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DYNAMIC AND MATHEMATICAL MODELING OF VIBRATION PROCESSES IN GAS
TRANSPORTATION EQUIPMENT

The article considers aspects of an integrated approach to vibration inspections of gas transportation equipment.
A critical analysis of scientific literature and regulatory documents covering existing approaches to solving issues
related to determining the actual technical condition of equipment, assessing its service life, and making decisions on
extending its service life has been carried out. The application of vibroacoustic research to solve control problems has
been analyzed by studying the scientific literature. Dynamic and mathematical models of gas transportation equipment
have been developed, particularly models of the general level and harmonics of the vibration velocity spectrum of
bearing housings, models of oscillations of the centrifugal supercharger housing at the rotor blade frequencies, models
of the force generated by the turbine or compressor blade stage of a gas turbine unit transmitted to the rotor, and models
of gas pressure pulsation in the pipe. The modeling has been performed using the developed dynamic and mathematical
models. The analysis of the modeling results, corresponding to the results of experimental studies, has been presented.

Keywords: gas pumping equipment, vibration processes, technical condition of equipment, vibration speed,
vibration amplitude.

In cites: Prokopenko O., Antonenko N., Tiupa I., Ananieva Y., Khalimov D.,. Khalimov P. (2025). Dynamic
And Mathematical Modeling Of Vibration Processes In Gas Transportation Equipment. Engineering, (35), 6-16.
https://doi.org/10.26565/2079-1747-2025-35-01

Statement of the problem

Gas transportation equipment (GTE) is a
high-risk object where accidents can potentially
occur. Maintenance of gas transportation
equipment requires ensuring reliability and
compliance of its parameters with regulatory
requirements.

Vibration monitoring and diagnostics of
process equipment are aimed at preventing and

detecting accidents, and, accordingly, at ensuring
the reliability of the gas transportation system.

One of the strategic directions of technical
diagnostics development includes, definitely,
industry safety in its general sense. The most
important part of the safety management process is
the detection of faults and the determination of
their causes, which is the main task of vibration
diagnostics.

© Prokopenko O., Antonenko N., Tiupa I., Ananieva Y., Khalimov D.,. Khalimov P., 2025
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Vibration studies are commonly used in
determining the technical condition and service
life; they are based on the use of vibration process
models (VPMs) in technological equipment.

Depending on the purpose of diagnostics,
the degree of study of vibration processes and the
depth of diagnosis, the model describes the process
equipment as a single dynamic system with a
known (or determinable) structure, subject to the
influence of external disturbing forces and internal
disturbances. The main tasks of modeling include:
building mathematical models of the random and
deterministic components of vibration, dividing
them into high-frequency and low-frequency parts,
and building models of diagnostic signs of defects
that cause vibration. Modeling is used to establish
and study diagnostic features that characterize and
determine the technical condition of technological
systems; analysis of modeling results provides
forecasting capabilities - predicting the occurrence

of possible deviations, and is also the basis for
developing methods and tools for determining the
actual technical condition of equipment to prevent
timely violations of its operating modes.

The above-mentioned determines the
relevance of developing and using mathematical
models for inspection of gas transmission
equipment using vibration methods and ensuring
high reliability of the results to determine the
technical condition and extend the service life
based on them. Maintaining the technical condition
of the equipment at the appropriate level will
ensure the uninterrupted and efficient functioning
of the gas transportation system, which is critical
for the country's energy security and economic
stability. This critical analysis will allow us to
identify existing gaps and uncertainties in the
existing regulatory framework and propose
specific changes and improvements to enhance the
assessment.

Analysis of recent studies and publications

Regulatory documents define the methods
and terms of vibration inspection [1-4] of gas
transportation equipment.

Researchers both in Ukraine and in foreign
countries are engaged in developing methods for
diagnosing gas transmission equipment and its
mathematical models as well as their application in
technical  diagnostic  systems, taking into
consideration various approaches [5-7].

Determining the technical condition and
extending the service life of gas transportation
equipment requires an integrated approach, and
many scientific and technical publications are
devoted to solving the problems arising in this
regard.

In particular, publications cover various
approaches to modelling vibration processes,
determining and analysing the vibration
characteristics of technological equipment and
their application in technical diagnostics systems
[8-15].

Paper [8] presents the results of a study of
the causes of pipeline vibration and methods of its
reduction using experimental and numerical
models to assess the effectiveness of various
approaches.

In their research, scientists propose various
methods of monitoring and control of gas
transmission equipment based on the analysis of
input and output data to detect vibration defects
[9], methods of vibration reduction and evaluation
of their effectiveness based on the results of the
analysis of vibrations caused by gas flow in
pipelines of gas pumping stations [10-11].

The need to study the problems of vibration
integrity and vibration risk management associated
with the design, construction and operation of gas
pipelines and technological gas transmission
equipment has been proved [12].

Publications  [13-14] emphasise  the
importance of using mathematical models to
accurately determine the technical condition of
equipment and optimise its operation.

In order to optimise the operation of
technological equipment and ensure its safe and
trouble-free operation, an urgent task is to create
an effective mechanism for determining the
technical condition [15].

There are currently a lot of software systems
for  researching the technical condition
implementing various algorithms for vibration
diagnostics. Basically, the presented algorithms
can be divided into two groups. The first group
includes algorithms related to the overall vibration
level and implementing a probabilistic approach to
defect recognition tasks.

The second group includes algorithms based
on spectral analysis of vibration.

The modeling of gas transportation
equipment faces several key challenges, which is
caused, primarily, by the complexity and
multifactorial aspects of the processes in the GTO,
including the interaction between mechanical,
hydrodynamic and thermal processes, complicating
the creation of adequate mathematical models.

Vibration systems are often nonlinear,
indicating that their behavior cannot be described
by simple linear equations. It requires the use of
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complex mathematical methods and numerical
approaches for modeling.

To develop effective models, accurate data
on system and process parameters is essential.
However, measurements of vibration
characteristics can be complex and inaccurate,
affecting the accuracy of models.

Modeling vibration processes requires

significant computing resources, especially
if numerical methods and simulations are used.

However, it can be a problem for large and
complex systems.

These problems require an integrated
approach to modeling vibration processes,
including the use of modern mathematical
methods, numerical approaches and computing
resources.

The purpose of the article is to develop a
mathematical model of the rotary vibration of a gas
compressor unit (GCU) and evaluate its
applicability in technical diagnostics.

Summary of the main material

The mathematical model of the rotor
harmonics of the GCU spectrum has been
developed in the form of nonlinear differential
equations of rotor vibrations.

X+ A2V (A CEL, (1 7 ) X "
k=1

“1) = e’ COS wit,

xCOS ™ @y - X
where X, 77— relative vibration movements in the
vertical and horizontal directions;

w=2pf — circular rotor speed,;

A, — frequency of forced oscillations

(FFO) of the rotor;

& — relative rotor eccentricity;

v — small parameter;

Yo @, — the relative displacement of the
stable equilibrium and the vibration phase of the
bearing trunnion;

Cy,,— number of connections.

Applying the method of small parameter to
solve differential equations and introducing the
relationship between the stiffness coefficients of
the rotor and the case using the transfer function
from the equality of the dynamic forces acting on
the case and the journal, an expression for the
relative amplitude is obtained k - of the vibration
velocity harmonic of the bearing case E
expressed through the amplitude of the vibration
velocity of the first harmonic V,, as follows:

& =ay(k+1)-ap -V,
al - //i’;ﬂ’kz (1_ZO )3' Kp .An COS(pO :

(co -Kk) )
a, =1J[2(1- ,)-A, -@-cos g, |;
(k=23 ..),

where A, — PMC casg;
Kp, K, — stiffness coefficients of the rotor

and body;
A, — bearing clearance

The distribution of rotor harmonics of the
vibration velocity levels of bearing housings of a
defect-free GCU (at the standard measurement
points) depends only on the amplitude of the first
rotor harmonic of the spectrum. It has been
theoretically established that the distribution
density of the amplitude of the first rotor harmonic
and rotor unbalance obeys Rayleigh's law. Based
on the form of the distribution density, we obtained

estimates of the permissible V. and the limit

V.# values of the overall vibration level of the

e

GCU.

VE =K, -o(V,)-\1+4(a/K, Y o* (V,);

V.7 215K, o (V) 1+ 7(a/K, ) o (V.);

a:O,SS-Kp-Ag-ﬂf-«fﬂ2+6;(§ X
3

A0 0t (1= x0)

where K ,— noise factor;

o(V,) — is the root mean square value

(rms) of the amplitude of the first rotor harmonic.
The obtained expressions were used to
normalize the vibration of GTK-10, GT-750-6,
VCN 235, and BTDA units using experimental
data. The value of the permissible level of the total
vibration velocity V. =6,5 mm/s in terms of the

existing standards corresponds to the “good”
grade.
Similarly to (3) the ratio for normalization of

the limit and permissible V,? values of rotor
harmonic amplitudes
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k
. K, AK, (k+)VkI(V,7 /K, )
‘ (4K AL 22) " (4)
(k=23 ..),

where K, . — acoefficient similarto K ;

V,* — limit value V, .

The obtained ratio makes it possible to
normalize the maximum permissible levels of the
amplitudes of rotary harmonics of the vibration
velocity of GCU bearing housings with emerging
defects, and to take the double value of the latter as
the maximum levels of defective units.

Coefficients «, oy, o, i o, were obtained for all

types of bearings of a defect-free GPA using
experimental data by approximating the amplitudes
of rotor harmonics by the relation (2).

Results of calculations of the approximation
coefficients of the real spectra of the GT-750-6
unitat V, = 3,1 mm/s; V, ==0,8 mm/s; V, =0,3

mm/s; V,=0,2 mm/s are equal to o, =24,
a, = 0,11. For the GTK-10 unit at V, =5,5 mm/s;
V, =2,0mm/s; V, ==15mm/s V,=1 mm/s; are
equal to o, =2,2; a,= 0,1. The obtained
values a, and «, are in good agreement with the

calculated data.

When any of the rotary harmonics exceeds
the limit level, a number of models of low-
frequency oscillations of gas turbine generators
have been developed to identify the main causes of
the increased vibration level. For subharmonic
oscillations of half the frequency with an increased
clearance in the sliding bearing, a relation for the
relative amplitude of subharmonic oscillations was
obtained:

S :VJ/Z/\/l = \/(O’]-Sel_l _1)/2: ®)

where e — is the relative amplitude of

oscillations of the first rotational harmonic of the
journal vibration movement in the bearing.

The increase in the vertical clearance in the
bearing of the GT-750-6 unit in the process of
wear of the antifriction surface of the liner leads to
the limit of stability and sharp tuning to
subharmonic resonance. In this case, at the average
value of the amplitude of the vibration velocity of
the first rotor harmonic V,=6,5mm/c the

subharmonic amplitude is maximal and equal to
V), =4,6 mm/c.

A further increase in the clearance in the
plain bearing leads to a loss of stability and to self-
oscillations of the rotor on the oil film. Relative
amplitude of self-oscillations of bearing housings
&, =V 1V, is presented in the form of the relative

amplitude of oscillations of the bearing journal,
which is calculated from the algebraic equation of
the fourth degree relative to the square of the
amplitude. For the unit, the calculations show that
V, =22 mm/c, and the relative amplitude of self-

oscillationsisequal to &, = 2.

When the tension is lost and a gap appears in
one prismatic gasket, for example, in the vertical
plane, the values of the stiffness coefficients in the
vertical and horizontal directions are not the same.
For this case, a system of differential equations
with periodically varying coefficients (stiffness
coefficients) was developed to describe quasi-
harmonic vibrations.

2>‘<‘+x[(/162+ﬁf)+(ﬂf+}tf)-cosa)t]+
+17(A2 - A2 )sinat =0;
27'7'+77[(/‘Lf + A7)+ (47 —if)-coswt]+ ©)
+X(42 = 27)sinwt =0,
where r, =4 /o,
A, — Relative and absolute CMM of the

bearing liner;
r=A/w;
A. — Relative and absolute CFC of the

rotor-bearing system.

System (6) can be reduced to the Mathieu
equation (with known solutions of the Mathieu
function). According to Floquet's theorem, the
periodic solutions of equation (6) will be with
frequencies @ and @/ 2. The ratio between the
amplitudes of oscillations is obtained from the
solution of the Matthieu equation and is
determined by the nonlinearity caused by the gaps
between the liner gasket and the bearing housing.
Further weakening of the rolling bearing fastening
and the disappearance of tension on the sliding
bearing liners leads to the slippage of the cage and
the appearance of mechanical vibrations with
frequencies that are multiples of the rotary
harmonics described by nonlinear differential
equations. It was found that in this case, the growth
of the third rotary harmonic with a relative
amplitude of &, =V, /V,
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£ =15-10"-D?-r° ' x

XA;l . K;Z (rgz _1)—2 .(rg2 B 9)_1 ’ ) (7)

where D — rotor imbalance;
A.' — clearance in the bearing liner;
K, — stiffness coefficient of the liner.

For the rotor of the STD-4000 electric motor
at r, =3 the amplitude of the third rotor harmonic

is significantly higher than the first rotor harmonic.
Clearance A, =100mxm with the amplitude of the
first rotor harmonic V, =6mwm/c for r, =1/2 is
equal to &, =0,6. A resonant case when r, =1,

has also been sufficiently studied. For large values
of the gap A, the differential equation of

oscillations is solved by the asymptotic method
with a nonlinear restoring force , F(X),
composed of line segments, as follows

-1

&=V K, itk (1-k)

where
A

K, — coefficient depending on the gap

6"

An assessment has been made & for

r=1/2 and it was obtained

£,=0,48; £=0,24.

Distortions in the rolling bearing cage,
misalignment of two bearings, or misalignment of
the rotors result in dual stiffness of the bearing
journal, where the rotor stiffness values in two
mutually perpendicular directions are different.
According to Floquet's theorem, we have stable
oscillations with a frequency of @ and 2w. The
amplitude of the second harmonic is comparable to
the amplitude of the first harmonic and may exceed
it. Combination oscillation frequencies represent
oscillations excited at the sum or difference
frequencies of two rotors, when two rotors with
different rotational speeds @, and o, are

interconnected by an intermediate bearing. To
explain the origin of the frequencies (@, — )

and (w,+@) an acoustic analogy with

combination tones is applied, which allows this
phenomenon to be related to the nonlinear
asymmetric elasticity of the system.

Expression for blade harmonic amplitudes

V ~ of the vibration spectrum of a centrifugal

aj
supercharger (CSD) for the general case is as
follows:

V,=2,-K, -K,-(1-7,)-R* K

Y . 8)
(=1 2, ..),

where z, — number of blades;
K

He!

n, — polytropical efficiency. WTC;
R, — the radius of the impeller of the ESP.

Defects occurring in the flowing part of the
HPC are well understood and include

- Increased gas leakage through seals along
the cover disk;

- erosion of the gas path;

- undercutting of the supercharger wheel
blades;

- salt deposits in the interblade channel.

When deviations from the nominal pitch
sizes, blade pitch angles, outlet edge thicknesses,
velocity field, pressure, and flow angles occur at a
fixed radius of the HPC wheel, the period is not the
blade pitch, as in a homogeneous wheel, but in
general the entire circumference. In this case, the
entire low-frequency discrete spectrum appears in
the inhomogeneous lattice, and the expression of
the bearing housing vibration mathematically
describes the phenomenon of amplitude
modulation:

K,, K,— coefficients;

v, (t)=V, {sin (jz,0t) i%sin [(jz,0+

+sw)t+g%sin[(jzja)—sw)t]}; ©)
(i=12.); (s=12.),

where K - the partial modulation coefficient

in the case of an undercut blade and a
heterogeneous wheel is equal, respectively:

Km:2/z7’ Km= ”/Zﬂ‘g(KHgk)’

5( K%k) — coefficient of variation.

Percentage ratio of upper and lower side
frequency amplitudes jz w+sw to the amplitude

where

of the carrier blade frequency jz w when the
wheel channel is blocked with z, =14 is equal to
K,/2=7%. For a heterogeneous, defect-free
wheel with different blade NPVs
d(K,,)=03% this ratio is equal to

K,/2=15%.
10



ISSN 2079-1747 Mauuno6ynyBauns. 2025. Ne35 Metpodoris Ta iHpopMarLifiHO-BUMIPIOBaIbHI TEXHOJIOTTT

Similarly, to relation (9), expressions for the
forces generated by the turbine or compressor
blade stage and acting on the GTU rotor were
obtained. The differential equations of the shaft-
disk-blade oscillations for this case are obtained
from the generalized Ostrogradsky-Hamilton
principle, and the solution of the equations gives

the value of the complex torque M.

M, {Pﬂ -i{iwk(rq).eq exp(ip, )%

xexp(@ﬂ }-Sin(swt): )
(s; 1, 2, k)

where P, — pressure forces acting on the blade;

W,, ¢, — phase angle and dynamic
coefficient;
r,— is the relative blade NPV;

G, — integrals [8].

Moving from the torque to the forces,
expressions for various variants of the disturbing
forces acting on the GTU rotor are obtained. A
special example is the resonant oscillations of the
blades of a heterogeneous wheel, when

(rj)k ~1(kk=1 .,12)
where (rj )k — sequences of random disturbances
of the relative natural frequencies of the blades
along the circumference of the wheel.
Definitions for strength (P(t)) in this case
is equal to:
P(t)=P, [1+o,5 7]z, -5 (W, )x

xisin(swt)]sin(jzﬂa)t); (11)

(i=12.) (s=12.),
where P, — is the force amplitude of the j-th

blade frequency.
To calculate the coefficient of variation

d(w,) it is necessary to determine the
mathematical expectation and variance of the
dynamism coefficient w, . For a close estimate, the

dynamism coefficient is approximated by an
exponential function, and the model uses a
probabilistic approach to estimating the MTBF of
turbocharger blades. If one blade breaks

K. /2:2_;1, and if, as a result of a crack, the

blade's PEC at the non-resonant stage decreased
(rj :1), then
K,/2=plo,z,, where 5, — is the logarithmic
decrement of the attenuation. For example, with
the number of blades on the fifth stage of the GTK
turbocharger -10z =23, when the blade breaks,
we obtain the ratio of the sideband amplitude to the
carrier  frequency, which is equal to
K, /2=4,4%, and for the resonant blade of the

first stage at z,=29 K /2=2, ie, the

amplitude of the sideband frequency is twice as
high as the carrier frequency (z,-w). At resonant

vibration of blades with the coefficient of variation
of natural frequencies calculated from the results

of the experiment, 5(4;) = 0,02, for the fifth stage

of the GTK-10 axial compressor, the ratio of
sideband amplitudes to the carrier frequency is as

follows K, /2=13%.

To calculate the amplitudes of vibration of
bearing housings at blade frequencies, a computer
program was developed in the Machcad
environment. The results of calculating the
vibration of the GTK-10 turbocharger indicate that
for the non-resonant degree of bearing housing
vibration amplitude at blade frequencies (jz, )

are in the range 0,39+ 1,57 mm/s, and for the
resonant stage r; =1 can reach the values

8,5 mm/s. An assessment of the change in blade
NFR in the process of fatigue stress accumulation
for different shank clamping forces showed that
the reduction in the NFR of the elastic blade is
11%, which is significantly higher than the average
difference in blade NFR along the stage.

A mathematical model of the gas flow
pulsation generated by the supercharger was
developed for the tubing of the HPC. The
dependence of the gas flow pressure pulsation

level (Po) on the flow rate and efficiency is as

and entered resonance

follows:
p() :7/H .Q.RH ‘a).(l_nH)‘KQX

. 12 )
XKH'[SIH'BJ (3b,2)", @
t-A

C H

where y, — gas density;

Q — gas consumption;

t. — pitch of the working blades;

b, — the width of the wheel of the central
pumping station;

A, ~— the gap between the body and the

H

11
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wheel of the HPC;

L — is the angle of exit of the relative
speed of the HPC wheel.

The acoustic and cylindrical shell FEs were
determined and the dynamic stresses and vibration
velocity amplitudes of the pipe were calculated in
various operating modes. Expression of the
efficiency for the vibration velocity amplitude of
the pipe liner at blade frequencies o, :

(13)
k=1 2 3 ..
where y, — density of the pipe material;
h, — pipe thickness;
I, — is the relative PMC of the shell;
A, — amplitude of pressure pulsation

(s.c.s.).

The calculations of the vibration velocity of
the piping at the first blade frequency of the 650-
22-2 supercharger showed that at the value of the
blade frequency f =1480 I'y a sharp resonance

with a shell frequency of the order of j =10,

q=9, and ring frequency f, =1642 'y has a
slight recovery from the resonance with the blade
frequency. The maximum vibration velocity
amplitude is at 5, = 0,1 and values of losses in the

supercharger wheel and it is within the limits of
3,9 + 39 mm/c, which is in good agreement with
the experimental data. When determining the
equivalent dynamic stresses of the shell according
to the theory of the greatest linear deformation, a
coefficient of reduction of the levels of high-
frequency vibration velocity norms in comparison
with low-frequency norms was obtained as
follows:

K, :[(n2 —1)/n2 —vn/Zﬁ}
x[6(1-v7)/(2+h,/R,),

where v,, — Poisson’s ratio;

n — order of the waveform.
The value of the coefficient (14) for the

tubing of the CTD-25 unit at h, /R, =0,032 and
at N—>% (taken with a margin) is equal to
K, =19

To register the leakage signal, two or three

sensors are installed on the pipe and the delay time
between the signals is determined by the mutual

X
©)

correlation function. At high gas flow rates and
small slit diameters, the narrowband random
process is close to harmonic, and the calculation of
the mutual correlation function is difficult because
the correlation function of each path is a cosine
function, and it is impossible to separate individual
paths. Logarithmization of such a signal seems to
increase the broadband noise component. For
example, if the ratio of noise to spectral density of
a harmonic signal is 0.1, 0.01, and 0.001, then after
logarithmization this ratio increases and is equal to
0.5, 0.33, and 0.25, and the gains for the cases
under consideration are 5, 33, and 250. The
kepstrum of a narrow-band random process and
one that turns into a harmonic process is as
follows:

| (15)

2

sin2zB r B G, cos2xfr
KXX (T):_ w w2 + 2
2Bt o T

2
il/% g 'i +4(B2 +f7)-gexp,
where B, f — noise frequency range and
harmonic frequency;

G,, A — noise spectral density and
amplitude of harmonic oscillations;

o, — is the coefficient of approximation of

a narrow-band random process by the Gaussian
distribution
At o, — 0 (narrowband random process

turns into a harmonic process)
G, —>4- Ig(eXp)(B; + ff), and relation (15)
describes the correlation function of an already
broadband random process in the frequency range
B, with amplitude G, /o, andat o, —0 the

value of the correlation function at zero tends to
infinity. If the propagation delay time of elastic
longitudinal waves is found using the eq. (15), then
the change in the delay time of the vibroacoustic
signal of a stressed gas pipeline is used to find the
voltage o, as follows:

G =-

c,=2-E-G, ~Az‘(rj—z'k)7l+0'm -(1—Gm),

where E, Gm — modulus of elasticity and linear
strengthening;

o,, — the fluidity limits.

Audio power (W), generated by the valve

in the area of pre-critical pressure drops is
proportional to the cube of the overpressure and
the area of the valve slot:

12
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W, =k, -(P,~P,) F,-rc,,

Kp

where ka — noise factor;

P,, P, — pressure at the inlet and outlet of
the crane;
F,, — the area of the tap leakage gap;

7., — 9as density;
c,, — sound speed.

In the area of supercritical pressure drops,
the increase in sound power with an increase in the
pressure drop across the valve is less intense.
Approximately, the change in sound power in this
region can be represented as follows:

W, =W, (P, ~P,)-(AP") ", (16)

where  W_ — sound power of the valve noise at

A dynamic and mathematical model of the
general level and rotational harmonics of the
vibration velocity spectrum of the bearing housings
of a gas turbine unit, a centrifugal blower, and a
gas compressor unit has been developed.
Analytical expressions of absolute and relative
amplitudes of vibration velocity and an algorithm
for calculating the amplitudes of rotary harmonics
of GCU vibration velocity were obtained.

A dynamic and mathematical model of
oscillations of the HPC casing at the rotor blade
frequencies was developed. It was found that the
amplitude of oscillations depends on the efficiency
of the supercharger and is equal to 0.264 mm/s.
The diagnostic signs of defects in the wheel and
blades of the CBN were obtained in the form of the
ratio of the amplitude of the vibration velocity of
bearing housings at lateral frequencies to the
amplitude of the blade frequency. For the 370 17
superchargers, this ratio varies between 1.5% and
7%.

the pressure drop on the valve AP", which is the
critical value.

Equation (16), based on the measured value
of the vibration velocity level in dB, allows you to
determine the area of the leakage gap of the crane

F,, and, consequently, the leakage rate in the tap

at a critical pressure drop.

To simplify the procedure for diagnosing
and rapidly assessing the presence of leaks in
cranes, it is proposed to assess the coherence
function of two vibration signals of the crane body

Ve (f). At the same time, for a sealed tap

yfy(f) =0, and the task of determining the

presence of a leak is based on the calculation of the
mutual coherence function in the frequency range
12 + 42 kHz and determining the coefficient of
technical condition of the crane:

1-05/72 (1) (72 (1) +1),

n
_n1
K, =N
k=1

Conclusions

A model of the force generated by the blade
stage of a turbine or compressor of a gas turbine is
presented, which is transmitted to the rotor. The
differential equations of the joint oscillations of the
blade-rotor-hull of a gas turbine are obtained. It is
shown that the amplitude of oscillations reaches
8.5 mm/s. The diagnostic signs of defects in the
stage blades in the form of the ratio of the
amplitude of the vibration velocity of bearing
housings at lateral frequencies to the amplitude of
the blade frequency were established. For the GTK
10 unit, these ratios vary from 44 to 13%.

The analysis of gas pressure pulsation in the
pipe, which depends on the flow rate and
efficiency of the supercharger, was carried out. It
was determined that for the 650 22 2 supercharger
piping, the pressure pulsation is in the range from
0.01 to 0.1 MPa. The vibration amplitudes of the
pipe caused by gas flow pulsations at the blade
frequencies of the HPC were calculated, which for
the 620 22 2 supercharger strapping are in the
range of 3.9-39 m/s.
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JJAHAMIYHE TA MATEMATHAYHE MOJEJIOBAHHS BIGPAIIMHUX ITPOILIECIB Y
I'A3OTPAHCIIOPTHOMY OBJIAJTHAHHI

VY craTTi pO3MISIHYTO acleKTH KOMIUIEKCHOTO IIiAXOMy IO BiOpaIifHMX IepeBipoK Tra30TpPaHCIOPTHOTO
obnagHaHHA. 3OiiCHEHO KPUTHYHHMII aHaNi3 HayKOBOI JITepaTypd Ta HOPMAaTUBHUX IOKYMEHTIB, IO OXOIUTIOIOTh
ICHYIOYi MiIXOAW IO BHpINICHHS NMHTaHb, MOB'SI3aHUX 3 BH3HAYCHHSAM ()aKTUYHOTO TEXHIYHOTO CTaHy OOJaJHAHHS,
OIIIHKOI0 HOTO TEpPMiHy CIYXOM Ta NPUHHATTAM pIlIeHh IMOAO MHPOTOBXKEHHS TepMiHy Horo cimyx6u. Ilmixom
BUBYEHHS HAYKOBOI JIITEpaTypH MpOaHANi30BaHO 3aCTOCYBaHHS BIOPOAKYCTHYHMX JIOCHI/PKEHb JUISl BUPIILICHHS 3a1a4
kepyBaHHs. Po3poOiieHo nuHaMmiuHI Ta MareMaTH4YHI MOJeN Tra3oTpaHCIOPTHOrO OOJaJHAHHSI, 30Kpema MoJedi
3arajJbHOrO PIBHS Ta TapMOHIK CHEKTpa LIBHIKOCTI KOJHMBaHb KOPIYCIB MiALIMITHUKIB, MOJIENi KOJIMBaHb KOPILyCY
BIJILIGHTPOBOI'O HArHiTaYa Ha 4acTOTaX JIOMATOK POTOpPA, MOJEJI CHIIM, IO CTBOPIOETHCS CTYNEHEM JIONATKH TYpOiHH
a00 KOMIIPECOPHOTO arperary ra3oTypOiHHOT YCTaHOBKH, LIO MEPEAAETHCS HAa POTOP, Ta MOZEII MyJbCalliii THCKY ra3y B
TpyOonpoBoai. MojelloBaHHS BHKOHAHO 3 BUKOPHCTaHHSM PO3pOOJICHUX NMHAMIYHUX Ta MaTeMaTHYHHX MOZEINCH.
[pencraBneHo aHai3 pe3yabTaTiB MOJCTIOBAHHS, 10 BiOBIAI0Th PE3yJIbTaTaM EKCIIEPUMEHTAIBHUX JIOCIIKEHb.

K/TIO490BI C/IOBA: razonepekadyBalibHe 00JaIHAHHSA, BiOpaliifHi MpOIeCH, TEXHIYHUN CTaH OOJIaJHAHHS,
IIBUIKICTH BiOparii, aMInIiTyna BiOparii.
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ANALYSIS OF ENERGY EFFICIENCY AND OPERATIONAL RELIABILITY OF
HEAT AND MASS EXCHANGE EQUOPMENT AT POWER PLANTS FOR IMPROVING
THEIR PERFORMANCE QUALITY

Energy efficiency and reliable operation are fundamental factors shaping the modern energy sector under the
paradigm of sustainable development. Heat and mass exchange equipment constitutes a critical component in the
functioning of thermal and nuclear power plants (TPP and NPP), enabling efficient thermal transfer and
optimizing the use of available energy resources. This article presents a comprehensive analysis of the energy
efficiency and operational reliability of heat and mass exchange devices used in turbine units, focusing on
improving the performance and capacity of low-potential complex condensing power units. Through statistical
analysis and expert evaluation methods, key reliability indicators of heat exchange equipment in turbine
installations were examined. The study highlights the predominance of condensers as essential components in
low-potential complexes and investigates common defects affecting their operation, including corrosion, erosion,
mechanical wear, and sealing failures. The research applies finite element analysis and automated engineering
design techniques to assess the stress-strain states of condenser structures, pinpointing critical zones prone to
mechanical failure. Additionally, temperature distribution within the condenser under stationary operating
conditions is modeled to optimize thermal performance. The findings underline the significant impact of material
degradation and mechanical stresses on the durability and efficiency of heat exchange apparatuses.
Consequently, the article offers targeted recommendations for the enhancement of heat and mass exchange
equipment. These include the adoption of advanced corrosion-resistant and high-strength materials such as
titanium alloys and composites, implementation of automated monitoring and diagnostic systems for real-time
condition assessment, and refinement of condenser designs to improve thermal-hydraulic performance and
minimize energy losses. The proposed measures aim to elevate the operational reliability, extend the service life,
and increase the energy efficiency of power plant heat exchange systems, contributing to reduced operational
costs and environmental impact. This work supports the advancement of energy technologies aligned with global
trends toward sustainable and efficient power generation.
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Problem Statement and Its Connection with Important Scientific and Practical Tasks

Energy efficiency and reliable operation
are the key factors in the development of
modern energy systems within the framework
of the sustainable development concept. Heat
and mass transfer equipment at power plants
plays an important role in ensuring efficient
energy use and reducing operational costs.
Improving their energy efficiency and
reliability contributes to the optimization of
power plant performance and the reduction of
environmental impact [1-2].

The economic efficiency of steam
turbine units is significantly influenced by the
performance of low-potential equipment (LPE)
at power plants. A change in the pressure
behind the turbine by 1 kPa results in an
approximately 1% change in the economic
performance of steam turbine units at thermal
power plants (TPPs), while for nuclear power
plants (NPPs), this change reaches 1.5-2.0%.

The greater sensitivity of NPP steam turbine
units is due to the fact that turbines with a
small thermal drop, particularly saturated
steam turbines, exhibit a higher relative change
in pressure drop.

The reduction of steam parameters
behind the turbine is typically achieved by
lowering the pressure below atmospheric
levels, which requires the condensation of the
exhaust steam. This task is fulfilled by the
condenser unit, which, in addition to this
primary function, also provides clean
condensate for feeding the steam turbine.

Malfunctions in the operation of
condenser  units,  regeneration  system
equipment, and district water heating
apparatuses are among the reasons for the
reduced efficiency and reliability of steam
turbine unit operations.

Analysis of Recent Studies and Publications

The issue of improving the efficiency of
heat and mass transfer energy equipment has
been addressed in studies [3-5].

The low-potential complex (LPC) of
modern power plants typically includes the
following components:

- steam condensing units, which consist
of condensate pumps, ejectors with coolers for
air removal;

- technical water supply systems,
including water sources and cooling devices
(such as reservoirs, cooling towers, spray
ponds or their combinations), circulation
pumps, circulating water filters, and pipeline
systems;

- the last stages or sections of the low-
pressure turbine cylinders with working wheels
and exhaust steam nozzles;

- low-pressure feedwater heaters (LPHSs)
of the regenerative feedwater heating system.

Among the LPC components, the steam
turbine condensers hold primary importance,

since the main function of the LPC is to create
and maintain the required exhaust steam
pressure in the turbine.

As the pressure and temperature of the
exhaust steam decrease, the amount of heat
transferred to the cold sink is reduced.
According to thermodynamic principles, under
constant fresh steam parameters, this results in
an increase in turbine output (due to a higher
thermal drop across the turbine) and an overall
improvement in cycle efficiency.

Available literature provides limited
information on the reliability of thermal power
equipment, with most studies focusing on
primary equipment such as steam generators
and turbines, and paying less attention to
auxiliary systems, particularly the heat
exchangers of turbine units. However, this
group of auxiliary equipment significantly
influences the performance of both thermal and
nuclear power plants [6-10].
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The objective of this study is to
analyze the energy efficiency and operational
reliability of heat and mass transfer equipment
in thermal and nuclear power plants, using the

low-potential complex (LPC) equipment as an
example, and to provide recommendations for
improving their performance quality.

Presentation of the Main Material

The concept of "reliability” encompasses
a wide range of indicators, including:
faultlessness,  durability, maintainability,
controllability, operational manufacturability,
preservation, mean time between failures, and
others. Each of these specific indicators
typically characterizes one or several aspects
of the overall reliability of the equipment or its
specific technical and economic
characteristics. According to the accepted
methodology for assessing the quality level of
energy heat exchange equipment, the reliability

of turbine unit heat exchangers is generally
considered from the perspective of durability,
which is treated as the main indicator of
overall equipment reliability.

The most common consequences of
failures include underproduction of energy,
reduced equipment availability  factor,
decreased efficiency, and, as a result, increased
specific fuel consumption. In certain cases,
equipment failure may lead to the shutdown of
the entire unit (block).

d, %
30

.l

N AR AR R

_nl.1l
T8 T8 10 A1 2 98

Damaged equipment
Fig. 1 — Distribution of failures of auxiliary equipment of turbine units: 1 — condensers, 2 — feed electric pumps,
3 — feed turbine pumps, 4 — high-pressure heaters, 5 — low-pressure heaters, 6 — gland heaters, 7 — ejectors, 9 —
circulation pumps, 12 — valves, 13 — pipelines

Here is the failure share of each

component that led to turbine shutdowns:
o= (ZiT/ZiO)'].OO% ,

where z;7 is the number of failures of the
i-th component that led to turbine shutdowns;

Zio 1s the total number of failures of the
i-th component.

Figure 2 shows the share of failures of
each component that resulted in turbine
shutdowns.

The majority of tube damage (44.6%) is
associated with corrosion-erosion deterioration
occurring during long-term operation. Wear on
the external surface of the tubes is primarily
caused by droplet-impact erosion, while
erosion on the internal surface is linked to poor
quality of circulating water, which often
carries a significant amount of abrasive
particles in suspension. These particles lead to
internal surface wear, especially near the tube

sheets at the tube inlet areas. The main causes
of corrosion damage in condenser tubes are the
presence of oxygen in the working fluids,
which leads to various types of corrosion,
including general corrosion, dezincification of
brass, stress corrosion cracking, and others.
The second most common type of
damage (39.3%) is associated with the loss of
tightness in the tubes or rolled joints. In many
cases, it is difficult to determine the specific
cause of depressurization, primarily because
the damaged tubes are located deep within the
tube bundle, making visual inspection
impossible. However, in the few cases where
damaged tubes were cut out and examined, it
was found that depressurization resulted from
both  corrosion-induced tube wear and
frictional wear in the regions where tubes pass
through intermediate baffles. The main cause
of this wear is tube vibration, which may also
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lead to loosening of the rolled joints and
eventually to their loss of tightness.

As seen in Figures 1-2, among the
auxiliary heat exchange equipment of turbine
units, the condenser accounts for high values in
terms of failure share, recovery time, and

impact level on the operation of the steam
turbine unit.

Below is the distribution of failure
characteristics of condensers that typically
caused emergency shutdowns of the turbine
unit as a whole.

JilEg

1 2 3 4 =]

& ¥ 8 9 1m0 11 12 13

Damaged equipment
Fig. 2 — Share of auxiliary equipment failures causing turbine shutdowns (according to Fig. 1)

Table 1.

Distribution of condenser failure types, %

Increasing the hardness of the condensate 58,1
Vacuum drop 33,7
Siphon break 7,0
Other 1,2

Let us consider the distribution of specific defects that caused failures in the operation of
condensers. The majority of these are tube damages (60.9%).

Table 2.
Distribution of failures due to defects of condenser elements, %
Condenser tube damage 60,9%
Damage to fittings, drains, etc.. 7,6%
Clogging of tubes and tube sheets 6,5%
Leaks in the casing 4,3%
Leakage of repair plugs of plugged tubes 2,2%
Other 18,5%

Corrosion-erosion processes are often
exacerbated by the poor quality of the heat
exchanger tubes, which is due to metallurgical
and manufacturing defects, a factor frequently
identified during failure investigations.

The failure statistics for condensers are
consistent with findings for other shell-and-
tube heat exchangers used in steam turbine
units. For all types of such equipment, the
main factors contributing to reduced service

life are corrosion damage and erosion-
mechanical wear of the tubes.

The conclusions obtained are supported
by reliability studies of heat exchange
equipment in turbine units, which were carried
out using expert evaluation methods.

Most experts identify design factors
(e.g., suboptimal steam supply system in low-
pressure heaters, high hydraulic resistance of
the  desuperheater, limited access to
desuperheaters, etc.) and technological factors
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(e.g., poor welds, leakage in fittings, etc.) as
the primary causes of malfunctions and failures
in heat exchangers. One significant cause of
overall reliability reduction is the low quality
of tubing, especially those made from non-
ferrous alloys, used for heat transfer surfaces.
According to all experts, installation defects
account for the smallest share. Operational
violations occupy an intermediate position in
this ranking.

Failures in heat exchangers related to the
condition of the tube bundle are mainly caused
by erosion-corrosion wear (approximately 70%
of cases) and tube vibration (around 25% of
cases).

The types of damage caused by
vibration include:

- tube fractures near the tube sheets,

- wear of tubes in intermediate baffles,

- mutual tube abrasion across large
spans, bends, and other areas.

These data are primarily qualitative, but
they allow us to identify the key factors
contributing to the reduced reliability of
turbine heat exchangers. The quantitative
assessments are statistical averages based on a
large number of individual cases.

Currently, computer-aided design and
calculation systems are widely used in

BE0OOECONN

engineering practice. Simulations and studies
conducted using these tools allow engineers to
avoid costly and time-consuming development
cycles of the “design—manufacture—test” type.
In the field of automated engineering
calculations, finite element-based software
packages are especially popular. These tools
enable the solution of a wide range of
industrial problems, including stationary and
transient 3D solid mechanics, mechanics of
deformable bodies, structural mechanics
(including contact interaction), fluid and gas
mechanics, heat transfer, and more.

Figures 3-4 show the results of the
stress-strain  analysis of power plant
condensers, aimed at identifying critical stress
concentration zones in the structures. Figure 5
presents the temperature distribution within the
condenser.

Enhancing heat transfer during steam
condensation will reduce the temperature
differential (undercooling) of the cooling water
and the pressure in the condenser. As a result,
this will increase the overall energy efficiency
of the power unit, taking into account the
power shortfall caused by the limiting vacuum
level in the condenser.

0

Fig. 3 — Distribution of equivalent stresses
(MPa) in steady-state mode

Fig. 4 — Distribution of equivalent stresses in steady-
state operation mode of the condenser (linear elastic
analysis)
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Fig. 5 — Steady-state temperature distribution (°C) across condenser components in the main operating

mode

Recommendations for Improving Heat and Mass Transfer Equipment

The analysis of reliability data for heat
exchangers demonstrates the necessity of
improvement both at the design stage of new
equipment and during operation through the
modernization of existing units. The main
directions for enhancing heat exchangers
should include:

- Increasing the corrosion and erosion
resistance of tube systems;

- Improving the vibration reliability of
the equipment;

- Enhancing the design of heat
exchangers, particularly steam supply systems;

- Improving the quality of tubes used in
heat exchangers;

Enhancing the overall quality of
assembly and manufacturing, especially for
equipment operating under sub-atmospheric
pressure, with special attention to air
infiltration into the apparatus.

For optimizing heat exchanger element
designs, finned and microstructured surfaces

can be employed to enhance heat transfer.
Thermal resistance can be reduced through the
use of multilayer heat exchanger constructions.
Geometrical optimization of tube bundles
helps  achieve  uniform  thermal load
distribution.

The application of high-strength and
corrosion-resistant materials—such as
titanium, stainless steel, and composites—
represents an innovative approach. For
example, nanocoatings may be used to reduce
fouling of surfaces and improve thermal
conductivity. Materials with high resistance to
thermomechanical loads are also being
introduced.

Heat exchange efficiency can be further
improved by using two-phase coolants to
enhance the heat transfer coefficient, and by
implementing heat transfer intensification
technologies such as flow turbulence
enhancement or ultrasonic cleaning of
surfaces.
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Energy loss minimization can be
achieved through the optimization of steam
condensation modes.

Digital ~ diagnostic ~ systems  are
increasingly implemented for improved
monitoring and control of heat and mass
transfer equipment. For example, intelligent
sensor systems can detect fouling, corrosion,
and leaks. Automation of thermal process
control also contributes to improved
operational efficiency of the units.

Condenser operation optimization is
essential to reduce thermal pollution of the
environment. Measures in this area include
technologies for condensate reuse to minimize

Modern power plants face challenges
related to improving energy efficiency and
operational reliability of their equipment. Heat
and mass transfer devices play a key role in
energy systems by ensuring efficient heat
exchange and optimizing energy use. Their
improvement is critically important for
reducing  operational  costs, increasing
productivity, and minimizing environmental
impact.

There are clear opportunities to improve
efficiency and a pressing need to enhance heat
exchangers both at the design stage of new
equipment and through the modernization of
existing systems in operational environments.

The design improvements of heat
exchange equipment should aim to intensify

water losses and the use of environmentally
friendly cleaning methods for heat exchange
surfaces. These efforts help  reduce
environmental impact and improve the
reliability of condensation unit equipment in
thermal power plants.

Modernization of heat and mass transfer
equipment in the condenser units of power
plants contributes to increased efficiency of
power blocks, reduced operational costs, and
minimized  environmental impact. The
implementation of advanced materials,
automated control systems, and design
optimization leads to high standards of energy
efficiency and operational reliability.

Conclusions

heat transfer while maintaining high
operational reliability. This can be achieved
through the application of enhanced heat
transfer surfaces, such as finned and profiled
tubes, as well as the use of other heat transfer
intensification methods.

Enhancing thermal efficiency is also
supported by improving the aerodynamics of
tube bundles, which creates conditions for
uniform washing of the heat exchange surfaces
by the coolant, avoiding stagnant zones or
hard-to-reach  areas.  Additionally, the
elimination or consideration of coolant flow
through intermediate gaps between baffles and
outside the tube bundle helps further improve
performance.
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AHAJII3 EHEPTOE®EKTUBHOCTI TA EKCHJIyATAuH@Hoi HAJIMHOCTI
TEINVIOMACOOBMIHHOI'O OBJIATHAHHS EJIEKTPOCTAHIM JJIS1 NIJIBULLIEHHS
SIKOCTI iX POBOTHU

EneproedexTuBHICTh Ta Oe3MevHa eKCIUTyaTallis € OJHIMH 3 TOJIOBHUX (DaKTOpIB, IO XapaKTePH3YIOTh
Cy4acHy €HEpreTHKY B paMKax KOHIIEMIIIi CTaJoro po3BHUTKY. TemioMacooOMiHHI anapaTy BilirparoTh KIIOYOBY
poJIb Y poOOTi €HEeprocucTeM, 3a0e3Nneuyrour eeKTUBHUN TEINIOOOMIH Ta ONTHMI3allil0 BUKOPUCTAHHS eHEepril
Ha E€JEKTPOCTaHLisAX. Y CTaTTi aHaTI3yeThCS EHEProeeKTUBHICTh Ta eKCIUIyaTaliiiHa HaJiiHICTb
termioMacoooMinaoro obnagHanHs TEC i AEC nns migBHIIEHHS SIKOCTI iX poOOTH Ha MPHUKIJIAAI YCTaTKyBaHHS
HU3BKOIIOTECHIIIHHOTO KOMIUIEKCY KOHAEHCAIiHHOTO eHeproOyoKy. 3a IOMOMOTrOI0 CTAaTHCTUYHUX MaHHX Ta
METO]1a €KCIIEPTHUX OIIHOK JOCHIKEHO MOKA3HUKK HAIIHHOCTI TEMI00OMIHHOTO 001aIHaHHS TYpOOyCTaHOBOK.
[IpuBoasTECA NaHi BiIMOB KOHJASHCATOPIB SK OCHOBHOTO YCTATKyBaHHS HH3BKOIOTEHIIHHOTO KOMIUIEKCY, a
TaKOX PO3TISAAIOTECS Ne(eKTH, sIKi BUKIUKAIOTH I[i BiAMOBH. METOIOM KIiHIIEBUX EJIEMEHTIB IIIJIIXOM
ABTOMAaTH30BAaHOTO IHXXEHEPHOTO PO3PAXyHKY MOCIIKEHO HampyXKeHO-Ie(hOpMOBAaHMI CTaH KOHIACHCATOPiB
€JICKTPOCTAHIIIH JUI1 BU3HAUYEHHS HEOE3NeUYHNX 30H KOHCTPYKIIH 1 pO3MoIily TeMIepaTyp y KOHJIEHCATopi Ipu
CTalliOHAPHOMY pEXHMi POOOTH K OCHOBHOMY. Ha 0a3i mpoBeJeHOTO aHali3y HalaHi pEeKOMEH[AINl 100
YJIOCKOHAJIEHHS TEIJIOMacOOOMIHHUX anapartiB eJIeKTPOCTAHIIN, B TOMY YHCIII NPUAITIEHa yBara BIPOBaKEHHIO
HOBITHIX MaTepiaiiB, aBTOMAaTH30BaHNUX CHCTEM KOHTPOJIIO Ta ONTHMIi3allisi KOHCTPYKIL.

KJIFOYOBI CJIOBA: eHepaoeghekmusHicmp, HaolHicmy, AKicmo, e1eKmpPOCmanyis,
MmeniomMacooOMinHe 001A0HAHHS, Napo8a mypoiHa, KOHOEHCAmMop
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NIIBUIIEHHS IIBUIKOIAII CACTEMU KEPYBAHHS TUPUCTOPHUM .
KOMIIEHCATOPOM PEAKTHUBHOI IOTYKHOCTI EJIEKTPOJAYTOBUX NNEYEH

Emextponyrosi nedi (EII) mictars mivni TpancopmaTopu 3 koedimieHToM moTyxHOCTI 0,3, AKi mpu
HECHHYCOIHUX CTpyMax CTPHOKaMHM BHIIAJKOBUM YHHOM CIIOKMBAalOTh PEAKTHBHY IOTYXKHicTb. Jlis
KOMIIEHCalii OCTaHHBOI BUKOPHCTOBYIOTh THPHUCTOpHI KommeHcatopu peakTuBHOI mortyxHocti (TKPII). Ilpu
CTpUOKax peakTHBHOI MOTYXHOCTI Bimoma cucteMa kepyBaHHs TKPII 3a0esmeuye gac perymroBanas 0,02 c,
OCKIJIbKM BH3HAYA€ KyT KEPYBaHHS TUPUCTOPIB 32 OCTAHHIN 1epio]i MepexxHoi Hanpyru. [Ipy oMy BIIPOIOBK
nepexinnux npoieciB peryiroands TKPII peaktuBHa noryxHicts EJIIT He koMnieHCy€eThCS.

Mertoro poboTH € mifBuIIeHHs WBHAKOAIT cuctemu kepyBanHs TKPII amst 3MeHIIEeHHST HEKOMIIEHCOBaHOT
peakTHBHOI MOTY)KHOCTI B TEPEXiTHUX Npolecax peryioBaHHs. [locTaBieHa MeTa JOCATaeTbCs TUM, 110, HA
BIIMIHY BiJI BIZIOMOi CHCTEMHU KepyBaHHs, KyT KEpPyBaHHS BU3HAYA€THhCS KOXXHHUU IMIBIEPiO] BHUPILICHHIM
pIBHSIHHS MiHIMI3alil (YHKI[IOHAJIa CepelHbOKBAAPATUYHOI MOXHMOKM DIBHOCTI CTPyMy peakTopa i CTpyMmy
TpaHcopmaropa 3 KOHIECHCATOPOM B MOMEHTH aMIUIITYJHOTO 3HA4YCHHS MeEpexHol Hampyru. B pesynbraTi
MIBUAKO/ISI CHCTEMH KepyBaHHS miasuinyetses 1o 0,01 c.

HaykoBa HOBH3Ha poOOTH TOJISITae B MOJAIBIIOMY PO3BUTKY BUpa3y (yHKIIOHaJIA ISl BU3SHAUEHHS KyTa
kepyBauHs TKPII Ha ko>kHOMY miBIIepioni Hanpyrd. [IpakTHyHa 3HAYMMICTB: MiABUIICHHS IIBUAKOIIT CHCTEMHU
kepyBanHs TKPIT B nBa pa3su 3MeHIIye B JABa pa3d CIIOKMBAHHS PEAKTHBHOI MOTY)XHOCTI B TEpeXiIHUX
IpoLecax PeryiIioBaHHS 1 MiJBUILYE Pe3yNbTYIOUMH KOS]Ii€HT MOTY)XHOCTI 0 oauHHLi. Poboro3nmarHicTh
3anporoHoBaHoi cuctemu kepyBanHst TKPII nepeBipeHa Ha MmaremaTuuHii Mozeni.

KITIOYO0BI CIIOBA: enexmpodyeoea niy, peakmugHa HOMYNCHICMb, KOMNEHCAYis, CROCiO Kepy8anHs,
MinimMizayis QyuKyionany.

SAx nuryBatu: KoBansos B. M., Xom’sik E. A., Mipommnuk €. 1., Tumodees O. I1., Kpyreko B. O., IlleBuenko
B. I1. CraricTiuHi METOM YIIPaBIiHHSA SKICTIO MEXaHIYHOI 00pOOKH Manux naptiit. Mawunobyoysanns. 2025,
Bun. 35. C. 26-35. DOI: https://doi.org/10.26565/2079-1747-2025-35-03
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Enextpomyrosi medi (EAIT) €
KIIOYOBUMU TEXHOJOTIYHUMH 00’ €KTaMU B
MeTaypriiHii MIPOMHUCIIOBOCTI, SIK1
3a0e3neuyoTh BUIUIABKY 10 11% cBiroBoro
o0csary crami. OpHak X  eKCIUTyaTtaris
CYIPOBO/DKYETHCSI  3HAYHHUMU  BUKIIMKAMH,
30KpeMa HU3BKUM KOe(]iIliEHTOM MOTYXHOCTI
(cosp = 0,3) yepe3 BHCOKY IHAYKTHUBHICTH
pO3citoBaHHS MiYHMX TpaHcpopMaTopiB, LIO
CIIPUYMHSIE  CTPHUOKOTOMIOHE  CIIOXKWBAaHHS
PEaKTUBHOI TMOTY)XHOCTI TPH HECHHYCOITHIX
ctpymax. Lli mpouecum TpU3BOAATH IO
HECTaOUTBFHOCTI HAINPYTH B  EJIEKTPOMEPEXKi,
30KpeMa A0 sBUIIa Quiikepa, 10 HETaTHBHO
BIUIMBAE HAa SAKICTh EJNEKTPONOCTaYaHHS Ta
e(hEeKTUBHICTh E€HEPrOCIIOKUBAHHS. st
BUpIIICHHS i€l mpooeMu IIPOKO
3aCTOCOBYIOTBCS. THUPUCTOPHI KOMIIEHCATOPH
peaktuBHoi motyxkHocTi (TKPII), sixi 3abe3-
NEeYyIOTh MIBHAKE DPEryJIOBaHHSI PEaKTUBHOI
MOTY>KHOCTI 32 JIONOMOTOI0 (Pa30oKepOBaHUX
peakropiB. [IpoTe cydacHi cucTeMu KepyBaHHS
TKPIT matoTh 0OMEXEHY IIBHIKOAIKD (4ac
perymoBanas craHoButh 0,02 c), mo He
JIO3BOJISIE TTOBHICTIO KOMIICHCYBAaTH PEAKTUBHY
MOTYXHICTh y  MEpexilHUX  mpoliecax,
0COOJIMBO TiJT 9aC TUHAMIYHAX PEKHIMIB

Beryn

3aIlaJIIOBAHHS €JIEKTPUYHOI AyTH.

Mertorw pgaHoi poboTu € po3poOka Ta
oOrpynTyBanHs criocoOy kepyBanHs TKPII i3
MiABUILECHO0 IIBUAKOAIEID Ul 3a0€3MeYeHHS
MHUTTEBOT KOMIIeHCcalii peaKkTuBHOL
notyxkHocti EJIl y mepeximHux pexuMax.
3anpornoHoBaHMK  Tinxim  Oa3yeThcs  Ha
BHU3HAYEHHI KyTa KEpyBaHHA TUPUCTOPAMHU

KOXKHI ~ MIBIEPIOAM  HANpPYrH  LUIAXOM
MiHiMi3amii (hyHaKIIiOHATA
CepEeIHbOKBAAPATHIHOL ITOXHOKH MIK

CTpyMOM  (ha30KEpOBaHOI'O  peakTopa Ta
CyMapHHUM CTPYMOM Mi4HOTO TpaHchopMmaropa
1 KoHaeHcaTopa. lle 103BoJIsie CKOPOTUTHU Yac
perymroBansst 10 0,01 ¢, mo BaBiYi migBHILYE
e(peKTHBHICT,  KOMIICHCAI[li Ta  CIpHSE
3HDKCHHIO  HEKOMIICHCOBAHOI  PEaKTHBHOI
moTy)xHocti. HaykoBa HOBu3Ha poOoTu

TOJIATAE y BIOCKOHAJICHHI BUpPa3y
(dhyHaKIIIOHATA TUTS MiBYEPIOAMIHOTO
KepyBaHHA, a TNpakTWYHa MIHHICT — ¥

nifBuIneHHI koedimienta motyxHocti EJIT no
OJIMHUII Ta 3MCHIICHHI BIUIUBY (uiikepa Ha
enekTpomepexy. EdexTuBHICTE 3amporoHo-
BaHOTO METOJY HiJATBEp/KEHA MaTeMaTHYHUM
MOJICTFOBAaHHSIM y TPOTPAMHOMY CEpPEIOBHII
MATLAB.

AHaJi3 ocTaHHIX J0ocaiTKeHb | myOaikamiii

3rigHo 3 [1] y cBiTi 6xu3eko 11% crami
BUILIABIISIETHCS 3 BUKOPUCTAHHIM
enektpoayrosux mneueit (EAIl) motyxaicTio
no 50 «kBr. IIpu 1pomy KoedimieHT
noryxknocti  EJIIl  mpubnusHo  ckiamae
cos@=0,3, ockinbkM MiYHI TpaHchomMaTopu
MalOTh 3HAa4YHI BEJIWYMHU  1HIYKTUBHOCTI
PO3CitOBaHHS ISl 3MEHIICHHS! KUAKIB CTPyMy
B MOMEHTH 3aI1alFOBaHHs eJIEKTPUIHOT TYTH.

JuHaMiuHI ~ peXWMH  3amajioBaHHS
€JIEKTPUYHOT IyTH 3aliMaroTh B
TEXHOJIOTIYHOMY IIMKJIi TUIAaBKH  METAlliB
ommszpko  14%. Tlpu 1pomMy  BHACIIIOK
HeJiHIHHOCTI BOJIBT-aMIIEPHOL
xapaktepuctuku (BAX) enextpuuHoi myru
CITOKMBAHUH CTPYM CTa€ HECUHYCOimHUM [2].

3 anamizy mgiteparypu [3] Bimomo, mo
BAX enekTpuuHOi IyrM MOZETIOETHCS abo
EMITIPUYHUM PIBHIHHSIM.

U, _A+Bl+—C ()
D+1

a

ne A, B, C, D — emmipuuni xoedimientu; | —
JoBXkHuHA nyry; la — crpym nyru; Ua — Hanpyra
JyTH;

abo LUIIXOM PO3B*s3aHHS
T epeHIiHHOTO PIBHSHHS OTpUMaHOTO B [4].

ar  k, .
k" +k2ra: i? (2)
ne m, n, k1, k2, k3 — emmipuysi koediieHTH;
— paaiyc Oyru;i — CTpyM AyTH.
3 MeTor KOMIIEHcalii peakTUBHOI
notyxaocti E/IIl mmpoko 3acTocoByroThCs

m+2

TUPUCTOPHI ~ KOMIICHCATOPU  PEAKTUBHOI
notyxHocti  (TKPII), sxi 3abe3mnedyrorh
HIBUIKY KOMIICHCAIIi0 peaKTUBHOI
notykHocTi.  ExemenToMm, mo 3abe3neuye

IIBUAKE 1 TUIABHE PEryJIOBaHHS PEaKTHBHOI
notyxaocti EJIIl, €, Ttak 3Bauwmii, @Qa3o-
kepoBaHuii peaktop (PP), cxema sikoro sBise
co0OI0 TOCHiIOBHE 3’€JHAHHS peakTopa Ta
THPUCTOPHOTO peryisTopa Hanpyru (puc. 1).
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Puc. 1 — Cunosa cxema EJIIT 3 TKPII
Fig. 1 — Power diagram of EDP with TCRP

B MoMeHTH 3amamroBaHHS €IEKTPUYHOI
Iyrd  BiAOyBarOTbCS ~ MHTTEBI  KOPOTKI
3aMUKaHHS, SKi CTBOPIOIOTH MIPOBATM HAMPYTH
(dnikep) B enekrpomepexi [5-10]. HeoOxigHo
3a3HaYUTH, IO 32 PaxXyHOK KOMIIEHCaLil
pEeaKTUBHOI MOTYXHOCTI BiZIOyBa€eThCA
3HW)KEHHS piBHS (uiikepa, SK JOJATKOBUH
MO3UTHBHUN (HaKTOP.

PerymroBaHHSI peakTHBHOI MOTY)KHOCTI
®P 37iHCHIOETBCS LUIAXOM 3MIHH — KyTa
KEpYBaHHS TUPUCTOPIB CHCTEMOIO KEPyBAaHHS
(CK). Ilpu npoMy BUHHKA€E akTyajdbHa 3adada
MiJBUINCHHS [IBUAKOIII CUCTEMH KepyBaHHS
TKPIIT JUTS KOMITeHcaL1 peaKkTHUBHOL
notyxxHocti EJIIl B mepeximHux mporecax
pEryJIOBaHHS TMPH CTPUOKAX CIIOKUBAHHS
pPEaKTUBHOI MOTYXKHOCTi, y TOMY 4YHCIi, B
JUHAMIYHUX peKUMax 3aratOBaHHs
€JIEKTPUYHOT IyTH.

OTtxe, HaOyBae BHCOKOi aKTYaIbHOCTI

3a7a4da T IBUIICHHS JTUHAMIYHAX
xapakrepuctuk TKPII mpu HecunycoigHux
peKMMax  CIOXKUBAHHSA  €JICKTPOCHEpTii.

Ocuogoto poszutky TKPII B qanomy Hampsimi
CIiI BU3HATH YAOCKOHAIEHHS CIOCOOIB iX
KepyBaHHS.

Metoro poboTH € CcHHTE3 crocoly
kepyBanHaa TKPII 3 nmiaBuIieHo0 IIBUIKOAIEIO
JUTSE KOMIICHCAITii IIIBUIKO3MIHHOI PEaKTHBHOT
nortyxnocti EJIIT.

3aranpHu aHali3 CHOCOOIB KepyBaHHS
TKPII 14 peakTMBHMX  HaBaHTA)KEHb
MPOMHCIIOBUX MiANPUEMCTB HaBeleHu B [11-
14]. Cmnocobu kepyBanns TKPII s
€JIeKTPOTPaHCIIOpTy HaBeneHuM B [15-16], nus
PEaKTHBHUX HaBaHTAXXEHb MiCBKHX
enekTpoMepexk HamenmeHuid B [17-19]. Vi
PO3MIIHYTI clOcOOM KepyBaHHS 3aCHOBaHI Ha
CTYIIHYaCTOMY peryoBaHHi €MHOCTI
KOHJICHCATOPHUX Oarapeil i Ha 3a0e3mmeuyroTh
MUTTEBOT KOMITCHCAITi{ pEaKTUBHOL

MTOTY>KHOCTI HaBaHTa)KEHHS MPH ii BUMAIKOBIN
KOPOTKOYACHIH 3MiHi.

Hnsa  emektpuunoro  kxoma  EJIII
XapakTepHUM € IIBUAKO 3MiHA PEaKTUBHOTO
OTIOPY PO3CIFOBaHHS MIYHOTO TpaHchopMaTopa
3 NpUYMHHM HemdiHiHocTi BAX enektpuuHoOi
nyrd. BrwB 3MiHM 1HIYKTHBHOTO OMOpY Ha
xapaktepuctuku Ta  napametpu — TKPII
mocimimkeno B [20]. 3’acoBaHO, MO TpH
301IBLICHHI PEaKTUBHOTO OIMOPY PO3CIIOBAHHS
MaKCUMaJIbHE 3HAYCHHS PEaKTUBHOI
MOTY>KHOCTI, III0 MOKE T'€HEPYBaTH Y MEPEexXy
TKPII, Tex 30LIbIIYEThCS, ajie TPU I[LOMY
rmbuHa peryJIrOBaHHS peaKTUBHOI
MOTY>KHOCTI 3MeHIyeTbes. [ mokpamieHHs
skocti  BximHoro crpymy TKPII, ToGTO
3MEHIIIEHHsI Horo KoedillieHTa TapMOHIK 10
3Ha4eHb MeHUMX 5%, MpPONOHYETbCA B
MPOLIECI PEryJIOBaHHS i HaBAHTAXXCHHSIM
3MIHIOBAaTH I1HIYKTUBHICTh peakTopa y KOIi
TOpiHHA CJIEKTPUIHOT IYTH. Take
peryiroBaHHS BiIOyBAa€ThCS CTPUOKOIIOMIOHO
IUISXOM MEPEMUKAHHS BiJIAiOK BiJi OOMOTKH
peaxTopa 3a IOTIOMOT 00 CHMHCTOPIB.

B [21] posrnsiHyTHI cTTOCOO KepyBaHHS
TKPII 3 BHUKOPHUCTaHHSM  JOJAaTKOBOTO
(biTBTPOKOMITEHCYIOUOTO TpUCTporo. B [22]
JIOCHIJDKEHO TKPII 3 MIPUMYCOBOO
KOMYTAlli€l0  THPUCTOPIB 32  HAasBHOCTI
BOJIBTO/IOZABAHHS ¥ BU3HAYEHO IHTErpaibHI
MOKa3HUKH HOro eHepreTHYHoro mporecy. B
[23] nmochiKeHO BIUIMB  MApaMETPUYHOI
MoayJsLii iHAYKTHBHOCTI PP Ha iHTErpaibHi
nokasHuku eHeprerndHoro npomecy TKPIT i3
3a3€MJIEHOIO HEUTpaILTIO. B [24,25]
JIOCHIJDKEHO BILTUB crioci0 UIUPOTHO-
imynbcHoi Moayisiii TKPIT i3 mpumycoBoro
KOMYTAli€l0 THPHCTOPIB.

PoGora [26] mpucesueHa po3poOIL
crioco0y kepyBanHs TKPII mHa ocHOBI
BUAUICHHS CHTHQJIYy TIEPIIOi  TapMOHIKH
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CTpyMy 3 TOJAJIbIIMM BU3HAUYEHHSAM KyTa
KEepyBaHHS THPUCTOPAMH Ha OCHOBI (hopMyIH,
110 TOB‘SI3y€ aMIUTTYy PEaKTUBHOTO CTPyMY
nepuoi rapmMoHiku ®P 3 KyToM KepyBaHHS
THPHUCTOPIB, TOOTO

200 sin2a
I =Im(1—n—nj 3)
ne Imax =U/(owl) — ammmityma ctpymy, Lo
MPOTiKae B peakTopi 3 IHAYKTHBHICTIO L Tmifg
Jiero Hampyrd Mmepexi 3 amrorityzgoro U 1 3
KYTOBOIO YacTOTOIO ®; 0. — KyT BiJKpHBaHHSI
THPHUCTOPIB B pajiaHax.

OcCHOBHA CKIIQ/IHICTh CIIOCO0Y TOJIATAE Y
HEOOX1THOCTI BUAUICHHS CUTHATY PEaKTUBHOI
CKJIa[IOBOT MEPIIOi TAPMOHIKH CTpyMy. 3 LI€I0
METOI0 HPOTIOHYIOTh BHUKOPHCTOBYBAaTH
¢inpTpamito  ctpymy abo  iHTerpyBaHHs
JOOYTKy MHTTEBHX 3HA4eHb CTpyMy Ha
OTIOPHHUI CWTHANl, MPOTe TaKWH MiAXix He
JTO3BOJISIE JTOCSITTH TPAHWYHOI IIBHIKOMII Ta
BHUCOKO1 TOYHOCTI KOMIIEHCcaIil, 110
00yMOBIIEHO HEIJCaNbHICTIO XapaKTePUCTHK
¢inpTpa. OkpiMm 1BOTO, 3 BUpasy (3) crmigye,
I0 KyT KepyBaHHS THPHCTOPIB MOe OyTH
3aJJaHUI HE YacTillle OJIHOrO pa3 Ha Mepio/.

B pobori [27] 3ampornoHoBaHU CHOCiO
kepyBanHa TKPII, skuit rpyHTyeThCS Ha
BUPpIIIICHH] 3a7a4i MiHIMi3aIlil (pyHKIIOHATY

III0YOTO 3HAYEHHS CIIOKHBAHOTO 3 MEpexi
CTpyMy, SIKHH JIOpIBHIOE CyMi CTpyMiB
koHmeHncaropa TKPII, mepBuHHOI OOMOTKH
miyHoro TpaHcopmaropa ikT(t) Ta CcTpymy
(hazoxepoBanoro ®P peaxropa iL.

T

3, = [ii, (e :} (i,,, (1) +i, (@, 1)?dt (3)

0

ne iM — cTpyM CHOoXHBaHUH 3 Mepexi; iKT(t) —
CTPYM INEPBUHHOI OOMOTKH Ta KOHJEHCATOpa,;
T — mepiog mepmoi TapMOHIKA CTPyMy.
iL(a,t) — cTtpym uepe3 ®P, mo BupaxkaeTscs
dhopmyioro

u, . .

—(sinwt —sin o )npua < ot < 7 -

i (@)= (5)

u, . .
—L(sm ot +sina)pur +a <ot <21 -a
[0

[Ipore, nmodymora CK TKPII Ha ocHoBi
MIPUHIAITY MiHiMi3anii ¢yakmionany (4) He
JIO3BOJISIE JOCSATTH MaKCHMalbHOI MIBHUAKOIIT
Ta BUKOPUCTATH BCl TIepeBard METOIy,
OCKLIBKH KYT KEPYBaHHS 3MIHIOETHCS OIHH pPa3
3a mepiof, a Tpeba OAMH pa3 3a MiBIepio.

Taxkum YUHOM, B PO3TIAHYTIN
JiTepaTypl He BUpIilIeHa 3ajada ITiJBUIICHHS
mBuAKo T cucremu kepyBanus TKPIL.

BuKJ1a] 0CHOBHOTO MaTepiaay

Jnst mobynoBu mBunkozirouoi CK mmst
TKPIIT HeoOXiHO BHUMIpPIOBAaTH MHUTTEBE
3HaueHHs cTpymy @OP npu t=0,01c, xomum
Hampyra Mepexi Ha0yBae MIHIMaIBHOTO
3HadyeHHsA. B 1eil MOMEHT HeoOXigHO
BU3HAYaTH KyT KepyBaHHs Thpucropamu OP
JUISL APYTOrO MiBIIEPiOAy HAPYTH KHUBJICHHS.

MurreBe 3HAYEHHS CTpyMY,
CIIOKMBAHOTO 3 MEpexi, OyJe MiHIMalbHHM,
Koy MUTTeBUHA cTpym PP Oyne piBHHMH 3a
MOJYJIEM 1 NPOTWICKHHMH 32 3HAKOM CyMi
CTpyMiB KOHZIEHCaTopa i MIYHOTO
tpaHcopmaropa, ToO6TO iL(t)=  —ikT(t).
Ockinbku B MOMeHT t=0,01c 3Ha4eHHS CTpyMy
IKT 3a3JlaJIeri/{b HEeBIIOMi, TO KyT KepyBaHHS
®P MOXIMBO BHU3HAYaTH 3a MHHYJIOIO
HaiBXBWJICIO ~ CTpyMy  TpaHcdopmaTopa,
BUXOJASYM 3 JONYLICHHS, IO CTPYM IT Mae
MiBXBHJIBOBY  CHUMETpif0, TOOTO  iT(t)=—
iT(t+T/2). Toni 3amagero CK B moment t=0,01c
€ BU3HAYCHHS KyTa KepyBaHHs THPHCTOPOM Ha
JIIpyroMy IMiBIEpioni, mpu skoMmy ctpym OP
MiHIMaJIbHO BIOXWJISBCS BlJ 3HA4YEHb, IO IX

Ha0yBaB CTpyM
NEepIIOMY MiBIIEPiOi.

OCKUIBKH METOIO KOMITeH Al
pEakTHBHOI  HOTYXHOCTI €  3MEHILICHHS
JII0YOro 3HAYEHHS CTPYMY, IO CIIOKHUBAETHCS
3 Mepexi, a MIHIMyM Jil040oro 3Ha4eHHS
CTpyMy BIIOBifla€ MIHIMyMy IHTeTpairy
KBaJpaTa MUTTEBOTO CTPYMYy MeEpexi, TO AJs
omiHku Onmu3bkocti ctpymy @P il 1o ctpymy
iT JOUIIBHO 3aCTOCOBYBaTH IHTETpalIbHUH
KBaJIpaTUUYHUHA KPUTEPIiH.

Tomi wiga 3a0e3nedeHHs  MUTTEBOI
KoMIeHcallii peaktuBHOI moTyxHocti EJIT 3
MaKCHMaJbHOI IIBUIKOIIE€I0, HA BIJIMIHY BiJXl
(4), CKJIaIEMO (hyHKITIOHAT
CePeIHbOKBAIPATHYHOI  MOXMOKM  PIBHOCTI
ctpymiB iL @P i crpymy Tpancdopmaropa 3
KOHJICHCATOPOM IKT 3a IiBIIEPioz,.

T/2

3, = [0, @i (@.1)*dt ()

Jlis  BU3HAYCHHS KyTa KepyBaHHS
THPHUCTOPIB 3 METOIO 3a0€31eICHHS

TpaHcdopmaropa Ha
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MIHIMAJIBHOTO  JIIOYOTO 3HA4YCHHS CYMH
CTpyMiB HaBaHTAKEHHS Ta TKPII
BUKOPHCTAEMO METOJIWKY Teopii BapiamiifHOTo
oOumucnenHs. s 4oro ckiaageMo piBHSHHS
Eitnepa, B3sBIIN 9acTKOBY MOXimHY Big (6) i
MIPUPIBHSABIIN 11 10 HYIIS.

o T/z_ ] 5
P J;(|Km(t)—|L(a,t)) dt |=0 (7)

[Ticnst BUKOHAHHS PAy MaTeMaTUYHUX
MEPETBOPEHDb OTPUMAEMO PiBHSIHHS 3pOOHBIIN
migctanoBky (5) B (7),

T/2
_U‘;% [, (-1 (. )dt =0 (8)
0

BinkuHyBIIH KOPiHB PIBHSHHS 0=1/2, K
TakWi, IO HE Ma€ (I3UYHOrO CEHCY,
NPOIHTErpyBaBIIM Ta CHOPOCTUBIIA BUPA3,

OTPUMAEMO.
TI2

jim(t)dt—zTU cosa+| a—= |sina |=0 (9)
0 oL 2

Ha ocHoBi piBHsHHS (9) pOMOHYETHCS
crioci6 kepyBanHs TKPIL, amroputm skoro
HOJIATAE B HACTYITHOMY:

1) po3paxoByBaTH iHTErpasl CTPyMy i1(t)
32 MUHYJIMH MIBOEPioa B MOMEHTH JIOCATHEHHS
HANPyTOI0 MEpeXi aMIUTITYAu; 2) BHPIIIATH
piBHsHHA  (9), KOpeHeM SKOTO €  KYT
KepyBaHHA, IO Mae OyTH 3agaHuil s
BIAMOBIJTHOTO ~ THPHUCTOpa y  HACTYHHOMY
miBIEPioi.

Ockinbku PIBHSIHHS &) €
TPAaHCLUEHJCHTHUM, TO IIOUIYK KOPEHS Mae
BECTUCh OJHUM 3 YHCEIIBHHX METOZiB abo 3
BUKOPHCTAHHSM ITOIITYKOBOT TaOJIHII.

ExcniepumenTanbHy nepeBipKy
3alPOIMIOHOBAHOI MIKpOIPOIIECOPHOT CHUCTEMHU
KepyBaHHA 3 BiJNOBIJHAM IPOrPaAMHUM
3a0e3neueHHAM Ta JIPYKOBaHUMH IUIaTaMU Ha

Po3pobnennii  TeopeTHUHUIT  METOJ
kepyBanns TKPII, BamijgoBaHuii MaTeMaTHK-
HUM MOJISITIOBaHHsIM, 3a0e3revye i3 MIBUIKO-
niero 0,01 c, skuil BU3HAUa€ KyT KepyBaHHS
TUPUCTOPAMHU  KOXHI IBIEPIOAY IUIIXOM
MiHIMIZamii  (yHKIIOHaTa  CepeHbOKBAJI-
paTuvyHOi NOXMOKH MK CTpyMOM (a30KepoBa-
HOT'0 PEAaKTOpa Ta CyMapHUM CTPYMOM ITIYHOTO
Tpanchopmaropa ¥ koHaeHcartopa. Haykosa
HOBHM3HA MoJisArae y (HOpMyJItoBaHHI (YHKIIO-

TeNepiliHii 4Yac TNPOBECTH  HEMOXKIIHUBO,
OCKINBKM i CTBOpeHHS NOTpedye 3HAYHUX
(inancoBux  pecypciB. Tomy  momiibpHO
IIPOBECTH MaTEMAaTUYHE MOJCIIOBAHHS.

MopnentoBanHs ~ TPOIECIB  MHUTTEBOI
KOMIICHcaIlii PEaKTUBHOI MOTYXHOCTI
MIPOBOJWJIOCS B IPOTPaMHOMY CEpPEIOBHILI
MATLAB Ha ocCHOBI MeTOJa CHUTHAJIBHUX
rpacdiB [28]. Koxni miBmepiogy B MOMEHTH
JOCSITHEHHSI HAIIPYTOI MEpEXi aMILTITyTHOTO
3HAa4YEeHHS Ha OCHOBI PO3pPaxOBaHUX 3HAYEHBb
ctpymy ikt CK 3mificHIOE OO4YHCICHHS KyTa
KepyBaHHA BiITOBITHUM THPHUCTOPOM ILISTXOM
3HAXO/DKCHHA KOpeHs piBHAHHA (9) MeTomoMm
JUJICHHS HaBIiJ. Pe3ynbTaT MOCIIOBaHHS
npezcTaBieHi Ha puc. 2.

a — CTPyM TEPBUHHOI OOMOTKH TIYHOTO
Tpancopmaropa; ©) — CTpyM MEPBHHHOI
oOMOTKM  migyHOrOo  TpaHcopmaropa i
KOHJIEHCATOpa; B) — CTPyM (a3oKepoBaHOTO
peaKTopa; T) — CTpyM CIIOKHBAHHS 3 MEPEKi.

Bemuunan  cTpyMiB  TIpencTaBlieHi
BiTHOCHO  CHHYCOiIHOTO  CTpyMy  IpH
MTOBHICTIO BIAKPUTUX TUpHCTOpax. OquHMII Ha
0C1 OpJIMHAT BiJIMIOBIIa€ aMILTITYIHE 3HAUCHHS
CTpyMy  TEpPBHHHOI ~ OOMOTKM  MiYHOTO
TpaHcpopmaropa. B mMoment uacy t1=0,07 ¢
BiOyBa€eThCsl 3MEHLICHHS cTpymMy Ayru. llpm
t=t2=0,15 ¢ 30inmbIIeHHS CTPyMy JAyTH.
BigmoBigHo B MomeHTH dYacy tl Ta (2
3MIHIOETBCS ~ CTPyM TEpBUHHOI  OOMOTKH
miyHoro  tpaHcdopmaropa  (puc.2a) Ta
CyMapHUil ~ CTpyM  IE€pPBUHHOi  OOMOTKH
Tpancopmaropa 1 koHmeHcatopa TKPII
(puc.26). 3 pucynky 2B BugHo, sik CK Ha
3MiHy CTPYMY MEPBHHHOI OOMOTKH BiJIlIOBia€e
3MIHOIO KyTa KepyBaHHs Tupuctopie ®P. Ha
PUCYHKY 2I TOKa3aHUM CTPyM CHOXKMBaHUN
BiJl JUKepesa KUBJICHHSL.

BucnoBxku

Haja JUisl TiBHEPIOJAWYHOTO OHOBJICHHS KyTa
KepyBaHHS, 110 BABIYI MiBHILYE IIBUIKOIIO
[TOPIBHSHO 3 MEPIOAUNYHUMHU MeTofamH. [Ipak-
TUYHA I[IHHICTh: METOJ 3MEHIIYE HEKOM-
MIEHCOBaHY PEAaKTHUBHY IOTYXHICTh YJIBI4i B
MePeXiHUX MpoIecax 1 MIBUIILYE Koe]ilieHT
notyxxaocti EJIl mo 1,0. EdexrtuBHicTh
MiITBEP/HKEHO MAaTEMAaTHYHUM MOJICITIOBAHHSIM
y MATLAB.
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Puc. 2 — Pe3ynbTaTi MoJenOBaHH: 3alpONOHOBaHOro crioco0y kepyBanus TKPII
Fig. 2 — Results of modeling the proposed method of controlling TCRP
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INCREASING THE SPEED OF THE CONTROL SYSTEM OF THE THYRISTOR
COMPENSATOR OF REACTIVE POWER OF ELECTRIC ARC FURNACES

Electric arc furnaces (EDP) contain furnace transformers with a power factor of 0.3, which randomly
consume reactive power in the form of jumps when non-sinusoidal currents are present. Thyristor reactive power
compensators (TRPC) are used to compensate for the latter. When reactive power jumps occur, the known TCRP
control system provides a regulation time of 0.02 s, since it determines the control angle of the thyristors for the
last period of the mains voltage. At the same time, during the transient processes of TCRP regulation, the
reactive power of the EAF is not compensated.

The aim of the work is to increase the speed of the TPRC control system in order to reduce
uncompensated reactive power in transient control processes. The goal is achieved by the fact that, unlike the
known control system, the control angle is determined every half-period by solving the equation of minimizing
the functional of the root mean square error of the equality of the reactor current and the transformer current with
a capacitor at the moments of the amplitude value of the mains voltage. As a result, the speed of the control
system increases to 0.01 s.

The scientific novelty of the work lies in the further development of the expression of the functional for
determining the control angle of the TCRP at each half-period of voltage. Practical significance: doubling the
speed of the TCRP control system reduces reactive power consumption in transient control processes by half and
increases the resulting power factor to unity. The performance of the proposed TCRP control system has been
verified on a mathematical model.

KEYWORDS: electric arc furnace, reactive power, compensation, control method, functional
minimization.
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CTATUCTUYHI METOIHM OUIHIOBAHHS SIKOCTI TEXHOJIOI'TYHUX MPONECIB
TP OBMEKEHIN KIVIBKOCTI IH®@OPMAIII

Y crarti po3MISHYTO THMTaHHS MiJBUIIEHHS e(EKTUBHOCTI YNPABIiHHS SKICTIO MeXaHi4YHOi 00poOKu
MaIMHOOYAIBHOT TPOAYKIii y ManocepiiHoMy BuUpoOHHLTBI. OCHOBHY yBary MNpPUAUJICHO 3aCTOCYBAaHHIO
CTaTHCTHYHHUX METOMIB KOHTPOJIIO, 30KpeMa METOJy KyMYJISITHBHUX CYM, SIK IHCTPYMEHTY JUIsl JIarHOCTHKH
TOYHOCTI TEXHOJIOTIYHOTO TIpOIleCy HA TOKapHUX BEpCTaTax 3 YHCIOBHM MPOTPAMHHAM KEpyBaHHSM.
OOrpyHTOBAaHO [IOLUIBHICTE BHUKOPHUCTAHHA KOHTPOJNBHHMX KapT KyMYJSITUBHHX CyM 3aMicTh TpagMIiiHHX
METOZIB, III0 HE BPaXxOBYIOTh JHHAMIKY 3MiHH apaMeTpiB y daci.

Y Mexax ZOCHiIKEHHS MPOaHalli30BaHO Pe3yNbTaTH MeXaHI9HOI 0OpOOKH (praHII KOJIHYACTOTO Baja 3i cTaii
20X na Bepcrari 16K20D3. Byno npoBeaeHo 25 BUOIpOK MO 5 OMUHHLE MPOAYKIIT U OI[IHFOBAHHS BiIXHJICHD
PO3MIpiB BiJl HOMIHAJBHOTO 3HA4YEHHS Ta IMOOYJOBU BIANOBITHUX KyMYJSITUBHHUX KpuBHX. Ha oCHOBI
EKCIIEPUMEHTAIBHUX JaHUX 00y J0BaHO Tpadiku 3MiHU KyMYJISITHBHUX CYM, @ TAKOX 3alIPOIIOHOBAHO €TATIOHHY
KapTy JJIsi BAKOPUCTAHHs Ha BUPOOHMITBI. BCTaHOBNEHO UiTKH 3B’SI30K MiXK HaXHJIOM KPUBOI KyMYJISITUBHUX
CYM 1 piBHEM SIKOCTI MpoLeCy MexXaHiuHOi 0OpoOKM: rOpH30HTANbHA KPHMBa BiJIOBiJa€E 3aJ0BUILHOMY CTaHY,
ClaJiHa — MOTaHii SKOCTIi, a BUCXiHA — BHUCOKIi SKOCTI.

3anpornoHOBaHO MaTeMaTUYHHI anapart JUIs Po3paxyHKy KOMIUIEKCHOTO MOKa3HUKa SIKOCTI MeXaHi4YHOT 00poOKu
3 ypaxyBaHHSM BaroMOCTi OKPEMHUX MOKa3HUKIB SKOCTI (TOYHOCTI, IMOPCTKOCTI, MPOCTOPOBUX BiIXHUJICHD TOIIO).
BcranosneHo, 1o meil KOMIUIEKCHHH MOKa3HUK repedyBae B KOpelsuii 3 piBHEM TEXHOJIOTIYHOTO IpPOIeECy i
Moke OyTH e(peKTUBHUM KPUTEPieEM HOTO OIiHKH.

PesynbraT OCTIKEHHS MOXYTh OyTH 3aCTOCOBaHI JUIS ONEPATUBHOTO KOHTPOJIO Ta MOKPAIIEHHS SKOCTI y
BUPOOHHUITBI MaNUX MapTiii MamMHOOYIiBHOT POIYKIIii, 0 OCOOIMBO aKTyaJbHO JJIsi YMOB APiOHOCEPIHHOTO
Ta 6araTOHOMEHKJIATYPHOTO BUPOOHHUIITBA.

K/TIOYO0BI CJIOBA: oyiniosanns skocmi, CMAmucmuyHi Memoou, o00MedceHa KilbKicmb I[H@opmayii,
Keaimempis, mexHoN02iYHULl npoyec.
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Sxicte  mpomykuii  (BKIIOYHO 3
HOBH3HOIO, TEXHIYHHUM piBHEM, BiJICYTHICTIO
nedekTiB y BUKOHAaHHI, HAAIHHICTIO B

eKCITyaTallii) € OHWM 13 HaWBaKIMBIIIHX
3ac00iB KOHKYpEHTHOI OOPOTHOM, 3aBOIOBAHHS
H yTpUMaHHS TO3ULIM Ha pHUHKY. Tomy
oprasizarii MPHUIUILIOTE OCOONHMBY yBary
3a0€3MEYEHHI0 BHCOKOi SIKOCTI MPOAYKLIi,
BCTaHOBIIIOIOYM KOHTPOJb Ha BCiX CTaifx
BUPOOHMYOTO  MpOLECy,  IOYMHAIOYM 3
KOHTPOJIIO SIKOCTI CHPOBHWHHM 1 MaTepiaiiB, IO
BUKOPHUCTOBYIOTBCS, Ta 3aKiHUYIOUM BU3HAYCH-
HSM BIJIOBITHOCTI BHITyIIEHOTO TPOIYKTY
TEXHIYHUM XapaKTePUCTHKAM i ITapaMeTpaM He
TINBKM MiA 4ac Horo BUMNPOOYBaHb, a ¥ y
MpoIleCi eKCIUIyaTallii, a Ui CKJIaJHUX BUIIB
yCTaTKyBaHHSA - 3 HAJaHHAM BU3HAYEHOTO
rapaHTiiHOTO TEpMiHYy IWiclsl BCTAHOBJICHHS
yCTAaTKyBaHHS Ha TMiANPUEMCTBI 3aMOBHHKA.
Tomy ympaBmiHHA SKICTIO MPOMYKINI CTaNo
OCHOBHOIO YaCTHHOIO BUPOOHHYOTO MPOIECY 1
COpsIMOBaHE HE CTIIBKH Ha  BUSBICHHS
nedektiB abo Opaky B TOTOBiM MpOmyKIii,
CKUTBKH Ha KOHTPOJIb SIKOCTi BUPOOY B MpoIieCi
J0T0 BUTOTOBJICHHSI.

SIKicTh TEXHOJIOTTUHOTO TPOIIECY XapaK-
TepU3YyEThCSl OaraTbMa MOKA3HUKAMH, 3 SKUX
OCHOBHMMHU €. TOYHICTb, NPOJYKTUBHICTD,
HaxiiHicth. HoBa Mopens BepcTara mij-
Ja€ThCs LUIOMY DSy BHUIpPOOyBaHb, MeTa
SKUX TOJISira€ y BHM3HAYCHHI HOro SIKICHUX
XapakTepUCTUK. 3a pe3yjibTaTaMd BHIIPO-
OyBaHb OI[IHIOETHCS SIKICTh 1 TEXHIYHHIA PIBEHB
BepCTaTa IUIIXOM 3ICTAaBIECHHS OTPUMaHHX
BEJIMYMH 13 BEMYMHAMU, BCTAHOBICHHMH Ha
OCHOBI BUMOT CIIOXHBaya J0 SKOCTI 00po0iie-
HUX Ha BepcTaTi JeTajeid i MpOAyKTUBHOCTI
00po0OKH.

Beryn

Koxxen tun MeranopizalbHUX BEpCTATIB
XapaKTepPU3YETbCS CBOEID  HOMEHKJIATYPOIO
MMOKAa3HUKIB TEOMETPHYHOI TOo4YHOCTI. HuHi
BOHM  PEIJIaMEeHTYIOTbcst B 0OaraTbox
HOPMAaTUBHUX  JOKYMEHTaX Ha  HOPMH
TOYHOCTi. Yci unHHI HuMHI B YKpaiHi Ta 3a
KOPZOHOM CTaHZapTH HAa HOPMH TOYHOCTI
MeTaJopi3aibHUX BepcTaTiB MOOyAOBaHi 3a
OTHAKOBOIO CXEMOIO 1 TIPYHTYIOTbCS Ha
(hyHIaMeHTaTbHUX poboTax baratpox
HaykoBmiB. CIITBHUM IXHIM HEIONIKOM € Te,
M0 perVIaMEHTOBaHI B HHX IOKa3HHKH
T€OMETPUYHOI TOYHOCTI BepcTaTa HE Ial0Th
MIPSMOTO  ySBIIEHHS PO MOXJIMBI TTOXHOKH
(hopMH 1 B3aEMHOT'O PO3TaIlyBaHHS TIOBEPXOHBb
netaii, o0poOoBaHOl Ha ILOMY BEPCTAaTi.

Cucrema mepeBipKd TOYHOCTI BEpPCTATIB
3arajioM MOKH II0 HE 3a3Hajia TIOMITHHUX 3MiH.
Opnak y pneskux po0OoTax BKazyeThCs Ha
HAasBHICTh HOBOTO TMIAXOMy IO TPOBEICHHS
MIepPEBipOK. OOMexyeThes KIJTBKiCTB
NEepEeBIPOK, MPUUOMY  MaiKe  IOBHICTIO
BHKITIOUAIOTHCS TIEPEBIPKU TOYHOCTI OKPEMHX
neraield 1 Bys3iiB BepcTariB. Croctepiraerscst
TEHJICHIIIS o 3aMiHU HOEJIEMEHTHUX
nepeBipoK MEPEBiPKOI0 Pe3yIbTYI0UOi
TOYHOCTI BEpCTaTa 3a TOYHICTIO 00poOIeHol
JeTati.

Oco0MMBO aKkTyaJbHUM € PO3POOJICHHS
METOJIMKH ONEPATUBHOI AiarHOCTHKUA TOYHOCTI
BHUTOTOBJICHHSI MAIIMHOOYMIBHOI TPOAYKIIii B
yMoBax JpiOHOcepiiiHOrO, OaraToOHOMEHKIA-
TYPHOTO BUPOOHUIITBA, IO XapaKTEPH3YETHCS
HEBEJIMKUMH MapTisIMU.

Metoro 1iei poboTm € po3podOka
CTAaTUCTUYHUX METOIIB IIarHOCTUKH TOYHOCTI
TOKapHHX BepcTaTiB i3 UITY.

AHaJIi3 0CTaHHIX JOCTiIKeHb i myOJikamii

YnpasniHHs SIKICTIO POIYKITiT
MamuHOOYAyBaHHs, 30KpeMa 3a0e3lmeueHHs
TOYHOCTI MeXaHI4HO1 00poOKH Ha

METAJIOPi3aIbHUX BEpCTaTax, € aKTyalbHOIO
TEMOIO CYYacHOI HayKOBOi TyMKH. 3pocTaroua
CKJIaJHICTh KOHCTPYKLiH Ta BUCOKiI BUMOTH J0
TOYHOCTI OOYMOBIIOIOTH TOTpedy B HOBHX
MiJX0/aX 10 KOHTPOJIIO SKOCTI Ta ONTHUMI3alil
TEXHOJIOTYHUX TPOLECIB.

VY naykoBux mpaigx [1-3] BucBiTIEHO
3HAYCHHS TOYHOCTI OOpoOKM Ta ii BIUIMB Ha
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3arajbHy SKicTh BHpPOOy. Y poboti [4]
po3risiHyTO KoHuenmito "imycrpii 4.0" Ta ii
BIUIMB  HAa  TOYHICTH 1  SKICTb Yy
MaIuHOOYIyBaHHI. BnpoBamxeHHs
aTaTI THBHUX cucTeM KepyBaHHS Ta
MOHITOPHHTY BEpPCTaTiB J03BOJIIE 3HAYHO
3HU3UTHU MOXUOKH BUTOTOBIICHHS [5, 6].
OcranHi JIOCITiJPKEHHST [7-10]
aKUEHTYIOTb yBary Ha POJi  MITyYHOTO
IHTEJIeKTY Ta MAIIMHHOTO HAaBYAHHI y
MPOTHO3YBaHHI  BIIXWIEHb y  TpoIecax
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00po0OKH. 3okpema, B po0ori [8]
3alpPONOHOBAHO BHKOPHCTAHHS HEHPOHHUX
MepeX IS MOJICITIOBAHHS MOXHOOK OOPOOKH,
[0 JIO3BOJISIE JIOCSATTH OLIbII  CTaOLIBHUX
pesynbratiB. Y myoOmikarii [10] #imerbes mpo

3acToCyBaHHS  NH(PPOBUX  JABIMHHKIB ¥y
BipTyaJIbHOMY MO/JIEJIIOBaHHI1 Mpo1eciB
HuTipyBaHHS.

OxpeMy yBary TNpUBEpTAOTh MIparli,
MIPHUCBSIYEHI METPOJIOTIYHOMY 3a0e3IeueHHIO
BupoOHunTBa. Y [11, 12] anHamizyroThcs
METOJM KOHTPOJIIO TEOMETPUYHUX MapaMeTpiB
JIeTajeil Ha PpI3HUX eTamaX BHPOOHHUYOTO
mukiny. Takox B poborax [13—15] posrasHyTo
METOIUKH M1 IBULLEHHS JIOCTOBIPHOCTI
BAMIPIOBaHb 1 3MEHIIEHHS BIUIUBY ITOXHOOK
CHCTEMH KepyBaHH.

CyTTeBMIA BHECOK Y PO3BUTOK TEMATHKH
3po0JeHO MOCHiTHUKAMH, IO TMPAIOITh Y
chepl CTATUCTUYHOTO YIIPABIIHHSA SKICTIO.
Hanpuknaa, y [16] ommcaHo 3acTocyBaHHS
METOJiB  0araTOBUMIpPHOi CTaTHCTHUKH  JIO
OIIHKHU CTa01TBHOCTI MPOIIECIB BUTOTOBJICHHSI.
ITyGmikarii [17, 18] BHCBITIIOIOTE MpoOieMu
ABTOMAaTH30BaHOTO 300pYy [aHHX y IEXOBHX
yMOBax i TOOYAOBU CHCTEM MiATPUMKH
NPURHSTTS PillICHb.

OcranHi  gocmimkeHHs y  cdepi

yOpaBliHHS SKICTIO MeXaHi4HOI 00poOKwH,
0COOIIMBO B yMOBax MaJOCEPifHOTO BHPOO-
HUIITBA, JEMOHCTPYIOTh AaKTHBHE BIIPOBAJIb-
KEHHSI CTAaTUCTHYHUX METOMIB KOHTPOIIO,
TaKUX SIK KOHTPOJbHI KapTH KyMYJISATUBHHX
cym (CUSUM) [19], a Takox iHTerpariro
CY4aCHUX TEXHOJIOTiH, BKIIIOYAIOYM IITYYHUI
IHTEJIeKT Ta UM POBi IBIHHUKH.

KontponbHi KapTH CUSUM
3aITUIIAI0TECA €(DEeKTHBHUM IHCTPYMEHTOM ISt
BUSIBJICHHS HE3HAYHMX 3MiH Yy [polecax.

JocaigHuku [20] 3aMpOTNOHYBAIN
OaraToBUMipHY CUSUM-kapty TUTS
KOMIIO3MIIIMHUX ~ JTAHUX, [0 JIEMOHCTPYE

NOKpallleHy YyTJIUBICTh 1O 3MiH Yy MpOIECi.
ABTOopr HaykoBoi mpami [21] mocmimwmn
epextuBHicTs CUSUM-KapT 111 MOHITOpHHTY
yacy MDK TMOXISMH, PpO3MOAITICHUMH 32
BeiiOymiom, mo € akTyaabHUM MJIs OIIHKA
HaAiiHOCTI 00JIaIHaHHS.

TakuM  4WHOM, aHaji3  HayKOBOI
JiTepaTypyu CBIAYUTH MPO ICHYBaHHS KiJTHKOX
MIPOBITHUX HaIpsIMiB JIOCTTPKEHB!

IHTEJIeKTyalTi3alliss BUPOOHUIITBA, IiABUINCHHS
TOYHOCTI 32 paxyHOK aJalTHBHUX METOJIB,
nupoBizaris CUCTEeM  KOHTPOIIO  Ta
BUMIPIOBaHb, & TAKOXK ITUPOKE BIPOBAKEHHS
CTaHJIAPTIiB SIKOCTI.

Buxknag ocHOBHOro Mmarepiajy

OmuruM 31  CTaTUCTUYHUX  METOMIB
KOHTPOITIO SIKOCTI TEXHOJIOTIYHUX IIPOIECIB €
KOHTPOJIbHI KapTh. 3arajbHONPUHHATA METO-
JIMKa MOOYIOBHM KOHTPOJIBHUX KapT Ma€ TaKy
OCOOJIMBICTh - TIPOBEACHUN KOHTPOJIb HE Bpa-
XOBY€E TOTMEPEeNHbOI IMHAMIKH KOHTPOIHOBA-
HOro mapamertpa. Uepes 1ie 3’ IBUIKCS CIPOOH
pO3poOHUTH HOBUI MiAXin, KUK OW BKIIFOYAB
aHaJIi3 MUHYJIUX JaHUX JUIS OL[IHKHA TOTOYHOTO
ctaHy mporecy. B OCHOBI 1€l METOIUKH
JIEXKUTh JOCHIDKCHHS HE 1HAWBIIyaIbHUX
3HAa4YeHb O3HAKH, a OOMIK iXHIX KyMYJIITUBHHX
cym. Kapra KyMyJIsSTHBHHUX CyM [03BOJISE
MOPIBHATHA  BUSBIICHI Bi3yanbHI 3MIiHU 3
pEUTbHUMHU 3pPYIIEHHSAMH y BHUPOOHHUYOMY
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mporieci, BUKOHYIOYH
JarHOCTHYHY (YHKIIIFO.

OO0'eKTOM JOCHIIKSHHST BUCTYIAB IPO-
I[EC OIIIHIOBaHHS SAKOCTI ()JIaHelb KOJIiHYAaC-
TOr0 Baja, BHUIOTOBIeHHMH 31 cTtami 20X.
OOpoOKy HpoBOAMIM Ha TOKAapHO-IBHHTOPI3-
HoMy Bepcrati 3 UITY 16K20D3. Posrisinemo
3aCTOCYBaHHS  KyMYJSTHBHUX  KapT  JJIst
JIIarHOCTHKH TOKapHOT YOPHOBOI 00OPOOKH.

[lin wac KOHTPOJIIO TOYHOCTI JIE30BOL
00pOoOKH 110/IeHHO (IKCYBAIM BIIXUICHHS BiJ
HOMIHAJIBHUX PO3MIpiB Ha OCHOBI 25 BUOIpOK,
KOXKHa 3 SKMX MICTHia N = 5 OJUHHIL TPO-
Iykiii. Pe3ynbraTé BHMIprOBaHb sl OJHIET
MOBEPXHI1 MpeJCTaBIeHI B TAOIUIIX 1-2.

TaKUM YHMHOM
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Taéauna 1
JlanHi 3a cepeHIM BiAXUICHHSIM IpH 00po01i & 55 ¢ 46
Table 1
Data on the average deviation at machining @ 55 ¢ 46
Howmep Bubipku CepenHe 3HAUCHHS BiAXIICHHS, MM
1-5 -0,200 -0,380 -0,224 -0,098 -0,080
6-10 -0,334 -0,166 -0,442 -0,356 -0,008
11-15 -0,407 -0,195 -0,281 -0,191 -0,455
16-20 -0,275 -0,316 -0,200 -0,054 -0,050
21-25 -0,181 -0,418 -0,066 -0,171 -0,347
Tadoanus 2
3HaueHHS KyMYJSITUBHHUX CyM P 00poOIii @ 55 ¢ 46
Table 2
Values of cumulative sums at machining @ 55.¢ 46
Howmep Bubipku KymynsaruBHa cyma BiTXHICHb
1-5 -0,093 -0,007 -0,076 -0,272 -0,485
6-10 -0,445 -0,572 -0,423 -0,361 -0,646
11-15 -0,533 -0,631 -0,644 -0,746 -0,585
16-20 -0,603 -0,580 -0,674 -0,913 -1,157
21-25 -1,269 -1,145 -1,372 -1,494 -1,441
Sk eralOHHY BeNMYMHY K 3HAYEHHS e m — pojatHe 4uciio, 0<m<oo; Pgy - jiHiliHa
KYMYJISTUBHUX CyM, po3paxoBaHi 3a dyukuis Big P
pe3ynpTaTaMu BUOIPOK, MpUHMEMO
KOMIUIEKCHHH TIOKa3HUK sikocTi K. Meron 2P _(pimax + pimi”)
KOMIUICKCHOT OIIIHKH XapaKTEpU3YyE 3B'S30K Po=— pmax _ pmin ' (3)
MK ~ OJAMHHYHHUMH  TIOKa3HWKAMH  SKOCTi : !
MOPOAYKIii 1 JIa€ MOXIUBICTh 00'€eMHAHHS )
OJIMHUYHUX TIOKAa3HUKIB y KoMIuieKcHui. [Ipu ae B™, B™ - BiAnoBiAHO HWXKHS i BepXHs
IIOMY TPOJYKIIiSl BUINOI SKOCTI Mae Olijibliie MeXi 3HaYeHb I-T0  IOKa3HWUKAa  SIKOCTI,

(ab0  MeHIe) 3HAYCHHA  KOMIIIEKCHOT'O
MOKa3HUKA.

VY naniit poOOTI KOMIUICKCHUI TTOKa3HUK
SKOCTI ~ BM3HAYA€ThCSI 3  BUKOPUCTAHHSAM

CCPCAHBO3BAXKCHUX MMOKA3HHKIB 32 (bOpMy.]'IOIO

Ko :\/.%(Miqiz)-

ne M; - koedimieHT BaromocTi; @ - BiTHOCHHUI
[TIOKa3HUK.
MaremMaThuHa 3aJIEKHICTH BIIHOCHUX

@)

[MIOKA3HUKIB SIKOCT1 BiJ a0COJIIOTHHUX
BUPAXKAETHCS 3AJICKHICTIO
m

@ =epl-[py") @
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riepe0adeHi TEXHIYHIMH YMOBaMH.
[loka3HukHM SKOCTi, IO BH3HAYAIOThH

SKICTh TIPOJYKIIii, HE PIBHO3HAYHI 3a CBOEIO

BOXJIMBICTIO. TOMy BaXIJIMBHM € BH3HAYCHHS

Koe(IiLieHTIB BaroMocTi. Koedirientn
BaroMoCTi Ui CEPEOHBOI0  3BAXKEHOI'O
CTETICHEBOTO  (KBQJPaTHUYHOTO)  MOKa3HUKA
PO3PaxOBYIOTh 3a 3aJICKHICTIO
M, = ——, (4)
Pi - R

ne Pi - HOMiHaibHE (cepelHE CTaTUCTUYHE)

3HAYEHHS IMOKa3HWKa SIKOCTi, P - rpaHuune

3HAYCHHS JUTSE MTOKa3HUKa SIKOCTI;
A - IOCTIMHUI MHOMXHUK.

ExcniepuMeHTH TpOBOJMIHM IiJi dYac
00poOKM 3a TPYNMOBHM  TEXHOJOTIYHUM

mporecoMm. Posrmsmanm  Taki  mapaMeTpu
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AKOCTI, SIK TOYHICTh, HIOPCTKICTh, MPOCTOPOBI
BIIXWJICHHS, TJIHOWHA 1 CTYIiHB HaKJemy,
BHYTPIIIIHI HATIPYTH.

VYV Tabmuui 3 HaBeAEHO IOKA3HUKU
BaroMocTi JUTS JOCTIKYBaHOTO
TexHonorignoro mporecy. e Wy - 3aroroBka;
W], - TokapHa YopHOBa 00poOka; W, - TokapHa
yrctoBa 00poOka; W3 - mpoTsbkHa omepanis;
W, - ceepanmmnbHa; Ws - TepmidHa 00poOKa.

Po3paxyHOK KOMIUIEKCHOTO TIOKa3HUKA
sikocTi Ko u1st BCiX IOBEPXOHB, 110
00pobIIsIIOTRCS, TMoAaHo B Tadymii 4. Jle K,y -
KoeiIlieAT 3armacy TOYHOCTI.

KpuBa KyMyJsITHBHUX cyM, TOOYyI0BaHA
3a JaHMMU TaOnuii 2, MpeicTaBicHa Ha
pucyuky 1. Ha HaBeneHOMy pHCYHKY KyT

3amacy TouHocti K,,, = 1,33.
Ha pucynky 2 mnpencraBineHo miHii

KyMyJISTHBHUX CyM 1  TpeHIOiB A
TEXHOJIOTTYHUX poreciB pi3HOI
HAJAIITOBAHOCTI. 3 PHUCYHKY BHIHO, IIIO
IIOTaHO HaJIalITOBaHUHI TEXHOJIOTTYHUH

mporiec (K, =1,33) ™Mae chnagHwii TpeH..
3a0BUILHO HAJIIAINTOBAHUNA TEXHOJIOTTYHUI
mporec (K., = 1,00) mMae Topu30HTAILHHIA
TPEH/I. TexHomoriyauit MpoIIEC, 110
3abe3neuye O0e3nedexTre BUpoOHUNITBO (K, =
0,5), Mae BHCXiAHY TEHIESHIIIIO.

Ha mixcraBi mux gammx  Oy’o
PO3pOOJICHO €TAJOHHY KapTy KyMYJISTHBHHX
cyM (pucyHoK 3), SIKY MO>KHA

BHKOPHCTOBYBAaTH O€3MOCEPETHHO Ha POOOUHX

HaXWIy KyMyJIATUBHOI JiHii B 30° BignoBigae MICIISIX.
Taoéaunsa 3
BaroBi KOMIIOHEHTH I OTIepamniii MeXaHigHOi 00pOOKH
Table 3
Weight components for machining operations
n Baru rooBHEX KOMIIOHCHTIB Jlucnepcisi |
apameTpu Wo W, W, W, W, We
Tounicts (X;) 0,8826 0,0452 0,2257 0,2280| -0,0388 0,2435 0,99
Hlopetkicts (X5) 0,1486 -0,8071 -0,3157 | 0,3931| -0,0410 -0,0258 0,99
gg‘)"’“’pom BUIXHIICHHA 0,2785 | -0,7884 | 0,3396 | -0,4738| 0,1154 | 0,1329 1,00
3
I'nuGuna Hakneny (X,) 0,8394 0,1065 0,1004 0,0161| -0,5058 0,1332 0,99
Cryninp Hakneny (Xs) 0,5899 0,1538 0,6741 0,3554 0,2105 -0,0568 0,99
Baytpimni Hanpyru (Xs) 0,7682 0,2594 -0,4302 | 0,0223| 0,3125 0,3384 0,99
Jucnepcis 2,5215 1,9770 0,9150 0,5580 0,4140 0,213 6,00
Bincorku 42,02 22,95 15,25 9,3 6,9 3,55 100
Tao6auuns 4
Bu3zHaueHHs KOMIIIEKCHOTO MOKA3HUKA HKOCTi
Table 4
Determination of a comprehensive quality indicator
O0pob.
nosepai Poac | Prin P Po a M, Ko | K
O 55046 0,455 0,008 0,46 1,0224 -2,76 0,0452 0,5869 1,006
052,693 0,3 0,011 0,3 1 -2,7 0,0452 0,574 1,036
0 3070% 0,325 0,003 0,33 1,0311 | -2,784 | 0,0452 | 0,5919 | 1,093
L 19,43 0,426 0,013 0,43 1,0194 -2,752 0,0452 0,5851 1,02
L 68,974 0,703 0,001 0,74 1,1054 -2,985 0,0452 0,6345 0,951

40



3HaYeHHSI KYMVIISITABHUX CYM

ISSN 2079-1747 Maumno6ynysanns. 2025. Ne35 Metposoris Ta iHpopMariiiHO-BUMIpIOBaIbHI TEXHOJIOTTT

0,000 T« T T T T T T T T T T T T T T T T T 1

-0,200 \
-0,400

A
N \ A o o @
-0,600 v

-0,800 \
-1,000

-1,200 ~ \

-1,400

3HaYeHHSI KyMYJIATUBHUX CYM

-1,600
IMopsimxoBuit HOMep BHOIpKH

Puc. 1 — Bursig KpuBoi KyMyJIITHBHHX CyM IIpH 00poO1ii @ 55 46
Fig. 1 — View of the cumulative sums curve during machining @ 55.9 46
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B pesynprati ampobamii 3amponoHOBaHOL
METOJMKH JUIS PO3PaXYHKY KOMIUIEKCHOTO MOKa3-
HUKA SIKOCTI MEXaHi4YHOI 00pOoOKH 3 ypaxyBaHHSIM
BaroMOCTi OKPEMUX MOKA3HUKIB SIKOCTi (TOYHOCTI,
MIOPCTKOCTI, TMPOCTOPOBHX BIAXHIIEHH TOIIO)
BCTAHOBJIEHO, L0 LEW KOMIUIEKCHUN ITOKa3HUK
nepeOyBae B KOPEISAIii 3 piBHEM TEXHOJIOTTYHOTO

mporecy i Moxe OyTH e(eKTUBHHM KpHUTEpieEM
HWOro OIIHKH. Pe3ynpTaTHl JOCTIHKCHHS MOXYTh
OyTH 3acTOCOBaHi Ui ONEPATHBHOTO KOHTPOIIO
Ta TOKPALICHHS SIKOCTI Y BHPOOHHIITBI MajMX
maprii  MamMHOOYHIBHOI ~ MPOAYKINi, IO
0COOJIMBO aKTyalbHO I YMOB IpiOHOCEpiHOTO
Ta 0araTOHOMEHKJIaTYpHOTO BUPOOHUIITBA.

BucHoBku

VY pe3ynbTaTti NIpOBEJCHUX TEOPETUUHUX Ta
eKCTIEpUMEHTAIBLHUX TOCITIHKEHb MOKHA 3pPOOHUTH
TaKi BUCHOBKHU:

1. 3actocyBaHHS KOHTPOJBHHX  KapT
kymynsataBHEX cyM (CUSUM) cyTTeBO miagBHUIILy€e
e(DeKTUBHICT,  JIaTHOCTHKH  TEXHOJOTIYHOTO
npolecy B MajocepiiiHoMy BHPOOHHITBI. Merton
CUSUM no3Bosie BpaxOBYBaTH JUHAMIKY 3MiH
nmapaMmeTpiB oOpoOKM B dYaci, Ha BIAMIHY Bix
TPaJUIIHHUX CTaTHCTHYHMX MeToAiB. lLle nae
3MOTY IIBHMJKO BUSBISITH BIAXWICHHS  Bif
HOMIHAJIFHUX 3HA4YeHb 1 ONEPAaTUBHO pearyBaTH
Ha 3HWKEHHS SKOCTI MPOYKIIii.

2. BcraHoBEHO HAOYHY 3aJIEKHICTH MiX
HaxwiioM Tpadika KyMyIATHBHHUX CyM 1 CTaHOM

SIKOCTI  MPOLIECY: TOPU3OHTalbHA JHIT —
cTabiTbHA, 3370BUTbHA SKICTh; BUCXigHA KpUBa —
MOKpAIeHHs  SKOCTi; HUCXigHa KpWBa —
noripuieHHst sikocti. Lle cmpomrye BizyanbHHIA
KOHTPOJIb 1 JO3BOJIAE IH)KCHEpaM OIEPATHBHO
MIPUIMAaTH PIMIEHHS 010 KOPEKIIii mporecy.

3. 3anponoHoBaHUN KOMIUICKCHUI
MOKa3HUK SIKOCTi, II0 BPaXOBY€E BaroMicTh Pi3HUX
rmapameTpiB (TOYHICTh, MIOPCTKICTh, BiIXWICHHS
TOlO), MOXe OyTH e(EeKTUBHHM KpUTepieM
OLHKH PiBHA TEXHOJOTIYHOro mpouecy. Moro
BHKOPHUCTaHHS 3abe3meuye 00'eKTHBHY,
OaratoakTOpHy OIIIHKY SKOCTI OOpOOKH i
JIO3BOJISIE aNanTyBaTH WiAXiJ 0 PI3HUX THIIIB
oreparliii y MammHoOy/IyBaHHi.
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STATISTICAL METHODS FOR ASSESSING THE QUALITY OF TECHNOLOGICAL
PROCESSES WITH LIMITED INFORMATION

The article discusses the issue of improving the efficiency of quality management in the mechanical processing of
machine-building products in small-batch production. The main focus is on the application of statistical control
methods, in particular the cumulative sum method, as a tool for diagnosing the accuracy of the technological process on
numerically controlled lathes. The feasibility of using cumulative sum control charts instead of traditional methods that
do not take into account the dynamics of parameter changes over time is justified.

The study analysed the results of mechanical processing of a crankshaft flange made of 20X steel on a 16K20F3
machine. Twenty-five samples of five products each were taken to assess deviations from the nominal value and
construct the corresponding cumulative curves. Based on the experimental data, graphs of cumulative sums were
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constructed, and a reference chart for use in production was proposed. A clear relationship was established between the
slope of the cumulative sum curve and the quality level of the machining process: a horizontal curve corresponds to a
satisfactory state, a downward curve corresponds to poor quality, and an upward curve corresponds to high quality.

A mathematical apparatus is proposed for calculating a comprehensive indicator of machining quality, taking into
account the weight of individual quality indicators (accuracy, roughness, spatial deviations, etc.). It has been established
that this comprehensive indicator correlates with the level of the technological process and can be an effective criterion
for its assessment.

The results of the study can be used for operational control and quality improvement in the production of small batches
of machine-building products, which is especially relevant for small-batch and multi-product production.

KEYWORDS: quality assessment, statistical methods, limited information, qualimetry, technological process.

In cites: Lomanov K., Holovko M., (2025), Statistical methods for assessing the quality of technological processes with
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BU3HAYEHHSA HABAHTAKEHD, SIKI BUHUKAIOTH IIPU NIEPECYBAHHI XOJOBUX
KOJIIC MOCTOBHUX KPAHIB

Pi3Hi ymMOBH po0OTH i KOHCTPYKTHBHI OCOOJIMBOCTI OKPEMHUX BAaHTAXKOIITHOMHHUX MAIIMH i KPAaHOBUX
NUIAXiB BUKIMKAIOTH BEJMKI Pi3HOBHIN MEXaHI3MiB IepecyBaHHSA KpaHiB i KpaHOBHUX Bi3kiB. Omip mepecyBaHHA
KpaHa a0o Bi3Ka YTBOPIOETHCS MPH KOYCHHI KOJIC IO pedkaM i B MmiAmMIHAKaX KoJic. [Ipu excruryararii kpaHa
XO/IOBI KoJieca 3HaXOISTHCS I JI€I0 PI3HUX HABaHTa)KEHb - Barm BaHTaXy, BJIACHOI Bark KpaHy, THCKY
TOBITPs, CHJIM 1HEpLii 1 HaBaHTaXKeHb, SIKI BUHUKAIOTh NPU MEpeKocax KPaHiB Ha MiJIKPAHOBHX IIUIAXAX, MPH
nedekrax miaKpaHOBHUX LUISXIB 1 XOJA0BOT YaCTUHH KpaHy.

Po3mipu peiiok NMOBHHHI BIANOBIZAaTH HaBaHTAXEHHSM 1 po3MipaM XOJOBHX KOJIC 1 3a0e3medyroThes
PO3paxyHKOM IX Ha 3TMH i Ha MICHEBHIA CTHCK IIiJ KojiecoM. B mpoueci poOoTH KpaHa HaBaHTa)KEHHS XOJI0BHX
KOJIIC 3MIHIOIOTBCS 1HOJI Y HIMPOKHX Mexax. Big KOHCTpYKTUBHOI GopMH Oalku B 3HAUHIM Mipi 3aJeXKHTh ii
JIOBTOBIYHICTh, HAIiHHICTh, IPOCTOTa BUTOTOBJICHHS 1 0OCIyroByBaHHA. [IpnmaHHSA KOHCTPYKII 3aMKHEHOTO
npodirto qae MakCUMaIbHe 301TBIICHHS KPYTHIHHOT JKOPCTKOCTI.

Ilepekic kpaHa, SKWH pyXaeTbCs SBIAETHCS HACHIAKOM TaKWX IPHYMH SK IIPOKOB3YBAaHHS abo
MpoOyKCOBKAa BEAYYHX KOJIC KpaHa Ha pedkaX, Pi3HICTh JiaMeTpiB BEAyYHX KOJIiC, HETPaBHIbHA YCTaHOBKA
Koutic, eeKTH KpaHOBHX NUIAXiB. YJapHi HaBaHTaXCHHS, SKi BUHUKAIOTh IPU PYCi XOJIOBHX KOJIC OYBalOTh y
JIBOX BHIQJIKAX: IIPH HAi3li KpaHIB HAa KiHIIEBI YHIOPH i MPH MPOXOPKEHHI CTHKIB PEHKOBOTO IIIIXY 1 MiCIIEBHX
HepiBHOCTE#. J[)1s 3MEHIIIEHHs ylapHUX HAaBaHTa)KeHb CyYacHI BAHTaXKOIIAMOMHI KpaH! 1 BAaHTa)KHI Bi3KH IIPH iX
MiIX0/i 10 KiHIEBUX YIOPIB MalTh OydepH, sKi JO3BOJISIOTH PO3MIMPUTH pOoOOYMH XiI KpaHa 1 MiIBUILUTH
HaIIAHICTH 1 Oe3meKky poOOTH KpaHa.

Bubip Tumy XomoBOi peiikM TMOB'S3aHMH 3 BENMYMHOI HABAaHTAKCHHS XOJOBUX KOJIC 1 3
KOHCTPYKTUBHMMH OCOOJIMBOCTSMH MEXaHi3My IepecyBaHHs — KOHIYHI XOJIOBI Kojieca MOXYTh IepecyBaTHCh
TLTBKH 10 BHITYKIIIH peiIi, ITIHAPUYIHI — 1 TI0 BUITYKJIHM 1 TI0 TUIOCKUM peiKaMm.

3HOC eNeMEHTIB IiIKPAHOBOTO IUIAXY MPUBOIUTH /10 BIIMOB METAIEBUX KOHCTPYKIIIH MiIKPaHOBUX
0aok, M0 BUKIIMKAE 3HAYHI eKOHOMI4HI BTpaTH. [lepexin B KpaHOBUX KOHCTPYKIIISX BiJl KJICaHUX IiAKPAaHOBUX
0aok, SKi MaJli TUCKPETHI IMOSCHI 3’€THAHHS 3 BU3HAYCHOIO PYXJIUBICTIO IO 3BapHUX 0AOK 3 )KOPCTKOKO
CHCTEMOIO MOSICHHX 3B’SI3KiB 0€3 KOHCTPYKTHBHOI KOMIICHCAIlii PyXJIMBOCTI MPUBEIH 0 3HAYHOTO 3MEHIICHHS
JIOBTOBIYHOCTI 3BapHUX 0anok. MiclieBUil HANPy>KEHUH CTaH CTIHKH Y 3BapHUX IiAKPAaHOBUX Oalkax, STKUi
BU3HAYa€ MILHICTh BiJl BTOMH B LI 30Hi, MOke OyTH BpPEryJIbOBaHU TUILKH 32 JIOTIOMOTOI0 KPaHOBOI PEHKH.
Aue po0oTa MiIKPaHOBOTO IIISAXY HAJIEKHUM YHHOM HE JIOCIIJKEHA 1 10 TeNepilIHbOr0 Yacy.

MoxauBi gedopMaliii sk caMuX XOJIOBUX KOJIC TaK 1 peHKOBUX KON 3aJieKaTh B 3HAUYHIN Mipi Bij
BUCOTH 1 XapakTepy CTHKY peHoK, (JOPMHU PEHKHU 1 LIBUIKOCTI PyXy XOJOBHX KOJIIC.

B crarri Oyno mpoBeaeHO OLIBII YTOYHCHE BHU3HAYCHHS THUX HABAHTAXKCHb, 5IKIi BHHUKAIOTH B
migpeiikoBux Oayikax, OUTM BIAKMHYTI J€sKi MPHITYIIEHHs 1 OTpUMaHi HOBi po3paxyHKoBi Gopmyiu. Kpim Toro,
MPOBEICHUI aHaNi3 BIUIUBY CIIOCO0y YCTAaHOBKH peOK Ha BETMYMHY CHIIOBUX (DaKTOpIB.

KJIFOYOBI CJOBA: nasaumadicenns, koneco xo0ose, 6aiKa, winaid, Mexanizm nepecysants, MOMeHm
32UHY, NPYICHICID.
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[limBumenHs BUMOr A0  Oe3MeKku
BUPOOHUYMX MPOIIECIB, a TAKOXK IO HAIIHHOCTI
i €KOHOMIYHOCTI METAIOKOHCTPYKIIIH
MOCTOBHX KpaHIiB  TIOB’s3aHE 3 TEXHIYHHX
nepeoOsaiHaHHAM  MiaNpueMCTB. HaliGinbm
TOCTpO 1 pobieMa CTOITh Ha MiAMPUEMCTBAX
YOpHOi 1 KONBOPOBOI METamyprii i BajkKKOTO
MalmMHOOYAYyBaHHA. Y IeXax 13 pexuMoM
pobotu kpaniB 7K i 8K TpimumHu Bix yromu
MOXYTh 3SIBIATHCS Ha TpoTs3i 5...10 poxis.
IIpm mepecyBaHHI KpaHIB IO PEHKOBOMY
HUISIXy BUHHUKA€E P AWHAMIYHUX TPOLECIB,
AKI CYTTE€BO BIUIMBAIOTh Ha JOBTOBIYHICTH 1
CcaMOro XOJOBOTO Koyeca 1 TiAKPaHOBOTO
peiikoBoro muiaxy. Jlo TakMx TPOIECIB
30KpeMa BIHOCSTHCS TPYXKHI KOJHBAaHHS
€JIEMEHTIB TpaHCMicii MEXaHi3MiB
MepecyBaHHs i METATOKOHCTPYKIIl KpaHa, sKi
BUHHKAIOTh MPH HOro MycKky i rajJbMyBaHHS.
[IpoGiemMu MexaHiku, sIKi IOB’s13aHi i3

Beryn

B3a€EMOJIIEI0 KPAHOBOi CHCTEMH 3 pPEHKOBHM
LUISIXOM, B MOBHINA Mipi MPOSIBASIOTHCS B THUX
BUTAJIKaX., KOJH  TIepeCyBaHHS  KpaHa
SIBISIETBCSL HE TIEPIOAVMYHAM, a ITUKIIIHAM
MMOBTOPIOBAHUM  TIPOIIECOM  BCHOTO  IIUKITY
poOoTH KpaHa.

[Ipn mepecyBaHHI XOJOBHX KOJIC IIO
PEHKOBHM KOJIISIM TIPH TTPOXOKEHHI MIiCIIEBHX
HEPIBHOMIPHOCTEH, TAKUX SIK CTHKH, HAIJIABKU

BiJ 3BaproBaHHs, BUOOIHM 1 T.iHII. BUHUKAIOTh
yaapHi  HaBaHTaXCHHI. Oco01H1Bo e
CTOCYETBCS MOCTOBHX KpaHiB, $Ki MalOTh
JKOPCTKY XOIOBY 4acTwHy. HaiibinmpIine wmcio
VIIKOJKEHb METAJIOKOHCTPYKIIH MOCTOBHX
KpaHiB Mae MicIle B KiHIIEBUX Oaikax y MIiCIsX
3aKpIIJIEHHsT XOJOBUX Kojic. [ 'omoBHOIO
IIPUYUHOIO OBbOI'0 ABIAETHCA BHUCOKHUI1 piBCHB
JMHAMIYHUX YJAapHUX HaBaHTaXXCHb, SKi JTIIOTh
Ha KpaHOBI Kolleca 1 BIiATIOBIAHO, Ha KiHIEBI
OaJlku TIpU TPOXOHKCHHI KPaHOM CTHKIB.

AHaJi3 ocTaHHIX J0CTiTzKeHb i myOikamii

JuHamidHI MOzAENmi MOCTOBOTO KpaHy
posrisiHyTi B poborax [1, 2]. Asropm
BIIMIYAIOTHL 3HAYHI JIIHIFHI KOJUBAHHS MOJIEI,
a TakoX BiOpaIii BaHTaxy 1 TpoJsied mia vac
pyxy KpaHa. ByB 3poOyieHHII BHCHOBOK MpO
3MiHy HaBaHTa)XEHHS IIijJ] 4yac pyxy KpaHa. B
poGoTi He Oynu pO3MISIHYTI JUHAMIYHI
HAaBaHTAXXEHHS B METAJIOKOHCTPYKLIl KpaHa
IpH TIepecyBaHHi

B poGoti [3] po3risHyTe NHUTaHHS
onTuMi3aiii TepecyBaHHsS BAaHTAXKHOTO Bi3Ka
MOCTOBOTO KpaHy Ha 3aJlaHy BiJICTaHb, IO Ja€
MOYKJIUBICTb 3MEHIIUTH MaTeMaTH4Hi
KOJINBAHHS BaHTaXXy Ha KAHATHOMY ITiJIBiCi.

Pesynbratn eKCIIePUMEHTAIBHUX
JOCHI/DKEHB MOSIBU OOKOBUX CHJI B MOCTOBOMY
KpaHi, SKi 3MIHIOIOTBCS B TIPOIECi PyXy
HaBezieHi B poOoTi [4]. Byno BcTaHOBIEHO, IO
eKCIIEpUMEHTANIbHI 3HAYeHHsS OOKOBHX CHII
MEHIIN, HDX BHU3HA4YCHI TEOpeTH4HO. bymo O
JOLITBHAM PO3TIISTHYTH KoJjeca He TUIbKU 3
WTTHAPUYHUM TpodineM, ane 1 3 KOHIUYHUM,
sIKe 3a0e3MeYnTh MEHIII OOKOBI CHIIH.

Takoxx pyx KpaHiB Ta CHIH, IO
BUHUKAIOTh B TOPU3OHTAIBHIN IJIOMIMHI BiJ
HepiBHOCTEH perKOBHX KOJIiH,
JOCTIDKyBaIUCs B poborax [5-7] .

B pobGori [8] Oymo posrisHyTO
TUHAMIYHI MOJEINi MOCTOBOTO KpaHy. ABTOpHU
BU3HAYAJIHN JIIHIHHI KOJIMBAaHHSA MOJEN], SKa A€
onuc BiOparlii BaHTaXy 1 TpoJIeiB Mijg yac pyxy
KpaHy 1 OLIHWIN CUJIK TEPTS B CUCTEMI.

Byma nana omiHka BIUIMBY 3MiHHOCTI
HaBaHTAXKEHHS Ha MPOTA31 Ail CHI omopy TpU
nepecyBaHHI KpaHy.

B pobGoti [9] orpumane pimieHHs, sSKe
JI03BOJIAE€ BU3HAYNTH JUHAMIYHI CHIIH, SKi
BUHHUKAIOTh B METAJOKOHCTPYKINI KpaHa i
Yac TMPOXO/DKEHHS XOJIOBOTO Kojeca uepes
CTUK pEeWKM 3 ypaxyBaHHSIM BHCOTH CTHKY 1
TreOMETPUYHMX TapaMeTpiB Koieca. B poborti
[10] posrisiHyTO NMpPOTHH PEWKH IMiJAKPaHOBOT
KOJIl Ta OTpUMaHi pIillleHHs, SKi TO3BOISAIOTH
BHU3HAUYMTH MPOTHUH IMiJKPAaHOBOI pelKH Ta
KOEIIi€HT NUHAMIYHOCTI MPH IMPOXO/KCHHI
Kojeca depe3 CTHK pehiok. B crarri [11]
BiIMIYA€THCS, IO OTPUMaHI aBTOPOTaMHU JaHi
M ATBEPHKYIOTh JIOCIIIDKEHHS 0araTbox
YUCHHX, 110 KPHBA KPHITY, IO 3aCTOCOBYETHCS
CBOTOZIHI B PO3paxyHKax, BUMAarae yTOUHEHHS.
3 oIy Ha BEJIMKE 3HAYCHHS i€l 3aJIe)KHOCTI
JUISL PO3B'3aHHSI TEOPETUYHUX 1 MPAKTUIHUX
3aJad B3a€EMOZil pyxXoMoro ckjiagy i Koii,
Tpeba MPOBECTH MAOAATKOBI JIOCHIPKEHHS 1
PETENbHO MEePEeBIPUTH OTPUMaHI JaHi.
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OcobnmuBuii  iHTepec  BUKIHMKAIOThH
JIOCITI/DKEHHST METOJIOM aKyCTUYHOI — eMicii
IUHAMIYHUX TIPOIECiB B3aeMOAil Koieca 3

pPEHKOI0, @ TaKOX YTOYHEHHS B3a€MO3B'I3KY
KoeilieHTa TepTs 3 MPOKOB3YBAHHSIM.

ITocTanoBKka npodaeMu

B cyuacHuX noChiKEeHHSIX pyXy KpaHiB
MOCTOBOTO THIY HE BpaxOBYIOTh CXEMHU
YCTaHOBKH pEWOK Ha MiApeHKOBUX Oallkax,
HE3BAXKAIOYM HA T€, II0 CaMe€ BOHU MaloTh
Iy’)Ke BENWKUA BIUIMB HAa JOBTOBIYHICTH SIK
KPaHOBHUX KOJIIC TaK 1 KpaHOBUX PEHOK.

ITpu BOMY PO3MOAiNICHHS
HaBaHTa)KCHHS Ha OaJKU MalOTh JyKE BEJIMKE
3HaYEHHS, TOMY 111(0) JTIOBTOBIYHICTB

METaJIOKOHCTPYKIil BCHOIO MOCTOBOTO KpaHy
BU3HAYAETBCS  CaMe pIBHEM HaBaHTaKCHHS
i ApeHKOBUX OaOK.

Benukuii BOoIMB  HAa  TOBrOBIYHICTH
METaJIOKOHCTPYKIil KpaHa Mae i hopma Oankw.

Li muTaHHS 1 10 TENEPINTHBOTO Yacy HE MalOTh
TTOBHOT'O BHUPIIIICHHS.

MeTol0  [aHOTO  JOCHIIKEHHA €
BCTAaHOBJICHHS  3aJ€KHOCTI  MDK  THIIOM
BCTaHOBIIEHHSI pPeWKH Ha MiApeHKOBYy Oanky i
THMH HaBaHTAKCHHSIMH, SIKI BUHHUKAIOTH IIPH
MepeCyBaHHI  XOJOBUX KOJIC MEXaHi3MiB
nepecyBaHHs KpaHa i BAHT@KHUX Bi3kiB. Byio
BCTAHOBJIGHO HAa TPHKIAAl  KOHKPETHHX
3HAYCHb PO3MIPIB i HABAHTAKECHb 3HAYCHHS

MOMEHTIB 3THHY, PO3IIOIIIEHOTO
HaBaHTa)XCHHS 1 BEMTUYHWHU HAIPYXKCHHS, SKi
BHHHUKAIOTH TP MIEPECyBaHHI XOJOBUX KOJIC B
pelKkax.

BuknajgeHHs1 0CHOBHOI'O MaTepiany

HaBanraxenus XOJIOBUX KOJIiC
BUKITMKA€ 3THH 1 KPYYSHHSI KPaHOBHX periok. B
IHKEeHEepHIH NPaKTHUII 00MEXKYIOTBCS
PO3paxyHKOM PEHOK Ha 3TMH B BEPTUKAIBHIH
TUTOMIMHI Ta Ha MiclleBUH CTUCK. HemoBHOTY
BpaxyBaHHS HaNpyXEeHOTO CTaHy
KOMIIGHCYIOTh ~ 3HW)KEHHSIM  JIOIYCTUMHX
HamnpyXeHb a00 BIAMOBITHUM 30iTbIICHHAM
PO3paxyHKOBUX HaBaHTaXeHb. MIIHICTh 1
3HOCOCTIHKICTb peiiok BHU3HAYAETHCSA
HanpyraMmy B MICIISX Iepeadl HaBaHTaKCHHS
Bil KONIC Ha peWKy 1 Hampyramu, sKi
BUHUKAIOTH TPH 3TWHI 1 KpyYeHHI WA i€
HOPMAaJIbHUX, TIOAOBXKHIX 1  TIOMEpEYHUX
HAaBaHTA)XEHb.

Hanpyxxenuilt cTaH peWKku 3alexuTh
TaKOX BiJI METOJa YKJIaJKA Ha Oankax 1 Ha
¢byHaaMeHTax (Ha MPOKJIaKax, Ha Mnanax abo
3 COUPAHHSAM IIiIOIIBH T10 BCil TOBXUHI).

Peiiku BaHTaXHOTO Bi3Ka MOCTOBOTO
KpaHa, SK  TPaBWJIO,  BCTAHOBIIOKOTHCS
Oe3mocepelHbO0 Ha TOSCHUK JIUCT MPOTOHHOI
Oanku. [Ipu npoBeaeHHI pO3paxyHKiB MilIHOCTI
Takoi O0anku Tpeba BpaxoBYBaTH e(EeKTUBHHIA
KoeilieHT KOHLEHTpauii HampyXeHb, SKi
BUHHUKAIOTh B MICISX 3aKpilUICHHS perok i
HaKJIJICHHSl 3BaplOBaIbHUX WIBiB. Jlnsi ToroO,
00 IbOMY 3aro0IrTH, JOLIILHO BUKIHOYUTH
KpilsieHHs peok Mk giapparmamu. Lle
MOJKJIUBO JIOCSATHYTH, SIKIIIO MPOBECTH YKIIAIKY
peiiku Ha Tipomapku Haj niagpparmamu. [lpu
BOMY MU HE TUIbKH 3BUIBHSEMO BiJ MiCLEBUX

HanpyXeHb BEpXHil Mosic, ane i 3amodiraeMo
HOTO YIIKOHKEHHIO MTPH PUXTOBIII PEHOK.
Sxmo pelika cOHpaeTbcs MO BCIH
JNOBXHMHI Ha MacuBHUH (yHIAMEHT, TO B
repepisi perKu, KUl 3HAXOUTHCSI Ha BiJICTaHI
X;, X, BLl THCKY XojoBux komic P, P, (puc.l)
MOMEHT 3THHY BU3HAYUThCA 32 (YOPMYIIOI0

M == (P + Pud +..)
4o

@)
ae
- .
gp=e " 1(COSBX —sin BX.)
B=s kB
4El
)
ne B — mmpuna mimomsu peiiku, |,E—

MOMEHT iHepLii i MOMEHT NPYKHOCTI peiKH,
K - Momysb OCHOBH.
Tuck mig migomBOIO perKu

P =£(F’1‘P1 +RY, +..)

ac

BX.
Y=e !(cospx +sinBx)
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P BP

=—,aTHCK pP=i—
a5 ™ PTog

,

Ha wmam mormsim, une AomyIIeHHS
ABTSIETBCSL HAATO TPyOMM, BOHO BHUKIIOUYAE
NOSICHEHHS  TIOSIBU  TUHAMIYHMX CHI B
METAJOKOHCTPYKIil ~ MOcTy  mpu  pyci
BAaHTAXXHOTO Bi3Ka. J[J1s 3MEHIICHHS TUCKY Ti[
MiOMIBOI0O pEeWKH BiH YKIIAJaeTbcs Ha

MIPOKJTAIKH |, x B, .(puc.2). [Ipoenemo
JOCTIDKEHHSl BIUIMBY YKJIaJKM pPEHOK Ha
IpoIIapKax, AKi BCTAHOBJICHI HaJ
miadpparmMamMu, Ha ~ BeIHYMHY  THCKY 1

Hanpy»XeHb 3TMHY Ha HIKHIM MOBEPXHi mosica
Oanku.. ExciepumenTu, siki Oynu mpoBejaeHi
Ha MOJIEJSIX 3 OpTaHidyHOro ckia i cram 0912
MOKa3alk, [0 YacTHHA TMOSCY IMpPAIIoEe K
Oaika Ha TPYKHIA OCHOBI. 3acCTOCYBaHHs
MPOLIAPOK J03BOJIMIO 3MEHIIUTH TUCK B 1,3 -
1,6 pasu, moO 3aMOBUILHO CITiBIIAJae 3
pO3paxyHKOBUMHU JAHUMMU.

P, P, P,
A A4 A4 A

y /

Xz

Xs

Puc. 1 — Po3paxyHKoBa cxema
Fig. 1 — Calculation scheme

1.,

Hf

b

i

Puc. 2 — Peiika Ha miKi1a1HOMY JHCTI
Fig. 2 — Rail on a backing sheet

[puitmaemo monpaBky a0 moxmyns K
I/t. Toxai oTprMaemo

TuCK Ha OCHOBY

- Py, pw,.)
ZB I 1°1 272
n
b.M.Bpayzae nponoHyBaB MOMEHT 3TUHY
BH3HAYATH K CyMapHU MOMEHTIB B Oanii Ha
NpY)XHIA OCHOBI 1 B Oanmi NpOJIBOTOM i3
3aIIeMJICHIMH KiHIISIMHU
Pe pe
RN

L
158 4ap 2

Skmo pelKy BCTaHOBUTHM Ha MOJOCY
mupuHoro B, To dopmymn (2), (3) Oymyts
MaTH BUTJISII

kB,
El

ﬂ:4

= %(qull + le}’z)

n

KpiM 115010, MOMEHT iHEpIii B I[OMY
BUIAJIKy BU3HAYAETHCS 1O (DOPMYJIi:

J=J,+J,
ne J . J,, - MOMEHTH iHepuil BiAMOBIIHO AJIs

PEHKH 1 TIOJIOCH.

MOMEHT 3TrMHY MOXXHa PpO3MOIUIUTH
MDK pEHKOI 1 TMOJIOCOI0 TPOMOPIHHHO iX
KOPCTKOCTSIM 3THHY

Hanpyxenns 3runy B nmosoci

M, h Mh
T3 2 21

n
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Ilonoca 3ruHaeTrbcsa B NOIMNCPCUYHOMY
2

pc y
HaIllpsAMKYy MOMCHTOM M = T , AKUU
BUKJIMKA€ HAIIPYKCHHA
6pc®  3pc?
0= 7 ~— 2
2h h

[lpy mmanpHOMY UIISIXy Ha Oanacti

(puc.3) Trck mmanu Ha OanacT po3NnoJiNAETbCs
HEpIBHOMIPHO, aje MpH PO3Mipax IImaj, sKi
3BUYAMHO TPUHMAIOTBCSA, 1 BEIUKIH  1X
KUTBKOCTi, TPUAMAIOTh THUCK PIBHOMIpPHUM.
HaanTtaxxenHs Ha mmanu B, = pBL

MomeHT 3ruHy B Iajgi 1Opu
. P,L
oJHOpelikoBoMy HuIiXy M, = ra

o

A A

g

M

a) OTHOPEUKOBUI HUISX, 0) TBOPEHKOBUI LIISX
Puc.3 — Po3paxyHkoBa cxema
Fig. 3 — Calculation scheme

IIpu nBOX pEHWKOBOMY WHUIAXY MOMEHT
. P, (c—b
nocepeauHi mmnanu M, =¥.
P’
2l

SIKmo peiika BKJIAJA€ThCs HAa KOPOTKI
MM Ha OeTOHHHX a00 MeTalleBUX Oaiakax
JUHAMiKa pyXy 3MEHIIYeTbcs. B 1mpomy
BUIAJIKy MOJYJIb OCHOBH TIOTPiOHO BH3HAYaTH
HE BJIACTUBOCTSMH 0Oaiacty, a MNpYyKHUMH
BJIACTUBOCTSIMHU JiepeB’ sHuX mmai. [Ipu upomy

| BE

4| _np h

4hlEl

MowmeHT nix peiikoro M, =

ne E, - Mogymp mNpyXHOCTI WINamd MHpH

HONEepPeYHOMY TUCKY; | - mpuBeneHa MOBKHHA

np
IITIAH.

IIpn meraneBux mmanax peliky MO>KHa
posrasatu sk Oarato omopHy Oanky. Ilpwm
BiJICTaHI Kojeca X=cal BiJ ONOPH MOMEHT
3TUHY B PEHIli B epepisi mij] KoJecoM

M =@[1+ 2(3-1)- (1—a)] Pt

MoMeHT 3riHy B Iepepisi Haj OToporo

M =M[l—(\/§—l)a] pt

2

HaBaHTa)XeHHs IINaTM 3MIHIOETBCS IO
3aKOHY

R =[1-(8-Da-(2-\B)’ |P

[Ipu nBoxkomicHOMy Bi3Ky 3 0a30r0 a
3MiHEeHHs (YHKIII a/t MOMEHT 3rHHYy B peui i
HaBaHTA)KEHHSI IIMaJ] BUIHO Ha puc. 4.

Skmo peiika cHOUpaeTbcsi Ha  IOSIC
JIBOTaBPOBOi OaJIkM TO MOJATIMBICTH PEUKH
MIPHUBOJIE JIO 3TUHY PEHKH 1 TOSICY.

VY BUnNazaKy, KOJIM peiKH ONUPAIOThCS Ha
Oanku kopobOyacToro nepepisy aiadparmu, siki
MPHUBapeHi [0 BEpPXHBOIO IMOSICYy, MOXHA
PO3IIISJIATH SIK HEPYXOMI OTIOpH.

[opiBHsIBHI pO3paxyHKH Ui PI3HUX
METOAIB YKJIAZKH PEUKOBUX KOJiM Ha Oankax
MOCTY HaBeJieH1 y Ta0suii 1.
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Puc.4. HapanTtaxkeHHs y pelikax Ha IInanax
Fig.4. Load in rails on sleepers

Taomuus 1.
TopiBHAIBHI PO3paXyHKH VIS PI3HAX METOAIB YKIIAIKU PEHKOBHX KOJIiH Ha Oaikax MOCTY
Table 1.
Comparative calculations for different methods of laying rail tracks on bridge girders
Buz onopu Mnax, H-M Gmax, MIIa Prmax, MIla
DyHgaMeHT 18380 102 3,7
Cwmyra 10208,5 51,77 2,1
[Ipoknaaka 20534,5 114 3,15
[manepHMM nUIAX Ha OaiacTi 10625 59,2 2,0
[ImanesHUM HUIAX HA OETOHHUX LIAJIaAX 2091 5 0,038
[nanpHAN MUIIX HA METAJIIEBUX IITaIax 6210 14,75 0,33
JIBoTaBpoBa Oanka 2083 2,05 1,07
KopoGuara Oanka 3156 1,12 0,707
BucHoBku
3rifHO 3 PO3pPaxyHKOBHMHU JaHUMH, SIKi dbyHIaMeHT, a MiHIMalnbHI TpPU BHKOPHC-

mpeJ/cTaBieHi y Tabmuii 1, MoXHa 3poouTH
BHUCHOBOK, III0 MaKCHUMajJbHi MOMEHTH 3THHY
BUHHUKAIOTh TIPU BCTAHOBIEHI peWKH Ha
MPOKIIA/IKy, a MiHIMaJIbHI — Ha JBOTaBPOBY
Oanky. MakcuMmaibHi Harpy>KeHHS! BAHUKAIOTh
TaKOX TP BCTAHOBIICHI PEHOK Ha MPOKJIAJKY,
a MiHIMaJbHI — TIPHU 3aCTOCYBaHHI KOpoOUaToi
Oankn. MakcuMaNbHI TOTEPEYHi  3yCHILIS
BUHHUKAIOTh TPH BCTAHOBJIECHHI peHOK Ha

TOBYBaHHi MMaJbHOr0 MHUIAXY Ha OCTOHHUX

IIMrax.

Kpim mporo, sk Oaunmmo ¢Qopma Oanku
TaKO)XK Ma€ 3HAYHHWU BIUIMB Ha HAIPYKCHHS.
Tax 3aMiHa JBOTaBPOBOI OAITKK HA KOPOOUYACTY

30imbiye Ha  50%
3MEHIITYIO

Maiibke

MOMCHTU 3rUHY,

aie
MaKCHMAaJIbHI

HaNpYXEHHS 1 onepeyHe 3yCHlIs.

Kounduiikr inTepecis

ABTOpY 3asIBJIAIOThH, 10 KOHQIIIKTY IHTEpeciB 100 mmyoiikamii pykomnucy Hemae. Kpim Toro,
aBTOPH TOBHICTIO JOTPUMYBAIMCh €TUYHUX HOPM, BKIIOYAIOUM IJariaT, ¢anscudikaniio JaHuUX Ta

MOJIBiHHY ITyOJTiKaIlito
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DETERMINATION OF LOADS ARISING DURING MOVEMENT OF TRAVELING
WHEELS OF BRIDGE CRANES

Different working conditions and design features of individual lifting machines and crane paths cause a
wide variety of mechanisms for moving cranes and crane trolleys. The movement resistance of the crane or
trolley is formed when the wheels roll on the rails and in the wheel bearings.

During the operation of the crane, the running wheels are under the influence of various loads - the weight
of the cargo, the crane's own weight, air pressure, the force of inertia and loads that occur when the cranes are
skewed on the under-crane paths, when there are defects in the under-crane paths and the crane's undercarriage.

The dimensions of the rails must correspond to the loads and dimensions of the running wheels and are
ensured by calculating them for bending and for local compression under the wheel. During the operation of the
crane, the load on the running wheels sometimes varies widely. Its durability, reliability, ease of manufacture
and maintenance largely depends on the structural form of the beam. The design of the closed profile gives the
maximum increase in torsional stiffness. Tilting of a moving crane is the result of such reasons as slipping or
slipping of the crane's drive wheels on the rails, differences in the diameters of the drive wheels, incorrect
installation of the wheels, and defects in the crane paths. Impact loads that occur during the movement of the
running wheels occur in two cases: when the cranes hit the end stops and when passing the joints of the rail path
and local irregularities. In order to reduce shock loads, modern cranes and cargo trolleys have buffers when they
approach the end stops, which allow to extend the working stroke of the crane Impact loads that occur during the
movement of the running wheels occur in two cases: when the cranes hit the end stops and when passing the
joints of the rail path and local irregularities. In order to reduce shock loads, modern cranes and cargo trolleys
have buffers when they approach the end stops, which allow to extend the working stroke of the crane and
increase the reliability and safety of crane operation. The choice of the type of running rail is related to the
amount of load on the running wheels and the design features of the movement mechanism - conical running
wheels can move only on a convex rail, cylindrical wheels - on both convex and flat rails. The wear and tear of
the elements of the under-crane path leads to the failure of the metal structures of the under-crane beams, which
causes significant economic losses. The transition in crane structures from riveted under-crane beams, which had
discrete belt connections with defined mobility to welded beams with a rigid system of belt connections without
structural compensation of mobility, led to a significant decrease in the durability of welded beams.

The local stress state of the wall in the welded crane girders, which determines the fatigue strength in this
zone, can only be adjusted using the crane rail. But the operation of the under-crane path has not been properly
investigated until now. Possible deformations of both the running wheels themselves and the rail tracks depend
to a large extent on the height and nature of the rail joint, the shape of the rail and the speed of the running
wheels. In the article, a more precise definition of the loads that occur in the under-rail beams was carried out,
some assumptions were rejected and new calculation formulas were obtained. In addition, an analysis of the
influence of the method of installing rails on the value of force factors was carried out.
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3AJIEJKHICTH BILUIMBY TUCKY HA OIIOPHY IIOBEPXHIO BIJI TUCKY B 3UMOBII
HINHI TRIANGLE SNOWLINK PL01 TUTIOPO3MIPY 225/55 R18

VY mporneci BUBUCHHS BIUTUBY BHYTPIIIHBOTO THUCKY B IIMHAX TPAHCIIOPTHUX 3aco0iB kareropii M; Ha
napaMeTpy B3a€EMOJIii 3 OMOPHOIO0 IOBEPXHEI0 OYJIO BCTAHOBJIECHO, IO JOCTI/DKEHHS Cy4YacHHX THIIOPO3MIpiB
MIMH JI0CI HE MpPOBOAWIKCS. BpaxoByrouW axkTyalbHICTh IIbOTO NHTAHHS MJIsl TIJBHUINEHHS HPOXIiJHOCTI
aBTOMOOLTIB 3arajbHOI MPOXIMHOCTI MiJ Yac pyXy MO IepecideHii MicueBocTi, Oyio iHiIifioBaHO BiAIOBimHE
eKCIIepUMEHTAIIbHE TOCTIKECHHS.

VY Mexax maHOi poOOTH JOCIHI/KEHO B3a€MO3B’S30K MIiX BHYTPIIIHIM THCKOM Y 3MMOBHX IIHMHAX
Triangle Snowlink PLO1 Tumopo3mipy 225/55 R18 Ta THCKOM, SIKHii CTBOPIOE TPAHCIOPTHHIA 3aci0 HA OTOPHY
MOBepxHIO. [InTaHHSA onTHMi3amii THCKY B INMHAX € KPUTUYHO BAXKJIMBUM JUI 3a0€3MEUCHHS ITiJBHIICHO]
MPOXITHOCTI, 3HIDKCHHS HABAHTAXCHHS HA JOPOXXHE TOKPUTTS Ta IOKPANICHHS KEPOBAaHOCTi, OCOOJIMBO B
YMOBax eKCIUTyaTallii Ha M’sIKUX ab0 HepiBHUX MOBEPXHX (ITICOK, CHIT, 00J0TO TOLIO).

Y JochiKeHHI TAaKOXX PO3IJISIHYTO LUIIXU BIUIMBY HA THCK, SIKWM YMHHUTH aBTOMOOLIb Ha OIOPHY
MOBEPXHIO, Ta 3alpONOHOBAHO NPAKTHYHI 3aXO0JH, CHPSMOBaHI Ha MiABMIIEHHS NPOXigHOCTI. MeToro
JOCHKeHHsT OyJ0 BH3HAYEHHsI XapaKTepy 3aJeXHOCTI MDK 3MIHOIO BHYTPIIIHBOI'O THUCKY B IIMHAax Ta
BIJITIOBIJTHOIO 3MIHOO THCKY Ha OTIOPHY MOBEPXHIO.

HarypHi ekcnepyMeHTaNbHI OCHTIPKEHHST HPOBOIWIUCS 3TiTHO 3 PO3pOOJIEHHM aJITOPUTMOM Ha
TpaHCIIOPTHOMY 3aco0i kateropii M; 3 miJBHIIEHUMHU MO3alUIIXOBUMH xapaktepuctukamu — Opel Grandland
1.5 BHDi. BunpoOyBaHHs1 BUKOHYBAIUCS Ha PiBHIH OCTOHHII IMOBEpXHi 32 YMOB BCTAHOBJICHHS 3UMOBHX IINH
Triangle Snowlink PLO1 tumopo3mipy 225/55 R18.

Pe3ynbraTy eKcriepMMEHTy MOKa3ayy, 10 3HKEHHS THCKY B MIMHaX i3 2,2 10 1,5 aT™M npu3BoanTb /10
3MEHIIICHHS THUCKY Ha omopHy noBepxHio 3 1,39 mo 1,07 kr/cm?. Lle cBiquuTh Mpo MOTEHIIHHE MOKpAIICHHI
MPOXITHOCTI TPAHCIOPTHOTO 3aco0y. Y JOCHIDKEHHI MMPOaHali30BaHO MEXaHi3M BIUIMBY MacH aBTOMOOLIS Ta
VIOl KOHTaKTy HIMHHM 3 ONOPHOI0 MOBEPXHEI0 Ha BEJIMYMHY KOHTAKTHOTO THUCKY. BCTaHOBIIEHO HasBHICTH
Maiike 00epHEHO IPOTOPLIHHOT 3aJIEKHOCTI MiXK TUCKOM Y LIMHAX 1 TACKOM Ha OIIOPHY ITOBEPXHIO.

VY crarti nmomaHo rpadivyHi Ta aHANITUYHI 3aJIEKHOCTI, [0 OOIPYHTOBYIOTh AOLIJIBHICTh 3HMIKEHHS
TUCKY B IIMHAX IIPU eKCILTyaTalil TPaHCIIOPTHUX 3aC00IB y CKIIQJIHUX JIOPOXKHIX yMoBax. OTpuMaHi pe3ynbTaTtu
MOXYTb OyTH BHKOPHCTaHI NpPU IPOEKTYBAHHI KOJICHHUX TPaHCIOPTHUX 3acO0iB, a TaKOX Yy MpaKTHIi iX
eKCIUTyaTalii Ha 6e310pixkKi.

KJIIIOYOBI CJIOBA: muck Ha onopHy nogepxuio, MucKk y WuUHI, niowa HNIAMU KOHMAKmMY,
NPOXIOHICMb, WIUHU.

Sk wuryBaru: O. [Tucaprios. (2025). 3anexHicTh BIUIMBY TUCKY HA OMOPHY MMOBEPXHIO BiJl THCKY B
sumoBiit muHi triangle snowlink PLO1 tunioposmipy 225/55 R18. Mawuno6ydysanns. 2025 Bum 35 C. 54-64.
DOI: https://doi.org/10.26565/2079-1747-2025-35-06

Beryn
OfHMM 13 HAUMPOCTIIIMX Ta TEXHIYHO
JIOCTYITHUX METOMIB 3HW)KEHHS KOHTaKTHOTO TUISIMA KOHTAKTy [ITUHH 3 OMTOPHOO TIOBEPXHEIO,
THCKy 0e3 TmoTpedn Yy KOHCTPYKTHBHOMY mo, y CBOIO depry, 3abe3meuye OLIBII
BTPyYaHHI B  TpPaHCIOPTHHH  3acid € pIBHOMIpHUI po3nofin HaBaHTaxeHHsA. Lle
pEeryJIIOBaHHS  BHYTPIIIHBOTO  THCKY B JIO3BOJISIE CYTTEBO 3HHU3UTHU MATOME
MHEBMATUYHUX I[IMHAX. 3MEHIIEHHS THCKY B HAaBaHTAXEHHS Ha IPyHT abo JIOPOXKHE
IIMHI TPU3BOIUTH 10 30UIBIICHHS TUIOLII MOKPUTTS, 3MEHIIYIOUH WMOBIPHICTh HOrO

© O. IMucapros, 2025
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pyHHYBaHHS Ta TOKpPALIylOYd TATOBO-3YillHI
BJIACTHBOCTI KOJTiC.

Takwnii migxig € 0coOTUBO aKTyaTbHUM
TUIst TPaHCHOPTHUX 3aco0iB, 10
eKCIUTyaTylOTbCSl Yy  CKJIagHUX  JOPOXKHIX
yYMOBaX, 30KpeMa Ha ITyXKHX, BOJOTHX abo
crma0oHecyunx TIpyHTax, J€ PHU3HUK BTpaTH
3YENJICHHST Ta BHUHHUKHEHHS TNPOOYKCOBKH
3HAYHO 3pOCTa€. 3HWKEHHS TUCKY B IIMHAX
JTO3BOJISIE  3MEHIIATH TIUOWHY KOJIHHOCTI,
3HU3UTH piBeHb OYyKCyBaHHS, a  TaKOX
MTOKPAITUTH KEpOBaHICTh i CTIHKICTB
aBTOMOOLIIA TIpH pyCi IO 6E3TOPIAOKIO.

3acTocyBaHHS IIi€l METOAWKH Mae
BAKJIMBE 3HAYCHHs HE JMIIE B KOHTEKCTI
MiABUIIEHHS MOOITBHOCTI Ta TMPOXiTHOCTI
JIETKOBHX aBTOMOOUTIB 3arajxbHOI MPOXiAHOCTI,
a W IS Creliali30BaHUX TPAHCIOPTHHUX 3acO-

0iB: CIIBCHKOTOCTIONAPCHKOI TEXHIKH, JIiCOroc-
MMOAAPCHKUX  MAIMH, BIHCHKOBOI TEXHIKH,
aBapiitHO-PATYBATFHUX aBTOMOO1JIIB TOIIIO.

VY 1ux BUMajKax MOKIIUBICTh aJanTailii
napameTpiB IIMH J0 YMOB MiCLIEBOCTI MPsIMO
BIUIMBAaE HAa  €(EeKTUBHICTP  BHKOHAHHSI
MOCTaBJICHHUX 3aBJIaHb.

Bineme Toro, omnTumizaiisi THUCKY B
NIMHAX PO3MIIAJAETHCS SIK CIEMEHT aKTUBHOTO
KEepyBaHHS JUHAMIKOIO TPAHCIIOPTHOTO 3ac00y
Ta MOXe OyTH peamizoBaHa Yy BHUIJIAII
aBTOMATH30BaHUX CHCTEM IIEHTPATi30BaHOTO
peryimioBaHHS THCKY. Taki CHCTEMH BXKe
3HAaXOJfTh  3aCTOCYBaHHSI B  CYYacCHHX
aBTOMOOUISAX TIJBMINEHOI MPOXiAHOCTi, IO
CBITYATh TIPO TEPCHEKTHBHICTh 1 TEXHIYHY
JIOIUIBHICTh MOAATBIINX JAOCTIKEHDb Y IOMY
HarnpsMi.

AHaJi3 ocTaHHIX J0caiTxKeHb | myOaikamii

Y Mexax JOCHIUKEHHS  BIUIUBY
BHYTpILIHBOTO THCKY B IIMHAX Ha BEIUYUHY
TUCKY, 1[0 YAHUTHCS TPAHCIOPTHUM 3aC000M
Ha OINOpHY IIOBEPXHIO, a TAaKOX CYMDKHHUX
NUTaHb, BaroMHid BHECOK 3pOOMIM  SIK
BITYM3HSHI, Tak 1 3apyOikKHI HayKOBLI Ta
JOCTIAHUIIBKI ~ yCTaHOBH. [IpoGnemarnka
B33a€MO3B 513Ky MK TUCKOM Y LIMHAX, IUIOIIEI0
KOHTaKTy KoJieca 3 OIMOPHOI0 MOBEPXHEIO Ta
HaBaHTAXEGHHSIM, WIO TMepelacThCsl Ha Hei,
HaOyJla OIMPOKOTO BHCBITICHHS Y HAYKOBii
miteparypi [1-16] Ta nmpoJoBXKye 3amUIaTHCS
aKTyaJIbHOK) Y  KOHTEKCTI  IiJBUIICHHS
e(heKTUBHOCTI pOOOTH TPAHCIIOPTHUX 3acO0iB
y PI3HHX JTIOPOKHIX YMOBaX.

BinbLIicTe DOCIIAHUKIB CXOASATHCS Ha
OyMII, 10 3HWKEHHS BHYTPIIIHBOI'O THCKY B
MHEBMAaTHYHUX LIMHAX CIpHUA€E 301NbLICHHIO
IJTOIII KOHTAKTHOI IUISMH, IO, BiAIIOBIIHO,
NPU3BOJIUTH /10 3MEHIICHHS MUTOMOTO THCKY
Ha ONOpHY TMOBEPXHI0O Ta TMOKPAIeHHs
npoxigHocti aBromoOins. Takuii edekr €
KPUTHYHO BXKIUBHUM i/l 4aC PYXy MO M’SIKHX
ado  HecTiHKMX  IpyHTax, J€  BHUCOKa
KOHIICHTpALIisl HABAaHTXKEHHS MOKE TIPU3BECTU
JI0 3HAYHOTO TIPOCIIAHHS KOJIIC 1 BTpaTH
3UYETICHHS.

Y poborax [3, 7] HaromomryeThcs Ha
ICHYBaHHI Maie JIIHIHHOT 3aJIe)KHOCTI MiX
HaBaHTQXEGHHSIM Ha KOJIECO, BHYTPIIHIM

THUCKOM Y IIWHI Ta PO3MIPOM IUIAMU KOHTAKTY.
e mae 3Mory CTBOpIOBaTM MaTeMaTH4HI
MoJeNni Iyl [POTHO3YBaHHS  3MiH Y
XapaKTepUCTUKaxX B3aeMojii "mmHa—mopora'
3a  pI3HUX peXHUMIB  eKciutyaramii. Y
nociipkeHHsx [15, 16] yBary 3ocepekeHo Ha
JETATLHOMY aHalli3l PO3IMOJiTy THUCKY B 30HI
KOHTAaKTy IOMHM 3 IIOBEPXHEI0. 30Kpema,
JOBEJICHO, 10 Taki mapaMeTpu, sK ¢opma
OPOTEKTOpa,  JKOPCTKICTh ~ OOKOBMH  Ta
KOHCTPYKTHBHI 0COOIMBOCTI IIMHY,
BiZIIrpalOTh KJIIOYOBY pojib y (opMmyBaHHI
XapakTepy KOHTAaKTHOI B3aEMOJIi.

KommuiekcHmii  aHami3  Cy4YacHHX
eKCIepUMEHTAbHUX, YHCETbHUX Ta
AHATITUYHHAX JIOCIIIDKEHD JI03BOJISIE

CTBEP/UKYBaTH, IO PETYIIOBaHHS THCKY B
IMHAX € He Jmiie e(eKTUBHUM 3aco00M
MIJBUINECHHS TPOXITHOCTI, aje W BaXKJIIMBUM
IHCTPYMEHTOM 3MEHIICHHS HABaHTA)XCHHS Ha
JIOPOIKHE MTOKPHTTH, i IBUIIICHHS
eHeproe()eKTUBHOCTI TPAHCIIOPTHOI'O 3acoly,
OIITUMIi3allii KepOBAHOCTI Ta MOJIIIIIEHHS YMOB
eKcInTyaTaii B misiomy. OnHak, SK 3a3Ha4al0Th

aBTopu  Olmpmiocti  poOiT,  MpakTU4HA
peamizaiiss  BKa3aHMX  IMIAXOJIB  BHMarae
ajanTanii  pe3ynabTaTiB 0  KOHKPETHHUX

MoJIeJIell TPaHCHOPTHUX 3aco0iB, IXHIX Maco-
rabapuTHUX  XapaKTePHUCTHK, KOHCTPYKIIH
[IMH Ta PealbHUX YMOB €KCILTyaTarlii.
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IMocTanoBka mpobaeMn

3abe3nedcHAS HANEKHOI IPOXiTHOCTI
TPaHCHOPTHOTO 3acO0y B YMOBax eKcIuTyaTarii
no  HectabimpHUX  abo  ciyaboHecy4mx
MOBEPXHsIX (CHIT, TCOK, 00JI0TO, TPYHT TOIIO) €
BOXJIMBUM 3aBJaHHSM CY4acHOi TPaHCIOPTHOL
imxeHepii. OMHUM 13 KIFOUOBUX YHMHHHKIB, 110
BIUIMBAIOTh HAa TINOBO-34illHI BJIACTUBOCTI
aBTOMOOLUIA, € KOHTaKTHHHA THCK Ha OIOPHY
MOBEPXHIO, SKHH, Y CBOIO YEpTy, 3aJCKUTh BiJ
BHYTPIIIHHOTO TUCKY B ITHEBMAaTHYHUX IIMHAX 1
TUTOMII iX KOHTaKTy 3 IOPOTOIO.

[lompu HasBHICTD psAy HOCIiIXKEHD,
NPUCBSYCHUX BIUIMBY THUCKY B INMHAaX Ha
eKCIUTyaTalliiiHi XapaKTEepUCTHUKH TPAHCIIOPT-
HHUX 3ac00iB, OLTBLIICTH i3 HUX OpPIEHTOBaHI Ha
3arajibHi 3aKOHOMIPHOCTI a00 BHKOHaHI Ha
3acTapiiiXx TUMOPO3Mipax IIKH, IO HE BPaxo-
BYIOTh KOHCTPYKTHBHHX 1 MaTepialbHUX 0C00-
JMBOCTEW CYy4acHOI KOJNICHOI MPOAYKIii. Y KOH-
TEKCTI MiABUIIEHHS eEeKTUBHOCTI eKCILTyaTallii
JIETKOBHX aBTOMOO1TIB 3araibHOI IPOXiTHOCTI B
YMOBax 0€3I0PIKKS YU 3HIKESHOTO 3UCTIIICHHS,

BHYTPIIIHIM THUCKOM y IIUHAX 1 BEIWYHHOIO
TUCKY Ha OIOpHY TOBEPXHIO caMe s
aKTyaJIbHUX TUTIOPO3MIPiB 3MMOBHX IIIHH.

Kpim TOTO, HEMOCTaTHHO BUCBITICHUM €
MPAaKTUYHUIN aCMEeKT: HACKUIBKH 3MiHA THUCKY B
IIMHAX  MOXE  peajbHO  BIUIMHYTH  Ha
MPOXiTHICTE TPAHCIIOPTHOTO 3aco0y MpH pyci
10 pIBHHUX, aje TOTCHINMHO CIU3bKHUX ado
M’SIKUX TTOBEPXHSIX

Ile mnoTpebye mpoBeACHHS HATYPHHX
EKCIIEPUMEHTAILHUX ~ JIOCTIDKEHb 3 METOHO
YTOYHEHHS iCHYIOUHX TEOPETUYHUX MOJIOKEHb 1
(hopMyBaHHS TPAKTHYHUX PEKOMEHIALIN s

eKCIUTyaTallii  aBTOMOOUTIB y  CKIQJIHHUX
JIOPOXKHIX YMOBaX.
MeTtoro  maHOrO  AOCHIPKEHHS €

BCTAHOBJICHHS KUIBKICHOI 3aJI€KHOCTI  MIX
BHYTPIIIHIM TUCKOM y ITHEBMAaTHYHHUX ITWHAX 1
TUCKOM, SKMH YMHUTH TPAaHCIIOPTHHH 3acid Ha
OMOpHY TMOBEPXHIO, a TaKOX MPOBEIACHHS
OIIIHKM BIUIMBY Bapiamiii THCKy B NIMHAX Ha
MOTEHIIHHY MPOXIiIHICTh aBTOMOO1JISI B YMOBax
eKCIulyaTalii Ha  pPIBHOMY  JOPOXHBOMY
MTOKPHTTI.

BuxiagenHsi 0CHOBHOr0 MaTepiajy

HEJOCTaTHbO  JIOCHIIPKEHUM  3aJIMIIAETHCS
KITBKICHAH ~ acleKT  B3a€EMO3B’SI3KY MK
Tuck Ha  ONOpPHY  TOBEPXHIO €

IHTETPaTBHOI0 XapaKTEPUCTUKOIO, 1[0 BU3HAYAE
BEJIMYMHY HOPMAJBHOTO HaBaHTAKEHHS Ha
OJIMHMLIIO IIJIOIII KOHTAKTY ONOPHHUX €JIEMEHTIB
(komic abo TryceHuIlb) 13 TIpyHTOM abo
JOPOXKHIM  TOKpUTTsM.  lleid  mapametp
pPO3paxoBYeThCSl  SIK  BIJHOIIGHHS  Mac
TPaHCHOPTHOTO 3ac00y (UM HOro HaBaHTAKEHOI
YaCTHHHM) [0 CyMapHOi IUIOIL KOHTAaKTy 3

ONOpPHOIO  ToBepxHer. Moro  BennumHa
Oe3rnocepeTHpO BIUTHBAE Ha TATOBI
BJIACTUBOCTI,  CTIHKICTH 1  TPOXiAHICTbH

TPAHCIIOPTHOTO 3aco0y, OCOOJMBO B yMOBax
M’SIKMX a00 ciaboHeCyuuX IPYHTIB.

Jis  3HMKEHHS THCKY Ha OIOpHY
MOBEPXHIO 3 METOK MIJBHMIIEHHS MPOXiTHOCTI
MOJXJIMBE 3aCTOCYBAaHHS KUTbKOX 1HXKEHEPHHX
M IXO/IB:

1. 3mMeHmeHHs Mach ~ TPaHCHOPTHOTO
3aco0y. 3HWKEHHS Bard aBTOMOOINS abo
TpPaKTOpa CHpHSE€ 3MEHIICHHIO IMUTOMOTO

HABAaHTAXKEHHS, 10 3armodirae HaJAMipHOMY
3aHYPEHHIO KOJIIC Y TYCEHHUIb Y M’ SIKUH IPYHT
1 3HMKYE PU3HK BTPATH 3YETUICHHS.

2. 30inbmieHHs TUIONII KOHTakTy. J[locs-
TaeThbCs NUIAXOM 3aCTOCYBaHHS IIUH 301JIbIIe-

HOTO JiaMerpa Ta IUPUHHA abo Mepexoay Mo
ryceHnyHuX pymii. lle 3a0esmnedye piBHOMIp-
HIIIMA pO3MO/iN HABAHTAXKECHHS 110 TIOBEPXHI Ta
3MEHIIIY€ THCK Ha OJIMHUIIIO TLJIOI.

3. PerymroBaHHS BHYTpILIHBOTO THCKY B
MIMHAX. 3HWKEHHS TUCKY B IHEBMAaTHYHHX
LIMHAX BeIe OO 30UIBLICHHS IO KOHTAKTHOL
TUISIMH, IO TIOKPAIIy€ 34ETUICHHS 3 TOBEPXHEIO,
0COOJIMBO Ha CUIIKUX, BOJIOTUX a00 3aCHIKEHHUX
mingakax. el miaxig € ogHMM i3
HallepeKTUBHIINX Ta HAWMEHII PECYpCOEMHHX
y peaizariii.

[pakTuHi 3axoiu JUIS  ITiJABUICHHS
MPOXiJHOCTI TPAHCIIOPTHOTO 3aco0y
BKITIOYAIOTh!

e BukopucTaHHsS WWH HHU3BKOTO THCKY
a00 TYCeHWYHUX pyHIiiB st 30UIbIICHHS
TUIOII KOHTAKTY;

e OnTUMi3alilo BaroBUX XapaKTEPUCTHK
OUIIXOM  TOJIETHIEHHS ~ KOHCTpYKuWii  abo
3MEHILEHHS KOPUCHOTO HAaBAaHTAXCHHS;

e BrposamxeHHs CHCTEM
LIEHTPAII30BaHOIO abo ABTOMAaTHYHOI'O
pEryJioBaHHsS TUCKY B IIMHAX, IO JIO3BOJISIE
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aJanTyBaTH XapaKTEPUCTHKH IIUH 10 3MiHHHX
YMOB penbedy Ta THITY MOKPUTTSL.

MiHiMizamis  THCKy Ha  OMNOPHY
TTOBEPXHIO € OJHHM i3 KITFOUOBUX KPUTEPIiB ITi]T
qac MPOEKTYBAHHS MO3aLIITXOBUX
TPAHCIIOPTHUX 3aC00IB, TYCCHUYHOI TEXHIKH Ta
MOOUTBHOT IHKEHepPHOT TEXHIKH, 111(0)
NpU3HaUYeHa JUIS eKCIuTyartalii Ha CclaOKux
HECYYHMX OCHOBaX — TaKHMX SIK CHIIKi MIiCKH,
3200J109eHI JUISHKH a00 CHITOBI TOKPHUBH. Y
TaKHX YMOBax TOYKOBE HaaMipHe
HaBaHTAXEHHS TPU3BOIUTH JI0 TJIHOOKOTO
3aHYpEHHS OIOPHMX EJEMEHTIB y IPYyHT, LIO
BUKIIMKA€ CYTT€BE 3HIDKEHHA KoedimieHTa
3YETJICHHS 1 BTPATy TATOBUX XapaKTEPUCTHK.

VY 3B’S3Ky 3 UM BUHUKAE HEOOXITHICTh
KOHCTPYKTHBHOI ONITHUMI3aIlii X0JJ0BOi YaCTHHH,
30KpeMa IUIIXOM JOCATHEHHS MaKCHMAJbHO
MOJJIMBOI TUIONII KOHTAaKTy MpH 30epekeHHi
JOIYCTUMHX BaroBUX rapameTpiB.
PamionaneHe  TOEOHAHHA ~— Macora0apUTHHX
XapaKTepPUCTUK, TeOMETpii MUH abo TyceHUIIb 1
AIalITUBHOTO PETYJIOBaHHA THCKY B IIHHAX
JTO3BOJISIE 3abe3meunTn edeKTHBHE
(GYHKIIOHYBaHHS TpPaHCIIOPTHOTO 3aco0y B
CKJIaHHUX ,I[OpO)KHI)O'KJ'IiMaTI/I‘IHI/IX YMOBax.

.
A

ne P — tuck; F — Bara, mo i€ Ha omopHy
MOBEPXHIO; A — TUIONIA TUISIMH KOHTAKTy, 4epe3
Ky TepelacThCsi HABaHTAKEHHS Ha OIMOPHY
MOBEPXHIO.

TakuMm 4MHOM, Ha BEIMYMHY THCKY Ha
OTOpHY TMOBEPXHIO BWU3HAYANBHUI  BIUTUB
MalTh JBa OCHOBHI YHMHHHUKH — Maca
TPaHCHOPTHOrO  3aco0y Ta  IeOMETpPUYHi
XapaKTepUCTUKU TUIONII KOHTAaKTy Kojic abo
T'YCEHHIIb 13 TIOBEPXHEI0. 31 301IbIIEHHSIM MacH
TUCK Ha OINOpHY IIOBEPXHIO 3pOCTaE INPSIMO
MPOMOPIIIAHO, TOMI SIK PO3IIMPEHHS TUIOMNI
KOHTaKTy, HAaBIakd, BeA€ J0 3MCHIICHHS
MTUTOMOT'O THUCKY.

3 wmi€i 3aKOHOMIPHOCTI BHUIUTMBA€E iH)KEHEpHA
JIOITEHICTh BUKOPUCTAHHA TYCEHUYHUX PYIIiiB
ab0 THEBMATHYHUX IMWH 31 3HIDKEHUM
BHYTPIIIHIM THCKOM — TaKWX, IO CIPHUSIIOTh
30UIBIICHHIO ILIOMII KOHTakTHOI musaMu. Lle
JIO3BOJISIE 3MEHIIIUTH HABAHTAXKCHHSI HAa OMOPHY
MOBEPXHIO, THM CaMUM 3HWXKYIOUH DPU3ZHK
MPOCITIAHHS KOJIiC Yy M’sIKuX abo craboHecydnx
IPyHTaX, MOKPAIIyIOYH TATOBI BIACTHUBOCTI Ta
MPOXITHICTH TEXHIKH.

PeryntoBanHss THCKY Ha  OIOpHY
MOBEPXHIO, TaKUM YUHOM, MOXKe
3MIIHCHIOBATHUCS IBOMa OCHOBHUMHU CIIOCO0aMHU:

e 3MEHILICHHSAM MacH TpPaHCIIOPTHOTO
3aco0y;

e 30UNbIICHHSM  €(EeKTUBHOI  TUIOMI
KOHTAKTy 3 I[IOBEPXHEI0, 30KpeMa MUIIXOM
KOPUTYBaHHS BHYTPIIIIHHOTO TUCKY B IITHHAX.

OnHak OLIBLIICTE ICHYFOUHX
JOCHTIDKEHb  30CEpEeKCHI  MEepPEeBaXHO  Ha
BEJIMKOTa0apUTHIM CIIENTEXHIIT,
CIITBCHKOTOCTIONAPCHKUX MaIIHaX abo
TPAHCTIOPTI BIMCHKOBOTO NMpPW3HAYEHHA. Y TOU
Yac HEJOCTaTHHO YBaru MPHIIIICHO BIUIMBY
TUCKY B IIMHAX HA THCK HA OTIOPHY MOBEPXHIO Y
BUTIAAKY JIETKOBUX aBTOMOOUTIB 3arajibHOTO

npu3HaveHHs kateropii M;, ocobiamBo — 3
ypaxyBaHHSIM CYYaCHHX TUTIOPO3MipiB HIKH.
s IporajanuHa y HayKOBO-

MPUKJIATHOMY aHaJIi3l 1 cTajga MiATPYHTAM IS
IMOCTAHOBKM 3aBJAaHHS IaHOTO JOCIIKEHHS,
OCHOBHOIO METOIO SIKOTO € KUIbKICHA OIlIHKAa
BIUIMBY BHYTPIIIHLOTO TUCKY B IIUHAX HA THUCK,
SAKHA YUHUTBCS aBTOMOOIIEM Ha OIMOpHY
MOBEPXHIO, & TAKOXX BHU3HAYCHHS TMOTCHINATY
MiBUIIEHHS  MPOXIJHOCTI  TPAHCHIOPTHOTO
3aco0y Kareropii M; NUIIXOM pEryJIIOBaHHS
THCKY B IIMHAX.

JocnimkeHHs] TPOBOAMUIIOCS HA PiBHIN
OeToHHIN mTOBepxHi, Ha aBToMoOim Omnenb
Grandland 1,5 BHDi (puc.1).
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Puc. 1 — Tuck Ha ONOPHY MOBEPXHIO TPAHCIIOPTHOTO 3ac00y KaTeropii M
Fig. 1 — Pressure on the supporting surface of a vehicle of category M,

Illuau  BCTaHOBJCHI HAa  JTAHOMY
TpaHCHOPTHOMY 3aco0i Kareropii M; Moaemi
Triangle Snowlink Ttumoposmipy 225/55 R18
MAalOTh HACTYITHI TEXHIYHI XapaKTePUCTHKH:

e bpena: Triangle

o Ce30H: 3UMOBI

o Tun T/3: nerkoBuit

o [Ilupuna: 225

o [Ipodine: 55

o Jliamerp: R18

e [nnexc mBuakocti: V - 1o 170 xm/rox
e [anexc HaBanTaxkeuus: 102 - mo 850 xr
e Mogens: Snowlink PLO1

o Tumn npotexTopy: CripssMoBaHU#

o Exonowmis manusa: C+

o 3ueruIeHHs Ha MOKpiii oBepxHi: D

e Pigenp mymy: 72 dB

e Tunopo3mip:225/55 R18

Metonuka  TMPOBEACHHS  HATYPHOTO
EKCIEPUMEHTAJIHOTO IOCTIIKSHHS

Hocnimkenas BUKOHYBaJIOCS 3a
HACTYITHUM aJTOPUTMOM:

1. TIlizroroBka KOHTAKTHOi IIOBEPXHI:
Komeco aBromoOing cmenianbHO — 3a0pya-
HIOBajiocss (papOor0 abo IHIIMM KOHTPACTHUM
MaTepiajJoM Ui YiTKOro BiJoOpaskeHHS Bij-
OWTKa IPOTEKTOpa HAa KOHTPOJIBHUX apKYyIIaXx.

2. [IligrotoBka apkymiB: I[lix xkoxHe
KOJIECO — TIEpEHE Ta 3aJHE — MiAKIAAaIncs
gucTi apkymi mamepy.Dikcaris  BiIOUTKIB:
ABTOMOO1ITE 00€peXHO HADKHKAB HA MMaIrepoBi
apKyImri, MiCJs 4Yoro 3a JONOMOTOI JIiHIHKK
BH3HAYAINCS TPAaHWYHI TOYKH KOHTAKTY KOJiC
3 apKylLIaMH, a TAKOK HAaHOCHUJIMCSA KOHTPOJIbHI
JIHIT JUIS TTO3HAYEHHS TEePEAHBOI Ta 3aTHBOI
MEX1 IJIIMH KOHTAKTYy.

3. 3marra aBromoOins: Ilicnms  Qikcarmii
BiIOUTKIB aBTOMOOILIT 3’ KIKAB 3 apKyIIIiB.

4. 3wmina tucky: Komeca HakauyBammcs

70 HACTYIIHOTO  3a/laHOTO0  3HAYCHHS
BHYTPIIIHBOTO THCKY.
5. ITloBTopenns LUKITY: Bei

BUIIICHABE/ICHI KPOKM MOBTOPIOBAIUCS ISt
KO’KHOTO HOBOTO 3HaYEHHS THCKY.

VY Xolli eKCHepruMEHTY OTpHUMaHi BiJ-
OWTKM TUISIM KOHTAaKTy KOJIC i3 TOBEpXHEIO
Oynu cdororpadopani. 3a gornomororo rpagiv-
HOTO penakropa 300paykeHHA
MacCIITa0yBaauCs BIAMOBITHO 10 peaibHUX
po3mipiB BizOutkiB. [anmi Ha umdposi xomii
HaHOCHITUCS baxTHyHi reoOMeTpHYHI
napaMmeTpu TUTSIM KOHTaKTY, 1o
3a0e3neyyBajo0 TOYHE BHM3HAUEHHS IUIOLII
KOHTaKTy (puc. 2).
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Puc. 2 — INpuknan BitONTKA IUIIMA KOHTAKTy KoJieca
Fig. 2 — Example of a wheel contact patch print

OtpuMaHi JaHl IUIOII  KOHTAKTHUX
IUISIM BHKOPUCTOBYBAJIMCS JUIS TIOAAJBIIOTO
PO3paxyHKy THCKY TPAHCIOPTHOrO 3aco0y Ha
OTOPHY TMOBEPXHIO MpPH PI3HUX 3HAYCHHSIX
BHYTPILTHHOT'O TUCKY B IIWHAX.

BuMiproBaHHS TMJIONI TUIAMH KOHTAKTY
NPOBOJMIIMCS OKPEMO JUIs KOJIC, po3Ta-
IIOBaHUX Ha TMEpPeIHId Ta 3aaHId OCsX
aBToMoOisa. Takuil miAXiJy 3yMOBICHHUA THM,
IO [IEHTP Bard TPAHCIOPTHOrO 3aco0y
3MIIIEHUI BIJHOCHO TEOMETPUYHOI OCI, IO
MPU3BOJUTH JI0 HEOJJHAKOBUX HABAHTAXKCHb HA
MepeHI0 Ta 3aJHI0 oci. BiamosimHo, muTOMmI
KOHTAaKTHUX IUIAM TEPeaHIX 1 3aHiX KOJIiC
MAaroTh BIZIMIHHOCTI, 1110 HEOOXI1IHO
BpaxOByBaTH JUIS TOYHOTO  BH3HAYCHHS
CyMapHO{ IUIOIIi KOHTaKTY.

[Micnss  oTpuMaHHS  IHAMBITYaJIBHUX
IJIOI KOHTAKTHHUX IIIIM KOXHOI'O KoJjeca
MPOBOJAMBCA IX aHAJi3: IUION[i KOHTAaKTiB
MEPeaHIX Ta 3aJHIX KOJIC IMiJICYyMOBYBAJINCS
Mik co00r0. JIJIst BU3HAYCHHS 3arajabHOI ILIOII1
KOHTAaKTy IIMH 3 OIOPHOK TMOBEPXHEI YCiX
KOJIC  TPaHCHOPTHOTO 3aco0y  OTpUMaHy
CyMapHy ILIOL[Y MHOXXHJIM Ha JBa, OCKIIbKH
BUMIpM TIPOBOAWIMCA Ha OXIHIA CTOpOHI
aBTOMOOUIA, 1 cHUMeTpis KoyicHOI 0asu
JIO3BOJISIE  €KCTPAIOJIIOBATH PE3yJIbTaTH Ha
MIPOTHIICKHY CTOPOHY.

Leit meTon 3a0e3mnedye OUIbII TOYHE Ta
HajifiHe BHU3HA4YCHHS €()EKTHBHOI  IUIOILI

KOHTAaKTy, SIKa € KJIIOYOBHUM MapaMeTpoM s
MOJAJBIINX PO3PaxXyHKIB THUCKY, IO YHHHUTHCS
TPAHCIIOPTHUM 3aCO00M Ha OIIOPHY IIOBEPXHIO.

Bu3HaueHHs TUIONIi TUISIMH KOHTAKTy €
B)XJIMBOIO YACTHHOIO JIOCIIDKEHHS, OCKIJIBKH
caMe I BeJIMYMHA HAIPsSMY BIUIMBAE HA THUCK
Ha TIpPYHT 1, BIAMOBIIHO, HA MPOXIiJHICTH
ABTOMOOLIS.

3aKJII0OYHUM €TaIoM JOCIIIPKEHHS CTaJIo
PO3paxyHKOBE BH3HAUCHHS MUTOMOTO THCKY
TPaHCIOPTHOTO 3aco0y Ha OMOPHY MOBEPXHIO
IIPY Pi3HUX 3HAYEHHSAX BHYTPILIIHBOIO THUCKY B
muHax.  Po3paxyHOK  3milicHIOBaBCS — 3a
¢dbopmynoro, sika BpaxoBYE 3arallbHy Macy
aBTOMOOUII 3 ypaxyBaHHSIM TPUCKOPCHHS
BUIBHOTO TAaJiHHA Ta CyMapHy IUIOILY KOH-
TakTHOI IIAMHA. Takui Miaxig — J03BOJSE
KUTBKICHO OIIIHWTH, SK 3MiHa BHYTPIIIHBOTO
TUCKY B IIMHAaX BIUIMBAaE Ha PO3MOJILI
HABaHTAXCHHS Ha OMNOPHY IOBEPXHIO 1, K
HACJIIIOK, Ha IIPOXIiIHICTH aBTOMOOLIISL.

VYci orpuMaHi eKcrepuMEHTajbHI JlaHi
OyJIM CUCTeMaTU30BaHi, 3aHECEHI 10 TaOJIUIb 1
MIArOTOBJICHI IS MOAAJIBIIOrO TpadiyHOro Ta
aHamiTHYHOTO aHamzy. Lle mo3Boise HE mulie
Bi3yaji3yBaTh 3aJIeXKHOCTI, a ¥ 3po0uTH
OOTPYHTOBaHI BHCHOBKH IIOJI0 ONTHMAIHHUX
3HaY€Hb THUCKY B MIMHAX JUIS ITiBUIICHHS
e(eKTHUBHOCTI PyXy B PI3HHX JIOPOXKHIX
YMOBax.
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Taoauus 1.
PesynbraT BUIpoOyBaHb Ta pO3paxyHKiB
Table 1.
Test and calculation results
Tuek —y | g5 1,6 1,7 18 1,9 2 2,1 2,2
HINH1
IInoma
KOHTAKTY | 40846 | 391,89 | 374,49 | 358,2 | 340,91 | 32361 | 306,82 | 292,0
IIEPEIHBIO
KoJieca
IInoma
KOHTaKTy 3204 | 309,98 | 300,37 | 291,68 | 283,84 | 277,57 | 272,78 | 267,54
3aTHBTO
KoJieca
IInoma
KOHTAaKTy
goruppox | 1457,73 | 1403,73 | 1349,72 | 1299,75 | 124951 | 1202,35 | 1159,19 | 1119,08
KOJIeC
aBTOMOO1LIA
Tuck Ha
oropry 1,07 1,11 1,15 1,19 1,24 1,29 1,34 1,39
IOBCPXHIO
aBTOMOOLIA
1,60
KT/cMm?
1,39
1,40 1,34
1,29
1,24
1,19
1,20 111 115
g 1,07 ’
o
@m 100
=]
B
g
g 0,20
g
E 0,60
0,40
0,20
0,00
1,5 16 17 1,8 19 2 2,1 22
AT .

Tuck v sumoEix nnmHax Triangle Snowlink Timoposmipy 225/55 R18

Puc. 3 — Tuck TpancnopTHoro 3acody kareropii M; Ha OIOpHY MOBEPXHIO NPH PI3HOMY THUCKY Y IIMHAX
Triangle Snowlink Tumopo3mipy 225/55 R18
Fig. 3 — Pressure of a vehicle of category M; on the supporting surface at different pressures in Triangle
Snowlink tires of size 225/55 R18
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v pe3yabTaTi MPOBEJCHOTO
mochmimpkeHHss  Oynmo  moOymoBaHo — Tpadik
3aJIeKHOCTI MK BHYTPIIIHIM THCKOM Y IIITHIX
IIMHAX Ta MHUTOMUM THUCKOM, SIKHH UYUHHTH
TpPaHCHOPTHHH 3acid kateropii M; Ha omopHy
HIOBEPXHIO.

OTpumaHa  3aJeKHICTH  JIO3BOJISE
HAa0YHO MPOJEMOHCTPYBAaTH BIUIUB 3MiHH
THCKY B IIMHAX HA BEJINYMHY KOHTAaKTHOTO

3rigHo 3 miarpaMoro, MpeACTaBICHOO
Ha PUCYHKY, BCTaHOBJIGHO YiTKO BHpaKEHY
3aJIeKHICTh MiXK BHYTPIIIHIM TUCKOM y IIWHAX
Ta TUCKOM, SIKH YMHHUTH TPAHCIIOPTHHUH 3aci0
Ha OMNOpHY TMOBEPXHIO. 3MCHIICHHS THCKY B
muHax 3 2,2 armocdepu (10 BiAMOBIgae
PEKOMEHIOBAaHOMY 3HAYEHHIO TSI aBTOMOOLIA
kareropii M; — Opel Grandland 1.5 BHDi) no
1,6 armocdhepu  3YMOBIIOE  3HWKCHHS
MUTOMOTO THCKY Ha ONOPHY HOBEpxHIO 3 1,39
kr/cM?> go 1,07 xr/cm2. Taka TeHIEHIS
JEMOHCTpPYE i IBUIICHHS aIanTUBHUX
BJIACTUBOCTEH TPAHCIIOPTHOTO 3aCO0Y IO YMOB
eKCITyaTallii Ha M SKHX, MaJOHeCy4uxX ado
HEpIBHUX THIIAX IPYHTIB, 10, Y CBOI 4Yepry,
CIIpHSIE TIOKPAIICHHIO HOTO MPOXiTHOCTI.

AHami3  OTpUMaHUX  pe3yJbTaTiB
JI03BOJISIE CTBEPKYBATH TIPO HASBHICTH Maiike
00EpHEHO TNPOMOPIIMHHOT 3aJEKHOCTI MIXK
BHYTpIIIHIM THCKOM Yy MIMHaX i THCKOM Ha
ONOpPHY TOBEpXHIO. Taka 3aKOHOMIpPHICTh

HaBaHTAXCHHS. 3TiTHO 3  pe3yJbTaTamy,
CIIOCTEPITAEThCSA BUPAKEHA TEHACHINS 0
3HMKCHHS TUCKY Ha OIOPHY IOBEPXHIO 31
3MEHIIICHHSIM BHYTPIIITHBOTO THCKY B IIIMHAX.
Ie MiTBEPIKYE e(heKTUBHICTh
pETYIIOBAaHHS TUCKY B IIWHAX SK MPAKTUYHOTO
3aco0y iABUIICHHS MPOXiAHOCTI
TPaHCIOPTHOTO 3aco0y, 30KpeMa MpU pyci 1o
M’SIKUX a00 HeCTaOlIbHUX THUIIAX TIOKPHUTTI.

BucHoBku

OOTPYHTOBYE  JIOIIBHICTH  BIIPOBAKEHHS
CHCTEM aBTOMATHYHOTO PETYIIOBAHHS THUCKY B
mMHAX s TPaHCHOPTHUX 3acobiB, IO
MPAIOITh B yMOBaxX 3MIiHHOTO penbedy dn
HECTIHKOTO JOPOKHBOTO TIOKPHUTTSL.

[TepcnexTrnBaMu MOJAIBIIUX
JIOCTDKEHb € TMONaNbIINN PO3BUTOK i€l
TEMAaTUKH  JOLIIBHO  COpAMYBaTH  Ha
KOMITJICKCHE BHBUCHHS BIUIMBY JOJaTKOBHX
YUHHWKIB, 30KpeMa THUITY Ta KOHCTPYKIIi ITHH,
iX TeoMeTpUYHHX TapaMeTpiB (IIUPUHH,
JiameTpa, npodinio), BJIACTHBOCTEH
JOPOXKHBOTO TIOKPUTTSI, TEMIEPATypPHUX YMOB
eKCIDTyaTallii, a TaKoX JWHAMIYHHX PEKUMIB
pPyXy Ha (GOpMyBaHHS KOHTAKTHOI IUISIMH Ta
piBeHb THCKYy Ha OIIOpDHY IOBEPXHIO.
OcobnuBy  yBary  JOLUIBHO  HPUAITIMTH
MO/JIEJIFOBAHHIO 3MiH KOHTaKTHHX
XapakTepUCTUK Yy  peajbHOMY d4aci 3
BUKOPUCTAHHSIM CyYaCHHUX YUCETHLHUX METOJIIB
Ta 3ac00iB KOMIT IOTEPHOTO MOJIEIIOBAHHSL.

Konduaikr inTepeci
ABTOpY 3asBISIOTH, M0 KOHQIIKTY iHTepeciB o0 myoikaii pykonucy Hemae. Kpim toro,
aBTOPH TOBHICTIO JOTPUMYBAIIMCh ETHYHUX HOPM, BKJIFOUAIOYH IIIariaT, pambcudikaliito JaHux Ta

NOJBiiHY MyOiKaIlito.
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DEPENDENCE OF GROUND PRESSURE ON INTERNAL PRESSURE IN WINTER TIRES
TRIANGLE SNOWLINK SIZE 225/55 R18

In the course of studying the influence of internal tire pressure in M1 category vehicles on their
interaction with the supporting surface, it was established that no in-depth research has yet been conducted for
modern tire sizes. Considering the relevance of this issue for improving the off-road performance of general-
purpose vehicles when driving on rough terrain, a corresponding experimental study was initiated.

This study investigates the relationship between the internal pressure of Triangle Snowlink winter tires
in size 225/55 R18 and the pressure exerted on the supporting surface by the vehicle. Optimizing tire pressure is
crucial for increasing vehicle mobility, reducing the load on the road infrastructure, and improving handling,
especially when driving on soft or uneven surfaces (such as sand, snow, or mud).

The research also considers methods for influencing the pressure exerted by the vehicle on the
supporting surface and proposes practical measures aimed at improving off-road performance. The main goal of
the study was to determine the nature of the dependence between changes in internal tire pressure and the
corresponding changes on the supporting surface pressure.

The field experiments were conducted according to a defined methodology using an M1 category
vehicle with improved off-road capabilities — the Opel Grandland 1.5 BHDi. The tests were performed on a flat
concrete surface using winter tires Triangle Snowlink size 225/55 R18.

The experimental results demonstrated that reducing tire pressure from 2.2 atm to 1.5 atm leads to a
decrease in ground pressure from 1.39 to 1.07 kg/cm? This indicates a potential improvement in the vehicle’s
off-road capability. The study analyzed the mechanism by which vehicle mass and tire contact area influence on
the supporting surface. An almost inverse proportional relationship was observed between internal tire pressure
and the supporting surface.

The paper presents graphical and analytical dependencies that justify the feasibility of reducing tire pressure
when operating vehicles under difficult road conditions. The findings may be useful in the design of wheeled
vehicles and in their practical use in off-road environments.

KEYWORDS: supporting surface pressure, tire pressure, contact patch area, off-road mobility, tires.

In cites: Pysartsov O. (2025). Dependence of ground pressure on internal pressure in winter tires Triangle
Snowlink size 225/55 R18. Engineering, (35), 54-64. https://doi.org/10.26565/2079-1747-2025-35-06
(in Ukraine)
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EKCIHEPUMEHTAJIBHI JOCJIJI)KEHHS HABAHTAKEHb METAJTOKOHCTPYKIIIT
ITPU 3ACTOCYBAHHI XOJOBHUX KOJIIC HOBOI KOHCTPYKIIII

B crarti posrmsiganucst 3amadi  €KCIEPUMEHTANGHOTO BH3HAYCHHS II€peBar XOZOBHX KOJIC HOBOI
KOHCTPYKIii 3 TNpPYKHAMH BCTaBKaMH. JIOCHi/KEHHS IPOBOIWIOCH HA IiI0YOMY €JIEKTPHYHOMY, OIOPHOMY,
JTBOOAJIKOBOMY MOCTOBOMY KpaHi BaHTaxomigiomuicTio 10 T., Ta mporoHom 22,5 M. 3a IOHOMOror0
TEH30pPE3UCTOPIB, 310paHNX B HAMiBMOCTOBY CXEMy Ta HiJKIIOUCHHX [0 aHAIOTO-IH(POBOTrO IEPETBOPIOBAYA
Zetlab210, 6ynu BusHaueHi nedopmariii roMOBHOI GajJKd B MOMEHT MiAHOMY Ta MEPEMIIICHHS BAaHTaXy pPi3HOI
macu. Ilimiiom Ta mepeMilleHHsS BaHTaXxy, OyJlO INPOBEAEHO IPH OJHAKOBUX yMOBaxX Ha LITAaTHHX KoJiecax
BaHT&)XHOTO Bi3Ka Ta Ha KoJiecaX 3 €IAaCTUYHOI I'yMOBOIO BCTaBKO. bynu orpumani rpadiku nedopmarrii
roJIOBHOT Oanku.B momanmpiioMy nepepaxyHKy OTPHUMaHI 3aJIe)KHOCTI HAPYKEHOIO CTaHy B KOXXHOMY MOMEHTI
NepeMilleHHsT BAHTAXY [IPU BUKOPUCTAHI SIK MITATHUX KOJIIC TaK 1 KOJIC 3 JIACTUYHOIO0 TYMOBOIO BCTaBKo0. Takox
OyIu BUSIBIICHI 3QJIC)KHOCTI Ta TPHBAIOCTI KOJIMBAHb, SIKi BAHUKAIOTH B TIPOJIOBXK UKITY IMiAHOMY Ta IIEPEMIIICHHS
BaHTaXy. LIMKI eKCIepMMEHTaJbHOTO JOCHI/DKEHHS CKIaJaBCcsl 3 IMIHOMY BaHTaXy B KpaWHbOMY JiBOMY
TIOJIOXKEHHI BaHTQXXKHUM BI3KOM, ITEPEMIIlIEHHI BaHTa)Xy B KpaifHe IIpaBe IOJIOXKEHHS Ta ITOBEPHEHHS BaHTA)KHOTO
Bi3Ka 3 BAHTAXXEM B II0YATKOBE MTOJIOKEHHSL.

HaykoBa HOBM3Ha po0o0TH TOJISITAa€E B 3aCTOCYBaHHI HOBOI, MOJIEPHI30BaHOT KOHCTPYKIII XOJIOBUX KOJIIiC
BAaHTa)XHOTO Bi3Ka 3 €JaCTHYHOIO I'YMOBOIO BCTAaBKOIO, 5IKi €(DEKTHBHO TacsTh KOJIMBAHHS B METAJIOKOHCTPYKIii
MOCTOBOT'O KpaHy.

ExcriepuMeHTanbHi JOCIIIPKEHHS! HABAHTAXKEHb, SIKI BUHUKAIOTh B METAIOKOHCTPYKIIi MOCTY MOCTOBOTO
KpaHa MPOBOJMINCH 3 BUKOPUCTAHHIM JBOXPEOOPIHUX LMIIHIPUYHUX KOJIC Ha BaHTOKHOMY BI3KYy JIFOYOTO
MocToBoro kpany. Ilix wac peecrtpanii BUHMKalO4MX HaBaHTa)KeHb, HA BAHTAKHOMY BI3Ky MOCTOBOTO KpaHa
OyJiM BCTaHOBJICHI CIIOYATKY INTATHI KoJieca, NOTIM IITATHI KoJjieca Oyiy 3aMiHEHI Ha MOJIepHi30BaHi KoJjeca (3
€JIACTUYHOI0, TYMOBOIO BCTABKOIO).

3a micyMKaMHu €KCIIEpHMEHTAIBHUX JOCIIUKEHb OyIlOo BHSBICHO 3MEHIICHHS HAlpy)XeHb B T'OJOBHIN
Oami MocroBoro kpaHy Ha 18% Ta 3MeHIIEHHsS TiKOoBHX BiOpamiii Ha 20 CeKyHI NpH OJHAKOBHX ITUKIAX
HiTiioMy Ta TNepeMileHHS BaHTaXy. TaKoXX NpH BHKOPHUCTaHHI KOJIC 3 €JaCTUYHOIO T'yMOBOIO BCTaBKOIO
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MocCTOBI KpaHH SIBIISIOTHCS HAWO1IBII
3aCTOCOBYBaHUMH BaHTaXXOITHOMHHMHU
MaluHaMA B yMOBax Cy4acHOTO
BUPOOHHIITBA, TOMY 3a0€3MeYeHHs 1X HamiitHOl
1 0Oe3mnepebiitHOT pOOOTH SBJISETHCS JTOCHUTH
aKTyalbHOIO 3aJauelo.

JIOBTrOBiUHICT POOOTH  MOCTOBOTO
KpaHa 3aJCKATh B OUIBIIKM Mipi BiX
JIOBTOBIYHOCTI HOTO METaJOKOHCTPYKIIi, sKa

cripuitmae JIOCHTD 3HAYHI 3MiHHI
HaBaHTAKCHHSI. Iuxmigaa pobota
BaHTaXXOI IHOMHOTO KpaHa BUKITUKAE

HIBUJKO3MIHHI MpOLECH HAaBaHTaXEHb HE
TIJIBKY B 4aci, ane 1 3 enmuuuHU. L{e motpedye
JOCUTHh YBa)KHOTO BW3HAUEHHS BCiX CHJIOBUX
(axTopiB, sSKi MatOTh Miciie TpH poOOT

Beryn

1 MOCTOBOTO KpaHa, SIK CTATUYHHUX TaK
1 muHamigyaux. OCHOBHI HaBaHTAXXEHHS, SKi
BUHHUKAIOTh B METAJIIOKOHCTPYKIIi MOCTOBOTO
KpaHa, BHHUKAIOTH TPH MiAHOMI BaHTaXy 1
poOOTi MexaHi3MiB MepecyBaHHS BaHTaXKHOTO
Bi3Ka i MOCTY. Ouinmi BILIUBY
KOHCTPYKTHBHUX  IapaMeTpiB  MeXaHi3MiB
IepecyBaHHs Ha IWHAMIYHI HAaBaHTXCHHS B
METaJOKOHCTPYKLil MPUCBIYEHO Oarato pooiT
Hamu Oyna 3ampormoHOBaHa HOBAa KOHCTPYKIIIS
XOJZIOBOTO KPaHOBOTO KoJieca 3 TMPYKHOIO
BCTaBKOIO, W0 JIO3BOJIMJIO 3HAYHO 3MEHIIUTH
OUHAMiYHI ~ HaBaHT@XEHHs 1pH  poOoTi
MeXaHi3My TEepecyBaHHs, a IIe¢ B CBOI 4Yepry
TaKO)X 3MCHINMIO 1 HaBaHTaKEHHS, SKi
NepealoThCs Ha METAIOKOHCTPYKIIIFO KpaHa.

AHaJi3 ocTaHHIX J0CaiTxKeHb | myOaikamii

Bci  koHCTpykmii  XOHOBHX — KOIIC
SBJISIFOTBCS JIOCUTH JKOPCTKHMHU 1 HE MOXYTh
crpuiiMaTé Ti TOMITOBXH 1 TeEpeKocH, sKi
BUHUKAIOTh MPH BiAXWICHHI PEHKOBOTO ILISAXY
BiJl pEKOMEH/IOBaHUX 3HAYCHb 1 IPUBOISTH 0
3HAYHOTO 3HOCY pebopx i peitok [1,2].

TakuMm 4MHOM, TIOKpaIleHHs poOOTH Ta
MiIBUIIEHHS  eKCIUTyaTamiifHolT  HaaiiHOCTI
KpPaHOBUX XOJOBUX KOJIC SIBISETHCS JIOCHTH
aKTyaJIbHOIO 3a/1a4€10 CY4acHOTO
KpaHOOY/TyBaHHS.

JluHamidHi MOJEII MOCTOBOTO KpaHy
pO3rsiHYTO B po0OTI [3]. ABTOpPHM BH3HAYaIIU
JIHIWHI KOJMBAHHSI MOZENI, sKa [a€ OIUC
BiOpamii BaHTaXy 1 TponeiB Imij dYac pyxy
KpaHy 1 OI[IHWIN CHIH TepTs B cuctemi. byna
JlaHa OIliHKa BIUIMBY 3MiHHOCTI HABaHTa)XKCHHS
Ha TIPOTSA3i Mii CHJI OMOpy NpHW TepecyBaHHI
KpaHny. Ane B poOOTI He pO3IISHYTO
IVHAMIYHI HaBaHTaKEHHS B
METaJIOKOHCTPYKLiI KpaHy MpH MepecyBaHHi.

JuHaMiuHi 3ycHIUIs, SIKi BUHUKAIOTh TIPH
MepeCyBaHHI BaHT@XHUX BI3KIB BaHTAKHUX
KpaHiB MarOTh JOCTaTHHO BEJMKI 3HAYEHHS 1 iX
HEMO)KHA HE BPaXOBYBAaTH IPU MPOEKTYyBaHHI
kpaniB [4, 5]. OcoGIMBO BOHU MPOSIBIISIOTHCS
miJ yac 3HOCY KoOJic i pedoKk Npv BHHMKHEHHI
HiepeKociB Ha KpaHax [6, 7].

UuHHUKY,  SKI  TPU3BOJATH  JIO
BUHHMKHEHHS CWI I€pEeKocy ¥ pyHHyBaHHSA
OKpEeMHX BY3JIiB METaJIOKOHCTPYKIIH
MOCTOBHX KpaHiB, TAKUX SIK KiHIIEB1 Ta TOJIOBHI
Oanku, Oyau po3risiHyTi B poboti [8]. Bymu

3aMpoIIOHOBaHI JIEKiJIbKa METO(IB MOMIMIICHHAS
POOOTH KpaHOBUX METaJeBUX KOHCTPYKLIH. A
came, 3acTOCYBaHHS TiIPOJMHAMIYHUX Ta
TiApPOCTaTUYHUX TIPUBOMAIB B  MEXaHi3Max
nepecyBaHHS Ta MIOBOPOTY KpaHiB.
BrpoBajkeHHS B MeTaneBUX KOHCTPYKIIISIX
HOBUX KapOi0- iHITPiJOyTBOPIOIOYHX CILIABIB
3alTi3a 3 MOKa3HUKaMHU TPaHMIl TEKy4JOCTi B 4—
5 paziB Oinpmumu, HiK Ct3. BrpoBamkeHHs
Ha 3aBOJ]aX-BUPOOHHUKAX OCTAaHHIX JOCIIiPKEHb
B ramysi Jila3epHOI TexXHIKH. BrpoBapkeHHS
BHUCOKOMIIIHUX OOJTIB Ta eJIEKTPO3aKJICIIOK
I 3’€IHaHHA TOJIOBHHUX 1 KIHIEBHUX OalloK.
ABTOpH  CTBEp/UKYIOTH IO Il  METOAH
NOJIMIATh POOOTY KPAaHOBHUX METaJIeBHX
KOHCTPYKIiil. Ajne B poOOTi HE HaBEACHO
MTOPiBHSHHS MKOBUX HaTpy>XeHb B
METAJIOKOHCTPYKINSIX ~ KpaHiB  MmijJ  dYac
3aCTOCYBaHHS JICIKUX METO/IIB.

JocmimKkeHHs KIHIIEBO-EJIEMEHTHOT
MOJIeJIi METaJOKOHCTPYKIl MOCTOBOTO KpaHa i
CTATHYHHHA  aHajai3  METOAOM  KIHIIEBUX
€JIEMEHTIB JUIsl OTPUMAaHHS HaNpyXeHHS B
HeOe3neuHii TOUIi METaJOKOHCTPYKLI1
po3risiHyTo B poboti [9]. 3a momomororo
OpPTOTOHAJILHOTO ~ JIM3allHy  3MOJIeNIbOBaHI
BUIAJIKOB1 BEJIMYMHU Hanpy>XeHb B
HeOe3neuHil Touii. Po3pobieHo HOBU MeTOn
TOYHOTO KiJBKICHOTO aHaNi3y 1 MPOEKTYBaHHS
METaJIOKOHCTPYKIIiT MOCTOBOTO KpaHa. Takox
aBTOPU CTBEPIPKYIOTH LIO PO3POOICHUN HUMU
METOJI MOXKE 3HAa4HO CKOPOTHUTH BUTpATH Ha
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NPOCKTYBaHHS MOCTOBOTO KpaHa, aje He
BKa3yIOTh TOYHI JJaHi 3MEHILICHUX BUTpAT.

B  pobGori [10]  3anpomoHOBaHO
CTPYKTYpY MYJIBTHIUCIUILTIHAPHOT
omnTuMi3ailii MOCTOBOTO KpaHa. [IpeacraBieHo
JOCIIKEHHS MYJTBTHAACIUTLTIHAPHOT
TEXHOJOT1 MIPOEKTYBaHHS KpaHiB.
BcraHoBineno — onTuManbHy =~ MaTeMaTHUHY
MOACIb KpaHa Ui ONTHUMI3amii  #Horo
METAJOKOHCTPYKINil. ABTOpH CTBEP/DKYIOTH,
10 CTPYKTypa MYJIBTIAICIIIITI HAPHOT
ONTHMI3aIii MOCTOBOTO KpaHa 3a TOTOMOTOI0
KIHIIEBO-€JIEMEHTHOTO aHaNi3y 1 AMHAMIYHOTO
MOJIEIIIOBAHHSI, MOKE 3a0€3MeUNTH KOPCTKICTh
METaJOKOHCTPYKIIIi, o JIO3BOJIUTH
BUTPHUMATH BUHUKAIOUi B HIl HampyxeHHs. Tak
camMoO U CTPYKTypa MYJIbTHIMCHIUILTIHAPHOI
omTuMizamii  30ibIIye  MINHICTH 1  1HIII
XapaKTePUCTUKU KpaHa. PesynbTatn
JOCITI/DKEHHST TIOKa3ylTh, IO ONTHMI3aIis
METAJOKOHCTPYKIiI MOXKe 3HA4YHO 3HH3HUTH
3arajilbHy Macy KpaHa. 3MEHIIICHHS MacH KpaHa
MpHU3BEe€ IO EKOHOMIl KOmTIiB Ha HOro
BUPOOHUIITBI. Ane eKCIIepUMEHTaJIbHE
JOCITIDKEeHHsT OyJIo TMpoBeneHo Tutbku Ha 3D
Mozeni MocToBoro Kpana. JlocmimkeHs Ha
MOCTOBOMY KpaHi OyIb-IKOTO BHPOOHHYOIO
MiANPHEMCTBAa B peajlbHUX YMOBax He Oyio
MPOBEJICHO.

Onrtumizaniss METaJOKOHCTPYKLIl KpaHa
31 3BapeHOI0 KOPOOYACTOI CEKIE Oalku
posrmsayta B poboti [11]. Onrumisaris
METAJTOKOHCTPYKIIT 3MIHCHIOETHCS  IUISIXOM
3MIHU PO3MIpIB CEKIiil Oalku KpaHa, a TaKoXK
MOJIOXKEHHSAM BaHTAKHOT'O Bi3ka Ha Oai. [lei
croci0  BKIIIOYAE€  TOPIBHSHHA  ICHYIOUHX
AHAITUYHUX ~ PE3yNbTaTiB 3 JIAHUMH,
OTPUMaHNMH 3a JIOTIOMOTOI0 MPOTPaMHOTO
3a0e3MeyeH sl Ui aHall3y METOAOM KiHIEBUX
eleMeHTiB 1 MozaemoBaHHA. OCHOBHa yBara B
poboTi mpuainseTbes Moaudikanii iCHYHYOi
METAJOKOHCTPYKIil KpaHa. 3MEHIIYIOTHCS
PO3MIpH MOMEPEYHOro Mepepisy Oanku KpaHa

IUIsl MiHIMi3allii BUKOPUCTaHHS MaTepiairy mpu
WOTO BHTOTOBIIEHHI, IO 3HIKYE HOTO
BapTicTh. [Ipu po3poOiii MeTomoIoTii KiHIIEBUX
€JIEMEHTIB Opaiucst 1O YBaru HampyKeHHs
3cyBy, IOBHa nedopmallis, MaKCUMabHe
TOJIOBHE HANpyKEHHS 1 MiHIMaJbHE TOJOBHE
Hamnpy>XeHHs JJIs  ONTHMi3alii  IPOEKTY.
OnrruMizaris BKJIIOUA€E 3MiHY TaKUX
MapaMeTpiB METaJOKOHCTPYKIIii, K po3Mip 1
TOBIIMHY TIUIACTHH. MonepHizoBana 0Oanka,
epeKTHBHA 3  TOYKH  30py  TEXHIKH
MIPOEKTYBAHHS 1 MATBEPKEHA K €KOHOMIYHA
3aBISKM 3HIDKCHHIO il Barh Ha 8,39% B
MOPIBHAHHI 3 ICHYIOUOIO KOHCTpPYKIi€l. Aue
IHIIII METOJIU ONTHUMI3aIlil METaJOKOHCTPYKITT
KpaHa B po0OOTi HE PO3TIITHYTO.

AHaTITHYHUHA PO3paxyHOK
METaJOKOHCTPYKIIiT MOCTOBOTO KpaHa
BHKOHaHO B poOoti [12]. Bynm Bu3HadeHi
MaKCHMaJbHI HANpyrd BUTHHY 1 TPOTHHY
rojoBHoi Oanku. Takox Oymu po3paxoBaHi
mapaMeTpyd 1 CTBOpEHa MoOJelIb KpaHa B
mporpaMHOMy 3a0e3nedeHHi. Mopens Kpana
Oyia mpoaHai30BaHa 3a JIOMIOMOTOK) METOMY

KIHIIEBUX €JIEMEHTIB. Tineku iCIIs
MPOBEJIEHNX TIEPEBIPOK METATOKOHCTPYKIIii
KpaHa 32  JOMOMOTOI0  TPOTrPaMHOTO

3a0e3neyeHHs, Oyja BHUTOTOBJICHA  HOrO
naboparopHa  ¢izuyHa  Momenmb. [ sk
CTBEP/KYIOTh aBTOPH, MOAAJBIII JTOCIIKSHHS
OyJyTh IPOBOAMTHCH Ha Il JiabOpaTOpHii
MOJIEIT.

Iig vac ornsay miTepaTypHHUX JpKEpe
[1-12] Oynu BusiBNeHI JAesKi MUTaHHS, SIKi B
NificHMIl dYac 1€ He IOCIIDKEHl I1HIINMH
aBTopamu. Ile 7g03BosMiI0  chopMmysrOBaTH
HAIPAMOK JIOCITiDKEHb HaMpyXeHb
BUHHUKAIOYUX B METAIOKOHCTPYKIIi MOCTOBOTO
kpaHa. Ilim dYac TPOBEJCHHSA JOCIIKCHD
BUKOPHCTOBYBAJIOCh X0JI0BE KOJIECO
BAaHTXXHOTO  Bi3Ka  MOCTOBOTO  KpaHa
MOJIEpHI30BaHOI ~KOHCTpYKIii, a came 3
€JIACTHYHOIO TYMOBOIO BCTaBKOIO.

IMocTanoBKa Mpod.eMu

KpanoBi koneca SBIAIOTBCS HaWOiIBII
MIBHJKO 3HOIIYBAaHMM €JIEMEHTOM KpaHa.
3MeHIIeHHsI X JOBrOBIYHOCTI MpPHUBOJE MO
301IBLIICHHS. PEMOHTHHMX BHTpaT 1 MPOCTOIB
kpaHa. ToMy, MiJBUIIEHHS JJIOBIOBIYHOCTI
KPaHOBHX  XOJIOBHX  KOJIC  SIBIISIETBCS
AKTYyaJIbHOIO 3aJa4uero Cy4acHOTO
KpaHOOyyBaHHsA. Bci KOHCTPYKIIT XOJIOBUX
KOJIIC JIOCHTh JKOPCTKI 1 HE CHpUIMaloTh
NOLITOBXW 1 TMEpeKocH BUHHUKAIOUYi MpHU

BiJIXUJICHHI peitkoBoro LUIAXY Bif
PEKOMEH/IOBAaHUX 3HA4YeHb 1 MPHUBOIATH JIO
3HAYHOT'0 3HOCY pebopy i peiok.

AHaliz OTpUMaHuX pillleHb MOKa3aB, 1110
NpH  3aCTOCYBaHHI  XOJOBOIO  Kojeca 3
€JIACTHYHOI0 BCTaBKOKO JIMHAMIYHI (QaKTopu
IpU  TEepecyBaHHI  BAaHTAKHOIO  Bi3Ka
3MEHIIYIOTbCsA. OTpUMaHO 3ajJeKHOCTI JUIs
BU3HAYCHHS  JUHAMIYHMX  3YCHJIb,  SIKI
BUHHUKAIOTh NPU TEpPecyBaHHI  XOZOBOTO
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KpPaHOBOTO KOJIeca 3 ypaxyBaHHSIM MKOPCTKOCTI
MPY>KHOT'O KiJIBIIS, SIKE BCTAHOBJICHO B XOJIOBE
kojeco. IIpoBemeHo aHami3 3aKOHOMIPHOCTI
(opMyBaHHsI BiOpamiiHUX O3HAK B PI3HUX
TOYKAX  KOHCTPYKIii MOCTOBOIO  KpaHa.
3ampomoHOBaHa KOHCTPYKINST 1 METOIWKa
PO3paxyHKy XOZOBOTO KOJeca 3 eIacTUYHOIO

BCTABKOIO  JO3BOJIIE  MIABUIIATH  HOro
eKCIUTyaTalliiHy HaJiiHICTb.

MeToro HOCHIDKEHHS € BH3HAYECHHS
HaTPYXEHO-IeOPMOBAHOTO CTaHy TOJOBHOI
OaJIku MOCTOBOT'O KpaHy MpHU 3aCTOCYBaHHI Ha
BaHTQ)XHOMY  BI3Ky  XOJOBHUX  KOJIC 3
€JIACTHYHOI0 T'YMOBOIO BCTaBKOIO.

BukiaieHHs 0CHOBHOT0 MaTepiaay

ExcniepumeHTanbHi IOCIIIKEHHS
HaBaHTA)XEHb  BHHHKAIOYHX B  METaio-
KOHCTPYKIIII MOCTY MOCTOBOTO KpaHa IIpo-
BOJIWIINCh 3 BUKOPHCTaHHSAM JABOXPEOOPIHUX
MWIHIPUYHUX KOJIC Ha BaHTAXHOMY BI3KY
Jlitouoro MocToBoro kpany. Ilix gac peecrparrii
BUHHUKAIOUMX HAaBAHTaKEHb, HA BAHTAKHOMY
Bi3Ky MOCTOBOTO KpaHa OyJiIM BCTaHOBICHI
CIOYaTKy WITaTHI Kojieca, IIOTIM IITATHI
Kojeca Oynm 3aMiHEHI Ha MOJIEPHI30BaHI
KoJsieca (3 eJIACTHYHOIO, TYMOBOIO BCTaBKOIO).

BanTaxxomigifoMHiCTs KpaHy 5 TOH, MPOTOH
22,5 MeTpiB, BHCOTA MAKOMY 8 METpiB, pEXKUM
pobotu 7K.

Peectpariiss BUHHKaIOUMX HaBaHTaKEHb
3IIHCHIOBAJIaCh 3a JIOTIOMOTOI0 ENEKTPUYHUX
TeH30MeTpiB. TeH3oMeTpipyBaHHA MaIlluH,
MEXaHI3MIB, arperatiB 1 TEXHOJIOTIYHOTO
o0JaHaHHSA HEOOXIIHO JUIS OLIIHKH
HaIpyXeHO-/1e()OPMOBAHOTO CTaHy €JIEMEHTIB,
JeTanell 1 BY3JiB NpH eKCIUTyaTamiiHuX abo
CHelialbHUX PeXUMax PoOOTH .

Puc. 1 — HaxireeHnit TeH30pe3UCTOP HA MIOBEPXHIO OAJIKK MOCTOBOTO KpaHa.
Fig. 1 — Tensor mounted on the surface of a bridge crane beam.

30BHIIIHI JPOTH TEH30PE3UCTOPIB 3a
JTIOTIOMOTO0 KJIEMHHX KOJIOJIOK 3’ €IHYBAJIHCH
3 JpOTaMH HAIMIBMOCTOBOI CXeMH, sKa Oyia
M KITFOYeHa i (o) aHaJIOrOBO-IIU(PPOBOTO
neperBoproBaya (ALIIT) ZetLab 210 (puc. 3).

Hani 3 ALII HanxoasaTh 10 €NeKTPOHHO-
obOuucoBanbHOI Mariad (EOM).

TapupoBka mojisiraja B migdomi 1
MOCTYIIOBOMY HAapONIyBaHHI Macu BaHTaXy 3
0,0 xr. mo 3500 xr., mpu Kpolli HAPOIyBaHHI
BaHTaxy y 500 kr.

Bara BaHTaxxy BuMiprOBaJiach  3a

noromMororo auHamometpy AI1Y-10-2.

Mexi BumiproBanb auHamMometpy JI1-
10-2:

— Havimenmii — 10 kH (1000 kre.);

— Hauobimemmit — 100,0 xH (10000 krc.,
10 Tc.).

Hina mominku — 1,0 kH (100 kre.). Mexi
OCHOBHOT 3BeJIeHOT TOXUOKH +2%, TP 3HSITTI
HaBaHTa)XEHHS 3 JMHAMOMETpa CTPiJIKa BiJi-
KOBOTO IPUCTPOIO BCTAHOBIIOETHCS HA HYJIHO-
BY MTO3HAYKY 3 OXHOKOO He Oinbiie 0,5 miHu
MHOJIJIKY IIKAJIH.
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Puc. 2 — 3arajpHuil BUDIS BUMipIOBAILHOTO 00MagHanHsa: 1 — kiemHa kononka; 2 — EOM;
3 — ALIIT; 4 — HamiBMOCTOBA CXeMa I IKITIOYCHHS
Fig. 2 - General view of the measuring equipment: 1 — terminal block; 2 — computer;
3 - ADC; 4 - half-bridge connection diagram

[Mpu migiiomi BaHTaXy, 3aTpUMKa i
yac KOXXKHOTO IHKIy cTaHoBWia 60 cexkyHI.

[Ipu omyckanni BanTaxy 180 cexyH.

Hus MPOBEICHHS MOAATBIINX
PO3paxyHKiB BHKOPHUCTOBYBaJIHCh HACTYITHI
BUXIJIHI JaHI:

— IOBXXHMHA po00Y0i MOBEPXHi (IIPOJIIT KpaHa)
—1,=22500 mm.;

— MarepiajJ BHIOTOBJICHHS MOCTa KpaHa —
BMcr3mgc;

— TOBIIMHA CTIHKH OaJIKK — =6 MM.;

— TPUBAJIICTH TiiioMy BaHTaxy — 180 cexk.,
t,=60 cexyHx;

— TPUBAJIICTH OIyCKaHHS BaHTaxy — 60 cexk.,
t,=180 cexynn;

— noBxuHa Terzopesuctopy — 1,=30 mm.;

— JKUBJICHHS TCH30METPUYHOTO MOCTa —
E,=1,5B;

— KOe(IIliEHT TEH30YyTIIMBOCTI — Ky=2;

— xoedimient Ilyaccona — v=0,3;

— HampyXeHHs B MOCTy KpaHa (OTpuMaHi
eKCIIEPUMEHTAIBHUM LIIIXOM pHC. 4) — egMB;
— moayib FOura — E=2,05- 10° H/Mm>.
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Puc. 3 — Harpy>keHHS B MOCTY KpaHa OTpUMaHi
CKCIICPUMCEHTAJIbHUM HIJIAXOM 3 BUKOPUCTAHHAM
AILIIT ZetLab 210
Fig. 3. The tension in the bridge of the crane was
obtained experimentally using ZetLab 210 ADC

Hami BUMIpIOBaJIMCS HanpyTu
TOJIOBHOI OaJKu B TOYIl PiBHOBIINANECHOI BiJl
KOJIiC BAaHT)KHOT'O Bi3Ka MOCTOBOTO KpaHa.

Bukopucropyroun nporpamy
po3paxynkiB Mathcadl5 Bu3Haummo iHmI
nedopmariii i HanpykeHb (puc. 4-5).
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Fig. 4. Graph of stresses in the crane bridge during
lifting of a load from 0.0 t to 3.5 ton
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Puc. 5 — I'padik HanpykeHb B MOCTY KpaHa I1iJ| 4yac
OIyCKaHHS BaHTaxy Bif 3,5 T. 7o 10,0 1.
Fig. 5. The schedule of stresses in the bridge of the
crane during the lowering of cargo from 3.5 tons.
up to 10.0 tons

3a pesyibTaTaMH yCEpeIHEHUX 3HAYCHb
HaNpyXeHb TMijJ dYac MiIHOMYy 1 OIyCKaHHi
BaHTaXy MOOYJIyeEMO TapHpPOBOYHY KpHUBY

(puc. 6).

=L BAHTA A

Blwca mamramy dromi

Puc. 6 — TapupoBouHa kpuBa
Fig. 6. Calibration curve

3a rpagikom TapUPOBKH
TEH30PE3UCTOPIB 0aYMMO, 1110 BUMIPIOBAJIBHO-
peecTpyrodye  oOJaJHaHHSA Ta IPOrpaMHE
3a0e3neueHHs JI03BOJIIE B peallbHOMY 4aci
OynyBatd (PYHKIIOHAJIbHI 3aJIEKHOCTI MK
HABAHTAXCHHSM, IIOYMM Ha BUIPOOOBYBaHY

JIeTallb, 1 BUXITHUM CHUTHAJIOM BHUMIPIOBAIIEHO-
peecTpyrodoro obaaHaHHS.

[lim wd9ac TOmANBIIOTO  EKCIIepH-
MEHTaJBHOTO JIOCHTIPKEHHSI BUMIipIOBaJHCA
HamlpyXXEHHs B TOJOBHIM Oalli MOCTOBOTO
KpaHa 3a YMOBM II€pECyBaHHs HaBaHTA)XEHOTO
Bi3Ka 3 OJHOrO Kpalo TOJIOBHOI Oalku Ha
inmwmi. IligaiMaBcs BaHTaxk macoro 500 xr.,
800 kr., 1800 Kr., UK MEepeMilIeHHs 3 pa3y.
Bumipu mpoBoauiics B ABOX BapiaHTaX:

1. Ha BaHTaxHOMy BIi3Ky Oyna
BCTaHOBJIEHA BIChb 3 IUTAaTHUMU BEACHUMHU
XOZOBUMH KOJIECAMH.

2. Ha BaHTaxHOMy Bi3ky Oyna
BCTaHOBJIICHA BICh 3 BEICHHUMH XOJOBUMH
KOJIECAMH 3 €JIACTUYHOI0 TYMOBOIO BCTABKOIO.

[lin yac migiiomy 1 mepeMileHHs
BaHTaXy Macolo 500 kr., MM OTpuUMaIU
rpadiku 3MiHH Hapy>KeHb B TEH30METPHYHIX
JaTYMKax MiJ BILIMBOM LIbOTO BAaHTAXY.

OTpumaHi JjaHi HaNpy>KEHOTO CTaHy B
TOJIOBHIM ~ Oaii  MOCTOBOTO  KpaHa
SIeKTPUYHUX CUTHANIB HampyxeHb (MB)
nepepaxyemo B Mexaniuni (MIla), 3a
JOTIOMOTOI0  BXKE€  OTPUMAHOTO0  rpadiky
TapUpOBKHU.

Ha pucynky 7 moka3aHi BHHHUKAOUYU
HanpyXeHHs (G) B TOJOBHIM Oalii MOCTOBOIO
KpaHa TIpY TIepeMillleHH] BaHTaxy Macor 500
KI.0; — IpU BUKOPUCTaHHI BiCi 3 INTATHUMH
XOJIOBUMH KOJIECAMH. G — MPH BUKOPHCTaHHI
BiCl 3 XOJOBUMH KOJieCaMH 3 €JIACTHYHOIO
TYMOBOIO BCTaBKOIO

-10
-20

0 80 160 240 320 400 480 560 640 720 800
t(c)

Puc. 7 — [lopiBHSHHS MEXaHIYHUX HaNpPYyXeHb B
TOJIOBHIiH GaJii MOCTOBOTO KpaHa IpH
nepemimeHHi BaHTaxxy Macoto 500 kr.,

c,®®® 3,000

Fig. 7. Comparison of mechanical stresses in the

main beam of a bridge crane when moving a load

weighing 500 kg.
O1 and O2
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Bucnosku

3 rpadika (puc. 7) 6agmMo, 110 MIKOBI
HaNpYTH G; Ha Mepioa MPOXOIXKECHHS OIHOTO
UKy MTEPEMIllIEHHS HAaBaHTAXXEHOTO Bi3Ka BiJ
KpaHBOTO JIBOTO IO KpaiHROTO IIPABOTO
MOJIOKEHHST 30epiraloThCsi Ha MPOMIKOK 1/2
yacy mepemimieHHsl Bizka. Takox 3 rpadiky
(puc. 8) Oaummo, IO TIKOBI HAMpPYXEHHA O
3HaYHO KOPOTKOYACHI Ta B pa3d 3a YacoM
MEHIIE Gj.

[likoBi Hampyrm G, KOPOTKOYACHI 1

O0anku. TuMm camMuM BOHA 3MEHINYE Tiepenady
KOJIMBaHb HA MICIIsl KPITUIEHHsI TOJIOBHOI Oallku
i KIHIICBHI, BIiJOMOTO MIiCIIsl KOHIICHTPATOpa
HaIpy>KeHb Ta MiCIIS MOSIBH JIe()EKTiB.
Enactuyna rymoBa BcTaBka B KoJecax
Bici Bi3Ka 3MEHINYe SK BEIWYMHY, TaK 1
TPUBATICTh KOJINBaHb, TUM camMHuM
3MEHIIYIOYH  poOOTY  METATOKOHCTPYKIIii
KpaHa BHMKJIMKaHy eKciuryatadiero. [lpu
migiioMi i TepeMieHHi BaHTaXy

MIBHUAKO  TacsAThCS ~ BHACHINOK  BIUIMBY METAJOKOHCTPYKIIisl KpaHa BUKOHYE (DYHKITIFO
€IacTHYHOI TYMOBOI BCTaBKH, fKa TacHTh Omopy cuiaM, SIKi He TOBHHHI BUXOIUTH 32

KOJIMBAHHS 1 3MEHIIYE IX TOMMPEHHS 110 BCil MeKi 30HH TpyKHHX AedopMmamiif, mo
JOBKHHI TOJIOBHOI Okl MOCTOBOIO KpaHa. KOPOTKOYACHO MOXTHBO TpH PE3OHAHCHHX
Crit TakoK 3a3HAUATH, IO BXKE Ml Hac KOJIMBaHHsAX. EnacTuyna rymoBa BCTaBka abo
mepeMilieHdss BaHTaxy Macoio 500 kr., 3HAYHO 3MeHIIye nepiox HiKOBHX

ClacTHdHa  ryMoea  BCTaBka B Konecax PE30HAHCHMX KOJIMBaHb, a00 YCyBa€ iX 30BCIiM.
e(DeKTUBHO TacHTh KOJUBAHHS  TOJIOBHOI
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EXPERIMENTAL STUDIES OF METAL STRUCTURE LOADS WHEN USING ROLLING
WHEELS OF THE NEW DESIGN

The article considered the problems of experimental determination of the advantages of running wheels of a
new design with elastic inserts. The study was carried out on an operating electric, support, two-girder bridge
crane with a load capacity of 10 tons and a span of 22.5 m. With the help of strain gauges assembled in a half-
bridge circuit and connected to the Zetlab210 analog-digital converter, the deformations of the main beam at the
moment of lifting and moving a load of different weights were determined. The lifting and moving of the cargo
was carried out under the same conditions on standard wheels of the cargo cart and on wheels with an elastic
rubber insert.
Graphs of the deformation of the main beam were obtained. In the further calculation, the dependences of the
stress state at each moment of the movement of the load were obtained when using both standard wheels and
wheels with an elastic rubber insert. The dependences and duration of oscillations that occur during the cycle of
lifting and moving the load were also revealed. The cycle of the experimental study consisted of lifting the load
in the extreme left position with the cargo cart, moving the cargo to the extreme right position, and returning the
cargo cart with the cargo to the initial position.

The scientific novelty of the work consists in the application of a new, modernized design of the running wheels
of a cargo cart with an elastic rubber insert, which effectively dampen fluctuations in the metal structure of the
bridge crane.
Experimental studies of loads that occur in the metal structure of the bridge of the overhead crane were carried
out using double-sided cylindrical wheels on the truck of the operating overhead crane. During the registration of
the resulting loads, the standard wheels were first installed on the trolley of the overhead crane, then the standard
wheels were replaced with modernized wheels (with an elastic, rubber insert).
According to the results of experimental studies, it was found that the stress in the main beam of the bridge crane
was reduced by 18% and reducing peak vibrations by 20 seconds at the same load lifting and moving cycles.
Also, when using wheels with an elastic rubber insert, the damping period of oscillations at the end of the load
movement cycle is reduced by at least 30%.

KEY WORDS: running wheel, elastic insert, movement mechanism, conducting an experiment,
oscillations

In cites: Fidrovska N., Slepuzhnshkov E.D., Kyrychenko, I., Ragulin V. (2025). Experimental studies of metal
structure  loads when using rollingwheels of the new design. Engineering, (35), 65-73.
https://doi.org/10.26565/2079-1747-2025-35-07 (in Ukraine)
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AJITE3IMHO — IPYKHA MOJIEJIb BUBHAUEHHSI KOE®IIIEHTA TEPTS
MAHIINMHOBY AIBHUX MATEPIAJIIB B 3B’AA3KY 3 IOKASHUKAMMU HNOPCTKOCTI
IHOBEPXHI

VY cTaTTi pO3rIISTHYTO aKTyallbHe MUTAHHs 3HIKEHHS KoedillieHTa TepTs B yMOBaX CyXOro KOHTaKTy MiX
MOBEPXHSAMH MAalIMHOOYAIBHUX JeTajed LUIIXOM onTHMizalii mapaMerpiB mopcTkocTi. Ha ocHoBi aHamizy
Cy4YacHHUX JOCIIDKEHb y cepi TprOOJIOrii BCTAHOBIJICHO, [0 TPAIUINHI MiIX0A1, OPIEHTOBAHI Ha 3Ma3yBaHHS,
He € e()eKTUBHIUMH a00 MOXIIMBIMH B HH3LI BUCOKOTEXHOJOTIYHUX IIPOLIECIB, TAKMX SK BaKyyMHa MeTasi3allis,
HaHeceHHS (DYHKIIOHAIBHMX HOKPUTTIB Tomo. ToMy MOIIYK METOAIB 3HIDKCHHS TEepTA B YMOBAaX CyXOTo
KOHTAKTYy € OCOOJIMBO BasKJIMBUM JJISI MiZBHUIIECHHS JOBTOBIYHOCTI Ta €HEProe(h)eKTHBHOCTI €IIEMEHTIB TEXHIYHUX
cucteM. OCHOBHa yBara B poOOTi NMpUIiICHa CTBOPCHHIO MAaTEMaTHYHOI MOJEINI, SIKa BPAaxoOBYE SK IPYXKHI
nmedopmarii MIKpOHEpiBHOCTEH TOBEpXHi, Tak i aire3iifHi B3aeMOIii, II0 BHHUKAIOTH y 30HI KOHTakKTy. s
OIKCY 3TMHY MiKPOHEPIBHOCTEH 3aCTOCOBAHO PIBHSIHHS 3TMHY IUIACTHHH, a JUIS OIMCY KOHTaKTHOI B3aeMOIii —
KIacH4YHy Mozens ['epra. YV pe3ysbTaTi YHCETBHOIO MOJACIIOBAHHS MMOKA3aHO, IO KOSDILIEHT TepTS CYTTEBO
3aJIeKHUTh BiJi BUCOTH Ra Ta cepemHbOro Kpoky Sm LIOPCTKOCTi, a TaKoX BiJ IapaMeTpiB Marepiaiis, 0
BU3HAYAIOTh IXHIO NPYXKHICTH 1 aAresiiHy 31aTHICTh. BusiBieHO, 110 31 3MIHOI T€OMETPHYHHX MapaMeTpiB
MIKpPOHEPIBHOCTEH Ta BIACTUBOCTEH MarepialliB KOe(ilieHT TepTS MOXKE MaTH SIK 3pOCTAIOuHid, TaK 1 CraJHUM
xapakrep. HaitOinply iHkeHepHY LIHHICTh Ma€ BUSIBJICHHS YiTKO BUPAKEHOTO MIHIMyMY Koe(illieHTa TepTs 1jIs
MEBHOTO TMOEIHAHHS MapaMeTpiB HIOPCTKOCTI Ta MarepiamiB. lle BiAKpUBae MOXJIMBOCTI Ul CBIJIOMOTO
NPOCKTYBaHHS TEXHOJIOTIYHUX pPEXHUMIB OOpOOKHM TIOBEPXOHb 3 METOK JIOCSATHEHHS ONTHUMAaJbHUX
XapaKTepUCTHK TepTs 0e3 3aCTOCYBaHHS MACTHIBHHX MaTepialliB. Y CTaTTi HaBeACHO TpadidHi 3aJeKHOCTI, IO
UTFOCTPYIOTh TIOBEMIHKY Koe(illieHTa TepTsd B 3aJIKHOCTI BiJl MapaMeTpiB IMOBEPXHI Ta pIiBHA aAresii.
ChopMynpoBaHI TEOPETHYHI BHCHOBKH MOXXYTh OYTH BHKOPHUCTaHI M BHOOPY ONTHUMAaIbHHUX 3HAYCHD
IIOPCTKOCTI TPH KOHCTPYIOBAaHHI Ta BHUTOTOBJICHHI JeTajei MalliH, SKi MPaIolTh Y BaKyyMi, OioMeanIHIX
HPHUCTPOSIX, & TAKOX B YMOBaX 0OOMEXEHOr0 AOCTYIY J0 MacTHia. ABTOPH TaKOX HiJIKPECIIOTh HEOOXiTHICTh
MOJANIBIINX TOCTI/DKCHD JJIi TOYHOTO BH3HAYCHHs KoedimieHTiB amresiinol B3aemomii (ki 1 k;), a Takox
YTOYHEHHSI poJii (PaKTUYHOT IO KOHTAKTY, 1[0 MOXE iCTOTHO BIUIMBATH Ha CHITY TE€PTSI.

KJITOYOBI CJIIOBA: xoucmpyxkmuseni mamepianu, mepmsi, WOPCMKICMb, NPYICHICMb, A02e3is

SAx nuryBaTu: Ps6unkos M.JL., [Tyns B.C., Maptunrox B.JI. AnresiiiHo — npy»kHa MoJiesib BU3HAUCHHS
Koe(ilieHTa TepTS MalIMHOOYAIBHUX MaTepialliB B 3B’513Ky 3 MOKa3HUKAMH IOPCTKOCTI MOBEPXHI.
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3HIKEHHS ~ KoedilieHTa  TepTI B
MaIIMHOOYAIBHUX KOHCTPYKLISIX € aKTyalbHUM
3aBIIaHHAM, SIKE MOXE 3HM3UTH 3HOILIYBaHHS,
SHEPTeTHYHI Ta iHII BUTPATH. SIKIIO TOBOPUTH
npo 3BHYaliHE MAaIIMHOOYAYBaHHS, MOBEPXHI,
IO TPYTHCS, 3a3BHYAN MiNAAalOTh MacTHiy. Y
TaKUX BUIAJKaX BUBYECHHS IPOLECY TEPTS MaE
TiApaBIidYHy CKJIAJOBY 1 3aJIe)KHO BiJ] B'SI3KOCTI
MacTWIa Ta TOBUIMHM MAacCTHJIBHOTO ILIapy MO-
JIETTIOBaHHSI TaKUX IIPOIECIB BUPOOISIIOTH 13
3alydeHHsIM METONIB TiapomuHamiku. Psna
Cy4acHUX IIPOILECiB, MOB'I3aHUX 3 OOpPOOKOIO
MaTepiadiB B yMOBaxX Bakyymy a0o crie-
[iaJIbHUX CEpPEelOBHI HE HAAAa€E MOXKIUBOCTI
JUIL 3aCTOCYBaHHsI pigkoro wmactuna. [Ipuk-
JaraMy TakduX MPOIECiB MOXKe OyTH BaKyyMHa
MeTali3amis TMONIMEPHUX IUTIBOK Ta i1HIIMX
BHUPOOiB, HAHECEHHS ToJorpadivHUX MOKPUTTIB
ta iHmn. [Ipw mboMy BWUHHMKAaE MUTAHHS TIPO
MIpU3HAYEHHS SKOCTI OOpOOKH MOBEPXOHB, IO
TpyThcs. Bimomi (akTopy KaxkyTh, IO HAATO
Xopoma o0poOKka TOBEpXHI MOXE Yy ACSIKHX
BUTIAJIKaX HETATHBHO BIJIMBATH HA TOKA3HUKU
CyXoro TepTs. BupimeHHs 3amadi mpo BILTUB
MOBEPXHI Ha MOKA3HUKH TEPTS, TAKUM YHHOM, €
aKTyaJbHUM 3aBIaHHSIM.

[TutaHHsIM 3B'A3KY IIOPCTKOCTI MTOBEPXHi
3 TIOKa3HMKaMH TepTs IPHUCBSUCHA II€BHA
YacTHHA HAYKOBHX Tpallb i3 TpUOOIIOTi1.

OCHOBHHMII  CTaHAApT, HPHUCBIYCHUU
MOKa3HWKaM MIOPCTKOCTI [1] BBOAWTH OCHOBHI
MOKa3HUKH MIKPOHEPIBHOCTEH, 30KpeMa TMOoKa3-
HUK CepeHbOI BHCOTH MiKpoHepiBHOCTel Ra
Ta CepelHBOI BiZICTaHI MiXK MiKpOHEPIBHOCTSIMHU
Sm (puc.1).

Sk 3a3HavaeThes B [2], B JaHWM Yac €
JIOCUTh BEJIWKI BHUMIPIOBAIbHI MOXJIHMBOCTI
BU3HAUEHHS MapaMeTpiB IIOPCTKOCTI IOBEP-
XOHb KOHTaKTy. Y Wil CTarTi OOIPYyHTOBAHO
MOJIeNIb KOHTAKTy INOPCTKOi TMOBEpXHi. Y
po0oTi [3] pO3rAsSHYTO BILIMB HIOPCTKOCTI Ta
IHIIMX YMOB JICSKAX KOHKPETHUX MarepianiB. Y
CTaTTi, Ha JKallb, HE HABOAWUTHCS aHaI3, KU
JO3BOJINTH BHUOMpPATH YMOBH JJsl HaWKpaLIux
MOKa3HMKIB TEPTSI.

Beryn

V crarti [4] ommcaHO HEOAHO3ZHATHHA
BIUTMB MapaMETpPiB IIOPCTKOCTI Ha TMOKa3HUKHU
TEpTS TBEPAMX IOBEPXOHb. 30Kpema, 3a3Ha-
4YeHO, MO0 KOe(]Imi€eHT TepTs MOXe 3MEHIIY-

BaTHCA a0o 30imbLIyBaTHCS 3aJ€KHO  BiJ
OpY)KHUX Ta  aire3ifHuX  BJIACTHBOCTEH
Marepiais.

HismeHicTe  [5] mMOKa3aHO BIUIUB SIK

BEJIMYMHU IIOPCTKOCTi, 1 ii Hampsimu Koedi-
mieHT  Tepta.  JocmimkyBanmucs — KOHKpPETHI
Matepiann. Ha Ham mormsii, aHami3 BIUIUBY
pi3HUX PaKTOpiB y Uil poOOTI HEAOCTATHIMH.

Cratta [6] 0OrpyHTOBYE BaKIHBICTh
3HIDKEHHS KOe(IIli€HTIB TePTS SIK METaJeBHX, 1
HEMETAIEeBUX MaTepialiB 3  ypaxyBaHHSIM
mropctkocti noBepxHi. Crarts [7] po3risinae y
FOMY HampsiMi CHemianbHI Marepianu s
MEINYHUX IUIed, SIKi MIJaf0ThCS CYyXOMY
TEPTIO.

Y crarti [8] oOroBoproeThCcs pario-
HAJBHICTh BHKOPHUCTAHHS PI3HUX ITOKAa3HUKIB
IIOPCTKOCTI 111010 mporiecy Tepts. Poborta [9]
JIOBOJINTh BUKOPHUCTAHHS TOKa3HUKA CEPEeIHBOT
BHCOTH IIOPCTKOCTI.

Hesxki  poOoTW  aHANI3ylOTh  BIUIUB
HIOPCTKOCTI Ha TEPTS, MpOTe IIuOIe iX BUB-
YeHHs MPU3BOAMTH O BHCHOBKY, IO HIETHCS
opo TepTs 31 3MalleHHsAM, TOOTO CIOCTe-
piraerbcs BiAXij Big Moxeni cyxoro Tepts [10,
11].

[Tpomo3umii Mmoo BpaxyBaHHS NPYKHHAX
nedopMariii  Juisi  BU3HAYEHHS KOe(illieHTY
TepTss [12] He 3HAWNUIM TOKH TIOTY>KHOTO
po3BuTKy. B  mocmimkenni [13] Bmepme
3po0JieHa crpoda BpaxyBaTH OJHOYACHO TIPYXK-
HI 1 ajresifimi  B3aeMomii B Micml
MIKPOLIOPCTOCTEH, M0 MOTEHIIHHO CTBOPIOE
MOXIIMBOCTI  JUIS  TIOIIYKYy  ONTHCAIBHHX
napameTpiB, BHXOISUM 3 MiHIMyMy Koedi-
mieHty Tepts [ 14].

Merta 1aHOTO TOCTIIKEHHS — CTBOPEHHSI
MaTeMaTHYHOT MOJIEJI, 1110 BPaxOBY€E MPYKHI
nedopMarrii i aaresiiiHi B3aeMoii B yMOBax
HIOPCTKOI MOBEPXHi U1 MiHiIMiZanii koedi-
LIEHTY TEPTSL.
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Marepiauu i MeTogu

Hns  mocmimpkeHHST BHUKOPHCTOBYBAJIHICH
crami mapok 45 i 40X, 3 00poOKkor 10
mokasHukiB  mopctkocti  10-40mMkM. Mo-
JISTIOBaHHS TPOIECIB TepTS B TaKUX MaTe-
piamax BigOyBajJoch Ha OCHOBI BHM3HA4eHHS
OPY)KHUX TPOLECIB B MICHAX CHOJTY4YEHHS
nmoBepxoHb [15]. Ilpomecm amedopmyBaHHS
BU3HAYAIMCh TP BpaxyBaHHI PO3MOIiICHH]
KOHTakTHUX cui [16]. BpaxoByloTkcsi peanbHi
piBHI gedopwmariii i HanpyxeHb [17]. 3 meToro

ONTHMI3aIii TapaMeTpiB IMOPCTKOCTI 0OpaHi
aHANITUYHI METOIU MOJCIIOBaHHS 3 Bpa-
XyBaHHSM MOXJIHMBOCTI IU(PPOBOTO  MOje-
moBaHHA [18].

Monens nedopMmyBaHHs 0a3yeTbcsi Ha
0a3i aHami3y BUIAaAKOBOI reoMeTpii HepiBHOCTI
moBepxHi. Ha puc. 1 HaBemeHa MoaenbHE CIIO-
JMy4eHHs] MIKPOIIOPCTKOCTEH TpW KOB3aHHI
OJIHI€T TOBEepXHI Mo iHmmi. Takoxx HaBeICHO
PO3MOIiIEHHS CHJI B IIbOMY ITPOIIECI.

Ra

SF

Sm/2

Puc.1 — Cxema HaBaHTa)KeHHS OIOPCTKOT MMOBEPXHIi
Fig. 1 — Rough surface loading diagram

OCHOBHUMHM TIapaMeTpaMu IIOPCTKOCTI
Oyzne BHcoTa HepiBHOCTI Ra i cepemnili Kpok
Mix HepiBHOCTAME SM [19-20].

Kyr waxwny mnpodino MIOPCTKOCTI
MO’KHA BU3HAYHUTH 3 YMOBU

=sinp~tygp = Sl
p=sing=1lgep >Ra’

B mpormeci koB3aHHS JIBOX MOBEPXOHBb
BUHHKA€E JOTUYHA cuja T 1 cuia, HOpMaibHa 10
noBepxHi F.

3 yMOB pIBHOBaru CWJI MOXKHA 3HAWTH
CKJIaJIO0Bi JJsl BUKOPUCTAHHS B TOJAIBLIMX
PO3paxyHKiB.

Tomi cuma J0THYHA 7O  IOBEPXHI
HEPIBHOCTI B 30HI TOPKaHHS

2
SF = Fcosp = F[1- >

4Ra?’

CkiajioBa CHIIM, HOpMaJibHA JIO0 TOBEPXHIi
HEPIBHOCTI, 10 BUKJIMKAETHCS CUIIOI0 KOB3aHHS

NF = Fsing = F >0,
2Ra

CkiiaoBa CHIIM, TOTHYHA JI0 TIOBEPXHI
HEPIBHOCTI, 1[0 BUKIIUKAETHCSI CUJIOK0 KOB3aHHS

ST=Tsinp=TM
2Ra

CkJaioBa CHIIM, HOpMaJibHa 10 TOBEPXHIi
HEPIBHOCTI, 10 BUKJIMKAETHCS CUIIOI0 KOB3aHHS
Sm?
4Ra?

Jani HaBaHTaXEHHS pO3IIIAJAIOTHCS 3
Ooky Jii Ha WIOPCTKOCTI mpH iX 3ruHI 1
ctrckanHi [21]. Kontakri B3aemoii npu oMy
posrnsagaloTbess B Aedopmaniiinid  Mogeni
I'epma [22].

B mnopanpmux po3aminax CcwiId  Onopy
KOB3aHHSA MDK HIOPCTKUMH  TOBEPXHSAMH
BPaxOBYIOTbCS B yMOBax JedopMaliil 3ruHy i
CTHCKaHHSI.

NT =T cosep=T,|1-
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Pe3yabTaTu

Ipouecu nepopmyBaHHs NPYKHUX HEPIBHOCTEH.

B ymoBax nedopmyBaHHS BitOyBa€eThCS
3THH MPOodiTIo mopcTrocTi cuioro T (puc.2). B
yMOBaX CTBOPEHHsI MiKpOHEpiBHOCTEH 3aco0a-
MU JIE3BIHHUX 1HCTPYMEHTIB TaKa MOBEPXHS
Ma€ BHTJIST TIEBHOTO MTOJJOBKEHOTO I'PEOHS.
IIpu n1ii AOTUYHOT CHITH MIOPCTKICTH OAEPIKYE

nedopmariiro W.Y Takux yMOBax HalO1IbIII
MPUAHSITHA MOJICNb 3T'MH TUIACTHHY 3 TOBIIH-
HO¥O, 1[0 JOPIBHIOE IMOJIOBUHI KPOKY IIOPCT-
KOCTI 1 BUCOTOIO, 1[0 IOPIBHIOE BUCOTI ITi€T
mopctkocTi. Tyt T Bu3Havae JiHiiiHe HaBaH-
TakeHHs (po3MipHicTh H/M)

w

Ra

Sm

Puc.2 — Mogens npyxHOT0 neOpMyBaHHS MiKPOHEPIBHOCTI
Fig. 2 — Model of elastic deformation of micro-unevenness

B

T

Sm/2

Ra

Puc.3 — ledopmarist B MozieIni JOBroi IIIACTUHU
Fig. 3 — Deformation in the long plate model
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PiBHsIHHS 3TUHY IJIACTUHH MOXeE OyTH
3amnmcaHe y BUTISIAL

4
o'W
D —- 0
OX
ne D — nuniHapudHa )KOPCTKICTS,

E-Sm

D= 7\ E — Momynp mpyxHOCTI, 1L —
966— )7 )

koedimient [lyacona, ( — HaBaHTa)XEHHS 11O
TUIOIMHI, B JaHOMY Bunaaky (=0.
Po3B’s130K piBHSHHS MOXE OYTH MPEACTaBIECHO
Y BUTJISII TTOJIIHOMA
X2 x3
WzCl+C2-X+C37+C4E.

IlocrTiiiHi iHTETpYBaHHS MOXHA 3HAWTH 3
TpPaHUYHHX PiBHIHB, TIPOTHH 1 KYT MOBOPOTY

nepepizy (I = éﬂ =0) B TOUII 3aKPITUICHHS
X

JIopiBHIOE HyHO. Li yMOBH atoTh 3HaYeHHS
IBOX TocTiHUX iHTerpyBanHs C1=C2=0.
B Toulti 3akpirieHHs BiIOMUI 3rMHATBHHN
2
0w
moment M =Rz-T =D——=D-(C3+C4-x)
OX

L1 ymoBa nae C3= RET .

Takosx Ha KiHI[I IIOPCTKOCTI BiJjoOMa ToIepeyHa
cwia

3
T = Da—‘é" -D-C4,
oX
Tomi Bupa3 uist MPOTHHY MOXe OyTH
3aMyCcaHuil y BUTIISAL
2 3
w=— RaX— + X ,
D 2 3
2

T
KyT IOBOpoTy $=—| Ra-X+—
Yy poTy D 5

Ha xiHIli TNTACTUHH KYT MIOBOPOTY
_3T-Ra_144T -Ra-{l— 2]
2D E-Sm '

Toxi KyT HaXWITy 3MiHUTBCS HA BETTHYHHY

_Sm +144T-Ra-(1—,u2).

0

2Ra E-Sm

Cunn KOB3aHHSA MOKHA 3HAHTH 3 3aJIE)KHOCTEHR
Sm | 144T - Ra~(1—,u2)

ST=T + :
2Ra E-Sm

Sm | 144T - Ra-(l—,uz) ? |

SF=F_|1- +
2Ra E-Sm

TakuM 4uHOM, 3HACH] 3HAYECHHS CHII
KOB3aHHS MIKpOHEPIBHOCTEH OJ[HA IO O/HIH 3
BpaxyBaHHSM iX MPYKHUX JedopMarliii.

KonrakTHi nedopmanii B 30Hi MikpoHepiBHOCTEH

B 1 yacTrHI OCHTIIKEHHS
PO3TIAAATIOCH CTUCKAHHS TPODLITIO
KOHTaKTHUMH HarpyxeHHsMu. [luprna
TUTOIIMHHA KOHTAKTy BUXOJSTYH 3 MOJIEIT
KOHTaKTHOI B3aeMoii ['epria Moxe OyTu
3Haii/IeHa 3 BUpazy

b=215 /—(NHENT )P

Cuiy CTUCKaHHS 3 BpaxXyBaHHSM MPYKHUAX
nedopmariiii, BU3HAUEHUX B TOMEPEIHIX
pO3paxyHKax, MOXKYTh OyTH 3aIlMCaHi i y
BUTJIISAIL

Sm _ 144T - Ra.(l—uz)

NF = F ,
2Ra E-Sm

NT =T [1—| 2O +144T‘Ra'(1—#2) °.
- 2Ra E-Sm

Pajiyc kpuBUHH MPOQ1ITI0 BU3HAYNMO 3
HPUITYLICHHS TPUTOHOMETPHYHOT QyHKIIIT
poiaro Moxe OyTH BU3HAYCHUH, SIK

X
y=Ra-: COSS— . B Takux ymoBax KpuBHHA
m

pod i MIKPOHEPIBHOCTI MOXE OyTH
3arvcaHa B TuGepeHIifHOMY 1 IHTErpaITbHOMY
BUIJISLI

72'2 7iX
) Ra——cos—

K = |y | — sz Sm
Ik Ak
L+ (y'

y 1+ Razﬁz(sin ”X]
Sm Sm
B BepxHiii yacTuni npodisro npu x=0 KpruBUHA
2
nopiBuioe K = 5 - Paniyc kpuBuHH
Sm
S 2
. . . m

npodisto MWOPCTKOCTI JOPIBHIOE O = T

n°Ra
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Tomi nomgaeThes ToaTKOBa cuiia anresii 11, o HampaBiIeHa BiMOBiAHO 10 SF Moxke OyTu
BH3HAYCHA PiBHIHHIM

TT =kl ﬁ T 1_( Sm +144T-Ra.(1_y2)]2 +F£ Sm +144T-Ra,(1_y2)J
Ra

2Ra E-Sm 2Ra E-Sm

IMapametp K1 BH3HAauYa€e BeMUUIMHY aAre3iitHOT B3aEMOIIT MiXK CTHCHYTHMH MOBEPXHAMH. Bennynna
[IFOTO MTapaMeTPy 3aJEeKUTh BiJl TapaMeTpiB MOBEPXHEBOI €HEPril CTUCHYTHUX MaTepiajiB i MOBUHHA
CTaTH MPEIMETOM MOJANBIITUX JOCHTIKCHb.

. 2Ra . ) .
O3HaynMo Hamai § = S_ . Toni my1st pi3HUX CUJT MOKHA 3aIIMCATH CIIPOIIEH1 BUpa3n
m

1 1 2
ST=T[E+k2-T~§], SF:F\/l—(E+k2-T-§J ,

1 1 2 (1
TT =k1J/Sm : T\/l—(g+k2-T-§j +F[E+k2-T-§j :

KoedimieHT TepTs B IUX YMOBaX MOKHA 3amucaTd y BUMIAi. TyT B piBHsIHHI apameTp &

BU3HAYa€ PO3MipH MIKpOHEpiBHOCTEH (BUCOTY i Kpok), mapamerpu K1 i K2 mapamerpu npyHOCTI i
aAre3iHoi MilHOCTI

1
- k2'
g e

2
Jl_@m.g) v (Lo

B 3anexHocTi Bijl mapameTpiB aaresii MOXKyTb CIIOCTEpITaTUCS Pi3Hi 3aJI€KHOCTI Koe]ilieTy TepTs Bij
napaMeTpiB MOPCTKOCTI.

02
I

n1e

f ~

018

017

0.16

D'I%E o0& 1.04 1.16 1.28 .f 1.4

Puc.4 — 3anexHicTs KoedilieHTY TEPTs BiA MapaMeTpiB MIOCTKOCTI MPH Pi3HUX MapaMeTpax aaresii
Fig. 4 — Dependence of the friction coefficient on the hex parameters at different adhesion parameters
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Pe3ynprati MOAENMIOBaHHS TOKAa3yIOTh,
0 B 3QJIEKHOCTI BiJ MPYXHHUX 1 aaresiil HAX
BJIACTUBOCTEH KOE(QIIlIEHT TepTS TpH 3MiHI
MOKa3HUKA IOPCTKOCTI MOXKE 301UIBIITYBAaTUCH
(rpadix 1), 3menmyBatuck (Tpadik 2).
Haii0inpmmiit  iHTEpec MpeACTaBIAIOT, MaTe-
pianu, s SIKUX BUIUISIETHCS SICKPAaBO BHpaXKe-
HUil MiHiMyM (rpadik 3). Taki matepiamu
JO3BOJISIIOTh TTAaHYBAaTH TEXHOJIOTIYHI Tapa-
MeTpu OOpOOKM TOBEpXHI 3 yMOBH 3a0e3-
TICYCHHS MiHIMAJIbHUX CHJI TEPTSL.

Ha pwuc.5 mokazana 3anexHICTh, IO
JTO3BOJISIE BU3HAYHTH TapaMeTPH MIOPCTKOCTI

JUTsE 3a0e3MeUYeHHsT MiHIMaTbHOTO KoedillieHTa
MITOPCTKOCTI.

TakuM 4YHHOM, MOXKHA CTBEPIKYBaTH,
[0 [ I[EBHMX aATre€3lMHMX BIACTUBOCTEMN
MaTepiajiB iCHye MiHIMyM Koe(ili€HTa TepTs.
et gakT BH3HAYAE MOXKIMBICTH MTPU3HAYCHHS
ONTUMAJBHHUX TIAPAMETPIB IIOPCTKOCTI MPHU
KOHCTPYIOBaHHI ~ JeTalied 31  B3aEMHUM
koB3aHHsIM. OJIHOYACHO JaHa yMOBa TMepe-
0adae TPOBEACHHS TMOMAIBIINX IOCHIIKEHB
JUTsl BU3HAYCHHS MapaMeTpiB aiares3ii B 3aliek-
HOCTI BiJl TUIONII KOHTAaKTy ISl OCHOBHHX
KOHCTPYKIIIHHUX MaTepiaiB.

0.1z

7

0178

0172

0162

0.164

0'1%8 092 1.04

1.16 128 |f 14

Puc.5 — MiniMmyMm koedillieHTa TepTs B 3aJI€KHOCTI BiJ] TapaMeTpiB MIOPCTKOCTI
Fig. 5 — Minimum friction coefficient depending on roughness parameters
BucHoBkn

[IpoBeneHe JOCTIIKEHHS MiATBEPIUIO
3HAYHWUI  BIUIMB  MapaMeTpiB  HIOPCTKOCTI
noBepxHi (BUCOTH Ra Ta cepeaHpOro Kpoky
Sm) Ha BennuuHy KoedillieHTa TepTs B yMOBaxX
CYXOrO KOHTAaKTY.

Po3pobnena maremaTHyHa MOJENb, SKa
BpaxoBye TMPYXHI nedopmarii Ta aare3iiHi
B3a€MOJII1 MIKPOHEPIBHOCTEH, /103BOJISE SAKICHO
OIKCAaTH MOBEIIHKY MIOPCTKUX MOBEPXOHBb HPHU
KOB3aHHI. 30Kpema, MoJenb Oa3yeTbca Ha
KIACHYHUX pIBHSIHHSAX 3TUHY ITUTACTHHU Ta
KOHTaKTHi Teopii ['eprra.

MopenoBaHHs OKa3ajo, IO 3aJEeKHO
BiJl MarepiayiB 1 IXHIX ajre3idHO-NPYKHUX
XapaKTePUCTUK, KOEQIIIEHT TEepTS MOXKeE SIK
3pocTaTH, TaK 1 3MEHIIYBaTHUCh 31 3MIHOIO

napaMeTpiB mopcTKocTi. s AesIKuX BUMAIKIB
CIIOCTEPITAEThCS YITKO BHUPAKEHHH MiHIMyM
KoedillieHTa TepTH.

HasBHICTh TAKOTO MIHIMYMY Ja€ 3MOTY
MpU3HAYaTH ONTHUMAIIbHI TMapaMeTpu IIOPCT-
KOCTI TIpM TIPOEKTYBaHHI MAaIlIMHOOYiBHHX
KOHCTPYKIiH, 10 MPAIOIOTh B YMOBAX CyXOT'O
tepts. Lle BigkpuBae MOKIMBOCTI JUIsl 3HUKCH-
HSl EHEPreTUYHUX BHUTPAT, 3MEHIICHHS 3HOIIY-
BaHHs Ta IABUILEHHS JOBIOBIYHOCTI JA€TaJIEH.

[Momasbini JOCHIHKEHHS TOBUHHI OyTH
CIPSIMOBaHI Ha EKCTIEPUMEHTAIbHE BH3HAYCHHS
napameTpiB  aaresiiiHoi  B3aemonii  (koe-
¢inienTiB k4 Ta k;), a Tako BUBYEHHS BIUIUBY
TUTOIII PEaTbHOTO KOHTAKTY Ha CHITy TepPTs JJIs
OCHOBHHX KOHCTPYKLIHHHX MaTepialib.
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ADHESIVE-ELASTIC MODEL OF DETERMINING THE FRICTION COEFFICIENT OF
ENGINEERING MATERIALS IN CONNECTION WITH SURFACE ROUGHNESS
INDICATORS

The article addresses the relevant issue of reducing the coefficient of friction under dry contact conditions
between surfaces of mechanical components by optimizing surface roughness parameters. Based on an analysis
of current research in the field of tribology, it is established that traditional approaches focused on lubrication are
not effective or feasible in several high-tech processes such as vacuum metallization, application of functional
coatings, and others. Therefore, the search for methods to reduce friction under dry contact conditions is
particularly important for improving the durability and energy efficiency of technical systems. The study focuses
on the development of a mathematical model that considers both the elastic deformation of surface
microasperities and the adhesive interactions arising in the contact zone. To describe the bending of
microasperities, a plate bending equation is used, while the Hertzian contact model is applied to describe the
contact interaction. As a result of numerical modelling, it is shown that the coefficient of friction significantly
depends on the surface roughness height (Ra) and average spacing (Sm), as well as on the material properties
that determine their elasticity and adhesive behaviour. It is found that with changes in the geometric parameters
of microasperities and the properties of the materials, the coefficient of friction can exhibit both increasing and
decreasing trends. Of greatest engineering interest is the identification of a clearly defined minimum of the
friction coefficient for a specific combination of surface roughness parameters and material characteristics. This
creates opportunities for the intentional design of surface finishing technologies aimed at achieving optimal
frictional performance without the use of lubricants. The article provides graphical dependencies illustrating the
behavior of the friction coefficient as a function of surface parameters and adhesion level. The theoretical
conclusions presented can be used to determine optimal roughness values when designing and manufacturing
machine parts that operate in vacuum, biomedical devices, or environments with limited lubricant access. The
authors also emphasize the need for further research aimed at determining the coefficients of adhesive interaction
(k; and k), as well as refining the role of the actual contact area, which may significantly affect the frictional
force.
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MODELING THE TRIBOLOGICAL PROPERTIES OF POLYMER COATINGS BASED ON
PHENYLONE WITH COPPER (II) COMPLEX MODIFIERS USING MATLAB

Purpose. This study is dedicated to designing and evaluating antifriction polymer coatings based on
phenylone C2, an aromatic polyamide with high thermal stability, modified with copper (II) complexes of the
composition [Cu(HL)X;],, where HL represents derivatives of benzimidazole-2-thiocarboxylic acid arylamides.
The research aims to model the tribological behavior of these coatings, focusing on the effects of sliding speed,
specific load, and modifier concentration, to improve the performance and durability of friction units in
mechanical engineering applications under high-load conditions typical of industrial machinery.

Methods. The coatings were fabricated by dissolving phenylone C2 and copper (II) complex modifiers in
dimethylformamide, followed by impregnation onto a porous bronze substrate (20—25% porosity) under a
vacuum pressure of 0.00001 MPa for 30 minutes. The coated samples were cured at 420 K for 1.5 hours and then
at 723 K for 2 hours to ensure complete hardening. Tribological testing was conducted using an SMT-2010
friction machine in a block-on-disk configuration, lubricated with [-40A industrial oil (GOST 20799-88). Tests
spanned sliding speeds of 0.15 to 1.2 m/s and specific loads of 5 to 15 MPa, with a steel 45 counterbody
(hardness 45-50 HV, Ra 0.4-0.63 um). Friction coefficients were measured with an accuracy of +0.001, and
wear rates were determined gravimetrically with a precision of +0.01 mg/m after 10-hour test cycles.
Experimental data were analyzed in MATLAB to derive a predictive equation for the friction coefficient.

Results. Modification with copper (II) complexes significantly enhanced the tribological properties of
phenylone-based coatings. At a 1% modifier concentration, the friction coefficient decreased from 0.080 to
0.045, and wear resistance improved by 60%, with coating No. 2 (Cl anion, methoxyphenyl substituent)
demonstrating the best performance due to its balanced lubricity and durability. MATLAB processing yielded the
equation f(V,P)=0.0335+0.0095-V+0.0005-P, accurately describing the friction coefficient’s dependence on
sliding speed (V, m/s) and specific load (P, MPa) with a maximum deviation of less than 5%. Optical microscopy
revealed the formation of a protective tribochemical film on the counterbody surface, which reduces wear by
mitigating direct contact and enhancing surface smoothness.

Conclusions. The developed coatings offer substantial potential for high-load friction units in mechanical
engineering, providing reduced friction and enhanced wear resistance under lubricated conditions. The derived
equation serves as a reliable tool for predicting tribological behavior, facilitating design optimization. The
presence of a tribochemical film underscores the role of chemical interactions in performance improvement.
Future research could explore higher modifier concentrations beyond 1% to assess delamination limits and
extend the coatings’ applicability to extreme temperatures and loads encountered in advanced industrial settings.

KEYWORDS: phenylone, copper complexes, tribological properties, antifriction coatings,
approximating equations.
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Problem Statement

Advancements in modern mechanical
engineering and the chemical industry demand
materials capable of withstanding high loads,
elevated temperatures, and aggressive envi-
ronments [1]. Friction wunits, as critical
components of machinery, experience signi-
ficant mechanical stress, which adversely
impacts their reliability and service life [2].
Polymer coatings based on heat-resistant
materials such as phenylone present a
promising solution due to their antifriction
properties, high wear resistance, and ability to
operate under specific loads up to 20 MPa and
sliding speeds of 2-3 m/s [3]. However,
unmodified phenylone exhibits limitations,

including a high friction coefficient under dry
conditions and poor thermal conductivity,
resulting in overheating within friction units
[4]. These shortcomings highlight the need for
modifiers to enhance its tribological per-
formance. Copper (II) complexes with
heterocyclic thioamides have emerged as highly
effective antifriction additives, as demonstrated
by prior studies [5]. The objective of this study
is to develop antifriction polymer coatings
based on phenylone C2 modified with
[Cu(HL)X;], complexes [6] and to model their
tribological behavior using MATLAB [7].

Literature Review

Research into the tribological properties of po-
lymer materials has gained significant traction
over recent decades, driven by their widespread
applications in mechanical engineering and the
chemical industry [8]. Phenylone, an aromatic
polyamide, is prized for its thermal stability and
mechanical strength, yet its antifriction
properties require improvement [9]. Gupta B.
R. [4] noted that incorporating solid fillers, such
as graphite and molybdenum disulfide,
substantially reduces the friction coefficient of
polymer coatings, though this may compromise
structural integrity, a finding consistent with
broader polymer modification studies [10].
Ivanochkin P. G. et al. [3] demonstrated
that phenylone C2, when combined with fibrous
fillers, performs effectively under dry friction
conditions, achieving a friction coefficient of
0.15-0.20 at loads up to 15 MPa. However, in
lubricated conditions, additional modifiers are
necessary to enhance wear resistance and
maintain substrate adhesion [1, 11]. Copper

complexes  with  heterocyclic  ligands,
particularly thioamides, were investigated by
Panasiuk A. and Ranskyi A. [5] as lubricant
additives, achieving a 30—40% reduction in
wear through the formation of protective films
on friction surfaces, a mechanism corroborated
by recent tribochemical research [12].

Contemporary tribological modeling
increasingly relies on computational tools.
Dudka A. M. et al. [13] utilized MathCAD to
approximate the dependence of friction
coefficients on speed and load for
fluoropolymer coatings, while Belyak O. A. and
Suvorova T. V. [9] proposed numerical methods
for predicting the mechanical properties of
antifriction materials, underscoring the pivotal
role of mathematical modeling in optimizing
coating formulations [14, 15]. These studies
provide the foundation for the present research,
which addresses the unresolved challenge of
enhancing phenylone-based coatings for high-
load, lubricated applications [16-18].

Objective and Research Tasks

The objective of this study is to develop
antifriction polymer coatings based on
phenylone C2 modified with copper (1)
complexes of the composition [Cu(HL)X;],,
investigate their tribological properties under
varying conditions, and derive analytical
equations describing the friction coefficient’s
dependence on sliding speed, specific load,

and modifier concentration using MATLAB.
The research tasks include determining the
optimal  coating  composition  through
experimental testing and evaluating the
modifiers' impact on wear resistance and
microhardness, with the aim of improving the
performance of friction units in mechanical
engineering applications.
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Materials and Methods

The base material for the coatings was
phenylone C2, an aromatic polyamide with a
glass transition temperature of 563 K and
thermal stability up to 533 K. Modifiers
consisted of copper (II) complexes

[Cu(HL)X;],, synthesized via the reaction of
copper salts with arylamide derivatives of
benzimidazole-2-thiocarboxylic ~ acid.  The
compositions of the investigated polymer
coatings are detailed in Table 1.

Table 1

Composition of Investigated Polymer Coatings Based on Phenylone C2

Ta6oauus 1

CkJ1a1 JOCIIKYBaHHX ITOJIIMEPHAX OKPUTTIB Ha 0CHOBI (heHiOHY C2

wt.%

Coating No. | Phenylone C2, wt.% | Modifier, | Modifier Type (X — anion, R — substituent)

100 0 -

99

IT Ar-n-OCHj3;-Cl, (Cl, methoxyphenyl)

BHlWIN[—

99

1
99 1 IT Ar-n-Cl1-Cl, (Cl, chlorophenyl)
1 IT Ar-n-CHj3-Cl; (Cl, methylphenyl)

Samples were prepared by dissolving
phenylone C2 and the modifier in
dimethylformamide (DMF), followed by
impregnation of a porous bronze substrate
(porosity 20-25%) in a vacuum chamber at
0.00001 MPa for 30 minutes. The coatings were
applied via dipping and cured in a drying oven
at 420 K for 1.5 hours and 723 K for 2 hours to
ensure full solidification.

Tribological tests were conducted on an
SMT-2010 friction machine using a block-on-
disk configuration in a lubricated environment
with [-40A industrial oil (GOST 20799-88). The
counterbody was steel 45 (GOST 1050-74) with
a hardness of 45-50 HV and surface roughness
Ra of 0.4-0.63 um. Sliding speeds ranged from

0.15 to 1.2 m/s, and specific loads varied from 5
to 15 MPa. The friction coefficient was measu-
red with a precision of £0.001 using an integ-
rated friction force sensor, while wear rate was
determined gravimetrically with an accuracy of
+0.01 mg/m after 10 one-hour friction cycles.

Experimental data revealed that the
unmodified phenylone coating exhibited a
friction coefficient of 0.080 at a sliding speed of
0.6 m/s and specific load of 10 MPa. In
contrast, modified coatings achieved a reduced
friction coefficient of 0.045 at a 1% modifier
concentration, with wear resistance improving
by 60%. These findings indicate significant
enhancement of tribological properties through
modification.

Results and Discussion
The tribological performance of coating No. 2 was analyzed in detail across a range of sliding

speeds and specific loads, as presented in Table 2.

Dependence of Friction Coefficient of Coating No.

Table 2
2 on Sliding Speed and Specific Load at 1% Modifier

Concentration

Taoauus 2

3anexHicTh KoedimieHTa TepTs MOKpUTTS Ne 2 BiJ IIBUJKOCTI KOB3aHHS Ta IMTOMOTO HABAaHTAXEHHS NIPU
1% xoHueHTpauii Mmoaudikaropa

Sliding Speed, m/s | P=5MPa | P=10MPa | P=15 MPa
0.15 0.037 0.0395 0.042
0.3 0.039 0.042 0.045
0.6 0.042 0.045 0.048
0.9 0.045 0.048 0.051
1.2 0.047 0.050 0.053

To derive an analytical equation
capturing the friction coefficient’s dependence
on sliding speed (V) and specific load (P), the

experimental data were processed in MATLAB.
The following simplified code block was used
to obtain the equation:
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% MATLAB Code Block for Deriving Friction Coefficient Equation
% Purpose: Calculate the analytical equation f(V, P) = a + b*V + c*P for coating
No. 2
% Step 1: Input Data
% Define sliding speeds in m/s
speed = [0.15, 0.3, 0.6, 0.9, 1.2];
% Define specific loads in MPa
load = [5, 10, 15];
% Define friction coefficients for different conditions
friction = [0.037 ©.039 0.042 0.045 0.047; % at 5 MPa
0.0395 0.042 0.045 ©0.048 0.050; % at 10 MPa
0.042 0.045 0.048 0.051 0.053]; % at 15 MPa

% Step 2: Prepare Data for Approximation
% Initialize arrays to store all data points
all speeds = [];
all loads = [];
all_friction = [];
% Combine data into single vectors for fitting
for i = 1:3 % Loop over each load level

all speeds = [all_speeds, speed]; % Append speeds

all loads = [all_loads, 1load(i)*ones(1,5)]; % Append corresponding loads
(repeated 5 times)

all friction = [all_friction, friction(i,:)]; % Append friction coefficients
end
% Step 3: Calculate Equation of the Form f = a + b*V + c*P
% Check if polyfitn is available (requires Polyfitn Toolbox)
if exist('polyfitn', 'file')

coeff = polyfitn([all_speeds', all loads'], all friction', 1);

% Extract coefficients: a (intercept), b (speed coefficient), ¢ (load
coefficient)

a = coeff(1l); % = 0.0335
b = coeff(2); % = 0.0095
c = coeff(3); % = 0.0005

% Step 4: Display the Friction Coefficient Formula

fprintf('Derived Equation: f(V, P) = %.4f + %.4f*V + %.4f*P\n', a, b, c);
else

warning('Polyfitn Toolbox not found. Please install it or use an alternative
method (e.g., fit with polyll).');

% Alternative using fit (if Polyfitn is unavailable)

fit_obj = fit([all_speeds', all loads'], all_friction', 'polyll');

a = fit_obj.pee;

b = fit_obj.ple;

c = fit_obj.po1;

fprintf('Derived Equation (using fit): f(V, P) = %.4f + %.4f*V + %.4f*P\n', a,
b, c);
end

% Friction Coefficient Formula: f(V, P) = 0.0335 + 0.0095*V + 0.0005*P
The resulting equation is:

f(V,P) = 0.0335 + 0.0095-V + 0.0005 - P,

where V' is the sliding speed in m/s, and P is predicting tribological behavior under the tested
the specific load in MPa (coefficients rounded conditions.

for clarity). This equation accurately fits the The effect of modifier concentration on
experimental data, with a maximum deviation wear resistance and friction coefficient was
of less than 5%, confirming its reliability for assessed using data from Table 3 for coatings
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No. 2 and No. 3. Figure 1 graphically represents
the wear rate (mg/m) as a function of modifier
concentration (%) at a sliding speed of 0.6 m/s
and specific load of 10 MPa. Coating No. 2
(with CI anion and methoxyphenyl substituent)
exhibited a superior reduction in wear rate,

dropping from 5.12 mg/m at 0% concentration
to 2.05 mg/m at 1%, compared to No. 3’s
reduction from 5.12 mg/m to 2.15 mg/m. This
60% improvement in wear resistance highlights
the efficacy of the methoxyphenyl-modified
coating.

5.5 T T T T

Wear Rate {mg/m)
& -
T T

(5]
T

25

QO Coating No. 2
% CoatingNo. 3

] 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

Modifier Concentration (%)

Fig. 1 - Comparative Wear Resistance of Developed Polymer Coatings
Mau. 1 - [lopisnanvua 3Hococmitkicms po3podienux noiiMepHux NoOKpummis

Table 3

Dependence of Tribological Properties on Modifier Concentration (V = 0.6 m/s, P = 10 MPa)

Taoauus 3

3anexHicTh TPUOOJIOTTYHHUX BIACTHBOCTEH Bijl KOHIeHTpauii Moaudikaropa (V = 0,6 m/c, P =10 MIla)

Coating | Concentration, % | Wear Rate, mg/m | Friction Coefficient (f)

No. 2 0 5.12 0.080
0.25 3.99 0.065

0.5 2.85 0.050

0.75 2.45 0.0475

1.0 2.05 0.045

No. 3 0 5.12 0.080
0.25 4.06 0.066

0.5 3.01 0.052

0.75 2.58 0.049

1.0 2.15 0.046

To examine the influence of sliding speed
on the tribological properties of coating No. 2 at
a fixed load of 10 MPa, Figure 2 was
constructed based on Table 2 data. The graph
displays experimental friction coefficient

points ranging from 0.0395 at 0.15 m/s to
0.050 at 1.2 m/s, with a linear approximation
overlaid, confirming a stable increase in friction
with speed and aligning with the derived
equation.
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Fig. 2 - Dependence of Friction Coefficient (f) of Coating No. 2 on Sliding Speed (V) at P=10 MPa
Mau. 2 - 3anexHicTb koedirienta Tepts (f) nokpurrs Ne 2 Bin mBunkocti ko3anus (V) npu P = 10 MIla

The comparative performance of coatings
No. 2 and No. 3 with varying modifier con-
centrations is illustrated in Figure 3, based on
Table 3 data. At a sliding speed of 0.6 m/s and
load of 10 MPa, the friction coefficient dec-
reases from 0.080 to 0.045 for No. 2 and from
0.080 to 0.046 for No. 3 as concentration rises
from 0% to 1%, with No. 2 showing a slight
advantage, consistent with its lower wear rate.

A comprehensive analysis of sliding
speed and specific load effects on coating No.
2’s friction coefficient is depicted in Figure 4 as
a MATLAB-generated surface plot. Covering

speeds from 0.15 to 1.2 m/s and loads from 5 to
15 MPa at 1% modifier concentration, the plot
shows a maximum friction coefficient of 0.053
at V= 1.2 m/s and P = 15 MPa, validating the
analytical equation’s predictive accuracy across
the tested range.

Increasing the modifier concentration to
1% effectively reduces both wear and friction
coefficient, though concentrations above 1%
result in coating delamination, indicating an
optimal threshold. Coating No. 2, featuring a Cl
anion and  methoxyphenyl  substituent,
consistently outperformed others in the study.

Conclusions

1. Modification of phenylone with
copper (II) complexes enhances the
tribological properties of polymer coatings,
reducing the friction coefficient from 0.080
to 0.045 and improving wear resistance by
60%.

2. Tribological properties’ dependence
on sliding speed, specific load, and modifier
concentration was experimentally
confirmed, providing a robust dataset for
analysis.

3. MATLAB processing yielded the
analytical equation (V' ,)=0.0335+0.0095-V
+0.0005-P for coating No. 2, offering a
reliable predictive tool for friction behavior.
4. The  developed  coatings  are
recommended for high-load friction units in
mechanical engineering, with future research
prospects focusing on optimizing load-
bearing capacity and long-term durability
under varying environmental conditions.
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Fig. 3 - Dependence of Friction Coefficient (f) on Modifier Concentration (%) for Coatings No. 2 and No. 3 at V
=0.6 m/s, P=10 MPa
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Fig. 4 - Dependence of Friction Coefficient (f) of Coating No. 2 on Sliding Speed (V) and Specific Load (P)
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MOJIEJIOBAHHS TPUBOTEXHIYHUX BJJACTUBOCTEM NOJIMEPHUX ITIOKPUTTIB
HA OCHOBI ®EHIVIOHY 3 MOANPIKATOPAMU KOMIIJVIEKCHHUX CIIOJIYK MIAI (II)
3A JOITIOMOI'OIO MATLAB

Mera. JlocmiKeHHS MPHUCBIYCHO pPO3POOIi Ta OIMHIN AHTUPPUKLIIHHUX TOJTIMEPHUX MOKPHUTTIB Ha
ocHOBI (heHimona C2, apoOMaTHYHOTO TONiaMiAy 3 BHCOKOK TEPMOCTIHKICTIO, MOAN(IKOBAHOTO KOMIUIEKCAMH
migi (II) cknany [Cu(HL)X;],, ne HL — nmoxinHi apunaminiB OeH3uUMiIa301-2-TioKapOOHOBOI KHCIOTH. MeTOor0
poOOTH € MOJCTIOBaHHS TPUOOTEXHIYHOI MOBEMIHKM [HUX IMOKPUTTIB 13 AKIECHTOM Ha BIUIMBI IIBHIKOCTI
KOB3aHHS, NHUTOMOTO HAaBaHTAXXCHHS Ta KOHIEHTpauii Moxaudikaropa a8 MiJBUIICHHS e(QEKTUBHOCTI M
JIOBIOBIYHOCTI BY3IiB TEpTs B MAaIIMHOOYIIBHHX BY3JaxX 3a YMOB BHCOKHMX HaBaHTa)X€Hb, XapaKTEPHHUX IS
MIPOMHUCIIOBOTO 00JIaTHAHHS.

Metoau. [TokpUTTS BUTOTOBIISUIM LIISIXOM po3drHeHHs (eHinoHa C2 i MoaudikaTopiB KOMILUIEKCIB Miji
(II) y numeTnadopmamizi 3 MOJABIINM ITPOCOYEHHAM ITOPUCTOi OpoH30B0O1 migKnaaku (mopucticts 20-25%) 3a
BaKyyMHOT'O THCKY TpoTsroM 30 XBHIMH. 3pa3Kd 3 MOKPUTTAM IiIAaBalll TepMidHOMY TBepAiHHIO mpu 420 K
npotsitoM 1,5 romuam, a motiM mpu 723 K mpotsrom 2 romuH Ui 3a0€3NEUCHHS MOBHOTO 3aTBEPHiHHS.
TpuboTtexHiuHi BUnpoOyBaHHsA mpoBomwiau Ha MamuHi Teprs CMT-2010 3a cxeMor «KOIOIKa-AHCK» Y
3MallleHOMY CEpEIOBHINI 3 BUKOPUCTaHHAM iHmycTpiambHOro Mmacna 1-40A (I'OCT 20799-88). docmimkeHHs
OXOIDTIOBAJIM MIBHAKOCTI KoB3aHH:A Bif 0,15 mo 1,2 M/c i muToMi HaBaHTaxXeHHS Bix 5 1o 15 Mlla 3 koHTpTiIIOM
31 crauni 45 (tBepaictb 45-50 HV, mopctkicts Ra 0,4-0,63 mxm). KoeditieHTr TepTsi BUMIpIOBAIM 3 TOYHICTIO
+0,001, a mBHAKICTH 3HOIIYBaHHS BH3HAYAJIM TPABIMETPHUYHUM MeETOJIOM i3 TouHicTio £0,01 mr/m micas 10-
TOJAMHHUX IUKJIIB BUIpPOOyBaHb. EkcmepuMenTanpHi nmaHi o0poOmsmn B MATLAB i BuBEICHHS
MPOTHO3YIOYOT0 PIBHAHHA Koe(DillieHTa TepTs.

PesyabraTn. Monudikauis xomruekcamu Migi (II) 3HauHO mokpammia TpUOOTEXHIUHI BIACTHBOCTI
MOKPHUTTIB Ha OCHOBI (eHinoHa. [Ipu koHueHTpanii Mmogudikaropa 1% xoedimieHt Tepts 3uu3uBes 3 0,080 1m0
0,045, a 3HOCOCTIHKICTB 3pocia Ha 60%. [Tokputts Ne2 (anion Cl, 3amicHUK MeTOKCH(EH1I) MPOAEMOHCTPYBAJIO
HaWKpalll XapaKTepPUCTUKH 3aBISIKH ONTHMAJIbHOMY IO€JIHAHHIO 3MAallyBaJbHUX BIACTHBOCTEH 1 MIIHOCTI.
O6pobka B MATLAB mana pisasaas f(V,P)=0,0335+0,0095-V+0,0005-P, sxe omucye 3anexHicTs KoedimieHTa
TepTs BiJ mMBHIKOCTI KoB3aHHA (V, M/c) i muromoro HaBaHTaxkeHHS (P, MIla) 3 MakcHMalpHOIO TOXHOKOIO
MeHII HDK 5%. OnTuyHa MIKpPOCKOINis BHSBWIA YTBOPEHHs 3aXMCHOI TpHOOXIMIUHOI IUTIBKM Ha TOBEPXHI
KOHTPTIJIa, [0 3MEHIITY€ 3HOC 3aBISIKH 3HIKECHHIO IPSIMOTO KOHTAKTY Ta ITiIBUIIEHHIO TJ1aJJKOCTi TIOBEPXHI.

BucHoBkH. Po3po0iieHi MOKPUTTS MarOTh 3HAYHUI MOTEHIal JJIsl BUKOPUCTAHHS y BYy3Jax TepTs 3
BUCOKMMH HaBaHTAXXEHHSAMH B MAIIMHOOYAyBaHHI, 3a0e3ledyloud 3HIDKEHHS TepTs Ta IiABHIICHY
3HOCOCTIHMKICTh y 3MameHnx ymoBax. OTpuMaHe DPIBHAHHS € JOCTATHIM IHCTPYMEHTOM IS MPOTHO3YBaHHS
TPUOOTEXHIYHOT MOBEIIHKH, IO CHOPHSIE€ ONTHUMI3alil KOHCTpyKUid. HasBHICTE TpuOOXiMiduHOI TITIBKH
MiAKPECITIOE BAXKIMBICTh XIMIYHAX B3a€MOJIH y MOKpAIICHH! XapakTepucTHK. [Tomanbim qoCcmiKeHHS MOXYTh
OyTH cpsIMOBaHI Ha BUBYCHHS BHIIMX KOHIICHTpALiil MomudikaTopa (moHazn 1%) Ui OIIHKY MEX JesiaMiHamii
Ta PO3MIMPEHHS 3aCTOCOBHOCTI NMOKPHUTTIB O €KCTPEMAJIbHUX TEMIIEpaTyp i HaBaHTa)XEHb, XapaKTEPHUX JUIA
CY4acHOTO MPOMHCIIOBOTO 00JIa/IHAHHSL.

KJIIOYOBI CJIOBA: ¢eninon, xomnnexcu mioi, mpuboOmexuiuni 61acmueocmi, aHmu@puxyiini
NOKPUMMSL, ANPOKCUMYIOHT DIBHAHHSL.
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Sk muryBarm: Stovpnyk O. V. & Sytar V. 1. (2025). Modeling the tribological properties of polymer
coatings based on phenylone with copper (II) complex modifiers using matlab. Mawuno6yodysanns. 2025 Bun 35
C. 85-94. DOL: https://doi.org/10.26565/2079-1747-2025-35-09 (in Ukraine)

KonduikT inTepecis
ABTOpH 3asBIIIOTH, IO KOH(IIKTY iHTEepeciB momo myOumikarii pykomucy Hemae. KpiMm Toro, aBropm
MOBHICTIO JIOTPUMYBAJINCh CTHYHHX HOPM, BKIIOYAIOYH IUTariat, Qaiscudikamiro NaHUX Ta MOABIHHY
MyOJIiKaIlifo.
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HaykoBe Bunanns HaBuanbHO-HaykoBOTO iHCTHTYTY "VYKpaiHChbKa iH)KEHEpPHO-TIEAroriyHa axajaemis"
XHY im. B.H. Kapazina «MammHoOy1yBaHHS» € HAyKOBHM XXYpHaJIoM, sIKMid BKJtoueHo 1o [epeniky daxoBux
Bunasb BAK (B), e myOnmikyroTbCsSl OCHOBHI pe3yabTaTh AUCEPTAIiTHUX poOiT Ha 3100y TTS HAYKOBOTO CTYHECHS
JIOKTOpA 1 KaHIU/IaTa TEXHIYHUX HAYK.

Jo myOmikarii mpuitMaroTeCS CTATTi, SKi HANMMCAaHI YKPaiHCHKOIO ab0 aHTIIHCHKOI MOBAMH 3TiTHO 3a
TIpaBUJIAMH JIJIsI aBTOPIB 1 OTpUMAIK IIO3UTHBHI PEKOMEH/IaIlil peI[CH3CHTIB.

IIPABIMJIA JJIs1 ABTOPIB

Enexrponna Bepcis odopmisiersest y dpopmati Microsoft Word, mpudr Times New Roman, posmip 11,
MibKpsakoBuil iHTepBan 1,0, Bci monst mo 2,5 oM. JXKupHuM mpudToM BUALIAIOTHCS IMiA3arojOBKU y CTaTTi;
KypCHB JIOITyCKAETHCS JIMIIE Y BUHATKOBUX BUIIAIKaX.

Lmoctpanii, BkiIroyaroun rpadiku i cxemMu, MaloTh OyTH po3MiliieHi O6e3rnocepeanbo B TekcTi. CKpisb, ae
MOJKJIMBO, NOLITBHIIE BUKOPHCTOBYBATH rpadiku, a He Tabmumi. Yci pucyHku mianucysati sk Pue. 1 Ha3pa
pucyHky (po3mip 10). Tabmumi takox odopmiaru 10 posmipom. Croso Tabauusa 1 (kupHHM, IpaBOpyd), Ha
HACTYITHOMY PSKY Ha3Ba TaOIUIN >KHPHHUM, 1O IEeHTpY, po3mip 10. Ha3Bu pucyHkiB Ta Tadauub HAKAIOTHCH
TaKOK aHIJIiHCbKOIO.

OpieHTanis CTOPiHOK KHIDKKOBA. BupiBHIOBaHHA 1Mo mmpuHi. Ab3ar 1,0 cm.

Juis crareit HeoOxinno Bkazatu YK (UDC) (mmiBopyd, po3wmip 11), iHimiamu Ta npi3Buie aBropa (po3mip
11, >KMpHHUM, TPONHMCHUMH, MO LEHTPY), HAYKOBUH CTymiHb Ta 3BaHHA (po3mip 11), Ha HACTYHHOMY PSAKY
BKa3aTu Mocajay, Ha HacTymHoMy BkazaTu e-mail Ta ORCID ID. Ha HacTymHOMY pSIKY BKa3aTH MOBHY Ha3BY
ycranoBH (po3mip 11, kypcus) Ta i noBHa aapeca

Hasga craTTi (KUpHUMU TPONIMCHUMHU, IO LIEHTPY, 11 po3mip)

Jani nogaru anoranito (He menme 1800 3HakiB) Ta Ki04oBi cioBa (5-6) MoBoto crarti: po3mip 10,
intepBain 1,0. g ekcnepruMeHTaNbHUX CTaTel MOJAaTH CTPYKTYpOBaHE pe3loMe, Jie Mae OyTH BKa3aHi clioBa:
Mera. Meroau. PesyabraTu. BucHoBku.

CratTi IpyKYIOTbCS YKPaiHCHKOIO Ta aHTIIHCHKOI0 MOBaMHU.

TekcT eKcIepuMEHTaNbHOI CTATTi MOBHHEH CKJIAJaTHCA 3 HACTYHHHX pO3AiliB: «Bcrym», «MeTtoankay
(«O0'ekT Ta MeTOOM IOCHiKEHHA»), «Pesympratn», «OOroBOopeHHA» (MOXKIUBHHA O0'€qHAHUN PO3ILT
«Pe3ynbpraT Ta 00TOBOPEHHN»), «BHCHOBKNY, «CIMCOK BUKOPHCTAHOI JTiTEpaTypu».

Po3nin «BcTym» NMOBMHEH MICTHTH IIOCTAaHOBKY NpPOOJEMH y 3araJbHOMY BHIUIIAI Ta ii 3B'I30K 3
BaXXJIUBUMH HAYKOBUMH 200 MPAKTHUYHHUMHU 3aBJaHHIMHU; KOPOTKUI aHaJIi3 OCTAHHIX OCIIKCHb 1 MyOiKallii, y
SKAX pO3IIOYATO PIlllEHHs AaHOi MPOOJIEeMH, BUAIJICHHS KOHKPETHUX HEBUPIIICHUX MHUTaHb, SIKUM IPHUCBSIUCHA
CTaTTs, JOPMYJIFOBAHHSI METH POOOTH.

Po3nmin «Meronuka» IOBHMHEH MICTHTH BIiJJOMOCTI Ipo 00'eKT (00'€KTH) JOCIHIKEHHS, YMOBHU
EKCIIEPUMEHTIB, aHAJITUYHI METO/H, IPUIAJN Ta PEAKTHUBH.

VY posmini «Pe3ynbTaTH AOCHTIIHKEHB)» HANAIOThCS OTPHMaHI pe3yibTaTH Ta MOBHHHO BiJOOpakyBaTH
3aKOHOMIPHOCTI, SIKi BUTIKAIOTh 3 OTpUMaHUX MaHux. OTpuMaHy iHPOpMAaIit0 HEOOXITHO MOPIBHATH 3 HATBHUMH
JTEepaTypHUMH TaHUMH Ta ITOKA3aTH ii HOBU3HY.

VY pozmini «BUCHOBKM» HAJaeThCs y3arajdbHEHHS Ta IHTEpPIIpPETallisl pe3yibTaTiB, aHali3 MPHIMHHO-
HACITIIKOBHX 3B'SI3KIB MK BHSBICHHMH €(EKTaMH, 1 TIOBUHHO 3aBEpIIYBATHCh BIIMOBIIMI0 Ha NMUTAHHSA, SKE
MOCTaBJIEHO Yy BCTYTI.

[MocunaHHsi Ha JpKepena y TEKCTI IMOJAIOThCS Yy NPSMOKYTHHX JIy)KKax 3 BKa3yBaHHSIM HOMepa 3a
MOPSIIKOM MOCUJIAHHS.

Cnucoxk BUKOpPHCTaHOI JiTepaTypu 000B'si3k0B0 odopmisierses 3a JJCTY 8302:2015, no 60% maroTh
OyTH B JpKepena, 1o omyOmikoBaHi 3a octanHi 5 pokiB, URL ne € (po3mip 10, mixpsiakosuii intepsan 1,0).
KinbkicTh mocuians Mae OyTH He MeHIe 15.

Yepes 2 iHTepBaIM TaKOXK I10/IaTH NPIi3BUILE, HAYKOBUI CTYIIHb Ta HAyKOBE 3BaHHs, Mmocaiy, e-mail Ta
ORCID ID, opranizarito, i MoBHY ajjpecy, Ha3By CTaTTi, pO3LIMPEHY aHOTALIO Ta KIIOUOBI CIIOBa aHTIIHCHKOIO
(e menme 1800 3HakiB, po3mip 10, mikpsakoBuii intepsan 1,0). AHorauis noBuHHa OyTn 1MoOynOBaHa SIK
pedepar y pedepaTuBHHX S>KypHamax Ta BiJpaXkaTH CyTh EKCIIEPUMEHTIB, OCHOBHI pe3yibTaTh Ta ix
iHTeprperanito. [ eKcriepuMeHTAIbHUX CTaTel IMOJaTH CTPYKTYPOBaHI pe3loMe Je Mae OyTH BKa3aHi CJIOBa:
Purpose. Methods. Result. Conclusion.; ta kiaro4oBi ciosa (5-6).

Biomiorpagiunmii onuc 1ukepes anriiiicbkoo MoBoio (References) odopmitoeTscs BiIOBiIHO 10
HopMm [apBapacekoro crumo (Harvard Referencing Style). O60B's3koBo BkasyBat DOI abo Retrieved from .

Anpeca penakuiiinoi koJierii: maiinan CBobonn, 4, 61022, Xapkis, Ykpaina, HaBuaapHO-HayKOBHH iHCTUTYT
«YKpalHCbKa iH)KEHEpHO-TIeAaroriyHa akaaeMis» XapKiBChbKOTO HaI[lOHAIBHOTO YHiBepcHuTeTy iM. B.H.
Kapaszina
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mailto:collection.engineering@karazin.ua
https://periodicals.karazin.ua/engineering

HaykoBe Bumanus

MAIINHOBY IYBAHHA

Bunyck 35

YKpaiHCHKOIO Ta aHTIIIHCHKOI0 MOBAMH

MakeTyBaHHS Ta KOMIT I0T€pHE BEpCTaHHS
I'onoBuenko bornan

Higmucano xo npyky 30.06.2025. ®opmat 60x84/8.
Ywm. np. apk. 7,93, O6n.-Buz. apk.. 9,9
Haxmazx 50 mp. 3am. Ne9/25

61022, m. Xapkis, maiinan Crobosm, 4.
XapKiBCHKUI HAIIOHAEHUHA YHIBEPCHTET
imeni B. H. Kapasina
BupaBaunrso

HanpykoBano XapkiBceknii HanioHaIpHHN yHiBepcuTeT iMeHi B. H. Kapasina
61022, Xapkis, maiigan CBoboau, 4.
Cainonrso cy0 exTa BumaBandoi cripasu JIK Ne 3367 six 13.01.2009



