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MULTI-BEAM OPTICAL SENSOR FOR MEASURING DRONE COORDINATES

The article presents a multi-beam optical sensor for measuring drone coordinates in three-
dimensional space. The first part of this sensor is installed around a landing pad or a goods delivery
pad. It forms a set of low-energy optical beams of a certain shape. Each beam transmits a digital code
that characterizes its location relatively the pad. The second part of this sensor is a small set of minia-
ture photodetector units that are fixed under the drone. The proposed technique based on the beam
code analysis helps to calculate the drone coordinates relatively the pad. This sensor guarantees few
centimetres accuracy, which is necessary for accurate drone taking off or landing without usage of an
expensive digital camera or a human operator. The paper describes the classification of drone coor-
dinate measurement techniques, sensor design, and experimental tests of the proposed optical sensor.

The advantages and possible applications of these sensors are also discussed.
Keywords: optical sensor, coordinate measurement, drone navigation, vision-based positioning,

data fusion, multi-beam technique, coded beams.

Introduction. Drones are already an im-
portant part of our lives. They are widely used for
observation and remote sensing, rescue services,
goods delivery, etc. Drone taking off, landing
and, especially, goods delivery are carried out
many times. It most cases human operators do
these operations and, as a result, it increases the
price and risk of drone usage. Modern techniques
for automatic control of drones require digital
cameras on stabilized gimbal, powerful comput-
ers and high-speed telecommunication units [1-
9]. It also makes drones and drone usage expen-
sive. For widespread implementation of drone
goods delivery and other fields, drones must have
a reliable and economical system for coordinate
measurements during fully automatic taking off,
landing and goods delivery. But any coordinate
measurements using digital cameras or with the
help of a human operator become very expensive
and not reliable enough for numerous routine
drone flights.

Goal and tasks. The goal of this study is
to find and to study the compact and economical
drone positioning system (DPS) that can work
without usage of digital cameras and control of a
human operator. This DPS should cover the gap
between several meter accuracy of coordinate
measurements in economical global position sys-
tem (GPS) modules and the required accuracy
equal to 0.25-0.5 m for accurate and automatic
landing, taking off and goods delivery. To
achieve the specified goal, the following tasks

© D. V. Averin, V. M. Borovytskyi, 2023
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must be solved: study of the known techniques
for drone coordinate measurements, identification
of the best DPS design, creation of mathematical
description of the proposed DPS and perfor-
mance of experimental research that should con-
firm the correctness of the proposed solution.

Methods

1. Overview of techniques for drone coor-
dinate measurement. All DPSs can be conven-
tionally divided into two big categories: DPSs
that use digital cameras and DPSs that do not use
cameras (Figure 1). DPSs with digital cameras
can be divided into systems in which the cameras
are located on the ground and those in which the
camera is located on the drone (Figure 1). The
main idea of the first is to recognize the drone,
track it and transfer information to the drone for
its correction [1, 2]. The second, with the help of
a camera, recognize markers on the ground, and
based on their size and position, receive infor-
mation about the location of the drone in space
relative to these markers. Markers can be: ob-
jects, inscriptions (for example, a QR-code),
light, and combinations thereof [3-9].

DPSs that do not use cameras use emitting
devices and radiation receivers, which can be
located both on the ground and on the drone in
various combinations, [10-16] (Figure 1). Emit-
ters can use different wavebands (infra-red (IR),
visible, radio waves, etc.), receivers are selected
according to the band that has been chosen. De-
scriptions of these DPSs are made in [17, 18].
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Figure 1. Classification of drone positioning systems

2. Description of the proposed DPS. The
proposed DPS refers to systems that do not use
cameras. The main idea of the proposed DPS is
the application of the spatial structure of IR
beams. These beams transmit coded data about
the direction to the landing site in three-
dimensional (3D) space. A drone is equipped
with one or more small photodetector units that

© D. V. Averin, V. M. Borovytskyi, 2023
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receive coded data from one or more optical
beams.

The DPS consists of two parts: the first
one is the illumination part installed on the
ground around the landing site. The second part 8
is the receiving part. It is fixed on the drone (Fig-
ure 2) [19, 20].
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The illumination part includes a power
source 3, a control unit 2 and two or more beam
formation units (BFU) 1, which illuminate low-
energy IR beams 7. Each beam transmits digital
codes that set the direction to the landing site in
3D space (Figure 2). The receiving part is just a
few very small photo detectors 4 mounted on the
bottom surface of the drone. They work only
during landing, when they capture coded optical
signals and send them to the flight controller (or
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drone computer) 6. The control unit 2 generates
codes for each beam, and these codes are separat-
ed in time. Therefore, the photodetector units can
record and analyze the codes of various beams.
Analyzing the received codes — data about the
direction to the landing site — this computer cal-
culates the drone's path to it. Battery 5 supplies
light-sensitive units 4, drone computer 6 and oth-
er drone units with electricity (Figure 2).

7
7
7
y 7
'/'\‘
!;\\6 >
NN\
.\:(, 3
=4
.. 4
1 ..-t-.' 2

Figure 2. Proposed design of the multi-beam drone positioning system

3. Mathematical model of multi-beam
DPS. The requirements for the proposed multi-
beam DPS are as follows:

1. The DPS should be economical. This
means that the number of illumination units and
IR beams should be kept to a minimum.

2. The beams must cover a sufficient 3D
volume around the landing pad without unlit are-
as, considering that all beams are the same.

3. The positioning system should be com-
pact with the possibility of installation on any
small plane.

4. The dimensions of the working area of
the positioning system should be large enough
for drones of different types and sizes.

5. The number of beams in the horizontal
direction must not be even.

To meet the requirements, a beam geome-
try is chosen with only one illumination unit in
vertical direction and two illumination units in
horizontal direction.
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To understand how much is needed by the
radiation source on each block to ensure the re-
quired accuracy, it is necessary to carry out cal-
culations using Figure 3 and Figure 4.

First, let's calculate horizontal beams
(Figure 3). For this, it is necessary to set the posi-
tioning accuracy, which is equal to: Rp; the radius
of the landing zone Ry, as well as the distance
from the center of the landing zone to the radia-
tion source Lg.

At the same time, it is necessary to fulfill
the following requirement:

Lg > Ry > Rp.

The first step is to calculate the angular

size of the landing pad Aa. For this, using

Figure 3 and the given parameters, we will get:

Rp
Aa = 2 - arctan (—),
Lg
where Rp is landing pad radius; Lg is the distance

between the center of the landing pad and the
BFU; arctan() is inverse tangent function.
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Landing pad// ~

Working area

\/

Figure 3. Horizontal beams in the multi-beam drone positioning system

In the next step, using Figure 3 and the ini-
tial parameters, we will calculate the radiation
angle of the BFU block ay:

Ry
ay = 2 - arctan (—),
Lp
where Ry, is the radius of the working area; Lg is

the distance between the center of the landing
pad and the BFU: Lg > Ry.

Having found the angles Ao and ay, you
can calculate the number of beams of the same
thickness that fill the space given by the angle
aw, using the following formula:

aw
a7 Aa’

Since Nqy can only be an integer, it is neces-
sary to round up to a larger number of beams.

Knowing that the beams overlap each other
with a ratio of 1/3 to form the equal angular
zones, as well as the number of identical Ny
beams, you can calculate the number of radiation
sources in one BFU:

N,

Ng, Ns must be an integer. Therefore, it is
necessary to round the obtained result to a larger
value in order to cover all the working area of the
system with beams.

Similarly, let's calculate vertical beams
(Figure 4).

Landing pad

W

orking area

Figure 4. Vertical beams in the multi-beam drone positioning system
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All beams are similar and have an overlap-
ping area equal to 1/3 of the full size of the angle.
This guarantees the absence of unlit areas be-
tween two beams (Figure 4).

As in the case of horizontal beams, to
begin with, we will calculate the angular size of
the precise positioning zone Ap:

Hp
Af = arctan (—),
Lp
where Hp is the height of landing pad; Lg is the
distance between the center of the landing pad
and the radiation block.
The next step is to calculate the angular
size of the landing zone p:
Hy,
Bw = arctan (—)
Lg
where L is the distance between the center of the

landing pad and the BFU; Hy, is the height of the
positioning working area.

Having found the angles A and Sy, you
can calculate the number of beams of the same
thickness that fill the space given by the an-
gle Sw, using the following formula:

_bBw
=15

Since N, can only be an integer, it is neces-
sary to round up to a larger number of beams to
accurately cover the working landing area.

Let's calculate the number of radiation
sources in one BFU:

Ny

N—M+1
h_Z .

Ny, like N,, cannot be a fraction, so it is
necessary to round up to a larger value.

The total number of radiation sources on
the three blocks will be equal to

N =2 Ng + Nj.

For experiments, it is necessary to calcu-
late the specific number of radiation sources in
horizontal and vertical blocks of the BFU, which
will be able to satisfy the given positioning accu-
racy. The results of calculations are presented in
Table 1.

4. Experimental studies of multi-beam
DPS prototype. To confirm the functionality of
the proposed DPS, a working prototype of such a
system was designed and assembled, and a set of
experiments were conducted with it. To achieve
the required forms of the indicatrix, various com-
binations of diaphragms were used on the illumi-
nation part, as well as the receiving part to reduce
the influence of external interference.

The DPS prototype contains the illumina-
tion part, which is placed on the ground, and a
receiving part, which is placed on the drone. The
illumination part has a control unit in which there
are an Atmega8 microcontroller [21], a power
supply and three BFUs. Five radiation sources —
IR light emitted diodes TSAL6100 [22] — are
installed in each BFU.

Table 1. Angular size and angular coordinates of the beams

Parameters Horizontal direction Vertical direction

The size of the working area, m Rw=0.5 Hw =0.35
Landing area size, m Rp=0.1 Hp=0.1
The distance between the center of the landing _

. o Lg=1.0
site and the source of radiation, m

Corner overlap, corner degrees Aa=7 AB=4
Angular size of the working area, angle degrees aw =77 Bw =59
The number of identical beams Ng=5 N,=5
Total number of beams N =15

The receiving part is located on the drone.
It has a signal processing unit, a power source (a
drone power source can be used) and photodetec-
tor units TSOP32156 with a frequency of 56kHz
[23]. For visualization of drone coordinate this
unit has an indicator — a set of light emitted
diodes.

Results. The experimental research was
carried out in various times and weather condi-
tions, including summer, winter, sunny days,
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cloudy days, nights, etc. Figure 5 shows the ex-
periment with one illumination unit and a drone
with the indicator of the coded beams.

The experimental results showed that the
proposed DPS works correctly. The receiving
part gradually turned off the indicators as it devi-
ated from the center of the receiving part. Table 2
shows the measured positioning deviations for
different combinations of diaphragms used.
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Discussion. The Table 2 shows that the
best result was obtained with a combination of
diaphragms on the emitting unit and a cone on
the photodetector unit. The deviation at 1 m dis-
tance with such a combination is 180 mm. It
means that accuracy of coordinate measurements
can be evaluated as 1/3 of beam width — 60 mm

when the distance is 1 m. It means that the accu-
racy 180-240 mm could be reached when dis-
tance is in the range 3-4 m. In this case DPS
should have only two BFUs and minimum 5
emitters in each BFU. These experimental studies
have confirmed the correctness of the proposed
mathematical apparatus.

Figure 5. Drone on the landing platform during experiments
with the proposed multi-beam drone positioning system

Conclusions. The scientific novelty is the
new approach for measurements of drone coordi-
nates during taking off, landing and goods deliv-
ery. This approach is application of multiple IR
beams with definite angular orientations and an-
gular dimensions that cover 3D space above a

landing pad. Each beam transmits a digital code,
and a drone can calculate its coordinates using
received beam codes. As a result, this DPS can
guarantee the coordinate measurement accuracy
less than 180-240 mm in a zone with radius up to
1-2m.

Table 2. Experimental measured beam width

Emitter without Emitter without Emitter with Emitter with
The distance diaphragms + diaphragms + diaphragms + diaphragms +
from the photodetector unit | photodetector unit | photodetector unit | photodetector unit
with a cylinder with a cone with a cylinder with a cone
centre of the . . . .
landing pad to diaphragm diaphragm diaphragm diaphragm
gp Central | Edge | Central Edge | Central Edge Central Edge
the BFU
beam beam beam beam beam beam beam beam
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
200 mm. 150 190 150 220 80 150 70 130
500 mm. 290 340 220 300 190 260 100 165
1000 mm. 460 540 300 365 400 490 180 300

The proposed DPS closes the gap between
the accuracy of economical GPS modules and the
accuracy necessary for accurate taking off, land-
ing and goods delivery. It makes possible accu-
rate and fully automatic drone taking off, landing
and goods delivery.

© D. V. Averin, V. M. Borovytskyi, 2023
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The practical value is possibility to manu-
facture the commercial multi-beam DPSs using
the solutions from experimentally tested DSP
prototype. These solutions include the BFU de-
sign, hardware and software for signal generations
for coded beams, the design of the indicator for
measurements of beam orientations and beam
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geometry, etc. It should be noted, that the pro-
posed DPS can be used in technical education for
illustrations and practical works in disciplines
such as photonics, microcontrollers and geometry.

The future activity should be concentrated
on implementation of the proposed DPS in rou-
tine goods delivery operations made by drones,
including the development of the software for
reliable drone control in 3D space covered by
multiple coded beams, registration and analysis
of factors that decrease accuracy of coordinate
measurements, and evaluation of economical
profit from implementation of the proposed DPS.

References

[1] T.Yang et al., "A ground-based near infra-
red camera arbeam system for UAV auto-
landing in GPS-denied environment"”, Sen-
sors, vol. 16, no. 9, p. 1393, 2016.
T. Ren, "The UAV take-off and landing sys-
tem used for small areas of mobile vehicles",
Proc. SPIE, vol. 10710, 2018.
Foxtech, "High-precision landing system for
drones. Product description”, 2020. [Online].
Available: https://www.foxtechfpv.com/
high-precision-landing-system-for-
drones.html.
Flytbase, "Precision landing  system
with widest compatibility. Product descrip-
tion", 2020. [Online]. Available:
https://flytbase.com/precision-landing/.
IRLock, "MarkOne precision landing tutori-
al", 2020. [Online]. Available:
https://irlock.com/collections/ir-markers/
products/ir-lock-sensor-precision-landing-
kit.
R. Paulson, "Infrared landing system for a
mini remotely-piloted vehicle”, Proc. SPIE,
vol. 0124, 1977.
M. Skoczylas, "Autonomic drone landing
system based on LEDs pattern and visual
markers recognition”, Proc. SPIE,
vol. 10808, 2018.
Y. Xu, "Deep learning for UAV autonomous
landing based on self-built image dataset",
Proc. SPIE, vol. 11041, p. 20119.
B. Miller, A. Miller and S. K. Popov, "UAV
landing based on the optical flow video nav-
igation”, Sensors, vol. 19, no. 6, p. 1351,
2019.
[10] D. Starodubov, "Ship-relative instant multi-
spectral position system", Proc. SPIE,
vol. 10633, 2018.

© D. V. Averin, V. M. Borovytskyi, 2023
DOI: 10.24025/2306-4412.1.2023.267070

(2]

3]

[4]

5]

[6]

[7]

(8]

(9]

11

[11] V. Farr, "Optical guidance system and appa-
ratus”, USA Patent US4856896A, 1989.

[12] D. M. Bertin, and L. D. Maria, "Optical de-
vice for indicating the glide angle for air-
craft”, USA Patent US7535380B2, 2009.

[13] K. Fujiwara, "Control apparatus for running
moving object”, USA Patent US4554498A,
1982.

[14] G. K. Netzler, and P.R. Lofgren, "Appa-
ratus and method for optical guidance sys-
tem for automatic guided vehicle", USA Pa-
tent US4626995A, 1986.

[15] M. S. Feldmann, "System and methods
of detecting an intruding object in a relative
navigation system", USA Patent
US9435635B1, 2015.

[16] D. N. Fisk, "Fresnel lens optical alignment
system", USA Patent US2015/0153486 Al,
2015.

[17] D. Averin, V. Borovytsky, and V. Myky-
tenko, "Drone positioning systems that uses
digital cameras"”, Bulletin of Kyiv Polytech-
nic Institute. Series Instrument Making, July
2022.

[18] D. Averin, V. Borovytsky, and S. Tuzhanskyi,
"Local positioning system for drones
without usage of digital cameras”, Optoelec-
tronic  Information-Power  Technologies,
vol. 42, no. 2, pp. 5-11, Oct. 2022.

[19] V. Borovytsky, and D. Averin, "Optical sen-
sor for drone coordinate measurements”,
Proc. SPIE, vol. 11352, 2020.

[20] V. Borovytsky, and D. Averin, "Optical-
electronic positioning system™, Ukr. Patent
141943, 2020.

[21] Microchip Technology, "8-bit Atmel with
8KBytes in-system programmable flash
ATmega8 ATmega8L", 2013. [Online].
Available: https://ww1.microchip.com/
downloads/en/DeviceDoc/Atmel-2486-8-bit-
AVR-microcontroller-
ATmega8_L_summary.pdf.

[22] Vishay ~ Semiconductors, "TSAL6100
high power infrared emitting diode,
940 nm", 2019. [Online]. Available:
https://www.vishay.com/docs/81009/tsal610
0.pdf.

[23] Vishay Semiconductors, "TSOP32156 IR
receiver modules for remote control
systems”, 2019. [Online]. Available:
http://www.vishay.com/docs/82490/tsop321.
pdf.



ISSN 2306-4412 (Print), ISSN 2306-4455 (CD-ROM), ISSN 2708-6070 (Online)

. B. ABepin, acnipanm,

B. M. bopoBuubKuii, 0-p mexu. Hayk, npogecop
HarionansHuit TEXHIYHIN YHIBEpCUTET Y KpaiHU
«KwuiBcrkuit [Tonitexniunuii [Hctutyt imeni Iropst CikopcbKoro»,
mp-1 [lepemorn, 37, M. Kuis, 03056, Ykpaina

BATATOITPOMEHEBA OIITUKO-EJIEKTPOHHA CUCTEMA
JJIs1 BUMIPFOBAHHSA KOOPJAUHAT APOHA

B cmammi npeocmaeneno b6azamonpomeredy onmuko-eneKmporHy cucmemy O0Jid 8UMIDIOGAHHSA
KOOpPOUHAm OPOHA 8 MPUSUMIPHOMY Rpocmopi. Bci icHyroui cucmemu yMOBHO MONCHA NOOIIUMU HA
0ga Kuacu: cucmemu, AKi UKOPUCMOBYIOMb Kamepu, i cucmemu, AKi He 8UKOPUCIOBYIOMb KaMepu.
B nawiii pobomi nokazano Hogull Memoo cucmemu, AKa He suxkopucmosye kamepy. OOHa wacmuHa
yiel cucmemu 6CMAHOBIIOEMbCS HABKOAO NOCAOKOB0I NIoWaoKu abo niowaoxku, Hao KO HeoOXiOHO
30TticHumu no3uyionyeanHs. Bin ymeopioe nabip nuzvKoeHepeemuuyHux ONmuyHuxX NpoMeHi8 neeHoi
dopmu. Kooswcnuii npomins nepedac yughposuti Koo, AKull Xapakxmepusye 1o2o po3mauty8anHs iOHOC-
HO naowadku. [pyea uacmuna yici cucmemu — ye HegeauKull Habip MiHIamiOpHUX homooemexkmopis,
KD 3aKPINAIOmsbest nio OpoHoM. 3anponoHo8aHA MEmOOUKA HA OCHOBI NOPIGHAHHS KOOY NPOMEHs.
003607151€ PO3PAXy8amu KOOPOUHAMU OPOHA 8IOHOCHO naowadku. Ll cucmema eapanmye mouHicme
Y KiIbKa 0ecamKie caHmumempis, wo HeobXiOHO 01 MOYHO20 3IbONY YU NHOCAOKU OPOHA Oe3 UKOpU-
cmanus 00po2oi yughposoi kamepu uu m0OuHU-onepamopa. B cmammi 3anpononosano pospaxynox
KiIbKOCMI OOHAKOBUX NPOMEHI6 BUNPOMIHIOBANLHOI YACMUHU, SIKI HeOOXIOHI 0151 00CACHEeHHS 6CMAHO8-
JleHoi mounocmi. Po3paxyHok npogoouscs 6 060X HANPAMKAX: 20PU3OHMATILHOMY Md 8EPMUKATLHOMY.
Lle 0ae 3m02y Kopezysamu NONONHCEHHS OPOHA Y MPUBUMIDHOMY NPOCMOPI AK 051 316b0MY/NOCAOKU,
Max i 01 niOMpumMKYU 00HO20 NON0JICeHHs Ha eucomi. TIpedcmasnenuti npayolouuil NPOMOMUN CUcC-
memu, KA CKIAO0AEMbCs 3 BUNPOMIHIOBANLHO20 ONIOKA HA 3eMi Ma NPUUMATbHO20 ONI0OKA HA OPOHI.
Bunpominosanvruii 610k ¢hopmye y npocmopi K0008aHi npometi, ki HA0X005Mmb 00 NPUUMATILHO20
onoka. Iputimanohutl 610K 00pobIIOE OMpumMany Hopmayiro i HAOCUIAE cueHal 00 OI0KA Ynpas-
JUHHSL OPOHOM OJisl KOPe2YyB8AHHsL 1020 NOJONCEHHS 8BIOHOCHO NOCcaodkosoi 30Hu. Ilokazano pesyrvmamu
00CHI0IHCEHb NPU 3ACMOCY8AHHI PI3HUX diagpacm 015 c8ima00iodie ma GomonpuiMatbHUx RPUCMpo-
is. Bubpano natikpawuil eapianm KOHCMPYKYIL OOKI6 ma OMpuMano OYiHKy HOXUOOK GUMIPIOBAHHSL
KOOpOUHam OpoHie.

Knrouoei cnosa: onmuunuti 0amyux, UMIPHOBAHHS KOOPOUHAM, HAgieayisi Oe3niiomHUKd, No3u-
YIOHYBAHMSA HA OCHOBI OAYeHHs, 3TUMMS OAHUX, 6A2AMONPOMeEHe8a MeXHIKA, KOOOBAHI NPOMEHI.
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MATEMATHYHA MOJEJIb CTATUYHHUX TA KBABICTATU4YHHUX
EJIEKTPUYHMUX I10JIIB HAJJMAJIOI IOTYKHOCTI
A HOJIEJEKTPOAHUM ONUJITHAPUIHNUM JABAYEM

Y cmammi nasooamucs pesynomamu mMamemamuiHo20 MOOeN08AHH CMAMUYHUX MA K6A3i-
CMAMUYHUX eNeKMPUUHUX N0 HAOMANOI ROMYAHCHOCHI, 5Ke NPOBOOUMbCA WIAAXOM PO36 A3AHHS
cucmemu AHALIMUYHUX PIBHAHb, WO 0A3yI0mMbCsa Ha ougepenyianoHux pienauusax Jlannaca. Ocobnusgic-
mro yiei modeni € me, Wo 6 Hill 6PAX0BYEMbCS OUHAMIKA 3MIHU eIeKMPUUHO20 N0 Md 1020 PO3MIDI8
¥ npoyeci cKamy8anHs OCMAHHLO20 NOAIENeKMPOOHUM YUTIHOPUUHUM 0ABAYEM, A MAKOIC GNIUE 306-
HIWHIX KIIMamuyHux paxmopis (memnepamypu, 8iOHOCHOI 801020CMi) Ma el1eKMPOMEXAHIYHUL 8NIUB
3 60Ky Oocniddcyeanoi nosepxui. Ha 0CHOGI npo6edeH020 aHANIMUYHO20 MOOETIOBAHHSA CKIAOCHO
KOMN ‘TomepHy MoOelb, 8 OCHO8Y SIKOI NOKIAOEeHO Memoo CKiHUeHHUX eJleMenmis, a npoepamue 3abes-
neyeHHs: Mooelli CMBOPeHO Ha 00 'ekmHo-opienmosaniu Mogi npoepamysarnts Python 3.10. Po3pobiena
MOOeb 00380JI5€ 3 BUCOKOIO MOYHICMIO (PO3OINCHICHb MIdC OQHUMU MAMEMAMUYHOT MA AHATIMUYHOT
mooeneti ne binoua 2,15 %, a 3 excnepumenmanvro ompumanumu oanumu — ne nepesuuye 7,15 %), a
MAKOIIC Y PeACUMi peanvbro2o yacy byoyeamu epadixu po3nooiny HanpysHceHOCmi eleKmpuiHo20 noas
ma eieKmpudHo20 3apsaody, a makodiC eusHauamu OlanasoHu napamempie yux nouie, OOMpUMAanHs
SAKUX He NPU3600UmMs 00 e1eKMpULH020 npobokw.

Kniouosi cnoga: mamemamuuna mooens, ananimuine pigHAHHA, NOAINeKMPOOHUN YUNTHOPUY-
HUL 0a8ay, ereKmpudte noje, HanpylIceHicmo, e1eKmpudHull 3apso.

Beryn. [lepcniekTuBH 3acTOCYyBaHHS MiK-  (DI3UYHMM SIBUIIEM, IO Ma€ Micle Uil Oyib-
POETIEKTPOHHUX TEXHOJIOTIH, 110 HaOyiau 3Hau- SIKUX EJIEKTPUYHHMX MPHUCTPOIB, 1 MOJSATaloTh Y
HOT'O PO3BUTKY OCTaHHIM YacoM, IOB’s3aHi 3 rme-  3a0e3MeUeHHI OCHOBHHX iX (YHKIIH (eleKTpry-
peBaraMM Cy4YacHHUX CXEMOTEXHIUYHUX pillleHb, HOI €MHOCTI, E€JIEMECHTIB ONEpPaTUBHOI IaM’sTi
SK1 peani3yloThCsl 3 BUKOPHCTAHHAM TaKHX TeX- TOINO), NMPOTE, 3 JIPyroro OOKY, MOXYTh MaTu
HOJIOT1M: BHCOKI TEXHOJOI1YHICTh, NMPOAYKTHUB- HEraTUBHI BIUIMBH SIK HAa €JIEMEHTH TAKUX IIPH-
HICTh, €KOJIOTTUHICTh T4 €KOHOMIYHICTh, & TAKOX  CTPOIB, TaK 1 Ha €JIEMEHTHU, SAKi B3a€EMOIIOTH 3
MOJJIMBICTDh IHTETPYBAaHHS 3 IHIIMMH CIIOpiJIHE- TaKUMH €JIEKTPOHHUMH TPUCTPOSMHU 330BHI, Ha-
HUMH TEXHOJIOTiSIMH TOYHOTO NMpHiaanoOyqyBaH- MPHUKIAJA, €JIEKTPOCTATUYHE NPUTATAHHS MIKpO-
Hs Ta MikpocxemorexHiku [1]. TIpore, He3Baka- 4YacTHHOK arMoc(epHOi BOJOTM Ta MUY, B pe-
I0YH Ha yCi MepeBark BUILE3a3HAYEHUX TEXHOJO-  3YJIBTaTi YOro 3MEHIIYIOTHCS SKICTh Ta HIBHIKO-
Tili, a TaKOXX BHPOOIB, 1[0 BUTOTOBIISIOTHCA 3a iX  [Iisl MepeqaBaHHS €IeKTPUYHOTO CHTHATY (0Cc00-
JIOIIOMOT'010, OCHOBHOIO TIEPEIIOHOI0 10 MOJaJIb-  JIMBO BHCOKOYACTOTHOTO), OXOJIO/KYBaJbHA Ta
IIOT0 YJAOCKOHAJIEHHS TaKUX BHPOOIB € 3MEH-  EJICKTPONPOBIJHA 3JaTHICTh KOMIIOHEHTIB CXEM,
HIEHHS X MacoBO-Ta0apUTHUX XapaKTEPUCTHK. a TaK0XX BUHUKAE MOKJIMBICTh €IIEKTPOCTATHIHO-

Hacnigkamu takoro 3MeHIIeHHS rabapuTiB IO Mpo0Ol0, M0 CHPUYMHSIE €JIEKTpOMEXaHiuHe
EJIEKTPOHHUX CXEM Ta TPHUCTPOIB Ha iX OCHOBI  pYyHHYBaHHsI €JIEKTPOHHHX MIKpPOEJIEMEHTIB 1 BH-
pa3oMm i3 3acTocyBaHHsAM crienudiYHUX MaTepia-  BeACHHS iX, K HACITIIOK, 3 jtaiy [3].

JiB (CerHeTo-, I’ €30€NIeKTPUKIB, EJIEKTPETIB, Me- [Ipu npoMy 3amydeHHs iICHYIOUMX METOJIB
TamarepiajgiB TOLIO) i MHiA BIUIMBOM 30BHIIIHIX Ta 3aco0iB BUMIPIOBaHHSA E€JEKTPHUYHHUX IIOJIiB
KITIMaTHIHUX (TeMIeparypa, BOJIOTICTh) Ta €NIeKT-  HaJMaJlol MOTYKHOCTI, sIKi MaloTh Miclle Ha MO-
POMEXaHIYHIX YMHHUKIB € BUHUKHEHHS Ta HAKO-  BEPXHAX MPUCTPOIB MIKPOENEKTPOHIKH, OOMExKe-
NIMYCHHS B Marepiajlax IMX MPUCTPOIB €IeKTpUY- HE BIJICYTHICTIO HAaJEKHOTO MaTeMaTHYHOIO
HHUX 3apsdiB 1 mouiB, cTBopennx Humu [2]. 1li  amaparty, 1o J03BOJHIO O 3 TOCTATHHOK TOYHIC-
€JICKTPUYHI M0JIsA, 3 OJHOI0 OOKY, € HEOOXIITHUM  THO, IIBUAKOJIEI Ta HAAIWHICTIO BH3HAYaTH OC-
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HOBHI CHJIOBI W €HEpPreTHYHI XapaKTEePUCTHKH
JOCTTDKYBaHUX €NIEKTPHUYHUX TOJIIB.

Tomy  mHTaHHA  aAHATITUYHOTO  Ta
KOMIT FOTEPHOTO MOJICIIIOBAHHS CTATUYHUX 1 KBa-
3ICTATUYHHUX CIIEKTPUYHUX IIOJIIB HAaaMaloi IIo-
TY>KHOCTI Ha TIOBEPXHSAX MarepiaiiB pi3HOI MPo-
BIZTHOCTi HPUCTPOIB MIKPOEJIEKTPOHIKHU IiJ| MOJTi-
EJICKTPOIHUM IWIIIHAPUYHAM JaBa4eM 3 BHCO-
KOIO TOYHICTIO Ta IIBUAKOJIEIO, @ TAKOK MOXKITH-
BICTIO IHTETpyBaHHSI TaKOr0 MaTeMaTUYHO-
NporpaMHOro 3a0e3neueHHss B amapaTtHy Oasy
iH(hOpMAaIiHHO-BUMIPIOBAIBHOTO yCTaTKyBaHHS €
aKTyaJIbHUM.

AHai3 HagBHHMX JIocJaimxKeHb. Jloci-
JOKCHHSIMH €JICKTPUYHUX TIONIB I BU3HAYCHHS
iX XapaKTepUCTHK B ENEKTPOHHUX IIPUCTPOSX
3aliMaeThCs Ps MPOBIIHUX BITUYM3HSIHHUX Ta 3a-

KOpIOHHMX BueHuX, sAk-to: C. B. bipiokos,
B. B. losryma, €.II. I’sxoB, O.B. Macneena,
H. A. lllaBpiHa, Jx. I1. Byr, JI. Llenrens,

®. Onenpopd, T. Bin Ta iami [4-7]. [Ipote, He-
3Ba)KAaOUM Ha HAyKOBi 3700YTKH NHX BYCHHX,
HEBUPIMIEHUM J0CI 3aJUIIAETHCS BAXKINUBE ITH-
TaHHS MOJICIIOBAHHS SJICKTPUYHUX MOJIB HaJaMa-
7101 TOTYXHOCTI, 1[0 BUHUKAIOTh Ha MOBEPXHIX
MIKPOEJICKTPOHHUX TPHUCTPOIB 3 METOI BCTAHOB-
JICHHS TPAaHWYHUX 3HAYCHb IIUX XapPaKTEPHUCTHUK,
MIEPEBUIICHHS SIKUX TMPU3BOJAUTH JI0 BUHUKHEHHS
ENEKTPUYHOTO MPOOOIO.

Ille ogHa mpu4yrHA HEOOXITHOCTI MOJIEIFO-
BaHHSI €JICKTPUYHMX OB HAJMAJIO0l OTYXHOCTI
Ha TIOBEPXHAX MPHUCTPOIB MIKPOENEKTPOHIKA ITiJ]
JlaBauyaMy €JICKTPUYHOTO TMOJIS TMOJISTaE Y MOXK-
JIMBOCTI 3aCTOCYBaHHS OCTaHHIX HE JIMIIE 32 HOP-
MaJbHUX YMOB, aji¢ ¥ B €KCTPEMAaJbHUX KJIiMa-
THYHUX YMOBAX, IPUPOJIA BIUTUBY SKUX HA CJICKT-
PUYHI TIOJIS TOC1 HE BUBUYEHA.

VY Tol e yac 3 HU3KH HAyKOBUX Ipallb Bi-
nmomo [8-10], mo omgamM i3 HalOUTBII edeKTHB-
HUX THUIIB JaBadiB € TONIENEKTPOAHI JaBadi IIH-
JHAPUYHOT (GOpMH, 1110 JIO3BOJISAIOTH BU3HAYATU
SIK CTAl[lOHapHI, TaK 1 KBa3iCTaI[lOHApHI €JIEKT-
PUYHI TOJIS Ta TPOBOJUTH iX MaTEeMAaTUYHE MO-
JIEITFOBAaHHSI B TIOJSIPHIM CUCTEMI KOOpIMHAT.

IIpore, 3a maHUMU aHAJII3y HAYKOBOI JIiTe-
parypu Ta IHTepHET-IXKepel, aBTopaMu 3pO0JICHO
BHUCHOBOK IIPO BIJICYTHICTH MOZEJEH, 110 J103BO-
JISIFOTh TOCII/PKYBATH €JISKTPUYHI TIOJIS HaMasIol
NOTYXHOCTi, COpPMOBaHI Ha MOBEPXHIX Qpar-
MEHTIB MPHUCTPOIB MIKPOENEKTPOHIKH IiJ MOJi-
€JICKTPOHUM IMIIHAPUIHAM JTaBayeM.

Merta Ta 3amavi JgocaimzkeHHs. MeToro
poOOTH € TPOBEACHHS AaHAJNITHYHOTO  Ta
KOMIT FOTEPHOTO MOJICIIIOBAHHS CTATHYHHUX 1 KBa-
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3iCTATHYHHUX EJNEKTPUYHMX TOMIB HaaMmanoi mo-
TY>KHOCTI Ha TIOBEPXHSAX MarepialliB pi3HOI Mpo-
BIIHOCTI MiX TOJEICKTPOIHAM IFUTIHIAPHIHUM
JaBayeM.

s mocsTHEHHS 1€l MeTH B poOOTi BUPI-
ITyBaJIMCs TaKi 3aBIaHHS:

- BCTAHOBJICHHSI OCHOBHHX IapaMeTpiB i
(bakTOpiB MIPH JOCHTIKCHHI EICKTPUYHUX IT0JIiB
HaJMaloi MoTyKHOCTI;

- TTIOCTAaHOBKA 1 aHATITHYHUI PO3B’I30K 3a-
Jadi Ha BU3HAUCHHS PO3MOJiTY eNeKTPUYHOI Ha-
MIPYKEHOCTI Ta eJIeKTPUIHHX 3apsAiB Y MPOCTOPi
Ta Ha TIOBEPXHI MaTepialliB;

- JIOCHIDKEHHS Pe3yNbTaTiB MOJICIIOBaHHS
CJICKTPUYHHX TIOJIIB HaaMallol TMOTYKHOCTI Ha
MOBEPXHAX MarepialliB pi3HOI MPOBITHOCTI IIif
TIOJIIEICKTPOTHUM HIHIIHAPUYHUM J1aBadeM.

Buknaa ocHoBHOro Martepiany

Ananimuune Mo0en06anHHa po3nooiny
eNeKMPUYHUX HNOAi¢ 'y npocmopi ma Ha
OdieneKmpuyHUX n0BePXHAX

[Ipu po3paxyHKy po3NOAiTy €IeKTPHYHOTIO
MOJIA 1O JOCT/DKYBaHIM TUIACKIH TOBEPXHIi
OCTaHHS PO3IJSAETBCA SIK  HalliBOOMEKEHe
cepenoBuille (BUCOTa (POPMYBaHHS €EKTPHIHOTO
IOl HajJ IIOBEpXHEI0 HaldaraTo MeEHIIAa 3a
TOBIMHY Ta PO3MipH MOBEPXHi 3pa3Ka) MpH TO-
My, IO 3pa3Kd MOXYTh MaTH JOBUIbHY QopMy.
[Ipu npoMy BBa’kaeMo, 110 CKaHYBaHHS MPOCTO-
py abo 3a7maHoi JUISHKY TOBEPXHIi BiIOyBa€THCS 3
BUKOPUCTAHHSM JaBava, 3alpolOHOBAHOTO aB-
TOPOM KOHCTPYKIIIi.

CxeMaTHyHa KOHCTPYKIisl TAKOTO JaBauya,
IO SIBJISIE COOOIO TMOJIENIEKTPOIHUM MITiHAPHY-
HUH JaBady 3 palialbHO PO3TAlIOBAHUMHU
€JIEKTPOJIaMH, KUTBKICTh SIKUX BapilOE€ThCS Big 6
no 12, HaBeneHa Ha pUCYHKY 1.

Pucynok 1. CxemaTu4He 300paceHHsI
N0JIieJIEKTPOAHOI0 HMJIiHAPUYHOI0 1aBaya
3 paxiaJbHO PO3TANIOBAHHMH €JIEKTPOIAMMU:
1 — nienexTpuyHa MIIIHAPUIHA OCHOBA,;

2 — meranesi enextpoau (Au999);

3 — ocepas-i30yATOp JaBava,;

a — JIOBXKMHA ETIeKTPOoa,

d — niameTp mepeTHHy TOpIS JaBaya
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Oco06muBiCTh PO3pO0JIEHOT MaTeMaTHYHOT
MOJIEJl EeNEeKTPUYHUX TIOJIB MONIATaE B ypaxy-
BaHHI I[I€F0 MOJEIUTIO BIUIMBY 30BHIIIHIX (pakTo-
piB Ha (opMyBaHHs Ta 3MiHY PO3IMOILTY €NEKT-
PUYHHX ITOTEHITIATIB WX TOJIB. SIK Taki 30BHIII-
Hi (hakTopu obpano temmeparypy (7) i BiTHOCHY
BOJOTY (@) HaBKOJHWIIHBOTO  CEPEIOBHIIA,
a TaKOXX KOE]IiLi€HT eIeKTpOMEeXaHiYHOTO BILIU-
By (K,,), IpUTaMaHHHUI 3HAYHI HOMEHKIATYpi
JETEKTPHIHIX MarepiariB (ceruero-,
I’ €30€JIEKTPUKH), IO BUKOPUCTOBYIOTHCS B elie-
MEHTHIN 0a3i MiKpOEICKTPOHIKH.

IIi dakropm € HE3WICKHAMH OIMH
BiJl OJIHOTO, MPOTE BIUIMB, KW BOHHU CITPaBIIs-
I0Th HAa  EJNEKTPOIPOBITHICTh  CEpPeNOBHINA,
MOXe OyTH ONHMCaHWd TakuM piBHAHHIM [11]:
G = eNnu, + enuy, ge e = 1,610™ Kn — enemen-
TapHUI 3apsf; 7, p — BiNOBIIHO, KOHIICHTPAIII
HOCIiB 3apsay (N — eNeKTPOHiB, p — MoK (s
HAIBIPOBIJHUKOBUX MaTepiamiB)); U, Ta U, —
BiJIMIOBIIHO, PYXJIUBICTh HOCIIB 3apsay (€IeKTpo-
HiB: U, ~ T2 1a TIipoK: Uy = T 2).

ToMy eNeKTpOnpOBiIHICTE TOCTIKYBaHO-
TO CEepeIOBHIIA 3AJIEKHO Bill:

- TEMIIEPaTypH HaBKOJIHMIIHBOTO Cepesio-

summa (7):
e(n+ i
e M)
Iie oo — 0a30Ba EJIEKTPONPOBIIHICTH CepPeIOBUINA
3a HopMmanbHUX yMoB (7 = 273 K); Wy — pobora
BUXOJy 3apsDKEHHX YaCTUHOK 3 MMOBEPXOHb Ma-
TepiamiB (sl BUNIAJIKY HAMIBIPOBITHUKA — IIH-
puna 3a6oporenoi 30mn); kK = 1,3810%° /K —
crana bonpimana;

- BIJHOCHOI BOJIOT'OCTI HABKOJIUIIIHBOI'O Cepe-

noswima (¢):
-

- eJIEKTPOMEXaHIuHOTO BILTHBY (K,,,):

o7 =

es ~ Nem

ne K., — KoehillieHT eIeKTPOMEXaHIYHOTO BILIH-
By; K¢ — KoedilieHT mpyXKHOI KOPCTKOCTI:

K 2«/4,9-C11 , C11 — TIpy’KHA XKOPCTKICTh Ma-
Tepialy NpU TOCTIHHOMY €JNEeKTPUYHOMY IIOJi;
g = 8,8510" Kn?/Hm® — JIiEJICKTPUYHA CTajia;
€ — JiCJICKTPUYHA POHUKHICTh MEXaHIYHO BiJIb-
HOTO 3pa3Ka.
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VY3aranpHeHNH KOe(ilieHT eIeKTPONpOBia-
HOCTI CepeloBHINa BiJ BIUIMBY 30BHIIIHIX (ak-
TOpIB, ONMMHMCAHUX BHUIIE, MOXKe OYyTH MpeCTaBIIe-
HUW TAKUM YUHOM:
B kT (p-1)
o' =30, e TN LK K

PosrissHeMo TpUBHUMIpHUIA BUMA0K Y IU-
JTHIpUYHINA cucTeMi KoopauHat. [lpu npomy nu-
JTHIPWYIHI KOOPIWHATH I, oL Ta Z TIOB’sI3aHi 3 Je-
KapTOBHMH  CIIBBIJIHOIICHHSIMU X =T COS«,

y=rsina,z=z
@yukiis  U(x, y, Z) TEpEeTBOPIOETHCS Ha

¢yukmio u(rcose, sina, z). Tyr tperst 3minHa Z
3aJIMINAETHCS HE3MIHHOO, a Y BUpa3 3 BU3HAYCH-
HSl TBOBUMIpHOTO omnepatopa Jlammaca B momsip-
HUX KOOPJIMHATAX OJAEThCS JIUIIE APYyra MOXiI-
Ha 1o z [12]:

o°u 1éu 1 d°u o
=—2+——+—2—2+—2. (1)

o” ror r°oa” oz

Ls ¢dyHKkuis 3amoBonbHsE piBHsAHHIO Jlam-
Jaca, TOMy BOHa € TapMOHIHHOK. Y KOXHIH 3a-
Jadi, 1moB’s3aHid 3 piBHAHHAM Jlammaca, mryka-
HHUH PO3B’S30K BUAUISAETHCSA 3 0araThOX TapmMo-
HITHUX (YHKIIH TEBHOIO JOAATKOBOIO YMOBOIO,
sika HalJacTille € KpaioBoo.

Omxe, piBasuus Jlamaca mae Burisi [13]

10( au) 1 &%
29 rH ) 298 o, 1
r@r( 6rj r* oo’ @)
2

Jie BpaxoBaHO, IO peey =0, uepe3 HWIIHAPHYHY
/A

Au

CHMETPIIO OIS,

Bupimumo piBasiHEA Jlamnmaca meronom
®yp’e (moainy 3MiHHHX), KU MOJISITA€ B TOMY,
IO CTHOYATKy 3HAaXOAMTHCS PO3B’S30K PIBHSHHS
(1) y Burssiai [14]

u(r,a)=R(r)®(a), (2
ne HeBigomi Qynkii R(r) i ®(o) 3anexars KOx-
Ha JIMIIE Bix ofHiei 3MiHHOI (I 200 o).

[MigcTapisitoun piBHSAHHSA (2) B PiBHAHHSA
Jlanutaca (1'), 3Hax0AMMO
Rd’d

@ d ( de
— —|r= |+ =
rdrl dr) r?da?

MHOeHHSIM 000X YacTHH IIbOTO PiBHSHHS
Ha I’/R® oTpumyeMo

2
Le()_Lde
Rdr\ dr O da

0. (3
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JliBa Ta mpaBa yacTUHH piBHSHHS (4) 3a-
JISKATh BiJ PI3HUX HE3aIeKHHUX 3MiHHUX. OTXKeE,
piBHICTP MOXXe OyTH AOTpHMaHa IUIIE B TOMY
BUMAAKY, KOJH ii JiBa Ta mpaBa YacTWHHU IOPiB-
HIOIOTh OKPEMO Tiii camiii CTaliif BETMYHHI.

Tomy BBaXkaeMo, 110!

rd( dRy_ . 1d°®
Rdr\ dr " dda?
e nN? — jesiKa cTana BEIHIHHA.
Po3B’ 130k piBHSAHHES 1151 O € 0OUeBUIHUM:

n=0
nz0"

2

)

Ba +B,
A sinna + A, cosna

(6)

Po3B’s130k piBHSHHS U1 R 1mykaemo y Bu-
rnagi R=Ar” (3 #0). Ilixcrasnsioun nei Bupas
y mepiie 3 piBHSHS (5), OTPUMYEMO PiBHICTb

2_ 2

pT=n’, (1)
3 sikoi BUIUTUBAE, mo [ = £N. [Ipu n = 0 nepue 3
piBHsHE (5) cmpomryeThcs 10 BUTISAY:

drR
rd— = CONSt , po3B’sI30K SKOTO MOXKE OyTH Ipen-
r

crapienuii Gynkimiero R =Dy Inr + D,.
OTxe, OCTAaTOYHHMH PpO3B’A30K DIBHSHHS
(5) Moxe OyTH IPECTABIICHO Y BUTJISIIII CUCTEMH

D,Inr+D, n=0
Cr+Cr™ n#0

(8)

3Hax0MMO PO3B’s30K 3amavi (2) 3a ymo-
BU, 10 U HE 3alie)uTh Bij I, To6TO mpu h =0,
mijicTaBUBIIYU B cuctemy (8), orpumaemo: D; = 0.
Toni 3 cucremu (6) orpumaemo U(ax) =B +B,.
I'panmuni ymoBu Juts U maroth Burisia: U(0) =0,

U(og) = Uy, T00TO 0=B, Uy=Bjay Orxe,
u(o) = Uga/otg.
OCTaTto4yHO  HANPYXKEHICTh  CTaTHYHOIO
€JIEKTPUYHOTO TI0JIS JIOPIBHIOE
E,=- ot =T ©
roa re,

B Toit e "ac y BUNaAKy KBa3iCTaTHUHHX
SJIEKTPUYHHX TOJIB (BpaxyBaBIlH, IO MIBUIKO-
Jist 3MIHU TIOTEeHIiany Takoro mojist V # 0), Buao-
sminuBIM piBHsHAHS (1) Ta (1') TakuMm yrHOM:

2 2 2
U 1 15 P v g
or ror r°oa‘ oz r oo
2
13(@]16_[1 1o g
ror\ or roa r’oa
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Je V — IIBUAKOIIS 3MiHH EJICKTPHYHOTO IIOJIs,
V = AU/At; i po3B’si3yr0un 11e PiBHSHHS y MOCITi-
JIOBHOCTI aHAJIOTIYHO SIK JIUIS CTaI[iOHAPHUX TOJIiB
(muB. piBHsiHHS (2)-(8)) Ta BpaxyBaBIlIN y3araib-
HEeHHH KOe(illi€HT eNeKTPONpOBITHOCTI cepeao-
BHUIIIA Bijl BIUIMBY 30BHIIIHIX ()aKTOpiB G', OTpH-
MaEMO PIBHSIHHS Ul HANpY)KEHOCTi KBa3zicTalli-
OHApPHOTO EJIEKTPHUIHOTO MOJIS:

1ou u’ou k U

- —o' =0

roa r’ot ¢ re,

. (V—1)+Eo", (11)
&£
e k = 910° WD — €JIeKTPOCTaTUYHA CTaja;
€ — JieJIeKTPUIHA TPOHUKHICTH CEPEIOBHIIA.
Jani po3risaaTiMeMO PO3paxyHKH OCHOB-
HUX CWIOBHX Ta CHEPIreTUYHHX XapaKTePHCTHK
CJICKTPUYHUX TIOJIB, BUXOJSYH 3 TOTO, IO MAEMO
CrpaBy came 3 KBa3icTalllOHAPHUMH eNeKTPUIHH-
MU TOJMSIMA (JUIsI BHIIAJIKY CTalliOHAPHUX IIOJIB
OyJIeMO BpaxoByBaTH B LIMX PIBHSIHHSIX, 10 V = 0).
[ToBepxHeBa T'ycTHHA 3apsjiB Ha IUIac-
THUHAX:

+

it} (1Fv

o=t¢gE
re,

(1iv)+o": )+o". (12)

a

3aps Ha KOKHOMY 3 €JICKTPOIIB (32 MO-
IyJIeM), PO3IIOAIIEHOMY TI0 JOBXKHWHI L, Bupaxka-
€Thest popmyIioro

b
Q=L ja(l+v)dr+a'
: (13)
_L-g Uy

1 ‘In=+L.-o".
o (1+v):-lhn=+L-c

a

Po3poonenna komn’romepuoi mooeni eu-
3HAYEHHA eIeKMPUYHUX NOJIi6 HAOMAN0I no-
mycHocmi nio 6n1UGOM 306HIUIHIX (haKkmopie

Jiist po3B’sI3Ky MOCTaBJICHOI MaTeMaTHYHOT
3a1a4di  (BU3HAYCHHS PO3PAXYHKOBHX 3HAUYCHb
CHJIOBHX Ta €HEPTreTUYHHUX XapaKTEPUCTHK EJIEKT-
PUYHMX MOJIiB) OYyJI0 HamMCcaHO CleLiali3oBaHUN
MpOrpaMHUN  MPOAYKT HA  iHTEpIpeToBaHiit
00’€KTHO-OPIEHTOBaHI MOBI MporpamMyBaHHS
Python 3.10, sikuii Moxe OyTH JEerko iHTErpoBa-
HUH B amapaTHi 3aco0u  iHpopMaIiiiHO-
BHMIPIOBaJIbHOI cUcTeMu. biOmioTeku i€l MOBHU
MICTSTDH ClleLiali3oBaHi 1HCTPYMEHTH Ul Mare-
MaTHYHHUX PO3PaxyHKIB, 3a JIOTIOMOTOIO SIKHX
MO>KHa €(pEeKTHBHO Ta 3 BUCOKOIO TOYHICTIO MPO-
BOJUTH MOJIENIOBAHHS Pi3HOMaHITHHX NPOLECIB
Ta SBUII, 30KpeMa B EIEKTPOCTATHIII Ta EIeKTPO-
nuHamin [15].



BicHuk YepkacbKkoro gep>xaBHOro TeXHONOriYHOro yHiBepcuteTy 1/2023

3a momomororo Ii€i mporpamu OyJio mpo-
BEeJCHO MOJCIIOBAHHS BIAMNOBIIHO 0 CKJIaAeHOI
BUIIIE MAaTEMaTUYHOI MOJENI JJS PO3PAXYHKY
MapaMeTpiB CTATUYHMX 1 KBA3iCTATUYHUX CJICKT-
PUYHHUX TOJTIB (PUCYHOK 2).

#py-scri
2 import math
3 import numpy as np
4 from math import *
from fractions import
from decimal import
import matplotlib.pyplot as
import
import numpy

from numpy import arra

#py-script
#

85%(10%*-12) #AieneKTpU4Ha NPOHMKHiCTL 3paska
#11eneKTpULHa NPOHMKHICTL 3paska

gair = 1.00005 #[lieneKTpuyHa NPOHMKHiCTL cepefiosuua
17 C11 = 8%(10**1@) #lpyxHa XopcTKicTe MaTepiany

18 Kes = sgrt .9 * C11) # Kes

19 Kem =

#KoepiyieHT enekTpomexaniuHoro ennue
20 - #TemMnepaTypa OTOMYKHOTO CepenoBHwa
21 i #BONOricTb OTOMYRHOrO Cepesosuua

24 [§e=10%*-20 #BazoBa eneKTPONPOBiAHICTL CepeAoBMUa 3a HOPMAaNbHUX YMOB:

26  #EneKTpocTaTMuHa cTana
27 kes=0%(10%*9)

#ENeKTPOCTaTH4Ha CTana
#

##Sigmal 01 Y3aranbHewnii koediuieHT enekTponposigHOCTi cepefoBMua Bip BnAMBy 30EHiwMix
33 mathl = (k*T*(fi-1))

34 math2 = (K*T*-We*(fi-1))

35 e = exp(mathl/math2)

36 01 = 3*0e*(e+Kes*Kem)

3 ##Sigmal o1

print("g1",51)

01 1.784382246044832e-15
PS D:\pj\diser> ]

Pucynok 2. @parmMeHT JIiCTHHIY Ta pe3yJbTaTiB
PO3paxyHKy MaTeMaTHYHOI 3a/1a4i Ha 00’ €KTHO-
opieHToBaHiii MoBi nporpamyBanns Python 3.10

ANTOPUTM pO3paXyHKY MaTeMaTUIHOI MO-
neni B Python 3.10 306paxkeHo Ha pHCYHKY 3,
MOCIIIOBHICTh SIKOTO IOJISITA€ B HACTYITHOMY.

1) OOwuparoTbCsi BUXIHI MapamMeTpu BH-
MIpIOBaJIBHOI CUCTeMHU (KiJBKICTh €IIEKTPO/IiB,
rabapuTH jJaBaya, IOYATKOBI €HEPreTHYHI mapa-
METPU CHUCTEMHM — 3AIUIIKOBUN IIOBEPXHEBHU
MOTEHI[ia)l, MBUAKICTh 3MIHUA €JICKTPUYHOIO IO~
JIs1 B IPOCTOPI Ta 4yaci) Ta BCTAHOBIIOIOTHCS CTall
BEJIMYMHU (JieJIEKTPUYHI CTalli, eNEKTPUYHI Ta
MeXaHI4HI XapaKTepUCTUKH MaTepiajiB i cepeo-
BUIII AOCIIiP)KyBaHUX TIOBEPXOHB).

2) IIpoBoauTbCsi PO3PAaXyHOK PO3MOMALTY
HANPYXEHOCTI OJJHOPITHOTO ENEKTPUIHOTO OIS
MiJ] JaBayeM Ta MK HOro eJIeKTpOoIaMu.

3) IlpoBoamThCs po3paxyHOK 3apsay (3a
MOJTyJIeM) I/l JaBaueM MK KOXKHUM 3 HOTO eJIeK-
TPOIB IO TOBXKHHI.

4) TIpoBOAMTHCS KOPEKIlis PO3MOALTY
3apsiay mia 1aBadeM (ILUISIXOM MEPepaxyHKy po3-
MOJIIY KX 3apsiiiB 13 HWIHAPUYHKUX B JICKAPTO-
Bi KOOPJMHATH).
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ITouatox

BusnaueHns cranux
BesnuuH (g, Cq1, K,
Kemy T, )

v

BuzHaueHHs CKIaIOBHX MPOBIAHOCTI

MOBEPXHi BiJl 30BHIIIHIX ITApaMeTpiB

cepemoBwuina (Temreparypu (o), Bia-
HOCHOT BONOToCTi (G,) Ta eneKTpo-
MexaHiqHOro Koedimienta (ogy))

v

Po3paxyHOK y3aranbHEHOT IPOBIAHOCT]
BiJl BIUTMBY 30BHIIIHIX (hakTOpIB:
G' =01+ 6, + Opym

y

Po3paxyHOK po3noaity HanpyXeHOCTi
OJTHOPITHOTO ENEKTPUIHOTO MOJIS
IiJ 1aBadyeM:

E(U,. r):%’(v—lﬁga’

0

v

Po3zpaxyHOK po3nozisy HanpyKeHOCTi
TIOJISL MK €JIEKTPOIaMH J1aBava
IO JIOBXKHHI €JISKTPO/Ia 32 Pi3HHUX KYTiB
MDK HAMH:

E (1) = (v-1)+ 5o

Q

A

Po3paxyHOK po3moziny 3apsiny Hous
Mix enekrpoaamu (B ossipaiit CK):

Qpu (Uo, L):%-(l+v)~lng+ Lo

A

KoperyBanHst po3noiny 3apsiy moJis
Mmix enektpogamu (B nexaprosiit CK):
% . (1 + V) -In 9

a, a

%-tg(am)-tg(aoj)

'

+L-o

Qdec (UO' L) =

36epexeHHsT pO3paxo-
BaHHUX JAaHUX
Ha 30BHIIIHEOMY
Hocil

\
Kinens

PucyHok 3. AiiropuT™ po3paxyHKy MaTeMaTH4YHOI
MoAedi JMHAMIYHHUX TAa KBa3icTAaTHYHHX
eJIeKTPUYHHUX MOJIiB HAIMAJIOI NOTYKHOCTI
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5) 3milicHIOETBCS PO3PaXyHOK IOBEPX-
HEBOI €JICKTPUIHOT EMHOCTI TIiJ] TaBadeM.

6) BcraHOBIIOETBCS TpaayrOBalbHA Xa-
paKTepUCTUKa MOJieTEKTPOJHOTO HHTiHIPUIHO-
ro AaBaya 3 pajiaJbHUMU €JIEKTPOJaMH.

7) CrIBOpIOETBCS TE€OMETPUYHA MOJENb
MOBEPXHI JTOCIIPKYBAHOTO 3pa3Ka 3 BiJIMOBIIHU-
MU PO3MipamM# MTOBEPXHEBUX EIEMEHTIB 1 CTPYyK-
Typ, @ TAKOXK JaBadya.

8) TIlIpoBoauThCst pPO3OUTTS 00’€KTa Ha
KIHIIEB1 €TIEMEHTH, BPaXOBYIOUH HEOOXITHY TOY-
HICTh PO3PaXyHKY.

9) HaBoasTbesi pe3yibTaTH PO3B’S3aHHS
MaTteMaTH4yHoi 3amadi. [lepex mowaTkom po3spa-
XYHKY HEOOXiHO BpaxyBaTH dYac MPOBEICHHS
OJTHOTO LIUKITY BUMIpPIOBAHHSA (3aJI€XKHO Bijl BHCO-
TH TIPOCTOPY HAJ JAOCHTIHKYBaHUM 3pazkoM). Yac
obupaerscs B miamasoni Big 0 mo 1 c, 3 iHTepBa-
noM 40 mc. Takox HE0OXiJHO BKa3aTH BiJHOCHY
TOYHICTh BU3HAYCHHS MapaMeTPiB eJICKTPUIHOTO
I10JIs1, IKa CTAaHOBHUTSH 2,5 %.

Pe3yabTaTtu pociigkenn. 3a pesynbTara-
MU POOOTH po3poOIIeHoi mporpamMu OyiIo Mpo-
aHa30BaHO PO3MOJN ENeKTPUYHUX IOJIB Ha
MOBEPXHIX PI3HOMaHITHUX BHUPOOIB MiKpPOENIEKT-
POHIKH, OTPUMaHUI aHATITUYHO Ta B PE3yNbTaTi
KOMIT IOTEpPHOT'O MOJETIOBAHHS.

Pesynbratn anamizy 300pakeHi y BUTIISII
rpadikiB 3ajeKHOCTEH HANPYKEHOCTI EIeKTPUY-
HOTO TOJISl (PUCYHOK 4) Ta eNeKTPUYHOTO 3apsiLy
(pucyHOK 5) MO BUCOTI BiJl AOCIIKYBaHOI IO-
BEpXHi, TOOYJOBaHUX 3a aHATITHYHUMH (QOPMY-
gamu (11), (13) Ta 3a ITOMOMOroK PoO3pOOJICHOT
pOTpamu.

OOroBopenHs pesyiabTaTiB. fIKk MOXHa
nobauuTh 3 rpadika 3aJ1eKHOCTI HANPYKEHOCTI
EJIEKTPUYHOTO MOoJIsl £ Biji TOBEPXHEBOTO MOTEH-
miany Up 3a pi3HUX KyTiB O MDX €JIEKTPOJaMH
JaBava, 110 IPOBOJUTH BUMIPIOBaHHS HA KPEMHi-
€BIll TUTACTHHI 3 PIBHOMIPHO PO3MOJIICHUM TI0 il
MOBEPXHI CIICKTPUYHHUM 3apsiioM (PUCYHOK 4, a),
301IBLICHHS] TTOBEPXHEBOTO MOTEHIady 3 OJHO-
YaCHUM 3MEHIIEHHAM BIJICTaHI BiJ MiCIs BU3HA-
YEeHHsI HAIIPY>KEHOCTI JI0 TIEHTpa BUMipIOBAILHO-
ro JaBaya (B30BX BUMIipIOBAJILHOTO EIEKTPOAY)
Bejie JI0 TinepOoIiyHOro 301NbIICHHS HapyKe-
HOCTI eJIEKTPUYHOTO OISl (IIPH IEOMY 3HAK BEK-
TOpa HaNpYXEHOCTI BKa3ye Ha Te, L0 MOBEpXHe-
BUU 3apsijl JOCHIPKYBaHOI MMOBEPXHI € MEHIITHM
3a 3HAYCHHSM, aHXK 3apsj Ha eJIeKTPOJax caMo-
ro JaBava).
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E, mB/m

600 Vs MKM

E, mB/m

36 S O, 2pao

Pucynok 4. I'pagiku 3a/1eskHOCTi HANPYKEHOCTI

NoJs Bil NOBEPXHEBOI0 MOTeHLialy MO AOBKHUHI
€JIEKTPo/Ia 3a Pi3HUX KyTiB Mixk eJiekTpoaamu (a)
Ta MiK eJIEKTPOAAMHU 1aBa4a 110 JO0BKMHI eJIeKT-
poaa 3a pi3HUX KyTiB Misk HUMH (§), OTPUMAaHI Mo-
JeJTIOBAHHAM y po3po0/eHOMY NPOrpaMHOMY Mpo-
AYKTi Ta aHAJITHYHO (®); BUPi0 — (hparMeHT KpeMm-
Hi€BOI IUVIACTUHY 3 PIBHOMIPHO PO3MOiJIeHHM MO il
TMOBEPXHi eJTeKTPUIHHAM 3apsiaoM, 1 — a = 60 rpajg

(n=6),2—a=45rpax (n=8), 3-
0 =30 rpax (n =12)

Take pi3ke 3pocTaHHS (32 MOIyJIeM) Ha-
MIPY’KEHOCTI EJIEKTPUYHOTO TIONS TIOB’s3aHe, Ha
OYMKy aBTOpa, 3 palialbHUM pPO3TallyBaHHIM
€JIEKTPO/IIB J1aBaya, KOJNU BiACTaHb MK HUMH
3MEHIIYEThCSI Y Mipy HAOJNWKEHHS JIO LEHTPY
naBaya. B Toli jxe yac, po3risiHyBIIH Tpadik 3a-
JISKHOCTI Hampy»XeHocTi nons E BiJl moBepxHe-
Boro moteHiany Uy, sika BUHUKAE MiX OKpPEMU-
MU eJIEKTPOJaMu JaBava (PUCYHOK 4, 6), MOXXHA
CTHIOCTEpIiraTy PiBHOMIPHHH PpO3MOALT HamlpykKe-
HOCTi (10 BiJIOBIZa€ PiIBHOMIPHO PO3MOIiJICHO-
My TI0 TIOBEPXHi 3apsay).
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(—9.67
H—38.71
—7.74
—6.77
—35.80
—4.84
—3.87
—2.90
—193
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Pucynok 5. OrpumaHi MaTeMaTHYHHM MOJIeJII0-
BaHHSM (a) Ta cKoperoBaHi () 3aJ1e:KHOCTi po31o-
ATy 3apsy MoJisl Bil NOBepPXHeBOro NMOTeHIiaxy
10 BUCOTI eJIEKTPOJA 32 Pi3BHUX KYTiB MIXK eJIeKT-
poaaMu: OTPUMAaHi MOJEJIOBAHHSIM y PO3po0djieHo-
My NPOrpaMHOMY MPOAYKTi Ta aHAJITHYHO (e);
BUPIi0 — pparMeHT KpeMHi€BOI IVIACTHHM 3 PiBHO-
MipHO po3n0JiJIeHUM 10 ii NOBEpPXHi eJIeKTPHYHUM
3apsiiom, 1 — a. =60 rpax (N = 6), 2 — a =45 rpan
(n=8),3—a=30rpax(n=12)

Sk MoxHa mobGaunTy 3 Tpadika 3aIeKHOC-
Ti PO3MOJTY 3apsiAy OIS B TOBEPXHEBOTO TIO-
TEHIiaTy 1O BUCOTI €NIEKTPOIa 32 Pi3HUX KYTIB 0L
MDK eNeKTPOJaMH JlaBada, 10 MPOBOJUTH BUMi-
PIOBaHHS Ha KPEMHIEBIH IUIACTHHI 3 PIBHOMIPHO
PpO3MOAINIEHNM 1O i OBEPXHI €JIEKTPUYHUM 3a-
psinoM (PUCYHOK 5, @), 30UIbIICHHS TOBEPXHEBO-
ro MOTEHIIaNy 3 OJHOYACHUM 301IbIIECHHSIM Bij-
CTaHI BiJ AOCIHiJKyBaHOI MOBEPXHi A0 PoOouoi
MOBEPXHI BHUMIPIOBAJIBHOIO JaBavya Bexe [0
Maibke JHIHHOTO 30UIBIICHHS ENEKTPUYHOTO
3apsimy. Take 3pocTtaHHs MOB’s3aHe 3 (HOPMOIO
pO3MOAITY BEKTOpa E€JEKTPUYHOI HampyKEHOCTI
(muB. pucyHOK 4): Tpu 30UIBIICHH]I YHCEIBHOTO
3HAYEHHS 1HOTO BEKTOpa (32 MOJIyJeM) 3aJIeKHO
BiJl BiJICTaHi JI0 JOCIIJ[)KYBaHOI TIOBEPXHi 30ib-
LIYETHCS 1 3apAaf, sIKUM BU3HAYAETHCA B il TOYII
nojisi. B To#t ske yac, po3risiHyBIM rpadik 3auexK-
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HOCTi pO3MOALTY 3apsdy IMOJIs Bii HOBEPXHEBOTO
MIOTEHIlIay M0 BHCOTI €JeKTPOoAa B JIEKapTOBIH
CHCTEMI KOOpIUHAT (PUCYHOK 5, 6), MOXKHA CIIO-
cTepiraTé OUThII PIBHOMIPHUH PO3MONIN 3apsiay
IIOJIA Bifl TTOBEPXHEBOTO IOTEHIIaTy 1O BHCOTI
€JIEKTPO/IIB 32 PI3HUX KYTiB MK HUMH.

TakuM 4WHOM, i3 3aJIy4YEHHSAM MOBH MpO-
rpamyBanHs Python 3.10 po3poGieHo quHaMidny
KOMIT FOTEpHY IPOTpaMy BH3HAUCHHS €JIEKTpUY-
HUX TIONIB HaaMalloi MOTY)KHOCTI MiJ BIUIMBOM
30BHIIIHIX (AKTOPiB, KA JO3BOJSE 3 BHCOKOIO
TOYHICTIO (PO30IXKHICTE MK pe3yiIbTaTaMH Ma-
TEeMaTHYHOTO MOJETIOBAHHS M €KCIIepHMEHTaIb-
HO OTPUMAHUMH JTaHUMH CTaHOBUTH 2,2-7,15 %)
Ta B PSKHUMI PeajbHOr0 Yacy Bi3yali3yBaTu po3-
MOJIN €JIEKTPUYHOTO TIOJIS, @ TAaKOK BU3HAYATH
Jiarma3oHd CHIIOBHX Ta €HEPreTHYHUX Iapamer-
piB Takoro moiisi, AOTPUMAaHHS SIKUX HE MPH3BO-
IUTH JTO EIEKTPUIHOTO MPOOOFO.

Bucunosku. [IpoBenene anamitnaae Moe-
JIOBAHHA CTATHYHHMX Ta KBa3iCTATUYHUX EJIEKT-
PUYHHX TIOIB HAIMAJIOI TIOTYXHOCTI TPYHTYETh-
Csi Ha pO3B’SA3aHHI CHCTEMH AHANITHYHHX PiB-
HSIHBb, B OCHOBI SIKMX JIexaTh JudepeHLiiiti pis-
HsHHs Jlamnaca, 1m0 BpaxoBYIOTh JUHAMIKY 3Mi-
HU €NEeKTPUIHOTO MO Ta iX po3MipiB mia modi-
CJIEKTPOJIHUM IIIHAPHYHUM JaBaueM, a TaKOoX
BIUIMB 30BHIIIHIX ()aKTOpPiB (TeMIlepaTypH, Bil-
HOCHOT BOJIOTOCTi, €JIEKTPOMEXaHIYHOI'O BIUIUBY
Ha Ta 3 OOKy MTOBEpXHI).

I3 3amydeHHsIM creniatbHO PO3POOIEHOrO
porpamMHOro  3a0e3lnedyeHHs Ha 00 €KTHO-
opieHTOBaHiii MOBi mporpamyBanHs Python 3.10
pPO3pO0JIEHO JUHAMIYHY KOMII'IOTEPHY MOJICIb
BU3HAUCHHS EJIEKTPUYHHX TMOJIiB HaaMaJIol Io-
TY>KHOCTI IIiJ] BIUIMBOM 3OBHIIIHIX (DaKTOpiB B
npocTopi Ta 3 yacoM. Taka MOZENb J03BOJISE 3
BUCOKOIO TOYHICTIO (PO3ODKHICTh MK JaHWUMH,
OTPUMaHUMHU B pe3yJbTaTi MaTeMaTUYHOIO MO-
JICTIFOBAHHSI, Ta €KCIEPHUMEHTAILHO OTPHMaHUMHU
JaHUMHU He nepeBuilye 7,15 %) Ta B pexumi pe-
AJIHOTO Yacy Bi3yalli3yBaTH PO3MOILUT €JICKTPHY-
HOTO TOJIsI, @ TAKOXK BU3HAYATH Jlialla30HU CHIIO-
BUX (HANPY>XEHOCTI €JIeKTPUYHOTO TI0JIs) Ta eHep-
reTMYHUX (PO3MOiy IOBEPXHEBOI'O 3apsy)
napamMeTpiB Takoro IoJisl, JOTPUMAHHS SIKUX He
MIPU3BOAUTE J10 €IEKTPHUYHOTO MPOOOIO.

Hayxosa nosuzua: B pe3ynbTaTi IpoBee-
HOTO MOJICJIIOBAaHHs BIIEpILIE OTPUMaHi MaTema-
THUYHI 3aKOHOMIPHOCTI BIUIMBY 3MiH IapameTpiB
CTaTUYHUX Ta KBA3ICTATUYHUX EJIEKTPUYHUX I0-
JiB (MIBUIKOCTI 3MiHM OPMHU Ta MOJIOKEHHS Ta-
KHX TIOJIIB y Yaci Ta MPOCTOPi) Ta 3MiH 30BHILIHIX
(dakTopiB (TemrepaTypH, BiJHOCHOI BOJIOIOCTI,
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€JIEKTPOMEXaHIYHOTO BIUIMBY) Ha CHJIOBI i eHep-
TETUYHI XapaKTePUCTHUKH EJICKTPUIHHUX IIOJIIB
MIKPOETIEKTPOHHUX MPHUCTPOiB, IO JO3BOJIAE 3
BHUCOKOIO TOYHICTIO Ta aJIeKBaTHICTIO BU3HAYATH
KPUTHYHI 3HAUYCHHS NHX IapaMeTpiB, TEPCBU-
MICHHS SKUX MPU3BOANUTD J0 €IEKTPHYHOTO IMPO-
0010 Ta pyHHYBaHHS KOMIIOHEHTIB TaKHX MIKpO-
€JIIEKTPOHHUX MPHUCTPOIB.

Ilpakxmuuna 3Hauwywicme MOXIUBOCTEH
PO3po0IIeHOT MOZIEN, 8 TAKOXK MIPOTrPAMHOTO 3aC0-
Oy s 11 peaizarliii mossrae B eKCIepUMEHTAIBHO
MATBEPDKEHUX pe3yabTaTaX pO3pPaxyHKY OCHOB-
HUX CHJIOBHX 1 CHEPTETUYHUX TTapaMETPIiB CIICKT-
PUYHOTO TIOJISL, IO MiATBEPMIKYIOTh BHCOKY TOY-
HICTh Ta OINEPATUBHICTh TAKOTO MOJICITIOBaHHS, a
BUKOPUCTAHHS Cy4YacHOI MOBU MPOTpaMyBaHHS
Python 3.10 go3Boisie THYYKO iHTETpyBaTH TakKe
nporpaMHe 3a0e3neueHHs B anapaTHy 4YacTUHY
iH(OpMATTi HHO-BUMIPIOBAIEHOI CHCTEMH.

Y nooanvuiux oocniodcenusx TIAHYEThCS
3MOJICJIIOBATH Ta IOCTIIUTH MPOIeC BHHUKHEHHS
Ta MPOCTOPOBO-9ACOBUX 3MiH JUHAMIYHUX EJIEKT-
PUYHHUX TOJIIB HAJ MOBEPXHSIMH Pi3HOI €JIeKTPO-
MPOBITHOCTI TiJ TOJIENEKTPOJHUM [HTiHIPHY-
HUM JIaBayeM.
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MATHEMATICAL MODEL OF STATIC AND QUASI-STATIC ELECTRIC FIELDS
OF ULTRA-LOW POWER UNDER A POLYELECTRODE CYLINDRICAL TRANSDUCER

The article has established that the simulation of static and quasi-static electric fields of ultra-
low power on the surfaces of materials of different conductivity of microelectronic devices with the
possibility of integration into the hardware base of the information and measurement equipment cre-
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ated on the basis of such mathematical software modeling is an actual issue. Therefore, the main goal
of this article is to carry out analytical and computer modeling of static and quasi-static electric fields
of ultra-low power on the surfaces of materials of different conductivity under a polyelectrode cylin-
drical transducer. The results of mathematical modeling of static and quasi-static electric fields of
ultra-low power, which is carried out by solving a system of analytical equations based on Laplace's
differential equations, are presented. The peculiarity of this model is that it takes into account the dy-
namics of changes in the electric field and its dimensions in the process of scanning the latter by a
polyelectrode cylindrical transducer, as well as the influence of external climatic (temperature, rela-
tive humidity) factors and electromechanical influence on the part of the investigated surface. On the
basis of the performed analytical modeling, a computer model has been created based on the finite
element method, and the model software has been created using the Python 3.10 object-oriented pro-
gramming language. The developed model allows with high accuracy (the difference between the data
of mathematical and analytical models does not exceed 2.15%, and with the experimentally obtained
data - does not exceed 7.15%), as well as in real time, to build the distribution graphs of the intensity
of electric field and electric charge, as well as to determine the parameter ranges of these fields, com-
pliance with which does not lead to an electric breakdown. The scientific novelty of the article is that,
for the first time, as a result of mathematical modeling, mathematical regularities of the influence of
changes in the parameters of static and quasi-static electric fields of microelectronic devices (speed of
changes in the shape and position of such fields in time and space), as well as changes in external fac-
tors on the power and energy characteristics of these fields are obtained. This makes it possible to
determine with high accuracy and adequacy the critical values of such parameters, the excess of
which leads to electrical breakdown and destruction of components of micro-electronic devices. The
practical significance of the capabilities of the developed model, as well as the software tool for its
implementation, lies in the experimentally confirmed results of calculating the main force and energy
parameters of the electric field. In further research, it is planned to simulate and investigate the pro-
cess of emergence and spatio-temporal changes of dynamic electric fields over surfaces of different
electrical conductivity under a polyelectrode cylindrical transducer.

Keywords: mathematical model, analytical equation, polyelectrode cylindrical transducer, elec-
tric field, electric tension, electric charge.
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BJAOCKOHAJIEHA KOHCTPYKIIA BIBPOILIYT A
3 IPE€30KEPAMIYHUM AKTYATOPOM

Cghepa cinbcbko2o eocnodapcmea € OOHIEI 3 HAU2ONOGHIUUX chep HcummedisibHOCME TH00U-
HU, OCKINbKU 3A60AHHS CLILCLKO20 20CN00ApCmea — 3abe3neyyeamu HaceneHHs. npo008OIbCNEOM, He-
00XxiOHUM 0214 1io20 icHygaHHA. Ha cb0200HIWHIll Yac po36UMOK CilbCbKO20 20CHO0APCMEad € OOHUM
i3 Hatle(heKMuUBHIUUX CROCO0I8 NOOOAAKHS 207100Y 8 YcboMy ceimi. OOHIE 3 20JI08HUX NPOOAEM Cilb-
CbK020 20CNO0apCcmea € CKIaoHicmy ma egexmusHicmos 00pooku 3emii. 1 0106HUM OpeaHoM 0OpoOKu
IDYHMY 8 CLIbCLKOMY 20CHO0APCMEL € NIye.

B pobomi npeocmasneno i pozeninymo ocHoeHi npobremu ma GIOMIHHOCMI 36UYAUHUX NLY2i8
610 sibpayitinux. OOHuUM i3 HAUOITLW epeKMmuUsHUX Memodie 0OPOOKU TPYHMY € SUKOPUCMAHHS 800C-
KOHANEH020 Ny2d 3 8IOPYIOUO0I0 YACTNUHOIO (8IOPONTIYea), GUKOPUCMAHHS K020 003601UNb 3MEHUUMU
CUTLY MEPMSL NAYIHCHO20 BIOBALY 3 IPYHMOM, W0 OACTHb MONCIUBICING IMEHUUMU GUMPAMU NATUEA MA
30LILUWUMY MEPMIH eKCNAYAmayii CiibeOCnMexXHIKU.

Poboma nonseac 6 yoockonanenmi koncmpykyii 8ioponniyea Ha 0CHOGI N’ €30KepaMitHO20 aKmy-
amopa, a maxkoxc 1020 KOMNn romepHoi Mooeii, 8paxo8yruly NOBHUL HAOIp 2eomMempuyHux, Qisuxo-
MEXAHIUHUX MA eIeKMPUYHUX NAPAMEMPIB, W0 0ACHb 3MO2Y 30LIbLUUMU YACMOMY 8iOPOKOAUBAHL A
SMEHWUMY Mepmsi 3 IDYHMOM.

3anpononosana 6dockonanena Komn romeprHa Mooens iOPONIyea HA OCHOBL N’E€30KePaAMIYHO20
akmyamopa, aKa cmeopeHa 3a donomozoro naxema npoepam COMSOL Multiphysics, epaxogyrouu
NOBHUL HADI6 2e0OMEeMPUYHUX, DI3UKO-MEXAHIYHUX MA eeKMPUUHUX NAPAMEmpis, 0a€ 3M02y U3HA-
yamu ma NPoSHO3Y8amu U020 OCHOBHI MeXaHiuHi Xapaxmepucmuku. B pesynomami npoeedemnux
KOMN TOMEPHUX MOOETIO8AHb BUSHAYEHO PE30HAHCHY YaACmomy, npu Kl 3a6e3neuyromscs MaKCuma-
JIbHI aMnIimyou Koausans gioponnyea. OKpiM ybo2o, NPeocmasieHo eKCnepUMeHmaIbHi pe3yibmamu,
8 SAKUX YIbMPA3BYKOGULL GURPOMIHIOBAY BUKOPUCMOBYBABCS 8 PEXHCUME 0amUUKa.

Knrouosi cnosa: n’ezoenemenm, agmomamusayis, 3MeHUEeHHs mepmsi, 8ioponiye, MOOen08am-
HA, 8l08AN, OaAMYUK.

Beryn. CinbCbKe TOCIONAPCTBO € OJHIEID B IKOJHOMY pa3i HEMOXKJIHBO, OCKUIBKH BiH pO3-
3 HalBaKIMBILIMX raiy3ed, mo 3ades3neduye Ha- IyILIye 3eMIII0, JoroMarae 0opotucs 3 Oyp’sHamMu
CeJIEHHS NPOJOBOJBYMMH TOBAapaMH 1 CHPOBH- 1 IOKpPALIYeE SKICTb IPYHTY B ijomy [1, 2].
HOIO JUTS BEJIMKOI KUTBKOCTI Tajy3edl mpoMHUCIIOo- OCHOBHHMM 3HAPSJISIM KyJIbTHBALlIT TPYHTY
BocTi. CilbChKOroCnoaapchKi KyabTypy HOTPiOHI Y CiIbCBKOMY rocriofapctsi € myr. [lnyr mae agi
JIOAWMHI AN XapyyBaHHSA, TOAYBaHHS TBapuH  OCHOBHI CKJIAJIOBI — II€ JIEMIL Ta BiJBaJl.
1 oJiep>kaHHs BOJIOKHA (0aBOBHHM 1 cu3amo). Tra- [TnyxHuit BigBam — ofHa 3 poOOYHMX Yac-
PUH BUPOIIYIOTh 3apajyi BOBHH, MOJOKa, M’sica  TuH ruryra. OCHOBHHM HOTO 3aBJIaHHSIM € 3pi3 BiJ
YM OpPraHiYHUX BiOXOHiB (AK manuBa). OnHi€EIO  CTIHKW IJlacTa IPYHTY, KPUILEHHA ii 1 mepeBep-
3 TOJIOBHUX MPOOJIEM CIJTbCBKOTO TOCIIOIapcTBa €  TaHHS. ToOTO 6araTo B YOMY Bij SIKOCTI BijBay
CKJIQJIHICTh Ta €(EeKTHBHICTb OOpPOOKM 3eMJi.  3ajJeXKUTh T€, HACKUIbKH J00pe Oyie MiAroros-
[NosiBa pecypco30epiratounx TEXHOIOTIN 3MiHMIA  JICHHH IPYHT.
CTaBJICHHS arpapiiB a0 oOpoOku momiB: Gararto Jlemim — e 4acTHHA IUIyra, IO MiJpi3ae
XTO 3 HUX BIJIMOBIISIETHCS BiJ 3aCTOCYBaHHS IUTy-  IIap 3€MII, 1 caMe 10 HbOMY 3pi3aHHii 1ap IpyH-
ra, He OaXal4M MOPYyIIyBaTH NPUPOJIHY CTPYK- Ty MiJHIMAETHCSA 1 MOTpaIJisie Ha BiJBall.
TypY IPYHTY, IKHH YTBOPIO€ThCS pokamu. IIporte OCHOBHMMH TepeBaraMy IUIyra € HOro
3HaYHa YacTHWHA CUILIOCIIBUPOOHUKIB YIIEBHEHA, IPOCTOTA y BUTOTOBICHHI T4 BiTHOCHO HEBUCOKA
IO TOBHICTIO YHHKATH BUKOPUCTAHHS TUTyra  IIiHA.
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OCHOBHHMM HEJIOJTIKOM TaKOTO TUTyTa € BH-
COKHH CTIPOTHUB (TEPTsI), IO BUHUKAE TIPH OPaHIT
IPYHTY, TIPH IbOMY 3HAYHO ITiBUIIYIOTHCS €HEp-
TOBHUTpPATH.

Ha croromuimHiii JeHs 3BUYAHHUAM IUTyTaM
ICHYIOTh Taki aJbTCPHATHBH, sIK BiOporiyr. B po-
0oti [3] ekcmepuMEHTaIbHO BCTAHOBJICHO, IO
TP BUKOPHCTaHHI BiOpaIliil y miy3i 3Ha4HO 3Me-
HIIYETHCS TEPTSI KOB3aHHS 3 TPYHTOM, IIIO € OCHO-
BHOIO CKJIAJIOBOIO B 3arajbHiil BEJIMYKWHI TACOBOI'O
oropy. 3MEHIIYEThCS TaKOXK 1 3alMmaHHs poOo-
YuX OpraHiB. PeTenpHO MpencTaBieHo i eKcriepu-
MEHTAJIBHO JIOBEIICHO B poOOTi [4], 1m0 3MeHIy-
€ThCSI TEPTSI MK IBOMA IIOBEPXHAMH TUT TIPH
BIUIMBI HA HUX YJIBTPa3BYKOBUX KOJIMBAHb.

Y 3B’M3Ky 3 [HUM OCTaHHIM 4YacoM
3’aBIITOCS 6araTo KOHCTPYKIIiH TUTyTiB 3 BiOpyro-
YUMH pOOOYNMU OpPTaHaAMHU.

Ha pucynky 1 300paskeH0 (yHKIIOHATBHY
cxemy BiOporutyra.

Pucynok 1. ®yHkuioHajJbHa cxema
Biopomiyra [5]

BiOpomutyr ckinagaerses 3 pamu 1, Kopmy-
cy 2, crifiku Koprycy 3, omopHoro koieca 4.
Crilika KOXHOT'0 KOPITyCYy po3pi3aHa Ha JBI 4ac-
TUHH, SIKi IIapHIpHO 3’€HaHI Mik coboro. Bepx-
HSl YaCTHHA CTIHKHM 5 MpHeTHAHA XOMYTOM 6 IO
pamu tutyra 1, HKHA 7 3’€IHaHA 3 HEIO IIAPHI-
pom 8. Ha pawmi miyra 1 mig 3MiHHEM KyTOM 3a-
Kpirniennid  BiOparop 9, skuit mrokom 10
3’€IHAHUN 3 HIYKHBOIO YaCTUHOK CTIHKU KOPITY-
cy 7. 3miHa ammiuiTyad BiOpamii nocsraeTbcs
3MIHOIO KyTa, SIKUH PperyiioeTbcs OTBOPaMHU
B HW)KHIM vacTuHi ctifiku. BiOpatop 9 ckianma-
€TbCsl 3 IOPIIHS 11, 1110 BUTOTOBJICHUH pa3oM 3i
mrrokoMm 10, 1 3omotHuka 12. TloposkauHa BiOpa-
Topa 9 mix’enHaHa O TiAPOCHCTEMH TPAaKTOPA.
Hpocenem 13 3abe3neuyeTbesi peryIOBaHHS dac-
TOTH KOJIMBaHb BiOpaTopa 9 [5].
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BiOponnyr mpalfoe HAaCTyIHUM YHHOM.
ITepen mouaTkoM poboTH AapocerneMm 13 BcTaHOB-
JIOETHCSA YacTOTa KOJNHMBaHb BiOpatopa 9. Ilepec-
TaHOBKOIO IITOKAa Bidparopa 10 B 3MiHHI OTBOpH
HWKHBOI YaCTHHM CTIHKH KOpPIYCy 7 BCTaHOB-
JIOIOTHCS KYT Ta aMILTITY/1a BiOpaIlii 3a1e:KHO BiJl
THITy Ta CTaHy IpyHTY [5].

IIpu opaHIli onwBa Bif TiIPOCHCTEMH Tpa-
KTOpa il THCKOM MOJA€THCS y HIDKHIO HOPOXK-
HUHY Kopmycy BiOparopa 9. B ueil yac BepxHs
MOPOXKHUHA KOpITycy BiOpaTtopa 9 cmomydeHa 3i
3muBoM. [lopmiens 11 pa3om i3 30m0THUKOM 12
nepeMicTuThesl Bropy. OnuBa mij THCKOM IOja-
€Thbes i 300THUK 12. 3omoTHUK 12 mepeminy-
€TBbCS BBEPX BiTHOCHO mopmHs 11, cmomydae
BEPXHIO MMOPOKHUHY KOpPIyCy BiOparopa 9 3 Ha-
MIPHOIO JIHI€I0, & HWKHIO MOPOKHUHY KOPITYyCY
BiOpartopa 9 3i 3muBoMm. [lopmiens 11 mepeminry-
€THhCSI BHU3. BepXxHs MOpOXHIHA KOPITyCy BiOpa-
Topa 9 CHOJIy4aeThCsl 31 3JMBOM. 30JOTHUK 12
nepeMilly€eTbcss BHU3 1 MPOIEC 3BOPOTHO-TIOCTY-
nagbHOTO pyxy mopiusst 11 moBroproerses [5].

BumytieHi KomMBaHHS NepeIaroThCs HIK-
HI{ 9acTHHI CTIKK 7 KOPIYCy IDIyra 2 MITOKOM
10, BUTOTOBJICHUM pa30M i3 TOPIIIHEM BiOpaTopa
11, BignosigHO 10 (ha3 nedopmartii i pyiHyBaHHS
rpyHTYy. HikHS 4acTHHA CTIHKK 7 IPOBEPTAETHCS
HaBKOJIO IIapHipa 8, TAKMM YMHOM BEpXHS Yac-
THHA CTiWKH 5, a OTXKe, 1 pama Turyra 1 i301mpoBa-
Hi Bij KouBaHb [5].

BiGpomtyr 03BOJIsiE BUKOPHCTATH Tepio-
JMYHI 3MiHU CHJIM ONIOPY TIPYHTY, IO 30LIbIIyE
IHTEHCHBHICTh KPHIICHHS IPYHTY, a OTXKe, IO-
JNIIYEThCS SIKICTh OOpPOOITKY, 1 3MEHIITYEThCS
TSATOBHH OIip TUTyra — 3HUXKYETHCS €HEProMicT-
KICTb TPOIIECY OPAHKHU IPYHTY [5].

i BIOCKOHANCHHS TaKOX MArOTh HH3KY
HEJIOJIKiB: 30UIBIIEHHS Baru poOOYOro Oprany,
3MEHIIIEHHs] Yacy eKCIuTyartallii BiOpariifHoro
By3JIa, MIJABHUIICHHS CKJIAJHOCTI 00CIyrOByBaHHS
Ta BUTOTOBJICHHS BUPOOY TOIIIO.

B po6orti [6] mpeacTaBieHo po3pobaeHuit
BiOpOILTYTY 3 3aCTOCYBaHHSM II’€30KEPaMiuHIO
aktyatopa (ITA). Ha BiaMiny Bij iHmIHMX BiOpo-
IUTYTiB, Woro pizHoBHJ 3 [IA Mae Habarato me-
HIIl po3MipH Ta Bary, BUCOKUH Koe(imieHT
KOPHCHOT JIii, XapaKTepu3yeThCsl NIMPOKUM Jlia-
MA30HOM KEpYIOUMX 4YacTOT 30yIKeHHS Ta
CTBOPEHHSM 3HAaYHUX 3YCWJIb IpU BiOpawisx.
Takox y poGoti [7] HaBomsThCS pe3yabTaTH
JOCTI/PKEeHb, SKi OOIPYHTOBYIOTh HaOIMKe-
HE JI0 ONTUMAIBHOTO po3ramyBanHs [1A
Ha IITATHOMY IUTY>)KHOMY Bi/BaJli 3HapsSAns Ky-
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JIbTHBALIl Ha OCHOBI MYJbTH(]I3UYHOTO MOJe-
JTIOBAaHHS.

Mopens BiOporuryra 3 BHUKOPHCTaHHSIM
I’ €30KePaMiqHOrO aKTyaTopa HaBeIeHO TaKOX B

po6ori [8]. CrpykTypHy cxemy BiOporutyra
3 IT’€30KEPaMiYHIM  aKTyaTOpOM  300pa)xeHo
Ha PUCYHKY 2.
3
1 2

Pucynok 2. CTpykTypHa cxema Biopomiyra
3 n'€30KepaMidYHNM aKTyaToOpoOM:
1 — reHeparop 3MiHHOT HANIPYTH;
2 — BUCOKOBOJIGTHMI ITiICHITIOBAY;
3 — IIyr 3 1’ €30KepaMidHUM aKTyaTOpOM

Henonikom mporo BiOporutyra € HHU3bKa
YacToTa KOJHMBAaHb, & TAKOXK NPU BUKOPHCTAHHI
YABTPa3BYKOBOI CUCTEMHM Ha HU3BKHMX YacTOTax
MOTPIOHO CYTTEBO 30iNMBIIyBaTH TabapuTHI po3-
MipH I’ €30KepaMivyHOro akTyaTopa.

Merta Ta 3amavi gocaixkeHHs. MeToro
poOOTH € BIOCKOHAIECHHS BIOPOILTyTa 32 paXyHOK

BUKOPHCTaHHS YJIBTPa3BYKOBOTO 1’ €30Kepamiy-
HOTO aKTyaTopa.

MopenoBaHHS TUTY’)KHOTO BiJBAJy 3 YJIBT-
Pa3BYKOBUM BHIIPOMIHIOBa4deM, a TaKOX IEPEeBi-
pKa TEOpEeTHYHHX 3a/1a4 BUKOHYBAJIUCH 3a JOIO-
moroto nporpamu COMSOL Multiphysics.

Hns  BmockoHaneHHA — BiOporuryra 3
1’ €30KEPaMiYHUM aKTyaTOPOM HEOOXiTHO BHKO-
HATH TaKi 3a/adi: 3aCTOCYBaTH YJIbTPa3BYKOBHUIl
IT’€30KepaMiYHHUN aKTyaTop; CTBOPHUTH BipTyallb-
Hy (i3muHy MoIens 3a JOMOMOTOI HpOrpaMu
COMSOL Multiphysics; Bu3Ha4UTH pe30HAHCHI
YaCTOTH YJIBTPa3BYKOBOI CHCTEMH; BU3HAYHUTH
MaKCUMaJbHI KOJNMBaHHs BiOpOIUTyra Ha OTpHU-
MaHUX PE30HAHCHUX YaCTOTAX.

Jns oTpuMaHHS MaKCHUMalbHUX BiOparriit
Ha pI3HUX THIIAX TPYHTY 3allPONOHOBAHO BUKO-
PUCTOBYBaTH BIOPOIUTYT y peXHMi BiOPOKOIH-
BaHb Ta y PSXKUMI JarTdyuka. Jisg 1boro HeoOXiI-
HO BUKOHATH TeEpeBipKy BIOpoIUTyra B pexuMi
JaTYNKa 338 PAaXyHOK BUKOPHCTAHHS MPSMOTO
1’ e30e(heKTy.

Buxaax ocHoBHoro marepiamny. Ha pu-
CYHKY 3 300pak€HO NIOCIiIKyBaHy MOJENb Bif-
By 3 yJIBTPa3ByKOBUM BHIIPOMiHIOBAUEM.

0.05

0.05

-0.05

y

-0.1

L.

Z

0)

Pucynok 3. Moaeans BiOpomiyra 3 yabTpaspykoBuM BunpominosaueM B COMSOL Multiphysics:
a) BUMIIsA 300Ky: 1 — rury)kHuH BinBall, 2 — ynbTpa3ByKoBUii BUnpomintosay; 4, 12, 31, 62, 78, 79 — koHTpoObHI
BUMIPIOBaJIbHI TOUKH (HyMepallist TOUOK BianoBigae Hymeparii y mogeni COMSOL Multiphysics);
0) 3arayibHUIN BUTIISL: 3 — BUIPOMIHIOIOYA YaCTHHA aKTyaropa; 5 — cTarytodnii 60it; 6 — 1’ e30kepamivHi TUCKH

BpaxoByroun  TexHiyHi  0cOOIHMBOCTI
1’ €30€NIEKTPUYHUX YIBTPAa3BYKOBUX BHUIIPOMi-
HIOBAJILHUX CHCTEM 1 BC1 CKJIAJHOIII, III0 BUHH-
KalTh MPHU iX BUTOTOBIEHHI, ONTUMAILHUM pi-
IICHHSAM € BUKOPUCTaHHS YHCEIHLHUX METO/IiB
PO3paxyHKy, IO pPeai3yloThCs CIeliaJbHUMU
CATIIP [9]. VYubTpa3BykoBa BHIIPOMIiHIOBAIIb-
Ha cucTeMa (aKTyaTop) 3a paxyHOK BHUKOPHC-
TaHHS II’€30KePaMiKM Ma€ 3MOT'Y MpallfOBaTH
B JIBOX PE)KMMax, a caMme: BiOpOKOJIMBaHb Ta Ja-
tymka [10, 11].
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Jist mociikeHHST B3aeMO/Iii BUIIPOMIiHEO-
Baya 3 IUTY)KHUM BiJ[BAJIOM 1 BIUTUBY YJIbTPa3BY-
KOBHMX YacTOT Ha BijBaJ Iuryra 0yJjo MpoBeICHO
YycenbHe MOJIENIOBAaHHS Tpoiiecy poOOTH 3 BU-
KopucTaHHsiM maketa mnporpam COMSOL
Multiphysics. Tarepdeiic nporpamu COMSOL
00’eqHye (QYHKIT MOJEIIOBAaHHS MOJIYJIB Me-
xaHiku TBepmoro Tima COMSOL's  Solid
Mechanics 1 enektpocratuku Electrostatics
B OJINH OOYMCIIOBaJbHHUNA 1HCTPYMEHT JJISI MO-
JEJIOBaHHS I’ €30€JIGKTPUYHUX  MaTepialiB.
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MopemtoBaHHs 11’ €30€TEKTPUYHUX TTPUCTPOIB
y COMSOL Multiphysics 3aiiicHtoeTbes 3a 10-
nomororo moayns Piezoelectric Effects. Ockinb-
Ki (pyHKIIOHYBaHHS T’ €30KEPAMIYHOTO aKTya-
Topa 0a3yeTbCs Ha 3BOPOTHOMY I1’€30€(eKTi,
B Moaynai Piezoelectric Effects BuOuparcs pe-
xuMm  Stress Charge Form [12, 13]. [usa
I’ €30€JICKTPUYHOTO EJIEMEHTa XapaKTEepPHUM €
3B’30K MK MEXaHIYHUMH aedopmariisMu i
CJICKTPUYHUM TI0JIEM, SIKUW BHU3HAYAETHCS MaTe-
piaJbHUMH Ta KOHCTHTYTUBHUMH CIiBBIJIHO-
menusmu [14-15]:

1)

ne T — MexaHiuHe HaNpyXeHHs; S — nedopmariis;
E — wHampyxeHicte enexktpuuHoro mois; D —
3MIIICHHS] €NEKTPUYHOTO TOJs, Cg — MAaTpHis
IPY>KHOCTI (TEH30p 4-T0 PaHTY Cijx); € — MaTPHIL
3B’A3Ky (TeH30p 3-ro paHry ejj); d — Marpuns
1’ €30MOAYTiB (TeH30p 3-r0 paHry Uimn); & — Mart-
pUIS JlieeKTPUYHUX TPOHUKHOCTEH (TeH30p
2-TO paHry ¢&;j); p — T'yCTHUHA BIBHOTO 3apsmy;
& — JieJeKTpUYHA MPOHHUKHICTD I €30€JeKTPHY-
HOT'O MaTepiaiy.

Po3mipu yabpTpa3ByKOBOTO 11’ €30€JIEKTPHY-
HOT0 BUITPOMIHIOBaYa: JiaMeTp XBUJICBOAY — Ma-
KCUMYM 55 MM, JiaMeTp XBWJIEBOJLY — MIHIMyM
45 MM, TOBXHHA XBHJIEBOLY — 24 MM, TOBIIMHA
BimOMBaua — 12 MM, miamMeTp 1’€30€IEeMEHTIB —
45 MM, 3aranpHa JOBXKUHA — 46 MM, pe3oHaHCHA
yacrtoTa — 0ym3bpko 40 k1.

[lpn MopenroBaHHI YNBTPa3BYKOBOI CHC-
TEeMHU BiJBaJI-II’€30aKTyaTOp €JIEKTPUYHHUH IOTe-
Huian (Electric potential) 300 B npuxnagenuii 1o
30BHIIIHIX CTOPiH IT'€30€JIEMEHTIB, a 3arajibHUI
«minyc» (Ground) — 10 CTOpIH II’€30€JIEMEHTIB,
aki  3’emHaHi  MDK  coboro.  [lomspusarris
I’ €30€JIEKTPUYHUX EJIEMEHTIB € 3yCTPIUHOIO.

MopentoBaHHs I’ €30KepaMivyHOi IACTHHU
BUKOHYBAJIOCS 3@ YMOBU I BUTOTOBJICHHS 3 Ma-
tepiany Mapku PZT-4. Jlnsa meraneBoi 4acTHHU
JOCIIDKYBAHOI CUCTEMHM, TOOTO ILUTYTOBOTO Bij-
BaIly, Ul aHAJIOTIYHUX ILIiJIel BUKOPUCTOBYBABCS
marepian Structural Steel. ['abaputHi po3mipu Ta
TeoMEeTpisl IbOro OpraHy KyJbTHBALil MPOiTIOCT-
pPOBaHO Ha PUCYHKY 3.
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CtpykTypHYy cxeMy pobotu Bibporuryra B
PEXUMI BUMIPIOBAJILHOI CHCTEMHU 300pakeHO Ha
PHUCYHKY 4.

2

> =

Pucynok 4. CTpyKTypHa cxeMa podoTn
BiOpomnJyra B pe:kumi 1aTyHKa:
1 — mpukyamHa 30BHINIHA CHIIA,
2— ynbTpa3BYKOBA CHCTEMA B PEXIMI JATUHKA;
3 — nudpoBuit ocumorpadp

PesyabTaTu gociaigxens. s mynasTudi-
3WYHOTO KiHIIEBO-€JIEMEHTHOTO MaTeMaTHYHOTO
MOJICITIOBaHHS TporieciB, sk i B [13], 3acTocoBy-
Banucs JlarpamKoBi KiHIIEBI €JIEMEHTH 3 €IeMeH-
TapHUMH Oa3UCHUMH (YHKIIISIMH JIPYTOTrO II0-
psanxy — Lagrange-Quadratic. Po3paxyHkoBa ciT-
Ka KIHIEBHUX €JIEMEHTIB y myHKTI «Mesh» BuOH-
pajacs OpTOrOHaIi30BaHOK 3 HOPMAJIBHHM PO3-
Mmipom enemenTiB Finer.

HocnimxyBaHa TpUBHUMIpHa MOJENb CHC-
TEMH TUTY>KHUH BiZBaJI-I1’€30aKTyaToOp MpeIcTaB-
JIeHa CYKYIHICTIO KiHIIEBUX €JIEMEHTIB, OTpHMa-
HHUX B pe3ynbTaTi MoOyJOBU CITKH 3 TeTparoHa-
apHUM  po30uTTaM. Bimnosinny CAD-moxensb
CHCTEMH IPOLTIOCTPOBAHO HA PUCYHKY 5.

0.2

0.1 0 0.1
Pucynoxk 5. Binoopaxenns Mesh citkun mopaesi
BiIBaJIy 3 I’€30aKTYaTOPOM IS TOYHOCTI

MO/Ie/TIOBaAHHS MPOLECY

Ha pucynky 6 300pa)keHO aMIDIITyIHO-
YaCTOTHY XapaKTEPUCTUKY CHUCTEMH ILTY)KHUH
BiJIBaJI-I1’ €30aKTyaTOP.

3 pucyHka 6 BHIHO, II0 MaKCUMAaJbHI aM-
IUTITYAM KOJIMBaHb BiJBajly IUIyra BiAMOBIIAIOTh
gactoraM 38.6 kI, 389 klI'm Tta 39.5«klm,
40 k', 41.3 kl'm, 41.7 x['u. Cruixg 3ayBaxkwurw,
1[0 3HAYEHHS aMIUNTYAM KOJIMBaHb MalOTh SIK
IofaTHI, TakK 1 BiJ’€MHI 3HAYEHHS, IO BIIIOBI-
JTAIOTh KOJIMBAHHSM IUTYKHOTO BiJIBay BiJIHOCHO
HYJIbOBOI JIiHi{, Sika po3TaIloBaHa 1o BiABaIy.
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PucyHOK 6. AMILTITY THO-4ACTOTHA XapAKTEPUCTHKA CHCTEMHU ILTY:KHHIT BiIBaJI-TI’€30aKTyaTop:
4,12,31,62,78, 79 — KOHTpOIBHI BUMIpIOBaJIbHI TOYKH (HyMepallis TOYOK BiATIOBigae HyMeparlii
y mozxeni COMSOL Multiphysics pucysxka 3)

Ha pucynky 7 Ha OCHOBI OTPUMAaHOIO pe- II’€30aKTyaTOp Ha 4YacTOTaxX, fAKi BiINOBIOArOThH
3yNbTaTy aMILTITYIHO-4aCTOTHOI XapaKTepUCTH- MaKCHMaJIbHUM aMIUIITyaM KOJMBaHb IUTY>KHO-
KU (pUCYHOK 6) 300paykeHO HAOuHYy Ae(opMallifo  ro BiaBajy y IUIONIHHI Z.
yIBTPa3ByKOBOI CHUCTEMH IUIY>)KHUH  BinBai-

freq(17)=38600 Hz Surface: Total displacement (m) Y freq(20)=38900 Hz Surface: Total displacement (m)

x10° x107
2 12

freq(31)=40000 Hz Surface: Total displacement (m)

freq(48)=41700 Hz Surface: Total a-,olacement (m)
x10®
14

PucyHok 7. Pe3yJibTaTH 4iCeJbHOT0 MOJAETIOBAHHS /151 BA3HAYEHHSI MAKCHMAJILHOI aMILTiTy A1
KOJIMBAHb CHCTEMH ILTY:KHMH BilBaJI-1I’€30aKTyaToOp HA 4acTOTaX:
a) 38.6 xI'w; 0) 38.9 kI'y; B) 39.5 kI'y; 1) 40 xI'w; x) 41.3 x['; e) 41.7 k[

3 OTpUMaHUX pe3yJbTaTiB BUJHO, 110 HAl- BiOpomayr Ha OCHOBI I’ €30€JIEKTPUYHOTO
Oinblila aMIUTITY/1a KOJIMBaHb CUCTEMHM IUTY)KHUH  aKTyaTopa PO3IIMPIOE iala3oH MOKJIMBOCTEMH
BiJIBaJI-TI’€30aKTyaTOp  BIANOBiZAa€  4YacTOTI BHKOPHUCTAaHHA BiOpOIUTyra, a came. OTpUMYBa-
41,7 xI'u i craHOBUTH 60 MKM. TH JaHi Ipu 00poOITKY I'PYHTY i BU3HA4YaTH 3a-
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JISKHOCT1 aMIUTITyIM KOJMBaHb BiJBaiy BiOpo-
TIyra Big cumm TepTss F, sika yTBOPIOETHCA
IPYHTOM.

[epeBipky BHKOpHCTaHHS BiOporuryra Ha
ocHOBI [IA B pexumi gaTumka 3a paxyHOK BHUKO-
PUCTaHHS TPSIMOTO T’ €30e(eKTy MpPeACcTaBICHO

Ha pucyHky 8. Ilpuknanena cuia A0 CHUCTEMH
IUTYKHUH ~ BiBaJI-TI €30aKTyaTOp  CTaHOBUTH
6auzpko 1 H.

3 pucyHka 8 BHAHO, LIO MPU MPUKIAJCHIH
cumi Omm3pko 1H BuxigHa Hampyra craHo-
suth 0,5 B.

Pucynok 8. IlepeBipka BukopucTaHHs BiOpOIJyra B pe;kuMi 1aT4HKa !
a) BiOPOILIYT 3 YNBTPa3BYKOBOKO CHCTEMOIO Ha BiIBaJll K JaTYHK , F — cuia, mpukiameHa 1o BiOpoIIyTa;
0) ocuiiorpaMa eNeKTPUIHOTO CUTHATY 3 BiOpoInTyTa

OoroBopenns pe3yastatiB. [lepeparoro
I’ €30€JIEKTPUYHUX  YIBTPa3BYKOBUX BHIIPOMI-
HIOBAJIBHUX CHUCTEM € MOXJIMBICTh BUKOPUCTOBY-
BaTH MpsIMHH T’€30eEKT, 3aBISKH SIKOMY
I’ €30€JIEKTPUYHA YIIBTPa3ByKOBa BHIIPOMiHIOBA-
JbHA CHCTEMa IUTY)KHUHM BiJBaJ-TI’€30aKTyaTOp
MOK€ BHUKOPHCTOBYBATHCS B PEXKHMI JaTUHKa.
[Mpencrasiena ocumsaorpama (pUCyHOK 8, 0) HiT-
KO BKaszye, IO CHCTeMa IUTY)KHHH BiJgBaj-
1’ e30aKkTyatop (BiOpOILTYT) B peXHMMI JaTUHKa
3a0e3reuye MOTPiOHUM PiBEHb BUXIIHOTO CUTHA-
Jy s Horo oOpoOku koHTposiepoM. Lle no3Bo-
JUTHh PO3LIUPUTH Jiaria30H BUKOPUCTAHHS BiOpO-
IIyra, a caMme, MOXIIUBOCTI OTPUMYBaTH TICBHI
JaHi (IHTeHCUBHICTh KOJIMBaHb, XapaKTEPHUCTUKU
IPYHTY) TIpH OOPOOITKY TPYHTY.

3a paxyHOK 301JTbIIICHHS] YaCTOTH aKTyaTo-
pa cTae MOXKITUBIM 3MEHIITUTH HOTO pO3MipH.

CrBopena 3D-BumipHa KOMI'IOTE€pHA MO-
JeNib BiOpoIIyra Ha OCHOBI YIBTPa3ByKOBOTO
I’ €30€JIEKTPUYHOTO aKTyaTopa JI03BOJISIE CTBO-
pIOBaTH Ta MPOTHO3YBATH XaPaKTEPUCTUKU Maii-
OyTHBOTO 3pasKa.

BucHoBku. Po3risiHyTo KOHCTPYKILi BiO-
POIUIYTIB, SIKI BUKOPUCTOBYIOTHCS y CLIBCHKOMY
rocrnoJapcTsi. Bukopucranas BiOpomiayra Jo-
3BOJIUTH 3MEHILUTH CUIIy TEPTA ILIY)KHOTO BiiBa-
Ty 3 TPYHTOM, IO JIA€ MOXKITUBICTH 3MEHIIUTH
BUTpATH NaNMBa Ta 301IBIIMTH TEPMiH EKCILTya-
Tauii CIILFOCITEXHIKH.

HaykoBa HOBU3HA po0OTH TOJISATAE B yIIO-
CKOHAJICHHI KOHCTpPYKIIi BIOpOIUTyra Ha OCHOBI
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II’€30KEpaMidyHOr0 aKTyaTropa, a TaKoX HOro
KOMIT FOTEpHOI MOJIENi, BPaXOBYIOUH IMOBHUI Ha-
0ip reoMeTpuUIHNX, (i3UKO-MEXAHIYHUAX Ta EJICK-
TPUYHUX TapaMeTpiB, IO Ja€ 3MOTY 30UIBIINTH
4acTOTY BIOPOKOJIMBaHb Ta 3MCHIIUTH TEPTS 3
IPYHTOM.

[IpakTnyHa WiHHICTE POOOTH TONSATAE B
HACTYITHOMY:

— Bu3Hayeno wyacrory (41,7 k['m), mpwu
SIKi 320€3MevyoThCs MaKCHMalbHI aMILTITyId
konmBanb (60 MkM) BimBady BiOporuTyra Ha oOcC-
HOBI I’ €30KEPaMivHOI0 aKTyaTopa,

— EKCIIEPUMEHTAIbHO JOBEACHO JOLiJIb-
HICTb BHKOPHCTaHHS YIBTPa3ByKOBOTO II’€30-
EJIEKTPUYHOT0 aKTyaTopa BiOpOIUIyra B pexmMi
JaTyMKa;

— PO3IIKMPEHO MOXKJIMUBOCTI BUKOPHCTAH-
Hs BiOporuryra, a came, OTPUMYBaTH II€BHI
XapaKTEePUCTHKH TPU OOpOOITKY TPYHTY 3a
JOTIOMOT'0  BUKOPUCTAaHHSI  yJIBTPa3ByKOBOI'O
I1’€30CJICKTPUYHOIO aKTyaTopa y PEXKHMI JaT-
YHKa,

— OTpUMaHi JaHi MO)KHa BUKOPHCTOBYBa-
TH TIPU TPOEKTYBaHHI BiOpoIUTyTra, B SIKOMY BiO-
paiisi CTBOPIOETBCS 3a PaxyHOK I €30Kepa-
MIYHOTO aKTyaTopa.

[Momanpuni JOCHIIHPKEHHS aBTOPIB MOXYTh
OyTH CIIpSIMOBaHiI Ha pO3pOOKY CXEMHU KepyBaHHS
aKTyaTOpOM, BHU3HAYCHHS KOe]illieHTa KOPHCHOI
nii Bibporutyra 3 ITA Ta oTpuMaHHS 3aJIeKHOCTEN
BIUIMBY TPYHTY Ha IT’€30KEepaMiuyHHI aKTyaTop y
PEXHMMI TaTYHKA.



BicHuk YepkacbKkoro gep>xaBHOro TeXHONOriYHOro yHiBepcuteTy

1/2023

CnHcok BUKOPHCTAHHUX JKepet

[1] S. Kalogiannidis, D. Kalfas, F.Chatzitheo-
doridis, and O. Papaevangelou, "Role of
crop-protection technologies in sustainable
agricultural productivity and management",
Land, wvol.11(10), 2022. Available:
https://doi.org/10.3390/1and11101680. Ac-
cessed on: Nov. 22, 2022.

M. Rosegrant et al., Food Security in a
World of Growing Natural Resource
Scarcity: The Role of Agricultural Technolo-
gies. Washington, D.C., USA: International
Food Policy Research Institute, 2014.
Available: http://dx.doi.org/10.2499/978089
6298477. Accessed on: Nov. 22, 2022.

V. M. Bulgakov, M. O. Sviren, . P. Pa-
lamarchuk, V.V.Dryga, O. M. Chernysh,
and V. V. Yaremenko, Vibration Machines
for Agricultural Production. Kirovohrad,
Ukraine, 2012.

S. Dong, M. Dapino, and J. Vis,
"Experiments on ultrasonic lubrication using
a piezoelectrically-assisted tribometer and
optical profilometer”, J. Vis. Exp., vol. 103,
p. 52931, 2015.

B.C. Jloseiikin, IO.B. YoBHIOK, Ta
JI. A. JIssuenxo, "BiOpanitamii moyr", Hari-
OHaJBHUI YHiBepcuTeT OiopecypciB i mpu-
ponokopuctyBanHs Ykpainu, MIIK 2009.01
A01B 63/111.

S. S. Yashchenko, S. A. Filimonov,
A. V. Batrachenko, and N. V. Filimonova,
"The use of smart piezoceramics for tillage
in  agriculture”, Visnyk  Cherkaskogo
derzhavnogo tekhnolohichnogo universytetu,
no. 2, 2019.

V. Ya. Halchenko,
S. A Filimonov, and N. V. Filimonova,
"Mathematical modeling of features of
electrophysical processes in a vibration plow
with piezoelectric actuator”, Agricultural
machinery, Bulgaria, pp. 36-39, 2022.

S. A. Filimonov, C. V. Bazilo, S.S. Yash-
chenko, and N. V. Filimonova, "Method of
reducing friction in the plow moldboard
with soil during cultivation due to the
implementation of ultrasonic vibrations”,
Springer Nature Switzerland AG, pp. 281-
289, 2022. Available: https://doi.org/
10.1007/978-3-031-03877-8. Accessed on:
Nov. 22, 2022.

L. Wang, L.Zhao, Z.Jiang et al., "High
accuracy Comsol simulation method of

(2]

(3]

[4]

5]

[6]

[7]

S. S. Yashchenko,

(8]

9]

© C. O. ®inimonos, C. C. SJmenko, 2023
DOI: 10.24025/2306-4412.1.2023.268433

29

bimorph  cantilever for  piezoelectric
vibration energy harvesting", AIP Advances,
vol. 9, 095067, pp. 1-9, 2019.

[10] V. Sharapov, Piezoceramic Sensors.
New York, USA: Springer Verlag, 2011.
Available: https://www.researchgate.net/
publication/260733733_Sharapov_V_
Piezoceramic_sensors_-_Springer_Verlag_
Heidelberg_Dordrecht_London_New_York
2011 - 498 p. Accessed on: Nov. 22,
2022.

[11] G Akhras, "Smart materials and smart
systems for the future", Canadian Military
Journal, no. 3, pp. 25-32, 2000.

[12] V. Ya. Halchenko, S. A. Filimonov,
A. V. Batrachenko, and N.V. Filimonova,
"Increase the efficiency of the linear
piezoelectric motor”, Phys., vol. 10, no. 4,
04025, 2018.

[13] V. Ya. Halchenko, Yu. Yu. Bondarenko,
S. A Filimonov, and N. V. Filimonova,
"Determination of influence of geometric

parameters of piezoceramic plate on
amplitude  characteristics  of  linear
piezomotor”, Electrical Engineering &

Electromechanics, no. 1, pp. 17-22, 2019.

[14] L. Spicci, and M. Cati, "Ultrasound piezo-
disk transducer model for material parameter
optimization™, Excerpt from the
Proceedings of the COMSOL Conference,
Paris, 2010, pp. 1-7.

[15] V. Sharapov, Piezoceramic Sensors.
Heidelberg, Dordrecht, London: Springer
Verlag, 2011.

References

[1] S. Kalogiannidis, D. Kalfas, F. Chatzitheo-
doridis, and O. Papaevangelou, "Role of
crop-protection technologies in sustainable
agricultural productivity and management",
Land, vol. 11 (10), 2022. Available:
https://doi.org/10.3390/1and11101680. Ac-
cessed on: Nov. 22, 2022.

M. Rosegrant et al., Food Security in a
World of Growing Natural Resource
Scarcity: The Role of Agricultural Technolo-
gies. Washington, D.C., USA: International
Food Policy Research Institute, 2014.
Available: http://dx.doi.org/10.2499/978089
6298477. Accessed on: Nov. 22, 2022.

V. M. Bulgakov, M. O. Sviren, I|.P. Pa-
lamarchuk, V.V.Dryga, O. M. Chernysh,
and V. V. Yaremenko, Vibration Machines

[2]

[3]


https://doi.org/10.3390/land11101680
http://dx.doi.org/10.2499/9780896298477
http://dx.doi.org/10.2499/9780896298477
https://www.researchgate.net/journal/Journal-of-Visualized-Experiments-1940-087X
https://doi.org/10.1007/978-3-031-03877-8
https://doi.org/10.1007/978-3-031-03877-8
https://www.researchgate.net/publication/260733733_Sharapov_V_Piezoceramic_sensors_-_Springer_Verlag_Heidelberg_Dordrecht_London_New_York_2011_-_498_p
https://www.researchgate.net/publication/260733733_Sharapov_V_Piezoceramic_sensors_-_Springer_Verlag_Heidelberg_Dordrecht_London_New_York_2011_-_498_p
https://www.researchgate.net/publication/260733733_Sharapov_V_Piezoceramic_sensors_-_Springer_Verlag_Heidelberg_Dordrecht_London_New_York_2011_-_498_p
https://www.researchgate.net/publication/260733733_Sharapov_V_Piezoceramic_sensors_-_Springer_Verlag_Heidelberg_Dordrecht_London_New_York_2011_-_498_p
https://www.researchgate.net/publication/260733733_Sharapov_V_Piezoceramic_sensors_-_Springer_Verlag_Heidelberg_Dordrecht_London_New_York_2011_-_498_p
https://doi.org/10.3390/land11101680
http://dx.doi.org/10.2499/9780896298477
http://dx.doi.org/10.2499/9780896298477

ISSN 2306-4412 (Print), ISSN 2306-4455 (CD-ROM), ISSN 2708-6070 (Online)

[4]

[5]

(6]

[7]

(8]

[9]

for Agricultural Production. Kirovohrad,
Ukraine, 2012.

S. Dong, M. Dapino, and J. Vis,
"Experiments on ultrasonic lubrication using
a piezoelectrically-assisted tribometer and
optical profilometer”, J. Vis. Exp., vol. 103,
p. 52931, 2015.

V. S. Loveykin, Y.V.Chovnyuk, and
L. A. Dyachenko, "Vibrating plow",
National University of Bioresources and
Nature Management of Ukraine, IPC
2009.01 A01B 63/111 [in Ukrainian].

S. S. Yashchenko, S. A. Filimonov,
A. V. Batrachenko, and N. V. Filimonova,
"The use of smart piezoceramics for tillage
in agriculture”, Visnyk  Cherkaskogo
derzhavnogo tekhnolohichnogo universytetu,
no. 2, 20109.

V. Ya. Halchenko,
S. A. Filimonov, and N. V. Filimonova,
"Mathematical modeling of features of
electrophysical processes in a vibration plow
with piezoelectric actuator”", Agricultural
machinery, Bulgaria, pp. 36-39, 2022.

S. A Filimonov, C. V. Bazilo, S.S. Yash-
chenko, and N. V. Filimonova, "Method of
reducing friction in the plow moldboard
with soil during cultivation due to the
implementation of ultrasonic vibrations",
Springer Nature Switzerland AG, pp. 281-
289, 2022. Available: https://doi.org/
10.1007/978-3-031-03877-8. Accessed on:
Nov. 22, 2022.

L. Wang, L.Zhao, Z.Jiang et al., "High
accuracy Comsol simulation method of

S. S. Yashchenko,

[10] V. Sharapov,

[11] G Akhras,

[12] V. Ya. Halchenko,

[13] V. Ya. Halchenko,

[15] V. Sharapov,

bimorph cantilever for piezoelectric vibra-
tion energy harvesting”, AIP Advances,
vol. 9, 095067, pp. 1-9, 2019.

Piezoceramic Sensors.
New York, USA: Springer Verlag, 2011.
Available: https://www.researchgate.net/
publication/260733733_Sharapov_V_
Piezoceramic_sensors_-_Springer_Verlag_
Heidelberg_Dordrecht_London_New_York
2011 - 498 p. Accessed on: Nov. 22,
2022.

"Smart materials and smart
systems for the future", Canadian Military
Journal, no. 3, pp. 25-32, 2000.

S. A, Filimonov,
A. V. Batrachenko, and N.V. Filimonova,
"Increase the efficiency of the linear
piezoelectric motor”, Phys., vol. 10, no. 4,
04025, 2018.

Yu. Yu. Bondarenko,
S. A. Filimonov, and N. V. Filimonova,
"Determination of influence of geometric
parameters of piezoceramic plate on
amplitude  characteristics  of  linear
piezomotor", Electrical Engineering &
Electromechanics, no. 1, pp. 17-22, 20109.

[14] L. Spicci, and M. Cati, "Ultrasound piezo-

disk transducer model for material parameter
optimization", Excerpt from the Proceedings
of the COMSOL Conference, Paris, 2010,
pp. 1-7.

Piezoceramic Sensors.
Heidelberg, Dordrecht, London: Springer
Verlag, 2011.

S. O. Filimonov, Ph. D., Associate Professor,
e-mail: s.filimonov@chdtu.edu.ua
S. S. Yashchenko, Postgraduate
Cherkasy State Technological University
Shevchenko blvd, 460, Cherkasy, 18006, Ukraine

IMPROVED DESIGN OF VIBRATORY PLOW WITH PIEZOCERAMIC ACTUATOR

The sphere of agriculture is one of the most important spheres of human activity, since the task
of agriculture is to provide the population with food necessary for its existence. Today, rural develop-
ment is one of the most effective ways to overcome the hunger around the world. One of the main
problems of agriculture consists in the complexity and efficiency of land cultivation. The main body of
soil cultivation in agriculture is the plow.

One of the most effective methods of soil cultivation is the use of an improved plow with a vi-
brating part, the use of which will reduce the force of friction between the plow mouldboard and the
soil, which will make it possible to reduce fuel consumption and increase the service life of agricultur-
al machinery.
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The work consists in improving the design of a vibrating plow based on a piezoceramic actua-
tor, as well as its computer model, taking into account a full set of geometric, physical-mechanical
and electrical parameters, which will make it possible to increase the frequency of vibration and re-
duce friction with the soil.

The advantage of piezoelectric ultrasonic radiating systems is the ability to use a direct piezo
effect, thanks to which the piezoelectric ultrasonic radiating system — plow mouldboard-piezoactuator —
can be used in sensor mode. This will make it possible to expand the range of possibilities of using the
vibroplow, namely the possibility of recording data (intensity of oscillations, soil characteristics) dur-
ing soil cultivation.

By increasing the frequency of the piezoelectric actuator, it becomes possible to reduce its size.

The paper presents and discusses the main problems and differences between conventional
plows and vibrating plows. Improved design of the vibrating plow based on a piezoceramic actuator,
as well as its computer model using the COMSOL Multiphysics program package, taking into account
a full set of geometric, physical-mechanical and electrical parameters, allows to increase the frequen-
cy of vibration and reduce friction with the soil. As a result, the resonant frequency, at which the max-
imum amplitudes of vibrations of the vibrating plow are ensured, is determined. Experimental results
in which the ultrasonic emitter is used in sensor mode are also presented.

Keywords: piezoelement, automation, friction reduction, vibrating plow, modeling, mouldboard,
sensor.
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METOJ JMHAMIYHOTI'O YIIPABJIIHHA BY®EPOM 3AIIACIB
HA OCHOBI M’SIKUX OBYUCJIEHb

Y pobomi npononyemovcsa memoo ouHamiuHo20 ynpaeiinta 6yghepom 3anacié Ha OCHOBL M SIKUX
obuucnensv. Hosusna oocnioocenus noaseac 8 momy, wo 0isi OUHAMIYHO20 YRpasLinHs Oyghepom 3ana-
cie 6yn0 cmeopeHo Memoo Ha OCHOGL HewimKol J02IKU ma WmMyYHOI HEeUpOHHOL Mepedici, 061 mooeii
WmMy4Hoi Hellpo-HeuimKol Mepedici OUHAMIYHO20 YnpasiinHa Oyghepom 3anacis, 8UOPaHO mpu Kpume-
il oyinku epekmuHocmi 3anponoHO8anUx mooeiel, i0eHmuikosano napamempu 3anponOHO8AHUX
Mooenel Ha OCHOBI Memody 360POMHO20 NOUUPEHHSL 8 NAKEMHOMY PeXCumi, OPIEHMOBAHT HA MEXHO-
J0eio napanenvHoi o6poboku ingopmayii. 3anpononosani moodeni ma npoyedypu ix napamempuyHoi
i0enmuchikayii 00380110Mb NIOBUWUMU WUBUOKOOII0, MOUHICIb | HAOIHICMb NPUUHAMMS PilUEHHSL.
3anpononosanuii Memoo OUHAMIYHO20 YNPAGNIHHA OYhepom 3anacié HA OCHOGI M SKUX 00UYUCIEHb
MOd4ce BUKOPUCTOBYBAMUCH ) PI3HUX [HMENEeKMYATbHUX CUCTEMAX.

Knrouoei cnosa. meopin oomedcensb, WMyuHa HeUpPOHHA Mepedcd, CUCeMU HeYimKo20 GUuse-
oenns, mexuonozis CUDA.

Beryn. Huni Bce Oinmblie koMmaHiii mpar- — CKJamHICTh (OPMYBaHHS TPEACTABHU-
HYTh yIIOCKOHAJIIOBAaTH M ONTHMI3yBaTu cBOi 0i13-  [bKOT BUOIPKH;
HEC-TIPOIIECH Ha OCHOBI BIPOBAXKEHHS TEXHOJIO- — BHCOKa WMOBIPHICTh TOMAJaHHS METO-

rii Teopii oomexensb (TOC) [1-5], sika 3abe3me- ay HaBYaHHS Ta afanTailii J0 JOKAILHOIO €KCT-
yye TUHaMi4HE yNpaBiiHHA OydepoM 3amaciB Ta  peMymy;

BUKOPUCTOBYETHCS JIJISl YIPABJIIHHS JIAHIFOTaMH — HEJOCTYIHICTh IS PO3YMIHHS JIFOJIM-
nocrayaHHs. B pe3ynbTaTi CyTTEBO 3pOCTA€ aK-  HOKO HAKOMHUYCHUX MEPEXKEIO 3HaHb (HEMOXKIIUBO
TYaJIbHICTh PO3POOKM METOAIB IHTENEKTyali3alii vy BHUIVISI MPaBUII YSIBUTH 3aJI€KHICTh MK BXO-
TEXHOJIOTiI Teopii oOMexenb. Ha ChOrofHIMHIA  TOM i BUXOJIOM), OCKIJIBKH BOHH PO3IOIITICHI MiXK
JICHb BiJICYTHI KOMIT'FOTEPHI CHCTEMH AWHAMiu- ycCiMa elleMeHTaMH HEWpOHHOI Mepexi Ta mpea-
HOro KepyBaHHS Oy(epoM 3amaciB, siKi IpyHTy-  CTaBJI€HI y BUIIIAMI ii BATOBUX KOE(IiLI€HTIB.

I0TBCSI HA M SIKHX OOYHCIICHHSX. OcTtaHHIM 4acoM HEHPOHHI Mepexi KoMOi-
Huni i ynpaBiliHHA — JMHAMi9HMMHM ~ HYIOTBCS 13 CHCTEMAaMH HEUYITKOIO BUBEJCHHS.

00’€KTaMH BUKOPUCTOBYIOTBCSI METOJIU IITYYHO- [lepeBaramMu cuCTeM HEYITKOTO BUBEIEHHS

ro iHTeneKTy, Npu 1BoMy Haitmomymspaimmvu € € [15, 16]:

HITYYHI HEHPOHHI Mepexi [6-8]. — TMOJAHHA 3HaHb SIK MPaBWJI, JETKO JOC-
IlepeBaramu HelipoHHKX Mepex € [9-11]: TYIHUX JUIS PO3yMIHHS JIFOIMHOIO;
— MOJKIIMBICTb iX HABYaHHA Ta aJanTallii; — He TOTpiOHa TOYHA OLIHKAa 3MiHHMX
—  MOJKJIHBICTH BHSIBICHHS 3aKOHOMIpHOC- 00’€KTIB (HEITOBHOTA Ta HETOYHICTh JAHHMX ).

TeH y JaHMX, X y3arallbHeHHsI, TOOTO OTpUMaHHS Heponikamu CHCTEM HEYITKOTO BUBCICHHS

3HaHb 3 JAHUX, TOMy He HOTpiOHi 3HaHHsA mpo € [17-18]: '

00’ ekT (HampuKiIam, HOro MaTeMaTHYHA MOJECID); — HEMOXJIMBICTH iX HaBYAHHS Ta ajarTa-

uii (mapamerpu QyHKIH HaJIEKHOCTI HE MOXKHA
ABTOMAaTHYHO HAJALITYBATH);

— HEMOXIIMBICTh TapajieabHOi 00poOKH
iH(opMaIlii, 10 MiIBUIIYE OOYHUCITIOBAIBHY IO~
TYXHICTb.

VY 3B’53Ky 3 IUM € aKTyaJIbHUM CTBOPEH-
HS METOJy JMHAMIYHOTO YIIpaBIiHHS Oydepom

— nmapayeibHa 00poOka iH(opMmariii, 10
MIJBHUIIYE O0YUCITIOBAIIbHY MOTY)KHICTb.

Henonikamu HeiipoHHuX Mepex € [12-14]:

— TPYIHOII BH3HAYEHHS CTPYKTYpH Me-
pEXi, OCKUIBKM BIJICYTHI METOAU PO3PaxyHKY
KUTBKOCTI IIapiB Ta HEWPOHIB y KOKHOMY TIapi
JUISl KOHKPETHUX JIOJJaTKiB,

© €. €. ®enopos, O. B. Heunnopenko, 2023
DOI: 10.24025/2306-4412.1.2023.265372

32


mailto:fedorovee75@ukr.net

BicHuk YepkacbKkoro gep>xaBHOro TeXHONOriYHOro yHiBepcuteTy

1/2023

3amaciB, SKHH JO3BOJUTH YCYHYTH 3a3HaueHi
HEJIOJIKH.

Mera Ta 3amaui aochaimkenHs. MeToro
poOOTH € MiABUIICHHS CPEKTUBHOCTI JWHAMIY-
HOTO ympaBiiHHS OydepoMm 3amaciB 3a paxyHOK
MITYIHOT HEHpPO-HETITKOI MEpexi, Ka HaBYAETh-
Csl Ha OCHOBI METO/1y 3BOPOTHOTO MOIIHPEHHSI.

Jlnst mOoCSITHEHHS TIOCTAaBJICHOI METH HEoO-
X1JTHO BUPIITATH TaKi 3aBIaHHS:

1. CTBOpeHHS CHCTEMH HEUITKOTO IHHA-
MIYHOTO yIIpaBJiHHS Oy(hepoM 3amnacis.

2. CTBOpEeHHST MaTeMaTHYHHX MOJelei
MITY9HOT HEHPO-HEUITKOI Mepexi IWHAMIYHOTO
ynpasininas Oydepom 3amacis.

3. Bubip kpurepiiB omiHkH epeKTUBHOCTI
MaTeMaTUYHUX MOJENIEed IITYy4yHOi  HeMpo-
HEYITKOI MepeXi TUHAMIYHOTO YIpaBIiHHS Oy-
¢depom 3anacis.

4. Inentudikamisa mapaMeTpiB MaTeMaTHd-
HOI MOJIeNi IITYYHOT HeHPO-HEUITKOI Mepexi In-
HaMIYHOTO YyIpaBiiHHA Oydepom 3amaciB Ha oc-
HOBI METOJTy 3BOPOTHOTO TIOIIMPEHHS B ITaKeT-
HOMY PEXKHMI.

1. CTBOpeHHsI CHCTEMH HEYiTKOro M-
HAMIYHOro ynpapJjinasa Oydepom 3anacis. [
JMUHAMIYHOTO YIIPaBIiHHA OydepoM 3amaciB y po-
00Ti HaOyJna MOJANBIIOTO BAOCKOHAJIEHHS CHUCTe-
Ma HEUYITKOTO JIOTIYHOI'O BHMBEJCHHS, sKa 3a0€e3-
Tevye MOJIaHHS 3HaHb MPO YIPaBIiHHSA Oydepom
3araciB y BUTIIA/I HEYITKUX MPaBHJI, JIETKO J[OC-
TYIHUX JJIs1 PO3YMIHHS JIFOJIMHOIO, Ta Tependa-
Yya€ BUKOHAHHS TaKUX €TalliB:

(hopMyBaHHS THTBICTUYHHUX 3MiHHUX;
(hopMyBaHHS 0a3u HEUITKUX MTPABUIL;
¢azudixarris;

arperyBaHHsI i yMOB;

aKTHBI3allisl BUCHOBKIB;

arperyBaHHs BUCHOBKIB;
nedaszudikaris.

1.1. @opmysanns ninzeicmuuHux 3miH-
Hux. SIk 4iTKi BX1/IHI 3MiHHI OyJIM 00OpaHi:

— TIOTOYHHM PO3Mip 3amacy X, y ITyKax;

— yac nepeOyBaHHS y YepBOHii 30Hi Oy-
¢epa 3amaciB X, y AHSX;

— dac mepeOyBaHHA y 3eJeHid 30H1 Oyde-
pa 3amaciB X; y JHSX.

SIK JIHrBICTHYHI BXiIHI 3MiHHI OyITH 00paHi:

— IMOWMHA 3HAXO/DKEHHS B YEPBOHIH 30HI
Oydepa 3amaciB X, , Ka 3aJI€KUTh Bijl TOTOYHOTO
po3mipy  3amacy, 3i
ay, = 6enuKa,d;, = Maua,

CBOIMM  3HA4Y€HHSIMHU
B SKUX 00JIacTsIMHU
3HAYEHb € HEYITKI MHOKUHU
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Ay ={x| .U/SM(Xl)} A, ={X |1_,U§M(X1)};
— TPWBAIICTh 3HAXOMKCHHS B YCPBOHIM
30Hi Oydepa 3amaciB X, 3i CBOIMH 3HAYECHHIMU
Ay = 00620,05, = HE00620, B SKAX OOIACTAMU
3HAUYCHb € HEUiTKI MHOXXUHU

A ={X, |,UA21 (X))}, Ay ={X, |1_,U,121(X2)};
— TPUBAIICTh 3HAXO/KECHHS B 3€JIEHIH 30-
Hi Oydepa 3amaciB X; 3i CBOIMH 3HAYECHHIMU

Qg1 = 00620,05, = HEO0620, B SKHX OOIACTAMH
3HAYEHD € HEYITKI MHOKHUHHA

Poy ={% | 1z, 00)}, A =% 11 g1z (%)}

Sk 4iTKy BUXiIHY 3MiHHY OyJI0 0OpaHO
HOMEp BHIy Jii, mo 3MiHIOE po3mip Oydepa 3a-
macis Y.

Sk niHTBICTMYHA BUXiJIHA 3MiHHA OyJia 00-
paHa zis Y , 1o 3MiHIO€ po3Mip Gydepa 3anacis,

31 CBOIMU 3HAUEHHSAMU [ = 30inbuumu npubaus-

HO Ha mpemuny, [, = 3MeHWUmu npubIUIHO HA
mpemuny, f, = He 3miniosamu, [3, =aHOMANiA,

B IKMX O00JIACTSIMH 3HAYE€Hb € HEUITKI MHOKHWHU:

B, ={y | 15 (N}, B, ={ylu5, (N},
By ={y | 5, (V)}, By ={y | 1, (N)}.

1.2. @opmysannsa 6azu Heuimkux npa-
6un. 3anporoHOBaHI HEYITKI MpaBHia BPaxoBY-
I0Th YCI MOXJIHUBI craHu Oydepa 3amaciB (yci
MOXJIMBI KOMOiHAaIii 3HAa4YeHb BXIJTHUX JIHTBIC-
THYHUX 3MIHHUX) Ta BiIIMOBIAHI M Jii:

RU:AKIIO X, € ayy [ X, € a0y 1 Xy
y €ﬂ4 (Fl)!

X, €ay 1 X, €ay 1 X,
yep (F?),
Xeay 1%, eayl X
y € B, (F%),

X, € ay 1 X, €ayl X
yep (F%),

X, € ap 1 X, € apy 1 X
yep, (FS)’

X, €ap X, €ay 1 X,
yep (FG),

X, € o [ X, € ay 1 X3 € gy TO

y € B, (F7),

€ ay TO

R? : IKII[O € ay, TO

R®: AIKILIO € ay TO

: SIKIIO € a TO
: SIKIIO € ay TO
: AIKI1IO € az, TO

KO
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R®:SKIIO X, € @y, 1 X, € @y, I X3 € @z, TO
y € ﬂ3 (F8)1
ne F" — koedinientyn neuitkux mpasua R'.

Hanpukian, HediTke mpaBmio R’ Bimmo-
BiJla€ HACTYITHOMY 3HAHHIO: SKIIO TIMOWHA 3HAa-
XOJKCHHSI B YEPBOHIH 30HI Oydepa 3amaciB Be-
muKa 1 mepeOyBaHHS B HYEpBOHIM 30HI Oydepa
3amaciB JI0Bre, i mepeOyBaHHS B 3elleHiNd 30HI
Oydepa 3amaciB HEJOBre, TO 30UIBIIMTH PO3MIp
Oydepa 3amacis.

1.3. @a3ughixayin. BuzHauuMo CTyIiHb
ICTUHHOCTI KOXHOT IMi[yMOBH KOKHOTO IpaBHJia
3a JIOMOMOT010 (PYHKIIIT HaJIeKHOCTI Hz, ().

Sk QyHkmii HanexxHOCTI MixyMoB Oyia 00-
paHa jorictuuHa (QyHKIliS (BiAIOBiAAE JIOTICTHY-
HOMY PO3MOJiy) Ta ii 3anepeueHHs, TO0TO

- -1
! L On
- N1
U5 (XZ): 1_|_exp — XZ_—mZI.] ,
21 i 0-21 |
- -1
5, (%) =| 1+exp) - ﬂ} ,
31 031 |

-1
X, —m
Hz,, (x,) zl—#,x21 (X)) =1+ exp{_ [MJD
—0pn

X3 —

jie m; — napameTp JoKarii,

o, —napamerp MaciTaoy.

ij

1.4. Aepezysannsa nioymoe. Oyukii npu-
HaJIeKHOCTI YMOB BPaxOBYIOTh YCi MOXIIMBI CTa-
HU Oydepa 3amnaciB (yci MOXJIMBI KOMOiHaIIT 3HA-
YEHb JIIHTBICTUYHUX 3MiHHUX) T4 BU3HAYAIOTHCS Y

BUTIISIL
i (X) = a5, @)z (%)t (%)
M2 (X) = M5, (Xl)ﬂ,gm (Xz)ﬂ,gsz (%),
s (X) = a5 () pz, ()t (%) s
4150 () = 115, itz Otz (%)
s (X) = Ha, (Xl)ﬂ;u (Xz)ﬂ;\Sl(X:s) )
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4156 () = 1, ()1t (O, (),

0 (%) = a1z )itz () (),

Hzs (X) = M3, (Xl)ﬂ/xzz (XZ)'U/KSZ (%)
a0o0 y BUTIISAII
5 (X) = max{0, M () + M, (%) THE, (%)-2}
e (X) =mex{0, 11z () + 15, 06)+ 145 (%3) =2}
s (X) =mex{0, 11z O4) + a5 (%) + 15, (%) =2}
4150 (R) =800, a1z () + a1z, () + 115, (%)~ 2}
s (X) =mex{0, 1z () + 15 (%) + 15 (%) =2}
s (X) = max{0, M3, () + M, () + M3, (%)-2}
i (X) =mex{0, g1z () + 215 (%) + 415 (%) =2}
s (X) = max{0, M3, () + M3, () + M3, (X%)-2}

1.5. Akmueizauia eucnoexis. OyHKIIi] Ha-
JISKHOCTI BUCHOBKIB TIOB’SI3YIOTb 3 yciMa MOXKJIH-
BUMH cTaHamMu Oydepa 3amaciB (yci MOMIHBI
KOMOiHaIIi{ 3HaYeHb JTIHTBICTUYHUX 3MiHHHX) BiJ-
TOBiTHI 1M Aii Ta BU3HAYAIOTHCS y BUTIISII

Ha (%,2) = g (R g, (2)F,

He2 (%,2) = uz: (R g, (2)F?,

Hes (X,2) = pizs (R pg, (2)F7,

i (X, 2) = pze (X) g, (2)F*,

Hes (%,2) = pzs (N g, (2)F°,

Hes (%,2) = pze (X) g, (2)F°,

Her (R%,2) = pz (X g (2)F T,

Mo (X, 2) = pzs (X 115, (2)F°

a00 y BUTIISAIL
He (%,2) = max{0, sz (%) + pig, (2) -BF ",
Hea (X,2) = max{0, pz, (X) + g (2) - BF?,
Hgs (X,2) = max{0, uzs (%) + p5, (2) -BF°,
Hes (%, 2) =max{0, sz, (X) + g (2) -TF*,
Hes (X,2) = max{0, uzs () + p5, (2) ~BF°,
Hes (X,2) = max{0, uz: (X) + p5 (2) ~BF°,
Her (%, 2) =max{0, w1z (X) + pig (2) -BF 7,
Hgs (%, 2) = max{0, uzs (X) + p15 (2) ~1}F8,
Y wiii poboti GyHKuii HanexHOCTI g (Z)

BU3HAYEH] SIK
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@=lz=0={" °7
He 8 =Le=A= 0, z=#1'
1, z=2

2)=[2=2]= ,
5,(2)=[2=2] {0’ o
@=lz=a={" 7]
He W =LE= 21 0, z#3'
1, z=4

2)=[z=4]= .
t5,(2)=[2=4] {0’ iy

1.6. Azpecysannsn eucnoskie. OyHKIIIs

HAJIe)KHOCTI MTiICYMKOBOTO BUCHOBKY BU3HAYAETh-
csl SIK

e (X,2) = max{ 4z1 (X, 2),..., tzs (X, 2)}

1.7. Jepasugpikauin. [Ins orpumanHs
HOMepa BHIy Iii, 10 3MiHIOE po3Mip Oydepa 3a-
TMaciB, BUKOPUCTOBYETHCS METOJ MaKCUMyMY (y-
HKIIT HAJIEXKHOCTI

z =argmax us(X,2).
Z

2. CTBOpeHHsI MaTeMATHYHUX Mojesiei
IITYYHOI HeiPo-HeYiTKOI Mepe:ki TMHAMIYHOT O
ynpasiinas 0ydepom 3anaciB. [ turamiuHO-
ro ympaBiiHHA OydepoM 3amaciB y poboTi Haly-
M TOJAJBIIOTO0 BIOCKOHAIEHHS MaTeMaTHYHI
MOJIeJIl IITYYHOI HEHPOHHOT MEPEXki 32 paxyHOK
BUKOPHUCTAHHS IMi-CHTMa Ta CUTMa-CUrMa Heupo-
HIB, L0 JI03BOJIsIE MOJEIIIOBATH €TANM HEYiTKOrO
JIOT1YHOTO BHUCHOBKY, SIKUI BH3HAYa€ CTPYKTYpY
Mmojeneii. BpaxoBytoun, 1mo B miid po6oTi QpyHK-

1, z=k
, TO
0, =k

g, (z) 3amiHioeTBCS Ha | 1 eTan akTUBI3aLii 110~

uii HanexHocti g (z) =[z=Kk]= {
z

€IHYETHCA 3 €TAIlOM arperyBaHHs BUCHOBKIB, L0
CIIPOIIYE MOJICIIOBAHHS HEUYITKOTO JIOT1YHOTO
BHUCHOBKY.

CrpykTypa Mozemi IUTy4HOI HeWpo-
HEYITKOI Mepexi sK rpada mpeacTaBieHa HA PU-
cyHKy 1.

BxigHuii (Hy/nbOBWIA) IIap MICTHTH TpU
HeHpoHM (BIAMIOBiAAa€ KUIBKOCTI BXiHUX 3MiH-
Hux). [lepiuii nmpuxoBanuii map peanisye ¢asu-
¢ikariro Ta MICTUTh IIICTh HEHPOHIB (BiANOBIIA€E
CyMi 3HA4eHb JIHIBICTHYHUX BXIAHUX 3MIHHHUX).
Jpyruii npuxoBaHuii map peaizye arperyBaHHs
YMOB 1 MICTHTPH BiCiM HEHpOHIB (BiIMOBiJa€ Ki-
JBKOCTI HEYITKMX NpaBui). Buximauii (Tperii)
miap peaizye akTHBI3allil0 Ta arperyBaHHs BH-
CHOBKIB 1 MICTHTh YOTHPH HEWPOHHU (BIIIOBIIAE
KIJIBKOCTI 3HAY€Hb JIHIBICTUYHUX BUXIJHUX
3MIHHHX).
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nrap 0

map 1 map 2 mrap 3

Pucynok 1. CTpykTrypa Moaeni miTyqHoi
Helipo-HediTkol Mepe:xi sk rpada

OyHKIIOHyBaHHS IITY4YHOI HEWpo-
HEYITKOI MepeKi MpeAICTaBIeHO B TaKUH CI10CiO.
VY nmepmomy mapi 00YHCITIOIOThCS (YHKIIIT

HaJIS)KHOCTI i TyMOB
-1

j ,iel,—u,l
iell. ) |

Y npyromy mapi 0OUMCIIOIOTHCS (YHKIIT
HAJIE)KHOCTI YMOB Ha OCHOBI:

— niHiiiHOT QyHKIIT akTHBaIii Ta Mmi-curmMa
HEHpOHa

1 J;
e (R) =5 @) =52, 5@ =T > wisaz, ()

i=1 j=1

Hz (%) =| L+exp —[X‘_—m”

Oi1

py (6)=1-pz (%) =|1+exp —(Tl
—0j

relK;
— ReLU ¢ynknii aktuBauii Ta curma-
cUrMa HelpoHa
#z- (X) =ReLU(s?) = max{0, s},

1 J;

5@ :zzwﬁﬂ;ﬁ (x)—(1-1), reLK,

i=l j=1
Wlllzli W112:01 V\él:l’ V\é2=0,
V\élzlv V\éZZO’
wl =1, w5 =0, wi =1, ws, =0,

2 2
wy =0, wy, =1,
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wh =1, w, =0,
w; =1,
wy =1, w =0,
w;, =0,
w) =0, wo, =1,
w;, =1,
we =0, wS, =1,
we, =0,
w, =0, w, =1,
wi, =1,
wl =0, wo, =1,
ws, =0,

W21 0, w22 1,
W32=0,
Wy, =0, wy, =1,

W, =1,
wy, =1, w;, =0,

w;, =0,
6 6
wy, =1, w;, =0,
6
wy, =1,
7 7
Wy, =0, w,, =1,
wl, =0,
8 8
w;, =0, w,, =1,
W§2=1.

VY TpeThoMy m1api 0OUNCITIOITHCS (QYHKIIIT
HAJIE)KHOCTI MiJICYMKOBOTO BHCHOBKY Ha OCHOBI
maxout QpyHKIiT akTuBaii

Y, = (X, z) = maxout( 5{) = max{“”},

s =wuz (X), 2€LZ, relK,

w =0, w,=F?, w;=0, w; =F"*,
weg =0, ws =F°% w; =0, wy =0,
W =0, w,;=0, w:=0, w, =0,
We=0,w =0, w=F’, w; =0,
W =0,w;=0,w;=0, w,=0,
We=0, ws=0, w>=0, wg =F?,
w'=F', w,=0, w;=F% w; =0,

we =F°, w; =0,

Takum YUHOM,
LITY4YHOL

HEHpO-HEeUITKOI

4 4
w; =0, wy =0.

MareMaTuyHa MOJENb
MEpeXKi Ha OCHOBI

maxout Ta JiHIMHOI QyHKIIi akTuBarii, mi, mi-

CUTrMa Ta THBEPTOBaHUX
JIeHa y BUTIISI

Y, = lué ()_(! Z) = m?'X
zelZ,
Takum 49uHOM,

LITYYHOL
maxout i ReLU ¢ynxumii

HEeHpO-HEeUITKOI

i HEeWpOHIB MpeacTaB-

HZW'J'uA ) |1

i=1 j=1

relLK. (€D
MaTeMaTHYHa MOJEb
MEpeKi Ha OCHOBI

aKTHBAIlil, CHTMa-CHTMa

Ta CUTMa HEWPOHIB MPeJICTABIICHA Y BUTIISIII
1 = Mg (X,2) =

= max, w; max OZZW'J'“A

()= =D¢r,

i=1 j=1

ZeLZ,

relLK. )
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Jiist npudHATTS pillieHHs oA0 BUOOpY il
st mozaeneit (1), (2) BUKOPUCTOBYETHCS METON
MaKkcuMyMy (YHKIIIT HaJIe)KHOCTI

z' =argmax y, =argmax us(X,z), z elZ.

3. Bubip kpurepiiB ouninkn egeKTHUBHOC-
Ti MaTeMATMYHMX MoOJeseil IITY4YHOI HeHpo-
HeYiTKOI Mepeki AUHAMIYHOIO YHpaBJIiHHA
O0ydepom 3amaciB. Y po0OoTi ans OIIHKA Hapa-
METpUYHOI ieHTU(iKalil MaTeMaTUYHUX MOJIe-
Jed mTy4yHol Heipo-HeuiTkoi Mepexi (1), (2)
BHOpaHoO:

— KpuTepiii TOYHOCTI, SKHUA O3HA4YaE
BUOIp TaKUX 3HAYEHb napameTpiB
1 K .
O=(F...F",My,...my 04y, 0y, ), AKI 1OC-

TaBJSIOTh MIHIMYM CepeIHbOKBAJPAaTHIHOI TI0-
MUJIKU (Pi3HHLI BUXOAY 32 MOJEIIIIO Ta OaxKaHo-
ro BI/IXO)Z[y)

Z

Z:Z:(ypZ dy,)? - mln

plzl

@)

ne d,, — BIAryK, oTpUMaHuil 3 00’€KTa yrpas-
JIIHHSA, dpZ {01},
Y, — BIUITYK, OTPUMaHUH 32 MOJIEILTIO,

P — KibKICTh TECTOBHUX pealtizalliii;
KpUTepid HaAIHHOCTI, SKWUH O3Ha4ae
TaKUX 3HAYeHb napameTpiB

K
F*omy,,...

BUOIp

1
0=(F",..,
TaBJISAIOTh MiHIMyM WMOBIPHOCTI NMPHUIHSATTS He-

MIPaBUIILHOTO pileHHs (Pi3HUIII BUXOIY 3a MO-
JIeJUTIO Ta 0a)KaHOTO BHXO/TY)

F—BZ

p=1

My, 0110, Oy, ), sKi jmoc-

[arg max Yp #arg max d } - mgin ,(4)

}

[arg max y, = argmax d
zel,Zz

1, arg max y, » arg max d,,
_ zel,Z2
0, arg max y, =argmaxd,
zel,Z
— KpUTepill IIBHAKOMAII, IO O3HAYaE
BUOIp TaKUX 3HAYCHb napameTpiB
el K . i
O=F",...F",my,.., My, O30 Oy, ), AKi goc
TaBJISIOTh MiHIMYM OOYHCITIOBAIEHOI CKIIATHOCTI
F=T —>min. (5)
0

4. Inentndikaniss nmapamerpiB marema-
THYHHX Mojeseil ITY4YHOoI Helipo-HediTKoi Me-
pei AMHaMiyHOro ynpasJjiHHA Oy¢depoMm 3ana-
ciB Ha OCHOBi MeTOIy 3BOPOTHOIO NMOIIHPEHHSA
B NMakeTHOMY pexkumi. /s inentudikarii mapa-
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METpiB MaTeMaTHYHUX MOJIENICH IITYYHOI HEWpo-
HEUiTKOI Mepeki AMHAMIYHOTO yrIpaBmiHHS Oyde-
pom 3amaciB (1), (2) y poboti Habyna moaaIbIIoro
YIOCKOHAJICHHS TPOIICypa BU3HAYCHHS IUX Ta-
paMeTpiB Ha OCHOBI T'PaTiEHTHOTO CIYCKYy 3a pa-
XYHOK OOYHCIICHHS JIMIIE BEKTOpa IapaMeTpiB

O=(F'...F my,..,

HOTO PEXHUMY HaBYaHHS IS MPUCKOPEHHS Ha-
BYaHHS, SKa Iepeadayae BUKOHAHHS TaKHX
eTaniB:

1. Inimiamizariis 3a TOTIOMOTOK PiBHOMIp-
HOTro po3nofity Ha intepsani (0,1) nokamiit m;,

My, O110e, O)y,) 1 THAKET-

macmTabiB oy, Baru F', iell, jel
relK.
2. 3amaHus HaBYAITBHOT MHOXHHU

- T — [y | = _
{(%,,d) X, eR",d, {05}, pelP,ne X, -
P -# HOpMOBaHWI HaBYALHWUI BXITHHUNA BEKTOD,
dp
KUTBKICTh BXIAHMX 3MIHHHX, P — TOTY)XHICTH
HaByYanbHOI MHOXMHU. Homep iteparii n=1.

3. OOumcneHHs BUXiTHOTO cUTHANY (IIps-
MU Xin):
3a Mojesutio (1)

— P-¥# HaBuanpHWU BUXimHUN Bektop, | —

‘] i

|
ypz =,Llé()_(p,2)=mrax H W ,
i=l j=1
pelP 7elZ
abo 3a mogemmo (2)
y pz Zﬂé(ip,Z)Z
= max, | max{o ZZWU;:A‘ () —(1 =D,
=L j=1
peLP,ZeLZ,refR.

4. OOGuucneHHs €Heprii MOMMJIIKH Ha OC-
HOBIi KPUTEPIIO (3)
E=3 Zz(ypz —dp)
p =1z=1

5. HanamryBaHHs Baru mpaBuiI i apame-
TpiB pyHKUIT HAJIEKHOCTI (3BOPOTHUH Xix)

Wi = Wf—an—Erz, (r,2)eH 1elz,
0, (r,z2)¢H
relK,
H ={(21),(41),(61),(7,2),(83),(14),(34),(54)}
m;, =My Uﬁ iell,
omy,
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Gi1=Ui1_77—aE ) i€1,_|;
o)
3a mojemtto (1)
OE -
a\Nr Z_Z,u/_\r (x )5p21
P Ou~ K
—_lz ’\' ZWirlld (5(2))Z(W 5,),
amll P p:l r=1
_ c Au (2) S z
_—Z ZW,lId (s )Z(Wrﬁpz)
aO'u -1 90 12 2=1

abo 3a mozemtio (2)
P

E LS G,
ow? P;”A (X5)9p,
—EZP: A iw ReLU (s(z’)i(wzé )
amll_P |lr1Il z=1 TR
1 s '& ‘ r 1fa(2) z z
g :EZ Zwil ReLU (Spr )Z(Wré‘pz),
il =1 =1 z=1

Jie 7 — mapamMeTp, 1[0 BU3HAYa€ MIBUJKICTh Ha-
BuaHHi, O0<7 <l (mpm BenwKOMy 7} HaBYaHHS

BiZIOyBa€eThCsl MIBUALIE, alie 301LIbIIyeThCsl HeOe3-
NeKa OTPUMATH HEMPaBUIIbHE PillIEHHS),
2
ld'(s$?) =1,
1, s@>o0
ReLU'(s?) = o
0, sy <0

©)

1’ pzk

3 H
0, r=arg mkax{séz)k}

r=arg m'?x{s

maxout'(s$Y) = elK,

om

p| —My

=, )1z, ()
Ou;z
ﬁ—m (i) (A= 417, (X)) o)

i1 i1
Op dy).

6. IlepeBipka ymoBH 3aBeplueHHS. SKIIo
E > €, 10 36inmbmmTn HOMEp iTeparii N, mepexin
10 3. 3HaueHHS ¢ OOYMCIIOETHCS EKCIEPUMEH-
TaJbHO.

5. AaroputMm inentudikauii mapamer-
piB MaTeMAaTHYHHMX MojJesell MITYy4HOI HeHpo-
HeYiTKOI Mepeki AUHAMIYHOIO YNpaBJiHHA
O0ydepoM 3amaciB Ha 0CHOBI MeTO1y 3BOPOTHO-
ro NMOIIMPEeHHS] B NMAKEeTHOMY pexumi. Ainro-

puUT™ igeHTUdIKaALil mapaMeTpiB MaTeMaTHYHUX
MoJIeJIeH IITYYHOT HeWpo-HeYiTKOI Mepexi Ju-

= maxout'G)(y,, -
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HaMiYHOTO YyIpaBiiHHA Oydepom 3amaciB Ha oc-
HOBi METOJy 3BOPOTHOTO IIOIIMPEHHS B MaKeT-
HOMY pPEXHMI, MPU3HAYEHUH U peamizalii Ha
GPU 3a momomororw Texnomorii CUDA, mpen-
CTaBJIeHWH Ha puCyHKY 2. Llg 6mok-cxema yHK-
[IOHY€ TaKUM YIHOM.

1. Homep itepamii n=1, iHimiamizamis 3a
JIOTIOMOT'OI0 PIBHOMIPHOTO PO3IMOJIiTY Ha iHTepBa-
mi (0,1) MaTeMaTHYHKX OYiKyBaHb M. , CCPEIHBO-

ij ieﬂ, J E].,_Ji.
2. 3amaHHs HABYAJIbHOI MHOXHHH
{(x,.d,)|x,eR',d, e{01'}, pelP,

e )‘(p — P-ii HOpMOBaHUI HaBYAJILHUN BXITHUIMA

ij
KBaJApaTUIHUX Bi):[XI/IJ'IeHI) O

BEKTOP,
dy
| — KIIBKICTh BXITHMX 3MIHHHX,

P — moTyxHicTh HaBYATEHOT MHOXHHH.

|

— P -ii HaBYaNbHHUN BUXiAHUH BEKTOD,

N|e— ol Ul bl w

|t
0
Pucynok 2. Biok-cxema aaropurmy inenTudikamii
napaMeTpiB MaTeMaTHYHHUX MoJe/el ITY4YHOI
Helpo-HeviTKOoI Mepe:ki AMHAMIYHOr0 yNpaBJIiHHA
O0ydepom 3anaciB Ha 0CHOBiI MeTOAYy 3BOPOTHOIO
NMOIIMPEHHS B MAKETHOMY peKuMi

3. OOumcneHHs BUXIJHOTO CHTHATy 3a
mozemto (1) abo (2), BukopucroByroun ZP Hu-
TOK, Kl 3rpynoBaHi B Z 6OnokiB. KokHa HHTKa
00UHCITIOE Y, .

4. OOuucneHHS €Heprii MOMHJIKU Ha OC-
HOBI kpuTepito (3), BuUKopuctoByroun ZP HUTOK,
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SKi 3rpyrnoBaHi y Z O10kiB. Y KOXHOMY OJoiri,
BpPaxoBYIOUM MapajelbHy PeayKIlito, OOUHCITIO-

€ThCSI YacTKOBa cyma 3 P eneMeHTiB BUIy
2

(ypz -d pz) . .

— % YacTKOBiI CyMH, OTPUMaHI y KOX-

HOMY 0JIO1Ii, CKJIAAal0ThCS.
5. HamamryBaHHS Baru mpaBmil, BAKOPHUC-
toBytoun KP HHTOK, siki 3rpynoBaHi B K OIJIOKiB.
VY ko’kHOMY OJIOIi Ha OCHOBI MapanenbHOI PeayK-
uii obuncioeTsest cyma i3 P enemeHTiB Buay
;u/}r (Xp)apz
5
6. HamamryBanns mapamerpiB m;; QyHK-
Iii HaJeXKHOCTI, BUKOpUCTOBYIouM |P  HHTOK,
ski 3rpynoBani B | OnokiB. Y koxxHOMY 07011
Ha OCHOBI TMapamenbHOi PeayKIlii 0OYnCITIOETHCS
cyma i3 P eJICMCHTIB BUJTY
ou~ K z
LA S wiias@)y (wis,,)
om ~
=

il r=1

st momemi (1)

)gl(wfépz)

Ay

K
D wiy ReLU'(s$?

260 il r=1

neni (2).
7. HanamtyBaHHs mapamerpiB o, QyHK-

IUIST MO-
P

1i1 HaJISKHOCTI, BUKOpUcTOBYtoun IP HuUTOK, siki
srpynoBani B | OmnokiB. Y koxkHOMY OJsomi Ha
OCHOBI TapaJiejbHOI PEAyKIii O0YHCIIOETHCS
cyma i3 P €JIEMEHTIB BUTY
ou; K z
A
— N W 1d'(s?) (WZ5 )
P il pr r%pz
g z=1

il r=1

5 it moxemi (1)

Ay

K
> wiy ReLU'(s?

=

)Zl(wfépz)

abo

nemi (2).

8. Ilepemipka ymoBH 3aBepleHHS. SKIIO
E > &, To n=n+1, nepexin mo 3.

Pe3yabTaTu gocaimxenns. YucenbHe J0c-
JJDKEHHS 3allPOIIOHOBAHUX MaTeMaTHYHHUX MOJe-
Jed WTYYHOI HEeHpOo-HEeviTKOI Mepexi Ta 3BHYali-
HOTO 0araToIapoBoro NepcenTpoHa MPOBOIUIIOCS
B nmaketi Matlab 3 Bukopucrannsm Deep Learning
Toolbox (s imeHTH(iKaIl TapaMeTpiB MO
0araTomapoBoro nepcenTpoHa Ha OCHOBI 3BOPOT-
Horo mommpenHst), Fuzzy Logic Toolbox (mst
ineHTHdIKalli mapaMeTpiB 3arnporoHOBaHOI MO-
Jielti mTy4Hoi Helipo-HeuiTkoi Mepexi (1) ta (2)
Ha OCHOBI 3BOPOTHOT'O MTOIIUPEHHS).

I MoO-
P
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V Ttabnumi 1 HaBegeHO OOYHCIIIOBAJIbHI
CKJIQTHOCTI, CEepPeaHBOKBAAPATHIHI ITOMUIKH
(Mean Square Error, MSE), iiMmoBipHOCTI mpHii-
HATTS HENPaBWIBHUX pIMIeHh 3 JIUHAMIYHOTO
ynpaBmiHHS Oydepom 3amaciB, OTpuMaHi Ha
OCHOBI Ha0Opy JaHUX JIOTICTUYHOI KOMMaHii
«Ekol Ukraine» 3a 10moMororm mTy4HOT HEi-
POHHOI Mepexi Tuily OaraToIIapoBHi MepCemnT-
pon (MLP) ta HelipoHHa Mepexka 3 pajianbHO-

6asucanmu PyHkuissmu (RBFNN) 31 3BopoTHHM
nomupenHasM (BP), Ta 3amporoHoBaHnx Moze-
neit (1) ta (2) 3i 3BoporHuM nomupeHasam (BP).
I[Ipu mpomy MLP maB nBa mpuxoBaHi Mmapu
(KOXeH ckiIagaBcs 3 IMECTH HEHPOHIB, K 1 BXi-
naui map), RBFNN mana oauH npuxoBaHMii
map 3 12 HeiiponiB, P — noTyXHICTh HaBYalb-
HOi MHOXHHHM, N — KINIBKICTh BHKOHAHHX
iTeparrii.

Tabmums 1. O6uucaoBaIbHA CKJIAIHICTH, CepeIHLOKBAAPATHYHA MOMUIKA, HAIMOBIPHICTH
NPUAHATTS HeMPABWJIBHUX pillleHb 100 AWHAMIYHOI0 ypaBJiHHs 0ydepoM 3amaciB

Monerns Ta MeTOA ineHTH(IKALii MSE IMoBipHICTH TPUHHATTS OOyuciroBagbHa
napaMeTpiB HENIPAaBUIIBHOTO PilICHHS CKJIQJHICTb

MLP 3 BP 3 norictnaroi0 QyHKIT€0 aKTHBAMii 050 0.20 T=PN
6e3 Bukopuctanass CUDA ) )
RBFNN3 BP B makeTHOMY pexuMi 3 (HYHKIII€I0 0.40 015 T=PN
aktuBamii ['ayca 6e3 pukopuctanas CUDA
ABropcpka Monens (1) 3 BP B maketHOMY pe-
KHMMI 3 JIOTICTUYHOIO (DYHKLIEI HaNEKHOCTI 3 0.10 0.07 T=N
BukopuctanHiM CUDA
ABTopcbka Mognens (2) 3 BP B makeTtHOMy pe-
KHUMI 3 JIOTICTUYHOIO (DYHKLIEI HaJIKHOCTI 3 0.20 0.10 T=N
BukopuctanHaM CUDA

Ooroeopennsi pe3yiabraTtiB. Ha ocHOBI
MIPOBEJICHUX EKCIIEPUMEHTIB 0YyJI0 BCTaHOBJIECHO,
IO:

1. Jlns 30inemenss Oydepa 3amnacis Ha 1/3
HeoOXimHO, 100 BHUKOHYBajacs Xxo4ya O onHa 3
JIBOX YMOB:

— ruOuHa riepeOyBaHHS Y YEPBOHIN 30HI
Oydepa 3amaciB CTaHOBHWIIA IIOHAWMEHINE IOJIO-
BUHY I1i€i 30HU, TOOTO KUIBKICTh 3amaciB He Oijb-
I1a 32 TIOJIOBHMHY Ili€l 30HU (mapameTpu (yHKIIT
leax _ leln

6
me ™" — MiHiMambHa KiTbKiCTh 3amacis ToBapy

HAJIOKHOCTI My, = X + ,01, —0.05,

(Mexa MK YOPHOIO Ta YEPBOHOIO 30HaMu Oyde-

max
X

pa 3amacis), — MakcHMMajbHa KUIbKICTh 3a-

naciB ToBapy (Mexa MK 3€JIEHOI0 Ta CHHBOIO
30Hamu Oydepa 3amnacis));

— TpHUBANICTh 3HAXO/KEHHS y HYepBOHIii
30HI Oydepa 3amaciB cTaHOBWJIA IIOHAHMEHIIE
4OoTUpU JHI (mapameTpu (QYHKLIi HaJeKHOCTI
m,, = 4,0, =0.05).

2. J1na 3menmenns Oydepa 3anacis Ha 1/3
HEOO0XiIHO, 100 TPUBANIICTh 3HAXO/HKCHHS B 3€-
JieHilt 30H1 Oydepa 3anaciB cTaHOBWIJIA HE MEHIIE
YOTHUPHOX JHIB (MapameTpu QYHKIIT HaJeKHOCTI
My, = 4,04 ~0.05).

BingnosigHo 10 gaHux Tabnwuii 1 Hafikparri
pe3ynbraTi gae mojaens (1) 3 ineHTudikariero na-
pameTpiB Ha OCHOBI 3BOPOTHOTO motmpeHHs (BP).
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Ha ocHOBI mpoBeleHHX EKCIEPUMEHTIB
MO>KHa 3pOOUTH HACTYITHI BUCHOBKH.

MLP ta RBFNN MaoTh y OpuUxoBaHOMY
mapi QyHKIii akTUBaLii JHIIe OJHOTO THIy (JI0-
rictuuny Ta ['ayca BiJiOBiIHO), IO 3HMXKYE TOY-
HiCTh Kinacugikarii.

KinbkicTh HEHpPOHIB y MPUXOBaHOMY IIapi
MLP ta RBFNN He aBTOMaTH30BaHa i BU3HAYa-
€TBCS EMIIPUYHUM I[UIIXOM, IO 3HIXKYE TOY-
HICTh Kiacuikalli Ta MBHIAKICTh ineHTHDIKAIT
napameTpiB MOJIEI.

3anponoHoBaHi MOJENI JI03BOJISIIOTH YCY-
HYTH I HEJTOJIIKH.

BucHorku:

1. Jlns BupinreHHsS MpoOJIeMH ITiIBUIEHHS
e(eKTUBHOCTI JMHAMIYHOTO YIIPaBJIiHHS Oydepom
3amaciB  OyJI0O JIOCHI/PKEHO BIIOBIIHI METOAU
mTyyHoro inrenekty. Lli mociipkeHHs moKa3aim,
10 Ha CHOTOJHINIHIM JIeHb Halie(EeKTHBHIIINM €
BUKOPUCTAaHHS ITYYHUX HEMPOHHHUX MEPEX Y T0-
€JTHAHHI 3 CHCTEMOIO HEYiTKOTO BHBE/ICHHSI.

2. HoBu3Ha AOCHiIKEHHS MOJSATaEe B yAO-
CKOHAJEHHI METOAY IUHAMIYHOTO YIIPaBIiHHA
Oydepom 3amacis, KU, Ha BiIMiIHY BiJI iCHYFO-
YUX, BUKOPUCTOBYE HEYITKY JIOTIKY Ta IITYYHI
HEHpOHHI Mepexi, Mo 3ade3neuye npeacTaBiIeH-
HSl 3HaHb MpO ynpasiiHHsA Oydepom 3amaciB y
BUTJISII TIPABUII 3 JIHTBICTHYHUMU KOHCTPYKITisi-
MH, SIKi € JIETKOJOCTYITHUMU JIJIsl PO3YMIiHHS JTIO-
JUHOIO; 3MEHIIY€e OOYMCIIOBAJbHY CKIAIHICTh,
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CepeAHBOKBAIPATHUHY MMOMUJIKY Ta HMOBIPHICTb
NPUHHATTS HEIPABHIBHOTO PIIICHHS 332 PaXyHOK
aBTOMAaTUYHOTO BHUOOPY CTPYKTypH MOJEII,
3MEHIICHHS! HMOBIPHOCTI MOMAJaHHS B JIOKAJb-
HUH EKCTPEeMyM Ta BHKOPHCTaHHS TEXHOJIOTIi
napaiensHoi o0poOku iHMoOpMarIIii aIsT 3BOPOT-
HOT'O TIOIIMPEHHS B TAKETHOMY PEXKUMI.

3. IlpakTruyHe 3HaueHHS POOOTH MONATAE
B TOMY, IO 3alPONOHOBAHUN METOJ HEMpo-
HEYITKOTO IUHAMIYHOTO YIpaBiiHHSI Oydepom
3araciB 3a paXyHOK BUKOPUCTaHHS HEUiTKOI JI0-
TIKW Ta MTYYHUX HEUPOHHHUX Mepex 3abe3meuye
HMOBIpHICTB HEIPaBHJILHOTO TIPUAHSTTS
pilleHs 3 OUHAMIYHOTO YMpaBiiHHS Oydepom
zanaciB 0.07, a cepeHbOKBaApaTHUHY ITOMHJI-
ky — 0.10.

4. TlomanplIMMU TIEPCIICKTHBAMU  JOCIIi-
JOKEHHSI € BUKOPHCTaHHS 3alpPOIMIOHOBAHOTO Me-
TOMY HEHPO-HEUITKOTO JUHAMIYHOTO YIPABIIiHHS
OytdepoM 3amaciB Is Pi3HUX IHTEIEKTYaIbHHUX
CHCTEM YIpPaBIiHHA JIWHAMIYHUMHU 00’ €KTaMH
HPUPOJTHOIO MOBOIO.
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METHOD OF DYNAMIC MANAGEMENT OF INVENTORY BUFFER
BASED ON SOFT CALCULATIONS

Currently, more and more companies seek to improve and optimize their business processes
based on the implementation of the technology of the theory of constraints, which provides dynamic
management of the inventory buffer and is used to manage supply chains. As a result, the relevance of
the development of methods of intellectualization of the technology of the theory of constraints is in-
creasing significantly. To date, there are no computer systems for dynamic management by the inven-
tory buffer, which are based on soft calculations.

The aim of the work is to improve the efficiency of dynamic management of the inventory buffer
by means of an artificial neuro-fuzzy network, which is trained on the basis of the back-propagation
method.

In order to solve the problem of increasing the efficiency of the dynamic management of the in-
ventory buffer, appropriate methods of artificial intelligence were investigated. Research data has
shown that the most effective method today is the use of artificial neural networks in combination with
a fuzzy inference system.

The paper proposes a method of dynamic management of the inventory buffer based on soft cal-
culations. The novelty of the research is that for dynamic management of the inventory buffer a meth-
od based on fuzzy logic and an artificial neural network, and also two models of artificial neuro-fuzzy
network of the dynamic management of the inventory buffer have been created, three criteria for eval-
uating the effectiveness of the proposed models have been selected, the parameters of the proposed
models based on the method of back propagation in batch mode, oriented on the technology of infor-
mation parallel processing, have been identified.

As a result of numerical study, it is established that the proposed method of neuro-fuzzy dynam-
ic management of the inventory buffer provides a probability of incorrectly made decisions regarding
the dynamic management of the inventory buffer of 0.07, and a root mean square error of 0.10.

The proposed models and procedures for their parametric identification allow to increase the
speed, accuracy and reliability of decision-making. The proposed method of dynamic management of
the inventory buffer based on soft calculations can be used in various intelligent systems.

Keywords: theory of constraints, artificial neural network, fuzzy inference systems, CUDA
technology.
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METHOD FOR MINIMIZATION OF BOOLEAN FUNCTIONS WITH A LARGE NUMBER
OF VARIABLES BASED ON DIRECTED ENUMERATION

The development of computer technology directly depends on the development of methods for
synthesizing components of digital computer technology, therefore the automation of the process is
observed in the development of microcircuits. Boolean algebra is widely used for the synthesis of cir-
cuit models, and one of the problems in this case is the dependence of the complexity of implementing
a given circuit on the number of variables of the Boolean function that implements it. Based on this, it
can be argued that the increase in the number of variables in the functions that require minimization
requires the search for new or improvement of existing methods of minimization of Boolean functions,
which will be easy to use, descriptive and have the ability to automate the implementation of the mini-
mization process.

The task of developing effective methods of minimization of Boolean functions for simulation of
circuits with linear and polynomial dependence of simulation speed on the number of variables of the
implemented Boolean function remains relevant.

The object of research is the process of minimization of Boolean functions, which are used in
the construction of circuits of digital automata.

The purpose of this work is practical implementation of the method of minimization of Boolean
functions based on directed enumeration when increasing the number of variables.

The objective considered in this work is to develop and implement the method of minimization
of Boolean functions, which will help to minimize Boolean functions based on directed enumeration,
the bitness of which exceeds ten variables, as well as to increase the efficiency of search when bond-
ing implicants with a large uncertainty in the sets of functions. Since all existing methods of minimi-
zation face the problem of cumbersome calculations when the number of variables increases, the
method of directed enumeration, which is quite effective in the case of large uncertainty in the sets,
has been chosen for the study. Based on the calculations, it has been determined that this method of
minimization of Boolean functions is efficient and easy to use. Its main advantage is the possibility
of implementation by means of computer technology, and directed enumeration as the basis can
reduce the requirements for hardware and software resources of automated design systems.

Keywords: method of minimization, Boolean functions, set of function values, directed enu-
meration.

Introduction. The use of algorithms that [1]. The rapid development of computer technol-
operate on Boolean structures is typical for solv- ogy has led to the fact that most calculations re-
ing many applied problems, for example, the lated to various spheres of human activities are
study of the operation of circuits consisting of  carried out automatically with the help of modern
functional elements that can be used to describe  computers. Since the development of computer
the mathematical model of the operation of any technology directly depends on the development
computer, minimization of disjunctive normal of methods for synthesizing components of digi-
forms, the problem about the feasibility of the tal computer technology, the automation of the
Boolean function, the problem about the absence  process is also observed in the development of
of tautologies, the problem about the complete- microcircuits. The main work in the development
ness of the set of connections and many others and debugging is allocated to work with the cir-
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cuit model, and only after that physical synthesis
takes place. Boolean algebra is used for the syn-
thesis of circuit models, that is, circuits are de-
scribed using analytical expressions of logical
functions. One of the problems that arise during
the synthesis of circuits is the dependence of the
volume (complexity of implementation) of the
circuit on the number of variables of the Boolean
function that implements it.

One logical function can be described by a
set of equivalent representations in the form of
logical formulas. It is known that any logical
formula can be transformed into a disjunctive
normal form (DNF). For this, for example, one
needs to use the law of double negation, de Mor-
gan's law, and the law of distributivity.

The disadvantage of the methods for ob-
taining the functions of a perfect DNF (or a
perfect KNF) can be considered that when en-
suring, in general, the correct functioning of the
devices, the resulting circuits are often unrea-
sonably complex. They require a large number
of logical elements and have low efficiency. It is
clear that the simpler is the analytical expression
of the function, the more economical and sim-
pler is its practical implementation on integrated
microcircuits. That is why, when describing, it
is necessary to obtain such a version of the for-
mula, so that the logical function has the sim-
plest representation of the logical function. Af-
ter all, the compactness of the circuit directly
depends on the simplicity of the formula of the
logical function, and only in this case it is pos-
sible to obtain it with the best indicators of im-
plementation complexity. In most cases, it is
possible to simplify the logical expression with-
out changing the function. The methods for
simplifying a function are called the methods of
minimizing functions.

Minimization means the transition from a
perfect DNF to a DNF with a minimum of com-
ponents, while the number of multipliers in each
component should also be minimal, that is, it’s
necessary to reduce the number of variables and
operations in the DDNF as much as possible.

There are quite a lot of minimization
methods today, both analytical and graphical
ones: the method of direct transformations of
logical functions, the method of undefined coef-
ficients, the Quine method, the Quine-McCluskey
method, the graphical method, Karnaugh maps,
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Veitch maps [2]. All of them have advantages
and disadvantages, especially depending on the
possibility of automating the process of their
implementation and the number of variables in
the functions to be minimized. At the same time,
none of them is universal.

Therefore, the problem of minimization of
the Boolean function is the most important stage
of the logical synthesis of discrete devices. In the
general formulation, the problem of minimization
of Boolean functions has not yet been solved, but
it is quite well researched in the class of disjunc-
tive-conjunctive normal forms.

Based on this, it can be argued that the in-
crease in the number of variables in the functions
that require minimization requires the search for
new or improvement of existing methods of min-
imization of Boolean functions, which will be
easy to use, descriptive and have the ability to
automate the implementation of the minimization
process.

Analysis of recent research sources.
Quite a lot of modern research is devoted to the
search for new and improvement of existing
methods of minimization of Boolean functions,
because this problem is relevant even today when
synthesizing the models of digital devices to
achieve the minimum complexity of their con-
struction. In particular, one of the ways to im-
plement new effective methods of minimization
of Boolean functions is their representation in
new forms. For example, in [3, 4] it is proposed
to implement logical functions in an orthogonal
form, which is considered as a promising direc-
tion for the development of Boolean algebra, and
in [5, 6] the possibility of applying integer math-
ematical programming to minimization of Boole-
an functions is considered. When considering
Boolean functions, typical of circuits that imple-
ment arithmetic operations, the gain is even
greater. In addition, AND/EXOR circuits are
easier to diagnose [7, 8]. The proposed method of
minimization of 5-bit Boolean functions has a
number of features for solving the problem of
minimization of the logical function [8].

In [10], a description of a new method for
minimizing Boolean functions in an orthogonal
form of representation and obtaining a minimal
DNF by step-by-step parallel decomposition of
Boolean functions into an orthogonal form of
representation is given during the allocation of
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argument numbers to the basic and informational
parts, respectively. It is shown that the proposed
method of minimization of Boolean functions in
an orthogonal form isn’t inferior to the generally
accepted methods of minimization by the imple-
mentation complexity factor and has the ad-
vantage that there is no need to perform addition-
al minimization of intermediate results.

In addition, methods such as minimization
by parts [11] and parallelization [12, 13] are
widely used for minimization of Boolean func-
tions, especially with a large number of variables.

To date, all possibilities for increasing the
stability of cryptographic systems based on the
use of logical operations (Boolean functions) of
cryptographic transformation have not been ex-
hausted. Cryptotransformation operations built
on the basis of logical functions deserve special
attention [14-15].

Although powerful studies have been con-
ducted and promising results have been obtained
regarding the methods of implementation of
Boolean functions, the task of developing effec-
tive methods of minimizing Boolean functions
for simulation of circuits with linear and poly-
nomial dependence of simulation speed on the
number of variables of the implemented Boolean
function remains relevant.

The purpose and objectives of the re-
search. The purpose of this work is practical
implementation of the method of minimization of
Boolean functions based on directed enumeration
when increasing the number of variables.

Presenting main material. The method of
minimization of functions based on directed
enumeration is carried out as follows:

1. The truth table is sorted in ascending
order by the values at which the function takes
values of zeros and then ones. Thus, the table is
divided into two subgroups.

2. The bitness of the truth table is deter-
mined and the number of contours of one varia-
ble is formed.

3. The presence of combinations of 0 and
1 in the formed contours of the 1st variable is
checked.

4. There are three possible cases of distri-
bution of 0 and 1 in the contour:

o the contour contains both zeros and

ones;
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« there are ones in the contour, but no zeros;

o there are zeros in the contour, but no
ones.

5. The contour in which there are no zeros
is written into the minimization formula and ones
included in it are removed from the list (from the
table). Variables and contours are deleted.

6. Recalculation of values in contours
with one variable is performed again. If there are
ones in the contour, but no zeros, then the search
is repeated. If any other option occurs, then it is
checked whether there are zeros in the contour,
but there are no ones. If there are zeros and no
ones, then contours that do not have ones are
removed from the list.

7. The next step is to construct contours
based on two variables.

8. Contours are built with a bitness equal
to the number of variables. Recalculation takes
place according to the algorithm described above.

The specificity of this method is that its
greatest efficiency is achieved with a large num-
ber of undefined values on certain sets of the
function.

Example 1. Let’s consider the case of
minimization of a f; Boolean function in four

variables with a given option of values (Table 1).

Table 1. Sorted truth table of the f;
function

No. | X2 | X2 | X3 | X4 fy
0 0 0 1 0 0
1 0 0 1 1 0
2 0 1 1 0 0
3 1 1 1 0 0
4 0 0 0 0 1
5 0 0 0 1 1
6 0 1 0 1 1
7 1 0 0 1 1
8 1 0 1 0 1
9 1 1 0 0 1

10 1 1 0 1 1
11 1 1 1 1 1

First, let's sort this truth table by the value
of the f; function in the sets. Next, let’s count

the number of corresponding contours and enter
the obtained values in Table 2.



BicHuk YepkacbKkoro gep>xaBHOro TeXHONOriYHOro yHiBepcuteTy

1/2023

Table 2. One-variable contours for the f;
function

0 1 1
1 1 5 2
X1
2
3, 3 3 0
3 2 4 1
X2
4
5, 2 4 1
‘o S 4 2 2
6 0 n
ol < 6D 0
7
9 3 5 1
8
% 1 3 1

As a result, we have that the number of ze-
ros in the x5 contour is zero, and the number of
ones is the maximum. Therefore, the resulting
contour is removed from further calculations and
is written into the minimal disjunctive normal
form (MDNF) of the function.

Let’s delete in Table 2 the lines on which
the value of the sets coincides with the value of
the minimized contour for one x5variable (Ta-

ble 3).

Table 3. Deletion of rows in the truth ta-
ble of the f; function

No. | X1 | Xa | X3 | Xg | fy
0 0 0 1 0 0
1 0 0 1 1 0
2 0 1 1 0 0
3 1 1 1 0 0
4 0 0 O 0 1
5 V) V) © T 1
6 6 1 6 1 1
7 T 6 v T 1
8 1 0 1 0 1
9 1 1 0 0 1
10 |& 1 0 1 1
11 |1 1 1 1 1

After deletion of lines and recalculating
the contours (Table 3), in which the f; function
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takes the value of one, we remove x; from fur-
ther use, since there are no more ones left in it.

Let’s form two-variable contours for the
f, function (Table 4).

Table 4. Two-variable contours for
the f; function

X1X2

X1 Xo

X1X3

X1Xg

Xli4

X2 X3

XoXg

X2¥4

Ol N O O | W N -

X2 X3

=
o

i2X4

[E=Y
[E=Y

X%,

=
N

X3Xy

Wlkr|lRkrRr|NMNMD oM o|lolr|o|R|o
R Rk Rr|OorRr|lOolkR|R|lOlRINR|[RL|[F
o|lo|lo|o|o|o|lo|lo|lo|lo|lo|jo|o|r

[ER
w

X3i4

Thus, after minimization and recalcula-
tion of values, we have that MDNF functions
f1 =X3 Vv X1Xo v X1X4 OF T =X3 VXXV XpXy.

Since the method of minimization of
Boolean functions by directed enumeration al-
lows to minimize functions with an arbitrary
number of variables, let’s consider an example
of minimization of six-variable Boolean func-
tion (Table 5).

Table 5. Six-variable truth table for
the f, function

No. | x¢ | Xo | X3 | Xa | X5 | 6 | T2
0 0 0 0 0 1 0 0
1 0 0 0 0 1 1 0
2 0 0 0 1 0 1 0
3 0 0 0 1 1 0 0
) 0 0 0 0 0 1 1
5 0 0 1 0 0 1 1
6 0 0 1 0 1 0 1
7 0 0 1 1 0 1 1
8 0 0 1 1 1 0 1
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Example 2. Using the values of Table 5, Table 6. One-variable contours for
let’s form the contours for the one-variable f, the f, function

function (Table 6) and calculate the correspond- 0 1 1
ence between the values of the truth table and 1 X1 0 0 0
one-variable contours for the sets in which the f, 2 x 4 5 1
function takes a zero value and sets in which the 3 x 0 0 0
function takes a one value. a Z 4 5 1
As a result of the calculations, we have 2
that x, and x, contours count zero values in the S X3 0 4 0_»p
truth table, therefore they are removed from fur- 6 X3 4 1 1
ther consideration and do not participate in the T % 2 2 0
formation of two-variable contours, and the xj 8 X4 2 3 1
contour is included in the MDNF f, function, 9 X5 3 2 0
therefore it also does not participate in the for- 10 Xs | 1 3 1
mation of two-variable contours. 11 Xg | 2 3 1
The lines covered by the contour are also 12 % | 2 5 0
deleted from the truth table (Table 7).
Table 7. Deletion of rows from the truth table of the f, function
No. X1 X2 X3 X4 X5 X6 fy
0 0 0 Q 0 1 0 0
1 0 0 0 0 1 1 0
2 0 0 d 1 0 1 0
3 0 0 d 1 1 0 0
4 0 0 d 0 0 1 1
5 8 8 4 8 8 1 1
6 0 0 1 0 1 0 1
7 8 8 4 1 8 1 1
8 0 8 4 1 1 8 1
After deletion of rows and columns in the Table 9. Two-variable contours for
truth table, we recalculate the contours where the  the f, function
function has a one value (Table 8). 0 11 11
Table 8. Truth table of the f, function 1 % |4 |1 0
after deletion 2 XX |2 |1 |0
No. | x¢ | x| xa | x5 | x | f2 3 XXs |1 |1 |0
0O0J]oO]j]O0O]0]1]0]O 4 XX |2 |1 |0
1 ]0]0j0]212]1]0O0 p—
21]ojo0oj1]J0}|J1]0O0 > X |2 |1 |0
3lofol1]1]ofo 6 XX |1 |1 |0
4 10(0|0]JO0]1]1 7 X, [2 |1 |0
It is obvious that x,, x5 and %; contours 8 _X4X5 0 |1 |0
do not participate in the formation of two- 9 X |1 |1 |0
variable contours, so we form two-variable con- 10 Xx |1 |1 |0

tours from such one-vatiable ones: %, X,, X3,
)_(4, )_(5, X6 (Table 9)
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Research results. The obtained method
provides a positive effect due to the processing of
the amount of information greater than the length
of the key sequence.

The number of transformation functions in
the sets is selected taking into account the bitness
of command codes and the bitness of the infor-
mation being converted. At the same time, the
sequence of functions in the sets and their num-
ber can additionally provide an increase in the
confidentiality of the information transcoding
process and guarantee the implementation of
requirements for high-speed access.

To quantitatively assess the efficiency of
access to information based on the implementa-
tion of the developed method, it is proposed to
measure the time of cryptographic transcoding in
the number of operations of cryptographic addi-
tion. A standard cryptosystem provides trans-
coding during the time of key formation and the
time of one cryptographic addition operation. The
device provides transcoding in four cryptographic
addition operations and the time of key formation.

Calculations of cryptographic transcoding
time under the condition of using a four-bit de-
vice are presented in Table 10.

Table 10. Calculations of cryptographic transformation time

Time Cryptographic transcoding time
of key sequence (in the number of cryptographic addition operations)
acquisition standard proposed standard proposed standard proposed
2 6 8 12 8 24 12
4 10 12 20 12 40 16
6 14 16 28 16 56 20
8 18 20 36 20 72 24
10 22 24 44 24 88 28
12 26 28 52 28 104 32
2 bits 4 bits 8 bits
Increase of the amount of information

Since a four-bit cryptographic transfor-
mation device is used, we can simultaneously
process 2-4 bits of information. When processing
6-8 bits of information, the device will process it
in two cycles of operation, 12-16 bits of infor-
mation — in three cycles of operation, etc.

The results of evaluating the efficiency of
cryptographic transformation of information
when implementing the developed method under

1,6 -
1,4

S
/
/

—_
1

T — —
—_———

the condition of using a four-bit information
transcoding device are shown in Figure 1.
In Figure 1, we have the following desig-

nations:

* OR — standard coding system;

¢ 1R — system with 2-bit data transformation;

* 2R — system with 4-bit data transformation;

* 4R — system with 8-bit data transformation.

——-1R
— — 2R

of cryptographic

Relative estimate
transformation time

o o o o
o™ d o
|
/

2 4 6 8

12 14 16 18 20

Time of access to remote information
(in the number of addition operations by modulo two )

Figure 1. Dependence of the relative estimate of cryptographic transcoding time on the time of access
to protected remote information
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From the graph shown in Figure 1, it can
be seen that the relative estimate of cryptographic
transcoding time depends on the amount of pro-
cessed information and the time of obtaining the
key sequence.

Taking into account the calculations of the
cryptographic transformation time (Table 10) and
the dependence of the relative estimate of crypto-
graphic transcoding time on the time of access to
protected remote information (Figure 1), we can
confidently conclude that the application of this
method allows to increase the speed of access to
confidential information from 1.65 up to 3.1
times depending on the key acquisition time and
transformation bitness.

Discussion of the result. After counting
the contours in this truth table (Table 9), we have
found that the X,X. contour at zero value of the

function occurs zero times, therefore, it is includ-
ed in the MDNF of f, function.

After deletion of the line covered by the
X,Xs contour and recalculation of values in the

sets in which the function takes the values of one,
we have that the X,X; contour has covered all the

remaining sets. Therefore, the number of ob-
tained contours is zero, and so the construction of
three or more variable contours does not make
sense. Consequently, we have obtained MDNF of
the f, = x, VX,X; function.

The performed calculations have con-
firmed the efficiency and simplicity of applying
the method of minimization of Boolean functions
based on directed enumeration with the number
of variables 4 and 6. Moreover, the use of this
method of finding MDNF of a function makes it
possible to reduce the requirements for software
and hardware of automated systems of discrete
device design due to the simplicity of implemen-
tation of the directed enumeration algorithm,
which is the basis of the proposed method.

Conclusions. Therefore, the conducted re-
search on the implementation of the method of
minimization of Boolean functions based on di-
rected enumeration makes it possible to affirm
that the considered method shows effective re-
sults when increasing the number of undefined
values in certain sets of functions, which makes it
possible to reduce the time of access to confiden-
tial information resources from 1.65 to 3.1 times
depending on the time of obtaining the key se-
guence and the transformation bitness.
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The implemented method based on di-
rected enumeration has shown the correctness of
its use when minimizing Boolean functions with
an increased number of variables, and the sim-
plicity of the directed enumeration algorithm
allows for its technical implementation on com-
puter equipment. In further scientific research,
this method will be used to solve the problem of
construction of a discrete model of pseudoran-
dom sequence synthesis using available compu-
ting equipment and checking the possibility of
increasing the stability of pseudorandom se-
guences built on the basis of operations of cryp-
tographic transformation to linear cryptanalysis.
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METO/]I MIHIMI3AIIIl BYJIEBUX ®YHKIIIHA 3 BEJIUKOIO KIJIBKICTIO 3MIHHUX
HA OCHOBI HAITPABJIEHOTI'O ITIEPEBOPY

Poszsumox 06uucniosanbHoi mexmiku Hanpsamy 3anedxicums 6i0 po3eUmMKY Memooie CUHmMe3y KOM-
NOHeHmi6 Yudposoi 0OUUCTIOBATIbLHOI MEXHIKU, MOMY A8MOMAMU3AYIA Npoyecy cnocmepieacmscs i npu
po3pobyi mikpocxem. s cunmesy mooenell cxem WUpoKo UKOpUCMosyemucs Oynesa aneedpa i 00Hi-
€10 13 NpobaEM, WO BUHUKAIOMb NPU YbOMY, 88ANCAEMBCI 3ANEHCHICHb CKIAOHOCMI peanizayii nesHoi
cxemu 610 KitbKkocmi 3MiHHUX Oy1e6oi (hyHKyil, wo ii peanizye.

Buxoosiuu 3 yvo2o, mosicna cmeepodcysamu, wo 30IIbUEHHS KITbKOCMI 3MIHHUX Y OVHKYIAX, SKI
nompebyloms MiHiMi3ayii, gumMazae NOUYKY HOBUX A60 800CKOHANECHHS ICHYIOUUX MEMOOi8 MIHIMI3ayii
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oyneeux ¢hymxyitl, wo 6y0ymv NpOCMUMU y 3ACTNOCYEAHHI, HAOYHUMU WA MAMUMYTE MONCIUBICTD
asmomamu3yeamu peanizayilo npoyecy MiHiMizayii.

3anuwaemscsa akmyanvHow 3a0a4a po3pooKu egheKmusHUX Memooie MiHimizayii 6ynesux QyHk-
Yitl 0715t MOOEGTIOBAHHS CXeM, WO MarOmb JIHIUHY MA NOJTHOMIANIbHY 3ANIeHCHICMb UEUOKOCTT MOOeio-
BAHHS 8I0 KIILKOCMI 3MIHHUX OY1e80i YYHKYII, Wo peanizyempCs.

006’exm docnioxcents — npoyec MiHiMizayii Oy1esux yHKYil, AKi BUKOPUCHOBYIOMbCA NPU HO-
0y0086i cxem yugposux agmomamis.

Memoro pobomu € npaxmuuna peanizayis memooy MIiHIMI3ayii Oyieeux QYHKYIl HA OCHOBI Ha-
npasieHo2o nepebopy npu 30LNbUeHHI KIIbKOCMI 3MIHHUX.

3aoaua, axa posensdoacmocs 8 yili pobomi, nouseac 8 po3podbyi ma peanizayii Mmemooy MiHimiza-
yii’ bynesux Qynxyiu, axuti 003601umv MIHIMIZyeamu Oynesi YyHKYI Ha OCHOBI HANPAasLeHO20 nepebo-
DYV, PO3PAOHICIb AKUX NEPEeBUWYE OeCAMb 3MIHHUX, A MAKOXC 30inbuumu eqheKmusHicms nouyKy npu
CKIEI0B8AHHI IMIIIKAHM 3 8eIUKOI0 HEBUSHAUEHICMIO HA HAOOPAX YHKYIU.

Ockinvku 6ci iCHYIO4l MemoOu MIHIMI3ayii CIUKAmMbcsi 3 NPoOIeMol0 2poMI30KUX 0OUUCTeHb
npu 30i1bULeHHI KITbKOCMI 3MIHHUX, OJi1 00CAI0NHCEHHs OYNI0 8UOPAHO came Memood HaAnpaeieHo2o0 nepe-
bopy, AKull € 0ocums epeKmusHUM NPU BEUKIL HEBUSHAYEHOCTI HA HADOPAX.

Ha ocnosi nposedenux po3paxyHkié SUHAHEHO, WO PO3TAHYMUL Memoo MIHIMizayil Oyreeux
@yukyii diesuti ma npocmuil y 3acmocyéanii. OCHOBHOIO 11020 NEPesazord € MONCIUBICIb peanizayil
3acobamu 0OUUCTIOBANLHOI MEXHIKU, a NOKIAOeHULl 8 OCHO8Y HANPAsieHUll nepedip 0036018€ 3MEeHUIU-
mu 8UMO2U 00 NPOSPAMHO-ANAPAMHUX PECYPCI8 CUCTEM ABMOMAMU308AHOZ0 NPOEKMYBAHHS.

Knrouoei cnosa: memoo minimizayii, oynesi (hynkyii, Habip 3Havensb QyHKYLL, HanpaeieHull ne-

pebip.

© A. A. Sysoienko, S. V. Sysoienko, 2023
DOI: 10.24025/2306-4412.1.2023.274914

51



ISSN 2306-4412 (Print), ISSN 2306-4455 (CD-ROM), ISSN 2708-6070 (Online)

JEL 004.7

[0000-0003-4816-46%0] B B \Mixan?, acnipanm,
e-mail: mihaw.wolodymyr@gmail.com
[0000-0001-8791-0063] & ' B Mesremxo’, 0-p mex. nayk, npoghecop,
[0000-0001-6951-2002] () vp, I[peenl, KaHO. mexH. HAyK, OOYeHM,
[0000-0002-1596-4123] A (). JIaBpamebKuii?, kano. mex. HAYK, OOYeHm
! [lenTpanbsHOyKpaiHChKHiT HAIIOHALHUI TEXHIYHHMIT yHIBEpPCHTET
mpocil. YHiBepcureTchkui, 8, M. KponuBuuiiskuii, 25006, Ykpaina
qupKaCbKI/Iﬁ Jiep>KaBHUH TEXHOJIOTTYHUH YHIBEPCUTET
0-p llleBuenka, 460, m. Uepkacu, 18006, Ykpaina

MOJIEJIb PEKOMEHIALIIITHOI CUCTEMH
JUUISI KOMIT'FOTEPHUX MEPEK TUITY P2P

Y yiti cmammi nposedeno oocniddcenusn ancopummie pobomu peer to peer mepedic. Ilpogedero
NOPISHANbHUU AHANI3 MemOOi6 NOWLYKY OGHUX V YeHMPANi308anux, 0eyenmpaiizo8anux HecmpyKmy-
POBaHUX Ma OeyeHmpanizo8anux CmpyKmypoganux oOHOpPaH208ux mepedcax. Buseneno, wo icnyioui
Memoou pobomu 0OHOPAH208UX MEPEIC HE 3ACTHOCOBVIOMb OISl NOKPAWEHHS NOULYKY OAHUX PEKOMEH-
Oayiuni cucmemu. Pospobreno mamemamuuny mooeinsb pekoOMeHOayiluHoi cucmemu 0 OeyeHmpai-
306anoi P2P mepeosici 3 0oensdy nHa énodobanns Kopucmyeauie ma KilbKicmb nepexodie 00 3a6aHma-
JrcenHs oanux. Pozpobneno memood ¢hopmysanns pexomenoayii Onsi KOPUCMYBAYIE8 KOMN TOMEPHOL
Mepedxci muny peer to peer Ha OCHOBI 3aNPONOHOBAHOL MAMEMAMUYHOI MOOel.

Y P2P mepexcax eunuxae npobiema inoekcayii ma nowyky Qaiinie Ha pisHUX npucmposx me-
peoici. 3 pi3HUX NPUYUH WYKAHT Gatiiu Moxcyms Oymu HedocmynHi OJisi KOPUCMy8aud, HAeimov SKujo
80HU OYIU 000aHi paHiue 0o cucmemu ma npoindexcogati. Hanpuknao, xomn tomepu, wo micmame
nompionull gatii abo mabauyi mapupymuzayii 00 HbO20 YU 1020 YACMUH, GUUWIU 3 Mepedici abo 3a-
Cmocogylomuvcs mexnonozii nooyooeu P2P mepeoici 3 timogipHicHUMU MemOOamMu HOWLYKY, WO He
3A624COU 3HAXOO0SAMb OALEKO PO3MAUOBAH] 80 KOMN Tomepa Kopucmyeada ¢aiiu, mowo.

Pexomenoayitini cucmemu sukopucmogyromscs 01 no6y008uU CNUCKI8 peKOMeHOAYill KOPUCmy-
8aYAM HA OCHOBI ix nonepedHix Oill, 30Kpema, NAlKi8, OYIHOK, nepeaisioie, ckauysans mowo. Taxi cu-
cmemu 00360510Mb NOJE2UWUMU NOWYK NPU 8elUKill Kitbkocmi 00’ €xkmie y cucmemi, 0ONOGHIOOYU
KAACUYHY NOULYKOBY 8UOAUY PEKOMEHOAYIAMU, A 8 OeAKUX CUMYayisax HAGimb 3aminaioms nouiyx. Ta-
KOJIC PEKOMEHOAYITIHI CUCIEMU MOJCYMb 3ACOCOBYEAMUCA OIS PAHIICYGAHHS PE3YIbINamie Kiacuu-
HO20 nowyky. Takum 4unom, 60HU MONHCYMb PISHUMU CROCOOAMU NOEOHYBAMUCH 31 36UYAUHUMU NOULY-
Kogumu ancopummamu. B P2P mepedsicax 3acmocy8anus peKkOMeHOAYIUHUX CUCEM MOodce Mamu 00-
0amKo8y Kopucmu. AKuo Kopucmyeay ulykae KOHKpemuuil gailn, wo 6y8 000anuii 00 mMepedsici pami-
we, i ¢ain 3 pisHUX NPUNUH He 3HAUOEHO, MOXMCHA HAOAMU KOPUCMY8AUY CNUCOK PEKOMeHOayill 3
0271510y Ha 1020 8NO00OARHS i, MOJNCIUBO, NOULYKOBULL 3ANUMI.

3anpononosani y pobomi mooenv ma memoo hopmysanus CnUcKie pekomeHoayii y peer to peer
Mepedici po3paxo6ani Ha 3a2albHULl 6UNAOOK | He NPUE a3aHi 00 KOHKPEMHO20 NOULYKOB020 3anumy,
MOACYMb 3ACMOCO8Y8AMUCA Y HECIPYKMYPOBAHUX ma cmpykmyposanux P2P mepedxcax ona o3Hatiom-
JIEHHS KOPUCMYBAYa 3 KOHMEHMOM, SIKULL TIOMY MOJice CHOO0DAMUCS, HA OCHO8I NPOZHO3Y8AHHS 1020
enodobans. Lle mooice 30inbuuumu 3a2anbHull iHmepec KopUcmye8awie 00 KOHMeHM)y Mepedici.

Kniouosi cnosa: xomn’romepni mepedrci, oOHopaneosi mepedici, Peer to peer, pexomenoayitini
cucmemu, NOWYK OaHUX.

Beryn. V i pooti 3anponoHoBaHo Ma-
TEMaTUYHY MOJEIb PEKOMEHIAI[INHOI CHUCTeMHU
JUIL OTHOPAHI'OBOI KOMIT FOTEPHOI MEpEXi THUILY
peer to peer.

P2P — nie oiHOpaHTOBI KOMIT FOTEpHI Mepe-
XK1, MO 0a3yrOTHCS Ha TPHHIMII PIBHOIIPABHOCTI
BY3JIiIB MEpEeXi 1 XapaKTepU3yIOThCS THUM, IO

Oy/b-sIKi BY3JIM MOXYTh 3’€JIHYBAaTUCS MIX CO-
0010 JUIsl HAJIAaHHS TIOCJIYT OJIMH OJHOMY, Ha BiJ-
MiHY BiJ TpaguLiifHOi apXiTEeKTypH, B SIKil JIMIIe
OKpeMa KaTeropisi y4acHHUKiB (cepBepH) MOXe
HaJmaBaTU TMeBHi cepsicu iHmUM [1]. Bizomumu
MIPHKIIaIaMH BUKOpHCcTaHHs P2P mepex € TopeH-
T JUIst oOMiHy ¢aiinaMu Ta JeleHTpanti30BaHi
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OnmoxueitH-aTgopmu, BKIO4atoun Bitcoin, Ta-
KOXX iX MO’KHa BUKOPHCTOBYBATU IJIsl yIIPaBIIiH-
Hs pecypcamu B Mepexi loT, mapanensrOro mpo-
rpaMyBaHHs Ta MAIIMHHOTO HABYaHHSI, KELly-
BaHHS JJAaHUX Ta PE3epBHOro KomitoBaHHs [1-5].
VY pamkax 1mi€i poOoTH po3rismanocs 3acTocy-
BaHHsA P2P mepek it po3moziieHoro 30epira-
HS Ta OOMiHY TaHUMH.

YV P2P mepekax BUHHKA€E MPoOeMa 1HIEK-
cauii Ta momyky (aiimiB Ha Pi3HUX MPUCTPOSX
Mepexi [6-7], a anropuTMmiB peKoMeHIaliHHUX
CHCTEM, OPIEHTOBaHHMX Ha TaKy apXiTEeKTypy, He
Oyio 3HaliieHO IIiJ Yac MPOBEIACHOTO JIOCIi-
JoKeHHS. Ha#ommkanii 10 peKoMeHAamiitHuX
CHCTEM 3HaWCHUI aNrOpuT™M — JIEIeHTPaTi30Ba-
HU 1HTEJNEKTyalbHUH TOUIYK, 110 BUKOPHCTOBYE
koediienTn momobu [6], ane BiH mpu3HAYCHUIT
came ISl TIOILyKY.

PexoMeHnpamiifHi cucteMu OyIyrOTh CITHC-
KA PEKOMCEHJalill KOpUCTyBadyaM Ha OCHOBI iX
MormepeHix Jifi (JialikiB, OIIIHOK, MEpPEerJIsIiB,
CKadyBaHb TOINO). Taki CHCTEMH JO3BOJISIOTH
MOJIETTIUTH TOMIYK TIPH BENHKIH KUTBKOCTI
00’€KTIB, JOMOBHIOIOYH KIIACHYHY TOIIYKOBY
BUJIa4y PEKOMEHIAIISIMHU, a B JCSIKUX CUTYaIlisIX
HaBiTh 3aMiHIOIOTH TIOIIYK, & TAKOK MOXYTh 3a-
CTOCOBYBATUCSl Ui DPaH)XyBaHHS pe3yJbTaTiB
nouryky. TakuMm 4YMHOM, peKOMeHJIaliiHi cucre-
MH MOXYTb Pi3HUMH CIOCOOaMHU IOEIHYBATHCS
31 3BUYaiHUMH TIOITYKOBHMH aJITOPUTMAMHU.

B P2P mepexax 3acTocyBaHHS pPEKOMEH-
JAIIHHUX CHUCTEM MOXKE HaJaTH JIOJaTKOBY KO-
pucth. Ockinbku B P2P Mepexax Hemae cepe-
piB, Ha AKHUX 30epiraroThes yci faHi, a Gaimm po3-
MOJIUIEHI MO BCIX MPHUCTPOSIX CHCTEMH, TO HE
3aBk/U BCl ¢aitnu noctymnHi. OTKe, IpH TOUIYKY
¢aiiniB ciif BpaxOBYBaTH HE TUTBKH pPEIEBaHT-
HICTh 3alHTy, a i AOCTYIHICTh (DaiiiIiB Ta MIBHI-
KICTh iX 3aBaHTaXXEHHsI. PekoMeHOaIliiiHl cucre-
MU MOXYTb 3alPOTIOHYBAaTH KOpUCTYBauy ¢aiiny,
10 3MOKYTh TAKOX 3aI[IKaBUTH HOTO 1 € JJOCTYTI-
HUMH ISl IIBUJIKOTO 3aBAHTAKEHHS y TEBHUMA
MOMEHT dYacy, SIKIIO NOTpiOHMK ¢ain Ha wei
MOMEHT HeJOCTYNHUH. Takok MmoeTHaHHS MOLIY-
KOBOT Ta PEKOMEHJIAIIIHOI CHCTEM JaCTh 3MOTY
30aNaHCyBaTH pe3yJbTaTH IONIYKOBOT BUAAYl 32
KUTbKOMA MapaMeTpaMi, a caMe, PeIeBaHTHICTIO,
JOCTYITHICTIO, IIBUJAKICTIO 3aBaHTaKEHHS, CXO-
JKICTIO0, peKOMEHJ0BaHicTI0. byno BupimeHo mo-
OyayBaTu MaTeMaTHYHYy MOJIENb TaKOl CHCTEMH
JUTSL TIOAAJIBIIOT PO3POOKH METOJIB Ta aJIrOPUT-
MIB Ha Ti OCHOBI, a TaKOX HPOTPAMHOI MOJEJI
JUISL TECTYBaHHSI aJITOPUTMIB.

Mera Ta 3amavi gociaimkeHHs. Metoro
1iei po0oTH € po3poOka MATEeMAaTUYHOI MOAEII
pEKOMEeHAaifiHOT cHUCTeMU Al OJHOPAHTOBOI
KOMIT FOTEpHOI Mepexi THIy peer to peer, sika
MAa€ MOJIETIIUTH MOUIYK JaHUX Y JELEHTPati3o-
BaHUX MepeKax.

Jly1s TOCSITHEHHSI TTIOCTAaBIICHOI METH HEO0-
XiJJHO BUPIIIUTH TaKi 3aBJIaHHS:

— IlpoBecTn nocmimKeHHsS iCHYIOUHUX Me-
TOJIiB poOOTH peer to peer Mepex.

— Po3pobutn mMaremaTtuuHy MOJENb peKo-
MCEHIAIIHHOI CHUCTEMH ISl JEIEeHTPaIi30BaHOl
KOMIT FOTEpHOI Peer to peer Mepexi.

— Po3pobutun meron ¢hopmyBaHHS pPeEKo-
MEHalii Ui KOpUCTyBadiB Peer to peer mepexi
Ha OCHOBI 3aITPOIIOHOBAHOT MATEMaTHYHOT MOJIECIII.

Buxkaan ocHoBHOro mMartepiany. Crnouar-
Ky PO3TJISTHEMO BiJJOMi alTOpUTMH iHAEKcaii Ta
nomyky gaHux y P2P mepexax.

Texuomorii P2P Mepexx MoxxHa po3IiIUTH
Ha TaKi TPU BUIH:

— LlenTpanizoBaHa 0OTHOPaHTOBa MEpeXka.

— HectpykTrypoBana  geleHTpalnizoBaHa
OJTHOPAaHTOBa MepexKa.

— CTpyKTypoBaHa JELEHTpai30BaHa Of-
HOPaHI0Ba MEperKa.

Llenmpanizoeana oonopanzosa mepeica.
Indopmariist mpo iHmEKC QaiiniB 30epiracTbest Ha
LEHTPATLHOMY CcepBepi, KOKHUI JOUipHIH BY30I
MMOBHHEH ITIIKIIIOYATUCS IO HLOro, 100 3HaiTH
pecypcu. HaiOiibIiior mepeBaror Takoro Imij-
XOJly € TIPOCTe OOCITyTrOBYBaHHS 1 IIBHJIKE 1HIEK-
cyBaHHs. OJHaK, OCKUIBKH BCS MEpeXa 3Hau4HOIO
MIpOI0 3aJICKUTh BiJl LEHTPAIBHOIO CEpBepa,
SKIIO BiH BUHJE 3 JlaJly — BCS CUCTEMa CTaHe He-
npane3aaTtHoro. Tox BUHMKae mpobieMa «eInHOT
TOYKM BigMoBW». [IpHukiazom Takoi Mepexi €
¢aiinooominauii kimient BitTorrent [7, 8]. us
pobotu 3 HuUM TOTpiObeH «Tpekep» (tracker) —
CHeLiaNi30BaHUi cepBep, L0 MPALIoE 3a IPOTO-
koioMm HTTP [8]. Tpekep motpiben ans Toro,
00 KJIIEHTH MOTJIA 3HaiTH oauH oxHoro. daxk-
THYHO Ha Tpekepi 30epiratothest [P-anpecu, BXinHi
MOPTH KIIEHTIB Ta XelI-CYMH, M0 YHIKaJIbHO
IIeHTUQIKYIOTh 00’€KTH, SIKI OepyThb Yy4acTh Y
3aBaHTaKEHHAX. 3a CTaHIapTOM iMeHa (ailsliB Ha
TpeKepi He 30epiraroThes, 1 Ai3HATHCS X 1O Xell-
cymax He MoxkHa. OJIHAaK Ha TPaKTHII TpeKep
4acTo, KpiM CBO€T OCHOBHOI ()YHKIIii, BUKOHYE i
(yHKIII0 HEBEIHMKOro BeO-cepBepa. Takuit cep-
Bep 30epirae Qaiaum MeTajgaHuX 1 OMUCH IOIIH-
proBaHuX (ailyiB, HaJae CTAaTUCTUKY 3aBaHTa-
KEHb 110 Pi3HUX (aiiyiax, HOKa3ye MOTOUHY KiJlb-
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KICTh MiAKIIOUEHUX «MipiB» (Y4acHHKIB Qaiino-
00MiHy) ToII0. JIJ1s1 i ABUIIICHHS TpaIe31aTHOCTI
cucremu y BitTorrent momyckaerscsi icHyBaHHS
JIEKUTBKOX TPEKEPIB.

Hecmpykmyposana  OeyeHmpanizoeana
ooHopanzoea mepedica. et THII Mepexi BHUKO-
pucroBye anroputMm nomyky Flooding i Tpanc-
JI0€ 3amuT (ailny, SKUi NOTpiOHO 3HAKNTH, yCiM
By3JIaM Mepexi [uisi Oyap-sikoro momryky [1, 6].
Konu By3onm xoue 3aBaHTaKUTH (hailsl, BiH CTBO-
pUTH 3amuT i3 Ha3Bow (aiimy abo KIFOYOBUM
CJIOBOM 1 HaJimIe Horo yciM By3Jam, IiAKII09e-
HUM 10 HBOTO. SIKIO B LIMX BY3JIaX € LIYKaHWUU
(haiiyn, BCTAHOBIIOETHCSA 3’ €JHAHHS 3 BIAMOBIJ-
HUM BY3JIOM JUTA 3aBaHTaXeHHs. SIKIIO Hi, 32T
NPOJIOBXKYIOTH TEPecUNIaTH Ha CYyCiTHI BY3IH,
JIOKU He OyJie 3HalJeHO po3TamlyBaHHS (aiiny.
TunoBuil NpeacTaBHUK LILOTO METOAY TaKHUX Me-
pex — Gnutella pannst Bepcis. Ciin 3a3Ha4HTH,
10, KOJIM MAaclITad Mepexi CTae JTy»Ke BEITUKUM,
el MeTo]] TIOUIYKY IMOYHE BHUKIUKATH IITOPM
TPAHCIALI, SKHH CEPIO3HO 3HU3UTH MPOITYCKHY
3MIATHICTh Mepeki. Xoda Ied METOJa JI03BOJIE
YHUKHYTH TPOOJIEMH «EJMHOI TOYKW BiIMOBH
[EHTPATI30BaHUX OJHOPAHTOBHX MEPEX, BiH BCE
OIHO € ayxe HeeeKTUBHUM. [l yCyHEHHS mpo-
OIeMH «ITOPMY TPAHCIAIMID» OyI0 po3pobiieHO
0arato ajaropuTMiB, aje BCi BOHU IMOJIATAIOTH Y
TOMY, IO NPH TMOMYKY (ailly ONHUTYIOThCS HE
BCi BY3JIM MEPEXKi, a TINbKK 1X yactuHa. Taxki an-
TOPUTMH 3HAWYTh (aiin, sKuil AiiCHO € B Mepe-
i1, HE 3aBXIH, aJIe BOHU € IEBHUM KOMIIPOMiCOM
MIX IIBUAJKICTIO pOOOTH Mepexi i eeKTUBHICTIO
nomryky nanux. Haisigomini 3 vux [1, 6, 9, 10]:

— MeToa MUPOKOrO MEPBHHHOTO TMOIIYKY
(Breadth First Search, BFS) 3 momaBaHHAM [0
MOLTYKOBOTO 3allUTy IMapameTrpa 4Yacy KUTTA
(Time-to-level, TTL). ITapamerp TTL Bu3Ha4ae
MaKCHUMAaJIbHY KUIBKICTh MIEPEXOJIiB, SKUMH MOX-
Ha mepecuiaty 3anut. [Ipn TUmoOBOMY MOMIYyKY
nouaTkoBe 3HaueHHs Juid TTL cTaHOBUTH 3a3BU-
yail 5-7, AKe 3MEHIIYEThCS LI0pa3y, KOJIU 3aIHT
Hajacunaerbesa. Koo TTL nopisHioe 0, moBigom-
JICHHSI OlJIbIIIE HE MEPEIAEThCA.

— MeTox BUMAIKOBOTO WIMPOKOTO TIEp-
BuHHOTO Notryky (Random Breadth First Search,
RBFS) Oymo 3ampornoHOBaHO SK TMOJIMIICHHS
«naipaoro» migxoxy BFS. V meroni RBFS mo-
NIYKOBHH 3aIllUT TIEPECHUIIAEThCS JIUINE YACTHHI
BY3IliB Mepexi, BHOpaHiii y BHUIaIKOBOMY IIO-
psnky. SIkili came 4acTHHI BY3JIiB — 1€ TapaMeTp
Meroay RBFS. Ilepesara RBFS mosnsirae B Tomy,
mo He NoTpiOHa riobanpHa iH(OpPMAaLis mpo

CTaH KOHTEHTY MEpEeXKi; By30JI MOXe OTPUMYBaTH
JIOKAJIbHI PIIICHHS TaK MIBUJKO, SK 1€ MOTPiOHO.
3 nmpyroro OOKy, Ileii MeTOA € WMOBIPHICHUM.
ToMy meski BeNHWKI CETMEHTH MeEpeki MOXYTh
OyTH HETOCSHIKHUML.

— IHTENeKTyanbHHN MOITYKOBHA MEXaHi3M
(Intelligent Search Mechanism, ISM). Ilomin-
LICHHS! [IBUAKOCTI H e()eKTUBHOCTI MOILIYKY iH-
(dopmarii 3a TOMOMOTOI0 IILOIO METOAY AOCSTa-
€THCSI 32 PAXyHOK MiHiMi3allil BUTPAT Ha 3B’S3KH,
TOOTO Ha KIJIBKICTh TTOBIIOMIICHB, 1110 TIEPEIAI0OTh-
Csl MDXK BY3JIaMH, Ta MiHiIMi3amii KiTBKOCTI BY3IIiB,
SIKI ONUTYIOTBCS U1l KOKHOTO MOLIYKOBOTO 3aIlH-
Ty. l{o0 mocsArTd wBOro, A KOXKHOTO 3aluTy
OLIIHIOIOTHCS JIMIIE Ti BY3/H, SIKi HalOinbIIe Bif-
MOBIAAOTh I[HOMY 3alHTy. |HTENeKTyalbHUI
MOUTYKOBUH MEXaHi3M CKJIAQJAETHCS 3 JIBOX KOM-
MoHeHTiB — mpodaiiny (profile) Ta cocody Horo
pamKyBaHHS, TaK 3BAHOTO PAHTY PEIEBAHTHOCTI.
Koxnuit Byzonm mepexi Oyaye indopmarniiinuii
mpoaiin I KOXKHOTO 13 cycimnix By3miB. [Ipo-
(haiin MICTHTH OCTaHHI BiJIOBi/li KOKHOTO 3 BY3-
JiB. 3a OTIOMOTOI0 PaHTy PEJIeBAHTHOCTI 3JiiicC-
HIOETBCSl paHKyBaHHS MpoQailiiiB BY3miB IS
BUOOpY THX CYCiIHIX, SIKi HaJaBaTUMYTh Haii-
OiMBIN perneBaHTHI TOKyMEHTH Ha 3amuT. Mexa-
HI3M TpoQaiiliB BHKOPHUCTOBYETHCS [UIA TOTO,
100 30epiraT OCTaHHI 3aIliTH, a TAKOX KiTBKiCHI
XapaKTepUCTUKU pe3yibTaTiB momyky. [Ipu pea-
mizanii Mogeni ISM BUKOPUCTOBYETBCS €TUHUIA
crek 3anutiB po3mipom O(TN), B sikomy 30epira-
erbest T 3amuTiB juis N By3miB. SIK TUTBKH CTEk
3aTIOBHIOETHCS, BiZIOYBA€THCS 3aMiHa «OCTaHHBOTO
HaiiMeHIl BUKOpUcTOBYBanoro» (Least Recently
Used, LRU) mmst 36epeskeHHST OCTaHHIX 3aIlHTIB.
@yukis  «padr peneBantHocTi»  (Relevance
Rank, RR) BukopucroByerbest By3nom P s Bu-
KOHAHHS OIEepaTUBHOI Kiacu(ikaiii Horo cycimiB
Ta BU3HAYEHHS THX, SIKi CIIiJI ONMUTYBAaTH TEPIIH-
MU 3a 3anuToM (. J{j1s oOurciIeHHs paHry pele-
BaHTHOCTI KOXHOTO By3na P P; mopiBHwoe ( 3
ycima 3anuramu j y CTpyKTypi npodaiiry, ams
SIKOTO BiJIOMUI CIMICOK BiJMOBi/Iel Ha MOTIEPE/IHI
3anuTH, Ta oouncaroeTbes RR(P;, q):

RR(P;, q) = X j<oSim(q;,9)* - S(P;,q;), (1)
ne Q — MHOXMHA 3aIUTIB (), Ha sKi Oyna Bixmo-
Bimb y By3na P, j < Q; S(Pi, ;) — xinbKicTh pe-
3yJIbTATIB, IO MOBEPTAOTHCS BY3JOM P; Ha 3a-
IHT (j; MeTprKa SiM po3paxoBYeThCs 3a MPaBH-
JIOM KOCHHYCa:

Sim(4;,) = 11 @

lgjl.lql
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1 3a0e3Mmedye BUILUI paHT By3Ia, SKHH IOBEpTa€E
OinmplIe pe3yNbTaTiB; MapamMeTp a — J03BOJISIE
301MbIIyBaTH Bary 3aluTiB, HAHOUIBII MOAIOHUX
no motoyHoro. Meron ISM edexTuBHO TIpaIrioe y
MepeKax, e BY3JIH MICTATH AesKi CremiaTi3zoBaHi
BimomocTi. 3okpeMa y Mmepexi Gnutella sxicTh
MOLIYKY AY’K€ 3aJI€KHUTh Bi/l «OTOUEHHS» By37a, 3
aKoro 3anaerses 3anut. e ogna mpobnema me-
tony ISM monsirae B TOMy, IO HOUIYKOBI MOBi-
JOMJICHHSI MOXYTh 3allUKJIIOBATHCS, TOMY HE B
3MO031 JOCATTH ACSIKUX YacTHH Mepexi. L{ro mpo-
0yieMy MOJKHA BHPIIINTH, BUOMPAIOYHN HEBEIUKY
BUTAJKOBY MiJMHOXKMHY BY3JiB 1 IOJal049u JI0
Ha0Opy peJeBaHTHHUX BY3IiB AJISI KOYKHOTO 3aIlu-
Ty, TOAl MexXaHi3M ISM ctaB oxormoBaTu Oiib-
Iy YaCTUHY MEPEXKi.

— Meroau «OinbIIOCTI pe3yNbTaTiB 3a MU-
ayinoro espuctukoo» (RES). B mux mertomax
KOXKHHH BY30J1 TEpeCcHiae 3aluT IiIMHOXUHI
CBOIX BY3IiB, YTBOPEHIN Ha MiJCTaBi JesSKOI y3a-
raJlbHEHOi cTaTUCTHKH. 3anmuT y meronai RES e
3a[0BIILHUM, SIKIIO BHOAcThes Z abo Oliblie
pesynpraTiB (Z — mesika crama). Y meromi RES
BY30J1 (] Tiepecriiae 3anuTi 10 K By3iiB, sIKi BH-
JlaTA HAaWOLIBI pe3yabTaTH OCTaHHIX M 3aIHTiB.
Metoxn RES moni6amit 1o metoxy ISM, ane Buko-
PHUCTOBYE OLTBII MPOCTY THPOPMAIIIIO TIPO BY3JIH.
Moro rosioBHuii HEIOIIK nopiBHsHO 3 ISM — Bin-
CYTHICTh aHali3y MapaMeTpiB BY3JiB, 3MICT SKHX
noB’si3aHuii 13 3amutoM. Tomy meron RES xapak-
TEpU3YETHCS IBU/LIC SIK KUTBKICHUH, a He sKic-
Huil miaxig. RES xopommii Tum, mo BiH Mapii-
PYTH3YE 3alUTH y BEIHKI CETMEHTU Mepexi (SIKi,
MOJKJIBO, TAKOXK MICTSTB OiJIbIII pEIEBaHTHI BiJI-
noBii). BiH Takok 3aXOIUIIOE CYCIIB, SIKI MEHIII
MEPEBAHTAXKEHI, TOUNHAIOYM 3 THUX, KOTpPI 3a3BHU-
yail MOBEPTAlOTh OUIBIIE PE3y/IbTATIB.

— Meton «BUIAJIKOBUX OJTyKaHb»
(Random Walkers Algorithm, RWA) nomnsrae B
TOMY, 1[0 KOXHHU BY30Jl BUIIAJIKOBO MEPECHUIIAE
MOBIJOMJICHHS 13 3aIIUTOM, [0 HA3UBAETHCS «I10-
CHJIKOIO», OJJHOMY 31 CcBOiX By3miB. 11[006 ckopo-
TUTH 4ac, HEOOXiTHUI HA OTPUMAHHS pe3yibTa-
TiB, ifies OMHIE] «ITOCHIIKM» pO3IIHpeHa g0 «K-
[IOCWIIOK», JI€ K — KIJIbKICTh HE3aJEeXKHHUX IIOCH-
JIOK, TOCTI/I0OBHO 3allyIIEHUX 3 MOUIYKOBOTO BY3-
na. OuikyeTbesi, MO «K-TToCHIToK» micist T KpOoKiB
JOCSATHE THX CaMHX pe3yJbTaTiB, IO ¥ OJHA TO-
cuika 3a KT kpokiB. Lleii anroputm Haraaye me-
toxa RBFS, ane 8 RBFS koxHuii By301 mepecu-
JIa€ MOBIJIOMJICHHS 3aIlUTYy YacTHHI 3 HOTo cyci-
niB. Jlo Toro x, B RBFS nependauaerbes excro-
HEHI[iiiHe 301IbIIEeHHS TOBiJOMJIEHb, IO Tepe-

CHJIAIOTBhCA, & B METOJI BHUIIAIKOBHUX OJIyKaHb —
ninifine. Oouasa metoau — 1 RBFS, i RWA — ne
BUKOPUCTOBYIOTh JKOJHHMX SIBHUX MPaBUI JUIS
Toro, mo0 ajpecyBaTH MOUIYKOBHH 3alHT [0
HaWOIBII PEIEBAHTHOTO 3MICTY.

— Meroag «amanTUBHOTO WMOBIPHICHOTO
nouryky» (Adaptive Probabilistic Search, APS).
B APS xoxxHuit By3011 po3ropTae Ha CBOiX pecyp-
cax JIOKAIbHUM 1HJEKC, II0 MICTUTh 3HAYCHHS
YMOBHHMX WMOBIPHOCTEH A1 KOXHOTO cyciaa,
SIKUH MOXKe OyTH 0OpaHWil HACTYITHOTO TIEPEXOY
MaiOyTHROTO 3amuTy. ['0IOBHA BIAMIHHICTH Bif
RWA — te, mo y APS By30:1 BUKOPHCTOBYE 3BO-
pPOTHHIA 3B’S30K BiJ MOMEPEHIX MOMYKIB (SIK
YMOBHHX HMOBIpHOCTEW) 3aMiCTh I[IJIKOM BUTIa]-
KOBHX TepexoniB. Tomy meron APS wacro nmae
Kpaili pe3yabTaTh, Hixk RWA.

Cmpykmypoeana Oeuenmpanizoeana 00-
Hopanzosa mepexca. HuHi HalWOIIBIIOTO MOIIH-
peHHs HaOyna CTPYyKTypOBaHa JEleHTpaTi30BaHa
mepeka [11-14], TobTo mMepexa Ha ocHoBi DHT
(distributed hash table, posmonminena xerm-
tabnuis) [14]. DHT BukopuctoBye OibIl CTPYK-
TYpPOBaHUI METOJl MapIIPyTH3alLlii Ha OCHOBI Map
KIII0OY-3HAUeHHs. /{751 KOKHOTO By3lla Mepexi
OOYHCITIOEThCS XEII-3HAUYEHHS, BOHO CTa€ HOTrO
ineaTudikaropom. s KoxxHOTO (haiiry, mo Tpe-
0a PO3MICTUTH y MEPEKi, TAKOXK OOYUCIIOETHCS
XCII-3HAYEHHS TaKOK CaMOK XelIl-(hyHKIIIE
(BoHO crae kitoueM (aiiny), micias yoro (hain
3aIICy€EThCS Ha BY30JI, 1IEHTU(IKATOP SIKOTO MaK-
CHUMaJILHO OJIM3BKHUH 70 KITfoYa (ailiry 3a IIeBHOIO
MeTpHKOI0 BificTaHi. KoxHuii By301 Mepexi 30e-
pirae BIacHy TaOJHIIO MapIIPYTU3aIlii y Mepexi,
Jie MICTUTBCs iH(pOpMallis PO BY3IH, 11eHTH(i-
KaTOPH SIKUX MaKCHUMaJbHO OJIM3BKi 0 HBOTO 32
oOpaHOl0 MeTpHKor. [IpHKIazoM MpakTUIHOL
peanizariii € Mmepexa 12P, daitiooOMiHHUN KITIEHT
iMule, kpunroBamtora Ethereum [1-5]. Cunix 3a-
3HAYUTH, 10 B pEaJbHUX CHCTEMax y Til 4u iH-
i opMi cepBepH y CUCTEMI Bce K TaKH HasBHI,
i DHT w4acto Bijirpae jiuiie JAOMOMIXHY (QYHK-
1it0, TOOTO MapuIpyTU3allisi B Mepexi mooyaoBa-
Ha He TiJIbKM Ha Hiil. 30kpema, B Ethereum DHT
BUKOPUCTOBYEThCS JIAIIE SIK €EKTUBHUN MeXa-
Hi3M BuOopy maptHepiB. Ha meii MomeHT icHy-
I0Th Taki anropurmu pobotu P2P mepex, mio
peanizytore mpotokon DHT: Kademlia [15] i
Chord [16], i cepen HuX Hal9acTilie BUKOPUCTO-
ByeTbes anroput™m Kademlia. PosrisHemo mpuH-
un podotu anropurmy Kademlia. Xerr 3Ha4eH-
HA HaWJacTime OOYHCIIOEThCS — aJTOPUTMOM
SHA-1, metpuxoro Biacrani € omepauis XOR.

© B. B. Mixas, €. B. Menemko, O. M. [lpees, A. O. JlaBrancekuii, 2023

DOI: 10.24025/2306-4412.1.2023.273495



ISSN 2306-4412 (Print), ISSN 2306-4455 (CD-ROM), ISSN 2708-6070 (Online)

Tabmung mapmpyTuzanii 30epiracTbess y BUIIIIAL
tak 3Banux K-buckets. ¥V koxxunomy K-bucket Bys-
na 30epiraeTbes iHpopMmanis mpo K By3niB mepe-
K1, 4Us1 BIACTaHb 0 HBOT'O 3HAXOAWUThCA B MEXKax
intepBaty  [27, 27(i+1)). TIporokon Kademlia
MICTUTh 4YOoTHpHM TuIM moBimomiens: 1) PING —
HEOOXiTHUI I TIepeBIpKU iCHYBaHHS KOHKpET-
Horo By3ina y mepexi; 2) STORE 3amur, mo nae
3MOT'y PO3MICTHTH iH(opMaLlito Ha 3aJaHOMY BY3-
ai; 3) FIND VALUE 3anur, 1o 103B0JIs€ 3HAWTH
3HauyeHHs 3a KiodeM; 4) FIND NODE 3anur, 1110
BUKOPHCTOBYETbCSA JUISI TIONIYKY HAWOMIMKINX
K By3miB 1o 3amanoro ineHTudikaropa (moBemiHKa
nopiona no FIND VALUE, Tinbku HIiKOIM He
MIOBEPTA€ 3HAUCHHS, 3aBXK TN BY3JIN).

Ha et vac yci Tpy BUAM TEXHOJIOTIH IMO-
OyznoBu P2P Mepexk BUKOPHCTOBYIOTHCSI.

Sk mokazye nocmimkeHHs, y P2P mepexax
3 pi3HUX TPUYUH MOXKe OYyTH BiCYTHIH HOCTYI
JI0 mIyKaHux QaiimiB. Y TakoMy pa3i KOpHUCTyBa-
4y JIOpEYHO HAaJaTh CIHCOK PEKOMEHIaliid Ha
cxoxi Qainmu. OgHak Mozesel Ta MeToiB pooo-
TH peKOMEHIAIiHNX cucteM ans P2P mepex B
ICHYIOUHX TIpalsiX 3HaiieHo He 0yio. PosrmsHemo
MOJKJIMBICTh TOOYJIOBM PEKOMEHMAAIIIHOT cucTe-
mu 1iist P2P mepesx pisHOro THITy.

Haiinpoctime mnoOynyBaTH pexoMeHna-
[ilfHy CHCTeMy y LEHTPali30BaHUX OJHOPAHIO-
BUX MEpeXax, OCKIJIbKM TaM HasBHHU CepBep,
yepe3 SIKU MpOXOIuTh 1H(OpMAIlis PO 3aBaH-
TaxeHHs QaitiB. OTke, HA OCHOBI CTaTHCTUKH
3aBaHTaXXeHHs1 (aillliB Pi3HUMU KOPUCTyBayaMH
MO>)KHa TTOOY/TyBaTH PEKOMEHAAIIHY CHCTEMYy Ha
KomnabopaTuBHiii (ineTpanii. {i Tounicte MoxHA
HiIBUILUTH, SKIIO HATATH MOXJIHMBICTH KOPHUCTY-
BayaM OI[iHIOBaTH (aiiiu Ta 30epiraT OI[iHKU Ha
cepsepi.

binbir ckiagHOO 3a1auero € modynoBa pe-
KOMEH/IAIIHHOT MEepexi s JeleHTPaTi30BaHuX
P2P mepex — sk HECTPYKTYPOBaHHX, TaK i CTPYK-
TypoBaHUX. OCKIJIbKU CEPBEPH y TAKHUX CHCTEMAX
BIJICYTHI, TO KO)KHUI OKpeMHUI KoMII'toTep Oyze
CaMOCTIHHO po3paxoByBaTH c00i peKoMeHIALii
Ha OCHOBI AOCTYNHOI oMy iHdopmanii. Byaemo
BBA)XKAaTH, 1[0 KOXKHUH KOMIT FOTEP CUCTEMH Mic-
TUTh iHGOPMAIIi0 PO K HAWOMIKYMX (TOHSATTS
Ta METPHUKAa BH3HAUEHHS BIJCTaHI 3aJie)KaTh BiJl
KOHKPETHOTO aJIrOpPUTMY peaiizalii Mepexi) By3-
JB Mepexi, po3TalloBaHUX Ha HUX (ailiIiB Ta
CTaTHCTUKY 3aBaHTaXEHb (i, MOXKIUBO, OIIHKH
KOpUCTYBauiB Qaiiiam). Takok BiH MOXe 3aIu-
TaTH 1HPOPMAIIIO ¥ CBOTX «CYCiIiB» Mpo iX «cy-
CiZiB», PO SKUX HOMYy HE BiZiomMoO, 1 T. 1. Yum

Oinbioro Oye rOMHA 3aMuTy, TUM Olntbliie Oye
iHpopmManii mpo HasBHI y Mepexi (aitmu i Tum
TOYHIIUMH OyTyTh PEKOMEH/IAIIi1, aje i JOBIINM
gac (opMyBaHHS pPEKOMEHAII Ta OLIBIIOK
HMOBIpHICTh BHHUKHEHHS NPOOIEMH «IITOPMY
TpaHcisuiiy. OTxe, npu (OPMyBaHHI CIHCKY
pEeKOMEHaIliil Cii BpaxoByBaTH HE TITBKH TIO-
00y KOPUCTYBadiB, a i KiJIbKICTh HEPEXOMAIB 10
(haiimiB y Mepexi.

Byno 3amponoHOBaHO HAacTyHmHY MaTeMa-
TUYHY MOJIENIb POOOTH PeKOMEHJAliHIX CHCTEM
y peer-to-peer mepekax. Y Mojeni HasBHI Taki
eNIeMEHTH:

fix — HasiBHU# ¢aiin K B 6i6mioTeri Kopuc-
TyBaua i;

f — daitn k B cucTeMi, He3aJIeKHO Bij Ha-
SIBHOCTI MOTO Y KOPUCTYyBaya,

Fi — MHOXXMHA 3aBaHTaKeHUX (hailiB KO-
pucTyBaua i;

F — mHOXWHA BCiX ¢i3nyHO HasBHUX (aii-
TiB, (aitu yOIIOI0TECA Y PI3HUX KOPHUCTYBayiB;

D — MHOXMHa BCiX OLIHOK KOPUCTYBauiB
(batinam y cuctemi (3aMiCTh OILIIHKM MOXXHa BH-
KOPHCTOBYBATH, HANPUKIAM, (haKT 3aBaHTAKECHHS
daiiny, Tomi D moxe npuitmaru 3uavens [0, 1]);

D; — MHOXMHA OIIIHOK (haiijiaM KOpUCTyBa-
gya i; dix — OLIHKa KOPHUCTYBaueM | OKPEMOro
q)aﬁﬂy k, di,k € [—1 1],

Vij — Koe(ILIEHT CXOKOCTI BIOJOOaHb KO-
pucTyBadiB i Ta j;

pi — WMOBIpHICTH HAsIBHOCTI B MEPEXKi KO-
pucTyBaua i B IOBIJIbHUI MOMEHT 4acy;

e(i, k) — masBHiCcTB aiiny K y koprcTyBaua
i (1a6o 0);

Ck(i, ) — MiHIManbHa KiJBbKICTh NEPEXOIIB,
SIKy TOTPIOHO 3IMCHUTH BiJl KOPHUCTyBa4a i JI0
KOpPHUCTYyBava j;

c(i, K) — MiHiManbHa KUTBKICTh TEPEXO/IiB
BiJl KOpUCTyBaua i 10 KOPUCTYyBaya, B IKOTO HasiB-
Hui daiin k;

U(K) — MHO>KHHA KOPHCTYBaYiB, SIKi MAlOTh
3aBaHTaKEHHH (aii K;

|U| — moTYXHICTh MHOXHHH, KUIBKICTh
enemenTiB y MHOuHI (ITpuknan: [U(K)| — kinb-
KiCTh IIpe/ICTaBiIeHb (aiiny K);

N — KJIbKiCTh KOPHCTYBaYiB.

Hexaii xopucTyBad i He Mae y BIIACHHX
criiuckax F; ta D; gaiiny k: e(i, k)=0, ane Bimomo
mo nei Qaiyl € y HasgBHOCTI y KOpHCTyBaua j.
Toxi mporoHyeMO BHKOPUCTATH TaKi BEITUYWHH
JUIT BU3HAYEHHS HEOOXIJHOCTI PEKOMEHyBaTH
ueil aiin noToYHOMY KOpHCTYyBady:

c(i, J)>0 — yum MeHme, TUM Kpaiie, 00
MEHILIUH IUISX 0 mepegaBanHs iHopMmarlii;
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Vij — 4uM Oinblie, TUM Kpamie, 60 Oinblue
IIAHCIB CXOXHX BIO00aHb y KOPUCTYBAaUiB;

djx — 4uM Oimblre, THM Kpamie, 60 daiin
OL[IHEHO SIK XOPOLINil KOPUCTYBAUYeM j;

|U(K)| — momyssipricTh aitny, uum Oinib-
me, TAM Kpamie, 00 pO3IMOIiIeHe OTPUMAaHHS
¢aiiny 3HaYHO CKOPOTHTH Yac HOro 3aBaHTa)KeH-
Hs. BrmBae Ha oniHrOBaHHS He 6e3M0CepeHbO,
00 31 30iMpLIEHHSM IBOTO yKcha Oyae Oinplia
MHOKHWHA PEKOMEHJIAIIH BiJl «CYCITiBY.

Bara pexkomeHmaiii Big KOpHUCTyBa4a |
CTaHOBUTHME

. VijdikDj
r(i,k,j) = ) 3

OMiHKOI0 MIBUIKOCTI 3aBaHTaKEHHS (ai-

Ty 3 OJTHOTO JpKepena €:
t(i, k,j)~PinC(i;j), (4)

Jie BpaxOBaHO WMOBIPHICTh IMiJKIIOYCHHS 10 Me-
PEXi TBOX KOPHUCTYBaUiB OJTHOYACHO Ta KiJIbKICTh
CerMEeHTIB, fKi MOTpiOHO Mmomonaty, moO micTa-
tucst 10 daitmy. LIBuaKicTs 3aBaHTaKCHHS 3
TPYIU JDKEpeNl MOYKHAa BHU3HAYHUTH HACTYITHHM

YUHOM: .
) (5)

AJNTOpUTM BH3HAYEHHS PEKOMEHIAIIi:

1) O6upaemo rimbuny anaizyBans n>0.

2) Ins oOpaHOi TIIMOMHM — 3HAXOAUMO
MHOKHHY PEKOMEHIAIifHNX Bar [Uisi KOPHCTYBa-
ya i 3a BUpa3oM

. N e(.k)
£, k) ( J pipje(if)

N
. (1, 1<c(i,j)<n
AeRG k) = Zr(l' k’]){o c(i j)(>]7)l
j=1

3) JAns xopucTyBadya oOMpaEMO PEKOMEH-
mamito sk k; = k of max(R;). Sxkmo Ttpeba
CTBOPUTH CIIMCOK PEKOMEHallii, odupaemo M
HaMKpaInuX 1 paHKyeMO y TOPSAKY CHaJlaHHS
3HaueHHs R;.

[lincunenns abo mocnaOieHHs KpUTepito
peKoMeHalil MOXKHa peanizyBaTH KoedilieHTa-
MU @, f,y,8, SKIIO CKOPHCTATHCS HACTYITHUM
BHUPa30M PO3pPaxyHKY Bard PEKOMEHIAIIi:

vi %d: B,y
ri k,j) = =l ™

PosrnsgHemMo pi3Hi BUIIQAKH, NPU SKHX Y
P2P wmepexxax Moke BUHHKHYTH HEOOXiIHICTBH
Ha/IaHHs KOPUCTYBaudy CIHCKIB PEKOMEH/IALIIH:

1) KOpUCTYBay HIYOTO HE IIYKA€E, & TUIbKH
3alillIOB y JOJaTOK — HAJaeEMO KOPUCTYyBady
CIIMCOK pEeKOMEHaIliil 3 orisyry Ha HOoro BIOJO-
OaHHsI.

2) KopHCTyBad LIyKa€ KOHKPETHHH aii,
mo OyB JOoAaHWil JO Mepexki pauimie, 3a HOro
KITII04YeM (XeIl-3Ha4eHHsM); (ailn He 3HalAeHO 3
PI3HEX NMPUYHH (KOMIT IOTEPH, IO MICTITH (aiin
a6o TabnuIl MapIpyTH3amii 10 ¢aiity, BUAIUH 3
MEpEexi, 3aCTOCOBYIOThCSI TeXHONOTIi P2P 3 iimo-
BIpHICHUM METOJOM TIOIIYKY, HAalpUKIaa, He-
cTpykTypoBaHi Mepexi ta RBFS Tomo) — Hana-
€MO KOPUCTYBady CIIMCOK PEKOMEHIAIIN 3 OTJIsLy
Ha Horo BoJ0OaHHS 1 MOLTYKOBUH 3aITHT.

3) kopucTyBay IIykae Qaiiau 3a KIoYo-
BHMH CJIOBaMH (3aJI€KHO BiJ TMPAKTUIHOI peai-
3amii (aitmo0OMiHHI CHCTEMH MOXYTh MICTHUTH
Taky (QYHKINO, SIKIIO 30epiratoTh HE TiIBKU
¢daiimu, a W KIIOYOBI CJIOBA); XeII-3HAYCHHS
KIIIOYOBHX CJIiB, TPEJCTABICHUX Yy 3alluTi, HE
3HaNICHO y MEPEeXi 3 PI3HUX MPUYUH — HATAEMO
KOpPHUCTYBady CITMCOK PEKOMEH/AIH 3 oIy Ha
Woro BMOAOOAHHA Ta TOMIYKOBHU 3amuT. A0O
3HAMIEHO XEelI-3HaueHHs KJIFOYOBHX CJiB, iM Bif-
TOBi/Iae JCKIIbKA pi3HUX (ailniB — (hopMyeMo
MOUIYKOBY BHJauy, PaHKyeEMO CIIMCOK Pe3yJibTa-
TiB PEKOMEHIALIHHOIO CHCTEMOIO.

Ha ocHOBI 3anpornoHoBaHOT MaTeMaTHYHOT
MOJIETI IPOTIOHYETHCS TaKWil MeToa (popMyBaHHS
pekomenmariii y P2P mepesxax mist (1) Bumaaky
BUKOPHCTAHHS:

1-ii eram. 30upaerbes iHpopMariis 3 Tad-
JIMIb MapUIpyTH3alii KOMIT I0TepiB KOpUCTyBaya
Ta HOTO «CYCimiB» 1 iX «CYCiZiB» 3 TIMOWHOIO
nomyky n. HeoOximHoto iHdopmamieto € xemi-
3HAa4YeHHS (ailiiB, IX PO3TaNTyBaHHS i CTATHCTHKA
3aBaHTaXXEHb (Ta OI[IHKM KOPHCTYBadiB 3a HasB-
HOCTI).

2-ii eTtan. Ha ocHoBi 3i0panoi iHpopmarii
JUIL KOJKHOTO (paiiiny y cTBOpeHOMY Ha Kpolli 1
cnucky obuucimoeTbes R; 3a dopmynoro (7) i3
3alPOITIOHOBAHOI MaTeMaTUYHOI MOJeNi, aie
TITBKU IS (DaiiiiiB, AKi MOTOYHHUN KOPUCTYBad
paHillle He 3aBaHTA)KyBaB.

3-ii eran. O6upaemo M QaiiniB 3 HalBuU-
OMM 3HaYeHHSIM R; Ta pamkKyeMo Yy TOpPSIIKY
CHaJIaHHS I[LOT'0 3HAYCHHSI.

4-ii eran. HamaeMo KopuCTyBady CIIHCOK
peKoMeH0BaHUX (QaiiniB, chopMOBaHUN Ha
Kporti 3.

5-ii eramn. 30epiraemMo HUIIX 10 PEKOMEH-
JOBaHUX (aiiIiB y TaOmUIl MaplipyTu3aiii Ha
yac ty sl WBWIKOTO iX MOIIYKY Ha BUITAJIOK, SK-
110 MPOTATOM 33J]AHOTO MPOMIXKKY Yacy KOPHCTY-
Ba4 HUMHU 3aI[iKaBUThHCS.

Pe3ynbTaTn mociaimxeHb. Y poOoTi Oyio
pO3po0JIeH0 MaTeMaTHYHY MOJENb PEKOMEH/Ia-
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[idHOI cucTeMu IS JerieHTpaiizoBanoi P2P me-
peXi 3 OISy Ha BIOAOOAHHS KOPHUCTYBadiB Ta
KUTBKICTh TIEPEXOJIiB O 3aBAHTAKCHHS JaHMUX.
Takoxx po3pobieHo meTon (GOpMyBaHHS PEKO-
MEHJAIli [UIsI KOPUCTYBa4diB KOMIT IOTEPHOI Me-
peXi TUIy peer to peer Ha OCHOBI 3aIPOIIOHOBA-
HOI MaTeMaTHYHOI MOAENI.

OO0roBopenHsi pe3yJbTaTiB. 3alpoIoOHO-
BaHa MaTeMaTH4Ha MOJENb PEeKOMEHAAIIHHOI
CUCTEeMH s JereHTpanizoBaHoi P2P pospaxo-
BaHa Ha BUIMAJOK, KOJM KOPHUCTyBadaM CIiJ Ha-
JIaTH 3arajbHi PEeKOMEHMIAIlii, He3aJIeKHO Bif iX
MOITYKOBOTO 3anmuTy. Pekomenmamii 0a3zyroThCs
Ha TIPOTHO3YBaHHI BIOJO0aHb KOPHCTYBadiB,
BITOJIO0AHHS MTPOTHO3YIOTHCSI HA OCHOBI 310paHol
iH(MopMarItii mpo il CXOXKUX KOPHUCTYBadiB y CHUC-
temi. Takoxx npu (opMyBaHHI BIOAOOaHB Bpa-
XOBYETbCA KUIBKICTh MEPEXOMiB [0 MOTPiOHOT
iHdopMarrii, MO0 OoNTHUMi3yBaTH Yac (opMyBaH-
HSl peKOMEH/Iallil Ta 3aBaHTaXXeHHs (DaiIiB.

BucHoBku. VY 1iii cTaTTi MPOBEICHO JOC-
JiPKEHHS ICHYIOUMX alropuTMiB poboTu peer to
peer mepex. [IpoBeneHO MOpIBHAIBHHUMA aHANI3
METO/IB IMOIIYKY JaHUX Y IEHTPali30BaHUX, Jie-
HEHTPAI30BaHUX HECTPYKTYPOBAHUX Ta JICICHT-
pai30BaHUX CTPYKTYpOBaHHUX OJHOPAHTOBHX
Mepekax. BusiBieHo, 1110 0THOpaHTOBi Mepexi He
3aCTOCOBYIOTH ISl TTOKpAIIEHHs MOLIYKY JTaHUX
pexoMeHaniitHi cucrtemu. Po3pobieHo maTema-
THYHY MOJIENb PEKOMEHIAIiHHOT CHCTeMH JUIs
JeneHTpanizoBaHoi P2P wmepexi 3 ormsigy Ha
BITOJIO0AHHST KOPHUCTYBAUiB Ta KUIBKICTh MEPEX0-
JIB 70 3aBaHTaKeHHS JaHuX. Po3pobieHo merox
(dbopMyBaHHS PEKOMEHMAIH Uil KOPUCTYBadiB
KOMIT'IOTEpHOI Mepexi TUIly peer to peer Ha Oc-
HOBI 3aITPOIIOHOBAHOI MaTEMAaTHYHOT MOJIETI.

HaykoBa HOBH3HAa TIPOBEICHOTO JIOCIHi-
JOKEHHSI TIOJISITAE B TAKOMY:

— Po3pobneno maremaTHyHy MOZENb pe-
KOMEH/JAIiHHOT CHCTeMH JUIi  OJHOPAHTOBOI
KOMIT'IOTEpHOI MepeXi THIy peer to peer Juis
MOAJIBIIOT PO3POOKH KOMIT FOTEPHOT iMiTaIliiHHOT
MOJIeJli Ta TECTyBaHHS ITOPUTMIB PEKOMEH[a-
[IHKUX 1 TONTYKOBHUX CHUCTEM.

— Po3pobneno meton (opmyBaHHS pPEKoO-
MEHJIALI A1 KOPUCTYyBadiB KOMII IOTEPHOI Me-
PeXi TUIy peer to peer, IO J03BOJIE BPaxyBaTH
0COOJIMBOCTI PO3MOJIIJICHOTO 30epiraHHs NaHUX y
MepexXi Ta MOJIETIIMTH MOIIYK MoTpioHoi iH(pop-
Martii y Hil.

IIpakTnyHe 3Ha4YeHHs. 3aNPOINOHOBAHO
dbopmyiu ais Bigoopy daiiniB y peKoMeHaalliiHi
CIHCKH, 110 BPaXOBYIOTh Aii KOPUCTYBayiB y Me-
PEXi Ta "ac MONIyKy (aiis.

lepcnexkTuBM NOJANBIIUX TOCTiIKEHbD.
3anporoHoBaHi Mojens Ta MeToJ (OpMyBaHHS
CIHMCKY PEKOMEHJIaIlil y peer to peer Mepexi po3-
paxoBaHi Ha 3arajJbHUA BHUIAIOK 1 HE TIPHUB’sI3aHi
JI0 KOHKPETHOTO TOIITYKOBOTO 3aIUTy. Y TOANb-
X JOCTI/DKEHHSIX TUIAHYEThCS JOCHTIIATH BH-
nmajKu, Koiau Tpeba chopMyBaTH KOpHCTyBady
CIIUCKH PEKOMEHJIAIH y BiAMOBIIL Ha HEBAAIUI
MOUIYKOBHUH 3alUT 3 OIMIsiAy Ha #oro 3mict. B ta-
KOMY BUIAJIKy PEKOMEHJAIll MaloTh OyTH OJIN3b-
KHMH JI0 TIOIIYKOBOTO 3aIUTy, a MpH iX Gopmy-
BaHHI MO)KHa BpaxoByBaTHu iH(opmaiiito, 3i0pany
3 IHIIAX KOMIT FOTEPIB MiJ 9ac BiIMOBITHOTO IIO-
LIYKOBOTO 3amHTy. TakoX IIaHyeThCsl po3podu-
TH BiJNOBIJHI JITOPUTMH Ta IPOTrPaMHy MOJEIb
JUTSL TECTYBaHHS 3aIIPOIIOHOBAHUX METOJIB.
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A MODEL OF RECOMMENDER SYSTEM FOR P2P COMPUTER NETWORKS

In this article, a research of peer-to-peer network algorithms is conducted. A comparative anal-
ysis of data search methods in centralized, decentralized unstructured and decentralized structured
peer-to-peer networks is carried out. It has been found that the existing methods of peer-to-peer net-
works do not use recommender systems to improve data search. A mathematical model of a recom-
mender system for a decentralized P2P network has been developed, taking into account user prefer-
ences and the number of transitions to download data. A method of forming recommendations for
peer-to-peer computer network users based on the proposed mathematical model has been developed.

In P2P networks, there is a problem of indexing and searching files on different network devic-
es. For various reasons, searched files may not be available to a user, even if they were previously
added to a system and indexed. For example, computers containing the desired file or routing tables to
it or its parts have left a network, or P2P network construction technologies are used with probabilis-
tic search methods that do not always find files located far from the user's computer, etc.
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Recommender systems are used to build lists of recommendations for users based on their previ-
ous actions, including likes, ratings, views, downloads, etc. They make it possible to facilitate the search
in a system with a large number of objects, supplementing the classic search, and in some situations
even substituting the search. Recommender systems can also be used to rank classical search results.
Thus, they can be combined with conventional search algorithms in various ways. In P2P networks, the
use of recommender systems can have additional benefits. If a user is searching for a specific file that
has been previously added to a network and the file is not found for various reasons, you can provide the
user a list of recommendations based on his/her preferences and possibly search query.

A model and method of forming recommendation lists in peer-to-peer networks proposed in the
paper are designed for the general case and are not tied to a specific search query, can be applied in
unstructured and structured decentralized P2P networks to familiarize a user with a content that
he/she may like based on the prediction of his/her preferences. This can increase the overall interest of
users in a content of a network.

Keywords: computer networks, peer-to-peer networks, P2P, recommender systems, data search.
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[

JAXKEPEJIA METPOJIOTITYHUX PU3HUKIB SIK PAKTOPH BILIUBY
HA TEXHOJIOT'TYHUHU IMTPOIEC

Cmanuii po36umox HAyKu ma mexHiKu, 8NPOBA0NCEeHHA YUCTIeHHUX [HHO8AYIU MA YCKIAOHEHHS.
TeXHONIOTYHUX NPOYECi8, 0COOIUBO 8 YACTUHI MEMPONOSTUHO20 3aDe3neyents, 3yMOGTIOI0Mb GANCTU-
8iCcmb 00CTIONCEHHS MA AHANIZY 0dHCEPel MEMPONOIUHUX PUSUKIG, SIKI NeGHUM YUHOM GNJUBAIOMb HA
dopmysanna axocmi npooyKyii Ha emani 8U2OMOGIEHHA. Y ce ye nopoodicye bazamo HOBUX Mempoio-
SIYHUX PUBUKIE O BUPOOHUYMEBA, KL HeOOXIOHO GYACHO T0eHmupiKysamu, Kiacu@ikysamu, uasUmu
ix npuuunu ma Hacrioxku. Aemopamu 8UHAYEHO MA ONUCAHO OCHOBHT OJcepena MempOsOSIUHUX PU3U-
Kig 5K (hakmopis 6niugy Ha MexHoI02IUHUL npoyec ma 30IUCHeHO IX y3azanbHeHy Kiacugikayiio, wo
0036015€ 00 €OHamu hakmopu 6nIUBY PI3HOI NPUPOOU 8 NeBHI epynu Ma NoAe2WUmy npoyec i0eHmu-
Gikayii nio uac oyin6aHHs: mempono2iunux puzuxis. Ilpononyemocsa nodiniamu ix Ha Odxcependa 306-
HIWHBbO2O cepedosuwyd, Ha SKI NIONPUEMCINBO He MOXdCe GNIUBAMY, d Juule a0anmysamucs nio Hux,
ma 0dicepena HympilHb020 Cepedosulyd, Ha SKi MOXNCHA BRAUBAMU. 308HIUHE cepedosuule BKII0Yae
COYIanbHO-eKOHOMIYHI, HAYKOBO-IHHOBAYIUHI Ma NpUpOoOHO-eKoN02iuHi ghaxmopu. [{o Oxcepen eHym-
Piunb020 cepedosuya 8iOHOCAMbC MEXHIYHI, TIOOChKI Ma hakmopu cucmemu MempoaociuHo2o 3a-
besneuenns. loenmughikayia nosuHHa BKIOYAMU PUSUKU, HE3ANEHCHO 8I0 IXHbOI NPUPOOU, CKIAOHOCI
ma modicausocmi koumpomo. Ompumany 3 pisHux O0dicepei IHpopmayito npo i0eHMuUpiKosani pusuKu
Ppekomenoyemucst 30epicamu 6 €OuHill IHPOpMayiinill cucmemi, 0OCHOB0IO AKOI € peecmp pu3ukie. Y
HbOMY 30epicaembcs iHGhopmayis NPo 8UAGIEHI NPUYUHU MA HACTIOKU KOJCHO20 PUSUKY, A OAHI CIPYK-
MypyIomucsi 32i0H0 3 3aNPONOHOBAHON KAAcuiKayicio, aka 0036014€ ix onucamu ma NOpieHAMU.
Hasenicms makoeo peecmpy 003807s€ ompumamu iHpopmayito, sKka cmocyemuvcst 0dicepena KOHKpem-
HO20 PUBUKY, A MAKONC € OCHOB0I0 OJi 1i020 OYIHIOBAHHS MA MIHIMI3ayii.

Knrouoei cnosa: ioenmugixayis mempono2iuHux pusuxis, peecmp pusuKis, 3068HiwHi hakxmopu
BNAUBY, GHYMPIWIHT (DAKMOpU 6NAUBY, MEMPONOciYHe 3a0e3neueHHs BUPOOHUYMEA.

Beryn. BupoOHmui mporiecw 3 KOKHHM — igeHTH(]iKaiii CKIIagaeThbcs 3 BHSIBJICHHS Ta
JTHEM CTalOTh BCE CKIAQHINIMMHE Yepe3 YMCICHHI  peecTpalii X JpKepell, MPUYHH Ta HACIHIJKIB, SKi
IHHOBAIIi1, HAYKOBI PO3POOKH Ta KOPCTKIlI BH- TEBHUM 4YMHOM BruBaioTh Ha TII. [[kxepemamu
MOTH JI0 TIOKa3HHKIB sKocTi. lle Bumarae neBanx  MP € Oynp-siki pakropw, M0 BIUHBarOTh Ha M3
3MiH JUIS YCiX €JeMEeHTIB BHPOOHMIITBA, 30Kpe- BHPOOHUIITBA i MEPEIIKO/KAIOTh HOT0 HOpMAIlb-
Ma i MmetpoisoriyHoro 3abesnedenns (M3). [lix  Homy po3Butky Ta ¢yHKuioHyBaHHIO. Lli dakro-
Yac TIPOCKTYBaHHS TEXHOJOIIYHUX TIPOIECiB  pU BIUIUBY MOXYTh (OPMYBATHCS BHYTPIIIHIM
(TII) nabyBa€e 3HAYHOTO TMOLIMPEHHS BUKOPUC-  CEPEIOBHUIIEM, Ha sIKE BUPOOHHUIITBO MOXKE BILIH-
TaHHS 1HTENEKTyaJlbHHX CEHCOPIB, MEPEKEBUX  BATH, i 30BHINIHIM CEPEIIOBHIICM, Ha SIKE BUPOO-
TEXHOJIOTiH, IHTEpHETYy pedyei Ta MAaIIMHHOTO  HHITBO BIUTMBATH HE MOXe. TOMY IpH iJeHTH-
HaBuaHHA [1, 2]. V 3B’53Ky 3 IIUM CTBOPIOIOTBCS  (iKallil (akTOpiB HEOOXIHO BUBYUTH Ta 3pO3Y-
HOBI TPYAHOIIII, TIOB’s13aHi 3 HEOOXIAHICTIO ajiar-  MITH BHYTPIlIHIY i 30BHIIIHIN KOHTEKCT OpraHi-
Tarii METPOJIOTiYHHMX TPOIECiB Ha eTami BUro-  3aiii [4]. Ha missIbHICTh KOXKHOTO MiJIPHEMCTBA
TOBJICHHS, 1[0 CIIPHUSIOTh BUHUKHEHHIO YUCIEH-  BIUIMBa€ O6arato GakTopiB, sIKi B3a€EMOAIIOTH MiXk
HUX PHU3UKIB, MOB’sA3aHUX 3 M3 BUpoOHHITBA. c000I0, 3a1eXKaTh Bi chepu AiSUIBHOCTI Ta 3Mi-
ToMy OIlIHIOBaHHS METPOJIOTIYHOTO PHU3HMKY HIOKOThCS B 4aci. ToMy HEOOXiIHO KiacuQiky-
(MP) [3] HeoOXigHO 3MiiiCHIOBATH OKpPEeMO Biji  BaTH MOTEHIHHI HeOe3MeKkn Ta (PaKTOPU BILTUBY
iHmMx pu3ukiB. OOOB’SI3KOBOIO YMOBOIO Tepel B KaTeropii [uisi Kpamloro aHami3y Ta po3yMiHHS
omiHoBaHHIM € ineHTH(dikamis MP. Ilpomec  ix mpupoam.
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Merta Ta 3amavi gociigxkeHHsi. Memoro
poOoTH € BU3HAUEHHS Ta onuc (aKTOPIB BIUIMBY
Ha TEXHOJIOTIYHUHA MPOIIEC SIK JHKEPET METPOJIO-
TiYHUX PU3MKIB Ta MPOBEICHHS X y3aralbHEHOT
kimacudikartii. OCHOBHUMH 3adauamu IS TOCST-
HEHHS TIOCTaBJIEHOI METH €: JOCTi/DKEHHS Ta
aHai3 JpKepen METpOJIOTIYHMX pHU3HKIB, SIKi
BIUIMBAIOTh Ha OPMYBaHHS SKOCTI MPOAYKIIl Ha
eTari BWUTOTOBIIEHHS, BUBYCHHSA BIUINBY METPO-
JOTIYHUX PU3HKIB Ha SIKICTh MPOMYKINi Ta Kia-
cudikamis X mpkepea 3 METOIo iX igeHTHdikamii
Ta OL[IHIOBAHHSI.

Bukjan ocHOBHOT0 MaTepiary

1. 306Hiwni paxmopu eniugy Ha mexuo-
nociunuii npoyec. ®axtopu BruBy Ha TII ymoB-
HO MOXHa TOIUIATH Ha ()aKTOpW MPSIMOTO Ta
Henpsimoro BIuBY. [[kepena MP, moB’szaHi 3
30BHIIIHIM cepeAoBUILEM, € (hakTopaMH Hempsi-
MOTO BIUIUBY, TOOTO TaKMMH, 110 HE 3/iHICHIOIOTH
Oe3nmocepenHLOT0 BIUTMBY Ha MexaHismm TIL
Take 30BHIITHE CEPEIOBUIIC BIUIMBAE HA BCI IMiJI-
MIPUEMCTBA OfIpasy, a He Oe3rmocepeIHhO Ha SIKEChH
KOHKpeTHe. Bara BIummBYy Takux (pakTOpiB TaKOX
HE € OJIHAKOBOIO Ta 3HAYHOIO MIpOIO 3aJICKUThH
BiJl IisIbHOCTI BUpOOHUITBA. Tak, /id mpUKia-
Iy, €KOJIOT19HI YNHHUKH 30BHIIIHBOTO CEPEIOBH-
12 MaTUMYTh OUIBIINI BIJIMB B aTOMHIN eHepre-
THUI[l TIOPIBHSHO 3 BUPOOHHUIITBOM CMapTQOHiB.
Tomy oxapakTepu3yBaTH TOYHHUH BILTUB 30BHIIII-
HBOTO YWHHWKA Ha TIOKa3HWKH METPOJIOTIYHOT
JUSTIBHOCTI MOXJIMBO 3 TICBHOKO IMOBIPHICTIO
yepe3 iX MacHmTaOHICTh 1 OMOCEPEeIKOBAaHUN Xa-
pakTtep BIumBY. lIpoliecn 30BHIIIHBOTO cepeso-
BHILIA € B3aEMONOB’ s13aHUMHU. Tak, noniTuyHa abo
colaJIbHA AiSUIBHICTH MOXKE BIUIMBATA HAa CTAaH
HABKOJIMIITHHOTO CEPEOBHIIA, 10, 31 CBOT0 OOKY,
Iy’)K€ CHUIBHO BIUIMBAaTUME HAa BHPOOHUIITRBO.
TakuM 9rHOM, (aKTOPH 30BHILIIHHOTO CEPEIOBHU-
Ia TMOB’s3aHI MDK CO00I0  KOpEIsIinHIMU
3B’s3KaMH, 3 SIKUMH 3MiHa OJHOTO 3 (aKTOpiB
BIUTMBA€E Ha iHmI ckianosi [5]. Taky ocoOnuBicTh
000B’SI3KOBO  HEOOXiJTHO BpaxOBYBaTH TiJ| dYac
npoBeieHHs olliHfoBaHHsS MP. B Takomy Bumanky
NPOBOIUTH (AKTOPHUIT aHAJII3 € OBOJI CKIIAIHOO
3agauero 1 i imeHTudikaiii TakuX pU3MKIB He-
JOCTaTHbO 3aJyYUTH IE€PCOHA BUPOOHMIITBA.
HeoOxigHuM € 3amydeHHs] eKCIEepTiB MEBHOI cde-
¥ 1715 IPOBEJICHHS SIKICHIIIIOTO aHAITI3Y.

30BHIIIHI pU3MKU Oe3MocepeHb0 HE 3a-
JeXKaTh B MisUTHHOCTI IMiIIMPHEMCTBA 1 ClIa0bo
abo 30BCIM HE MiJAal0ThCs BIUIMBY 3 HOro OOKY
Ta BUHUKAIOTh 130JIbOBAHO BijJ HBhOro. [Tompw 11€,
ix imeHTH(iKaIis Ta aHaNli3 € HEOOXiTHUMH B
nporieci oriHroBanHs MP, a ix Bmius na TII Oy-
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JIe 3aJIC)KATH BiJl aJalTUBHOCTI BUPOOHMIITBA Ta
e(eKTUBHOCTI CHCTEMH YIIpaBIiHHA AKicTiO. To-
My OJTHUM i3 BOXXJIUBUX 3aBIAaHb € PETEIIbHE JJ0C-
JiKEHHS! BIUIMBY 30BHIIIHIX ()aKTOpiB Ha IMpO-
[IeC BUTOTOBJICHHS, CBOEYAaCHE BHU3HAUEHHS Haii-
BIUTMBOBIIMINX JKEpeNl PU3WKIB Ta BpaxyBaHHSI
fioro BIUIMBY i yac oninoBarnus MP [3].
30BHIIIHE cepenoBHIle 3a0e3nedye BHPOO-
HUITBO HEOOXITHUMHU pecypcamMu ISl TOTIOMOTH
HOTO BHYTPIIIHROMY IOTEHINAy, TOMY Bpaxy-
BaHHS WOTO (hakTOpiB, MO MOPOIKYIOTH MP, €
000B’SI3KOBUM 1 MICTHUTHh aHalli3 30BHIMIHIX elle-
MCHTIB OTOYCHHS IMmianpueMcTBa. OCHOBHHM
HaAIPSMOM IIiJ] 4ac TaKOTO aHaIi3y € BU3HAUCHHS
Ta PO3yMiHHS HassBHUX 1 MOTEHLIWHHUX 3arpos, 3
SIKUMH BEPOOHUIITBO MOKe ab0 BXKe 31TKHYIIOCS.

Jo 30BHIIHIX (aKTOPiB BILIMBY MPOTOHY-
€ThCSI BITHECTH: COILIIaJIbHO-CKOHOMIYHE Cepeso-
BHIIlE, HAYKOBO-TEXHIYHUH Ta IHHOBAIIWHUN
PO3BUTOK KpaiHH, €KOJIOTIYHHIA CTaH HABKOIHWIII-
HBOT'O CEPEIOBUIIIA.

CounianbHo-exoHoMiuHi (akTopu. xe-
pena MP, ski BiTHOCATBCS 1O i€l TPyNd, BUHU-
KalOTh BHACIIIOK il TakuX (PaKTOpIB, K COLIaTb-
Hi, TIOJIITUYHI Ta eKOHOMIYHI. B pamkax miei kia-
TH 10 OJHIE] TPyNH COLIAIbHO-CKOHOMIYHUX
(akropi..

CoriaibHO-eKOHOMIYHI (PaKTOpH € O/IHIEI0
3 OCHOBHHUX TPYII, IO MOPOKYI0Th MP, siki Tak
caMmo BIUIMBAIOTh HA SIKICTh MPOJYKIii Ha eTari
BHUTOTOBJICHHS, & OTXKe, IOTPEOYIOTh HAIIEKHOTO
nociipkensst [6], aHamisy i oriHoBaHHA [3].
JlocnipkeHHsT BIUTUBY COIIaJIbHO-€KOHOMIYHHUX
30BHIMIHIX BuMBiB Ha TII € BaKIMBUM eTarioMm
inenrudikamii MP, a npoBeneHHs aHaNi3y MOJS-
ra€ y JiarHOCTHUIII OCHOBHHX IIPOOIJIEM METPOIIO-
riuHoro 3a0e3nedyeHHs BupoOHunTea (M3B), ski
MTOTPiIOHO BUPIIIIMTH, BCTAHOBIIEHHI X JpKepel Ta
IMOBIpPHHX HACJIJIKIB.

CorrianbHi akropu — 1ie prepena MP, siki
BHHHUKAIOTh BHACIIIJIOK Henepea0adyyBaHuX MOIiH
y CYCHIJIbCTBI IK pe3yJbTaT OyIb-SIKHUX COLiaIb-
HUX TporieciB y kpaini. L{i ¢pakTopu BKIHOUYAIOTH
TaKi Mmoii, K 3MiHa AeMorpagiyHUX OKa3HUKIB,
SIKOCTI OCBiTH, BIKOBOT'O PO3IOJiNY, COLiAIbHUX
HACTpPOIB/3BUYAIB Ta CTABICHHS JIFOJICH JI0 TIpaIli,
a TaKOX TEPOPHCTHYHY JiSUTLHICTB, IO MPU3BO-
IOUTH 10 TpoOieM 3 JIOJCHKUMH pecypcamu, 0
3MiHHU MOMNHTY Ha MPOAYKLIIO Yepe3 3HMKECHHS il
SIKOCTI1 Ta 3yITMHOK BUPOOHMIITBA.

[MoniTryHi (paxTopy BILIMBY — I JKEepea
MP, sxi cIpUYMHAIOTH BUHUKHEHHS 30WUTKIB Ta
3HIDKEHHS SIKOCTI MPOJYKI[I BHACTIIOK 3MIHH
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NOJITUYHOI cUTyauii B Kpaini. BpaxyBanus Taxo-
TO BHAY PHU3HKIB OCOOJIIMBO BaKJIMBE B KpaiHax 3
HECTAOUILHMM 3aKOHOMABCTBOM. [loxii, moB’s3aHi
3 MU (haKTOpaMH, BKITIOYAIOTh BUOOPH YpPsIOB-
IIiB 3 HOBHUMH TOJITHYHNMH IUIaHAMH, PIBCHb
Oropokpartii Ta KOpymiii, 3MiHM B HOPMAaTHBHO-
MPaBOBOMY PETYJIFOBaHHI B METPOJIOTIUHIHN JTisib-
HOCTI, @ TaKOXK HOBI 3aKOHH Ta MpaBwia i OyIb-
SKi 3MIHM B TIONITUIHOMY CEPEIOBHIII, IO TIPH3-
BOJIIATH JI0 3MiHH TIOJATKOBOI MOJITHKH, TPYIOBO-
rO MpaBa, KOMyHaJIbHUX Tapu(iB, MUTHOTO KOHT-
POJTIO Ta TOJIITHYHOT CTaOLITLHOCTI B misomy [7].

Exonomiuni ¢akropu — me mrepena MP,
SIKi BIUIMBAIOTh HAa 3MIHU SKOCTI MPOAYKIIii BHA-
CJIIJIOK 3MiH B €KOHOMIIi KpaiHU Ta 3yMOBIIOIOTh
3araibHUM cTaH ekoHoMmiku. IloB’s3ani monii
BKJIIOYAIOTh PO3IMOJIiI OIOJKETY, 3MiHY IIiH, TEM-
M1 €KOHOMIYHOTO 3POCTaHHS, IIHU Ha CHEPTOHO-
cii, MO CHPUYMHSIOTH, 3MiHHM B OIUIATI TpaIl,
piBHI HASBHOTO JOXOJY Ta MOTO PO3MOIiI.

TakuM YMHOM, SIKICTh MPOIYKINI Ha eTari
BUTOTOBIIEHHS TIepeOyBae i BILTHBOM COIliallb-
HUX, TOJITUYHUX Ta EKOHOMIYHHMX MOJiH 1 pi-
IICHb, sKi € pkepenamu MP. Jlo sikoro 3 Tphox
HaBEJCHUX BUIIE (DAKTOPIB BIHOCUTHCS MEBHUMN
MP, oxapakTepu3yBaTH BaXKO, OCKLIBKH HOTO
JOKEPEJIOM MOXKYTh OyTH OJHOYACHO BCi TpHU
dakTopu. [ns npuknany, pu3vKu, MOB’A3aHI 3
po3moiioM OJKETy, BUHUKAIOTh O/Ipa3y BHA-
CIIJIOK MEBHUX 3MIH B E€KOHOMII Ta IOJITHII
kpaian. Came Tomy MP, cnipuunHeni nmumu ¢ax-
TOpaMH, MPOIMOHYETHCA BIAHOCUTH JO OJHI€l
COIIaTbHO-eKOHOMIYHO1 TPYIITH.

HaykoBo-inHoBaniiini ¢paxkropu. Hayko-
BO-1HHOBAIIiHI (pakTOopu — 1e pKepena MP, 1o
CIIPUYUHSIIOTh BTPATH BHACTIJIOK BiJCTaBaHHS
BUPOOHUIITBA Bijl HAYKOBO-IHHOBAI[IHUX MPOIIE-
ciB kpainu B cdepi Merposorii. HaykoBo-
IHHOBAIIIHI PU3WKH 3aJIeXKaTh BijJ BUIY Taly3i, B
AKill PYHKIIIOHY€E TiANPUEMCTBO, TOMY HACIiIKA
B pa3i iX BUHUKHEHHS OyJyTh PI3HUMH IS KOXK-
HOro BUpOOHMITBA. OCOOIUBO BapTO 3BEPTATH
yBary Ha Taki pU3HMKH{ MiJNPHEMCTBaM, sIKi QyHK-
[IOHYIOTh Y HOBITHIX Tally3sX HayKH Ta TEXHIKH,
OCKIJTBKY caMe TaM BiJIOYBA€ETHCS JIyKe CTPIMKHIA
HAYKOBO-IHHOBaliHUM pO3BUTOK. BapTo 3a3Ha-
YUTH, 10 JJO HAYKOBHUX iHHOBAIlIll HaJIeXKaTh HOBI
MiIXOJM O BUKOHAHHS HOBHX Ta CTapHX peuei,
BUDILICHHS HOBHX YW CTapux IpobieMm. BoHu
nepeadayvaloTh He JIMIIE iHHOBaLii B TEXHIYHOMY
o0JaiHaHHI, ajie ¥ HOBI METOJU Ta CIIOCOOM Op-
ranizamii TII. IToxii, moB’s3aHi 3 Ii€I0 TPYIIOIO
PU3MKIB, BKJIIOYAIOTh  IUBUAKHA  HAYKOBO-
TEXHOJIOTIYHUH TPOrpec, MOsSBY HOBOTO BUMIPIO-
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BaJILHOTO OOJIAJIHAHHS T4 METO/[iB BUMIPIOBAHHS,
HOBHUX KOHCTPYKTOPCBKHX 1 TEXHOJIOTIYHHX PO3-
poOoK, crcTeMH Tepeaadi Ta oOpoOku iHdopma-
1ii, aBTOMaTH3aIlil0 BUPOOHMIITBA, IO CIIPUYH-
HSAIOTh JOJIaTKOBI BUTPATH Ha OHOBJICHHSI M3,
yac Ha BBEJCHHS HOBUX METOJIB Ta PO3POOOK Y
TII, miArOTOBKY BiAMOBIAHOTO MEPCOHAIY, 110, 31
cBOro OOKy, mopoKye 6araro MP, moB’s3aHux 3
OpraHi3aifHAMH PIIICHHSAMH Ta IHTErpaIliifHu-
mu nporiecamu [8]. BripoBamkeHHs iHHOBAIIH y
chepy M3 BuUpOOHHMIITBA HE JHILNE TOKpAIIye
SIKICTB TIPOAYKIIii, asie i 301bIlrye KOHKYpPEHTO-
CIIPOMOXKHICTh BHUPOOHHITBA. BrpoBamkyBaTH
HAyKOB1 iHHOBaIli HEOOXiTHO TAKOX JUIS TOTO,
100 YHUKHYTHU 3HAYHUX PU3UKIB y MailOyTHEOMY
BHACITIZIOK CTAPiHHS METOMIB 1 TEXHOJIOTiH BHPOO-
HUILITBA, 1[0 BIUIMBATUMYTh HA SKICTh. BaxkmuBum
€ CBOE€YacHe Ta 00/lyMaHEe BBEJCHHS 1HHOBAIliH B
MeXaHi3MH (pyHKIIOHYBaHHS BUPOOHUIITBA, ITPO-
Te ciig oOepexHO 3MiMCHIOBATH IIi TPOIECH,
OCKUTBKM HETpaBWIBHI PILICHHS MOXYTh TPH3-
BECTH JI0 KPUTUIHHUX HACTI/IKIB.

IIpupoano-exoJioriuni ¢axropu. Ilpu-
poaHo-eKooriuHi hakTopu — 1e mmxepena MP, ski
BUHUKAIOTh BHACTIJIOK TPOSIBICHHS CTUXiHHHX
CHJI TIPHPOJIH 1 CIIPUIHMHSIOTH HE3aIIaHOBaHi 3Mi-
HU KIHLEBOTO pE3ybTaTy METPOJIOTiYHOI JIisUib-
HocTi. Taki ¢akTopu mepiioyeproBo MOB’s3aHi 3
0COOJIMBOCTAMHU MicueBOCTI (reorpadivyne po3ra-
[TyBaHHS, MPUPOIHI KaTakimi3mH, crierudika K-
MaTUYHHUX YMOB), B sIKiii pO3TalIoBaHe i MPOBO-
JUTH CBOIO TiSTbHICTH ITiJITPUEMCTRO.

Jo mofii, moB’si3aHMX 3 MI€I0 TPYIIOK pH-
3WKIB, HaJIE)KaTh 3MIHM TEMIIEpPaTypH, THCKY,
BOJIOTOCTi, BUHUKHEHHSI TTOBEHEH, MOXKEXK 1 3eM-
JeTPYCiB, 10 BIUIMBAIOTh HA PE3YJIbTaTH BHMi-
pIOBaHHS Ta MEpPCOHAN, IO HOro 3IiCHIOE, a
TaKOX YaCTKOBO TONIKOKYIOTh ab0 TMOBHICTIO
3HHIYIOTh METPOJIOTiuHE OO0JIaJHAHHA Ta J1a0o-
paropii. IlpupomHo-exonmoriudi ¢akTopu CTBO-
PIOIOTh PW3WKH, TOB’S3aHI 3 HEMPUJATHHUMH
yMOBaMH{ HaBKOJIMIIHBOTO cepeaoBuiia. Taki MP
MOJYTh BIUIMBATH Ha PE3yJbTaTH METPOJIOTIYHOT
IISUIBHOCTI Ta 3a0e3neyeHHs HeoOXigHOI SIKOCTI
MPOAYKIIT Ha eTami BHTOTOBJICHHS, 30KpeMa Ha
3a0e3MeUeHHs  BiATBOPIOBAHOCTI BHMIipIOBAHb.
3rizHo 3 [9] BIATBOPIOBAHICTH BHMIpIOBaHb —
XapaKTepUCTHKa SKOCTI BUMIPIOBaHb, IO BifIO-
Opakae ONM3BKICTh PE3yNIbTaTiB BUMipIOBaHb Ti€l
caMmoi BeJINYMHH, BUKOHAHUX Y PI3HUX yMOBax (y
Ppi3HUIT yac, y pi3HUX MICISX, PI3HUMH METOJaMU
Ta 3aco0amMu), ajie MPUBEIACHUX JO OJHAKOBHUX
YMOB BUMIpIOBaHHs (TemIeparypa, THUCK, BOJO-
rictpb Ta iH.). Ciijx 3BEpHYTH yBary Ha «OJIHAKOBi
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yMOBH BuMiproBanHs». Lli ymoBu 3rigao 3 NIST
[10] maroTh BimOBiZaTH MiXKHAPOIHO IPUITHS-
TAM 3HadeHHsIM Temmeparypu (20 °C) ta THCKY
(760 MM pt. ct.). Hepenuka 3miHa 1ux mapamer-
piB MO’Ke BIUIMHYTH Ha HOSBY JOJATKOBUX ITOXH-
00K, sIKi HEeOOXIZJHO BPaxOBYBATH TiJl 4ac 0POpM-
JICHHsT pe3yibTaTiB BuUMipioBaHHS. BigHocHa
BOJIOTICTb, TEMIIEpaTypHi rpaJieHTH, BiOpalis Ta
BMicT CO, y TOBITpi BIUTMBAIOTh Ha TOKa3HHUK
3JIOMJICHHSI CBiTJIa, Ha IO IOTPIOHO 3BakKaTH
MiJ] 9yac 3A1HCHEHHS BiAMOBIJHUX BUMIPIOBAHb.

Ilepconan, mo 3aiHCHIOE METPOJIOTIYHY [li-
SUTBHICTD, TAKOXK MOXE TIiaBaTUCS BIUIMBY IIPHU-
poxHo-ekonoriuHux QakropiB. Henmpuaatai ymo-
BU Ta CTUXIHHI JIMXa, TaKi K MOXKEXKI, 3eMIICTPY-
cH, OJNMCKAaBKM MOXYTb CIPHYMHATH TPaBMHU Ha
BUPOOHMITBI, XBOPOOH, TICUXOJIOTIYHI po3namy i
HaBiTh cMepTi. Takoxk 1 rpymna (GakTopiB BILUTHBAE
Ha pecypcHe 3abe3redeHHs] BUPOOHUIITBA 1 MOXKE
PI3KO MOTIPIINTH YMOBH HOTO BUKOPHUCTAHHS.

BupoOHUIITBO HE MOXe BIUIMBATH Ha YMO-
BH HAaBKOJHIIHBOTO CEPEIOBHINA, IPOTE BOHO
3MaTHE aJanTyBaTHCS Ta BIPOBAKYBaTH HEOO-
XimHI pimeHHs A5 3a0e3neueHHss HOPMaJbHUX
yMoB. [Ing 1poro mMae MpUAIIATHCS yBara Jo-
TPUMaHHIO HOPM TEMIIEpaTypH, TUCKY, BOJOTOC-
Ti, OCBITJICHOCTI, BiOparii, mymy i 1. 1. Metpo-
JIOTIYHA JiSJIBHICTh MOBUHHA OYyTH MPU3YIHHEHA,
SKIIO YMOBU HaBKOJIMIIHBOTO CEPEIOBHUINA CTAB-
JISITH 1T CYMHIB JJOCTOBIPHICTH i1 pe3ynbTaTiB.

2. Buympiwni chaxmopu eniugy na mex-
Honociunuil npoyec. BHyTpimHE cepenoBHIIE,
TaKk camo fK 1 30BHIIIHE, € mkeperom MP. Vci
(akTopu, 1110 OE3MOCEePETHBO 3aJIeXKATh BiJl JisUTb-
HOCTI IiJIPUEMCTBA 1 BIUIMBAIOTH Ha SIKICTh TPO-
JIYKIIii, [0 BUTOTOBIISIETHCS, € BHYTPIIIHIMU (pak-
topamu. Taki ¢akropu Hanmexarb a0 (PaKTopiB
OpsSMOTO BIUIMBY Ta € I1HAWBIAYQIbHUMH JUIS
KOXHOTO mignpueMcTBa. MP, TIoB’s3aHi 3 HEKO-
pexTHUMH TpadikamMu TPOBEACHHSA KajaiOpyBaH-
HS, BAHMKAIOTh BHACIIZOK HEIOJIKIB y CHUCTEMI
oprauizarii Jiuiie KOHKPETHOTO BUPOOHUIITBA Ta
HE BIUIMBAIOTH Ha iHII. Bara BmjmMBY Takux pu-
3MKIB, SIK 1 y 30BHIIIIHIX, € TAKOX PI3HOO 1 3HAY-
HOIO MIPOIO 3aJISKUTh Bijl OpTaHi3aIliiftHol JisuTb-
HOCTI KOHKpETHOTro BUpoOHuuTBa. 1 mpukia-
oy, MP, nos’s3aHi 3 rpadikamMu KamiOpyBaHHS,
OyIyTh MaTH Pi3HUH BIUIMB 3aJIe)KHO BiJ 3/1aT-
HOCTI BUPOOHMITBA OIIEPATHBHO pearyBaTH Ha ixX
HACIIAKH.

BB BHYTpINIHEOTO YMHHUKA HA TIOKa3-
HUKH METPOJIOTIUHOI JIIsUTBHOCTI JIETIIIE OXapak-
TEpU3YBATH, OCKIIBKH TYT iCHY€ OLJIbII 3p0O3yMi-
JWA TIPAYMHHO-HACIIIKOBUI 3B’S130K PU3UKOBHX
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mofii mopiBHsHO 3 3o0BHiImHIMU MP. [Iporecy,
IIOB’sI3aH1 3 BHYTPIIIHIM CEPEOBHINEM, TAKOX €
B3aeMO3aJIeKHUMHU. HenpaBuibHe OBOKEHHS 3
BHMIPIOBAJILHUM OO0JIaJHAHHSAM 3 OOKy TEepCOHA-
Ty BIUIMBaTHIME Ha KOPEKTHICTh Horo poOoTw,
0, 31 CBOro OOKY, BITMBATHME Ha SKiCTh IIPO-
OyKuii Ha etamni BUroToBieHHs. [Ipore TyT mpoc-
Time ineHTH(IKyBaTH W NpoaHaNi3yBaTH Taki
TTOCITIIOBHI Ta B3a€MO3AJIC)KHI PU3UKH, OCKITBKH
BOHH BiOYyBalOTHCS B MeXKax BHPOOHHWIITBA, a Y
KEpiBHHILITBA € MOBHUI JOCTYN A0 YCiX MPOLECIB
Ta pecypciB. [IopiBHSHO i3 30BHIMIHIMA pU3WKa-
MU, JJIS1 IPOBEACHHS (DAKTOPHOTO aHalizy BHYT-
pIlIHIX YMHHHUKIB HE MOTPiOHO 3amy4yaTdh CTO-
POHHIX 0Ci0, OCKIJIbKA BOHU € HCKOMITETCHTHHUMHU
y MexXaHi3MaX JisUTbHOCTI BUPOOHUIITBA.

OCKiNbKH BHYTPILIHI PU3UKH BHHUKAIOThH
SIK pe3yJbTaT MisUIbHOCTI MiANPUEMCTBA, TOMY
BOHHU TTOBHICTIO M/ITAIOTHCS OT0 KOHTPOITIO, a 1X
BIUIMB OyJe 3ajexaTu BiJl CBOEYACHOI'O BH3HA-
YeHHS JKepesl PU3MKiB, a TAaKOX 3aXOJiB 10O
ix mikBigarmii uyu MiHiMizamii. Tomy BHyTpimmHi
PU3WKH HEOOXiTHO aHATI3yBaTH ¥ OIIHIOBATH
HapiBHI 3 30BHIIMHIMU. XO0Ya BOHU W MAalOTh
NEeBHI 0COOJMBOCTI, MPOTE OLMBIIOI MIipOI0 IIi
JBAa YMHHUKH € CXOXHMH, a 3HAYYLIICTh HACIi -
KiB y pa3i BAHMKHEHHs Takux MP maTume 3ryo-
HUH BIUIMB Ha SAKICTh BUTOTOBJICHHS MPOJIYKIIIi,
HE3aJIeKHO BiJl IPUPOAHU iX MMOXOJKEHHS: BHYT-
piITHI 9M 30BHIMIHI.

Jo BHyTpimHIX (hakTOpiB BIUIMBY MPOIO-
HY€TbCS BiTHECTH: IIEPCOHAJ, IO 3/1iHCHIOE MET-
POJIOTIUHY AisIbHICTB, cucTeMy M3 Ta TexHiuHe
3a0e3rneueHHs] BAPOOHHIITBA.

DaKkTOpH CHCTEMH METPOJIOTiYHOro 3a-
0e3neuenHs. M3 OaratbMa croco6amMu BILTUBAE
Ha HETePEePBHICTh Ta PUTMIYHICTh BUPOOHHMIITBA,
co0iBapTicTh MpoAayKIii, obcsr 1 BUITycKy, Tpo-
IYKTHBHICTB Tpalli Ta eQeKTUBHICTh y 0araThox
mporecax BUPOOHHMLTBA 1 crioxuBaHHA. [lyis Bu-
3Ha4YeHHS (aKTOPiB BIUIMBY, SKi € JDKEpenaMu
MP cucremun M3B, He0OXigHO AAaTH BU3HAYCHHS
TEpPMiHY «METpOJIOTiYHEe 3a0e3nedyeHHs». B Hop-
MaTMBHOMY IOKyMeHTi 3 Metpomorii [9] mpen-
CTaBJIEHO HACTYITHE TOHATTSI M3:

® YCTAHOBJICHHSI Ta 3aCTOCYBaHHS METpO-
JIOTIYHMX HOPM Ta MpaBHJ, a TAaKOXK PO3pOOIIeH-
HSl, BUTOTOBJICHHSI Ta 3aCTOCYBaHHS TEXHIYHHX
3ac00iB, HEOOXITHUX JJIA JOCITHEHHS €IHOCTI Ta
moTpiOHOI TOYHOCTI BUMIpPIOBaHb.

®axTopu cuctemu M3 e mxepenamu MP,
SIKI BUHUKAIOTh BHACIIIJIOK MOPYIIEHHS METPOJIO-
TIYHUX HOPM 1 TpaBWII IJIsl 3a0€3MeYeHHsT He00-
XiJHOT TOYHOCTI Ta €XHOCTI BuUMiptoBaHb. [lomii,
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MOB’S13aHi 3 LI€I0 TPYMYI0 PU3HKIB, BKIIOYAIOTH
3acTapily JOKYMEHTAIlil0 pPOOOYMX IIPOILIECIB,
METOIIB BHMIpIOBaHHS, He3a0e3MCUCHHS MpOIe-
JIyp BiATBOPEHHS Ta mepefadi OAWHUIb BUMIpIO-
BaHb, HEONTHMAaJIbHE IOEAHAHHA NMPOLEAYp Mif-
BHIIIEHHS TOYHOCTI BUMIPIOBAaHb Ta 3aTpaT Ha iX
JOCSATHEHHS, BiZICYTHICTh HOPMAaTUBHO-
METOJIUYHOI 0a3H, HEJOTPUMAHHS €HOCTI BUMi-
pIOBaHb Ta METPOJIOTIYHOI BiAIOBITHOCTI 3aC00IB
BuMiproBaiabpHOl TexHiku (3BT) Ta inmi momii, 1o
BIUTMBAIOTh Ha 3a0e3MeYEHHs AKOCTi Ta €EKTUB-
HOCTI BUMIproBaHb. 3rigHo 3 [11] cuctema mokas-
HUKIB sikocTi M3B criagaeTbcs 3 NOKa3HHKIB
pe3ynbTaTUBHOCTI Ta edekTUBHOCTI. [0 mokasz-
HUKIB pe3yJIbTaTUBHOCTI BITHOCSITHCS:

e 3a0e3MeueHHs €JHOCTI BUMIPIOBaHb;

e 3a0e3MeueHHs] METPOJIOTIYHOI BiAIOBIA-
nocti 3BT;

® CTaHJApTU3allil METOJIUK
BUMIpPIOBaHb;

® METpOJIOTiYHA EKCHepTH3a KOHCTPYK-
TOPCHKOI Ta TEXHOJOTIYHOI IOKYMEHTAIII;

® METPOJIOTiYHUI HATJIS Ta KOHTPOJIb;

® CTPYKTypa METPOJIOTIgHOI CITyKOu;

e 0a3y JaHUX METPOJIOTIYHHX XapaKTEpH-
CTHK.

Jo moka3HuKiB e()eKTUBHOCTI BiTHOCSTHCS:
TOYHICTh BUMIPIOBaHb;

JIOCTOBIPHICTH KOHTPOJTIO;
MOBHOTa KOHTPOJIIO;
TJIMOMHA KOHTPOJIIO;
OTIEPaTUBHICTH KOHTPOITIO.

IloBHe abo yacTKOBE HEJOTPUMAHHS OIH-
CaHMX BHWIIE IMTOKa3HMKIB MPHU3BOAUTH 0 TOSBH
MP, saxi BrumBatore Ha TII Ta cnpu4nHSAIOTH
BTpath BUpoOHHITBA. Ockinbkun M3B € ckman-
HOKO  OpraHi3allifHO-TEeXHIYHOI0  CHUCTEMOIO,
CKJIaJHICTh $KOT 3yMOBJIEHAa BIOCKOHAJIECHHSIM
Cy4acHUX BHPOOHMYMX TMPOIECIB, MOTPEOOIO
MiIBUIICHHST CTYIIEHsI KEPOBAHOCTI Ta PIBHS aB-
tomatu3zanii TII, BOpoBamKeHHS TOYHIIMX Me-
TOJIUK BHUKOHAHHS BHMIpIOBaHb, IIiIBUIICHHS
BUMOT JIO PIBHS SIKOCTI Ta OE3MEYHOCTI MPOIyK-
i1, BXKJIMBUM 3aBIaHHSIM OpraHi3allii Cy4acHHUX
BUPOOHUITB € CTBOPEHHS BHCOKOE(HEKTHUBHUX
cucreM M3B ju1s 3MeHIIIeHHs BIUIMBY (hakTopiB,
MOB’SI3aHMX 3 IMI€I0 KaTteropiero mkepen MP.
Oxkpim 11p010, cuicreMa M3B Bkitouae yci met-
POJIOTIYHI CKJIaJIOBI BUPOOHHUIITBA, 30KpEMa TEX-
HiYHE 3a0€3MeUeHHsI Ta MEePCOHA, 10 3IIHCHIOE
METPOJIOTIYHY AisTbHICTb.

TexHiune 3abe3nedeHHs 1 TOACBKUNA (ak-
TOp CTaHOBITH CyTTEBY uactuHy M3B [12],

BHKOHAaHHA
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ToMy (haKTOpH BIUIMBY, TOB’sI3aHi 3 HUMH, CIiJ
BUOUIATH B OKpeMi Kareropii Ta OIIHIOBATH
OKpeMo.

Texniuni paxropu. GakTopu TEXHIYHOTO
3a0e3neYeHHs BUPOOHUIITBA — I kepena MP,
SIKI TIPU3BOJATE IO 3MIHU KiHIIEBOTO PE3YIbTATy
BHACIIIJIOK BUKOPUCTAHHS Y BHPOOHHMYOMY IIPO-
1eci HeBIANMOBIAHOro 00JIaJHAHHA Ta TEXHOIOTIH.

[onii, moB’s13aHi 3 Hi€l0 TPYHOIO PU3HKIB,
BKJIIOYAIOTh HECBO€YACHE BUBEIEHHs OOJIagHaH-
HSl 3 eKCIUTyaTalii, HeCBO€4acHe METPOJIOTiuHe
o0ciTyroByBaHHs (ITOBipKa, KamiOpyBaHHI) 00maI-
HaHHS, Horo 30epiraHHs Ta TPaHCIOPTYBaHHS,
3acrapine nporpamue 3abe3neueHus 3BT, HeBia-
TIOBI/IHI €TaJIOHU, 1110 BIUIMBAIOTh Ha JOCTOBIp-
HICTh Pe3yJbTATiB BIUMIPIOBaHHS Ta KaJiOpyBaH-
HS IIMM OOJaJIHaHHAM. 3 IOT0 OOKYy, TEXHiKa
Ma€ JOCUTh HIMPOKE 3HAYCHHS i CTOCYETHCS HE
TITPKK  amapaTHoro 3a0esredeHHs (eTajoHH,
3BT), ane it nporpamaoro abo ix kom0OiHaIii, o
BUKOpUCTOBYeThCst i onTumizanii TII. Ilpo-
rpaMHe 3a0e3MeYeHHs BKIIIOYAE CIellialli3oBaHi
oTeparliiiHi cucTeMu, MpOrpaMHi 3abe3meueHHs
3BT, mporpaMu [uisi mpoBeAEHHS OaraToBHMIp-
HHUX BUMIPIOBaHb 3 OJTHOYaCHUM BUKOPHCTAHHIM
BEIMKOI KUTBKOCTI CEHCOpiB, ABTOMAaTHYHOTO
MOHITOPHHTY CTaHy CHCTEM, OL[IHKH pe3yJbTaTy
BUMIpIOBaHHS Ta 3axucTy iHpopmarii. Bukopuc-
TaHHS METPOJIOTIYHOTO OOJIaJHAHHA TIiJ] Yac
3MIHCHEHHS METPOJIOTIYHOI AisUTBHOCTI pOOUTH 1l
e(eKTHBHINIO 1 MPOAYKTHBHIIIO. B Ginbrrocti
BHITAJIKiB TI BUKOPHCTaHHS € 000B’I3KOBOIO YMO-
BOIO, OCKUIBKH B 1HIIOMY BUTQJIKY 3JIHCHIOBATH
BUMIpIOBaHHs Ta KamiOpyBaHHS CTa€ HEMOXKIIHU-
BUM. BuMiproBaHHsS pi3HHII TMOTEHI[ANiB MiX
miapaMM KOpU TOJIOBHOTO MO3KY HEMOJKIJIMBO
3MiACHUTA O€3 BIANOBIAHOTO OOJIaMHAHHS IS
MiZCUJICHHSI, 3HCIIYMJICHHS, BHUMIPIOBAaHHS Ta
OTIPALIIOBaHHS CHUTHAJNIB eJeKTpoeHIedasorpam
[13]. Ha cporojHiIiHi# 1eHb 3HAYHOTO PO3BUTKY
i momupeHHss Ha0yBalOTh AaBTOMATHYHI CHCTEMH
BHUMIPIOBaHHSI Ta KOHTPOJIO Ha €Tari BUTOTOB-
nenss. Lli cucremu He MOTPeOYIOTH y4acTi crie-
iATBHOTO TIEPCOHANY JJIsl MPOBENECHHS CaMHX
BUMIpIOBaHb. [IpoTe KpUTHYHO HEOOXIIHUM Yy
LBOMY BHIIQJIKy € CBO€YacCHE OOCIYroBYBaHHS,
KamiOpyBaHHA Ta MOHITOPUHI KOHTPOJBHUX HO-
Ka3HHKIB 1IbOTo 0013 qHaHHs. B iHIIOMY BHNIaKy
LI MOKE CIIPUYMHHUTH BUHUKHEHHA MP, 1m0 npus-
BEAYTb 10 KPUTHYHHUX Ta HEBIIBOPOTHUX HACIia-
KiB, SIKi B MaiiOyTHHOMY BIUTMHYTH Ha SIKICTh
MPOAYKIil Ta BUPOOHUITBO. J{)1sl 3HMKEHHS Ta-
KOTO POAY PH3HKIB HEoOXiTHO 3abe3redyBaTH
creriajbHO O0JIaHaHI IPUMIIICHHS IS IIPOBe-
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JeHHs BUMipIoBaHb. BOHHM MaroTh OyTH JOCHTH
HPOCTOPUMH, 00 3MEHIIUTH PU3UK BUHUKHEHHS
HeOe3MeUyHNX CUTYallild Ta MONIKO/KEHHS yCTaT-
KyBaHHS, a TaKOXK 3a0e3MeueHi BUTPATHUMH Ma-
TepiagaMu IS TIPOBEACHHS BHMIpIOBaHb, BH-
nmpoOyBaHb Ta KamiOpyBaHb. BukopucTanHs 10-
HIKO/PKEHOTO Ta HEMOBIpeHOro oOmagHaHHS i
Horo HeBUacHe BUBEJACHHS 3 eKCIUIyaTalii Moxe
nmpu3BecTH 10 BUHUKHEHHS MP. Takox ciin Bpa-
XOBYBATH, III0 HAsIBHE YCTATKyBaHHSA MOXe (DyHK-
IOHYBAaTH HAJEKHUM YHHOM, NPOTE HOTO MeET-
POJIOTIYHI XapaKTEPUCTUKHA MOXKYTh HE BIIIOBi-
JaTH BHMOTaM II€BHHX METOJWK BHMIipPIOBAHb.
o6 yHHMKHYTHM pPH3HKIB, TOB’S3aHUX 3 LUM,
HEOOXIIHO mMepe] BUKOHAHHSIM pOOIT OLIHUTH
HasBHE 00JIa[HAHHS 3 HASSBHUMU METOJHKAMH Ta
migiopaTH HalonTUManbHIIMKi BapianT. OKpiM
1ILOTO, BUPOOHHUIITBO IMOBUHHE MaTU PO3pPOOJICHI
MIPOIEAYPH TOBOKEHHS 3 BUMIipIOBAIBHUM 00-
JaTHaHHAM, HOTO TPaHCIIOPTYBaHHS, 30epiraHHs,
eKCIuTyaTallii Ta 00CIyroByBaHHs.

Jlioacskuii ¢akrTop. JIroacekuii paxTop —
e mxepeno MP, sike BUHMKAaEe BHACIIOK BIUTHBY
moackkoi  mismeHocTi Ha  TIL. o  momii,
MOB’SI3aHKMX 3 II€I0 TPYIOI PHU3UKIB, HAJICKATh:
BiJICYTHICTh KBaTi()iKOBAaHOTO IIEPCOHATY, HEIpa-
BUJIbHE BUKOPUCTAHHS BUMIpPIOBAIBHOTO 001aI-
HaHHs, poO0Ta 3 MOPYIICHHSAM BUMOT 1HCTPYKIIiH
3 BHUKOPUCTaHHS OOJaJHAHHS, HEIOTPUMAHHSI
rpacdikiB kaxiOpyBaHHS, HETPaBWIbHE 3aIIOBHEH-
Hs1 3BITIB, 1110 BIUIMBAIOTh Ha PE3yJbTaTH BUMIPIO-
BaHb Ta KalliOpyBaHHS, TPOBEICHHS MEPEBIPOK,
KIHIIEBY SKICTh BUXIJTHOTO TPOIYKTY 1 MOXYTb
COPHYUHITH TOIIKOJDKEHHS METPOJIOTiYHOTO
obnamHanHs. B ocHoBHOMYy kepema MP,
OB’ SI3aHMX 3 JIOJICBKUM (paKTOPOM, BUHUKAIOTh
yepe3 HEBHKOHAHHS I10CAJOBUX OOOB’SI3KiB,
HU3bKY KBamiikaiito, MOpYyIIeHHsS TEXHOJIOTIH,
HpoLeayp Ta KOPIOPATUBHUX IMPABUII, TTOMHIIKH
Ta 37M0BXHMBaHHA. [ mocsrHeHHs HEoOXigHOT
SAKOCTI Ta 3MEHIICHHS KiJTBKOCTI PH3HKIB,
OB’ SI3aHMX 3 I[IE0 IPYIIOI0, BUPOOHHUIITBY BapTO
3BepTaTd OCOONMBY yBary Ha HaBUYKH, 3HAHHS
Ta KOMIIETEHTHICTh KOXXHOTO 31 CHiBpOOITHHKIB
3aJIe)KHO BiJ] BHJy BHKOHYBaHOiI HHM POOOTH
(npoBeZieHHST BUMIpIOBaHb, CKJIaJaHHs rpadikis,
3allOBHEHHS 3BITIB YW JOTJISA 3a MPHIaLaMH).
3rigHo 3 [14] KOMOETEHTHICTh — 1€ BMIHHSA MOOI-
Ji3yBaTH B KOHKPETHIN CHUTYyalil OTpUMaHi 3HaH-
HS Ta JIOCBiJl 3 OIJISy Ha 30BHIIIHI OOCTaBHHHU.
HegiamogijHe 06cIyroByBaHHs BUMipIOBaIHLHOTO
o0 raiHaHHS, IOPYIIEHHS B TIPOLIEC] MTPOBEICHHS
BUMIpIOBaHHSI, BUSBJICHHS Ta YCYHEHHS Je(EKTiB
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1 OTpUMAaHHS HENIACHMUX pe3yJbTaTiB € HaCIif-
KOM HEKOMIIETEHTHOCTI TIepCOHANyY, IO BILUIMBAE
Ha TII. BaxxnuBuM € BpaxyBaHHS HE JIUIIE KOM-
MIETEHTHOCTI MIEPCOHAITY, alie ¥ IHIIMX YUHHUKIB,
10 BIUIMBAIOTh Ha MPOAYKTHBHICTH. Taki Biac-
THBOCTI, SK IMBUAKICTH 1 TOYHICTH POOOTH, MO-
KYTh TaKOX BIUIMBATH Ha SKICTh MPOIYKIII Ta
3alexaru Bijg (PI3MYHOTO, TCHXOJIOTIYHOTO Ta
emolriiHoro crany mroauad. Jlocmimkenns [15]
MOKa3ye, M0 JOJCHKI (haKTOpH, Taki SK O3Ha-
WOMJICHHSI 13 3aBJaHHSAMH, BTOMa, HAaBYaHHS Ta
KOJIMBaHHS YBard, BIUIMBAIOTh HA PE3YNIbTAT Oy/ab-
SIKOTO BUpOOHHMYOTro mporecy. MP, moB’s3aHi 3
JIFOJICKKUM (PAaKTOPOM, HEOOXITHO JOCIIIKYBaTH,
HE3aJIOKHO BiJ TNy BUpOOHHMITBA. HaBiTh Ha
MiIPUEMCTBAX 3 BUCOKUM PiBHEM aBTOMAaTH3AIli]
iX aHami3 € ayxe BakiauBuM. [lJ1s mpukiany, Ha
00’€KTax SIICPHOI CHEPIreTUKHU, JAC MPOLCAYPH
KOHTPOJIFO BUKOHYIOTHCS IIIOJIEMH, MAaIIHHAMH
abo xoMOiHariero ToauHn | Mammau [16], mroa-
CBKHUI1 (haKTOp BUSBHUBCS BaKIMBUM JJISi BUPOO-
HUIITBA.

VY ciepi meTpororii, mepcoHan, Ak i B iH-
mmx cdepax, € OCHOBHUM JIKEPEIOM PHU3HUKIB
[17]. Ans minimizanii BrumBy MP, noB’si3anux 3
JIOACBKUM  (paKTOPOM, POOOTONABEIL TOBHHEH
3a0e3meunT HEOOXiaHEe OONMaHAHHS Ta TPHUMIi-
[IeHHsI, K€ 3a0e3MeUnTh CBOOOy TepeMillleHHs
i TouHicTh nild. KepiBHUIITBO Mae OyTH BIICBHE-
HUM Y KOMIIETEHTHOCTI CBOiX TpaIliBHUKIB, 0CO0-
JUBO THUX, XTO IMpaltoe 3 OoOJaaHAHHIM, SKE
noTpedye CrerialbHUX HaBHYOK Ta JIOCBimy. Yci
3aB/IaHHS, YA TO KamiOpyBaHHS, YW OIS 3a
npuiaJaMy, TOBUHHI HaJaBaTHUCA 3 OISy Ha
BIJINIOBIJIHY OCBITY, IOCBi Ta miarotoBky. I[Ipote
HEOOXIIHO 3ayBa)KUTH, IO JIIOJU HE JIUIIE €
JOKepeaMy PU3HKIB, alle i 37]aTHI BIIPaBHO HUMHU
KepyBaTH Ta YCYyBaTH iX, BHKOPUCTOBYIOYH CBOIO
BUHAXNIMBICTh JUIsI BUPILICHHS HEOUYiKyBaHUX
npobeM.

Pesynbratn  gocaimkennb.  Brachinok
MIPOBEICHOIO AOCIiIIKEHHS (PAKTOPIB BILIMBY Ha
TII nmpomonyetbest knmacudikaris MP Big mmx
(axTopiB BIMBY (prCyHOK 1).

Taka knacugikaiiiss pa3oM 3 METOJOM OIIi-
HtoBanHsg MP [3] no3BoJisie neTalibHilIe OMIHUTH
po3Mip HE JHIe KOMIUIEKCHOTO MOKa3HUKA, aje
U KOXXHOTO CTPYKTYPHOTO PIiBHS Ta 3pPO3YMITH,
sika came rpyna mkepeia MP poOuTs HaiOLbIINi
BIUIMB HAa 3HAYCHHS KOMIUIEKCHOTO IOKa3HUKa
(BHYTpIIIHI TEXHIYHI Y 30BHIIIHI COIiaJbHO-
€KOHOMIYHIi).
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MeTtpoJ/IorivHi pH3IHKH AKOCTI NPOXVKILL HA €T ali BHIOTOBJICHHA

[

TexHOJIOTIYIHHH Tpomec

>

Pucynok 1. Knacudikania MP Bix ¢pakTopiB BIJIMBY Ha TeXHOJIOTIYHUI Mpouec

Tomy mepen OILIHKOI PHU3HKIB HEOOXiTHA
ineHTudikarmis GakTopiB BIUIMBY, SKi € JpKepelna-
Mu MP. Orpumana 3 pizHHX Kepeln iHdopMaris
TIPO BUSIBJICHI PU3UKH 30MPAEThCA B OAHIN iHDOP-
MaIliiiHiil CUCTeMi, OCHOBOIO SIKOi € PEECTpP PU3H-
KiB [4]. Y HbOMY J1aHi CTPYKTYpPYIOThCS 3TiJHO 3
HaBeaeHO Kiacudikamiero (pucyHok 1), ska
JI03BOJIsIE iX ommcatu Ta mopiBHATH. [Ipukman
TaKOTO PEECTPY PU3UKY 300pakeHO B TaOmuIIi 1.

Peectp pusnky € OHUM i3 METOJIB Tpe/-
CTaBJICHHS, 30€pEeKEHHs] Ta MOHITOPUHTY PH3H-
KiB, iX MOTEHIIHHUX IKepen ((pakTopiB BIUIMBY)
Ta IMOBIpDHHMX HACNIJIKIB, sIKi BrmBaioTh Ha TII.
HasBHICTE Takoro peectpy I03BOJISIE OTPUMATH
iH(popMaLlilo, sIKa CTOCY€ETHCS JPKEpeIa KOHKpPET-
HOT'O PH3HKY, @ TaKOX € OCHOBOIO JUIS OI[IHKH
KOMITIEKCHOTO moka3zHuka MP [3], mo Bkirodae
pizHi rpynu mxepen MP. Po3poOka Takoro pe-
€CTPY, OCOOJIMBO 32 HAassBHOCTI BEJIUKOI KUTHKOCTI
JUKepen pU3UKiB, IOTpedye 3HaYHUX 3ycHiib [ 18].
Tomy muist ix igeHTUdiKaLii TPONOHYEThCS 3aIy-
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YaTH SKOMOTa OUTBIIY KiJBKICTh IEPCOHANY Ta
MPOBOJHUTH TEPIOJUYHUN MOHITOPUHT UL BH-
siBIIeHHSI HOBUX MP 1 KOHTPOJIIO BXKE ICHYIOUHX.
InenTnudikamis TOBHMHHA BKIIOYATH PHU3UKH,
HE3aJIeKHO BiJl TOTO, Y BIUIMBAE HA HUX BHPOO-
HUNTBO (BHYTpIlIHI ()aKTOpW BILIUBY), UM Hi
(30BHIIIHI (h)aKTOPU BILTUBY).

OO0roBopeHHs pe3yabTaTiB. Y IOMY JI0-
CIIIJDKCHHI TPEACTaBICHUM KOMIUICKCHUH aHaii3
JOKEpEJT METPOJIOTIYHMX PU3UKIB, SKi BIUIUBAIOThH
Ha TEXHOJIOT1YHHH Mpolec BUPOOHHULTBA. ABTO-
pamMH BU3HAUY€HO U OMKMCAaHO OCHOBHI JKepelna
METPOJIOTIYHMX PU3UKIB Ta 3aIPOIIOHOBAHO CHC-
TeMy knacudikamii 3a ¢akTopamu BIUMBY. Ta-
KOXX HAaBEJICHO PEECTP PU3UKIB AK 1HCTPYMEHT
Uit 300py Ta MOHITOPHHIY iH(popmarii 11010
PHU3UKIB, iX MOTEHHIHHUX JpKeped i WMOBIpHHX
HACHIAKIB, IO BIUIMBAIOTh HA TEXHOJIOTIYHHI
MpoLeC BUPOOHMIITBA. 3HAUYIIICTh ILOTO JOCITi-
JOKEHHSI TIOJISITae B MOTO MPAKTHYHOMY 3HAUeHHI
JUIs aHaJTi3y (paKTOpiB BIUIMBY Ha TEXHOJIOTiUHUI
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npolec Ta iX 3B’S3Ky 3 METPOJIOTIYHUMH PH3UKA-
MU SIKOCTI TIPOMYyKIii Ha eTam BUpOOHUIITBA. Pe-
3yNbTaTH JTOCIIPKEHHS MOXYTh OYTH BHKOPFC-
TaHi 1151 po3pOOKH OiIbII CBIIOMOTO YIpaBIiHHS
METPOJIOTIYHUMH PU3UKaMH Ha eTari BHPOOHHIIT-
Ba MPOAYKIIii, 0 CIPHYHHUTh TOKPAIICHHS SKOC-
Ti Ta WiABUIIEHHS €()EeKTUBHOCTI BHPOOHHYOTO
nporecy. [lomanpir gocmipkeHHsT B 1M Tamysi
MaroTh OyTH 30cepemKeHi Ha po3podii Marema-
THYHOI MOJEJI JIJIs OI[IHIOBAHHS METPOJIOTITHOTO
pu3uKy. Lle cTBOpUTh yMOBH 7151 OiIBII TOYHOTO

Ta HaJIHHOTO YNpPaBJiHHSA METPOJOTIYHHUMHU pPU-
3MKaMH Ha eTari BHUPOOHMITBA. 31 CTPIMKHUM Ta
Oe3nepepBHIM PO3BUTKOM HAYKH 1 TEXHOJOTIH
BUKOPHUCTAHHS 1HTEJICKTYalbHUX CHUCTEM 1 aJiro-
PUTMIB MaIlllMHHOTO HaBYaHHS Ha0yBa€ 3HAYHOTO
MOMUPEHHS. Y pe3yNbTaTi YCKIAJTHIOETHCS MPO-
LEC METPOJIOTIYHOTO 3a0e3MmeyeHHs] BUPOOHHIIT-
Ba, BUHUKAIOTh HOBI HeOe3neku. HeoOximHo mpo-
TOBXUTH JTOCTIKCHHS ¥ aHali3 METPOJIOTIYHUX
PY3HKIB A 3a0€3MeUeHHS SKOCTI Ta Oe3IeKu
MIPOJYKIIii, 1[0 BUITYCKAETHCS.

Ta6mums 1. PeecTp MeTpooriyHuX pu3uKiB

No MP | [Tpuunnan (mxepena) MP | Hacminku
3oBHilIHI (pakTOPH BILIMBY
1 Coyianvbho-eKoHoMmiuni
Buecenns 3MiH 10 .
. OHOBIEHHS BMICTY 3aKOHY . o
3axony Ykpainu «IIpo . Burpatu yacy Ha 1HTErpauito BiI-
11 S 3rHO 3 BUMOI'aMH 3aKOHO- . g
METPOJIOTIIO 1 METPO- MTOBITHUX 3MiH Ha BUPOOHHUIITBAX
: . . masctBa €C
JIOTIYHY JiSUIbHICTBY
1.2
2 Hayxoso-innosayitini
HaykoBo-TexHi4HUI po3BU- . .
" . Apanraniis BUpOOHHIITBA i1
PozBurox TOK YKpaiHu B cdepi MeTpo- . . . .
2.1 LA . Kibepdi3uuHi cUCTEMH BUMIPIO-
«Iamyctpii 4.0» JIoTi1 1 Kibephi3nIHuX
BaHHS
CUCTEM
2.2
3 Ilpupoono-exonociuni
HesianosigHa Temre- ITinBuieHHs Temnepatypu | 3OLTBLICHHS MOXUOKU pe3yabTaTy
31 | PaTypa HaBKOJMUIHBO- | HABKOJMIHBOTO CEPENOBHIIA BHACJIiIOK NIPOBEICHHSI BUMIPIO-
' ro cepeoBHIla Ha BHACITITOK 3MiHH TIOTOXHUX BaHHS 32 ME&KaMH1 HOPMaJIbHUX
BUPOOHHUITBI YMOB YMOB poOOTH 00 JHAHHS
3.2
BuyTpimni ¢gakropu BBy
4 Texniuni
BigcyTtHicTh crienianb-
. . . 3acTocyBaHHs HE IPU3HAYECHOTO
HOTO O0JIaTHAHHS TSI BincyTHicTh hinaHCyBaHHS
. . . JUTS 115OT0 OOJ1aTHAHHS,
4.1 BHUMIPIOBaHHS Ha 3aKyMiBJII0 HEOOXiTHOTO
. . . 1110 IPU3BOAUTH JIO 3HIDKCHHS
HEPIBHOCTI TOBEPXHI o0agHaHHSI ) -
. SIKOCT1 MaTepialiB
MaTepiaiB
4.2 ..
5 Jlioocokuii
BingcyTHicTs rpagikiB moBip- Bukopucranus Hemosipe-
51 HecBoeuacna noBip- KW/KaaiOpyBaHHS Ta BiAmoBi- | Hux/HeBimkamiOposanux 3BT, mo
' ka/kaniopysanns 3BT JAJIBHOTO MEPCOoHANy 3a iX MPU3BOIUTH J0 HEJOCTOBIPHOCTI
JOTPUMAHHS pe3ysIbTaTiB BUMIPIOBaHHS
5.2
6 Cucmema memponociynozo 3abe3neueHms
3acrapina HOpMaTHUB- HecBoeuacne otpuManHus . .
. [IpoTepminyBaHHS MiATOTOBKU
HO-MeToan4YHa O6a3a iH(opMmarlii mpo oTpuMaH- :
6.1 . MPOTOKOMIB 3 PE3yJIbTaTaMU
BUPOOHHMITBA JUIS TPO- | HS/OHOBJIEHHS HOBOI HOpMa- CATiBDVBANHS
BEJICHHsI KaJliOpyBaHHS THBHO-METOJIUYHOI 0a3u pYyB
6.2
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BucHoBku. HeoOxigHiCTh JOCTIIHKEHHS Ta
aHami3y JDKepen METPOJOTIYHHX PH3HKIB, SKi €
(dakTOpamMu, MO0 BIUIMBAIOTH HA TEXHOJOTIUHWH
MPOIIEC, 3yMOBJICHA CTPIMKUM Ta Oe3MepepBHUM
PO3BUTKOM HAYKH 1 TEXHIKH Ta 3POCTAHHSM BH-
MOT 10 TIOKa3HHKIB sikocTi. I1if gyac mpoexTyBaH-
HSl TEXHOJIOTIYHHMX TpoLeciB HaOyBae 3HAYHOTO
MOUIMPEHHST BUKOPUCTAHHS  1HTENEKTyalbHUX
CHCTEM Ta aIrOPUTMIB MAIIMHHOIO HABYaHHS,
0 YCKJIAJHIOE TPOIEC METPOJIOTIYHOTO 3a0e3-
NeYeHHS BUPOOHMLTBA 1 MPU3BOAUTH A0 BUHHK-
HEHHsI HOBHX HeOesrek. 11i meOesmekn € mkepe-
JaMd METPOJIOTIYHHX PHU3WKIB, SKi HEOOXiIHO
ineHTudikyBaTi Ta Kiacudikysatu. J[xepenamu
METPOJIOTIYHUX PU3UKIB € OyIb-sKi PaKToOpH, 110
BIUIMBAIOTh HA METPOJIOTiuHE 3a0e3[eUeHHs BU-
POOHUIITBA 1 MEPEUIKOKAIOTH HOr0 HOPMaJIbHO-
MY PO3BUTKY Ta ()YHKIIOHYBaHHIO.

ABTOpaMHy BH3HAYEHO W OMHCAHO OCHOBHI
JOKepena METPOJIOTIYHUX PHU3WKIB, SKi BIUIHBA-
I0Th Ha TEXHOJIOTIYHUHN IMPOLEC, Ta HABEACHO iX
y3araipHeHy Kiacudikariiro.

Hosusnoro 1€l po6OTH € BH3HAYEHHS Ta
OTIHC OCHOBHHUX JKEPET METPOJIOTIYHUX PU3UKIB,
Kl € (akTopaMH BIUTUBY Ha TEXHOJIOTIYHUHN
MpoIIeC BUPOOHUIITBA.

Ipaxmuuna yinnicms TONATAE B aHAII3i
(dakTopiB BIUIMBY Ha TEXHOJOTIYHHUI TMpolec Ta
BCTaHOBJICHHI 1X B3a€MO3B’SI3KiB i3 METPOJIOTid-
HUMH PHU3UKaMHU SIKOCTI TPOIYKIIii HA eTari BH-
TOTOBJICHHSI.

IlepcnekTHBa MOJANBLUIMX  JOCIHIIKEHb
NOB’si3aHa 3 PO3POOKOI0 MaTeMaTHYHOI MoAei
OIIIHIOBaHHSI METPOJIOTIYHUX PUBHKIB, sIKA CTBO-
PUTH YMOBH JJIsl OUTBII YCBIIOMJICHOTO YIpPaB-
JHHS METPOJIOTIYHAMH PU3WKAMH Ha €Tall BH-
TOTOBJICHHS POIYKIIi.
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SOURCES OF METROLOGICAL RISKS AS FACTORS OF INFLUENCE
ON THE TECHNOLOGICAL PROCESS

The constant development of science and technology, the introduction of numerous innovations,
and the complication of technological processes, especially in the part of metrological support, deter-
mine the importance of research and analysis of sources of metrological risks, which in a certain way
affect the formation of product quality at the manufacturing stage. All this gives rise to many new met-
rological risks for production, which must be identified, classified, and their causes and consequences
must be identified in time. The authors have identified and described the main sources of metrological
risks as factors influencing on the technological process and have made their generalized classifica-
tion, which allows to combine the influencing factors of different nature into certain groups and to
facilitate the identification process during the assessment of metrological risks. It is proposed to di-
vide them into sources of the external environment, on which the enterprise can’t influence, but only
adapt to them, and sources of the internal environment, which can be influenced. The external envi-
ronment includes socio-economic, scientific-innovative, and natural-ecological factors. The sources of
the internal environment include technical, human, and metrological support system factors. Identifi-
cation should include risks, regardless of their nature, complexity, and controllability. It is recom-
mended to store information about identified risks obtained from various sources in a single infor-
mation system, which is based on the risk register. It stores information about each risk's identified
causes and consequences, and the data is structured according to the proposed classification, allow-
ing it to be described and compared. Such a register allows for obtaining information related to the
source of a specific risk and serves as a basis for its assessment and minimization.

Keywords: metrological risks identification, risk register, external factors of influence, internal
factors of influence, metrological support of production.
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3AKOHOMIPHOCTI BIIVIMBY PI3BHUX YNHHUKIB
HA IIBHAJKICTh PO3BUTKY IMPOLIECY I'OPIHHS MNIPOTEXHIYHUX CYMIIIENA
HA OCHOBI KNCHEBMICHUX OKUCHIOBAUYIB TA METAJIEBUX TAJIBHUX

Bueueno eniue pisHux yunHuKi6 (MeniooOMiH i3 306HIUHIM cepedosuem, Wo 3anexcums 6i0 Oi-
amempa 3paska cymiwii ma mamepiany 000IOHKU, AKA [30110€ 1020, 80102ICMb OKUCHIOBAYd, CKAAO
ma 80102iCMb cepedosula) Ha WeUOKICmy i CMadiIbHICb Npoyecy 20PIHHA YWINbHEHUX cymiutell
3 nopouikie xucresemicnux oxucniosauie (NaNOsz, Ba(NOs),, Sr(NO3), BaO,, MnO,) ma memanesux
nanonux (Mg, Al, TIAM) ons pisnux 3navens mexnono2iunux napamempis (cniegionoutenus i oucnepc-
HOCMI KOMINOHEHMIB, KOeiyicHma YWiibHeH s, 801020CHI OKUCHIO8AYA, OlamMempa 3pa3ka ma mame-
piany 00010HKW) § 306HIUHIX YMOG (CKIA0Y MA 801020CNIL CepedosUyd, 306HIUHbO20 MUCKY). Bcmanos-
JIeHO Oiana3oHU 3MIHU Napamempie, Wo Xapakmepu3yioms 3a3HA4eHl YUHHUKU, 8 MeXCAX SAKUX CROCmepi-
2aEMbCsl SMEHUCHHST WEUOKOCMI 20pIHHS cymiwel Oinbw, Hidic y 2...3 pasu, cmabinizayis npoyecy 20-
PIiHHS Ma NIOSUWEHHS 1020 CIIUIKOCME 00 306HIUHIX 6nuU6i6. Kancynsayis yacmunok nopowKy OKUCHIO-
6aua (HANPUKIAO ATOMIHIEM) NPUBOOUMb 00 3MEHUIEHHS WEUOKOCIME 2OPIHHSL CYyMIWE ma NiO8UeHHS.
cmiukocmi npoyecy ii 2OpiHHA 00 306HIWHIX MEPMIYHUX 8NIUGIE, WO NOACHIOEMbCA CYMMEBUM 3MEH-
weHHAM 8oN020cmi oKuchiosaua. llpoyecu 2opinus cymiwell y nogimpi, azomi abo apeoHi 3HAYHO pi3-
HAMbCA, WO NOSACHIOEMbCA PIZHUMU KIHEMUYHUMU XAPAKMEPUCTMUKAMU NPOYeCie MepMIYHO20 PO3KIaA-
OAaHHA OKUCHIOBAYI8, OKUCHEHHS A 3aUMAHHS YACTMIUHOK Memalesux NAJIbHUX V YUX Cepe008ULLAX.

Kniouosi cnosa: noosicexcna beznexa, NipomexHiuHi cymili, KUCHEBMICHI OKUCHIOBAYT, MemAanesi
NanbHi, WEUOKICMb 20PIHHA, CIMIUKICMb Npoyecy 20PiHHs, 308HIUUHI GNIUGU.

Beryn. Huni mipoTtexHivuHi BUpOOM Ha OC-  MEHTH PaKeTHO-KOCMiuHOI TexHikH Ta iH.) [1-7].
HOBI YIIUIBHEHUX CyMillleld 3 MOPOINKIB KHCHEe- 3a3HavyeHi BUPOOW NpH MPaKTHYHOMY BHKOPHC-
BmicHux  okucHioBadiB  (NaNOz;, Ba(NOs);, TaHHI 4acTo MiAJalOThCS PI3HUM 30BHIIIHIM Tep-
Sr(NOz),, BaO,, MnO; Ta iH.) i MeTaleBUX Majlb-  MOBIUIMBAM (HATPHKIAM TPH MOXKEKAX Y CKIA-
Hux (Mg, Al, crra ITAM Ta iH.) IIMPOKO BUKO-  CHKHX NPHMILICHHSX, JI¢ 30€piraloTbCsi BUPOOH,
PHCTOBYIOThCS y PI3HMX Tajy3sX HApPOJHOIO TOC- B YMOBaX TEPMOYJIAPHHX BIUTMBIB IPU 3aIlyCKax
MOJIapCTBA Ta BIMCHKOBOI TEXHIKM (OCBITJIIOBaNb-  Ta TOJILOTI BHPOOIB Ta iH.), HIO TPH3BOIUTH JIO
Hi, CHTHaJIBHI ¥ TpacyBajbHi 3aco0H, criajiaxy- IepeadacHoOro MOXKEXKOBHOYXOHEOE3EUHOTO
BaJIbHI Ta 3aNaJIIOBANIbHI IATPOHHM i CHApSAM, ele-  CrpaiboByBaHHs cymimei [5-8]. B pesymbrati
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BiIOyBaeTbCcAd pYHHYBaHHS MIpPOTEXHIYHHUX BHPO-
0iB 3 YTBOPEHHSIM BHCOKOTEMIIEPATYpPHHX IPOIY-
KTiB 3rOpSHHS, SKi PO3MITAIOTHCS y Pi3HI OOKH 1
MalOTh TOXEKHY HEOe3MeKy I HaBKOJHUIITHIX
00’€ekTiB (MaTMBHO-MACTUIIbHI MaTepianu, Jerko-
3aliMHCTI OyIOBH, MYCKOBI YCTAaHOBKH 3 00CIyro-
BYIOUHM TiepcoHanoM Ta in.) [9-15]. Tomy Benu-
K€ IPAKTUYHE 3HA4YEeHHs Ul 3al00iraHHs MOX-
JUBUM PYyHHYBaHHSM BHPOOiB mpH ix 30epiranHi,
TPaHCIIOPTYBaHHI Ta 3aCTOCYBaHHI B yMOBaX 30B-
HIIIHIX TEPMIYHUX A Ma€ BMIHHS PETYITIOBATH
MIBU/IKICTH PO3BUTKY IPOIECY TOPIHHS CyMIIIIeH,
HacamIiepes i 3a JIOTIOMOTOI0 TEXHOJIOTIYHHX I1a-
pamerpiB  (CITIIBBIIHOIINEHHS Ta IHUCIIEPCHOCTI
KOMITOHEHTIB, Koe]illieHTa YIIUIbHEHHS, BEINYH-
HU Ta MPUPOIH J00aBKH OpraHiYHUX i HEOpraHid-
HUX PEYOBHH Ta iH.).

Huni noctatHb0 100pe BUBYEHO BILUIMB Ha
MIBUJKICTh TOPIHHS 3a3HAYEHUX BHILE TEXHOJO-
rivaux mapametpis [1-4, 8, 10, 12, 14]: BcraHoB-
JICHO JIiala3oHy iX 3MiHM, B MEXKaX SKHX MPOIIEC
TOpiHHS CyMiIlIel TpoTikae cTabinpHO Oe3 BHOY-
XOHEOE3MEeYHOT0 PO3BUTKY; BUBYEHO BILIUB TIij-
BUIIICHUX TEMIepaTyp HArpiBy Ta 30BHINIHIX
TUCKIB Ha MBUAKICTh PO3BUTKY MPOLIECY TOPiHHS
CyMilllel Ui 3HauYeHb TEXHOJIOTIYHHUX Tapamer-
piB, IO BUKOPHCTOBYIOTBCS Y MIPOTEXHIYHOMY
BUPOOHUNTBI. PazoMm 3 TUM, KpiM mepenideHnx
BUILE OCHOBHMX IAapaMETpiB, € HU3KA IHIIUX HE
BUBYCHUX YWHHHKIB, SIKI TAKOXK POOJISITH CYTTeE-
BUH BIUIMB Ha IIBWJKICTH TOPIHHS cyMiniel (Ha-
NpUKJIa] TerIooOMiH 3 HaBKOJHWIIHIM cepeo-
BUIIEM, IO 3aJIKUTHh B JTiamMeTpa 3apsjay Ta
MaTepiaixy OOOJIOHKH, sSIKa 130JIF0€ HOTO, a TAKOXK
BOJIOTICTh OKHCHIOBaua, CKJaJ[ Ta BOJOTIiCTh ce-
pelnoBHIa, B SIKOMY 30epiraroTbcs 1 BiAmamo-
IOTBCSI 3aps/IN CYMIIlIeH, 30BHIIITHI TUCKH Ta iH.).

Merta Ta 3agaui gocainkens. Meta po6o-
TH. BCTAHOBJEHHS 3aKOHOMIPDHOCTEH BIUIMBY
TEIUIOOOMIHY 3 HAaBKOJIUIIHIM CEPEIOBHUIICM,
HOro CKJaay, BOJIOTOCTI Ta TUCKY, @ TAK0X BOJIO-
rocTi OKHCHIOBAYa HA IIBUIKICTH 1 CTIMKICTH
NpOLIeCy PO3BUTKY TOPiHHA YIIIIBHEHHX CyMi-
HIel 3 MOPOLIKiB KUCHEBMICHUX OKHCHIOBAYiB Ta
METAJICBHUX MMAITbHUX.

3agauamu JOCIIKEHb €:

— BH3HAYEHHS CYKYIHOCTI MapameTpiB, M0
XapakTepU3yloTh JOCTIJDKYBaHI YMHHHKH, SIKi
MPUBOJIATH JO CIIOBUIBHEHHS 1 IMi{BUIIICHHS CTili-
KOCTI MpOIECY TOpIHHSA CyMIlIeH IS PI3HUX
3HAa4YEeHb TEXHOJIOTIYHUX MapaMeTpiB;

— BCTAHOBIJIEHHS [iala30HIB 3MIHM 3a3Haye-
HUX TapaMeTpiB Ta 30BHIIIHIX YMOB, NPH SKHUX

MOXXe BiOyBaTHCS 3pOCTaHHS IIBUAKOCTI Ta
3HIDKEHHS CTIMKOCTI MPOLECY PO3BUTKY TOPIHHS
cyMimei.

Bukiax ocHoBHOro martepiajiy. 3pa3ku
MiPOTEXHIYHUX CyMillled BUTOTOBIISUIHCS 3 BHKO-
PUCTaHHSIM CTaHIAPTHUX METOMIB TPECYBaHHS
MOpOIIKiB KucHeBMICHUX OkuCHIOBadYiB (NaNOs,
Ba(N03)2, Sr(N03)2, BaO,, MnOZ) Ta METAJIEBUX
naneaux (Mg, Al, ITTIAM) [1, 4]. CuiBsigHoIIeH-
HSl KOMIIOHEHTIB y CyMilllaX XapaKTepU3yeThCs
KOoeillieHTOM HAJJIUIIKY OKHCHIOBaYa ¢, iX Tyc-
THHA — KoedilieHToM ymiapHeHHs Ky, a mucrep-
CHICTh BHUKOPHCTOBYBAaHHMX MPOMHUCIIOBICTIO IIO-
POIIKIB OKHMCHIOBAaYiB Ta METAJeBUX MAIbHUX —
CepeIHIMH pPO3MipaMH YaCTHMHOK OKHUCHIOBaYiB
d,. (MKkM) Ta MeraneBux majgbHuX d, (MKM), sAKi
pO3paxoByBaNHCA 3a MPUHHATAMH Y TIPOTEXHIU-
Hill TPOMHCIIOBOCTI METOAUKAMH.

KoedimienT HaUMIIKy OKHCHIOBaYa Xapak-
TEpU3y€E CTYIIHb BIOXWICHHS ITi€l CHCTEMH BiX
= Sox

E L
(&, &, — BIIHOCHI MacoBi BMICTH y CyMillli Bif-
MOBiJIHO METaJeBOr0 MAaTBHOTO 1 OKWUCHIOBAYA,
I = 2,9— crexiomerpuunuii koedirienr). IIpu
oMy cyMimii 3 o < 1 BBaxaroThcs mepe3barade-
HUMH METaJIeBUM NaJbHUM, 1pu o > 1 — nepe30a-
rayeHUMH OKHCHIOBa4YeM, a y BHIAIKy o = 1 —
CHCTEMa € CTEXIOMETPUYHOIO.

CHCTEMH CTEXiOMETPUYHOTO CKJIALy. a.

Pe

Koedimient yminbHenus Ky=

Pmax (pc -

TYCTUHA 3pa3ka (JOCATHYTa), p, — — MaKCHMallb-
HO MOJKJIMBA I'yCTHHA 3pa3Ka).

JocnimkeHHss mporecy TOpiHHS 3pa3KiB
CyMilllell POBOJIMIIM HA CTaHAAPTHOMY MipOTeX-
HiyHOMY oOsanHanHi [1, 3]. Cepenne 3HaueHHS
HIBUJIKOCTI TOPIHHS CyMilllell BU3HAYAIOCH 3a
¢dopmyoro u=% (h — BucoTa 3paska, M; 7— cepel-
Hil Yac 3ropsiHHS 3pa3ka, C).

s peectpaiii mo4yatky Ta 3aKiHUCHHS
TOPiHHS 3pa3ka CyMiln HaWHanIHHIIUME € 0e3-
KOHTAaKTHI METOJOM, NPH SKHUX JaTYUKH, IO
CIPUIMaIOTh 3MiHM SKHX-HEOyIb (i3MYHUX Ma-
pameTpiB, HE WIAMAIOTBCS Oe3mocepenHin i
BHCOKOTEMIIEPATYPHUX MPOAYKTIB 3ropsiHHA. o
HUX TIEpeAycCiM BITHOCATHCS METOIH, IIO IPYH-
TYIOTBCS Ha 3aCTOCYBaHHI JAaTYHMKIB TEIIOBOTO
BUIIPOMIHIOBAHHSI.

Peectpaniss MOMEHTY 3aKiHUEHHS MPOLECY
TOPIHHS 311 CHIOBAJIACH dhoTomaTIrKOM
(sx mpuiiMadi BUNPOMIHIOBaHHS BHKOPHCTOBY-
Bamucs doromiogn O — 1, ®J] — 2, O] — 3a),
pO3TalIOBaHUM HANPOTH 3aIHHOTO TOPIA 3pa3ka
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1 (iKCyroUMM MOMEHT BWHHKHEHHS CBiUY€HHS
B OTBOPI 3aJHBOTO TOPIIEBOTO OpoHIOBaHH:A. lle
Ja€ MOXKJIMBICTh BHKOPHUCTOBYBATH JIOCTAaTHHO
NPOCTY 1 IOCTYIHY y BUTOTOBJICHHI KOHCTPYKIIiIO
3pa3ka, BIIMIHHY BiX 3BUYaiiHOi KOHCTPYKIIii, IO
ITUPOKO OCBOEHA IIPOTEXHIYHOIO IPOMHCIIOBIC-
TIO, TUTBKU HAsIBHICTIO OTBOPY B TOpPIIEBOMY Opo-
HIOBaHHI. BUKOHaHHS OTBOpY MOXKe MPOBOJUTH-
cs1 0e3 MexaHigHOI OOpOOKH, 3 MIiHIMAILHOIO
3MIHOIO iICHYIOYO1 TEXHOJIOTii. 3a MipHY 0a3y mpu
OBOMY MPUHAMAETHCS TOBHA BHCOTa 3pasKa.
BrmuB minsHOK 3 HECTAIiOHAPHICTIO TPOIIECy Ha
MOYaTKy 1 B KiHII TOpiHHSA (KiHIEBI edekTn) Mo-
Ke OyTH MPaKTHYHO BUKJIIOUEHHM LUIIXOM Mij-
0Opy BiIMOBITHOT BUCOTH 3apsIy.

IcToTHY poNB IPU BEUMIipIOBaHHI IIBUAKOC-
Ti TOpiHHS Biirpae cnoci6 3anamoBanHs. OCHOB-
Ha BUMOTa JI0 CIOCOOy 3amallfOBaHHS — MaJlui
yac 3amanioBaHHS (IO BU3HAYAETHCS TEIJIOBUM
ITOTOKOM) B TIOETHAHHI 3 OJHOYACHICTIO 3aralIio-
BaHHs BCi€l OBEpXHI 3pa3ka. i 3amairoBaHHS
3pa3KiB HailuacTillle 3aCTOCOBYIOTHCA EIEKTPHY-
Ha Cripaib 1 MOpoxoBe HapimryBaHHs. Yac 3ama-
JIFOBAHHSI 1 TIOIIUPEHHS TTOYM s TIO BCiH MOBEPXHI
3pa3Kka MpH Mmignajii chipaisiMy y AeKibka pasiB
BUIIWA, HDK TMPH BUKOPHUCTOBYBAHHI 3€PHEHUX
HaBilllyBaHb, IPH [[bOMY 3 OCTaHHIX Halie()eKTUB-
HIIIIMM € JTUMHUH TIOPOX.

s 3anmamoBaHHS BHKOPHCTOBYBAJOCh
3epHeHe HaBilryBaHHS auMHoro mopoxy JIPII,
pO3MillICHe y CHajlaXxoBiii Kamepi IMiporeHHOro

TUIy 3 COIUIOM, HANpaBICHUM Ha 3apsn, Ot
TOPIIS 3pa3Ka y CHeIlialbHIN BTyl 3 POpi3aMH,
sIKi 320€31MeYyr0Th O0TIKaHHS TOPILI MPOAYKTaMU
3TOPSIHHS HaBiIlyBaHHS.

BignocHa moxnOka BUMIpIOBaHHS U HE Tie-
pepuniyBasa 7...9 %. EkcriepuMeHTaNbHI KpHBI
OymyBaivcs 3 BAKOPHUCTAHHSAM CYJaCHUX METO/IB
perpeciiiHoro Ta KOpessIiiHOro aHai3iB.

Pe3yabTaTtu pociaimkenb. B pesynbrarti
MPOBEJICHUX JIOCHI/PKEHb BCTAaHOBIICHO, IO TIPH
ropiaHi crexiomerpudnoi cymimi NaNO;z; + Mg
3aMiHa MEHII TEeTDIONPOBITHOI OOOJIOHKH 3pa3ka
Ha OUITBII TEIUIONPOBiIHY, TUM OiNTbILIE TIEpexia 10
3pa3ka 0e3 OOOJIOHKH, MPU3BOAUTH O 3HAYHOTO
30UTBIIIEHHsT MIBUAKOCTI TopiHHA. IIBHAKiCTH
ropiHHs IS manepoBoi obomonku — 13,5-10° m/c;
cranesoi — 14,0-10° m/c; mimnoi — 14,0-10° m/c;
6e3 obonorku — 18,6-10° m/c (d,, = 100...110 Mxm;
dy = 100...110 mxm; Ty = 303 K; miameTp 3paskiB
cranouth 1,5-107 m; Ky = 0,78; THCK aTMocdep-
Huil). Temnodi3nyHi BIACTUBOCTI MaTepialiB 000-
JIOHOK HaBezaeHo y Tabmuti 1. [Ipu mpomy ¢yHK-
it OOOJIOHKH 3BOJUTHECS HE TUIBKH IO TEII0130-
L, ane ¥ 10 3MiHK YMOB TEIUIOBiAIaYi BiJ Ha-
TPITUX TPOAYKTIB TOPIHHS 10 BHUXiJHHUX IIapiB
cyMmimmi. IIBHAKICTh TOPIHHS CyMIIIeld 3 MaMMHU
JiaMeTpaMu 3pa3ka HaHOUIBII CYTTEBO 3aJIEKHUTh
Biji Marepiany 00010HOK. Tak, 3a paXyHOK 3MiHH
TEIUIONPOBIAHOCTI O0OJIOHOK MOXKHA 3MIHUTH
HIBUJIKICTh TOPiHHA cymimi y 3...4 pa3u.

Ta6muns 1. XapakTepucTuku MaTepianiB 06010HOK [1, 4]

Koedimient ITutoma
Martepian ['ycruna, kr/m® TETUTONIPOBITHOCTI TETUIOEMHICTH ¢,
A, B1/(M-K) kJx/xr-K
Jlatynn 8400 111 0,385
AJroMiHi# 2650 209 0,896
Cramp 7830 53,6 0,465
Minp 8900 390 0,388

K BUIHO 3 TaOnuill 2, NIBUAKICTh TOPIHHS
cymimeir Mg + NaNOs;, Mg + Sr(NOs),, Al +
NaNQO;, ITAM + NaNO; 3i 30iIbIIEHHSIM TEII0-
NPOBIIHOCTI OOOJIOHKM 3pOCTaE, a y CyMillen
Mg, Al, TIAM 3 okcumamu BaO,, MnO, mBua-
KiCTh TOPIHHS 31 301IBIICHHSM TEILUIOPOBITHOCTI
000NOHKK 3MeHIIyeThesl. [IBHAKICTH TOpIHHS
CYMIlIl HITPaTy CTPOHIIIIO 3 MarHieM IiJIBHIIY-
€TBCS 31 301IBIIEHHSM TETUIONPOBIAHOCTI 000IOH-
KM OUTBIIOI0 MipOI0, HIXK CyMillli MarHito 3 HiTpa-
toMm Hatpito. ['opinas cyminn [TAM + Ba(NO;),

ta [TAM + Sr(NOs3), npu miIBUIIICHH] TEIUIONPO-
BITHOCTI OOOJIOHKM B3arajli MOXKe 3aryxaTh. Y
cymirreit Mg + Ba(NOs), mBuakicTh ropiHHs 3i
30UIBIIEHHSAM ~ KOoeilieHTa  TeIyIONpPOBiAHOCTI
00O0JIOHKH 3pOCTa€ MPH MAIUX PO3Mipax YaCTHUHOK
MeTany Ta, HaBIaKH, 3MEHINYETHLCS TPH 1X BEJH-
KHX po3Mipax. BcTaHOBIEHO Takoxk, IO 3a TeB-
HUX YMOB (HAaNpUWKJIQJ 3i 30UIBIICHHSM PO3MIPY
YaCTUHOK OKHCHIOBaYa) IIBUJKICTh TOPIHHSA CY-
mimi Mg + NaNOj Takox MOXe 3MEHITYBaTHCh
py 30UTBIICHH] TETUIONTPOBITHOCTI OOOJIOHKH.
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Ta6nuis 2. Biume Matepiany 060J0HKH Ha mBHAKicTH ropinns (10° M/c) cTexiomerpmannx

cyminneii mpu atMoc(epHOMY THCKY

Koedimient

Coni ) be3 M C ami _ Uses oton.

yMiI };H;ll\,ﬁ};i{fl}?: A 116 Tajb arip Unamep. oGon
Ba(NOs), + Mg 0,78 49 4,6 3,7 3,4 14
Sr(NO3), + Mg 0,78 4,8 4,6 3,4 3,2 14
BaO, + Mg 0,77 11,2 50 51 52 2,7
MnO, + Mg 0,57 12,8 4,9 5,0 5,6 2,2
NaNO; + Al 0,78 - - - 1,2 -
BaO, + Al 0,77 8,2 2,7 2,8 3,7 2,2
MnO, + Al 0,53 8,8 3,6 41 4,2 2,1
NaNO; + [TAM 0,78 49 4,6 3,6 2,9 1,7
BaO, + I[TIAM 0,77 10,2 3,3 3,4 40 2,6
MnO, + ITAM 0,57 10,0 3,8 4,0 4.4 2,3

IMpumitka: s maraio d, = 94 mxm; g amominio d, = 34 mxm; aus crtaBy ITAM d,, = 94 mxwm;

d,. = 94 mrm; Ty = 293 K; miamerp 3paskis — 1,5:10° m

IMepexin Bix 3paska cymimi Mg + NaNO;
B 00OJIOHIII (HAmpHKIaa NanepoBiii) 10 3pa3ka
0e3 00OJOHKM TPHU3BOANTH, KPIM 301NbIICHHS
MIBUAKOCTI TOPiHHS, TaKOX 0 3MIIIEHHS IO-
JIO)KCHHS MaKCUMyMy Ha KpuBiid U(a) y Oik
HA/UTMIIKY OKHCHIOBa4ya (pUCyHOK 1), mpH 1b0-
My HalCWIBHIIE 3a3HAYCHU BIUIHB TPOSBIIS-
€ThCs B 0011aCTi o=@,  Ta 3HAYHO MOCNabIIoe-
tecs ipu a > 1,0.

u,
10° m/c

25

20 —A\
\ 1
15 \

10

5 \\z

0 05 1,0 15 2,0 25 3,0 o

—

Pucynok 1. Bruin giamerpa 3paska
cymimi Mg + NaNOj Ha 3anesxkHicTh IIBUAKOCTI
ropiHHs npu arMmocepHOMY THCKY Bil a
(Ky =0,85; MII®-3; d,, <380 mxm; Ty =293 K)
npu giamerpi 3paska D: 1 -D =2,3-10% u
(63 o6omonkn); 2 — D = 2,55-102 m (6e3 06010HKH);
3-D=25510%m (obooHKa manepoBa)

30inbmieHHss cryneHs Bojorocti NaNO;
NPHU3BOJUTH JI0 3POCTAHHS MIBHJIKOCTI TOPIHHS
cymimi Mg + NaNOj; (pucynok 2). Kancynsuis
yacTuHOK nopomky NaNO; meranamu (y upomy

BUMIQJIKy QJIOMiHI€EM) MPHU3BOJIUTH 1O BEJIbMH
cyTTeBoro mocnabienus 3anexuocti U(P) (pu-
CYHOK 3), IpH IIbOMY 3i 3MeHIIeHHSIM Ky 3a3Ha-
YeHUI BIUIMB KAalCyJSIii YaCTHHOK ITOPOLIKY
OKHCHIOBaua Ha 3ajexHicte U(P) momitHO mif-
CHITIOETBCS.

u,
10° m/c
-
1,9
y /
1,7
0 1 2 3 4 5 %%

Pucynok 2. 3ajexHicTh IIBUAKOCTI TOPiHHA
cymimi NaNO; + ITA-4 npu aTMochepHOMY THCKY
Bix Bmicty Bostoru y (Ky =0,9;

d, =100...140 mxm; Ty = 293 K)

Ha mBuaKicTh TOpiHHS cyMmilllel BILTHBAE
CKJIa/l HaBKOJIMIIHBOTO Ta30BOTO CEPEIOBHUILA.
Hanpuknan, npu ropiaxi cymimreir Mg 3 NaNO;
y BUNAQJAKY BIIXHWIEHHS CKIQAy CyMilli BiX
CTEX1OMETPUYHOTO LIBUAKOCTI TOPiHHA Y IOBi-
Tpi, a30Ti i aproHi CyTTEBO Pi3HATHCA (PHUCY-
HOK 4). CrnanfoBaHHs 3pa3KiB CyMillli y 3BOJIO-
KEHOMYy cepemoBuili (y LbOMY BHUIAAKY
y BOJIOTOMY MOBITpi) NPUBOJAUTH 10 3HAYHOI'O
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3MEHIICHHS LIBUAKOCTI TOPiHHS Ta BEJIbMHU
CYTTEBOTO 3MIILEHHS IMOJOXEHHSI MaKCUMyMY

Ha KpuBiil U(a) y OiK HaJJIHMIIKy METaJeBOTO
MaJbHOrO (PUCYHOK 5).

u u,
Up, / 10° m/c
25 A
30
1 |
1 20
25 % la| 2 A o A
/ 15
2 /
2,0
I v/A— T 3a | 3 N6 |35
15 ] -
' 5
4 7/ B
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1,0 0
0 2 4 6 8 P,MIla 0 2 4 6 8 10 12 P, MIla

Pucynok 3. Bnoiius kancyaboBanoro NaNOg
HA 3aJIe5KHICTh Bi/THOCHOT INBMIKOCTi FOPiHHA
cymimi MIT®-4 + NaNO; Bin P (a = 1,0;

d, = 100...140 mxm): 1 — NaNOj3 Buxinuuii
(Ky=10,7); 2— NaNOs;, karncynp0BaHHHI aTFOMIHIEM
(Ky=0,7); 3— NaNO; Buxiguunii (Ky = 0,9);

4 — NaNOg, kancynboBanuuii anominiem (Ky = 0,9)

u,
10° m/c /

13

12

0,01 0,05 0,09 a

a)

PucyHoxk 4. 3ajexHicTh IIBHAKOCTI rOpiHHSA
cymimeid MII®-3 + NaNO; Bix Py pizuux
cepenoBumiax: A — 50 % MII®-3 + 50 % NaNO;
(1 — noBitpst; 1a — a3oT; 16 — apron);

b — 40 % MII®-3 + 60 % NaNO; (2 — noBiTps;
2a — a30T; 20 — aproH); B — 29,4 % MII®-3 + 70,6 %
NaNO; (3 — noitps; 3a — a3ot; 36 — aproH)

u,
10° m/c

20
\
150,1 03 0,5 0,7 09 11 a

6)

Pucynox 5. Bnjius BoJ1orocTi moBiTps Ha 3aje:kHicTh mBHAKOCTI ropinns cymimi Mg + NaNO; Bix a
(Ky=10,88; d,, = 75...105 mkm; d,, = 250 MKxm): a) — Bostore HOBITPs; 6) — Cyxe MOBITPs

OoroBopenns pe3yabTaTiB. BecraHosie-
HO, IO OJ{HA ¥ Ta X 0OOJIOHKA MOXE SIK YIOBi-
JBHIOBATH, TaK 1 MPUCKOPIOBATH TOPiHHS CyMi-
HIel 3aJeXHO BiJl YMOB CIIaJIOBAaHHS Ta pelel-
TypU CyMIllli: HaNpHKIAA, UIBUJIKICTh TOPiHHS
cymimi Mg + NaNO; npu a > 1 (Hammmok
OKHMCHIOBaua) y cTajeBiii 000JIOHII BUILA, HIX Y
kapToHHIU. Ta x cymim npu o < 1 (HaJUIUIIOK
NaJBHOTO) TOPUTH 3 OUIBIIOK NIBUJAKICTIO Y
KapTOHHUX O0OOJIOHKaX, HDX Yy CTaleBHX; NpPHU

OMY TIPOIIEC TOPIHHS CyMilllel cTae HecTaldi-
TpHUM Ta BuHOyxoHebOe3nmeunuM. LIIBUIKICTH
TOPIHHA CYMIIlIeW CYTTEBO 3aJICKUTH BiJl Jiame-
Tpa 3pas3ka: Hanpukiaj, cymimi NaNO; + [1A-4
(o = 0,63), stxi 3ampecoBaHi y KapTOHHI 06010H-
ku giamerpom, Menmum 2-107 m, mpu armocde-
pHOMY THCKY He TopsaTth (d,. < 280 MKM,
To = 293 K); mporiec TopiHHS CyMilllel, sIKi 3arpe-
coBaHi B OOOJIOHKH JiaMETpOM 2.10%...3-102 w,
MPOTIKae HEeCcTaOlIbHO; CTAa0ibHE TOPIHHS CY-
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Mimed mpu atMocepHOMY THCKY cIiocTepira-
€THCS JIAIIE y cyMimieil, ki 3anmpecoBaHi B 000-
JIOHKH J1iaMeTPOM, OibIINM 3102 m. [Ipu 1po-
My 3 MiJBUIIEHHSIM 30BHIITHBOTO THCKY KPHUTH-
YHHW JiaMeTp 3pa3ka cyMilli, 10 FOPHUTh, 3Me-
HIIyeThes. [0 MigBUINEHHS CTa0LIBHOCTI TPO-
1[ecy TOpPIHHA CyMimIeld IPUBOIATH TaKOX 3MiHA
CHIBBIJHOIIEHHS KOMIIOHEHTIB, 3MEHIIECHHS
PO3Mipy YacTHHOK METaJeBOTO HalbHOTO, Iij-
BUIIICHHSI KoedimienTa VIITbEHEHHS
cymimi.

[Tpu upoMy Kamcymsiisi YacTUHOK HMOPOII-
Ky OKHCHIOBaua (HAIIPHUKIIAJ aTlOMIHIEM) MTPHBO-
JUTH 10 3MEHIIEHHS IMBUAKOCTI TOPIHHS CyMIiIlIi
Ta MiABUIICHHS CTIHKOCTI Tporiecy ii TOpiHHS 10
30BHIIIHIX TEPMIYHUX BIUIMBIB, IO TOSICHIOETHCS
CYTTEBHM 3MEHILICHHSM BOJIOTOCTI OKHCHIOBaya.
KpiM 1poro, Ha MBHUAKICTE TOPIHHS CyMmimei
3HAYHO BIUIMBAIOTH CKJIAJ Ta BOJIOTICTh HaBKO-
JUIITHBOTO CEPEIOBHINA: HANPHUKIAA, MPOIEeCH
TOpiHHS CyMilllel y moBiTpi, a3oTi abo aproHi
3HAYHO PI3HATHCS, IO MOSICHIOETHCA PI3HAMH
KiHETUYHUMHU XapaKTEPUCTUKAaMHU IPOIECIB Tep-
MIYHOTO PO3KJIJaHHSI OKHCHIOBAYiB, OKUCHEHHS
Ta 3aliMaHHS YAaCTHHOK METaJeBHX NaJbHUX Y
IIUX CEpelOBHINAX; Yy BOJOTHX CEpelIOBHIIAX
MPOIIEC TOPIHHSA CyMimiel YIOBUIBHIOETHCSA Ta
cTae OB cTAaOITPHUM BHACHTIJIOK HASBHOCTI y
NPOJAYKTaX PO3KIAJaHHs OKHCHIOBAYiB 3HAYHOI
KUTBKOCTI TapiB BOAM, IO YIOBITBHIOIOTH IMPO-
[IECH €K30TEePMIYHOTO OKHCHEHHS YaCTHHOK Me-
TaJIEBOr0 MAILHOTO.

BucHoBku. Ha 0OCHOBI IpOBEICHHUX EKC-
HNEPUMEHTAIBHUX JIOCII/DKEHb 3aKOHOMIpHOCTEH
BIUIMBY Pi3HMX YMHHUKIB HA IMIBUJAKICTh TOPIHHSI
MIPOTEXHIYHUX CYMIIllel Ha OCHOBI TOPOIIKIB
KHCHEBMICHUX OKHCHIOBAadiB i METaleBUX Mallb-
HHUX OTPHMAHO HACTYITHI HOBI PE3yJIbTAaTH:

1. 3amina OUTBII TETIOMPOBIIHOI 00OIOHKH
3paska cymimeir Mg + NaNOs;, Mg + Sr(NOs),,
Al + NaNO3, ITAM + NaNO; Ha MeHII TEeIIOoN-
pPOBinHY (HampHWKIag METaleBy Ha IarnepoBy)
OPHUBOAMUTH A0 3MEHIIEHHS LIBUAKOCTI TOPiHHSA
Ounbm, HIXK y 2...3 pa3u Ta MOMiTHOI crabiniza-
ii mporiecy ropinHs. HaiGinbin CHIIBHUH BIUIUB
KoedilieHTa TemIonpoBiAHOCTI OOOJOHKH BH-
ABISETHCS 31 30UIBIICHHSM PO3MIpYy YacTHHOK
METaJIeBOr0 MaJbHOTO Ta OKHCHIOBayda. Ctabi-
JbHE TOPIHHS TPH aTMOC(EPHOMY THCKY CIIO-
CTEepIraeTbCs TIMBKU Yy 3pa3KiB cyMilleH, sKi
3anpecoBaHi B OOOJIOHKH JiaMeTpoM, OiIbIINUM
3.10° M, a MPH MiJIBUIICHHI 30BHIIIHBOIO THCKY

(mo 10 MIla) 3HaueHHs 3a3HAYEHOTO JiaMeTpa
3MEHILIYIOThCS y JIeKiabKa pasiB. KpiMm nporo, 10
MiJIBUIIIEHHST CTAa0IIBHOCTI TMPOIECYy TOPiHHA
CyMiIlIell MPUBOIUTH TaKOX PETYITIOBAHHS TEX-
HOJIOTIYHMX TapameTpiB (CHIBBIAHOMICHHS Ta
JUCTIEPCHOCTI KOMIIOHEHTIB, KoegilieHTa yIi-
TbHEHHS). 3MEHIICHHS CTYTEHS 3BOJIOKECHHS
okucHioBaua (Hampukiaan NaNO; abo Sr(NOs),
LUISIXOM KarlcyJsiii Horo 4acTHHOK (HampuKiIa
ATIOMIHIEM)) TaKOX MPUBOIUTH IO 3MCHIICHHS
IIBUIKOCTI TOPiHHS cyMimii Ta Woro crabimiza-
mii. Karmcynsmiss 9acTHHOK MOPOIIKIB OKHCHIO-
BayiB MPHUBOAMUTH N0 MOCIA0JIEHHS 3aJeKHOCTI
u(P) Ta miABHIICHHS CTIHKOCTI NPOLIECY TOPIHHS
CyMiIIeii 10 30BHINIHIX TEPMiIYHUX BIUIMBIB.

2. lIBunkicte ropiHHs cymimeit Mg +
NaNOs;, Mg + Sr(NQOj),, Al + NaNOs, ITAM +
NaNQ; 31 30iIbIIEHHSIM TEIUIONPOBIIHOCTI 000-
JIOHKH 3pocTae Oinbil, HIX y 3...4 pasu, a mpo-
[leC TOPiHHA CTae HeCTaOUTbHUM i BHOyXOHEOe3-
neyanM. [lpn ipoMy mepexin Bin 3pa3ka cyMirri
B OOOJIOHIII (HANPHUKIIaJ IMarepoBiii) 10 3pa3ka
0e3 000JIOHKHU MPU3BOAUTH 10 301IBIICHHS IBU]I-
KOCTIi TOPIiHHS Ta JI0 3MiHH XapakTepy 3aIe:KHOC-
Ti U(a): MAaKCHMyM Ha KPHBIiii 3MIlI[yEThCS y OiK
HAJUIMIIKY OKHCHIOBAYA.

Hezanexxno Bim warepiany 0OOIOHKH,
IpolleC TOPIHHS CyMIllIel, sKi 3ampecoBaHi B
o6omonkn miamerpom 2-1072...3-102 M, mpotikae
HecTabiTbHO. 3MEHIIIEHHS BOJIOTOCTI 30BHIIITHBO-
ro cepefoBhia (HAMpHUKIIAI TOBITPS) MPHU3BO-
JIUTH JIO 3pOCTaHHS [IBHKOCTI TOPIHHS CyMIllIeH,
3MIIIICHHSI TIOJIOKEHHS MaKCHUMyMy Ha KpHBIH
U(a) y OiK HaUTHIIIKY METAIEBOTO MAIBHOTO Ta, Y
ijgoMy, A0 nectabimi3arii mpoiecy TOpiHHSA Cy-
MilIeH.

[epcrniekTHBU MOAANBIINX JOCTITKEHD.
Hapmani mnmanyeTbess TpPOBENEHHS JOCTIDKEHb
I0/I0 BU3HAYCHHS 3aJIKHOCTEH IIBUIKOCTI IO-
piHHS ~ TIPOTEXHIYHHX  0araTOKOMIOHEHTHUX
HITPaTHO-METAII30BaHUX CyMillel 3 Jo0aBKaMu
OpraHiuHUX Ta HEOPraHIYHUX PEYOBHH Bia mapa-
METpiB 30BHIIIHIX TEPMIYHMX BIUIMBIB (MiIBHU-
IICHHS TEMIIEpaTypH HarpiBy, 30BHIIIHI THCKH,
HIBUJIKOCTI O0JTyBY IMTOTOKOM IOBITPS T4 iH.), IO
JIO3BOJISIE BCTaHOBIIOBATH KPUTHYHI Jialla30HU
3MiHM [UX [ApaMeTpiB, NEPEBHULICHHS SKUX MO-
K€ TPU3BOJUTH JIO TMepeaYacHOro 3aiiMaHHs
3apAIiB cyMileH 1 MOXeKOBUOYX0HEOE3MeYHOro
pyHHYBaHHS MipOTEXHIYHUX BUPOOiIB Ha iX OCHO-
Bi B yMmoBax 30epiraHHsi, TPaHCIOPTYBaHHS Ta
3aCTOCYBaHHSI.
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REGULARITIES OF THE INFLUENCE OF DIFFERENT FACTORS ON THE RATE
OF DEVELOPMENT OF THE COMBUSTION PROCESS OF PYROTECHNIC MIXTURES
BASED ON OXYGEN-CONTAINING OXIDIZERS AND METALLIC FUELS

Of great practical importance in preventing possible destruction of pyrotechnic products based
on mixtures of powders of oxygen-containing oxidants and metal fuels in conditions of external ther-
mal effects is the ability to regulate the speed of development of the combustion process of mixtures,
first of all, with the help of technological parameters (ratio and dispersion of components, compaction
coefficient, amount and nature of additives of organic and inorganic substances, etc.). Currently, the
influence of the above-mentioned technological parameters on the burning rate is sufficiently well
studied. In addition to the main parameters listed above, there are a number of other unstudied factors
that also have a significant impact on the burning rate of mixtures (for example, heat exchange with
the environment, which depends on the diameter of the charge and the material of the shell that iso-
lates it, as well as the humidity of the oxidizer, composition and humidity of environment in which
mixture charges are stored and fired, external pressures, etc.).

The purpose of the work is to establish the regularities of the influence of heat exchange with
the environment, its composition, humidity and pressure, as well as the humidity of the oxidizer on the
speed and stability of the combustion process of compacted mixtures of oxygen-containing oxidizer
powders and metal fuels.

Replacement of more heat-conductive shell of a sample of Mg + NaNO;, Mg + Sr(NOs),,
Al + NaNO;, PAM + NaNO; mixtures with a less heat-conductive one (for example, metal with paper
one) leads to a decrease in the burning rate by more than 2...3 times and a noticeable stabilization of
the combustion process. The strongest influence of the coefficient of shell thermal conductivity is man-
ifested with an increase in the size of the particles of metal fuel and oxidizer. The regulation of techno-
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logical parameters (ratio and dispersion of components, compaction coefficient) also leads to an in-
crease in the stability of the combustion process of mixtures. The reduction of the degree of hydration
of the oxidizing agent (for example, NaNO3 or Sr(NOs), by encapsulating its particles (for example,
with aluminum)) also leads to a decrease in the burning rate of the mixture and its stabilization. The
encapsulation of particles of oxidizing powders leads to a weakening of the u(P) dependence and an
increase in the resistance of the mixture combustion process to external thermal influences.

The burning rate of mixtures of Mg + NaNOjz, Mg + Sr(NOs),, Al + NaNO;, PAM + NaNOs; in-
creases more than 3...4 times with the increase in thermal conductivity of the shell, and the burning
process becomes unstable and explosive. The transition from a sample of the mixture in a shell (for
example, a paper one) to a sample without a shell leads to an increase in the burning rate and to a
change in the nature of the u(a) dependence: the maximum on the curve shifts to the side of the oxi-
dant excess. A decrease in the humidity of the external environment (for example, air) leads to an in-
crease in the rate of combustion of mixtures, a shift of the position of the maximum on the curve u(a)
towards an excess of metallic fuel and, in general, to a destabilization of the combustion process of
mixtures.

Keywords: fire safety, pyrotechnic mixtures, oxygen-containing oxidizers, metal fuels, burning
speed, stability of burning process, external influences.
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IT'EHEPYBAHHJ BOJHIO HIVIAXOM I'TIPOJII3Y BOPOI'TAPUIIB

Howyx wucmoi enepeii 015 3aminu enepeii BUKONHO20 NATUBA € AKMYATbHOI NpobIemMoio Cy-
uyacrnocmi. Booenv sadicacmvpcsi npuoamuum Kanouoamom O0Jisi 6UPOOHUYMEA YUCMO20 MA CMILKO20
nanusea yepes 1lo2o 00CMYNHICMb, BUCOKY WINbHICMb eHepeii ma eiocymuicmb 3a6pyonents. Bionocno
be3neunum i Hedopo2um CnocobOM OMPUMAHH OOCMAMHBLOL KiIbKOCMI 800HIO € 2i0poai3 bopoziopu-
ois. Tax, wuanpukiad, 60pociOpud HaAMpPil0 MAE BUCOKY 2SPAGIMEMPUYHY WIIbHICMb eHepeil
9300 Bm-200/ke; micmumo ~10,6 mac.% 600HI0 i 11020 po3uun modice susitbhumu 90 % i Oinbuie cme-
XioMempu4Hoi KiTbKOCMI 800HI0 uepe3 peakyiro 2ioponizy, AKY MOXNCHA NPOBOOUMU 8 YMOBAX HABKO-
JTUUWHBbO2O cepedosuwya. [Ipu suxopucmanti i0N0GIOHO20 KAMANI3AMOPA MONCHA He MITbKU NPUCKO-
pumu peaxyiio 2ioponizy NaBH,, ane il pecyniosamu KintbKicmb 6UOIIEHO20 B00HIO | WBUOKICMb 1020
VMBOPEHHSL.

Y cmammi posenadaromuca maki easxcausi acnekmu, K NepCneKmMuSHICMb 800HUX JIYHCHUX PO3-
uuHie 6opo2iOpuUdy Hampilo OJisi PIOUHHOPDA3HO20 XIMIYHO20 30epicanHs 800HI0, 0CODIUBO 8 HU3LKO-
MeMnepamypHux NATUSHUX eleMEeHMAxX, a MAKoN’C 1020 Micye 8 3a2aNbHOMY JIaHYI02Y 800He80I eHepee-
mukuy. 062080pOI0OMbCA MEMOOU BUMIPIOBAHHS 00 €MY 800HIO NIO Yac 2i0ponizy OOpociopudy Hampii;
ananizyemocs pH posuunie 6opo2iopudy Hampiio ma tio2o enaus Ha weuoxicms 2ioponisy. Posxkpuea-
IOMbCsL HOMUPU HAUDIIbW BHCUBAHT MEXAHIZMU pearyii 2i0potizy 6opo2iopudy Hampiio.

Kniouosi cnosa: 8ionosnosanvhua enepeis, 600He8a eHepeemuka, 60po2iopud Hampii, Hanie-
PO3KIA0, MEXAHI3M PeaKyii.

Beryn. BenuyesHuil monMT Ha €HEpril0  HEroprodi i €KOJOTiYHO YHCTI CIOJIYKH SIK B CY-
OCTaHHIMM POKaMH BHKIIMKA€ IIBHIKE 3MEHIIEH- XOMY, TaK i B PO3YMHEHOMY CTaHaX 3 BHUCOKHM
HS 3araciB BHKOIIHOTO TajiMBa Ta 30UIBIICHHS  BiJHOIIECHHSM IIUIBHOCTI €HEprii 0 MacH i € 4y-
BUKH/IIB MIAPHUKOBUX Ta3iB y HABKOJHIIHE cepe- JOBUM MarepianoM Juisi 30epiraHHs BoJHIO. Peak-
nmosuiie. [lepexin Bijg HEBITHOBIIOBAHUX pecyp- Wifd Tigpomidy OOpoTiapuiB € piaguHHO(MAZHUM
CiB, TaKUX SIK BUKOIIHE IAJIMBO, JIO BIJHOBJIIOBA- KaTATITUYHUM T'e€TEPOIrSHHMM MPOIECOM 3 BHJIi-
HOi eHeprii Ha ChOTOAHI PO3TISIAETHCS SIK pi-  JICHHAM TeIlia, a MPOAYKT iX PO3KIIaJaHHs, MeTa-
IICHHS ISl TTOM’SIKIIeHHS Mpo0JeM eHepreThd- — Oopar, Moke OyTH BUKOPHCTAHWH Hajali sK Ha-
HOI KpU3H Ta 3MEHIICHHS 3aJeKHOCTI BiJl Byrjie- KONMMYyBad BOJHIO. LIIBHIKICTE po3KiIamaHHS
IIEBMICHOTO BHKOITHOT'O [ajiiBa JUIsl CTAJIOr0  OOPOTiAPHIIB MOXHA PEryJIIOBaTH i KOHTPOJIIO-
MaitoyTHbOTO [1, 2]. BoseHb Sk €KOJOTIYHO YKC-  BaTH 3a JIOTIOMOTOK) BIJITOBIHOTO KaTajlizaTopa.
TUH HOCIH eHepril po3rIsIacThCs SIK OAMH i3 Kito-  [IuTaHHIO pO3pOOKM HOBHX Ta ONTHMI3amii Tpa-
YOBHMX CHPOBMHHUX KOMIIOHEHTIB IS IIMPOKO-  JUIIIHHMX KaTajli3aTopiB Tipoji3y Ta/abo po3k-
MaciITabHOTO 3aCTOCYBaHHS Y BIJHOBJIIOBAHMX  JIaJlaHHS OOPOTiAPHIIB MPUCBAYCHO YMMAJIO HAY-
JoKepenax eHeprii Ta eQeKTUBHOrO pO3MOAUTy  KOBHX AOCIHIIKEHb, 38 PE3yJbTaTaMH SIKUX JIMILE
eHeprii, 30kpeMa B MOETHAHHI 3 TEXHOJOTiEI0 Ma-  Ha ScienceDirect HajpykoBaHO Maiixke 75 THCSY
JMBHUX eNleMeHTiB [3, 4]. OnHak mmpoke BripoBa-  crateid. OHAaK OLIBIIICTh 3 HUX 30CEpe/KCHA Ha
JUKEHHS BOJHEBOI €KOHOMIKH BCE IIIE CTUKAETHCSA 3 XapakTepu3alii  OTpUMaHuX KaTaJiTHYHO-
KiJIbKoMa mpoOieMaMu, sKi TOB’si3aHi 3 HOro Yhc-  aKTHBHUX MaTepialiB, a TaKOXX Ha BUBYEHHI Ki-
TUM BHPOOHUIITBOM, e¢(DEeKTHBHUM 30epiraHHsM, HETHUKH MPOIeCy BUBUILHEHHS BOJHIO 3 OOpOTij-
0e3MeYHNM 1 EKOHOMIYHHM PO3IIOIIIOM. punis. Jlume okpemi oAWHUYHI poOOTH BHBYAIN

KiouoBa mpobnema 30epiraHHsi i TpaHC-  3HAY€HHS 1 MEPCHEKTHBU OOPOTiIpHUAHOI BOIHE-
MIOPTYBaHHS BOJHIO 4epe3 Horo BUOyxoHeOe3rme- BOI €HEPreTHKH;, Mallo XTO 30CEepe/KYBaBCS Ha
YHICTh MOXKE OyTH BHpillIeHa JCKUJIbKOMAa CIIOCO-  MEXaHi3Mi IIbOr0 XiMIYHOIO IpoIecy i, HaIlika-
0aMu, OZHUM 3 SIKMX € BUKOPHCTaHHsS Ooporiipu-  Bille, JOCTiUKeHHS BIUIMBY pH Ha KiHETHKY wi-
JIB 3 MOJAJBIINM iX TigposizoMm. boporigpuau — JIbOBOr0 KaTaJiTUYHOIO IIPOLECY BiAOyBalIOCh
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NpY MOBHOMY irHOpPYBaHHI SIBHILA CAMOTiAPOTIi3y
1 CaMOPO3KITaTaHHsT OOPOTIIPHIIB.

VY 3B’M3Ky 3 UM METOI0 IpPEACTaBICHO]
OrJIsI0BOI CTAaTTi OyJIO HE BHCBITJICHHS OCHOB-
HUX TPAIUIIIHHUX acIeKTiB BiJOMOTO KaTalliTH4-
HOTO TIPOLIECY Timpomidy Ta/abo po3KiIagaHHs
OoporiapuiiB, a 30cepeKEHHS Ha TUX BaXKIIMBUX
Horo HroaHcax, SIKUM B OITyOIiKOBaHMX HAyKOBUX
Mpangx Maibke He MpHuaieHo ysard. s mporo
BUPINIYBAINCS Taki 3ajadi JOCTiI:KeHHS: oOXa-
paKkTepu3yBaTH MEPCIEKTUBHICTh BOAHUX JTY>KHHX
PO3YHMHIB OOPOTIAPUAY HATPIO I PigUHHODA3-
HOTO XiMIiYHOTO 30epiraHHsi BOJHIO, OCOOJHMBO B
HU3BKOTEMIIEPATYpPHUX TAIMBHHUX €JIEMEHTaxX, a
TaKOX HOro Micle B 3arajJbHOMY JIaHIIOTY BOJI-
HEBOI EHEPreTHKH; MPEJCTaBUTH METOAM BHMi-
proBaHHs 00’ €My BOJHIO IIiJT Yac Tigpoi3y 6opo-
riipuay HaTpito; mpoaHanizyBati pH pozumHiB
Ooporiapuay HaTpi0 Ta WOTO BIUIMB Ha IIBHI-
KICTh TiIpOJi3y; BUCBITIUTH MEXaHI3MH PeaKIii
rizpounizy Ooporimpuay HaTpiro.

Buxnag ocHoBHoro marepiaay. Omuc
Metoay. ['impomiz OoporimpumiB sBisie COOOFO
BEJIBMU TIEPCIIEKTUBHUN (Hi3MKO-XIMIUHUI Ipo-
1Iec JUIsl TeHepyBaHHs Ta/a00 30epiraHHs BOJHIO.
Boporinpun natpiro (NaBH,), Takox Bimomuii sk
TETpariipodopaT HATPIitO, € OJHUM 3 HaWOLIBII
BUBYCHMX 1 JOCIIDKCHUX BUXIJIHUX MaTepiaiB
JUTSL IBOTO TIPOIIECY.

Buxigni nani. [agycrtpianbHe BUpOOHUIIT-
Bo NaBH,; peanmizyerscs meromom bpayna-
[Ine3inrepa 3a JOMOMOTOIO PEaKIlii Tigpuay Ha-
Tpito 3 Tpumetuinooparom (4NaH + B(OCH3); —
NaBH, + 3NaOCHjs) 3a Temnepatypu 523-553 K.
IHmmit npomucoBuii pouec, meron baliepa, Bu-
KOPHCTOBYE MeJIeHe OOpOCHITIKaTHE CKITO, HATPIiM 1
Bogens (Na,B,O; + 7SiO, + 16Na + 8H, —
4NaBH, + 7Na,SiOs), a orpumanwmii NaBH, exc-
TparyeTscs 3 OOPOTiIPHI-CHIIIKATHOI ~CyMimIi
PIAKUM aMiaKoM T THCKOM.

Metonunka exkcnepumentiB. NaBH, € ox-
HUM 3 HaWOINbIIl MPUBAOIMBHX 1 MHPOKO BHUKO-
PHUCTOBYBaHHMX MaTepianiB 3aBISKUA CBOIl BHCO-
Kii BOJHEBiH eMHOcTi. Ximiune piBHsSHHA (1)
omucye peakiito Tiaponizy NaBH, [5]:

NaBH4 + (2+X)H20 — NaBOz~xH20 + 4H2
(AH =—240 xIx/moinb). (1)

VY piBasHHI (1) X BignoBiZae HaUIUIIKY
BOIM 1 B peakdii 3a TeMmmeparypH, HHXYOI
100 °C, kOXHHiIT MOJIb MPOAYKTY 3a3BHYail Mic-
THTH 2 MOJIi BOJIHM, II[0 O3HAYAE X=2.

IIpouec riaponizy NaBH,; mae moBinbHY
HIBHJIKICTh, OCOOJIMBO 3a KIMHATHOI TeMIepary-
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pu. Kuciiotu, a Takox TUTATHHOBI, MAJIAIII€B], PY-
TEHI€B1 Ta 1HIN MeTaJiyHiI KaTaji3aTopH il 3Had-
HO MPUCKOPIOIOTH. [IIBUIKICTh 1i€l peakIiii Crib-
HO 3aJICKUTh BiJl poOouoi Temneparypu. Ha oc-
HOBI KaTaji3aropa OKCHIy KOOanbTy, HACHIEHOTO
ByraereM, (C-Co30,) MakcuMmanibHa MIBHAKICTH
YTBOPEHHSI BOAHIO CTaHOBUTH 5430 Mi/(XB'T) Ipu
47 °C, toxi six ipu 27 °C BigmoBizHa MIBUAKICTH
YTBOPEHHS BOJIHIO CTaHOBHTH JIHIIe
1176 mu/(xBT) [5].

3araabHa cxemMa ekcrepuMeHTIB. bopo-
TiApH HATPiIO Ma€ BUCOKY TPaBIMETPUUHY IIiTb-
HICTh eHeprii, mo cranoButh ~9300 BT rom/kr.
Peaxuito rigponizy NaBH, anst otpumanns Bon-
HIO MOXKHa Peasli30ByBaTH B YMOBaX HaBKOIHII-
HBOTO cepenoBumia. Po3una NaBH,; moxe BuBi-
aeHUTH 90 % CcTEXioMEeTpUYHOI KUIBKOCTI BOJHIO
B pe3ynbraTi peakuii riaponizy. NaBH, moxxHa
BBAKATU «PO3IICIUTIOBAYEM BOJAW», OCKIIBKH
50 % yTBOPIOBAaHOTO BOIHIO BHUPOOIAETHCSA cCame
3 Boau. [ro peaxifirto MOXKHa BUKOPHCTOBYBATH B
MaTepiaJo3HaBCTBI AJISl MIPUTOTYBAHHS HaHOYAC-
TUHOK, JJISl €KOJIOTIYHMX 3aCTOCYBaHb, TAKUX SK
BHJIAJICHHS HITPOCHONYK Ta PO3KJIamaHHS OapB-
HUKIB. BosieHb, oTpuMaHuii B pe3ysbTati TiJpo-
Ji3y OoporiapuaiB, Moxe OYTH BHKOPUCTAHUH
JUISI CHEPreTHYHHUX 3aCTOCYBaHb, TAaKUX 5K JIBHU-
TYHH BHYTPIIIHBOTO 3TOPSIHHS, CHCTEMH JKHBIICH-
Hsl TIAJIMBHUX €JIEMEHTIB, BKIIFOUAIOUH €JIEMEHTH 3
MOJIMEPHUM EJEKTPOJITOM, MEMOpPaHHHIA MAJIB-
nuii enement (PEMFC), npsimuii 6oporinpuanHuit
nanuBHuii enemeHT (DBFC) i HeBenuki mopra-
TUBHI €HEPreTUYHI MPUCTPOI, SKI MOXKYTbH JKHUBHU-
TH HEBENMKI TPHUCTPOI, Taki SK CTUTbHUKOBUH
TenedoH 1 He3aKpilJieHa aHTE€Ha TPaHCIOPTHHUX
3ac00i1B TOILO.

Pe3yabTaTu g0CaiIKeHb.

3acanvHuil 1aHy102 8600HEBOT eHepzemu-
ku. JlaHIfOr BOJHEBOI TMPOMHUCIIOBOCTI B Haii-
OLIBIN 3aralbHOMY BUTJISIAI BKJIFOYAE ITSITh TOC-
JOBHUX CKJIaJIOBUX: BUPOOHHUIITBO BOJIHIO, 30€-
piraHHs Ta MOCTauyaHHsS BOJHIO, HOTO PO3MOAi-
JICHHS, BOJHEBI MajJMBHI €IEMEHTH Ta 3acTOCY-
BaHHS, K MOKa3zaHo Ha pucyHKy 1. Cepen mmx
CKJIaJIOBUX YacTUH BOJHEBOT CHEPreTHKH IepIia
(the upstream) i ocranns (the downstream) po3Bu-
HEHI BUCOKOIO MIpOI0, OCOOJIMBO 1€ CTOCYETHCS
BUPOOHHIITBA BOJHIO Ta MAIIMBHUAX €JIEMEHTIB 3
poToHo0OMiHHOI MemOpaHowo (PEMFC) (aus.
pucyHok 1). TexHomorist »x 30epiraHHs i TOCTaBKH
BojHIO (the midstream) Bce 1me € cabkum Mictem
y 3arajJbHOMY JIAHIFOTY BOJHEBOI MPOMHUCIIOBOCTI,
[0 MAa€ HETaTUBHWH BIUTUB Ha KOMEPIIHHUN pO3-
BUTOK BOJIHEBOT CHEPreTuKH [5].
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Pucynok 1. JlaHuor BogHeBoI eHepreTuku [5]

TBepnoTUTPHI HaKONMMYyBadi BOJHIO MOXK-
Ha PO3IiIMTH Ha (i3uKOocopOLiliHi Ta XeMocopo-
1ii 3aJIe)KHO BiJ] XapakTepy B3a€MOJIii MiX Ta30-
MONIOHMM BOJHEM 1 TBEPIUME MaTepialaMH, SK
nokaszaHo Ha pucyHky 2 [5]. Enekrpoximiumne
30epiraHHs BOJHIO TaKOX BIJHOCHTBCS IO TBEP-
JOTITBHOTO HAaKOMMYyBaHHS BOIHIO. Emektpoxi-
MigHHA MeTon (akTHyHO 30epirac i0OHM BOIHIO
K MOOIUTBHI 3apsiiv, 10 BUKOPHCTOBYIOTHCS B
000poTHHMX OaTapesx, a He B MaJMBHHUX CJIIEMEH-
tax. ®izuyna copOIis ra3onoJiOHOr0 BOJTHIO

Bi0OyBa€eThCS HAa PO3BHHEHIN MMOBEPXHI MaTepia-
niB 3aBnsku cwiaMm Ban-gep-Baanbca. Tumogi
MaTepiany it Gi3uKocopOIii BKIIOYAIOTh MeTa-
JIOOpTraHivHI KapKacH, KJIATPaTHI TiapaTH, Meoi-
TH Ta MaTepianu Ha OcHOBI kapOony. Ilim uac
MPOLIECY XeMOCOPOIii ra30moMiOH1iA BOJCHb Xi-
MIYHO pearye 3 TBEpAUMH MaTepiajamMH, YTBO-
proroun cTalimbHI TiapHUIH, SKi MOXKHA Kiacui-
KyBaTH Ha TPHU KaTeropii: eJIeMeHTHI TiIpuuu,
IHTEpMETAJIIYHI TIAPUAM Ta CKJIQJHI TiAPUIH
(muB. pucyHok 2) [5].

Solid-state hydrogen storage

¥

¥

Physisorption Chemisorption
! l
v v v v v v v
Metal-organic Clathrate Zeolit Carbon-based Elemental Intermetallic Complex
frameworks  hydrates R materials hydride hydrides hydrides
Carbon nanotubes -+ MgH,, AlH; -+ TiFe, LaNis ---  NaBH,, NaAlH, -+
R I I 1 e e ] U
NH,BH, } o
NaBH, } -
LiBH, } B
LiAIH, 4
LaNis | a
TiFe i
AlH,4 } ~
MgH, -
CNToc 105mpa | Volumetric energy density (kg Hy/m%) —
CH-s1I 4 300mpa Gravimetric energy density (wt.%x10) |
MOF 6 3.5 mPa F N
iqui - |
quu_;% Fl\illyF(’j rogen - Gravimetric
asas B ;&. DOE targets for onboard hydrogen storage
35 MPa Gas Volumetric System level, 2025 N
PRI SR W S NS S T | P Y PR T [T U T I
0 20 40 60 80 100 120 140 160 180 200

Energy density(kg H,/m® or wt.%x10)

Pucynoxk 2. TexnoJiorisi TBepAOTiILHOTO 30epiraHHs BOJHIO Ta NOPiBHAHHSA I'yCTHHH eHeprii,
OTPUMYBAaHOI Pi3HUMU MeToAaMHU [5]
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XiMiuHi TIAPUAN SBISIOTH COOOI0 HAiiTHI
JoKepena s BUpOOHUIITBA Ta/abo 30epiraHHs
BOJIHIO; € NIEPCHEKTUBHIMH JUI OTPHMaHHS BOJI-
HIO IIUISIXOM TipOTizy 1 MOXKYTh 3a0€31eYnTH BHU-
MOTH UIs TIPOMHCIIOBOTO 3aCTOCYBaHHS. BuBib-
HEHUI BOAEHb MOXE OyTH BUKOPUCTAHUH IS
SHEepreTHYHNX 3aCTOCYBaHb, TAKUX SK JBHTYHH
BHYTPIIIHBOTO 3TOPSTHHS, METAIOMOBITPSHI Ke-
penia JKMBJIEHHsI T4 CHCTEMH KUBJICHHS TATUBHUX
€JIEMEHTIB, BKJIIOYAIOYN IMOJIIMEPHY EJIEKTPOJIiT-
Hy MeMOpaHy Ta OOpOTiApUAHI MaINBHI €1eMeH-
TH, a TaKOX HEBEJIMKI MOPTATHBHI CHEPTEeTHJHI
NPUCTPOi, SKI MOXYTh >KUBUTU HEBEJHKI NpH-
CTpoOi, Taki sIK CTUIBHUKOBUH TenedoH, 6e3miaoT-
Hi JitaneHi anaparu [2-3].

3okpema 6oporinpun Hatpiro (NaBH,) mae
BUCOKY TpaBIMETpUYHY INiJIBHICTH  EHEprii
9300 Bt roa/xr; mictute ~10,6 Mac.% BOIHIO
(Hy) i ioro po3uun moke BuBLILHHTH 90 % i
Oimpmre crexiomeTpudHoi KimbkocTi H, uepes
peaxIito TiApomizy, Ky MOKHAa MTPOBOIWUTH B
YMOBaX HaBKOJHIITHBOTO CEPEAOBUIIA.

Boporinpua HaTpiro 11 BoaHeBOI eHep-
retuku. Boani myxHI po3umHH OOpoTiapumy
HaTpito (Terparimpobopar Harpiro, NaBH,) e my-
JKe TIEPCIIEKTHBHUMU ISl PiTUHHO(AZHOTO XiMid-
HOTro 30epiraHHsl BOJHIO, OCOOJIUBO B HU3bKOTEM-
nepaTypHUX NajJMBHUX e€JeMeHTaxX. Po3uuH
NaBH, moxxHa BUKOpHCTOBYBaTH 6€31M0CEPETHBO
SK piJIKE MaJUBO IS NPSIMOTO OOpOTiAPUIHOrO
MAJIMBHOIO €JIEMEHTa, po0oTa SKOro 0a3yeThcs
HAa aHOJHOMY €IIEKTPOOKHMCHEHHI  OOporim-
anioniB BH, , 3rimHo 3 peaxkiiieto (2) [6]:

BH, + 80H — BO, + 88+ 6H,0. (2)

Takox Ooporiipuj HAaTPil0 MOXXHA BHKO-
PHCTOBYBATH SIK «HEMPSIME MaJIMBO» ISl MAJIUB-
HOr'O eNleMeHTa, (aKTHYHO SIK HOCIMH BOJIHIO.
VY upomy Bumnazky napa NaBH,—H,O neriapy-
€THCSI IUISIXOM TiJIPOJIi3y BIANOBIIHO JI0 PIBHSH-
Hs (3) y IPHUCYTHOCTI BiANOBIAHOTO KaTaji3aTo-
pa, a yTBOpEeHHM Tra3omnoAiOHWK BOJCHb Hajaii
OKHCHIOEThCSI Ha aHO/Ii MAJTMBHOTO eJeMenTa [6]:

BH47 + 4H20 - B(OH)47 + 4H2 (3)

Crioci6 TeHepyBaHHSI BOJHIO IIISIXOM Tiji-
pomizy Goporigpuay Hatpiro (NaBH,) six onHa 3
aNbTEpPHATUB pe3epByapaM BOJHIO MiJ THCKOM
IIPUBEPHYB BEJUKY YBary 3aBIsSKH CBOIN HEro-
PIOYOCTi, HETOKCUYHOCTi, BUCOKOMY BMICTY BOJ-
Hi0 (10,8 % 3a Macoro), CTadIBHOCTI B JIy;)KHOMY
PO3UMHI, JETKOMY BHBUIbHEHHIO Hy, 1o He Mmic-
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tuTh CO, IUIAXOM TigpoJizy B MPUCYTHOCTI Ka-
Taji3aTopa HaBiTh 32 KIMHATHOI TeMIepaTypi Ta
PEIMPKYIIALIi MOOIYHIX MPOIYKTIB peakii [7].

Teopetnuno onun monb NaBH, pearye 3
JIBOMa MOJISIMH BOJIH 3 YTBOPEHHSIM B PE3yNIbTaTi
peaxmii riaposizy 4oTupbhox Moiei Bomuro. Og-
Hak cucteMa NaBH,—H,0 mae xinbpka HeoJIKIB.
OCHOBHUM € 3HWKCHHS e(DEeKTUBHOCTI 30epiran-
Hs, TIOB’SI3aHE 3 YTBOPEHHSAM TipaTOBaHOTO 00-
paty HaTpilo fK MOOIYHOTO MPOAYKTY peakuii,
JUISL pO3YMHEHHS SIKOTO HEOOXiTHa BETWKa Killb-
KicTh HaJITUIIKY Boau [8]. BinmoBinHo, rpaBimMer-
pUYHA EMHICTH BOJIHIO 3MeHIIyeThes Big 10,8 mo
7,315,5mac.% misg x = 2 1 4 3riqHO 3 PIBHSH-
usm (1) [8].

Kpim Toro, xonuenrpaunis NaBH, 3a Tem-
neparypu 25 °C mae 6ytr Hk4oro 16 r Ha 100 T
H,0O uepe3 HU3BKY pO3YHHHICTH OOpaTy HATpitO
(28 r na 100r H,0) [9]. EdexrusHicth 30epi-
ragas cuctemu NaBH,—H,O moxke 3Ha4yHO 3HH-
3UTHCA TICIS JIOJaBaHHS cTalimizaTopa (3a3BH-
yait NaOH), sikuii HEOOXITHUIA JJI TPUTHIYCHHS
caMoripomi3zy, Kol BOJeHb He morpibeH. He-
3Ba)KAIOYM Ha IIe, HATPi OOpoTiApu BCe IIe Mae
MOTEHIIial 3aCTOCYBaHHS Y HIIEBUX 1 MOPTATHB-
HUX TAJIWBHUX EJIEeMEHTaX, X04Ya MiHICTepCTBO
eHepretuku CIIA He Hagano XOIHUX PEKOMEH-
namiii mono 3acrocyBanb NaBH, y GoproBux i
TpaHCIOPTHHX 3acobax [7, 9].

[Ipu BUKOpHCTaHHI BiAMOBIIHOIO KaTai-
3aTopa MOXKHA HE TiJIbKH NMPHCKOPUTH PEaKIliio
rigponizy NaBH,, ane ¥ perymoBaTu KiIbKiCTh
BuIeHOro Hy 1 MIBUAKICTE HOTO YTBOPEHHS.

MeToau BuUMipIOBaHHSI 00’€My BOIHIO
nmix 4ac rigpoaizy ooporinpuay narpiro. Kara-
JITHYHY aKTHBHICTh MaTepially MO)KHA OI[IHUTH
3a JIONIOMOT'0K0 BUMIPIOBaHHS 00’ €MY BOJIHIO, 1110
yTBOpIOEThCA Tix gac rimponizy NaBH,. 1le mox-
Ha 3pOOMTH KiJIbKOMa METOJIaMH, BKJIIOUAIOYH
NpUIAAM ISl BUMIPIOBaHHS BHAUICHHS rasy, BO-
J103a0ipHUIA METOJ 1 eJICKTPOHHI Bar'd 3 BUCOKOIO
TOYHICTIO.

HaiimommpeHimmmM MeToJ oM BHMIpIOBaH-
Hs 00’ €My BHJIJICHOTO BOJHIO € TIPOCTHH, JIEIIe-
BUH, aje JIOCTAaTHLO TOYHHWU METOJ BUTICHEHHSI
BoJU. ICHYIOTH Pi3HI KOHCTPYKIII yCTaHOBOK Ta
amapartiB Uil NPOBEICHHS peakuii Tigposi3zy B
71ab0paToOpHUX yMOBAaX, B OCHOBHOMY 3 BHKOPHC-
TaHHAM CKJITHOTO TIOCYAy, SIK Il MOKa3aHO Ha
pucyHnky 3 [1].
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Pucynok 3. Meroau BuMipioBaHHsi 00’ €My BOJAHIO, 10 BUALIsIETHCS mia yac riaposizy NaBH,:
a) mpuiIal sl BUALTICHHS ra3y; b) Oynp0aiikoBHii BATPATOMIp; C) MAaCOBHI BUTPATOMIp;
d) razoBuii xpomaTorpad; €) ycraHoBka ButicHeHHs BoaH; ) ycTaHoBka BojoBiaBeaeHHs [1]

pH po3uunis Ooporinpuay HaTpilo Ta
HOro BIUIMB HA WIBUAKICTH rigpoisy. Po3unnu
Ooprigpumy HATpil0 Y BOAI MAarOTh JYXKHY peak-

1it0; 3HaYeHHs pH 3aJIeUTh BiJl KOHIICHTpAII] i
3poctae 3i 30iunbmeHHsM BMicty NaBH,, sk mo-
ka3zano B Tabmuii 1 [10].

Ta6muus 1. 3navenns pH po3unniB 6oporigpuay nHarpiio 3a remneparypu 24 °C [10]

Konnenrpariis, MOJIB/IM® 0,01

0,1 1

pH

9,56 £ 0,02

10,05 + 0,02 10,48 + 0,02

IBunkicte rigpomizy NaBH, cumbho 3a-
nexuTh Big pH. B xucnorax rigponiz NaBH, Bin-
OyBaeThCs MPAKTUYHO CIOHTAHHO, a B CHIIBHO

Ty>XHOMY niara3oHi po3unHu NaBH, mopiBasIHO
cTabinpHI 32 HOPMAJIBHUX YMOB, SIK TOKa3aHO B

tabmumi 2 [10, 11].

Tab6auns 2. Mepiox nanmiBposkiaaxy NaBH, 3a remnepatypu 25 °C [10, 11]

pH 4,0 50 55 6,0 7,0 8,0 9,0 10,0 | 11,0 | 12,0 | 13,0 | 14,0
(%) 3,7 37 012 | 0,37 | 3,7 | 368 | 61 61,4 | 10,2 | 43 | 42,6 | 426
2 MJIXB | MIIXB XB XB XB XB XB XB Toxa ni6 | mio | nid
Kinernka rimpomnizy NaBH, ommcyerbes  Xinmensyma. Ilotim ancopOoBaHi YacTHHKH

PIBHSHHSIM TICEBJIOTIEPILIOTO TOPSAKY, a 3allex-
HICTh MIBUIKOCTI TiApomi3y Bix pH i Temmepary-
PH PO3PaxOBYETHCA 3a AOMNOMOTOI0 E€MITipHYHOT
bopmysu (4) [12-16]:
log(t,,) = pH — (0,034 - T—1,92). 4)
Mexanizm peakuii. OquH i3 nepmux me-
xaHi3MiB OyB 3amporonoBanunii y 2002 p. Kojima
Ta iH. [17], ki moBigOMWIM TIPO CBill MOTIsAA Ha
rigponiz BH, y npucytHocti Pt-kartamizatopa Ha
LiCoO,-Hocii. ABTopu mnpumyctwid, 1mo BH,
ancopOyerscs Ha Pt, Toxi sk HyO ancopOyerses
Ha HOCII, BIANOBiAHO g0 Mojeii JIeHrmiopa—
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B3a€EMOJIIIOTh, BHACHIJOK Yoro rigpumd BH,;
i mporonn Monekyia H,O pearywoTh 3 yTBOpeH-
HSM YOTHPHOX eKBiBaJIeHTiB H,, Toxi sk aTomu
KHCHIO MOJICKYJIH BOIM 3B’S3YIOTHCSA 3 aTOMOM
6opy aniony BH, . Kojima 3 koseramu 3anporo-
HyBaju yTBopeHHs BO, fK KiHLEBOIO MpOAYK-
Ty. Ockinbku mi3Hime asropamu [18, 19] Oyio
nosezieHo, mo B(OH), € 6inbmn TepMouHamiy-
HO CTallIbHOMI crionykoo, Hixk BH, , 1 1i yTBO-
peHHS € OiNbIl BIpOTIMHUM, TO MeXaHI3M
MIPOLIECY MOXKHA OMHUCATH, K 300pa)KeHO Ha PH-
CYHKY 4.
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Pucynok 4. Cxemaruune 306paxenus rizpoJizy BH,; i H,O na Pt-LiCo0O, [6, 17]

Liu Ta im. [20] Takox mOCTimKyBanmu Tif-
pomiz  Ooporiapuay HATpifo 3a JAOMOMOTOIO
Pt—LiCO,. BukopucToByBaJli pEHTICHIBCHKE TOT-
JIMHAHHS 1 TIATBEPAMINA MEXaHi3M, 3alpOIOHO-
BaHui Kojima Ta iH. [t mmaTiaM, HaHECEHOT Ha
Co030,, Hung et al. [21] noBigomuau npo KaTai-
TUYHUNA MEXaHi3M, HATXHCHHUH IMOMEPEIHIM, JIe
Co30, Bigirpae mopiBusaay posib LiC0O,. Me-
XaHi3M, 3alpONOHOBaHUH yciMa IIMMHU aBTOPaMH,
y3TOJUKYeTbCsL 3 Mozaemwmo  JleHrmropa—
XiHmmensynaa, e 0OOUaBa peareHTH ancopOyIOTh-
Csl Ha TIOBEPXHI KaTaJlizaTopa 1 pearyroTh 3 yTBO-
pennsim H, 1 B(OH), .

Andrieux ta iH. [22] TpOAEMOHCTPYBaIH
CTIPaBE/IMBICTE  OIMOJIEKYJISIPHOTO  MEXaHi3My
Jlenrmiopa—XiHIIenBy1a B yMOBax IXHbOTO €KC-
HNEPUMEHTY Ta 3aIllPONOHYBAIIN Bi/IIOBITHY CXEMY
peaxuii rizponizy Gopriipuay HaTpito y MpHCYT-
HOCTiI HAHOYACTUHOK KOOabTy (pucyHOK 5). Ka-
TaJITHYHUHA TIpOIleC BKIIOYAE JBa Pi3Hi ajmcopo-

[
H ‘H,,\
H/BL

S -

e W) OH
HO— B

LiKHI IeHTpH, mo3HaueH] Sk A i B. BBaxaeTtbes,
1o aAcopOIiiiHi neHTpu A € TakuMu OaraTuMu
Ha eNEeKTPOHH erneMentamu, sk O° a6o Co’, Toxi
K neHTpu B € enextponoedinuranmy, sx Co®*
INigpomiz woruprox rimpunis BH, BinOyBaeThcs
OJIMH 32 OJHMM HIISIXOM B3a€MOJII 3 OIHUM aj-
copboBanum H,O nnst koxxkHoro riapuny. [Ipote
aBTOPU CYMHIBaJIHCh IOJI0 MOXKIUBOI JecopOIIii
MPOMIXXHUX MPOJYKTIB peaKii, KIHETUKH eJIeMEeH-
TapHUX CTaJlid, IPUPOAH aICOPOIIMHUX IIEHTPIB
i KaTtamiTHaHOI moBepxHi. llpumyckamock, 110
TiIpOITi3 YOTUPBOX MOJIEKYI TiApuIy Oyae peai-
30BaHO 3 YOTHpPMa PI3HUMH aJICOPOOBAHUMH MO-
nexynamu H,O nipu agcop6uii aniona BH, . Ilpu
nopiBHsHHI MexaHi3MmiB Kojima Ta iH. [17] 1
Andrieux Ta iH. [22] OMiTHO, IO TepIIa Tpymna
HESIBHO TPHITYCKaE, 110 aJCOPOIIHHIMHU EHTpa-
mu A € meranesa Pt, a nieatpamu B — enexTpo-
nedinutauit Li a6o Co (pucynku 4 1 5).

A
HZ

\ OH H,0
H— B

B

!

N OHN H
H— BZ

H

L}

TR « A

Pucynok 5. CxemaTnuHe 300paxkeHHs1 MexaHi3my Jlenrmiopa—XiHieaByaa, 3anponoHoBaHoro Andrieux
Ta iH. [22] 151 NOSICHEHHSI MOBEPXHEBOI KATANITHYHOI AKTMBHOCTI HAHOYACTHHOK K00aabTy [6]

= =
~
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Y 2006 p. Guella ta in. [23] moBigoMunm
PO aJbTEPHATHBHUM MEXaHi3M. 3a JOIOMOTOI0
UB SIMP Bonu noBenu, o rigponiz BH, € cTy-
nmiHYacToro peakmielo (pucyHok 6). Ilepmum
KPOKOM € IHcoIliaTuBHA ancopoiist BH, Ha gBox
moBepxHeBUX Pd-mieHTpax, mm gac sSKoi OmuH 3
B—H-3B’s13kiB TOMOJIITHYHO PYHHYETHCS 3 yTBO-
pennsam BH3 1 H. Ha npyromy erami axcop6osa-

\e H
H,B—H

09 = B -

Hi BH; i H pearyroTs 3 ofHi€lo BiIbHOIO MOJIe-
kynoro H,O i yTBOPIOIOTH NPOMIKHUEN aHIOH
BH3(OH) , sikuit necopOyeTbes, a TaKOX MOJie-
kyny H,. Ha Tperpomy (i ocranHbOMY) erami
BH3(OH) mimmaerbest Tigpomisy MIBHIIIE, HiX
cam BHj3 . Ilepmmii i gpyruit KpoKu 1IbOTO MeXa-
HI3My Y3TO[KYIOTBCS 3 MonensiMu Mixaemica—
Meunren 1 Eneli—Punen.

H

HO _A H A
o [ 3R, \ | ® WO
B@ B@ i ~>\
we’ “SoH q “SoH H\Iv ] “H

DD ¥ DD = B

Pucynok 6. CxemaTuuHe 300pa:kennsi Mmexanismy Mixaenxica—MeHTeH, sikuii BpaxoBye rigpoJiz BH,
Ha Pd-karadizaropi [6, 23]

Jemo iHmUMIT MexaHi3M 3ampoIOHYBaIl
R. Pen™a-Alonso Ta in. [24] nas Pt a6o Pd, 3a-
KpIMJIeHNX Ha (YHKI[IOHATI30BaHUX BYTJICTIEBUX
HAHOTPYOKax (pUCYHOK 7). BoHM BUHANILIH, 1110
BH, 3a3Hae 000pOTHOI TUCOIIIaTUBHOT aacopOrii
Ha BOX MeTajieBux nentpax (M, ta M,)), BHacii-
nmok oro BH3; amcopOyerbest Ha M, a H aacop-
Oyerbcst Ha M,. HeraruBHuii 3apsn BH; mepe-
XOJIUTh HA BOJICHb 3aBJISIKM BUCOKIH MPOBIIHOCTI
BYTJIEIIEBOi MaTpwili. AJcOpOOBaHMIA TiApU TO-
TIM pearye 3 OJHUM H® onmiei 3 BiIbHUX MOJIe-

kyn1 H,O 1 BuBimpHse H;. Otpumannii OH
pearye 3 ajgcopooBanum BHj, moku Toii nepeHo-
CUTH CBOI 3aJIMIIKOBI TiJPHUIN Ha BUIBHUHN TTOBEp-
xHeBuil neHtp M,, dopmyroun ancopOoBaHi
BH,(OH) . Peaxiiiss mpogoBKYy€ThCS aHAIOTId-
HUM 4YUHOM, JIOKH He chopmyrotecss B(OH),
i yorupu monekymu H,. [lomibHy mocimoBHICT
peakmii mnpomonyBanmu Holbrook and Twist

3 Baxkow Bomoro D,0 Ha mouatky 1970-x
JUTSL  KaTalli3aTopiB
uikemo [25].

— OopumiB KOOambTy 1

Pucynok 7. CxemaTuuse 306paxeHnHst Mmexanismy Mixaenica—MeHTeH, 3anpononoBanoro R. Pen™a-Alonso
Ta in. [24] A5 nosicHeHHsI KaTaiTHYHOT akTuBHOCTi Pt Ta Pd [6]
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Bamerep Ta iH. [26] mochmiamnu Buie3a-
3Ha4YeHY MOCIIJOBHICTh PEAKIIii 1 3aMPONOHyBAIN
BHpa3 UIA IIBHIKOCTI PEaKilii, 0 BpPaxOBYBaB
3ajexkHicTh KoHUeHTpauii anioHie OH . Bonu
JTIOBEJH TIEPIIAN MOPSAOK PEaKIii, SKUil MiaTBEP-
muBcst 13a BH, .

OoroBopenHs pe3yabTaTiB. Peakiis rif-
podtizy OOpOTiAPHUIIB TO3BOJIAE JOCATTH BHUCOKOT
MIUTBHOCTI €Heprii He TUTBKH 3a IiIBUIICHAX TEM-
nepaTyp i THCKIB, a i1 32 HOpMaJbHUX YMOB, IO
BKa3ye Ha ii BENWKWIA MOTEHINAN ISl IOPTATHUB-
HUX TIPUCTPOiB. 3a OCTaHHI MECATHIITTS Oarato
JOCHITHUKIB JOCSTIM BEUKUX YCIHiXiB y JOCIi-
JOKeHHI IIOTO TPOIIECY, a TAKOXK Y PO3poOIIi pi3-
HOMAaHITHHUX SIK METAJIIYHHUX, TaK 1 HEMETAIYHUX
KaTallizaTopiB IBOr0 Tporecy. B ocHoBHOMY mi
JOCIiKEHHST Oy 30Cepe/KeHi Ha BHBUYCHHI
KIHETHKH PEakilii, a TAKOX Ha ITiITOTOBII KaTali-
3aTOpPiB, BKIIOYAIOYM CKPHHIHT AKTHBHHUX KOM-
MOHEHTIB, Ta Ha METOJAX iX NPUTOTYBaHHSI.

3aranbHAM HEIOJIKOM TepeBaXHOI Oib-
IIOCTI OMyOJIIKOBAaHUX JIOCHIJKCHb KIHETHKH TijI-
pomizy Ta/abo po3kiamaHHs OOPOTiAPUIiB, HE3a-
JEKHO BiJ] BUKOPHMCTOBYBAHOTO KaTalizaTropa i
YMOB JIa0OpaTOPHOI peaizailii 1boro mpoIecy, €
ITHOpYBaHHS SIBUINA CAMOTIPOITi3y Ta/abo camo-
po3kiananHs 6oporinpunis. lle 3HaYHO BHKpPUB-
Jsi€  peanbHy KapTUHY KIHETHUKH, YCKIIAJIHIOE
00’€KTHUBHY OIlIHKY IHTEHCHUBHOCTI IPOIECy Te-
HEepyBaHHS BOJHIO T4 YHEMOJKJIMBIIIOE TIOPiBHSH-
HS KaTaliTUYHOI aKTUBHOCTI CHHTE30BAHUX
Ta/ab0 AOCIHTIKYBaHUX KaTali3aTopiB.

€CIMHUM TUISXOM BHPIIICHHS i€l Tpo-
OneMH € TIpOBelleHHS 1 BHBYEHHS Tifpoii3zy 06o-
POTIAPUAIB Y CHIBHO JyXHOMY cepemoBuii (pH
13,0-14,0) mpu Oe3nepepBHOMY KoHTposi pH
JOCHIDKYBAHOTO POOOYOTO PO3UHHY.

BucHoBkH. Y CTAaTTi ONPUITIOIHEHA CIIPO-
0a BINIWTH Bijl CTAaHAAPTHOIO IIIA0JIOHHOTO IIijI-
XOJ1y BUCBITJICHHSI BaXKJIMBOTO 1 BEJIbMHU IEPCIICK-
TUBHOTO TPOLIECY T€HEPYBAHHS BOJHIO LUIIXOM
TiApoJIizy OOpOriaApUIiB, 10 JEMOHCTPYE HAYKO-
BY HOBU3HY IIPE/ICTaBICHOT pOOOTH.

[IpakTHyHy WiHHICTE POOOTH MOXHa OITH-
catu HacTynHUM YrHOM. OXapakTepu30BaHoO Mep-
CICKTUBHICTh BOJHMX JIY>)KHUX PO3YHHIB OOPOTijI-
pUIy HaTpilo Ais piAMHHO(AZHOTO XiMIYHOTO
30epiraHHsi BOJHIO, OCOOJIMBO B HH3BKOTEMITEpa-
TYpHHX TAJIMBHUX eJeMeHTaxX. [IpelcTaBieHo
METOJIM BHUMIpIOBaHHS 00 €My BOJHIO ITiJ[ 4Yac
TiApoJIizy OOporipuay HaTpiro. 30CEepemKeHO
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yBary Ha HeoOXiTHOCTI AOCIiIKeHHs BITUBY pH
Ha KIHETUKY IUTFOBOTO KAaTaJiTHIHOTO IIPOIECY,
BpPaxOBYIOUH SBHINE CAMOTIAPONI3y i caMOpo3-
KIagaHHg OoporigpuaiB. BucitieHo dYoTupu
OCHOBHI MEXaHi3MH peakmii Tifpomi3y Oopori-
pHIy HATpifO.
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HYDROGEN GENERATION BY HYDROLYSIS OF BOROHYDRIDS

The search for clean energy to replace fossil fuel energy is an urgent problem of our time. Hy-
drogen is considered a suitable candidate for the production of pure and stable fuel due to its availa-
bility, high energy density and lack of contamination. The hydrolysis of borohydrides is a relatively
safe and inexpensive way to obtain a sufficient amount of hydrogen. So, for example, sodium borohy-
dride has a high gravimetric energy density of 9300 Wh/kg; contains ~10.6 wt.% of hydrogen, and its
solution can release 90% or more of the stoichiometric amount of hydrogen through a hydrolysis re-
action that can be carried out under ambient conditions. When using the appropriate catalyst, it is
possible not only to accelerate the NaBH, hydrolysis reaction, but also to regulate the amount of hy-
drogen released and the rate of its formation.

A lot of scientific research has been devoted to the development of new catalysts and optimiza-
tion of traditional ones for the hydrolysis and/or decomposition of borohydrides, which have resulted
in the publication of nearly seventy-five thousand articles on ScienceDirect alone. However, most of
them are focused on the characterization of the obtained catalytically active materials, as well as on
the study of the kinetics of the process of hydrogen release from borohydrides. Only individual works
studied the significance and prospects of borohydride hydrogen energy; few people focused on the
mechanism of this chemical process, and, most interestingly, the study of the influence of pH on the
kinetics of the target catalytic process took place while completely ignoring the phenomenon of self-
hydrolysis and self-decomposition of borohydrides.

In this regard, the purpose of the presented review article hasn 't been to highlight the main tra-
ditional aspects of the known catalytic process of hydrolysis and/or decomposition of borohydrides,
but to focus on those important nuances, which are almost not paid attention to in published scientific
works. For this, the following research tasks have been solved: to characterize the prospects of aque-
ous alkaline solutions of sodium borohydride for liquid-phase chemical storage of hydrogen, especial-
ly in low-temperature fuel cells, as well as its place in the general chain of hydrogen energy; to pre-
sent the methods of measuring the volume of hydrogen during the hydrolysis of sodium borohydride;
to analyze the pH of sodium borohydride solutions and its effect on the rate of hydrolysis; to highlight
the mechanisms of reaction of sodium borohydride hydrolysis.

Keywords: renewable energy, hydrogen energy, sodium borohydride, half-decomposition, reac-
tion mechanism.
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