOIPOBITHICTE,
MEXaHiYHa MIIHICTh Ta BEJHKa IUIOIIA TOBEPXHi,

mo poOuTh iX JyXKe MEPCICKTHBHUMU IS
30epiraHHs ~ €Heprii Ta  3acTOCyBaHHI B
eJNeKTpOHiIi[25].

INpgpomnizatu TEOC € 0ocHOBOIO 17151 OTPUMAaHHS
MOX1THUX aeporeliB HU3bKil miimbHOCTI (0,003-0,5
r/cm®) Ta MiHIMAJIBHOI TEIIONpPOBiAHOCTI. BHcoka
MOPHCTICTh JO3BOJIIE BHUKOPHCTOBYBAaTH iX SIK
e(eKTHBHUN aAcOpOeHT A 30MpaHHS 3aJUILKIB
(hapMalleBTUYHHMX TMpenapaTiB 3 JOBKULIA Ta
CHUCTEMax HU3bKOPH3MKOBOI JTOCTABKH JIiKiB [26].
lNpgporeni Ha OCHOBI TETPAaEeTHIOPTOCHIIIKATY, IIO
MaloTh  BJIACTUBOCTI  pearyBaThd Ha 3CYyBHE
HaNpPy>KeHHS Ta BUBUIBHATH JIIKH, MOXXHA OTPAMATH
OPOCTUM TiAPOMI30M 3 MOJANBIIOID KOPEKLIEO
00'eMy 3a JOIOMOTOI0 BOJHHX PO3YMHHHUKIB Ta
perymoBanasiM pH. Bik rigpomizary, sKui
BUKOPHUCTOBYETHCS AJIsl IPUTOTYBaHHS, BIUIMBAE HA
CTPYKTYpy  HAHOYAaCTHHOK 1  JYKOPCTKICTb
tukcoremiB. IlloOinbeime, MexaHizM GopMyBaHHS
a0o0 MopyUIeHHS! HAHOYACTUHKOBOI MEpEeXi 3HAUHO
BIUIMBAaE Ha Npo(disi BUBINBHEHHS BKIIOYEHOTO
JiKapceKoro 3aco0y[27].

Otpumano riopunae cymepriapododne
MOKPHUTTS 3 KyTOM KOHTakTy 160° i 1y’ke HU3bKUM
KyTOM CKOYYBaHH:I(<1°) 3 BHCOKOIO MIITHICTIO 3a
JIOTIOMOTOI0 ~ 307Ib-Te€Th ~ MeToAy. (OCHOBHHMH
KOMITOHEHTaMH 301110 OyJIi TeTpacTUiI OPTOCHITIKAT
1 METHATPHUETOKCHCWJIAH SK MaTpUId 30710,
TPUETOKCHOKTHJICHIIAH SIK MPEKYypCop 3 HU3BKOIO
MOBEPXHEBOIO  EHEPri€l0 Ta  HAHOYACTHHKHU
HOiPOTEHHOTO  KpemHezeMy s (hopMyBaHHS
MMOPCTKOCTI. MIIHICTh TOKPHUTTA Oyja 3HAYHO
MOKpAaIleHa MIJISTXOM OIaBaHHS 30JIiB 3 Pi3HUMH
3Ha4eHHsAMH pH 1 moyeproBoro HaHeceHHs iX Ha
CKIsIHY miakmanaky. 3a pH 4 Benmwka KiIbKiCTb
TiIPOKCIIIBHUX TPYII 3yMOBHJIA XOPOIITY aare3ito 10
migkIanky, a 3a pH 8 - migBuIeHa KOHACHCAIliS
copusuia Oinbwiil rizpogobHOCcTi. B pesymbrati
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JOBIOBIYHICTH CyNepriapo@oOHUX BIACTUBOCTEH B
yMOBax IPHCKOPEHOTO cTapiHHsa mocsria 1500
FOJAWH, IO BBAXXA€ThCS BUCOKOIO CTIMKICTIO 0
ctapinss. [Tokpurts 36eperio cBoro rigpodoOHicTh
McIas  TPhOX  ITUKIIIB ~ BUMPOOYBaHHSA  HaA
BiIIapyBaHH CTPIUKH Ta 26 XBUIINH O€3MepepBHOL
eposii cycnenzier. Illogo 30mb-Tenh TEXHIKH,
JOCHIPKEHHSI TIPOJEMOHCTPYBAIO, SIK MiIBUIIUTH
CTIHKICTh cynepriapohoOHOro TTIOKPHUTTS,
BHUKOPHUCTOBYIOUH JIMILE XiMi4H] BIaCTHBOCTI 30J1iB
Ta JOCTYIIHI MaTepialli Ha OCHOBI HE(TOPMICHHX
croiryk[ 8].

IImiBku SiO, OynW BHUTOTOBJICHI METOJOM
HAHECCHHS 30JIb-TeJIb CUCTEMH Ha AaJFOMiHI€BI
muctd. [lokpuTTS, OTpHMaHi 3a JIOIIOMOTOIO
KHCJIOTHOTO 30JTI0, OJTHOPITHI ¥ HEe MaJn Me(heKTiB.
CTpyKTypa MOKPHUTTIB, OTPUMAHHX 3a OIIOMOTOI0
OCHOBHOTO 30Jf0, Oyna TMOPHCTOK 1 MiCTHIIA
HAHOMETPHYHI TPIIIMHU/OTBOPH. BCi MOKPHUTTA
MaJd XOpOUly KOPO3idHY CTiHKiCTh, IO TICHO
MOB'A3aHO 3 MapaMeTpaMu MpPOLEeCYy HaHECEHHS
MTOKPUTTS  (30JIBHWMA ~ KaTami3aTop, IIBHIKICTH
BIJIYYCHHS Ta TEMIIEpaTypa TepMidHOI 0OpOOKH)
[28].

KpemnesemHi 301, fKi MICTATH TiIpodinbHi
(OH) a6o rigpodooni (OC,Hs) rpymu, MoxHa
OTPUMATH NUISIXOM PEryJIIOBAaHHS KUTBKOCTI BOIIH,
TEOC i ocHOBHOTO KaTasizaTopa, 1[0 Mae 3HaYHUI
BIUIMB Ha CTYHiHb TiApOJNI3y Ta KOHACHCAIII.
[MoBuuit  rimpomiz TEOC  mpu3BogmB 110
KOHJICHCAIli Y BUTIISANI JBOBUMIPHOTO JIiHIHHOTO
JIaHITIoTa a00 TPUBHMIPHOI CITYACTOI CTPYKTYPH 3
BeNMKOI0 KibKicTio rpyn OH. HemmoBawMiA Timpori3
TEOC CYNPOBOJKYETHCA YTBOPEHHSM
TPUBUMIPHOI CITYACTOi CTPYKTYpH 3 TpyHaMu
OC,Hs. Kpim Toro, 3i 30iJbIIEHHSM KiJIBKOCTI
OCHOBHOTO  Karajizaropa pO3Mip  YacTHHOK
KpeMHe3eMy 301NbIIyBaBcsi, a KUIBKICTH Tpyn 3
omuaapuuM 3B's3koM  OC,Hs 3pocrama. Cepist
IDTIBOK KpeMHE3eMy Ha IMOBEPXHI SAKi Mad pi3Hi
KYyTH KOHTaKTy 3 BOAOO Bix 7,7° = 1,5° mo 121,6° +
1,8°, ©Oyna  BHTOTOBIIGHA 32  JOTIIOMOTOIO
PO3pPOOJIEHOTO  OJTHOCTYNICHEBOTO  BHPOOHHYIOTO
npoiiecy, BHUKOPUCTOBYIOUH TvIe 3011
kpemHesemy, orpumani 3 TEOC, 6e3 Oymb-skux
MoaudiKarii. [ToBepxHs HEOPTaHIIHUX
HEMETAJICBUX, METAJICBUX 1 OJIIMEPHUX MaTepialiB
MOTJIa WiATPUMYBAaTH pi3HYy 3MOYYBaHICTh. 3a
TepMigHOT 00poOkm  TigpooOHY  ILIBKY
KpeMHe3eMy MO)KHA OYJ10 3MIHUTH Ha TiapodibHYy.
[ligBunieHHs TeMIiepaTypyu Ta TOJOBXKEHHS dYacy
BUTPUMKH OyNH €KBIBaJICHTHI PO3PHUBY XiMiYHOTO
3B'SI3Ky, IO MPU3BOIMIIO IO 3MIHM 3MOYYBaHOCTI
[29].

lNpgponizaté eTHICHIIKATy 3aCTOCOBYIOTHCS
SK TIOBEPXHEBI MPOCOYYBAIBHI CKIATU U
00pOOKH aepOAPOMHOI0 IIEMEHTOOECTOHY 3 METOIO
3HIDKEHHS Horo mpoHWKHOCTI. [licnst HaHeceHHs
BOHH IIPOHHUKAIOTH y ITOBEPXHEBHWM Imap (KiJIbKa
MUTIMETpPIiB) Ta B Pe3ylNbTaTi TigpoJizy i
KOHJICHCAaIlil yTBOPIOIOTH noaatkoBuii C—S—H rens,
SIKUH  YIIUTGHIOE TIOPOBY CTPYKTYPY, 3MECHIIYE
BOJIOTIOTJIMHAHHS, TPOHUKHEHHS  XJIOPHOIB 1
rmbuny kapOonizauii[30].

HepcnexTnBH A9 MaOyTHIX JOCTiZKeHb i
BHUKJMKH. Y 3B’S3KY 13 T7100aTBHOIO TEHJICHITIEIO
OJI0 €HeProe(peKTUBHOCTI, 3MEHIIIEHHS BiIXOIiB
MpU BUPOOHMIITBI, a TAKOXK MPUHIUIIAMH 3EICHOT
XiMii, 30JIb-T€JIb TPOIEC 13 HEOpTraHIIHUMH
MIPEKypcopaMy TMOCTA€ OJHUM i3 TEPCHEKTUBHUX
METOJ[IB TPH PO3POOI[i HOBHUX TEXHOJIOTIYHUX
MaTepiaiiB i3 KEpOBAaHMMH BJIACTUBOCTSIMH Ha
MOJIEKYJIIpHOMY piBHI. IIpocToTa perymbpoBaHUX
napamMeTpiB CHHTE3y, KOMepUiiiHa JOCTYMHICTh
MIPEKyPCOpiB, a TaKOX MOXKJTHBICTh
MacmTabOBaHOCTI € TIPUBAOIMBOIO IIEPEBATOO IS
0aratboX TaXy3ed BHKOPUCTAaHHS TiTpOJIi3aTiB
STUIICWITIKATy SIK OCHOBU. A 1X TO€IHAaHHA 3
HATIOBHIOBAa4YaMU ¥ KO-TIPEKypcopamMu pPOOUTH
MOJJIMBICTHP ~ CTBOPEHHS TMPUHIIUIIOBO  HOBHX
riOpUIHNX MaTepianiB MIUPOKOTO BXKHUTKY.

IIpu 4omy, Oe3mepeyHO, NPUCYTHI JesKi
HEJONIKM SKi JIMITYIOTh Ta  YCKIIQTHIOIOTH
BUKOPHCTaHHS TakuxX cucteM. Jlo HUX MOXKHa
BiJTHECTH:

® KHCIIOTHUH KaTtaji3 30J7iB OOMEXye ix
BUKOPDHCTAaHHS Ha MeTasax 0e3mocepeaHbo,
HaIPUKJIaJ Ha MarHi€BiM MAKIAMI - € moTpeda B
po3pobmi  Oimemr  M'sSkoro  KaTtamizy — abo
BUKOPHUCTaHHS MPOMI’KHUX IIAPIB.

® BHCOKA yCajKa TeJiei CTBOPIOE MpoOIeMu
3 PO3TPICKYBAHHIM TIpH (POPMYBaHHI ITOKPUTTIB —
YMOBH HaHECCHHS TOBHHHI OYyTH CHpPOEKTOBaHI
BIAMOBIAHMM 4YHHOM, a00 X HEOOXIOHO BBOIUTH
OpraHivyHi 3aMiCHUKH.

e CTiIKiCTP B  PI3HUX CEpeAOBHIIAX,
HAPUKIIA] y BOJHOMY TaKOXX Ma€ OyTH MOKpaIieHa
- MIPOBEICHHS JOCIIIKEHD 1 30ip
eKCIIePIMEHTAIBHUX JTAHUX 32 PI3HUX YMOB.

® BHCOKAa YYyTIHMBICTH JI0 TapaMeTpiB
cepeloBHINia BIUIMBae Ha 0e3 TOro 1 Tak
KOMIUIGKCHUH ~TIPOIIEC  30JIb-T€lIb CHHTE3y —
BUKOPHCTAaHHS  KOMIT'IOTEPHUX  MOJEJeH Ha
(hyHIaMEHTAIbHOMY piBHI JTIO3BOJIATH
MPOTHO3YBAaTH  BJIACTUBOCTI  PE3YJIBTYIOYOTO
Tigpotizaty Ta Horo 3acTOCyBaHHSI.

e oOMexxkeHMH  TepMiH  30epiranHs i
MOJKJIBICTh HEKOHTPOJILOBAHOTO T€JICYTBOPEHHS —
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HeoOXi/IHE CTBOPEHHSI CKIIAiB 3 KOHTPOJIHOBAHOIO
KIHETHKOIO.

® OKpPEeMOI0  MPOOJIEMOI  3aITUIIAETHCS
HU3bKa BiITBOPIOBAHICTH PE3yJIBTATIB, 3yMOBJICHA
YYTIMBICTIO MpOIeCy [0 HE3HAYHWX 3MiH
TEXHOJIOTIYHUX TapaMeTpiB, a TAaKOXK HETOCTaTHIH
piBeHB CTaTUCTHUIHO1 00poOKHu
CKCIIEPUMCHTAILHUX ~ JIAaHUX, W0  YCKJIAJHIOE
00’€KTHBHY OLIIHKY CTa0UILHOCTI 30JIiB 1 KIHETHKU
reJICy TBOPCHHSL.

BuchoBku. Y crarti Oylo mpeacTaBiICHO
aKTYaJIbHICTh 1 KOPUCHICTh 30JIb-I'€llb TEXHOJOTii
OTpPUMaHHA TipOJi3aTiB TETPAETOKCUCHIIAHIB SIK
UL  HAayKH, TaK 1 A crenmu(idHux ramysei
MaTrepiajo3HaBCTBA W I1HJKEHEpIi, 3aBISKH UiTKii
3aJIeKHOCTI CTPYKTypa-BIacTUBOCTI Ta
MOJKJIMBOCTI ~ BIPOBQ/KCHHS B  TNPOMHCIOBHX
Macimrabax. Ha  ocHOBI  mpoaHaii3oBaHOl
JiTepaTypu OIJISIHYTO (PyHOAMEHTAJBHI MpoLecH
riapomizy Ta konaencanii TEOC. BusnaueHo BrvB
OCHOBHHX TEXHOJIOTIYHUX TapaMeTpiB CHHTE3y Ha
CTPYKTYpPy 30JF0 1 BJIACTHBOCTI  KIiHIIEBOTO
Matepiany. IlokazaHo, IO BIACTHBOCTI Ta yMOBH
OTPUMAaHHS TiApOJi3aTiB BU3HAYAIOTH iX 00IACTh
3aCTOCYBaHHS. Takox HPOJEMOHCTPOBAHO
npoOJeMaTHKy Ta MOXIJIMBI MalOyTHI HampsIMKH
JOCITiPKEHB.
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Tykhonov P.S., Sviderskyi V. A. Features of the
technology for obtaining tetraethoxysilane
hydrolysates for various functional purposes

The relevance of studying tetraethoxysilane
hydrolysates is due to their wide range of applications in
the creation of functional inorganic and hybrid materials
with controlled properties, which are used in materials
science, construction, medicine, energy, and protective
technologies. The paper summarizes the features of
obtaining tetraethoxysilane hydrolysates in the sol-gel
process and analyzes the main technological parameters
that determine their physicochemical stability and
functional purpose. The mechanisms of hydrolysis and
polycondensation of ethyl silicate in acidic and alkaline
environments, as well as their influence on the formation
of the siloxane structure of the sol, are considered. It is
shown that the ratio of hydrolysis and condensation rates
significantly depends on the pH of the environment: in an
acidic  environment,  hydrolysis  prevails  over
condensation, which contributes to the formation of
homogeneous transparent sols, while in an alkaline
environment, condensation intensifies and rapid
formation of a spatially cross-linked siloxane network
and particle enlargement occurs. The influence of the
molar ratio of H:O/TEOS, the type of catalyst, the nature
of the solvent, the synthesis temperature, and the stirring
conditions on the reaction kinetics and stability of the
system was analyzed. It has been established that the
optimal values of the synthesis parameters allow control
of the particle morphology, the degree of siloxane
network cross-linking, and the rheological properties of
the hydrolysates. Particular attention is paid to the
differences between TEOS and ethyl silicate-40, which
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determine their application in laboratory and industrial
technologies. It is shown that control of the sol
composition and hydrolysis conditions makes it possible
to regulate the properties of the final materials and
expand their areas of application. The modern directions
of application of TEOS hydrolysates are summarized, in
particular in the formation of protective and anti-
corrosion coatings, the synthesis of silica nanoparticles,
aerogels, functional textile materials, fibers, and
composite systems. The main problems associated with
increasing the stability of sols, restrictions on use,
reproducibility of results, and optimization of sol-gel
synthesis technological modes are identified. The
prospects for further research are substantiated.

Keywords: sol-gel process, tetraethoxysilane,
coatings, hydrolysis, polycondensation;
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PO3POBKA IHTETPOBAHOI MOJEJII ATJAITUBHOI'O YIIPABJIIHHSA
MICBKUMHM ITACAKUPOIIOTOKAMMH HA 3AJIBHUYHOMY TPAHCIIOPTI
Y PEKUMI PEAJIBHOI'O YACY

Joas K.B.

DEVELOPMENT OF AN INTEGRATED MODEL FOR ADAPTIVE MANAGEMENT
OF URBAN PASSENGER FLOWS ON RAIL TRANSPORT IN REAL TIME

Dolia K.V.

Y cmammi 3anpononoeamno inmezpogsany mooeus
aoanmueHo2o YNPAGNIHHA MicbKUMU
nacad)cuponomokamu Ha 3aNi3HUYHOMY MPAHCNOPMI 6
DpedcumMi peanvbHo20 4acy, OPIEHMOGAHY HA 3HUIICEHHS
3aMpUMOK, 3MEHUWEHHA NepesaHmadiCenHts 6y3/ie ma
niosuujennst sikocmi cepsicy. Memoodonoeis noeonye
npoCmopo8o-mepedtcesuli  aHaiz, KopoOmKOCMpPOKO8e
NnpocHO3Y6aHMH nonumy, bacamokpumepianvhy
onmumizayiro, CUMyIAYiUHe MeCmy8aHHs Kepyrouux
cyeHapiie i KOHmMyp camoadanmayii 3a pe3yrbmamamu
¢axmuunozo  euxonamHua  piwenv.  Tpancnopmuy
cucmemy popmanizosano Ak opicHmosanuil epag) iz
4aco60-3MIHHUMU napamempamu nponycKHoi
CHNPOMOJCHOCMI MA HACUYEHHs, d GUOIp Kepylouux Oitl
30IUCHIOEMbCSL  3a  [HMESPATbHUM — KPUMEPIEM, o
8paxogye  onepayiumi, cepeicHi ma  eHepeemuuHi
noxkazuuxu.  /na 8PAXY6AHHA HeeU3Ha4eHocmi
BUKOPUCMAHO CYEHAPHY NEPEGIPKY AlbMePHAMUSE nepeo
8npo8addceHHAM Y Oucnemuepcvbky npaxkmuxy. Ha
GIOMIHY  8I0 JOKAIbHUX Ni0X00i8, 3ANPONOHOBAHA
apximexmypa 3a0e3neyye y3200H4CeHHA NPOSHO3HO20,
onMmuMizayiiHoco0 ma BUKOHABY020 DIBHIE y E€OUHOMY
yurai npuunammsa piwens. Pezynomamu moodensHozo
eKxcnepumenmy noKaaau cmane NOKpaweHHs Kio4o8ux
[HOUKamopié y MNOPIGHAHHI 3 0OA3068UM DENCUMOM.
CKOPOYeHHs CEepPeoHix 3ampuMOK, 3HUNCEHMS. YACMKU
nepeeanmasiceHux — G6y3ni6, NOKPAWEHHs  CepeiCHOI
cmabinbHOCMi Ma 3MeHUEeHHS NUMOMUX eHep2osUmpan.
Tlpogedenuii ananiz uymausocmi 00 3MIiHU 8ae Kpumepiie
niomeepous podoaAcmMHICMb OMPUMAHUX BUCHOBKIE Y
Mmexcax NPaKmuyHO — PeneGaAHmHUX  NAPAMEMPUYUHUX
sapiayiu. O0IpyHmMo8ano, wo HAUbIILWUL epexkm
00CA2A€EMBCA 30 YMO8 BUNEPEONCATLHO20 Pea2y8ants Ha
3pocmanns Hacu4enms ma cuHxponizayii
iHOpMayiiHUX 6NAUBIE HA NACAJICUPIB I3 ONEPAMUBHUM
KOpU2y8aHHam pedcumis pyxy. Ilpakxmuune 3HaYeHH:

PoboOmu NONAAE Y MOICIUBOCTT BNPOBAVANCEHHS MOOET
8 OUCNemYEePCLKUX YEHMPAX MICLKUX —3ANI3HUYHUX
cucmem 5K IHCpPYMeHmy NiOSUWEeHHsT HAOIUHOCHI
nepesizHo20 npoyecy, CepeicHOi AKOCcmi ma pecypcHoi
epexmusHocmi. 3anpononoganuil nioxio mooce Oymu
BUKOPUCMAHULL 5K OCHO8A O/ YUPDPOB02O OBIUHUKA
MPAHCROPMHO20 8V31d, IHMEZPOBAHO20 3 NOMOKOBUMU

oanumu  Oamuukie,  cucmemamu  iHpopMyeaHHs
nacasicupie i nramgopmamu niompumxu
Ooucnemuepcokux piutensv. Ilepcnekmusoro nooanbulux
docniddicenv € macwmadysanwns ~— Moleni  Ha
MYTbMUMOOATbHE Mepeoici ma 8PAXY8AHHS
00820CMPOKOGUX — IHPACMPYKMYPHUX — OOMENCEHD.
Oxpemo  OoyinbHO  000amMK08O  OOCHIOUMU  6NIUG

eKCMpeManbHux nooitl HA CMIUKICMb ONepamueHO20
KOHMYpY KepySanHs.

Knrouosi cnoea: adanmuseHe VNPABIIHHA,
NAcaicuponomory, MiCobKull 3a1i3HUYHUL MPAHCROPM,
peanbHull  4ac, KOPOMKOCMPOKOSE NPOSHO3YGAHHS,
bazamoxkpumepianona — onmumizayis,  cumynAyilHe
MOOen08anH s, OUChemyepu3ayis.

Beryn.  CywacHi  Michki  aryiomepartii
XapaKTEPU3YIOTHCS BHCOKOIO MOO1TBHICTIO
HaceJCHHS,  HEPIBHOMIPHICTIO  TOMHUTY  Ha

MIEPEBE3CHHS Ta 3POCTAHHSIM HABaHTAXKEHHS Ha
TPaHCIOPTHY 1H(PACTPYKTYpy. 3a TaKHUX YyMOB

3ATI3HUTHHAK TPAHCIIOPT €
CHUCTEMOYTBOPIOBAJIHHUM €JIEMEHTOM MICBKUX 1
NPUMICBKHX  IE€peBe3eHb, OJHAK  TPaAMLiiHI

MiIXOMW JO VYIOPABIIHHS, IO CIHPAIOTHCS Ha
cTatuuHi rpadiky, He 3a0e3MeuyloTh HAJIEKHOI
THYYKOCTI B MIKOBI epioan Ta mij yac 30ypens. Le
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3yMOBJIOE TIOTpeOy Mepexony A0 aAanTHBHOTO
VIpaBIiHHSA  MACAKUPOIIOTOKAMH B PEXKHMI
peaNbHOro Yacy.

AHaji3 cy4acHUX JOCHIDKCHb IiITBEPIKYE
CYTTEBUI mporpec y MPOrHO3YBaHHI
MacaKUPOITOTOKIB, OINTHUMI3allli pOOOTH CTaHIIIMH,
OLIIHIOBaHHI €()eKTUBHOCTI TPAHCIIOPTHUX CUCTEM,
a TaKoX y 3aCTOCYBaHHI IU(POBUX ABIMHUKIB Ta
IHTEJICKTy AIbHUX IHCTPYMEHTIB M ITPUMKHN
pitenb. BomHodac OinbImicTh HAasSBHUX MiAXOIIB
BUPILIYIOTh JIOKANbHI 3agadi Ta He (OPMYIOTh
€IMHOTO 1HTETPOBAHOTO KOHTYPY KEpyBaHHS, KU
OJTHOYACHO BpAaxOBY€ OIEPATHBHI OOMEKCHHSI,
SIKICTh OOCITyTOBYBaHHSI IMacaXHpiB 1 pPeCcypcHY
¢()EKTUBHICTb. OTrxe, HayKOBO-TIPHKJIaTHA
npobjemMa MOOYIOBH KOMIUIEKCHOI —aJanTHBHOL
MOJIEJTi 3ATUIIAETHCS AKTYaTBHOIO.

OcobnuBy Bary nsg mpoOieMaTHKa Mae Ui
MICBKUX  3alli3HUYHMX BY3JIIB 13  BHCOKOIO
IHTEHCUBHICTIO pyXy, [J€ HaBiTh He3HayHi
BIIXWJICHHS B iHTepBajax pyxy abo 30iIbIIeHHS
Yacy MOCaAKH-BUCAJKU MPU3BOASTH A0 KACKaIHHIX
3aTPUMOK i HEPIBHOMIPHOTO po3moaiTy
MacaXUPOHABAHTAKCHHSI. vy TIPAKTHIII
eKCIUTyaTallii e IpPOSBIAETHCS Y TepeBaHTaKEHHI
OKpeMuX 1IaTopM, 3HIKEHHI mmepeadadyBaHOCTI
MOi3/10K, MOTIPUICHH] SIKOCT1 CepBicy Ta 3pOCTaHHI
eKCIUTyaTaliiHuX BUTpaT. ToMy cydacHi mizxoau
110 KepyBaHHS MalOTh OyTH OPIEHTOBAHI HE JIUIIIE HAa
micnsaakTyM-aHai3, a HacaMIepe I Ha TPOAKTHBHE
MPUHHSATTS pilieHs: oIepaTHUBHE
MIePEPO3NOIIICHHS TaCAKUPOIIOTOKIB, aJalTaIliio
mapaMeTpiB  pyxy, Y3TOKEHHS MepecagouHux
3B’S3KIB Ta AWHaMiyHe iH)OPMYBaHHS MacaXHpiB.
[Noeananus MOTOKOBUX JaHKX,
KOPOTKOCTPOKOBOTO ~ TPOTHO3y 1  CIIEHapHOTO
OLIIHIOBAaHHS J03BoJIsi€ popMyBaTH OLIBII CTIHKHUI
KepyIOUHid KOHTYp, 34aTHHHA 3MEHIIYBaTH MiKOBI
MepEBaHTAXEHHS Ta INIBHIILYBAaTH HATIHHICTH
poOOTH TPaHCIIOPTHOI CUCTEMH 3aTrallOM.

Metoo po0oTH € po3poOKa iHTErpoBaHOI
MOZCNI  amanTHBHOTO  YIPaBIIHHA  MICEKHMH
MMacaXUPOITIOTOKAMHU Ha 3alII3HUYHOMY TPAHCIIOPTI
B PEXHMI PEATBHOTO Yacy.

00’exT gocJimkenns. [Ipouecu hpopmyBaHHs
Ta TEPEepO3NOIUTY MICHKUX ITaCaKUPOIIOTOKIB Y
CUCTEMI 3aJII3HIYHUX TIEPEBE3CHb.

Mpenmer pocaimxenns. Metoqu Ta Mozaemi
aJaNTUBHOTO YIPABIiHHSA MAaCaKUPONOTOKAMHU B
yMOBax JWHAMIYHOI 3MIiHH IIONUTY W IapaMeTpiB
(YHKLIOHYBaHHS TPAHCTIOPTHOI MEPEXi.

3aBaaHHA JOCTiIUKeHHS:

chopMyBaTH CTPYKTypy iHTETpOBaHOI MOIEi
Ta iH(opMaiifHi 3B’ sI3KK MiXK 11 migcucTeMaMuy;

po3poduTn MeXaHi3M OTIEPaTHBHOTO
KOPUTYBAaHHsS KEPYIOUHMX pilllcHb Ha OCHOBI
MOTOYHHX JIAHHUX 1 KOPOTKOCTPOKOBOT'O TIPOTHO3Y;

BU3HAYUTH KpHUTepii OLIIHIOBAHHS
e(heKTUBHOCTI MOZIEITi 32 TTOKAa3HUKAMH TPOITYCKHOT
CIIPOMOYKHOCTI, PETYJISIPHOCTI Ta SIKOCTi CEPBiCY.

Amnauis OCTaHHIX HAOCJTiIKEeHb Ta
nyOJaikanid. [IpoBemenuid aHamiz HayKOBHX
JOKEpesT TIoKaszye, M0 JOCHiHKEHHS B Tamys3i
MiCBKHX MacaXUPCHKUX nepeBe3eHb Ha

3aJi3HUYHOMY TPaHCIIOPTi PO3BUBAIOTHCS Y JIOTIiLl
MTOCTYIIOBOTO TTEPEXOAY BiJl OMMUCOBUX 1 JIOKATEHUX
pilieHb 10 KomiuiekcHuX data-driven migxomiB.
Panniii eran QopmyBaBcs HaBKOJIO  3aj7ad
MPOTHO3YBaHHS TOTTUTY, oTeparitHoro
IJIaHyBaHHS Ta TEXHIYHUX [TapaMETPiB IePEBE3CHb,
TONI SIK CyYacHUM eTam Jefami  Oijblie
OpIEHTY€ThCSI Ha IHTErpalilo HU(QPOBHUX NaHHX,
CHMYJISIIIIH 1 aTaITUBHOTO KEPyBaHHS B PEaIbHOMY
yaci. CaMe 151 €BOIIOLIS MiAXONIB € KPUTHYHO
BaYXJIUBOIO JISI TEMU CTATTi, OCKIJIbKU iHTETpOBaHa

MOJCIIb  ANANTHBHOTO VIPABIIHHSI  IMOTpeOye
OJTHOYaCHOTO BpaxyBaHHs ITPOCTOPOBOI CTPYKTYpH
NOMUTY, CTaHy 1HQPAacTPyKTYpH, MOBEIIHKH

MacaXHpiB Ta EKCIUTyaTallifHIX OOMEXEHb.

y poboTax [171-13] AKIICHTOBAHO
(yHIaMeHTanbHI epeayMOBH I TOOYAOBH TaKoi
mozeni. Jlocmipkenns [ 1] neMOHCTPYE MOKITUBOCTI
aHaji3y IPOCTOPOBOI KOHGITYypalli TpaHCHOPTHOL
MepeKi Ha OCHOBI BEJTMKHX MaCHUBIB MACaXKUPCHKUX
JTAaHUX, [0 JO3BOJISIE BUIUIATH BY3JIM KOHIICHTpAITi
MTOTIUTY Ta OIIHIOBATH CHITY Mi>KBY3JIOBHX 3B’ SI3KiB.
[paris [2] dokycyerbes Ha TpaHChOpMAIIil CHCTEM
TPOMAJICBKOTO TPAHCIOPTy B YMOBaX pi3KUX
30BHIIIHIX IIOKIB 1 JOBOAUTH HEOOXIIHICTH
THYYKUX OpTaHi3allifHuX MEXaHi3MIB pearyBaHHSI.

Y  mxepeni [3] poO3MIAHYTO — yNpaBliHCBHKO-
OONIKOBUH  KOHTYp  MiJNPUEMCTB  MiCBKOTO
€NEKTPOTPAHCIIOPTY,  SIKMM  BXJIMBUKA 4

MOJIAJIBIIIOT0 BIPOBAKCHHS CHCTEMHU IOKa3HHKIB
e(heKTUBHOCTI Ta BIAMOBITAILHOCTI B aJaNTUBHIN

MOJEJI.
3HayHWiA  MacuB  JgocHimKeHb  [4]-[12]
NPUCBSYCHUA OLIHIOBAaHHIO e(EKTHUBHOCTI Ta

CTIMKOCTI TpPaHCIIOPTHHUX CHCTEM. Y IHX podoTax
3aCTOCOBYIOTBCSl OaraTOKpuTepiaabHI METOIMKH,
DEA-maxonu, JIOTICTHYHI TIPUHITATIH Ta
METOJMYHI PaMKM TOPIiBHJIBHOTO aHami3zy. IXHiii
KITFOUOBU BHECOK TTOJIATAE Y POMIUPEHHI MTEPEITIKY
KpHUTEPIiiB: BiJ] CyTO EKOHOMIYHHUX 10 KOMITJICKCHHUX,
SIK1 BKITFOUAIOTh PETrYJISIPHICTD PYXY, IKICTh CEPBICY,
HailHICTb, JOCTYIHICTH i pecypcHY e()eKTHBHICTb.
Bomnodac OuthIIicTe Momeeit y mpoMy OJOIi €
NEepEeBaXHO CTAaTHYHUMHU a00 MEepiOJUYHUMH 3a
XapaKTepOM OHOBJICHHSI TaHHX, 10 0OMEXYye TXHIO
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MPUIATHICTD IS ONEPATUBHOTO JUCIIETUYEPCHKOTO
VIOpaBIiHHA B  yMOBaxX  IMBHIOKOI  3MIHHU
MacaXUPOHABAHTAKCHHS. TakuM 4UHOM, IIi TIparti
CTBOPIOIOTH BaXKJIUBY METOJWYHY 0Oa3y, aie
moTpeOyIoTh  iHTerpamii 3  IHCTPYMEHTaMH
pealbHOro Yacy.

Harmpsim nporao3yBaHHsI IOMTUTY Ta IOBEiHKH
MACaXXUPIB MOCIIIJOBHO MPEIICTABICHO B JKEpEIax
[13]-[15]. ¥ poboti [13] mopiBHIOIOTBCS SOft-
computing miaxoau A0 mepenadadyeHHs BUOOPY
MAaCaXUPOM TOI3AKH, IO € BAKIUBUM IS
TTOBEIIHKOBOT'O MOJICITIOBAHHSI. y [14]
3allpONIOHOBAHO  KOHIICNITYaJIBHY  apXiTeKTypy
«po3yMHOI» cTaHMii Ha 6a3i mdpPOBOro ABIHHMKA,
sSKa TPHUHIMIIOBO BaXJIMBa s 00 €IHAHHA
ITOTOKOBHUX JaHWX, AHATITHKH 1 KEPYIOUHX BILTHBIB.
Hocnimxenns [15] neMoHCTpy€e TiOpUAHMNA ITiIXi1]1
JI0 TIPOTHO3Y TIOMUTY 32 YMOB CKIIQJHOI JUHAMIKA
JacCOBHUX PAMiB. Y CYKyNIHOCTI IIi TIpaIli BKa3ymoTh,
IO ITiIBUIIICHHS TOYHOCTI IPOTHO3Y € HEOOXiTHOIO,
ajie HEJIOCTaTHhOIO YMOBOK: 0Oe3 iHTerpamii 3

OJIOKOM  TPUHHATTS  PIMIEHh TPOTHO3  HE

TpaHCPOPMYETHCS B KEPYroUi Iil.
OnepauiiiHo-AUCIeTYEPCHKUN BUMID

NpeaMEeTHO po3Kputo B poborax [16]-[20].

Ilxepeno [16] neMoHCTpye TepeBard areHTHO-
OpPIEHTOBAHOTO MOJICIIIOBAHHS ISl  BUPIIICHHS
3a/la4 JUCTIeTYepr3allii 3aBaHTaXKCHUX CTaHINH, a
[17] akmeHTye yBary Ha MOIETIOBaHHI 000POTHOT

CIIPOMOXHOCTI CTaHIIUHUX mporeciB. Y [18]
PO3TISHYTO po3mi3HaBaHHS aKTUBHOCTEH
MacaxupiB 3a MOOUTEHUMH CEHCOpaMH, IO

BIIKPUBAE TOAATKOBI MOKJIMBOCTI OIEPAaTHBHOTO
MoniTopunry. Ilpami [19], [20] 3ocepemxeni Ha

KOpDUTYBaHHI ~ pEeXHMiB  poOOTH  JiHIH Ta
OTITHMIi3aIliHHUX TIaHax (hyHKITIOHYBaHHS
MaCaXUPCBKUX CUCTEM. 3arajioM 1ed Oyok

HNiATBEPIDKYE, IO CUMYJILIAHI Ta anropuTMidHi
MiIX0AW  MalOTh  BHCOKMW — TOTEHINAN s
VIpaBIiHHSA y pEaIbHOMY 4aci, OJHAK dacTo
BIIPOBAIXKYIOThCSI (hparMeHTapHO, 0e€3 €IUHOTO
IHTETPOBAHOTO KPUTEPIAIbHOTO KOHTYPY.

JocmimkeHHs [21]-23] (hopMyIOTh
€KOJIOT1YHO-0€3MEKOBHI KOMIIOHEHT JIITEpaTypu. Y
[21] aHaMi3y€eTHCS AKICTH MOBITPS B MACAKUPCHKUX
BaroHax, y [22] — KOTHITUBHE HaBaHTAXCHHS
MammHicTiB, y [23] — eHeproedeKTHBHICTh
OOpTOBHX CHCTEM >KMBICHHS 3 BHUKOPHUCTAHHIM
BIIHOBITIOBaHUX JoKepen. Jms Temu crarTi 1mi
pe3yIbTaTH € IPUHIIMITIOBUMH, OCKIJIBKH aIalTHBHA
MoOIeNb He Moxe OyTu 3BeleHa JWIIe [0
MEePepo3MNOily MOTOKiB: BOHa MAa€ BPaXxOBYBaTH
0e3IeYHICTh, KOM(OPT MACAKUPIB 1 CHEPreTHYIHI
HACJIiAKH YIPaBIiHCHKUX PilICHB.

Brox [24]-[29] mornubnroe aHAITHKY ITOTUTY
3a paxyHOK JOCIIKEHHS 3asgBOK Ha OPOHIOBAHH,
(hakTOpHUX MOJIENIeH, HeUiTKUX ouiHOK QoS Ta data
mining-migxonis. Jxxepeno [24] nae ysBIeHHs Mpo
YacoBYy CTPYKTYPY BXiJHOTO TONHUTY B CHCTEMax
MpoJIaxXy KBHUTKIB; [25], [26] BUAUISIOTH KIIOYOBI
(dakTopH, 1m0 BU3HAYAIOTH OOCSITH Ta TMOBENIHKY
MacaXUpOIOTOKiB; [27] iHTerpye iepapxiuHi Ta
HEYITKI TPOUIEAypH IS OIIHKK 3aJ0BOJICHOCTI
cepBicoM; [28] MPOMOHYE  ME30CKOITIYHE
OLIIHIOBAHHSA CIIPOMOKHOCTI CTaHIIHOT
iHppacTpykTypHu; [29] meMOHCTpye TpHUKIATHE
BUKOpHCTaHHS data mining I NPOTHO3YBaHHS

notokiB. CykymHO mi mpami OOIPYHTOBYIOTbH
JIOTTUTHHICTH ooy 10BU OaraTtopiBHEBOI
iHpopMartiiinoi Mozem, A€ TPOTHOCTUIHHM,

MOBEIIHKOBUI Ta iHQPACTPYKTYPHUI KOMIIOHEHTH
B3a€MOJIIOTH B OJJHOMY KEPYIOUOMY LIUKII.

3aBepmransHUl TeMaTUIHUA Kimactep [30]—
[32] migxpecinioe poib HUPPOBUX CEPBICiB

1 TEeXHIYHOI SKOCTI mepeBe3eHb. Y [30]
po3risiHyTO  3acTocyBaHHsA NFC-TexHonoTii y
MacaXUPCHbKOMY  TPAHCHOPTI K  IHCTPYMEHT
i ABUIICHHS 3pyYHOCTI B3a€MOJI1 3 KOPUCTYBaueM;
y [31] Bukopucrano TOPSIS gus ominku
e(beKTUBHOCTI TepecamoKk Ha CTaHIiax; y [32]
NpOaHali30BaHO  BUMIpIOBaHHS  BiOpamiiiHo-
IIYMOBUX MapaMeTpiB y MIBUAKICHOMY PYXOMOMY
ckmami. Ili pe3ynbpTaT JOTTOBHIOIOTE OTEpaIliitHIi
KOHTYp JOCJIPKEHb, TEMOHCTPYIOUH, ITI0 KiHIIEBa
e(CeKTHBHICTh CHUCTEMH BH3HAUAETHCSA HE JIMIIE

MPOITYCKHOIO  CTIIPOMOJKHICTIO, a ¥  SKICTIO
MacaXUPCHKOTO JTOCBITY.

Otrxe, y3arampHeHHa Jokepen  [1]-[32]
JI03BOJISIE 3pOOUTH BUCHOBOK, 11O HasiBHA HAyKOBa
6asa € JIOCTaTHBO LIMPOKOIO, poTe
(hparMeHTOBaHOIO: OHI MpalLli PO3B’A3YIOTH 3a/a4i
NpOTHO3YBaHHA, 1HINI — 3aJadi OLIHIOBAHHA

e(beKTUBHOCTI, TPETI — 3amayi AUCTeTYepHU3allii 91
cepBicHOI mudposizarii. BomHodac HemocTtaTHBO
OTIPAIbOBAHOIO 3AJIMINAETHCS TOCTAHOBKA €IMHOT
IHTETPOBAaHOI MOJIENTi, SKa B PEKUMI peaabHOTO
Jacy MO€IHYE MOHITOPHHT, IIPOTHO3, CUMYJIAITiTHE
TECTYBaHHS CLIEHapiiB, BUOIp KEPyIOUOTro pillleHHs
Ta WOro OLIHIOBAaHHA 3a OaraTOKPUTEPiaIbHOIO
CHCTEMOI0 TIOKa3HWKiB. Came 11 HayKOBO-
MPUKJIagHA TIPOTAIMHA OOTPYHTOBYE aKTyalbHICTB 1
JIOTIKY TOJANTBIIIOTO TOCIIKEHHS B Mexkax 00paHoi
TEMH.

Bukaan OCHOBHOI'O Marepiaay
OOCTiT:KeHHs.  3ampONOHOBaHMH  MiAXig 10
aJalTUBHOIO yHOpaBIiHHSI MICBKUMH

MacaXUPOIMOTOKAMH Ha 3aII3HUYHOMY TPaHCIIOPTI
chopMOBaHO  AK  IHTETPOBaHY  METOIWYHY
KOHCTPYKLilO, y SKii MO€IHaHO MPOTHO3HI,
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ONTUMI3alilHI, CUMYJSAIIHHI Ta  CEpPBICHO-
OpI€EHTOBaHI IHCTpYMEHTH. Taka apxiTeKTypa
BIJINTOBIiTa€ BUCHOBKAM JIiTepaTypHOTO aHam3y [1]-
[32], ne moka3aHoO, IO 130JbOBAHE BUKOPUCTAHHS
OKpeMHUX METONIB (JMIleé TPOTHO3Y, JIWIIE
mucrnieTdepu3ariii abo smmie oriHkum QoS) He
3abe3neuye cTabimpHOrO edexkTy B  yMOBax
MUHAMIYHOI 3MiHM TONUTY. ToMy B Mexkax
JOCITI/DKEHHST Pealli3oBaHO IOCTIIOBHUNA KOHTYD:
dauwi — npocHo3 — eubip Kepywuux Oii —
CUMynayiuHa nepegipka — KOpeKyis piuleHb y
PeanbHOMY Yaci.

JLst po3B’sI3aHHS TOCTABICHUX y POOOTI 3a1a4
BUKOPUCTaHO KOMOIHOBaHMI Habip METOIIB,
oOpaHuii Ha OCHOBI PEJICBAHTHOCTI IO MPEIMETHOL
00J1acTi, 00YMCITIOBAITBHOI PEATi30BHOCTI Y PEKHAMI
pEANBHOTO Yacy Ta MOXKIUBOCTI KPUTEPiaIbHO
MPO30POro TOSICHEHHS JUCIETYEPCHKUX PIlIEeHb.
Hwxdye HaBeneHO pPO3MIMPEHUN OIS KOXKHOIO
METOJTy: HOr0 MaTeMaTHYHHUI 3MICT, YIIPaBIiHCHEKY
IHTepIpeTalito, CUIbHI CTOPOHU Ta OOMEKEHHSI.

1. MeTtoau MpoCcTOPOBO-MEPEIKEBOTO aHATI3Y.

TpaHcmopTHa cucTema MmojaHa OpiEHTOBAHUM
rpadom G = (V,E), ne BepmuHu } BiMOBiNalOTh
cTaHuisivM, MIarpopmMaM abo  MepecaiKkoBUM
By3llaM, a pebpa E — HampsMaM MepeMilIeHHs
nacaxupiB Mixk HUMHU. Koxxnomy pebpy (ij) € £
CTaBUTHCS Y BiJIMIOBIIHICTh BEKTOP IMapaMeTpiB a;(f)
= {ri(t),cii(),qi(H)}, me ty(f) — cepemuiii dac
MPOXOJDKEHHS MUIAHKH, ci(f) — T TpOmycKHa
CIPOMOXHICTb, ¢;(f) — mnoToyHuid mOTIiK. s
BHUABJIEHHS  CTPYKTYpHO  KPHUTHYHHX  BY3IIiB
BHKOPHCTAHO 3BAKEHY MEHTPAITBHICTH (1):

q
= X ji(ij)eE — = (1

C _(w) ij
: T+’
ne n > 0 — crabinizyrounii JOJaHOK.
JlonaTKOBO aHalli3yeThCsI OallaHC MOTOKIB Y
By31i (2):

A(t) = Xjnee i) — Zriree (@), (2)

IO JIO3BOJISE BHSBISATH TOYKH HAKOITUYCHHS
nmacaxupiB. CMHCIT IIOTO METOAY IIOJIATAE Yy
MePEX0Ii BiJ JIOKATLHOTO «CIIOCTEPEKEHHS depr»
b1 (6] CHUCTEMHOTO OaveHHs TOTOJOT11
MepeBaHTaXEHb: TUCTIETIep 0aYuTh HE JUIe (HaKT
3aTopy, a WOro MepekeBy NpUYHHY (BY30Il-
JDKEpEIio, By30s-0ydep, By30J-IOTInHAY).

AHani3z Meroay ToKa3ye, M0 MEPEeKEBUH
uibivehit Mae IIBI KJTFOYOBI TIepEeBary:
MacCIITa0OBaHICTh JJIs BEIMKUX CUCTEM; IIPUPOIHY
iHTerpalifo 3 aJIropuTMaMy MapIIpyTH3alii i
Mepepo3NoaiTy TOTOKIB. BomHowac BiH Mae i

cyrTeBi  oOmexenHs. [lo-mepmie, arperamis
MacaXupiB y TOTIK ¢; MPUXOBYE I1HAMBITyaTbHI
MMOBEIHKOBI BIIMIHHOCTI (pi3HY TOJICPAHTHICTH 10
nepecaok, pi3Hy YyTIMBICTH 10 3aTpuMok). [lo-

JIpyre, craTmdHa Tomojioris (G HE TIOBHICTIO
BiTOOpaXka€ THMYACOBI OOMEXKCHHS (3aKPHUTTS
wiathopm, JIOKaJIbHI PEMOHTH, noJi€eBi

onmoxyBanHs). Ilo-Tpere, mpocTi LEHTPaTBHOCTI
MOXXYTb TIEPEOIIHIOBATH «T€OMETPHIHO BAXKIUBI»,
ane (akTUYHO HeNOBaHTAXEeHi By3nmH. Jlis
3MEHIICHHS IMX pPH3HWKIB y poOOTi MOETHAHO
MEpEKEBY JIarHOCTHKY 3 YaCOBUMU KoedirlieHTaMu
HACHMYEHHS Ta TMOJANBIIOK  CHUMYJIAMIHHOIO
nepeBipkoro. OTxe, MepeXeBHH aHami3 He
pPO3TIIAAETECS K CaMOJOCTaTHIA 1HCTPYMEHT
BHOOpY pillleHb, a SIK MePITHH aHATITHIHUH PiBEHb,
mo (UIETpye 30HHM MiIBUICHOTO PHU3UKY IS
HACTYTHUX MOJYJIB.

2. Metoau ortiHOBaHHS €(heKTHBHOCTI Ta
CTIHKOCTI.

Jnis yHUKHEHHS OJHOBUMIPHOI ONTHMi3awii
(nmumre 3a 3aTPUMKOIO0 a0o0 JUINE 3a BHTpPaTaMH)
BUKOPHCTAHO OaraTOKpUTEpialbHUK (QYHKIIIOHAI

3):
J(®) = XRey wiFe (), TRt wie = Lwe 20, (3)

ne Fa — HopMmoBaHI KpuTepii (3aTpUMKH,
MepeBaHTAXCHHS, CHEPTrOBUTPATH, CEPBIC), Wi—
BaroBi KOe(IIi€HTH.

HopmyBaHHS BUKOHYETBCS Y BUTIISII (4):
Fr(t) = F (t) — FM /e — FMn 4§, (4)

Je J 3amobirae OiJIEHHIO HA HYJNb MPH BY3bKOMY
Jliarra3oHi 3MiH KPUTEPIFo.

JI71s1 OLIHKY CTIHKOCTI pillieHb A0 3MiHU
YIPaBIiHCHKUX MPIOPUTETIB 3aCTOCOBAHO aHATI3
qyTIUBOCTi (5):

Sk = o] ~ IFel. 6)

a TaKoXX CIICHApHE BapilOBaHHA Bar y Mexax
JomycTuMmoro inrepsaimy. CMuci wMerony —
(hopManbHO Y3roAnuTH CyNepewInBi i, 30epirum
MPO30PICTh: IUCIIETICP OaYHTh, KOO «I[IHOIO»
MTOKPAIIY€ETHCS OWH ITOKA3HUK 1 9¥ HE MOTIPITYE TIe
1HIII TOKa3HUKHU TOHA] TPUHHATHUN TTOPIT.
Kputnuno BaxummBO, M0 JIiHIHHO-3Ba)KCHA
dbopMa € KOMIPOMICOM MIDK MaTeMaTHYHOIO
CTPOTICTIO Ta ONEPaliiHOK0 iHTepIpeToBaHicTIO. i
CHJIbHA CTOpOHa — LIBHJKE NEPEOOUYUCICHHS Y
KOHTYpPl PEaJIbHOTO Yacy Ta MOXIIMBICTH SIBHOTO
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KEepYBaHHs MPiOpPUTETaMH. 1 C1abKicTh — pU3HK
«KOMTICHCAIIT» TIOTAaHOTO  3HAYEHHS  OJHOTO
KpUTepito 1o0puM 3HadeHHAM iHmIoro. Hanpukian,
HE3HAYHE  3HWKCHHA  CHEPrOBUTPAT  MOXE
(dopMabHO TEPEKPUTH HETPUHHSATHE 3POCTAHHS
gacy O4iKyBaHHA. TakoX pe3yJsbTaT 3ajie)KUTh Bif
SIKOCTI KamiOpyBaHHS Bar Wy HEKOPEKTHa Baropa

MOJITHKa MOXE TOPOMXKYBaTH CHUCTEMaTHYHI
3MITIICHHS PpIITICHB. Tomy y poboTi
OaraTokpuTepialibHUi  (PYyHKIIOHAT JIOMOBHEHO

XKOPCTKUMH OOMEKEHHSIMH Ha TPaHWYHI CEpBiCHI
MTOKa3HUKH, a He JINIIE iX «mTpadamey B MITHOBIH
¢byukmii. Ile 3menmye pu3uk — (GopMaIbHO
ONTUMANBHUX, aJI¢ COINAILHO HETPUIHHATHUX
PEXUMIB eKCIUTyaTaIllii.

3. MeTou MPOTHO3yBaHHSI MOITUTY.

JIJ1 KOPOTKOCTPOKOBOTO TOPU30HTY (5—15
XB) 3aCTOCOBAHO aIAITHBHY PEKYPEHTHY MOJAEIb

(6):

4.t + AT) = a;(D)q; (1) + (1 — o, (D)7, () +
B1dbi(t) + B2y (2), (6)

ne gd{f) — BUMIpSHHWA TOTIK y BY3Mi i, ¢ (f) —
MOTMIEPEHIA MPOTHO3, Pi(f) — KaJeHJapHOYaCOoBi
¢dakTopu, () — noaiesi GpakTopu.

AqanTartis mapameTpa mnam’siTi BAKOHYETBCS
3a mpaBuiioMm (7):

a;(t + 1) = clipait — pdeitdai, amin, amax, (7)

[TpakTHYHUE CMECIT METOMY TOJSTAE y TOMY,
0 MOJAENb «MiJJIAIITOBYE» IHEPUIAHICTE: TNpH
CIIOKIHHOMY pyci OinbIlie MOBipse icTopii, a mpu
pi3kux 30ypeHHSX ONEpaTHBHIILIE pearye Ha HOBI
BHUMIPIOBaHHSI.

Kputnunuii aHamiz 1poro miaxomy Mae nBi
IJIOMUHA. 3 OAHOTO OOKY, MOAENh BiA3HAYAETHCS
00YHCITIOBATBHOIO JIETKICTIO, MPO30PICTIO
MapaMeTpiB i CTIMKICTIO 32 HETIOBHUX JaHHX, IIO €
KPUTHYHO BaXJIMBUM JIJISl UCTIETIYEPCHKUX CUCTEM.
3 iHmoro Oo0Ky, ii NPOrHOCTHYHA 3[ATHICThH
oOMexeHa Yy BHMAJKaX CKJIagHOI HETiHIHHOT
ouHAaMiKM  (MacoBi  momii, KackamHi 3001,
0araTOBEpIIMHHI KK IOMUTY), J¢ TIHOOKI
HEHpOMEpekeBi MOJeNli TOTEHIIHHO TOYHIIIII.
JlomaTkoBHWiA PU3WK — TepEHANAITYBAHHSI TIif
KOPOTKHU TOPHU30HT, IO 3HIKYE AKICTH MPOTHO3Y
Ha 2040 xB. Came TOMy y poOOTi peKypeHTHHIi
MPOTHO3 HE BHUKOPUCTOBYETHCS K «OCTATOYHA
ICTUHA»: KOXKHE KEepyloue pIlIeHHS IOAaTKOBO
NPOXOIUTh CHMYJSLIMHY Bamigamilo, a mpH
3pOCTaHHI TMOXMOKW TIOHAJ TOPIT 3aIyCKaeThCs
KOHCEpPBAaTUBHUN  peXHUM  KepyBaHHA. Taka

apxiTekTypa 3HIXKYE 3aJCKHICTh CHCTEMH Bij
HOMMJIOK OKPEMOT'O TPOTHOCTUYHOTO OJIOKY.

4. MeToau ormepaTUBHOI AWCIETUYCPHU3Allii Ta
cumymanii. Bubip kepyiodoi aii BHKOHYETbCS B
IUCKPETHI MOMEHTH f. 4epe3 3ajady YMOBHOL
onTumizaii (8):

u*(t;) = arg min , ()

ne x(¢-) — BekTop cTany mepexi, U(¢-) — MHOXUHA
JOMYCTUMHX il (3MiHA 1HTEPBaJiB, HEPEPO3MOALT
MOTOKIB, iH(MopMartiiiHi crieHapii). Kangumatai mii
MIEPEBIPSAIOTHCS Ha MOACI Tiepexoay cTany (9,10):

x(t +At) = f(x (), u(®), (1)), )

ne &(f) — sBumaakoBi 30ypeHHs. g OmiHKH
HaJIHHOCTI pIMICHHA 3aCTOCOBAaHO OYiKyBaHUM
PU3HK
R(U) = ]EE[L(DC, u, E)]J (10)

a B ONIEPAaTUBHUIN KOHTYP NepEAAEThCS PIllICHHS, 1110
OJIHOYACHO MiHIMI3ye J Ta HE TEPEBUIIYE
JOTIYCTUMHNA Topir pm3uky. CMucIT MeToxy — He
JIMIIE 3HAUTH MaTeMaTUIHO «HANKpaIIniiy» BapiaHT,
a TepeBipUTH HOro TOBENIHKY B  YMOBax
HEBH3HAYCHOCTI 710 (PAKTUIHOTO BIPOBAIKCHHS.

Kputnunuit aHami3 MOKAa3ye, 1o
CUMYJALIAHUKA  KOHTYp  CYTTEBO  MiABHIIYE
HaJIHHICT, KepyBaHHS, aje Mae IiHy. [lo-mepie,
TOYHICTh PE3yJIbTATy 3aJCKHUTh BiJl aIcKBAaTHOCTI
KaniOpyBaHHs Mozeni f{-); moraHo izeHTH(iKoBaHi
napaMeTpu MOXYTh MOPOIKYBATH XUOHE BITUYTTS
oesmexu. [lo-apyre, y peskumMi >KOPCTKUX YaCOBUX
0o0MexeHb HEMOXKITUBO TIEPEBIPUTH «BCi» cLieHapii,
OTXKEe BHUHUKA€E IMpobjeMa HEMOBHOIO TOKPUTTA
pusukiB. [loTpere, HaAMIPHO CKIIaTHA CHMYJISIIS
MOXXE CITOBUILHUTH KOHTYpP TPHHHATTS PIIICHB i
3po0UTH peakiiro 3ami3Hijor. [y OamaHCyBaHHS
IUX CYIEePEYHOCTEH Yy poOOTI BHKOPHUCTAHO
JIBOPIBHEBY JIOTIKY: IIBHIKWA CKPUHIHT CIICHAPIiB
CHPOIICHOI0 MOJACIUIIO 1 morimubiieHa IepeBipKa
mume Ana 2-3  Halikpamux ansTepHaTuB. Lle
JTO3BOJISIE 30€perTH OOYMCITIOBANBLHY NHCIHILIIHY
0e3 BTpaTH KPUTHYHO BKIMBOI IEPEBIpKH
KEPYIOUHX [iil.

5. MeTonu OIIHKU CEpBICY Ta MOBEHIHKOBUX
peakiiii. J{jst BKIFOUEHHS «JIF0ACHKOro (hakropa» y
KOHTYp KepyBaHHS 3aCTOCOBAHO CEPBICHHMI 1HIEKC

(11):

S@) = YlTwalt(t) + YZTtransfer(t) +

Y3Icomfort(t): Z?:le =1 (11)
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Peaxkmuito macaxxupiB Ha iHQopMaLiliHi BIUTUBH
(orostomieHHS, HaBITaIliIO, pUSh-TTOBITOMIICHHS )
dhopmaitizoBaHo Yepe3 iIMOBIPHICTh BUOODPY
aJbTepHAaTUBHOTO MapmpyTy (12):

exp(—ACs(£)+ks(D))
Ymer exp(_lcm(t)""dm(t))’

Pos() = (12)

ne Cy(f) — y3arajgpbHeHa «BapTiCTh) MapIIPyTy,
I(f) — iHTeHCUBHICTD 1HPOPMALIITHOT MiATPUMKH,
A, K — TapaMeTpH Iy TIHBOCTI.

JI71st HeTIOBHUX TaHUX BUKOPHUCTAHO HEWITKE
pamkyBanHs QoS i3 dyHkuieto HaneskHOoCT (13):

0,z < Zpp
Zmin/ Zma — Zmin» Zmin < Z < Zmax,

1,z =2 Znax
(13)

nQoS(z) = j{z —

CMmucn migxogy TmoONsTae y TOMY, IO
KepyBaHHs IepecTae OyTH CyTO iHQPaCTPyKTYpHUM
1 BpaxoBYy€ MOBEIIHKOBHH BIATYK TMacaXupiB, 0e3
SKOTO peanbHuil ePeKT JUCIeTYepChKUX il 9acTo
BUSIBIIIETHCSI HIDKYHMM 32 PO3PaXyHKOBHUH.

Kputnuno 1mei ™erom CIiJl OIIHIOBAaTH
o6eperxHo. Moro mepesara — 3aTHICTh 3MEHIIHTH
PO3PHB MK «IUITAHOBUMY 1 «(pakTHIHUM» e(hEeKTOM,
0COOJIMBO JJIs TIEPECATKOBUX BY3IIB 13 BHCOKOIO
iHpopMaIlifiHOl0 HeBH3HaudeHicTiO. IIpore Ha
IOBEJIHKOBI Mozenl BILIMBAIOTh
couiogemorpadiuyHi Ta KOHTEKCTHi (hakTopH, sKi
Ba)KKO TIOBHO BPaxyBaTH B ONIEPATUBHOMY KOHTYPI.
[Mapametpu A,x 3 wacoM ApeildyioTh, a HEYITKi
OLIIHKA MOXYTh MAacKyBaTH T€TEpPOTCHHICTb TPYyI

macaxupiB. Kpim Toro, HamMipHa cTaBKa Ha
iHhopMarriiiHe TIepeHaIpaBIICHHS oe3
iHQpPaCTPYKTypHOi ~MIATPUMKM  1HKOJIM  JIMLIE

«repemiiye» npodaemMy Mk miathopmamu. Tomy
y po0OTi TOBETIHKOBUI MOIYJTH BUKOPHCTOBYETHCS
SK JONOBHEHHA 0 iHPPACTPYKTypHHX [iii, a Horo
napamMeTpu PperyJisipHO TepeKaliOpoBYIOTbCA 3a
(aKTUYHUMHU TaHUMH BUKOHAHHS MIEPECaioK.

6. Metoau E€HEPreTHIHO-EKOIOTITHOT
Bepudikawii. {71 omiHKM pecypcHoi epeKTUBHOCTI
pillIcHb BBEJICHO MOKA3HUK MUTOMHUX C€HEPrOBUTPAT
(14):

Eror(t
Esp(t) — t t()

Qtot(t) (14)

ne Eo(t) — eHepris, cnoXuTa y BiKHI aHami3y,

Qwlf) — KIIBKICTh MEPEBE3EHHX IMACaXHPIB.
Eneprerrunuii 6ananc aeranizoBaHo sk (15):

Etor = Zper [, (BET () + BE5(0)) e, (15)

Ptr auxr .
A€ P — TATOBC,” P — JOIIOMIXHC CIIO’KHMBAHHAI.
Jns

EKOJIOTIYHOI  IHTepIpeTamnii BHKOPUCTAHO
IHANKATOp YMOBHHX BHKUAIB (16):

CO7 () = XEtor (1), (16)
Ie y — THTOMHH KOEQIIli€EHT BYTJICIICBOTO
eKBiBaJIeHTa JUIsI  BIOIOBIAHOTO CHEPTOMIKCY.
CMucn MeTony — TMEpeBIpUTH, YU HE TOCATAETHCS
omepariiiiie MoOKpaileHHs (3HIKCHHS 3aTPUMOK)
HETPUHHSATHAM 3POCTAaHHSIM CHEPrOCIIOKMBAHHS Ta
€KOJIOT1YHOTO HAaBaHTa)KCHHSI.

Kputnunuii anamiz moka3sye, IO BBEICHHS
S€HEPTeTUYHO-EKOJIOTIYHOTO KOHTYPY AUCIUILTIHYE
MpoIec ONTHMI3amii 1 3axXHWIaE CHCTEMY Bif
KOPOTKO30pHX pimeHb. BoxHouac € MeToawyHi
TPYIHOII: CKIAAHICTP TOYHOTO  PO3IJICHHS
TATOBOI Ta JOMOMIXKHOI CKJIAJOBHX Y PEATbHOMY
yaci; 3alekHICT, mokasHuka CO,™ BiJ
30BHIIIHBOIO  CHEPrOMIKCY, SKHH  omeparop
nepeBe3eHb KOHTPOIIIOE JIUIIE YaCTKOBO; KOHMIIKT
MK €HEepro3aola/LUKeHHSIM 1 cepBicoM y MiKOBi
nepionu. 3a UMX yMOB E€HEPrOKpPHUTEpid y poOoTi
BUKOPUCTAHO  SK  pIBHONIPaBHUU, ame  He
JMOMIHYIOUHMI: PINICHHS BIIXWIAIOTHCS, SKIIIO
NOKpAIyloThb OAMH BHMIp €QEeKTHBHOCTI 3a
pPaxyHOK HETPOIOPIIIHHOTO TOTIPIICHHS IHIIIHX.
Takuit miaxin 3a0e3rneuye He JHIIE ONEPaTUBHY, a
i cTpaTeriyHy CTiHKICTh MOJEIT.

Onwc 3aCTOCOBaHMX METOJIB Ta apryMeHTALIis
ix BUOOpY

MareMaTiHuHy OCHOBY MOJIENTi 33/IaHO Yepe3
BEKTOp cTaHy cuctemu (17):

x(2) = {qu0), hi(0), vi(®), ci(0), siD), e(D)},  (17)
Ie qi(f) — MOTiK macaXupiB y BY3i i;
hj(t) — iHTEepBaN PyXy Ha OUIBHUII J;
vi(t) — mBHAKICTE; ci(f) —  MPOIyCKHa

CIPOMOXKHICTB; S/(f) — cepBiCHHI cTaH By37a /; /()
— eHeproBuTpatu B KoHTYpi j. Kepytoui Brmsu
¢dopmyrots BekTop (18):

u(?) = {Ah(t), At(t), Ar(t), AL(?)}, (18)
ne Ar:(f) — KepoBaHUH MEPEePO3NOALT MOTOKY MiX
anbTepHATUBHUMH MapuipyTamu, a Al,(f) — 3MmiHa
iHpopMaIifHOTO  CIleHapir0 Uil  TACaKHpIB
(BUBICKH, 10aTOK, TYYHOMOBHI OTOJIOIICHHS).

HinboBa QyHKIist GaraTokpuTepianbHOL

onTumizaii mae Burisin (19, 20):

](t) = Wleelay(t) + WZFcrowd (t) +
w3 Fenergy (t) + wy Fsermce (t):

(19)
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4 —

Yrk=1Wk =1, w =0, (20)
e THIBIOK TI03HAYCHO HOPMOBaHI KpHUTEpii.
HopmyBanns BukonaHo 3a gpopmyioro (21):

Fe(0) = F(t) — FM™ /R — Fmin 45, (21)

1€ 0 — MaJMi cTabiIi3yI0umii mapaMeTp.

Bubip niniiiH0-3BaxeH0i opMu GYHKIIOHATY
OOTPYHTOBaHUI MPAKTHKOIO TPAHCTIOPTHHUX OLIIHOK
[4], [8], [11], [31]: BoHa iHTepmpeTOBaHA IS
JHcIieTyepa, MpUIaTHA AJIS IIBUAKOI MEPEOLiHKI
Bar i 3a0e3meuye npo30picTh YIPaBIiHCHKOI JIOTIKH.
binpmr ckmagHi HENiHIMHI KOHCTPYKITT BiIXHICHO
Ha IIhOMY €Talll, OCKUIBKH BOHH IIiJIBHIYIOTh

OOYMCIIOBaJIBHI ~ BHUTpPAaTH 1  YCKJIAaIHIOIOTbH
MOSCHIOBAHICTh PillICHb.
KopoTkocTpokoBuit MPOTHO3 MOTUTY

(hopMy€eTbCS aTaNTUBHUM PIBHAHHSM (22):

q.(t +AT) = aq;(t) + (1 — G, (¢) + B1;(t) +
B2W; (1), (22)

ne ¢(f) — KajneHIapHO-4acoBi GakTopH,

wi(t) — nogiesi pakTopu (3001, IepecagouHi XBUIII,
HEpiBHOMIpHicT TpuOyTTs). [lapamerpu a,f1,52
KOPUTYIOTbCS OHJIAHH 3a KpPUTEPIEM MiHIMyMY
ITOTOYHOI MOXUOKHU TIPOTrHO3Y (23):

FHORNO]
a() == 5 (23)
YoMy oOpaHO camMe aJanTHBHY PEKypPEHTHY
mozeinb? [lo-nepie, BoHa cTabiibHa HA KOPOTKOMY
TOPU30HTI Ta He TOoTpeOye  HAJIBEIHMKHX
HaBUAJBHUX BHOIPOK, IO BIAMOBITAE yMOBaM
omiepaTuBHOI ekcrutyaTarii [24], [29]. Ilo-apyre,
napaMeTpy MOXXHa KOPUTYBATH B peaTbHOMY daci
0e3 1OBHOro nepeHaBuaHHs. [lo-TpeTe, Takui
MiIXi1 100pe Y3romKyeThes 3 (PaKTOPHOKO JIOTIKOIO
po0ir [25], [26].
Hns 1HQPaCTPYKTypHOTO KOHTPOJIIO
3aCTOCOBaHO KoedillieHT HacuueHHS (24):

t
Pe(t) = 295,

24
[puiiHsaTO TpW 30HKU KepyBaHHS: mTaTHA () <
0.85), momepemxyBampHa (0.85 < pr < 1.0),
kputnuHa (px > 1.0). Taka rpagamis BimmoBimae
MPaKTUIll ~ OMEPAaTHBHOI  JUCIETYECpU3AMii  Ta
JTO3BOJISIE 3aITyCKATH MIPEBEHTUBHI CIICHApIl 1Ie JI0
BXOJy B KDUTHYHE IEPCBAHTAXKCHHSI.
Y  cepBiCHOMY  KOHTYpi
y3araJlbHeHHi iHJeKC (25):

BUKOPHCTaHO

S@®) = v1Tware () + 2 Ttrapn‘s}er )+ Y3Ic¢;n7;rt ®),
(25)

1€ Tewair— HOPMOBAHHH Yac OYiKyBaHHS;
Tetransfer— HOPMOBAHUH Yac MEPECaIKHU;
Lecomfors— 1HTETpAIBHUNA 1HAUKATOP KOM(OPTHOCTI.
BxorouenHs  mporo  iHAEKCY ~— OOTPYHTOBaHO
poboramu [27], [30], [31], y IKuX mOBEACHO, IO
CEpPBICHI MapaMeTpu 0e3MOCePeIHHO BIUTMBAOTH HA
TIEPEPO3IOIiT TACAKUPOIIOTOKIB.

EnepreTrununii epeKkT OLIHIOETHCS ITUTOMHUM
MTOKa3HUKOM (26):

Etot(t)
Qtot(t)

Esp ) = (26)

ne Ei — CcyMapHi EHEpProBUTpaTH Yy BIKHI
crioctepexerts, (i — KUIBKICTh TIEPEBE3CHUX
nacaxxupiB. Bxmrodenus Eg, 10 onTHUMi3aIiitHOro
KpPUTEPIito MiATPUMaHO BUCHOBKamu [6],[7], [23].
3aranpHy JIOTIKY B3a€MOJIii MOYJIiB HABEICHO

Ha puc. 1.
[IpoBenemo EKCIICPUMEHT. Merta
ekcriepuMmenty. llepeBiputu, uu 3abe3meuye

3alpoNoOHOBaHA MOJIENb CTATUCTHYHO ITOMITHE
MOKPAICHHS. TOPIBHSHO 3 0a30BUM PEXUMOM
CTaTUYHOTO KepyBaHHA IpadikoM i mepecagkaMu.

OOG’ekT eKkcrmepuMeHTy. TumoBa  MiCbKa
3aji3HMYHAa migcucremMa 3 12 craHmisgMu, 3
MIEPECaIKOBUMH BYy3JIaMH, 2 MIKOBUMHU XBHIISIMU
MOTIUTY TIPOTATOM omepamiiHoro BikHa 120 XB.
CraH cucTeMHy OHOBIIOBABCS KOXHI 5 XB.

36ip Ta Baniauis [Ipornos noroky
RETTITR Ta CTaly Mepexi

Kepyiounx jif

Onrimizanis Komanu
JHCTICTHEPY

Konrpoas edexry
1 canoajanTralgs

Puc. 1. CtpykTypHO-(hyHKITIOHAIEHA CXeMa IHTETPOBAHOT MOIeTi
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Cuenapii.

Cyenapiii A (bazosuii): hpikcoBaHi IHTEpPBAIH,
peaxiiis JIIIe mcias GakTy IepeBaHTaKCHHS;

Cyenapiu B (adammuenuii):. TporHO3 +
OaratokpuTepiallbHa ONTHMI3allis + CIleHapHa
TepeBipKa piIlieHb.

Metprika MOpiBHSIHHSA. BUKOPHUCTAHO YOTHPH
KITFOYOBI IHAWKATOPH: CEPeIHS 3aTPUMKa Macaxupa
T__gelqy, YaCTKa TIEPEBAHTAKEHUX BY3IB Poyer,
MUTOMi eHeproBuTpatu Fg,, I1HAEKC CepBiCHOT
CTabuTbHOCTI  [erv.  JIOATKOBO  pO3paxoBaHO
IHTerpanbHUH 1HACKC KepoBaHocTi (27):

1
Kaam = 1= - %k max(0,pc = 1), (27)

[TapameTrpu onTuMi3zarii. Y 6a30BoMy BapiaHTi
obpano Baru wi = 0.35, w, = 0.30, w3 = 0.20, ws =
0.15. Take ciBBiAHOLIEHHS BiI0OpaXkae MPiOPUTET
MiHIMI3ammii 3aTpUMOK 1 TIEpPeBaHTAXKCHH, aje 3
000B’SI3KOBUM ypaxyBaHHSAM CHEPro- Ta CEpPBICHUX
kommoHeHTiB. Ilponenypa. [l KOXHOTO KpOKY
4acy BUKOHYBAJIKCh:

(1) oHOBNICHHS HAHUX;

(2) mporuo3 Ha ropuzonT AT = 10 xB;

(3)  dopmyBanHs  HaOOpy  KepyHOUHX
AJIbTEPHATHUB;

(4) obuncaenHs J anst KOXKHOI aJbTepHATHBH;

(5) Bubip Haiikpamoi Aii;

(6) cuMmyIiiiHa TIEpeBipKa HACTIAKIB 1, 3a
noTpeOH, Kopekuis. 3arajgbHa KiIbKICTh iTepanii y
OJHOMY MpOroHi — 24.

BinHocHe mOKpallleHHA 3a  KJIIOYOBHUMH
METPHUKaMH CKJIAJO: 32 3aTPUMKOI0 — Om3pK0 30%,
3a YaCTKOIO MEPEeBAHTAXCHUX By3IiB — moHazg 40%,
3a MUTOMUMH €HEProBUTpaTaMu — Onn3bko 9%, 3a
cepBicHOIO cTalinmpHICTIO — Omu3pko 20%. Lle
NiATBEPIUKYE, IO IHTETpalis NPOTHO3HOTO I
ONTUMi3aliiHOTO KOHTYpIB Aa€ HE JIOKaJbHUH, a
CHUCTEMHHUH e(eKT.

Junamika  koedirieHTa HACHYCHHS IS
Hai011b1I 3aBaHTaXKEHOT'O By3Jia IMO/IaHa Ha puC. 2.
BumgHo, 1o B amanTHBHOMY PEXHMI K
HaBaHTKCHHS HIDKYHH, a Tiepion mepeOyBaHHS B
30Hi p > 1 CyTT€BO KOPOTIIIHH.

Amnainiz crilikocTi pe3yibTaTy. JlomaTKOBO
MPOBENCHO Bapiarito Bar wy y Mexkax =0.05 Big
0a3oBux 3HaueHb. OTpuMaHO, IO 3a BCIX
MpoTecTOBaHMX KOMOiHauiii cueHapiii B 30epirae
nepeBary Haj cueHapieM A 33 T jeiqy 1 Pover, @
BiIXMICHHS (iHATBHUX 3HAYCHD HE IEPEBUIINYE 6—
8%. Lle mo3Bomsie BBaKaTH pe3yJbTaT POOACTHUM
JI0 TIOMIPHUX 3MIiH TPIOPUTETIB AUCIIETIECPCHKOTO
KepyBaHHS.

Hazosuit

KpuTiunmii pisens

Hac, XB

10 20 30 0 50 60 70 80 90 100

Puc. 2. [TopiBHAHHSA TUHAMIKHA HAaCHYEHHS By3ja
y JIBOX CIICHApisX

OOmexennss  excnepumenty.  [lo-mepiue,
YacTHHA BXITHUX IapaMeTpiB 3allaHa y BHUTIIAIL
arperoBaHuUX TIOTOKiB, 0€3  IHAWBIAyaTbHUX
TpaexTopiii macaxupiB. [lo-mpyre, y mnoTouHiit
Bepcii HE BpaxoBaHO MTOBHUH Habip
JIOBTOCTPOKOBHUX  1H(PACTPYKTYPHHX OOMEKEHB
(peMoOHTHI «BikHa», ce30HHI pexumu). [lo-TpeTe,
CEpBICHMH 1HIEKC PO3PaXxOBaHO Y CIPOILEHIH
HOopMoOBaHii ¢opmi. TIpore mi 0OOMEKEHHS He
HIBEJIIOIOTh TOJIOBHOT'O BUCHOBKY po
e(eKTHBHICTh IHTETPOBAHOT'O MiJXOY.

OTxe, MPOBEACHUI EKCIICPUMEHT ITiITBEPINB
JOLIJIBHICT OOpPaHOro KOMILICKCY METOMIB Ta
KOpeKTHICTh iX iHTerpamii B €OUHY MOZETb
aJanTUBHOTO ynpaBiiHHsA. [loeTHaHHS MEpeKeBOTO
aHajizy, KOPOTKOCTPOKOBOI'O IIPOTHO3Y,
OaraTokpuTepiaNbHOI onTUMI3aLii i cuMyISiHHOT

nepeBipku  3a0e3nedye BiAUyTHE IOKpAIICHHS
OTIepaI HMX, CepBICHUX Ta pecypcHHX
moka3HuKiB. OTpuMaHi pe3ynbTaTd  (HOPMYIOTH
NPaKTUIHY OCHOBY IS MOJaJBIIOTO

MacmTaOyBaHHS MOJEIl Ha pPIBEHb pPeaTbHUX
MICBKUX 3aJli3HUYHUX CUCTEM 13 MiAKIIOYEHHIM
IU(QPOBHUX ABIMHUKIB i MOTOKOBUX JUCTIETIEPCHKUX
wiaThopm.

BucHoBkH. Y po0OTI po3B’sI3aHO HAYKOBO-
MPUKIAAHY 3a/1a49y MOO0YI0OBH iHTETPOBAHOI MOJIEII
Al THUBHOTO yIpaBIliHHIL MiCBKHUMHU
MacaXUPOIMOTOKAMH Ha 3aIi3HUYHOMY TPaHCIIOPTI
B peXuMi peambHOro 4acy. Ha ocHOBI aHamizy
Cy4YacHUX JOCIIPKeHb OOTPYHTOBAHO JOLINBHICT
MO€AHAHHS MEpPEXKEBOTO MPeCTaBICHHS
TPAHCIIOPTHOI ~ CHUCTEMH,  KOPOTKOCTPOKOBOTO
NPOTHO3YBAaHHA TMOIUTY, OaraTOKpHUTEpiaTbHOL
onTUMizalii Kepywouux Oiii Ta CHMYJISLiHHOL
Bepudikarlii crieHapiiB. 3amporoHoBaHA MOJIETh
¢dopmamizoBaHa Yepe3 BEKTOpP CTaHy, BEKTOP
KepyBaHb 1 LIIbOBY (YHKIIIO, IO BpaxoBYye
3aTPUMKH, HepeBaHTAKECHHS BY3IIIB,
SHEPTOBHUTPATH Ta CEPBICHI MTapaMETPH.

[IpoBeneHnii eKkCEpUMEHT 3acBiIYMB, IO
aanTHBHUN KOHTYp KepyBaHHs 3abe3medye
CHCTEMHE TIOKpAIleHHS KIIOYOBUX IIOKa3HHKIB
(yHKUIOHYBaHHS: 3MEHILICHHS CEpEeIHIX 3aTPUMOK
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MacaXXUpiB, CKOPOUCHHSI YACTKH IMEPEBAHTAXKCHUX
BY3JiB, MIJBHUILIEHHS CEPBICHOI CTaOLIBHOCTI Ta
3HW)KCHHSI MMUTOMHUX CHEPrOBUTpAT MOPIBHIHO 3
0a3oBUM  cTaTUYHUM  pexumoMm.  Otpumani
pe3yIbTaTH MiATBEPUKYIOTH MIPAKTUIHY
MPUAATHICTP OOpPaHOTO KOMIUIEKCY METOMIB 1
JOBOJATh €(EKTHBHICTh 1HTErpauii MpOrHO3HOTO,
ONTUMi3alifHOTO Ta KOHTPOJBHOTO MOAYNIB B
€TMHOMY ITUKJI1 IPUHHSTTS PilllcHb.

HaykoBa HOBHM3HAa po0OTH moONIATacE B
KOMIUIGKCHOMY  TIO€HAaHHI METOMAIB, SKi B
OUITBIIOCTI HASBHUX MOCIIIHKEHb 3aCTOCOBYIOTHCS
130Ib0BaHO, Ta B peajlizaiii €IUHOTO MEXaHi3My
ajanrarii KepyBaHb N0 JUHAMIKK T[ONUTY B
KOPOTKOMY YacoBOMY TOpHU30HTI. [IpakThuHe
3HAYCHHS PE3yIbTaTiB TIOJATAE Y MOMKIUBOCTI
BIIPOB/IPKEHHS MOZENI B JUCIIETYEPCHKUX LIEHTPax
MICBKHX 3aJli3HWYHUX CHUCTEM IS IIiJ{BUIICHHS
CTIHKOCTI TIEPEBI3HOTO TIPOIECY, ITOKPAIICHHS
AKOCTI 0OCITyroBYBaHHs MACaKUPIB 1 MiATPUMKH
pecypcHo-epeKTHUBHOI ekciutyaTariii. [lepciekTuBu
MTOAANIBITHX AOCIIKEHD TIOB’ sI3aH1 3 PO3ITHUPESHHSIM
MOJEJi Ha MYJbTHUMOMAIIbHI MEPEKi, BKITFOUCHHIM
JOBIOCTPOKOBUX 1H(PpacTpyKTYpHUX OOMEKEHb Ta
iHTerpamiero 3 OuQpoBUMH  IBIHHUKaAMH
TPAHCIIOPTHUX BY3JIiB.
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Dolia K.V. Development of an integrated model
for adaptive management of urban passenger flows
on rail transport in real time

The article proposes an integrated model of
adaptive management of urban passenger flows in
railway transport in real time, focused on reducing
delays, reducing congestion at nodes and improving the
quality of service. The methodology combines spatial-
network analysis, short-term demand forecasting, multi-
criteria optimization, simulation testing of control
scenarios and a self-adaptation circuit based on the
results of actual decision implementation. The transport
system is formalized as a directed graph with time-
varying parameters of throughput and saturation, and
the selection of control actions is carried out according
to an integral criterion that takes into account
operational, service and energy indicators. To take into
account uncertainty, scenario testing of alternatives was
used before implementation in dispatching practice.
Unlike local approaches, the proposed architecture
ensures coordination of the forecast, optimization and
execution levels in a single decision-making cycle. The
results of the model experiment showed a steady

improvement of key indicators compared to the baseline:
reduction of average delays, reduction of the share of
overloaded nodes, improvement of service stability and
reduction of specific energy consumption. The sensitivity
analysis to changes in the weights of the criteria
confirmed the robustness of the conclusions obtained
within practically relevant parametric variations. It is
substantiated that the greatest effect is achieved under
conditions of proactive response to increasing saturation
and synchronization of information impacts on
passengers with operational adjustment of traffic
regimes. The practical significance of the work lies in the
possibility of implementing the model in dispatch centers
of urban railway systems as a tool for increasing the
reliability of the transportation process, service quality
and resource efficiency. The proposed approach can be
used as the basis for a digital twin of a transport node
integrated with streaming sensor data, passenger
information  systems and platforms  supporting
dispatching decisions. The perspective of further
research is to scale the model to multimodal networks
and take into account long-term infrastructure
constraints. Separately, it is advisable to further
investigate the impact of extreme events on the stability
of the operational control loop.

Keywords: adaptive control; passenger flows;
urban rail transport; real time; short-term forecasting;

multi-criteria  optimization;  simulation —modeling;
dispatching.
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HAIIPSIMU 3ABE3IIEYEHHS JKUBYUYOCTI PYXOMOI'O CKJIALY
3AJIIBHUYHOI'O TA ABTOMOBLIBHOI'O TPAHCITIOPTY
B YMOBAX BOEHHUX JIA

®omin O.B., Knumam A.O., Ky3smenko C.B., Bopox A.O.

DIRECTIONS FOR ENSURING THE SURVIVAL
OF RAILWAY AND ROAD TRANSPORT ROLLING STOCK IN WARFARE

Fomin O.V., Klymash A.O., Kuzmenko S.V., Vorokh A.O.

B ymoeax noenomacwmabmoi 36poiinoi
mpaucnopmua cucmema Ykpainu nepemeopunacs Ha
00HY 3 npiopumemHux yineu 0isi BOPOACO20 602HEB020
enaugy. Ilumanns  36epedcennss yinichocmi  ma
@YHKYIOHATLHOCE PYXOMO20 CKAAQY 3ANIZHUYHO2O U
ABMOMODINILHOZO MPAHCNOPMY HAOYBAE KPUMUYHOZ0
3HAYeHHs OISl HAYIOHANbHOI Oe3neKku, OCKIIbKU Bi0
MexXHIuH020 cmamny 3acobis nepecysamis
b6e3nocepedHbo  3anedcums CMIUKICMb  J02ICTMUYHUX
aanyiocie  ma 0bopoHo30amuicmo Oepoicasu.
Tpaouyitini memoou excniyamayii, po3paxoeami Ha
MUPHULL Yac, 8UABUNUCA HEOOCTHAMHbLO eqeKmUBHUMU
6 YMO8ax NOCMIUHUX 0OCMPpINi6, 3ACMOCY8AHHS
6e3niNOMHUX AIMAIbHUX anapamié ma OueepCilHuUx
3a2po3.

Ocnoena Haykosa npobiema noasieae 'y BUCOKIU
8pA3IUBOCMI ICHYIOHU020 NAPKY MEXHIKU 00 CYHACHUX
3ac006i8 ypajiceHHsl, MaKux K apmuiepilicbKi CHapsou,
pakemu  ma  OpoHu-kamixaosze.  Jlocaidocennus
cnpamosane HA NOOOAAHHA Oediyumy cucmemHux
piwens wo0o MmoldepHizayii YUBiIbHO20 PYXOMO20
cKknady 0as nompeb 6ocHno2o wacy. Memoio pobomu €
HayKose OOIPYHMYBAHHA KOMNIEKCHUX MEXHIYHUX ma
Op2anizayitiHux Hanpsamie, wo 0036015Mb
MiHIMIZy8amu empamu mMexHiKu ma 3abe3neqyumu
weuoke GIOHOBNEHH MPAHCHOPMHO20 CNOJYYEHHS
nicas amax.

Y pobomi 3acmocosano memoou cucmemnozo ananizy,

MOOENOBAHHS 6‘146_)/)(?06020 enjauey ma cmamucmuyHoi

00pOOKU OAHUX NPO PeabHi NOWKOONCEHHS MEXHIKU 6
30HI 6ouosux Oill. Aemopamu 3anponoHO8aAHO HU3KY
iHoIcenepHuXx piwens: Ougepenyiliosane OPOHIOBANHS

ma  eKpawmy8amHs,  3AXUCM — NAAUBHUX  CUCMEM,
nioguiyenHs arcusyuocmi Xxo00080i yacmuHu,
6CMAHOBICHHS KY1eCmiluKux cKI0onakemis,

OPOHIOBAHHS CUCMEM OXO0J00JNCEHHS Ma 0YONHEAHHS

aepecii

KPUMu4HUX eneKmpudHux Mmazicmpanet,
BUKOPUCIAHHSI  MENL0BUX eKPAaHié Oasi GUXIONHUX
cucmem ma padionoiuHAOYUX CIMOK 05 3HUNCEHHS
nomimnocmi mexHiKu 6 menuoeomy ma
PAOIONOKAYIIHOMY CREKMPAx.

Hayxosa nosusna nonseae y pospodyi KOMNIEKCHO20
nioxo0y 00 OYIHKU 8paA3IUBOCMI PYXOMO20 CKAAOY Md
00TPYHMYBAHHI MOOYIbHUX CUCMeM 3aXucmy, sAKi
MOJCHA WBUOKO MOHMYBAMU 8 NONbOSUX YMOBAX.
Bcmanoesneno, wo noeonanns mexuiunoi mooepuizayii
i3 yugposum YnpaeniiHHAM RNAPKOM MA YACHUM
MACKYBAHHAM 003808€ 3HUSUMU PUSUK YPAHCEHHS
mexuixu  Ha  40%.  Ilpaxmuuna  peanizayis
3anponoHO6aHUX 3ax00i6 3abe3neuye  eKOHOMIuHy
O0YiNbHICMb  3a  PAXYHOK — CYMMEBO20  3HUNCEHHS
BUMpPAM HA 3AMIHY 6MPAYEeHO020 PYXOMO20 CKIAOY
NOPIGHAHO 3 6apmicmio 3aco0ie 3axucmy.

CmeopenHs cmiikoi mpancnopmuoi cucmemu 8umMazae
KOOpOuHayii Midc 3aRIZHUYHUM MA A8MOMOOIILHUM
CceKmopamu, npoBAONCeHHs MOOINbHUX DPeMOHIMHUX
bOpuecad ma nepeaigdy cmanoapmis excniyamayii
MexXHIKU 8 YMOBAX 30POUH020 KOHPAIKMY.

Knwuoei cnoea:  orcusyvicmv,  pyxomuu  cKaao,
3ANIBHUYHUL MPAHCNOPM, ABMOMOOINILHUNL MPAHCHOpmM,
60€HHI OIl.

Beryn. B ymoBax moBHOMacmTabHOI arpecii
TPaHCIIOPTHA CHCTEMa CTAa€ OJHIEI0 3 TOJOBHHX
1ijei Bopora. 3a0e3neueHHs KUBYIOCTI PyXOMOT0O
CKIIaJly  3ajJi3HUYHOTO Ta  aBTOMOOIIBHOTO
TPaHCIOPTY €  KPUTUYHO  BAXKIMBHM  JJIst
000pOHO31aTHOCTI JIepKaBH. EdexruBue
(yHKUIOHYBaHHS JIOTiCTUYHHUX JIAHLIOTiB
0e3MmocepeTHbO 3AICKUTL Bl TEXHIYHOTO CTaHy
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TpaHcHopTHUX  3aco0iB. [locriliHi  oOcTpinu
1HQPACTPYKTypH BHMAaraloTh TIONIYKY HOBHUX
METOJIB 3aXUCTy PyXOoMoro ckiany. [lpu 1pomy,
BIHCBKOBI Jii CTBOPIOIOTH CcHeUn(iuHi PUBKKH, AKi
HE BpaxOBYBaJIMCS B MUPHHI dac. | BiAmoBimHO
pyXoMuil cKian moTpebye MomepHizamii s
M ABHUIICHHS CTIHKOCTI 10 ypaxkatouux (axTopis..
AKTyanpHICTh  JIOCHI/DKCHHS  3YMOBJICHA
HEOOXI1THICTIO HIBUIKOTO BiZTHOBJICHHS
TPAHCIIOPTHOTO  CIONyYEHHS  ICIS  aTak.
30epexkeHHS] TApKy BaroHiB, JOKOMOTHBIB Ta
BaHTaKiBOK € 3aII0PYKOI0 €KOHOMIIHOT
crabimpHOCTI. JIoTicTHKA B YMOBax BilfHUM BHMarae
BHCOKOI MOOLTHHOCTI Ta 3aXHUIICHOCTI TEXHIKH.
KoxHa oOfuHUIIT BTpadeHOl TEXHIKH 3HIKYE
e(EKTUBHICTh JIOTiCTUIHOTO 3a0e3neYeHHS.
BincytHicth CUCTEMHUX pillicHb OO
3a0e3MeUeHHS JKUBYUYOCTI PU3BOAUTH 0 3HAYHHUX

BTpaT pecypciB. CydacHi 3aco0W  ypakeHHS
MOCTIMHO  BJOCKOHAIIOIOTHCS, II[0  BHMArae
aJIeKBaTHHUX 3aX0/1B MPOTHUIII. Amnaiis

MTOIIKO/DKEHb TPAHCIIOPTHUX 3acO0IB  TO3BOJISE
po3poOuTH ehEKTUBHI CXeMU OpOHIOBAHHS Ta
eKpaHyBaHHS. Buxopucranus IUBLIHHOTO
TPaHCHOPTY AJs BiHCBKOBUX TMOTpeO MiABHILYyE
BUMOTH JO0 WOTO JKHBYYOCTi. 3ali3HUIHHUI
TPAHCTIOPT 3AIUIIAETHCS KITFOUOBOK) JIAHKOKO ISt
MIEPEBE3CHHS CTpaTeTriuHUX BaHTaXiB.
ABTOMOOUTHHHI TPaHCIIOPT 3a0e3Meuye THyYKICTh
Ta OIEPATHBHICTh JOCTaBKH B MPUGPOHTOBUX

30Hax. HaykoBe  OOIpyHTYBaHHS  HampsIMiB
3MIITHEHHSI KOHCTPYKIIIH pyXOMOTO CKJIamy €
TIPiOPUTETHUM 3aBIAHHSIM. HeoOximHo

BpPaxoBYBaTH BIUIMB BUOYXOBOi XBWIII Ta YJaMKiB
Ha KPUTHYHI By37H TeXHIKH. Po3po0Kka mpoToKOIiB
MIBUKOTO PEMOHTY B ITOJIBOBHX YMOBAX ITiABHIILY€E
KOe(illieHT TOTOBHOCTI MapKy. 3abe3nedeHHs
KHUBYYOCTi BKIIIOYAE HE NHIIe (Hi3UIHUH 3aXHCT, a i
MacKyBaHHSI. OnTumizaris MapmpyTiB 3
ypaxyBaHHAM pPH3HKIB YPa)XEHHS € YaCTHHOIO
3arajqpHOi  cTpaterii cTilikocTi. BrnpoBamkeHHs
IHHOBAIlIMHAX ~ MaTepialliB ~ MOXE  CYTTEBO
3MEHIINTH BPa3IUBICTh MAIINH.

JlochimKeHHsT CBITOBOTO JOCBIy BEICHHS
BOEHHHX Tt MiATBEPIKYE Ba)XJIUBICTh
3aXHIIEHOCTI TPAHCIIOPTHUX KOMYHIKaIliii.
Hudposizalliss  ympaBiliHHI I[apKOM JI03BOJISIE
ONIEpaTUBHO pearyBaTH Ha 3arpo3d. Bu3HaueHHS
HaWOIBII BpAa3JIMBUX EJIEMEHTIB KOHCTPYKIIH €
0a3010 TS MoAaNIBINOI MosepHizaiii. KoopauHartis
POOOTH 3aTi3HUYHOTO Ta aBTOMOOUIBHOTO CEKTOPIB
NiACWIIOE  3arajbHy  KHUBYYICTh  CHCTEMHU.
MacmTabHicTh pyiHHYBaHb BHUMAara€ Ieperismy
CTaHAApTIB eKciulyaTalii TexHiKM. CTBOpeHHS
pe3epBHUX (OHAIB 3amyacTWH Ta MOOUTRHUX

PEMOHTHUX Opuraj € HaraibHOIO MOTPEOOIO.
3axuCT MepCcoHaly, MO KEePye PyXOMHM CKIAIoM,
HEBII'€EMHO TIOB’SI3aHUN 13 JKHBYUICTIO camoi
TEeXHIKM. EKOHOMIUHI BTpaTW BiJ 3HUIICHHS
PYXOMOTO CKIaay BUMIPIOIOTECS MUTbIpAAMHU
rpuBeHb. Teopernyna 0a3a 3aXHCTy TPaHCIOPTY
noTpedye OHOBJIEHHS 3 ypaxyBaHHSIM Cy4YacHUX
koH}mikTiB. [lpakTuuna peamizauis 3axofiB i3
3a0€3MeYCHHS JKUBYUYOCTI PATYE JIOACHKI KUTTS.
BukopucTtanHs ApOHIB-KaMiKal3e CTBOPIOE HOBI
BUKJIMKH 7151 O€3MeKH JOKOMOTHBIB Ta Qyp. AHai3

reoMeTpii BIIy9aHb JIOIIOMAara€ OINTHMi3yBaTH
pO3TaITyBaHHs 3aXHCHHX eleMeHTiB. HeoOximHo
pO3poOUTH  METOAUKY  OI[IHKK  3aJIMIIKOBOTO

pecypcy HOIIKOHKEHOT TEXHIKH.

CrabinpHICTh TTOCTAYaHHS TAJIMBa Ta CHEPTil
TAaKOXX BIUIMBAE€ HAa KUBYYICTh TPAHCIOPTHOTO
nporecy. 'HydKicTh TPaHCHOPTHHX CHCTEM CTa€e
BHpIMMANGHAM  (pAaKTOPOM Y  CTpaTEridHOMY
npoTUCTOsIHHI. CTBOpEHHS MOIYJBHUX CHCTEM
3aXUCTY J03BOJISIE MIBUJAKO QJaNTyBaTH IUBLIBHY
TeXHIKy a0 Hebe3nek. Po3poOka HOpMAaTHBHO-
MPaBOBOi 0a3M JJIs eKCIUTyaTallii TpaHCIIOPTY B 30Hi
OolioBuX il € HeoOXimHO. [HBecTHIIIi B Oe3meky
PYXOMOTO CKJIQJy OKYMAKThCA 33 PaxyHOK
3HIDKEHHS BTpAT BaHTaxiB. JlociimkeHHs (aKkTopiB
JKUBYUYOCTI JJO3BOJSE CHOPMYBATH TIOPOKHIO KAPTY
TEXHIYHOTO  TIepEOCHANICHHsA.  Bzaemomis 3
BIMICPKOBUMH 1HXEHepamu 30aradye HayKOBHH
MONTYK HOBHUMH JaHUMU. BUKIIMKU Cy9acHO1 BiiTHH

BUMAararoTh  HECTaHJAPTHUX  WIAXOMIB  JO
IHKeHepHOTo 3axucTy. KoXHe BIOCKOHAJICHHS
KOHCTPYKIIil IMIBWINYE IMAaHCH Ha  YCIIIITHE

BUKOHaHHS OoiioBoro 3aBmaHHs. [IporHo3yBaHHS
MOXJIMBUX CIICHApiiB aTak JO3BOJIAE JMisITH Ha
BUIEPEIKEHHS. dopmyBaHHA CTIHKOL
TPaHCIOPTHOI  cucTeMu €  (yHIaMEHTOM
HaIllOHaNbHOI Oe3neku. HaykoBuil miaxig g0
3a0€3MeYCHAs]  JKUBYYOCTI  MIiHIMI3ye  BIUIMB
monckkoro  Qakropy Ha pm3ukd.  OTpumani
pe3yNbTaTH CTaHyTh OCHOBOI JUIS PO3POOKH
MEPCIICKTHBHUX 3pa3KiB TPAHCTIIOPTY MaiOyTHHOTO.

AHaJi3 ocTaHHIX A0CHiTKeHDb 1 myOmikamiii.
VY nyGmikamii [1] HaBeJEHO KOMITICKCHHHA OTJIST
Cy4YacHOTO CTaHy JOCHIIXKSHb 3 aBapiiHOI MIITHOCTI
Ta SHEPrOMOTIMHAHHS 3aJI3HUYHUX TPAHCIIOPTHUX
3aco0iB. ABTOpH CHCTEMAaTH3YIOTh MIiAXOAHM IO
MACUBHOI OE3MEKH, BKJIFOYAOUU KOHCTPYKILii 30H
nedopmMariii, 34iHUX MPHUCTPOIB Ta KY30BIB.
3HavHy yBary TIPUTICHO YUCETHLHOMY
MOJICTFOBAHHIO 3ITKHEHb 1 EKCIIEPUMEHTAIbHIN
Bepudikarrii MoeneH. [IpoananizoBano
MDKHApOIHI CTaHAapTH Ta HOPMATHBHI BHMOTH.
PoGota € METONONIOTIYHOIO  OCHOBOIO IS
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HOJANBIINX JIOCHIDKEHD 1
0e3nevHnX 3aJI3HNYHUX BaroHiB.

Crarts [2] po3KpuBae CTpaTeriuyHy poib
3aJI3HUYHOTO TPAHCIOPTY B Oprasizamii MacoBoi
eBaKyamii HacCeJeHHsS I dYac BOEHHHX i B
VYkpaini. ABTOpH aHaAM3yIOTh OpraHi3alliiiHi,
TEXHIYHI Ta JOTICTUYHI acrekTd (YHKLIOHYBaHHS
3aJTi3HMLI B KpU30BHX yMOBaX. OKpecIeHO OCHOBHI
npobnemMu, TOB’sB3aHI 3 1HOPACTPYKTYPHUMHU
VIIKOKEHHSMH Ta 3arpo3amMu Oe3Iieli nepeBe3eHb.
[NokazaHo mepeBaru 3alli3HUYHOTO TPAHCIOPTY
MOPIBHSHO 3 IHIIMMH BHJAMH TIEPEBE3CHb Y
BOEHHMH TIepiona. PoboTa Mae BaXKJIMBE MPUKIIAIHE
3HAYCHHS. JUIsl  JICPXKABHOTO  yIPAaBIIHHA  Ta
TUTAaHYBaHHS [IUBUTFHOTO 3aXHUCTY.

Y nyOmikamii  [3] mOCHIIKEHO CTIHKICTH
BaHTQ)XHUX BAaroHIB MpH  [ii  TO3I0BXKHIX
CTUCKIGHUX CHJ, 10 BHHUKAIOTh Y TMOI3/ax.
ABTOpKa pO3rIIsAIa€ MEXaHI3MH BTPATH CTIHKOCTI Ta
YMOBH BUHUKHEHHS HEOC3IIEYHUX PEKUMIB poOOTH
PYXOMOIrO CKIagy. 3amporOHOBAHO aHANITHYHI
3aNIe)KHOCTI Il OI[IHIOBAaHHS  KPUTHYHHUX
HaBaHTa)KCHb. Pesynpratu i ATBEPIKYIOTh
YyTJIUBICTH  CTIMKOCTI /10  KOHCTPYKTHUBHHX
nmapaMmeTpiB BaroHa. Po0ora € BaXIMBOW s
ITi IBUIIICHHS Oe3IeKn eKCIuTyaTartii
JIOBI'OCOCTaBHHX ITO13/1iB.

CratTs [4] mpuCcBsiUE€HA EKCIIEPUMEHTATIBHOMY

MPOEKTYBaHHS

JOCTHKEHHIO MIITHOCTI Ta  JAWHAMIYHHUX
XapaKTepUCTUK  YHIBEPCAJBHOI'O  BAHTAXXHOTO
BaroHa 3 BUKOPHUCTaHHAM MOO1TBHOT
BUMIPIOBAJILHOI CHCTEMH. ABTOPH OIUCYIOTh

METOJMKY HATYpPHUX BHIIPOOYBaHb Yy peabHUX
yMoBax ekcrutyatanii. OTpuMaHi JaHi JO3BOJIWIN
OIIHUTH  HANpy>KEHO-Ie(OPMOBAHUH CTaH Ta
OUHAMIYHI HABAaHTAKEHHS OCHOBHHX €JIEMEHTIB
KOHCTPYKIII. [IpoBeneno 3iCTaBJICHHA
EKCIIEpUMEHTAITbHUX pe3yNbTaTiB i3
po3paxyHKOBUMHU MozensiMu. PoboTa memMoHCTpye
e(EeKTUBHICTh MOOUTBHUX CUCTEM JJIsI OIIEPATUBHOT
IarHOCTUKU BaroHiB.

Y  nyoOmikamii [S5] po3risHYTO  IM(POBI
TEXHOJIOT11 MiITPAMKH JKUTTEBOTO ITAKITY
3aJi3HUYHOTO  PYXOMOTO  CKiaay.  ABTOpH
aHaJi3yl0Th 3aCTOCYBaHHS LM(POBUX IBIHHHKIB,
AQHATITUKA JTAaHUX Ta CHCTEM MOHITOPHHTY
TEXHIYHOTO CTaHy. BHW3HAYeHO OCHOBHI BEKTOPH
PO3BUTKY Tramy3li B  KOHTEKCTI  LU(PPOBOI
Tparcdopmarii. IlokazaHo nepeBaru iHTerparii
iH(hOpMaIIHHIX TEXHOJIOT1i y TpoIecH
MPOEKTYBaHHs, eKCIuTyaTtalii Ta pemoHTy. PoboTa
Ma€ CTpaTeriuyHe 3HAa4YeHHS [UIS MOJCpHi3alii
3QII3HUIHOTO TPAHCIIOPTY.

Crarts [6] mnpomoHye HOBUII KpuUTepii
OLIIHIOBAaHHS CTIHKOCTI PYXOMOTO CKJagy TMPOTH

cXomy 3 peiiok. ABTOpH  OOIDYHTOBYIOTbH
HEOOXITHICT,  YIOCKOHAJNICHHS  TPaTUIAHUX
MOKA3HUKIB OE3MeKu. 3amporoHOBaHUN KpUTEpPiit
BpPaxOBy€ KOMIUICKCHY B3a€MOJII0 Kojieca Ta
peiikn. HaBemeHO TeopeTWYHI TMOJIOKEHHS Ta
MPUKJIAA  3aCTOCYBaHHS  MeTony.  Pobora
pO3MIHMPIOE THCTPYMEHTApill OIIHIOBaHHS Oe3MeKH
pyXy Hoi3iB.

Y myb6mikarii [7] mOCHiKEHO 0COOIUBOCTI
3aII3HUYHUX TIEPEBE3CHh BAHTAXKIB IPYIIOBUMH Ta
OIMHOYHUMH BaroHamMu. ABTOpU aHaJI3YIOTh
OpraHi3aiifHi cCXeMH epeBe3eHb Ta iX eKOHOMIUHY
eexTuBHICTE. PO3riIsHYTO BIUIMB BHOOPY CXEMH
Ha TMPOMYCKHY 34aTHICTh Ta eKcIUTyaTauiiHi
BUTpaTu. HaBeneHo pe3ynpTaTé aHami3y peagbHuX
TPAHCIIOPTHHUX TporieciB. PoOoTa € KOPUCHOIO IS
ONTHMI3aIlii JTOTICTHKY BAaHTAXKHHUX ITEPEBE3CHb.

Crarrts [8] nmpucBivueHa  BUKIHKAM 1
MIEPCIIEKTUBAM PO3BUTKY TPAHCIIOPTHOI JIOTiCTUKU
B YMOBax BiifHA. ABTOp aHaJi3y€ BILUIUB BOEHHHX
Iiil Ha TPaHCHOPTHY 1HPPACTPYKTYpY Ta JIAHLIOTH

NocTauaHHA. BuW3HaUYeHO KIIOYOBI  mpoOiieMu
(OYHKIIIOHYBaHHS JIOTICTUIHUX CHUCTEM.
3anpornoHoBaHO HaIPsSIMHA ajanTarii Ta

BiZTHOBJICHHS TPAaHCTIOPTHOI JloricTuku. PoGoTta Mae
MDKIUCITUIUTIHAPHAKA ~ XapakTep 1 MpakTHIHY
CIIPSIMOBaHICTh.

Y nyOnikamii [9] 3ampomoHOBaHO MeTO[
TEOPETHYHOI OIIHKK OE3MEeKM HOBHX BaHTAKHUX
BaroHiB 010 CXOy 3 pEHOK. ABTOPH pO3IIISIIAI0Th
JMMHAMIYHY B3a€MOJIII0 BaroHa 3 KOJIE€H Ha eTarli
MPOEKTYBaHHA. MeToa J03BOJSIE TPOTHO3YBATH
piBeHb Oe3mneKu 0e3 MIPOBECHHS
MOBHOMACIITA0OHUX  BUNpoOyBaHb.  HaBeneHo
AJITOPUTM PO3PaxXyHKIB Ta MPUKIIAIH 3aCTOCYBaHHS.
PobGoTa € BaXIMBOIO i CKOPOYECHHS BUTpAT i
T IBUILICHHS HaIIHHOCTI HOBUX KOHCTPYKIIIH.

Cratts [10] aHamizye ymoBU Oe3MeKH Mix yac
MEPEBE3CHHS HEOE3MEUHNX BAHTAXKIB 3aTI3HUTHUM
TPaHCIIOPTOM. ABTOPH JOCIIIKYIOTH (haKTOPH
PU3UKY Ta MPUYMHHU aBapiiHUX CHTyalid. 3HauYHY
yBary IpuAiIeHO HOPMaTUBHOMY PETYIIOBAaHHIO Ta
opraHizamiiiHuM 3axomaMm. HaBegeHo pesyibTaTH
OLIIHIOBaHHs piBHA Oe3meku mnepeBe3eHb. PoboTa
Ma€ TPHUKIATHE 3HAYCHHS JUIS  ITiJBUIICHHS
€KOJIOT19HOI Ta TEXHOT€HHOT O€3MeKH.

VY nyOmikarii [11] npoananizoBaHO TeHIEHITIT
PO3BUTKY BAHTAXHOTO TPAHCIIOPTHOTO CEKTOPY
VYkpaiHn B ymoBax BiliHH. ABTOpPH PO3IJISIAIOTH
CTPYKTYpHI 3MiHM Yy BaHTaKOIIOTOKaX Ta BHIAX
TpaHcnopty. [lokazaHo BIDIMB BOEHHHX (haKTOPIiB
HA CKOHOMIYHI TIOKa3HUKU Tany3i. Bu3HaueHO
KJIFOYOB1 BUKJIMKY Ta MOYKJIMBOCTI JUIS BIITHOBJICHHS
cextopy. PobGota € BaxknmBoio st GopMyBaHHS
TPAHCIIOPTHOT Ta €EKOHOMIYHOT TTOTITHKH.
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Crarta [12] npucBsidueHa aHali3zy JOPOKHBO-
TPaHCIIOPTHOL aBapiitHOCTI 3a Y4acTIO
BIMCBKOBOCIIY)KOOBIIIB B YKpaiHi.  ABTOpHU
JNOCTDKYIOTh CTaTUCTUYHI JlaHi Ta OCHOBHI
npuuuHU  aBapii. PosrmsHyTOo mpaBOBI  Ta
OpraHizaiiifHi acmekTd mnpobnemMu. BusHadueHO
(bakTOpH MiABUIIEHOTO PU3UKY B YMOBaX BOEHHOTO
crany. Pobora Mae 3Ha4YeHHs IS PO3POOJICHHS

Mpo(iMTaKTUYHUX  3aXOJiB 1  BJOCKOHAJICHHS
HOPMAaTUBHOI 6a3u.
IlpoBenenmii  aHami3  BITYM3HAHMX  Ta

3aKOPAOHHUX JIITEPATyPHUX JHKEPEI 3aCBiTUUB, IO
MUTAaHHSIM BH3HAYEHHS HANpsMIiB 3a0e3nedeHHs
JKUBYYOCTI PYyXOMOTO CKJIamay 3aJi3HUIHOTO Ta
ABTOMOOLUILHOTO TPAHCIIOPTY B yMOBaX BOEHHUX
Iiif HEe TPHUOUICHO IOCTaTHHOI yBard. BINBIIICTH
iCHYI04YHX pOOiT 30cepeKeHa Ha eKCILTyaTalliftHuX
XapaKTEepPUCTUKaX TEXHIKM B MUPHHHA dac abo Ha
3arajibHUX MUTAHHAX TPAHCIIOPTHOI JIOTICTHUKH.
Hocninauku 4acTo OMHHAIOTh ACTICKTH
cnerudiuHOro  BIUIMBY  CY4YacHHMX  3aco0iB
ypaXeHHS  Ha  KOHCTPYKLIHHY  IJIICHICTBH
IMBUIBHUX TPAHCIOPTHHX 3aco0iB. BimcyTHi
CUCTEMHI  METOIWKH  OIIIHKA  BPa3JIHBOCTI
JIOKOMOTHBIB Ta BaHTOXHUX aBTOMOOUIB 0
KOMOIHOBaHMX aTak 3 MOBITps Ta 3emii. Haykosi
myOiKaIii HeJOCTaTHhO BUCBITIIOIOTH ITHTAHHS
MIBUIKOI ajamnTallii MUBUTBHOI TEXHIKH JO YMOB
BHCOKOi IHTEHCHBHOCTI OonoBuX mii. Iluranus
B3a€MO3aMIHHOCTI Ta  KHMBYYOCTI  3MIIIaHHUX
TPAHCIIOPTHUX BY3JIiB B yMOBaxX IIOCTIHHOTO

BOTHEBOTO BIUIMBY 3aJIMIIAIOTHCS HA  PiBHI
3aralbHUX  pekoMeHpaamid. Takum  9uHOM,
BUSBJCHUM HAyKOBMH JAe(IHUT MIATBEPIXKYE
HEOOXIMHICT, IIMOOKOro  JOCIIDKEHHSA caMe
MPUKIATHAX AaCTEKTiB 3aXHCTy TPAHCIOPTHOTO
MapKy.

Meta. MeTor0 JIOCHIPKEHHS € HayKOBE

OOTpYHTYBaHHS Ta  pO3poOKa  KOMIUIEKCHUX
HampsiMiB  3a0€3MEUCHHST JKUBYYOCTI PyXOMOTO
CKIIaqy  3aJi3HMYHOTO Ta  aBTOMOOUIHHOTO
TPaHCHOPTY AJs MiHIMI3alii BTpaT TEXHIKH B
yMOBax BOeHHHX aild. PobGora copsmoBana Ha
CTBOPEHHS TPaKTUYHUX PEKOMEHMAI 100
MOJIEpHi3alii KOHCTPYKWIA Ta BHPOBAKECHHS
HOBUX TEXHOJIOT1H 3aXHCTy TPAHCIIOPTHHUX 3aCOOIB.
JIoCSITHEHHS ~ METH  JIO3BOJIUTH  IiJIBUIIUTH
CTaOUIbHICTD  (YHKUIOHYBaHHA  JIOTiCTHYHOI
CUCTEMH B YMOBax HaJ3BHYalHUX CHUTYyaIlii
BOEHHOT'O XapakKTepy.

O06’exToM JTOCITI JKEHHS € Tporiec
(dbyHKIIOHYBaHHA Ta 30€peKCHHS  ITLTICHOCTI
PyXOMOTO CKIIaay 3aJ1I3HUYHOTO Ta

aBTOMOOLTEHOTO TPAHCIIOPTY i Yac BOEHHUX iH.
IIpenmerom  AOCHIUKEHHS €  METOJH,
TEXHOJIOTIYHI PINICHHS Ta OpraHi3alliiHi 3aXO0JH,

mo  3a0e3NeuyioTh  IMIBHINEHHS  KHBYYOCTI
TPaHCHOPTHUX 3aco0iB B yMoBax 30pOHHOTO
KOHQTIKTY.

Buxnan ocHoBHoro wmarepiany. CyuacHa
TeONOJITUYHA CHUTYyalis 3MYIIye TPaHCIIOPTHY
cucteMy Ykpainu (YHKI[IOHYBaTH B yMOBax
NOCTIMHOT 3arpo3u (Hi3MYHOrO 3HHUILICHHS AKTHBIB.
OcHoBHa TmpoOileMa TOJATaE y  KPUTHIHIN
BPa3MBOCTI ICHYIOUOTO PYXOMOTO CKJIaay [0
apTUIEPIHCBKUX OOCTPiIiB, pPaKeTHUX yAapiB Ta
aTak Oe3MIJIOTHUX JIITaJIbHUX anapatiB. Tpaauiiiai

METOJM  eKCIUTyartamii Ta  OOCIyroBYBaHHS
3aJI3HAYHOI Ta aBTOMOOIJBHOI TEXHIKM HE
po3paxoBaHi Ha poOOTy B 30HaX AaKTUBHOTO

BOTHEBOTO BIUIMBY. CroctepiraeTscsi BiACYTHICTD
yHi(piKOBaHUX TEeXHITHIX pimieHs TUTS
OMEPAaTUBHOIO TIOCHICHHS 3aXHCTy KPUTUYHUX
BY3JIIB TPAHCIOPTHUX 3aco0iB. IcHyroumii mapk
TeXHIKM Ma€ HH3BKHHA PIiBEHb KOHCTPYKIIIHHOT
JKUBYUYOCTI TPOTH YJIAMKOBHX Ta (hyracHUX
ypakeHb. [IpobieMa yCKIaaHIOETHCS BiJICYTHICTIO
YITKUX  aNrOpuTMiB  [Jiif  mepcoHaldy  NIpU
MONMIKO/DKEHHI ~ TEXHIKM Ha MapmpyTax Imif
obctpinamu. BuHWKae rocTtpa CymepedHICTh Mixk
HEOOXIIHICTIO BHUKOHAHHS CTpaTETiYHUX
nepeBe3eHb Ta BUCOKUM PU3UKOM BTPATH PYXOMOTO
ckirany. HemoctatHs po3poOJeHICTH METOMIB
MacKyBaHHS Ta iMITaIlii TpPaHCIOPTHHX 3aco0iB
POOHTH X JIETKUMHU IUTSIMU JIJIST BOPOKOT PO3BIIKH.
Bpak MoOiTbHHX 32C0O0IB IS MIBUIKOT 1e(hEKTOBKU
Ta BIIHOBJICHHS TEXHIKH OE3MOCEPETHBO B MICIIX
IHITUICHTIB 3HIKYE TEMITH JIOTICTUYHUX OTEPAIliid.
HeoOxignicTh iHTerpamii 3aco0iB
pazioeeKTpOHHOI O0OpoTHOM Oe3mocepenHh0 Ha
pyxoMuil ckiang TOTpeOdye HOBHUX HAyKOBHX
migxoniB. IIpobimemMa moTpedye KOMIUIEKCHOTO
BUPILICHHS, 10 TOENHYE 1HKEHEPHI, TEXHOMOTIYHI
Ta YHPaBIIHCBHKI 3aX0M 3axXHCTy. BupimenHs wmiei
npobieMu € 3aMOpPYKOI0 30epeKeHHsI
(yHKLIIOHATBHOCTI  TPAaHCHOPTHOI  MeEpexi  fK
6asncy 000pOHHOTO MOTEHITIaTy KpaiHH.

Jnsi DOCATHEHHS METH JOCHTIDKEHHsS OyIo
3aCTOCOBAHO KOMIUIEKC 3arajJbHOHAYKOBHX Ta
CITeIIATbHUX METOIB. MeTO CHCTEMHOTO aHaITi3y
BUKOPUCTAHO MJISI JIOCHIKCHHS TPaHCIOPTHOL
MEpeXki SAK IIIICHOro 00'€KTa IIiJ 30BHIMIHIM
BILUIUBOM. MopentoBaHHs JIO3BOJIAIIO
CIPOTHO3YBAaTH HAcHiIKA BHOYXOBOTO BIUIMBY Ha
pi3HI THUIIM KOHCTPYKIIMHHMX MartepianiB. Metop
MOPIBHSIHHS 3aCTOCOBYBABCS MPH BUOOPI HAMO1IBII
e(eKTHBHUX CXEM I[aCUBHOTO 3axXHCTy Cepel
HasABHUX aHayioriB. ExcriepTHi omiHku (axiBIB 3
eKCIUTyaTallii Ta BINCbKOBUX iH)KEHEPiB TOTIOMOTIIH
BU3HAYHMTH TPIOPUTETHI HAMPSIMH MOJEpHi3aii.
CratuctuyHi MeTou OynH 3aimydeHi Juist 00poOKu
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TaHUX TPO peaidbHi MOIMKOMHKCHHS TEXHIKH B 30HI
OolioBHX miil.

AHamii3 3arpo3 pyxoMoMy CKIaay B YMOBax
BOEHHUX [iil. 3arpo3u MoxHa KiacuikyBaTH 3a

JDKEpeIoM Ta XapakTepoM ypaKeHHS. Y IapHi
BIUTMBH: TIpsAMI BIYYEHHS CHApsIiB, pPakKer,
aBiabomo, BIUIA-kamikan3e; ypaXKeHH

OCKOJIKaMU; yapHa XBWIsA. MiHHA 3arpo3a: miapuB
Ha MMPOTUTAHKOBHUX, PYracHUX abo iMIPOBI30BaHUX
BHOYXOBUX MPUCTPOSIX (OCOOJIMBO aKTyaJIbHO ISt
aBTOTpaHCIIOPTY). PamioenekTporHa OopoThOa
(PEB): npurniuenns cuctem Hapiramii (GPS),
KOMYHIKaIlii, mopymieHHss pobotm  OOpTOBOI
€JICKTPOHIKH. Husepcitini IUi: (hizuuHe
MOIIKO/PKEHHST a00 HECaHKI[IOHOBAaHUH JOCTYI 10
CHUCTEM  YIpaBJIiHHA. Hedimur  pecypcis:
BIJICYTHICTh TIaJIUBA, MACTHJI, 3alaCHUX YaCTHH,
€JIEKTPOCHEPT 1. Brpara iHpPACTPYKTYpH:
pyHHYBaHHS JIETI0, CTAHITIH, 3aIpaBOK, PEMOHTHUX
0a3, IUIAXIB.

3aMi3HUIHUN pyXOMHHA CKIax (JOKOMOTHBH,
BaroHW) 4Yepe3 CBOi PO3MipH, NPHUB'SI3aHICTH 110
KOJii Ta IEHTpaTi30BaHE YHPABIIHHA OUIBII
Bpa3NIMBHH JI0 TOYKOBHUX yHapiB 1 IOPYIICHHS
pobotu iH(PaCTPYKTYpH. ABTOMOOITBHHIM
TpaHcmopT (BaHTaKHI aBTOMOOLT, aBTOOYyCH,
CHELUTEXHIKAa) Mae Kpally MAaHEBPEHICThb, aje
3HAYHO OUTHII BPA3JIMBHMA JO MIHHOI 3arposw,
00CTpLTIB Ta il JUBEPCIHHUX TPYIIL.

Hampsimu 3a0e3meueHHsI )KUBYYOCTi PyXOMOTO
ckimanxy. 3abe3medeHHs JKUBYYOCTI Mae OyTH
KOMIUTICKCHHM 1 BKITIOYATH HACTYITHI HAMPSIMHU.

TexHiuHi Ta  TEXHOJOTIYHI  HAIPSIMHU.
ITacuBHuit 3axuc. BpoHIOBaHHS: BCTaHOBJIEHHSA
JIOKAJILHUX TIPOTHOCKOJIKOBUX Ta MPOTUKYIHOBUX
eKpaHiB Ha KaOiHU BOJIIiB, KPUTHYHI BY3JIH (IBUTYH,
nanuBHi  Oaku, TimpaBimiyHi cuctemu). s
3aJli3HWYHUX  JIOKOMOTUBIB  —  TIOCWJICHHS
KOHCTPYKIIii kKaOiHn. Po3HeceHHs Ta myOmtoBaHHS
CUCTEM: BHUHECCHHS MAJIMBHHUX OaKiB y 3axWINEHI
30HU, AyOJIOBAaHHS TiAPaBIIYHUX 1 EIEKTPHIHUX
JHIH. [MoxexoraciHas: BCTAHOBJICHHS
ABTOMAaTUYHUX  CHUCTEM  TIOXKEXKOTACiHHA B
MOTOPHHUX BiJICIKaX, BUKOPHUCTAHHSI BOTHECTIHKHUX
MaTepiaiiB. 3aXUCT BiA MiH: IJIs1 aBTOTPAHCIIOPTY —
MOCWJICHHS  JHHINIA Ta  KONICHHX  apok,
BCTAHOBIIEHHS MMPOTUMIHHUX CUAIHBb. ONTHMaIbHO
— 3aCTOCYBaHHsS CIICIiajli30BaHUX TPAHCIIOPTHUX
3aco0iB 3 V-momibHNM KopmycoMm. MacKyBaHHS:
BUKOPHUCTAaHHS MACKYBAIBHUX CITOK, 3aXUCHHX
3abapsieHs (NATO camo), TepMOTHUCHTIATUBHUX
TTOKPUTTIB IJI 3HKEHHS TEIUIOBOI TIOMITHOCTI.
AxTuBHI 3axoAu Oesmeku Ta ajanraiii. CucteMu
CTIOBIIICHHS: OCHAIIICHHS MPUCTPOSIMU
MoTepeKEeHHS po palioeIeKTPOHHE
OTIpPOMIHEHHS, JIa3epHE ITJICBIYyBaHHA. 3acoOm

PEB: BCTaHOBIGHHS CTaHIIA MEPEMIKOM IS
3axucry BiJ BIIJIA Ta kepoBaHux OoempuIacis Ha
KPUTUYHO BaXXIIMBUX TPAHCIOPTHUX OJUHHIIAX
(moxkomotuBH, mTabHI aBTOOycH). OOMexeHa
ABTOHOMHICTB: OCHAILEHHSA 3aJTiI3HUYHOTO
PYXOMOTO CKIIQJly aBTOHOMHUMH JDKEpenaMu
KUBJICHHA 17151 3a0e3nedeHHs 0a30BuX (YHKLIN
pu BTpaTi  KOHTAKTHOI  Mepexi. Jos
aBTOTPAHCIIOPTY — JAOAATKOBI NajuMBHI Oaku.
MopnepHizallis cucTeM KOMYHIKallii: Imepexin Ha
3axmieHi IU@POBI pamioMepeki 3 YaCTOTHUM
CTpuOaHHSIM,  BUKOPHCTaHHS  CYMYTHHKOBOTO
3B'SI3KY SIK PE3EpPBHOTO KaHANY.
Oprasi3aIifHo-TeXHOJIOT19H1 HaIPSIMHU.
I'myuka JoricTuka Ta TaKTUKa 3aCTOCYBAaHHS.
Jucmiepcisi: po3ocepemKeHHs CTOSHOK, JET0, MiCIlh
3aBaHTaXCHHs/BUBaHTa)XeHHsI. HiuHI IepeBe3eHHS:
AKTUBHE BUKOPUCTAHHS TEMHOI Mopu 100U 3
CYBOpUM JIOTPUMAHHSM PEXKUMY 3aTEMHCHHS.
3MiHHI MapuIpyTH: MOCTiiiHa Kopekuis rpadikis
pyXy Ta MUIAXIB CIiAYBaHHS, YHHKAHHS IMOCTIHHUX
Toyok. KOHBOIOBaHHS Ta OXOpOHA: OpraHizaris
CUCTEMH  OXOPOHU  KOJIOH,  BHUKOPHUCTaHHS
pO3BiIyBaJbHUX  3aCcO0IB  IJI1  MOHITOPHHTY
MapupyTy. ImiTamiiiai 3axoau: CTBOPEHHSI MaKeTiB
Ta BUKOPUCTAHHS PaiOCICKTPOHHUX MACTOK JIJIs
ne3opieHTanii mpoTuBHUKa. CHCTeMa PEMOHTY Ta

eBaKyartii: MOOUTBHI ~ PEMOHTHO-EBaKyaIliiHi
migpo3aimn.  CTtBopeHHs Opurax Ha  Imaci
BaHTa)XXiBOK abo CICIBaroHax, 3TATHUX

OTICPATHBHO BiTHOBIIOBAaTH TEXHIKY B IOJHOBUX
yMoBax. MoayJIbHICTh KOHCTPYKIII: yHi(ikawis Ta
CHPOIICHHS KOHCTPYKIIH BY31iB Ui iX HIBHIKOI
3aMiHd. 30UTBIIEHHS HOCUMOTO 3aracy KPUTHIHUX
3amyacTHH.  TenmemenuuuHa — IS TEXHIKH:
BHKOPHCTAHHS CHCTEM JHMCTAHITIHHOI 1arHOCTUKH
3a MATPUMKHU LEHTPaJIbHUX 1H)KEHEPHHUX IIEHTPIB.

KanmpoBuii nampsm. CrieriaibHa IMiITOTOBKA
MEPCOHANTy: HaBYaHHA BOIiB, MAIIIMHICTIB,
PEMOHTHHUKIB [isiM B YMOBax OOCTpiJiB, MiHHOI
3arpo3u, PEb. TpeHyBaHHS 3 eKCIUTyaTallil TEXHIKH
Opu  TOIIKOMKEHHSIX. Po3poOka iHCTpykuiii 3
JKUBYYOCTI: YiTKi alTOPUTMH Iill [UIs eKilaxKiB IpU
pI3HHX THIAX YpaKeHb (MOKEXKa, BUTIK ITaNBa,
BUXi[ 3 JIay €JIEKTPOHIKH).

BpoHioBaHH: Ta eKpaHyBaHHS KPUTUYHUX 30H.
HaiiGinem BpasziavBUMH  MICIISIMH  aBTOMOOLITIB
(Tabmums 1) Ta JOKOMOTHBIB € KabiHa EKilaxy,
MaJuBHI O0aku Ta HU(POBI CUCTEMH YIMpPaBIiHHI.
Hdna  ix 3axucTy J[JOLUIBHO BHKOPUCTOBYBAaTH
KoMOiHOBaHu# miaxin. JlucraHiliiiHe ekpaHyBaHHS
(pemriTuacTi eKpaHu): eexTuBHI MIPOTH
KyMYJATUBHHX 3apsfiB ta rpanat III-7. Bonnu
IHIIIIOOTH JIETOHAIlI0 Ooempunacy A0 KOHTAKTY 3
OCHOBHOIO OpoHero abo kopmycoMm. Kepmaposi
mig0oi: BHyTpilIHE OOMHUITIOBAaHHA KaOiH M’ SKUMH
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OaNMiCTUYHUMHU ~MaTepiajaMH, M0 BJIOBIIOIOThH
BTOPHHHI yJIaMKH TIpA TPOOUTTI OCHOBHOTO
Koprycy. HaHeceHHsI mMoJiypeTaHOBOTO TTOKPHTTS
Ha Oaku: CremianbHi CHOJIYKH, M0 37aTHI
«3aTATYBATH» OTBOPH BiJ KyJIb Ta IPIOHNX YIIaMKIiB,
3amo0irar0Yy BUTOKY ITaTBa.

Tabmuus 1
IopiBHsiIbHA Ta0anIs 32C00iB 3aXHCTY aBTOMOOLISA
Enement Maca Edexr mst
3aXHUCTY (opieHTOBHO) JKUBYYOCTI
Komnosutni 3axucT eKimaxy Bi
nauex 80-120 kr CTpLICUBKOT 30 z'l' g
KaOiHH puien P
Permrityacri .
3axuct Big PIIT Ta
eKpaHu 200-350 kr . A
JPOHIB-KaMiKa3e
Ky30Ba
BcraBku B 15 < / MOKIIHBICTh BUXOILY
man (Run- 3 30HH 00CTpiNy TIpH
KOJIECO
Flat) MPOOUTHUX MIMHAX
3axucT JABUTYHa Bi
Expan JBHTY W
. 30-50 xr 3YIIUHKN 4Ye€pe3 BUTIK
paniaTopa
aHTHPPU3Y
3aXUCT 3ai3HUYHOTO PYXOMOTO  CKIAdy.

JlokomoTtuBu (Tabmuus 2) € TPiOPUTETHUMHU
IUISIMA, OCKITBKHM 1X BHIXiZ 3 JIaxy 3YIHHSE BECh
eIIeNIoH. 3aXWCT CKIIHHA: 3aMiHa CTaHIAPTHOTO
CKJIa Ha KYJIECTIHKI CKIIOIaKeTH a00 BCTAHOBIJICHHS
3HIMHUX OpOHBOBAHHMX JKamro3i. Pe3epByBaHHSI
CHCTEM JKHMBJIICHHS: BCTAHOBIICHHS JIOJIATKOBUX
aKyMYJIITOPHUX JIiHIM Ta IyOmioBaHHS KPUTUYHOL
MPOBOJAKK  T03a  OCHOBHUMH  KaOeIbHUMU
KaHaJIaMH, SKi MOXXYTh OyTH TOIIKODKEHI OJTHUM
BITy4aHHSM.

TaGmurs 2

IopiBHsIJIbHA XapaKTEPUCTHKA BPa3JIMBOCTI
CHCTEM JIOKOMOTHBA

Byzon
y Tun 3arpo3u Merton 3axucty
JIOKOMOTHBA
BponboBanuit
. Minu, PIIT M1 JJI0H +
TTanuBHMIT 6ax > ’ o .
YIaMKH caMo3aTATyBaJbHUI
TePMETHK
Cucrema . Kamrosiini
Kymni, ockonku .
OXOJIO/PKESHHS OpoHEPEeUTiTKH
ExpanyBanns

BucoxoBonbsTHa |EnexTponne . .
MITHAMH CITKaMu

Kamepa HPUIYIICHHS (xcniTka dapazies)
ITocunenns

Tsirosi nBurynun |dyracHa ais KOXKYXIB
PEaYKTOpIB

MonyneHe OponroBaHHS KkaOiHU. OCKiUTBKH
MMOBHE OPOHIOBAHHS IMBIIBHOT BAHTAXKIBKM MOXKE
TIPU3BECTH o TTOJIOMKH TTiIBICKH,
BUKOPHUCTOBYETHCS MPUHIMUI TH(HEPEHIIHOBAHOTO

3axucty. JlokanbHi OpOHENaHeNi: BCTAHOBJICHHS
MIBUAKO3HIMHUX IUIAT 13 BHCOKOMOIYJIHHOTO
MOJTiETHIIEHY a00 KepaMOKOMITO3UTIB BCEpearHi
IBepHUX KapT. Lle 3axumae Bix Kynp kamibpy 7,62
MM Ta IpiOHUX yIaMKiB, HE TIEPEBAHTAKYIOUH TIETI
nBepeii. bponeckiio a0o0 HakIamgHI  PENIITKH:
BCTaHOBJICHHS KYJIECTIHKOTO CKia (KJac 3aXUCTy
[I3CA-3 abo IT3CA-4) abo cTaneBux CiTOK-eKpaHiB
Ha BIKHA I 3aXWCTYy BiA yIapHUX XBWIb Ta
KaMiHHsI Ipy BHOyxax. V-noniOHui nedieKTop mig
JHUIEM: BCTAaHOBIICHHS CTaJICBOTO JIUCTA TIiJT
KabiHOIO0, MO Mae€ KyT HaXWiy IS BiJABEICHHS
BHOYXOBOi XBWJII BiJl TPOTHUIIIXOTHOI MIHH B
CTOPOHH Bif eKilaxKy. 3aXUCT PYIIiHHOI YCTaHOBKH
Ta TANUBHOI CHUCTeMH. ABTOMOOITH TOBHHEH
30eperTd 3AaTHICTh BHUIXaTH 13 30HH OOCTPUITY
HABITh IPU OTPUMAaHHI MMOIIKO)KCHb. bpOHIOBaHHS
pazjiaTopa: BCTaHOBJICHHS J>KANIO31IHMHUX PELIITOK
mim  kyrom 45°. Ile 1mo3Boisie  TOBITPIO
OXOJIOJKYBAaTH JIBUTYH, alie¢ 3aTPUMYy€E TIPsMi
BIy4aHHS YynaMkiB. CaMo3aTsATyBasIbHI MaJMBHI
Oaku: MOKPUTTS Oaka 330BHI CHPHUM KaydyKoM abo
CIICIIATbHUM TepMETHKOM. IIpu poOuUTTI mMaamuBo
BCTYIIA€ B PEAKIIIIO 3 MMOKPUTTSAM, 3MYIIIYIOYH HOTO
po30yxatu ¥ MHUTTEBO 3aKyNOPIOBAaTH OTBIp
(TexHonoris, 3amo3wdeHa 3 asiarii). Cucrtema
MOKEKOTACIHHA: ~ aBTOMAaTWM4YHa  CHCTEeMa B
MiJKalIOTHOMY TIPOCTOpi, IO CHPANbOBYE TpHU
pi3KOMY TIABHINCHHI TeMmepaTypu. JKuByJiCTh
xonoBoi yactuHH. BceraBkm Run-Flat: crerianbHi
JKOPCTKI KiJIbIISI BCEPEIUHI IIWH, SKi TO3BOJISIOTH
aBTOMOOLTIO TTPOIOBXKYBATH PYyX 31 MIBUIKICTIO IO
50 km/rox mpotsarom 30-50 kM HaBiTh MPHU MMOBHIH
BTpATi TUCKY B KOJECaX. 3axucr

TaJbMIBHHX MaricTpanel: MOMIIICHHS THYYKHX
raJbMIBHUX IIJIAHTIB y METaJIeBEe OOTUICTCHHS Ta iX
IyOItoBaHHs [U1s 3a1100iraHHs BTPaTi KEPOBAHOCTI.

TexHonorii MmackyBaHHs B 10po3i. JKuByuicTb
TEXHIKH HaIpsAMy 3aJICKUTh BiX 1i HETIOMITHOCTI
JUIS 3ac00iB PO3BIAKK (TEIUIOBI3OPIB Ta pamapis).
TermoBi  ekpaHM [Jii  BUXJIONIHUX  CHCTEM:
BUKOPHCTaHHS Ae(IIEKTOPIB, 10 3MIIIYIOTh rapsyi
BHXJIOITHI Ta3M 3 XOJIOAHUM TOBITPSIM, 3HIKYIOTH
TEIUIOBY CUTHATYpy JHBWUTYHA. PaniomorianHarodi
CITKA:  CHeIlialbHE  TOKPHUTTS  TCHTOBAHUX
BaHTaXIBOK, 110 po3citoe curHai PJIC.

JKuBydicTh PYyXOMOTO CKIIATy 3aJICKUTH Bill
OTIEPaTHBHOCTI BIPOBAKCHHS 3aXMCHUX 3aXOJIiB.
Excneprn  Bim3Haumiau, 10  3ampoOIIOHOBaHI
MOAYJBHI  CHUCTEMH  3aXHUCTy €  HaHOUIBII
palioHanbHUMH 4Yepe3 I1X HHU3bKY BapTICTh Ta
BUCOKY WIBHJAKICTP MOHTaxy. 3aJi3HUYHUH
TpaHCTIOpT MOTpedye CHenuigHOTO 3aXHUCTY
MAJMBHOI Ta EHEPreTUYHOI CHUCTEM JIOKOMOTHBIB.
Jlnis  aBTOMOOINBHOTO  TPAHCIOPTY  KIFOYOBUM
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BH3HAUYEHO 3aXUCT KaOiHU Ta MajiuBHUX OakiB, IO
0e3ImocepeTHb0 BIUTMBAE HA MOMIIMBICTH BUXOIY
MaImiHA ~ 3-TiJg  oOcTpinmy. BwusBneno, 1o
BUKOPHUCTAaHHS IM(PPOBUX MOJENCH JI03BOJISIE
TOYHIIIE pO3paxyBaTH TOBITUHY 3aXHCHUX CKPaHiB
06e3 3alfBoro OOTSDKEHHS  TeXHIKH. AHami3
pe3yNbTaTIiB BKa3ye Ha BaXKIUBICTh HABYAHHS
MEepPCOHATy  JdiSM Y  KPUTHYHUX  CHUTYaIlisIx
napaieiabHO 3 TEeXHIYHHM OCHAIIICHHSIM.
Pesynbratu nuckyciit AT B OCHOBY OCTATOYHOTO
MepeNiky  pEeKOMEHIAIN  Juis  TPaHCIOPTHHX
BiJIOMCTB.

3abe3nedeHHs KUBYIOCTI PyXOMOTO CKIIAIy B
YMOBaX BOEHHUX JIiii € 6araTopiBHEBUM 3aBIaHHSM,
[0 BUMAarae IHTErpamii TeXHIYHUX, TaKTHYHHUX 1
YIIPaBIIHCHKUX pilmieHb. He iCHye yHiBepcalbsHOTO
pimeHHs, edeKkTUBHICTH 3a0e3meuyeTbes came
KOMILJIEKCOM 3aXO/IiB.

JI1st 3aTI3HUYHOTO TPAHCTIOPTY MIPIOPUTETOM €
3aXUCT  KPUTHYHUX  CHCTEM, 3a0e3NeYCHHs
ABTOHOMHOCTI Ta MIBUJKE BiIHOBJICHHS PyXy MiCIA
ypakeHHsI iHppacTpykTypH. st aBTOMOOITEHOTO
TPAHCHOPTY KIIOYOBMM € 3aXHCT CKillaXy Ta
CHJIOBOTO arperaTy BiJ MiHHO-BHOYXOBUX ypasKeHb
1 00OCTpiNIiB, a TaKOX PO3BUTOK THYYKOi CHCTEMH
JIOTiCTHKH. HaiiBaxxnuBimioro JIAHKOIO
3aJIUIIAETHCS IMiITOTOBIICHUI TEPCOHAN, 3aTHUN
eKCIUTyaTyBaTH, 3axWINaTH Ta BiTHOBIIOBATH
TEXHIKY B €KCTPEMAIIbHUX YMOBaX.

BucnoBku. 3a0e3neyeHHs KUBYYOCTI
PYXOMOTO CKJIaJly B YMOBaX BiffHH € KOMIUICKCHUM
3aBIHAHHAM, IO MOTPeOye MOETHAHHS 1HKCHEPHUX
Ta OpTraHi3allifHUX 3yCWIb. BCTaHOBIIEHO, IIIO
HaifleQeKTUBHIIIMM  cHOCcOOOM  3axHCTy €
3aCTOCYBaHHS  0araTomapoBUX  EKPaHYHUHX
KOHCTPYKIIIH JUTS IPUKPHUTTS KPUTHIHUX BY3IiB.

AHani3 mokasaB, II0 BYACHE MacCKyBaHHS Ta
3MiHa  rpadikiB  pyxy 3HIXKYIOTh  PH3HK
MPUIIIBHOTO  ypakeHHs TexHikn Ha  40%.
MopepHizallisi MaJuBHAX CHUCTEM JIOKOMOTHBIB i3
3aCTOCYBaHHSM CaMO3aTSTyBaJIbHUX MaTepialliB
O3BOJSIE  YHUKHYTH TIOKEK TPH  APiOHUX
YpakKeHHSX. BnposamkeHs MOOUTBHHX
KOMIUICKCIB  JIIarHOCTHKH 3a0e3leuye IIBHJIKES
BiJTHOBJICHHS TPAIle3/aTHOCTI MapKy B TOJHOBHX
yMOBax. ABTOMOOUTEHUN TpPaHCIIOPT TOTPedye
000B’SI3KOBOTO BCTAHOBJICHHS TPOTHYJIAMKOBOTO
3aXUCTY Ha BIKHA Ta ABUTYHH.

BuxopucranHs 3ali3HUYHHX TUIaTGOpM 3

MPUKPUTTIM JIO3BOJISIC TPaHCIIOPTYBAaTH
MOIIKO/PKEHY TEXHIKY JI0 MICIh KalliTaabHOTO
pPEMOHTY 0e3 MepeBaHTaKCHHS MEPEeK.

KoopauHarist Mixk 3a1i3HIYHAM Ta aBTOMOO1TEHIM
CEKTOPOM MiJBHILYE 3araibHy CTIHKICTb JOTiCTHKH
3a paxyHOK JyOnoBaHHA MapuipyTiB. HaykoBo

OOIpyHTOBaHI HampsAMU 3aXHCTy JO3BOJSIOTH
MIPOJIOBKUTH TEPMIiH €KCIUTyaTallli TeXHIKA HaBiTh
B YMOBaX iHTCHCHUBHHUX aTak.

Bcranosneno, mo uudposizamis ynpaBitiHHSI
HapKOM € KPUTHYHOIO I  ONEPaTUBHOTO
BUBEJICHHS  TEXHIKM 3  HeOE3NeYHHUX  30H.
ExoHOoMiuHa JOUUIBHICTD iHBECTHUIIH y KHUBYYiCTh
MiATBEPDKYETHCS TOPIBHSAHHAM BapTOCTI 3aXUCTY
Ta BapTOCTI 3aMiHM BTpadeHoi TexHiku. OTpumaHi
pesynbTatd  popmMyroTe 0azy s po3poOKu
cTpaTerii PpO3BUTKY TPaHCIOPTY B  yMOBax
TPUBAJIOTO BOEHHOTO CTaHy. [Momanpmn
MOCHIDKEHHS ~MaloTh OYTH CHpsSMOBaHI Ha
BUBYCHHS BIUIMBY OE3MIJIOTHHX CHCTEM Ha
JIOTICTUYHI BY3JIH
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Fomin O.V., Klymash A.O., Kuzmenko S.V.,
Vorokh A.O. Directions for ensuring the survival of
railway and road transport rolling stock in warfare

In the conditions of full-scale armed aggression, the
transport system of Ukraine has become one of the
priority targets for enemy fire. The issue of preserving
the integrity and functionality of the rolling stock of
railway and road transport is becoming critical for
national security, since the stability of logistics chains
and the defense capability of the state directly depend on
the technical condition of the means of transport.
Traditional methods of operation, designed for
peacetime, have proven to be insufficiently effective in
conditions of constant shelling, the use of unmanned
aerial vehicles and sabotage threats. The main scientific
problem lies in the high vulnerability of the existing fleet
of equipment to modern means of destruction, such as
artillery shells, missiles and kamikaze drones. The
research is aimed at overcoming the deficit of systemic
solutions for the modernization of civilian rolling stock
for wartime needs. The aim of the work is to scientifically
substantiate complex technical and organizational
directions that will minimize losses of equipment and
ensure rapid restoration of transport connections after
attacks.

The work uses methods of system analysis,
modeling of explosive effects and statistical processing of
data on real damage to equipment in the combat zone.
The authors proposed a number of engineering solutions:
differentiated booking and shielding, protection of fuel
systems, increasing the survivability of the chassis,
installation of bulletproof double-glazed windows,
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booking of cooling systems and duplication of critical
electrical lines, use of heat shields for exhaust systems
and radio-absorbing grids to reduce the visibility of
equipment in the thermal and radar spectra.

The scientific novelty lies in the development of a
comprehensive approach to assessing the vulnerability of
rolling stock and the justification of modular protection
systems that can be quickly mounted in the field. It has
been established that the combination of technical
modernization with digital fleet management and timely
camouflage allows reducing the risk of equipment
damage by 40%. The practical implementation of the
proposed measures ensures economic feasibility by
significantly reducing the cost of replacing lost rolling
stock compared to the cost of protective equipment.

Creating a sustainable transport system requires
coordination between the railway and automobile
sectors, the introduction of mobile repair teams, and a
review of the standards for the operation of equipment in
conditions of armed conflict.

Keywords: survivability, rolling stock, railway
transport, automobile transport, military operations.
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