MIHICTEPCTBO OCBITU | HAYKU YKPAIHU

IBAHO-®PAHKIBCbKU HALIOHA/IbHUIA TEXHIYHWUIA YHIBEPCUTET
HA®TU I TA3Y

METOOM TA NPUNAQM
KOHTPOJIO AKOCTI

BceykpaiHcbKUul HaQyKO80-meXHIYHUU HCYpHaOn

Ne 2(55)
2025

IBAHO-®PAHKIBCbK
2025



ISSN (print) 1993-9981
ISSN (online) 2415-3575

3aCHOBHUKMU:
IBaHO-PpaHKIBCbKUI HaLLIOHA/NIbHUIN TEXHIYHUI YHiBepcuTeT HadTu i rasy (IOPHTYHT)

Pik 3acHyBaHHA: 1997

MepiognuHicTb BUNYCKY: ABiYi Ha PiK

laeHTUdikaTop meaia: R30-01431
(PiweHHA HauioHanbHOT paau YKpaiHu 3 NuTaHb TeniebavyeHHA i pagioMoBeHHA
Ne 1154, npotokon Ne 24 Big, 26 oBTHA 2023 poKy)

XypHan BkatoueHo Ao Kareropii «b» Mepeniky HaykoBux paxoBux BUAaHb YKpaiHU
[any3b HAyKWU: TEXHIYHI.
CneuianbHocTi: 113 — MpuknagHa matemaTuka; 151(174) — ABTomaTu3aLia Ta KOMN' IOTEPHO-
iHTerpoBaHi TexHonorii; 152(175) — MeTponoria Ta iHbopmaLiiMHO-BUMiptOBasbHa TEXHIKA
(Hakas MiHicTtepctBa ocBiTH i Hayku YKpainun Ne 1643 Big 28 rpygHa 2019 poky)

ypHan npepctaBneHo B TaKUX MiXKHAPOAHUX HAYKOMETPUYHUX 6a3ax gaHuX,
peno3uTapiax Ta NOWYKOBUX CUCTEMaX:
HauioHanbHa 6ibnioTeka YkpaiHu imeHi B. |. BepHaacbKkoro, YKpaiHcbKa HayKoBa NepiosinKa,
Open Ukrainian Citation Index (OUCI), Crossref, Google Scholar, Scientific Indexing Services (SIS)

Aapeca pepakuii:

IBAHO-PpPaHKIBCbKMI HALLIOHAZIbHUIA TEXHIYHUI YHiBEpCUTET HadTK i rasy
Byn. Kapnatcbka, 15, m. IBaHo-®paHKiBcbK, 76019, YKpaiHa
e-mail: redntv@nung.edu.ua, mpky@nung.edu.ua
https://mpky.nung.edu.ua



MINISTRY OF EDUCATION AND SCIENCE OF UKRAINE

IVANO-FRANKIVSK NATIONAL TECHNICAL UNIVERSITY
OF OIL AND GAS

METHODS AND DEVICES
OF QUALITY CONTROL

All-Ukrainian Scientific and Technical Journal

Ne 2(55)
2025

IVANO-FRANKIVSK
2025



ISSN (print) 1993-9981
ISSN (online) 2415-3575

Founder:
Ivano-Frankivsk National Technical University of Oil and Gas (IFNTUOG)

Year of foundation: 1997

Frequency: semi-annual

Media identifier: R30-01431
(Decision of the National Council of Television and Radio Broadcasting of Ukraine
No. 1154, Decision No. 24 of October 26, 2023)

The journal is included in category “B” of the
List of scientific professional publications of Ukraine
Branche of science: technical.
Specialties: 113 — Applied Mathematics; 151(174) — Automation and Computer-Integrated
Technologies; 152(175) — Metrology and Measuring Equipment
(Order of the Ministry of Education and Science of Ukraine No. 1643 dated December 28, 2019)

The journal is presented in the following international scientometric databases,
repositories and scientific systems:
V. I. Vernadsky National Library of Ukraine, Ukrainian scientific periodicals,
Open Ukrainian Citation Index (OUCI), Crossref, Google Scholar, Scientific Indexing Services (SIS)

Editors office address:

Ivano-Frankivsk National Technical University of Oil and Gas
15 Karpatska Str., lvano-Frankivsk, 76019, Ukraine
e-mail: redntv@nung.edu.ua, mpky@nung.edu.ua

https://mpky.nung.edu.ua



PEAAKLIAHA KOMENA

rONIOBHWU PEAAKTOP

AHppii Tonanos

HAUIOHANbBHI YNEHU PE

AHppiit BaHgypa

Muxaiino Mopb6inuyk
Bonoaumup lNpura
PomaH [O:kana

Map’aH AMUTPULLIKH

Bonogumup [peseubKui
Amntpo AbomiH

IpuHa ¥ypaBcbKa
JNeoHip, 3amixoBcbKui
Onekciii Kosnos

lOpiii Kyuipka

MeTpo JlexKHIOK

Banepiii JlonatiH

CrenaH MenbHUYyK

Oner HukugpopuuH

Cepriit Ocapgumii

KaHAMAAT TeXHIYHUX HayK, AOLEHT, IBaHO-PpaHKiBCbKUIN HaLiOHANbHUMI
TeXHiYHWUI yHiBepcuTeT HadTu i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

OKONETIT

OOKTOp i3MKO-MaTEMATUYHMX HayK, Nnpodecop, IBaHO-OpaHKiBCbKMIA
HaLiOHaNbHUMN TEXHIYHWNI YHiBEpCUTET HadTK i rasy,
M. IBaHO-®PpaHKiBCbK, YKpaiHa;

OOKTOP TEXHIYHUX HayK, npodecop, IBaHO-PpaHKIBCbKUIN HaLLiOHANbHUM
TEXHIYHWUI yHiBepcuTeT HadTy i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

KaHOMAAT TEXHIYHUX HayK, AOoLeHT, MpuKapnaTCbKMiA HaWiOHaNbHUI
yHiBepcuteT imeHi Bacuns CtedaHuKa, M. IBaHO-PpaHKiBCbK, YKpaiHa;

O-P TEXHIYHUX HayK, CTapLUMIA HAYKOBUI cMiBPOBITHUK, Pi3nKo-MexaHiYHWUI
iHcTUTYT im. . B. KapneHka HAH YKpaiHu, m. J1bBiB, YKpaiHa;

OOKTOp di3nKo-MaTeEMATUYHMX HayK, npodecop,
KapnaTtcbKuin HalioHanbHUI YHiBepcuTeT imeHi Bacuna CtedaHuka,
M. IBaHO-®PpaHKiBCbK, YKpaiHa;

OOKTOP TEXHIYHMX HayK, Nnpodecop, HauioHanbHUI yHiBEPCUMTET BOAHOMO
rocnoAapcTea Ta NPUPOAOKOPUCTYBAHHA, M. PiBHe, YKpaiHa;

[AOKTOpP TEXHIYHUX HayK, npodecop, MM «TeXHONOFIYHUIA LLEHTPY,
M. XapkKis, YKpaiHa;

[AOKTOpP TEXHIYHMX HayK, Nnpodecop, YHOPHOMOPCbKMIN HaLLiOHANbHUI
yHiBepcuTeT im. MeTpa Mornnum, m. Mmnkonais, YKpaiHa;

OOKTOP TEXHIYHUX HayK, npodecop, IBaHO-PpaHKIBCbKMIN HaLiOHANbHUM
TeXHiYHWUI yHiBepcuTeT HadTH i rasy, m. IBaHO-PpaHKiBCbK,YKpaiHa;

OOKTOP TEXHIYHMX HayK, Npodecop, YOPHOMOPCbKNI HALLIOHANbHNUI
yHiBepcuTeT im. MeTpa Mornau, m. Munkonais, YKpaiHa;

KaHANAAT TEXHIYHUX HayK, AOUEHT, IBaHO-PpaHKiBCbKUIA HalioHanbHUI
TEXHIYHUI yHiBepcuTeT HadTy i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

KaHAMAAT TEXHIYHUX HaYK, AOUEHT, BIHHUUBKUI HaLiOHANbHUIA TEXHIYHUNI
yHiBepcuTteT, M. BiHHMUA, YKpaiHa;

OOKTOP TEXHIYHUX HaYK, CTapLUMiA HAYKOBUI CNiBPOBITHUK,

IHCTUTYT reoTexHiYHOi mexaHikm im. M.B. MNonakosa HAH YKpaiHu,

M. [Hinpo, YKpaiHa;

OOKTOP TEXHIYHUX HayK, npodecop, IBaHO-PpaHKIBCbKUIN HaLiOHANbHUM
TeXHiYHWUI yHiBepcuTeT HadTu i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

OOKTOP Pi3MKO-MATEMATUYHUX HAYK, AOLEHT,
KapnaTcbKuii HauioHanbHUI yHiBepcUTEeT imeHi Bacuns CtedaHuKa,
M. IBaHO-®PpaHKiBCbK, YKpaiHa;

OOKTOP TEXHIYHUX HayK, npodecop, LleHTpanbHO-YKpaiHCbKKi
HaLioHaNbHUN TEXHIYHWNI YHiBepCcUTET, M. KponMBHULBbKMIN, YKpaiHa;




Cepriit OcieBcbKuii

Hagia Naceka

Irop PubiubKnii

FaHHa PypakoBa

Opect Cepeatok

OnekcaHap CUTHUK

Ceprit CmensKos

NiaHa CmonoBuK

KOpin CTpineubknii

Fpuropiin Cyukos

BaneHTUH YuaHiH

Netpo ®inesnu

Bacunb LLleKeTa

Bacunb Auyyk

KaHANAAT TEXHIYHUX HayK, AOLEHT, XapKiBCbKMI HaLiOHaNbHUI
yHiBepcuTeT MoBiTpaHux Cun imeHi IBaHa Koxkeayba, m. Xapkis, YKpaiHa;

KaHAMAAT TeXHIYHUX HayK, AOLEHT, IBaHO-PpaHKiIBCbKUIN HaLiOHANbHUI
TeXHiYHWUI yHiBepcuTeT HadTu i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

[AOKTOP TEXHIYHMUX HayK, AOUEHT, IBaHO-PpaHKIBCbKUIA HaLiOHaNbHWUI
TEXHIYHWUI yHiBepcUTEeT HadTK i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

OOKTOP TEXHIYHUX HayK, Npodecop, XePCOHCbKNIN HaLiOHANbHWI
TEXHIYHWUI yHiBEpCUTET, M. XepCoH, YKpaiHa;

OOKTOP TEXHIYHUX HayK, npodecop, IBaHO-PpaHKiIBCbKMIN HaLiOHANbHUM
TeXHiYHWUI yHiBepcuTeT HadTu i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

OOKTOP TEXHIYHMX HayK, Npodecop, YepKacbKnil AepiaBHUIA
TEXHO/IONYHUI yHiBepcUuTeT, M. YepkacK, YKpaiHa;

OOKTOp di3MKo-MmaTeMaTUYHUX HAYK, Npodecop, XapKiBCbKMi
HauioHanbHWM yHiBepcuTeT MNoBiTpaHMX Cun imeHi IBaHa Koxkeay6a,
M. XapkKis, YKpaiHa;

KaHANAAT TEXHIYHUX HayK, AOUEHT, IBaHO-PpaHKiBCbKUIA HalioHaNbHWUI
TEXHIYHUM yHiBepcUTEeT HadTK i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

[AOKTOpP TEXHIYHMX HayK, npodecop, IBaHO-PpaHKiBCbKUI HaLioHaNbHUI
TeXHiYHWUI yHiBepcuTeT HadTu i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

OOKTOP TEXHIYHUX HayK, npodecop, HalioHaNbHUI TEXHIYHMIA YHiBEPCUTET
«XapKiBCbKMM MNONITEXHIYHMI IHCTUTYT», M. XapkKiB, YKpaiHa;

[OKTOP TEXHIYHUX HayK, CTapLUMA HaYKOBWUI CNiBPODITHUK,
disnKo-mexaHiYHUM iIHCTUTYT im. I'.B. KapneHka HAH YkpaiHu, m. J1bgis,
YKpaiHa;

OOKTOP disMKo-maTeMaTUUYHUX HayK, npodecop, HauioHanbHKUi
yHiBepcuTeT «J1bBiBCbKA NONITEXHIKa», M. J1bBiB, YKpaiHa;

[AOKTOP TEXHIYHMUX HayK, AOUEHT, IBaHO-PpaHKIBCbKUIA HaLiOHaNbHWUI
TEXHIYHUM yHiBepcuTeT HadTK i rasy, m. IBaHo-PpaHKiBCbK, YKpaiHa;

OOKTOP TEXHIYHUX HayK, npodecop, HalioHaNbHUI TEXHIYHMIA YHiBEPCUTET
«JIbBiBCbKa noniTexHika», m. JIbBis, YKpaiHa

MIXXHAPOZHI Y/IEHW PEAKONETII

Igor Atamanyuk
Gerhard Mook
Mariusz Rzasa
Wojcik Waldemar

Zheng Yue

Dr hab., Professor, Warsaw University of Life Sciences, Warsaw, Poland;
Dr hab. eng., Professor, Universitat Magdeburg, Germany;
PhD eng, Professor, Opole University of Technology, Opole, Poland;

Dr Sc., Professor, Institute of Electronics and Informational Technologies
Lublin Politechnics, Lublin, Poland;

PhD, Professor, a Department of Science and Technology, Yancheng, China



EDITORIAL BOARD

EDITOR-IN-CHIEF

Andrii Topalov

NATIONAL MEMBERS of t

Andrii Bandura

Mykhailo Horbiychuk

Volodymyr Gryga

Roman Dzhala

Marian Dmytryshyn

Volodymyr Drevetskyi

Dmytro Diomin

Iryna Zhuravska

Leonid Zamikhovskyi

Oleksii Kozlov

Yurii Kuchirka

Petro Lezhniuk

Valerii Lopatin

Stepan Melnychuk

Oleh Nykyforchyn

Sergii Osadchyi

Sergii Osiievskyi

Nadiia Pasieka

Cand. Sc. (Tech.), Associate Professor, Ivano-Frankivsk National Technical
University of Qil and Gas, Ukraine;

he EDITORIAL BOARD

Dr. of Phys.-math. Sc., Professor, Ivano-Frankivsk National Technical
University of Oil and Gas, lvano-Frankivsk, Ukraine;

Dr. of Technical Sc., Professor, lvano-Frankivsk National Technical
University of Oil and Gas, lvano-Frankivsk, Ukraine;

Cand. of Technical Sc., Vasyl Stefanyk Precarpathian National University,
Ivano-Frankivsk, Ukraine;

Dr. of Technical Sc., Senior Researcher, G. V. Karpenko Institute of Physics
and Mechanics, NAS of Ukraine, Lviv, Ukraine;

Dr. of Phys.-math Sc., Professor, Vasyl Stefanyk Carpathian National
University, lvano-Frankivsk, Ukraine;

Dr. of Technical Sc., Professor, National University of Water Management
and Environmental Management, Rivne, Ukraine;

Dr. of Technical Sc., Professor, Private Enterprise "Technological Center",
Kharkiv, Ukraine;

Dr. of Technical Sc, Professor, Petro Mohyla Black Sea National University,
Mykolaiv, Ukraine;

Dr. of Technical Sc., Professor, lvano-Frankivsk National Technical
University of Qil and Gas, Ivano-Frankivsk, Ukraine;

Dr. of Technical Sc, Professor, Petro Mohyla Black Sea National University,
Mykolaiv, Ukraine;

Cand. of Technical Sc., Associate Professor, lvano-Frankivsk National
Technical University of Oil and Gas, Ivano-Frankivsk, Ukraine;

Dr. of Technical Sc., Associate Professor, Vinnytsia National Technical
University, Vinnytsia, Ukraine;

Dr. of Technical Sc., Senior Researcher, M.V. Polyakov Institute of
Geotechnical Mechanics, NAS of Ukraine, Dnipro, Ukraine;

Dr. of Technical Sc., Professor, lvano-Frankivsk National Technical
University of Qil and Gas, Ivano-Frankivsk, Ukraine;

Dr. of Phys.-math Sc., Associate Professor, Vasyl Stefanyk Carpathian
National University, lvano-Frankivsk, Ukraine;

Dr. of Technical Sc., Professor, Central Ukrainian National Technical
University, Kropyvnytskyi, Ukraine;

Cand. of Technical Sc., Associate Professor, lvan Kozhedub Kharkiv
National Air Force University, Kharkiv, Ukraine;

Cand. of Technical Sc., Associate Professor, lvano-Frankivsk National
Technical University of Oil and Gas, lvano-Frankivsk, Ukraine;




lhor Rybitskyi

Hanna Rudakova

Orest Serediuk

Oleksandr Sytnyk

Sergii Smelyakov

Liana Smolovyk

Yurii Striletskyi

Hryhorii Suchkov

Valentyn Uchanin

Petro Filevych

Vasyl Sheketa

Vasyl Yatsuk

Dr. of Technical Sc., Associate Professor, Ilvano-Frankivsk National
Technical University of Oil and Gas, Ivano-Frankivsk, Ukraine;

Dr. of Technical Sc., Professor, Kherson National Technical University,
Kherson, Ukraine;

Dr.of Technical Sc., Professor, Ivano-Frankivsk National Technical
University of Qil and Gas, Ivano-Frankivsk, Ukraine;

Dr. of Technical Sc., Professor, Cherkasy State Technological University,
Cherkasy, Ukraine;

Dr. of Phys.-math Sc., Professor, lvan Kozhedub Kharkiv National Air Force
University, Kharkiv, Ukraine;

Cand. of Technical Sc., Associate Professor, Ivano-Frankivsk National
Technical University of Oil and Gas, Ivano-Frankivsk, Ukraine;

Dr. of Technical Sc., Professor, Ivano-Frankivsk National Technical
University of Oil and Gas, Ivano-Frankivsk, Ukraine;

Dr. of Technical Sc., Professor, National Technical University "Kharkiv
Polytechnic Institute", Kharkiv, Ukraine;

Dr. Of Technical Sc., Senior Researcher, G.V. Karpenko Institute of Physics
and Mechanics, NAS of Ukraine, Lviv, Ukraine;

Dr. of Technical Sc., Professor, Lviv Polytechnic National University, Lviv,
Ukraine;

Dr. of Technical Sc., Associate Professor, lvano-Frankivsk National
Technical University of Oil and Gas, lvano-Frankivsk, Ukraine;

Dr. of Technical Sc., Professor, National Technical University "Lviv
Polytechnic", Lviv, Ukraine;

INTERNATIONAL MEMBERS of the EDITORIAL BOARD

Igor Atamanyuk
Gerhard Mook
Mariusz Rzasa
Wojcik Waldemar

Zheng Yue

Dr hab., Professor, Warsaw University of Life Sciences, Warsaw, Poland;
Dr hab. eng., Professor, Universitat Magdeburg, Germany;
PhD eng, Professor, Opole University of Technology, Opole, Poland;

Dr Sc., Professor, Institute of Electronics and Informational Technologies
Lublin Politechnics, Lublin, Poland;

PhD, Professor, a Department of Science and Technology, Yancheng, China



3MICT

Memodu i 3acobu HepyliHieHO20
KOHMponwo

3ikpamuii B. C., LLImaep /1. O.
ornag AMHAMOMETPUYHUX METOAIB KOHTPOJIKO TEXHIYHOIO CTAHY
LUTAHTOBUX TTIMBUHHO-HACOCHUX YCTAHOBOK .....cceeeiticiee ettt eeeeeevtrie e e e e e s evnvaeeeeeeeeees

Ademyuna M. M.
TEXHONOT A BIG DATA B IHGOPMALJIAHO-BUMIPIOBAJIbBHUX KOMMNEKCAX......cocvvevvvevereee.

HazipHuli B. 1.
CYYACHI CEHCOPHI TEXHO/10TIT B CUCTEMAX ABTOHOMHOIO ONANEHHA:
OrnAan | NEPCNEKTUBU BACTOCYBAHHS .....occieieiee ettt ettt e ae e b e e are e savaeens

Heualii I. A., /lyyak 4. /1., Aemidoe I. A., bintok . C., 3ieeHko O. B.
BEE34POTOBI TEXHONOTIT NEPEAAYI IHOOPMALLIT B ABTOMATU30BAHUX CUCTEMAX
HEPYMHIBHOTO KOHTPOJTHO ...ttt ettt et sttt sttt e ste st st ese st ssessenssnennanas

Bumipro8aHHA hi3uKo-mexaHiYHUX
napamempie pe4o08UH

KaneHuybkuli M. E., Cyukoe . M., Mu2yuw,eHko P. I1., Kponauek O. 0.
PO3LWWMPEHHA MOXJ/IMBOCTEN TPAAULIMHUX YIbTPA3BYKOBUX MPUNALLIB
anAa goCnaAXeEHb, BUMIPKOBAHDb, KOHTPOJIHO TA OIATHOCTUKM ...,

biniwyk B. b., KpuHuybkuii O. C., Bumeuybka /1. A.
3ACTOCYBAHHA KOMIMT'KOTEPHOIO 30PY A1 BUSHAYEHHA PO3MIPIB KPAMNAI PIAVHUA
HA LLUOPOBUX BOBPAMKEHHSAX ...eiieiiiieeceee ettt et estte e e e save e e st ae s e saae e e e eantne e e ennes

Memodu i npunadu 8umMipro8aHHA
sumpamu piokoi i 2a30n00i6bHoOI ¢ha3

Bbac 0. A., Cepediok 4. O., MenikaH k0. T., Tucak A. B., Kamamaii B. b., MaHynsk P. T.
NIABULLEHHA TOYHOCTI Y1IbTPA3BYKOBUX IYUNIBHUKIB FA3Y LUAAXOM FPAAYHOBAHHSA
HA ETANNOHHIN BA3I AN "IBAHO-®PAHKIBCbKCTAHAAPTMETPOIONIA" ...t

Lyneea B. A.
MOZENDL NYUNBHUKA OB’ EMY TA EHEPTIT TAZY .ottt ettt

Memoou i npunadu KOHMponto
mexHos102iYHUX napamempis

3amixoecbkuii /1. M., Hukonaiiuyk M. ., Cmpineyokuii t0. ., lesuybkuii I. T.
PO3POBJIEHHA AMAPATHO-MPOTPAMHOIO KOMIMJIEKCY ANA TECTYBAHHA KOMMOHEHTIB
CUCTEM KEPYBAHHA HA BA3I RTU SCADAPACK 474 ...t ettt e



Fapacumis T. I.
3ACTOCYBAHHA METOAY KNACTEPWU3ALIT A1 NPOrHO3YBAHHA 3HAYEHD

MPOAYKTUBHOCTI BIAUEHTPOBOTO HATHITAYA ...ttt ettt et 101
€aopoe O. 1.

IHTENEKTYANIbHI CUCTEMW KEPYBAHHA 3BAPKOBAJ/IbBHM POBOTOM HA OCHOBI LLUTYYHOrO
IHTEJIEKTY: NOTOYHI TEXHOIOTIYHI AOCATHEHHA TA MEPCNEKTUBM MAWBYTHBOTO........... 108

Tozoes O. P., lNy3upsos C. B., laspunko C. M., ynaroe M. O.
NPOrPAMHO-AMNAPATHUIM KOMNMEKC AN1A OPTAHI3ALLIT FO/IOCOBOTO 3B’A3KY
B OELUEHTPA/TIBOBAHUX MESH-MEPEHKAX ...ttt ettt ettt e 121

Aemomamus3sayia ma
Komn’romepHo-iHme2poeaHi KomnaeKkcu

Koznoe O. B., Makcumos O. M., Pabowanka P. M., Jo6puHiH €. B.
CTOXACTUYHI TA IHTENEKTYANbHI MOAENI B CUCTEMAX AIATHOCTUKU TA KEPYBAHHA
APTUNEPIMCBKUMM KOMITEKCAMM ...ttt et et et eae et eae et eneetenenenesnenens 130

Jlazolida A. 1., /lazoiida /. 1., Yuayp 1. 1., Huzyp /1. A.
IHTENEKTYA/IbHA CUCTEMA 360PY TA OBPOBKN JAHUX HA BA3I MIKPOKOHTPOJIEPA
O L W I AN [ @ A 6741 B N 140

MiHdyc H. M., Yyiiko M. M., BumeuuybKuli 3. f., Kpoeonyckoe I IO.
BMKOPUCTAHHA NIA-PEFNYNATOPA TA IH(DOPMALI,IVIHO-BVIMIP}OBAﬂbHOFO KOMIEKCY
anA HALI,IVIHOFO MOZE/TIOBAHHA TA MPOTPAMYBAHHA EJTIEKTPOABUIYHIB ... 148

CknadaHHuii 4. M., Lanap B. C., NMaawuxiH C. B., OHuweHko 4. C.
AOCNIAXEHHA POBOTU NIA- TA MPC-PEFYNATOPIB HA OCHOBI ETANOHHOI MOZEN!I
B YMOBAX YACTKOBOT HEBUSHAYEHOCT L......veveeiveeieeeeececeteeeee ettt ettt enens s sve e sneneenas 160

MamemamuyHe modentoeaHHs,
064ucnoeanbHi Memoou, onmMumMasnbHe
KepyeaHHA ma OUCKpemHi cmpykmypu

OniiiHuk A. I., Tpuzopuyk I. B., Fpuzopuyk /1. I.
3ACTOCYBAHHA CUCTEM OUDEPEHUIATBHUNX PIBHAHDb
Y OOCNAXKEHHI COLIO-EKOJTOTTHHUX TTIPOLLECIB......oeieiieeieeeiiieeeee et ee e eiereee e e e s e 169

Komn’rtomepHi mexHonoezii ma cucmemu

MempuwuH P. I., MenbHuk B. ., Llekema B. I., Xanees . M., Tpiw B. B., bo2daH O. T.
OLIHKA OCOB/IMBOCTEM 3ACTOCYBAHHSA KNACUDIKALIMHO-MOPIBHA/IBHOTO METOAY
OBPOBKU KAPOTAMHUX LLAHMX ... s s e e s e e e s 178

HazapeHko O. I., YwkapeHko O. 0., lbakoHos O. C., Cipieuyk A. C., O6pyboe A. B.
MPOrPAMHA PEANIBALIA MAVLINK-TEN EMETPIT ONA BE3MNINIOTHUX ABIALI,IVIHVIX CUCTEM
HA BA3I KOHTPOJIEPIB PIXHAWNK ......eeiiuiieetie ettt e etee ettt et e et e eeive e eteeeeaveesbaeeeaneesabaesnbasennbessnseeennns 190



CONTENTS

Methods and equipment
of non-destructive control

Zikratyi V. S., Shtaier L. O.
REVIEW OF DYNAMOMETRIC METHODS FOR MONITORING THE TECHNICAL CONDITION
OF ROD PUMPING UNITS ...oiiiiiiitieeciee ettt stee et eesteesteeeeaeesnteesssaeessteeensaeesnsessnseeenssessnsesensseesnsnnans

Demchyna M. M.
BIG DATA TECHNOLOGY IN INFORMATION AND MEASUREMENT COMPLEXES.........cccvevveerveennenne

Nahirnyi V. I.
MODERN SENSOR TECHNOLOGIES IN AUTONOMOUS HEATING SYSTEMS:
REVIEW AND APPLICATION PROSPECTS. ... uttiiittiiitesiieeniteesteessteeesireesieesssbeesbaeesiteesasaessasessnneesnnns

Nechai I. B., Lutsak D. L., Demidov I. A., Bilyuk I. S., Zivenko O. V.
WIRELESS INFORMATION TRANSMISSION TECHNOLOGIES IN AUTOMATED NON-DESTRUCTIVE
TESTING SYSTEIMS ...ttt ettt ettt ettt e e et e e e et e e e e aba e e e e e aabeeeeesbaeeeansseeeeanssesesansbaeaeensreeesannres

Measurement of physical and mechanics
parameters of substances

Kalnytskyi M. E., Suchkov G. M., Migushchenko R. P., Kropachek O. Yu.
EXPANDING THE CAPABILITIES OF TRADITIONAL ULTRASONIC INSTRUMENTS
FOR RESEARCH, MEASUREMENT, INSPECTION AND DIAGNOSTICS ......oovveieeeieeiee e eee e

Bilishchuk V. B., Krynytskyi O. S., Vytvytska L. A.
APPLICATION OF COMPUTER VISION TO DETERMINE LIQUID DROP SIZE IN DIGITAL IMAGES......

Methods and devices of flow measurement
of liquid and gaseous phases

Bas O. A., Serediuk D. 0., Pelikan Yu. T., Tysiak A. V., Katamai V. B., Manuliak R. T.
IMPROVING THE ACCURACY OF ULTRASONIC GAS METERS THROUGH CALIBRATION
AT THE REFERENCE STANDARDS OF SE "IVANO-FRANKIVSKSTANDARTMETROLOGY" ..................

Shulha V. A.
GAS VOLUME AND ENERGY METER IMODEL ..uieuuiiiuiiiiieiie et ettt e e e etee et se e seanesennsesnnsesnnsens

Methods and devices for the technological
parameters control

Zamikhovskyi L. M., Nykolaychuk M. Ja., Striletskyi Yu. Y., Levytskyi I. T.
DEVELOPMENT OF A HARDWARE AND SOFTWARE TOOL FOR TESTING CONTROL SYSTEM
COMPONENTS BASED ON RTU SCADAPACK 474 ...ttt tee et e s et vae e e s

13

22

32

41

50

60

68

82

90



Harasymiv T. H.
APPLICATION OF CLUSTERIZATION METHOD TO PREDICT CENTRIFUGAL SUPERFAN
PRODUCTIVITY VALUES.. ...ttt ettt ettt e s ette e e s e ettee e e eatae e s snntaeesenstaeaeestaeasessaesesnsaeesennens

legorov O. P.
Al-DRIVEN INTELLIGENT CONTROL SYSTEMS FOR ROBOTIC WELDING:
STATE OF THE ART AND FUTURE OUTLOOK ......cttiiiitiiiiiiiiieessiieeeesireeessireeesssaseeessssseeessnseeessnnseeees

Tohoiev O. R., Puzyrov S. V., Gavrylko S. M., Zhulanov M. O.
SOFTWARE AND HARDWARE COMPLEX FOR ORGANIZING VOICE COMMUNICATION
IN DECENTRALIZED MESH NETWORKS.....ciiitteiiiicteee ettt ettt ceeiteee s erte e e e eateseseesbes s ssaresesennaes

Automation and computer-integrated
complexes

Kozlov O. V., Maksymov O. M., Riaboshapka R. M., Dobrynin Ye. V.
STOCHASTIC AND INTELLIGENT MODELS IN DIAGNOSTIC AND CONTROL SYSTEMS
OF ARTILLERY COMPLEXES. ... uvvtiiieteeeeietteeeceesteee e eeteee e eeeteeeeeetteeeesenteeessetasessesbeseesssbasessesesessaseneesns

Lahoida A. I., Lahoida L. I., Chyhur I. I., Chyhur L. Ya.
INTELLIGENT DATA ACQUISITION AND PROCESSING SYSTEM BASED ON A MICROCONTROLLER
WITH INTEGRATION INTO SCADAL ...ttt ettt eeiee ettt siteessteessiteesbeeebteesabeesbaeesabaesbaessssaesnsseenssens

Pindus N. M., Chuiko M. M., Vytvytskiy Z. Y., Krovopuskov H. Yu.
EMPLOYING A PID CONTROLLER AND AN INFORMATION AND MEASUREMENT COMPLEX
FOR RELIABLE ELECTRIC MOTOR MODELING AND PROGRAMMING .......ccocvieieeiieeeecieee e

Skladannyy D. M., Tsapar V. S., Plashykhin S. V., Onyshchenko D. S.
STUDY PID AND MPC CONTROLLERS’ OPERATION BASED ON A REFERENCE MODEL
UNDER PARTIAL UNCERTAINTY CONDITIONS ....c.uttiiieieeieereesieeseeseessieesteesseesseesseesssesnseesseessessseess

Mathematical modeling,
computational methods, optimal control
and discrete structures

Oliinyk A. P., Grygorchuk G. V., Grygorchuk L. |.
APPLICATION OF DIFFERENTIAL EQUATION SYSTEMS TO SOCIO-ECOLOGICAL
PROCESS RESEARCH. .....ooiiitiee ettt ettt e et e e ettt e e e et e e e e et e e e e eeateeeeeestaeaeeabaeasennbeeeeenreeasansees

Computer technologies and systems

Petryshyn R. I., Melnyk V. D., Sheketa V. I., Khaleiev D. M., Trishch V. V., Bohdan O. T.
ASSESSMENT OF PECULIARITIES OF APPLYING THE CLASSIFICATION-COMPARATIVE METHOD
OF PROCESSING WELL LOGGING DATA ...eeeiiiteiee ettt eeteee ettt eeetve e sesteee e senteeeesnnbaseesessasesseseneesnns

Nazarenko O. H., Ushkarenko O. O., Diakonov O. S., Sirivchuk A. S., Obrubov A. V.
SOFTWARE IMPLEMENTATION OF MAVLINK-TELEMETERY FOR UNMANNED AIRCRAFT SYSTEMS
USING PIXHAWK FLIGHT CONTROLLERS ...ttt ettt ettt eeeeiateeee e e e eeensnaeeesesenennnns

101

108

121

130

140

148

160



METOOU TA MPUNALAU N300 onine
&i% KOHTPO"IO HKOCTI https://mpky.nung.edu.ua

Memodu i 3acobu HepyliHiBHO20 KOHMPOAO

MputliHamo 07.09.2025. [lpopeuyeH3osaHo 09.12.2025. Onyb6aikoeaHo 29.12.2025.

YOK 622.276.66:681.5 DOI: 10.31471/1993-9981-2025-2(55)-13-21

ornaag AMHAMOMETPUYHUX METOAIB KOHTPOIO TEXHIYHOIO
CTAHY WUTAHTOBUX TMTUBUHHO-HACOCHUX YCTAHOBOK

3ikpatuia B. C.

AcnipaHT

IBaHO-®PpaHKiBCbKUIA HaLiOHaNbHWUIA TEXHIYHMI YHIBEpCUTET HadTH i rasy
76019, Byn. KapnaTcbKa, 15, m. IBaHO-®paHKiBCbK, YKpaiHa
https://orcid.org/0009-0009-3983-6888

e-mail: viktor.zikratyi-al7424@nung.edu.ua

LWraep /1. O.

KaHanaat TeXHIYHUX HayK, OOUEeHT

IBAHO-PpPaHKIBCbKMI HALLIOHANIbHUI TEXHIYHUI YHiBEpCUTET HadTK i rasy
76019, Byn. KapnaTcbKa, 15, m. IBaHO-®paHKiBCbK, YKpaiHa
https://orcid.org/0000-0003-1013-9869

e-mail: lidiia.shtaier@nung.edu.ua

AHoTauifA. Y cTaTTi HaBeAEHO OrNAA, CydaCHUX AMHAMOMETPUYHUX METOLIB KOHTPOIKO TEXHIYHOTO CTaHy
LUTAHrOBMX rMUBUHHO-HACOCHUX YcTaHOBOK (LUTHY), AiKi € KNOYOBMMU eNeMeHTamMM MeXaHi30BaHOro BU-
[06yTRY HadTU. MeToto poboTUu € cMcTeMaTM3aL,ia ICHYIUYNX MeToAiB AiarHOCTUKKM LLUTHY, y3aranbHeHHn
iX epeKTUBHOCTI Ta BU3HAUYEHHA KAHYOBUX TEHAEHLA PO3BUTKY ANA NiABULLEHHA HAaAIMHOCTI Ta 6e3neku
eKcnsyaTauii HapToBUX CBEpPA/IOBMH. PO3rAsSHYTO TeOpPeTUYHI OCHOBM AMHAMOMETPIi, HaBeaeHO TUMOBI
aedektn, Wwo npoaAsnAloTbea y GopMax MHAMOrpam, Ta OCHOBHI NapameTpu 3 BiANOBIAHMMM AaBavamu
ONA KOHTPOAKO TexHiyHoro ctaHy LUMTHY. BKkasaHo eTanu aHanisy AMHamorpam, pos3rasaHyTo OCHOBHI Mia-
XOAW: KNACWMYHI, METOAMN aHaANITUYHOrO MOZAENIOBAHHA, UMPPOBI aNropuTMM PO3MisHaBaHHSA, a TaKOX
3aCTOCYBaHHA MALIMHHOIO HaBYaHHA. BusHaueHo nepeBary Ta obmexxeHHA KoxKHOro niaxoay. MNposeae-
HO CMCTEMATMU3aLLi0 Cy4acHMX NiaxoAais A0 06pobKM JaHMX i3 3aCTOCYBaHHAM KOMN' IOTEPHUX CUCTEM Ta
iHTENEeKTYaNIbHUX TEXHOOTIM, BKAOYAOUM METOAM MALLMHHOIO HaBYaHHA A/1A aBTOMATUYHOIO Po3ni3Ha-
BaHHA TMNOBUX AedekTiB i BiaxuneHb y poboTi LUMHY. 3anponoHoBaHo Knacudikauito meToAiB 3a cnoco-
6om 360py Ta onpautoBaHHA AaHUX. MiAKpecseHO NepCneKkTUBHICTbL PO3BUTKY MbpUAHUX mMmeToAaiB Aiar-
HOCTyBaHHA cTaHy LUTHY, AKi NOEAHYIOTb AK MaTemMaTUyHe MOAENIOBaHHA, Tak i MeToAM MALUMHHOro
HaBYaHHA. Y3arasbHeHO NPob/ieMHi MOMEHTU Cy4yacHOro CTaHy AiarHoctyBaHHs LLUFHY 3a anHamorpa-
MamM y: HeobxiaHoCTI cTaHaapTu3aUii  meTtoais 36opy Ta 06pobKM AMHamorpam; nobyaosi yHiBep-

3anponoHoBaHe nocunaHHsa: 3ikpatuii, B. C. & WTaep, /1. 0. (2025). Ornag AMHAMOMETPUYHUX METOLIB KOHTPOIO
TEXHIYHOrO CTaHy LWTAHIOBMX MMUBMHHO-HACOCHMX YCTaHOBOK. MeToau Ta npunaan KoHTposto akocti, 2(55), 13-21.
doi: 10.31471/1993-9981-2025-2(55)-13-21

* BignoBiganbHUiA aBTOp

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)




027180 QuHaMmomMmemMpu4YHUX Memodie KOHMPOIIO ...

CafNlbHUX HaBYanbHWUx BMOipoK gns LLI-mogeneit; noegHaHHI KNaCUYHKUX i Cyd4acHUX MeTogiB Yy ribpuaHi
cMCTeMM; iHTerpauii pesynbTaTiB 4iarHOCTYBaHHA Y CUCTEMM KePyBaHHA BUAOOYTKOM y pexXumi peanbHo-
ro yacy. MepcnexkTMBHMM HamnpPsIMOM BM3HAYEHO CTBOPEHHA LEeHTpanisoBaHMX cxoBuly, gaHux (Datalake)
LN HAKOMUYEHHA AMHamorpam y pisHux ¢opmartax 3 NoAasnblMM 3aCTOCYBAHHAM iHTENEKTyaIbHUX an-
roputmie. BpaxyBaHHA Cy4yacHMX TEHAEHLN Woao 360py Ta onpautoBaHHA AaHUX B AMHAMOMETPUYHUX
MeTOo/Z.ax CTBOPIOE NepeaymoBU N5l BAOCKOHANEHHA iCHYOUYMX CUCTEM MIATPUMKU NPUMHATTA pilleHb Y

HadpTOBNAOOYTKY.

KnlouoBi cnoBa: WTaHroBa rAMbrUHHO-HACOCHA YCTaHOBKa; AMHaMOMETpi‘r’I,' ,Cl,iaI'HOCTYBaHHFI,' TEXHIYHWUI

CTaH; aBTOMaTM3aLia; AMHaMmorpama.

Beryn

[ITanroBi riIMOMHHO-HACOCHI YCTaHOBKHU
(IOT'HY) € OCHOBHUM 3aco0om
MEXaHi130BaHOT'O BUIO0YTKY Ha(TH.

OcnoBuumu miepeBaramu IIITHY € BigHOCHO
HECKJIaIHMH MOHTaX 1 JIoBoJi BuCOKui KKJI.
Jlo HEOoNKIB HAJCKHUTh ITABUIICHUN 3HOC
TUTYHXKEPHOT TMapu, HACOCHO-KOMIIPECOPHUX
TpyO 1 IITaHT Hacoca, a TaKOX CKJIAJIHICTh

peMoHTy TiHOuHHOTO  ObOmamgHanns.  Lli
(bakTopu 3YMOBJTIOIOTh HEOOX1THICTh
CBOEYACHOI'O JiarHOCTYBaHHS Ta

aBTOMATHU3AIlll KOHTPOJIO TEXHIYHOTO CTaHY 1
pexxumiB  podorn IHITHY. Hapasi icHye
0araro cmoco0iB MiABUIIEHHS €()EeKTUBHOCTI
eKCIUTyaTalii Ta T[OJOBXEHHS TEPMiHY
cyx6u IIT'HY, 30kpema: aBTOMarm3aris Ta

IHTENeKTyalbHi CUCTEMHU KEepyBaHHs,
OINITUMI3AIlis €JIEKTPONPUBO/IIB Ta
OaylaHCyBaHHS BEpCTaTIB-TONIAIOK,

BIIHOBJIEHHS T4 3MIIIHEHHS HACOCHUX ILITAHT,
MPOTHO3YBAaHHsS PeCcypcy Ta ONTHUMI3allis
MDKPEMOHTHHX 1HTEpBaNliB, BIOCKOHAJICHHS

CHCTEM  MACTHJIPHOTO  OOCIyroBYBaHHS,
MOHITOPMHI ~ TapaMeTpiB  poboTH  Ta
MPOTHO3YBAaHHS 3HOCY, 3aCTOCYBaHHS

Cy4acHUX MarepiaiiB i TexHosoriil. OnHum i3
HaWBKIIMBIIIMX KPHUTEPIiB BHOOPY METOMY
J1arHOCTYBaHHSI € MOXJIMBICTh MOHITOPUHTY

poOOTH  YCTAaHOBKM  Ta  CBOEYACHICTH
BUSIBJICHHS nepeaaBapiitHux CTaHIB.
JInHaMOMETpHUYHI ~ METOAW  JO3BOJISIOTH

npoBOIUTH JiarHoctuky podotu IIT'HY 6e3
3yIIUHKK  OOJIaJHAHHSA, W0 poOHUTH  iX
HE3aMiHHUMHU y TpPakTHI HaQTOBHIOOYTKY.
[Tompu 3Ha4HWI TIporpec y CTBOPEHHI
aJITOPUTMIB aHawizy JUHAMOTpaM,
3aJTMIIAIOTHCS BIJIKPUTUMHU MTUTaHHS
aBTOMaTu3amii 0OpOOKH NaHWX, MiABHIICHHS
TOYHOCTI  po3Mi3HaBaHHS  JnedekTiB 1
CTBOPEHHS YHIBEPCATbHUX METOJIHUK.

¢

Mera pobdorm — CHCTEMaTU3yBaTU
Cy4acHi JMHAMOMETPUYHI METOAM KOHTPOJIIO
TEXHIYHOTO CTaHy IITAaHTOBUX TJIWOWHHO-
HACOCHUX  YCTaHOBOK, Y3araJlbHUTH  iX
e(DeKTUBHICTh Ta OOMEXKEHHS, a TaKOX
BU3HAYUTU KJIIOYOBI HANpsIMKH DPO3BUTKY 1
NEPCIICKTHBH BITPOBAPKEHHS
IHTENeKTyalbHUX  Ta  aBTOMAaTH30BaHHUX
TEXHOJOTH IS MiABHINEHHSA HAamilHOCTI,
Oe3nmekd Ta E(PEKTUBHOCTI  eKCIUTyaTarlii
Ha(TOBHUX CBEP/JIOBHH.

Teoperuuni
HIrHy

HII'HY npamroe 3aBOdKd  3BOPOTHO-
NOCTYNMAIBHOMY PYXY IUTyHXepa, KU depes
KOJIOHY IITaHT TPUBOJUTHCS B [0 BIiJ
BepcTaTa-Kavanku. [locaijoBHE BiIKpUBaHHS
1 3aKpUBaHHS KJAMaHiB y Hacocl 3abe3nedye
[OETallHE  3allOBHEHHA po0OoYOoi  KaMmepH
pimuHOIO Ta 11 migiioM 1O TpyOax Ha
NOBEpPXHIO. Y Takui crnocid BinOyBaeThCs
OesrepepBHE  BHKadyBaHHsA  HapTm 31
CBEP/UIOBUHH.

Jlunamorpama BimoOpa)kae 3alieXKHICTh
HABaHTAXEHHS y TOYI MiJBICY IUTaHT Bij
TIOJIOXKECHHS TIOJIIPOBAHOTO IITOKA.
[ndopmariito mpo HaBaHTAXKEHHS OAEPKYIOThH
3a JIOMOMOTOI0 JlaBaya 3YCHIUIA, a TaKOX
JaBaya TIOJOXKEHHS, 3 SKOTO 3HIMA€eThCs
iHpopMalis Mmpo TepeMilleHHs IToKa. Y
OUTBIIOCTI BMITAJKIB CKJIATHICTh Bi3yaJlbHOI
IHTEepIpeTamii oJIepKaHo1 iHdopmarrii
3aJIeKUTh BiA KUIbKOX (QakTopiB. o mmx
(bakTopiB HAJICKUTh HMOBIPHICTH CXOXOi
dbopMU OTpUMAHUX JIUHAMOTPAM, a TaKOXK
HaJCXKHICT, MpoOJeMHU, IO BUHUKAE TPHU
aHaJi31 TMHAMOMETPUYHOI JiarpaMH 0 TOJsSA
3a MEXaMH 3HaHb 1 JIOCBITY €KCIepTa, KU
BUKOHYE aHai3.

OCHOBM JHMHAMOMeTpIil

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)



3ikpamul & LLImaep

Taoauus 1 — IlapameTpu Ta naBayi 1is aiarnocryBanns HITHY

ITapameTp JlaBau/meTon IIpu3HaueHHs
Cwuiia Ha TIOJIIPOBAHOMY JlaBau HaBaHTa)KCHHS ®dopmyBaHHS quHAMOTpamu [1]
IITOKY
Xia/To3uIIisl ITOKY Enkonep/niHiiHMHA 1aBavq Po3paxyHok mBHAKOCTI/X0my [2]
EnexrpocnioxxnBanHs JiunnpHUK cTpyMy EneproedekTuBHICTD, BUSIBICHHS
MpUBOJa 3aKJIMHIOBAHbD [3]
JeOiT piauau Burparomip [IpoaykTHBHICTS [4]
Tuck Ha rupmi MaHomeTp Orrinka pexuMiB eKcIuTyaratii [5]
BiOpamis/akycTika AkcenepoMeTp/MiKpopoH HiarHocTrka ynapHux
HaBaHTAKEHB([ 6]
st korTpoto TexHiydoro crany IIII'HY  pospizauTH KJIaCH JIMHAMOTpam

HUHI HIMPOKO
JTUHAMOMETPHUYHI METOTH:

-— moBepxHeBa auHamorpama (Surface
Card) BUMIPIOE HaBaHTAKCHHS Ha
MOJIIPOBAaHOMY  HITOKY  BIIHOCHO  HOro
MOJIOKEHHSI — L€l METO/ J03BOJISIE BUSBUTH
3arajpHi pobieMu B poOOTI Hacoca, Taki SK
HEJIOCTaTHE 3allOBHEHHS, BUTOKM KJIAIIaHIB
a00 MexaHIYH1 HECIIPaBHOCTI;

— mmemMHa auHamorpama (Downhole
Card) PO3PAXOBYETHCS Ha OCHOBI
MIOBEPXHEBUX BHMIPIOBaHb 3 YypaxyBaHHIM
XBHJILOBHX MPOIIECIB Yy INTAHTOBii KOJOHI —
3abe3nedyye OUTHII TOYHY 1H(OPMAIIIO PO
CTaH Hacoca, JO03BOJISIIOYM BHSBHUTH Taki

BUKOPUCTOBYIOTLCA

nmpoOjeMu, SK BHUTOKM KJamaHiB, Ta30Bi
MePemKkoar ado 3HOC TUTYHKepa.
Jns  KOMIUIEKCHOi  OIIIHKM ~ poOOoTH

IITAHTOBUX TTUOMHHUX HACOCHHUX YCTaHOBOK
3a JMHAMOTpaMaMU BHUKOPHCTOBYIOTHCS Pi3HI
BUMIpIOBaJIbHI MTapaMeTpu. BoHM 103BOJISIOTH
HE JIMIIE BIATBOPUTH HAaBaHTAXEHHS Ta Xija
IITaHT, a ¥ OIIHUTH EHEProCIOXHUBAHHS,
MPOYKTUBHICTh, PIBEHb 3allOBHEHHS Hacoca
Ta  HAasABHICTh  AHOMAJIBHHUX  PEXKHUMIB.
[ToennanHs 1WX maHWX 3abe3medye OUTBII
MOBHE YSBJICHHS TMPO TEXHIYHUU CTaH
oOJlalHaHHS Ta CIY)XUTh OCHOBOK  JUIS
MOJANIBIIOrO aHamizy. Y T1abin. 1 HaBemeHO
OCHOBHI TapaMeTpH, WI0 BH3HAYAIOTHCS 3
JUHAMOTpaM, Ta iX J1arHOCTUYHE 3HAYCHHS.
AHaJi3 IuHAMOTrpaMm JI03BOJISIE BUSBUTH
TUTOBI eekTH Ta anomaiii B podoti LLI'HY
MOPiBHIOKYH (OPMH AMHAMOTpaM AehEeKTHUX
CTaHIB 3 HOpPMalbHUM cTaHoM (puc. 1, a).
Jlani HaBeIeHO NPHUKIAAM JTUHAMOTpAM 3
NeSIKUMUA ~ TUMOBMMH  AeeKTamu,  II0
J03BOJISIFOTh  3pPO3YMITH Ta B MOJAIBIIOMY

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

(mnHaMorpamu, HaBelAeHI Ha puc. 1 - 1e
y3arajqbHeHl CHHTE30BaHl JWHAMOTpaMH JIs
pi3HUX CTaHIB OOJaJHaHHS, OJEepXaHi 3
KJIACUYHUX pooiT [1], MPaKTUYHUX
nociOHMKIB BUpOOHMKIB [3] Ta cy4yacHHX
JOCHIIJDKEHb 3 PO3Mi3HABaHHS CTaHIB 3a
JUHaMorpamami [6]):

— HEIOCTaTHE  3allOBHEHHS  Hacoca
(puc. 1, 6): xapakTepu3yeTbcs CHEHH(PITHOO
GbopMOI0 ITWHAMOTPAMH, IO CBIAYHTH TIPO
HETMOBHE 3alIOBHEHHS HACOCA P1IUHOIO;

—  rasoBa iHTepdepeniis (puc. 1, B):
KapTa 3 XBUJIENOo[1I0HO (hopmoto;

— TOPYUIEHHS TEePMETUYHOCTI KJIamaHiB
(puc. 1, r): KapTa 3By>eHa y BepXHili YacTUHI,
CHJIa 3MEHIITY€ETHCS TIPH XO/Ii BTOPY;

— monoMka/o0puB mranru (puc. 1, n):

pI3KO CKOpoueHa IO JIOBXKHHI, Maiike
«TUTacKay.
Kaacudikanis T1a xapakrepucruka

AUHAMOMETPUYHHUX METO/IiB

Hiarnoctuka IITHY 3a auHamorpamoro
B1JIOYBAETHCS B JIEKIJIbKA €TAITiB:

— 30ip maHuX 3 1aBayiB;

— momepenHss  oOpoOka
PECEeMILTIHT);

— BWJUICHHS O3HaK (TeoMeTpis KapT,
4acTOTH);

— Kimacudikaris Ta
aHOMAJIii;

— pimeHHs (AiarHo3, peKOMeH 1allii).

CyuacHi MeToau aHalizy JIMHAMOTPaM
YMOBHO TIOJUISIOTBCS HAa YOTUPH TPYIH.
Tpaguuiiiai  migXomu  IPYHTYIOTbCS — Ha
eKCTIEpTHOMY aHaumi3i (GopmMu AUHAMOTpaAMU
Ta IIPaBHII imenTudikamii THUIIOBUX
HECITPaBHOCTEM. ®di3uKo-MaTeMaTHIH1

>

(bimpTparris,

BUABJIICHHS
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NuHamokapTta — HopmansHa poboTta

OuHamokapTa — HepgoxanoeHenHs (fluid pound)
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a - HoOpManvHUll cmaw, 6 - HeOOCAMHE 3AN0BHEHHS HACOCA, 8 - 2a308a iHMepgepenyis;
2 - NOPYWEHHSL 2ePMEeMUYHOCIE KIANAKI8; O - NOJOMKA/00pus wmanau

Pucynok 1 — lmnamorpamu npu tunosux cranax IHICTHY

METOAHM MOJETIOIOTh NPOIeC PYXY PIIMHU Ta
HAaBaHTAXXCHb Yy KOJOHI mTaHr. CTaTUCTUYHI
Ta KOPEJAIINHI aJTOPUTMHU  JTO3BOJISIOTH
KUIBKICHO OIIIHUTH TOJIOHICTH CUTHAIIB Yy
yaci Ta vactoti. HaiicyuacHimui Hampsm —
3aCTOCYBaHHS METO/TiB MaIIUHHOTO
HaBYaHHs, fKI 3a0e3MeuyloTh aBTOMAaTHYHE
po3mi3HaBaHHs ~ JeEeKTIB 32  BEIUKUMHU

&

oOcsramu JaHux. Hrokdye HaBelleHO KOPOTKY
XapaKTEePUCTUKY KOXKHOI TPYHNU METOJIB 13
BUJIJICHHSAM TIepeBar Ta OOMEXeHb iX
BUKOPHUCTAHHS.

1. KmacuuHi TuHaMOMETpUYHI METOJIH.

Knacuuni Meronu 6a3yroThcsl Ha aHali3i
TUHAMOTpaM, OTPUMaHUX 31 CHeIiaTbHUX
JaBauiB. BoHM  J03BOJSIOTH  BHM3HAYaTH
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TEeXHIYHMA  CTaH  YCTaHOBKHM,  piBEHb
3aIOBHEHHS Hacoca Ta MOYKJINBI
HecnpaBHOCTI [7-8].

[TepeBaru: MPOCTOTA, HaJIIAHICTD,

HEBUCOKA BapTICTh.
OOmMmexeHHs: ToTpeda y JOCBIIYCHOMY
orepaTopi, 0OMeKeHa TOYHICTh y CKIQIHHX

YMOBaX.
2. Marematuuue Ta AHAIITUYHE
MOJIETIOBAHHS.

Mopeni po6otu HII'HY nmarote 3mMory
TEOPETUYHO BIATBOPUTU POOOTY CUCTEMHU Ta
31CTaBUTH PE3YyJIbTaTH 3 PeaJbHUMHU JaHUMHU.
Ile  migBHMIIye  TOYHICTH  pE3yJbTATiB
JIaTHOCTYBaHHS Ta JO3BOJISiE MPOTHO3YBATU
HEeCIpaBHOCTI [9].

[lepeBaru: BUCOKa TOYHICTH, MOXJIHBICTh
MPOTHO3Y.

OOMeXeHHs:  CKJIAIHICTh
noTpeda y TOYHUX BXiJTHHUX JIaHUX.

3. lIudposi anroputmMu Ta po3mizHaABaHHS
JUHAMOTPaM.

3acTocyBaHHS udpoBux METO/TiB
JI03BOJISIE ABTOMATHU3YBAaTH IMPOLIEC aHANI3y
JUHAMOTrpaM, BUKOPHCTOBYIOUHM alITOPUTMHU
00poOKH cuTHAMIB Ta 300paXeHs [7].

[lepeBaru: aBTOMaTH3allis, IIBUAKICTH
00poOKH.

OOMexxeHHs:  3aJIeKHICTh
JaHHX, norpeda y
3a0e3neyeHHi.

4. MeTtoiv MallIMHHOTO HABYAHHSI.

CyuacHi MIIXOINA BKJIIOYAIOTh
BUKOPUCTAHHS  HEHPOHHUX  MEpEeX  JUIA
pO3Ii3HABaHHS CTaHIB HTrHY 3a
JUHAMOTpaMaMU [10]. Taki  meTomu
MMOKa3ylTh  BHUCOKY  €(QEeKTHBHICTb Yy
BUSBIICHHI  CKJIQJHUX Ta  NPUXOBaHUX
neeKTiB.

[TepeBaru: BUCOKA TOYHICTh, 3/IaTHICTH
BHSIBJISITH TIPHXOBaHI 3aKOHOMIPHOCTI.

OOMexeHHs: moTpeba y  BEIHMKHX
MacuBax HaBYAJbHUX JAHUX, «IOPHUH SIIHK»
MoJiesielt (HU3bKa IHTEPIIPETOBAHICTB ).

Takuii MOMINA TO3BOJISIE BIACTIAKYBATH
€BOJIIOIIII0 METO/IB — BiJ] POCTUX Bi3yalbHUX
0 CYYaCHHUX IHTEJEKTYaJbHUX CHCTEM.
Hespaxxarouun Ha 3HAYHUU porpec,
BIIKPUTHM 3aJIUIIAETHCS MUTAHHS 1HTETpartii
JaHUX 13 PI3HAX CEHCOPHUX CHUCTEM Ta
CTaHAapTHU3AaIlii MMiIX0/IIB 10 JIarHOCTHUKH.

peai3arii,

BII SIKOCTI
IIPpOrpaMHOMY
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Bapto 3a3HauuTH, MmO HAa Cy4acCHOMY
eTari PO3BUTKY METOJIB J11arHOCTyBaHHS
IITHY 1o HaBeIeHHX YOTHUPLOX TIPYyI
METOJIIB JOLUIBHO J0JIaTH IIe OJIHY TPYMy -
iHTerpoBani Ta riOpuani migxoau. Croau
HAJIEKUTh KJIac METOAIB, fAKI  MICTATh
Noe€HAHHS (QI3UYHUX MOJEIeH 1 METOMIB
MalTMHHOTO HaBYaHHS, IO CTBOPIOE HOBUU
HanpsMok y niarHoctyBanHs IIT'HY. Taki
CHUCTEMH BpaxoOBYIOTh (Di3MUHI 3aKOHH, aje
BukopuctoBytotb Il  mma  onTumizarii
napaMeTpiB 1 po3Mi3HABaHHS BiJIMOB.

[TepeBaru: moeTHaHHS TOYHOCTI MOJENEH
1 agarnrusuocti 1.

OOmMexeHHs:  CKIAMHICTh  peai3arii,
notpeda B 00UMCITIOBATHHIX PECypcax.

Amnani3
PoO3poooK

AHamni3 Cy4acHHX HayKOBHUX pPO3pOOOK
[11-21] no3BosuB chopmyBaTu KiacuQikaIlio
JTUHAMOMETPUYHUX METOIB 33 CIIOCOOOM
300py Ta ompalroBaHHS JaHUX:

1. Di3uKo-aHATITUYHI/MEXaHICTUYIHI
Moeli (PEKOHCTPYKIIIS JMHAMOTPAMHU ):

— BU3HAYCHHS M1 ITTOBEPXHEBUX
JMHAMOTPaM, TICPEHECEHHS  HaBaHTaKEHb
Y370BXK KOJOHHU, MOJIENl KOHTAKTiB, CTpec-
aHayi3. J[afoTh IHTEPIPETOBAHICTD 1 «30JIOTUH
etamon» s ML(machine learning -
MallTiHHE HaBYaHHS ),

2. Knacuune ML + imkeHepis o3HaK i3
JTIMHAMOT PaM:

- BUTST KITFOUOBHUX
napameTpiB/KOHTYPHHUX JECKPHUIITOPIB; T00pe
Mpamroe Ha MEHIINX HaOopax TaHWX, 3pydHe
JUTSL €KCTIEPTHOTO CYIPOBO/TY;

3. 'mubuHHe HaBYaHHS Ha 300pa’keHHSIX

HAYKOBUX 1 NPaKTHYHMX

JTUHAMOTpaM (CNN/Grad-CAM/Transfer
learning):

- mpsma kiacudikais  «kapT  SK
300paxenp»,  XAl(Explainable  Artificial
Intelligence - mosicCHIOBaHWH  IITYyYHUH

IHTENEeKT) U JOBipH, TpaHChEpHE HaBUAHHS
JUTSI EKOHOMIT PO3MITKH;

4. OOpobka J[aHMX Ta IONEpeaHs
HOpMaJTi3allis/OanancyBaHHs/ TeHEpaIlis:

— HOpMali3allis KUIBKOX MacmTabiB,
reHepariss CHHTeTUYHUX JAuHamorpam (B T.d.
HEHpOMEpe)KeBI  METOAW) —  BUPIIIYyE
JIucOaaHc KiIaciB 1 JOMIIIKU ITyMY;

>
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5. JlomeHo-amamnrailis, HamiBKOHTPOJbO-
BaHE Ta MOKPOKOBE HaBYaHHS:

— IS TEPEeHEeCeHHS MoJelel Mix
POJIOBHINIAMH/CTAHITISIMUA, HABYAHHS 3 MAaJIOIO
PO3MITKOI0O Ta TIOSIBOKO HOBHX  KJIaciB.
Kputnuno TUISt MIPOMHUCIIOBOTO
BIIPOBAKCHHS;

6. [Iporno3yBaHHs/ONEpEHKEHHS CTaHIB
3a TPAEKTOPISIMU O3HAK JTUHAMOTPaM:

— mepenbadeHHs €BOJIONIl TapameTpiB
KapT  JJI1  pPaHHBOTO  IONEPEHKECHHS
B1IMOB/aHOMAJIIH;

7. EnextpuyHi mpokci quHaMorpam (maHi
MIPUBOJA/IBUTYHA):

— IIEpeHeceHHs 3HaHb 3 KapT — Y MPOCTi
TUISL 300py eJIEKTPUYHI1 napaMmeTpu
(ctpym/moTykHICTh) + ML st 11arHOCTHKH.
KopucHo Tam, Jae Ha3eMHiI TEH30JaT4YUKH
BIJICYTHI/HEHaT1iHI;

8. PeanpHuMil yac Ta BHPOBA)KEHHSA Ha
nepudepiiHUX TPUCTPOSIX:

— Kkiacudikamiss KapT 1 CHpalfoBaHHS
MUTTEBHX il HA IEpUQEPITHUX MPUCTPOSIX.

PesynbTatn JOCITIJIKEHb 1010
BUKOPHUCTAHHS JUHAMOMETPUYHUX METOJIB 13
3a3HaYeHHAM KiacHuikailii, HaBeJAeHOI BUILE,
3a OCTaHHI 5 pOKiB HaBeJEeHO y TaoI. 2.

JocnipkyBana mnpoOieMaTHKa YacTKOBO
BiloOpakeHa y  MmyOdiKamisix  Cy4acHHX
nocnigaukiB. 3okpema, Zhao [11] anamizye
Cy4JacHUMU CTaH npobaeMu paHHBOT
JTIaTHOCTHKU TEXHIYHOTO CTaHy TJIIHOWHHO-
HAaCOCHUX arperatiB 'y Ha(pTOBHAOOYTKY B
koHTekcTi IIITHY, sxi 3HalIId HaKOUIBII
IIMPOKE  3aCTOCyBaHHS  Ha  HadTOBUX
pomoBumiax. IlIBuaka mgiarHOCTMKAa B TOJI
JI0C1 CIUPAETHCS Ha Bi3yalIbHY 1HTEPIIPETAIIiIO
Ta aHATITHUYHE BiTHOBIICHHS IMi3€MHOT KapTH;
1Ie JIeNeBo aje MoTpedye eKCIepTH3W 1 Mae
Mexi B ckmagHux ymoBax [7]. ML-
kiacudikaris KapT yKe roKasana
MPOMHUCIOBY  €(EeKTHBHICTh (aBTOMAaTHYHE
COpPTYBAaHHSI CTaHIB, TIONEPEIKEHHSI PO
nedextn), ame moTpedye KOHTPOIIO SKOCTI
JaTaceTiB 1 Bamijaiii NMEepeHeceHHs Ha HOBI
ponosuia [ 14].

Y 1pOMy KOHTEKCTI MEpPCIEeKTUBHUM
HampsIMOM € CTBOPEHHSI €MHOTO CXOBHIIA
nanux (Datalake) misi Hakomu4eHHs Ta
arperyBaHHsi JUHAMOTpaM, 3allMCaHUX Y
pizHuX (opmarax i1 3 pi3HUX JpKepen. Take

&

CXOBHILE  JIO3BOJMTH  YyHi(iKyBaTH  Ta
MacmTaOdyBaTH JOCTYH J0 ICTOPUYHUX JaHUX,
a ToJIajbIlle 1X OMPAIOBaHHS 33 JIOTIOMOTOIO
MaIIMHHOTO HaBYaHHs 3a0€3MeuuTh TOYHIIIE
BUSIBIICHHSI 3aKOHOMIPHOCTEH, aBTOMAaTHYHE
po3mizHaBaHHS JedekTiB Ta (popMyBaHHS
IIPOTHO3HUX MOJEIIEH.

[Tonpu 3Ha4YHWE MpoOrpec, 3aNUIIAIOTHCS
BiJIKDUTUMU TaKi MTUTAHHS:

— CTaHAapTH3allisi MeToNiB 300py Ta
00pOOKHM JUHAMOTPAM;

— moOyoBa yHiBepCAIbHUX HAaBUYAIBHHUX
BuOipok st [II-moneneii;

— TIOETHAHHS KIACHYHMX 1 CYYacCHHX
METO/IIB y TIOpHIHI CHCTEMH;

— iHTerparuis pe3yabTaTiB
JUArHOCTYBaHHS B  CHUCTEMH  KEpyBaHHS

BUAOOYTKOM y PEKUMI pealIbHOTO Yacy.

BucHoBxku
V3arajapHIO04Yn HaBeJIcHUN OrJIsI
I[I/IHaMOMeTpI/I‘IHI/IX MCTOI[iB KOHTpOJIIO

texHiyHoro crtany III'HY, moxxna 3pobOutn
TakKl BUCHOBKH:

1. lunamorpamMa € OCHOBHHM 3acOO0M
JUTSE BU3HAYCHHS CTAaHY ITiI3EMHHX €JIEMEHTIB
OTHY. Ilpum TpamumiiiHOMy miaxodi A0
TIarHOCTYBAaHHS SIKICTh KOHTPOJIO CTaHy
IITHY cyrTeBo 3anexuTh Bix KBamidikarii
NEepCOHANTy, IO 3YMOBIIOE AaKTYaJIbHICTb
pO3po0IeHHS HOBUX METO/TiB
ABTOMATHU30BaHOTO KOHTPOJIIO;

2.  Krnacudikamiro ITuHAMOMETPHUYHHX
METOJ[IB MOKHA 3BECTH JIO II'STH TPYIL:
KJIACUYH1 JUHAMOMETPHUYHI, MaTeMaTHYHE Ta
aHaJITHYHE MO/IETFOBAHHS; uQpoBi
QITOPUTMHU Ta PO3MI3HABAHHS JUHAMOTPAM;
METOJY MAIIMHHOTO HaBUYaHHS; IHTETPOBaHI
Ta TiOpuIHI;

3. HaiiOinpur nepcrneKTHBHUMHE €: METOIH
3 BHUKOPHUCTAHHSM INTYYHOTO I1HTEJIEKTY Ta
MaIIMHHUM HaBYAHHSIM; MO/ICTIOBAHHS
[IUISIXOM CTBOPEHHSI BIPTyaJIbHUX MOJICIICH
HITrHY (mdposi JIBIMHUKH ) IS
MPOTHO3YBAaHHS  TOBEMIHKA CHCTEMH  3a
pPI3HHX YMOB; PpO3LIUPEHE BHKOPUCTAHHS
€JICKTPOHHUX Ta OE3IPOTOBUX CHUCTEM 300Dy
JTAHUX Ta XMapHUX CEPBiCiB;

4. HeBupimennmu 3aJIMIIAI0ThCS
MUTaHHS CTBOPEHHS BITKPUTHX 0a3 JaHUX
JTUHAMOTpaM, PO3POOJICHHS yHIBEPCAIbHHUX
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Tadanuns 2 — Knacudgikanis cydyacHMX MeTOAIB 3a crmoco0oM 300py Ta ONPANIOBAHHSA JaHUX

Tun metoay Jani Mias/Knacu | IMinxin/Metoauka | OCHOBHHIi pe3yabTaT
Kanacuune ML Huuamorpamu | Kimacu: GWI, Butsar kimodoBux [Momnirnmiena TOYHICTH
ras-Boja, o3Hak + SVM/ML- | miarHOCTHKH VS
3HOC, 00pUB Knacuikatopu CHaIKOBI MOPOTOBI
TOIITIO meroam [11].
Hpenpouecunr + | lunamorpamu | >24 pobounx | bararomacmrabna | 3Ha4yHe 30iTbIIEHHS
Deep Learning CTaHiB HOpMaTi3aris + TTOBHOTH ISl P1AKICHUX
CNN crauiB [12].
I'enepanis Hunamorpamu | ledexTHi / Mogeni renepanii | 3MEHIIEHHS
JaHUX HOPMaJIbHI KapT (reHepaTuBHI | aucOanaHCy Kiacis;
(cuHTeTHKA) CTaHU Mepexi) 30UTBIIIEHHS PO3MIpPIB
BuOipkw [13].
Deep Learning + | [{lunamorpamu | Tunu TL 3 monepenano YcninHe nepeHeceHHs
Transfer nedexTis / HaTPEHOBaHUMU MOJIEIIeH MiXK
Learning aHoMaii CNN cBepasioBuHamu [ 14].
Deep Learning + | Iunamorpamu | 11 kiaciB 11 DL mopneneii + Buokpemiienns
XAI pexuMiB Grad-CAM Bi3yaJIbHUX O3HAK;
TTOSICHIOBAHICTH PIllICHb
[15].
Real-time DL Huramorpamu | JliarHOCTHKA CNN, i"Terparis Bucoka TouHICTS i
+ HazeMHi peXuUMiB MYJILTUCCHCOPHUX | IIBUJIKICTH JJIS
BHUMIipH (THUCK, JaHuX MPOMHCIIOBOTO
MOTYKHICTB) 3acTocyBaHHs [16].
Haniskoutponnr | Jlunamorpamu | HoBi/ icHyroui | Multi-source 3maTHICTh TOXaBaTH
oBaHe + KJIacH distillation, SSL HOBI Kj1acu 0€3 ITOBHOT'O
iHKpeMeHTaIbHE nepeHaByaHHs [17].
HABYAHHSHA
Jdomeno- Hunamorpamu | Mynstupogos | Structure- [okpamena
aganranis uuie preserving DA MEPEHOCUMICTh
MOJIeTIe MiX
poxoBumamu [18].
Time-series NN OzHaku 3 Iporuosysann | LSTM/RNN- YcminiHe paHHe
(MporHo3yBaHHs) | TUHAMOIpaM sT aHOMaTii / noiOHI Mepexi MOTIepEAKEHHS PO
BiJIMOB HeOe3meuHi ctanu [19].
Enexrpununi Enextpuyusni Tunmn I'enepanis HemeBuit
npokci + Deep naHi (CTpyMm, nedeKTiB CHUHTCTUYHUX JIarHOCTUYHHHA MUISAX 3
Learning TTOTYKHICTB) nauaux; OS-CNN BHCOKOIO TOYHICTIO
[20].
Edge AI Huaamorpamu | Anomaurii, ra3- | Edge- MUuUTTeEBE CIOBITIICHHS;
iHTepdepeHuii | BIpOBaIKEHHS MiHIMaJIbHI 3aTPUMKH;
aBTOMaTW4Hi 1ii [21].
MoJeNel s PI3HUX THUMIB  POJOBHIN 1
IT1IBUIIICHHS] IHTEPIIPETOBAHOCTI pPe3yJIbTaTIB.
TenpaeHIIii mo/10 CKOPOYEHHS KiJIbKOCTI Ta IMoasixkn
MIJIBUIIICHHS] HAJIIMHOCTI BUKOPHCTOBYBAHHMX Bincythi.

JUHAMOMETPIB BUMAraloTh TJTUOIIOT0 aHATi3y

OJIepKaHUX

IHTETrpOBaHMX/T10pUTHIX

JiarHOCTYBaHHS

JaHUX  Ta  PO3POOJICHHS
METO/IIB
[IT'HY, mo crumymoe

MOJAIBIINKA PO3BUTOK JOCTIUKEHb Y I

rajysi.
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Abstract. The article presents a review of modern dynamometric methods for monitoring the technical
condition of rod pumping units (RPUs), which are key elements of mechanized oil production. The
purpose of the work is to systematize the existing methods of RPU diagnostics, summarize their effec-
?iveness, and identify key development trends aimed at improving the reliability and safety of oil well
operation. Theoretical foundations of dynamometry are considered, including typical defects reflected in
the shapes of dynamograms, as well as the main parameters with corresponding sensors for monitoring
the technical condition of RPUs. The stages of dynamogram analysis are outlined, and the main
approaches are reviewed: classical methods, analytical modeling, digital recognition algorithms, and the
application of machine learning. The advantages and limitations of each approach are identified. A
systematization of modern approaches to data processing using computer systems and intelligent
technologies is presented, including machine learning methods for the automatic recognition of typical
defects and deviations in RPU operation. A classification of methods according to data acquisition and
processing is proposed. The paper emphasizes the prospects of developing hybrid diagnostic methods
that combine both mathematical modeling and machine learning approaches. The problematic aspects
of the current state of RPU diagnostics based on dynamograms are summarized, including need for
standardization of methods for data acquisition and processing, the construction of universal training
datasets for Al models, the integration of classical and modern methods into hybrid systems, and the
embedding of diagnostic results into real-time production control systems. A promising direction is
identified in the creation of centralized data repositories (Datalake) for storing dynamograms in various
formats, followed by processing with intelligent algorithms. Taking into account modern trends in data
collection and processing within dynamometric methods creates prerequisites for the improvement of
existing decision support systems in oil production.

Keywords: rod pumping unit; dynamometry; diagnostics; technical condition; automation; dynamogram.
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AHoTauif. Y cTaTTi po3rnsHyTO 0c06AMBOCTI 0OPOBKM Ta 36epiraHHA AaHUX B CydacHWUX iHopMauiiHo-
BMMIPHOBaNbHUX KOMIM/IEKCAX, WO GYHKLIOHYOTb B YMOBAX 3p0OCTaHHA obcariB BUMiptoBanbHOI iHbopma-
uii Ta NigBMLWEHNX BUMOT A0 WBMAKOAIT i HagiHocTi. MpoaHani3oBaHO OCHOBHI BUMOIM A0 AaHUX iHdo-
pMaLifHO-BMMipHOBaIbHUX KOMMJIEKCIB, 30KpemMa Wwoa0 obcAry, WBMAKOCTI HAAXOAKEHHS, CTPYKTYPHOI
Pi3HOMAHITHOCTI Ta A4OCTOBIPHOCTI BUMiptoBanbHOI iHbopmalii. HaBeaeHo Knacudikauito iHbopmauiliHo-
BMMIPHOBaNbHUX KOMMJIEKCIB 33 NPU3HAYEHHAM Ta BU3HAYEHO XapaKTepPHi TUMW JaHWUX 1A KOXKHOrO Kna-
cy. Po3rnaHyTo OCHOBHI MoAeni AaHuMX, WO 3aCTOCOBYHOTbCA B TexHonoriax Big Data, Ta obrpyHTOBaHO
OOLINBbHICTb iX BUKOPUCTAHHA B iHPOpMaLiMHO-BMMIpIOBaZIbHUX KOMMJIEKCAX 3a/eXKHO Big, cneundiku
BMMIipIOBanbHUX Npouecis. NoKa3aHo, WO BUKOPUCTAHHA THYYKMX i MacliTaboBaHMX Moaenein AaHuX 3a-
6e3neyye ePpeKTMBHY iHTerpaLito, aHanis i goBroTpmBane 36epiraHHA BEAUKUX MAcUBIB BUMipOBabHOI
iHpopmaLii. OcobnmBa yBara NPUAINAETLCA MOKAMBOCTI NOPIBHAHHA OTPMMAHNX AaHUX 3 A0AaTKOBMMMU
axepenamn iHbopmaluii, BKIOYAOUYM AaHi 3 |HTepHeTy, Wo A03BOASAE NiABMLWMTM TOYHICTb aHanisy Ta
NPOrHo3yBaHHA. TaKOX PO3rNAAalOTbCA NPUKAALN NPAKTUYHOIO 3aCTOCYBAaHHA Mogenen AaHuX Y KOHT-
POSIbHO-BUMIPHOBaNbHUX, AiarHOCTUYHMX, MOHITOPMHIOBUX Ta KEPYHOUMX KOMMIEKCAX, WO AEMOHCTPYE iX
ePeKTUBHICTb Y Pi3HMX NPUKNALHMX 3a4a4ax. OTpUMaHi pe3ynbTaTh MOXKYTb BYTU BUKOPUCTAHI Npw Npo-
EKTYBaHHi Ta moaepHisaLii iHpopmaLinHO-BMMipHOBasIbHUX KOMIMIEKCIB 3 MiABULLEHMMW BUMOraMn 40
NPOAYKTUBHOCTI Ta aHANITUYHUX MOXKANBOCTEN.

Kniouosi cnosa: TexHonoria Big Data, iHpopmaLiliHO-BUMIpIOBaNbHUI KOMNAEKC, Habip AaHMX, Moaenb,
aHanis, noTik iHpopmaduii.

Beryn

CyuacHuii etam poO3BUTKY iH(opMarriii-
HUX TEXHOJIOT1M XapaKTepU3yeThCsS CTPIMKUM
3pOCTaHHIM OOCSTIB JaHUX, 110 T€HEPYIOTHCS
iH(OpMaIIHHO-BUMIPIOBAIBHUMH ~ KOMIIJIEK-
CaM{ B PI3HHMX Tally3sX HAayKH Ta MPOMHUCIIO-

BocTi [1]. BumiproBanbHi cuCcTeMH, IHTETPO-
BaHi 3 JaTYMKaMH, aBTOMAaTH30BAHUMH 3aCO-
O6amu 300py iHDopmartii, loT-nmpuctposimu ta
MIPOMHUCIIOBUMH MepekaMu, (POPMYIOTh BEJH-
Ki MAaCHBH PI3HOPIIHUX JTaHUX y PEXKHUMI pea-
JBHOTO yacy. Tpaaumiifai miaxoau 10 o0poo-
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Pucynox 1 — Knacudikanis texnosorii Big Data

KA Ta aHami3y TaKUX JaHUX YacTO BHSBIIS-
I0TbCS HEJOCTAaTHHO €PEKTUBHUMHU, 3 OTIISTY
Ha BHUMOTH JIO IIBUAKOIII, MacmTaOOBaHOCTI
Ta HaxidHocTi. Ha puc. 1 mpexacraBiena kia-
cudikaris texnosorii Big Data. Jlana TexHo-
JIOTisl BIIKPUBAE HOBI MOXKJIMBOCTI JUIst 30epi-
raHHs, oOpOOKH Ta aHalli3y BEJIUKHX OOCATIB
BUMIipIOBaTbHOI iHdopManii. X BuKopucTaH-
HS JIO3BOJISE TMIJABUIIUTH TOYHICTh BUMIPIO-
BaHb, 3a0€3MEYUTH OIEPATHUBHE BHIBICHHS
aHOMaJTIf, ONTUMI3YBaTH MPOIECH KEPyBaHHS
Ta MIATPUMATH TNPUHHATTS OOIPYHTOBAHUX
pillieHb HAa OCHOBI JaHUX. 3aCTOCYBaHHS PO3-
MOJIUIEHUX O0YMCIIeHb, MapaieIbHOI 00pOOKH
Ta 1HTEJIEKTYaJIbHOTO aHali3y JaHUX CIpPHSIE
HiABUILEHHIO e(peKTUBHOCTI (PyHKIIIOHYBAaHHS
iH(OpMaIIHHO-BUMIPIOBATIBHUX KOMIUIEKCIB Y
CKJIaJHUX 1 JUHAMIYHMX yMoBaXx. [Ipuuomy
cydacHi 1H(pOpMaIiiHO-BUMIPIOBAIBHI KOM-
IJICKCU XapaKTePU3YIOThCS BHUCOKUM PiBHEM
aBTOMATHU3AIlll, PO3MOIIICHOK apXITEKTYPOIO
Ta IHTETpali€l0 3 MEPEkKEBUMHU 1 XMapHUMHU
TexHoNoTisIMU. J[o TX CKiIamy BXOISTH CEHCO-
pHI Mepexi, Moayni 300py JdaHUX, KaHAJU
3B’513Ky, OOUHCITIOBAJIBHI BY3JIM Ta MPOTPaMHIi
3aco0m Bi3yauizallii i KepyBaHHs. 3HaYHA Yac-
THHA BUMIPIOBaHb 3IIHCHIOETBCS Y PEKUMI
peabHOro 4acy, 10 3YMOBIIOE YKOPCTKI BH-
MOTH 110 HaJiHHOCTi, IBUAKOAII Ta TOYHOCTI
00poOku iHpoOpMarii. YCKIaJHEeHHsS BUMIpIO-
BAJIbHUX 3a/1a4 1 3POCTAaHHS KUIBKOCTI KOHT-
POILOBAHUX MMAapaMETPiB MPU3BOIATH 10 CYT-
TEBOTrO 30UIBIIECHHS 00OCATIB JAaHUX, SIKI HEOO-
X17IHO 00poOIIATH Ta aHATi3yBaTH [2].
Texnomorii Big Data B iHdopmariitHo-
BUMIPIOBAJILHUX ~ KOMIUJIEKCaX JIO3BOJISIOTH
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peamizyBatu eeKTUBHE 30epiraHHs BHUMIpIO-
BaJIbHOI 1H(OpMaLlii, BUKOHYBATH MapajelbHy
00pOOKY MOTOKIB TaHHWX, a TAKOX 3aCTOCOBY-
BaTH METOJAM IHTEJEKTYaIbHOTO aHajli3y Ta
MalIMHHOTO HaB4aHHs. lle mae 3mory He nu-
e MiABUIIUTH JIOCTOBIPHICTh pEe3yJbTaTiB
BUMIpPIOBaHb, aje ¥ 3a0€3MeYuTH TPOTHO3Y-
BaHHS CTaHy 00’€KTiB, paHHE BHUABICHHS BiJl-
MOB 1 aHOMaJIBLHUX PEKUMIB poOoTH. Baxm-
BOIO OCOOJUBICTIO Cy4acHHUX TexHoJjoriil Big
Data € MOJIMBICTB 1HTETpaIlli gJaHux iHGOp-
MaIifHO-BUMIPIOBAILHUX KOMILIEKCIB i3 30B-
HITHIMA JKEpenaMu iH(popMalii, 30KkpemMa 3
BIIKPUTUX pecypciB IHTepHETY, Taimy3eBHUX
6a3 manux Ta iHpopMmaniiaux miathopm. s
1H(pOpMaIiifHO-BUMIPIOBAILHUX ~ KOMIUIEKCIB
Taka 1HTETpallisi CTBOPIOE MPHUHITUIIOBO HOBI
MOJKJIMBOCTI MiJBUILEHHS 1H()OPMaTUBHOCTI
Ta JOCTOBIPHOCTI pe3yJbTaTiB BHUMIPIOBAaHb.
Kpim Toro, 3ictaBneHHs naHuX iH(poOpMaiii-
HO-BUMIPIOBAIBHUX KOMIUIEKCIB 13 30BHIIIIHI-
MU JDKEpeJlaMH Crpusie ToOyIoBI y3arajibHe-
HUX MOJIeJIel Ta IiJIBHIIEHHIO TOYHOCTI TPO-
THO3YBaHHS. BHKOpPHCTaHHS CTaTUCTHYHUX,
JIOBITKOBHX a00 MOTOKOBUX JaHuX 3 [HTEpHe-
Ty JO3BOJISIE BUSBIISATH TIO0ANBbHI TEHICHIIII,
MOPIBHIOBATH JIOKAJIBHI PE3yJIbTaTH BUMIPIO-
BaHb 13 cepeqHiMM a00 HOPMAaTHMBHMMH 3Ha-
YeHHSIMU Ta aJalTyBaTH aJITOPUTMH aHAII3y
JI0 3MiH 30BHIIIHBOTO cepeoBuIa. Bukopuc-
TaHHsS aHATITHYHHUX IHCTpyMeHTIB Big Data
CIpHsi€ OMTHUMI3aIlil TEXHOJOTIYHUX MPOIIECiB
1 TMJBHUINCHHIO e()EKTUBHOCTI TNPUHHATTSA
YIPaBIiHCHKUX PillIEHb.

VY poborax [3, 4] po3rsiIa€ThCs 3aCTOCY-
BaHHs TexHouoriit Big Data nns o6poOku Be-
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JUKUX TIOTOKIB BHMIPIOBAJILHOI 1H(OpMAIIii,
0 HAJIXOTUTH BiJl PO3MOIIICHUX CEHCOPHUX
Mepexx Ta 1H(OpMaIliiHO-BUMIPIOBATHHUX
KOMIUICKCIB y MPOMHUCIOBHX CHCTEMax. AB-
TOPH MIJKPECTIOIOTh NIePEeBaru BUKOPUCTAHHS
PO3MOAIIEHUX OOYMCIIOBATBHUX IUIATHOPM
JUTSL TIIBUINEHHS MaciITabOBaHOCTI Ta HaINA-
HOCTI 00poOKH maHux. Y myOmikamisx [5, 6]
JOCIIKY€eThes iHTerpaltis Big Data 3 iHbop-
MalliifHO-BUMiPIOBAIbLHUMH KOMIUIEKCAMU
peabHOro 4acy, 30KpeMa B €HepreTUYHUX Ta
kibepdiznunux cucremax. OcoOauBy yBary
OPUALIEHO TpobdlieMaM BHCOKOI IIBHUAKOCTI
HAJXOJDKEHHS JIaHWX, iX (impTparii Ta more-
penHboi OOpOOKHM 3 ypaxyBaHHSIM HOXHOOK
BUMIpIOBaHb. Pobotu [7, 8] mpucBsyeHi BH-
KOPUCTaHHIO METO/iB aHaniTHKU Big Data Ta
MAIIMHHOTO HaBYAHHS JUIS 1HTEIEKTYaIbHOTO
aHajizy BHUMIprOBaJIbHOI iH(popMmarii. Y nux
JOCITIDKEHHAX TIOKAa3aHO MOMJIMBOCTI TIPO-
THO3YBaHHS CTaHy 00’ €KTiB, BHSIBIICHHS aHO-
MaJiii Ta MIABUIIEHHS TOYHOCTI MPUNAHSATTS
pimieHs B iH(QOPMALIHO-BUMIPIOBATILHUX
KoMIuiekcax. Y myomikaiisx [9, 10] posrus-
JAI0ThCA  apXITEKTYpHI PpIillleHHS MO00YI0BH
iH(OpMaIIHHO-BUMIPIOBAIPHUX ~ KOMILJIEKCIB
13 BUKOPHCTAHHSIM XMapHHMX TEXHOJOTIH Ta
mnatdopm Big Data. ABTopu aHami3ylOTh MH-
TaHHs 30epiraHHs BEJIMKHX OOCSTIB BUMIpIO-
BaJIbHUX JaHUX, 3a0e3ledeHHs BiJMOBOCTIM-
KocTi Ta iH(opmarniiiHoi Oe3meku. PoGotu
[11, 12] 30cepemkeni Ha MPAKTHYHUX ACTICK-
Tax BIPOBA/UKEHHs TexHojorii Big Data B
iH(OopMaIIHHO-BUMIPIOBAJIBHI CHUCTEMHU TIPO-
MHUCJIOBOTO Ta €KOJOTIYHOTO MOHITOPHUHTY.
[TokazaHo, IO MOETHAHHS CY9aCHUX BHMipIO-
BaJIbHUX 3aC00IB 3 aHAIITHYHUMH THCTPYMEH-
tamu Big Data mo3Bosisie CyTTEBO MMiIBUIIUTH
e(eKTHBHICTh MOHITOPHHTY CKJIaJIHUX
00’€KTIB 1 TIPOIIECIB.

AKTyanbHICTD IOCIIKEHHSI 00yMOBIIEHA
moTpeOOoI0 Yy CTBOPEHHI Ta BIPOBAIHKECHHI CY-
YacHUX 1H(OpPMAIliITHO-BUMIPIOBATBHUX KOM-
IIJIEKCIB, 37aTHUX €(PEeKTUBHO (DYHKIIIOHYBATH
B YMOBax 3pOCTal04MX OOCSTiB JaHUX Ta BU-
COKMX BHUMOT 10 sikocTi iHdopmarii. IToen-
HaHHS NPUHLIHUIIB 1MOOYI0BH 1H(OpMALiHO-
BUMIPIOBAJILHUX KOMIUICKCIB 3 TEXHOJOTISIMH
Big Data € nepcrieKTUBHUM HAINpsIMOM PO3BHU-
TKy nudpoBux, Ki0ephi3uIHUX Ta IHTEIEKTY-
QIBHUX CHCTEM, IO BiJIOBi/Ia€ Cy4acCHUM Te-

C

HJICHITISIM aBTOMaTH3arlii Ta KoHuemiii [Hayc-
Tpii 4.0.

Meta crarTi mojsrae y JOCIHIIKEHHI
MOYKJIMBOCTEH 3aCTOCYBaHHSI TEXHOJIOTiH Big
Data B iH(oOpMaIliiHO-BUMIPIOBATBHUX KOM-
IUIeKCaxX, aHali3l apXiTeKTypHHX 1 METOH0JIO-
TIYHUX MIIXO0MIB 10 OOPOOKH BEIHUKHX 00Cs-
r'iB BUMIpIOBAJIBbHOI iH(opMaIlii, a TaKOX OIli-
HIOBaHHI 1X BIUIMBY Ha ITiIBUIICHHS €(EKTHB-
HOCTI, TOYHOCTI Ta HaAIMHOCTI (PYHKITIOHY-
BaHHS Cy4YaCHUX BUMIipPIOBAIbHUX CUCTEM.

BuMoru 10 7aHuX Ta 3a4a4i TEXHOJIOTIT
Big Data

Jlo cywyacHuxX iH(OpMaLiiHO-BUMIpIO-
BAIBHUX KOMIUIEKCIB BUCYBAIOTHCSI BAMOTH B
obrnacti poOOTH 3 JaHUMH, IO MOTpedye Cy-
YacHUX pimeHb nudposizaiii. 3araTbHUN BU-
sy iHGOpMaLifHO-BUMIPIOBATIBHOI CUCTEMHU
111 kiracudikarii mpeacTaBieHi Ha puc. 2.

['070BHI XapaKTepUCTHKU JaHUX Ta BU-
MOTH JI0 HUX.

Obcse OQHUX. [ opmariiitao-
BUMIPIOBaJIbHI KOMIUIEKCH (POPMYIOTH 3HAUHI
o0csTy TaHuX y Tpoiieci 0e3nepepBHOro KOH-
TPOJIIO TIApaMeTPiB 00’ EKTIB 1 TEXHOJIOTIIYHUX
nporieciB. 30UIbIIEHHS] KUJIBKOCTI BHMipIOBa-
JBbHUX KaHajiB, IIJABHUINEHHS 4YacTOTH JMC-
KpeTu3allii Ta TPUBAJICTb CIIOCTEPEKEHb MPH-
3BOASTh JIO HAKONWYCHHS BEIMKHX MAaCHBIB
BUMiptoBasibHOI iHGopManii. Jlani MOBUHHI
30epiraTucsl TAKUM YHWHOM, 1100 3a0e3MeunTn
MOYJIMBICTh MOJAJIBIIOTO aHaJi3y, MOPIBHSIH-
HS 3 ICTOpUYHUMH 3HAYCHHSIMH Ta BUKOpPHC-
TaHHS JJs JIIarHOCTUKUA 1 MPOTHO3yBAaHHS
CTaHy CUCTEMH.

Lllsuokicmos HaoxoOdcenHs ma 00poOKU
Ooanux. Jlna 1HGOpMAIIHHO-BUMIPIOBATHHUX
KOMIUIEKCIB XapaKTEepPHOI0 € BHCOKA MIBUJ-
KICTh T€HEpaIlii Ta OHOBJICHHS JaHUX. Y Oara-
THOX BUMNAJKaX BUMIPIOBaHHS BUKOHYIOTHCS B
peXUMI peanbHOTr0 ab0 OJM3BKOTO JI0 peab-
HOTO 4Yacy, II0 BHCYBAa€ XOPCTKI BUMOTH JI0
OTIEPAaTUBHOCTI NMPUHWMaHHS, TIepeaadil Ta mep-
BUHHOI 00poOku iH(popmanii. JlaHi mMOBUHHI
00poOIATHCS 3 MIHIMAJIPHUMHU 3aTPUMKAMH,
OCKUTBKM CBOEYACHICTH 1H(opMarlii Ge3moce-
pPEIHBO BIUTMBAE Ha €()EKTUBHICTh KOHTPOJIIIO
Ta KepyBaHHA 00’ €KTaMHU.

Pisnomanimuicmo oanux. ITndopmariiitno-
BUMIPIOBaJIbHI ~ KOMIUIEKCH  TIPAIIOIOTh 3
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Pucynok 2 — IndopmaniiiHo-BUMipIOBaIbHA CHCTEeMAa

JaHUMHU pi3HOT npupoau ta dopmaty. Okpim
YHCIIOBUX PE3yJbTaTiB BUMIPIOBaHb, BUKOPU-
CTOBYIOTBCSI YacOBI PS/IA, CUTHAIH, KYPHAJIH
noJii, cmyxOoBa iHdopMmaris, a Takox pe-
3yJbTaTH JIaTHOCTUKH Ta KajaiOpyBaHHS BH-
MiproBaJIbHUX 3ac00iB. Taka pi3HOMaHITHICTh
notpedye yHi(piKOBaHMX MiIXOJIB O MOJAH-
Hs1, 30epiranHs Ta 0OpOOKM JAaHUX, a TaKOXK
YiTKOi CHCTEMU METa/IaHuX.

Bapiabenvuicme ma necmabinbHicmos 0a-
Hux. BumiproBanbHi JJaHI MOXKYTh XapaKTepH-
3yBaTUCSl 3MIHHOIO SIKICTIO, HEPIBHOMIPHOIO
IHTEHCUBHICTIO HAIXO/DKEHHS Ta HasIBHICTIO
BUIIAIKOBUX BiIXWieHb. Ha pe3ynpTaTu BH-
MIpIOBaHb BIUIMBAIOTH 30BHIIIHI YMOBH, 3HO-
IICHHSI TaTYUKIB, €JICKTPOMATHITHI 3aBaJy Ta
0COOMMBOCTI 00’€KTa crocTepexeHHs. Tomy
na"i  iHQOpMaIiiTHO-BUMIPIOBATFHUX  KOM-
IJIEKCIB TMOBHHHI MIJJISATaTH TIePEBIpIll, Qiib-
Tpamii Ta KOPEKIii 3 METO 3MEHIICHHS
BIUTMBY IITyMiB 1 aHOMaJIbHUX 3HAYCHb.

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

Jlocmosipricms i naditunicmes oanux. On-
HI€I0 3 KIIOYOBHX BUMOT IO JIAHUX € 1X JIOC-
TOBIpHICTh. BuMiproBanpHa iH(pOpMAIIis TI0-
BUHHA BIJMOBIJaTH BCTAHOBJICHUM METPOJIO-
TIYHUM XapaKTepUCTHKaM, a JDKepesa JTaHuX
— OyTH BiIOMHMMH Ta KOHTPOJIbOBAaHHMH.
BaxxnuBy posib BimirparoTh Mporeaypu Kaio-
pyBaHHs, BaJijallii Ta KOHTPOJIIO MPaBUIILHO-
CTl JIaHWX, OCKUIBKH TTOMIJIKH Y BUMIPIOBaH-
HSX MOXYTh MNPH3BECTH 10 HEMPaBUILHUX
BHCHOBKIB 1 PIITICHb.

Axmyanonicme ma mepmin 30epicanHsl
Oanux. Jlani iH(MOpMAIIHHO-BUMIPIOBATHHUX
KOMIUJIEKCIB MalOTh Pi3HY IIHHICTh 3aJIE)KHO
BiJl yacy iX orpumanHsA. OnepaTuBHI JaHi He-
OOXiZHI JUISI TOTOYHOTO KOHTPOJIO, TOMI SIK
apXiBHI BUKOPUCTOBYIOTHCS JIJIsS aHAJI3y TEH-
JEHITN 1 JOCHIPKeHHS IWHAMIKH TIPOIIECIB.
Ile 3ymoBII0€ HEOOXITHICTh BU3HAYCHHS TIO-
JITUK 30epiraHHs, apXiByBaHHS Ta BUJAJICHHS
JaHUX 3 YpaxyBaHHSIM BUMOT JO iX JOCTYI-

HOCTI Ta aKTyaJIbHOCTI.
25 |
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besnexa ma 3axuwenicmov Oanux. Bumi-
pIOBANbHI JaHI € KPUTUYHO Ba)KJIUBUMH IS
(yHKIIOHYBaHHsSI 0ararbOX TEXHIYHUX CHC-
TeM, TOMY TOBUHHI OyTH 3axHILeH] Bi1 Heca-
HKITIOHOBAHOTO JIOCTYITY, BTpaTh a00 CIOTBO-
pernsa. IHdopmariiiHo-BUMIpIOBaTIbHI  KOM-
IJIEKCH MarTh 3a0e3mevdyBaTH IUTICHICTD,
KOH(DIIEHIIINHICTh Ta JOCTYMHICTh JaHUX Ha
BCiX eTamax ix oOpoOku i 30epiranas. Ocob-
JUBO BAXKJIMBUMHU € 3aXUCT KaHaJIB mepenadi
Ta KOHTPOJIb JOCTYITY J0 JaHHX.

Haounicmo i moorcnusicms inmepnpema-
yii. JIns epeKTHBHOTO BHUKOPUCTAHHS BUMIi-
proBaibHOI 1H(OpMaIlii JaHI TOBUHHI OyTH
NpeaCTaBieHl y Gopmi, 3pydHil JUIs aHamizy
Ta iHTepnperaiii. 3acoOu Bi3yaizallii MOBUH-
Hi 3a0e3medyBaTH HAOYHE BiIOOpakeHHS cTa-
HY 00’€KTiB, 3MIH MIapaMeTpiB y Yaci Ta BUSB-
JICHHS BIIXWUJICHD Bl HOPMaJIbHUX PEKUMIB.

Ilpakmuuna yinnicmo danux. Jani iHGO-
pManiiHO-BUMIPIOBAILHUX KOMIUIEKCIB TIO-
BUHHI MaTH MPUKJIAJHE 3HAUYEHHS Ta BUKOPH-
CTOBYBATHUCSl JJIsi JOCATHEHHS TOCTaBICHUX
1iJIel KOHTPOJIIO, JIarHOCTUKHU Ta KEPyBaHHS.
[{iHHICTh JAHMX BHU3HAYAETHCH iX 3IATHICTIO
BiIOOpakaTh peaylbHU CTaH 00’€KTa, MIiAT-
PUMYBATH MPUUHATTS PIilIEHb Ta CHPUATH Ii-
JBUIIEHHIO €()EKTUBHOCTI (PYHKITIOHYBAHHS
CUCTEMH 3arajoM.

3a3HaueHl BUMOTH 110 JaHUX iH(OpMa-
[IHHO-BUMIPIOBAILHUX KOMIUIEKCIB 1CTOTHO
YCKIIQTHIOKOTh iX 30epiraHHs, oOpoOKy Ta
aHaJi3 y Mexax TpaAuLiiHuX iH(pOpMaIiifHUX
cucteM. [locTiliHe 3pOCTaHHS KiJTbKOCTI BUMI-
pIOBAFHUX KaHAJB, BUCOKA YacTOTa HAIXO-
JUKEHHS TaHWX, PI3HOPITHICTH (hOopMaTiB 1 He-
OOX1JTHICTh JJOBFOTPUBAJIOTO 30epiraHHs icTo-
puuHOi 1H(DOpMaIlli CTBOPIOIOTH HOB1 TEXHIYHI
Ta OpraHi3amiiiHi BUKIUKU. Y TaKHX YMOBAax
KJIACUYHI peJisMiitHi 6a3u TaHuX Ta IEeHTpai-
30BaHI CUCTEMH OOpOOKHM 4acTo He 3abesme-
YyIOTh HE0OXITHOT MacITaboBaHOCTI, TIPOTY-
KTHUBHOCTI Ta BiIMOBOCTIHKOCTI, III0 0OYMOB-
JIIO€  JIONUJIbHICTh BHKOPHUCTAHHS CYYaCHHX
texHouorii Big Data.

3aBgaHHs, TOB’S3aHI 3 BUKOPUCTaAHHSIM
Big Data B iHdopMmariiiHO-BUMIpIOBaIBHUX
KOMIUIEKCaX, YMOBHO MO’KHa TMOJUINUTH Ha
TPHU OCHOBHI TPYIIH.

1. 30epiranns Ta ynpasJjiHHA BUMIpIO-
BaJILHUMH JaHMMU. [HpopMmaliiitHO-BUMIpIO-

&

BaJIbHI KOMILUIEKCH MOXYTh T'€HEpPYBAaTH COTHI
TepabalT JaHUX y TPOIECi TPUBAIOI EKCILTY-
artarii. Takuii oOcsar iHbopmarii CKIaTHO
eeKTUBHO 30epiratd Ta agMiHICTPYBaTH 3a
JIOTIOMOTOI0  TPAJIUIIMHUX peNsiiHuX 0a3
nanux. Texwuomorii Big Data mepen6auaroTh
BUKOPUCTAHHS PO3MOJAUICHUX (haillIoBUX CHC-
TEM, y AKHX BUMIPIOBaJIbHI J1aHi 30epiratoThcs
HAa MHOXHHI CTaHAAPTHUX OOYMCIIOBATIHLHUX
By3JiB. KoskeH (hparMeHT qaHux po3Milly€eTh-
Csl Ha KUNBbKOX (DiI3MYHMX HOCISIX, 10 3abe3re-
yy€e BIAMOBOCTIMKICTH Ta 30epekeHHs iH]op-
Marlii y pasi BUXOAY 3 JIaJy OKpEeMHX KOMIIO-
HEeHTIB  cucrtemu. Jlng  iHGopmariitHO-
BUMIPIOBAJIbHUX KOMIUIEKCIB II€ € OCOOJINBO
BOKJIMBUM, OCKUIBKH BTpaTa BUMIPIOBAIBHUX
JAaHUX MOXE TPHU3BECTH 10 HEMOXXIHUBOCTI
aHaJi3y cTaHy 00’ekTa abo BITHOBJICHHS XPO-
HOJIOTIi MOJTIH.

2. PoGoTa 3 HECTPYKTYpPOBaHOIO Ta Pi3-
HopigHow iHdopmanicrw. Ha BinmMiHy BiX
KJIACHYHUX CUCTEM 300py JaHUX, CydacHI iH-
dbopMarlitHO-BUMIPIOBAIbHI KOMIUIEKCH OTIe-
PYIOTH HE JIMIIE CTPYKTYpPOBAaHUMHU YHUCIIOBU-
MU BUMipaMmHu, ajie i HECTPYKTYypOBaHUMH a00
HaANIBCTPYKTYpOBaHUMU AaHUMH. |0 HUX Ha-
JeKaTh KYpPHAIW TOJiN, CUTHAIIU, TeIeMET-
pUYHI TIOTOKH, 300paK€HHs, BiIEO 3 TEXHIY-
HUX Kamep, a TakoX ciyxO0oBa iHpopmaris
npo craH oOsamHaHHs. TexHosorii Big Data
JI03BOJISIFOTH 30epiratu Taki AaHi 6e3 KopcrT-
KOi TIOTMepeIHbOi CTPYKTypH3alii, 1o aae
3MOT'y HaKOIUYyBaTH MOBHUW MAacHUB BUMIpIO-
BalbHOI 1H(MOpMarlii. BogHouac 11e morpedye
3aCTOCYBAaHHSI CIIEIiali30BaHUX METOJIIB TIO-
JanbInoi 0OpoOKM Ta MEpEeTBOPEHHS JaHHUX 3
METOI0 OTPUMAaHHSI KOPUCHOI iH(popMariii ams
aHaJi3y Ta MPUUHATTS PIIICHb.

3. AHaji3 Ta iHTepmperaunis BHMIipIo-
BaJIbHUX AaHuUX. OJIHUM 13 KJIIOYOBUX 3a-
BIaHb 1H(OpPMAIIIfHO-BUMIPIOBAIBHUX KOM-
IJIEKCIB € He e 301p 1 30epiranHs JaHuX, a
I iX aHaji3 Ui KOHTPOJIO, JIarHOCTHKH Ta
MPOTHO3YBaHHS cTaHy 00’ekTiB. TexHomorii
Big Data HamaiooTh IHCTPYMEHTH JAJSI BHKO-
HaHHA SK 0a30BUX aHATITUYHHUX OIEpallii,
TaK 1 CKJIAJHOro OaraTOBHUMIPHOTO aHAai3y
BEJIMKMX MAacHWBIB BHMIPIOBaJIbHOI 1HpOpMa-
ii. Ile cTBOpPIOE MOXKIHMBOCTI ISl BUSIBJICHHS
MPUXOBAHUX 3aKOHOMIPHOCTEH, aHAIi3y TEH-
JeHITii, ToOy/IOBH MPOTHOCTHYHUX MOJIEICH
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Tadamust 1 — Mopeni pyHKIiOHYBaHHS BeJIUKHX AAHUX

HemyuHa

Kourepiii JlokyMeHTOOpi€cHTOBaHAa I'padoBa Mogaeasn CToBIYUKOBa
purep Mojaelb MoOjeb CKJIIOY—3HAYEeHHS» Mojaelb
Hoxyment (JSON/XML),

OCHOBHA OTHHHIISK
30epiranas

110 MICTHTH Habip aTpH-
OyTiB

Bysoun 1 3B’ 130K
MDK By3JIaMu

[Mapa «xirog —
3HAYECHHS»

Crosrels abo ci-
MENCTBO CTOBIILIB

Tunu naHux, 110

HamiBcTpykTypOBaHi, pi3-
HOPIiJTHI BUMIpIOBaJIbHI

CtpykTypoBaHi
Ta HECTPYKTYPO-

JlaHi 10BIIBHOT
CTPYKTypH 0€3 BHY-

IlepeBaxkHo cTpy-
KTypOBaHi Ta YHC-

MATPUMYIOThCS . BaHi JaHi 31 CKJIa- | TPIIIHBOI IHTEpIIpe- . .
JaHi , JIOBi 1aH1
JTHUMH 3B’sI3KaMu | Tamii
aT—— Bucoxka, cTpykTypa JHyxe BucOKa, MaxkcumanbHa, CepenHsi, 1€erKo
or y TVDI JIOKYMEHTIB MOXe 3MiHIO- | cxeMa He (pikco- | CTpyKTypa 3HaueHHs | 0JaBaTH HOBI
PyKTYP BaTHCS BaHa HE PeryIaMEHTY€EThCSI | CTOBIILI
. OcHoBHa nepeBa-
Hinrpumka . Jiep OOmMmerxeHa, He €
. OOMekeHa, pealizyeTbesl | Ta MOJET, .
3B’fI3KiB Bincyras OCHOBHOIO (hyHK-

MiK JaHUMH

Ha PiBHI 3aCTOCYHKY

3B’S3KH € KIIF0YO-
BUMU

LI€TO0

HIBuakicTh
JOCTYNY 10 JaAHUX

Bucoka mis BuGipku
OKpPEMHX JOKYMEHTIB

Bucoka s ana-
JTi3y 3B’SI3KiB

Hyxe Bucoka npu
JIOCTYTI 3 KITI0YeM

Bucoxka s anaiti-
THYHUX 3aIUTIB

Bucoka, 1o6pe mparroe

Bucoxka, ocobiu-

Hyxe Bucoka, mpoc-

Bucoka, opienTo-

MacmraéoBaHicTh | 3 BENIUKUMH 00CATaMHU BO ISl JUHAMIY- | Ta TOPU3OHTAJIbHA BaHa Ha MacoBYy

JTAHIX HHUX CHCTEM MacmTabOBaHICTh 00poOKy
EdexTuBHicTh Bucoka Jyxe Bucoka
AHATITHIHHX Cepenns JUIsL aHAITI3Y Husbka (arperauii, craTu-
onepanii B32€MO3B’SI3KIB CTHKA)

Tunosi 3agaui
B IBK

30epiranss KoHQirypamiy,
MeTaJaHMX, OMUCIB BUMi-
pIOBaHb

Amnaii3 B3aeMoil
CEHCOPIB 1 Tij-
CHCTEM

OnepaTHBHI JaHi,
CTaHU CEHCOPIB,
KeIlyBaHHs

O06poOKa yacoBUX
PAIiB, CTATUCTHY-
HHH aHaji3

PoGora

OOmMmerxeHa, opieH-

. | IligTpumyeTbes 00pe nigxoauts | HaiOunein npuaaTHa | Tamis Ha HaKeTH
B peajibHOMY 4aci JUTpAMY Hobpe nizxon pri i y
AHATITHKY
CxkaaaHicTe Buma 3a inmi
] Cepenus e Husbka Cepenus
peasizamii MoJei

Ta WiABMIIEHHS e(eKTUBHOCTI (DYHKIIIOHY-
BaHHS 1H(OPMAIIHHO-BUMIPIOBAIBHIX KOM-
TUJICKCIB.

Takum ymHOM, crienudika manux iHGOP-
MaIlifHO-BUMIPIOBAILHUX KOMILJICKCIB — Be-
JIMKHI 00CST, BUCOKA MIBUAKICTh HAIXOIKEH-
HsI, PI3HOPIIHICTh 1 BUMOTH 10 HaJIMHOCTI —
00yMOBJIIO€ HEOOX1THICTh 3aCTOCYBaHHS TEX-
HoJoriii Big Data sik ocHOBU 1751 TOOYIOBH
CyJacHHUX MaclITabOoBaHUX 1 €(EKTUBHUX CH-
creM 30epiraHHs Ta aHali3y BHUMIPIOBAJIbHOL
iHpopmarrii.

Mogaeni pyHKIiIOHYBAaHHS BEJUKHX Ja-
HHX

CyyacHi  iH(OpMaIiIHHO-BUMIPIOBAIBHI
KOMIUICKCH XapaKTEePHU3YIOThCS 1HTCHCHBHOIO
TEHEPAIIEI0 PI3HOPIIHUX JIaHMUX, M0 HAJIXO-
JSTh BiJl BETUKOI KUTBKOCTI BUMIPIOBAIbLHUX
MIPUCTPOIB, CEHCOPIB Ta MmijcucTeM. Taki JaHi
MOXYTh BIIPI3HITHCS 32 CTPYKTYpPOIO, 4acTO-
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TOIO0 HAJXOJKEHHS, 00CITOM 1 TPU3HAYCHHSIM,
0 YCKJIagHIoE iX edexTuBHE 30epiraHHs Ta
noJaybIry 0OpoOKy B MeXax €IUHOTO ITiJIXO0-
Iy. Y 3B’S3Ky 3 IIUM aKTyaJIbHUM € 3aCTOCY-
BaHHs PI3HUX MOJeNel opraHizamii JaHuX,
KO)KHA 3 SIKAX Opi€EHTOBaHA HAa TIEBHHUH KIlac
3anad. Mogneni QpyHKIIIOHYBaHHS BETTUKUX Ja-
HUX TIpeJICcTaBlieHl B Ta0. 1.

Mogenb naHMX, OpiEHTOBaHA Ha JOKYMEHT,
BUKOPUCTOBYE JIOKYMEHTH SIK OCHOBHY OJTH-
HUIIO 30epiraHHs Ta IMOIIYKY HamiBCTPYKTY-
poBaHoi iHdopmamii. VY  iHbopmariiiHo-
BUMIPIOBAJIbHUX KOMILIEKCaX Taka MOJENb €
JOIUTHHOKO 3aBASKH THYYKOCTI CTPYKTYpPH Ta
MOJKJIMBOCTI 30epiraHHs pi3HOPIIHUX BUMI-
PIOBAIBHUX JTaHUX 0€3 MONepeTHbOTO KOPCT-
KOTO OIHUCY CXEMH.

VY mexax iH(OopMaIifHO-BUMIPIOBAIBHOTO
KOMIIJIEKCY JTOKYMEHTH 3aCTOCOBYIOTHCS JUIS
MPEACTABJIICHHS  pEe3y/lbTaTiB  BUMIPIOBaHb,
TEJIEMETPUYHUX JIaHUX, TapaMeTpiB AaTUHKIB,

>



TexHonoeis Big Data ...

MeTaJaHuX Ta 4YacOoBUX MiTOk. Haiimommmpe-
HimMMu ¢opmaramu noaaHHs € XML Tta
JSON, ski 3a6e31euyroTh 3py4IHICTh 00POOKH,
nepefayi ¥ iHTErpamii JaHuX MK IMiJICUCTe-
MaMH KomIuiekcy. Ha BiaMiHy Bif pensiiitHo-
ro miaxXony, e CTPYKTypa TabIuIilb BU3HAUa-
€ThCS 3a3/1aJIeT1/1b, Y JOKYMEHTOOPIEHTOBAHIN
MOJIeJNIi OIUC CTPYKTYpU Ta 3Ha4YeHb 30epira-
€ThCSL Oe3mocepeHhO0 B JOKyMeHTi. Lle mo-
3BOJISIE 30€epiraT JaHi 3 Pi3HOK CTPYKTYPOIO.
3aBISKH BHCOKIH T'HYYKOCTI Ta JAOCTYIMHOCTI
JAaHUX JOKYMEHTOOPiEHTOBaHA MOEIb € ede-
KTUBHUM pillIeHHSAM Ui 30epiranHs Ta o0po-
OKHM BEMKHUX 00CSTIB pi3HOPiAHOT iHDOpMaItii
B Cy4YacHUX iH(opMaliiiHO-BUMIpIOBATILHUX
KOMILJIEKCaX.

I'pacdoBa Momenp naHuX MpU3HAYEHA IS
30epiranHs Ta 0OpOOKU BEIMKUX OOCSTIB pi3-
HOpiAHOT iH(OpMaIlii, siIka MOXKe MaTU CTPYK-
TYpOBaHHI, HAMIBCTPYKTypOBaHWM abo He-
CTPYKTYypOBaHHMii Xapakrep. B indopmariiitno-
BUMIPIOBAJILHUX KOMIUIEKCAX Taka MOJENb €
0c00IMBO €()EeKTUBHOIO AJISI MPEACTABICHHS
CKJIQJTHUX B3a€MO3B’SI3KIB MK BHMIPIOBAJIb-
HUMHU TIPUCTPOSIMH, KaHAIaMU 300py JaHUX,
napaMeTpamM# CepeIoBUINA Ta pe3yJbTaTaMu
BUMIipIOBaHb.

Ha BimMiHy BiJ TpaaulliiHUX TiAXOMIIB, Y
SKUX CTPYKTYpa JaHUX BU3HAUAETHCS 3a3/1a-
neriap, rpadoBa Monens He moTpedye (dikco-
BaHOI cXeMH mepen 30epexeHHsIM iH(opma-
mii. Ile mo3Bosise THYYKO IHTETpyBaTH JIaHi,
0 HAJXOMATH BiJl PI3HUX CEHCOPIB, MiJCHUC-
TeM Ta 30BHIIIHIX JKEpeN, Y TOMY YHUCIl B
pexxumi peanbHoro yacy. s inpopmartiitHo-
BHUMIPIOBAJIbHUX KOMILJIEKCIB 1€ € BaXKIHBUM,
OCKIUTbKM KOH(]Iryparist BUMIprOBaJIbHOI CHC-
TEMH Ta CKJIaJ KOHTPOJIbOBAHHX MapaMeTpiB
MOXXYTh JHHAMIYHO 3MiHIOBaTUCA. Y Tpado-
Bill MOJIeNl JIaHi TTOAOTHCS y BHUTJISII BY3JIiB
Ta 3B’S3KiB M)XK HUMH, JI¢ BY3]I1 MOXYThb Bif-
MOBIJIaTH BUMIPIOBAIBHUM TPHUCTPOSIM, (i3H-
9HUM 00’€KkTaM a0o0 MOJisIM BUMIPIOBAHHS, a
3B’SI3KM — (DYHKI[IOHAIBHUM, YacoBUM abo
MPUYMHHO-HACTIIKOBUM  3aJIKHOCTAM. 3a-
BIISIKM 3JaTHOCTI OOpOOJSATH BENUKI 00CITH
BUCOKOIIBUAKICHUX JaHUX 0e3 HeoOX1gHOCTI
MOTIEPETHBOT0 BH3HAYCHHS CXeMH, rpadoBa
MOJIeTIb IITUPOKO 3aCTOCOBYETHCS ISl aHAI-
TUYHHX 3a/1a4 B PEXKHMI pealbHOro 4acy. B
iH(pOpMalifiHO-BUMIPIOBAILHUX ~ KOMIUIEKCAX

&

11e 103BOJIsI€ €(DEKTUBHO aHATI3yBaTH MOTOKH
BHUMIPIOBaHb, BCTAHOBJIIOBATH B3a€MO3B’SI3KU
MDK TapaMeTpamMu Ta IiJIBHIIYBaTH 3arajbHy
1H(OPMATHUBHICTh CUCTEMH.

Mogens TaHUX THITY «KIFOY—3HAYCHHS.
Mognenb JaHuX TUIY «KJIFOY—3HAYEHHS» € OfI-
HI€I0 3 HAWMPOCTIMMX 1 BOJAHOYAC HAWTHYY-
KilIuX Mojener 30epiranus iHpopmauii. B 1i
OCHOBI JIGKUTH 30€PEKEHHS TaHUX y BUTJISII
nap «KJIHY — 3HAYCHHS», JIe KJII0Y BHUCTYIAE
YHIKQJIBHUM 17IeHTU(IKATOPOM, a 3HAYEHHS
MICTUTP BIATIOBITHUN 1HPOPMAIIHHUN 00’ €KT.
VY KoHTeKkcTi iH(OpMAaIiitHO-BUMIPIOBATBHUX
KOMIIJIEKCIB Taka MOJIeTh JOIUIbHA I 30epi-
TaHHS BEJIMKUX TOTOKIB BHUMIipPIOBAJILHUX JIa-
HUX, TTapaMeTpiB CTaHy OOJaJHAHHS, PE3yJIb-
TaTiB OKPEeMHX BHMIpIOBaHb a00 CIIy>KOOBOI
iHpopmarii. 3HaueHHS B MOJENl «KIHOY—
3HAYCHHA» MOXKE MaTu JOBUIbHY (opMmy Ta
MICTHTH YHCJIOBI NaHi, TEKCTOBI 3allMCH, Ya-
COBI psiiu, IBIHKOBI (ailiu, a TaKoX CTPYyK-
TypoOBaHi a00 HaMiBCTPYKTYpOBaHI IPEICTaB-
JeHHs BuMiproBanbHOI iH(popmartii. [Tpu 1p0-
My BHYTPIIIHS CTPYKTypa 3Ha4yeHHS He
HaB’S3Y€ETHCSI CUCTEMOIO 30epiraHHs, a MoBHi-
CTI0O BHM3HAYAETHCS JIOTIKOI 1H(pOpMAIiitHO-
BHUMIPIOBAJIbHOTO KOMILJIEKCY Ta BHUMOTaMU
MPUKJIQJHOTO MTPOTPAMHOTO 3a0€3IIeYCHHSI.

OnHi€r0 3 KIIIOYOBHX TIepeBar i€l MoJeni
€ BIICYTHICTb >KOPCTKHUX BHUMOT JI0 CTPYKTYpH
nanux. lle mo3Bosisie JieTko aganTyBaTH CXO-
BHUIIIE /10 3MiH KOHIryparii obsagHaHHs, T0-
SIBU HOBUX JIaTYHMKIB a00 BUMIPIOBATHHHUX Ka-
HajiB 0e3 HeoOXimHOCTI MoaudiKallli 3araib-
HOi cxemu 30epiranns. Jloctyn no iHpopmarii
3MIUCHIOETHCS 0€3MOCEePETHBO 3a KITF0YEM, 1110
3a0e3meuye BUCOKY IIBUIKICTh YHUTAHHS Ta
3amucy JaHuX. MOoJelb «KIT0Y—3HaYCHHS»
no0pe MiIXOAWTh AJIs 3ajad, /e He TMOTPiOHI
CKJIagHl 3amuTh a00 BCTAHOBJIEHHS B3ac-
MO3B’SI3KIB MK JJAaHUMH, ajie¢ KPUTHYHO BaXK-
JIMBUMH € MIBUAKOIISA Ta MaclITraboBaHiCTh. B
iH(pOpMaIifHO-BUMIPIOBAIBHUX KOMIUIEKCAX
e Moke OyTu 30epiraHHs ONEpaTHUBHUX pe-
3yJIbTaTiB BUMIpIOBaHb, MIOTOYHHUX CTAHIB Ce-
HCOpiB, OydepiB TemeMeTpuIHUX AaHUX abo
TUMYAaCOBUX 3HAUYEHB, 1[0 BUKOPUCTOBYIOTHCS
i 9ac 0OpOOKH CHTHAJIIB.

CroBMYHMKOBa MOJEIH JAHUX TPYHTYETh-
cs Ha opraizanii iHdopmarlii y BUTJISIAI CTO-
BIII[IB Ta CIMEMCTB CTOBMIIIB, SIKi BUCTYMAIOTh
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HemyuHa

Tadanust 2 — MogeJti BeTMKUX JaHUX iHPOpMaNiiiHO-BUMIPIOBATBHUX KOMILJIEKCIB

Tun Xapakre
iHpopmaniiino- AP P Jouinbui OOrpyHTyBaHHSA
. [pu3Hayenns BHMIPIOBAJILHHX . N
BHMipIOBAJILHOTO - MoOjIeJTi TaHUX BHOOpPY Mojeneit
KOMILIEKCY
KonTtpons dizuanux . . 3a0e3neuyroTh NIBUIKAN
! IToTokoBi naHi, ya- .
KontpoibHo- mapameTpiB COBI DAL, BHCOKA Kimrou— 3aITUC 1 JOCTYII IO MTOTOYHUX
BHMIipIOBaJIbHI 00’€exTiB (TEMIepa- ‘{aCT(I))Ta Hj’:l,Z[XO 3HAYCHHS, 3HAa4YEHb Ta e(PEKTUBHY 00-
KOMIIIEKCH Typa, TUCK, HaIlpy- J— CTOBITYMKOBA | POOKY BEIMKMX MacHBIB OI-
ra, CTpyM TOIIO) HOTHITHUX BUMIipIOBaHb
Jlo3BousIIOTE 30€piraTu BH-
O1iHIOBaHHS TEXHi- . . MIpIOBaHHS Pa3oM i3 MeTa-
. . BararoBumipsi nani, | JokymeHTO-
JiarnoctuuHi YHOTO CTaHy o0ya- | . . . . JTAHVMH Ta BCTAHOBJIIOBATH
ICTOPUYHI BUMIPIO- | Opi€HTOBaHa, , .
KOMILIICKCH JTHAHHS, BUSIBICHHS 3B’SI3KH MIXK IMapaMeTpaMH,
. BaHHS, TOi1 rpadoBa . .
BiIMOB MOTiIMU ¥ KOMITOHEHTaMH
CHUCTEMHU
JloBrorpupane cro- . EdexTuBHI U1 HAKOTTUYEH-
. . Benuki o6csru ya- CTOBITYMKOBA, . N
MOHITOPHHIOBI CTEpEeKEHHS 3a CTa- HS Ta aHATITHYHOI 00pOOKH
S, COBHX Ta IIPOCTOPO- | TOKYMCHTO- . . .
KOMILIICKCH HOM 00’€KTiB 2060 . ICTOPUYHUX JaHUX 13 3MiH-
BO-YaCOBUX JIAHUX Opi€HTOBaHA
CepeIOBUIIL HOIO CTPYKTYPOIO
. . HaniscTpykTypoBani 3abe3mneuyrTh THyYKe 30¢-
Excnepumen- Haykosi gocni- BCTPYKTYP JloxymeHTo- . Y y
. JIaHi, pe3yIbTaTH . piraHHs pe3ynabTaTiB eKCIe-
TaJbHi JUKEeHHS Ta abopa- . Opi€HTOBaHa, S .
. . eKCIIepPUMCHTIB, PUMEHTIB 1 IIBUAKAN CTaTH-
KOMIIIEKCH TOpHI BUMipIOBaHHS . CTOBITYHKOBA . .
KoHpiryparrii CTHYHUH aHaJIi3
. . Kirou—3HauenHs 3a0e3mneuye
Kepyroui BumiproBanns 3 . .. .
. -~ [Hani peanpHoro ya- | Kitou— MiHIMaJIbHI 3aTPUMKH, Tpa-
iHpOopManiitHO- aBTOMAaTHYHUM Ke-
. . Cy, TIoAii, CUTHAJIN 3HAYCHHS, (oBa MOJIENTb TO3BOJISIE OTIH-
BHMIipIOBaJIbHI PYBaHHSM IIpoOIIe- .
KepyBaHHS rpadoBa CyBAaTH JIOTiKY B3a€MOIi
KOMIIIEKCH camu .
KOMIIOHCHTIB

OCHOBHUMH OAMHHIIIMHU 30epiranHs. B iHdo-
pManiiHO-BUMIPIOBAIBHUX KOMITJIEKCAX Taka
MOJICJb € TOIITLHOIO JIJIST POOOTH 3 BETMKUMHU
MacuUBaMHU OJHOTUITHUX BHUMIPIOBALHUX Ja-
HUX, 30KpeMa YaCOBUMH PsIIaMH ITOKa3iB CEH-
COpiB, mapaMeTpamMH CHUTHAJIB Ta pe3yibTa-
TamMH Oararopa3oBUX BHMIipOBaHb. Ha Biami-
HYy BiJ pAOKOBOi OpraHizamii JaHHX, J€ BCS
iHdopmartis mpo 00’ €KT 30epiraeTbCsi B OTHO-
MYy 3aIuci, CTOBMIYUKOBA MOJIETh TPYITy€E 3HA-
YeHHs 32 o3Hakamu. Lle o3Hauae, mo naHi o1-
HOTO TUIy, HANPUKIAJ TEMIIEPaTypH, THCKY
a00 Hampyru, 30epiraroThCsl Pa3oM y BiIIMOBI-
HUX CTOBHIX. Takuil miaxig AO3BOJISIE OJI-
HOMY ITUPOKOMY CTOBIIIIO MICTUTH OOCSAT iH-
dopmMailii, eKBIBAJICHTHUN BEIHMKIA KUIBKOCTI
PAIKIB y TPAAUIIHHUX TaOTUIIAX.

s iH(pOopMaliiHO-BUMIPIOBAIEHUX
KOMIUIEKCIB IIe 3a0e3Ieuye iCTOTHI mepeBaru
MiJ] 9ac BUKOHAHHS AHANITUYHHUX OIEpaIliil.
OOuwcClIeHHs arperoBaHuX MOKa3HHKIB, TAKUX
K CepelHl 3HAauYeHHA, CyMH al0 KUIbKICTh
BUMIPIOBaHb 3a TMEBHUHN I1HTEpBaJI Yacy, MO-
KYTh BUKOHYBATHCS 3HAYHO IIBUJIIE, OCKi-
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JBKH 00POOIISIETHCS JINIIe HEOOXITHUN CTOB-
neip, a He Bech HaOip manux. Kpim Toro, cro-
BITYMKOBA OpraHizarisi crpuse ePeKTUBHOMY
CTHUCHEHHIO Ta PO30OUTTIO JaHUX, [0 3MEHIITY€E
o0csir 30epiraHHs Ta IMiJBHINYE TPOTYKTHUB-
HICTh JIOCTYITY.

Mopeni BenmWKUX JaHUX 1HGOpMAIliitHO-
BUMIPIOBAJIbHUX KOMIUJIEKCIB MPEICTABICHI B
Tadymi 2.

KoxHa 3 po3risiHyTHX MOJENel JaHuX He
€ YHIBEpCAJIbHOI Il BCIX 3ama4 iHdopma-
[i{HO-BUMIpIOBAJIbHUX KOMIUIEKCIB. JlOKy-
MEHTOOPIEHTOBAaHA MOJIEh 3a0e3mevye THy4-
Ke 30epiraHHsi pi3HOPIAHOT BHUMIPIOBAJIBHOL
iHpopmarmii, rpadoBa MoAeNb € HAHOLIBII
e(eKTUBHOIO JUIS aHaJi3y CKIQTHUX B3ae-
MO3B’SI3KIB MK €JIeMEeHTaMu 1H(pOpMaIliitHO-
BHUMIPIOBAJILHOTO KOMILIEKCY, MOJIeTTh
«KITIOY—3HAYCHHS» ONTHMaJbHA I BUCOKO-
MIBUJKICHOT OOpOOKHM ONEpaTUBHUX JaHUX,
TOA1 SIK CTOBIYHMKOBA MOJIENIb HaWKparie mij-
XOJUTh JUISI aHAJTITUYHOI OOPOOKH BEJIMKHUX
MacHuBIB BUMIPIOBAJIbHUX JAHUX Ta YaCOBHUX

pAMIB.
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BucHoBkHu
Y po6oTi pO3TISHYTO OCOOIMHBOCTI (PyH-
KI[IOHYBaHHS  CyYacHHX  iH(popMaIiiHo-

BUMIPIOBAJIbHUX KOMIUIEKCIB Ta IPOAHANi30-
BaHO BHMOTH JI0 JaHWX, MO (POPMYIOThCS B
mporeci ix podortu. [TokazaHo, 1Mo 3pOCTaHHS
00csTiB BUMIPIOBaIBHOI 1H(OpMAIii, MiIBH-
IICHHS] YaCTOTH HAJXO/DKCHHS JaHHX 1 Pi3HO-
MaHITHICTB iX CTPYKTYp YCKJIAIHIOIOTH BHKO-
pUCTaHHSA TPaAMIIIMHUX MAXOAIB 10 30epi-
raHHs Ta 0OPOOKH JTaHHX.

Buxonano knacudikamiro iHpopmMariiitHo-
BUMIPIOBAJIbHUX KOMIUIEKCIB 3a TpPU3HAYEH-
HSIM Ta BCTAHOBJICHO, IO KOXKEH KJIac KOM-
IUIEKCIB  XapaKTepU3YEThCS  CIeU(piYHUMU
TUTIAMH JIAaHUX 1 BUMOTaMH JI0 iX 00poOku. Ile
3YMOBJIIOE HEOOXIJHICTh 3aCTOCYBaHHS THYY-
KUX 1 MacIITaOOBaHUX MOJENIEN JaHuX, 3/1aT-
HUX e()EeKTUBHO MPAIIOBATH 3 BEIUKUMH Ma-
CHUBaMH BUMIPIOBAJIbHOI 1H(OpMAITii.

Y po6oTi mpoaHai30BaHO OCHOBHI MOjIe-
71 TaHUX, [0 BUKOPUCTOBYIOTHCS B TEXHOJIO-
risx Big Data, 30kpemMa JOKyMEHTOOPIEHTO-
BaHy, rpadoBy, MOJENbh KIIOU—3HAYCHHS Ta
CTOBITYMKOBY MOJIEJb, 1 OOTPYHTOBAHO JOIIi-
JBHICTH 1X 3acTOCyBaHHA B iH(opmaIliifHoO-
BUMIpIOBATLHUX KoMILIekcax. [lokazaHo, 1110
BUOIp KOHKPETHOI MOJeNi JaHuX TOBHHEH
3MIHCHIOBATHCS 3 YpaxyBaHHSIM XapakTepy
BUMIPIOBaHb, PEKUMY poOOTH cucTeMH (pea-
JBHOTO yacy abo ogaiiH-aHali3y) Ta BUMOT
IO MIBHUAKOMIT M HAQIMHOCTI.
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BIG DATA TECHNOLOGY IN INFORMATION AND MEASUREMENT
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Abstract. The article examines the features of data processing and storage in modern information and
measuring complexes that operate in conditions of increasing volumes of measuring information and
increased requirements for speed and reliability. The main requirements for data of information and
measuring complexes are analyzed, in particular, regarding the volume, speed of receipt, structural
diversity and reliability of measuring information. The classification of information and measuring
complexes by purpose is presented and the characteristic types of data for each class are determined.
The main data models used in Big Data technologies are considered, and the feasibility of their use in
information and measuring complexes is substantiated, depending on the specifics of measuring
processes. It is shown that the use of flexible and scalable data models provides effective integration,
analysis and long-term storage of large arrays of measuring information. Special attention is paid to the
possibility of comparing the obtained data with additional sources of information, including data from
the Internet, which allows to increase the accuracy of analysis and forecasting. Examples of practical
application of data models in control and measuring, diagnostic, monitoring and control complexes are
also considered, which demonstrates their effectiveness in various applied tasks. The results obtained
can be used in the design and modernization of information and measuring complexes with increased
requirements for productivity and analytical capabilities.

Keywords: Big Data technology, information and measuring complex, data set, model, analysis,
information flow.
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CYYACHI CEHCOPHI TEXHOOTII B CUCTEMAX ABTOHOMHOIO
ONMANEHHA: ornaa | NEPCNEKTUBU 3ACTOCYBAHHA
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AHoTauif. Y cTaTTi 34iiCHEHO KOMMNEKCHUI OFNAA Cy4aCHUX CEHCOPHMX TEXHOJIOFIN, O 3aCTOCOBYHOTLCA B aBTO-
HOMHMX CUCTEMAX OMNasieHHsA, 30Kpema y ABOKOHTYPHUX KOHOIrypauiax, AKi NOEAHYIOTb KOHTYPY ONasieHHA Ta rapa-
4YOro BOAONOCTAYaHHA. PO3r1AHYTO OCHOBHI TUNW TeMnepaTypHUX ceHcopis — TepmicTopu, Tepmonapwu tuny TCCT,
umodposi gatunkm DS18B20, a TakoxK RFID-ceHcopM, siKi BUKOPUCTOBYHOTLCA AN1A AUCTAHLIMHOIO 34MTyBaHHA Napa-
meTpiB. MNpoaHanizaoBaHO iXHi KOHCTPYKTUBHI 0COBGAMBOCTI, NPUHUMNIN POBOTK, AianasoHW BUMIptOBaHb i BN/IMB
TOYHOCTi CEHCOpiB Ha eHeproepeKTUBHICTb cucTem. OcobamBy yBary NpuAiNEHO NUTAHHIO MiABULLEHHA CTabinb-
HOCTi pob0TH TENNIOOBMIHHMKIB | KOTAIB, WO 6e3nocepeaHbO 3a1eXKaTb Bif, TOYHOCTI Ta WBMAKOAiT TeMnepaTypHoro
KOHTposto. OKpemo po3rasHyTo Npobaemu, Nos’s3aHi 3 gerpasalieto CEHCOPiB YHACTILAOK BUCOKOTEMMEPATYPHUX
BM/INBIB, YTBOPEHHAM HAKUMY Ha TeN1006MiHHMX MOBEPXHAX, @ TAaKOX BMJIMBOM BOJIOFOCTi Ta €N1EeKTPOMArHiTHUX
3aBaj, Ha [OOCTOBIpPHICTb BMMIiptoBaHb. Y poboTi HaBeAeHO aHaNiTUYHUIA Ornagd, MeToAiB KommneHcauii noxvbok,
KanibpyBaHHA CEHCOpIB i 3aCTOCyBaHHA anropmuTmie ¢inbTpauii 4aHWX. PO3KPUTO MOXKAMBOCTI BNPOBAAMKEHHA CU-
CTeM BiAAaNeHOr0 MOHITOPUHIY Ta YNPaBAiHHA TeMMNepPaTypHMMM NapaMeTpamm 3a AONOMOrot 6e34poToBUX TEX-
Hosorili, 30Kpema npoTtokonis Wi-Fi, Bluetooth Ta ZigBee. Taki pilueHHA [03BONAOTb 34iMCHIOBATM LEHTPAi30Ba-
HUI KOHTPO/Ib PO6OTM KOTANIB | TENNOOOMIHHUMKIB, NPOrHO3yBaTH BiAMOBK Ta NiABULLYBATU HaAilMHICTb eKcnayaTauii
cMcTeMu 3arasiom. 3anpornoHOBAHO NMPAKTMYHI NiAXo4M A0 NiABULLEHHA TOYHOCTI BUMIpOBaHb i eeKTUBHOCTI pe-
ryJl0BaHHA TEMNJI0BMX MPOLECIB 338 PaxyHOK BMKOPWUCTAHHA iHTENEKTya/lbHUX CEHCOPHMX NPUCTPOIB, 34aTHUX A0
camopiarHoCTMKKM Ta aganTauii 4o 3miH poboyoro cepeposuila. MpoBeaeHe gocnigxKeHHs 6a3yeTbca Ha aHanisi
TEXHIYHWUX XapPaKTEPUCTUK CEHCOPiB, MaTeEMaTUUYHUX Mogesiel Tenonepeaadi Ta NPUHLMNIB QYHKLIOHYBAHHA LU-
poBuX cuCTeM KepyBaHHA. OTPMMaHI pe3ynbTaTM MatoTb NPUKAALHE 3HAYEHHSA 417 CTBOPEHHA eHeproedekTUBHUX,
HaZiMHWUX | a4aNTUBHMUX CUCTEM aBTOHOMHOFO OMANIEHHA B KUTNOBUX ByAiBAAX, CNPAMOBAHUX Ha 3HUKEHHA eHep-
roCnoXMBaHHA Ta NiABULLEHHSA KOMOPTY KOPUCTYBaUiB.

KnouoBi cnoBa: ABOKOHTYpHa cUCTEMA OMasieHHA, TEMNepaTypHUit KOHTpoab, Tepmictop, TCCT, RFID-ceHcopwy,
DS18B20, Ten/sI0BUIM MOHITOPUHT.

Beryn [HTenekryanpHi Ta TiOpUAHI CUCTEMH, SIKI BU-
CyyacHl TEHJEHIII PO3BUTKY CHCTEM  KOPHUCTOBYIOTH CEHCOPHU, MIKPOKOHTPOJIEPHU Ta
OMAJICHHS 3yMOBIIOIOTH HEOOXITHICTH BIPO-  HU(POBI AITOPUTMHU OOPOOKHM TaHMX, BIKPH-

BaJKEHHS HOBITHIX TEXHOJIOTIH HIarHOCTHKM, BalOTh HOBI MOKJIMBOCTI JUISI TTiIBUIIICHHST €HEp-
KOHTPOJIO Ta ONTHMi3allii TEIJIOBUX MPOLECIB.  TOe(EeKTUBHOCTI Ta 3MEHIIIEHHS BUTPAT PECYpCIB.

3anponoHoBaHe nocunaHHa: HaripHuii, B. I. (2025). CydacHi ceHCopHi TexHoorii B cucTemax aBTOHOMHOrO ona-
JIEHHA: orfag, i NepcnekTUBM 3acTocyBaHHA. MeToau Ta npunagy KoHTpont fAkocti, 2(55), 32-40. doi:
10.31471/1993-9981-2025-2(55)-32-40
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VY psni gochipKeHb  T0BEJIEHO, 10 edek-
THUBHICTh KOTEIHHOTO OOJIATHAHHS 3HAYHOKO
MIpOIO 3aJIeKUTh HE JIUIIE BiJ HOTO KOHCTPY-
KTHUBHHUX OCOOJMBOCTEH, a ¥ BiJl JIOTIKU Kepy-
BaHHS Ta SKOCTI BUMIPIOBaHb TEMIIEPATYPH.
BukopucTaHHs CTOXaCTUYHUX MOJENEH, KOM-
O1HOBaHUX TIOPUIHUX CHUCTEM Ta PErPECiiHO-
r0 aHaji3y J03BOJIIE€ TOYHO MEpeaOaynuTH Mo-
BEJIIHKY TEIUIOHOCIS B yMOBaxX 3MIHHHMX 30B-
HIITHIX TTapaMeTpiB.

HesBaxxaroun Ha cyTTeBHI NpPOrpec, Mpo-
OyiemMa cTaOUTBHOI Ta TOYHOT pOOOTH TeMrepa-
TYPHUX CEHCOpPIB B OINAJTIOBATBHUX CHCTEMAaX,
0COOMBO y JBOKOHTYPHHUX KOHQIryparisx,
3aIUIIAE€ThCS aKkTyanbHOI. Came ToMy JaHe
JOCITIJDKEHHS CTIPSIMOBAaHE Ha aHalli3 e(heKTH-
BHOCTI BIPOBAPKEHHSI CEHCOPHHUX EJIEMEHTIB
y CTPYKTYpY ONAIIOBAIBHUX CUCTEM 13 METOIO
MiIBUIICHHS iX (YHKIIIOHAJIBHOCTI Ta HaJiH-
HOCTI.

AHaJIi3 OCTaHHIX JOCHIIKeHb i myO.ti-
kauiii. CyyacHi TEHIEHIli PO3BUTKY CHCTEM
OMAJICHHsI 3YMOBJIIOIOTH HEOOXIIHICTH BITPO-
BaDKEHHS HOBITHIX TEXHOJIOTIH HIarHOCTHKH,
KOHTPOJIFO Ta ONTHMI3allii TEIJIOBUX MPOIIe-
ciB. [HTenekryanpHi Ta riOpUIHI CUCTEMH, SIKi
BUKOPHUCTOBYIOTh CEHCOPH, MIKPOKOHTPOJIEPH
Ta MUPPOBI ANTOPUTMU OOPOOKH JTaHUX, BiJK-
PUBAIOTh HOBI MOXJIMBOCTI JIJISl TTiJ{BUIIEHHS
eHeproe()eKTUBHOCTI Ta 3MEHIICHHS BUTPAT
pecypciB.

VY poboti [1] po3riIsiHyTO HEpCHEKTHBH
nepexoy XutioBoro Gouny BenukoOpuranii
3 TPaaUIIHHUX Ta30BHX KOTJIIB Ha TiOpWaHI
cuctemu turmy CoCo (Cognitive Computing).
Li cucreMu NOEAHYIOTH Ta30BUI KOTEN 1 MO-
BITPSIHHMI TEIJIOBUI HACOC Y €MHOMY KOMITa-
KTHOMY MPUCTPOi. ABTOPU MOJIETIOIOTH pobo-
Ty TaKuX TIOpUIHUX YCTAaHOBOK Ta aHaII3y-
I0Th, SIK aJTOPUTMHU KepyBaHHS (KOHTPOJIbHI
crparerii CoCo) BIUTMBAIOTh HAa PO3MOJLIT
TelIa MDK KOTJIIOM 1 TEINIOBHM HAcOCOM,
a OTXKe, 1 Ha CIOXKMBAHHS EHEeprii Ta piBeHb
BUKUIIB COs.

JlocmipkeHHs ToKa3ajio, M0 HaBiTh MpPH
HEe3MiHHI amapartHiii KoH(irypamii, TpoayK-
THUBHICTb CHCTEMHU 3HAYHO 3aJIEKHUTH BiJl JIOT1-
KM YTIPaBIiHHS, sIKa BU3HAYAE, KOIH caMe Te-
IUIO Ma€ IOCTavaTucCs BiJ KOTJIA, a KOJIU — Bif
TeruioBoro Hacoca. OTxe, He BCi TIOpUAHI CH-
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CTEMHU OJHAKOBO €(DEKTUBHI, 1 I aCIIEKT Mae
OyTu BpaxoBaHWUH IIiJ] Yac CTaHIAApTU3AIIIi,
TECTYBAaHHSI Ta BIIPOBAKEHHS TaAKUX CHUCTEM.
BucHOBOK aBTOpiB OJJHO3HAYHUH: e(heKTHBHA
CTpaTerisi KepyBaHHS — KIIOY JI0 3HM)KEHHSA
CHOXHMBAaHHA €Heprii Ta aekapOoHizamii oma-
JICHHSL.

[Hme nociigKeHHs, MpeacTaBleHe B Po-
60Ti [2], 30cepemkeHe Ha aHAJITUIHOMY MO-
JIeTIOBaHHI POOOTH BOJOTPIHHOTO Ta30BOTO
KOTJIa Y CHCTEMax IIEHTPaJi30BaHOTO TEIUIO-
MOCTa4aHHsI. ABTOPH IOCHIIWIHU, SK 3MiHHI
30BHIIIHI YMOBH (30KpeMa TemrepaTypa Ha-
BKOJIMIITHBOTO CEPEIOBHINA 1 TEIJIOBI HaBaH-
Ta)XCHHsI) BIUIMBAIOTh Ha poOOTY KOTHa, 1 3a-
MPOIMOHYBaJIM MaTeMaTHUYHY MOJIENb, 10 Bpa-
XOBYE I1i (haKTOPH.

BuxopucToBytoun CTOXaCTHUHUN TiIX1J,
BOHM MOOYAYyBalIM PIBHSHHS MHOKMHHOI JIi-
HIWHOI perpecii, sKe OMHUCYe 3aJeKHICTh BH-
X1IHOT TeMIepaTyp TEIIOHOCIS BiJ KiJIbKOX
rmapameTpiB: BXIJIHOI TeMIlepaTypu, BHUTPATH
razy Ta TeMIIepaTypd HaBKOJHUIIHHOTO Cepe-
noBuiia. Mozenp Oynia mepeBipeHa CTaTUCTH-
YHUMHU KpuTepismu (t-kpurepii CThrofeHTa,
F-xpurepiit dimepa), mo miarBepauio i 1oc-
TOBIPHICTH Ta MPAKTHUYHY I[IHHICTb.

TakuM 4yuHOM, OOMJBa MOCHIIKECHHS aK-
[EHTYIOTh yBary Ha HEOOXIJHOCTI TOYHOTO
MOHITOPUHTY TEeMIIEpaTypHUX TapameTpiB 1
onTuMi3anii KepyBaHHS KOTEIbHUMH CHCTe-
Mamu. lle miaTBepKye BaKIMBICTH BIPOBA-
JOKCHHSI CEHCOPHUX MEPEXK Ta IHTENEeKTyallb-
HUX aJITOPUTMIB, SIKi 37aTHI aJalnTHBHO pea-
I'yBaTH Ha 3MiHHI YMOBH POOOTH.

HesBaxkatouu Ha cyTTEBHI mporpec, mpo-
6nema ctabibHOI Ta TOYHOI POOOTH TeMIepa-
TYpPHUX CEHCOpIB B OMNaJTIOBAIbHUX CHCTEMAX,
0COOJMBO y JBOKOHTYPHHUX KOHQIryparisx,
3aNUIIA€ThCs akTyanbHOl0. Came ToMy JaHe
JOCIIJKEHHSI CIIPSMOBAaHE Ha aHali3 eeKTH-
BHOCTI BIPOBAKCHHS CEHCOPHHUX E€JIEMCHTIB
y CTPYKTYpY ONaJIOBATBHUX CHCTEM 13 METOIO
MIJBUIIECHHS X ()YHKIIOHAJLHOCTI Ta Haii-
HOCTI.

IMocranoBka mpodaemu. Y cdepi cuc-
TEeM OIaJieHHs 30epiraeThcs Kijibka mpooem,
K1 BIUIMBAIOTh HA 1X €(EKTUBHICTH 1 (PyHKIII-
OHAIBHICTh. OJHUM 13 KPUTUYHUX THTaHb €
MiATPUMaHHSL ONTUMAIBHOI TEMIEPATypu Te-

>
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IJIOHOCIST Yepe3 mpoOsieMy 3 HaKOMWYEHHSIM
Ha CTIHKaX TEIUIOOOMIHHUKIB TaK 3BaHOTO Ha-
KUIY, Y BUTJISAAI KapOOHATIB, 10 MOXKE TOTi-
piuTH iX poboTy. IHII0I0 IPOobIEMOIO € Tpo-
JTYKTUBHICTh TEPMICTOPIB Ha TEIJIOOOMIHHHM-
kax. Lli ceHcopu MaroTh BHpilIaTbHE 3HAYEH-
HSl JUIE TOYHOTO BHMIPIOBAHHS TEMIIEPAaTypH.
loHizamiitHi enekTpoau, W0 BUKOPHCTOBY-
IOTHCS JJTs1 KOHTPOJITIO TIOTYM'Sl B Ta30BUX KOT-
Jax, MPEeACTABISIOTH ¢BOi pobiemu. [1ix gac
3aIyCKy KOTJIa 9acTO BHHHMKAIOTh MPOOIeMH,
SIKI MOXYTh BIUIMHYTH Ha TPOIEC PO3MAITIO-
BaHHSA Ta cTalinbHICTE monym's. Hapemrri,
CydJacHI CUCTEMH OIaJICHHS BCE YacTiIIe Mpo-
MOHYIOTh KOPHCTYBa4aM MOJXKIUBICTh KOHT-
pOJIOBaTH KIMHATHY TEMIIEpaTypy 3a IOIO-
MOTOI0 CTalllOHAPHHUX PETYJATOPIB, a TAKOXK
nonatkiB juisi cmaptdoniB. Lg dynkmis 3a-
CHOBaHa Ha CEHCOpaxX TEeMIIEPaTypH, BCTAHOB-
JIEHUX Ha pajiaropax ado B PI3HUX YaCTHHAX
KiMHaTH. TOYHICTD 1 UyTIUBICTH LIUX CEHCOPIB
YKUTTEBO BKJIMBI /151 €()EKTUBHOTO KEPYBaHHS
TEMIIepaTypolo Ta 3pyYHOCTI KOPUCTYBaya.

Meta poGoTu — aHaii3 Ta OIiHKa edek-
TUBHOCTI BIPOBADKCHHS CYYaCHUX CEHCOP-
HUX TEXHOJIOTI y CTPYKTYpPY aBTOHOMHHUX
CHCTEM OMNaJICHHS 3 METOIO IiIBUIIICHHS TOY-
HOCTI TeMIIEpaTypHOTO0 MOHITOPUHTY, EHEPTO-
€(EeKTUBHOCTI Ta HaAIMHOCTI POOOTH TEIIO-
BUX TPUJIAJIB, 30KpeMa B yMOBaxX 3MIHHUX
30BHINIHIX IMapaMeTpPiB 1 HABAaHTAXKCHb.

BuxkJ/iageHHs1 0CHOBHOIO MaTepiajay a0-
caizkeHHsA. /[BOKOHTYpHAa cHCTeMa OmalieH-
HS CKJIQIA€THCSA 3 IBOX OKPEMHX KOHTYPIB. Sk
MPABWJIO, OJMH KOHTYp MPU3HAYCHUN I 3a-
Oe3leueHHsT OMAJICHHS TPUMIIIEHHS (HampH-
KJIaJl, HarpiBy pajaiatopiB abo Terwioi Imijio-
TH), @ IHIIHA KOHTYP BUKOPHUCTOBYETHCS IS
rapsyoro BOJOMOCTAaYaHHS (HAMPHUKIA, Mifi-
rpiBy Boju Tomio). Ile HanmamTyBaHHs 103BO-
JSi€ CUCTEMI HE3aJe)KHO KOHTPOJIIOBATH Ta
KepyBaTu MOTpedaMu IS OMAJICHHS TPUMI-
IIEHb 1 HarpiBy BOJH, 3a0e3meuyroun edekTu-
BHE Ta OJJHOYACHE MOCTauyaHHs 000X.

JlJiss IOpiBHSHHS BUKOPHUCTAEMO TPUKOH-
TYpHI CUCTEMH OTTAJICHHSI.

TpukoHTypHA CHUCTeMa OMAJICHHS, K BU-
IUIMBA€E 3 Ha3BHU, CKJIAIAETHCS 3 TPbOX OKpe-
MHUX KOHTYpiB. BoHU MOXyTh OyTH HajamTo-

«

BaHI PI3HUMH CTIIOCOO0AMU 3aJIEKHO BiJ KOHK-
PETHHUX BUMOT OYAiBIII 4K 3acTocyBaHHsA. Ha-
NPUKIIAA, OJWH KOHTYp MOKe OYyTH TpH3Ha-
YeHUU A OmasieHHs pajiaTopiB, APYruil —
JUISL TETUTOl MIAJIOTH, a TPeTId — JUIsl rapsdoi
Boau. Kpim Toro, y 6inbmmx abo CKIaaHINImMX
YCTaHOBKAaX OJIMH KOHTYP MOX€ OOCIyroBy-
BaTH OMAJICHHS JJIsl TICBHOI 30HU a00 JUISTHKH
OymiBii (HampWKiIaa, OKPeMoi KBapTHUPH), 1H-
U TSI THIIOT 30HM, a TPETId JJIsl Tapsiaoro
BOJIONOCTayaHHs. Taki cUCTeMH, SIK TIPABUIIO,
€ CKJIQJHIIIMMH 3a JIBOKOHTYPHI CHCTEMH,
NPOTIOHYIOYH OUIBIIY THYYKICTH y TOMY, K
OTIaJICHHSI PO3MOUISETHCS Ta KOHTPOIIOETHCS
MK pi3HUMH 30HaMu 4M pyHKIisME. [Jo Toro
K, TPHKOHTYPHA CUCTEeMa 3a0e31euye Kparui
KOHTPOJIb 32 PI3HUMHU 30HAMH a00 (QyHKITISIMH
OMAJICHHs, JO3BOJISIOYM TOYHINIE KepyBaTH
TEMIIEPATypOI0 Ta CIHOKWBAaHHSM EHEprii B
pi3HMX "YacTuHaX OyxaiBii. OMHAK OmucaHi Te-
peBaru € BUIPAaBIAHUMH JIHIIE 32 YMOBH, 1110
CHUCTEMHU ONAJICHHS BHKOPHCTOBYBATHMYThCS
y BEIHMKHUX ab0 CKIaJHIMMX OyIiBIsAX, /1€ Ha-
SIBHI KiJTbKa 30H 200 OKpeMmi MmoTpedu B oma-
JIeHH1 (HaIllpuKIIad, pi3Hi MoBepXu abo BEJHKI
MPUMIIIEHHS) TOTPEOYIOTh OKPEMOTO Kepy-
BaHHs. Y IHIIOMY BHIAJKy, ABOKOHTYpPHI CH-
CTEMH BHSIBJISIOTHCS TIPOCTIIIAM PIIICHHSM Ta
€ TONIMPEHUMHU B KUTJIOBHX MPUMIIIECHHSX,
Jie OTAaJIeHHS Ta rapsva BoJa € OCHOBHUMH
norpedamu.

®oKycOM TIOTOYHOTO JOCITIJKCHHS € CH-
CTEMH, SIKI MOETHYIOTh CTPYKTYPHI 0COOJINBO-
CTl KOTJIB, BUKOPHUCTOBYBAaHUX Y JOMAIIHIX
YMOBaX, Ta TEIJIOBHX €JIEKTPOHHUX HACOCHUX
cucteM. KoMOiHOBaHI KOTJIM 3a0e3MeuyrTh
SIK OTAJICHHSI MPHUMIIIEHb, TaK 1 MUTTEBE BU-
POOHMIITBO Tapsv0i BOAM B OJHOMY TpHIIaIi
6e3 okpeMoro Oaka AJisi rapsa4yoi Boau. Takum
YUHOM, BOHM KOMIAKTHIII, JEIIeBIII Ta
MBI B YCTAHOBILI, HUK TpaJHLiiHI cHCTe-
MHI KOTJIU 3 pe3epByapamMu sl Tapsiaol BOJIH.
MuTTteBa rapsya Bojia € KOPUCHOIO JJISi €Hep-
roe(eKTUBHOCTI, 3 TOYKH 30py YHHUKHEHHS
BTpaT TeIUla 3 HAKOMHMYYBAaILHOTO OaKky, aie
Hee(DeKTUBHICTh KOMOIHOBaHHMX BTpaT Ta 00-
MEKEHHUH Jiarna3oH MOIYJIAMIl MOXKEe HeraTH-
BHO BIUTMHYTH [3] Ha €()EKTUBHICTS.

3a0pyaHEHHS TEIUIOOOMIHHUKA € OCHOB-
HOIO TIPOOJIEMOIO ISl EKCIUTyaTarlii KOTJIiB.
s mpobnema BUKJIMKaHA HAKOTMYEHHSM Ka-

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)



u Thy Thz U Ro

Iy

0V
A B

Vaux — Veux
RO U Th1 m;h 2
/

HaeipHuti

=
=t
=
-
=

"

1K

1.5K
1K

s

Pucynok 1 — Cxema po6oTu TepmicTopa 3 Tepmiunoro mikpocxemoio [6] (TCCT)

pOOHATHUX BiIKJIAJE€Hb Ha BHYTPILIHIX MOBE-
PXHSAX TeTuIooOMiHHUKIB 3 yacom [4]. Ilep-
IIIUM HACIIIJIKOM € 3MEHIIEHHS TeIrIONpOayK-
mii 4yepe3 BTpaTy TEIUIOBIIIAdl 1, HaApPEIITi,
3yMMHKAa KOTJa uepe3 3acMiueHHs. binbiia
yacTUHA 3a0pyJTHEHb CKIIAJIA€ThCSA 3 JIPIOHUX
YAaCTUHOK, SIKI MIOXOAATH Bijl peakiiil BUIapo-
BYBaHHS JTY’)KHMX METAIB Ta Peakiliii BiJIHOB-
JICHHS TIEPEBAXKHO CIPKOIO, XJOPOM 1 BYIJIe-
neM. TemriepaTtypa € HaHOUIBII YacTO BUMi-
PIOBAHOIO BEIMUYMHOIO. BuMiproBaHHS Temrie-
patypu MoKe 3IIIHCHIOBATHCS SIK 3a JIOTIOMO-
TOI0 MPSIMOTO KOHTAKTY 3 JDKEPEIOM Teruia,
TaK 1 JUCTAHIIIHHO — MIJISTXOM BHKOPHCTAHHS
BunpomiHioBaHoi  eHeprii. RTD-cencopu
(TepMoMeTpH omopy) 3a0e3MeuyloTh BUCOKY
TOYHICTH 1 CTaOUIBHICTD, IO POOUTH iX MpHU-
JATHUMHU JJI1 TOYHHMX BUMIpIOBaHb. Tepmic-
TOpH, 31 CBOrO OOKY, BUPI3HSAIOTHCS BUCOKOIO
YYTIUBICTIO Ta IMIBHUAKOK PEaKIi€l0 Ha 3MIHH
TeMIepaTypH.

OCHOBY TeMIepaTypHUX CEHCOPIB Y KOT-
JIOBUX CHUCTEMaX CKJIAJalOTh HAIiBIIPOBIIHU-
KOB1 THIH PE3UCTOPIB — TepMicTopHu. Tepmic-
TOPH KIacU(iKYIOTBCS 32 THIIOM MPOBIIHOCTI.
TepMmicTopr 3 HETaTHBHHM TEMIIEPATYpPHUM
koedinieatom [5] (NTC—Negative-temperatu-
re-coefficient) MaroTh MEHIUU OIp TIPH BH-
IIUX TeMIleparypax, TOJl K TePMICTOPH 3 TO-
3UTUBHUM TEMIEPATypHUM  KoedimieHToM
(PTC—Positive-temperature-coefficient) ma-
I0Th OUTBIIUK OIMp TPH BUIIMX TEMIIEpaTy-
pax. BoHM 4acTo 3aCTOCOBYIOTBCS AJISi BUMi-
PIOBaHHS Ta KOHTPOJIIO TEMIEPATyPH 3aBISKH
BUCOKIH uyTiaMBOCTI Ta TouHOCTi. Kpim ToOTO,
BOHM MalOTh IMIUPOKUHN Aiama3oH poOOUYUX Te-
MIepaTyp 1 BUIIYCKalOThCS B PI3HUX po3Mipax
Ta KOHCTPYKIiSIX, IO JI03BOJISIE aIalTyBaTH iX
M7 KOHKPETHI BUMOTH MPOEKTY. ManeHbKui
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poO3Mip 1 MBHJKA peakilis Ha 3MiHYy TemIiepa-
Typu poOJATh iX MPUIATHUMU Ui 3aCTOCY-
BaHb, JIe BXIUBI POCTOPOBI OOMEXKEHHS Ta
yac pearyBaHHs. OCKUIBKH OITip TEPMICTOPIB
NTC 3meHIIyeThCs 31 301IBIIEHHSIM TEMIIepa-
TypH, IO CHOpPUSIE MOHITOPUHTY Ta KOHTPOJIIO
TEMIIepaTypy B CUCTEMi KOTJIa, TO BOHU Haii-
yacTille BUKOPUCTOBYIOTHCS Y TaKMX CHCTe-
max. Jlns BU3HAYeHHsS NMPUAATHOCTI abo He-
MPUAATHOCTI TEPMICTOPIB Ha TEMJIOOOMIHHH-
Kax, iX mpaBWIBLHOI poOOTH Ta HEOOXITHOCTI
paHHBOI 3aMiHH, 3aCTOCYBAHHSI MPUCTPOIO
TEpPMICTOpPa 3 TEPMIYHOIO MIKpocxemoro [6]
(TCCT - thermally coupled chip thermistor) €
pimennsm Bubopy. Ilpuctpiit TCCT mparroe
yepe3 aBa Tepmictopu Thl 1 Th2, ne Thl ca-
MoHarpiBaetbes, a Th2 nie sik Teruonpuiimay.
BuxingHuii omip, SKUH 3MIHIOETBCS 3aJIEKHO
BiJl TeMIepaTypu Ta HaIlpyTd, € KIYOBUM
JUIS. MOHITOPHHTY MPOJXYKTHBHOCTI TEPMICTO-
pa Ta BUSBJICHHS MOTEHUIHHUX MTPOOIEM.

[Ipuctpiii HamamrToByeThCs 3a MOIU(DI-
KOBaHOIO MOCTOBOIO CXEMOI0, SIK TIOKa3aHO Ha
pucyHky 1, me BuxigHa Hampyra (VBHX) 3a-
JAeKUTHh Bif pizHuLi Temmeparyp Mix Thl i
Th2. Ctpym camonarpiBanss I1 B Thl rene-
pye terto P1, sxe nepenaerbes Th2, Tum ca-
MHUM BIUTMBaKO4Yd Ha Horo omip R2 1 BUXimHY
temneparypy T2. Lle ciBBiAHOIIEHHS 103BO-
JIsi€ IEPETBOPIOBATH TEMIEPATypy Ta MOTYXK-
HICTh y CUTHAJIM HAmpyrH, SKi MOXKHa BUKO-
PUCTOBYBATH JUIsl MOHITOPHHTY POOOTH Tep-
MicTopa.

CtabibHICTh CTPYMY CaMOHarpiBaHHS €
KPUTUYHOIO JUIs 3a0€3MeUeHHs] HAJIEKHOI po-
6otu tepmicropa. Kputepii crabinmbHOCTI 3a-
CTOCOBYIOTBCSI, IIOO rapaHTyBaTH, IO TEIUIO,
sIKe BUIUISETHCS, 3HAXOMMTHLCS B OanaHci 3
TEIUIOM, IO PO3CIIETHCI. Byab-ske Bimxu-
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Cy4YacHi CeHCoOpHi mexHonoaii ...

JIEHHS BiJ] ITbOTO OaTaHCY MOXE CBITYUTH TIPO
mpo0JieMHu 3 TEPMOPE3UCTOPOM, TakKi SIK CTa-
piHHS, nOerpanmaiis MaTepianxy a0o 30BHIIIHI
BILJIMBH, 1110 BUMAaraTuMe 3aBYacHOi 3aMiHH.

Tennosi xapakrepuctuku TCCT moxHa
MOBHICTIO 3pPO3YMITH, NpOaHaIi3yBaBIIU JU-
HaMiKy Teruionepeaadi B cucremi. Lle mepen-
0ayae mepeBipKy BXIAHOI MOTYXHOCTI, IO
MO/IA€ThCS Ha TEPMICTOPH, Nepenady Teruia
4yepe3 eMOKCUIHUN 1HTepdeic, sIKuil 3’ €Hye
TEPMICTOPH, 1 PO3CIIOBaHHS TeIjla B HaBKO-
nuiHe ToBiTpsa. KirodoBuM mapamerpoM €
PI3HUIIA TEMIIEpaTyp MiX JBOMa TepMicTopa-
mu, AT, ska BinoOpakae e(peKTHBHICTh Terl-
JIOBOTO 3B’sI3Ky MK HUMH. el 3B’s30K Biji-
rpa€e BUPIMIAIBHY POJb B OLIHII MPOAYKTHUB-
HOCTI Ta MPUIAATHOCTI TEPMICTOPIB JIJIsI TOY-
HOTO BUMIPIOBaHHS TeMIIEPaTypPH.

[ToTyXHICTh, IO TOMAETHCS Ha TEpPMic-
TOp 1 IEPETBOPIOETHCS HA TEIUIO, BU3HAYAETh-
cs1 3a popmyIoro:

P,=1> xR,
ne I — ctpym depe3 Tepmictop, a R — Horo
orip.

[IBuaKicTh TemIonepenayi yepe3 enoKCH-
JTHY TIOBEPXHIO ONUCYETHCS 3aKOHOM Dyp’e:
(Th1 — Th2)
—q
ne k mo3Haydae TeruIoNpoOBiIHICTh MOKCHTHOT
cMOJHU, A — TMJIOLLy TMOIEPEeYyHOro Mepepizy
rerionepenadi, Tpq, Ty, — Temmeparypu 3
JIBOX CTOPIH TepMicTopa, d — TOBIIUHY €TIOK-
CUJIHOTO TI1apy.

[IBuAKICTH PO3CIIOBaHHS TEIjla B HABKO-
JUIIHE TIOBITPS MOXHA OMUCATH KOHBEKTUB-
HUM TETUIO0OMIHOM:

Qa=hxAX (Thl - THOB)!
ne h — KoediIieHT KOHBEKTUBHOI TETUTonepe-
navi, A — TuIoIIa MOBEPXHi, SKa IIIAETHCS
BILTUBY TOBITPS, Ty,; — TEMIEpaTypa HABKO-
JUIIHBOTO TIOBITPA.

Ha npaxruni npuctpiii TCCT moxHa BH-
KOPHUCTOBYBATH JJIsi KEPyBaHHS TEPETBOPIO-
BauyaMH 3MiHHOTO/TIOCTIHHOTO CTPYMYy MaJIoi
MOTY)KHOCTI HUISXOM MOHITOPUHTY BXiJHOI
noTyKHOCTI P1 stk yHKIT BUXigHOT Temrie-
parypu T2. AHanizylouu TepMiuyHy MOBEIIHKY
Ta CTaOUIBHICTh MPUCTPOIO, MOKHA BU3HAYH-
TH, YU MIPABUWIBHO MPAIIOIOTH TEPMICTOPH, YU
HaOIMKAIOTHCSA 0 KIHIS TEPMIHY CBOEI CITy-
XKOU, TOMY TOTPEOYIOTh 3aMiHH.

&

Takum uymnom, mpuctpii TCCT mpomo-
HY€ METO/] MMOCTIHHOTO MOHITOPUHTY TPOJIYK-
THBHOCTI TEPMICTOPIB Ha TEMJI0OOMIHHHKAX.
AHaNI3yr04M CHiBBIIHOIICHHS ‘‘TeMIepaTypa-
Harpyra” Ta “TIOTYKHICTh-Hampyra”, a TaKoxX
3a0e3meuyroun CcTabiIbHICTh CTPYMY CaMOHa-
rpiBaHHS, MOXXHAa BU3HAYUTH NPHIATHICTH
TEPMICTOPIB 7Sl MOJAIBIIOTO BHKOPUCTAHHS
a00 BHUSIBUTH HEOOXITHICTh PaHHBOI 3aMiHH,
TaKUM YHHOM 3a0€3IMeuyrvn HaJiiHy poOOTy
TEII00OMIHHOT CHCTEMHU.

OnHier0 3 MOXKIMBUX TEXHOJIOTIHM, IO
JIeKaTh B OCHOBI CY9aCHUX CHUCTEM KOHTPOJIO
TeMIlepaTypu B OYIIBIAX, € BUKOPHUCTAHHS
0e3ApOTOBHUX CEHCOPIB TEMIIEPaTypH B MOE-
HaHHI 3 JoaaTtkamu s cMapTdoHiB. Lsg Tex-
HOJIOTisI JTO3BOJISIE KOPUCTYBa4yaM aBTOMATHY-
HO, a00 BpPY4YHY PETYJIIOBAaTH MapaMeTpH TEM-
nepaTypu B OKpeMHUX KiMHaTax OymiBii, 3a-
0e3reuyroyr ONTUMATbHUNA KOMMOPT 1 edek-
TUBHE BUKOPUCTAHHS €HEPTii.

LleHTpalbHUM KOMIIOHEHTOM IIi€i CHCTE-
MU € CEHCOp TEeMIIepaTypH, SIKUHA MOXKHA
CTpaTeriyHO PO3MICTUTH Ha pajiaTopax abo B
MeBHUX YacThHax KimHatu. Lli ceHcopm mmoc-
TIHHO KOHTPOJIIOIOTh TEMIIEPaTypy HaBKOJIH-
IIHHOTO CEPEJIOBHUIIA Ta MEPENAl0Th JIaHi Ha
HEHTPAILHUI KOHTPOJIEp, YacTO iHTErpoBa-
HUN y pomatok mns cmaptdona. Jlomatok
CIYXUTh iHTEepdEencoM, MO T03BOJISE KOPUC-
TyBayeBl BCTAHOBIIIOBATH Oa)kaHi TeMIepaTy-
pU UL PI3HUX TPUMIIICHBb 1 PEryJIIOBaTH iX
BiJIalieHO 3 OyJb-sIKOTO MICIIsI, Maro4u J0C-
TYN 10 MEPEX1 IHTEPHET.

Ha BigmiHy Bii TpaauliiHUX TepMOCTa-
TiB, Il CUCTEMH 320€3MeUYyIOTh OLIBII JeTalb-
HUW KOHTPOJb, JO3BOJSIOYN PETYIIOBATH Te-
MITepaTypy B KOKHIM KiMHATi, a He I BCI€l
OyniBni. CeHCOpH 31aTHI BHSIBIISAITH HAaBITh
HE3HAYHI 3MIHU TEMIIEPaTypH, SKI MOTIM IIe-
pPEeNaroThCs B MPOTpamMy B peaibHOMY Yaci.

3B’S130K MK CEHCOpaMHU TeMIlepaTypu Ta
JOJIaTKOM Ha cMapTdOHi 3a3BHYail 37iiCHIO-
€TBCS 32 JIOIIOMOTOI0 O€3IPOTOBUX IMPOTOKO-
niB, takux sk Wi-Fi, Bluetooth abo Zigbee.
Bubip npoTokoiny 3B'SI3Ky 3aJ€XHUTh BiJl KOH-
KPETHUX BUMOT CHUCTEMH, TAaKHX SK Jiama3oH,
CIIOXKMBAHHS €HEprii Ta MBHJIKICTh Tepemadl
nanux. CeHCOpH TeMIepaTypH, siKi BUKOPHC-
TOBYIOTBCSI B ITUX CHCTeMax, po3poOJjieHi Ta-
KAM YHHOM, 1100 OyTH eHeproe(eKTHBHUMH,
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YacTO MPAIFOI0YH BiJl aKyMYJISITOpa MPOTITOM
TpuBaIOro dacy. lle mocsraeThCs MUIIXOM
onTuMi3alii poOOTH ceHcopa I MiHIMiZaIi
CTMOXMBAaHHS €Heprii, 1o mnepeadavae mepe-
navy JaHUX JIMIIE y pasi 3HavyHOI 3MIiHH TE€M-
neparypu, abo KOJIM KOPHUCTYBad 3alUTYye
OHOBJICHHS.

VY HactymHOMY JAOCTiKeHHi [7] BUKOpHU-
CTOBYIOThCSI BHCOKOYAacTOTHI ceHcopu RFID,
SIK1 TIEPETAIOTh 1 OTPUMYIOTh SIK €HEPrito, Tak
1 JaHi 32 JOMOMOTOK IHAYKTUBHOTO 3B’SI3KY,
10 JOCSTAEThCS Yepe3 3MIHHE MarHiTHE TOJIe
MK KOTYIIKOBUMHM aHTEHAMHU 34UTyBaya Ta
MITKH. 3MiHHE MAarHiTHE TIOJIE TEHEPYETHCS
KOHTYPOM PE30HAHCHOTO 0aKa, 110 CKIIaa€ThCs
3 KOTYIIKH 1HAYKTUBHOCTI Ta KOHJIEHCATOpAa.

VY cucremi RFID, npusHadeniit ans muc-
TaHI[ITHOTO KOHTPOJIO TEMIIepaTypu KOTIIa,
RFID-MiTKM OCHaleHi ceHCopaMu TeMmIepa-
Typu[8]. 3umtyBau RFID He Tinpku croiiky-
€TbCS 3 MITKaMH, ajie i KOHTPOJIIOE JIaHi Mpo
TeMIIepaTypy, K1 HAJACHJIAIOTHCS ITMMU MiTKa-
Mu. JlaHi mpo Temneparypy KOJIyIOThCs Yy BiJl-
MOBIJIb MITKHU Ta HA/ICHJIAIOTHCS HA 3UYNTYBAY.

VY cuctemi BUKOPUCTOBYETHCSI TPOTOKOI
RTF (reader-talks-first), 3a sikum 34MTyBau
HIIIFOE TIepeIavy NaHuX TMepell OTPUMAaHHSIM
BIAMOBI/I BiJ KJIIOYOBUX MITOK. Y IIbOMY
MPOTOKOJI  BUKOPHUCTOBYETHCS — aMILTITyHA
MOAYJIAIIS 3 KOAYyBaHHSM TIO3HIIIT IMITYJIbCY
Ha KaHajl 3B’A3Ky ‘‘3uMTyBay-miTKa”. [HAEKC
Moxayssii ctaHoBuTh 10%, a mepenaya 1aHuX
BiJOYBa€ThCS 32 CXEMOIO IMITYJIBCHOTO KOJY-
BaHHA | moswmmii 3 256 moxymBux. Crapro-
BUI IMITyTBC 9,44 MKC CUTHANI3y€e NEMOIYIISI-
topy RFID-miTkMm mpo Te, 1o mepenaerbes
HOBA IMMOCHIIOBHICTE maHnX. KoxxeH OIT JaHux
Mae TpuBaiicTh 18,88 MKC, a BCS MOCIHIIOB-
HICTb KOMAaHI, IO CKIAHAEThCS 3 8 OalTiB,
nepenaerbes 3a 38,7 Mc. Pe3onancHa gactora
PO3PaXOBYETHCS HACTYITHUM YHHOM:

1 1
f = = )
* on LG, 2mJILG,

Ly 1 C; yTBOPIOIOTH PE30HAHCHUIN KOHTYD
Oaka ns mepenadi eHeprii 3 Pe30HaHCHOIO
4acToToIo fy, 3a3Buyait 13,56 MI' myis Buco-
kouyacTtoTHUX RFID.

[HAyKTHBHA Hampyra aHTEHU MITKU TPS-
MO MPOTOPIIiifHA ITBUIKOCTI 3MIHH MarHiTHO-
ro motoky ¥ uepes3 KOTymIkH, sika MOxke OyTH
BHUpaXEHa SIK:
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U, —E— _NZE_ —Nza[JB'dS],
ne N, ta N;— KUIBKICTh BHTKIB Y KOTYIIKaX
MITKH Ta 34ATyBaya BiJMOBiTHO, ® — MarHiT-
HUU TOTIK Yepe3 KOXKHY KOTYIIKY, B — MarHi-
THa 1HAYKILSA, a S — Tuoma KoTymku. /s ky-
Ta MiX B 1S, mo nopiearoe 0°, v, MoXxHa 00-
YHCITUTH SIK:
UoNN,a?S | di v di

27 2@ + o3z |ac - at’
ne M — koedirieHT B3a€MHO1 1HIYKTHUBHOCTI.
Hanpyra moxxe Oytu o6pobiena 3a 10momo-
rOI0 CXEMH BUNPAMIISYA Ta PEryasTopa IS
xuBJeHHs Mikpocxemu RFID 1 momymst nmat-
YhKa TEMIeparypu ais 300py Ta mepemadi
JTAHHX.

TemrieparypHi CEHCOpPH BIAIrpalOTh BH-
pilaIbHY POJIb Y MiATPUMaHHI ONTHMATBHUX
YMOB, IIiJIBUIIIEHHI €(eKTUBHOCTI Ta 3abe3re-
YeHHI HaJIHHOCTI PI3HOMAHITHUX CUCTEM, 30-
KpeMa 1 CHCTEM OTaJICHHSI.

Ha pucynky 2 300pakeHO MONEpPeaHbO
MIiKII0YeHA Ta BOJOHEIPOHUKHA BEPCisl CEH-
copa DS18B20. [9]. Bona oco6nmBo 3pydyHa y
BUIA/IKaX, KOJH MOTPIOHO BHMIpIOBAaTH TEM-
nepatypy Ha BijcTaHi ab0 B yMOBax IIiJIBH-
meHoi Bosorocti. CaM CEeHCOp 3/aTHHM Tpa-
[IOBAaTH MpH Temmeparypax ao 125 °C.

3aBasku UQpoBoMy iHTepdeicy MU He
BTPayaeMO CHTHAIy, HaBiTh IPU BUKOPHCTaH-
Hi Ha BeNUKHX BiacTaHsx, L1i nudposi Temme-
paTypHi CEHCOpU 3 OJIHIEIO JIHIEH 3B’SI3KY
nocuth TouHi (£0,5 °C — y GinbmiocTi miama-
30HY) Ta MOXYTh 3abe3neduTu a0 12-0iTHOi
TOYHOCTI 3aBISKA BOYJOBAaHOMY B CEHCOD
(P PO-aHATOTOBOMY ITEPETBOPIOBAYY.

JlaHuii ceHcop 4YyIOBO Mparroe 3 Oyib-
SKHM MIiKPOKOHTPOJIEPOM, III0 BHKOPHCTOBYE
JuIIe oauH UUGPOBHA TiH, 1, HABITh, JT03BO-
JSIOTH MIJKIIIOYATH JASKIJIbKa CEHCOPIB 10 OJ1-
HOTO BUBOAY. KOKeH ceHCOp Mae yHiIKaTbHHIMA
64-0iTHUN ineHTUdIKATOp, KU 3allMCaHO Ha
3aBOAl JUIs WOro posmizHaBaHHA. IIparioroTh
BIJI KABJIEHHS B aiamnasoHi Bix 3.0 o 5.0 B.

Cencop DS18B20 cymicHuii 3 Arduino
(5 B) Ta ESP8266 (3,3 B). OnHi€ro 3 BETUKHUX
nepeBar bOTo MPUCTPOIO € MOKIUBICTH MOH-
TaXy Ha 3HAYHIN BIJACTaHI BiJ TJIATH MIKpO-
KOHTpoJiepa — ImoHaiiMeHIe 10 20 MeTpiB.
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Pucynok 2 — Cxema nigkiarodenHs cencopa DS18B20

[Hmi cencopu, HampHKIaj Ti, M0 BUKO-
pucTOBYIOTH mpoTokon [2C, MarmTh OytH
BCTaHOBJICHI 3HAYHO OJMKYe 10 MIKPOKOHT-
poiiepa. Ll manbHICTh 3’€THaHHS € KPUTUIHO
BaXXJIUBOIO, OCKUIBKM CEHCOPH BCTaHOBIIIO-
IOThCSl Ha TpyOaxX, pO3TallOBAaHUX Ha TEBHIN
Bijctani Bix iath NodeMCU Ta mocTiitHoro
JoKepena JKUBJICHHSI.

®daktuuHo, xuBieHHS 5 B DC (uepes
micro USB po3’em) nns NodeMCU nonaets-
cs Big Wi-Fi poyrepa, 1mo 103BojsiE YHUKHY-
TH BUKOPHUCTaHHS okpeMoi pozeTku 230 B AC
Ta ajjanTepa *KUBJICHHS.

Biacrans y 5 MerpiB MiX Temmeparyp-
HUMH CEHCOpaMM Ta MIKPOKOHTPOJIEPOM Iie-
PEKPUBAETHCST 32 JIOTIOMOTOI0 TPHKHUIBHOTO
Kabeno: )kuBIeHHs, AaHi Ta 3emis (GND). Ha
000X KIHIAX JiHII JaHWX BCTAHOBJIEHI MIITS-
rytoui pesucropu: 6,8 kOM Ha 6oui DS18B20
ta 4,7 xOm Ha Oomi NodeMCU. 3HaueHHS
pesucropa 6,8 kKOm Oyro migiopaHe eMITiprudHO.

Jns pobotu cencopa DS18B20 y 3Bu-
yaifHOMY peXHMi HEoOXiHE TPHUITIHOBE abo
TpurpoBigHe 3'eananus [10]. YV upomy pexu-
mi BuBig VCC nmarumka IOKIIFOYAETHCA 10
JoKepena KUBJICHHS 5 B.

Ha pucynky 3 mokazaHo cXemy IiKITo-
yeHHs ceHcopa DS18B20 no Arduino y 3Bu-
YaHOMY PEXKHUMI.

Otxe, tepmictopu NTC (3 HeraTHBHUM
TEMITEpaTypHUM KOE(]iIliEHTOM), TaK 1 TemIIe-
patypHi cencopu DS18B20 moxyTh OyTu 00-
paHi I PI3HUX TMOTPEO 3aJIeKHO BiA IXHIX
TEeXHIYHUX.

BucHoBku

V crarTi 3a1fiCHEHO KOMIUIEKCHUI aHaIi3
Cy4aCHUX CEHCOPHUX TEXHOJIOTii, M0 BHKO-
PHUCTOBYIOTBCS B aBTOHOMHHUX CHCTEMax oOlla-
JICHHS, 3 aKIEHTOM Ha TEeMIIepaTypHi CEHCO-
pH, X TOYHICTh, HAJINHICTh 1 BIUIMB Ha e(dek-
TUBHICTh TEIJIOBHUX MporieciB. JloBeaeHO, 110
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Pucynok 3 — Cxema nigkiarouenns cencopa DS18B20 go Arduino

BHOIp 1 TpaBUJIbHE 3aCTOCYBaHHS CEHCOPIB
(3okpema TepmictopiB NTC, TCCT-monymis,
nudpoBux cercopiB DS18B20 Ta RFID-
TEXHOJIOTIH), € KPUTHYHUM 151 3a0e31eueHHs
cTabuTbHOI POOOTH KOTIIB, TOYHOTO KOHTPO-
JII0 TEMIIEpaTypy Ta CBOEYACHOTO pearyBaHHs
Ha 3MiHY TEIJIOBUX YMOB.

OcobnmuBy yBary NpHUIUIEHO aHaNli3y
po0JieM, OB’ I3aHHUX 3 JIETPAJIAIi€l0 TepMic-
TOpiB, YTBOPEHHSIM HAKWUIly Ha TETIOOOMiH-
HUKaX Ta TOYHICTIO BUMIPIOBaHb y JBOKOHTY-
pHHUX cucTeMax. [IpoeMOHCTPOBAHO JOILIb-
HICTh BUKOPHCTaHHS O€3/I[POTOBHX CHCTEM
MOHITOPUHTY 3 AMCTAHIIMHUM KepyBaHHIM
TEMIIEpaTypol0 3a JOTOMOTOK MOOUTHPHUX
3aCTOCYHKIB, 110 BiIKPUBAE HOBI MOXKJIMBOCTI
JUTIE aBTOMATH3allil ONMaJieHHS B JKUTIOBOMY
CEKTOpI.

OTtpumani pe3yiabTaTH BKa3ylOTh Ha Te,
10 BIIPOBA/KCHHS 1HTENEKTYAIbHUX CEHCOP-
HUX pillIeHb J03BOJISIE HE JIMINE TOKPAIIUTH
KOHTPOJIb 3a TEIUIOBUMHU TapaMeTpaMu, a U
ONTUMI3YBAaTH €HEPTOCIOKUBAHHS, ITiIBUIIIH-
TH Oe3leKy eKcIuTyaTalii Ta MPOJOBXKUTH pe-
cypc cucrtem omnayneHHs. [lomamemmi mociti-
JOKEHHSI MOXYTh OYTH 30CEpe/KEHI Ha ajarl-
TUBHHUX QJITOPUTMaX OOPOOKH CEHCOPHHUX Ja-
HUX, MOJICIIOBAHHI TEIIOBUX HABAHTAXKCHb 1
IHTETpallii CECHCOPIB B pO3yMHI €HEPTOCUCTEMH.
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MODERN SENSOR TECHNOLOGIES IN AUTONOMOUS HEATING
SYSTEMS: REVIEW AND APPLICATION PROSPECTS
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Abstract. The article presents a comprehensive review of modern sensor technologies used in autonomous heating
systems, particularly in dual-circuit configurations that combine heating and domestic hot water supply circuits.
The main types of temperature sensors — thermistors, TCCT thermocouples, digital DS18B20 sensors, and RFID
sensors used for remote parameter acquisition — are examined. Their design features, operating principles,
measurement ranges, and the influence of sensor accuracy on the overall energy efficiency of heating systems are
analyzed. Special attention is paid to improving the operational stability of heat exchangers and boilers, which
directly depend on the precision and response speed of temperature control. The study also addresses issues
related to sensor degradation caused by high-temperature exposure, scale formation on heat exchange surfaces,
and the impact of humidity and electromagnetic interference on measurement reliability. An analytical overview of
error compensation methods, sensor calibration techniques, and data filtering algorithms is provided. The article
explores the potential for implementing remote temperature monitoring and control systems based on wireless
technologies, including Wi-Fi, Bluetooth, and ZigBee protocols. These solutions enable centralized supervision of
boiler and heat exchanger performance, facilitate fault prediction, and enhance overall system reliability. Practical
approaches are proposed to improve measurement accuracy and optimize thermal process control through the
use of intelligent sensor devices capable of self-diagnosis and adaptation to changing operating conditions. The
research is grounded in the analysis of sensor technical specifications, heat transfer models, and the functional
principles of digital control systems. The obtained results have practical significance for the development of
energy-efficient, reliable, and adaptive autonomous heating systems for residential buildings, aimed at reducing
energy consumption and enhancing user comfort.

Keywords: dual-circuit heating system, temperature control, thermistor, TCCT, RFID sensors, DS18B20, thermal
monitoring.
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Abstract. The article presents an analysis of modern wireless information transmission technologies and their ap-
plication in automated non-destructive testing (NDT) systems. The main wireless protocols used in industry are
considered, in particular Bluetooth, Wi-Fi, UWB, GPRS, as well as the latest solutions for distributed sensor net-
works of the new generation. Each technology is evaluated according to the criteria of range, data transfer rate,
power consumption and resistance to interference, which allows determining their feasibility for various types of
non-destructive testing, including monitoring the condition of metal structures, pipelines, tanks, aviation and ship-
building elements, as well as equipment of nuclear and chemical enterprises. Considerable attention is paid to
wireless network topologies, among which point-to- point, star, multi-cell (mesh) and ring are considered. A com-
parison of their characteristics in terms of reliability, scalability, configuration complexity and integration efficiency
into industrial facilities is presented. In the context of NDT, topologies determine not only the efficiency of data
transmission, but also the ability of the network to provide fault tolerance and continuous monitoring of critical
objects, where loss of communication even for a short time can lead to unreliable assessment of the technical con-
dition. The article shows that the correct combination of modern technologies and appropriate topology allows
you to create scalable, reliable and energy-efficient NDT systems that can provide timely detection of defects, pre-
dict the condition of materials and structures, and increase the safety of production processes. In addition, the use
of wireless networks simplifies the organization of remote monitoring, reduces the need for physical access to ob-
jects and allows you to integrate data from various sources into diagnostic systems.

Keywords: non-destructive testing, star topology, wireless data transmission, parameter measurement, data ac-

quisition system.

Introduction

The development of modern industrial
sectors, such as aviation, chemical, oil and gas
processing, coal and metallurgy, as well as the
intensive improvement of vehicles, is accom-
panied by a constant increase in the technical
complexity of production processes [1]. With
the emergence of new technologies related to
the processing of gases, liquids and solids in
difficult and extreme conditions (high temper-
atures, pressure, humidity, aggressive envi-
ronments, radiation exposure), there is a need
to improve safety control systems and equip-
ment reliability [2].

Modern industry requires not only the
creation of new technological means for mon-
itoring and controlling processes, but also the
development of high-precision analytical
equipment, modern sensors and materials that
have unique physicochemical properties, re-
sistance to extreme conditions and versatility
of application [3]. This need is especially
acute in areas of increased risk: during the op-
eration of large-capacity aircraft, supertank-
ers, main oil and gas pipelines (including
those located on the seabed), nuclear power

&

plants, as well as other critical infrastructure
facilities [4]. The probability of man-made
accidents at such facilities is largely deter-
mined by the level of development and effi-
ciency of non-destructive testing (NDT) sys-
tems [5].

That is why one of the key tasks of mod-
ern science and technology is to create a per-
fect, technologically diverse complex of NDT
technologies and tools based on the achieve-
ments of physics, chemistry, materials sci-
ence, electronics and information technologies
[6]. The development of such systems ensures
timely detection of defects, prediction of the
state of materials and structures, and also
guarantees safe and efficient operation of
complex technical systems in all industries
[7].

Given the increasing requirements for the
speed of data acquisition and analysis, the use
of wireless technologies for transmitting in-
formation in NDT systems is becoming in-
creasingly relevant. The use of wireless com-
munication channels in non-destructive test-
ing opens up the possibility of creating mo-
bile, autonomous and distributed monitoring
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systems capable of transmitting measurement
results in real time [8]. This is especially im-
portant for monitoring objects located in hard-
to-reach or dangerous areas, for example, oil
and gas pipelines, tanks, nuclear power units,
aviation and shipbuilding structures, where
laying wired connections is technically diffi-
cult or economically unjustified.

Thanks to the development of modern
wireless technologies, such as Wi-Fi, Blue-
tooth, ZigBee, LoORaWAN, 5G, NB-IoT, the
transmission of large amounts of data with
high speed, low latency and stable communi-
cation quality is ensured even in difficult op-
erating conditions. This allows integrating NK
sensors into intelligent technical condition
monitoring systems, creating sensor networks
(Wireless Sensor Networks, WSN) and im-
plementing the concept of the Internet of
Things (IoT) in the field of quality control and
safety [7].

The use of wireless technologies helps to
increase the efficiency of data processing,
simplifies the organization of remote monitor-
ing and reduces the need for physical access
of personnel to controlled objects, which in-
creases the safety of service. In addition, it
provides the possibility of centralized collec-
tion, storage and analysis of information,
which is crucial in building intelligent sys-
tems for diagnostics and forecasting the con-
dition of equipment.

Nechai et al.

The aim of the work is to identify key
technical means of automated information ex-
change between measurement objects.

Types of wireless sensor network tech-
nologies

Currently, the most common wireless da-
ta transmission technologies in the industrial
environment are Bluetooth, Wi-Fi, WiMAX,
GPRS, etc. [9]. Typically, such systems are
used in separate areas of production to per-
form highly specialized tasks - collecting te-
lemetry, transmitting data from sensors, moni-
toring process parameters, etc. [10]. Fig. 1
presents possible areas of application of such
technologies.

However, with the acceleration of the de-
velopment of technologies for the extraction
and processing of raw materials, there is a
need for a wider implementation of wireless
networks in automated control systems, in
particular in the field of non-destructive test-
ing [11]. This opens up opportunities for op-
timizing technological processes, increasing
the efficiency of decision-making, and ensur-
ing stable product quality at all stages of pro-
duction.

Bluetooth is an industry specification for
short-range wireless personal area networks.
It enables data exchange between devices over
a publicly available and free radio frequency
range of up to 50 m (the actual distance

Information capacity

TeXt Graphics Internet Voice Hi'Fi streaming Digital Multi-ChaHHE[
& audio video video video
Bluetooth
Class 1

)

= WLAN 80211
[~ 4

Bluetooth uws
Class 3 802.15.3
>

Data rate

Figure 1 — Classification of some wireless standards
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depends on physical obstacles in the signal
path). Bluetooth operates in the ISM (Indus-
try, Science and Medicine) band of 2.4—
2.4835 GHz, which is unlicensed and widely
used in everyday life and [12]. Bluetooth uses
the FHSS (Frequency Hopping Spread Spec-
trum) method, which is a hopping modifica-
tion of the carrier frequency.

Typical data transfer rate is 1 Mbps,
packet size is 827 bytes. Due to its low pow-
er consumption, Bluetooth is used for sensors,
portable NDT devices, and mobile measure-
ment systems.

Wi-Fi is a wireless local area network
technology that is widely used in automated
monitoring systems. Although it is not yet
supported by many manufacturers in the in-
dustrial market, there are specialized solu-
tions, in particular from Siemens Automation
& Drives, that operate according to the IEEE
802.11g standard in the 2.4 GHz band. Wi-Fi
is capable of providing speeds of up to 54
Mbps at distances of up to 300 m, although
the actual range depends significantly on in-
terference and obstacles.

The technology is developing rapidly.
One of the promising directions has been the
implementation of the IEEE 802.22 standard,
which allows: to transmit data at speeds up to
22 Mbps, to operate at distances up to 100 km
from the transmitter. This opens up opportuni-
ties for using Wi-Fi in large, geographically
distributed control systems.

WIiMAX is a telecommunications tech-
nology for providing broadband wireless
communication over long distances. It is
based on the IEEE 802.16 (Wireless MAN)
standard and includes: base stations, subscrib-
er stations, network equipment for their con-
nection to the provider and the Internet. The
1.5-11 GHz range is used for station interac-
tion.

Under favorable conditions, the speed can
reach 70 Mbps, and there is no need for direct
visibility between the station and the receiver.
The coverage area is several tens of kilome-
ters, but for operation it is necessary to obtain
a license to use the appropriate frequencies.
WiMAX is suitable for creating regional or
inter-site monitoring systems in the NDT.

¢

GPRS is a superstructure of GSM mobile
communication technology, which provides
packet data transmission. The principle of op-
eration of GPRS resembles the operation of
the Internet: data is divided into packets,
transmitted along independent routes and col-
lected in receiving devices. When establishing
a connection, each device receives a unique
address, which actually makes it an analogue
of a server. Advantages of GPRS: transparent
work with the TCP/IP protocol, the ability to
integrate into the Internet, coverage of large
mobile communication areas. The maximum
speed is up to 171.2 Kbit/s, and the operating
area is limited to the coverage of the mobile
operator. These technologies are summarized
in Table 1.

New wireless technologies and their im-
portance for automated non-destructive test-
ing systems. The development of industry and
the increasing requirements for monitoring
efficiency have led to the emergence of new
wireless solutions capable of operating in ex-
treme conditions and transmitting large
amounts of data with high accuracy. Modern
wireless technologies that are actively imple-
mented in automated non-destructive testing
systems include LoRaWAN, NB-IoT, 5G and
new generation UWB. LoRaWAN provides
data transmission over a distance of up to 15—
20 km with very low power consumption,
which makes it ideal for distributed sensor
networks of NDT over large areas. NB-IoT
(Narrowband IoT) uses the infrastructure of
cellular networks and supports thousands of
sensors on a single base station, ensuring reli-
able operation in rooms, mines and under-
ground tunnels. 5G is characterized by ultra-
low latency — less than 1 ms, high bandwidth
up to gigabits per second and support for net-
works with very high sensor density (mMTC),
which makes it a promising solution for real-
time, in particular for monitoring aerospace or
nuclear facilities. The new generation UWB
provides high positioning accuracy up to 10
cm and immunity to interference, which al-
lows it to be used for zonal monitoring of
structures and control of equipment move-
ment.

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)



Table 1 — Comparison of Wireless Communication Standards

Nechai et al.

Standard 802.15.4 ZigBee™ 802.15.1 802.15.3a* UWB 802.11b Wi-Fi
Bluetooth
Applications Monitoring, control, sensor net- Voice, data, Streaming media, Data, video,
works, home/industrial automation | cablereplace- | audio/video system | LAN
ment cable replacement
Advantages Price, energy sav- | Price, energy | Price, energy - | High speed, energy | Speed,
ings, network size, | savings, savings, voice | saving flexibility
less crowded bands | network size, | transmission,
global range | frequency
hopping
Frequency, 0.868 0.915 2.4 24 3.1-10.6 2.4
GHz
Max speed 20 kbps | 40 kbps 250 kbps 1 Mbps 110 Mbps (Yum), 11 Mbps
200 Mbit/s (4 m)
(additional 480
Mbit/s)
Output power | 0 0 (class 3) <20 (110Mbps) 20
(nom.), dBm 4 (class 2) <24 (200Mbps)
20 (class 1)
Range, m 10-100 10 (class 3) 10 (110Mbps) 100
100 (class 1) 4 (200Mbps)
Sensitivity 92 -85 -70 - -76
(specification,
dBm)
Stack size, KB | 4-32 >250 - > 1000
Battery life, 100- 1000+ 1-7 theoretically 0.5-5
days more than 1000
Network size 65536 (16-bit addresses), master +7 up to 127 per host 32
264 (64-bit addresses)

Types of sensor network topologies

The basis of the functioning of wireless
networks is their topology and architecture,
which determine the interaction between sen-
sors, transmitters, receivers and computing
modules. In addition, important characteristics
of such networks are speed, power consump-
tion, reliability, immunity to interference and
security of transmitted data — especially in
conditions of industrial facilities with in-
creased danger.

When designing a wireless network, it is
necessary to take into account the volume of
data generated by sensors, the number and
types of nodes, the scalability of the system,
as well as the requirements for the speed and
stability of information transmission. An im-
portant factor is the choice of the optimal to-
pology, which determines the structure of the
interconnections between the elements of the
system. In the context of wireless, the topolo-
gy describes not cable connections, but a logi-
cal scheme for organizing data flows — for ex-
ample, a star, mesh, tree or hybrid structure.

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

Properly selected wireless network topol-
ogy and architecture allow for the creation of
highly efficient, mobile, and fault- tolerant
NDT systems capable of providing continuous
NDT in real time.

One of the simplest and most common
structures for organizing wireless networks in
non-destructive testing systems is the Point-
to- Point topology. In this configuration, the
network consists of only two devices, between
which a direct data exchange channel is estab-
lished. Both nodes, as a rule, are equal, which
makes the network peer-to-peer and simplifies
the process of information exchange.

The point-to-point topology is typical for
many wireless technologies that are widely
used in industrial monitoring systems. Among
them: Bluetooth, ANT, RFID, RuBee, PDC,
Wi-Fi, Insteon, UWB, ZigBee and other short
and medium range standards. These technolo-
gies allow you to quickly organize data
transmission between the sensor and the re-
ceiving module, especially in cases where the
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monitored object has a complex geometry or
is located in a hard-to-reach place.

The Star Network topology is one of the
basic structures for organizing modern wire-
less and wired networks, providing high flexi-
bility, scalability and reliability. In this con-
figuration, all peripheral nodes (sensors,
measurement modules, actuators) are con-
nected to one central node — a controller,
gateway or base station, which performs the
functions of managing and routing data flows.

Ring
Combined
Star Point-to-Point

Figure 2 — Types of wireless sensor network
topologies

The star topology is the basis for many
modern wireless standards that are widely
used in industrial diagnostic systems. Such
technologies include Wi-Fi, Insteon, ZigBee,
UWB, iDEN, CDMAOne, WiMAX, GSM,

GPRS, UMTS, and others. The use of
these protocols provides different levels of
range, bandwidth, and power consumption,
which allows you to adapt the network to spe-
cific control tasks: local measurements, moni-
toring large areas, transmitting high-resolution
signals, or organizing communication with
remote objects

Combined topology (multicell network).
Combined or multicell topology (multicell /
mesh network) is one of the most stable and
flexible structures for organizing modern
wireless networks. It originates from the fully
connected topology, in which each node can
have several paths to connect to other nodes.
Unlike the classic fully connected structure, in
multicell networks not all possible connec-
tions are necessarily present, but multiple
route exchange remains available, which en-
sures high reliability.

&

When organizing multi-cell networks, it
is necessary to take into account the increased
load on routing nodes, more complex configu-
ration schemes and higher energy require-
ments, especially in the case of network-
centric NK systems with a large number of
autonomous sensors. Combined or multi-cell
topology 1is characteristic of many modern
wireless technologies, such as UWB, Wi-Fi,
Insteon, ZigBee, iDEN, CDMAOne, Wi-
MAX, GSM, GPRS, UMTS. Some of them
(for example, ZigBee or UWB) directly sup-
port mesh functionality at the protocol level,
ensuring efficient data exchange between a
large number of nodes.

Ring Network topology involves organiz-
ing the network in the form of a closed loop,
in which each node is connected to two
neighboring ones, forming a continuous path
for transmitting information "in a circle". In
such a structure, each device acts as a receiver
and transmitter at the same time, relaying sig-
nals further along the ring to the next node.
Although the classical ring topology is most
typical for wired networks, in wireless sys-
tems it can be used in some cases, in particu-
lar for organizing data transmission between a
number of stationary or stationary sensors ar-
ranged in a structural ring configuration. This
is possible when each node is able to stably
transmit the received data further, ensuring a
closed circulation of information.

Some modern wireless technologies can
support ring transmission schemes, although
they do not use them as the underlying topol-
ogy. These include: UWB, Wi-Fi in relay
modes, ZigBee (with specific routing set-
tings), Insteon, and other protocols that sup-
port serial relay.

Thus, the "ring" topology, although rarely
used as the main one in wireless networks,
still finds its application in specialized auto-
mated non-destructive testing systems. It is
useful where the structure of the object or the
features of the technological process require
the organization of information transmission
"in a circle", and each sensor can act as a re-
ceiving and transmitting node.

A comparative analysis of the application
of technologies and topologies is presented in
Table 2.
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Table 2 — Comparative analysis of the application of technologies
in wireless network topologies

Techno logy Point— point Star Ring Mesh / multi-cell
Partiall y
Bluetoo th v (via central device) ) )
ANT N4 X X X
RFID v (reader —tag) x x x
RuBee N4 X X X
PDC v X X X
- . .. Partially (due to Wi-Fi
Wi-Fi v (in P2P modes) v Limited 6/6E mesh modes)
Insteon v v Limited v
UWB v v Can be used v
. . Maybe in some .
ZigBee v v (ZigBe e star) scenari o v (ZigBee mesh)
iDEN X v X Limited
CDMA One X v X X
WIiMA X X N4 X x
GSM x v x x
GPRS X v X X
UMTS X N4 X X
Conclusions and reliable for two nodes, the star provides

The paper considered modern wireless in-
formation transmission technologies and their
application in automated NDT systems, as
well as the main topologies of wireless net-
works used to organize monitoring of the
technical condition of equipment.

The analysis showed that wireless sys-
tems are becoming an integral part of indus-
trial processes, providing mobility, speed of
data collection and the ability to remotely
control complex objects. The most common
technologies at the industrial level are Blue-
tooth, Wi-Fi, WiMAX, GPRS, which are used
in local production areas to solve specialized
tasks. Their characteristics - data transfer
speed, range and resistance to interference -
make them effective for working with sensors
and NDT devices. The use of these technolo-
gies allows you to increase the efficiency of
automated NDT systems, reduce the risk of
accidents and improve product quality man-
agement at all stages of production.

As for the organization of networks, the
main wireless network topologies used in NK
systems were considered: point-to-point, star,
multi-cell (mesh), cluster tree and ring. Each
of them has its own advantages and limita-
tions: the point-to-point topology is simple
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centralized management and scalability, the
multi-cell network allows for the implementa-
tion of self-healing systems with high fault
tolerance, the cluster tree optimizes data
transmission in large distributed networks,
and the ring topology can be used for special-
ized systems with sequential data transmis-
sion, where each node acts as a transceiver.

Thus, the combination of modern wireless
technologies and a properly selected network
topology allows you to create effective, relia-
ble and scalable non-destructive testing sys-
tems capable of ensuring the safe operation of
complex industrial facilities, operational mon-
itoring of the condition of materials and struc-
tures, as well as data integration into forecast-
ing and analytics systems.
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AHOTauia. Y cTaTTi NpeacTtaBneHo aHani3 cyv4acHUX TexHonorin 6e3apoToBoi nepeaadi iHpopmaLii Ta ix
3aCcTOCyBaHHA B aBTOMAaTU30BaHMX CUCTEMAX HepylHiBHOro KoHTposato (HAK). Po3rnaHyTo ocHOBHI 6e3-
APOTOBI NPOTOKO/IN, LLO BUKOPUCTOBYIOTbCA B MPOMMCAOBOCTI, 30Kpema Bluetooth, Wi-Fi, UWB, GPRS, a
TAKOX HOBITHI pilUEHHA ANA PO3NOAiNIEHUX CEHCOPHUX MepeX HOBOro NMOKOMIHHA. KOXXHa TexHosoria
OLLIHIOETbCA 3@ KpUTEPiISMM AaNbHOCTI, LWBMAKOCTI Nepeaadi AaHUX, EHepProcrnoXMBaHHA Ta CTIMKOCTI Ao
nepeLkoa, Wo A03BOAE BU3HAUYUTM iX AOLINbHICTD ANA Pi3HUX BUAIB HEPYMHIBHOrO KOHTPO/O, BK/tO-
YalouM MOHITOPUHI CTaHY MeTasieBUX KOHCTPYKLiKN, TpybonpoBoaiB, pesepByapiB, eneMeHTiB aBiaLii Ta
CynHObYAYBaHHA, @ TaKOX 06/1aHAHHA AaTOMHMX Ta XiMIYHMX NigNPUEMCTB. 3HAYHA yBara NPUAINAETLCA
Tonosoriam 6e34pOTOBUX MepeK, cepes, AKUX PO3MAAHYTO TOYKa-TOYKA, 3ipKa, BaraTocTinbHMKOBa
(mesh) Ta Kinbuesa. MNpeacraBneHO NOPIBHAHHA iX XapaKTEPUCTUK 3 TOUYKM 30pYy HaAiMHOCTI, macwwTabo-
BAHOCTI, CKnagHocTi KoHirypauii Ta edeKTUBHOCTI iHTerpaLii B NpomucnoBi 06'eKTU. Y KOHTEKCTi Hepyi-
HiBHOro KoHTpoto (HK) Tononorii BU3HayatoTb He ivwe ePeKTUBHICTb Nepenaydi faHux, ane i 34aTHICTb
Mmepexki 3abe3neyyBaT BigMOBOCTIMKICTb Ta 6e3nepepBHUIN MOHITOPUHT KPUTUUYHKUX 06'EKTIB, Ae BTpaTa
3B'A3KY HaBIiTb HA KOPOTKUI Yac MOXKe NPU3BECTU A0 HEHAAINHOT OLiHKM TeXHIYHOrO CTaHy. Y CcTaTTi NOKa-
3aHO, WO MNpaBW/bHE MOEAHAHHA CyYaCHMX TEXHOJOrIN Ta BiANOBIAHOI Tononorii 403BOAE CTBOPIOBATU
MmacwTaboBaHi, HaginHi Ta eHeproedekTnBHi cuctemun HK, aki MoxKyTb 3a6e3neumTn cBOEYacHe BUAB/EH-
HA AedekTiB, NPOrHO3yBaTK CTaH MaTepianiB Ta KOHCTPYKLiN, a TaKOXK NigBULWNTN Be3neky BUPOOHUYMX
npoueciB. Kpim Toro, BUKOpUCTaHHA 6€34pOTOBMX MEPEXK CMPOLLYE OpraHi3aLito ANCTaHUIMHOIO MOHITO-
PUHTY, 3MeHLLYye NoTpeby y ¢isnyHomy AocTyni A0 06'eKTiB Ta A03BONAE iIHTErPYBATU [aHi 3 Pi3HUX AxKe-
pen y AiarHOCTUYHI CUCTEMM.

Knwouosi cnoBa: HepyiHIBHMIA KOHTPO/b, 3ipKonoAibHa Tononoris, 6e3apoToBa nepeaaya AaHUX, BUMI-
proBaHHA NapameTpis, cuctema 36o0py AaHUX.
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KanbHuybKuli ma iH.

AHoTauifA. MNepeBarn BUKOPUCTAHHA €NeKTPOMarHiTHO-aKycTMYHMUX nepetsoptoBadie (EMAM) npu KoHTpoAi sKOCTI
NoBEPXHi Ta BHYTPiWHiX 06’emiB dpepomarHiTHMX meTanoBMpobiB NO340BKHIMM Ta NOMNEPEYHUMU XBUAAMMU Ta XBU-
namu Penes BifoMi i LULMPOKO BUKOPUCTOBYIOTLCA. YacTUHA TPAAMLIMHUX KOHTAKTHUX Y/1bTPa3BYyKOBUX AedeKTOCKo-
nis, TOBLMHOMIpPIB TOWO, AK NpaBmao, noctadaoTbca EMAI 3 NocTinHMMM MarHiTamu, AKi MatoTb psag, CyTTEBUX He-
Aonikie. OCcTaHHIM Yacom po3pobaeHo NepeTBOpPHOBaYi, L0 | BUKOPUCTOBYIOTb iMMY/IbCHI AXKepesa MarHiTHOro rno-
A, YCKNAAHIOYU, TaKUM YMHOM, KOHCTPYKLIIO YAbTPa3BYKOBUX NPUAALAIB Ta TEXHONOFO iX BUKOPUCTaHHA. Mpu
LbOMY iCHYE HarasibHa HeobXiAHICTb NPUCTOCOBYBATM TaKi yNbTPA3BYKOBI Npunagun 4NA KOHTPOO MeTaioBuMpobis
BUIOTOBNEHUX 3 Pi3HUX depomMarHiTHMX matepianiB. B pesynbTaTi yAbTpasByKkoBi npunagm 3 EMAI 3 imnyabcHUM
HamarHiYyBaHHAM € CYTTEBO AOPOTrMMM i NOTPEDYIOTb iHAMBIAYaNIbHOIO HANALWTYBAHHA NPU KOHTPOI MEeTanoBUpo-
6iB i3 pi3HUX depomarHiTHUX matepianis. 4aa BUpiWEHHA L€l Nnpobaemu 3anponoHOBaHO Po3pobuTK yHiBepcab-
HWI foAaTKOBWIA 3acib A0 TpaAULIMHUX YNbTPa3BYKOBUX AePEKTOCKONIB, AKUIA AaCTb MOXK/IMBICTb BUKOHYBATU KOH-
TpO/ib, HEe BMKOpucToBYtoun EMAI iHgmBigyanbHoro tuny. B po6oTi HaBeaeHo AaHi 3 po3pobKM yHiBepcasbHOro
[04aTKOBOro 3acoby, AKNIM gae MOXKAUBICTb BUKopucToByBaTu EMAI 3 iMNy/bCHMM HamarHiyyBaHHAM 419 KOHT-
ponto depomarHiTHUX meTanosupobis 3 byab-AKOro maTtepiany 3 KOpeKLieo paLioHaNbHUX NapaMeTpiB KOHTPOIO;
BMKOPWCTAaHHA NAaKeTHUX YbTPa3BYKOBMX iMMY/IbCiB; BCTAHOB/NEHHA PaLioOHa/IbHOrO YaCOBOro NMONOXEHHA iMMNyNb-
CiB HamarHiyyBaHHA Ta BUCOKOYACTOTHOTO iMNYyAbCYy; NPUrHIYEHHSA BiIbHUX KONMBAHb Y NIAHLIIOraX 404ATKOBOrO 3a-
coby. Takmit 3acib MmorKe BUKOPUCTOBYBATMCA Pa3om 3 DifbLIICTIO CTAaHAAPTHUX Y/IbTPA3BYKOBMX NPUAaAiB, 3MeH-
LWYHOYM BUTPATM Ha iIX BUTOTOBAEHHSA Ta eKCnJyaTaLito.

Kniouosi cnoBa: gocnigKeHHs, AKICTb, KOHTPO/Ib, BUMiPIOBaHHSA, AiarHOCTMKA, YIbTPa3BYKOBUIA, €/1eKTPOMAarHiTHO-

AKYCTUMYHUI, iIMNybCHE HamarHivyyBaHHA, depomarHiTH1M metanosumpib.

Beryn

KepiBaunrBo YkpaiHu npuaiise 3HAYHY
yBary MiABUIICHHIO SIKOCTI Mpomykmii [1] Ta
po3po0OKH mpuIIaiB ISl i 3a0e3meueHHs [2].

TpaauuiHo I yIBTPa3BYKOBOTO KOHT-
pOJIIO, JTIaTrHOCTHKU Ta BUMIPIOBaHb BUKOPHC-
TOBYIOTH TIPHJIATH 3 T’ €30€ICKTPUYHUMU TIe-
perBoproBauamu (I1EIT) [3]. OctanHiM yacom
JI0BOJII 4acTO Ui KOHTPOIIO METaJIOBUPOOIB,
SIK1 BUITYCKAIOTHCSI BEJIMKUMHU 00’ eMamMu (JTHC-
TH, pelKH, OaJIKu, IIBEJIEPHU TOIIO), BUKOPHC-
TOBYIOTh MpUJIaAd 3  €JIEKTPOMAarHiTHO-
aKyCTMUHUMU nepeTrBoproBauamu [4-7]. Ile-
peBaramu mpmianiB 3 EMAII e Bucoka mpo-
JOYKTUBHICTh KOHTPOJIO, HU3bKI BUMOTH [0
SIKOCT1 TIOBEPXHI Ta TEMIIEpaTypH, BUCOKA BH-
SIBIIFOBAHICTh HAJITOHKUX JedekTiB [8]. Ane €
1 HEJIOJIIKM: HeOoOXiAHICTh 3a0e3nedeHHs 3Ha-
YHUX BEJIWYUH 1HIYKIiI MOCTIHHOTO MarHiT-
HOTO TIOJIA, 3HAYHA CUJIa MPUTITYBaHHS 0
(bepoMarHiTHUX MeTaJoOBHPOOIB, KOTEPEHTHI
3aBajJM BiJl OKAJWHU 1 IHIUX (HepoMarHiTHUX
YacTUHOK [7, 9]. baraTo aBTOpiB MPOMOHYIOTH
BHUPINIUTHA BKa3aHi HEJONIKH INUISIXOM BHKO-
pPHUCTaHHS IMITYJIbCHOTO HaMarHi4yBaHHS Me-
tanmoBupoOiB [10-12]. HoBi ximiuHi mKepena
eJIEKTPOEHeprii Ta TOTYXHI paaioelieMeHTH
[13] 3abe3meuytoTh MOKIMBOCTI IIOJO CTBO-
peHHs ManorabaputHux npunanis 3 EMAII
JUTsl YIIBTPa3BYKOBOTO KOHTPOJO (hepomarHi-
THUX METaJOBUPOOIB, B IKUX MOKE BHKOPHC-
TOBYBAaTHUCA  IMIYJbCHE  HaMarHidyBaHHS.
[Ipore A BUKOPUCTAHHS IMITYJIbCHOTO Ha-
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MarHidyyBaHHs HeOOXiIHE [0BONI cepho3He
YCKJIaIHEHHSI KOHCTPYKIIi YIbTPa3ByKOBOIO
npunany. Ilpudomy, Tpu yIbTpa3ByKOBOMY
KOHTPOJII METaJOBUPOOIB PI3HOTO THUNY 1 3
pi3HUX MaTtepiasliB HEOOX1HO TOJTATKOBI TeX-
HIYHI 1 TexHoJioriuHi po3poOku [14]. Taxke
MOJIOKEHHS BHMAara€ 3HaYyHUX EKOHOMIYHMX
BKJIaJIeHb. JJIT KOXKHOTO CEpIHHOrO yabTpas-
BYKOBOTO NPHJIAAY 1€ HE € JOLIBHUM.

ABTOpU CTaTTI MPOMOHYIOTH JOMOBHUTH
CepiiiHi yNbTPa3BYKOBI J€(pEKTOCKONH, TOB-
IIUHOMIPH TOIIO (Zaji MpUiagy) OKPEMUMHU
JOJATKOBUMH 3aco0aMu, SIKi O JO3BOJISUIM
BpPaxoOBYBaTH OCOOJMBOCTI YJIBTPA3BYKOBOTO
KOHTPOJIIO METaOBHPOOIB pi3HOro THIY 1 3
pI3HUX MaTepialliB. YHIBepCaIbHUN JTOJATKO-
BUH 3aci0 MOXe BUKOPUCTOBYBATHUCS 3 Pi3HU-
MU CEpIMHUMH YIIbTPa3BYKOBUMU MPHUIIATaMH,
10 3MEHIITy€ BUTPATH HA BUTOTOBJICHHS YIb-
TPa3BYKOBHUX MPHJIAJIIB, OCKUIBKH HOBI 3ac00M
MOXXYTh 3a0€3MEeYUTH JOCTIKEHHS SIKOCTI
OinpIIoCTi  (pepPOMArHiTHUX METaJOBUPOOIB,
SKI BUITYCKAIOTBCS Ta EKCIUTyaTyIOThCS B
MIPOMHMCIIOBOCTI.

Meta po60oTH — PO3LIMPEHHS MOXKIUBO-
CTEeH CepiiHUX YIbTPa3BYKOBUX MPHIIAMIB 3a
pPaxyHOK YHIBEpCAJBHOTO JOIATKOBOTO 3aCO-
Oy U1 KOHTPOJIO (pepOMarHiTHUX METaIOBHU-
pOOIB €IEKTPOMArHiTHO-aKyCTUYHUMU TIePET-
BOpIOBaYaMU 3 IMITyJbCHHUM HaMarHidyBaH-
HSIM.

. )
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Po3po0.ienHst 10aaTKOBOrO 3aco0y 3
EMA neperBoproBauyeM 3 iMIIyJIbCHUM Ha-
MArHiYyBaHHSAM VISl TPAAMIIHHUX yJIbTPa-
3BYKOBHUX NPHJIAAiB.

Ha ocHOBI BigOMUX MOCIIIKEHDb 3 BUKO-
puctanast EMALIIL B siIkux 3acTOCOBY€ThCS I10-
CTiiHE Ta IMITyJIbCHE HaMarHidyBaHHS, aBTO-
pamMu po3po0IieHO OJIOK-CXeMy T0JaTKOBOTO
3ac00y /10  yABTPa3BYKOBOTO  MpHIIATy

(puc. 1).

o

n

Pucynok 1 — CnpoieHa 6JI10K-cxeMa yJabTpa-
3BYKOBOI0 NpHJIaAy 3 10AaTKOBHM 32C000M
AJ1 0e3KOHTAKTHOI0 KOHTPOJII0 (hepOMATrHITHUX
MeTaJ0BUPOOiB

Ha pucynky 1 mo3naueno: 1 — cepiitnuit
YABTPa3BYKOBUN Tpuiad; 2 — JOJATKOBHIA
3aci0; 3 — GopmyBau IMITYNIbCIB YIpPaBIiHHS;
4 — ONMOK MPUTHIYEHHS BUIBHUX KOJWBAaHb Yy
JaHIIorax i OJIoKax JOAAaTKOBOTrO 3acoly Ta
EMAII;, 5 — 070K >XMBJICHHS IMITYyJbCHOTO
maraity EMALII; 6 — reHepaTop BUCOKOYACTO-
THUX T[aKeTHUX IMITYJbCIB JUIS JKUBJICHHS
EMALII; 7 — EMAIIL; 8 — nmonepenaHiit mocu-
JIOBAY TPUAHATHX YIBTPA3BYKOBHX IMITYIIb-
CiB.

[TosicheHHsT po0OOTH  yIBTPa3BYKOBOTO
npuiaay 3 JOJATKOBHM 3acO000M HACTYITHE.
Cepilianii yIbTpa3ByKOBUM TIpuiaa 1 Bumae
Ha JIOJIATKOBUH 3aci0 2 CHHXPOHI3YHOUUN 1M-
MyJIbC, IKUW TOCTYIae Ha (GopMyBad iMITyJIb-
ciB ynpaBiiaHg 3. dopMyBau iMITyNIbCIB
yopaBiaiHHS 3 BHUPOOISIE: CHHXPOHI3ZYHOUHHA
IMIyJbC, 3aTPUMaHUM y Yaci sl 3ammycKy
PO3TOPTKH  yJIBTPa3BYKOBOTO Tpwiany |1

&

IMITYJTC TPUBAJIOCTI BUCOKOYACTOTHOTO TaKe-
THOTO IMITYJIbCY, HEOOXITHOTO JUISl KUBIICHHS
EMAII 7; nBa iMITynbCH Y BUTJISIII MEAHJIPiB,
3MIIEHUX Yy Yaci OJMH BiTHOCHO OJHOTO Ha
180°; IMITYJIbC TIPUTHIYEHHS BUTHPHUX KOJIH-
BaHb /s ONOKy 4 Ta IMIyJIbC YIpPaBIiHHS
0JIOKOM 5 a1 30yKeHHS IMITYJIbCY CTPYMY
XKUBJIEHHS iMmynbcHOro marHity EMAIL 7.
[Tonepenniit mocuiroBad § MOCHITIOE PUKHS-
Ti EMAII 7 ynbTpa3ByKOBi IMIYJIbCH J0 PiB-
Hs1, 110 3a0e3neuye eeKTUBHY pOOOTY YIIbT-
Pa3BYKOBOTO MPHJIAY.

Crin BiA3HAYUTH, 11O TEHEPATOP BHCOKO-
YAaCTOTHUX MAKETHUX IMITYJIbCIB 6 MOXKe OyTH
BUKOHAHUHU B PI3HUX BIIOMHUX MOAU(iKaIlisax
[5, 15-16]. EMAII 7 noBUHEH BUKOPHUCTOBY-
BaTH JIJIs1 CBO€ET POOOTH MAKEeTHI BUCOKOYACTO-
THI IMIyJbCH, HaNpUKIAI, K B podoTax [5,
17]. B sikocti Onoka 4 MpUTHIYEHHS BUTBHUX
KOJIMBaHb B JIAHIIOrax 1 OJIOKax IOHATKOBOTO
3aco0y AOIIIBHO BUKOPUCTATH PO3POOKY, Ha-
BeneHy B ctatTi [18]. lani momo 00Ky KUB-
JeHHs iMnyiabcHoro MmarHiTy EMAII HaBeneHi
B [14], a m1010 monepeaHbOro NOoCKIrOBava &
NPUNRHATHX YIBTPAa3BYKOBUX IMITYJIbCIB — B
nucepTartii [5]. MoxXyTh BUKOPHUCTOBYBATUCS
TaKOX 1HIII aHAJIOT1YH1 OJIOKHU Ta MPHUCTPOI.

OCHOBHUM OJIOKOM JOAAaTKOBOTO TPH-
CTpoio € (opMyBad 3 IMITYJIbCIB YIIPABIiHHS,
sSKkuii OyB po3poOneHHii aBTOpamu. Moro
crpoleHa 0JIOK-cXeMa HaBe/IeHa Ha puc. 2.

- ~H=

Ts 7;
Pucynok 2 — Cripomena 0J10k-cxema (popmyBaua
iMIyabciB (pOpMyBaHHS Ta yNPABJIiHHSA
JI0IATKOBOT0 3aC00Yy

Ha pucynky 2 no3naueno: 1 — 650k ¢op-
MYBaHHS 3aTPHMAaHOI0 CHHXPOIMITYJIBCY IS
3alyCKy PO3TOPTKH YIIBTPa3BYKOBOTO TIpH-

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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Pucynok 3 — IIppHIMIOBa e1eKTPHYHA cXeMa 3aco0y 1151 GOpMYyBaHHs, YIPABJIiHHA Ta
30yaKeHHS iMIYJabciB, HeOOXiTHUX 1715 3a0e3MeYeHHsI POO0TH YJIbTPA3BYKOBOI0 MPHJIALY

Jany 3a puc. 1, 3aTpuUMKa SIKOTO BCTaHOBIIIO-
€ThCS perynsaTopoM tl; 2 — 6ok GpopMyBaHHS
IMIyJIbCY HaMarHigyyBaHHs, TPUBAIICTh SIKOTO
BCTAHOBJTIOETHCS PETYIsITOpoM T12; 3 — OJIOK
(dopMyBaHHS IMITYJIbCY TPUBAJIOCT] MTAKETHOTO
IMITYJIbCY, SIKAa BU3HAYAETHCS PETYISATOPOM T3,
Ta WOro0 4acoBOTO IOJIOKEHHS, SIKE BH3HAYa-
eTbes T3; 4 — OJNOK (OpMyBaHHS IMITYJIBCY
JUIS TIPUTHIYEHHS BUTPHUX KOJHMBAaHb Y JIaH-
orax 1 0J0kax JI0AaTKOBOTO 3aco0y, TpHBa-
JICTh SIKOTO BH3HAYAETHCS DPETYISTOPOM TS,
Ta WOT0 4acOBOTO IOJIOKEHHS, SIKE BU3HAYa-
€TbCS PETYIATOPOM T6; 5 — MOCKITIOBAY MOTY-

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

KHOCT1 CTPYMY JKMBJICHHS IMITyJICHOTO Mar-
HiTY; 6 — 070K (popMyBaHHS IMIYJILCIB Y BH-
TJIS1 ABOX MEaHPiB, 3CYHYTHX OJMH BiJIHOC-
HO omHoro Ha 1800, 3 AKMX CKIIaJacThCd Ia-
KETHUN BHCOKOYACTOTHHUU IMITYNIbC, YacTOTa
3allOBHEHHSI SIKOTO BCTAHOBIIOETHCS PEryiis-
TOpOM T6.

Ha puc. 3. HaBenmena po3poOiieHa aBTO-
paMM eJeKTpUYHA MPUHIMIIOBA cxema (op-
MyBaya iMITyJIbCIB YIPaBIIHHS J0JaTKOBOTO
npuctporo. @opmyBad iMIyJIbCIB MPALIOE HA-
CTYITHUM YMHOM. 3 yIBTPa3BYKOBOTO MPHIIATy
Ha MiKpocxeMy | HaJXOJUTh CHHXPOIMITYJIbC

=)
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PucyHok 4 — TunoBa npuHIMNIOBA eJIEKTPHYHA CXeMa MOHOCTa0IJILHOr0 MyJIbTHBIOpaTOpa
3 peryJIl0BaHHSIM 4Yacy BKJIOYEHHs i BAMKHEHHsI iMnyJibey, mo ¢gopmyernes [14]

JIe BiH MTOCHITIOETHCS 1 IEPETAETHCSI HA MIKpPO-
cxemu 2 — 5. Ha mikpocxemax 2 — 5 BUTOTOB-
neni 6moku | — 4 (puc. 2) 3a THIIOBOIO CXe-
MOI0, HaBeZleHOr Ha puc. 4. Hamami imMmmyib-
cH, 10 chopMOBaHi Mikpocxemamu 2 — 5, 1o-
CHITIOIOTBCSI.

3a monmomororo mikpocxemu 6 (LC rene-
partop) 30yIKYIOThCS, a TTOTIM 3 BUKOPUCTaH-
HSIM MIKpocxeM 6 Ta 9 BUAUISAIOTHCS 10 2 TO-
ciaigoBHOCTI MeaHapiB 3 dazamu 00 1 1800
BiJITIOB1/THO.

[Tocuneni mikpocxemamu 9 — 11 iMImynb-
cu, chopmoBani Ookamu 1 — 4 (puc. 2), Haj-
XOJISITh Ha BUX0U opmyBaua 3 3a puc. 1.

CdopmyBaru iMITyIBCH 3 YaCOBOK TpH-
BAIICTIO T4 YAaCOBUM MOJIOKEHHSIM MOXKHA 32
TUIIOBOIO CXEMOIO, III0 HaBeleHa Ha puc. 4
[14].

B xoHKpeTHOMY BUMNaAKy OJIOK, IO BiJ-
NoBiziae puc. 4, BAKOHAHUHN 32 THIIOBOIO CXe-
Moro Ha 0a3i mikpocxemu 1533AI3 Ge3 BuKoO-
pUCTaHHS MIKPOTIPOIIECOPHOI TEXHIKH, IO
00yMOBIIEHO HEOOXITHICTIO BUKITIOYCHHS IITH-
POKOCMYTOBHX IIIYMIB BiJi pOOOTH TaKTOBUX
TeHepaTopiB.

PerymoBanHs nepeHboro GpoHTy iMITy-
IbCy (OpMYBaHHS BHCOKOYACTOTHOTO CHTHA-
a1y (3a HeoOximHocTi) (puc. 4), BUKOHYETHCS
3MiHHUM omopoM Rx1, a 3apHporo ¢gponty —
3MIHHUM OomopoM Rx2.

HaBenenwuii Ha puc. 4. OJIOK BKIIOYAETHCS
MIPU HAJIXO/KEHHI CHHXPOHI3YIOUOTO 1MITYJIb-
Cy TpUBAJICTIO OJU3bKO 1 MKC Ha BXiJ 2 MiK-

&

pocxemu. OTpuUMaHU B pe3yNbTaTi IMITYJIbC
(hopmyeTbCst Ha BUXOJI1 5 MIKPOCXEMH.
[Tapametpu chopMoOBaHUX IMIYILCIB BH-
3Ha4YeHI €KCIIEPUMEHTAIFHO Ha 3pa3Kax 3 BY-
rJIeeBUX CTajiel 1 HaBeIeH] B Ta0iuI.
30BHIHINA BUTISAA po3pobieHoro dop-
MyBaua iIMITyJIbCiB HaBeJIEHO Ha puC. 5.

PucyHok 5 — 30BHilnHiii BUIJISiA BUTOTOBJIEHOT O
¢opmyBaua imnyabcis

VY3aranpHIOIOYH BHUKJIAJCHE, TEXHOJIOTIU-
Hi oreparii Ta MocaiA0BHICTh poOOTH yIbTpa-
3BYKOBOT'O TpWJIaLy 3 JOAATKOBUM 3ac000M
(TeXHOJIOTIYHA KapTa) MOXJIMBO MPEICTABUTH
HACTYITHUM YHHOM (pHuc. 6).

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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Pucynok 6 — Texnosoriuna kapra podorn
YAbTPa3BYKOBOI0 NPHJIALY 3 A0AATKOBHUM 3ac000M

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

KanbHuybKuli ma iH.

Ha puc. 6 mo3naueni: a — 9acoBa po3rop-
TKa 3 CHHXPOIMIYJIbCOM, ILIO0 (HOPMYETHCS
VIBTPAa3BYKOBUM TIPUIQJAOM; O — IMITYJIbC
CTPYMY B IMITyJIbCHOMY MarHiTi; 6 — iMIyJbC
IHYKITIi MarHiTHOTO TIOJIS, IO CTBOPIOETHCS B
MOBEPXHEBOMY IIapi (epOMarHiTHOrO MeTa-
JOBUPOOY; & — IMITYJIbC TPUBAJIOCTI TTAKETHOTO
BHCOKOYACTOTHOTO IMITYJIbCY; O — TOCIITOB-
HICTh IMIYJIBCIB JUTIsl (DOpMYyBaHHSI BUCOKOYA-
CTOTHOTO TakeTy 3 ¢azor 00; e — mociigoB-
HICTh IMITyNIBCIB Ui (pOpMyBaHHS BHCOKOYA-
cToTHOro makery 3 (azoro 1800; ¢ — BUCOKO-
YACTOTHUM TMAaKETHWH IMITYJIbC, HaBEICHUN B
EMAII; o¢ — iMIIysbC TMPUTHIYEGHHS BUTHBHUX
KOJINBAaHb B €JIEMEHTaX JI0JIATKOBOTO 3aco0y;
3 — mpuitHATi EMAII ynbTpa3ByKoBi IMITYIb-
CH 1 IOCHJIEH] TOTIEPETHIM ITOCHITIOBAYEM; U —
3aTPUMaHUN CHHXPOHI3YIOUUH IMITYJIbC, SIKUT
3aIycKae po3ropTKy yJIbTPa3BYKOBOTO jede-
KTOCKOTIA; { — iH(pOPMAIIiHI IMITYJIbCH Ha €K-
pani nedexrtockona. 4 — Hanpyra. B — iHOyK-
IisT MarHiTHOTO MOJs. [ — CTpyM. A3 — aMILIi-
TyJa 30HAYI0YOT0 iMITyNbCy. A0 — aMILTITyaa
IMITYJTbCY, BiIOUTOTO nedexToM 3 00’emy de-
POMAarHiTHOTO METaJoBHPOOY.

3riHo 3 puc. 6 yabTpa3ByKOBUH MpHUiIaI
(puc. 1), dopmye cuHXpOIMIYIIbC (PO3ropTKa
@). B 0OMOTIII IMITYJIBCHOTO MarHiTy 30ymKy-
€TbCA TOTY)XKHUU CTpyM (po3roptka 6), B pe-
3ynbTaTl Jii SKOTO 13 3aTPUMKOIO, IO 3aJie-
KUTH BIJI MaTepiany MeTaJoBHpoOy, MPHU3BO-
IUTHh JI0O CTBOPEHHS B TIOBEPXHEBOMY IIapi
(epoMarHiTHOro MeTajsoBUpoOy 1HAYKIIT Ma-
rHiTHOTO ToJist (posroptka g). Ilicis dhopmy-
BaHH 13 3aTPUMKOIO, IO 3aJISKUTH BiJl Mare-
piady MeTanoBHpoOy, MaKCHMaJIbHOTO 3Ha-
YeHHS 1HAYKII] MarHiTHOTO MOJISi CTBOPIOETh-
Csi IMIYJIbC TPHUBATICTIO BHUCOKOYACTOTHOTO
MaKeTHOTO IMIyJNbCy (po3ropTka 2). B pamkax
Iii bOTO IMIYIbCY (OPMYIOTHCS IBI MOCIHI-
JIOBHOCTI (PO3TOPTKH O 1 e), siKi HeoOXiaHi st
CTBOPEHHS MMaKeTHOTO BHCOKOYACTOTHOTO iM-
nyJIbCy 3 33/1aHOI0 KIJIBKICTIO MEPIOJiB 3aro-
BHEHHS (B MPUKIIAJl HABEJACHO TPH TEPIOIH).
[Mocunennit makeTHW iMITynbC 30y/DKYyE B
EMAII noTyXHUN 30HIYIOYHA IMITYJIBC (PO3-
roprka ¢). Ilicns 3aBeplieHHS 30HAYIOUOTO
IMITYJTbCY 30YIKYETBCS IMITYJIbC TIPUTHIYEHHS
BUTBHUX KOJIMBaHb (PO3TOPTKA JiC).

[Tpuiinari 3 metanoBupody EMAII ynbt-
Pa3BYKOBI IMITYJIbCH TOCHIIIOIOTBCS A0 3a7a-

>
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HO1 BeTMYUHU (PO3TOPTKA 3); MICHS I[LOTO Ha
VIBTPa3BYKOBUU TPHUIIAA 3 JIOJATKOBOTO 3a-
coOy ToAaeThCsl IPYruil 3aTpUMaHUN CHHXPO-
iMIynbC (pO3ropTKa u), SIKMW 3amycKae pos-
TOPTKY [ Ha €KpaHl yJIbTPa3BYKOBOI'O Mpuia-
ny. 3a mapamMeTpaMy NPUHHATHX YJIbTPa3BY-
KOBHUX IMITYJIbCIB BHU3HAYAIOTh SKICTh JIOCII-
JDKEHOTO 00’ €My METAOBUPOOY.

— pO3po0JIEHO TEXHOJOTIUHY KapTy (yH-
KI[IOHYBaHHsI OJIOKIB YHIBEpCaJIbHOTO J0]1aT-
KOBOIO 3aco0y pa3oM 3 yIbTPa3BYKOBHM
NIPUIIAJIOM;

— po3po0bieno 650k (popMyBaHHA iMITy-
JBCIB JKHMBJICHHS TPUCTPOIB YHIBEPCAIBHOTO
JI0JJAaTKOBOTO 3aco0y Ta YHmpaBJiHHS iX poOo-
TOIO.

BucHoBkHu
BusnaueHo Ta 0OrpyHTOBaHO HEOOXi- Hoasiku
HICTh PO3POOJIEHHS YHIBEPCAIBHOTO JOJATKO- BiacyrHi.

BOTO 3aco0y /0 CepiiiHHX YIbTPa3ByKOBHUX
MPUJIAIIB, IO 3MEHIITUTh BUTPATH HA 1X BHTO-
TOBJICHHSI Ta €KCILTyaTaIlilo:

— IOKa3aHo, 110 B CKJIa/li YHIBEpCAIbHOTO
J0JaTKOBOTO 3aco0y JIOLIIEHO BHUKOPUCTATH
Bimomi EMAII, Mamo3aBamgHHH ITOCHIIOBAY
MPUAHATUX YJIbTPA3BYKOBUX IMITYJIBCIB, OJIOK
NPUAYIICHHS BUIBHUX KOJHMBaHb B JIAHIFOTaX
3aco0y;

Kondguikr inTepecis
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Abstract. The advantages of using electromagnetic—acoustic transducers (EMATs) for surface-quality control and
internal-volume inspection of ferromagnetic metal products with longitudinal and transverse waves, as well as Ray-
leigh waves, are well known and widely applied. A portion of traditional contact ultrasonic flaw detectors, thick-
ness gauges, and similar devices are typically equipped with EMATs based on permanent magnets, which have a
number of significant drawbacks. Recently, EMATs using pulsed magnetic-field sources have been developed,
which complicates the design of ultrasonic instruments and the technology of their application. At the same time,
there is an acute need to adapt such ultrasonic instruments for the inspection of metal products manufactured
from different materials. As a result, ultrasonic instruments with pulsed-magnetization EMATSs turn out to be sub-
stantially more expensive and require individual setup when inspecting metal products made of different ferro-
magnetic materials. To address this problem, we propose the development of a universal add-on for traditional
ultrasonic flaw detectors that enables inspection without the need for EMATSs of an individual type. This work pre-
sents data on the development of a universal auxiliary device that allows the use of pulsed-magnetization EMATSs
to inspect ferromagnetic metal products made of any material, with correction of rational inspection parameters,
such as: the use of packet ultrasonic pulses; setting the rational temporal position of magnetization pulses and the
high-frequency pulse; and suppression of free oscillations in the circuits of the auxiliary device. Such a device can
be used with most standard ultrasonic instruments, reducing the costs of their manufacture and operation.

Keywords: research, quality, inspection, measurement, diagnostics, ultrasonic, electromagnetic-acoustic, pulsed
magnetization, ferromagnetic, metal product.
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AHoTauiA. B cTaTTi BUPIWYETbCA 3aZa4ya BM3HAYEHHA PO3MIpIB Kpanai piaguHU Ha undppoBomy 306parkeHHi 3
BMKOPUCTAHHAM TEXHO/OFIN Komn'toTepHoro 3opy 3acobamu 6ibniotekn OpenCV, Wwo moe byTn BUKOPUCTAHO Ans
CNiAXEHHA NOBEPXHEBUX BNACTUBOCTEN PiANH, 30KpeMa KpaloBOro KyTa 3modyBaHHA. KpaloBuit KyT 3MOYyBaHHA
pO3paxoBylOTb Ha OCHOBI BMMIPSHOro pagiyca ocHoBM abo mepuaiaHy i 3agaHoro ob'emy Kpanai piguHu.
BumiptoBaTtu pagiyc Kpanni piguHU NPONOHYETLCA WAAXOM OTPUMaHHA uMdpoBoro 3o06parkeHHa Kpanai, a pagiyc
BM3HAYaTU anropuTmMamm KOMN'OTEPHOro 30py. B cTaTTi noKasaHo, WO anropuTmu KOMN'toTepHOro 3o0py
nepenbayaloTb BMKOHAHHA pady onepauiii. CnoyaTKy Ko/ibopoBe 306parkeHHA nepeTBoptotoTb Ha cipe. Oani
BMKOHYIOTb PO3MUTTA 306parKeHHA 3ropTKOIO rayCoBUM AAPOM A7 3MEHLLIEHHA BNAMBY Wymy. HacTynHUM eTanom
€ BUAi/NIEHHA KOHTYpiB 06’€KTiB Ha 306pakeHHi anroputmom KeHHi, AKUIA 0BYMCAIOE 3ropTKY 3a AOMOMOroH
onepartopa Cobens. Moganbla 06pobKa 306parkeHHA BUKOHYETLCA Waaxom dinbTpauii gna npopigrKyBaHHA Kpais
KOHTYpPIiB i NpUAYWEHHA KOHTYPiB 3 BMKOPWUCTAHHAM [OBOX NOPOroBMX pPiBHIiB. Lle [03BONAE OTPMMATU KOHTYpU
TOBLUMHOI B OAMH MiKCeNb i YCYHYTM i30/1bOBaHi AiNSTHKN KOHTYPIB, LLO HE Ha/ieXaTb AiNCHOMY KOHTYpY Kpani, a €
pe3ynbTaTOM HEYCYHEHOro Wwymy Ha 306paKeHHi. B poboTi BKasaHo, Wo NpaBu/ibHUIA BUDIP LMX NOPOriB BN/ANBAE
Ha edEeKTMBHICTb a/NirOPUTMY OETEKTyBaHHS KPaiB. 3aKAOYHMM €Tanom € 3aCTOCYBaHHA a/ifOPUTMY CKaHyBaHHA
306paxkeHHa gna dopmMyBaHHA MacUBIB KOOpAMHAT MiKceniB 300paKeHHA, AKi HanexaTb KOHTypy Kpanni. Ha
OCHOBi MacuBy KOOPAMHAT MiKCeniB BU3HayaloTb pagiyc Kosa, AKUi im Bianosigae. PeanbHi po3mipu Kpanai Ha
306parkeHHi nepepaxoByloTb 3 BUKOPUCTAHHAM KanibpyBasbHoro o6'eKta Bigomux posmipie. Takum 06'ekTom

3anponoHoBaHe nocuaaHHA: biniwyk, B. b., KpuHnupknin, O. C. & ButBMupbKa, /1. A. (2025). 3acTocyBaHHA
KOMM'IOTEPHOro30py A0 BU3HAYEHHA PO3MIipiB Kpanai pianHun Ha undposux 306parkeHHax. MeToam Ta npunaam
KOHTpOIo AKocTi, 2(55), 60-67. doi: 10.31471/1993-9981-2025-2(55)-60-67.
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biniwyyk ma iH.

MoKe 6yTu Tino npoctoi popmu — KBaApaT, Kpyr Towo. Ha OCHOBI BUMIPAHMX i BIAOMMX PO3MipiB KanibpyBasbHOIo

Tina po3paxoByloTb KoedilieHT nepeTBOpPeHHA

umdposoro

300pakeHHA. 3anponoHOBaHWIM  anropuTm

peanizoByeTbca ¢yHKUiAMKU 6ibniotekn OpenCV: cvtColor, GaussianBlur findContours i minEnclosingCircle, wo

[03B0N1A€ eDEeKTUBHO pPo3pobaATH nporpamHe 3abesnevyeHHs i3 BUMKOPWUCTAHHAM b6ibnioTek

OpenCV. Take

nporpamHe 3abesneyeHHA MoxKe BYTU BNpoBaAKeHe Ha MIKpOKOMN'toTepax, WO BiAKPMBAE LWIMPOKI MOXK/IMBOCTI
AN Po3po6aeHHA NpUAagie ANA AOCNIAKEHHA NOBEPXHEBUX BNACTUBOCTEN PiAWH.

KntouoBi cnoBa: Kpaitosuii KyT 3mouyBaHHs, OpenCV, 3ropTka 306paKeHHs, KOHTYp.

Beryn
OOpobka 300pakeHb 1  QJITOPUTMHU
imenTudikamii 00'ekTiB Ha 300pakeHHI 3

BUKOPUCTaHHAM TEXHOJIOTIH KOMITIOTEPHOTO
30py BIJIITPAIOTh BAXKIIUBY POJIb y PO3BUTKY
aBTOMAaTM30BaHUX CHCTEM Ta IITYYHOTO
IHTEJIEKTy. 3 JOMOMOTOK KOMII'FOTEPHOTO
30py  BUpPIIIYIOTH  aKTyaldbHI  IHTaHHS
3HAXO/DKCHHS, BIJICTEXKYBaHHS, 171eHTUDIKAITIT
Ta Kiacudikaiii 00'ekTiB, 0OpOOICHHS TaHUX
1 aHami3zy orpumanoi iHbopmarii 3
300pakeHb.  Po3poOiieHHS ~ IpPOTpaMHOTrO
3a0e3nedyeHHs] 3 BUKOPUCTAHHSAM TEXHOJIOTIN
KOMIT' IOTEPHOTO  30py 3aCTOCOBYIOTH  JIJISt
BHUpPIIICHHS PI3HOMAHITHUX 3aBJaHb, IO
BIJKpHBa€ 0arato MOXXJIUBOCTEH Yy pI3HHUX
raimy3sx. OKpeMo MOYKHa BUJIIJTUTH 3aBJaHHS
BU3HAYEHHS pPO3MIpIB pi3HUX 00'€KTIB Ha
300pakeHHSIX. 3aCTOCYBaHHSA  TEXHOJOTIN
KOMI'IOTEPHOTO  30py JUISL TakuxX Ifiyiei
J03BOJISIE  aBTOMATHU3YBaTH TIPOIIECH BH3HA-
YEeHHs PO3MipiB 00'€KTIB Ha 300pakeHHSX, 1110
aBTOMATH30BYE 1  TIPUCKOPIOE  IPOLECH
MIPOBE/ICHHS BUMIipIoBaHb [1].

Merta po6oTm TOISATaE y po3poOieHHI
METOAWKHA BHW3HAYEHHS PO3MIpIB  Kparun
PiAMHU Ha TOPU3OHTANIBHIN TBEpAii MOBEPXHI,
mo  MoOXe OyTH  BUKOPUCTaHO IS
JOCHIJKEHHsI TIOBEPXHEBUX  BJIACTUBOCTEH
pianH, 30KpeMa KpaioBOTO KyTa 3MOYYBaHHSI.
Y  poboTi  pO3MIATAETHCS  METOJIUKA
pO3Mi3HABaHHS KpaiB Kparjii piIAuHA 1
BU3HAUCHHS 1i TEOMETPUYHHX pO3MIpIB 3
BUKOpHUCTaHHAM 0101mi0Tekn OpenCV.

AHaJli3 Cy4YacHMX 3aKOPAOHHMX i
BITYM3HAHMX TOCTII)KeHb Ta MyOaikauii

3apa3 BiZjoMa BeJIMKa KUIBKICTH pOOIT,
MPUCBAYHUX 3aCTOCYBAHHIO pi3HUX
QITOPUTMIB 1 METOJIB BWJIYYEHHS MOTPiOHOI
iHdopmartii i3 uppoBux 300pakeHb. OHIEID
13 3371a4 € MOIIYK 1 BUMIPIOBaHHSA pPO3MIipiB
MoTpiOHOTO 00'€KTa HA 300paKEHHI.
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Y pobGoti [2] po3rIsmarOTh 3amady
BUMIPIOBaHHA  pO3MIipiB  O0’€KTiB  3a
noromororo pyukmiit OpenCV. B my6mikartii
3a3HaYeHO, IO BUKOPUCTOBYIOUM (DYHKIIT

OpenCV  MoOXHa BHSIBUTH OO0’€KTH Ha
300pakeHHi, OOYMCIUTH IX UIMPUHY Ta
BHUCOTY.

Bimoma imma pobGora [3], B sKiit

BHUPIITYIOTh 3a7a4y BHUMIPIOBAHHS pPO3MIpPiB
o0’exta 3a nornomororo (GyHkIiil 6i0moTexn
OpenCV. 3a3HavYamTh, 10 3ajada
peali3yeThCs NUISIXOM TOMIYKY KOHTYPIB,
MEPETBOPECHHIM 300pa)K€HHS Ha Tpajarii
CIpOro 1 3aCTOCOBYIOTh TOPOTOBUI piBEHb
SICKPaBOCT1 ISl BiIOKpEeMJICHHSI 00’€KTa Bij
GOHY 3 TMOJAIBIIUM TONIYKOM KOHTYpPY
o0’exta. OOuucieHHs 1uomi  00’ekTa
CIIOYATKy 3IHCHIOIOTH B MIKCENSX, 1 MOTIM
NepepaxoByIOTh  IUIONLY, BHUPAXECHY B
peUTbHUX  OJWHMIIIX  BUMIPIOBAaHHS  3a
JIOTIOMOT'OF0 MacIITabHOTO KoediIieHTa.

B pobori [4] npexacraBiena po3pobieHa
METO/JMKA aHajizy IMdpPOBUX 300pakeHb
¢ikcoBaHoi 00epToBOi Kparuii TSt
BU3HAYCHHS KOOPIWHAT TOYOK KOHTYpIB
TaKuX Kpamnelib. Y Hiil IPONOHYEThCs TpyOuit
MONIYK  KOHTYpY  Kpamun  3I1HCHIOBATH
NUITXOM  CKaHyBaHHS  300pakeHHs, a
npenu3iiHe BCTAHOBJICHHS KOOPAWHAT TOYOK
KOHTYpPY 3JiMCHIOBATH 3 BUKOPUCTAHHSIM
METOTY Kenni 13 CyOIiKCeThHUM
PO3pPaxXyHKOM KOOpPJWHAT TOYOK KOHTYpiB. B
THIIHA nparti [5] 3aIpOITIOHOBAHO
BUKOPHUCTOBYBaTH  KOpENALIWHUN  MeToJ
aHamizy nudpoBux 300paxkeHb. Y HBOMY
3MIMCHIOIOTHh TOPIBHSIHHS 3pPa3KOBOTO 00pasy

LIYKaHOTO o0'exTa Ha uppoBOMY
300pakeHHI, 10 J03BOJISIE 1MEeHTU(]IKYBATH
po3TalryBaHHS ~ IIyKaHoro  o0'ekta  Ha

300pakeHHl. Y  3a3HaueHHUX  poOoTax
nporpaMHe 3a0e3nedeHHs po3pobisiocs 6e3
BUKOPHUCTAHHS CTeIiami30BaHux 010J10TeK,
TOMY TIpoIleC pPO3pOOJIEHHS MPOrPaMHOTO
3a0e3nedeHHs1 OyB TOCUTh TPYIAOMICTKHUM.

“ )
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OCHOBHHUM TEKCT CTATTI

Buxopuctanus crerniaiai3oBaHnX
MPOrpaMHUX Oi0JIIOTEK TO3BOJISIE CHPOCTUTH
nporiec PO3poOKH IPOTPAMHOTO

3abesneueHHs. OHUM 13 TakuX 3aco0iB €
6i6mioreka OpenCV (Open Source Computer
Vision Library), sika 103BoJisil€ BUKOHYBaTH
00poOKy 300pakeHb, BKIIOYAIOUN BHSBICHHS
1 po3mizHaBaHHs 00'€KTIB, BIACTEKEHHS PyXYy 1
pyxoMux 00'€KTiB, 00'€THAHHS 300paKECHBb
Ul OTPUMaHHS IJI0i CIEHH 3 BHCOKOIO
PO3AUILHOIO 3JIaTHICTIO 1 0araro iHIIOTO.
bibmioteka OpenCV Hamiuye monam 2500
ONITUMI30BaHUX AJITOPUTMIB, SIKi TOJIETIIYIOTh
pO3pO0JIEHHS TMPOTPaMHOTO  3a0e3MeUeHHS
3acobamu MOB nporpamyBaHHsi Python, Java,
Matlab Ta iHmUX, 1 MOX€ BITLHO BHUKOPH-
CTOBYBaTHUCSl B aKaJeMi4HMX 1 KOMEpIITHIX
IUIIX Ha yMoBax Jinen3ii BSD [6].

[Ipn BUKOPUCTaHHI QITOPUTMIB
pO3Mi3HAaBaHHS O00'€KTIB Ha 300pakKeHHSIX
BUJIUISIOTH THUITIOBI ITOCIIIOBHOCTI JiiA:

— TIOTEpenHI0 O00poOKy 300pa’keHHS:
3TJa)KyBaHHs, dinpTparis TIEPEIIKOI,
TiIBUIIICHHS. KOHTPACTY;

— OiHapwm3alliio 300paXeHHs 1 BUAUICHHS
KOHTYPiB 00’ €KTIB;

— ¢inpTpallito KOHTYpPIB 3a pPO3Mipamu,
I0MIeT0, GOPMOIO;

—  TOWYK  KOHTYDY,
CXO0’KOT0 Ha Ia0JIOH.

Bimomuii Meroa BHW3HaueHHS KpalOBOTO
KyTa 3MOUYBaHHS PIIUHAMU TBEPAUX TiN, B
SKOMY PO3MIIIYIOTh KpAaIuIl0 13 3aJlaHuM
o6’eMoM V Ha TOBEpPXHI TBEpPAOro Tija,
BUMIPIOIOTh PaJlyC OCHOBM Kparun r abo
pamiyc Mepumiany R 1 po3paxoByIOTh
KpalioBHid KyT 3Mo4yBaHHs [7]. Skmo 06’em
Kparli V HEeBeNWKUH, TO Kparis NpHiiMae
dbopmy, 6mm3eKy 10 chepuunoi. PosrmsHemo
Kpariio Ha rigpodinpHi moOBepxHi, TOOTO
KOJIU KpaloBUH KyT JISKHUTh B Mexkax Big 0°
no 90° (puc. 1, a). ¥V 1npomy BuDAAKY
KpalloBUi KyT 3MOYYBaHHS pPO3PaxoOBYHOTh
3TiTHO 3 TAKUMH 3QJICKHOCTSIMU:

MaKCHUMAJIBbHO
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a — zciopoghinona nosepxns;
0 — 2iopogpoona nosepxnsn

Pucynok 1 — ®@opMma kpamii Ha moBepxHi

JOH(RYV))

Ha rigpodo6uiii moBepxHi (puc. 1, 0)
3HAYeHHS KyTa 3MOYYBaHHs 3MIHIOIOTHCS BiJ
90° mo 180°. 3ayexHOCTI Mg PO3PaxyHKY
KyTa 3MOYYBAHHS € JICIIO CKJIQTHIITUMH:
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YRV )==3V+2Rm+4[3- [V -(-3V +4R’n)]

BumiproBanHs pajiyciB Kparutr piauHu
MOXKHAa aBTOMAaTHU3YyBaTH, CKOPHUCTABIINCH
MIKPOCKOIIOM 3 BiJICOKaMEpOI0, SIKOK OTpPH-
MYIOTb 300pakeHHs1 W€l Kpamii. Po3mipu
Kparii piIMHK Ha OTPUMAaHOMY 300pa)Ke€HHI
BU3HAYAIOTH BIJIMOBIIHUM  MPOTPAMHHUM
3abe3nedyeHHsM. OTxe, iCHYe 3a7ada po3po0-
JeHHS TPOrpaMHOTO  3a0e3leueHHs IS
00poOKHM 300pakeHHS 1 BU3HAYCHHS PO3MIpPiB
Kparuii piJiHA B PO3TISTHYTOMY METO/I.
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Ha mouarkoBomy etami  po3poOku
IPOrPaMHOTO 3a0€3MEYECHHsI aKTyaJlbHUM €
BHOIp MOBM TIporpamyBaHHs. 3apa3 BUKOPH-
CTOBYIOTbH 0e€3I1i4 MOB IiporpamyBaHHs. OHaK
OCHOBHUMH JTiiepaMu MOkHa BBaxatu C++
ta Python, ockinpku came B IHMX MOBax

MOXHa BUKOPHUCTOBYBATH 610mioTeKy
koMmm'totepHoro 3opy — OpenCV. Moga
porpamMyBaHHS Python MpUBa0IIOE

MPOCTOTOI0 OCBOEHHS 3aBISKH JIAKOHIYHOMY
CHUHTAKCUCY, IO POOHUTH ii JOCTYHMHOK ISt
MOYATKIBIIIB Y MporpaMmyBaHHi. J[ogaTKOBOIO
nepeBaroro Python € akTuBHa cmibHOTA, KA
MOCTIHHO  po3polJisie  0e3liy  KOPUCHHUX
010ioTeK Ui BHUKOPHCTAaHHS Yy pi3HUX
npoekTax. Python — e MoBa mporpamyBaHHS
3araibHOTO TPU3HAYEHHS, OpPIEHTOBaHA Ha
MIJIBUIIICHHS] TPOAYKTHBHOCTI pPO3pOOJICHHS
PI3HOMAaHITHOTO MPOTPaMHOT0 3a0e3MeYeHHS.
Cunrakcuc sapa Python — miHiMamicTUUHUMN.
Y Toif xe dac craHmapTHa 0Oi0mioTeka
BKJTFOYA€E BEITMKUM OOCAT KOPUCHUX (DYHKITIH.
Po3pobnene mporpamHe 3a0e3meueHHS 3
BHKOPHUCTAHOI KpoctutargopMoBoro 06i0Jio-
texkoro OpenCV Moxke mpamoBaTé Ha Pi3HUX
omepamifHuX CcHcTeMax Ta IaTdopmax,
takux sk Windows (Bkimouaroun Windows
10, 8, Ta 7), Linux (Ubuntu, Fedora, Debian
tomo), macOS, Android, i0S, Raspberry Pi,
a TaKoXX BOYJIOBaHUX CHUCTEMaX.

Koxxne 300pa)xeHHsT NPOXOJHUTH TIIEBHI
eTamu: TMOoMNepeaHboi OOpoOKM 1 aHamizy.
[Tomepenuss o0poOka 300pakeHHS — 1€
BOKJIMBHUMA €Tall B KOMIT IOTEPHOMY 30Di, SIKUMA
MITOTOBIISIE 300pa)eHHsI IS TOJANIBIIOT
00poOku Ta aHamizy. MeTorw momepenaHbOi
00poOKH € TiABHILEHHS SKOCTI 300pa’KeHHS
IUSIXOM BHJIQJICHHS TIyMIB 1 TOKpaIeHHS
KOHTPACTY.

CrouaTky BiIOYBA€ThCSA TEPETBOPEHHS
300pakeHHs B rpajaiii ciporo, mob 3MeH-
IIUTH CKJIAJIHICTh OOpOOKH, TEPETBOPUBIIH
KOJIbOpOBE 300pa’keHHs B LIKAIYy Ciporo, Io
3MEHIIye KUIBKICTh KaHalliB BIJ TPhOX
(uepBOHUIA, 3€TICHUM, OJIAKUTHUI) 10 OJTHOTO.
[HTEHCUBHICTh KOXHOTO TIKCENIS Ha CipoMy
300pakeHHI — IIe  3BaXEHE  Cepe/iHE
KOJIbOPOBHUX KaHAJIIB OPUTIHAJIBLHOTO TIKCEIIs,
SIKE BPAaXOBYE JIIOJICHKY UyTIHMBICTD 10 PI3HUX
KoambopiB. [lepeTBopeHHsT 300pakKeHHS 3
konbopoBoro mnpocropy RGB (Red, Green,
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Blue) — uepBoHuii, 3e1eHU#, CUHINM B Tpagarlii
ciporo Y s3nuiiicHioeTsest ¢yHkuiero cvtColor,
BUPAXKAETHCS SIK TIEPEPAXYHOK SICKPABOCTEH
MiKCEeiB:

Y=0,299R+0,587G+0,114B , 3)

ne Y BIANOBiZa€ 1HTEHCHUBHOCTI CIipoOro
Koaeopy, a R, G, i B — 1HTEHCHUBHOCTI
YepBOHOTO, 3€JIEHOr0 1 CHHBOTO KaHAIIB
BianmoBimHo.  Koedirientn  BigoOpaxkaroTh
BOXKIUBICTH  KOXXHOTO  KOJBOPY  JUIS
CIPUHHSATTS SCKPABOCTI TFOJICHKUM OKOM.

HactymHMM  TIyHKTOM  TONEPETHBOI
00poOKH € pO3MUTTS 300paKEHHS, METOIO
SKOTO € 3MEHIIMTH BIUIMB IIyMy Ta
HECYTTE€BUX JleTalleil Ha 300pakeHHi, IO
CHpOIye TPOLEC BHUSABICHHA KpaiB Ta
KOHTYypiB. Llporo MoXHa  jgocsarta 3
BUKOPUCTAaHHSM TayCOBOTO sjpa, MI0 JIa€
MEHIIIE PO3MHTTS Ha Kpasx 1 OiIbIle Y HEeHTPI.

PosmutTst 300pakeHHS 3TOPTKOIO
raycoBuM siipoM B OpenCV pearizoByeTbes
dyskuiero cv2.GaussianBlur. B miit pyskmii
3aJal0Th ~ PO3MIp  A1pa  3TOPTKH,  SKUH
BHU3HAYAE CTYIIHb PO3MUTTS. binbmmii po3mip
S7pa Aa€ CUIbHINIE PO3MUTTS 1 HaBMaku. J{s
KOKHOTO IIKCeNsl OOYHCIIOEThCA 3Ba)KeHa
cymMa WHOro cycimiB, Je Bard BH3HA4YeHI
rayCiBCHKUM SIIPOM:

1 7x2 +y°
262
e

G(x,y)= , (4)

Je X Ta y — BIACTaHl BiJl LIEHTPY SApa IO
TOPU30HTANIl Ta BEPTUKANl BIAMOBIAHO, G —
CTaHJApTHE BIAXWICHHS pO3MOILTY, SKE
KOHTPOJIIOE PiBEHb PO3MHTTA. SIApO 3ropTKH
HOpMAJIi3ye€ThCsl  Tak, 100 cyma BCiX
eneMeHTiB nopiBHIoBana 1. lle 3a0esmeuye
HE3MIHHICTh 3arajabHOT SICKPaBOCTI
300pakeHHS MiCIs PO3MUTTSI.

HactymHuM eTtamom € BHIIJICHHS KOH-
TypiB 00’€kTiB Ha 300paxeHHi. [l 3Hax0-
JOKEHHSI KOHTYpIB O00'€KTIB Ha 300pa’KeHHI
BUKOpUCTOBYIOTH (hyHKIIiT0 findContours.

Oynkmis findContours st BUSIBICHHS
KpaiB 00'eKTiB Ha 300pakeHHI BUKOPHUCTOBYE
anroput™M Kenni. BiH BBakaeThCcsi OJHHM 3
Halle(DEKTUBHIMIMX aJTOPUTMIB BHSBICHHS
KpaiB 1 4YacTO  BHUKOPHUCTOBYETHCS B
KOMIT FOTEPHOMY 30pi. Y I[bOMY aJTrOpUTMI
OOYMCITIOETBCS  TPaNi€HT 300paKeHHS s

>
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BH3HAUYCHHS HANpsSMKY Ta 1HTEHCHUBHOCTI
3MiHH sICKpaBocTi. OOYHCICHHS Tpaai€HTIB
3MIHCHIOETHCS OOYHMCIICHHSIM 3TOPTKH 3a JIOTIO-
Moroto omepatopa Colens, SKHI BHUSIBISE
TOPU30HTAJIbHI Ta BEPTUKAJIbHI 3MIHU:

-1 0 1

G =|-2 0 2[*I; (5)
-1 0 1
12 1

G=|0 0 o], (6)
-1 =2 -1

ne I — 11e 300pakeHHs y BIITIHKAX Ciporo.
BennunHa Ta HanpPsAMOK TpajieHTa:

G,, =G +G;; (7)

G
0=arctg| —= |, (8)
GX
ne Gx ta Gy — rpafiieHTH B TOPU30HTATBHOMY
Ta BEPTUKAILHOMY HaNpsIMKax BiAmoBiaHO [8].

[Ticnsa momryky KOHTYpiB BiAOyBa€eTbCs ix
GinbTpYBaHHS Ha OCHOBI PI3HMX KPHTEPIiB,
TakuxX SK Tuiomia, ¢opma abo po3mip, Mmoo
130JTFOBATH KOHTYP IIJTLOBOTO 00’€KTa [9].

Jlnst  yCyHEHHS pPO3pHUBIB  KOHTYpIB 1
(IKTUBHUX KOHTYPIB /ajli BUKOHYIOTh II€ Psij
omepamii. HemakcumanpHe  TPHAYIICHHS
3aCTOCOBYETHCS I “NIPOPIHKYBaHHS KpaiB.
JIst KOKHOTO TIKCENs TEepeBIpsSeThCs, YA €
BiH MaKCUMyMOM Yy HampsSMKYy TIpaji€eHTa.
Axmo Hi, TKCEIb MNPUIAYIIYETHCS — HOTO
3HAUEHHS SICKPABOCTI BCTAHOBIIOETHCS B
HyNnbOBe. Take MepeTBOPEHHS CTBOPIOE Kpai
rpaHuIlb 00'€KTIB K TOHKI JiHii. B anroputmi
mignporpamu findContours BUKOPHUCTOBYIOTH
JBA TIOpOTOBI 3HaueHHs o/ 1 oh A
BH3HAYCHHS CTpaBXHIX KpaiB. CuiabHI Kpai 3
3HAYEHHSM TpajJi€HTa, SAKUA BUIIMKA 3a
BHCOKHH TOPIT G/, BU3HAIOTHCS K CIPABXKHI
kpai. Kpai 31 3HaueHHSM TIpaji€eHTa HUXKUE
HU3BKOTO TIOPOTY G/ BigKkumaroThes. [Hmm kpai
3 3HAYEHHSM TPai€HTa, 10 3HAXOAATHCS MK
JBOMa IOPOTaMH, TO3HAYAIOTHCS SK CIa0Ki
kpai. Taki obmacti morpe0yloTh AOAATKOBOI
TepPEBIPKH.

TakuM 4YWHOM, HIDKHIA TOpIr JUIs
mporecy Tictepe3ucy o/ — 1e MiHIMajabHa
IHTEHCHUBHICTb, SKa BBaXXacTbCA IOCHUTH
CUJIBHOIO, TI00 OyTH BU3HAYCHOIO SIK Kpai.

7

BepxHiii mopir mjis mporiecy rictepesucy coh
BU3HAYA€ MiHIMAIbHy I1HTEHCUBHICTH JUIS
MIKCENB, SKI MOXXYTh OyTH BH3HaHI SK Kpaw,
SIKIIIO BOHM 3’ €THYIOTHCS 3 CHJIBHUMU KPasiMHU.
[IpaBunpHUi BUOIp HMX MOPOTIB BHU3HAYAE
€(EeKTUBHICTb  ANTOPUTMY  JETEKTYBaHHSI
KpaiB. HU3bK1 MOPOroOBi 3HAYCHHSI 3aJTUIIAIOTh
Ha 300pa)keHHI OaraTto Iymy, a mpu BHOOPI
BUCOKHMX 3Hau€Hb Ha 300pa)K€HHI MOXYTh
OyTu mponyIieHi aeski kpai. J{ns mocsrHeHHs
HalKpalux pe3yabTaTiB  BIAMOBIAHO 10
KOHKPETHOTO  300pa)XCHHsST Ta  3aBJIaHHS
3HAUEHHS TMOpPOTiB G/ 1 ©Gh BCTAaHOBIIOKIOTH
EKCIIEPUMEHTATbHO. AJITOPUTM TMPHIYIICHHS
MOJKHA OIHMCATH HACTYITHUMU BUPa3aMHU:

CwibHi kpai: G(x,y)>oh;

Cna0ki kpai: 6/<G(x,y)<ch,

Kpaii Bigcytniii: G(x,y)<ocl.
255, axwo kpaii crabxutl
abo cunbHULL,
P(x,y) =10, sxwo kpaii iocymiti

abo cnabkutl, wo He 3' OHanuil

3 CUJIbHUM.

[ mapamerpu ¢ynkuii findContours
mode 1 method Bu3HAUaIOTh AJITOPUTM
CKaHyBaHHS 300pakeHHS 1 30epexkeHHs
KOHTYpiB. Hampuknan, Buxkmwk  QyHKIT
findContours 3 mapamerpoM mode piBHUM
cv2.RETR EXTERNAL, Bka3zye yHKIIii
findContours 3HaxXOIWTH TIJILKA 30BHIIIHI
KOHTYpH, TOOTO Ti, SIKI HE MICTAThCA
BCEpeAMHI IHIIMX KOHTYpiB. Y mporeci
CKaHYBaHHS 300pakeHHS 3TiTHO 3
QITOPUTMOM  BHU3HAYAETHCS, YU  CHiI
3’€qHYBaTH  3HaWAeHI  cimabki  kpai 3
cwibHUMH. SIKIIO cmaOkuii Kpai 3’€THaHUN 3
CHUJIBHUM Kpa€eM, BiH BBAXKAETHCS CIPABKHIM
KpaeMm, 1HaKme BiH  BIAKUAAEThCA. A
3acTocyBaHHs ~ mapamerpa  method i3
sHaueHHsAM cv2.CHAIN APPROX SIMPLE
BKa3ye, M0 KOHTYpH OyIyTh ampOKCHMOBaHI
JHISIMH MK CYCITHIMH TOYKaMHU.

Oyukiis findContours moBepTae KOpTEK:
NMoCiIoBHICTh KOHTYpiB S={C|, C, ..., Cy}
Ta iepapxito H. KoxxeH koHTyp S BU3HAUCHUI
K TOCTIJOBHICTE TOYOK {pi1, P2, ..., Pn}-
Iepapxist H MoXe TpeACTaBIsATUCh Y BUTIISAAL
MaTpuIll abo epeBOBUIHOI CTPYKTYpH, IO
OIHCYE B32EMO3B’SI3KH MI>K KOHTYPaMH.
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Koxen eneMeHT p;; KoHTypy C; MICTHTh
KOOpAMHATH (X, y) TMIKCeNns y BHUXITHOMY
300pakerHi. Lli enemeHTH yTBOPIOIOTH hOpMY
abo rpaHuiio 00’ekTa, fAKa MoXe Oytu
BHKOPHCTAaHA JUIsl aHallizy Ta oOpoOku. N —
KUIBKICTh KOHTYpIB, 10 OYyJM 3HaiIeHI Ha
300pakenHi. Koxxuuit xontyp C; MoOXke
MICTUTH  PI3HY  KUIBKICTb  TOYOK, IO
MPEJCTABISIOTH TPAHUITIO 00’ €KTA.

Kpim 1poro, CTBOpIOETBCS i€papxis
KOHTYpiB, BoHa X H — ue marpuus abo
BEKTOp, III0 MICTHTh 1H(pOpPMAIIIO MPO iepap-
X14H1 3B’S13KH MK KOHTYpPaMHu Ha 300pakeHHi.

lepapxis Bu3Ha4ae, s’k KOHTYPH OB’ s3aH1
MDK c000I0: SgKI 3 HHUX € “OuTduuMmn’,
“OaThKIBCBKHUMH’, @ TaKOX HACTYITHUMH Ta
NorepeIHiMI Ha JaHoMy piBHI iepapxii H.
[Hdopmariiss mpo iepapxir0 MOXKE BHUKOPH-
CTOBYBATHUCH ISl aHAITI3Y CTPYKTYPH 00’ €KTIiB
Ha 300pa)KeHH1, BU3HAYCHHSI Ta 1HTEpIpeTartii
B3a€MO3B’SI3KIB MK KOHTypamu. KoxHwuii i-i
eIeMeHT iepapxii H Mae TaKy CTPYKTypY:

H=(next, prev, first_child, parent),
e next, prev — 1ie 1HIEKCH HACTYITHOTO 1
MOMEePETHBOr0 KOHTYPIiB Ha LBOMY piBHI
iepapxii. SIKIo HeMae Takux KOHTYpIB, next i
prev NOPIBHIOIOTH -1. first child — ne iHmexc
MEPIIOTO «IUTSIIO0T0» KOHTYPY. parent — 1ie
IHIACKC «OaThKIBCHKOTO» KOHTYpY. SIKIIo
HEMa€ TaKuX KOHTYPIB, I1i 3HaUEHHS piBHI —1.

IIpu saxicHo 3pobneHiit  ¢ororpadii
Kparuii Ha 300pakeHH1 Mae OyTH OAMH KOHTYP
Kpyrioi ¢opmu, sKUil BinmoBimae po3mipam
OCHOBM a00 MepwaiaHy Kparmt piaguHu. Tomy
HACTYMHOIO  33/1a4el0 €  3HaXOJDKEHHS
pO3MipiB, a TOYHINIE paaiycy KOHTYPY Y
dbopMi Koa Ha 300paKeHHI.

Jlnst  BU3HAuUEHHS PO3MIPIB  KOHTYPY
o0’ekTa y BUIIIAI eninca abo kona B 6i6mio-
temi OpenCV, BHUKOPHCTOBYIOTH (YHKITIT
«minEnclosingCircle» abo «cv2.fitEllipse».
OCKUIBKM  KOHTYp Kpaiwli  piIMHH  Ha
300pakeHHI 3a (opMoOr0 HANUOMIKYMIA 10
KOJla, TO JIOIIJIBHINIE BHUKOPUCTOBYBATH
¢ynkuito «minEnclosingCircle». s ¢ynkuis
MpHU3HAYCHA JUTSI 3HAXODKEHHSI HAWMEHIIOTro
KOJIa, sIKe MOJKE TOBHICTIO OXOMHTH KOHTYP,
3a/1aHui HA0OPOM TOYOK.

3aBJaHHs BU3HAYEHHS HAiIMEHIIIOrO OXOI-
moroyoro koma (Minimum Enclosing Circle,
MEC) nns Habopy TOYOK € KIACHYHOIO
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3a/1auero reoMeTpuaHoi ontuMizaiii. OpenCV
IMIUIEMEHTYE  e(DEeKTHBHUN  METOa  JUIA
sHaxomkeHHss MEC, anme nerani BHYTPINIHBOT
peamizanii He po3kpuTi. g BuUpimeHHS
3ajadi  BU3HAYCHHS HAWMEHIIIOTO  OXOIl-
JIOIOYOTO KOJia 3a3BMYail BUKOPUCTOBYIOTH
iTepariiiHi  METOAW, METOAM HANMEHIINX
KBaJIpatiB, anroput™ Bemniyis Tormmo [10].

Oynkmis minEnclosingCircle Bu3Hauae
po3MipH  KoJla  SK  KUIBKICTB ~ TOYOK
300pakeHHs (TKCeNiB), sKa oMy BiAMOBIIaE.
HactymHuM etanoMm € BH3HAuYCHHS pPeabHHUX
po3MipiB Kosia Ha 300paxkeHHi. g 1bOrO
pazoM i3 00'€KTOM HEBIJIOMHUX PO3MIpiB Ha
300paKeHHI PO3MIMIYIOTH 00'€KT 3 BiIOMUMH
po3Mipamu. B skocti Takoro o0'exrta
PO3MIIYIOTh TJIO MPOCTOi (GOPMH — KBajapat
YU KpPYT, PO3MIpH SKOTO TaKOX BHMIPIOE
mporpaMa KOMIT'FOTepHOro 30py. Ha ocHOBI
BUMIPSTHUX i B1JIOMHUX pO3MipiB
pPO3PaxOBYIOTh  KOE(DIIIEHT IEepPeTBOPEHHS
G poBOro 300paKEHHS.

BucHoBku

B poGoti 3pobiieHnii aHami3 alropuTMiB
imenTudikamii 1  BHU3HAYEHHS  PO3MIpiB
00’ekTiB Ha 1U(POBUX 300paxeHHsax. Ha
OCHOB1 3pOOJICHOTO aHalli3y 3alpOTIOHOBAHO
BUKopucTanHsa Oibmioreku OpenCV s
PO3pOOKH TMPOTPAMHOTO 3a0E3MEUEHHS, SKE
BUKOPUCTOBYIOTh Yy 3aJadyaXx BH3HAUCHHS
KpaloBOr0 KyTa 3MOYYBaHHS Ha OCHOBI

BUMIPIOBaHHA pO3MIpIiB  Kparuli  piAWHU.
3acTocyBaHHs Cremiani3oBaHoi  010i0TeKH
JIO3BOJIMTH ~ MPUIIBHAIIMTA 1  TOJETIIUTH

mpouec po3poOJIeHHS TaKOro MPOTrpamMHOro
3a0e3meueHHs.

3anporoHOBaHUN AJNTOPUTM 1IeHTH(IKA-
il 1 BU3HAYCHHS PO3MIpIB Kparuli piIvHU 3
BUKOPHUCTAHHSIM TEXHOJIOTIH KOMIT'FOTEPHOTO
30py JO3BOJUTH 3aCTOCYBaTH MPOTpPaMHE
3a0e3nmedYeHHsT JUIsl MIKpOKOMITHOTEPIB, IO
BiJIKpUBAE HIAPOKI MOYJIMBOCTI TUTSE
MPOCKTYBaHHS MPUIATIB IS JOCIITKEHHS
MOBEPXHEBUX BIACTUBOCTEU PiJIMH.

IMoasiku
BincyrHi.

Kondguikr inTepecin
BincyrHiii.
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Abstract. The article solves the problem of determining the size of a liquid drop in a digital image using computer
vision technologies using the OpenCV library, which can be used to track the surface properties of liquids, in
particular the marginal wetting angle. The marginal wetting angle is calculated based on the measured radius of
the base or meridian and a given volume of the liquid drop. It is proposed to measure the radius of a liquid drop by
obtaining a digital image of the drop, and determine the radius using computer vision algorithms. The article shows
that computer vision algorithms involve performing a number of operations. First, the color image is converted to
gray. Then the image is blurred by convolution with a Gaussian kernel to reduce the influence of noise. The next
stage is to select the contours of objects in the image using the Kenny algorithm, which calculates the convolution
using the Sobel operator. Further image processing is performed by filtering to thin out the edges of the contours
and suppress the contours using two threshold levels. This allows us to obtain contours with a thickness of one
pixel and eliminate isolated areas of contours that do not belong to the actual contour of the droplet, but are the
result of unremoved noise in the image. The work indicates that the correct choice of these thresholds affects the
efficiency of the edge detection algorithm. The final stage is the application of the image scanning algorithm to
form arrays of image pixel coordinates that belong to the contour of the droplet. Based on the array of pixel
coordinates, the radius of the circle that corresponds to them is determined. The real dimensions of the droplet in
the image are recalculated using a calibration object of known dimensions. Such an object can be a body of a
simple shape - a square, a circle, etc. Based on the measured and known dimensions of the calibration body, the
conversion factor of the digital image is calculated. The proposed algorithm is implemented by the functions of the
OpenCV library cvtColor, GaussianBlur findContours and minEnclosingCircle, which allows us to effectively develop
software using OpenCV libraries. Such software can be implemented on microcomputers, which opens up wide
opportunities for the development of devices for studying the surface properties of liquids.

Keywords: contact angle; OpenCV; image convolution; contour.
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AHoTauifA. Y cTaTTi OCNIAXKYETbCA NPOLEC FPaAYOBAHHA YNbTPA3BYKOBUX NiYUAbHUKIB a3y AK KAOYOBUI
eflemMeHT 3abesneyeHHA HaiMHOCTI Ta TOYHOCTI cucTeMmn 06AiKy. 3aBAAKM CBOIM NnepeBaram — BiAcyTHOC-
Ti MEXaHIYHMX PYXOMUX €NeMEHTIB, BUCOKI TOYHOCTI BUMiptOBaHb, CTabiNbHOCTI XapaKTepUCTUK i TpMBa-
NIOMy TEPMiHY CNyXK6M — yNbTPa3BYKOBI NiUMNbHUKM HabyBatoTb Aedani 6inbworo nowupeHHA. BogHo-
yac, gnA NigBULLEHHA TOYHOCTI Y1bTPA3BYKOBUX MIUNABHUKIB a3y MOXK/IMBO MPOBECTU iX rpaaytoBaHHA,
OCKIiNIbKN BOHW MICTATb BOY0BaHI NpUCTPOT KopeKLii noxmbok. Y poboTi 3anponoHoBaHO Ta NpoaHaniso-
BaHO MaTeMaTU4YHiI MeToAM KopeKLii NoXMBOK, 30KpeMa i3 3acTocyBaHHAM CTanoro KoeodilieHTa, NoniHo-
MianbHUX OYHKUIN Apyroro—4eTBepToro MopsAKiB Ta KyCKOBO-MiHiMHOI anpokcumauii. MpeactaBneHo
pe3ynbTaTv eKCnepuMeHTaIbHUX AOCANIAKEHb | NPOBEeAEHO PO3PaXyHOK CepefHbO3BaXKeHUX MOXMOOK.
lMoKa3aHo, WO BUKOHAHHA rpagytoBaHHA iCTOTHO 3MEHLUYE HEBM3HAYEHICTb BMMipIOBaHb 403BOJIAE 3Me-
HWMUTU CUCTEMATUYHI BigXMAEHHA Ta NIABULLNTX AOCTOBIPHICTb AaHUX BUMIptoBaHb. OKpemy yBary npw-
AineHo eTanoHHUm yctaHoBkam A «IBAHO-®PAHKIBCbKCTAHAAPTMETPOJIOlA», 30Kpema obr'pyHTO-
BAHO HeObXiAHICTb NPOBEAEHHA rPaAyOBaHHA HA eTaZIOHHUX YCTaHOBKaX, W0 3abe3neyyoTb BUKOHAHHSA
BMMIipIOBaHb i3 HAMMEHLIUM 3HAa4YeHHAM HeBM3HayeHoCTi. JoAaTKOBO NiAKPECNHOETLCA, WO pe3ybTaTh
rpagytoBaHHA MatoTb H6e3nocepeHin BNANMB Ha KOMepLiiHUN 0BiK rasy, a oT:Ke, Taki poboTU NOBUHHI
BMKOHYBATUCb Ti/IbKW B akpeauToBaHUX nabopaTopisax, AKi BON0OAiIIOTb BiANOBigHMM A0CBigoM Ta 0bnag-
HaHHAM.

Kntouosi cnoBa: 06'em, 06'emHa BMTpaTa rasy, MpPOCTEXKYBAHICTb, €TA/IOH, YCTAaHOBKA, KanibpyBaHHS,
rpafytoBaHHA, HEBU3HAYEHICTb.

Beryn

VYabTpa3ByKoBi JIYUIBHUKH Ta3y TIOCI-
JIAI0Th OJIHE 3 MPOBIIHUX MICIb y CyYaCHHUX
CHUCTEMax BHMIPIOBaHHSI Ta KOMEPIIIHHOTO
00JTiKy HPUPOJHOTO Ta3y. IX cTpiMKke MoOmIH-
PEHHSI 3yMOBJICHE IMOEHAHHSAM BUCOKOi TOY-
HOCTiI BUMIpIOBaHb, HAJIMHOCTI, CTAOLILHOCTI
MOKa3HUKIB Ta BIJACYTHOCTI MEXaHIYHUX pPY-
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XOMHX €JIEeMEHTIB, 1110 MiHIMi3y€e BIIMB 3HOCY
1 3a0e3meuye TpUBAIUN TEPMiH E€KCILTyaTallii.
3aBISKH IIMM XapaKTePUCTUKaM YIIbTPa3BY-
KOBI1 JIIYMJIBHUKHU IIHPOKO 3aCTOCOBYIOTHCS SIK
Ha MaricTpajbHUX Ta30MpOBOJAX, TaK i B CHC-
TeMax pO3IMOAUTBUUX MEPEX, HA KOMEPIIHHUX
By3J1ax OOJIIKY Ta IPOMHCIIOBUX ITiIIPUEMCT-

Bax.
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[TpuHtUn poOOTH yIBTPA3BYKOBUX JIIUH-
JBHUKIB 0a3yeThCs HA BUMIPIOBaHHI Yacy
MIPOXO/DKEHHST  YJIBTPA3BYKOBUX  IMITYJIbCIB
Kpi3b MOTIK razy. 3aJie)kHO BiJ] IBUIKOCTI Y-
Xy CEepEIOBHINA, 3MIHIOETHCS Yac MOIIUPEHHS
CHUTHAJIy BiJl OJHOTO MNEpPEeTBOpIOBaYa JI0 1H-
IIOTO, IO JI03BOJISIE TOYHO BH3HAYUTH IIBHU]I-
KICTh TIOTOKY, a OTXE Ta 00’€MHY BUTpAaTy
abo 00’eM ra3y. BukopucTaHHs KUTBKOX Tap
JATYMKIB Ja€ 3MOTY BpaxoByBaTH Npodisb
MIBUJKOCTEH Yy TpyOONpPOBO/i, KOMIIEHCYIOUH
TypOYJICHTHICTh 1 HEPIBHOMIPHICTH IOTOKY.
Ha BimMiHy BiIl TpajuLiiHUX TypOIHHHX YU
pOTaIiiHUX  JIYWIBHUKIB,  YJIbTPa3BYKOBI
OPUIAAN XapaKTepU3yThCcs HU3BKUM Tijpa-
BJIIYHUM OTNIOPOM, HE BUKJIMKAIOTh BTPAT THC-
Ky B CUCTEMI Ta 3a0e3MeuyloTh BUMIPIOBaHHS
HaBITh y CKJIAJHUX YMOBaX, 30KpeMa 3a HasiB-
HOCTI JIOMIIIOK, TTHJTY, BOJIOTH 200 HE3HAYHUX
KOJINBaHb TEMIIEPATYPH.

[lepeBarn ynabTPa3ByKOBHX JIUMIBHHUKIB
JIOTIOBHIOIOTHCSI  IIUPOKUMH  MOXIIUBOCTSIMHU
iHTerpanii 3 cydyacHUMH iH(pOpMAIiHHUMU
CHUCTeMaMH MOHITOPUHTY Ta aBTOMAaTH30Ba-
HOTO KepyBaHHA. BoHU migTpuMytoTs nugpo-
Bl IPOTOKOJIM 3B’SI3KY, 3/IaTHI JI0 CaMOJiarHO-
CTHUKU Ta TIEpeJaBaHHS JaHUX Yy PEATbHOMY
yaci, Mo PpOOHUTH X BaXJIMBUM EJIEMEHTOM
IHTENIEKTYaIbHUX EHEePreTUYHUX Mepex. Pa-
30M 13 TUM, HaBITh HAMCYYaCHIII KOHCTPYKITii
noTpeOyloTh PETYISPHOTO METPOJIOTIHHOTO
KOHTPOJIIO it  3a0e3meveHHs] CTaOUIhbHOCTI
BUMIPIOBaHb YIPOJOBX YChOT'O TEPMIHY €KC-
TTyaTarii.

OnHuM 13 KJIIOYOBHUX HPOIECIB, KU ra-
paHTy€E JOCTOBIPHICTH TOKa3iB YJIBTPa3BYKO-
BUX JITYMIIBHHKIB, € MPOLIEAYpPa IPATYIOBAHHS.
Ha BigMiHy BiJ MOBIPKH, IO JIMIIE MiATBEP-
JOKYE BIIIOBIIHICT MPUITAy BCTAHOBICHUM
HOpMaM, TpaJayrOBaHHs Iependadac BHU3HA-
YeHHS 1 KOPUTYBaHHS HOro METPOJIOTIYHHX
XapaKTEPUCTHK Y pealbHUX yMOBaX EKCILTya-
tarii. L{s mpouenypa 103BoJsi€ YCYHYTH CHC-
TEMaTUYHI BIJXWJICHHS, YTOUYHUTH KOe(DIIiEHT
MEPETBOPEHHS JTIYUIbHUKA Ta TiABUIIUTH JI0-
CTOBIPHICTh. 30KpeMa, IS YIbTPa3BYKOBHX
JTIYWIBHUKIB TPAJYIOBaHHsS Ja€ 3MOTY ajarl-
TyBaTH aJITOPUTMH OOPOOKHM CHUTHATIB /IO iH-
TUBITyaTbHUX OCOOJMBOCTEH KOHKPETHOTO
3pa3Ka, 0 iCTOTHO MOKpAIIy€e HOTO METPOJIO-

&

TYHY XapaKTEePUCTHUKY Ta MiABUIIYE TOYHICTh
y BCbOMY po004OMY Jiara3oHi.

TakuM YMHOM, aKTyaJIbHICTh JOCIIIKEH-
HS TIOJISITAa€ y BJIOCKOHAJICHHI MPOIIECIB Tpa-
TYIOBaHHS YIIbTPAa3BYKOBUX JIIUYMIBHUKIB Ta3y
3 METOI0 MiJABHILEHHS TOYHOCTI Ta JIOCTOBIp-
HOCTI IXHIX METPOJIOT1YHUX XapPaKTEPUCTHK.

MeTta poboTu - aHaji3, OOIPYHTYBaHHS
Ta eKCIepUMEHTAIbHA TepeBipKa METO/IIB
rpajyloBaHHs, IO 3aCTOCOBYIOTHhCS Ha e€Ta-
nonniit 6a3t Il «IBAHO-O®PAHKIBCHK-
CTAHIJAPTMETPOJIOI'IA», a Takox BHU-
3HAYEHHS IXHbOTO BIUIMBY Ha 3arajbHy HEBH-
3HA4YEHICTh BUMIPIOBaHb.

OCHOBHMI TEKCT CTATTI

Y nmpaktumi BUMIpIOBaHb BUTpaTH Ta
00’eMy razy ocoOJMBOTO 3HAauYeHHS HaOyBae
IpaylOBaHHS YJIBTPAa3BYKOBUX JIYMIHHHUKIB.
Xoya 4YMHHE 3aKOHOJABCTBO YKpalHU IIPSIMO
HE BUMAarae MpoBeJIeHHS I[i€l MpoleaypH, BO-
Ha BCE YaCTIIIe BIPOBADKYETHCS OmepaTopa-
MU Ta30TPAHCIOPTHUX Ta Ta30pO3MOALIBHUX
MEpPEeK, SKI MParHyTh JOCITTH MaKCHUMaTbHOI
TOYHOCTI Ta BIJMOBITHOCTI €BPOMEHCHKUM
TiIXO0aM.

Ha BinmMiHy Bim mporiecy MOBIpKH, Tpa-
JYIOBaHHSI HE JIMIIIE MEpeBipsi€e BiANOBIAHICTH
METpPOJIOTIYHHUX XapaKTEPUCTUK BCTaHOBIIE-
HUM BHMOTaM, a ¥ I03BOJISIE€ 3MIMCHIOBATH iX-
HE KOPUT'YBaHHS SIK Ha arapaTHOMY, TakK 1 Ha
IpOrpaMHOMY piBHSX. 3aBIskH Oararornpo-
MEHEBUM KOHQITYypaIlisiM YJIbTPa3BYKOBI JIi-
YUJIBHUKA MOXXYTh MPOXOJHUTU TPaTyIOBAHHS
13 3aCTOCYBaHHSIM BOYZOBaHOTO MPOTPAMHOTO
3a0e3neueHHs, Mo aganTye alroOpuTMH 00po-
OKM CUTHAJIIB JI0 1HAWBITyaJIbHIX OCOOIMBOC-
TEU KOXKHOTO IMPUIIATY.

[Iponienypa rpamayroBaHHs 3iHCHIOETHCS
BimoBiAHO 10 BuMOr ctanaapty JCTY ISO
17089-1 [1] Ta ekcruryaTamiifHOi JOKyMEHTa-
uii. [Ipouenypa BkItoyae: mepeBipKy MeETpo-
JIOTIYHUX XapaKTEePUCTHK JIUNUIbHUKA [2], BU-
SIBJICHHS Ta aHaji3 IOXHMOOK, a TaKOoX iX IIO-
JanbIry Kopekiito. s 3abe3neueHHs 10CTo-
BIPHOCTI pe3y/bTaTiB HEOOXiIHO JAOTPUMYBa-
THUCh PErJaMeHTOBAaHUX INPU MPOBEJEHHI TO-
BIpKH YMOB TE€MIIEPATypH, TUCKY Ta BOJIOTOC-
Ti. OKpiM 3a3HaYEHOTO, BAKJIUBUM MOMEHTOM
€ 3aCTOCYBaHHS €TAJIOHHOI YCTAHOBKH, SKa
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Pucynok 1 — I'paaywoBajibHa XapaKTePUCTHKA JIYWJIbHUKA ra3y 3i 3Ha4YeHHSIM HEeBH3HAYEHOCTI

3a0e3nevyye BUKOHAHHS BHMIPIOBAaHb 13 MiHi-
MaJIbHUM 3Ha4yeHHSAM HeBu3HaudeHocTi. Cuifg
3BEpHYTH yBary Ha Te, IO MiJ] 4ac 3iHCHEHHS
npoueaypu TpaAylOBaHHsS 3MIHEHa XapakTe-
pUCTHKA JTUMIbHUKA Ta3y OyJe 3acTOoCOBaHA
31 3HAYEHHSAM HEBU3HAUYEHOCTI, SKE€ HE MOXKE
OyTH MEHIIUM BiJl HEBU3HAYEHOCTI OTpHUMa-
HUX PE3YJIbTAaTiB BUMIPIOBaHb 32 JOMOMOTOIO
BIJIMIOBIIHOI €TaJOHHOT yCTAaHOBKH, HA SKiid
MPOBOAMIIOCS TPaJlyIOBaHHS.

Ha puc. 1 HaBeneHi pe3yabTaTH rpajayro-
BaHHS JIUMJIBHUKA Ta3y y BUIIIAAI HaOOpy
OKpeMHX MOXHOOK. 3a JJOMOMOT0I0 Mporpam-
HOTO TIPOJYKTY BHPOOHWKA a00 K MpOTrpaMu
Excel 3xilicHIOETbCS ampOKCHMALlis OTpHUMa-
HUX JaHUX JJIs MOOYAOBU XapaKTEPUCTUKH
JTYUIBHUKA, SIKY MOKJIMBO ONUCATH JIHIHHOIO
3QJICKHICTIO (B i/IeaTbHOMY BapiaHTi) abo X
MOJITHOMIAJBHOIO 3aJISKHICTIO PI3HUX TOPSI-
kiB. Takox Ha puc. 1 300pakeHnit pparMeHT
XapaKTepUCTHKH JIIYWIbHUKA Tra3y i3 TpaHu-
SIMA HEBHU3HAUEHOCTI, fIKa MPUCBOEHA JIYH-
JTBHUKY Ta3y MicIs IPOIEAYPH TpaTyrOBaHHS.
['pannIli HEBU3HAYEHOCTI, SIKIIO PO3IVISHYTH
CIpOIIEHY MOJEIb BHUMIPIOBaHHA, OyayTh
CKJIaJATHCS 13 BUIIAAKOBOI CKJIaJ0BOI, IKa Xa-
pakTepu3ye TIOBTOPIOBAHICTh  JIIYMJIbHHUKA
(Tum A) Ta HEBM3HAYEHOCTI €TAJIOHHOI ycCTa-
HOBKH, Ha SIKii MPOBOJMIIOCS TpaaylOBaHHS
(tun B). Po3paxyHOK po3mupeHoi HEeBH3HA-
YEHOCTI BUMIPIOBaHHS JIYMIBHUKOM MaTUMeE
HACTYNHUUN BUTJIA:

Uy :\/2 ) (uAM)2 +UE2 )

(1)
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ne UAM — HeBU3HAUYEHICTh MO TUITY A Ji4H-
JTHHUKA, TPAIYFOBAaHHS SIKOTO TIPOBOJUTHCS HA
€TaJIoHi;

UE — po3mupeHa HEBU3HAYEHICTh €Tajio-
Ha.

Tomy, mpu MPOBEACHHI MPOIEIypH Tpa-
JTYIOBaHHS JTIYUIBLHUKA Ta3y yIbTPa3ByKOBOTO
TUITY HaJI3BUYAHO BKJIMBUM € BiJIIOBIIATh-
HUI BUOIp €TAaOHHOI YCTaHOBKH, Ha fAKii Oy-
Jie TIPOBOAMTHUCH JaHa mporenypa. OCKUTbKH,
Ha MEepIIUil MOy, Mpoueaypa, sika Hapasi €
He 000B’S3KOBOIO 1 3/1€OUTBIIOTO AOOPOBLIB-
HOI0, Ma€ MiJ co0O0I0 IIJIKOM METPOJIOTiuHe
miarpyuTs. [IpoBemeHHst rpaayloBaHHS Ha
YCTaHOBIII, sIKa HE MPOHIILIA MpoLUeaypy Kali-
OpyBaHHSI, HE IPOCTEKYETHCS Ta HE OTPUMAJIa
pO3Mip OJMHUII BUMIPIOBAHHS BiJI JIep>KaBHO-
ro MEPBUHHOTO Ta BTOPUHHOTO €TAJIOHIB a0o
K 11 OILIHEHI MiJ Yac KamiOpyBaHHS 3HAYCHHS
HEBHU3HAYEHOCTI, SIKI CKJIaJIal0Th CYTTEBY Be-
JUYHUHY BiJ] TPAHUIb MAaKCUMAaJIbHO JIOMYCTH-
Moi moxuOku (MJIIT) nmiuunpHUKa Ta3y Imia
4yac IpaayroBaHHS JIIYWIbHHUKA CYTTEBO IOTi-
PIIMTH JTOCTOBIPHICTH WOTO BUMIPIOBAHHS, a
HE MOKpalmuTh ii. TakuM 4MHOM, 32 JESIKHUX
00CTaBMH MOYKJIMBA CHUTYAIlisl, KOJU MPOIETY-
pa TpaayroBaHHS HACHpPaBIi TUIBKH <«IIOTIp-
IIUThY» XapPaKTEPUCTUKY JIUMIbHUKA, OCKLIb-
KA pealbHe 3HaueHHs Oyne Onm3pke abo Xk
HaBiTh 1 nepeBuiryBatu iioro M/III. Xoua, 3a
pe3ylnbTaTaMu TPaAyIOBaHHS B JIIYHIHHHUKA
Oy/ie MpaKTUYHO JIiHIITHA XapaKTepUCTHKA.

3 oruAly, Ha BUILE3a3HAUYEHE, IPOLEAYPH
rpaayloBaHHS JIUYMIBHUKIB Ta3y YIbTPa3BYy-
KOBOTO THITy PEKOMEHJIOBAHO MPOBOJIUTH Ha

>
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PucyHnok 2 — HanionanbHuii 1ep:kaBHUI NePBUHHUN eTAJI0OH

OIUHHULB 00’eMy Ta 00'emHoi BuTpaTH razy JIETY 03-01-15

€TAIOHHUX YCTAHOBKAX, K MAlOTh HAWBHUIIY
TOYHICTH, B YKpaiHi, Ta, BIAMOBITHO, 3iiC-
HIOIOTh BUMIPIOBaHHS 3 HaWMEHIIOI HEBH-
3HAUYEHICTIO.

B AI1 «IBAHO-®PAHKIBCHK-
CTAHIAPTMETPOJIOI'TS» sik HaykoBOMY
METpPOJIOTIYHOMY IIEHTPl CTBOPEHHH KOM-
IJIEKC €TaJOHIB Ta €TAJIOHHUX YCTAaHOBOK, SIKI
MalOTh HaWMIMPIIMN JUHAMIYHUHA Jiama3oH
00'eMHO1 BUTpaTH ra3y B YKpaiHi Ta 3a0e3Iie-
9yIOTh OTPUMAHHS PE3YNIbTAaTy BUMIPIOBaHb 3i
3HAYEHHSM HaMEHIIOi HeBU3HAYEHOCTI. 30K-
pema, BUMIpIOBAJIbHI Ta KaliOpyBaJbHI MOX-
JUBOCTI HalllOHAJIBHOTO MEPBUHHOIO Ta BTO-
PUHHUX €TaJIOHIB OAMHUIL 00’eMy Ta 00'eM-
HOI BUTpaTW Tra3y 3aHeceHl 10 basu nanux
MPOBEJICHUX 3BipEHb HAIlIOHAIBHUX €TaJOHIB
Mixnaponnoro Oropo Mmip Ta Bar (KCDB
BIPM) 3 inentudixaropom CMC — pskiB mif
muppamu UA1 — UA4 B nmiama3oni 06'eMHOT
BUTpaTH rasy Big 0,016 1o 7800 m/rox [3].

3aJIe)KHO BiJI HEOOXIJHOTO Jiarma3oHy
ob0'emunoi Butparu Trazy, /JII «IBAHO-
OPAHKIBCbKCTAHIAAPTMETPOJIOI'TS»
MOXKE MPOBECTH TPAAYIOBAHHS YIbTPA3BYKO-
BHX JIIYMJIBHUKIB Ta3y Ha OJHOMY 13 HACTYII-
HUX €TaJIOHIB.

¢

JlepxaBHUN TNEPBUHHUN €TAJIOH SBJISIE
c00010 YCTaHOBKY JI3BOHOBOTO THIy [4], sika
peanizye BIATBOPEHHsSI OJIUHUIL 00’€My Ta
00'eMHOI BUTpaTH raszy IUIIXOM BUTICHEHHS 3
J3BOHOBOT'O MipHUKa TOPIIii MOBITPs, MPUBE-
JIEHOT 10 CTaHJAPTHUX YMOB, 00’€M SIKO1 YiT-
KO BHU3HAYCHHI MUISIXOM 3a0e3MedeHHsl cTabi-
JHLHOCTI TEOMETPUYHHUX TMapaMeTpiB MipHHKA:
JIiaMeTpa Ta BUCOTH. BiATBOpPEHHSI OIUHUIIL
00’€MHO1 BUTpaTH Ta3y, B CBOIO Yepry, peai-
3YETHCS MPU YMOBI CTaOIILHOTO BEpPTUKAIIb-
HOTO TIepEMIIEHHs JI3BOHOBOTO MIpHUKA 3
pI3HMM 3HAYEeHHSM 3aJaHOl IIBUAKOCTI 3a
MEeBHUM YacOBUW NPOMDKOK. MeTposoriuHi
XapaKTePUCTUKU JCPKABHOTO TEPBUHHOTO
€TajloHa OAMHUIL 00’ €My Ta 00'€eMHOI BUTpa-
TH ra3y (pHc. 2) HACTYIHI: Jliana30H BUMIpIO-
BaHHs 00'€eMHOI BUTpaTH ra3y Bix | M3/roz[ bi (o)

250 M’/roj, pO3NIMpEHA HEBH3HAUCHICTH
0,07 %.
BropunHi eramoHM  (QYHKIIOHAJIHHO

00’eHAHI B OJHY €TaJOHHY YCTaHOBKY [5].
[IpuHumn poGOTH YCTaHOBKM IMOOYIOBaHO 3
BUKOPHCTaHHSAM METOAY CyMyBaHHS abo X
HAKONWYECHHS 3HA4YeHHA 00 €MHOI BUTpPATH
ra3y HUIIXOM 3aCTOCYBAaHHS B CKJIAJl yCTaHO-
BKM HaOOpiB MapayieIbHO BCTAHOBIIEHUX CIIe-

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)



bac ma iH.

[iaai30BaHUX €TAJOHHUX JIYHIBLHUKIB, KOJKEH
3 SIKUX OTPUMYE OJUHUIIIO 00’ eMy Ta 00'€eMHOT
BUTPATH a3y HUIIXOM 1HIUBIAYyabHOTO Kalli-
OpyBaHHs Oe3mocepeHhO Ha JEPKaBHOMY
nepsuHHOMY etanoni JJETY 03-01-15 (UAT)
a00 Big HA0OPY AaHAIOTIYHUX 1ACHTUYHHX
€TaJIOHIB TOPIBHAHHS, $Ki, B CBOIO 4epry,
TAKOXX 3aCTOCOBYIOTBCS —IMapalieIbHO ISt
OTpUMaHHS HEOOXiAHOTO 3HA4YeHHs 00'€MHOI
BUTpaTH ra3y. B cKiiaj yCTaHOBKH BXOISTh
JIEB’SITh CTAJIOHHWX JIYMIBHUKIB ra3zy. Ha
puc. 3 oKa3aHU MPOIEC TPATYIOBAHHS YIlib-
TPa3BYKOBOT'O JYMJIbBHHUKA Tra3zy 13 3acToCy-
BaHHSAM BTOpHHHUX eTanoHiB BETY 03-01-
03-11 ra BETY 03-01-04-12 (UA4).

CyMmapHuii 00’€M €TaJIOHHOT YCTaHOBKH,
MIPUBEICHUN 10 CTAaHIAPTHUX YMOB Vg, 3 Bpa-
XyBaHHSM 1HJMBIAYaJbHOI TMOJTIHOMIQIBHOL
XapaKTePUCTUKU €TATIOHHUX JIYUIBLHUKIB PO-
3paxoBYEThCS 32 (HOPMYJIIOH0:

” ‘Zn: Vi . Py, -293,15K
E S, )
- vi Ty,;-101,325Pa

2)
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Pucynok 3 — Ilpouec rpagyoBaHHsl YJIbTPa3BYKOBOI'O JTi4YHJIbHUKA ra3zy
i3 3acTOCYBaHHSAAM BTOPHHHHUX €TAJIOHIB OAMHULBL 00’ €My Ta 00'€MHOI BUTPATH rasy
BETY 03-01-03-11 Ta BETY 03-01-04-12

ne  Vy— 00’eM BUMIpSHHH i-UM €TAJIOHHUM
TYWIBPHUKOM; Oy — 3Ha4YeHHs KoedillieHTa
MEPETBOPEHHS €TAJTOHHOTO JYMILHUKA, PO3-
PaxoBaHOTO 3TiAHO ANMPOKCHMAIIHOTO IOJIi-
HOMa; Py — a0CONIOTHE 3HAYEHHS THCKY Ha
i-My €TaJJOHHOMY JITYMIILHUKY; Ty — 3HAYCHHS
TEMIIEPaTypH Ha i-My €TaJIOHHOMY JITYHJIHHUKY.

MeTposioriuHi XapaKTepUCTUKH BTOPHH-
HUX ETAJIOHIB OJUHUIL 00’eMy Ta 00'eMHOI
Butpatu razy BETY 03-01-03-11 ta BETY
03-01-04-12 (UA4) nactynHi: B Aiama3oHi
BUMIPIOBaHHS 00'€MHOT BUTpaTH a3y Big 1 10
1250 M’/rox  po3mIMpeHa HEBH3HAUCHICTH
cranoBuTth 0,11%; B miamaszoni Bim 50 mo
6500 M’/rox pO3IIMpEeHa HEBU3HAYCHICTh —
0,12%.; B miamason Bin 6500 1o 7800 m'/rox
posmupena HeuzHaueHicts — 0,14 %.

OKpiM KOMIUIEKCY HaIllOHAJIBHUX €TaJlo-
HiB, ¢axiBusmu 11 «IBAHO-OPAHKIBCHK-
CTAHIAPTMETPOJIOI'TA» cnpoekToBaHa
Ta BUTOTOBJICHA €TAJIOHHA YCTaHOBKAa 3 MaK-
CUMaJIbHOIO BHUTpaTor 10 25000 M3/roz[, sIKa
CKJIAJAa€ThCsl 13 CUCTEMH TpPYyOOIpPOBOMIB 3
arperaTamu JUisi CTBOPEHHS MOTOKY ras3y, Ha-
O0opy mapasnelbHO BCTAHOBIEHUX ETATOHHUX

D
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Pucynok — Etasona yCTﬁHOBRa OIHHHUIB 00’€My Ta 00’ €MHOI BuTpartu ra3y Stand-25000
B 1iana3oni 06’eMuoi BuTpaTH Bix 1 M*/roz 10 25000 M*/rox

miumnpHUKIB Ta3y (EJI) 1 mocmimkyBaHoro Ji-
YWIbHUKA Ta3y, BCTAHOBIEHOTO TOCIiIOBHO
JI0 €TaJOHHHMX JIYUJIBHUKIB, CHUCTEMH DETy-
JIOBaHHS BUTPATH, TEPETBOPIOBAUYIB TEMIIe-
patypu ¥ THCKY, CHCTeMH 300py, Tiepenadi Ta
00poOku iH(opMmarii. B ckmanai ycTaHOBKH
napajieJIbHO BCTAaHOBJICHI €TaJOHHI JIYMIHHU-
ku DN 300 3 MOXJIHMBICTIO 0JTHOYACHOI pobo-
tu. [Ipu ibomy HaOip 3 mectu EJI mexanigHO
PO3B'sI3aHUIA BiJl arperariB CTBOPEHHS MOTOKY
rasy 1 JIOCJIPKYBaHOTO JIIYMJIBHUKA Ta3y de-
pe3 cmeuianizoBaHi BiOPOBCTaBKH, YOTHUPHU
napajienbHux eragoHHux JiHii 3 EJI 3 BuTpa-
T010 6500 M’/rOji TPOIOPLINHI 3POCTAHHIO
3HAYEeHHS JOCIIHKYBaHOI BUTpaTH [6].

[IpuHUIMD yCTaHOBKM TOOYAOBaHUI Ha
MOPIBHSHHI TPHUBEICHOTO 0 CTaHIAPTHUX
yMOB 00’eMy Ta3y, sIKHH OOJIIKYBaB €TaJOH-
HUW JIYWIBHUK 3 00’€MOM, BHUMIPSHUM J1OC-
JTIHAM JYMIEHUKOM, SIKUU TOBipsieThcs. B
SKOCT1 €TaJIOHHUX JIYWJIbHHUKIB B yCTAHOBIII
3aCTOCOBaHMN Halip 3 YOTUPHOX TYpOIHHHX
Ta JBOX POTOpHMUX JiumibHHKIB. Ha puc. 4
MPEICTABICHU 30BHIIIHINA BUTJISIT YCTAHOBKH
OJIMHUIL 00’eMy Ta 00’€MHOI BHTpaTH Ta3y
3 eTaJoHHMMHU JiuniabHuUKamu Stand-25000
B Jiama3oHi 00’emMHOi BHUTpaTd Big 1 10
25000 m*/rox.

¢

[TapanenpbHe BHKOPHCTAaHHS TaKHX €Ta-
JIOHHUX JIYMIBHUKIB Ta3y y CKJaJli eTalIOHHOT
YCTAaHOBKH JO3BOJISIE 3OLIBIIUTH Jlalla30H
BHUMIPIOBAHOT BUTPATH Ta3y, IO 3aJIEKUTh BiJI
KUIBKOCTI BCTAHOBJIEHUX 1 3aIiIHUX €TaJIOH-
HUX JIYMIBHUKIB ra3y, 3a0e3leyuTd MeTpo-
JIOTIYHY TIPOCTEKYBAaHICTh BHUMIPIOBaHb [0
HalllOHAJIBHOI eTajoHHOi 0a3u, a came [0
BTOPUHHUX €TAJIOHIB. JITYMIBHUKHA TPOUTILIH
KamiOpyBaHHS Ha BTOPUHHUX €TAIOHAX OIH-
HUIIb 00’eMy Ta 00'eMHOi BuTpatu razy BETY
03-01-03-11 Ta BETY 03-01-04-12 (UA4),
Kl 3a pe3yJbTaTaMH MDKHApOJIHUX 3BIPEHb
MaroTh MiATBEP/KEHI METPOJIOTIUHI XapakTe-
PUCTHKH, TAKUM YHHOM iXHI JMHAMIYHI Jiamna-
30HA OynyTh MEpPEeTHMHATHUCA 3a JEKUIBKOX
3Ha4YeHb 00’eMHHMX BHUTpar. lle mae cyrresi
nepeBary, B MOPIBHAHHI 13 TUIIOBUMH TTOBIpO-
YHUMH YCTaHOBKAMH 3 €TAJIOHHUMH JIIYWIIb-
HUKaMHU, B SKUX Jialla30HA €TATIOHHHUX JIYH-
JBHUKIB TIEPETHHAIOTHCS TUIBKH 32 OJHOTO
CHUTBHOTO 3HAYEHHS 00'€MHOI BUTPATH Tasy.

MeTposioriuHi XapaKTepUCTUKH yYCTaHOB-
KU 3 €TAIOHHUMH JigmibHuKamu Stand-25000
HACTYIMHI: Jiara3oH BUMIPIOBaHHSI 00'€MHO1
BuTparu razy Big 1 mo 25000 M3/I‘OH, po3uIu-
peHa HeBu3HaveHicTb — 0,167 %.

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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Pucynok 5 — I'pa¢iuna inTepniperanisi cniBBiTHOIIEHHSA Aiana30HiB OMHHUIL 00’€MHOI BUTPaTH
ra3y eTaJOHHMMH YCTAHOBKaMH i3 3HAYeHHSIMH PO3IIHPEHOI HeBH3HAYEHOCTi BUMIPIOBaHHS

Jlnst Bi3yallbHOTO OITIHIOBAHHS CIHIBBiJI-
HOIIIGHHS Jialla30HiB BUMIPIOBAHHS OJIMHHIII
00'€eMHOI BUTpaTH Ta3y HaIllOHAJIBLHOTO TIEp-
BuHHoro eramona JETY 03-01-15 (UAl),
BropuHHuX etamoHiB BETY 03-01-03-11 Ta
BETVY 03-01-04-12 (UA4) Ta ycTaHOBKH 3
eTAJIOHHUMH JiymibHUKamMu Stand- 25000 3
BpaxyBaHHSIM 3HAYCHHS PO3IIUPEHOI HEBU-
3HAYEHOCTI, HaBeACHUH puc.S. [{ns HaodHOCTI
3HAUeHHS OJWHHII 00'€eMHOi BHUTpaTH Ta3y
MPEeACTaBICHI y BHUIJIAAI  JIOTapu(MIYHOT
IIKaIM B Jiama3oHi 00’eMHOI BUTpatu Bix 1
o 25000 M3/FO,Z[, 0 Hapasl € HaHIIMPIIUM
nianma3oHOM B YKpaiHi 13 HalMEHIIMM 3Ha-
YEHHSIM PO3IMIMPEHO] HEBU3HAUYEHOCTI.

Tenep po3rissHEMO OCHOBHI €Tamu TPo-
BEJICHHS TpajJylOBaHHS JIYWIHHUKIB Ta3y
yIBTPa3BYKOBOIO THITYy Ha eTanoHi. OCHOBHI
eTanu TpajyloBaHHS MepeadavaroTh: MaAroTo-
BKY /O JOCHI/KEHb, BU3HAYCHHS METPOJIOTI-
YHUX XapaKTepUCTUK JIYWIbHUKA, pO3paxy-
HOK CEpeIHbO3BAKEHOI MOXUOKU Ta 3aCTOCY-
BaHHS METOJIIB KOpeKiii (MoCTiiHuN Koediri-
€HT, TOJIHOMIiaJIbHA allpOKCUMAaIlisl, KyCOYHO-
JHIMHA 1HTEPIIOJIAIis), MICIS YOTO BUKOHY-
€TbCS TIOBTOpHA TIEPEeBIpKa METPOJOTIUHUX
XapaKTePUCTHK Ta MJIOMOYBaHHSI.

[linroroBka 10 TrpamyroBaHHS Mepeada-
qae, M0 yAbTPa3BYKOBHM JIUMIBHUK Ta3y MO-
HTY€THCS Ha €TAJIOHHY YCTAaHOBKY, MiCIISl YOTO
MIPOBOJIUTHCS TIEpPEBIpKa TEPMETHYHOCTI Ta
KOHTPOJIb BHUTOKIB, 100 3a0€3MEYUTH HOTO
NPaBUIIbHY pOOOTY.

[Ipouenypa rpaayroBaHHs:

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

1. Bu3HaueHHS METpPOJIOTIYHUX XapaKTe-
PHUCTHK JUMIbHUKA

Ha oMy etami mpoBOIUTHCS cepisi BH-
MIpIOBaHb Yy BH3HAUEHHX TOYKaX Jiama3oHy
BUTpAT, MO0 OIIHUTH TOYHICTh NPy Ta
BUSIBUTH XapaKTep BiIXUJICHb.

2. Po3paxyHOK cepeaHbO3BaKE€HOI MOXU-
Oxu

Ha ocHOB1 oTpuMaHUX pe3ynbTaTiB BUMI-
pIOBaHb  OOYHUCIIOETHCS  CEPEeTHBO3BAXKEHA
noxuoOKa, sika BpaXxOBY€ BIUIUB KOXHOI TOYKU
B JIialla30Hi1 Ha 3arajibHy TOYHICTH JTIYMJIbHHKA.

3. I'pagyroBaHHs OJHUM 13 METOIIB, 3a-
JIEKHO BiJ] XapaKTepy BiAXUIICHb:

[TocTifinnii KOEQIIIEHT: 3aCTOCOBYEThCA,
SKIIO TOXMOKa cTabilbHA MO BCHOMY Jiama-
30HY.

[ToiHOM: BUKOPUCTOBYETHCSI Y BHIIAJKY
IJIABHOT'O HEJIIHIHHOIO BiIXHMJIEHHS, TO3BOJISIE
noOynyBaTH KOPHUTYBAJIBHHUN TMONIHOM (Ha-
npukian, II, I1I, mopsaky abo IV nmopsnky).

KyckoBo-niHiiiHa anpokcumartis: edex-
THBHA TPU HASIBHOCTI JUISHOK 3 Pi3HOIO IIO-
BEJIIHKOIO TOXHMOKH, J€ TOYHICTh Kpalle 3a-
0e3MeunTH PO3AUICHHSIM Jlana3oHy Ha 1HTEp-
BaJIM 3 OKPEMUMH Koe(illieHTaMu.

B Tabmumi 1 Ta Ha puc. 6 HaBeneHi pea-
JbHI METPOJIOTIYHI XapaKTEPUCTUKU YIbTPa3-
BYKOBOTO JIIYMJIBHUKA Ta3zy THUIIOPO3MIPY
G1600. Ha iioro mpukiani mpoBeAeMO rpa-
JIYIOBaHHS JJIs YCiX JIOCTYITHHUX METOJIB Ta
OIIIHMMO PE3yIbTATH TAKOi MPOLEAYPH.

Jnst 3miiCHEHHST TPalylOBaHHS METOJIOM
NOCTiHOTO KoedimieHTa HEOOXiTHO MPOBECTH

>
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Taoauus 1 — Pe3yJbTaT A0CTiI:KeHHs YJILTPa3ByKOBOI0 JiYWIbLHUKA razy Tunopo3mipy G1600

O0’emHa BUTpaTa, 20 125 250 625 1000 1750 2500
M/TOJL Qmin | 0.05Qmax | 0.1Qmax | 0.25Qmax | 0.4Qmax | 0.7Qmax Qmax
IToxunbka, % -0,23 -0,14 -0.53 -0.60 -0.63 -0.76 -0,88

0,9 W Dev. as found [%] Dev. as left [%]
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Pucynok 6 — OTpumane 3HaYeHHsI METPOJIOTIYHUX XapaKTEPUCTHK YJIbTPa3BYKOBOI0 JiYWJIbHUKA

PO3paxyHOK  CEpEeIHbO3BAXKEHOI  MOXUOKH
(WME). Po3paxyHOK 3J1IICHIOETBCS 32 TaKOIO

dhopmyroro:
D k.5,

WME = -, €)
2k
i=1

0 — OCHOBHA BIJJHOCHA MOXHMOKa JIYMILHHKA,
10 MOBipsieThCs (Y BiICOTKAX); ¢ — 3HAYCHHS
00’€MHOT BUTpaTH Ta3y;

k. = 4 upH ¢q; < 0,7qmax;

max

k, = 14--4 upu 0, 7qmax < 4i < Gmax-
@ max

Jlns OTpUMaHOi METPOJIOTiuHOI XapakTe-
PUCTHKH JIUYUIbHUKA ra3y, po3paxoBaHe 3Ha-
yeHHs ckiaagae WME = -0,7479.

[IpoBenemo rpaayroBaHHsS METOIOM IOC-
TiliHOTO KoedirienTa AF, po3paXxyHOK SIKOTO
3I1HACHIOETHCA 3T1IHO:

1

AF = —mE = 1,00753 . 4)

100%
Hacrynuuii Meto rpaytoBaHHs MOJIATAE
y 3aCTOCYBaHHI MOJIiHOMIaIBHOT KOpeKIii. 3a-
JIEKHO BiJl KITBKOCTI TOYOK BH3HAYCHHS MET-
POJIOTIYHMX XapaKTEPUCTHK B Jiama3oHl Bij
Qmin 1o Qmax, oOupaeTbcs MOPSIOK IMOJTi-

&

HOMa. 30Kpema, TPaayrOBaHHS MOXKE 3Jiic-
HIOBaTHCs 13 3actocyBaHHs moimiHoma II, III
a6o IV nopsiaky.

Haenemo pospaxyHok mominoma II mo-
PAIKY TIPU TPOBEJICHHI TPaayrOBaHHS 31 3Ha-
YEHHSM METPOJIOTIYHUX XapaKTEPUCTUK I 5
OCJIITHUX TOYOK.

dopmynia TpaayrOBAIBHOTO  IOJIIHOMA
HactymHa (5):

QD) =a_;Q" ' +ao +a,Q. (5)

Koedimientn noninoma:

a.; =-3,500830-107;

ap=1,003762 ;

a;=2,218830-10°.

HactymHuM mipeacTaBUMO  PO3paxyHOK
noninoMa III mopsiaxy mpu mpoBeneHHI rpa-
JYIOBaHHS 31 3HAYCHHSIM METPOJIOTIYHHMX Xa-
PaKTepUCTHK JUISL 6 JOCTIIHUX TOYOK.

dopmynia TpaayrOBAIBHOTO  IOJIIHOMA
HactynHa (6):

(Q2) = a_1Q™"' + ap + a,Q + a,Q%. (6)

Koedoiuientu noxinoma:

a.;=-1,251669 -107 ;

ap=1,00280 ;

a;=4,981434-10°;

a>=-1,041072-10" .
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Pucynok 7 — XapakTepucTuKa yJIbTPa3ByKOBOI0 JiYMJIbHHKA MICJIS TPAIYIOBAHHSA
METO/I0M MOCTiiiHOro KoedinieHTa
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Pucynok 8 — XapakrepucTuka yabTpa3ByKOBOI0 JiYMIbHUKA MIiCJIsl TPAYIOBAHHS
i3 3acTocyBannsim nosiHoma Il mopsiaky

OctanHiil BapiaHT Tependavae 3acTocy-
BaHHS nojiHOMa [V nmopsaxy npu npoBeneHH1
rpajylOBaHHs 31 3HAYCHHSIM METPOJIOTTIYHUX
XapaKTEPUCTHK JUTsL 7 TOCTITHUX TOYOK.

dopmyna TpamyrOBAIBHOTO  IMOJIIHOMA
HactynHa (7):

(Q3)=a_,Q*+a_1Q " +ap+
+a,Q + a,0% . (7)

Koedirientu noninoma:

a>=1,938767-10" ;

a.;=-1,115551;

ap=1,009676 ;

a;=-3,261947-10°;

a>=1,272136-10" .

OcranHiil MeTOA TpalyloBaHHS Inependa-
Ya€ 3aCTOCYBaHHsS KYCKOBO-JIIHIMHOI ampok-
cumalii, ToOTO XapaKTepHCTUKa JYUIbHUKA
OMHUCYEThCS HAOOpPOM JiHIMHUX npsmux. [Ipu
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IOMY PO3PAaXYHKOBA XapaKTEPUCTHKA JIUH-
JbHUKA BHpakeHa TOPU3OHTAJBHOIO JIIHIEIO,
MaKCHMaJIbHO HAOJIMKEHOI JO XapaKTepHC-
TUKH JIYWIBHUKA 3 «HYJIBOBUMY» BITXHIICH-
HSIM.

BucHoBknu

3 ornsay Ha PO3BUTOK €HEPreTHYHOI iH-
dbpacTpykTypu YKpaiHu, TiBUIIEHHS TOYHO-
CTi OOJIKY MPUPOJHOTO Ta3y HabyBae cTpare-
rivHoro 3HayeHHs. HeBenuki moxuOku y BH-
MipIOBaHHI BUTPATH Ta 00’ €My MOXYTb HpPHU3-
BOJUTH JI0 3HaYHUX (DIHAHCOBHX BTPAT y KO-
MEpUIHHUX OIepalisix, TOMY BIPOBAKEHHS
PETYISIPHOTO TPAAYIOBAaHHS i3 3aCTOCYBaHHSM
BHCOKOTOYHHUX €TAJIOHIB € HE JIUIIEe TEXHiY-
HUM, a ¥ €KOHOMIYHO OOTpYHTOBaHUM KpO-

KOM.
77
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Pucynok 9 — XapakrepucTuka yabTpa3ByKOBOI0 JiYMIbHUKA MiCJIsl TPATYIOBAHHS
i3 3actocyBannsam nosginoma III mopsiaky
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Pucynok 10 — XapakTepucTuka yJbTPa3ByKOBOT0 JiYMJILHUKA MicJs TPagylOBaHHA
i3 3acrocyBanHsam nojinoma IV nopsiaky
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Pucynok 11 — XapakTepucTuka yJabTPpa3ByKOBOI0 JiYMJIbHUKA MiCJIsl TPATyIOBaHHS
i3 3acTOCYyBaHHAM KYCKOBO-JiHIiHHOI ampokcuManii
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Ha BigMiHy Big CTaHZapTHOI TMOBIPKH,
TpaayrOBaHHS J03BOJISIE€ HE JIUIIE TIEPEBIPUTH
BIJIMOBIIHICTh TPHUJIAAY METPOJIOTIYHUM Xa-
paKTepucTHKaM, a W 3AIMCHUTH IX KOPHTY-
BaHHsI, MMIABUIIUBIIN TOYHICTh BUMIPIOBaHb y
BChOMY po0OOUYOMY Jiana3oHi. 3acTOCYBaHHS
PI3HUX METOJIB KOPEKIlli (METOJI MOCTIHHOTO
KoedillieHTa, TMOJIHOMIialbHA alpOKCHMAIIis,
KYCKOBO-JTIHIHHA 1HTEPIIOJAIISA) Ja€ 3MOTY
IHIWMBITyalbHO BpPaxoBYBaTH OCOOJHBOCTI

bac ma in.

Mae gisuipHICTh 1T «IBAHO-®PAHKIBCBHK-
CTAHJIAPTMETPOJIOI'IS», Ha 6a3i sikoro
CTBOPEHO KOMIUICKC €TAaJOHHHUX YCTaHOBOK
OIUHHIIL 00’eMy Ta 00’€MHOI BHTpaTH Trasy.
BukopucTaHHs TaKMX YCTaHOBOK JIa€ 3MOTY
OTPUMYBAaTH DPE3YJIbTaTH BHUMIPIOBaHb i3 Mi-
HIMaJbHUMHM 3HAYCHHSIMH HEBH3HAYCHOCTI,
SIKE BIAMOBi/Ia€ BUMOTaM MIKHAPOJIHUX CTaH-
napriB JICTY ISO 17089-1 ta JICTY OIML
R 137-1-2.

KOXKHOTO TpUJIaay, MIHIMI3ylOud TOXHOKH
BHUMIpPIOBaHb.

3niliCHEHHS TPayIOBaHHS MOXKIIUBE JIUIIIE
Ha €TaJOHHUX YCTAaHOBKaX i3 TapaHTOBAHOIO
MPOCTEKYBAHICTIO 10 MIKHAPOIHOT CUCTEMH
SI. V 1poMy KOHTEKCTI OCOOJIMBE 3HAYCHHS
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Abstract. The article explores the calibration process of ultrasonic gas meters as a key element in ensur-
ing the reliability and accuracy of metering systems. Due to their advantages — the absence of mechani-
cal moving parts, high measurement accuracy, stability of characteristics, and long service life — ultrason-
ic meters are becoming increasingly widespread. At the same time, to enhance the accuracy of ultrason-
ic gas meters, calibration can be carried out, as they contain built-in error correction devices. The paper
proposes and analyzes mathematical methods of error correction, including the use of a constant coeffi-
cient, polynomial functions of the second to fourth order, and piecewise-linear approximation. The re-
sults of experimental studies are presented, and the calculation of weighted average errors is per-
formed. It is shown that calibration significantly reduces measurement uncertainty, helps to minimize
systematic deviations, and increases the reliability of measurement data. Special attention is given to
the reference facilities of SE "IVANO-FRANKIVSKSTANDARTMETROLOGY", in particular, the necessity of
performing calibration on reference installations that ensure measurements with the lowest possible
uncertainty is substantiated. Additionally, it is emphasized that calibration results have a direct impact
on commercial gas metering. Therefore, such work must be performed only in accredited laboratories
with the necessary experience and equipment.

Keywords: gas volume; volumetric flow rate; traceability; standard; prover; calibration; uncertainty.
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AHoTauif. O6’ekTom gocnigkeHHA B poboTi € MeToAM BUMIpOBaHHA 06’eMy Ta eHeprii npupogHoro rasy. Metoto
poboTn € po3pobKa yAOCKOHANEHOro METoAy Ta MOoAeni NiYnAbHWKA A4 BMMIpIOBaHHA 06’emy Ta eHeprii
NPUPOAHOro rasy 3 BMKOPUCTAHHAM iHGOKOMYHIKaLiMHMX TexHosoriin. HaBeaeHo ornag pagy icHytoumx 3acobis
BMMiptoBaHb 06’eMy npupogHoro rasy Ta po3pobneHux 3acobiB Ta NPUCTPOIB A/A BMMIpHOBAHHS eHepril rasy.
BuABNEHO, WO NiYNUIbHUKK, AKI BUKOPUCTOBYIOTLCA A5 KOMEPLIMHOIro 06.1iKy NpupoAHOro rasy, BUMIpoHTb AuLle
o6’em rasy, a BignoBiaHe 3HayeHHA eHeprii rasy BM3HAYAETbCA PO3PAXYHKOBUM METOAOM, LLO, 3 METPOOriYHOI
TOYKM 30pYy, HE € BUMIPIOBAHHAM eHeprii. Po3pob/ieHi Ta onncaHi B HayKOBIi niTepaTypi HOBi MmoAeni NiYnibHUKIB
eHeprii NPMPOAHOro rasy mMmatoTb MOXAMBICTb BUMIPHOBAHHA TUM UM iHWIMM METOAO0M eHeprii MPMPOAHOro rasy Ta
BifOOparKeHHs 3HaYeHHA BMMIpPAHOI eHeprii rasy Ha ix BigNiKOBUX MPUCTPOSX, ane y umMx 3acobax BMMIpIOBaHb
BIACYTHI NPUCTPOI ANA nepefaBaHHA AaHUX MNPO BUMIPAHI 3HA4yeHHA eHeprii rasy A0 rasonoctavyanbHUX
opraHisauiii. Po3pobsieHo mogenb niunabHUKa 06’emy Ta eHeprii NpUpoAHOro rasy, AKMI 3MOKe peanisyBaTv 06.ik
NPUPOAHOro rasy B OAMHUUAX OB6’emy Ta OAMHMUAX eHeprii rasy 3 noganbliMM NepefaBaHHAM [aHMX Npo
obnikoBaHi 0bcArM rasy Ao rasonocradvasibHUX OpraHisauiii. BUKOPUCTAHHA MPOMNOHOBAHOrO NiYM/ibHUKA eHeprii
rasy 3abesneuynTb 34iiCHEHHS KOMepLiiHOro 06iky eHeprii rasy 3 ycima HeobxigHMMK aTpnbyTamm Takoro obiky:
BMMIipPIOBAHHA eHeprii NpupoaHoro rasy, BigobpaxKeHHs BUMIpAHUX 3HaYeHb Ha BiANiIKOBOMY NPUCTPOI NiYnAbHUKA
Ta aBTOMaTM4He nepefaBaHHA MOKasiB MPO CMOMWUTY EHEeprilo A0 rasonocTayanbHUX oOpraHisauiit. MNposeseHo
NopiBHANLHWUI aHani3 Po3pobAeHOro B AaHili CTaTTi NiuMAbHMKA 06’eMy Ta eHeprii rasy 3 niYMAbHMKamM, WO 3apas
BMKOPUCTOBYIOTLCA A8 KOMepLiiHOro 06iky NpMpoAHOro rasy 1a 3 po3pobieHUMN KOHCTPYKLIAMWU NiYNAbHUKIB
rasy. MpoBeneHnin aHai3 3acBia4YMB NepeBary po3pobeHOro NiYNAbHUKA Y NOPIBHAHHI 3 ICHYIOYMMM aHaNoraMu.

KnouoBi cnoBa: eHeprisi, NPUPoAHWIA ras, NiunbHUK eHeprii, ra3onocTayanbHa OpraHisauin, KomepuinHuit ob6iK.

Beryn

Ocranni 10 pokiB aKTyaJlbHUM MUTAHHSAM
(YHKIIIOHYBaHHS E€HEPrOpHHKY YKpaiHu €
peaiizariisi 00JIiKy MPUPOTHOTO Ta3y B OJU-
HUIsIX eHeprii. Came CTIIBKH Yacy BXKe JTIIOTh
HOPMAaTHUBHO-TIPaBOBI JAOKyMeHTH [, 2], sxi
perIaMeHTYIOTh TIepexia Bij oOJiKy rasy B
KyOomeTpax 10 OO0JIiKY B OJMHMLSX €HEeprii.
Opnak, 11€ 10Ci TOBHOITIHHO HE pPeali30BaHO B
MIPOMHCIIOBOCTI Ta Maibke HE peali30BaHO B
KOMYHaJIbHO-TIOOYTOBIM chepi. Hapasi

31€01TIBIIIOT0 3aCTOCOBYIOTBCS PO3PAXyHKOBI
METOJU, SKi 3a0e3NneuyloTh MepepaxyHOK
00CSITiB MPUPOIHOTO Ta3y B METpaxX KyOIUHHX
B CHEPTeTHYHI OJUHHMIII.

e ogHMM acmeKkTOM CKJIAIHOCTI Imepe-
XOJly Ha EHEPreTMYHHH OOJiK MPUPOIHOTO
rasy € marepiajibHa 0aza. Y moOyToBii chepi
JUIIIe HeBEITMKA YacTKa JIYMILHUKIB Ta3y Mae
3aco0u ISl PUBEICHHS BUMIPSIHUX B METpax
KyOiyHHX 00’€MiB Ta3y A0 CTaHIAPTHUX YMOB
3 BpaxyBaHHsAM Mioro Ttemmeparypu. Kpaia

3anponoHoBaHe nocunaHHsa: LWynera, B. (2025). Mogenb niunnbHUKa 06’emy Ta eHeprii rasy. MeToau Ta npunaam
KOHTpoOIto aKocTi, 2(55), 82-89. doi: 10.31471/1993-9981-2025-2(55)-82-89
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CUTYallisi — B TIPOMHCIIOBOMY CEKTOPI, JI¢ TIOB-
HOITIHHO B TIapi 3 JIYHUJIBHUKAMH 3aCTOCOBY-
IOTBCS KOPEKTOPH Ta OOYHMCIIOBadi 00’eMy
rasy, siki 3a0e3MeuyioTh MPUBEICHHS 00’ eMy
MPUPOJHOTO Trazy 1O CTaHJApTHUX YMOB 3a
TEMIIEPaTypor0, THCKOM Ta KOMIIOHEHTHHM
CKJIaJIOM TIPUPOHOTO Ta3zy.

Jlns BU3HA4YEHHS €Heprii MpPHUPOAHOTO
razy HEOOXIJHUM € BHUMIPIOBaHHS IIE OJHI€T
Gi3MYHOT BENMYMHU: TEIUIOTH  3TOPSHHS.
3aco0u BUMIPIOBAHHS ITi€1 BETUYUHU € JOPO-
rOBapTICHUMH, TOMY iX BCTAHOBJICHHS B Mapi
3 JIYMJIBHUKOM € €KOHOMIYHO HEBUTIIHHUM HE
TIJBKH B 11OOYTI, ajie i B IPOMHUCIOBOCTI.

Mera po6oTH — pO3pPOOUTH YAOCKOHA-
JeHUH METOJ Ta MOJeNb JIYMIbHUKA IS
BUMIPIOBaHHS 00’€My Ta €Heprii MPUPOJTHOTO
ra3dy 3 BUKOPHUCTAHHSAM 1H()OKOMYHIKAI[iITHIX
TEXHOJIOT1H.

AHaJi3 Cy4YacHMX 3aKOPAOHHMX i
BITUM3HAHMX JOCJIIKeHb Ta MyOaikani

JletanpHuii aHali3 HOPMATUBHO-TIPABOBUX
acCIeKTIB BHUMIPIOBAHHs €HEprii MpUpOIHOTO
razy HaBeneHuid B pobOoti [3]. 3okpema,
MPOaHATI30BaHO BHMOTH YKpaiHCBKHUX Ta
€BPOMNEHCHKUX TPABOBUX Ta HOPMATHUBHHUX
JOKYMEHTIB Ta NPOBEJCHO iX MOPIBHSIIbHUI
aHami3. Ili JOKyMEHTHM  BCTaHOBIIOIOTH
HEOOXITHICTh OONIKYy MHPHUPOJHOTO Tazy B
MeTpax  KyOIYHMX 3  TOJAIBIIUM  iX
NEPEeBEACHHSAM Yy €HEpPreTHYHi OJMHUII.
Takmii migxig 70 0OJIKY TPHPOIHOTO Tazy
CyllepeunTh BHUMOTAM IHIIOTO HOPMATHUBHO-
MPaBOBOTO JOKYMEHTY [4], sSIKMil CTBEpIKYE,
0 «34YUTYyBaHi 3 MOKAa3yBaJIbHOTO MPUCTPOIO
JaHl € Pe3yIbTaTOM BUMIPIOBAHHS, SIKHH CITy-
KHUTHh OCHOBOIO JIJISl BCTAHOBJICHHSI OTLTATI.

TexHiuH1 aCIIEKTH peanizarii
MPUJIAJIOBOTO OOMIKYy €Heprii MpUpPOTHOTO
ra3y HaBeaeHi B poOoTi [5], aBTOpamu SKOi
3aMpOIMOHOBAHO BHKOPUCTOBYBATH MPHUCTPOI
nepeTBOpeHHsl eHeprii razy. dakTHYHO 1Ie

HENpsSMUIL  METOJ] BHUMIPIOBaHHS  €Heprii
OPUPOSHOTO Tra3y Ha OCHOBI  HpPAMHX
BUMIpIOBaHb 00’€MIB Ta3zy, TeMIepaTypH

MOBITPSI HABKOJIO JIIYMJIbHUKA Ta3y Ta TEIJIOTH
3TOpSIHHS Ta3y.

VH T, (1, 0321-1,13812 -10_4h)
E= 7

HC

2
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Uynsea

ne E — eHepris mpupogHoro razy, V o—
BUMIPSIHUH JIIYUIIBHUKOM 00’€M MPHUPOJHOTO
rasy, H_  — TEIIOTa 3rOPAHHSA HPHUPOJHOTO

rasy, 7, — TeMIEpPaTypa MPUPOIHOTO rasy 3a

CTaHJapTHUX YMOB, 1m0 AopiBHIoe 273,15 K
abo 288,15 K (3aynexxHo BiJ 1HAWBITYyaIbHUX
XapaKTepUCTUK Ta MiCIsl  BCTAHOBJICHHS
JTYUIBHUKA Ta3y HAJBOPI UM B MPHUMIIICHHI),
h —reorpadiyHa BUCOTa TOUKH BUMIPIOBaHHS
(HaceleHOro TYHKTY, € BCTaHOBIICHHM
JYMIBHMK Tasy) Han piBHeM mops, T, —

TeMIlepaTypa MOBITPs HABKOJIO JIYHIIBHHKA.

MeTtoqonoris  BUMIpIOBaHHS ~ 00’eMy
IPUPOTHOTO razy 3 BpaxyBaHHSIM
TEMIEpaTypHUX  TapamMeTpiB  TOBITPS B
MPUMIIIEHH] O1st ra3onpoBOy Ta
JYMIbHUKA Ta3y 1 MOBITPS HAaBKOJIMIIHBOTO
CepeoBHINa HaBeIeHa B po0OOTi [6].

B poborti [5] po3pobiieH0 MeToI0JIorio
BUMIPIOBaHHsI €HEpPrii rasy 3 BpaxyBaHHSIM
METOJIONIOTIi BUMIipIOBaHHS 00’emy rasy [6],
MIPOBEICHUI METPOJIOTTYHHI aHaJi3 MOXHOOK,
ajie He 3alpONOHOBAHE TEXHIYHE PIIICHHS JUIS
pO3pOOJIEHHS ~ TPUCTPOIO  TEPETBOPEHHS
eHeprii  mpupoaHOro  Traszy. Bigkputum
3QIIMIIAETECS THUTAHHS 1010 BHMIiPIOBaHHS
TETUTOTH 3TOPSIHHS Ta3y.

ABtopu poGotu [7] 3anmpomoHyBaIH
TYWIBPHUK 00’€My ra3zy BinKamOpyBaTH SK
JTiuniIbHUK eHeprii. KaniOpyBaHHS 3aCHOBaHO
Ha TOMY, IIO TOKa3W JaT4yWKa, 3aJICKHI BiJ
BUTPATH T'PaJAyIOBAIBHOrO Ta3y abo Kaiiopy-
BaJIbHOTO Ta3y, 3HIMAlOTh 1 30epiraroTh B
ra3oBOMy JIYWIBHUKY Y BUIJISAI Tpagyro-
BaJIbHO1 200 KamiOpyBaabHOT KPUBOT IaTYMKA.
KanibpyBanbHy KpuBYy a00 3HAUE€HHS CUTHAITY
JaTYMKa MHOXaTh Ha KOEQIIIEHT MepeTBO-
PEHHSI CUTHAY 1 KO€(]Ili€HT TEIUIOTBOPEHHS
11t 6a30BO1 ra3oBOi CyMmilni Tak, 00 OTpH-
MaHUH TOOYTOK BHpakaB CIIOKUBAHHS Ta3y y
BHUXIJTHUX OJIMHMIISIX, a MICIs IHTerpaiii — B
OJIMHUIIAX eHeprii. 3a JomoMOororm JojaT-
KOBHX TIONPABOYHUX KOE(IIIEHTIB MOXKHA
BpaxyBaTH (paKTUYHE TEIIOTBOPEHHS ra30BOi
CyMiIlri, 110 MOJAETHCS, B OJUHULIAX EHEPrii,
moHaiiMeHIIe npudau3Ho. Bumipsine Tteruio-
TBOPEHHSI, yCEPETHEHE 33 TIEBHUI TUMYACOM-
BUW TIPOMIXKOK, MOXHA BHKOPHCTOBYBATH SIK
(aKTHYHE TETUIOTBOPECHHSI.

>



Modesnb nivuneHUKa 06’emy ma eHepeii 2a3y

[Hmmit  3anponoHoBanuit  Merox  [8§]
MOJISITa€ B TOMY, 110 Y HEPYXOMOMY Tra3i BUMi-
PIOIOTh TEIUIONPOBIAHICTG TMPH TMOCTIHHOMY
HarpiBaHHi 1 TpH IMITYJICHOMY HarpiBaHHI,
BUMIPIOIOTh TETUIOEMHICTh, 1I€HTU(IKYIOTh
ra3 i, Ha OCHOBI 3HAQYeHHI ITUTOMOI
TEIUIOEMHOCTI ~ CIIJIBHO 3  BUMIpPIOBAaHHSIM
MacoBOi ~ BHUTpaTH, BH3HAYalOTh  IOBHY
TEIUIOTBOPHY  3/aTHICTh Ta3y. BigHOCHO
BHCOKa CKIQJHICTh I[BOTO  METONIy €
HEJIOJIIKOM TPU BHU3HAYCHHI CIIOKUBAHOI
eHeprii Ha OCHOBI DPI3HMX 3HAa4€Hb MAacOBOI
BHUTPATH 1 MUTOMOI TertoeMHocTi. Kpim Toro,
JUISL IOCTaTHHO TOYHOTO BH3HAYEHHS CHEPTii,
10 MO/Ia€ThCH, 3HAYEeHHS MUTOMOT
TEIUIOEMHOCTI HEOOX1THO BUMIpIOBAaTH
Oe3IepepBHO 1 3 BEJTMKOI TOYHICTIO.

B pobGoti [9] po3pobienuii moOyToBuit
TYUIBHUK  00’eMy Ta  eHeprii  rasy.
BuMiproBaHHs eHeprii razy UM JTIYHIbHUKOM
B1I0YBA€THCSA HACTYITHUM YHHOM: IPUPOTHUNA
ra3 i3 Ta3ompoBOJY IIOCTyMA€ IMiJ KOPILYC
JTYUIbHUKA 00’€My Ta eHeprii ra3y uepes
BXITHUM  OTBip,  3MilicHIOE  0OepTaHHS
MPUCTPOIB  BUMIPIOBAJIBHOTO  MEXaHI3MY,
TICJIS YOTo Yepe3 BUXIMHUN OTBIp MOCTyMHAE y
razonpoBia. [Hdopmaris Tpo  KUIBKICTH
o0epTiB  poTOpiB 3  Jardyuka  0O0epTiB
HAJXOJIUTh y MPUCTPIA TEPETBOPEHHS, SIKUU
MEePETBOPIOE KUIBKICTh o0epTiB
BUMIPIOBAJILHOTO MEXaHI3MYy Y IPOTOPITIHHE
3Ha4YeHHs1 00’eMy rasy, sike, B CBOIO 4Yepry,
MIEPETBOPIOETHCS MPUCTPOEM TEPETBOPEHHS Y
3HaueHHs 00’€My raszy 3a CTaHJapTHUX YMOB
Ha OCHOBI 1H(OpMAIIil TTPO TeMIEpaTypy rasy,
oTpuMaHoi 3 JaTduKka — TeMIepaTypHu.
[Hdopmariiss mpo BuMipsiHUN 00’eM razy Ta
MPUBEICHUN 1Ie¥ 00’ €M JI0 CTAaHAAPTHUX YMOB

B1100paKa€eThCst Ha €JICKTPOHHOMY
BiJUTIKOBOMY IIPUCTPOI. EnextpoHHMit
npuiiMay OTpUMYE BiJ 30BHIIIHIX

nepenaBavyiB ra3ornocTavyalibHUX OpraHizamii
iH(OopMaIliio PO TETUIOTBOPHICTH ra3zy 4epe3
TeJeKOMYHIKaliiHy Mepexy. Jlani mpo
TEIJIOTBOPHICTh Ta3y 3 BHUCOKOK TOYHICTIO
BU3HAYAIOThCA XpOMAaTorpadiyHUM Ccriocooom

Ha ra3opo3MoaUIbHIX CTaHIAX i
IIepeatoThCs TeJIEKOMYHIKalliHHUM
croco0OM  Ha  CJIIEKTPOHHHMHA  MpuiMay

TYHIbHUKA 00’€My Ta €Heprii rasy, Micis
Yoro I JlaHi 3 €JEeKTPOHHOTO MpuiiMada

&

HAJXOASTh Ha ENEKTPOHHUN O0O0YUCITIOBAY
eHeprii ra3y, B IKOMY, 3a CTaHJAapTH30BaHOO
METOJIMKOI0, Ha OCHOBI 3HA4YCHHS 00 €My
ra3dy, TpPUBEICHOTO J0 CTaHJAPTHUX YMOB,
NEPEeTBOPIOIOTECS Yy 3HAYEHHS €Heprii rasy,
AK€, B CBOIO 4Uepry, BioOpakaeTbCcsi Ha
Bi/UTIKOBOMY MpucTpoi. Excruryarariss nporo
JTIYUIIBHUKA BUMAara€ NEpIOAUYHOTO 3HATTS
MOKa3iB 00JIIKOBAaHUX 00’ €MiB Ta €Heprii razy
IHCTIEKTOpaMHU Ta30BHX CIYyXO0 1 HamaHHS iX
ra3onocTa4ajibHUM OpTaHi3allisiM.

BucsitiieHHs1 HeBUpilIeHMX PpaHilIe
YACTHH 3arajJbHOI NpodJjeMu

B pe3ynbrari aHami3y BUSBICHO HACTYITHI
HEOTIKU:

- iCHYIOYl JIYWUIBHUKH Ta3y BUMIPIOIOThH
o0’eMn razy B MeTpax KyOI4HHX, TOX
BU3HAYUTH OOJIIKOBaHI €HEprii MpUPOITHOTO
ra3y MOKHa TIJIbKH pO3PaXyHKOBHM METOOM,
0, 3 METPOJIOTIYHOI TOYKH 30py, HE €
BHUMIPIOBaHHSIM E€HEpTii rasy;

- OMHIECIO 13 CKJIQMOBUX IS BU3HAYECHHSI
eHeprii mpupomHoro Trazy € ¢izuyHa
BEJIMYMHA: TEIUIOTAa 3TOPSHHS Ta3y, SsKy
BU3HAYalOTh MOTOKOBUMH Xpomartorpadami,
asie 3aco0u TepeiaBaHHs i€l BUMIPIOBAJILHOI
iH(popMarii 10 TYMWIBHUKIB Ta3y BIACYTHI;

- 3aMpONMOHOBAaHUN METOJ| KaliOpyBaHHS
JTYMIbHUKA 00’ €My ra3y B OAMHHUISAX €Hepril
ra3y He € TOYHHUM, OCKUIBKH BHKOPHCTOBY-
IOTBCSl YCEepEeIHEeHI 3a IEBHUU Mepiof dacy
3HAQYCHHs, BU3HA4YCeHI 3a  JIOTIOMOTOIO
KaiOpyBalbHOTO ra3zy, KOMIOHEHTHUN CKIJIa[
SIKOTO HE BIJMOBIZIA€ CKIAAy PEATBHOTO ra3y;

- IHIIMHA 3amnporOHOBAaHMM METOJ|, IO
MoJisira€ 'y  BUMIPIOBaHHI  TEIIOTBOPHOI
3MIaTHOCTI ~ NPUPOJHOTO  ra3zy  IIIIXOM
HarpiBaHHs Tra3y, 3a0e3MeuuTh JOCTaTHIO
TOYHICTh  BHU3HAueHHA 1€l  ¢izuuHol
BEJIMYMHH JIMIIE Yy BHITAJKy BHKOPHCTAHHS
JOPOTUX TOYHHUX 3acO0iB BHMIpIOBaHb, IO
€KOHOMIYHO Hee(EeKTHBHO;

- 3aIpONOHOBaHA MOJIENb JIYMIbHAKA
eHeprii MpHPOTHOTO Tazy €  XOpPOIIUM
pIlIEHHSM Ui TPHIIAZOBOTO OOJIIKY eHepril
ra3dy, ajie moTpedye J0AaTKOBOTO 3UHUTYBaHHS
NoKa3iB mpo 0OIIKOBaHI 3HAYEHHS E€Heprii Ta
BUKOPUCTAHHS JIFOJICBKOTO  (pakTopy  JUIst
nepeadi i y3aralbHeHHs ITUX JaHUX.
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HCcYHOK 1 — CTpyKTYpHA MOeJIb JiYHJILHUKA 00’ €My Ta eHepril ras
Pucynok 1 — Crpykry 0’emy y

®opMyJIIOBAHHA Lijel CTATTI

HalionTuManpHIIIAM  BapiaHTOM  BHpI-
IIEHHS TPOo0JIeMH 00JIIKY Ta3y € Po3pOo0JIeHHS
JTYUIbHUKA Ta3zy, SKUA BigoOpakaB OW Ha
CBOEMY BIJIIKOBOMY MPUCTPOI BUMIpsIHI
o0cCsATM TPHUPOJHOTO Tra3zy sSK B MeTpax
KyOIYHHX, TaK 1 B OJMHHUIAX €HEprii, a TaKoxkK
aBTOMATHU30BAHOTO TE€PEIaBaHHSI MUTTEBHUX
3Ha4eHb BUMIPSIHOI €Heprii mpupoaHOro rasy
0 Tra3onocTadaJlbHUX  OpraHizailii, 1o
JI03BOJIUTH 3a0€3MEeYNTH BEICHHS €UHOI 6a3u
JAHUX CTIOKUTOT €Heprii rasy.

Teoperuuna 0a3a podoru

VY po3pobiieHOMY TYHIBHUKY 00’ €My Ta
eHeprii razy [9], mo MICTUTH KOopmyc 3
BXI1JTHUM Ta BUXIJTHUM OTBOpaMH,
BUMIPIOBAJILHUNA MEXaHi3M, JaT4uKu 00epTiB
Ta TeMIepaTypH, NPHUCTPI TMEepEeTBOPEHHS,

€IIeKTPOHHUI BIJIJTIKOBHI MIPUCTPIH,
CJNIEKTPOHHUM mpuiiMad. BXigHuii KOHTYp
nmpuiiMaya i’ € JHaHO yepe3

TEJIEKOMYHIKALIHHYy Mepexy 0 30BHIIIHIX
nepeaaBaviB ra3ornocTadyaibHUX OpraHi3allii,
a  BUXI J0  BXOJYy  EJEKTPOHHOIO
oOumncIOBaUa €Heprii rasy, BUXiJ SKOro, B
CBOIO HYepry, IMiJ €JHAHO JI0 E€JIEKTPOHHOTO
BIJTIKOBOTO  TPHUCTPOIO, MIPOTIOHYETHCS
JOJAaTKOBO  BCTAaHOBJICHUM  E€JIEKTPOHHUMU

rnepeaasad. Bxiguwnii KOHTYp bOTO
nepegaBaya MO €IHAHO 1O  BUXOIY
€JIEKTPOHHOTO OOYHMCITIOBAa4Ya €Heprii rasy,
BHXIJl SIKOTO, B CBOI Yepry, IiJ €JIHAHO 0
30BHIIIHIX TpUMayiB  ra30nocradyaibHUX
oprasizariiii, a 3B1ITH — 10 €AMHOT 0a3u JaHUX
CHOXHTOI €Heprii razy.

Ha puc. 1 300paxena  wmojaenb
JYMIbHUKA €Heprii Tra3zy, SKUH MiCTUTh:
Kopnyc 1; BXigHUN OTBip 2; BUXIAHHUI OTBIp
3; BUMIpIOBAIBHUA MeXaHI3M 4; JaTyuK
TEeMIIepaTypu S5; AaT4yuk 00epTiB 6; MPHUCTPIl
MEPETBOPEHHST 7; ENEeKTPOHHUU BiJTIKOBHIA
npucCTpii  8; enekTpoHHWUH mpuitmad  9;
30BHINIHI  MEpeaaBadli  ra3onocTradalbHUX
opranizamiii 10; exexTpoHHHI 00YHCITIOBAY
e”eprii ra3y 11; enekrponHuii nepenasay 12;
30BHIIIHI ~ TpWiiMadi  ra3ornocTradyabHUX
opranizaiiit 13; enuny 6a3y TaHUX CHOKUTUX
00’eMiB Ta eHeprii ra3y 14.

JliumneHUK ~ eHeprii  ra3zy  Mmparoe
HACTYITHUM YHHOM.

[Tpupoaumii ra3 i3 ra3onpoBOAY HaIXO-
JIUTH T Koprmyc | JmiuminpbHUKA eHeprii rasy
4yepe3 BXITHUU OTBIp 2, 37ilicHIOE 00epTaHHS
MPUCTPOIiB BHUMIPIOBAILHOTO MeXaHIi3My 4 i
micyis  1BbOTO  Yepe3 BUXiAHUH OTBip 3
MocTyrnae y raszonpoBin. IHdopmaris mpo
KUTBKICTh 00€pTIB 3 JaTyuka 6 HAIXOAWUTH y
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MPUCTPIN TIEPETBOPEHHA 7, SIKHI MEPETBOPIOE
KUTBKICTh 00€pTIB POTOPIB Y TMPOIMOPIIIHHE
3HaueHHs 00’eMy rasy, siKke, B CBOIO Uepry,
MEPETBOPIOETHCS MPUCTPOEM 7 'y 3HAUECHHSA
00’eMy ras3y 3a CTaHAApTHUX YMOB Ha OCHOBI
iHdopmarii mpo Temmeparypy rasy, OTpH-
MaHoi 3 jatuuka 5. Enextponnuii nmpuitmau 9
OTPUMYE BiJl 30BHIIIHIX IepeaBadiB razo-
nocravyaibHUX opranizamiii 10 indopmariiro
PO TEIJIOTBOPHICTh Ta3zy 4epe3 TeNeKOMYHi-
Kariiiny Mepexy. JlaHi mpo TemIoTBOPHICTH
ra3y 3 BHCOKOK TOYHICTIO BH3HAYAIOTHCA
xpoMarorpadigaHuM crocobom Ha
ra30pOo3NOAUTPHUX CTaHI[SAX 1 MepenarThes
TeJIeKOMYHIKaI[iHHUM cnocoooM Ha
CJIEKTPOHHUM mpHuiiMay 9 miunMiabHHUKA Tasy,
TICIISL YOTO 111 JIaH1 3 €JIeKTPOHHOTO MpUiiMaya
9 HAIXOIATh HA EJCKTPOHHUU 00YHCIIIOBaY
eHeprii razy 11, B axomy, 3a ¢opmynorw (1),
Ha  OCHOBI  3HayeHHs o00’emy  rasy,
MPUBEACHOTO 70  CTaHAApTHUX  YMOB,
MEPETBOPIOIOTHCS Yy 3HAYCHHS €Heprii rasy,
SKe, B CBOIO YEpry, BIToOpaxkaeThCs Ha
BiJUTiIKOBOMY TmpHCTpoi 8. OmHOYacHO JaHi
PO 3HAYEHHs 00’ €My Ta €Heprii MPUPOJTHOTO
razy 3 eJIeKTPOHHOTO OOYHCIIOBada EHeprii
razy 11 HagxomsTh Ha BXiJl E€JICKTPOHHOTO
nepenaBada 12 i mepenaroThes TeIEKOMYHIKa-
IMHAM CIOCOOOM Ha 30BHINIHI MpUiMadi
ra3ornocrajyaibHUX oprasizarii 13,
mig’eqHadl 4o €arHOl 0a3y JTaHUX CIIOKUTHUX
00’eMiB Ta eHeprii razy 14.

Bukopucrtanus MIPOITIOHOBAHOTO
JTUMIBHMKA ~ €Heprii ra3y  3a0e3neduTh
3MIMCHEHHS KOMEpIIMHOro OO0JiKy eHeprii
razy 3 yciMa HEOOXiTHUMH aTpuOyTaMu
Takoro  OOJIKy: BHUMIPIOBaHHS  €HEprii
MPUPOJHOTO Ta3y, BiTOOPAKEHHS BUMIPSHHUX
3HAYCHb Ha BIJIJTIKOBOMY MPUCTPOL
TYAIBHAKA Ta aBTOMATHYHE TepeaBaHHS
MOKa3iB MNP0  CHOXWUTY  €HEPriro 10
ra3onocrayajbHUX OpraHizalii.

[lepeBaru  po3poOJEHOTO  JIYMIBHUKA
eHeprii rasy HaJa ICHYOUMMH aHAJIOTaMH,
pPO3MISIHYTUMH B JaHIN CTAaTTi, HAaBEJIEHO B
Tabm. 1.

Sk BuaHO 13 Ta6. 1 MIYUIBHUKH Ta3y, SKi
3apa3 3acTOCOBYIOTBHCS JMJII KOMEPIIIHHOTO

00Ky TpHUPOAHOTO Ta3y, 3a0e3MmevyrTh
BUMIPIOBaHHS 00’€My TPHPOJHOTO Trasy,
B1100paKal0Th 3HAYEHHS 00JIIKOBaHUX

&

00’eMiB  Ha iX BIJUIIKOBUX HPUCTPOSIX.
[IpoMHCIIOB] JIIYKUIBHUKH Ta3y 3iHCHIOIOTH
NpUBEJCHHA  OOJIIKOBaHMX  O00’e€MiB [0
CTaH/JapTHUX YMOB 3a TaKUMH MapaMmeTpami,
K TeMmIepaTypa, THUCK Ta KOMIOHEHTHUH
CKJIaJ ra3y, 3aBJISKH BCTAHOBJICHHUX Y Mapi 3
HUMH  KOpekTopax abo oOuucioBayax.
HeBennka wacTka mMOOYTOBHX JIIYMIIBHUKIB
ra3y 3/1iCHIOE TpUBEACHHS 00’e€MiB razy
JIMIIE 332 TEMIIEPATypOIO 3aBISKU HAIBHOCTI B
iX ckmaml MexaHIYHHX KOMIIEHCaTopiB, abo
€JIEKTPOHHUX IIPUCTPOIB. [Tpomucnosi
JIYUIBHUKA Ta3y MaroTh MPUCTPOI  JUIs
aBTOMATHYHOTO TIEpeJaBaHHS JIaHUX TIPO
o0JikoBaHi1 00’ emu razy hi (o)
ra3onocTayajJbHUX OpraHizariil.

Po3po6iieni miYMIIBHUKY Ta3y, OMKCaHI B
[7-9], MarOTh MOXKITUBICTH BUMIipIOBAaHHS TUM
YU 1HIIAM METOJOM €HEepTii MPUPOIHOTO Ta3y
Ta BiZOOpaKeHHS 3HAYEHHS  BUMIPSHOI
eHeprii rady Ha iX BUIIIKOBUX MPUCTPOSX.
Ane y nmx 3aco0ax BUMIpIOBaHb BiJICYTHI
OpuCTpoi A TepelaBaHHS JaHUX PO
BUMIpSHI  3HAa4YeHHsA eHeprii razy Jo
ra3onocTavyajibHUX OpraHizarliil.

3anponoHOBaHUH B IMiil CTATTI JIIYUIBHUK
00’eMy Ta eHeprii razy Ma€ MOXKIIUBICTh
00JiKyBaTH 00’€MH Ta EHEpPril0 MPUPOIHOTO
rasy, BiJoOpakaTh 3HaYeHHS OOJIKOBAaHUX
00’eMiB Ta eHeprii ra3y Ha Horo BiAJIIKOBOMY
MPUCTPOi Ta TepenaBaTH JaHl PO BUMIPSHI
3HaueHHs 00’€MIB Ta €Heprii MPUPOTHOTO
rasy Jio Ta30nocTavyajbHUX OpraHizarliil.

BucHoBkHu

1. IIpoananizoBaHO iCHYIOYI YKpaiHCBKI
Ta 3apyODKHI JOCIIDKEHHS 11010 3ac00iB Ta
IPUCTPOIB BUMIPIOBAHHS €HEPTii MPUPOIHOTO
razy. BwusBneHo, 1o icHywod4l 3acobu
KOMEpIiifHOro oO0MiKy ra3y He 3IiHCHIOIOTH
BUMIPIOBaHHS €HEprii ra3y, a Juiie 00 eMy
razy 3  TOJaJbIIUM  BHUKOPUCTAHHIM
PO3PaxyHKOBOTO METOJy MJii OOYMCIICHHS
eHeprii MpUpOTHOTO Tazy.

2. CTBOpEHO MOJENb JIIUYUIbHUKA 00’ €My
Ta €Heprii MPUPOJHOrO Ta3zy, SKUH 3MOXKE
peamizyBatd OOJIIK TPHUPOAHOTO Tazy B
OJIMHUIISAX 00’ €MY Ta OJUHUIIX CHEPTii rasy 3
NOJajJbIIUM  MEpelaBaHHAM JaHUX  IMpo
o0mikoBaHi obcsru razy hi()
ra3onocTavyajibHUX OpraHizarliil.
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Taoauus 1 — IlopiBHSAJILHI XapaKTePUCTUKHU JIYWILHUKIB 00°€My Ta/a00 eHeprii razy

HasiBHa JliunabHuk 00°eMy Ta/a60 eHeprii razy
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1. BumiproBanus 00’ eMy + + + - + +
razy
2. BinoOpaskeHHs + + - - + +
BUMIpSIHOTO 00’ €My Ta3y Ha
BiJJTIKOBOMY IIPUCTPOiL
3. IlpuBeneHHs BUMIPSIHOTO + +/- - - + +
00’eMy razy 10 CTaHIapTHHUX
YMOB
4. BumiproBaHHSI MacoBoOl - - - + - -
BUTPATH T'a3y
5. BumiproBanus eneprii - - + + + +
razy
6. BimoOpaskeHHs1 BUMIpSHOT - - + + + +
eHeprii ra3y Ha BiAJIiKOBOMY
IIPUCTPOI
7. ABTOMaTH4HE nepea- + - - - - +
BaHHS JIJAHUX TPO BUMIPSHI
00’eMu 10 Ta3omnocra-
YaJbHUX OpraHi3awii
8. ABTOMaTH4HE nepena- - - - - - +
BaHHS JJAHUX TPO BUMIpSHI
eHeprii 1o ra3ornocTa-
JaJpbHUX OpraHizariii
3. TlpoBeneHO TOPIBHSIBLHUN —aHAMTI3
po3po0IeHOr0 B JaHii CTAaTTi JIYHIBHUKA IMopsiku
00’eMy Ta eHeprii ra3zy 3 JIYWIbHUKAMH, 110 BigcyrHi.

3apa3 BUKOPHCTOBYIOTHCS U KOMEPIIIHOTO
00JIIKy TIPUPOIHOTO Ta3y Ta 3 PO3pPOOICHUMU
KOHCTPYKLISIMU JITYMJIBHHUKIB Ta3y, OMUCAHUX
B pobortax [7-9]. IlpoBemenmii aHami3
3aCBIJUMB IE€PEBArd PO3POOJICHOTO JIYMIIb-
HUKa TIOPIBHIHO 3 ICHYFOUMMH aHAJIOTaMHU.

Kondguikr inTepecis
BincyrHiid.
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Abstract. The object of the study in the work is the methods of measuring the volume and energy of natural gas.
The aim of the work is to develop an improved method and model of a meter for measuring the volume and
energy of natural gas using infocommunication technologies. An overview of a number of existing means of
measuring the volume of natural gas and developed means and devices for measuring gas energy is given. It was
found that meters used for commercial metering of natural gas measure only the volume of gas, and the
corresponding value of gas energy is determined by a calculation method, which from a metrological point of view
is not an energy measurement. New models of natural gas energy meters developed and described in the scientific
literature have the ability to measure natural gas energy by one method or another and display the value of the
measured gas energy on their reading devices, but these measuring devices do not have devices for transmitting
data on the measured values of gas energy to gas supplying organizations. A model of a natural gas volume and
energy meter has been developed, which will be able to implement natural gas accounting in volume units and gas
energy units with the subsequent transmission of data on the accounted gas volumes to gas supply organizations.
The use of the proposed gas energy meter will ensure the implementation of commercial gas energy accounting
with all the necessary attributes of such accounting: natural gas energy measurement, display of measured values
on the meter reading device and automatic transmission of readings on the consumed energy to gas supply
organizations. A comparative analysis of the gas volume and energy meter developed in this article with meters
currently used for commercial natural gas accounting and with the developed gas meter designs has been carried
out. The analysis has shown the advantages of the developed meter in comparison with existing analogues.

Keywords: energy, natural gas, energy meter, gas supply organization, commercial accounting.
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3amixoscbKuli ma iH.

AHoTauif. Po3pobneHHA, TeCcTyBaHHA Ta eKcnyaTalif Cy4acHUX CUCTEM KepyBaHHA TEXHOMOMYHUMM
o6’ekTamn nepenbayae KOMMNEKCHE BUPILIEHHSA OKPEMMUX iHXKEHEPHO-TEXHIYHWUX i HAyKoBMX 3ajad.
O6’ekToM aocnigxeHb € iHpopmauiitHi npouecy npu 3abesnedyeHHi pexumis poboTM TEXHOOFYHOro
obnagHaHHsA. B poboTi BUpIWYETbCA HaYKOBO-TEXHIYHA 3a43a4a Po3p0baeHHA anapaTHO-NPOrpamHmUxX 3a-
cobiB gns TecTyBaHHA KOMMOHEHTIB cMCTEM KepyBaHHs Ha 6a3i RTU SCADAPack 474 (Schneider Electric,
®paHujin). RTU cimelictea SCADAPack, Kpim iHWworo, 3a6e3nevyyoTb po3lIMpeHnii pobounii Temnepatyp-
HWIA Aiana3oH Ta iHTerpoBaHM NPOTOKOA TeneKkepyBaHHA DNP3, o pobuTte MOXAMBUM Ta ePeKTUBHUM
X 3aCTOCYBaHHA A1A BAaXKKMX YMOB eKcnyaTauii. Po3pobaeHo anapaTHO-NporpaMHUii KOMAAEKC AnA Te-
CTyBaHHA KOMMOHEHTIB cUCTeM KepyBaHHA Ha 6a3i RTU SCADAPack 474, iHCTpymeHTa/IbHOro NporpamHo-
ro 3abesneyeHHs RemoteConnect, GEOScada Expert Ta npomuncnosoi KomyHikauii Modbus/TCP. Buko-
HaHO KOH®IrypyBaHHA anapaTHMX 3acobiB, NnapameTpyBaHHA UUPPOBMX i aHANOrOBUX BXOLiB-BUXOAIB,
HanaroA»KeHHA KOMyHiKaLiiMHoro cepenosuila. Po3pobneHo npuKknagHe nporpamHe 3abesneyeHHsA Ha
mosi FBD (Fuction Block Diagram) ctaHaapTy IEC 61131-3. BUKOHaHO NapameTpyBaHHA UMPOBUX i aHa-
norosux Terie Ha piBHi RTU SCADAPack Ta ix iHTerpauito B GEOScada Expert. Po3po6aeHo npoekT B GE-
OScada Expert ana 3agay TeCTyBaHHA KOMMOHEHTIB CMCTEM KepyBaHHA. [locniaxeHo iHpopmauinHi npo-
LEecu B3aEMOZi MK OKPEMUMU KOMMNOHEHTAMM anapaTHO-NPOrpamMHOro KOMMJIEKCY, WO A03BO/IN0 BU-
piliMTK 3aaa4y NobyaoBm LiNICHOI, BEPTUKANbHO-IHTErPOBAHOI cucTeMU KepyBaHHA. OcobaunBicTb gochi-
AxKeHHs — anpobaluis 3actocyBaHHA RTU SCADAPack 474 B pexxnmi cMMyAnsLji, Lo A03BOIAE BUKOPUCTO-
BYBaTM i MacwTabyBaTu iHCTpyMeHTanbHe nporpamHe 3abesnedyeHHA RemoteConnect B meXKax HaB4asb-
HUX Nporpam i Kypcis 6e3 HaaBHOro ¢isnyHoro ob1agHaHHS.

Kniouosi cnosa: Cuctema KepysaHHA; PLC; RTU; SCADA; DNP3; Modbus/TCP; IEC 61131-3; Simulator
PLC.

Beryn

Po3pobnenns anmapaTHO-TPOTPAMHUX
KOMIUIEKCIB JJIi TECTyBaHHS KOMIIOHEHTIB
CUCTEM KEpYBaHHS € aKTyaJlbHOI HAayKOBO-
TEXHIYHOIO 33Jauei0 B HANPSMKY CTBOPEHHS
THCTpYMEHTAapito JUIsl JOCHIKEHHS PEXHUMIB
poboTtu TEXHOJIOTIYHOTO oOJaxHaHHS
00’ekTiB KepyBaHHs. Jleski TEXHOJOTiUHI
00’exTH, 30KpeMa HadTOTra3o0BOi MPOMUCIIO-
BOCTI, BITHOCSATBHCS IO TEPUTOPIAILHO PO3IIO-
TJICHUX 3 BOXKHUMHU YMOBaMH €KCILTyaTarii 1
BHUMAraroTh OCOOJIMBHX METOMIB, IIAXOMIB 1
amapaTHO-TIPOTrpaMHUX 3aco0iB I KepyBaH-
Hs HUMH. [Ipu moOynoBi cucteM KepyBaHHS
TaKUMH 00 €KTaMH, YacTO 3aCTOCOBYIOTh
cneuu¢iyni PLC (Programmable Logic Con-
troller) 3 posmupeHor (YHKIIOHATBHICTIO
tenekepyBanHs RTU (Remote Terminal
Unit). Oxniero 3 ocHoBHuX ¢yHKIiH RTU €
HiATPUMKA IPOTOKOJIIIB TejekepyBanHs DNP3
(Distributed Network  Protocol) [1] 1
IEC 60870-5-104 [2] 3 MOXJIHMBICTIO JIOKaJh-
HO1 Oydepwuzariii Ta BITHOBJICHHS BTpadeHHUX
Ha piBHI KOMYHIKAIlil JaHUX 3 YaCOBUMH Map-
KepaMH.

MeTta po6oTu — po3po0eHHs anapaTHO-
NporpaMHOTO KOMIUICKCY JJII TCCTyBAHHA
KOMITOHCHTIB CHCTEM KepyBaHHS Ha 0asi
RTU SCADAPack 474.
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AHaJi3 Cy4YacHHX 3aKOPIAOHHHUX i BIiT-
YM3HAHUX J0CTIIZKeHb Ta MyOJTiKanii

B po6oTi [3] mocmipKeHHS CIpsSMOBaHE
Ha OLIIHKY MPOJAYKTUBHOCTI MPOTOKOJiB Mod-
bus 1 DNP3 npu B3aemonii RTU 1 SCADA.
Pobota crocyerbes nudposizaiii eHepreTuy-
HUX cucteM 1 mepexoxy a0 Smart Grid-
apxiTektyp. J[ns BHIEBKa3zaHUX MPOTOKOIIB
OI[IHEHO TOKAa3HUKHU 3aTPUMKH, MPOMYCKHOL
3IaTHOCTi, BTpaT TMAaKeTiB 1 HaAIHHOCTI
3B’ s13Ky. [Ipu npomy, DNP3 € 6inbmr cTabinb-
HUM HaBiTh NpHU 30UIbIIEHHI HaBaHTa)KEHHS
Ha KOMYHIKAI[IHHY MEpEexXy 3aBIsSKHd BOYIO-
BaHUM MeXaHi3MaM MiITBEPKCHHS
(acknowledgment) 1 Taiim-aytiB, a Mod-
bus/TCP 3abe3nmeuye kKpaimii pe3ynbTaTH B
yMOBax HHM3bKOTO Tpadiky, 1mo poOUTh HOro
epexTuBHUM s npoctux RTU-Tomosnorii.
OOmMexeHHsT poOOTH — HEJOCTaTHsI JieTajiza-
uist cnenudikamiit RTU i SCADA, mo yckia-
JTHIOE PEIUTIKAIliI0 pe3yJbTaTiB y MPOMHUCIIO-
BUX yMOBax. B po6oti [4] HaBeneHO pe3yib-
TaTW IHTETpaIlli amapaTHOTO MOJCITIOBAHHS
eHeprocucreM y peanbHomy daci 31 SCADA
yepe3 mporokon DNP3. Takmii minxig mae
KPpUTHUYHE 3HAYCHHS I TECTyBaHHS Ta
Bamijamii amroputmiB kepyBanHs RTU vy
CKJIQJIHUX PO3MOJIINIeHNX Mepexax. HoBuzHa
po0OOTH TOJIsATaE y CTBOPEHHI TOPUAHOTO Ce-
penoBuma Hardware-in-the-Loop (HIL), y

")



Po3pobneHHA anapamHo-npo2pamHo20 KOMMAAEKCY ...

SKOMY TpOrpaMHa MOJeNlb EHEProCUCTEMH
B3aeMoJli€ 3 (I3MYHUMH TMPHUCTPOSMHU UYepe3
DNP3-3’enmangnsa. Takuil miaxig ao03BOJILE
JOCIIJKYBAaTH AUHAMIKY TIOBEJIHKH CUCTEMH,
MEePEBIPSATH 3aTPUMKH B PEATIbHOMY 4aci Ta
MOJICJIIOBATH aBapiifHi curyamii. Jlo HeBupi-
LMIEHUX 3a7a4 JOCHIDKEHHS MOYKHA BIIHECTH
IIPUB’S3KY J0 peajbHUX YHI()IKOBAaHHX amapa-
THO-TIPOTPaMHUX 3aC00iB, 10 0OMEXKYE TpaK-
TUYHE 3aCTOCYBaHHS OTPUMAHHX PE3y/IbTaTiB.
B [5] Buxkonano moxemntoBanus IEC 61850 i
DNP3 y migcraHmiiHiii Mepexi 3a JI0MoMOo-
roro OPNET Modeler — komepuiiiHOro cumy-
JSATOpa KOMIT FOTEPHUX MEPEXk, MOPIBHIOIOUYN
iXHIO MPOAYKTUBHICTH y CIIEHApisiX 00CIyro-
ByBaHHS Ta BiAMOBH. [IOpiBHSIHHS IBOX pere-
BaHTHUX mpoTokoiiB (DNP3 ta IEC 61850) y
KOHTEKCTI OJIHOTO CIICHAPII0 Ja€ MOXKJIUBICTD
no0aunTH BIIMIHHOCTI B MOBEIIHI Tpadiky.
Pesynbratn pob0OTH MarOTh 3HAYECHHS )i 1H-
KEHEpHOT TPAKTHKH, TPOTE€ HEBUPIIICHUM
aCmeKTOM € BIJTBOPIOBAHICTh PE3YJIBTATIB
nocnimkeHHs. B po6oTti [6] mocnimkeHo B3a-
emoniro wmik IED (Intelligent Electronic
Devices), RTU ta SCADA. IEC 61850 3a6e3-
Mevyye CTaHAApPTH30BaHUNM OOMIH TaHUMH MiX
RTU Ta IED. BukOHaHO MOJEIIOBAHHS Me-
pexi: IEEE14-Bus Ta cumynsmiro mnepenadi
KOMaHJ| KEpyBaHHS Ta 3YUTYBAaHHS CTaTyCy y
peanbHOMY dYaci Ha TPHUKIAAl eIeKTPUIHOL
nifgcTanmii. OOMexeHHsT — He MPOBEJEHO Tie-
PEBIPKY CYMICHOCTI KOMEpIIiHHOTO 00Ja-
HaHHS Yy MEXKax MOJEI, M0 YCKJIAIHIOE BiIT-
BOPIOBAHICTh PE3yJbTATIB MJIsI TPAKTUIHUX
izeit. B po6ori [7] HaBeneHO pe3yabTaT po-
3poOku Ta BopoBakeHHS [oT Ha ocHOBI
SCADA, sixa iHTerpye CEHCOpHi JaHi yepe3
PLC/RTU B cloud-cepenoBurie ays 3abe3me-
YeHHs1 (DYHKII MOHITOPUHTY Ta KepyBaHHS.
PoboTta BKJIFOYa€ TOIOJIOTIIO, OJIO0K-CXEMH Ta
QITOPUTMU TIEpeJavi JaHUX 1 BHUKOHAHAa Ha
peaTbHUX —amnapaTHO-NPOTPpaMHHUX — 3aco0ax.
[TpoexT peanizoBaHO HA KOHKpETHOMY 001aI-
HanHi (Modicon M241 + ESP32), mo obme-
kye MmacmraboBanicte Ha iHII RTU (wampu-
kian, knacuaHi RTU SCADAPack 47x/47x1).

BucsitiieHHs1 HeBUpilIeHMX PpaHile
YACTHH 3arajibHOI NpodJjieMu

3a pe3yibTaTaMH INPOBEIEHOIO AaHANI3y
npoOJeMaTUKU MOKHA 3pOOMTH BUCHOBOK,

&

0 MPU CTBOPEHHI PO3MOJIIJIEHUX CUCTEM Ke-
pYBaHHSI TEXHOJOTTYHUMH 00’€KTaMHU 3 BaX-
KMMH YMOBaMH €KCIUTyaTaIlii, HeoOXiHO 3a-
crocoByBati PLC 3 po3mmpenum temnepary-
pHUM Jiana3oHoM, ¢yHKioHaneHicTIO RTU
Ta TIATPUMKOIO TPOTOKOJIB TeJEKepYBaHHS
(DNP3 uu IEC 60870-5-104). OcobnuBa yBa-
ra TIOBHUHHA MPUIUISITUCS KOMIUIEKCHOMY BH-
PIIIIEHHIO 3a/1ay B3a€MOJIii MK KOMITOHEHTa-
MU Takux cucrteM. [Ipu 1npoMy, BHUMararoTh
NOJAJIBIINX JOCTIKeHb 1H(QOpMaLiiiHi mpo-
1ecl B3aeMOJil Tpu 3a0e3MedYeHHI PEeXHMIB
poOOTH KOMITOHEHTIB CHCTEM KEpyBaHHS TeX-
HOJIOTITYHUMH 00’ €KTaMH.

3agaydi qocaigkeHHs

Jis  BUpILIEHHS BHIIEHABEJCHOT TIPO-
Onematuku c(hOpPMYITLOBAHO HACTYIHI 3aja4i
JIOCIIJDKEHHS

— CTBOPHUTH MPOEKT B 1HCTPYMEHTAIbHO-
My mnakeTi Remote Connect i BUKOHATH KOH-
birypyBaHHs amapaTHUX 3aco0iB Ha 0asi
RTU SCADAPack 474;

— BUKOHATH MapaMeTpPyBaHHSA CHUTHAJIb-
HUX Ta KOMYHIKaIIITHIX KaHaJiB
RTU SCADAPack 474;

— PO3pOOUTH TECTOBY MPHUKIAIHY MpPO-
rpamy st RTU SCADAPack 474 na moBi
FBD;

— anpoOyBaTH MPOEKT B PEKUMI CUMYIISI-
il 3acobamu PLC Simulator;

— IHTEeTpyBaTH CUTHaJIbHI Ta KOMYHIKa-
wiriai xamamu RTU SCADAPack 474 B Ge-
oScada Expert 1 BUKOHAaTH TECTYBaHHS PO3PO-
OJIEHOTO armapaTHO-IIPOrPAMHOTO KOMILIEKCY.

Metoau Ta 3aco0u A0CTiTKEHHS

Jnst BupimeHHs: chopMyIbOBaHUX 3a7ad
3aCTOCOBAaHO HACTYIHI amnapaTHO-IPOrpaMHi
3ac00M Ta TEXHOJIOTII:

1) RTU SCADAPack 474 [8];

2) SmartLine mepeTrBoproBay Temmepary-
pu Honeywell STT830-17H-00-WEEO0-X06S-
R3UD-A00TR050 3D00 [9];

3) HarpiBHUH €JIeMEHT (peoCTaTHUM Ke-
pamiunuii pesucrop CER 100R 25W);

4) iHOYKTUBHUN MEPBUHHUI TEpETBOPIO-
Bay SIEMENS 3RG4024 3AGO1 [10];

5) Power Supply SITOP 24 VDC/10 A;

6) 30BHIIIHI CUTHAJIBbHI 1HIUKATOPHU JIHC-
kpetHux BuxoziB RTU SCADAPack 474;
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Status Licensing Logic || Objects

Device Status

Refresh | |Reset Diagnostic Status|  Last Updated | 30/06/2025 15:29:08

Identification
SCADAPack Type SCADAPack 474
Serial Number B351013
Rel SCADAPack x70 Firmware
ease R322
Firmware Version 9.10.2.11300

Security
Locked State | No passwaord required
Diagnostics
RTU Processor Platform 0d, 00h, 50m, 03s
Uptime
Code: 0

N 1} ti
System Status Code o oparan

Pucynok 1 — RTU SCADAPack 474 B pe:xnmi «Online Diags — Status»

(( Configuration > Physical I/D
Configuration | Ojects

[- ] SCADWPaCK

Settings

Local
[+ ] USE Communscation
[+ ] Serial Commurication
[- ] 1P Communécation

[- ] Ethemet Parts

SCADAPack 474

Ethernst 1

Ethernet 2
Senvices
Rauting Table
- Schneider
gE!eLLruc
[+ ] Firewall
a DA i Bl
+ . . n L] n L
B Modibis LE L X ] e & sees . .
ey GO B LR e

Store and Forward

SCADAPack ¥70 Logic GRRGT S0

digital inputs ’ g ; ;
Physical I/O identifies and defines the operating
characteristics for the physical inputs and outputs on the
digital cutputs SCADAPack and on any attached 1/0 modules. The

number and type of inputs and outputs provided
depend on the SCADAPack and module type. For
example, some devices provide a combination of analog
and digital inputs and outputs while others provide only
one type of input or output.

analog inputs

The SCADAPack 474 provides 20 digital inputs, 12 digital
outputs, 12 analog inputs, 2 analog outputs, 12 counter
inputs and 4 counter frequency inputs. I/O can be
extended by adding I/0 expansion modules

digital inputs

digital outputs

analog outputs
analog inputs

digital inputs

Pucynok 2 - RTU SCADAPack 474 B pe:xxnmi «Configuration — Phisical I/0»

7) mpomucioBa KOMYHIKaIliliHa Mepexa
ModBus/TCP [11];

8) IHCTpyMEHTaJIbHEe TporpaMHe 3abe3me-
yeHHs1 RemoteConnect V3.2.2 [12];

9) PLC-cumynsrop — Control Expert PLC
Simulator V16.0.0.0 [13];

10) SCADA — Geo Scada Expert 2023
(update Nov.2024) [14].

Po3po0ka anapaTHO-PpOrpaMHMX 3aC0-
0iB Ha 6a3i RTU SCADAPack 474

[TpoeKT CTBOpEHUI B IHCTPYMEHTAITLHOMY
nporpamMmHomy 3abe3nedeHHi Remote Connect
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V322 na 6a3si RTUSCADAPack 474
B pexkuMi «Online Diags — Status» (puc. 1).
Po3pobka mpoexkTy Ha mepmiomy eTari
nepenbavae KOH(DIrypyBaHHSI amapaTHUX 3a-
co6ie  RTU SCADAPack 474 B pexumi
«Configuration — Phisical I/O» (puc. 2).
Iatepdeiic  Remote Connect  V3.2.2
BKIo4yae posninm: Devise Status, Identifica-
tion, Operation Status, Security, Diagnostics i
Clock. HonatkoBo inmukyroThess Online Sta-
tus — Connected, Connection — TCP, Mod-
bus Unit Identifier — 1, IP Address or Host-

name — 192.168.104.221.
93 I
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Physical /0 > Local

@ Basic Configuration

110 Configuration Channel Configuration
Add /O Open Status Object| |Clear Status Obpect Clear Associations|
Name Type Address  Status Object AD Type Channel Object Association Type
1 SPAT4 BR) scapapack 474 0 PIO_SP4T4_Status 4.20mA 8 Dos PI0_SPAT4_DOB -
29 pog PI0_SP4T4_ DO
Power ptian for this |/O confi B to be between 4,000 W and 7.900 W. This configuration does not require a ® Lah PIO.SR474.0010
8103 or 5103 power supply module. k3] Dot PIO_SP4T4_DO11
32 po12 PIO_SP474_DOT2
33 Al PID_SP474 AN 4.20mA  ~ |
34 A2 PIO_SPAT4_AI2 0.5V
5 Al3 PIO_SPAT4_AI3 1.5V
6 A4 B PiosPara_aie 0..20 mA
ET Al5 B mo_seara_nis
. —

Pucynok 3 — IlapamerpyBanns curnajisuux kanaiaiB RTU SCADAPack 474
B pe:xnmMi «Configuration — Phisical I/O — Local»

Object Configuration

Name PIO_SP474_AIN

Object Grouping PIO_SP474

Comment

Associations DNP3 Medbus Alert Notifications

General

Data Type Analog »
Logic Variable Type T_SPx70_UINT -
T_SPx70_INT =

Logic Task

T_SPx70_UINT
Exclusive {(Write-only) Logic Control
T_SPx70_DINT
T_SPxTO_REAL

Basic Advanced

T_SPxT0_ADV_ANALOG

Valid Modbus Register Range

Modbus Register 30001 | >

-

Modbus Data Type UINT

30001-39999 (read-only Input Registers)

40001-49999 (read/write Holding Registers)

Pucynok 4 — Ilpouec mapamerpyBanns PIO_SP474 All nna Modbus/TCP

RTU SCADAPack 474 3abe3neuye 20
digital inputs, 12 digital outputs, 12 analog
inputs, 2 analog outputs, 4 counter frequency
input. I/O MoxyTh OyTH TOAaTKOBO PO3IIHPE-
Hi [15].

i mapameTpyBaHHSI aHAJIOTOBOTO BXO-
ny All 3 TepmomnepeTrBoproBada, 3aCTOCOBY-
€ThCS YHI(IKOBaHWI BUMIPIOBAJIILHHM JTiaria-
30H 4-20 MA (puc. 3).

Data Type = Analog. Modbus Register =
30001 (read-only Input Register). Modbus
Data Type = UINT.

[TapameTpyBaHHS CHUTHAJIBHHX KaHaJIB
RTU SCADAPack 474 nonsirae y BU3Hau€HHI
TUNY 1 Jiama3oHy BHUMIPIOBaHHS B PO3ALII
Channel Configuration — PIO_SP474 All.

&

Ha puc. 4 HaBeneHo mpoiiec mapameTpy-
BanHs PIO_SP474 All nnst komyHiKatiitHOTo
3’eqHanas Modbus/TCP.

Hani HeoOxiaHO OyII0 PO3POOUTH TECTOBY
npuknanay nporpamy RTU SCADAPack 474
Ha MoBi FBD. Bona Bkito4ae perictp 3cyBy
JUIST  KepyBaHHS JTUCKPETHHUMH BUXOJaMH
(takToBuit curHan %S6 — 1 Hz; miunnbHuK
CTU_S; orepaTopu HOPIBHSIHHSA
EQ INT9, 10, 11, 12; omnepatopu mnepecuiku
MOVESG, 7, 8, 3) (puc. 5, a).

Ha puc. 5.6, kpim iHIIOTO, HABEJAEHO 1H-
JTUKAIlil0 BXIJHOTO aHAJIOTOBOTO CHUTHAIY
PIO_SP474 AI1.VALUE (oneparop MOVES)
y BigHOCHUX oguHHLAX (7669 y dopmari
UINT). Takum yuHOM, MPHUKIIATHA MPOTpaMa

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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R ws—

a) pezcicmp 3¢y8y 0151 Kepy8aHHs OUCKPEMHUMU uxo0amu, 6) 610K MAKMY8aHHs, maumep, IYUTbHUKY MA
IHOUKAYis 8XIOHO20 AHAL0208020 CUSHANY Y GIOHOCHUX 0ouHuysx (7669 y popmami UINT)

Pucynok S — IlpukiaaHa nporpamMa TecToBoro npoekrty B pexumi «KRUN»

peanizye 0OpoOKy AMCKPETHOTO i aHAJIOrOBO-
r0 CUTHAJIB 3 IHAYKTUBHOTO 1 TEPMOIIEPETBO-
proBaya BIAMOBIAHO, a TAKOXK KEepye JTUCKPET-
Humu Buxogamu RTU.

Jlia anpoOartii IpoeKTy B PEeKUMI CUMY-
nsiii 3actocoBano Control Expert PLC Simu-
lator V16.0.0.0 [13]. [Ipu gocmimkenHi iHO-
pMalifHUX MPOIECIB B CUCTEMAaX KepyBaHHS B
pEeXUMI CUMYJIALIT, BaKJIMBO IPAaBUIBHO Ha-
namTyBaty yacoBi mapametpu (Timing) PLC
Simulator. /lianorose BiKHO 4YacOBHX Hapame-
TpiB HAJa€ CTAaTUCTHKY CHMYJISATOpa 100
Bukopuctanusa pecypciB CPU poGodwoi cran-
1ii, IPIOPUTETY IPOIIECY Ta YaCy BUKOHAHHSI

ocHoBHoro mukiy PLC. Kpim Toro, moxHa
3MIHIOBaTH TMPIOPUTET Ta Yac OUIKyBaHHSI
(Sleep Time) ms onTuMizarii podOTH CUMY-
JSITOpa Ta HABaHTAKEHHS HAa pOOOUY CTAHIIIO.
BukopuCTOBYIOTBCS HACTYIHI TApaMETpPH:

— CPU Usage — BiICOTOK 3aBaHTa)KEHHS
CPU pobouoi cTaHIil CUMYISTOPOM;

— Process Priority — npioputer npouecy
cuMyJsiTopa (MOXHA 3MIHIOBATH I OMTHMI-
3artii);

— User Scan Time — yac BUKOHaHHS OC-
HoBHoOro nuxiy PLC;

— Sleep Time — may3a Mi)XK OCHOBHUMH
nukiaamu PLC.

Memoodu ma npunadu KoHmpono akocmi, 2025, Ne 2(55) 95 D
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Simulator Timing

CPU Usage
Process 0%
Overhead 6% 20s
® Mast 2% 20s
(
~
|
B e

Simulator Priority

User Task Data
Scantime far:

Sleeptime for

696 Reset

Minimum Sleep Time [ms]

(8 Realtime (use with care) Actual: Set Point
" High Actual HIGH 10 [ 10
= MNormal
" Low Apply
| 10 20 30 40 50 601 70
1 -
MOVE
0—n ouT—
CTuS
2 2]
1 cTu [ 9 ]
10 MOVE f cu | 3] ]
3 EQ_NT OVE
0— ouTH— CTU 50— R [_ N "
PV CvE—g2{N1  ouT N OUT|—FIO_SP472 DOG VALUE
e 1— iz
SR1 1 7
12 5 -
SR EQ_NT MOVE
Mi—{s1 Q1 —PIO_5P474_DO4 VALUE F2—N1  OUT N OUT[=PIO_SP474 DOT VALUE
20 ME R 2— N2
— 1 8
SR.2 7 [
TE] EQ_NT MOVE
SR
) $2—{N1 ouT N OUT|—PIO_SP474_DOBVALUE -
Mi— 51 Q1 =PI SP4T4 D05 VALUE I~
Midn 1 3
9 0
EQ_NT MOVE
30 A —
i La—n1  OUT———  OUT|—PID_SP474 DO3VALUE
2
.. .
il test_100225

N Usereron ) FOThgeved ) Seach/Replace |

TR G| [ o UPLOAD INFO (MODBUS TCP:127.0.0.1

N O

Pucynok 6 — liasorosuii intepgeiic PLC Simulator (Timing) Ta
pesxkum imitanii RTU SCADAPack 474 (MODBUS TCP:127.0.0.1)

Ha puc. 6 HaBeneHo maHenb ympaBiIiHHS
ta mgianorouit iHTepdeiic PLC Simulator B
pexkumi imitanii RTU SCADAPack 474.

HacTynHuM eTanmoM mpoeKTyBaHHS € iH-
Terpallis CUTHAJIbHUX Ta KOMYHIKAIIHHUX Ka-
HaimiB RTU SCADAPack 474 8 SCADA -
GeoScada Expert 2023 i TecTyBaHHs B3a€MO-
Jii MK KOMIIOHEHTaMHU pO3pO0OJICHOTO amapa-
THO-TIpOrpamMHoro kommiekcy (puc. 7). Ilpu

&

IIbOMY HEOOX1JJHO BUKOHATH HACTYITHI OCHOB-
HI TIPOIIETYPH:
— ctBoputu TpoekT B GeoScada Expert

2023;

— BUKOHaTH mnapamerpyBaHHs Modbus/
TCP KOMYHIKaI[itHOTO 3’¢THAHHSA 3
RTU SCADAPack 474;

— BUKOHATH TapaMETPyBaHHS JIHCKPET-
HuX 1 aHamorosux Teris RTU;

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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SCADAPack 474

GPElectric

Pucynok 8 — AnmaparHo-nporpamuanii komiiekc Ha 0a3i RTU SCADAPack 474

— pO3poOUTH CTPYKTYpPY B3aEMOIIOB’sI3a-
HUX TEXHOJIOTIYHUX MHEMOCXEM MPOEKTY;

— peamizyBatu QYyHKIT 30€peKeHHS aa-
HUX B apXiBH.

Ha puc. 7 naBegeno takox HMI (Human
Machine Interface) GeoScada Expert 2023
TECTOBOT'O MPOEKTY 3 MHEMOHIKOIO I BUBO-
Iy TUCKPETHUX Ta AHAJIOTOBUX CHUTHATIB, a
TaKOXX CTaHIB BHYTPIIIHIX JiuniabHUKIB RTU
SCADAPack 474. Inrepdeiic BkItoUae: MEHIO

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

KOMaH/I, MKTOTpaMi OCHOBHHX iHCTPYMEHTIB,
JIEPEBO TPOEKTY, PoOody 00JacTh, MaHENb
BUBOJIY CUTHAI3aIli}.

3aranpHUNM BUTIIST PO3POOJICHOTO amapa-
THO-IIPOTPAMHOTO  KOMIUIEKCY Ha  0asi
RTU SCADAPack 474 nokasano Ha puc. 8.

Takum 4uHOM, PO3pO0JIEHO 1 arPOOOBAHO
armapaTHO-TPOrpaMHUIl KOMIUIEKC JUIS TECTy-
BaHHsS KOMIIOHEHTIB CHUCTEM KEpyBaHHsS Ha
6a3i RTU SCADAPack 474. Pe3ynbratu Tec-

E
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TYBaHHSI TIATBEPAMIIH NPaIle3aaTHICTh 1 CyMi-
CHICTh NPHU B3a€MOJIii OKPEMHUX KOMIIOHEHTIB
PO3pOOIICHOTO armapaTHO-IPOTPAMHOTO KOM-
wiekcy. PesynpTatu poOOTH MOXYTh OyTH
BHKOPHCTaHI TIPH PO3POOJICHHI CUCTEM Kepy-
BaHHS  PO3MOAUICHUMH  TEXHOJOTIYHHUMH
00’€KTaMM 3 BAXKKUMH YMOBAaMH €KCILTyaTarii
[16-17].

BucHoBku

1. Po3po6ieHo NpoekT B iHCTPYMEHTAb-
Homy maketri Remote Connect 1 BHKOHaHO
KOH(}ITypyBaHHS amapaTHUX 3aco0iB Ha 0asi
RTU SCADAPack 47, mo € OCHOBOIO s
MO/IAJTBIIIOT PO3POOKH;

2. BukoHaHo mapaMeTpyBaHHS CUTHaJIb-
HUX Ta KOMYHIKaI[iHHUX KaHaJlB
RTU SCADAPack 474 na ocHOBI TIPOTOKOIY
Modbus/TCP, mo m03BOMMIO iHTETpyBaTu B
MIPOEKT CEHCOPH 1 BUKOHABYI MPUCTPOT;

3. Po3po6iieHO TecTOBY NpPUKIAAHY MPO-
rpamy st RTU SCADAPack 474 na MoBi
FBD, 110 103BOJMIIO IEPEBIPUTH KOPEKTHICTH
QITOPUTMIB 1 pPEXHUMIB  (DYHKITIOHYBaHHS
RTU;

4. Anpo6oBano TectoBuii mpoekt RTU B
pexxumi cumynsnii 3acobamu PLC Simulator,
[0 HAJa€ MIUPOKI MOXKJIMBOCTI JIJIST MacIlTa-
OyBaHHs B TpOIlECI MiATOTOBKH IHXEHEPHO-
TEXHIYHOTO TIEPCOHAITY 1 OIIepaTopiB;

5. IHTerpoBaHo CHUTHaJIbHI Ta KOMYHiKa-
minHl kaHaau RTU SCADAPack 474 B Ge-
oScada Expert, 10 103BOJIWIO JOCTIAWTH 1H-
dbopmariiitHi Iporecu B3aEMOJIIT MK OKpEMH-
MU KOMITOHEHTaMHU CHUCTEM KepyBaHHS TEXHO-
norivarME 00’ ekTamu Ha 6a3i RTU.

MMonsxn

ABropu myOmikamii BasuHi «Schneider
Electric Ukraine LLC» 3a HagaHi TeXHIYHY
HOIATPUMKY Ta amapaTHO-POTpaMHi 3aco0u
JUTSL peastizariii 1 TeCTyBaHHS MPOEKTY.
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DEVELOPMENT OF A HARDWARE AND SOFTWARE TOOL FOR TESTING
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Abstract. The development, testing, and operation of modern control systems for technological facilities
require a comprehensive solution of specific engineering, technical, and scientific problems. The object
of research is the information processes involved in ensuring the operational modes of technological
equipment. This work addresses the scientific and technical problem of developing hardware and
software tools for testing control system components based on the SCADAPack 474 RTU (Schneider
Electric, France). The SCADAPack RTU family, among other features, provides an extended operating
temperature range and an integrated DNP3 telecontrol protocol, making their use in harsh operating
conditions both feasible and efficient. A hardware-software complex has been developed for testing
control system components based on the SCADAPack 474 RTU, utilizing the RemoteConnect and
GEOScada Expert software tools, as well as industrial Modbus/TCP communication. Hardware configur,-
tion, parameterization of digital and analog input/output channels, and communication environment
setup were performed. Application software was developed using the FBD (Function Block Diagram)
language according to the IEC 61131-3 standard. Digital and analog tags were parameterized at the
SCADAPack RTU level and integrated into GEOScada Expert. A project for testing control system
components was developed in GEOScada Expert. The information processes involved in the interaction
between individual components of the hardware-software complex were investigated, which enabled
the implementation of a complete, vertically integrated control system. A distinctive feature of this
research is the testing of the SCADAPack 474 RTU in simulation mode, which allows the use and scaling
of the RemoteConnect software tools within educational programs and courses without requiring
physical hardware.

Keywords: System of Control; PLC; RTU; SCADA; DNP3; Modbus/TCP; IEC 61131-3; Simulator PLC.
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3ACTOCYBAHHA METOAY KNACTEPU3AULIT ANA NPOrHO3YBAHHA
3HAYEHb NPOAYKTUBHOCTI BIAUEHTPOBOIO HATHITAYA

Fapacumis T. T.

AcucTeHT Kadeapun KOMN' IOTEPHUX CUCTEM | MepeEXK

IBaHO-PpPaHKIBCbKMIM HaLiOHANbHUM TEXHIYHWUI yHiBEepcUTET HadTH i rasy
76019, Byn. KapnaTtcbKa, 15, m. IBaHO-DpaHKiBCbK, YKpaiHa
https://orcid.org/0000-0003-1731-0286

e-mail: taras.harasymiv@nung.edu.ua

AHoTauifa. MpoaHanisoBaHo NiaAxXxoAuM 40 NPOrHO3yBaHHA 3HaYeHb 06’€eMHOI MPOAYKTUBHOCTI BigUeHTpo-
BOrO HarHiTaya, Wo 6a3yloTbCa HAa MeTohax Knactepusauii. OCHOBHOW nepeBaroto 3anpPornoHoOBaHMX Nij-
X04iB Hag TPAAULIMHUMW MOAENAMM NPOTrHO3YBaHHA € IXHA 34aTHICTb BPAaXOBYBATU CTOXACTUYHWUI Xapa-
KTep eKCnepmMeHTa/IbHUX AAaHUX Ta BUKOPUCTOBYBATWU CydacHi iHpopMaLiHi TexHoorii, 30Kkpema ene-
MEHTM HEYITKOI /IOTiKM, WTYYHI HEMPOHHI MepeXKi Ta reHeTUYHi anropuTmmn. 3aBaAaKM BUKOPUCTaHHIO Ha-
raTopas’oBUX iTePATUBHMX npoueayp 3abe3neyyeTbca NOCTYNOBE 3HUMKEHHA MOXUOKKU LinboBOi GYyHKLIT
[0 HeobxigHoro piBHA, WO CNPUAE NiABULLEHHIO TOYHOCTI MPOrHO3HUX pe3y/bTaTiB. 30Kpema, po3pob-
NIeHO MeTo/, NPOrHO3yBaHHA Ha OCHOBI anroputmy Fuzzy C-Means, Akt FPYHTYETbCA HA KOHUENLii Hevi-
TKUX c-cepeaHix. Moro peanisauito 34ilicHeHo B nporpamHomy cepegosuili Matlab. Y mexax uboro nia-
xoay 6yno BctaHoBneHo 20 KnacTepis, a KiNbKicTb iTepaliiHUX KpokiB cknagana ao 100. OtpumaHe ce-
peAHbOKBaApPaTUYHE BiaxmneHHa cTaHoBuTb 0.04, WO CBigYNTb NPO NPUNHATHY TOYHICTb mogeni. OKkpim
Lboro, y poboTi po3rnAaHyTO asbTepPHATUBHUI MeTOoA, NPOrHO3yBaHHA Ha OCHOBI aNrOPUTMY CybTpaKTMB-
HOT HeuiTKOI Knactepusalii. MobyaoBa cMCTEMM HEYITKMX NpaBuA BiabyBanacs aBTOHOMHO Ha OCHOBI eK-
CnepuMMeHTaNIbHUX BUMIPIOBaHb i3 3acTocyBaHHAM mozeni Tuny CyreHo. [11a KOXHOro 3 A0CAiAXKYyBaHUX
06'eKTiB 064MCNIOBANOCA 3HAYEHHA MOTEHLiaNy, WO XapaKTepU3ye MMOBIPHICTb YTBOPEHHA KaacTepa Y
moro okoni. LleHTpu Knactepis BM3HaAYaNMUCh iTepaLiMHO Ha OCHOBI TOYOK i3 HallbinbWKMM noTeHuianom. Y
pe3ynbTaTi cepeAHbOKBaAPaTUUYHE BiAXWNEHHA, WO Oy/l0 OTpMMaHO ANA UbOro mniaxody, OOpPiBHIOE
0.019, wo niaTBEpPAMKYE BULLY TOYHICTb MPOrHO3YBaHHSA NOPIBHAHO 3 meTodom Fuzzy C-Means. Anpoba-
Lin po3rAAHYTMX MeTOAiB 34iMCHIOBANACh HA OCHOBI peasibHUX eKCNePUMEHTANIbHUX AaHUX, Wo bynau 3i-
6paHi nig vac ekcnayarauii BigLeHTpoBoro HarHitada mogeni 16 MU2-396/53-78C y [lonMHCbKOMY NiHiit-
HOMY BMPOBHWYOMY ynpaBAiHHI MaricTpaibHUX razonpoBogis y avctonagi 2015 poky.

Kniouosi cnoBa: BigLeHTpOBMI HarHiTay, o6’eMHa NPOAYKTMBHICTb, KAacTepusaLisf, NPOrHOo3yBaHHS,
Fuzzy C-Means, cybTpaKkTMBHa HeuiTKa Knactepusalliis.
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Beryn

CyuacHi mianmpueMcTBa Ta Oprasizamii
JI€MOHCTPYIOTh 3pOCTarouy MoTpeldy y BIpo-
Ba/DKEHHI 1H(pOpMAIIHUX CHCTEM, 3JaTHHUX
HE JIUIIIE aKyMYJIFOBAaTH Ta 30epiratu JiaHi, a i
3abe3neuyBaTu e(eKTUBHE YIPaBIiHHSI, aHa-
JTITHYHY 00pOOKY Ta MPOTHO3YBAaHHS BiAMOBI-
JTHO 10 KOHIIETLIN 1 CTaHIapTiB iHTENEeKTya-
npHOTO aHamizy aanux (Data Mining).

TpanuiiitHi MeToau MPOTHO3YBaHHS 3a-
3BHYAll IPYHTYIOTbCS Ha MOOY0B1 €IMHOI Ma-
TEMAaTUYHOI MOAENl 3 OOMEXEHHUM YHCIOM
napameTpiB, sIK€ BU3HAYAETHCS KUIBKICTIO J0-
CTYITHUX €KCIIEPUMEHTAIbHUX CIIOCTEPEKEHbD.
OpnHak, Ha mpakTuli (GopMyBaHHS Takoi y3a-
TaJIbHEHOI MOIENIl € OBOJl CKJIAIHAM 3a-
BJAHHSAM, a B OKPEMHUX BHIIQJKaX — 1 30BCIM
HEJOCSKHUM.

VY 3B’A3Ky 3 IIMM aKTyaJlbHOCTI HaOyBa-
I0Th MIAXOAU A0 MPOTHO3YBaHHS, II0 Bpaxo-
BYIOTh CTOXaCTUYHY MPUPOAY JaHUX Ta BUKO-
PUCTOBYIOTh Cy4YacHI METOAM KJIacTepHU3allii.
Bimomi HUHI MiaXOAW MOXHA YMOBHO KJIacH-
(bikyBaTH Ha TPH KJIFOYOBI IPYIH 3TiTHO 3 Te-
OPETUYHUMH OCHOBAaMH IITYYHOTO IHTEJIEKTY,
SIK1 TIOKJIAZIEHO B X OCHOBY [1].

Jlo mepmioi rpynu HanexaThb HEHpPOHHI
Mepexi, mo (YHKIIOHYIOTh K YHIBepCabHI
a/IalITHBHI allPOKCUMATOPHU Ta 3/IaTHI BUSBIISI-
TH JIOKaJbHI 3aKOHOMIPHOCTI y TIOBEIHIII Ja-
HUX 1 TOYHO iX MopemoBatu. Jlpyra rpyma
OXOIUTIOE HEUITKi JIOT14HI CUCTEMHU Ta T10pHI-
Hi HEHPOHHO-HEYITKI MOJIei, SKi T03BOJISIOTh
(dhopMyBaTH MPOTHOCTUYHI CTPYKTYPH 3 BUCO-
KOIO HaJIIHICTIO Ta IHTEPIPETOBAHICTIO JIOTi-
YHHX 3B’ S3KIB.

Tpers rpyna mpeacraBieHa METOJaMHU
PO3MOAICHOTO IHTENEKTY, 10 SKUX HaJIeKaTh
TCeHETUYHI alTOPUTMH, METOJ] MYpPAIIuHUX
KOJIOHIH, a TaKOXK MiAXiJl pOMOBOTO 1HTEIEKTY.
Ili anropuT™mu, KpiM NPOTHO3YBaHHA, edek-
TUBHO 3aCTOCOBYIOTBHCS JJIsi ONTHMI3allii ma-
pameTpiB, 30KpeMa y 3aBIAHHIX BU3HAYCHHS
BaroBux Koe(iIlieHTIB y HEUPOHHUX Mepe-
xKax.

Mera po0OTH — TiABUIICHHS TOYHOCTI
IPOTHO3YBAaHHS 3Ha4e€Hb 00’ €MHOI MPOAYKTH-
BHOCTI BIJIIEHTPOBOI'0 HarHiTaya MUIIXOM po-
3pOOKHM Ta JOCIIKEHHS METO/IIB KJIacTepr3a-
111, 30KpeMa aJrOpUTMiB HEUITKUX C-CePEIHIX
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(Fuzzy C-Means) Ta cyOTpakTHBHOI HEUITKOI
KJactepusaiii, i3 BUKOPUCTAaHHAM CYYacHUX
iHpopMaIiMHUX TEXHOJOTIH (HEediTKa JIOTiKa,
IITYYHI HEHPOHHI Mepexi, FTeHeTUYHI aJTropu-
T™MH). Peamizamisi Takux MiAXOAIB JO3BOJISIE
BpPaxOBYBaTH CTOXaCTUYHHI XapakTep eKcrie-
PUMEHTAIFHUX JIaHUX, 3a0e3leuyBaTd 3HH-
KEHHs OXHOKHU IIbOBOI (yHKLIT Ta gocsra-
TH TPUHAHATHOT TOYHOCTI NMPOTHO3HUX MOJE-
JIeH.

TeopeTnyHe 0OIPyHTYBaHHS

CraHoM Ha CHOTOJHI METOJAU KIIACTEpH-
3arii aKTUBHO BHUKOPHUCTOBYIOTH JUISI BHPI-
IIEHHS MIMPOKOT0 KOJia 3ajiay, MOB’s3aHuX 13
MOJIETIOBAaHHSM Ta MPOTHO3YBAHHIM y Pi3HUX
ray3sx HayKOBHX JOCIIJKEHb. 3aCTOCYBaH-
HS TIIXO/IB, M0 0a3yIOThCS HA YaCOBUX Ps-
Jax, € 0coOJIMBO aKTyaJbHUM Yy Takux cde-
pax, sSIK €KOHOMIYHE IUIaHYBaHHS, TOPTiBII,
YIIPaBIIHCHKI MPOLECH, & TAKOX Yy MPOEKTY-
BaHHI IHTENEKTYaJbHUX CHCTEM MIATPUMKH
OPURHATTA pieHs [2—4].

OcHoBH Teopii MPOrHO3YBaHHA 3 BUKOPH-
CTaHHSIM IHTEJNEKTyaJIbHUX METOiB Oynu 3a-
KJ1aJieH1 TakuMu BueHnMH, sk H. Binep, H. A.
Konmoropos Ta P. Kanman [5]. ¥V kiacuuno-
MY TIXO0/1 A0 MPOTHO3YBaHHS JIJIsl ONUCY He-
BU3HAYEHOCTEH 3aCTOCOBYIOTHCS 3acO0HM Ma-
TEMAaTUYHOI CTAaTUCTHUKHU Ta Teopii BHUMAIKO-
BUX IPOIIECIB.

Opnak, 3 Orfisily Ha HassBHICTb XaOTHYHOL
CKJIaJI0BOI B OUIBIIOCTI pealbHUX IPOIECIB,
BUHHKAE MOTpeda y CTBOPEHHI TaKUX METOJIiB
IPOTHO3YBaHHS, SKi 374aTHI 00’€JHYBaTH Ha-
O0ip Momenel, aganTOBaHUX 10 PI3HUX 3aKO-
HOMIPHOCTEM, 110 CIIOCTEPIraloThCs y eKcIe-
puMeHTanbHUX JaHux [6]. Came ToMy 3Hau-
HOTO TOIIUPEHHS HaOynu miaxonu, 1moodyno-
BaHI Ha OCHOBI KJIACTEPHU3AMNHUX TEXHOJIO-
riif, y skux QopMmyBaHHA MoJeNel 3AiiCHIO-
€ThCS BIATOBIAHO IO KJIACTEPiB, YTBOPEHHX
MOCITIJOBHOCTSIMU €KCIIEPUMEHTaIbHUX 3Ha-
YeHb.

Jiis 3abe3neueHHs: cTablIbHOTO Ta edeK-
TUBHOTO ()YHKIIIOHYBAaHHSI Ta30mepeKadyBa-
apHOro arperaty (I'TIA) B ymoBax peanbHOI
eKCIUTyaTalii, JUCHEeTYEePChbKUl mepcoHal
kommpecoproi ctanmii (KC) 3xilicHI0Oe MOHI-
TOPHHT PSANYy TEIUIOTEXHIYHUX TTOKa3HUKIB,
30KpeMa: MOTY)KHOCTI Ta Koe(ilieHTa KopHc-
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voi mii (KK][) ra3zorypOGiHHOTO JABHUTYHA
(I'TZ), npoyKTUBHOCTI arperarty, MOJITPOI-
Horo KKJ/I, BUXigHOT IOTYXHOCT1 BiJIIIEHTPO-
Boro HarHitTada (BL[H), nmpuBenenoi moryx-
HocTi I'T/l, KoedillieHTIB TEXHIYHOTO CTaHy
I'T/ (3a moryxnictio) Ta BIIH (32 momiTpon-
HuMm KKJI), a Takox koedilieHTa pexumy po-
ootu BIIH [7].

Jlns1 3HMOKEHHST TMOBIPHOCTI TTIOMHJIKOBHX
pillieHb y TpoIeci KepyBaHHS TEXHIYHUMH
00’€KTaMU 3aCTOCOBYETHCS IPOTHO3YBaHHS
TerIoTeXHIYHuX mapamerpiB I'TIA, TouHiCcTh
SIKOTO 3HAYHOIO MIpOI0 3aJIe)KUTH Bl 0OpaHUX
METOMIB 1 JOCTYITHUX pecypciB. Y BHITaJIKaX,
KOJIM JOCHIKYBaHi 00’ €KTH (PYHKIIOHYIOTb
3a yMOB CTOXaCTMYHOI HEBM3HAYEHOCTI, KJia-
CHYHI TIAXOAM JI0 MPOTHO3YBAHHS IPYHTY-
IOThCSl HA BUKOPUCTaHHI 1THCTPYMEHTapil0 Ma-
TEMaTUYHOI CTAaTHCTUKHU Ta TEOpii BHIIAIKO-
BHX ITPOIIECIB.

Jlns MoAenoBaHHs HEIIHIAHUX 3aJIe)KHO-
CTel y 1l poOOTI 3aCTOCOBAHO METO/IHM HEUi-
TKOT JIOTiKH, 110 0a3ylOThCS Ha (POPMATBHHUX
npaBuiax, Takux sk «AKI[O — TOy». Sxicte
moOy/moBaHOT HEYITKOT MOJEN BU3HAYAETHCS
dbopmoro (pyHKIIIH HaNEKHOCTI Ta iX MPOCTO-
POBHUM pO3TAIlyBaHHIM. Y pa3i BUKOPHCTaH-
HSl HEMpPO-HEUITKUX CHUCTEM IPOIEC HaJAIITYy-
BaHHS TapaMeTpiB MOJAENI MiJIa€ThCsl aBTO-
MaTu3allii, Mpu OMY aJanTHBHA HEHpOHHA
Mepexa BHUKOHYe (YHKIIIO onTHMizamii ma-
paMeTpiB HEYITKMX MHOXHUH. Y CTPYKTYypi
MOJIeJIi HEYITKI MHOXXHHH CIYT'YIOTh MapamMe-
TpaMu, a HaOlp JIOTIYHUX TPaBWI 1 1X KiJIb-
KICTh BU3HAYAIOTh TOMOJIOTII0 CaMOi MOJIETII.

Jst peamizartii JociKeHHsT OyJI0 BUKO-
pPUCTaHO EKCHEPUMEHTAIbHI BUMIPIOBaHHA,
3adikcoBaHI Ha KOMIIpeCOpHii ctaHIii «Jlo-
JTUHAY M7 9ac poOOTH BIAIIEHTPOBOTO HArHi-
Taya mnpupogHoro razy wmapku 16 TI'1]2-
396/53-78C y nuctonaai 2015 poky.

OG6’eMHa TPOIYKTHUBHICTH KOMIIpECopa,
MIPUBE/ICHA 10 YMOB BCMOKTYBAHHSI, Y OJMHHU-
X M?/XB, pO3paxOByBaacs 3T1THO 3 TaKOIO
dbopmyoro:

;, (1)

ne AP — mepenaJ TUCKY Ha KoH(y3opi, Mlla;
A — xoedimient koupysopa, M>; R — rasosa

K

crana rasy, kJ/bx/(xr-K); 7, — remneparypa Ha
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BXOJ1 HarHiTaua, K; Z, — koeimieHT cruciu-
BOCTI I'a3y Ha BXOJ1 Har"ita4ya; P, — THCK rasy

Ha BXoJl HarHitauda, MIIa.

Ha mouarkoBomy erari 3 eKCIiepUMEHTa-
JBHUX JaHUX 31HCHIOETbCS (JOpMYBaHHS He-
YITKUX TPAaBHII IIJISTXOM 3aCTOCYBaHHS METO-
oy cyOTpakTuBHOI Kiactepusariii. [lam, Ha
JIPYroMy eTami, 3IIHCHIOEThCS ONTHUMI3AIlis
napameTpiB HEJITKOI MOJENi 3a JIOMOMOTOI0
anroputMy ANFIS. CyOTpakTuBHa KiacTepu-
3aIfisl BUCTYNA€ SK IIBUAKUN 1 HE3aJICKHUU
METO]] aBTOMATUYHOTO T€HEPYBAHHS HEYITKUX
MpaBWJI HA OCHOBI HAasIBHUX AaHUX. Pe3ynbTa-
TH I[LOTO MPOLIECY MOKYTh OyTH BUKOPHCTaH1
JUIsl TOOY/IOBU PI3HMX THUIIB 0a3 3HaHb, 30K-
pemMa CHUHTATOHHUX, MamaaHi Ta CyreHo mo-
JIETICH.

OcHOBHA i71es1 IILOTO MIJAXOAY TOJIATAE Y
HOTepeTHHOMY BU3HAYEHHI TOYOK Y BXITHOMY
MpPOCTOpPi, AKI MOXYTh OyTH TOTEHI[IHHUMHU
HEHTpaMH KiactepiB. st KoxHOI Takoi Tou-
K1 OOYHCIIIOETHCS 3HAYEHHS MOTEHIlaNy, L0
BiZjoOpakae HMOBIPHICTb YTBOPEHHS KjacTe-
pa B ii okomi. Ha HactymHOMY eTami 11i TOUKH
AHANI3YIOThCS 1TEepaIiiiHo, i cepea HUX OOu-
ParOThCS Ti, IKI MalOTh MAKCUMAJIbHI 3HAYCHHS
NOoTeHIlay, OPMYIOUYH LIEHTPH KJIACTEPiB.

CyTTeBOI0 TepeBarol0  BUKOPUCTAHHS
KJIacTEepU3alliiHUX METOMIB JUIsl CUHTE3y He-
YITKUX MOJENIeH € iX 3/1aTHICTh T'e€HEPYBATH
00’ €KTHO-OPiI€EHTOBaHI NpaBuiIa 6a3 3HaHb, K1
JIETKO aJaNTYIOThCS 10 CTPYKTYPH BUXIIHUX
JaHUX.

Y nporpamHomMy cepenoBuii Matlab pe-
aTi30BaHO JBA OCHOBHUX MIIXOIU IO 3ajadi
HEYITKOI KJIacTepu3allii:

— anroput™ FCM (Fuzzy C-Means) —
BOy/oBaHa (DYHKIIIs, II0 peai3ye MeTo Kiia-
cudikailii Ha OCHOBI HEUITKUX C-CepeHiX;

— cyOTpakTHMBHA HEUiTKa KJIacTepU3aIlis —
METO/, IO J03BOJIIE CHUHTE3yBAaTH HEUITKi
Mozeni Ha 0a3l MomepeaHbOrO OIlIHIOBAHHS
[UILHOCTI JaHUX.

Anroput™m Fuzzy C-Means npusHayeHU
JUTSE aBTOMATU30BAHOTO TPYIYBaHHS BXIJTHUX
00’€KTIB y BIAMOBIAHI KJIACTEPH, SIKI TPAKTY-
IOThCS SIK HEUiTKI MHOKUHU. MexXi MiXK Taku-
MU KJIacTepaMU HE € YITKO BU3HAYEHUMH, a
CTYIiHb HAJIGKHOCTI KOKHOT'O 00’€KTa BU3HA-
YAEThCS BIJCTAHHIO JO IIEHTPIB KJIACTEPIB.
[Iponec kmactepu3ariii BigOyBaeThcsl iTepa-
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IMIHHO: HAa KOXHOMY KpOIll YTOYHIOETHCS
MIOJIOKEHHSI IIEHTPIB KJIACTEPIB Ta 3HAYEHHS
(GYHKIIM HAIEKHOCTI BIIMOBITHUX €JIEMEHTIB.
ITpunyctumo, mo maemo K = 336 excrme-
PUMEHTAIIHUX BXIJHUX BEKTOpiB x, 1 N BH-
ABJICHUX KjacTepiB. Hexail cTymiHp HallexX-
HOCTI OyIb-SIKOTO BEKTOPY X, /O BiAIOBIIHO-
ro kiacrepy ¢, pisna p, €[0,1], 1e j — Homep
KJ1actepa, a k — HoMep BXIJJHOTO BEKTOpa.
3anuIueMo yMOBU HOPMYBAHHS JUISL W, :

N
2Hy =LVk=1_K;
J=1 N (2)
0<d m, <KVj=1..,N.
k=1

Meroro pobOTH aNrOpuTMy € 3BEICHHS
710 MIHIMYMY CyMH BCiX 3B@KEHHUX BiJCTaHEH
MDK 00’ €KTaMH Ta IIEHTPAMH KJIacTEpiB.

N K q
S5 elomn ©
Jj=1 k=1
ne g — 3adikcoBaHUi mapamerp, SIKUM Bifo-
MUl iepes iTepatisiMu.

Hamani, BpaxoByrounm  ymoBy  (3),
p03B’51>KeM0 TaKy CUCTEMY PiBHSHB!

ZZ( i) e

6uk =

N K

| 22 e =0

Jj=1 k=1

(4)

Tomi p03B ’SI3aHHS TaHOI CUCTEMH MOYKHA
3amucaTH y HAaCTYITHOMY BHTJISII:

¢, =0, )

(6)

o 3actocyBanusa anroputMy FCM BXxo-
TUTH peai3allis epeliueHnx KPOKiB:

Kpok A. InmimiamizyBanus. HeoOxigHO
BUOpaTH Hamepe] 3a3Ha4eHy KiJTbKiCTh Kia-
cTepiB N, BH3HAYUTH KUIBKICTH iTepallii Ta
3aikcoBanuit  mapamerp ¢q.  OCKIJIBKH
2<N<K, to Buxomurh, mo N=20. 3Bimcu
0aunMo, W0 IIyKaHa KUIBKICTh ITeparlii
nopiaroe 100, a ¢ikcoBanuii mapamerp
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nopiBHIo€e 1.5. 3Bijacu 6a4nMmo, 110 MOYaTKOBA

= ()"

Kpox B PospaxyHOK BEJINYMH IIEHTPIB

MATpHILT HaJleXHOCTI fopiBHioe U

KJIaCTepPiB c ). Jla JaHOMY KPOIIi 3JIIHCHIOEMO

(1)
PO3paxyHoK c,

(5).

Kpokx B. Busnawaemo 3naueHHs QyHKIii

, BUKOPUCTOBYIOUU (POPMYILY

HAJIEKHOCTI W, . 3HAXOIUMO ;,t(jt,f, SIKIIIO

X, #c; Ta 6epeM0 JI0 yBaru B>K€ BiJOMI BEJIH-

YUHU c . B inmomy pasi:

. Ll=j,
uﬁll):{ .

Kpoxk I'. 3aBeprienns anroputmy abo no-
ro 3aynuHKa. 3YNUHUTH JaHUWA aJrOpuTM
HEYITKOI KJIacTepu3allii MOKHA y pa3i BHKO-
HAaHHS JaHOI YMOBU:

‘U t+1 Ut‘<8

ne £=10" - TOYHICTH OGUHCIICHHS AJITOPUTMY.

Pe3ynbTar 3acTocyBaHHS OIKCAHOTO all-
TOPUTMY 300paXeHO Ha PUCYHKY 1.

JIst OIIHKM TOYHOCTI MPOTHO3Y 3HA4YEHb
00’eMHOI MPOYKTHUBHOCTI HarHiTaua 3Haie-
HO BEJIMYMHY  CEPEIHbOKBAIPATHYHOTO
BIIXWJICHHS TPOTHO30BAaHWUX 3HAYCHb BIiJ
3HAMJICHNX 3HA4eHb OO0 €MHOI TPOTYKTHB-
HOCTI 32 HaBeJIeHOI Gopmyroro [4]:

RMSE = —Z vi=3) s (7

i=l,n
ne n=336 — KUIbKICTh €KCIIEPUMEHTIB; y, —
3HaWJIeHI 3Ha4YeHHS 00 €MHOI TPOTYKTHB-

. . 3 ~
HOCTI BiALIGHTPOBOIO HarHiTada, M°/C; y, —

IPOTHO30BaHI BEIMYUHH TNPOJYKTUBHOCTI 13
BUKOpPUCTAaHHAM anroputmy FCM, M/c.

VY pesynbrari 004HCIEHh OTPUMAHO 3HA-
YeHHSI CEPeHbOKBAJPATHYHOTO BiIXHUJICHHS,
sike cTaHoBUTH (.04,

Hns peamizamii mMeTony CyOTpakTHBHOL
HEUITKOI KiacTepu3amii OyJ10 BHKOPUCTAHO
iHcTpymeHTapin Fuzzy Logic Toolbox y ce-
penoBuii Matlab. 3actocyBaHHS I[bOTO MaKe-
Ty JIO3BOJISIE aBTOMAaTUYHO (POpMyBaTH HEUIT-
Ky 0a3y 3HaHb Ha OCHOBI BXIHHX E€KCIIEpH-
MEHTaJbHUX JaHUX 13 BUKOPUCTAHHIM MO
tuny CyreHo. Y mporieci BUKOHaHHS aJlTOpH-
TMY TE€HEPYIOThCS MTPaBUJIA, IO BIMOBIIAIOTH
TUISTHKaM 13 MaKCHUMAallbHOIO TYCTHHOIO PO3-

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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Pucynok 2 — O0uncieHi Ta NPOrH030BaHi BeJINYMHA 00’ €MHOI MPOAYKTUBHOCTI
BiILIECHTPOBOI0 HArHiTa4a i3 3aCTOCYBaAaHHAM AJrOPUTMY CYOTPAKTHBHOI HEUIiTKOI KJIacTepu3amii

MIIIEHHS BUXIAHUX HaHuX. Peamnizarisa airo-
pUTMY 3MiMICHEHA 3a JOIMOMOTO0 BOYIOBaHOL
¢bynkii genfis2.

Bizyamizauist pesynsTaTiB poboTH anro-
pUTMYy CyOTpaKTHBHOI KJIacTepH3allii HaBese-
Ha Ha PUCYHKY 2.

[Ipouenypa BUTATYBaHHS HEUITKUX IIpa-
BUJI 13 EKCMEPUMEHTAIbHUX JIAHUX Yy Mexkax
¢bynkii genfis2 yMOBHO MOIUISETHCS Ha JBa
OCHOBHI eranu. Ha meprmomMy 3 HUX 3a J0MO-
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Moror (yHKIIi subclust BU3HAYAETBCS KiJIb-
KIiCTh KJIaCTEpiB, 110 Bi/AMOBi/Ia€ KIJILKOCTI He-
4JiTKUX TpaBwi. Ha npyromy erari, 3 BUKOPH-
CTaHHSM METOJly HAMMEHIIMX KBaJpaTiB
(MHK), dopMyeThcsi HacmiKoBa 4YacTHHA
KO)KHOTO  TpaBWja,  TOOTO  CKJaxoBa
«...TOHl...».

OnHUM 13 KIIIOYOBUX MapaMeTpiB (PyHKIIT
€ BEKTOp I, KM BCTAHOBJIIOE PO3MIPHICTH
00J1acTi HEYITKOro MpaBWiIa B HANpPSIMKY KO-
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YKHOI KOOPJIMHATH. 3Ba)KalOUYU Ha Te, 10 QyH-
Kirist subclust BUKOHY€e HOpMaTi3allito BXiTHUX
JTAHUX 70 OJWHUYHOTO TiMepKkyOa, 3HaYEHHS
€JIEMEHTIB BEKTOpa I' MOBUHHI JIEXKaTH B 1HTe-
pBaii [0;1].

BapTto 3a3naunTH, mo Bubip paniyca r ic-
TOTHO BIUIMBA€E Ha AKICTh MOOYIOBaHOI MOjIe-
. SIKIIo 3Ha4YeHHS I' € MajJuM, TO 0a3a HeJiT-
KX MpaBwI Oyie OUTBIN JeTaTi30BaHOI0, MPO-
T€ TakKa MOJIETb CTA€ YYTIUBOIO IO IIYMIB 1
CTaTUCTUYHUX BHKHAIB. HaTtomicTh, HaITO
BEJIMKE 3HAYEHHS I[LOTO IMapamMeTpa MOXKe
MPU3BECTU JO0 BTPATH YACTHHH TOTEHIIHHO
KOPUCHUX TPAaBWII i 4yac MOOYJOBU MOJIEIII.
BinmoBigHO 0 pekoMeHalliii, HaBeJICHUX Yy
okepeni [8], y maHoMy AOCTipKeHHI 0OpaHO
3HaueHHs r = (0.55, a KUTBKICTh iTeparliii BCTa-
HOBJIeHO piBHOIO 100.

Jnist mepeBipKy TOYHOCTI MPOTHO3HOT MO-
neni BuKopuctano Gopmyiny (7), B pe3yabTari
4qoro OyJo OTpUMAaHO 3HAYEHHS CepPEeIHbOKBA-

JIPATHYHOTO  BIIXHWJICHHS, 10 CTaHOBWTH
0.019.
BucnoBxu

VY Mexax JaHoro JOCHiJDKEHHS OyJo 3a-
MPOMOHOBAHO MiAXiJ A0 MPOTHO3YBAaHHS 3Ha-
4eHb 00’€MHOT TPOIYKTUBHOCTI HarHiTaya,

3aCHOBAaHUN Ha BHUKOPUCTAHHI aJTOPUTMY
Fuzzy C-Means. 3a pe3yiapTrataMu MOJEIIO-
BaHHS BU3HAYEHO 3HAYEHHS CEepeIHbOKBAJIpa-
THYHOTO BIIXUJICHHS, sike cTaHOBUTE (.04.

OkpiM TOTO, peai30BaHO AaJIbTEPHATHB-
HUW METOJ MPOTHO3YBaHHS, IO IPYHTYETHCS
Ha CyOTpaKTUBHOMY aJITOPUTMI HEUITKOI KJa-
crepuszanii. POpMyBaHHS HEUITKUX MPABUI
3I1HCHEHO aBTOMATHUYHO Ha OCHOBI HasBHUX
eKCIIiepUMeHTanbHuX AaHux. [[ns moOymnoBu
BIJIMOBITHOI 0a3u 3HaHb OyJIO BHKOPHUCTAHO
Mojenb Tuiry CyreHo.

3rifHO 3 pe3y’abTaTaMu PO3PaAXYHKIB,
3HAYEHHS CEpPEeIHbOKBAIPATUYHOTO  BIJIXH-
JICHHS, OTPUMaHE IS [bOTO MiAXO01y, CTaHO-
Buth 0.019. IlpoBeneHe MopiBHSIBHE OIlIHIO-
BaHHS MIJITBEPIMIIO BHUCOKY €(EKTUBHICTb
000X METOJiB, 30KpeMa — XOpOIIy TOYHICTh
IPOTHO3YBaHHS 00’€MHOI MPOJYKTHBHOCTI
HarHitrayva.
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Abstract. This research analyzes approaches to predicting the volumetric efficiency of a centrifugal
supercharger based on clustering methods. The main advantage of the proposed approaches over
traditional forecasting models is their ability to take into account the stochastic nature of experimental
data and use modern information technologies, in particular, elements of fuzzy logic, artificial neural
networks and genetic algorithms. The use of multiple iterative procedures ensures a gradual decrease in
the error of the objective function to the required level, which contributes to increasing the accuracy of
forecast results. In particular, a forecasting method based on the Fuzzy C-Means algorithm was
developed, which is based on the concept of fuzzy c-means. It was implemented in the Matlab software
environment. Within this approach, 20 clusters were established, and the number of iteration steps was
up to 100. The resulting standard deviation is 0.04, which indicates an acceptable accuracy of the model.
In addition, the paper considers an alternative forecasting method based on the subtractive fuzzy
clustering algorithm. The construction of a system of fuzzy rules was carried out autonomously on the
basis of experimental measurements using a Sugeno-type model. For each of the studied objects, the
potential value was calculated, which characterizes the probability of cluster formation in its vicinity. The
cluster centers were determined iteratively based on the points with the highest potential. As a result,
the standard deviation obtained for this approach is 0.019, which confirms the higher forecasting
accuracy compared to the Fuzzy C-Means method. The testing of the considered methods was carried
out on the basis of real experimental data collected during the operation of the centrifugal supercharger
model 16 TL2-396/53-78C in the Dolyna linear production department of main gas pipelines in
November 2015.

Keywords: centrifugal supercharger, volumetric efficiency, clustering, forecasting, Fuzzy C-Means,
subtractive fuzzy clustering.
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Abstract. To enhance the level of automation, process stability, and the quality of welded joints in
modern industry, the concept of intelligent welding control is being actively implemented. The article
analyzes the current state of welding automation technologies and outlines the main directions of their
evolution over the next five years. Special attention is given to the application of artificial intelligence
methods such as expert systems, fuzzy logic, machine learning, deep learning, and computer vision.
These approaches are used to optimize process parameters, monitor the state of the weld pool, detect
defects in real time, and improve the accuracy of weld formation. However, most existing solutions
remain highly specialized and do not provide full integration between the stages of preparation,
execution, and quality control of welding. A significant challenge is the limited ability of such systems to
operate online and adapt to changing process conditions, such as temperature fluctuations, variations in
part position, or arc instability. The article emphasizes the importance of developing online adaptive
control based on multisensor data and artificial intelligence. In particular, it explores the prospects of
using deep learning for the analysis of video streams and thermographic images of the weld pool,
enabling automatic adjustment of parameters in real time. The application of reinforcement learning
opens up new opportunities for optimizing the trajectories of welding robots and selecting welding
strategies under uncertainty. Furthermore, the implementation of Internet of Things (loT) technologies
allows the creation of integrated networks of sensors and devices that exchange data for building digital
twins of welding processes. Welding automation can be significantly improved in terms of efficiency,
flexibility, and quality through the adoption of these Al-based technologies. This advancement is
associated with the possibility of safe human-robot collaboration, automatic adaptation to
environmental changes, as well as the prediction and prevention of welding defects.
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Introduction

Welding is an essential manufacturing
process used across a wide range of
industries, from automotive and aerospace to
construction. Robotic welding systems have
been employed to automate this process,
improving productivity and repeatability,
since the 1980s. Traditional welding robots
were relatively limited in their capabilities,
with basic feedback control and limited use of
sensors [1]. Advances in control, modeling,
and vision have led to much higher precision
and repeatability in positioning the welding
torch, following complex paths, and generating
welds with higher quality, at greater speed.
This is illustrated by a demonstration of
welding on a deep underwater pipeline. The
“brains” of a welding robot, its control
systems, must precisely control the robot’s
motion, regulate welding parameters, and
respond appropriately to various disturbances.

The application of artificial intelligence
(AD) to the control of welding robots and
processes has seen very rapid development in
recent two decades [2]. Core problems such as
choosing the right welding parameters,
following the joint geometry, or monitoring
and ensuring defect-free welds are hard to
address fully with conventional controllers.
Al provides a data-driven or rule-based form
of intelligence which can be used alongside
traditional controllers. There has been
significant research applying a range of Al
techniques — fuzzy logic, expert systems,
artificial neural networks (ANN), genetic
algorithms (GA), and adaptive neuro-fuzzy
inference systems (ANFIS) — to weld process
modeling and control. The underlying
methods can be used to learn from data, or
encode human knowledge, to provide
intelligence to control systems. In welding,
these need to be able to handle complex
nonlinearities and process uncertainty.

Intelligent control systems for welding
robots use Al or other advanced
computational algorithms to provide a form of
control that can be adaptive, optimized, or
“smart” in certain ways. This is in contrast to
simpler, logic-based controllers which have
fixed rules and responses. Intelligent systems
can learn from sensor data or inputs, predict
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important outcomes such as weld quality, and
adapt their parameters or path as needed.
There have been many successful examples,
such as using neural networks to predict weld
bead geometry and then adjust the travel
speed, and fuzzy logic controllers which
codify an expert welder’s knowledge into
linguistic rules [2].

However, there is also a significant gap
between these successes and a fully
modernized welding robot for industry, where
advanced Al is put to use. Many of the Al
welding applications developed so far have
been aimed at off-line optimization or
monitoring, but not real-time control. Most
welding robots to this day use only relatively
simple sensor feedback systems, which are
unable to cope with more complex situations
and cause the robot to go off its desired
course. True closed-loop intelligent control
systems, which sense the state of the weld and
intelligently adapt the process in real time, are
only just starting to be developed. In addition,
the practical integration of advanced Al into
industrial welding systems has many
challenges to be solved, such as reliability,
data availability, and real-time constraints.

In this paper, we survey the current state
of the art in intelligent control systems for
welding robots and develop a path forward.
We review the major intelligent control
approaches that have been applied, and
highlight their uses and limitations. Based on
recent research and emerging trends, we
suggest improvements and new capabilities
that are likely to be needed and valuable for
2025-2030. This includes a focus on the
increasing roles of deep learning and
computer vision, without neglecting other
promising Al methods such as reinforcement
learning and multi-agent systems.

The goal is to bring some clarity to
where research and development can have the
most impact and support the design of
“smarter” welding robots that can outperform
today’s systems in autonomy, quality
assurance, and adaptability.
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Presentation of the main material
Analysis of modern foreign and

domestic research and publications.

To answer our research question ‘“What
intelligent control methods have been applied
to welding robots and how might they be
improved by artificial intelligence in the next
five years?”, we first performed a focused
literature search and qualitative analysis of the
results.

Literature =~ Search — articles and
proceedings from 2018-2024 were searched
for Al-based welding control contributions,
using IEEE Xplore, ScienceDirect, Springer,
and Google Scholar. Keywords included
“intelligent welding system”, “robotic
welding AI”, and “weld defect detection deep
learning”. Preference was given to peer-
reviewed articles and prominent review
publications [1, 2] while winnowing down to
~40 key references. These cover a breadth of
welding processes (arc, laser, friction stir) and
targets for control from low-level regulation
to high-level planning.

Categorization — these publications were
then sorted into 4 broad categories:

— Welding Process Control — Papers with
a focus on regulating penetration, bead shape,
etc.

— Robot Motion Control — Works
discussing path planning, torch angle, multi-
robot choreography.

— Sensing and Monitoring — Sensor
integration to improve seam tracking, weld
pool monitoring, defect detection.

— System-Level Integration — Broader
level descriptions of manufacturing systems
with IoT or multi-agent architecture.

These publications were then further
classified for the AI technique employed
(fuzzy logic, machine learning, evolutionary
optimization, etc.), as well as for the type of
control being supported (off-line, real-time, or
predictive control).

Data Synthesis — Key attributes from each
publication are distilled here and are
summarized in the tables and figures below.
This includes information on the AI method,
welding task, and result(s) (accuracy increase,
programming speed, etc.) as well as listed
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open challenges. These data cover easily
comparable quantities (track weld defect
prediction accuracy [3], latency of feedback
systems [4], benefits such as reduction in
manual input), as well as qualitative,
repeating themes (calls for improved real-time
control algorithms [1], standardized datasets).

Terminology —  “Intelligent control
systems” in this work refer to Al-augmented
control methods in addition to more classical
PID or hard-coded logic. The AI umbrella
term is used broadly here to include machine
learning, expert systems, and evolutionary
optimization. As applicable, more specialized
terms like deep learning, reinforcement
learning, and digital twin are defined in
context in the sections below, with particular
focus on their contributions to welding
control. Mathematical definitions are given in
a high-level summary.

Limitations — this survey is qualitative
and does not involve any new experiments. It
is drawn from prior literature which may
constrain aspects of our findings and does not
exhaust the topic. Our search and organization
methodology is reusable and will be
continued for future updates for work past
2024. Inclusion criteria and classification
framework are listed for reproducibility.

The results we have found provide a
baseline to which new and future work can be
contrasted in order to identify both progress
and remaining needs. We present this data
below in a series of tables and figures
contrasting past and present intelligent
welding systems.

Review of Current Intelligent Control
Systems in Welding Robotics (up to 2025)

Numerous intelligent control approaches
have been implemented in welding robotics,
each addressing different aspects of the
welding operation. Table 1 provides an
overview of key Al techniques used so far,
summarizing their typical applications,
strengths, and limitations in welding control.

Artificial neural networks (ANN) were
widely used to model the welding process in
order to establish the relation between welding
parameters and welding results, such as bead
height or penetration in terms of the travel
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Table 1 — Common Al techniques applied in welding robot control (current state up to 2025),
with their typical uses

Al Technique

Typical Applications in Welding

Artificial Neural Networks
(ANN) [13][14]

Predicting weld outcomes (bead geometry, penetration);
mapping sensor inputs (e.g. weld pool image features) to
quality metrics; parameter optimization via learned models.

Fuzzy Logic Systems
[15][30]

Feedback control based on expert if-then rules (e.g. adjusting
voltage or travel speed based on gap measurement);
human-readable seam tracking strategies.

Neuro-Fuzzy (ANFIS)
[32][33]

Adaptive tuning of welding control rules; combining sensor
data of different types (visual, acoustic, etc.) in a unified

inference system.

Genetic Algorithms (GA) and
Optimization [16][17]

Off-line optimization of weld sequences and robot paths
(e.g. minimizing robot travel time or avoiding collisions in
multi-robot cells); tuning multiple welding parameters to

meet quality objectives.

Adaptive/Model-Based Control
(e.g. MPC, expert systems)
[35][12]

Real-time control using a process model: maintaining
temperature or penetration through MPC; rule-based expert
systems for adjusting parameters on the fly.

speed, current, and voltage. ANNs can be
employed to train the complex nonlinear
relationship of the system, thus achieving
better performance than the traditional welding
empirical formula. Neural networks have also
been applied for processing sensor data and
predicting the corrective action to provide to
the closed-loop controller as part of a partial
closed-loop control [2]. However, as a black-
box model, ANNs require large amounts of
data to train the model, and the resulting
relationship is difficult to interpret.

Fuzzy logic systems were also commonly
used to codify the expert knowledge and the
rule-based knowledge into the machine-
readable format, using fuzzy sets and linguistic
variables to represent the rules, such as “IF
gap is large, THEN increase wire feed rate”.
Fuzzy systems are very interpretable and easy
to design, and also robust to noise and
uncertainties in the input data, but the lack of
learning capability of the knowledge base may
be a shortcoming, unless integrated with other
data-driven models to update/refine the rules
or memberships [2]. Hybrid neuro-fuzzy
systems, such as adaptive neuro-fuzzy
inference  systems (ANFIS), were also
developed to provide both the learning
capability and interpretability. These systems
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can automatically learn both the rule structure
and the membership functions from data, but
the design is still complicated and not easily
scaled to multiple-output cases.

Optimization  algorithms  were also
leveraged to search for the optimal parameter
values or robot paths. For instance, genetic
algorithm (GA) was used to search for the
torch trajectory that produces minimum
distortion or collision in a multi-robot cell [2].
However, this approach is normally used
offline due to the heavy computational load.
Model-based adaptive control schemes were
proposed to achieve both the thermal
consistency and the joint  variation
compensation [1], using model-predictive
control (MPC) or self-tuning regulators, but
they also require accurate physical models of
the process and could be affected by the
process disturbances or model mismatches.

Robots, based on techniques we have
described above, are actively used by large
enterprises in various industries [6-11]. As
Figue 1 shows leading technology is based on
fuzzy logic systems.

Benefits from using Al backed robotics
range from increased automation rate to pretty
accurate prediction error rates as shown in

Table 2.
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Table 2 — Performance benefits elicited from Al backed robots in enterprise installations

Al Technique

Performance Metrics

Implementation Examples

Fuzzy Logic Systems

68% production automation
rate automation

Samsung Heavy Industries

Expert Systems & Adaptive

1-2 year payback period

Lincoln Electric WELDES

Control system
Artificial Neural Networks 99% first-pass yield TRUMPF Al laser welding,
(ANN) (Path Robotics) T Systems automotive
Genetic Algorithms & 11% error reduction Multi-robot coordination,
Optimization in 7 periods hydroelectric turbine repair

Neuro-Fuzzy (ANFIS)

<3% prediction error rates

Friction stir welding
applications
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Figure 1 — Welding robots Al technology
distribution on the market

Most of the reported Al-based systems
have been validated only in laboratory
conditions and on specific welding setups [2].
ANN trained for bead dimension prediction or
control on one material and joint configuration
may not transfer to other materials and joint
designs. Fuzzy systems tuned for one welding
process and a certain range of input parameters
may not be applicable for another welding
process and require reconfiguration. This is a
fundamental limitation, namely the lack of
generalization to new conditions. The vast
majority of existing systems can do very well
when the conditions are known and part of the
training data. In all other cases, they must be
retrained.
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Another problem area which remains
understudied is the online adaptive control of
welding processes in real time. The wvast
majority of Al use cases for welding robots are
still offline in nature. For example, optimizing
welding parameters or analyzing a finished
weld for its quality and defects. This is in part
due to the inherent nature of welding as a
complex and dynamic process which involves
many fast-varying and interrelated variables
such as current, voltage, travel speed, wire
feed rate, arc force, or thermal radiation [1].
Real-time control would require AI models to
make fast predictions with low-latency on
embedded hardware. Penttild et al. (2023)
recently demonstrated a fully closed-loop
ANN-based control system that could adapt
welding parameters online during welding
based on the data from a laser sensor to
successfully maintain a consistent weld bead
[4].

Quality monitoring and feedback for real-
time control is another area which is just
starting to see development. The vast majority
of the post-weld quality inspections such as
X-ray is done only after the weld is completed,
which is a rather late time to detect and fix a
defect. Newer approaches are being developed
to use in-process data from welding sensors
and vision systems to monitor and detect weld
quality issues such as porosity, burn-through,
or spatter in real-time during welding [3].
CNNs have been used to classify weld images
in terms of defects with over 95% accuracy,
but they lack interpretability and suffer from
performance loss when the conditions during
welding change from those of the training data
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[3]. This challenge will have to be addressed
by explainable Al and better training data.

Intelligent welding systems are also
currently used mostly in a standalone way and
to scale will need to be integrated into larger
manufacturing systems. IoT and digital twin
technologies are emerging as a means to
connect and integrate welding robots into a
networked, adaptive production line [5], where
each agent has specialized capabilities.

Emerging Trends and Future Demands
(2025-2030)

The subsequent technical trends and
possible subfields, according to our estimation
of the current technical potential, may apply
in the development of intelligent welding
control systems in the upcoming five years.
See Figure 2 for perceived deployment times
[12-16].

Commercial Deployment
Timeline

2031

2030
2029
2028
2027
2026
2025 I
2024
é\o(\ <&

Figure 1 — Commercial deployment timeline
for emerging Al technologies in welding

Real-Time Deep Learning - deep learning
models for real-time analysis of weld pool
conditions, which are already used offline in
some research contexts today, will be more
widely used in an online fashion by welding
robots in the future (by 2030). Vision-based
welding control systems based on CNNs are
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in fact already used for online monitoring of
the weld pool today with high defect detection
accuracy under varying conditions [3].
Challenges include transferring models to
embedded edge-computing hardware with
enough speed and robustness to all relevant
variations [1]. Efficient neural network
architectures and specialized Al hardware will
allow the welding system to see and
understand the weld condition in real time and
to automatically make alignment, parameter,
etc. adjustments as a human expert would in
the future.

Reinforcement Learning (RL) — RL
techniques allow for the learning of optimal
welding strategies in simulated trial-and-error
and their immediate application in the
production environment. The ability of RL to
derive improved welding sequences to reduce
residual stress is already demonstrated in
preliminary work [1]. With improvements in
simulators and computing power expected by
2025, RL-driven adaptive controllers will be
more realistic to use to guide complex
operations such as multi-pass welding or
online parameter adaptation. Recent review
papers on RL and welding emphasize the
potential of RL for advanced control
capabilities that can outperform manual
tuning for welding problems that are too
complex or uncertain for human experts [1].

Sensor Fusion and Advanced Analytics —
advanced sensor fusion techniques will allow
the use of multiple types of sensors (visible
and infrared cameras, laser scanners, force
sensors, acoustic sensors, etc.) to obtain a
better real-time understanding of the welding
process in the future [1]. For example, Al-
driven analytics on data from thermal cameras
and optical cameras might be fused to
improve defect detection performance.
Improved hardware and software will allow
for more extensive data collection via sensors
with higher resolution, sampling rate, and
response time [1]. New big data analytics
methods will also make use of large amounts
of aggregated weld data collected in IoT-
connected factories to identify performance
patterns and to continuously optimize controls.
This would be in line with the general goals of

the Industry 4.0 movement [5].
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Table 3 — Emerging Al technologies KPI as leading companies

Emerging Technology Key Performance Indicators Leading Companies
Real-Time Deep 99% first-pass yields, 50ms Path Robotics,
Learning detection time PHOENIX framework

Reinforcement Learning

<11% error in 7 periods,
autonomous learning

FANUC, Inbolt,
General Motors

Enhanced Sensor Fusion

98.9% segmentation accuracy,
0.0255s processing

IBM, YOLOVS integration

IoT & Digital Twin

97.35% detection accuracy,
0.08mm tracking error, 96.65%
tracking precision

Schneider Electric, Yaskawa

Collaborative Humanoid

94.44% behavior classification
accuracy, 15% throughput increase,
85% idle time reduction

HD Hyundai, Persona Al

IoT and Digital Twins — the current
perception of welding operations as isolated,
stand-alone processes is expected to shift to
fully networked systems by 2030. Digital
twins, i.e. virtual models which replicate the
real-world welding setup and its processes,
will be used to simulate welding operations to
a larger extent and to optimize control
strategies before their implementation in the
real system. Validation of virtual sensors is a
welding task which has already been
discussed for the seam tracking task in the
literature [2]. Through IoT connectivity,
welding robots will share real-time status and
quality data enterprise-wide for live

monitoring, predictive maintenance
scheduling, and optimized process
adjustments [1]. This should improve

flexibility and operational efficiency.
Collaborative and Human-Centric
Approaches — intelligent welding systems will
be used in a more collaborative manner with
human welders rather than solely as
replacements in isolated robot cells in the
future. Cobots and AI will be combined to
perform more of the highly repetitive or
physically strenuous or unpleasant tasks while
humans perform the complex decision-
making and teaching. Advanced operator
interfaces such as augmented reality (AR) are
already being used to aid operators in robot
programming and path planning [1]. It is
possible that by 2025-2030 a skilled welder
could supervise the operation of multiple
cobots in parallel and teach or correct them as

114

needed. Al systems will have to be more
adaptive, transparent, and safety-aware in
their algorithms to account for humans in their
operational environment. This will improve
productivity and broaden the acceptance of
welding systems.

Leading technology and production
companies came up with expected key
performance indicators (KPIs) to measure
effectiveness (see Table 3).

Sustainability and Resource Efficiency —
a greater focus on the economic efficiency
and sustainability of welding operations will
also guide the development of welding
controls in the future. Al can be used to
optimize the energy efficiency of welding
processes by precisely tailoring parameters to
the welding requirements to avoid excessive
heat inputs that cause greater distortion and
energy waste [1]. Al-based defect prediction
or prevention capabilities will minimize
rework and material wastage. Predictive
maintenance via Al analytics will reduce
downtime and accidents by predicting when a
tool or equipment is likely to fail or
underperform. Al may also allow more use of
new sustainable welding materials that are
more difficult to work with using traditional
controls. The need to preserve the
environment and use resources as efficiently
as possible will drive continued efforts to
improve welding processes using Al while
maintaining quality standards. These trends
will be summarized in the next section.
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Figure 3 — Intelligent Welding Control Systems: Hierarchical Architecture

Intelligent Welding Control Systems:
Hierarchical Architecture

Analysis, we have conducted across
available sources, led to identifying pillar
aspects intelligent welding control system
should adhere to. These pillars are: system
integration,  quality  assurance, human
interaction, control algorithms, adaptability,
data utilisation, computing infrastructure,
sensor integration and challenges. It helps to
put them into a hierarcy for a better
understanding of relations and dependencies
between them. We have designed an high
level architecture based on relevant data from
recent scientific resources [1,5, 20-25] (see
Fig. 3).

To do an intermediate conclusion — the
intelligent welding control systems hierarchy
above represents a comprehensive five-level
architecture  that transforms traditional
welding automation into truly adaptive,
Al-driven manufacturing systems. At the
strategic apex, System Integration orchestrates
unified manufacturing execution systems
(MES) and digital twin frameworks,
coordinating all subsystem interactions
through IoT-enabled multi-agent
architectures. The operational level
encompasses Quality Assurance and Human
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Interaction, where proactive Al-driven defect
prediction replaces reactive  inspection
methods, while augmented reality interfaces
enable collaborative human-robot supervision.
The control level integrates Control
Algorithms,  Adaptability, and  Data
Utilization, forming the intelligent decision-
making core that employs real-time Al control
loops, self-learning adaptive controllers, and
machine learning-driven process optimization.
The infrastructure level provides the
technological foundation through Computing
Infrastructure  (edge  computing, cloud
integration, 5G/6G networking) and Sensor
Integration (multi-modal fusion of vision,
thermal, laser, and force sensors). Finally, the
foundation level addresses critical Challenges
including AI model verification for safety-
critical applications, data security
standardization, and workforce upskilling
requirements. This hierarchical structure
reflects the evolution from isolated, pre-
programmed welding robots to
interconnected, intelligent systems capable of
autonomous learning, real-time adaptation,
and collaborative operation with human
operators, supported by extensive peer-
reviewed research in intelligent
manufacturing and welding automation.
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Comparison  between
anticipated intelligent
systems

Welding automation is transitioning
towards an intelligent adaptive paradigm
which will replace traditional deterministic
control methods by offering real-time
optimization and self-modification functions
for enhanced human-machine collaboration.
The current intelligent welding system
technologies include artificial intelligence,
intelligent sensor technologies, and cyber-
physical systems consisting of virtual
simulation (digital twins) and Internet of
Things (IoT) technologies that are used to
form smart interconnected manufacturing
systems. The shift in technology represents a
qualitative change from stand-alone reactive
welding systems to advanced interconnected
welding systems that learn and work together
with human operators. The distinction between
the current (until 2025) and the future (2025—

present  and
welding  control

2030) is based on both the status of current
technology development and imminent
breakthroughs such that current
implementations of artificial neural networks,
fuzzy logic systems, and image processing
systems are implemented mainly for offline
optimization while the complete shift to the
future will see a comprehensive integration of
artificial intelligence in online control systems,
reinforcement learning for self-adaptation, and
multi-agent  systems  for  coordinated
manufacturing. The transition between the
existing and the future is important for
manufacturers and welding engineers looking
to shift from automation to intelligent
manufacturing.

The summary for each of the intelligent
system technologies, comprising the existing
and the future state, is given in Table 4. The
table makes it clear the field is moving from
primarily static, isolated systems to adaptive,
interconnected intelligent systems.

Table 4 — High-level comparison of intelligent welding control systems:
present (up to ~2025) vs. anticipated future developments (2025-2030)

Aspect Up to 2025 (State of the Art) 2025-2030 (Future Outlook)
System Welding robots largely stand-alone. | Welding cells are part of a unified
Integration No holistic optimization — each cell | manufacturing  execution  system
optimized locally if at all. Digital | (MES). Digital twins of welding
simulation models exist but are not | processes run in parallel with real
linked live to operations. operations, providing  real-time
simulation feedback and what-if
analysis [1]. Multi-agent control:
multiple robots or stations coordinate
via an Al supervisor agent to optimize
line throughput and energy usage [5].
Quality Largely reactive — defects are detected | Proactive and adaptive - Al models
Assurance after the fact (using NDT methods or | predict potential defects in real time
final inspection). Quality control relies | and adjust parameters to avoid them
on fixed welding procedure | [3]. WPS evolves into flexible
specifications (WPS) that must be pre- | adaptive procedures where the system
qualified. can prove equivalence to standards via
data. If a defect is unavoidable (e.g.
due to material), the system flags it
immediately and perhaps auto-repairs
or marks the spot for automated post-
weld repair.
Control Predominantly PID and simple | Widespread integration of Al in
Algorithms feedback for real-time control. Al | control loops: real-time control
(ANN, GA) used mostly for off-line | decisions guidance [1]; policies for
parameter optimization or advisory | robot motion and parameter tuning
systems [2]. [1].
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Continuation Table 4

Aspect

Up to 2025 (State of the Art)

2025-2030 (Future Outlook)

Adaptability

Limited adaptive behavior. Systems
can handle expected disturbances.
Most “intelligence” is pre-
programmed or requires re-training
offline if conditions change [2].

High adaptability and self-learning.
Controllers adjust on the fly to
variable conditions using Al. Robots
are more general-purpose, able to
weld new parts with by learning from
simulation or operator demonstration
rather than manual coding [1][4].

Data
Utilization

Data from welds is used mostly for
quality documentation or off-line
analysis. Little sharing of data
between machines.

Data-driven optimization at scale.
Machine learning models analyze
aggregated data from many welds to
find optimal practices and feed
improvements back to controllers [5].
Trends prediction triggers
preventative maintenance.

Computing
Infrastructure

Traditional  industrial  controllers
(PLC/embedded PCs) with limited Al
capability; heavy computations done
on offline computers if at all. Minimal
use of cloud or edge computing in
real-time due to latency concerns.

Hybrid computing approach: edge
computing becomes common at the
cell level [1], non-critical data
processing and machine learning
training are offloaded to the cloud or
central servers. Networking standards
(5G/6G) allow data to be usable in
closed-loop control and remote
supervision.

Sensor
Integration

Single primary sensor driving
automation; through-the-arc sensing
with known reliability issues in
complex joints [2]. Additional sensors
(laser, thermal, etc.) used mainly in
research or high-end systems.

Welding robots combine data from
vision  (visible & IR), laser
profilometers, sound, and more to
gain a comprehensive view [1].
Sensor data is fused using Al Real-
time 3D sensing is utilized for
adaptive path correction and quality
control.

Challenges

Ensuring weld consistency with
limited adaptation; dealing with noise
in  sensor  signals; lack  of
interoperability (proprietary systems);
obtaining sufficient training data for
Al; conservative industry acceptance
due to safety/quality risks.

Handling the complexity of Al models
(verification and validation of Al-
driven decisions for safety-critical
welds); managing data security and
standardization across IoT devices;
maintaining human oversight and
expertise in an Al-dominated process
(avoiding over-reliance on
automation); workforce upskilling to
work alongside intelligent machines

[2].

The above comparisons show an overall
shift: from fixed automation to adaptive
intelligence in welding robotics. To realize this
shift, cooperation between welding engineers,
Al and control system experts will be required
in order to achieve safe, efficient and user-
friendly solutions. Industries with high
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regulatory barriers, such as aerospace or oil &
gas, may be more conservative and require Al
applications to show consistently high-quality
results at scale. High-volume industries such
as automotive may adopt these new
technologies earlier on, since potential cost

savings may be larger.
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Case studies already show the benefit of
Al a case study found fewer weld defects and
more consistent welds when using an Al-based
feedback control [4], and another reduced
programming time by 40% using Al-assisted
path planning [2].

Robotic welding systems are expected to
be fully integrated in smart manufacturing in
2025-2030. They will be able to learn and
autonomously adapt in real-time. Human
operators will be responsible for mainly
supervision, training and personalization. This
development has the potential to mitigate the
shortage of skilled workers and can further
increase safety. Better understanding the
current limitations may help to guide the Al
development, so that in the future, welding
control systems are truly smart, robust and
reliable.

Conclusion

We presented an overview of the
development of intelligent controls for
welding robots from the early first automatic
devices to the state of the art of today with Al-
based approaches. Neural networks, fuzzy
logic, and genetic algorithms have been
successfully used to find optimal process
parameters and support human decisions to
enhance weld quality and process efficiency
[2]. However, most current systems can still
only execute predefined procedures with
simple feedback from physical sensors.
Advanced applications of Al for closed-loop
control to operate in real-time are still the
exception.

Al represents a major opportunity but also
a big challenge for the future of welding robot
controls. On the one hand, there are exciting
new capabilities with the novel technologies,
such as real-time weld defect detection and
classification with deep learning vision
systems [3], dynamic path planning and
parameter adjustment with reinforcement
learning, or collaborative operation with other
robots and human operators as IoT-enabled
multi-agent systems [5]. On the other hand,
there are important open questions for a
reliable implementation to be able to deploy it
industrially. These include the generalization
of Al models to different welding conditions
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[3], the necessary computational speed for
real-time operation [1], or the interpretability
of the Al-based decision-making for proper
human supervision.

The potential benefits from further
development of intelligent controls for
welding robots are huge. Near 100% weld
quality with very low defect rates could be
achieved for significant cost savings and
improved product quality. Intelligent robots
could be adapted more easily for different
production scenarios, thus mitigating skilled
worker shortages or reducing safety hazards
by reducing human exposure to welding tasks.
In addition, Al-based optimization of material
and energy consumption can support
sustainability goals.

However, risks such as the over-reliance
on Al without adequate validation and error
handling measures leading to unexpected
failures must not be neglected. The associated
need for appropriate standards and workforce
training must also be taken into account in due
time. By 2030 we expect welding robots with
Al elements to usually operate autonomously
by learning and adjusting while human
operators will transition to supervisory and
training roles. We view this development as a
major advancement towards achieving fully
autonomous manufacturing capabilities in
welding robots.
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IHTENEKTYANIbHI CUCTEMW KEPYBAHHA 3BAPIOBAJ/IbHUAM
POBOTOM HA OCHOBI LUTYYHOIO IHTENEKTY: NOTO4HI
TEXHONOTNIYHI AOCATHEHHA TA NEPCNEKTUBU MAMBYTHbOIO
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AHoTauif. 3 MeToo NigBULLEHHSA PiBHSA aBTOMaTM3aLii, cTabinbHOCTI NpoueciB i AKOCTi 3BapHMX 3'€AHaHb
Yy CyvacCHil NpPOMMCNOBOCTI aKTMBHO BMPOBALKYETbCA KOHUEMLIA iHTENeKTyanbHOro KepyBaHHA
3BaploBaHHAM. Y CTaTTi MpoOaHani3oBaHO MNOTOYHMIM CTaH PO3BUTKY TEXHOJOrIA 3BapoBasibHOI
aBTOMaTM3aL,ii Ta OKpecs1eHO OCHOBHI HaNpPAMM iX eBOAOLTi Ha HalNbAMXKui N'ATb pokKiB. Ocobnumsy yBary
NPUAINEHO 3aCTOCYBAaHHIO METOZIB LUTYYHOrO iHTENEKTY, TaKMX AK €KCNepTHi CMCTEMM, HEYiTKa NOriKa,
aNropuTMM  MalUMHHOMO Ta T[/MBOKOrO HaBYaHHA, a TaKoX Komn'toTepHuit 3ip. Ui nigaxoan
BUKOPUCTOBYHOTLCA ANA ONTMMI3aLIii NapameTpiB NpoLecy, MOHITOPUHIY CTaHy 3BapOBA/IbHOI BaHHMU,
BUABNEHHA AedeKTiB y perMmi peanbHOro 4acy Ta NigBULLEHHA TOYHOCTI ¢opmyBaHHA wsea. lpoTe
GinbWicTb iCHYHOUMX pilleHb 3aAMWAOTbCA By3bKOcCneuianisoBaHMMKW, He 3abe3neyyounm MNOBHOI
iHTerpauii miXk etanamm nNiAroToBKWM, BMKOHAHHA Ta KOHTPO/IKO 3BapltOBaHHA. 3HauyHoOW MNpobnemoto
3a/IMLIAETbCA OOMeXKeHa 34aTHICTb CUCTEM NPALIOBATU B OHNANH-PEXUMI Ta aganTyBaTUCA 40 3MiH YMOB
npouecy, TakMX AK KOJIMBaHHA TemnepaTypu, NONOMKEHHA aeTani abo HecTabinbHicTb gyrn. Y craTTi
NiAKPECNIOETBCA BAMK/IMBICTb PO3BUTKY OHMIAMH-aJAaNTUBHOIO KepyBaHHA Ha OCHOBiI 6araTOCEHCOPHMX
OAHUX | WTy4YHOro iHTENeKTy. 30Kpema, pPO3rNAfatoTbCA MNEPCneKkTUBUM BUKOPUCTAHHA FMBOKOro
HaBYaHHA A4NA aHanNi3y BiAEONOTOKIB i TepMmorpadiyHMx 306parkeHb 3BaprOBaIbHOI BaHHM, LLO A03BONSE
34iMCHIOBATU aBTOMATUYHE pery/aloBaHHA MapameTpiB y peasibHOMY 4aci. 3acToCyBaHHA HaBYaHHA 3
NigKPINIEeHHAM BigKPMBA€E HOBI MOXAMBOCTI A8 ONTUMI3aL,ii TPAEKTOPIN pPyXy 3BaproBanbHUX POBOTIB i
Bnbopy cTpaTerii 3BaptOBaHHA B YMOBAx HeBM3HauyeHoOCTi. Kpim Toro, BMpOBaAMKeHHA TEXHOJOTriM
IHTepHeTy pedveirt (loT) pae 3mory cTBOpHOBATU iHTErpoBaHi MepexKi CeHcopiB i NPUCTPOIB, AKi
O6MIHIOIOTbCA AaHMMK ana nobynosu UMdpPoBUX ABIMHMKIB 3BaptoBasibHUX MpoLeciB. 3BaptoBasbHa
aBTOMATM3aLiA MOXe 3HAYHO MOKpaWwMTUCA B ePeKTUBHOCTI, FHYYKOCTi Ta SAKOCTI 3a [AOMNOMOrot
BUKOPUCTAHHA umux Al-TexHosorin. Lle nos’A3aHO 3 MOKAuMBICTIO 6e3neyHoi cnisnpaui 3 AOAUHOLD,
aBTOMaTMYHOT aganTaLii 40 3MiH cepefoBULLLA Ta NPOrHO3yBaHHSA Ta 3anobiraHHA aedeKTam.

KniouoBi cnoBa: iHTeneKkTya/bHe KepyBaHHA 3BaploBaHHAM, PO6OTM30BaHe 3BapPlOBAHHA, LWTYYHUN
iHTenekT (LUI), malumMHHe HaBYaHHSA, rMBOKe HaBYaHHA, aBTOMATM3aLLis 3BaploBaHHS.
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3B’A3KY 1 BM3HAYeHO iXHi 0bMeXKeHHs LWoa0 3abe3neyeHHA ro/IoCoBOI KOMYHIKaLLT B peanbHOMY Yaci, Wo nigkpec-
NIOE HeobXxiaHicTb Po3pobKK cneuianizoBaHOi apxiTeKTypu. Po3pobneHo nporpamHe 3abesnevyeHHs, WO peanisye
MapLpyTM3aLito, o6pobKy rosiocoBMx NakeTiB, KepyBaHHA nepegayelo gaHux i BigobparkeHHa Tononorii yepes Be-
6iHTepderic Ta MQTT. CTBOpPEHO NPOTOTMNM BY3AiB i WAO3Y, AKi 3abe3neyvytoTb cTabinbHy nepegadvy AaHux y b6ara-
TOXOMOBIN meperKi. EKcneprmeHTanbHi AoCNigKeHHA NiATBEpPAMAM NpaLe3faTHICTb KOMMIEKCY, NPUNHATHI 3aTpu-
MKW, CTiMKiCTb 4,0 3MiH TONONOTii Ta MOXAUBICTb NiATPMMKM FOI0COBOr0 3B’A3KY Ha AucTaHuiax go 200 meTpis. 3a-
NPONOHOBAHE pPilleHHA AEMOHCTPYE MOXK/IMBICTb NOOYA0BM aBTOHOMHMX CUCTEM F0/I0COBOI KOMYHIiKaLii gna ymos
obmerKeHOT iHGPACTPYKTYpU Ta MOXKe CAyryBaTM OCHOBOI AJ/15 NMogasiblioi onTumisaLii Ta macwTabyBaHHA mesh-

MepexK.

KnwouoBi cnoBa: mesh-mepexka, npoTokon maplupytusadii, nepudepinHuin iHTepdpenc, MiKpOKOHTpPoAEp, TPaHCK-

Bep.

Beryn

VY cydacHUX yMOBaxX HECTaOUIBHOCTI 1H-
bpacTpykTypH 3pocTae norpeda y nereHrpa-
JTI30BaHUX CHCTEMax 3B’s3KY, 3/IaTHUX 3a0e3-
neyyBaTH CTIMKY miepemady iHdopmaiii 0e3
JOCTYIY JI0 IEHTPaIbHUX BY3miB. Tpaguiiitai
TEXHOJIOT1T TOJIOCOBOTO 3B’SI3KY (MOOLIBHI
mepexi, VolP, pamiocranmii TOII0) MarOTh
OOMEeXEeHHS I0AO0 MOKPUTTS, €HEePrOCHOKH-
BaHHsI, HAJIHOCTI Ta 3aJIKHOCTI BiJI IICHTpa-
J130BaHUX CHUCTEM KEpYBaHHS.

Mesh-mepesxi 31aTHI YCYHYTH 11 HEOJi-
KM 3a paxyHOK CaMOOpraHizaiii Ta camoBij-
HOBJICHHSI, TIPOTE ICHYIOUI peastizalii rnepesa-
JKHO OINTHUMI30BaHI 70 Mepeaadi JaHuX, a He
roJocy B peanbHOMY 4aci [1].

Bucoka 3atpumka, BapiaTHBHICTH MapIil-
PYTY, 3aJI€KHICTh SKOCTI BijI KUIBKOCTI XOIIiB 1
BIJICYTHICTB arapaTHO-IIPOTPAMHUX KOMILIEK-
CiB, cIeLiaJbHO aJalTOBAHHUX ITi[ TOJI0COBHI
Tpadik, CTBOPIOIOTH  HAyKOBO-TIPAKTUYHY
npobiieMy, 10 MOTpedye BUPIIICHHS.

AHaNi3 OCTaHHIX AOCTiIXKeHb i myO.ri-
KaLin

VY cydacHuX myOmiKamisx 3Ha4yHa yBara
NPUAUBIETBCS  apXITEKTypaM  0e3pOTOBHUX
mesh-Mepex, MPOTOKOJIaM MapIIpyTU3amii
(OLSR [1], AODV [2], DSR [3]), nutanuam
camooprasizamii Ta amanraiii A0 3MiH TOIO-
norii. JlocimKkeHHs 30CepeKYIOThCSl Ha Bila-
ctuBocTsx WMN (Wireless Mesh Network),
eHeproe(eKTUBHOCTI,  MYJIbTUKAHAIHHOCTI,
Ha/AIHHOCTI JTOCTAaBKM Ta ONTHUMI3allii Mapii-
pyTiB. 3HaUHMI 0OCAT POOIT MPUCBIYECHO BH-
kopuctanHio LoRa-texnomoriii [4] 1 WiFi-
MOAYJIIB y MAaJIOMOTYXHUX Mepexax [7], a
TaKOX OI[IHIOBAHHIO MOJIMBOCTEH JeIleHTpa-
mi3oBaHUX pimeHb [8], Takux sk OpenMesh,
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goTenna Mesh, FireChat i Commotion
Wireless.

BonmHouac aHamiz JpKepen IMoKasye, Mo
NUTaHHS Tepefadi TrojocoBOro Tpadiky y
WMN  pO3KpUTO HEAOCTATHHO: OUIBIIICTH
MoJIeJiell Opi€EHTOBaHI Ha MaKeTHUH Tpadik
IoT-cucrem [9], a He HA HU3BKOJATEHTHI TO-
nocoBi motoku [10]. BigcyTHiil KOMIUIEKCHUI
MiJIXi7, 0 OAHOYACHO OXOIUTIOE arapaTHy
YaCTUHY, MEPEKEBI MIPOTOKOJIM Ta MPOrpaMHi
QITOPUTMH, IO 3a0€3MeUyITh CTaOUTbHUN
TOJIOCOBUH 3B’SI30K Yy JUHAMIYHHMX 0araToxo-
MOBHX MEpEkKax.

OTtxe, iCHye noctaTHsS HaykoBa 0Oasza B
chepi mesh-mepex [5], mapmpyruzarii, 6a-
JAHCYBaHHS KaHAJIB 1 cTaOUIbHOCTI mepenayi
JTaHUX, aje Opakye NUTICHUX pillleHb, SKi aja-
NTOBaHI MifJl TOJIOCOBUI Tpadik 3 ypaxyBaH-
HSM TPAaKTHYHUX OOMEXeHb (eHeproeheKTH-
BHICTb, IPOCTOTA BY3JIiB, CTAOUIBHICTh MapIiI-

pyty, latency).

DopMyJII0BAHHA HIJIeH CTATTI

3 orysiy Ha BUSIBJIEHI MpoOjeMu Ta aHa-
713 HayKOBHUX MyOIiKaiii, BH3HAYEHO TakKi
3aBJIaHHS JOCTIKCHHS:

1. Hocmimutu 0coOGIMBOCTI (PYHKITIOHY-
BaHHS mesh-Mepex, iX 31aTHICTb MIATPUMY-
BaTH TOJOCOBHM Tpadik, a TaKOX YUHHUKH,
[0 BIUIMBAIOTh Ha SKICTh TOJOCY B YMOBax
0araTroxoroBoi MapIIpyTH3aIIii.

2. IlpoanamnizyBatu iCHYIOYl pIlICHHS
JUIS IELIEHTPaIi30BaHOr0 3B’ S3KY Ta BU3HAYU-
TH 1X OOMEXEHHsS MI0J0 3a0e3MeYCHHS TOJ0-
COBOI KOMYHIKaIlii B peaJlbHOMY 4aci.

3. O6rpyHTyBaT BUOIp amapaTHUX MO-
nyiniB (ESP8266, RFM95, Arduino Nano) ans
moOy/IOBU TMPOrPAMHO-AMAPaTHOTO KOMILIEK-
cy Ta chopMyBaTH BHUMOTH JI0 WOTO apXiTEK-

TYpH.

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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Pucynok 1 — CtpykrypHa cxema Tunosoi Mesh-mepeski

4. Pospobutu mporpamHe 3a0e3rnedeHHs
JUIS KepyBaHHSA MapIIpyTH3ali€r, 00poOKoro
TOJIOCOBUX TAKETIB, 3B’ 3KOM MIXK BY3JIaMH Ta
Bi3yaJli3ali€lo TOMOJIOTI] MEepexi.

5. CTBopuTtH mpoTOTHUIl BY3JIiB mesh-
Mepexi Ta MepexeBoro HUT3y, 1o 3abdesmne-
qye repeaqy rojocy.

6. IlpoBecT eKcHepuMEHTalIbHI JOCHi-
JDKEHHS pOOOTH KOMIUIEKCY: BH3HAYUTH 3a-
TPUMKH, CTaOUIBbHICTh MapuIPyTy, SIKICTh T'O-
JIOCY Ta CTIHKICTh MEPEXKI JI0 3MiH TOTIOJIOT].

7. ChopmyBatu pekoMeHAAIl MO0 Of-
TAMi3alii 1 MacmTabyBaHHs Po3po0IeHOl CH-
CTEMHU.

OCHOBHMI TEKCT CTATTI

[Tpuknan TumoBoi Mesh-mepexi HaBene-
HO Ha puc. 1.

DyHKITIOHYBaHHS JEIEHTPaTI30BaHUX
0e3apoToBUX mesh-Mepexk TIPYHTYEThCS Ha
3MATHOCTI KOKHOTO BY3Jla OJHOYACHO BHKO-
HYBaTH POJb IeperaBaya, MmpuiiMada Ta pe-
TpaHCIIATOpa JaHUX, M0 3abe3medye Oararo-
XOIIOBY MapIIpPyTU3aIlil0 Ta BiIMOBOCTIHKICTh
TOMOJIOTi1. AHaJi3 0COOIMBOCTEN Takoi apXi-
TEKTYPH CBIIYMTB, IO MiATPUMKA FOJIOCOBOTO
Tpadiky MiJHIMAE BHUMOTH 10 CTallIBHOCTI
MapuIpyTy, MIBHIKOCTI MepeOyIoBH Mepexi
Ta 3aTpUMOK. Ha sIKicTh T0JI0COBOi KOMYHIKa-
il BIIMBAIOTHL TaKli YMHHUKH, SIK KIIBKICTH
MPOMDKHHUX XOITB, PIBEHb CHUTHAIy MK BY3-
JaM¥, 3aBaHTAXCHHs KaHay, MBUIKICTh TO-
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BTOPHOTO BHOOPY MapuIpyTy Ta MOXKJIUBICTH
JIOKaJIbHOI O00pOoOKHM TmakeTiB. Y Mepexax
LoRa, saxi 3a0e3neuyroTh 3HAYHY MabHICTH
3B’A3KY, NPOITYCKHA 37aTHICTh € OOMEXEHOIO,
OJIHAaK CTaOIIBHICTh KaHATy Ta BHCOKA UYTJIH-
BiCTh MpHiMaya KOMIICHCYIOTh IIi HEIOJIIKH B
JEIEHTPATI30BaHUX YMOBAX.

VY GesnepepBHOMY peXHMI MpUHOMY Ja-
HUX TpaHCUBEP IOCTIHHO NIyKae mpeamOymy
Ta CUTHAJM CHHXPOHI3alii, HEe 3yMUHSIIOYNUCH
(puc. 2). lle#t pexxuM BUKOPHUCTOBYETHCS, KO-
JIM TOTP1OHO MOCTIHO MOHITOPUTH KaHAJ ISt
OTpPHMaHHS TaKETiB, HANPUKIAA, Y BHITAJIKY
paniocTaHIiii, sKi MPalIOIOTh Yy MOXKEXKHIN
OXOpOHI abo MeauyHoMy oOJaaHaHHI. Y
[IBOMY PEXHMI MaKeTH MpUHMArOThCs 0e3 Ime-
pEepUBaHHSI, TOMY KOPUCHE HaBaHTa)KEHHS T10-
TpibHO BUTATYBaTH 3 FIFO Oydepa 3acobamu
TIPOTPaMH.

IIpu 1mpoMy peectpu KOHiryparii He
MOJKHAa 3MIHIOBaTH, TIOKH TPAHCHBEP 3HAXO-
IUTHCSA B I[bOMY PEXHMI, 1 IEpEepUBaHHS BH-
KITUKAIOTHCS JIMIIE y BUMAIKy OTPUMAaHHS T1a-
kety 3 npaBunbHUM CRC. Lleli pexum notpe-
Oye O1IBIIOT KITBKOCTI €Heprii, OCKIIBKH MO-
JIeM TIOCTIHO nepedyBae B peKuMi puiiomy.

[TopiBHAHHS 3 ICHYIOUMMH PIIIEHHSIMHA
JIEMOHCTPY€E, 110 MOIIUPEH] CHCTEMH JIEIIeHT-
paizoBaHOTO 3B’S3KYy OPIEHTOBaHI TMEpeBax-
HO Ha Iepenadyy TEKCTOBHX a00 HEBEIMKHUX
JTaHUX 1 HEe 3a0e3MeuyloTh HeOOXITHOT SKOCTI
pOOOTH ISl TOJIOCOBHX MOTOKIB y PEATbHOMY
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Pucynok 2 — biiok-cxema anroputmy npuiiomy naketry B LoRa

yaci. IX OOMEKEHHS CTOCYIOThCA HEIOCTaT-
HBOI TPOMYCKHOI 3/aTHOCTI, HECTaOUTLHOCTI
MapumipyTu3aiii mpu 301UTbIIEHH] KUTBKOCTI
BY3JIiB, BUCOKHMX 3aTPUMOK, a TaKOX BIJICYyT-
HOCTI amapaTHUX PillleHb, SKi O BpaxOByBaJId
cnenudiky TOJOCOBUX IMakeTiB. TakuM 4Yu-
HOM, BUHHKA€E MOTpeda y CTBOPEHH1 KOMILJICK-
CHOTO pillIeHHs, siIke O MOEIHYBAJIO MepeBaru
LoRa Ta Wi-Fi y mexax omniei mepexeBoi
apXiTEeKTypHu.

OOrpyHTyBaHHSI BUOOpY amapaTHUX MO-
JYJTIB € BOXJIMBUM €TanoM (popMyBaHHS apXi-
TekTypu cuctemu. Arduino Nano 3a6esrneuye
HU3bKE €HEPTrOCIIOKUBAHHS I TOCTATHIO MPO-
JTYKTUBHICTH JUIsi OOpOOKH TakKeTiB, poOOTH 3
nepudepiero Ta KepyBaHH: LoRa-
TpancuBepoMm. TpancuBep RFM95 BuOGpanmii
3aB/ISIKM BHCOKIM YYTIMBOCTI, BEIHMKOMY pa-
Jiycy Aii Ta MOXKJIMBOCTI pOOOTH B Cepelo-
BUIIAX 13 MEPELIKOIaMH.

Jnst peanizariii MuTr03y BUKOPUCTAHO MO-
nyns ESP8266, mo migrpumye Wi-Fi, mae
BOy/OBaHy (halIOBy CHUCTEMY, MOXKE IMpaIlto-
BaTH SK TOYKa JOCTYIY Ta JIO3BOJISIE OpraHi-
30BYBaTH Bi3yajizalito Mepexi depe3 BeOiH-
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tepdeiic. Taka koH]iryparist 3ade3nedye mo-
enHanHs nanekonii LoRa ta mmpmmx mepe-
xKeBux MoxiuBocTet Wi-Fi.

[Iporpamue 3a0e3nedyeHHs KOMILIEKCY
po3po0JeHO 3 ypaxyBaHHSIM HEOOXiTHOCTI
00pOOKH TOJIOCOBUX IMAKETIB Yy PEXHMIi pea-
JBHOTO dYacy, MIATPUMKHA MapIIpyTH3aIii Ta
KepYyBaHHS B3aEMOJI€I0 M)XK BY3JIaMHU.

PeanizoBano moaysmi 11t poOOTH 3 1HTED-
¢eiicom SPI, npaiiBepu Tpancusepa RFMO5, a
TaKOXX CTPYKTYPH JNaHUX JUIS MapIIpyTH3aIlii
Ta JIOKAJBHOTO 30€peXeHHS IMapaMmeTpiB y
EEPROM. Moayns g ESP8266 Bxitouae
¢aiinoBy cucremy, Bedbcepep, MQTT-kiieHT
Ta MEXaHI3MH TPUHOMY 1 OOpOOKH Mepexe-
BUX KoMaH. 3aBasaku HasBHocTi MQTT mo-
JKJIIMBA IIEHTpali30BaHa Bi3yalli3allis TOTOJIO-
rii Ta MOHITOPUHT poOoTH By31iB. Cxema po-
0OTH MPOTrpaMHO-aNapaTHOTO KOMILIEKCY 30-
OpaxxeHa Ha puc. 3.

Jlnst mepenayvi maHux 3a gornomoror SPI-
iHTepdeiicy no TpancuBepa RFM95 crouaTtky
MOTPIOHO HaNAIMTyBaTH IHMHY. Y Oi0miorerri
RadioHead noctymna mporpamHa emymsiis
SPI, o mo3Boise MiAKIIOYATH TPaHCUBEP

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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Pucynok 3 — 3araabHa cxemMa po0oTH MPOrPaMHO-aNapaTHOT0 KOMILJIEKCY

10 Oyab-sikoro 3 14 nmudpoBUx MOpPTIB BBOIY-
BuBONYy Ha miaatdgopmi Arduino Nano Kpim
RX Ta TX, saxi 3aiHgari mmHo0 UART

(puc. 4).

// Iniyianisyemo TpaHcusep Ta nepegaemo iiomy obpawy acToty
- 1f(rf95.init()) {
Serial.println("RFM3SW Module Init OK!");
» } else {
Serial.println("RFMISW Module Init Failed!");
}

rf95.setFrequency(915.0);

/[ MepesusHayaemo niku gna ninii DIOB Ta SS
rf95,setPins(RFMI5_CS, RFMIS_INT);

Pucynok 4 — Ininiamizanisi rpancuBepa

Takox y TpancuBepa € minis DIOO, sky
BUKOPUCTOBYIOTh JJIsl HAJCWJIAHHS Tepepu-
BaHb MIKpOKOHTpoJepy. [Ipu orpumanHi me-
pEpUBaHHS, MIKPOKOHTPOJIEpP MPU3YIHHSIE
BUKOHAHHS MpOrpaMu Ta 00pooiste itoro. s
nepenanamrysanns JiHiii DIO0 ta SS, mox-
Ha BUKOPUCTATH KOHCTPYKTOp Ha IOYATKY
POTPaMH.

Ha ocHOBi po3po0sieHOT0 amapaTHOTO Ta
IPOTPAMHOTO 3a0€3MeUeHHs] CTBOPEHO MPOTO-
TN BY3JMiB mesh-Mepexi Ta MeEpeKeBOro
nuto3y. Bysnu 3abe3neuyioTs mpuiioM 1 Tie-
penauy LoRa-makeriB [6], BU3HA4arOTh J0C-
TYHUX CYCiiB 1 (OopMyrIOTh MapIIpyTH.
[IInr03, y CBOIO Yepry, M03BOJISIE IHTETPYBATH
Mepexy B JIokasbHe cepenoBumie Wi-Fi, Bec-
TH JKYpHAJI MO 1 BiqoOpa)kaTH TOTIOJIOTIIO B
PEXHMI peaNbHOTO Yacy.

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

VY npoexTi 31 cTBOpeHHsIM Mepexi WMN
wiatpopma Arduino Nano BUKOPUCTOBYETHCS
s iepenayi iHGopMarii mpo Tabiuiro Map-
mpyru3amii go o3y B ¢opmari JSON-
00’exTiB. [y mepenavi 1uX JaHUX BHKOPHC-
TOBYETbCS TOCTIOBHUM iHTepdeiic, skuit
MOXXHa peani3yBaTh 3 BUKOPHUCTAHHIM 010:i-
otexku SoftwareSerial. Il 6i0mioTeka g03BO-
JIsi€E CTBOPIOBATH J0JIATKOBI TOCIITIOBHI MIOPTH
Ha 1upoBUX BXoAax-Buxojax Arduino
Nano, MmO mNpampTh HAa MIBUAKOCTI 0
115’200 G6on. Takox B GiGmiorer nependa-
YeHO MapaMeTp, M0 J03BOJISIE IHBEPTYBAaTH
CUTHAJ /I PHUCTPOIB, IO MPAIIOIOTh 3 1H-
BEPTOBAaHWM CHTHAJIOM. 3aBJSIKU Ik 010J110-
TEelll MOXKHA TepeaaBaTH JaHi BiJl MiAKIIOYe-
HUX MIPHUCTPOIB J0 NITI03Y Yepe3 MOCIiT0BHUH
iHTepdeiic, MO € BOKINBUM €IEMEHTOM IS
ycminrHoi po6otn mepexi WMN.

Bukopucranss Bisyanizaiii B pealbHOMY
yaci 703Bosie To0aunT (POopMyBaHHS Ta Tie-
peKOHQITYpYBaHHS MEpPEkKi Ta CTaH 3B'SI3KY
MDX By3JaMu (puc. 5).

Pucynoxk 5 — Bizyanizanis Mesh-mepe:xki

3 TPbOX BY3JIiB
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KepyBaHHA 6antamu

Moo Budigati noToite Gadte | sianpasetat CxAA DuBB 0eCC OnDD OnEE
i

KepyBaHHA KHONKamu

MESH MYNLTA

Jlinii MiX By3JaMu NpeJCTaBJIeHI SIK CY-
[UTBHI JTiHIT, 110 03HAYAIOTHh MPSIMUN 3B'S30K,
Ta JIHIT 3 TOYKaMH, 110 03HAYAIOTh HETIPSIMHMA
3B's130k. Komip minii BinoOpaxkae By3011, sIKUi
3MIMCHIOE MapIIPYTH3aIlil0, a YHUCIO BKa3ye
piBeHb cHUTHANY MiX By3namu. Kpim Toro, Bi-
JICTaHb MK By3JIaMU TIPOMOpIIiifHA CHJIl CHUT-
Hayry. CHHI TOYKM Ha JIIHISX BKa3ylOTh Ha He-
MPSIMUH 3B'SI30K Yepe3 1HII BY3JIH MEPExKi.

Iarepdeiic Mesh-monyns miaTpumye 1Ba
Ccrocobu KepyBaHHS: 3a JOMOMOIOI0 BOCBMH
KHOTIOK, IO J03BOJISIE BMHUKATH JIMIIE OJIHE
HaBaHTa)keHHs, Ta «back end» Ta «front end»
JUISL MEPEKEBOTO LUTI03Y, KU JT03BOJISIE TIE-
penatu Oyab-sky kombOiHarito. Kpim TorO,
MOYKHa TPU3HAUYUTH OyAb-KUU ieHTH(iKa-
TOp Ui TpHiiMaya, 3a 3aMOBUYBaHHSIM II€
«back end» ta «front end» mist MepexeBoro
U103y 3 1HTYiTHBHOIO KoMOiHamiero OxFF.
BukopucToByl0YM 1HTEPAKTUBHUN KOHCTPYK-
TOp BEOCTOPIHOK IILTIO3Y, MOKHA HaJIalTyBa-
TH CBili crocid B3aeMOJIii 3 Mepexero (puc. 6).
Horo moxna BIIKPUTH KOMOIHAITIEIO KJIABiIll
Ctrl+M.

JSON-00'exT € Qopmarom 30epexeHHS
BUXIJTHOTO KOJAY CTOPIHKH. 3MIHIOIOYM LeH
KOJ, MOKHa J101aBaTu ab0 BUAAJSATH €JIEeMEH-
TH CTOPIHKH.

ExcriepuMeHTanbHl  TOCTIDKEHHS TIAT-
BEPAUIU  CTAOLIBHICTH pPOOOTH  MEpexi:
3B’SI30K yTPUMYEThCS Ha BIACTAHAX IO
200 meTpiB, MapmIpyTH 1epe0ya0BYIOTHCS
ABTOHOMHO, a Tepejavya JTaHUX 3aJIUIIAEThCS
KOPEKTHOIO HaBiTh 3a 3MiHM KOH]irypamii
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Ha ocHoBi oTpumaHux pe3ynbTaTiB co-
PMYJIBOBAaHO PEKOMEHJAIll MO0 MOAAIBIIOT
ONTUMI3aIlil: 3aCTOCYBaHHS OiMbII e(heKTUB-
HUX TOJOCOBUX KOJEKIB 13 HHU3bKOIO 3aTpUM-
KOIO, BUKOPUCTaHHS aJalTHBHOI MapIIpyTH-
3arlii 3 ypaxyBaHHSIM SKOCTI KaHaIly, BIIPOBa-
JOKEHHS METOJIIB TpiopuTe3allii rojlocoBOro
Tpadiky, TMiJBHUIICHHSI EHEProePeKTUBHOCTI
BY3JIiB Ta PO3IIMPEHHS CHCTEMHU MOHlTOpI/IHI‘y

Ky, pO3IMIUPIOBATH (PYHKITIOHAT 1 BIPOBAIKY-
BaTH JO0JAaTKOBI MOAYJi 0€3 iCTOTHHUX 3MiH Y
0a30Biii KOHpITYparlii.

BucHoBku

Po3pobnenmnii [IPOrpaMHO-aNapaTHUN
KOMIUIEKC J€MOHCTPYE MOXJIUBICTh CTBOPEH-
HS JICLIEHTPaTi30BaHOI CUCTEMH 3B’SI3KY, 3/1a-
TH01 3a0e3neuyBaTi CTaOUIbHY B3a€EMO/IIIO

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)



peX 1 MOXKIJIMBOCTI 1HTEPAKTUBHOI B3a€MOii
yepe3 MQTT rta BeGinTepdeiic.

KomOinariss amapatHux 1 TpOrpamMHHUX
pillleHs Jana 3MOTy peaizyBaTH THYUKY apXi-
TEKTYpy, 110 MATPUMYE TUHAMIYHY MapIIpy-
TU3aIli10, MOHITOPHHI CTaHy BY3JiB 1 ajanTta-
IiF0 Mepexi A0 3MiH Tomosorii. Cucrema ne-
MOHCTPY€ CTIHKY poOOTy, 3a0e3neuye KOpeK-
THE TMepeJaBaHHs JaHUX 1 37]aTHA CIYryBaTH
OCHOBOIO JIsl OpraHi3arlii ToJI0COBOTO 3B’ S3KY
B aBTOHOMHUX 200 MOOUTEHUX Mepexkax.

OTtpumaHi pe3ynbTaTH MiATBEPIKYIOThH
JOUIIbHICTE BUKOPUCTAHHS JICLIEHTPATi30Ba-
HUX mesh-Mepex M TOJOCOBHX CHCTEM
3B’A3Ky Ta BKa3ylOThb Ha MEPCIEKTUBU IMOAA-

Toeoes ma iH.

JBIIOTO PO3BUTKY, 30KpeMa BIOCKOHAJICHHS
QITOPUTMIB MapIIpyTU3allii, iHTerpamii cre-
MaTi30BaHUX KOAEKIB I CTHCHEHHS TOJIO-
COBUX JaHUX, IJIBUIIEHHS eHeproe(eKTHB-
HOCTI ¥ pO3IMIUPEHHS 3aC001B MOHITOPUHTY Ta
KepyBaHHS Mepexero. Cructema Mae MOTEHII-
aJ JuIs 3aCTOCYBaHHS B aBapiiHUX, MOJIBOBUX
Ta aBTOHOMHUX KOMYHIKaIlifHUX PIIICHHSX.
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Abstract. This article introduces a software and hardware system designed for organizing voice commu-
nication within a decentralized, multi-hop mesh network. This system was developed using Arduino
Nano and ESP8266 modules, as well as an RFM95 transceiver that operates based on LoRa technology.
Mesh topology features are investigated, particularly the factors affecting voice transmission quality,
such as delays, route stability, the number of intermediate nodes, and signal levels between them.
Modern solutions for decentralized communication are analyzed, and their limitations in providing real-
time voice communication are identified. This highlights the need for a specialized architecture. The
software implements routing, voice packet processing, data transfer control, and topology display via a
web interface and MQTT. Prototypes of nodes and a gateway have been created to ensure stable data
transfer in a multi-hop network. Experimental studies have confirmed the operability of the system, ac-
ceptable latency, tolerance to topology changes, and the capacity to support voice communication at
distances of up to 200 meters. The proposed solution shows that autonomous voice communication sys-
tems can be built in areas with limited infrastructure and could serve as a basis for further optimizing
and scaling mesh networks.

Keywords: mesh network, routing protocol, peripheral interface, microcontroller, transceiver.
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Kozlov at al.

Abstract. This paper explores the application of stochastic and intelligent modeling approaches for
enhancing the diagnostic and adaptive control efficiency of modern artillery systems. Particular
attention is devoted to stochastic models based on Markov chains, which enable the probabilistic
representation of state transitions, system degradation, and uncertainties affecting artillery
performance. In parallel, the study introduces a generalized fuzzy model capable of addressing critical
challenges such as barrel wear diagnostics, sight correction under uncertain conditions, optimization of
higher-level battery control by integrating environmental factors within the firing zone with per-gun
operating parameters, and automatic aiming drive regulation through the integration of fuzzy reasoning
with advanced control methodologies. The combined use of these approaches is shown to yield a
synergistic effect, where the predictive rigor of Markov models complements the adaptive decision-
making power of fuzzy logic. This integration offers a robust framework for increasing accuracy,
reliability, survivability, and operational efficiency in dynamically changing combat environments. The
results highlight the importance of hybrid modeling architectures in advancing next-generation artillery
systems and outline future research directions aimed at real-time implementation, large-scale system
integration, and experimental validation.

Keywords: artillery systems; diagnostics; automatic control; stochastic models; intelligent models;

Markov chains; fuzzy logic.

Introduction

Modern military conflicts worldwide, and
particularly the ongoing Russian—Ukrainian
war, have vividly demonstrated the decisive
role of artillery in contemporary warfare.
Artillery remains one of the most effective
means of delivering systematic, long-range
fire damage to enemy positions, serving as a
cornerstone for achieving tactical, operational,
and, in some cases, even strategic objectives
[1-3]. Its capacity for sustained firepower and
wide-area coverage ensures its
indispensability in shaping the battlefield
environment.

The recent integration of unmanned aerial
vehicles (UAVs) into reconnaissance and fire
adjustment  processes has  significantly
amplified the precision and effectiveness of
artillery operations [4]. UAVs provide near-
real-time intelligence and enable adaptive
targeting, thereby increasing the lethality and
efficiency of artillery fire. This synergy
between traditional artillery systems and
modern autonomous technologies marks a
fundamental transformation in the way fire
support missions are conducted.

Nevertheless, the intensive deployment of
artillery under combat conditions has exposed
a range of critical technical and operational
challenges. Issues such as accelerated barrel
wear, overheating of components, and the
degradation of aiming accuracy have
increasingly been reported [5, 6]. These
factors not only undermine the reliability of
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artillery systems but also reduce their combat
readiness during prolonged engagements. In
conditions where operational tempo is high
and uninterrupted functionality is crucial,
such vulnerabilities can critically affect
mission success.

At the same time, the existing diagnostic
and control methods employed for assessing
the technical state of artillery installations
remain inadequate. Many of these approaches
are limited by their lack of timeliness, reliance
on bulky auxiliary equipment, and
susceptibility to measurement errors, all of
which hinder accurate assessment of system
condition [6]. Such limitations complicate
preventive maintenance and timely decision-
making, ultimately reducing the operational
efficiency, shooting accuracy and resilience of
artillery forces.

Against this backdrop, there arises a
pressing scientific and practical need to
develop advanced diagnostic and control
methodologies that combine stochastic
modeling and intelligent approaches. These
innovations have the potential to ensure
higher accuracy in fault detection, improve
predictive maintenance, and enhance overall
system robustness under combat stressors. By
addressing the shortcomings of traditional
techniques, such models can significantly
contribute to strengthening the effectiveness
and survivability of artillery complexes in
modern warfare.
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Analysis of modern foreign and
domestic research and publications

Contemporary advances in artillery fire
control and system reliability have been
driven by the development of sophisticated
computational ~ methods and  modern
information technologies aimed at enhancing
accuracy, responsiveness, and operational
robustness. Precision trajectory prediction
using advanced ballistic models now relies on
specialized rapid-assessment algorithms that
facilitate on-site estimation and forecasting of
strike accuracy under variable field conditions
[7, 8]. Concurrently, purpose-built software
tools and geographic information systems
have been widely adopted to generate firing
tables and produce cartographic materials that
support commanders and  fire-control
personnel in planning and executing missions
with increased situational awareness [9—11].

A crucial avenue for improving both
accuracy and survivability of artillery units
lies in minimizing exposure time on firing
positions and enabling in-service diagnostics
of barrel wear and system degradation without
withdrawing the cannon from operational use.
Such improvements hinge on more effective
verification of shot outcomes — namely,
prompt confirmation of projectile impact or
precise assessment of deviation from the aim
point — which forms the basis for closed-loop
correction of subsequent firings [12].
Implementations of this concept typically
instantiate an information feedback contour
linking successive shots, whereby initial firing
parameters are adjusted iteratively and the
condition of the firing system is continuously
reassessed [13, 14]. Two canonical feedback
paradigms are commonly distinguished: the
“shoot-look-shoot™ loop for visible targets and
the “shoot-adjust-shoot” loop for concealed or
indirect engagements; both  approaches
require accurate determination of burst
coordinates, which complicates and lengthens
verification procedures.

To address the limitations of traditional
post-impact verification, recent work has
proposed and experimentally validated
methods for pre-impact shot verification that
operate prior to projectile impact or
detonation [15, 16]. These approaches exploit
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the registration of ballistic and acoustic
signatures generated by a projectile in flight,
captured via networks of spatially distributed
acoustic sensors. By analyzing the recorded
waveforms, it becomes possible to estimate
trajectory parameters in near real time,
thereby substantially reducing engagement
duration and ammunition expenditure when
compensating for stochastic perturbations
relative to conventional aiming procedures.
Moreover, such techniques enable in-flight
diagnosis of artillery system state, facilitating
maintenance interventions and tactical adjust-
ments without interrupting mission flow.

Despite these advances, significant
challenges persist in adequately accounting
for various sources of uncertainty that affect
artillery complexes: propellant degradation
and batch variability, deviations in projectile
mass, and progressive multi-component wear
of barrels and associated mechanical systems.
These uncertainties propagate through
diagnostic chains and control algorithms,
undermining the reliability of existing
assessment and decision-support methods and
limiting their applicability in high-tempo
operations. Consequently, purely
deterministic = models and  rule-based
procedures often fail to capture the full
spectrum of stochastic behavior observed in
operational environments.

Against  this  backdrop, stochastic
modeling and intelligent computational
paradigms emerge as promising frameworks
for robust diagnostics and adaptive control. In
particular, Markovian models offer a natural
formalism for representing probabilistic
transitions of system states under cumulative
wear and random perturbations, providing

tractable means for prognostics and
maintenance scheduling [17].
Complementarily, intelligent models
grounded in fuzzy logic enable the

formalization and processing of expert
knowledge under conditions of incomplete
and imprecise information, allowing for
linguistic rule-based reasoning and graceful
handling of ambiguity in sensor data and
human assessments [18].

In summary, the literature indicates a
clear trajectory toward hybrid methodologies
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that integrate rapid ballistic estimation,
distributed sensing (including acoustic and RF
modalities), and intelligent stochastic
modeling to enhance verification, diagnostics,
and closed-loop control of artillery systems.
The confluence of these approaches motivates
further research into novel methodologies,
models, and information technologies that can
reconcile probabilistic uncertainty with expert
knowledge, thereby improving the effective-
ness and resilience of diagnostic and control
processes in modern artillery complexes.

The primary objective of this study is
to conduct a comprehensive analysis of the
specific features and prospective applications
of stochastic models based on Markov chains
and intelligent models founded on fuzzy logic
for addressing the wide spectrum of
uncertainties that affect artillery complexes.
The research emphasizes the integration of
these modeling approaches into diagnostic
frameworks and adaptive control systems,
with the overarching goal of enhancing the
overall effectiveness, accuracy, survivability,
and reliability of artillery systems operating
under dynamic and uncertain conditions.

Main material

Markov chains in artillery diagnostic and
control systems. Most studies of combat
modeling have traditionally employed
deterministic frameworks. For example, the
works cited in [13, 19] propose models that
describe the behaviour of artillery units using
fixed, time-invariant parameters. While
analytically tractable, such deterministic
formulations neglect the inherently stochastic
nature of many operational variables,
producing simplified representations that can
markedly reduce the realism and predictive
fidelity of simulation results.

In contrast, stochastic approaches,
particularly those founded on Markovian
processes, offer a natural and powerful
formalism for modeling systems whose
parameters evolve randomly. Markov chains
permit explicit representation of probable
system states and the transition probabilities
between  them,  thereby  substantially
increasing model adequacy when studying
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diverse aspects of combat dynamics [15, 19,
20]. For instance, the model presented in [15]
accounts for random variability in projectile
velocity, reloading intervals, and the
probability of enemy detection. These
inclusions materially improve the model’s
capability to reproduce observed operational
outcomes. Similarly, the study reported in
[17] develops a stochastic framework for
analyzing the random processes associated
with repositioning towed artillery systems,
including transit times to firing positions, loss
of combat capability during movement, and
the attendant risks of detection and enemy
engagement in the route.

The main components of Markov
processes are the states of the system, the
transition probabilities between the states, and
external  disturbances that affect the
effectiveness of combat work. Fig. 1 shows
the Markov graph of states and transition
probabilities when changing the firing
positions of artillery installations.

Figure 1 — Markov graph of states and
transition probabilities taking into account the
transportation of cannons

In Fig. 1, the following notations are
introduced: 7, is the initial state of the system,
which corresponds to the initial position of the
battery, in a hidden position, before the start
of the task, with n combat-ready installations;
S, 1s the state of the system during firing with
n combat-ready installations.

The state transition matrix, which
describes the probabilities of transitions
between different states of the system (Fig. 1),

is presented in the form:
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t, t, - L, I, Lo
bu Pw - Pu Pu P
d Ly 0 . Py Py Py , M
ty 0 .o 0 pyopy
t, 0 .. 0 O 1

where #,; is the probability of transition from
state 7, to state S; (logistics operations); p;; is
the probability of transition from state S; to
state S; (combat operations); t; is the
probability of transition from state S; to state
T,. Since the battery cannot return to its initial
position (#; = 0), after completing combat
work, it always takes a new position.

In turn, the transition probabilities for

i=Il, ..., n are determined as follows:
Po=1-2p;; 2)
Jj=1

C/p'q™,if j<is
,., ={ ©)

0,if j>i,
where p/ is the probability of an effective shot

and successful transportation.
Moreover,

p’=p(l-s), (4)

where s is the probability of the battery being
hit by the fire of the enemy.
In turn, the probability p consists of:

P=DP,Dss ®)

where p; is the probability of a shot with no
disturbance in the form of chamber wear; p; is
the probability of a shot with no disturbance
in the form of barrel wear; p; is the
probability of a shot with no disturbance in
the form of charge uncertainty.

The probability of the influence of the
corresponding disturbance can be represented
as follows:

q=1-p; (6)
g, =1-p,; (7)
q;=1-ps; (8)
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n

tnn = 1_ Ztnj; (9)
Jj=1
tnj = Cl]t]f’ (10)
where 7 is the possibility of preserving the
effective usage of artillery after the
transportation process.
In turn,
t' = kkks; (11)
f=1-, (12)

where k; is the probability of barrel wear
during transportation, k, is the probability of
chassis wear during transportation,and k3 is
the probability of the installation losing its
combat capability under enemy fire during
transportation.

Herewith,
k. =1-¢, (13)

1

where ¢ is the time required to cover the route,
qi 1s the coefficient of influence of the i-th
factor per unit of time during transportation
along the selected route.

In general, this example illustrates how
Markovian and related stochastic models enable
more nuanced, probabilistically grounded
analyses that better reflect the uncertainties
inherent to modern artillery operations.

Intelligent models based on fuzzy logic in
artillery diagnostic and control systems.
Intelligent models founded on fuzzy logic
offer a promising avenue for enhancing the
autonomy and resilience of artillery systems
by providing a mathematically tractable
means to encode and process imprecise expert
knowledge and noisy sensor information; their
graded membership functions and rule-based
inference enable graceful handling of
ambiguous states (e.g., partial barrel
degradation, variable propellant performance,
or degraded wvisibility) that defy crisp
thresholding. In practice, fuzzy controllers
and decision-support modules can be applied
to adaptive fire-control tuning, progressive
shot-to-shot correction, target prioritization
under incomplete information, and in-situ
fault diagnosis, while preserving
interpretability, an essential property for
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Figure 2 — Generalized fuzzy model for diagnostics and control of artillery systems

operator trust and human-machine teaming.
Hybridizing fuzzy architectures with data-
driven techniques (such as online learning,
evolutionary optimization of membership
parameters, or integration with Markovian
prognostics) allows these systems to refine
rules and adapt to evolving wear patterns and
environmental conditions, supporting
predictive maintenance and improved mission
endurance. Furthermore, when embedded in
multi-sensor fusion frameworks, fuzzy models
facilitate the assimilation of heterogeneous
signals (acoustic, RF, inertial, thermal) into
compact, actionable assessments of system
state and engagement quality. Realizing these
prospects requires rigorous methods for
systematic rule elicitation, robust parameter
tuning, computationally efficient implemen-
tations for real-time operation, and extensive
validation with field data; nonetheless, the
combination of robustness to uncertainty,
adaptability, and explainability positions
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fuzzy-based intelligent models as a strategically
valuable component of next-generation
artillery diagnostic and control systems.

The functional structure of the
generalized fuzzy model for implementation
of diagnostics and control processes of
artillery systems is shown in Fig. 2, where the
following abbreviations are wused: SPO
Mechanism is the mechanism of structural-
parametric  optimization; FB is  the
fuzzification block; FIE is the fuzzy inference
engine; AGG is the aggregation block; ACT is
the activation block; ACC is the accumulation
block; DFB is the defuzzification block;
X1, X2, +.., Xiy ..., X, are the fuzzy model’s input
variables; yi, y2, ..., Vj, ..., ym are the fuzzy
model’s output variables; Sis the vector of
structure variants of the fuzzy model; P is the
vector of parameters of the fuzzy model; Q is
the vector of output variables of the artillery
installation, complex, battery, firing zone, or
operational environment, that are used for
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structural-parametric
fuzzy model.

The presented generalized fuzzy model
implements the following dependence [21]

Y = fi5(X),
Y=V V05w Vs Vi)

X=(X,Xy5000s X500y X)),

optimization of the

(14)

where X is the vector of n input variables x;,
X2y «vey Xiy ..., Xp; Y 18 the vector of m output
variables yi, y2, ..., Jj, ..., ym of the fuzzy
model.

The FB defines the degree of membership
of the numerical values of all n input variables
of the vector X to the corresponding fuzzy
input linguistic terms of the model [21]. The
FIE, in turn, based on fuzzified signals and
received data from the rule base sequentially
performs the operations of aggregation,
activation, and accumulation [22].

The rule base includes a set of rules made
up of specific antecedents and consequents.
So, for example, to implement functional
dependence (14) by the fuzzy model, using
the corresponding linguistic terms, one of the
rules for any variable x; (i = 1..n) or
v (j = 1...m), can be represented by (15) [21]

IF “x, = 4” AND “x, = 4,” AND ...
AND “x, = 4”... AND... AND “x =4~

THEN “y, =B AND “y, = 8,” AND ... 1°)
AND “y, =B,”... AND... AND “y, =B, ",

m

where A4, As, Ai, An, B1, By, B;, By are the
corresponding linguistic terms of the input
and output variables of the model.

The DFB converts the consolidated fuzzy
inference into a clear numerical signal for
each j-th (j =1, 2, ..., m) output variable [22].

Moreover, the presented fuzzy model can
be developed in the automated mode using the
built-in mechanism of structural-parametric
optimization (SPO). Herewith, the given
mechanism should determine such vectors of
structure options S and parameters P, which
will ensure sufficiently effective use of the
model for solving the stated problem
(diagnostics, correction, or automatic control).
At the same time, the efficiency of the fuzzy
model can be assessed using a specified
objective function, which is calculated based
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on the obtained values of the vector of
measured output variables of the artillery
complex, outlined firing zone, or the
operating environment Q [21].

The presented intelligent model based on
fuzzy logic is most appropriate for solving the
following complicated problems of modern
artillery systems:

1) robust diagnostics of barrel wear for
individual cannons by fusing heterogeneous
modalities (visual inspection data, acoustic
emissions recorded during firing, and
measured muzzle velocities);

2) sight correction and ballistic
compensation by explicitly accounting for
stochastic  perturbations  (deviations in
projectile mass, progressive degradation of
propellant charges, and component wear);

3) higher-level battery control, integrating
environmental factors within the firing zone

(e.g., wind, temperature, terrain-induced
disturbances)  with  per-gun  operating
parameters to optimize task allocation,

sequencing of fire, and survivability measures
for grouped artillery assets;

4) automatic control of the aiming drives
of individual guns by hybridizing fuzzy
inference with advanced control paradigms
(adaptive, predictive, sliding-mode,
combined, etc.) that can provide smooth,
interpretable control actions, resilient to
measurement noise and model uncertainty.

Joint application of Markov chains and
fuzzy models in artillery systems. The
integrated application of Markovian stochastic
models and fuzzy-logic—based intelligent
systems creates a synergistic paradigm that
substantially  elevates  the  diagnostic,
prognostic, and control capabilities of modern
artillery complexes. Markov chains supply a
rigorous probabilistic scaffold for
representing state transitions, cumulative wear
processes and uncertainty propagation over
time, thereby enabling quantitative prognostics,
risk-aware maintenance scheduling, and
formally grounded assessments of system
reliability under random perturbations.

Complementarily, fuzzy models excel at
encoding imprecise expert knowledge,
assimilating noisy multisensor inputs and
producing interpretable, rule-based control
and decision recommendations in real time.
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When combined, these formalisms bridge the
gap between probabilistic prognostics, and
linguistically driven operational reasoning:
stochastic estimators can inform and update
fuzzy membership functions and rule weights
with posterior likelihoods, while fuzzy
inference can translate probabilistic state
assessments  into  actionable, = human-
comprehensible  control  directives  and
maintenance advisories.

The hybrid architecture thus yields
robust, adaptive behavior, improving shot-to-
shot correction, optimizing resource allocation
across batteries, and enabling anticipatory
interventions that reduce downtime and
enhance survivability. Beyond performance
gains, the approach preserves transparency
and operator trust through explainable rules,
while affording formal metrics of uncertainty
from the Markovian layer for decision
assurance. Realising this synergistic potential
demands careful model integration, efficient
real-time algorithms, and comprehensive
validation with field data, but promises a
decisive step toward resilient, intelligent
artillery systems capable of operating
effectively in the stochastic and ambiguous
conditions of contemporary battlefields.

Conclusions

1. The comprehensive analysis of the
distinctive features and  prospective
applications of stochastic models based on
Markov chains and intelligent models founded
on fuzzy logic for addressing the broad
spectrum of uncertainties inherent in artillery
complexes was carried out. The findings
underscore the necessity of integrating these
modeling  paradigms  into  diagnostic
frameworks and adaptive control systems,
with the overarching aim of increasing
operational effectiveness, improving firing
accuracy, extending system survivability, and
ensuring higher reliability under dynamically
changing and uncertain battlefield conditions.

2. Special attention was devoted to the
application potential of Markov processes,
which serve as a robust mathematical tool for
modeling probabilistic state transitions,
system degradation, and stochastic
disturbances. Their use enables quantitative
assessments of artillery system reliability,
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prediction of long-term performance trends,
and the development of effective maintenance
and control strategies. By capturing the
inherent ~ randomness  of  operational
parameters, Markov models significantly
enhance the realism and adequacy of artillery
simulations.

3. A generalized fuzzy model was
introduced as an intelligent framework for
artillery systems, with particular emphasis on
its ability to address complex diagnostic and
control challenges. This model demonstrates
promise in diagnosing barrel wear, correcting
gun sights under multiple uncertainty factors,
optimizing higher-level battery control,
integrating environmental factors within the
firing zone with per-gun operating parameters
to optimize task allocation, sequencing of fire,
and survivability measures for grouped
artillery assets, and enabling automatic aiming
drive control through the integration of fuzzy
reasoning with advanced control
methodologies. These capabilities highlight
the wide-ranging adaptability and practicality
of fuzzy models in real-world artillery

applications.
4. The paper further presented an
integrative approach that leverages the

complementary strengths of Markov chains
and fuzzy models, yielding a pronounced
synergistic effect. While stochastic models
provide probabilistic rigor and predictive
accuracy, fuzzy logic systems offer
interpretability, adaptability, and resilience to
imprecise data. Their combined use creates a
hybrid diagnostic and control paradigm that
unites probabilistic foresight with intelligent
decision-making, thereby enabling artillery
complexes to function more effectively in the
face of uncertainty, operational noise, and
environmental complexity.

5. Future research should focus on
refining hybrid Markov—fuzzy architectures
through advanced algorithmic integration,
efficient  real-time  computation, and
comprehensive experimental validation using
both simulated and field data. Particular
emphasis should be placed on extending these
models to networked artillery systems, multi-
agent coordination, and cyber-physical
defense platforms, where the interplay of
stochastic uncertainties and intelligent control
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AHOTauia. Y cTaTTi poO3rAHYTO 3aCTOCYBAaHHA CTOXAaCTMYMHWMX Ta IHTENEKTya/llbHUX Mmogaenein pana
nigBUWEHHA  epeKTUBHOCTI  CMCTEM  AiarHOCTMKM  Ta  afanTUMBHOIO  KEpPyBaHHA  Cy4aCHMMMU
apTunepincbkumm Komnnekcamu. OcobnmBa yBara npuAifieHa CTOXacTUMHUM MOAENAM Ha OCHOBI
NaHutorie MapKkoBa, fiki 3abe3neuytoTb iMOBipHiCHe BigobOpaXKeHHsA NepexoaiB MixK cTaHamu, aerpagauii
CMUCTEMM Ta HEBU3HAUYEHOCTEN, LLO BN/INMBAOTb Ha ePeKTUBHICTb GYHKLiOHYBaHHA apTuaepii. NapanenbHo
NPeacTaBNeHo y3arajlbHeHy HeYiTKY MoAesb, 34aTHY BUpillyBaTU TaKi KAOYOBI 3aBAaHHA, AK
AIarHOCTUKY 3HOLWIEHHA CTBOJIB, KOPEKLUild npuuily B YyMOBax HeBM3HAYeHOCTEM, ONTMMI3aLito
ynpaBfiHHA HaTapeeto 3 ypaxyBaHHAM (aKTOpPiB cepefoBuLLa Yy 30HI BeAEHHA BOTHIO Ta MapameTpis
OKPEMMX TrapmaT, a TaKOX aBTOMATMYHE KepyBaHHA NPWUBOAAMM HABEAEHHA LWAAXOM iHTerpauii
HEYITKOro BMBEAEHHA 3 Cy4aCHUMW NMpPUHUMNAMM KepyBaHHA. MoKa3aHo, WO NoegHaHe BMKOPWUCTAHHA
UMX MigxoAniB CTBOPHOE CUMHEPreTUYHWUI edeKT, KoM MPOrHOCTMYHA CTPOFICTb MAPKIBCbKMX Mogeneit
[JOMOBHIOETHCA aAANTUBHUMMU MOMKAMBOCTAMU MPUNHATTA pilleHb Ha OCHOBI HeYiTKOI norikn. Taka
iHTerpauis ¢opmye HagiMHy OCHOBY ANA NiABULLEHHA TOYHOCTI, HAAIMHOCTI, }KMBYYOCTi Ta epeKTUBHOCTI
APTUNEPINCBKUX CUCTEM B AMHAMIYHMX ymoBax 6oloBux Aih. OTpUMaHi pe3ynbTaTy MiAKpPecntoTb
BaXNMBICTb riOpPUAHMX MoAenen y pPO3BUTKY apPTUNEPINCbKMX KOMMIEKCIB HOBOFO MOKOAIHHA Ta
BU3HA4YalOTb MEPCNEKTUBHI HAaNpPAMM NOAANbLUMX OO0CAIAXKEHb, 30KpEMa iXHIO peanisauilo B pexumi
peanbHOro Yacy, MacwTabHy CUCTEMHY iHTErpaLito Ta eKcnepumeHTanbHy BepudikaLito.

KniouyoBi cnoBa: apTUnepiiicbki cMCTemn; AiarHOCTMKA; aBTOMATMYHE KepyBaHHA; CTOXaCTU4YHI moaeni;
iHTeNeKTyanbHi moaeni; NaHutorn MapKoBa; HediTKa foriKa.
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Jlazolioa ma iH.

ebeKTUBHOCTI pobOTM cUCTEMM, SMEHLLEHHS TePMiHY ii cny»bu abo, HaBiTb, BUXoAy 3 nagy. PaHiwe no-
AibHI Npobaemmn YaCTKOBO BUPIiLLYBANUCA WINAXOM BrnpoBaaKeHHa cuctem SCADA (Supervisory Control
and Data Acquisition), siki 3a6e3neuyloTb LLEeHTPaNi30BaHUI MOHITOPUHT | YNpaBAiHHA po3nodineHnmm
o6'ektamu. MpoTe B KOHTEKCTI po3pobtoBaHOro 06’eKTa LbOro Miaxoay HeaoCTaTHbO Yepes crneundiky
06'eKTa KepyBaHHA, AKUI NOTPebye TOYHOT Ta MUTTEBOT 0O6POBKK iHDOpPMaLLii 3 pi3HMX ceHcopiB, 30Kpema
Hanpyru, cTpymy i Temnepatypu. Y 38’A3Ky 3 UMM JocnigseHHA GOKyCcyeTbca Ha po3pobLi Ta BNpoBa-
OYKEHHI MeTogMKu, Wo nepeabayvae iHTerpauito ceHcopiB y SCADA-cucTemy Ana NigBULLEHHA PiBHA KOH-
Tposto, 6be3nekn Ta onTumisauii poboTn. Takunit niaxia mae ocobanBY aKkTyanbHICTb ANA chep enekTpo-
MOBiNbHOro TPAHCMOPTY, aBTOHOMHWUX EHEPreTUYHUX CUCTEM Ta IHLIWX rany3el, Ae BUKOPUCTOBYIOTLCA
NTIEBI aKyMyNATOPU 3 BUCOKMMM BUMOramm A0 HaginHocTi. MeTtog, peanisauii cuctemun nepenbayae Bu-
KOPUCTaHHA MiKpOKOHTposaepa Arduino gnsa 3UuMTYBaHHA AaHMX 3 CEHCOPIB HAMPYrK, CTPyMy Ta TeMmnepa-
Typu. Ui gaHi nepegatotbca go 6asm gaHux MySQL, 3BigKu Bigobpaxkatotbes B cepegosuwi SCADA-
cuctemm InTouch for System Platform, aka BMKOHYe yHKLUT Bisyanizauii Ta MOHITOpUHry. Takuit nigxizg
[,03BOJIAE CTBOPUTU ePEKTUBHY apXiTEKTYPY ANA PEaNbHOTO Yacy, y AKilA MOXKANBO MUTTEBO pearyBaTu Ha
3MiHW NapameTpiB 6aTtapei. basy AaHUX CNPOEKTOBAHO AR HAKOMWYEHHA Ta aHanisy iHdopmauii npo
KPUTUYHI NapaMeTpun CUCTEMM, 30KPEMA HAMPYTy, CTPYM, TeMnepaTypy Ta piBeHb 3apAay, wo 3abe3neuye

KOMMAEKCHWI Niaxig A0 AiarHOCTMKM Ta NPOrHO3yBaHHA CTaHy EHepProcucTeMu.

Knwouosi cnosa: SCADA, InTouch, MySQL, Arduino, ceHcopu, MOHITOPUHT, KepyBaHHs.

Beryn

VY cywyacHMX yMOBax aBTOMaTH3allli BHU-
POOHUYMX Ta EHEPTrETUYHUX CHUCTEM BAKIHBY
pOJIb BiAIrpa€e ONEpaTUBHHN MOHITOPUHT 1
KOHTPOJIb TapaMeTpiB TEXHOJOTIYHOTO IPO-
necy. 3poctaroya moTpeba y HaaIHHOCTI Ta
IIBUJIKOCTI pearyBaHHS 3YMOBIIIOE 3acTOCY-
BaHHS 1HTErPOBAHMX PIIICHh HA OCHOBI MIK-
poxontponepiB i SCADA-cucrem. OnHuM 13
MEPCIEKTUBHUX HANPSMIB € PO3poOKa MIKpO-
KOHTPOJIEPHUX CHUCTEM 3 MOXIIMBICTIO BiJja-
JIEHOTO KepyBaHHs Ta 300py JaHUX y peajib-
HOMY daci, 10 J03BOJISE€ MIHIMI3YBaTH JIIOJI-
ChKHH (haKTOp 1 MOKPAIIHUTH SIKICTh MPUAHAT-
TS pILLICHb.

Meta podoTH — po3poOUTH cHemiami3o-
BaHy SCADA-cucteMy, sika BUKOPHUCTOBYBa-
TUME CEHCOpH Ul 300py TakuX NaHHX, SK
Hampyra, cTpyM 1 temreparypa. Lli mani Oy-
IyTh 3uuTyBaTthcs yepe3 Arduino i 36epiratu-
csa B 6asi manux MySQL [5]. Kopucrysau
3MOXK€ 3/11iCHIOBATH MOHITOPUHT 1 KOHTPOJIb
yepe3 iHTepdeiric HMI 3a momomororo mpo-
rpamtoro 3a0esnedenHst InTouch for System
Platform [6].

AHaJIi3 Cy4YacHHUX 3aKOPJAOHHMX i BIT-
YM3HAHUX J0CJTIXKeHb Ta myOJikanii

[IpoGnema B cucTeMax MOHITOPUHTY Ta
YIPaBIiHHA € TOUIMPEHOI0 Y Pi3HUX cdepax i
nmoJisirae B 0OMeXeH1 KUTbKOCTi iH(opMarii,
sKa 30MpaETbCs MPO CTaH OOJaJHAHHSI, a Ta-
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KOXXK Yy 3aTpUMKax MPUHHATTS PillieHb, KOJIU
BUHHKAIOTh MpoOsieMu 4 3001 cuctem [1].

OmneparopaM 4acTo JOBOAMTHCS BPYUHY
30MpaTy MaHi Ta HAJCWUJIATH X 10 IEHTpasb-
HOTO BY3Jla, IO HE JuIe moTpedye Oarato
qacy, aje i CTBOPIOE PH3HMK 3aTPUMKHU y pea-
T'YBaHHI Ha Ha/I3BUYAiiHI cuTyaii [2].

[TomupeHnM pilIeHHSIM € BIPOBA/DKSHHS
SCADA-cucremn (Supervisory Control and
Data Acquisition), sika 103BOJIsIE IEHTPaATI30-
BaHO IHTErpyBaTH BCi JaHl 3 PO3MOAIIEHOTO
oOnasHaHHS Ta 3a0€3MEeYUTH 0 HUX JTOCTYII Y
pexXuMi peaibHOTO Yacy [3].

OpHak, ansi JESKUX TPOEKTIB BUHHUKAE
HEOOXIHICTh TO€JIHAHHS BHMIPIOBaHb BiJ
PI3HUX CEHCOpIB, 30KpeMa HaIpyTH, CTPyMYy |
TeMIepaTypH, A OUTbIl eEeKTUBHOTO Kepy-
BaHHS Oarapeero [4].

Teoperuuna 6a3za poéoru

Po3pobka cuctemu (puc. 1) 3milicHioBa-
Jacs B JiBa €Tamnu, y SKUX MepIIui etan 6a3y-
€THCSI HA TIPOEKTYBAHHI aBTOMATU30BaHOI CH-
CTEMH, 110 BKJItOYaja BUOIp CEHCOPIB 1 1X mij-
KItoueHHs 10 Arduino ans orpuMaHHS HEOO-
XITHUX JTaHWX, a APYTHHA eTarl moJisiraB y 30e-
pEeKEHHI JaHWX, OTpuMaHux Bifg Arduino, B
0a3y manux MySQL i BuBeneHHi ix depes iH-
teppetic HMI B InTouch.

[lepmmit etan mossrae B po3poOili CHCTEMHU
yIpaBIiHHS OaTapeeto [Uist 3 JiTi€BO-IOHHUX
OCEpEJIKIB 3 XapaKTEePUCTUKaMHu 3.7 BOJIbTA Ta
2200 MAr. Ilpu nocmimKeHHSIX BUKOPUCTAHO
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Pucynok 1 — CxemMa npoexkTy

MikpokoHTposiep Arduino Mega2560, skuii
Ma€ JIOCUTh BEIHKY KUIBKICTh TiHIB BBOJIY/
BUBOAY. [l BUMIpIOBAaHHS CTPyMY BHUKOpPHC-
ToByBaTUMeTbcsd ceHcop ACS712-30, sxuit
3MaTHUA BUABISITH cTpyMm a0 30 ammepiB, a
JUISE BUMIPIOBaHHS TEMIIEpaTypH — CEHCOP
LM35. Ha pucynky 2 300pakeHa CTPYKTypHa
cxeMa po3po0JIeHOT CUCTEMH YIIPaBIIiHHS.

Arduino

!
| |

Voltage Voltage, ACS712,
Divider LM35 Sensor
Enemenrt 1 Enement 2 Enemenrt 3

Pucynok 2 — CTpyKkTypHa cxema
PO3po06JieHo0l cHCTeMH YIIPABJIiHHS

Arduino BHCTYyIIa€ sIK KOHTPOJIEP VTSI BCIX
MIIKIIFOYEHUX CeHCOpiB, Takux sk ACS712-30
1 LM35, nist BUSBIEHHS CTpyMy Ta TeMIepa-
Typu. s BUMIpIOBaHHS HANpyrd BHKOPHC-
ToByBaTUMeThcsi cxema cellboard. Cellboard
CKJIQIA€ThCS 3 JIAHIIOTa MOAUTFHUKA HAIPYTH
(voltage divider), ockinbku Hampyra, sika Io-
naetbest Ha Arduino, moBuHHaA OyTH B MeXkax
Bim 0 1o 5 B. BUKOpUCTOBYIOTBCSI TpH JIiTi€E-
BO-10HHI Oarapei 3 MiHIMAJIBHOIO HAMPYTOIO
3.7 B i1 makcumansHO10 4.2 B, K1 migkmroda-
IOTBCSL TIOCHIJIOBHO, YTBOPIOIOYH 3arajbHy
Harpyry 12.6 B. Lla Hanpyra HeoOXimHa aJis
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)kuBjeHHa LED-mamMmu, o Kol MigKIH04YeHo
ceHcop crpymy ACS712-30 nnsi BUSBICHHS
MPOTIKAHHS CTPYMY B pa3i MiAKIIOYEHHS Ha-
BaHTaxeHHs. Cencop LM35 ueoOXimHmii st
BUMIPIOBaHHS TEMIIEPaTypy HAaBKOJHITHHOTO
CepeIOBHINA, 1100 320€3MeUnTH ONITUMATBHHIA
cTaH Oarapei.

Cellboard sBinsie co0010 €NEKTPOHHY IIa-
Ty, SIKa TpPU3HAYEHA JUIsi MOHITOPUHTY Ta
YOpaBIiHHS €JIeMEeHTaMH Oatapei B akyMyJis-
TopHOMY OJo1ii. BoHa Bkirouae B cebe qaTau-
KA TEeMIIEpaTypH, HANpyrd Ta MiKPOKOHTPO-
Jiep, 10 JO3BOJISIE KOPUCTYBAaYEeBl MOHITOPUTH
CTaH KOXHOTO eJeMEeHTy Oarapei Ta TOYHO
BHU3HAYaTH TIPOIEC 3apsyDKaHHS Ta po3psi-
mkaHHs. BukopucroByroun cellboard mosxna
ONITUMI3yBaTH MPOAYKTHUBHICTb 1 TEPMiH CIIy-
KOM Oarapei, a TakokK 3a0e3nmeYnTH i Oe3MeKy
nig yac excruryatamii. Cellboard gacto Buko-
PUCTOBYETHCSI B €JIEKTPHYHUX TPAHCIIOPTHUX
3aco0ax, cucremax 30epiraHHs eHeprii Ta me-
IAYHUX TPUCTPOSIX. Y  PO3pOOIIOBAHOMY
mpoekTi cellboard BUKOpHUCTOBYE JaHIIOT TMO-
TiTbHUKA HANPYTd Ha KOKHOMY OCEpeNKy Oa-
tapei [11]. MinimanpHa Hanpyra Oarapei cra-
HOBHTE 3.7 B, a MakcumainpHa — 4.2 B.

LM35 — ue aHanoroBuii 1aT4yuk TemMmnepa-
TypH, po3poOJeHUi Isi BUMIPIOBAaHHS TEM-
nepaTypH B Jiama3oHi Bix -55 rpaaycis Llens-
cit 1o 150 rpanmyciB Ilenwcisa. BaxnuBumu
HOT0 XapakTEepUCTUKAMH € BUCOKA TOYHICTH 1
TeMIiepaTypHa CTaOUIBHICTh, @ TAKOX JIHIN-
HUI BUXiJI NMpH 3MiHI Temmeparypu. Bin mae
3 xouraktu: VCC migkiroyaeTsbesa 10 Arduino
3 Hampyrowo 5 BonbT; BHXiJHa Hampyra, ska
Oyne 3untana Ha Arduino Ta MiIKJIIOYEHA 10
Arduino Ha aHaJIOrOBOMY BXO/Ii; 3€MIIf, sSKa
Oyne miakmoueHa 10 koHTakty GND Ha
Arduino.

Hatunk LM35 BUKOpHUCTOBYETHCS y ce-
pax, SiKi BUMaraioTb TOYHOTO Ta CTabiIbHOTO
BUMIPIOBaHHS TEMIIEPATYpH, TAKUX K CHUCTE-
MU KOHJUIIIOHYBaHHS TOBITPsI Ta OIMAaJeHHS,
KOHTPOJITIO TEMIIEPAaTypH B Xap4yOBil IPOMHC-
JIOBOCTI Ta MPOMMCIIOBOCTI HAroOiB, a TAKOX Y
BHMIPIOBaHHI TEMIIEpaTypyd B TPAHCIIOPTHHUX
3acobax 1 MPOMHCIOBOMY OONaJHaHHI. 3a-
BIISIKM HEBEIMKOMY PO3MIpy Ta JIETKOMY BH-
KOPHCTAHHIO BiH TaKOXX BHUKOPHUCTOBYETHCS B
Oaratbox mpoekrax DIY Ta excriepumeHTax 3
€JIEKTPOHIKOIO.
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ACS712 € gaT4nuKOM TIOCTIHHOTO CTPyMY,
SKUHM MPU3HAUEHHUH U1 BUMIPIOBAaHHS €JIeKT-
PUYHOTO CTPpyMY B Aiama3oHi Big 5 A jo 30 A.
BaxxyiimBuMH HOTr0 XapakTepUCTUKAMU € BUCO-
Ka TOYHICTh BUMIPIOBaHHSA, TajbBaHIYHA
pO3B’si3Ka, SKa JIO3BOJISIE OE3MEYHO BUMIPIO-
BaTh CTpyM 0Oe3 HEOOXiTHOCTI Bij €IHAHHS
Ka0esto, BUXi/HA Hampyra JiHiiHA 3 BUMIpA-
HUM CTpyMOM. MOro BHXii BHpaXaeThcs y
BUTJISIZII aHAJIOTOBOI HANpPYTH, MPUYOMY Jia-
Na30H BUXIJHOI HANpYyru NPOIOPIINHHUNA BU-
MipsiHoMy ctpymy. Jatunk ACS712 3acroco-
BY€ETBCS y 0araTbOX MPOEKTAX, sIKi BUMAraloTh
TOYHOTO BHUMIPIOBAHHS EJNEKTPUYHOTO CTpPY-
My, HAalpHKIaJ, y CUCTeMax 3aps/KaHHS
aKyMYJISITOPIB, KEPYBaHHS JBUTYHOM 1 BHUMi-
PIOBaHHS IMOTY)KHOCTI, a TaKOX y CHCTEMax
BUPOOHMIITBA COHSIYHOI Ta BITPOBOI €HEPTii.
3aBIsSKM HEBEITUKOMY pPO3MIpy Ta HPOCTOTI
BUKOPHUCTAHHS BIH TaKOXX 4acTO BUKOPUCTO-
ByeThCs B IIpoekTax DIY Ta excriepumeHnTax 3
€JICKTPOHIKOIO 11 MOHITOPUHTY EJIeKTPHY-
HOTO CTPYMY B €JEKTPOHHUX cxemax. CTpyk-
Typa Maibke Taka K, SK y JaT4dKa TemIepa-
typu LM3S5, cknanaerscst 3 3 KOHTAKTiB, a
came: VCC, aHamoroBoro BXOJYy Ta 3€MIIL.
Hatunk ACS712-30 migkIro4YaeTbess MDK Mi-
HYCOBUM KabesleM HaBaHTa)KEHHS, SIK IOKa3a-
HO Ha PUCYHKY 3.

5B
AHanoroeuu
Bxin
3azemMneHHA

Moayne
BUMipIOBaHHA
cTpymy ACS712

g —,
Oxepeno
KUBNEHHA

Pucynok 3 — Ctpykrypa nartuuka ACS712

Otpumani Big Oarapei gaHi MarOTh OyTH
34UTaHl KOHTPOJIEPOM, a TaKOX OyayTh 30epi-
ratucs B 0a3i manux MySQL uepe3 momatok
XAMPP i Bino6paxarucs B InTouch.

VY Bumanky komysikarmii Mix Arduino i
0a3010 JaHMX BUIUSIIOTH KUTbKA €TalliB:
3B’SI30K MK aKyMYJISITODHMM  OJIOKOM 1
Arduino /uis OTpUMaHHSI BUMIPIOBaHb Harpy-
TH, CTPYMY Ta TeMIIEpaTypH; nepeaada JaHux
BiZl Arduino 1o HMI (InTouch) gepe3 OPC mo
MOCJTIZIOBHOMY Ka0eJto; rmepeaavya JTaHuX Bij
Arduino o 6a3u MySQL uepes Ethernet.
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Y  mpoexTi TJ1aTH
Arduino:

- Arduino Mega 2560 i3 Ethernet Shield
HaJCWIIa€e JaHi (Hampyra, CTpyM, TEMIEpary-
pa) mo 6a3u MySQL depe3 mapiipyTusatop,
kUil € TepMinanom st Mega 2560 1 HoyTOY-
ka. Mega 2560 nigkmtoueHno kabenem Ethernet
710 poyTepa, a HOyTOYK — Mo 0e3pOoTOoBii Me-
pexi.

- Arduino Uno BigoOpaxkae naHi CTaHy
6arapei y InTouch uepe3 OPC-cepsep, ane He
30epirae ix y 6a3si.

Icnye nBa TMnM KomyHikamii Arduino
(puc. 4):

1. Ethernet-38’5130K, 1110 BiJIOBigae 3a 30e-
pEeXEHHSI OTPUMaHUX JaHuX y 6a3i MySQL.

2. OPC-38’s130k Arduino, mo BiAmosigae
3a BIIOOpaXEHHs JTaHWX, OTPUMaHUX Bija Oa-
TapenHoro nakery, y HML

BUKOPHUCTAHO JIBI

_ Etheme
g
“.Wireles
barapes
Arduino  OpC
m— VEVA InTouch'
== Windows

Pucynok 4 — Cxema npoeKTy KOMYHiKaii

[Ticns cTBopenHs nporpamu st Arduino
HAaCTYITHUM €TaloM € KOMYHIKaIisi MiX Ipo-
rpamoro Arduino ta moBoto PHP mns Toro,
00 mani morym Oytu 3untani MySQL 1 36e-
pexeHi B 6a3i maHuX. MeToro 3MiHM MOBH €
TUTBKU KOHBepTalis nanux 3 Arduino na PHP.
Hamni Arduino migkmodaetbes 10 InTouch ye-
pe3 OPC mo cepiiitnomy nopty. s Arduino
Uno BukopucroByetrbess OPC-komyHiKalis.
OPC 3abe3mneuye 3B'S30K MiXK PI3HHUMH IPO-
rpaMaMu, BUKOPHCTOBYBAaHUMH B TIPOMUCIIO-
BOCTi, OCOONMBO 1JIg aBTOMAaTHU3allii, 100
3’€THATH TpOTpaMHEe 3a0e3MeyeHHs pPI3HUX
BUPOOHMKIB, HANPHUKIAM, 3 €IHATH HPOTpam-
He 3abesneuyeHHss PLC Schneider Electric 3

HMI InTouch.
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Y nmaHoMy JOOCHIIKEHHI BHKOPHUCTOBY-
etbest OPC for Arduino, 1m0 CIYXHUTh IJIA
3’e¢quadug Arduino IDE 3 InTouch abo sx
OPC cepBep mpoekty. Y SCADA-cucremi
InTouch € cnemiansna mporpama OPC, o
HazuBaeTbesd FS Gateway, sika mparroe sk
OPC xiient 1 npuiimae nani Big OPC cepsepa.

Sk moKa3aHO Ha PUCYHKY 5, EKCIEPUMEHT
[MIOYMHAETHCH 3 MAKIroUYeHHs cxemu cellboard
10 Arduino, je po3TalryBaHHA IIHIB yXKe BU-
3HadeHo. Cellboard B 11boMy BHUIIaJIKy BHKO-
PUCTOBYETHCS JIJISl 3YNTYBAHHS HaINpyru 3 Oa-
Tapei, sika € JyXe BaXIIUBOIO SIK pedepeHcHa
BenuumMHa miIsg matyukis LM35 ta ACS712-
30. Ilicms mipkmrodenHs cellboard, macTym-
HUM €TalloM € MiOKIIoYeHHS gaTtdmka LM35
70 Arduino /uis BUMIpIOBaHHS TeMIEpaTypH.
ITorim mo Arduino HiOKIIFOYAETHCS HABaHTA-
keHHsa y Bursiai LED-nmammu wa 12 VDC 1
noTyxHictio 3 W nepes migKIIOYeHHSIM J1aT-
gyuka ACS712-30. Ilicns mepeBipku poOOTH
gammnn, aatyuk ACS712-30 migkiarodaeTbest
MK HaBaHTXCHHSIM 1 OaTrapecro IS BHMi-
PIOBAaHHSI CTPYMY, IO TPOXOJIUTH.

( Crapr |

A\ 4
TTinKIIFOYEeHHS TUIATH €JIEMEHTIB
1 matunka g0 Arduino

A\ 4
IMinxmrouenus Arduino
IO JJaMIIM-HaBaHTaKEHHS

v
KomyHnikanis Mix 6aTapeiiHUM make-
toM, Ethernet shield Ta Arduino

A 4
KomyHikariist Mi>k MOBOIO TTpOTpa-
myBanHs Arduino Ta PHP i OPC

\ 4
ITinxmroueHHs 0a3yu JaHUX
(MySQL) ta InTouch

[ 3aBepIIeHHs }

Pucynok S — Jliarpama niii cucremu
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Jami BimOyBa€eThCsl mapayeinbHa podoTa —
MIJKITIOYCHHS] aKyMYJISTOPHOTO TAKeTy [0
Arduino Mega 2560 ta Arduino Uno. Arduino
Mega 2560 BUKOPHCTOBY€EThCS AJisi 300py Ja-
HUX 1 iX 30epexeHHs B 06a3i manmx, a Arduino
Uno — ans BimoOpakeHHs naHuX 0e3 30epe-
eHHs. st 060X Arduino BH3HAYa€eThCS MO-
Ba KoMyHiKamii: s Arduino Mega 2560 mo-
Ba Arduino 3MiHwetbcss Ha PHP, a mia
Arduino Uno BHKOPHCTOBYETHCS JTOJATKOBE
orojiomieHHss g komyHikamii OPC B MoBi
Arduino.

[Ticns mporo Arduino Mega 2560 migk-
mouaeTbes A0 6a3u gaanx MySQL B mporpa-
Mi XAMPP Ha HOyTOYIi, @ Arduino Uno mia-
kimovaetbest 10 InTouch uwepes OPC Server
(OPC  pmns  Arduino) i OPC Client
(FSGateway).

[Ticns po3poOKHU Ta 3alycKy CUCTEMH Ha-
CTYITHUM KPOKOM € TIePeTJIsi/T TaHuX, IKi Oyau
orpumani Bix Arduino. CmouaTtky BigoOpa-
JKAIOTHCS JIaHI TIPO HAIMpyry KOxHOI Oarapei
Ta 3arajbHy Hampyry OaTtapeil.

I{i mani 3 HAaPYTH 3r0JIOM BUKOPUCTOBY-
BaTUMYThCS JJI1 BUSHAUEHHS 3QJIUIITKOBOT €M-
HocTi Oarapei. Kpim Toro, BumipioBaHHsl Ha-
MPYTH € BUXITHUMU JaHUMU 71 OOUHUCTICHHS
CTPYMy Ta TEeMIIEpaTypH, aJKe BCl MOMAJIbIII
PO3PaXyHKH 3aJI€KATh BiJ HAIIPYTH.

Jani mpo CTpyM OTpUMYIOThCA 3a (op-
MYJIOHO:

BUX

V’:%+%J, (1)

ne Ve, — BUXiJHA Hampyra AaT4uka (BOJIBTH);
V.. — namnpyra xusiensas (5 B); Sy — uyrnu-
BicTh marumka ACS712-30 (0,066 B/A); I -
BUMIPIOBAaHHUH CTPYM (aMIiepH).

Temmeparypa OOYHCIIOETBCS 32 3MIHOIO
Hanpyry, sKy Bugae narauk LM35 (10 mB/°C).
VY npommuBii Arduino Hanpyra MHOXXHUTBCS Ha
OTIOpHY HAIpPYTy Ta MAacIITaOHUN KOEQIIi€HT,
1106 nepeTBopuTH ii B rpanycu Llenscis.

Jami 3i0paHi 1aHi TPO 3aJHIIKOBY €M-
HICTh OaTapei BUKOPUCTOBYIOThCS K 1HAMKA-
TOp piBHA 3apsay Oarapei, 10 3HAXOIUTHCS
IiJT KOHTPOJEeM. Y I[bOMY IPOEKTI JaHE 3Ha-
YeHHSI PO3PAXOBYETHCS SIK CyMapHE 3HAYCHHS
JUIsL TPhOX OaTapei, 3'€AHAHUX TOCIITOBHO.
BcraHoBieHo, 1110 piBeHb 3aJIHMIIKOBOI €EMHOC-
Ti 6aTapei 3MEHIIYETHCST Pa30M 31 3HIDKCHHSIM

HaIlpyTH.
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[TapanensHO 3 mepenauero IaHuX y 06a3y
TaKOX 3J1HCHIOEThCS KoMyHiKalis 3 InTouch
yepe3 Arduino Uno. [lani 3 Arduino Uno He
30epiratoThcsi B 0as3i, a 6e3mocepeIHbO Bif0-
opaxarotecsi B HMI. Ha pucynkax 6 i 7 nmoka-
3aHO iHTepdeiic, mo OyB peani3oBaHUU Y
IIbOMY JTOCJTIPKECHHI.

oLl | | -
01:15:00 01:16:30

a

Hanpyra

naketa  Temnepatypa CTpyM ipent
12.43 22.95 -0.1500 Hanpyru
PucyHok 6 — Burusix ronoBHoi cTOpiHKH
InTouch
EnemeHT 1 EnemeHT 2 EnemeHTt 3
4.07 4.11 4.15

lonogHe
BikHO

Pucynox 7 — Burisix cTOpiHKH 3 BUBeIeHHAM
3HaYeHb HANPYTU

Ha pucynky 6 mokazaHo roJIOBHY CTOPiH-
Ky 3 JaHUMH PO 3arajbHy Hampyry, Temre-
patypy, cTpyM, rpadikoM Hampyru Ta iHanKa-
TOpOM HaBaHTaxeHHSA. Ha pucynky 7 Bimo-
OpaxxaeTbcs Hampyra KOXKHOTO 3 TPhOX KOHT-
POJIbOBAaHHMX OCEPEIKiB OaTapei.

Ha pucynky 6 iHIUKaTOp HaBaHTaXCHHS
HEaKTHUBHUH, OCKIJIBKH JIaMIIa He I IKII0YeHa.
Po6oTa inauKaTopa 3ajaeKUTh BiJl BUMIPSIHOTO
CTpyMy: 3a HETaTUBHOTO 3HAYEHHS CTPyMY
HABAaHTA)XCHHS BiJCYTHE, 3a MO3UTUBHOTO - €
MiIKII0OYeHe HaBaHTaeHHs. Ha pucynky 8
MOKA3aHO BUIIAJIOK, KOJIM HABAHTAXKEHHS BBI-
MKHEHE 1 CTPYM CTa€ MO3UTHBHUM.
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01:16:30 01:18:00

Hanpyra ‘
naketa Temneparypa CTpyMm OkpeMi
12.31 18.55  0.0000 it

Pucynok 8 — Burusija roJoBHOI CTOPiHKH
InTouch, xosu yBiMKHeHa JaMna

BucHoBku

Y X011 BUKOHaHHS JaHOi poOOTH CTBOpE-
HO CHCTEMY JIJIsl BUSIBIICHHS HAPYTH, CTPyMY
Ta TEMIEpaTypd, a TakoX 0azy JaHHX Ha
MySQL i HMI na InTouch. 3nauenns Hampy-
T'H, sSIKe BiIOoOpakaeThcs B 0a3l qaHuX, He 30i-
raeThCsl 31 3HAYCHHSM, BIAKaIiOpOBaHHM 3a
JIOTIOMOTOI0 MYJIBTHMETPA, Yepe3 HEepPaBUIIb-
HUM BUOIp omopHOi Hampyru. Bemnuwna mo-
XHOKH CTaHOBHUTH 7 % TMpH PIiBHI TOYHOCTI
93 %. Kpim Toro, sSIKIII0 3HaYEHHS CTPyMY He-
raTWBHE - II¢ O3HAYae, M0 HABAaHTAXKCHHS HE
MIJIKJIFOYEHO, TOMAl SIK SIKIIO CTPYM ITO3UTHB-
HUH - HABAHTAXCHHSI IT1IKITFOYEHO.

JlaHi HampyrH, CTpyMy Ta TEMIIEpaTypH,
aKi 30epiraroTbes Ta BioOpaxkaroTbes B 0asi
naHuX, oTpuMyrThcs 3 Arduino Uno Ta He
30epiratoTbest B 0asi JaHuX, a Oe3mocepeIHbO
BimoOpaxkaoThcss y  InTouch, ockinbku
Arduino Mega 2560 3 Ethernet-shield yxe
30epirae ix y MySQL.

IMopsaknu
BincyrHi.

Konduikr inTepecin
BincyrHiii.
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Abstract. One of the main challenges for control systems of many modern processes is the limitation in data
collection directly at the site of operation, as well as the delays that occur during decision-making in emergency
situations. These limitations can lead to reduced system efficiency, shorter service life, or even complete failure.
Previously, such problems were partially addressed through the implementation of SCADA (Supervisory Control
and Data Acquisition) systems, which provide centralized monitoring and control of distributed objects. However,
in the context of the system under development, this approach is insufficient due to the specific nature of the
controlled object, which requires precise and real-time data processing from various sensors, including voltage,
current, and temperature. Therefore, this research focuses on the development and implementation of a metho-
?ology that involves integrating sensors into a SCADA system to enhance control, safety, and operational optimiza.-
ion. This approach is particularly relevant for fields such as electric transportation, autonomous energy systems,
and other industries where lithium batteries are used and high reliability is required. The implementation method
involves using an Arduino microcontroller to read data from voltage, current, and temperature sensors. This data is
then transmitted to a MySQL database, from which it is displayed in the SCADA environment of InTouch for System
Platform, serving visualization and monitoring functions. This architecture allows for an effective real-time system
that can respond immediately to changes in battery parameters. The database is designed to accumulate and
analyze information about the system's critical parameters-namely voltage, current, temperature, and state of
charge-ensuring a comprehensive approach to diagnosing and forecasting the condition of the power system.

Keywords: SCADA, InTouch, MySQL, Arduino, sensors, monitoring, control.
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Abstract. The research is focused on developing an algorithm of choice and use of different types of PID
controllers, and the tuning of its settings to simulate the word and control the speed and position of a
DC motor (direct current motor).After analyzing the characteristics of the DC motor and speed and
position sensors of the system (typically an encoder) the researchers were able to ensure safe operating
conditions and provide the experimenter with data about the limits of the motor, its capabilities and
optimal working conditions. As equipment the QNET DCMCT DC motor control trainer was used. A step
response test was conducted during the research to evaluate system stability based on its reaction to a
step input signal. The Ziegler-Nichols method is recommended for controlling the position of a DC
motor. This two-step tuning method involves performing a test to quantitatively assess the system’s
behavior in terms of how quickly and to what extent the process variable changes with alterations in the
control input. The results of these tests are used in empirical formulas to determine appropriate
controller settings for desired performance. The method involves determining the critical period Tu
(ultimate period) and the critical gain Pu (Ku) (ultimate gain). The information and measurement
complex with PID controller temporarily disables its algorithm, replacing it with an ON/OFF relay,
causing the process variable to oscillate. These obtained values describe the process behavior to guide
PID tuning for the desired closed-loop performance. The method involves determining the critical period
Tu (ultimate period) and the critical gain Pu (Ku) (ultimate gain).

Keywords: information and measurement complex, metrology, measurement of physical quantities, PID
algorithm, DC motor, error, stability, quality assessment.

Introduction control speed. The applications of our

Control system commands directs and
regulates the behavior of other devices using
control loops.

Depending on the control method,
automatic control systems can be classified as
open-loop systems, closed-loop (feedback)
systems, feedforward (also known as direct
control) systems, and complex systems.

Statement of the article’s objectives —
use of a PID controller integrated into the
information and measurement system for
programming a DC motor.

Analysis of modern foreign and
domestic research and publications

Article [1] describes the use of Simulink
to implement the Proportional Integral
Differential (PID) controller that can be used
to control the speed of DC motor and bring it
at the desired speed. Pulse width Modulation
(PWM) is another technique which involves
the use of the same simulation software.
Hardware implementation requires the use of
Infrared (IR) sensors and Arduino (open
source platform for building Electronic
project) for measuring the Rotations per
minute (RPM) of the DC motor. Motor speed
was measured using three techniques and a
further comparison between these techniques
is carried out according to the desired and
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research could be in conveyors, turntables and
others for which adjustable speed and
constant or low-speed torque are required. It
also works well in dynamic braking and
reversing applications, which are common in
many industrial machines.

Article [2] describes technique for
controlling the speed of a DC motor using a
PID controller, its construction, and the
selection of PID parameters depending on the
system response. A PID controller is used to
control the speed of the DC motor, and the
Matlab program is used for calculations and
simulations. The parameter has been shown in
several contrast experiments and explains how
to adjust the value of the PID

Basic material

Let us consider a feedback control
system.

Feedforward (direct) control systems rely
on the disturbance signal and adjust the input
control  signal to  counteract these
disturbances. Unlike feedback  control
systems, feedforward structures no longer
depend on measuring and adjusting the
output. In other words, such systems are used
in situations where disturbances can be
accurately predicted and responded to in time.

Feedback control systems include a
feedback loop that continuously monitors and
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regulates the output of a device. This loop
makes adjustments to the process flow to
achieve the desired result. The method
involves input data, which initiates the
process; the process itself, which is being
controlled; output data, representing the
result; a sensor that collects information about
the process; a controller that issues
commands; and an actuator that carries out
those commands.

There are various types of feedback
control systems, including positive and
negative feedback.

In a positive feedback system, the
controller adds the output values to the
setpoints (desired values), aligning them with
the input signals. This type of feedback can
amplify or weaken the effect that caused the
signal change, depending on clearly defined
limits. In other words, a change (increase or
decrease) in one variable eventually leads to a
similar change (increase or decrease) in
another variable. An example of this is a
nuclear bomb explosion: the released
plutonium neutrons trigger further fission
events, increasing the number of neutrons and
resulting in a chain reaction and explosion.

Negative feedback, on the other hand,
subtracts the output signal value from the
input (which is considered the desired result).
The resulting difference is referred to as the
error, indicating how much the output
deviates from the desired input.

For continuous modulated control, a
feedback controller is used to automatically
manage a process or operation. The control
system compares the value or state of the
process variable (PV) being regulated with the
desired or setpoint value (SP) and uses the
difference as a control signal to bring the
output variable of the installation's process to
match the setpoint.

In general, there are several fundamental
differences  between  feedforward and
feedback control systems. Functionally, a
modified feedforward system may include a
feedback loop, but feedback control systems
typically do not have a built-in feedforward
mechanism. Moreover, a feedback system can
detect all types of disturbances, unlike a
feedforward system. Additionally, the latter
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has further limitations: it is not suitable for
nonlinear, time-varying, or adaptive systems,
whereas feedback control is more versatile.
The most important aspect is that a
feedforward system requires a highly skilled
operator who can account for all process
parameters and develop an optimal strategy to
compensate for changes and errors in the
device’s operation, whereas using a feedback
system generally only requires basic
knowledge of how the control process flows.

A feedback controller that switches
sharply between two states is used for on-off
control. Such simple control systems can be
inexpensive and effective. Below are a few
examples of how these systems are used in
household appliances.

A bimetallic thermostat consists of two
metal strips that deform under the influence of
temperature, thereby switching the electrical
contacts in the thermostat. This works based
on the principle of differing expansion
coefficients of the two metals (for example,
steel and copper).

A refrigerator also responds to
temperature changes, but in a different way.
When the temperature drops due to the door
being opened or hot food being loaded, a
sensor detects the change and sends the data
to a control device (usually a controller or
thermostat), activating the compressor until
the set temperature is restored.

An electric motor is a device that
converts electrical energy (in the form of
voltage and current) into mechanical energy
(either linear or more commonly - rotational
motion). Electrical energy is supplied to the
input of the motor, and mechanical energy is
delivered at the output. From a black-box
perspective, the motor produces mechanical
motion from supplied electrical energy. This
is made possible by the phenomenon of
electromagnetism.

If we delve into the operating principle,
we find a fairly simple system. When electric
current flows through the rotor windings, it
creates a magnetic field. This magnetic field
interacts with the magnetic field of the stator
(which can be generated using -either
electromagnets or permanent magnets). The
interaction between the stator and rotor fields

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)



produces a torque that causes the rotor to
rotate. The commutator reverses the direction
of the current in the rotor windings with each
half-turn to ensure continuous rotation in one
direction. The rotation of the rotor is
transmitted to the shaft, which in turn
performs mechanical work.

Typically, a control system consists of the
following components:

Drive (such as a motor) and its control
board;

Sensor (for speed, torque, position, etc.);

Microcontroller board.

Figure 1 — Work model of control system

There are various ways to control a direct
current (DC) motor. Speed and position
control are the two most common examples,
but torque control is also possible. If desired,
it's even possible to monitor and control
parameters like temperature or noise level.
Naturally, each control method requires a
corresponding sensor— for example, a speed
controller works effectively with a speed
Sensor.

The term PID stands for Proportional,
Integral, Derivative. These are the three main
components of the control algorithm, each
associated with a respective constant. These
components are calculated based on the error
provided by the sensor.

Command,, = f,(e)+ f,(e)+ f,(e). (1)

There is specific terminology involved
here:

Setpoint (command variable, desired
value) is the target value that the actuator
should reach.

Process variable is the actual value
measured by the sensor during the operation.

Error is the difference between the
setpoint and the process variable.
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Steady (stable) state is the condition in
which the system stops oscillating and reaches
full balance.

Proportional component

When there's a need to reach a specific
value, a P-controller can handle this task. The
proportional (P) component is always used in
PID control. P, PI, PD, and PID represent the
four possible combinations of control loops.

In the first control cycle, the controller
does not operate — all coefficients are zero,
and the error ranges from zero to the value of
the setpoint. In the second cycle, the
coefficients are equal to the error from the
first cycle, and the output power gradually
increases, reducing the error. In the third
cycle, the coefficients respond to the second
cycle's error, but the power increases too
rapidly, causing an overshoot. In the fourth
cycle, the coefficients respond to the resulting
negative error from the previous overshoot,
and the output power decreases, bringing the
system closer to the desired value.
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Figure 2 — Change in output power
bringing the system closer to the desired
value

The coefficient Kp is the value multiplied
by the error. This means that the larger the
error, the larger the corrective command.
Mathematically, it is expressed as:

f,(e)=K, xe . (2)

In the case of a DC motor, using Kp is
only suitable when controlling the rotor's (or
screw's) rotational speed. That is, if the
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system needs to reach a certain value just
once, then using the proportional part is
sufficient. The problem arises when this value
needs to be maintained.

There is a drawback to using only the
proportional part: a certain offset in the steady
state. When using only the proportional
component of the PID, i.e., when I and D are
equal to zero, a constant difference between
the setpoint and the process variable appears
in the steady state. This is called static error or
steady-state error. This static error exists
because the more loops there are, the closer
the system gets to the setpoint, and the smaller
the error becomes. However, when the error
approaches zero, the system lacks the power
to actually reach the setpoint.

Step Response

AmpHude

Time (seconds)

Figure 3 — The appearance of the static error

Integral parameter

Unlike the proportional part of the PID,
the integral component cannot be used on its
own because it will have no effect. Instead,
the integral 1is either used with the
proportional part (PI) or with both
proportional and derivative parts (PID). In this
case, the error is no longer treated as a
variable but as a function of time, denoted as
e(t).[5]

I-only controllers have a much slower
response time compared to P-only controllers
because they depend on more parameters. If it
is important to avoid offset in the system, then
an [-only controller should be used, but this
will require a slower response time.

To integrate &(t), all previous values of
the error function must be added. This is
similar to summing all the small rectangles
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under the error curve when calculating the
integral. The total sum is then multiplied by a
constant, K;, which controls the power of the
integral part.

The key advantage of adding I-control to
your controller is that it eliminates offset. The
drawbacks are that it can destabilize the
controller, and there is integrator windup,
which increases the time required for the
controller to make adjustments.[6]

A variable, such as sum_e, needs to be
declared to accumulate each new error value
g(t) in each system cycle, something like
sum_e+=e, and then it is multiplied by the K;
constant in the control function. This looks

like:

fi(e)=K,xsum e . 3)

Step Response
area_2 = - 60

area 4=-15

area_3 = 40

Ampltude

| || area_l = 45

Time (seconds)

Figure 4 — Change in time required
for the controller to make adjustments [6]

Adding the integral command will
correct the static error caused by using only
the proportional control set. Indeed, as long as
there is an error, i.e., €(t)#0, even if &(t) is
small compared to the initial error, it will still
affect the system due to its residual value,
preventing the proportional part from reaching
the desired outcome.

Derivative Parameter

Unlike the proportional part of PID, the
derivative part, like the integral part, cannot
be used independently as it will have no
effect. Instead, the derivative is either used
with the proportional part (PD) or with both
proportional and integral parts (full PID).
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The letter D stands for derivative, as it
differentiates the calculated error in the PID
command.

The derivative of a function is the result
of differentiating that function.

Let’s take a continuous function y=f(x). f
is a function that transforms x into y.

Now, let’s call f'(x) the derivative of f(x).
f(x) has been differentiated to give f'(x).

Mathematically, the derivative f’ of f is
the ratio of the change in the output value to
an infinitesimal change in the input value.
Limits are used to demonstrate this change in
input data.

Differentiation of a function is similar to
measuring how much the output y changes
when we change the input x. The control
output is calculated based on the rate of
change of the error over time. The faster the
rate of change of the error, the more
pronounced the controller's response will be.

This tangent is the slope, and the slope is
usually calculated for two points by dividing
the difference in the y-axes by the difference
in the x-axes of these points. In this case, it is
assumed that these two points are very close
to each other to make the slope as accurate as
possible [7].

Jta s salhsnsisaninsiinng

Slope around x=a

Figure 5 — Simulation of the tilt angle
tangent during acceleration [7]

Thus, it can be remembered that the
derivative of a function at point aa is the slope
of the curve at that point.

If the position function of an object
relative to time is differentiated, we get the
velocity of the object. Why? Because velocity
is the change in position: the more the
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position changes, the greater the velocity of
the object. If the velocity function of the
object is differentiated relative to time, the
result is its acceleration.

Therefore, the derivative has a
"predictive" effect, showing what the error
will be by obtaining the magnitude of its
variation in order to reduce it. The derivative
smooths (dampens) oscillations, 1i.e., it
reduces the intensity of the system's response,
making it more stable. This improves the
quality and stability of the motor's operation,
which is applied in industrial production,
household appliances, etc.

An important point: using the derivative
works well for errors that show low dynamic
changes. For example, measuring and
controlling temperature is not prone to rapid
changes. However, if the measured and
controlled quantity undergoes very high
dynamic changes or if the error is
accompanied by strong noise, differentiating it
can lead to even greater amplitude than the
desired signal, which will cause the system to
behave unstably.

Like I-control, D-control 1S
mathematically more complex than P-control.
Since a computer algorithm will take more
time to compute the derivative or integral than
to simply linearly relate input and output
variables, adding D-control slows down the
controller's response time.

To add the derivative expression fp(e) to
the command, differentiation can be
simplified by subtracting the previous cycle's
error from the current cycle's error and
multiplying this difference by the coefficient
KD (the derivative gain).

f,(e) =K, x(e— previous _e) (4)

Thus, the final form of the complete PID
command will be:

Command,, =K, xe+ K, xsum +

)

+K, x(e— previous _e)

From this, we can conclude that the
proportional coefficient is based on the
current error, the integral is based on errors
from previous cycles, and the derivative

anticipates future errors.
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Figure 6 — Errors from previous cycles, and
the anticipation of future errors

There are 3 types of control for DC
motors: position control, speed control, and
modeling. Generally, for new systems, it is
common to begin by configuring and studying
the basic characteristics of the motor through
a bump test.

Bumpt test (modeling)

At the beginning of the process, it is
necessary to familiarize yourself with the
characteristics of the DC motor and system
sensors. This ensures safe operating
conditions and provides the experimenter with
certain knowledge about the motor's
limitations, capabilities, and the ability to
calculate optimal working conditions.

A bump test is a simple check based on
the step response of a stable system. A step
signal is applied to the input, and the resulting
output signal of the system is recorded.

Amplitude is the maximum deviation of a
quantity during oscillatory or wave-like
motion, which periodically changes from
some value considered zero (or average) or
from the equilibrium state of the system. As
the amplitude increases, the intensity of the
signal intensifies. In control systems, a
stronger input signal results in a stronger
system response. Conversely, decreasing the
amplitude weakens the signal, leading to
weaker system responses.

Frequency is a physical quantity equal to
the number of identical events (or full cycles)
per unit of time. Essentially, frequency
regulates how quickly the signal oscillates.
When frequency increases, the signal
oscillates faster, which results in a quicker
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change in the input signal and a potential
delay in the system's response if the system's
reaction time is slower. Conversely, a lower
frequency causes slower oscillations, giving
the system more time to adapt to changes.
This is beneficial for the stable operation of
the system, but it also reduces the overall
system efficiency.

Offset is a constant value added to the
entire signal, shifting it vertically along the
ordinate axis. It reflects a certain average
value around which the signal oscillates. With
a positive offset, the signal shifts upwards,
increasing the base level of the signal, and
with a negative offset, the opposite effect
occurs.

The change of each of these parameters
requires a careful and controlled approach.
Adjusting one value often requires fine-tuning
others to maintain the normal operation of the
system. For example, increasing amplitude
and frequency results in a stronger and more
dynamic signal, which improves the system's
working efficiency or reveals nonlinearity in
its operation. Simultaneously increasing
amplitude and offset raises the average
working point and the intensity of the system's
quality response, directly affecting the
stability and saturation of the system
components. Adjusting frequency and offset
changes the working range and response time,
requiring precise tuning to maintain the
desired operating state of the system.

The input signal starts at time t;, and
from the graph, one can find the minimum
(Umin) and maximum (umax) values of the input
voltage. The output (resulting) initial signal is
at the level y0. After the step input signal is
applied, the output follows it, eventually
stabilizing at a steady-state value yg . From
this, the steady-state gain coefficient K is
calculated through the difference between the
steady-state values of the input A, and output
A, signals:

K:gz y.\-s_yo (6)

A u —u
Speed Control
For controlling the speed of a DC motor,
the use of a PI controller, that is, only its
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Figure 7 — Structural scheme of motor speed control

proportional and integral components, is
sufficient.

From the known parameters, the
maximum peak overshoot (PO), damping ratio
(), natural frequency of the closed-loop
system (wo, also the undamped natural
frequency ®, = wo), and the gain coefficients
k, and k; can be calculated. These gain
coefficients, determined using the above
parameters, are used to measure and control
the rotational speed of the DC motor rotor,
ensuring stability and constant adjustment of
errors arising during operation, as well as
errors caused by internal or external
influences.

If the damping ratio C is not provided in
the motor's initial parameters, it can be
calculated using the formula for the peak
overshoot of the system (PO). The overshoot
formula is:

PO = IOO-e\/; (7)

Solving for { from the original formula
above gives the following dependency:

PO
—In(—)
ol ®)

. PO
7+ (n(—))
100

The undamped natural frequency ®, can
be found using the model time constant t. The
formula for the dependency is:

1

rT=—o0 9)
s,
From this, o, can easily be calculated as:
o -1 (10)
GT
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Knowing this, the next step is to calculate
the coefficients:

-1+2
k _ Tt Lenr (11)
K
and
k=2t (12)
K

Large values of o lead to high controller
gain values. The damping ratio { and the
parameter for weighting the setpoint value by,
are used to adjust the speed and peak
overshoot of the response to command
variables.

The setpoint value parameter by, is
typically specified within the range of 0 to 1,
where 0 provides a smooth increase or
decrease in the signal, while 1 increases the
system's response speed.

In a controller using SPW, the
proportional function acts only on a fraction
by, of the command value, and there is no
derivative of that same value. The integral
function continues to influence the total error
to ensure that the error approaches zero in
steady-state. Standard PID controllers and
PID controllers with setpoint weighting
respond to disturbances in the same way, but
their responses to setpoint changes differ.

Disturbing and controlling influences are
distinguished. Disturbing influences are
random in nature and difficult to predict. For
example, changes in ambient temperature or
fluctuations in voltage in the power grid. The
controlling influence on the controlled object
is organized via a control device or an
operator, with the goal of compensating for
the effects of disturbing actions.
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Position control

For position control, the Ziegler-Nichols
method is recommended. This is a two-step
tuning method, which involves conducting a
special test to quantitatively assess the process
behavior in terms of how fast and to what
extent the process variable changes when the
control input (setpoint) is altered. Based on
this, they developed a set of empirical
formulas to convert the results of these tests
into corresponding performance settings and
control parameters for the controller.

The essence of the method lies in
determining the ultimate period T, (ultimate
period) and the ultimate gain coefficient P,
(Ky) (ultimate gain). During this, the
controller temporarily disables its PID
algorithm and replaces it with an ON/OFF
relay, which forces the process variable to
oscillate. These values well describe the
process behavior, helping to determine how
the PID controller should be tuned to enhance
the closed-loop performance and improve the
quality of the process itself.

The amount by which the process
variable changes over time and the time
required for it to reach 63.2% of its final
(highest stable) value indicate the process gain
in steady-state and the time constant of the
process, respectively. If the sensor in the loop
is located a certain distance from the actuator,
the process response to such a step change
may also show the delay time between when
the step was applied and when the process
variable first started to respond.

The time required to complete one
oscillation is called the critical period T,, and
the relative amplitude of two oscillations,
multiplied by 4/m, gives the critical gain
coefficient P, (K,). Ziegler and Nichols
theoretically assumed that these two
parameters could be used instead of the
steady-state gain, time constant, and dead time
to calculate the corresponding tuning
parameters using their well-known equations
or tuning rules.

Empirically, they found that these rules
generally produce a controller that responds
quickly to intentional setpoint changes, as
well as random disturbances of the process
variable. However, a controller tuned this way
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tends to overcorrect and oscillate the process
variable, which is why most self-tuning
controllers offer several alternative tuning
rules that make the controller behavior more
stable (less aggressive). In practical terms, the
operator typically only needs to choose the
desired response speed (slow, medium, fast),
and the controller automatically selects the
appropriate tuning rules to meet the request.

A controller can be made more or less
aggressive by adjusting three tuning
parameters — the proportional gain K, the
integral time T;j, and the derivative time Tj.
The Ziegler-Nichols tuning rules can be used
to calculate moderately aggressive tuning
values based on the critical period T, and the
critical gain coefficient P, (Ky).

During the experiment, the integral and
derivative (differential) gains are set to zero,
while the proportional gain is manually
increased until the system starts oscillating
with a constant amplitude. The critical gain at
which the system begins to oscillate is
recorded, and the integral and derivative gains
are then adjusted according to a set of rules
and formulas to achieve the optimal tuning.

For position control of a DC motor, it is
typically sufficient to use only the PD-
controller components, without relying on the
integral component.

In this case, the proportional and
derivative gains can be calculated as:

2
w T

P (13)
K
And
-1+2
k, L (14)
K

If the integral part is added to handle
random disturbances and steady-state errors,
the calculations become:

For K,:
_ o,7+ (o, +25p,) (15)
: K
For Kg:
K, = I+ 26mr+ (16)
K
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Work in this area is relevant and was
particularly in demand by the companies PC
"Ivano-Frankivskcement." This research was
carried out by a student of the educational and
professional ~ program  "Metrology and
Information-Measuring Technology" as part
of an industrial internship. The research
results were also presented at the All-
Ukrainian Scientific and Pedagogical Forum
"Innovative Technologies in Education" in
20.10.2024.

A competition project on this topic,
prepared by Herman Krovopuskov, won a
prize at the «YeneHmx IHTEIEKTyaIbHUI
Bumip 2024 “InnoVative Technologies”

(IVT_2024)» held on 08.05.2025.

Figure 8 — Approbation of the research
«InnoVative Technologies»

Figure 9 — Practical use of the research
study with the use of information and
measurement complex
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It is worth noting that such cooperation
between the University and specialized
companies is a key factor in the successful
employment of graduates of the G6 specialty

«Information and Measurement
Technologies».
Thus, the measurement of physical

quantities and their metrological research;
testing the stability and reliability of systems
and  information-measuring  complexes;
studying the quality of engine control
systems, which are widely used in household
appliances such as washing machines, vacuum
cleaners, air conditioners, etc., where a precise
and reliable electric motor control system is
required. Due to their simplicity and
efficiency, PID controllers help improve
energy efficiency, reduce wear of mechanical
components, and enhance user experience by
ensuring stable and quiet operation of devices.
Therefore, such research and its practical
implementation are optimally integrated into
the employment opportunities of our
graduates, particularly in terms of expanding
their scope to include service processes and
industry represented in Ukraine’s national
economy.

The scientific novelty lies in the
combination of the Ziegler-Nichols method
with a weighted setpoint parameter, bsp. This
combination made it possible not only to
significantly reduce the calculation time
compared to the classical calculation method,
but also to provide the user with the ability to
adjust the system's response speed to their
own needs — even without possessing all the
necessary technical knowledge by allowing
control through the modification of a single
parameter. This would be convenient for use
in everyday household appliances, such as a
hair dryer - this functionality would allow
devices to operate properly for a longer time
and simplify the control of output power at the
user's discretion.
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Conclusions accurate tuning of the proportional, integral,
In the course of this study, the and derivative parameters, as well as the
effectiveness of a PID controller in regulating  distinct influence each has on system
the speed of a direct current (DC) electric ~ performance. Proper parameter optimization
motor was thoroughly evaluated. The results  was shown to be essential in achieving the
indicate that the implementation of PID  desired control behavior.
control ensures high precision in maintaining
the target rotational speed of the motor shatft,

even under variable load conditions and Acknowledgements
external disturbances. Experimental data None.

confirm that the controller successfully

mitigates dynamic deviations, contributing to Conflict of interest
stable and consistent motor operation with None.

minimal oscillation or delay. Furthermore, the
findings underscore the importance of
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AHoTauif. PoboTta npucesayeHa po3pobaeHHO anroputmy BM6opy Ta BUKOPUCTAHHA pisHoBMAiB PID-KoHTpoepa, a
TAKOXX HaNalTyBaHHIO MOro napameTpiB A8 MOLENOBAHHA POOOTU, KOHTPOAIO LUBUAKOCTI Ta nonoxeHHa DC-
ABUTyHa (ABWUrYHa NOCTIMHOrO CTPyMy). 3A4INCHMBLUM aHaNi3 XapaKTePUCTUK ABUTYHa NOCTIMHOrO CTPYMY Ta AaTYMKiB
WBMAKOCTI | MONIOXKEHHA CUCTeMM (HalvacTiwe eHKoAepa), OTPUMAHO MOXKAMBICTb 3abe3sneunTtn 6e3neyHi ymosu
pob0TK Ta HagaTM ekcnepumeHTaTopy iHbopmauito nNpo obmexkeHHAa pPoboTM ABUryHa, MOro MOMK/IMBOCTI Ta
po3paxyBaTv ONTUMasbHi yMoBM pobOTU. B AKOCTI HaBYaibHOroO 06/1afHAaHHA BUKOPUCTAHO TPEHAXKep KOHTPOJIO
ABUryHa noctinHoro ctpymy QNET DCMCT. B npoueci focnigxKeHb NpoBeAEHO YAAPHUIN TecT — nepeBipKy Ha 6asi
KPOKOBOI peakLii cTtabinbHocTi cuctemn. MNoAaETbCA KPOKOBUIA CUIHAN Ha BXid, i Micna LbOro BM3HAYAETbCA
pe3ynbtaT, TOO6TO BUXigHWMKA cuUrHan cuctemn. [nA KOHTPOAO nonoxeHHs DC-gBUryHa peKomMeHAyeTbCA
BMKopuUcToBYBatTU MmeTos Lurnepa-Hikonca. LUe pasoetanHWin meTon, HanalTyBaHHA KOHTYpPY, AKUMUA (GaKTUYHO
NONArae B NpPoBeAEeHHI cneuianbHOro TecTy ANA KiNbKICHOT OLHKM NOBEAiHKWM npouecy, 3 TOYKM 30py TOro, AK
LWBMAKO i HACKiNIbKM 3MiHHA NPOLLECY BapitOETLCA MPU 3MiHi Kepytoyoro Bnamey (KOMaHAHOro 3Ha4YeHHs). Ha ocHoBi
LbOro 3a NeBHMM Habopom emnipuyHux Gopmyn AN nepeBefeHHs pe3ynbTaTiB LMX TecTiB 34iCHIoTbCA
BiANOBiIAHI HanawTyBaHHA NPOAYKTMBHOCTI Ta MNAapamMeTpU KepyBaHHA KoHTposepa. CyTb meTogy nNoOnArae y
BM3HAYeHHi KpuTuuHoro nepioay T, (ultimate period) Ta KpuTuuHoro KoediuieHTa niacuneHHa P, (K.) (ultimate
gain). Nig Yac UbOro KOHTPO/sEp TMMYACOBO BifAKAOYaE cBili PID-anropuTm i 3amiHtoe Moro Ha pene ON/OFF, ake
3MyLIyE 3MiHHY npouecy Koamsatuca. Lli oTpumaHi BennumHu pobpe onucyioTb MNOBEAiHKY npouecy, Wwob
BM3HAUUTK, K CNif HanawTysaTh PID-perynaTop, wob otpumat 6axkaHy NpoAyKTUBHICTb 3aMKHEHOIO KOHTYpa.

KnwouoBi cnoBa: iHGopMaLiliHO-BMMIPIOBAIbHUI KOMMJIEKC, METPOJIOTiS, BUMIPIOBAHHA i3MYHUX BennuuH, PID-
anroputm, DC-aBUryH, NoxnbKa, CTiliKicTb, OLiHIOBAHHA AKOCTI.
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CknadaHHul ma iH.

AHoTauif. O6’ekTom focnigKeHHsA B poboTi € OAHOKOHTYPHA CUCTEMA aBTOMATM30BAHOIO KepyBaHHA, NnobyaoBaHa
Ha OCHOBiI eTafoHHOI mogeni. MeToto AaHoi poboTU € MNOpPiBHANbHWUIA aHanis edektnsBHocti MI4- Ta MPC-
perynaTopis, CUHTE30BAHMX Ha OCHOBI €TaJIOHHOI MoZesi, B YMOBaxXx 4YacCTKOBOI NMapamMeTpUYHOi HEBU3HAYEHOCTI
o06'eKkTa KepyBaHHA. HaBegeHo ornag, pagy iCHYHUYMX BiITYM3HAHUX Ta 3aKOPAOHHUX A0CNiIAKeEHb Y chepi BUKopUC-
TaHHA MNI4 Ta MPC-perynatopiB Ans aHanisy Ta NopiBHAHHA. [MocTaBneHO Ta peanizoBaHo iMiTaLiMHWI eKcnepumeHT
ON1A CUCTEMM KEPYBAHHA 3 ABOMA AXepenaMu HEBU3HAYEHOCTI — BXi4HOI BEAMYMHM Ta NAapaMeTPUYHOI HEBU3HaYe-
HocTi. EKcnepuMmeHT peanizoBaHo nporpamHumm 3acobamm MATLAB Simulink Ha ocHoBi eTanoHHOT moaeni apyroro
NOPAAKY 3 OAMHUYHUMM KoedilieHTaMK, AKa ONUCYE anepiognyYHUI npouec i3 3aracaHHAM. Po3max BapitoBaHHSA
HaKknageHux BigxmneHo cknagae 10% ta 20%, TpuBanicTb ekcnepumeHTy — 50 yacoBux Bigpiskis. MNepwmnm etanom
aHanisy € rpadiyHa nobyaoBa pe3ynbTaTiB iMiTaLimHOro eKcnepumeHTy. PesynbTaT NoKasykoTb, Wwo cuctemu 3 MIA-
pPerynsaTopom 3arajioM AeMOHCTPYIOTb BMLLY CTabiNbHICTb B YMOBax 4YaCTKOBOI HeBWM3HAuyeHoCTi, Hixk MPC-
perynatop. He Hawy AymKy, Le NOACHIOETbCA 0cobauMBICcTIO anroputmy pobotn MPC-perynstopa, 30Kkpema NiHea-
pu3auieto moaeni Ha ropM3oHTI NPorHo3yBaHHA. Ha gpyromy etani aHanisy npoBeaeHoO 06UYNCNEHHSA, AKI NOKa3anu,
wo cucrtema 3 MIA-perynatopom y cepefHbOMY B YMOBAX 4aCTKOBOI HEBM3HAYEHOCTI @MOHCTPYE HMMNKYE 3HAYEHHA
BUXiAHOI BE/IMYNHM NOPIBHAHO 3 eTanoHHMM Ha 0,3 ... 1,5%. BogHouyac cuctema 3 MPC-perynatopom, B yMOBAX Yac-
TKOBOI HEBM3HAYEHOCTI, B cCepefHbOMY MOKa3ye Ha 1,3 ... 2,6% HUKYe 3HAaYEHHA BUXiAHOI BEANYMHM Y MNOPIBHAHHI 3
€TaNIOHHUM. TaKMM YMHOM, 33 OL4HAKOBOIO OLHIOBAaHOMO PiBHA HEBU3HAYEHOCTEN, BiAXMNEHHA BXiAHMX i Kepytoumnx
napameTpiB 6isblie Noripwye AKICTb NPOLLECY PeryatoBaHHSA, HiX NapameTpuUyHa HeBM3HAYEHICTb 06’eKTa KepyBaH-
HA. Y UbOMY XK iMmiTauinHoMy eKkcnepumeHTi MPC-perynaTop nokasas ripLuy CTiMKiCTb 40 YMOB HEBU3HAYEHOCTI, HiX
MNiA-perynatop. B ymoBax 4acTKoBOi HeBM3HauveHocTi MIA-perynatop B cepeaHbOMy MOKa3aB HegoperytoBaHHA
WoAo 3aBaaHHA, @ MPC-perynatop — nepeperyatoBaHHA.

KnouoBi cnoBa: napameTpuyHa HeBM3HauyeHicTb, MI-perynstop, MoaenbHO-NPOrHOCTUYHUIA PerynaTop, iMmitauin-

HUI ekcnepmumeHT, MATLAB Simulink.

Beryn

CyuacHi CHCTEMH aBTOMaTHYHOTO Kepy-
BaHHS 4acTO (PYHKI[IOHYIOTh B YMOBaX HEBHU-
3HAQYEHOCTI, M0 3yMOBJICHa HETOYHICTIO Ma-
TEMaTUYHUX Mojenell 00'eKTiB KepyBaHHS,
Bapiali€lo MapaMeTpiB TEXHOJOTIYHUX IPO-
IIECiB, @ TAKOX BIJIMBOM 30BHIIIHIX 30ypeHb
Ta mryMiB. OHaK, epeBa)kHa OUTBIIICTh CUC-
TE€M BUKOPUCTOBYE TPAJAULINHI PETYISATOPH,
O0OMEXEHI y MOXJIMBOCTI BpaxyBaHHS TaKoOi
HEBU3HAYEHOCTI.

[T I-perynsaropu, 3aBAsiKd MPOCTOTI pea-
msamii Ta HagIHHOCTI, 3aJIMIIAIOTHLCS HAMIIo-
MIUPEHIIMM  PIICHHSM Y TMPOMHUCIOBOCTI,
3a0e3Meuyoun NMPUHHATHY SIKICTh KepyBaHHS
JUTSl TITUPOKOTO Kjacy o0'ektiB. BogHouac ix-
HS €(EeKTUBHICTh CYTTEBO 3HIKYETHCS 3a
3HAYHHUX IMapaMeTPUIHUX 30ypeHb Ta 1HIIUX
BIIXWUJIEHb B 00'€KTI KepyBaHHA. AJITOPUTMHU
MO/JIEIEHO-TTPOTHO3YBaJILHOTO KepyBaHHS
(Model Predictive Control, MPC) nemon-
CTPYIOTh 3/IaTHICTh BPaxOBYBaTH OOMEKECHHS
Ha Kepyroui BIUIMBU Ta 3MiHHI CTaHy, 3a0e3-
MEYYI0YN ONTUMAIBHICTh KEPYBaHHS Ha IPO-
THO30BaHOMY ropu3oHTi. [IpoTe ixHe QyHKIII-
OHYBaHHS y 3a3HAYCHUX BUIIE YMOBAX TaKOX
notpelye OLIbII AETATBHOTO aHAII3Y.

Etanonna mMonenp BU3HAYae OakaHy JH-
HaMiKy CHCTEeMH, IO J03BoJisie popMatizyBa-
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TH KPHUTEPii SKOCTI Ta 3a0€3MeYUTH CUCTeMa-
TAYHUWA TIAX1A 70 TOPIBHSIBHOTO aHali3y
PI3HUX CTPYKTYp perynstopis. Intepec crano-
BuTh aocmmkeHHs [11/1- ta MPC-perynstopis
B YMOBax Bapialii mapamerpiB o0'ekTa Kepy-
BaHHS BiJHOCHO HOMiHAJILHUX 3HA4Ye€Hb, OCKi-
JBKU 11e 0e3MOoCepeTHhO BIUIMBAE HA MPAKTH-
YHY MPUJATHICTD aJTOPUTMIB KEPYBaHHS.

MeTtorw po00TH € TIOPIBHSUIBHUN aHai3
epextuBHocTi IIIJI- Ta MPC-perynsropis,
CHHTE30BaHUX HA OCHOBI €TaJOHHOI MOJIENI, B
YMOBaX 4YacTKOBOI MapaMeTpUYHOI HEBU3Ha-
YEHOCTI 00'€KTa KepyBaHHS.

AHaJi3 Cy4YacHHX 3aKOPIAOHHHUX i BIiT-
YM3HAHUX J0CTiIZKeHb Ta MyOJTiKanii

Sx y BITYM3HSHIN, TaK 1 y 3aKOPJAOHHUNA
HAYKOBIH MepioJuill OCTaHHIM YacoOM 3pOCTa€E
KUIBKICTh TyOmiKamii, y SKHX JOCTIIHUKA
3aCTOCOBYIOTh /ISl  KepyBaHHA 00’ €KTOM
MOJeNTbHO-TIporHOCTHYHMM peryistop (MPC)
[1-5]. Ilpu upomy psan poOiT, y TOMY YHCIi
BUKOHAHUX 3a Y4acTIO aBTOpiB [5, 6], mpu-
CBSYEHO TOPIBHAHHIO (YHKIIOHYBAaHHS CHC-
TeMHu KepyBaHHs. Tak, pobora [5] mpucBsiueHa
CUCTEMATUYHOMY OISy Ta MOPIBHSIIBHOMY
aHaJI3y CTPYKTYPHO-ITOPUTMIYHUX OCOOJIH-
BOCTEHl KOHTYpIB peryiiOBaHHA, 30Kpema,
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posrstHyTo KiacuuHi [1I/[-perymsitopu y mo-
piBHsHHI 3 MPC. BcTaHoBneHo, 1Mo KJ1acu4Hi
OJTHOBUMIpPHI CHCTEMH KEPYBaHHS JIEMOH-
CTPYIOTh HEJOCTATHIO POOACTHICTH Ta YYTIIH-
BICTh J0 HENHIMHOCTEH, XapaKTepHUX IS
HadTonepepobHux mnporueciB. [lokazaHo, 110
BripoBaukeHHs: MPC-cuctem € Outbin mepc-
MEeKTUBHUM HAIPSIMOM, OCKUIBKH BOHH JIO-
3BOJISFOTH 3/1MCHIOBATH ONTHMI3AIlI0 B pea-
JBHOMY 4Yaci 3 ypaxyBaHHSIM OOMEXEHb Ta
BapiaTUBHOCTI MPOIIECIB.

Po6ora [6] mpucBsiueHa JOCITIHKEHHIO Ta
MOPIBHSAHHIO DPI3HUX aJrOPUTMIB KepyBaHHS
JUTSI TTABUIICHHS €(pEKTUBHOCTI MPOIIECY PO3-
MWIIOBAJIBHOTO CYIIHHA. ABTOpaMH MOpiB-
HIOEThCS €(EKTUBHICTh BUKOPUCTAHHS B Ta-
Kiii CHCTeMi HEYITKOTrO PEeryisiTopa Ta pery-
JATOpa HA OCHOBI TPOTHO3YKOYOI MOJEi
(MPC) B wmiif cucremi Ta AEMOHCTPYIOTh, IO
MPC-perynstop He 3aBXIU € HaKpamum
BHOOPOM.

Po6Gorta [7] mpucBsueHa MOpiBHAILHOMY
anamizy edexruBHocTi III/I-perymstopa Ta
MOJIETTbHO-ITPOTHOCTUYHOTO perynaropa
(MPC) nns 3acTocyBaHHSl y CUCTEMax Kepy-
BaHHS YOTHPUKOIICHUM TPAHCHIOPTHHUM 3aCO-
60M, 30KpeMa, IS 3a7a4 BiJICTE)KEHHS TPA€EK-
TOpii. ABTOpPH TMOPIBHIOIOTH J[Ba BKa3aHi aj-
TOPUTMH KEpYyBaHHS PYyXOM TPaHCIOPTHOTO
3aco0y, MeTa SKUX — 3a0€3MeYUTH TOYHE CIIi-
JyBaHHS 33/1aHIl TPAEKTOPIl, IO € KIOYOBOIO
3a/1aya B po3poOIli aBTOHOMHHUX TPAHCIIOPT-
HUX 3aco0iB. Pe3ynbpratu 1eMOHCTPYIOTH, IO
JUId 3aBIaHb KEpyBaHHS aBTOHOMHHUM aBTO-
mob61teM MPC € OunbIn HamiiHUM Ta TOYHUM
pileHHsAM, TOpiBHSAHO 3 Tpamuiiiaum [11/1-
PEryasTopoM, OCOOIMBO 3aBISKM HOro 37at-
HOCTI TIPAITfOBATH 3 OOMEXEHHSIMH CUCTEMH.

Hocnimkenuss [8] mpucBsdeHe OIIHII
€(EeKTUBHOCTI PI3HUX AJITOPUTMIB aBTOMATH-
YHOTO KEpYBaHHS JIO3YBaHHSIM MEIUYHUX
mpenapariB mij yac KpUTHIHOI (pa3u 3araib-
HOT aHecTe3ii. Y 1ill ckimaaHiil Ta BiAMOBiga-
JBHIA CHUCTEMI TOPIBHIOETHCA €()EKTUBHICTD
kepyBaHHs 3a jomnomororo IIIJ[- ta MPC-
perynaropiB. ABTOPH JOXOISATh BHCHOBKY
npo BiAcyTHicTh mnepeBar MPC-perynstopa
Han I1IJ[-perynstopom mjis po3B’si3aHHS ITi€i
3a/1a4i Ta MPOMOHYIOTh BJIOCKOHANICHUH ajar-
tuBHUN MPC-perynstop 3 OIiHKOO MapameT-
piB, SIKUH JEMOHCTpYE Kpaimry e(eKTHBHICTh
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nopiBHsAHO 31 craHgaptHuMm [II/[-perymsTo-
pom. Ha Hamy nymMKy, IPpUYMHOIO BKa3aHOI
BIJICYTHOCTI TIepeBar € BHCOKAa HEBHU3HAYe-
HICTb OpraHi3My MaIi€eHTa K 00 €KTa Kepy-
BaHHS Y I11{ 3a/1a4i.

AHai3yroun 3a3HaueH1 JIiTepaTypHi IKe-
pena, MOXKHa 3pOOUTH BHCHOBOK, IIIO TOPIiB-
HiHHIO TpaauuiiiHoro IIIJI- Ta MPC-
PETYJISATOPIB y IETEPMIHOBAHMX YMOBax IpH-
CBSIUEHO 3HAUYHY KITBKICTh poOiT. IIpote moc-
JJDKEHHS, TPHUCBSUEHI TXHBOMY (YHKIIOHY-
BaHHIO B YMOBaX 4aCTKOBOI HEBM3HAY€HOCTI,
3yCTPiYalOThCA 3HAYHO pifle, i el acreKkT
noTpeOye OB 1eTaTbHOTO BUBYCHHS.

Crnig TakoX BIA3HAYUTH HASBHICTH PAIY
po0IT, y AKUX MPOMOHYIOTHCS PiIHI MiIXOIU
s HanawtyBaHHa [I1/[-perynaropa, sxui
IpaloBaTUME B YMOBaX 4YacTKOBOi HEBH3Ha-
yeHocti. Hanpukian, pobota [9] mpucBsueHa
pO3B’si3aHHS NPOOJIEeMHU BUKOPHCTAHHS KJia-
cuunux [IJ]-perynsaropiB — HEONTUMAIBHOCTI
iXHBOTO HAJAIITYBaHHS JJII CHUCTEM 31 3MiH-
HUMH NapaMeTpamMu. ABTOp MPOIMOHYE TOCTi-
JTUTH alTOPUTM aBTOMATHYHOTO aJIallTUBHOTO
HaJIalTyBAaHHS KoedimieHTiB M-
peryisTopa Ha OCHOBI HEYITKOI JIOTiKH. 3a-
MPOMOHOBAHUN aNTOPUTM HEUITKO HAJAIITO-
BaHoro [lII/[-perymstopa 3abe3nedye BHIIY
SKICTh PETYJIIOBaHHS IMOPIBHSAHO 31 CTAaTUYHO
HanmamrtoBanuM [IIJ[-perymnsitopoM, a Takox
MiJBUIICHY CTIMKICTh Ta pOOACTHICTH CHUCTE-
MU JI0 3MIHU MMapaMeTpiB 00'€KTa Ta 30BHIII-
HiX 30ypeHb.

MeToanka iMiTAIHHOTO eKCIIEPUMEHTY

ImiTamiiHuii EKCIIEpUMEHT TMPOBOJIUBCS
Ha eTAJIOHHIN Mojeni 00’ ekTa kepyBaHHs. Ta-
KM MIAXIT IIHPOKO 3aCTOCOBYETHCS Tij 4ac
JOCIIJKEHHSI pOOOTH PETYIATOPIB 1 BUKOPHC-
TaHW#, Hanpukiaa, y [10].

B excnepumeHTi qociimKyBajgacs CUCTe-
Ma, sIKa CKJIaJIa€ThCs 3 00’€KTa KepyBaHHS Ta
BignoBigHux perymsatopis — IIIJI ta MPC.
ImiTariiHuii eKCIIEpUMEHT MPOBOJMBCS Y Ce-
penoBuiiti MATLAB Simulink. Oco6nuBicTio
pO3po0IeHUX MOJENeH € BUKOPUCTaHHS OJ10-
Ky BapiabenpHOI nepenaBanbHOi QYHKINT, 1110
Jla€ MOYKJIMBICTB peai3yBaT MOJIEIb 32 YMOB
napaMeTpUYHOl HeBU3HAYEHOCTI. J[o movarky
IMITAIIITHOTO E€KCIIEPUMEHTY KOXKEH PperyJsi-
TOp OJIEP>KyBaB ONTUMAIbHI HAJAIITYBaHHS B
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JETEPMIHOBAaHUX YMOBax 3aco0aM CaMoro
cepenoBuia [11].

VY sikocTi Mojzeni 00’€KTa KEpyBaHHS aB-
TOpaMHU PO3TIITHYTO MOJEINb Y BUIJISII Tepe-
naTHOT (PYHKINIT JJAaHKK APYTroro Mopsaky Oe3
3ami3HeHHs BUTIsAY [12]:

Wis)=—* O
s+ 2¢-T-s + T?

ne k — koedimienT miacuieHHs, 1 — mocTiiiHa
yacy, & — koedimieHT gemMndyBaHHS.

[Tin gac mpoBeneHHS cepii iMiTAllIHHUX
excriepuMeHTiB koedimient &= 1,5. Ile o3na-
qae, 10 MOJENb ONMUCYE anepioJuYHUN Tpo-
nec 13 3aracansm. [locriliHa yacy mpuidHsaTa
PIBHOIO OJTMHHUIII.

KoedinienT migcunenns (k) BUKOPUCTaHO
JUIS BHECEHHSI TapaMeTPUYHOT HEBU3HAUYEHOC-
Ti y Mozienb 00’ekTa kepyBaHHs. [Ipu Bu3Ha-
YeHHI HaJIAlTyBaHb PETyJsTOpa BiH JOPiB-
HIOBaB OJMHUII. Y TpOIECi X camMoro imMira-
IHHOTO €KCIEPUMEHTY Ha HbOTO HaKJIaJalo-
Csi PIBHOMIPHO pO3MOJIJICHE BiIXHUICHHS
+10% Tta £20% B CEpeTHHOTO 3HAYCHHSI.

JloJaTKoOBO 10 MapaMeTpUYHOT HEBU3HA-
YEHOCTI Ha MOJeJb CUCTEMM KEpyBaHHS IIO-
JaBayiacs PIBHOMIPHO pO3MOJiJieHa MOXHOKa
(g), fiKa imMiTyBaja BIAXUJIEHHS BX1JHHUX Ta Ke-
pyrOUMX 3MIHHUX cucTeMu. Po3max Takoi mo-
xuOku cknaaaB +£10% ta +£20% Big cepeaHbo-
ro 3HadeHHs. CTPYKTypHI CXeMH MOJIeNei
MATLAB Simulink nmns mpoBeneHHs iMiTa-
[IHHUX EKCMEPUMEHTIB HaBEIEHO Ha PUCYH-
Kax 112.

TakuM 4YKMHOM, I KOXHOI 3 CUCTEM pe-
T'YJIIOBaHHS TepefdayaeTbesi MPOBEAEHHS YO-
TUPHOX IMITALlIHHUX EKCIIEPHUMEHTIB, SKHX
OynyTh 3allydeHi yci KOMOiHaIlli HakIaJeHoi
MOXUOKH Ta MapaMeTpUYHOT HEBU3HAUEHOCTI.
TpuBamicTh KOKHOTO IMITAIIHHOTO €KCIIepH-
MeHTY — 50 4acoBHX OJIMHUIb 3 KPOKOM PO3-
paxynky 0,1. To6To npoBoaunocs mo 500 06-
YHCIIEHb TTOBE/IIHKH CHCTEMU KEPYBaHHSI.

AHaJli3 pe3yJbTaTiB iMiTaliiHOTO eKc-
NMEePUMEHTY Ta iX 00roOBOPEeHHSsI.

[epmmmM etarnom aHamisy Oylio BUKOHAH-
Ha TpadiuHOi MOOYIOBH pE3yJbTaTiB iMiTa-
[IHHOTO EKCIICPUMEHTY.

Pe3ynbraTu mogani Ha pucyHkax 3 — 6:
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— PUCYHOK 3 BIZITIOBIJIa€ yMOBaM:
k=109 ... 1,L1];€=[0,9 ... 1,1],

— PUCYHOK 4 — yMOBaM

k=109 ... 1,1];e=[0,8 ...

— PUCYHOK 5 — yMOBaM

k=10,8 ... 1,2];€=[0,9 ...

— PUCYHOK 6 — yMOBaM

k=108 ... 1,2];e=[0,8 ... 1,2].

Jlyist GBI IKICHOTO TTOPIBHSHHS TY Yac-
THHY, SIKa BIJINOBiJIa€ BUXOJIy PETyJIATOpa Ha
PEXUM, Ha PUCYHKAX HE BiJOOPaKeHO.

PesynpraTi IMITAIlifHOrO €KCIIEPUMEHTY
MOKa3yloTh, 1m0 cucremu 3 [II/-perynaropom
3arajoM JE€MOHCTPYIOTh BHINY CTaOlIbHICTH B
yMOBaX YacTKOBOi HEBU3HAYCHOCTI, HIXK
MPC-perynsrop. Ha namy nymky, e nosc-
HIOETHCSI OCOOJIMBOCTAMH aJITOPUTMY POOOTH
MPC-perynsropa, 30Kkpema JiHEapU3aIli€ero
MOJIeNli Ha TOPH30HTI MPOTHO3YBaHHS. SIKIIO
Taka JiHeapu3allis TOTpaIvisie Ha IUITHKY
3pocTaHHs a00 craiaHHs, PEeryIsaTop OYNHAE
CWIBHIIIE BIIXUJISATH CHUCTEMY BiJl 3aJaHOTO
3HavyeHHs. [Ipote, ms oOcraBuHA, Ha Hairy
IYMKY, TOTpeOye OKpPEeMOTro JOCITIIKEHHS,
sIKe BUXOJUTD 32 MeXI 1Mi€l myOmikaiii.

[HIIMM pe3yabTaToOM IMITAIIITHOTO MOJIe-
JIOBaHHSI € BCTAHOBJICHHs (akTy, IO Bapia-
TUBHICTb BXIJHOI 3MIHHOI CUCTEMH BHUKJIMKAC
OLIbIE BIOAXWIECHHS BHUXITHUX BEIWYMH, HIXK
BapiaTUBHICTH Mmapamerpa mojeni. Lls obcra-
BUHA Y3TOJUKYETHCS B IIUIOMY 3 TEOPETUIHH-
MU TIOJIO)KEHHSIMH TIPO POOOTY pEryisaTopiB
OJTHOKOHTYPHHX CHCTEM KEpYBaHHS, OCKIJIBKH
B IMITAIlIlHOMY MOJIeNIIOBaHHI, (PaKTU4IHO,
3MIHIOETHCS 3aBJaHHS i perynsropa 0e3
3MIHU WOTO HaJalTyBaHb, IO 1 Ma€e MPU3BO-
IIUTH 10 BiAXWIEHB.

Ha npyromy erami anani3y 3a pe3yibTa-
TaMU IMITal[ifHOTO MOJETIOBAHHS MIPOBEICHO
HACTYMHI OOYUCIICHHS:

— MaKCHMAJIbHE 3HAUEHHS BUX1AHOI 3MiH-
HOT 00 €KTY KEpyBaHHS — y';

— MakCUMaJIbHE 3HAYEHHS BUXIAHOI 3MIH-
HOT 00’ €KTY KEpyBaHHS — y

— CepeHE PO3paXxyHKOBE 3HAYCHHS BHXi-
JTHOT 3MIHHO1 00’ €KTYy KepyBaHHSI — yc;

— MakCHUMaJbHE BIIXWIEHHS BUXIIHOIL
3MIHHOI 00’€KTy KepyBaHHS BiJl HOMiHAJIbHO-
ro 3HaYeHHs (oauHuIl), % — A;

— cepeHE KBaJpaTHUYHE BiIXWICHHS BU-
X11HOT 3MIHHOI 00’€KTy KepyBaHHS BiHOCHO
HOMIHAJIBHOI'O 3Ha4YeHH, % — ©.

)

1,2],

L1],
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I > PID P
>_O/O_ (s)

j b0
out.
W by+b,s+b,s’ > y
Random 1 »-o
1 1 a0
»l
M 0 F—»{b1
Random 5
2 + +
3 at a,*a;s+s
0 F—»{b2

Pucynoxk 1 — CtpykrypHi cxemu monedi 3 III{-peryastopom y MATLAB Simulink

N
mo
MPC myv » b0
—»-o b +b, s+b, s’
o/o% ref 0 2
1 —»{a0
W gl
Rand T —»o 0 —»{b
andom ]
1 o/(} )
Ran2dom 0 » b2

Pucynok 2 — CtpykrypHi cxemu moaedi 3 MPC-peryasitopom y MATLAB Simulink

10 20 30 40 50 10 20 30 40 50

Pucynok 3 — Pe3yabTaTu imitaniiinoro Pucynok 4 — Pe3yabTaTu imiTaniiinoro
moaeawBanua k=[0,9 ... 1,1]; €=1[0,9 ... 1,1] moaeawBanua k=[0,9 ... 1,1]; € =[0,8 ... 1,2]
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0.8
10

20

—nia

--MPC

30

Pucynox 5 — Pe3yabTaTn imiTaniiinoro

moaeaoBanns k=[0,8 ... 1,2]; € =109 ... 1,1]

Ta6auns 1 — [lokazHUKHN cUCTEeMU KepyBaHHSA

3 IIII-peryasitopom

08

10

20

30

40

50

Pucynox 6 — Pe3yabTaTn imiTaniiinoro
moaeaoBanns k=[0,8 ... 1,2]; € =[0,8 ... 1,2]

MPC-peryasaTopom

Ta6auns 2 — [loka3HUKN cUCTeMU KEPYBAHHSA 3

k 1+0,1 ] 1+0,1 1+0,2 1+0,2 k 1+0,1 ] 1+0,1 1+0,2 1+0,2
€ 1£0,1] 1£0,2 1+0,1 1+0,2 € 1£0,1] 1£0,2 1+0,1 1+0,2
vy 1,031 1,054 1,039 1,061 vy 1,094 1,181 1,104 1,191
y 0,974 0,954 0,969 0,948 y 0,918 0,843 0,910 0,835
yc |0,9997 | 0,9985 0,9998 0,9985 Yc 1,013 1,026 1,014 1,026
A, % | 3,13 5,36 3,95 6,11 A, % | 9,43 18,06 10,38 19,14
c,% | 1,13 1,82 1,43 2,13 o, % | 438 8,62 4,57 8,81

Pe3ynbratn oOGumclieHh MOKA3HHUKIB (yH-
KI[IOHYBaHHS CHUCTEMHU KEPYBaHHS B YMOBaX
HeBu3HaueHOCTI g cuctem 3 [IIJI-peryns-
TOpPOM MOAAaHO y Tabu. 1, a mns cucremu 3
MPC-perynsropom — y Tadi. 2.

Ili oOumcneHHs MiATBEPKYIOTH Chop-
MYJIbOBaH1 BHUIIE TE€3W MO0 BHIIOI CTAO1Ih-
HocTi cuctemu 3 I11/I-perynsaTopoM B ymoBax
YaCTKOBOi HEBU3HAYEHOCTI Ta CHJIBHILIOTO
BIUTMBY BapiaTUBHOCTI BX1JHOi 3MiHHOi y TO-
PIBHSIHHI 3 TIApaMETPUUYHOIO BapiaTHBHICTIO
eTanoHHoi Mojem. OKpeMor 00CTaBHHO,
sKa, Ha Hally JIYMKY, TaKOX MOTpedye moja-
JIBIIOr0 AOCIIKEHHS, € Te, IO CHUCTEeMa 3
[T I-perynsatopom, B yMOBaxX 4acTKOBOi He-
BHU3HAYCHOCTI MOKA3YE Yy CEPEAHbOMY HUKYIEC
3HAYCHHS BUXIJHOI BETUYMHU Y TIOPIBHSIHHI 3
eranmonaum Ha 0,3 ... 1,5%. Boguouac cuc-
tema 3 MPC-perynaropoMm B ymMOBax 4acTKo-
BOl HEBHU3HAUEHOCTI IMOKA3ye y CEpPEeIHbOMY
HIDKYE 3HAYCHHS BUXIAHOI BETMYMHH TOPIB-
HSIHO 3 eTaJlIoHHnM Ha 1,3 ... 2,6%.

BucHoBku

1. 3a ogHAKOBOTO PIBHS OI[IHOYHOI HEBH-
3HAUEHOCTI BIIXWJICHHS BXIJHUX Ta Kepylo-
YuX T[apaMeTpiB 3HAYHO TMOTIPIIYE SKICTh
IIPOLIECY PETYNIOBAaHHA K y Bunanky 3 ITIJ1-,
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tak 1 MPC-perymsTopiB, HiXK NapameTpUYHa
HEBU3HAUYEHICTh 00’ €KTa KEepyBaHHS.

2. OnTuManbHO HaJAIITOBAHUM y JeTep-
MiHOBaHUX yMoBax MPC-perynsrop mokasas
B IMITAI[IiHOMY MOJIETIOBaHHI TIpIIy CTii-
KiCThb 710 HeBu3HadeHocTi, HiX [II/-perymns-
TOp, SIK 32 MOKa3HUKOM MaKCHMAalbHOIO Bif-
XWICHHS BiJ 3aBIaHHs, TaK 1 3a JUCIEPCIEr0
BUX1IHOI BEJINYHHU.

3. B yMoBax 4acTKOBOi HEBU3HAYEHOCTI Y
xomi ycix ekcnepumenTiB [II/[-perymstop B
CepeIHbOMY J€MOHCTPYBaB HEIOPETYJIIOBaH-
HS IIOJ0 3aBJaHHS, X04a M HE3HadHe. 3a Ta-
kux came yMoB MPC-perynstop 1eMOHCTpye
Oinpiie mepeperymoBanHs. Ha Hamy nymky,
et pakt nmorpedye MOJAIBIIOTO AOCITIHKEHHSI.

4. Tako)X HOTAIBIIOr0 HOCIIHKEHHS IIO-
TpeOye BUBUYCHHS TOBEIIHKH 3a3HAYCHUX DPe-
TYJATOPIB y €KCIEPUMEHTax Jid 00 €KTIB 13
3armi3HEeHHSIM.

MMonsixkn
Bincythi.

Konguikr inTepecis
BincyrHiid.
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Abstract. The object of research in this paper is a single-loop automated control system based on a reference
model. The aim of this paper is to conduct a comparative analysis of the effectiveness of PID- and MPC-controllers
synthesised based on a reference model under partial parametric uncertainty of the control object conditional. An
overview of a number existing domestic and foreign studies in the field of using PID- and MPC-controllers for
analysis and comparison is provided. A simulation experiment is set up and implemented for a control system with
two uncertainty sources: input value and reference model parametric uncertainty. The experiment is implemented
using MATLAB Simulink software based on a second-order reference model with epy unit coefficients, which
describes an aperiodic process with damping. The variation range of imposed deviations is 10% and 20%, and the
experiment duration is 50-time intervals. The first stage of the analysis is the graphical representation of the
simulation experiment results. The results show that systems with a PID controller generally demonstrate higher
stability in partial uncertainty conditions than an MPC-controller. In our opinion, this is explained by the peculiarity
of the MPC-controller's algorithm, particularly the model linearisation on the forecast horizon. At the second stage
of the analysis, calculations were performed which show that, on average, a system with a PID-controller exhibits a
lower output value compared to the reference value by 0.3 ... 1.5% under conditions of partial uncertainty. At the
same time, the system with an MPC-controller, on average, under partial uncertainty conditions, shows a lower
output value compared to the reference value by 1.3 ... 2.6%. Thus, at the same estimated level of uncertainty,
deviations in input and control parameters have a higher negative impact on the control process quality than the
parametric uncertainty of the controlled object. In a simulation experiment, the MPC controller showed worse
stability under conditions of uncertainty than the PID-controller. Under conditions of partial uncertainty, the PID-
controller showed, on average, under-regulation compared to the task, while the MPC-controller showed over-
regulation.

Keywords: parametric uncertainty, PID-controller, model-predictive controller, simulation experiment, MATLAB
Simulink.
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reliability of the obtained results. Examples of using statistical data are provided, along with
explanations of how modifications to initial conditions influence the stability of socio-ecological systems.
Special attention is given to challenges arising from stiff systems, which are caused by significant
differences in the eigenvalues of the coefficient matrix. To address this issue, a coefficient normalization
approach is proposed. The results are of practical importance for predicting the dynamics of socio-

ecological processes and

supporting decision-making

regarding sustainable natural resource

management. The proposed model can be applied to evaluate ecological balance, develop pollution
reduction strategies, and ensure the sustainable development of regional systems.

Keywords: socio-ecological systems, mathematical modeling, system of differential equations, Lotka—
Volterra model, stability, expert assessment, Kendall criterion.

Introduction

In the simulation of the behavior of
ecological and social systems of widespread
use, methods of mathematical modeling and,
in particular, methods of ordinary differential
equations have been applied. The most
historically high priority is the work of Lotka
and Volterra [2,7], and also, differential
models are given in [1, 3].

The main task is to construct the models
which give the adequate possibility to
describe the processes, one’s quality
characteristics. It is the first step of such
processes investigations, future researching
will be connected with the applying statistical
data to receive the real characteristics of
studying processes. So, such article has the
model and theoretical character, which
consider the theoretical models.

Another questions is to consider the
possibility of applying the system of linear
differential equations with the constant
coefficients to design the practical processes.
It is considered the main theoretical
conceptions from the point of view of
adoption to solve the practical problems.

The possibilities for describing real
objects using systems of ordinary differential
equations are considered, among be ass of
linear systems with constant coefficients is
allocated. This allows us to build relatively
simple models that really reflect the picture of
phenomena and systems being modeled.

Purpose of the Study

The purpose of this study is to develop a
mathematical model of a socio-ecological
system based on linear differential equations
to analyze the interaction between key
environmental factors and determine the
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conditions for the sustainable development of
the region. The proposed model enables the
assessment of ecological balance, prediction
of dynamic changes in key indicators, and
supports decision-making processes regarding
the sustainable use of natural resources.

Analysis of Modern Foreign and
Domestic Research and Publications

The historical background of modeling the
interaction between population—environment—
biota is closely related to the Lotka—Volterra
approach and the subsequent development of
differential models in applied studies. In the
context of this work, systems of ordinary
differential equations (ODEs) with constant
coefficients are used as the basic tool for
describing dynamics and analyzing the
stability of socio-ecological systems. This is
emphasized in the Introduction with references
to the classical works [2] and methodological
sources [1, 3], which form the methodological
foundation of the modeling approach.

Among modern international approaches,
several trends are particularly significant:

— Agent-based (individual-based)
modeling to reproduce micro-level behavior
and its macro-level consequences [5];

— Integrated frameworks for global
sustainability that combine social and natural
subsystems [6];

— Studies of critical transitions and
tipping points in complex socio-ecological
systems [7];

— The Ostrom framework for analyzing
the sustainability of SES [§];

— Comparative reviews of modeling
approaches for integrated environmental
assessment (system dynamics, ABM, ODE-
based models, etc.) [9];
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— Theoretical foundations of adaptive
capacity and resilience [10];

— The panarchy theory as a multiscale
approach to ecosystem—society
transformations [11];

— New challenges and opportunities for
modeling coupled human-natural systems
[12].

These studies define the modern context
and justify the combination of linear ODE
models with scenario-based or expert-driven
parameter calibration.

Domestic contributions are represented
mainly by methodological works in higher
mathematics and experimental planning [1, 3],
as well as general principles of scientific
research [4], which provide the mathematical
tools for model construction, identification,
setting initial conditions, and validating data
consistency. Combined with the expert-based
approach, these works create a foundation for
parameterizing socio-ecological models under
conditions of limited observations.

A separate area involves methods for
determining model coefficients based on
expert assessments with consistency control
using Kendall’s concordance coefficient. The
article provides the corresponding formula
and practical insights regarding threshold
values, which make it possible to validate the
calculated weights and avoid issues related to
stiff systems by scaling the parameters. This
directly supports the approach proposed by
the authors for model identification and
stability analysis.

Thus, existing international frameworks
(SES-framework, panarchy, tipping points,
ABM) complement the chosen toolkit of
linear ODEs and justify the use of expert-
oriented parameter identification for practical
regional  applications, while  domestic
methodological sources provide the formal
mathematical and experimental foundations
required for effective modeling.

Methods

The system described by three differential
equations with respect to functions is
considered: x (t) - population in the region; y
(t) - level of pollution and other harmful
effects on the environment caused by
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population activity; z (t) - the level of the flora
of the region (trees, forests, gardens, etc.). We
write down a system of differential equations
that describes the change in the time of the
functions x (t), y (t), and z (t).

We use systems of linear differential
equations with constant coefficients. Change
in x (t) per unit of time is written as an
equation.

dx
7 Ax—By+Cz. (1)

Equation (1) can be interpreted as
follows: the population of the region increases
(decreases) in proportion to x (t) (A>0
increases, A <0 decreases); decreases in
proportion to the level of pollution and other
harmful effects of human activity y (t) B> 0:
increases proportionally to the magnitude of
the character of the flora (green plantations,
forests, orchards, cities of the region, etc.);
C>0. The coefficients A, B and C of the
simplest model are considered constant, in
more complex models they are considered
functions of time, determined experimentally.
The speed of the change y (t) can be described
as follows (taking into account model [3]):

& =Dx—Ez, (2)

dt
which can be commented as follows: the
speed of the level of harmful effects changing
on the environment is proportional to the
population in the region (coefficient D take
into account both the vital activity of the
population and the results of the functioning
of industrial objects of the region), D > 0, and
have a decreasing depends on flora condition
region — as already mentioned (forests,
gardens, garden cultures, etc.) E > 0.

The speed of change for z (t) can be

described using the third differential equation

dz

7 Hx—-Gy+ Fz, 3)
that takes into account the following
formulas: (the qualitative quantity of the
characteristic of the flora condition z (t)
depends on the following factors: population
size x (t). In this case, when choosing the
values and the magnitude of the coefficients H
the level of environmental consciousness of
the population should be taken into account,
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at a high level, when worrying about the state
of the land plots by the population
compensates for the regulation of its life and
the functioning of industrial enterprises H > 0,
at a low level (little attention is paid ignorance
of ecology.) H< 0 for other factors on the
change z (t) is the level of pollution y (t),
obviously G > 0, as well as from the real state
of the flora z (t), F > 0. Taking to account this
third equation it is possible so the system can
be written in the form :

—=Ax - By + C

dt X ) zZ

D py-E )
dt

d—Zsz -Gy + Fz

dt

Such system can be solved using the
analytical solution without the applying of
numerical methods.

For the correct problem statement of

modeling, it is necessary to set initial
conditions
x(0) = x,
y(0) =y, (5)
z(0) =z,

which can be determined from statistical data
on the population size, level of pollution, and
the state of the flora of the region. It should be
noted that in the system (4), it is necessary to
clearly define in which units the
characteristics x (t), y (t), z (t) are defined to
understand the coherence of the coefficients.
One way of resolving this point is to choose
monetary equivalents for x(t), y (t), and z (t) —
for example, losses from environmental
pollution by harmful products, and estimating
the profit from the amount and condition of
green areas in the region. The system (4) with
initial conditions (5) can be analyzed from the
point of view of the possible behavior of its
solutions. In particular, the desired option is to
output the value of x (t), y (t), and z (t) to a
certain stable level — from a mathematical
point of view, it is desirable to fulfill the
condition:
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limx(t)=x_;

}1_{2 )=y, (6)
limz(t)=z,.

The right-hand sides of (5) and (6) are
different — the state of x (t), y (t), z (t), is
determined by the initial conditions, but does
not equal this initial value. The analysis of the
system (4) with the conditions (5) allows us to
establish the mathematical relation on the
matrix coefficient of the equations system
(4), for which the given solutions will be as
shown in Fig.1 To this end, we write the
characteristic equation of the system (4) [3]:

A-A -B C
detf D -4 -E |=0 (7)
H -G F-1

which is equivalent
AA-F)A-A)-CDG + BEH + 7
+CHA—-EG(A-A)+DB(F-21)=0. )
It is necessary to consider all possible
variant of solution (7°) — three real roots or
one real and two complex. The case shown in
Fig. 1 corresponds, for example, to the
following condition: one of the three roots of
the equation (7) is equal to zero, and the other
two - either valid negative or integral with a

negative valid part:

A4 =0 A4 =0
4 <0; JRek, <0. (8)
A >0 ReA; >0

in the case of (4) x (1), y (t), z (t) at a rate

satisfying  condition (5), monotonically
increasing or decreasing.

A=4=0

A3 <0

The values in (24), (25) are also functions
of the initial conditions (5) and the
coefficients of the system (4).

However, case (9) is not guaranteed to
cause the condition of stabilization (6),
therefore the main option guaranteeing
fulfillment (6) is a set of conditions (8).

A+ (A+F)—A(FA—-CH - GE + DB) +
+(BDF — EGA+ BEH —CDG)=0; (10)
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Figure 1 — Distributions of the factor conditional values

BDF-EGA+BEH-CDE=0 . (11)
Then it can be look like:
P+ 1 (A+F)-
+A°(4A+F) (12)

—AM(FA-CH -GE + DB)=0.
A =0, a to find the other two roots we have
an equation:

—x* +(A+F)x—(FA-CH —GE+DB) =0.(13)
Then

5 D) +\(A+F) ~4FA-CH-GE+DB) _
3 -2 B

:(A+F)$\/(A+F)2 —4(FA~CH~GE+DB)
2

. (14)

If
D=(A+F)'—4(FA-CH-GE+DB) <0, (15)
to A4, ; — complex roots and for use of the
second of the conditions (8) it is necessary to:
Rel, =Rex, =—A;F <0.  (16)

Thus, for case (15) for stabilization x(z),
y(), z(t) (fig.1) it is necessary to fulfill the
conditions (11) and (15), (16). For the case:

D=(A+F)’ —4FA—-CH—-GE +DB)>0.(17)
To fulfill the first conditions (8) it is

necessary to:
{A +F + \/5 <0

A+F-JD <0

Conditions (18) give the demanding of
receiving the solutions with the properties of
stability, it is very important for finding the
limited solutions.

Therefore, in this case, to fulfill the
condition of stabilization x(t), y(t), z(t) the
conditions are necessary.

(18)
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For case (9) it is necessary that in the
equation (10) the free term be equal to zero
(condition (11)), and also the coefficient at X:

FA-CH-GE+DB=0. (19)

Then equation (10) takes the form of:

~A+ A (A+F)=0,

So:
-A+F+A4=0. (20)
So, to fulfill condition (9) it is necessary
that:
F+A4<0. (21)
However, case (9) provides for the

stimulation of functions

x(2), y(2), 2(2) (22)
look like:
so:
x(t) = a; + bt +ce™
Y(t) = ay + byt +cye™ (23)

and there is an additional condition either:

or
b <<1;by, <<L;by <<1 . (25)
Results and models accuracy

theoretical research

The practical implementation of the
published models requires data on the values
of the coefficients of the matrix of systems
(4). To solve this problem, either static data
on the relationship between the corresponding
values or the method of expert assessments,
which in this case may be the next among a
wide range of experts, is used.

The schedule can look like in the figure 1.
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The following poll is conducted: they are
asked to rank numbers in order of importance
for the coefficients, as shown in Table 1:

Table 1 — Importance of mutual influence,
between values x(t), y(t), z(t)

E, | E; | Es Eni | Ea | D,
A 2 1 2 8 3 X1
B 5 3 5 7 1 X5
C 3 8 4 5 4 X3
D 6 5 7 4 2 X4
E 1 2 8 1 6 X5
F 7 7 1 3 5 Xs
G 8 6 3 2 7 X5
H 4 4 6 6 8 X3

After conducting this survey for each of
the coefficients A, B, C, D, E, F, G, H, is its
total score Xi; and i = 1,...8, and the value of
the corresponding coefficient, for example, of
the coefficient D, is obtained by the formula:

= . (26)

i=1

This allows us to obtain the values of the
coefficients of the matrix of system (4) in the
form of numbers distributed on the segment
[0; 1]:

X X X X

_ . _ 2. _ 3. _ 4.

A=—;B=—;C=—;D=—;
c c c c

(27)
E=%F=e,g=-1p-%
C ’ C ’ C ’ C ’
8
where CZle..

i=1

After determining the coefficients (27),
the implementation of the stabilization
conditions is checked. If the above conditions
are not met, then changes in the coefficients
are made, or conducting surveys for a wider
range of experts. In the analysis of the results
obtained by the given values of the elements
of the matrix of system (4), if necessary, the
initial conditions (5) are mixed to obtain the
desired values (6).

In fact, this means that the necessary
values of the initial conditions that guarantee
the stable development of the socio-economic
system are established.
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The Kendall criterion is used to control
the consensus of experts: the coefficient of
concordance is calculated by such formula:

128

K= e ) 29
where
" 2
S= d—-d), 29
( ) (29)
di:ivij’

J=1

V;; — range of the i-th factor in the j-th

expert, d, — the sum of ranks i-th factor in all

m experts;
n —number of indicators; m is the number
of experts.

d — the average level of all criterion.

If K is greater than 0.75, then the
consistency in the indicators of experts is
considered satisfactory [5]. Such a method is
called the expert assessment method

It should be noted that there is a case in
which the elements of the matrix of system
(4) are unquestionable in relation to their
values  for example, the value of the
coefficient D can be deduced from Table 1,
since it can be directly determined from
statistical data. In this case, the following
method is proposed to establish the real values
of the coefficients: the coefficients that can be
determined by the methods are deduced from
the table. In this case, in Table 1, the number
of rows is reduced, and then the
implementation of the methodology for
evaluating the importance is implemented. In
order to ensure the adequacy of the model and
the same order of values of the coefficients,
all other coefficients defined on the interval
[0; 1] are scaled by the magnitude of the
coefficient, which is removed from the table
by the formula:

K=4*K, (30)
where K; — the value of the coefficient on the
segment [0; 1];

A — the value of the coefficient, which is
determined without the application of the
expert estimation method. This avoids the
problems associated with the peculiarities of
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rigid systems of differential equations, which
are characterized by a significant spread
between the values of the eigenvalues of the
matrix of the system, and, as a result, a
significant spread in the rate of change of
functions, which are solutions of the system
[4]. For example, considering the simplest
simulated system:

dx

; = IOOX
dt (31)
'y
—=0,001
dt 4
the solving of which is:
x= xoeIOOt
0,01¢ (32)
y=Yoe~

Obviously, these functions have different
growth rates - for the same controlled time of
time [0; 5], the function y (t) does not change
at all while x (t) exponentially grows

(like €'"). The approach described in the
Table 1, with the use of (26) and (27), allows
avoiding the problems associated with the
rigidity of systems. If some elements of the
matrix of the system (4) are determined
experimentally, and at the same time they
have a significant spread, then to obtain an
objective model, it is necessary to use such
methods and methods of processing
experimental data as the method of reference
to the experiment and the method of
Himmelblau [6], discarding abnormal values.
However, this situation is not specific to real
socio-ecological systems. Typically, in such

Oliinyk at al.

cases, we are aware of several characteristics,
and a scaling coefficient system (4) should be
used to maximize the ratio.

Conclusions

It was shown that the method of systems
linear differential equations with the constant
coefficients applying allows to construct the
models of real socio-ecological system. It was
shown that the applying of the methods,
which based on the systems of ordinary
differential equation allows to receive the
solutions, which satisfied the condition of
stability — very important moment to real
processes in socio- economical systems and
by the using the presented method of model
coefficient definition to receive the results
which demonstrate the good agreement in
describing the behavior of real processes.

To check the model’s adequacy the
method of expert marks is used; it allows to
defined the model’s coefficients value which
correspond to real process and systems
characteristics;

The Kendall criterion allows to show the
good agreement of expert’s point of view on
the tested processes.
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AHoTauifa. Y cTaTTi po3riAHYTO 3aCTOCYBaHHA METOAIB MAaTeMaTUYHOrO MOAE/NOBAaHHA ANA aHanisy
COLi0-€KOJIOTIYHMX CUCTEM Ha OCHOBI CUCTEMM JiHIMHUX AndepeHUianbHUX PiBHAHb 3i CTanMmm
KoedilieHTaMM. 3anponoHOBaHa MOAENb [A03BOJAE OMNUCATM B3AEMOLID MiK TPbOMA OCHOBHWMMU
baKTOpamMK: YMCENbHICTIO HACeNeHHA pPerioHy, piBHeM 3abpyaHEHHA AO0BKiAAA Ta CcTaHOM daopw.
Ona nobyposu cuctemm 3actocoBaHo nigxig JloTKu-BonbTeppu, wo 3abesneyye MOXKAUBICTb
[OCNIOKEHHS CTIMKOCTI pilleHb Ta NOBEAIHKM CUCTEMM 3aMEXKHO Bif, MOYATKOBMX YMOB i MapameTpis.
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MeTogmka nepenbayae BM3HAYeHHA KoedilieHTIB mMoaeni 3a [0NOMOrol EeKCNepPTHUX OLUiHOK i3
3aCTOCYBaHHAM KpUTEPIlo y3roasKeHocTi KeHaanna, Wwo rapaHTye AOCTOBIPHICTb OTPMMAHUX pe3ynbTaTiB.
HaBegeHo NpuKAagM BMKOPWUCTAHHA CTaTUCTUYHUX AaHMX Ta MOACHEHO, AK moamdikauia novyaTKoBux
YMOB BM/AMBAE Ha CTabinbHicTb couio-ekonoriyHMx cucrem. OKpemy yBary npugineHo npobnemam
YKOPCTKMX CUCTEM, LLLO BUHMKAIOTb MPU 3HAYHOMY PO3XOAKEHHI BAACHWUX 3HAYeHb MaTpuLi KoedilieHTis,
Ta 3anpornoHOBaHO CNocobu iX YHUKHEHHA 3a AO0NOMOrot Hopmanizauii KoediuieHTiB. OTpUMaHi
pes3ynbTaT¥ MalTb BaX/IMBE MPaKTUYHE 3HAYEHHA ANA MPOrHO3yBaHHA AWHAMIKM COLiO-€KONOTiYHMX
NpoLECiB Ta NPUMAHATTA yNPaBAiHCbKUX PilleHb WOoA0 ONTUMI3aL|ii BUKOPUCTAHHA NPUPOLHUX PecypcCiB.
3anponoHoBaHa MoAe/lb MOXKE 3aCTOCOBYBaATUCA A5 OLLIHIOBAHHA €KO/I0MYHOi piBHOBArKM, NAaHyBaHHA
3axo4,iB 3i 3BMeHLWEeHHA PiBHA 3abpygHEHHS Ta NiATPUMKM CTiAKOro PO3BUTKY PErioHy.

KnwouoBi cnoBa: coLio-eKonorivyHi cuctemn, matemaTMyHe MOAENtoBaHHA, cuctema audepeHuianbHux
piBHAHb, Moaesnb JIOTKM-BonbTeppw, CTabiNbHICTb, eKCNEePTHI OLLHKK, KpuTepit KeHaanna.
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AHoTauif. Y HadToBMA00OYBHIl rany3i 06’eKToM AOCAIAKEHHA € BUABNEHHA NAapaMeETPUYHOT CXOXKOCTI Ta BiAMIHHOC-
Tel MiXK cBepA/I0OBUHAMM 3 METOIO MiABULLEHHA TOYHOCTI FE0N0TYHOIO0 MOAENOBAHHSA, ONTUMI3aLLi 6ypoBUX pobiIT i
NPOrHO3yBaHHA NPOAYKTMBHOCTI NAacTiB. Y cTaTTi NpeAcTaBAeHO MoAenb Ana Knacudikauii Ta NopiBHAHHA KapoTa-
KHUX JQHUX CBEPAJ/IOBUH Ha OCHOBi Cy4aCHUX METOZiB MaLUMHHOMO Ta rIMboKoro HaB4YaHHA. HaBefeHo aHaniTmu-
HUI OrNsf iCHYHUMX NiAXOAIB A0 OUiHIOBAHHA KOpensauil MiX cBepa/l0BMHaMK, 30KpeMa METOAIB PYYHOro aHanisy,
wo 6asyrTbCA Ha eKCnepTHUX oujiHKax ¢axiBuiB ranysi, Ta BUKOPUCTAHHA NPOCTUX KoeodiujieHTiB noaibHocTi. Taki
MEeTOAM MatoTb CYTTEBI 0OOMEKEHHS, NOB’A3aHi 3 BUCOKOO Cy6’EKTUBHICTIO, HU3bKOIO BiZTBOPIOBAHICTIO pe3y/bTaTiB i
CKNagHicTio maclwTabyBaHHA Ha BeAUKi 06carn gaHux. [aa nofonaHHA 3a3Ha4YeHUX HeJoiKiB 3anNponoHOBAHO Nia-
Xig, Ha ocHoBi rNMBOKOro HaBYaHHA, AKMI 3abe3neyye aBTOMaTM3aL,ito NPOLLECiB aHaNi3y, NiIATPUMKN Ta NPUAHATTA
pilleHb y AoCNiaKeHHi cBepaioBMH. Po3pobaeHO moaens, Lo BUKOPUCTOBYE apXiTEKTYPY PEKYPEHTHOT HEMPOHHOT
mepexi (RNN), opieHToBaHy Ha 06p06Ky NOCNIAOBHUX AAHUX | BUABNEHHA AOBrOCTPOKOBMX 3a/1€XKHOCTEN MiXK HU-
MW, 3 BUKOPUCTAHHAM LLAPiB HEMPOHHOT Mepexi ANA OUiHKM NoAibHOCT. 3anponoHOBaHO Bi3yasni3aLilo Ha OCHOBI
CXeM OLHKK noAibHOCTI ANA napu iHTepBaniB Ta CxeMy MOPIBHANbHOrO HaBYaHHA Ha OCHOBI TPUMNIETHUX BTpPaT.
EdeKkTUBHICTb MoAeni OLiHIOETLCA 3@ A4OMNOMOrol0 MeTpUK Knacudikauii Ta Knactepusau,ii, Wo A03BONAE KibKICHO
BM3HAUYMTU AKICTb rpynNyBaHHA CBEPAJ/I0BMH 33 NapameTpamu noaibHocTi. PeanisoBaHui nigxia € yHiBepcasibHUM Ta
HaZiHUM MeToAOM ANA BMPOBAAMKEHHA NpoOLEcy aBTOMATM30BAHOIO aHanisy CBEPANOBWMH, CMPAMOBAHOMO Ha
3MEHLLEHHA 3a/yYeHHA pyYHOi npaui ¢axisLiB i NiaBMLLEHHA ePEKTUBHOCTI.

KniouoBi cnoBa: aHanis cBEpANOBUH, KapoTaXKHi AaHi, rnboke HaBYaHHA, HEMPOHHI Mepexki, MoaentoBaHHA, Me-
TOA0/0risA, MOAENb, arperauia AaHUX, eKcTpanonsauia moaeni, ouiHka epeKTUBHOCTI, aBTOMATU3aLifA, NPUAHATTA
pilweHb, KnacTepm3aLin.

Beryn

VY cydacHOMy CBITI Had)TOra30oBa MPOMH-
CIIOBICTb TOTpeOy€e TMOCTIHHOTO BIIOCKOHA-
JIEHHS METOJIB aHami3y JaHuX I ITi/IBH-
IIeHHs1 e(EeKTUBHOCTI BUAOOYTKY Ta 3MEH-
meHHs pu3nKiB. OJIHUM 13 KIIFOYOBUX €TAaIliB €
aHalli3 KapoTaXHUX JAaHUX, IO J03BOJISE
oTpuMaTH 1HGOPMAII0 TPO TEOJOTIUHY Oy-
JIOBY POJIOBHINIA Ta BIACTHBOCTI mopin. Tpa-
JUIIIHI METOJIM aHaJi3y 4acTo € TPYIOMICT-
KUMH Ta CyO’ €KTUBHUMH, 10 MPU3BOAUTH IO
3HMKEHHSI TOYHOCTI Ta €EeKTHUBHOCTI MPUIH-
ATTS pimeHb. ToMy po3poOka aBTOMaTH30Ba-
HUX METOJIB aHaji3y KapOTaXHUX JaHUX €
aKTyaJIbHOIO Ta BaXKJIMBOIO 3aJa4elo.

VY 3B’A3Ky 3 IIMM, 3aCTOCYBaHHS METO/IIB
MAaITUHHOTO (30KpeMa TIIMOOKOT0) HaBUaHHS,
CTae BCe OUTBII MEPCIEKTHUBHUM HANpPsSMKOM
IOCIIHKEHb. [ TMOOKE HaBYaHHA JO3BOJIAE

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

ABTOMATHU3yBAaTHU CKJIAJHI TPOLECH aHATi3y
JIAaHUX, BUSBIIATA MPUXOBaHI 3aKOHOMIPHOCTI
Ta TMOKpAIlyBaTH TOYHICTH MPOTHO3YBaHHS.
3acrocyBaHHs KiacU(pIKAIIHHO-TIOPIBHSIBHUX
METO/iB 0OpPOOKH KapOTaKHUX JaHUX Ha OC-
HOBI IIMOOKOr0 HAaBUYaHHSA [O3BOJISIE IIiBU-
AT e(EeKTUBHICTh aHaNi3y Ta MPUUHATTS
piteHs y HaTorazoBiii MpOMHUCIOBOCTI.

Mera po6oTu — po3poOka Mojeni Kia-
cudikarii Ta TOPIBHIHHS KapOTaXHUX JTaHUX
CBEPJIJIOBHH.

AHaJI3 Cy4YacHMX 3aKOPAOHHMX i BiT-
YM3HAHMX TOCTIIKEeHb Ta mMyOJaikanii

BusiBiieHHs MOIIOHOCTI MiXK CBEpJIOBU-
HaMH € HEOOXIJHOI0 4YaCTHHOI 0ararbox
npouenyp. Lle copusie po3yMiHHIO XapakTe-
PUCTHK CBEP/JIOBUHU, IJIAHYBAHHIO CTpAaTerii
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pPO3pOOKH POJIOBHUINA, BHSBICHHIO aHOMAIIIN
i 9ac mpouecy OypiHHS, CTBOPEHHIO CHHTE-
TUYHUX JaHUX, HAOMMKEHHX 0 pealbHUX, 1
OarateoM iHImUM 3amadam [1,2]. CygacHi me-
TOAM OILIHKK KOPEJSIii MiX CBEPAJIOBUHAMHU
B OCHOBHOMY 30CEpE/KEHI Ha MaikKe pydHO-
My aHali31 XapaKTepUCTUK eKCIepTaMu abo
OLIHII JEAKUX HENPUPOIHHUX KOe(illie€HTIB
MOAIOHOCTI, HAMPUKJIAA, MPOCTOI €BKIIIIO0BOI
BificTaHi ab0 OibIN CKIAAHOI HMOBIPHOCTI
cuaxponizamii [1]. CoinbHUME AT [UX Kia-
CUYHHUX IIIXOMIB € BIJIHOCHO HHU3BKA CKJIAI-
HICTh MOJEJICH 1, BIAMOBIIHO, HAsSBHICTh 00-
MEXEeHb IS iX 3acTocyBaHHs. BoHM BuMmara-
IOTh CKJIaJHOTO BUOOPY XapaKTEPUCTUK BXij-
HUX JIaHUX 1 TirmeprapameTpiB mojeni. Mox-
JIMBOIO aJBTEPHATUBOIO € PIIICHHS HAa OCHOBI
naHuX. Taki MoJen aBTOMAaTH3YIOTh MPHii-
HATTS pillleHb, 3MEHIIYIOYH KUIBKICTh PY4HOL
mpari, Ta MEHII CXWIbHI 0 TIOMWIOK 1
cy0’extuBHOCTI [2,3]. OqHAaK, MOKHA a/IamTy-
BaTH TOTY)KHI MMapagurMy JUIsl HaBYaHHS 3a
nonibHicTio [2,4]. I'mnboke HaBYaHHS 1 HEW-
ponni mepexi (HM) cranmm momupeHuM iH-
CTPYMEHTOM I PO3B’SI3aHHS PI3HUX MPO-
osiem. Lle moB’s13aHO 31 37ATHICTIO HEHPOHHKUX
MEpEK BUTATYBATH 3HAUYI TPEICTABICHHS
Ha OCHOBI JaHUX 1 OOYMCIIIOBATH MHOIIOHOCTI
00’€KTiB HAa OCHOBI ITUX MPEJCTABJICHb.
3aranpHOI0 Mpobsiemoro st HM € 006-
MexeHi mo3Hadeni naui. [Ipore, cydacHi Jo-
CSITHEHHSI HEKOHTPOJILOBAHUX 1 CaMOKOHTPO-
JTHOBAaHUX MapaJurM JI03BOJISIFOTH JOCHIIHU-
KaMm mojoJaTtu 1o npobiemy [5]. i meTtoan
ABTOMATUYHO BUIUISIOTH O3HAKU 200 YSIBJICH-
HS 1, TAKAM YHWHOM, MPAIIOI0Th 0€3 KOHKPET-
HUX Cy0’€KTUBHUX 3HAaHb €KCIIEPTIB.
[IpoanainizyemMo HasiBHI pO3pOOKH B Ha-
BUaHHI TOIOHOCTI, TOB’s3aHi 3 HadTOra3o-
BOIO TIPOMHMCIIOBICTIO. 30CEpeKyeEMOCST Ha
OCHOBHUX TphOX HAMPSIMKAX JIOCIIKCHb,
OB’ sSI3aHUX 3 IPOCTUMH IT1IX0JaMH Ha OCHOBI
MPaBWI, KJTACHYHUMHU IMiIX0JJaMU MAITUHHOTO
HaBYaHHA Ta IMIXOJaMU IJIMOOKOro HaB4YaH-
Hs. [ligxin, 3acHOBaHWI Ha MpaBUiIax, MPOIO-
Hy€ BU3HAUWTH JIOTIYHI TIpaBUja JIJis KOpes-
1ii MK CBEp/IOBUHAMHU Ta BU3HAYCHHS 30H B
iHTepBajgax CBEP/UIOBHH HA OCHOBI TMOMEPE]I-
HiX 3HaHb eKCHepTiB. Po3risnaioTs BUpiBHIO-
BaHHS 32 JONOMOTOI0 JWHAMIYHOTO BHKPHB-
JICHHS 9acy Ha OCHOBI THIIOBUX T'€OMETpHY-
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HUX Bincraned [6]. Ilicis BupiBHIOBaHHSA
KPUBHUX €KCIIEpPT BHPINIye, YH BOHU CXOXKI.
Po3pobiieHo Takok MeTO OIIHKH MOAIOHOCTI
Ha OCHOBI ctatTucTHYHUX MeToiB [1]. He3Ba-
JKalouM Ha Te, IO 3rajaHi MigXxoau JOCHUTh
IPOCTI JJIs peantizalii Ta JIerki Juis iHTepmnpe-
Talii, BOHM, B OCHOBHOMY, 30CEpEIKEHI Ha
PO3TIISAIl OJIHIET KOHKPETHOI OCOOIMBOCTI J0-
Ope peecTpoBaHUX JIAaHWX Ta BTPAYAIOTh IIiH-
Hy iH(popmartito. KpiMm Toro, 611b1I1iCTh 13 HUX
BHMArae 3allyudeHHs eKCIepTa.

B ocraHHI pokM MAXOAM KIACHYHOTO
MAIIMHHOTO HaBYaHHS 1 TTMOOKOTO HaBYAHHS
JOCSTIIA OLIBINE YCIiXiB Yy Po3po0Ili reosIori-
YHUX Mojened. BHUKOPHUCTOBYIOTH MalIMHY
onopHUX BekTOpiB (SVM) nns oTpuMaHHSA
TUTABHOTO TMPEJICTABJICHHSI JIaHUX, a TIOTIM 3a-
CTOCOBYIOTH 3arajibHi BiJICTaHI KJacTepH3allii,
sk BifcTtaHi JKakkapa, s oOYMCIEHHS TOi-
OHOCTI MK MiTKamu cBep;yioBuH [7]. Haii-
OUTBII CXOKI CBEPAJIOBUHU BUKOPHUCTOBYIOTh-
csl Al IPOTHO3YBaHHS KapoTaxy. Xoua Me-
TOJI TIOKa3ye NMPUHHATHI pe3yibTaTH, MiATBE-
PIKEH1 OIIHKOIO €KCIIePTiB, Taka MOJECIb BiI-
CTaHI ITHOpYE MPHPONY MaHMX, IOKJIaIaro-
YUCh HA PETEJbHO BiMiOpaHi XapaKTePUCTUKH.
TakuM 9MHOM, METOJI HE MOXeE 1ICHTH]IKY-
BaTU TMpPEACTABIECHHS CBEPIJIOBUHU Ta Mae
00MeXeHY 3aCTOCOBHICTh, aJJallTOBaHy 10 PO-
3TJSTHYTHX Jlana3oHiB BUOpaHUX XapaKTepHC-
TuK. JlocnmimpkenHs [2] 3ampoBapkye HaBYaH-
HsI MTOIOHOCTI HA OCHOBI JTAaHWX BUMIPIOBaHHS
nig gac Oypiaas (MWD) st BusiBlieHHs1 aBa-
piii mix yac OypiHHSA. ABTOPH JEMOHCTPYIOTH
3aCTOCYBaHHS KEPOBAaHOTO HaBYaHHS MOJi0-
HOCTI 3 (PYHKIIiSIMH, CTBOPEHUMH EKCIEepTa-
MU: BOHH arperyrTh CTATUCTUKY ISl YACOBUX
IHTEpBaJiB 1 BUBYAIOTH KiacU(iKaTOp, SKUN
nepeadayvae, 9M BIAMOBITAIOTH iHTEPBAIHN Pi3-
HUM 200 CXO0KHUM aBapiiHUM BumnagkaM. Ode-
BUJHUM OOMEXKCHHSIM € py4HE OTPUMAaHHS
MiYE€HUX HaOOpIB JAaHWUX JUIsl HABYAHHS TaKoOi
CHCTEMH, OCKUIbKM MOTPiOHI COTHI MiYEHHX
aBapii.

3aBIAKkd TNIMOOKOMY HABYAHHIO IMITY4HI
HEHWPOHHI MEPEXi BUKOHYIOTH KOPEJAIINHY
OIIHKY JUIsl CBep uToBUH. L{i Moeni Ha OCHOBI
JIAHUX BUKOPHCTOBYIOTH Pi3HI XapaKTEPUCTH-
KU SIK BXiJHI JIaHi: BUAOOYTOK HaPTH, 00BO-
HEHICTh, TUCK HArHITaHHS, XapaKTEPUCTHUKU
INPOHUKHOCTI a00 300pa)keHHs, OTpUMaHi 3
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nudpoBoro kaporaxy. HeiponHa wepexka
Convolution BUKOPUCTOBY€ETBHCS IS IPOTHO-
3yBaHHS PETIOHATHLHOI TPOHUKHOCTI HA OCHOBI
Habopy reooriyHUX 0codIMBOCTEH [8].

BuxkJiiag ocHOBHOro martepiaiy

JInst IpOTHO3YBaHHSI B3a€EMO3B’SI3KY MIXK
BUJOOYBHUMHU CBEPIJIOBUHAMH Ta OTOYYIO-
YUMH HarHiTaJIbHUMU CBEPAJOBUHAMM Ha OC-
HOBI BUJOOYTKY PIAMHU Ta 3aKauyyBaHHS BOJU
BUKOPUCTOBYIOTh MEPEKY TOBrOTPUBAIIOT KO-
poTtkovacHoi mam’sTi. [licns HaB4aHHS Mepe-
1 3aCTOCOBYIOTh METOAM aHAJI3y YyTIMBOCTI
JUIsL OTpUMaHHSI KOE(IIIEHTIB 3B 3Ky MIXK
CBEP/IJIOBUHAMU.

Bcest cBepiioBuHa MICTUTB OaraTo pi3HHX
miAmapis, ToMy, OOYHMCIIOIOYH MOIIOHICTh
MDK TiIHTEpBaJIaMH JIBOX CBEPJJIOBUH 1 TIO-
TiM 00’ €HYIOYH 1X, MOKHA JI3HATUCS TOYHI-
i Mojenm. Takuid miaxia € MpUPOTHUM BUOO-
POM, OCKIUTBKH 33a3BUYAl CBEPIIOBUHU MAIOTh
PI3HY JOBXHHY.

Posrnsigaerscst Habip MaHMX, SKUH CKIa-
JAETHCSL 3 THTEPBAIIB CBEP/JIOBUH; - 1HTE-
pBaJ CKIAMAETHCS 3 BIIMOBIAHUX CKJIQIOBUX:

d
X, =(x1i>--"xl,~i)= X € R%, ne I; € nopxuna

i-ro iHTEpBay, ad — I KUIBKICTh 03HAK, 310-

paHUX Ha KO)KHOMY KPOIIi IHTEpBaIYy.
BynyeMo monenp Ha OCHOBI JIaHUX, sIKa

nmpuiiMae SK BXITHI JaHl MPO JBa IHTEPBAIU

(X X j) 1 BUBOJWUTL IOMIOHICTH MDK ILUMH

JBOMa 1HTEpBajIaMu s = s(X X j). SIxmro

iHTepBaIM OJU3bKI OJIMH JIO OJTHOTO, MOJIEIh
MOJAIOHOCTI IOBMHHA BUBOJWUTH 3HAYCHHS,
Oym3pki 0 1, B I1HIIOMY BHITQJKy OIlIHKA
CXO0OCTI TOBUHHA OyTH OJIM3HKOTO /10 ().

PosrasgaroThest IBa MiAXOAW 10 ITO3HA-
YEeHHsl Nap iHTEepBaIiB Ul HAaBYaHHS KJIacu-
(ixaTopa moaiOHOCTI:

Jnst npobnemu 36’a3y6anus OUYIKYETHCS
BHUBEICHHS Kiacudikaropa 1, sSKio aBa iHTe-
pBasim OepyTh 3 ojHiei cBepmioBuHH, 1 0,
SIKITIO 13 ABOX PI3HHUX CBEPIJIOBHH.

Jnst npobremu 3axpumoeo 36 ’A3V8aHHSA
OYIKY€TbCSI BUBEJCHHS KiacudikaTopa 1, sk-
10 JiBa iHTepBaNu OepyTh 3 OMHI€i CBEpHJIO-
BUHHU 1 € OJIM3bKI OAWH IO OJHOTO 3a TJIMOU-
HOto, 1 0, SIKIIO BOHM HE BIAMOBIZAIOTH IIUM
JIBOM BHMOTaM.
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JIBiul 3aImycKaeThCsl peKypeHTHA HEHPOH-
Ha mepexxa (RNN), mo6 oOpobutu mani 3
JIBOX I1HTEpBATIB 1 OTPUMATH iX BKJIQJICHHS.
{006 omiHuTH MNOAIOHICTH 3a Hapor0 BKJIA-
JI€Hb, BUKOPHCTOBYIOTHCSI IIapu HEHPOHHOI
mepexi. [lix yac HaBUaHHS 3MIHIOIOTHCS Ta-
pamerpu RNN 1 yacTuHa OIiHKH MOJI0HOCTI,
00 BI/IMOBIIATH IIJIBOBUM TOIIOHOCTSIM MIXK
napamu iHTepBaJiB.

PosrnsimaeTscss  Tpiiika  IHTEpBAIBHHUX
00’€KTIB: SIKip, MO3UTUBHUN 00’ €KT, CXOXKHIA
Ha SIKIp, 1 HETAaTUBHHUM 00’ €KT, HECXOXKHUHA Ha
skip. Ilicns BKIajeHHS TPUIUIETHUX IHTEpBa-
JiB MOJenb IMTpadyeThCs, SKIIO BiJICTaHb
MiX SIKOPEM Ta HEraTUBOM MEHIIIA 32 BiJICTaHb
MIDXK SIKOPEM Ta TTO3UTHBOM.

Yepes ckagHICTh JaHi Ipo HAQTYy Ta ras
BUMAararmTh PeTeIbHOI MonepeaHb01 00POOKH.
Kpokrn B 1bOMYy KOHTEKCTI BKIIOYAIOTh:
1) 3amoBHEHHS BIJICYTHIX 3HA4Y€Hb; 2) pOOOTY
3 KOHKPETHHMHU OCOOJHMBOCTSIMHU KapOTaxKy;
3) BuOIp iHTEpBaIiB 31 CBEPAJOBHUHHU, HEOO-
XigHUX 71 HaBuaHHS mozeni. [loTpiben mo-
JATKOBHM KpOK JIsi 0a30BUX MOJACNEH, SKi
noTpeOyIOTh 3HAYYIIUX O3HAK SIK BXITHUX
naHux: 4) TreHeparlisi BEKTopa 03Hak.

1) 3anosnenns giocymuix 3nauens. 3Hau-
Ha YacTKa BHUMIPIOBaHb y TPOaHai30BaHUX
naHuX BincyTHs. CTpaTerisi 3aTIOBHEHHSI MOXKE
JTI03BOJIUTH BUKOPHUCTOBYBATU OUIBIIICTH JIOC-
TYIHHUX JaHUX. SIKII0 11e MOKIIUBO, 3aIIOBHIO-
€MO KO)XHE MpOIyIleHe 3HAYEeHHs IMomepe-
HIM HE MponyumeHUM (TpsiMe 3aroBHEHHS),
1HaKIIe — HaWOIMKIUM JTOCTYITHHUM MaiOyT-
HIM 3HA4YeHHAM (3BOPOTHE 3allOBHEHHS).
OCK1UTbKH BUKOPHUCTOBYETHCSI 6araTto iHTEpBa-
JB JUIS OIIHKHA MOAIOHOCTI MK CBEpAJIOBU-
HaMH, IIi cTpaTerii 3a0e3medyroTh J0CTAaTHE
HOKPUTTS U1 POOOTH METO/IIB.

2) Poboma 3 ocobausocmamu. Mopeni
MAIIMHHOTO Ta TJIMOOKOTO0 HaBYaHHS 3a3BH-
yaii BUMararoTb OOpOOKM JaHUX Yepe3 CIie-
(iKY TEXHOJIOTTYHUX YMOB Y CBEpAJIOBHHAX
mig vac kKapotaxy. Ilomepenns o0poOka
BKJTIOYA€ TaKi KPOKU:

1. BukmrodeHHs (i3MYHO HEaJeKBaTHUX
JTaHUX, TOOTO 1HTEPBANTIB, JIe MUTOMUI EIEKT-
pUYHU ormip MeHIni abo mopiBHIoE 0.

2. TlepeTBOpeHHs yCiX JaHUX TUTOMOTO
€JICKTPUIHOTO OMOpPY B JIOTapupMIYHUN HOP-

MaJIbHUM MacTao.
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3. Hopmamizaniis 1aHuX raMma KapoTaxy
B KOXKHIM CBEpAJIOBHHI Ta IUIACTI IUISIXOM Bi-
JTHIMaHHSI CePEAHBOTO 3HAYCHHS Ta PO3LICH-
Hs OTPUMaHUX 3HAYEHb, II00 OTPUMATH OJU-
HUYHY JTUCTIEPCIIO.

4. Hopwmamizamisi iHIIUX O3HaK MIISIXOM
BiIHIMaHHS CEPEIHbOTO 3HAUCHHS Ta JIUJICHHS
OTPUMaHUX 3HAYEHb, 00 OTPUMATH OJIUHUY-
HY JUCTIEPCIIO.

3) Inmepsanu subipku. Bubupaemo mapu
iHTepBastiB (pikcoBanoi nopxkuHU 100 BuMI-
pIOBaHb 31 CBEpJIOBHH I OCHOBHHX EKCIIe-
puMeHTIB. Pi3HUIS B TOuOWHI MiX JBOMA
MOCTI/IOBHUMHU BHUMIPIOBAaHHSIMH CTaHOBUTH
0,15 ¢dyra. Taki MeToau HO3BOJSIOTH CTBO-
pIOBaTH BEJIMKI HaBYAJbHI Ta MEPEBIPOYHI Ha-
6opu map iHTepBaliB, AKi MOXYTb OyTH BUpi-
MIAJJGHUMU JUIS METOMIB INIMOOKOro HaB4YaH-
Hs1. J{nst HaByaHHA popMyeMo cTpaTudikoBaHi
BHOIpKH, SKI MarOTh Mai)ke OJHAKOBY KiJIb-
KICTh Map MOJMIOHMX 1 pi3HUX iHTepBamiB. [l
IHITUX YaCTHUH €KCIIEPUMEHTIB, MOB’S3aHUX 13
MoOy/IOBOIO TIPEJCTABJICHHS IIJIOI CBEPAJIO-
BHHH, PO3JIIJITEMO CBEPIJIOBUHY Ha IHTEpBa-
7, 0 HE MEePEeKPUBAIOTHCS, OJHAKOBOI JIOB-
xuHu [=100. VY 3aranpHili kmacudikarii ctpa-
Terii BUOIpKM MOXKHA Ha3BaTH Lie cTpatugi-
KOBaHUM BapiaHTOM ITaKETHOI BUOIPKU IS
BHBYCHHS 110/1I0HOCTI.

4) I'enepayis eexmopa 03HAK (AKWO He-
00xi0H0). OCKIUTBKH PO3TIISIAI0THCS IHTEpBa-
JIbHI PiBHI, TO CJIIJI aAaNTyBaTH JaHi IJIs Kja-
CUYHUX METOJIB MallMHHOTO HaBuaHHs. Tu-
MMOBUM pIMIEHHSAM MPOOJIEMU € arperyBaHHS
O3HaK Ha IHTEpPBAJIAaX 3 BUKOPUCTAHHSIM, Ha-
MPUKIIAA, CEPeIHBOT0 Ta CTaHAAPTHOTO Bil-
xwieHb. OTke, KOXEeH IHTEepBall PO3MipOM
(100, k) BiamoBimae BEKTOPY O3HAK PO3MIPY
2k, nek — ue KinbKiCTh BHKOPUCTAHHWX 3HA-
yeHb. [lepmri k KOMIOHEHTH BiAMOBITAIOTH
CepeHIM 3HAYCHHSIM O3HAaK, OCTaHHI k KOM-
MMOHEHTH BIATMOBIAAIOTH CTAHJIAPTHUM BIIXH-
JICHHSIM B3JIOBXK IHTEPBAITY.

OCKITbKM ~ BUKOPUCTOBYIOTBCS — MOJEII
rIMOOKOTO HaBYaHHSA Il OOpOOKH JaHUX,
1HTEepBaJ TPOXH OUIBIIOT a00 TPOXHU MEHIIOi
JIOBKMHU TaKOXK MOKHA BUKOPHCTOBYBATH SIK
BXIJIHI JIaH1 Jy1s Mojeni moaioHocti. Konkpe-
THa noBxuHa 100 B miomy 3abe3neuye mpu-
WHATHY SKICTh IS TOOYTOBAaHUX MOJCIICH
nmoaidHOCTI, 3a0e3nedye MBUIAKY 0O0pOOKy Ta
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€ JO0CTaTHBhO BEJIMKOIO, 00 (hikcyBaTH Biac-
TUBOCTI Ha OCHOBI JaHUX XypHany. st pi3-
HUX CBEPJUIOBHH MAEMO Pi3HY JIOBKUHY, TOMY
BUOIpKA JacTh HAM pI3HY PO3IUTHHY 371aT-
HICThb JUIsl KOKHOI CBEPJIOBUHHM, 1 BiIOWpa-
€ThCS OJTHAKOBA KUIBKICTH I1HTEpPBATIB IS
KO>KHO1 CBEP/IJIOBUHU.

Jlns oTpuMaHHS TOMIOHOCTI JTOTPUMY-
IOTHCS 3arajibHOI MapaJurMy Cy4acHOTO TJIU-
OOKOTO HaBUaHHS Ha OCHOBI ABOGA3HOI MojIe-
71 3 KOAYBJIBHUKOM Ha IEPIIOMY eTami Ta
NPUAHATTSAM DIllIEHh HA JIPyromMy eTari. 3a-

cTocoByeThCst Mozens kodepa E; = f(X;),

00 OTpUMAaTH BKJIAJIEHHS I KOXXHOTO 1H-
tepBaiy. [1oTiM mopiBHIOETBCS BOYIOBYBaHHS
32 JOIOMOIOK  JOJATKOBOI  IIPOLENYypH

s = g(El.,Ej) 3 BIJCYTHICTIO a00 HeBelu-

KOI0 KUTBKICTIO TMapaMeTpiB ISl OIIHKH ITiJT
yac HaBYaHHA. BUXiIHI MaHi i€ YaCTUHU TO-
BIJIOMJISIFOTH TIPO TMOIOHICTh MK 1HTEpBaJia-
MU cBep/utoBUH. Ha pucynky 1 mpencraBineHa
3arajlbHa CXema TOro, K OTPUMYIOThCS IMOJi-
OHOCTI MDXK JBOMa iHTEpBaJlaMH, OLIIHEHUMH
MOJIEJLITIO.

IcHye nBa migxoaw OO HABYAHHS TaKUX
MoJieJIeil: OJIMH METOJ MOJisAirae B TOMY, 1100
3MYCHTH MOJIENIb BHUPILIYBaTU npobiemy Kia-
cugixayii (cxoxi 00’ €KTH 3 TTapH YU Hi); 1HIIA
HOJISITa€ B TOMY, 100 MEPEMICTUTH YSBICHHS
0e3rmocepeIHhO B JJATEHTHOMY MPOCTOPI.

[TpupoaHOIO ampTepHATUBOIO Ui Oe3mo-
cepenHboi poOOTH 3 MPEACTABICHHIMH € BH-
KOPUCTaHHS MOPIGHANILHO20 HABYAHHA, 30-
OpakeHOro Ha pUCYHKY 2. PosrisHemo Habip
Tpiiiok. Ko)keH TpUILIeT CKIQAaeThesl 3 IHTEP-
BaJly NIPHB sA3KK X,, OAATHOIO 1HTEpBalLy X,
i Bim’emHoro imrepsamy X,. Ix BuGuparors
Tak, 100 1HTEepBaJd MPUB’SI3KK Ta JOJATHUU
iHTepBaN Oy MOAIOHMMH 3a MiporO Moio-
HOCTI.

@®opManbHO TPHUIUIETHI BTPATH JIOPIB-
HIOIOTh

max (d (X,, X, )-d(X,, X,)-a,0), (1)
ne o — mapxka: skuwo d(X,,X,) 3HauHO
(OlThII HIX « ) MEHIE, HIX d(Xa,Xp), TO

mrpadyerbes oduncieHa moaioHICTh 1 Haxaml
MO/IEITh IOBMHHA YHUKATH TaKuX CHTYallii. Taka
BTpAaTa YCEePEIHIOETHCS 111 HA0OPY TPUILIETIB.

Memodu ma npunadu KOHmMpono akocmi, 2025, Ne 2(55)
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PucyHok 2 — Cxema nopiBHAIbHOT0 HABYAHHS
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Ha BinmMiHy Big HaBEJECHOTO BUIIE IT1JIXO-
Iy Ha OCHOBI kiacu®ikarii, mpuniemua mo-
Oesb, 3aCHOBAaHA HA BTPATI TPUILIETIB, HE BH-
pitrye Oe3nocepeIHbO npooiemMu
3B’si3yBaHHs. Tomy moTpiOeH KiacudikaTop
HaJ TpUIUIeTHOIO Mojemto. 1106 obuncanTu
MOAIOHOCTI, OIIHIOEMO EBKIIZIOBY BIJICTaHb
a00 KOCHHYCHY BIJICTaHb MIK OTPHMAaHHMH
BKJIQJICHHSIMH 3 TPHUIUIETHOI MOJENi, TaKuM
YUHOM TIPUMMAIOYu aHAIOTIYHY JBOGa3Hy
CXeMy 3 KOJYBaJbHHUKOM 1 NPUUHATTIM pi-
IIEHb HAa OCHOB1 KO/TYBaJIbHUKIB.

Haii0inpim npupoaHuM BUOOPOM JUIS T10-
CIIZIOBHUX JIAHUX € apXITEKTYpH MOJEICH,
3aCHOBaHI Ha PEKYpPEHTHUX HEUPOHHHUX Me-
pekax, TaKuX SIK PeKypeHTHa Mepexka 3 JOB-
roro KopotkoudacHoro rnam’ar1io (LSTM) [9].

LSTM wmoxe ¢ikcyBaTH THMYacOBi 3a-
JIEKHOCTI Ta 0OpOOISATH TOBrOCTPOKOBI 3aiie-
’KHOCTI, AKi 3 SBJISIOTbCA B JaHUX. MoJelb
00pobmsie maHi KapoTaxky pas3oM i3 ii riaulu-
HOIO TIOCIIJIOBHO OJIHE 3a OJHUM CIIOCTepe-
JKEHHSIM Ha IEeBHIN TJIMOUHI.

[IpoanamizyemMo jJBa BapiaHTH OIIHKH
cxoxocti. [lepmuii BapiaHT MoJsITae B TOMY,
o0 obuncnuTh eBKIioBy (1) a60 KOocHHYC-
Hy (2) BifcTaHs, sK y 0a30Biii JiHii, ane Tenep
MDK BOYIOBYBaHHSIMH, 1IT0OO OTpUMATH MOAI0-
HicTb. Jlpyruil BapiaHT moiusirae B ToMy, 1100
HAaBUUTH OKpeMmy moBHICTIO 3B’si3any (FC)
HEHpPOHHY MEpeXy OILIHIOBATH TOJiOHICTb.
[TepeBaroro mepiioro miaxoay € mpsMa OIliH-
Ka BIJICTaHI, TOJII K y 0ararboX BUMAJKaX JI0-
JIATKOB1 TIOBHICTIO TIOB’sI3aHI MPOEKIIHI T1a-
pH TO3BOJISIFOTH Kpallle MPeICTaBUTH MPOMIXK-
HI IIIap¥ HEUPOHHOT MEPEXKI.

Posrmsimaemo nBa miaxoau A0 HaBYaHHS
HEWPOHHUX MEPEXK: MiJIXiJ Ha OCHOBI KJIacH-
¢ikarii Ta miaxix Ha ocHOBI mopiBHAHHS. Oc-
HOBHI CTparterii arperaiii mogiOHOCTeH 1HTEP-
BaJiB J0 MOAIOHOCTI CBEpIIOBUH. BaxiuBo
MEePEHECTH TOAIOHICTh BiJ PIBHSA I1HTEpBATY
JI0 PIBHS CBEPJUIOBHMHU 3a JIOTIOMOTOIO Halle-
KHOI CcTpaTerii arperyBaHHs, OCKIJIbKH, 3pEIll-
TOI0, OTPiOHI MOAIOHOCTI MK CBEpIJIOBHHA-
mu. IIlo6 BuUKOpUCTOBYBaTH MOAIOHICTH Ha
piBHI iHTEpBaly, peani3yeThCsl HaBeJACHA HU-
)Kue mporenypa. BimokpemiroeMo mist  m-oi
CBEP/UIOBUHH TOCIIOBHI IHTEPBAIN 3 JAHUMU

X", j=1..,k,. Te came MOXHa 3pOOUTH

J
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JUISl n-01 CBEPJUIOBUHHU. [[75 KOKHOTO TakKoro
1HTEpBATY OTPUMYEMO BKJIaJICHHS

E} :fW(X;’) e R? . Y 1oii xe wac wis napu

iHTepBaiB (X;”,Xim) MOJIeTTh TTOMIOHOCTI
3abesneuye OLIHKY MOAIOHOCTI 5, .

3acTOCOBYEMO Makpoarperair, sKIIo
arperyeMo BKJIQJIEHHS 3 I1HTEpBAIY OJHIET
CBEpUIOBHHH, a IMOTIM OTPUMYEMO OIHKY
nmoAiOHOCTI Il mapw cBepyioBuH. Hampwu-
KJIaJl, BUKOPHUCTOBYEMO CEpEIHE 3HAYCHHS
JUIE KOXKHOTO KOMIIOHEHTa BEKTOpa BKJIa-
JICHb:

w1
ET ==>"El 2)

[ToriM oriHOEMO TOAIOHICTH HAIIIOK MO-
newmo s, =g(E,,E,). Inmmii Bapianr —

MiKpoarperaiisi, TOOTO CIIO4aTKy OOYHUCIIIOE-
MO MOJIOHOCTI [T Tapy 1HTEpBaJIiB

sy =s( X/ X7, 3)

a TIOTIM arperyemMo 110 MoAiOHOCTI CBEpIIO-
BUH
1

=—Ys.. 4
S ok, 2 S;i 4)

{00 mpuCKOpPUTH OOYMCIECHHS, OINepye-
MO JTUIIIE YaCTHHOK MOKJIMBHX Tap iHTepBa-
JiB, MO0 OTpUMATH MAaTpHIIO TOAIOHOCTEH
0e3 BUKOpPUCTAaHHS HaJAMIpHOI cyMHU. Arpera-
i uepe3 HehHpoHHy Mmepexy. [locmimkyemo
MOJIeNIb, SIKa OTPUMYE JaHi KapoTaxy JUIs
CBEPJUIOBHH SIK BXiAHI JMaHi (y BUTIISAII MOCIHTI-
JIOBHUX 1HTEPBAIIB) 1 BHUBOJIUTH BKJIAJICHHS
BCcix cBepanoBuH. Lleit miaxin € uackpiznum
HaByaHHAM. YacTmHa, 110 BiANOBigae BKJIa-
JICHHIO MMOYAaTKOBHX JIaHUX peecTparii, € mo-
denb KoOepa, a YaCTHHA, 110 BIJMOBIIA€ arpe-
rauii BKJIAZIeHb IHTEPBAIIB, € MoOenb azpeaa-
yii. HaBuaemo arperariiiny MoJenb Juisl TIpo-
THO3YBaHHS MapKyBaHHSI CBEPJIOBHUH €KCIIe-
pTOM. 3amporoHyeEMO eTan HacKpi3HOI IMpo-
[eypy HaBUAHHS: 3/IIHCHIOETHCS OJUH KPOK
ONMTHUMI3AIIT TSI MOJIENI TIPEACTABJICHHS 1HTE-
pBaitiB (OyAb-SKMii 13 TepepaxoBaHUX BUIIE);
BHOMPAIOTHCS TPEHYBAJIbHI CBEPJJIOBUHHU 3
IHTepBaJIaMU BiAMOBIAHOT TOBKWHU; BBE/ICH-
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Hs IHTEpBAJIIB B OTPUMaHy MOJIEIb MPEICTaB-
JIeHHA, 00 OTpUMAaTH Hadip BKJIa/eHb; BBE-
JIEHHSI TIOCJIIIOBHOCTI BKJIQJIEHb B arperaiii-
HY MOJIETIb 1 HABYaHHS MOJIETI.

Mopaenb moaiOHOCTI MOBUHHA TOOpEe eKc-
TpamoiroBaTucs, mobd 0ytu epexTuBHOMO. Po-
3MISJAEMO JB1 BJIACTUBOCTI, OB’ sI3aHi 3 €KCT-
panonsiiHor 31aTHicTI0 Moxaeni: (1) 3acTo-
COBHICTh y HIMPOKOMY Jiama3oHi CIEHapiiB 1
(2) mBUAKa aganTaIlis 10 JTaHUX 3 HOBUX 00-
JacTeid 3a JOMOMOror TpaHchepHOro Ha-
BYaHHs a00 0e3 HbOTO.

MOoXIMBOCTI afanTaiii Mojesi MOpiBHIO-
€MO KIJTbKOMa MOITMPEHUMH CTIOCO0aMHu:

1) 36epexxenns mogeni 6e3 3MiH 1 3acTo-
cyBaHHs ii 0e3mocepeHbO 10 HOBUX JIaHHX,
OCKIUJIBKM OYIKyeMO, IO HOBI JaHi OynyTb
cxoki Ha ctapi. lle HalmBuammii cmocio,
SIKAHW Ha TIPAKTHIIl MOXE MOTaHO MPAIFOBAaTH
yepe3 BIIMIHHOCTI B 300pi1 Ta opraHizariii ja-
HUX, a TAKOXX Yepe3 pi3Hi BIACTUBOCTI Pi3HUX
Ha(TOBHUX POJIOBHUIII.

2) HaBuaeMo HOBY MOJi€Jb 3 HYJIS, BUKO-
PUCTOBYIOYH JIMIIIE HOBI jJaHi. Ha BigmiHy Bin
MOTIEPEHBOTO, 11€ HAMOLThII HeOaKaHHH -
X1J1, IKHH moTpedye 6araTo 4acy Ta 0O4HCITIO-
BaIbHUX pecypciB. KpiM Toro, Ko po3mip
HOBHX JIaHWX OOMEXEHHU, OTPUMAEMO MO-
JIeJTb 13 HeJIOCTaTHBOIO TPOTYKTHUBHICTIO.

3) HamamToByemMo crapy Mojeib, BHUKO-
PUCTOBYIOYM HOBI JaHi, o0 3adikcyBaTu
0COOJIMBOCTI HOBUX JIaHUX, 110 € KOMIIPOMIiC-
HUM pIlIEHHSM.

SIkuio He3MmiHeHa abo TOYHO HaJIalITOBA-
Ha MOJENIb TIepeBepIIye MOJENb, HABUCHY 3
HYJISI 32 JIOTIOMOTOI0 HOBHX JaHHX, TO OTpH-
MY€EMO JIOKa3 TOTO, IO MPEJACTABICHHS Ta Mi-
pu TIOAIOHOCTI € yHIBEPCATHbHUMHU Ta MOXKYTh
3aCTOCOBYBATUCS B PI3HUX CIEHApisAX 1 AT
PI3HHUX JaHUX.

PoGounit mpouec 3acTocyBaHHS MOJEINI
HaBYaHHS IMOJIOHOCTI, IO JO3BOJISIE BUBYATH
Mojeni 0e3 MITOK, HaJaHUX eKCIlepTaMH,
CKJIAJIA€THCS 3 YOTHPHOX KPOKIB:

1) IMomepennst 06poOKa: MEePeTBOPIOE MO~
YaTKOBI HEOOpOoOJeHI JaHl Ta TOTye iX s
BUKOPHUCTAHHS SIK BXIJIHUX JaHUX JJISI KOMY-
BaIbHUKA. Jly)ke BaXKIUBO MiATPUMYBATH T10-
nioHWI (popmar BBEIEHHS Pi3HOMAHITHUX Ja-
HUX, BUKJIFOYaTH HEPEaiCTUYHI BUMIpIOBaH-
HS Ta IPOJIOBXKYBATH 3 BIJICYTHIMH JTAHUMH.
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2) Bubipka: Bubipka iHTepBaJIiB I03BOJIsIE
BUKOPHUCTOBYBATH OUIbIIE MPUKIAIIB IS Ha-
BYaHHA. lle TakoX 3MyIIye MOJENh BHBUATH
1abJI0OHU MEHIIIOTO MacIITaly.

3) OGuucneHHs MOAIOHOCTI: OTPUMYEMO
OILIIHKY TOII0HOCTI MK TTapaMU IHTEPBATIB 3a
JIOITIOMOT'OFO MOJIEJ] Ha OCHOBI JIaHUX.

4) CykymHi OI[iHKM MOAIOHOCTI: TOBEp-
TaeEMOCS BiJl PIBHS IHTEpPBAJIIB JI0 PIBHS CBEp-
JUTOBHH TUISIXOM arperyBaHHs OI[IHOK, OTpH-
MaHUX IIiJl 9aC TOMEPEIHBOr0 KPOKYy 00YHcC-
JICHHSL.

Jns npobnemu knacugikamii Moaens Ha
OCHOBI JIaHUX Tepemdavyae MITKYy KJacy Jjist
00’ekta. MoJienb HamMaraeTbcsi 3pOOUTH KO-
MOra MeEHIIE TMOMUJIOK, KiIacu(ikyrouu, Ha-
NPUKIIAJ, YU € mapa iHTepBaiiB (00’€KT) mo-
Mi0HOO YW HI (Bl MOXJIHMBI MITKH KJIacy).
3Be/IeHI TMOKAa3HUKU SIKOCTI MAIIUHHOTO Ha-
BYaHHS HaBeIeHO B Ta0mui 1:

Taoauna 1 — [Toka3HUKH AKOCTI MAIIHHHOIO

HABYAHHSHA
MeTpuka 3anaua Jliamazon
TouniCTh Kiracudikarrist 0, 1)
ROC AUC Krnacudikamis 0, 1)
PR AUC Knacudikamis 0,1
ARI Kiracrepusariis -1,1)
AMI Kiracrepusaris -1,1)
V-mipa Kiracrepuzariis 0, 1)

{06 OmiHUTH SKICTH MOJENIeH, MpHIaT-
HUX JJIs poOieM kiacuikaii (Hampukiani,
npoOJeMH 3B’S3yBaHHS), BUKOPHCTOBYIOTHCS
KJIACUYHI TIOKa3HUKHM MAIIMHHOTO HABYAHHS:
TOYHICTb, TUIOMIA ITiJl KPUBOKO pOOOYMX Xapa-
krepuctuk npuiiMadya (ROC AUC) 1 moma
i KpuBoro TouHocTi-Biakiuky (PR AUC).

Posrmsimaemo Habip manux D = (X " yi) ,

1

. . 1x2d
i=1..,n.Y npomy nosHadeni X; € R 4 e

JAHUMU JUIs TTapH IHTEPBAJIiB TOBXKUHU [, 1110
CKJIIQJIAEThCSl 3 d-3HAYHMX MIp Ha KOXXHOMY
Kkpoui. MiTka y; — 1ie LiJIbOBe 3Ha4eHHs. [y
npoOiemu 3B’s13yBaHHs y; fopiBHIOE O (pi3HI
inTepBanu) a6o 1 (moniGHi iHTepBanm). I1o3-
HauuMo  J; = f(X;) mporHosoBaHy MiTKy

1
Mmoeni kinacugikatopa f (X )

TTokasznuku ROC AUC i PR AUC yacro
BUKOPUCTOBYIOTHCSI B MAIIMHHOMY HaBYaHHI
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[2], OCKUIBKH Kpallie TMiIX0IATh s 3araibHOT
OLIIHKM e€(eKTUBHOCTI KiIacudikaTopa.

[Ilo6 Bm3nauntm ROC AUC i PR AUC,
CIIOYATKy BBOJUMO OiNbI 0a30Bi MOKA3HUKH,
B1JI0OpakeH1 B MaTpuill 30ypeHHs, 110 Mpej-
cTaBisie eEeKTHBHICTh MOJENI KiIacudikallii.
Martpuist 30ypeHHsI CKJIAIA€ThCS 3 YOTHPHOX
MeTpHuK: KiuibKicTh 00’ektiB True Positive
(TP), False Negative (FN), False Positive
(FP), True Negative (TN):

) U LRI NEC
i=1

N =Y =1 =0 ©
i=1

FP=S =0l =1 )
i=1

=Y =0l =0]. )
i=1

Ili mOKa3HMKM BIJPI3HAIOTH MPABUIBHI
MITKH Ta TOMMJIKU JJIsl TIEPIIOTO Ta JIPYroro
KJ1acy B rpo0iiemi kinacugikarii.

MoskHa po3IISIIaTH JesKi TMOB’s3aHl TI0-
Ka3HUKHU icTUHHOI o3uTHBHOI Yactotu (TPR)
a00 BIJKJIMKAHHS, ITOMHWJIKOBOI ITO3UTHUBHOI
gactotul (FPR) i Tounocti (PR):

R=—1F )
TP+ FN
FP
R=———, (10)
FP+TN
TP
R=—" . (11)
TP+ FP
BaxnuBo 3a3HaunMTH, 10, HACMIPaB,

KOXKHA MOJienb Kiacudikaiii nepemndadae He
KOHKPETHY MITKY, a HIMOBIPHOCTI p MpuHaJIe-

Kiocti g0 kmacy  p(X)=f,(X)e[0,1].
[[{o6 oTpumaTH MITKYy, MOJENb IOPIBHIOE
OTpUMaHi WMOBIPHOCTI 3 JAESIKHM TIOPOrOM
Po- OO0'eXT HaNEXKUTH 10 KJIACy, SKIIO BIIINO-
BiJlHA TPOTHO30BaHA WMOBIPHICTH BHUIIE IO-
pory p>py-

[TopiBHIOIOUM OTpHUMaHi HMOBIPHOCTI 3

HabopoM moporiB Big () 10 / i oOuucHIOI0YH
MaTpuili 30ypeHHS s KOXKHOTO TIOpOTY,
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orpumyemMo Tpaektopito B mpoctopi (TPR,
FPR) i moxni6uy B npocropi (TPR, PR) 3 xox-
HOIO TIapOI0 3HAYEHb, 0 BIJIMOBIIAIOTH 3a/a-
HOMY mopory. OTpuMaHi KpuBiI Ha3WBAIOTHCA
BiamoBigHO KpuBoto ROC 1 xpuBoto TPR-PR,
a BUKOPHCTOBYBaHI METPUKH — 1€ TUTOMII ITi]T
IUMU KPUBUMHU.

Posrisinatotbess TpU THUIM ICTUHHUX ITi-
JLOBUX 3HAYEHB: BKJIAJICHHS IHTEPBAJIB 3 OJI-
Hi€l CBEpJJIOBMHU Oyae OJM3BKUM OJIMH JI0
onHOTO. JIJIs IhOTO MapKyBaHHS HE BUKOPHC-
TOBYIOTBCSI €KCIIEPTHI OIlIHKH; BKJIAJICHHS 1H-
TEpBAJIB 3 OJAHOTO KJacy OyayTb OMU3bKI OJ1-
HE JI0 OJTHOTO, aji¢ BKJIAJEHHS MOXYTh 30ira-
TUCS 3 PI3HUMHU CBEPAJIOBHHAMHU Ta JICKATH B
pI3HUX IIapax; BKJIAQJCHHsS IHTEPBAJIiB 3 OJ-
HOTO KJIaCy Ta OJHOTO IIapy (MO3HauYeHHS eK-
criepta) Oyne OJU3BKUM OJHE JI0 OJTHOTO, ajie
BOYZIOBYBaHHsSI MOXXYThb 30iraTucs 3 pi3HUMHU
CBEP/JIOBUHAMU. BHKOpPUCTOBYETHCS CKOPH-
ropanuii iHgekc Penma (ARI) sk mokasHuUK
SIKOCT1 KJIacTepu3allii, OCKiUIbKHA BiH 3a0e3re-
gye 100pe YSABICHHS MO SKICTh KJIacTepH3a-
ii Ta Ma€e 1HTYITUBHO 3pO3YyMIJIE TTOSICHEHHS.
ARI Bumiproe moiOHICTh JIBOX 3HAYEHb, IiT-
HOPYIOUYM MEPECTAHOBKU MOPSAKY MOKIMBUX
MmiTok. DopmanbHe Bu3HaueHHs ARI Take.
[To3Haunmo depes n 3araibHy KIJTBKICTh 00'e-
KTiB 3 TIepeBIpOYHOI BHOIPKH, @ — KUIBKICTh
map B OJJHOMY KJIacTepi 3 0JJHAKOBOIO MITKOIO,
b — KiNBKICTh Map, SKi 3HAXOAATHCS B PI3HUX
KJactepax 1 MaroTh pi3HI MiTkH. OTKe,
a+ b — XinbKICTh map i3 moJiOHUM MapKyBaH-
HSAM 32 MOJEJUIIO Ta BIAMOBIAHO 0 ICTHUHHUX
Mmitok. Toxi inaekc Penna (RI):

_a+b

RI = : 12
cr (12)

ne C) = — OinoMianbHU# Koedii-

n(n-1)
2
€HT, SIKUH JTOPIBHIOE 3arajibHiil KIJIBKOCTI pi3-

HUX TIap 711 BUOIPKU po3MIpy 7.
CkopuroBanuii iHaexc Penna — me iHaexc
Penna, ckopuroBanuii Ha WMOBIPHICTH BHIIA-
JIKOBOTO MPU3HAYCHHSI MITOK:
RI - E(RI )
ARI = , (13)
maX(RI)—E(RI)
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e E(RI ) € OUiKyBaHHSM iHJeKcy Penna mms

BUIIA/IKOBOTO BUOOPY MITOK KJlacTepa.

Buznauaemo ABi anmbTepHATHUBHI METpPH-
KA: CKOPUTOBaHy B3aeMHY iH(oOpMallio
(AMI) 1 V-mipy, ski pasom i3 ARI HamaroTh
MIMPINY KapTHHY SKOCTI PO3TISIHYTHX MOJIe-
JIEH.

Busuauyumo nBi mitku U1 V Ta mo3Hauu-

101 o P 1o cxmponia 0 s
Mo B , P . Tom entpomisa U 3a
n n
JAETLCA SIK:
uil
H({U)=-> PP (14)

i=1

[Tomi6bauMm uymaOM mua V. Ilo3Haummo

‘UimVj‘ . : .

Pij =T. Toni B3aemHa iH(pOpMAIis
(MI)mix Ui Ve:

!

MI(U,V)=P;1 i 15
(’)_ijnPin' ()

CxopuroBana B3aeMHa iH(opmMarlis — 1e
B3aeMHa iHQOpMaIlis, CKOPUTOBaHA Ha MOX-
JIMBICTH BUNIAJIKOBOT'O MPU3HAYEHHS MITOK:

MI—-E[MI]

AMI = mean(H (U),H (V))~E[MI]

, (16)

ne E[MI]| — ouixyBana B3aemua inpopmaris

JUTSL BUTIQJIKOBOTO BHOOPY.

PosrnsiHemo V-Mipy, sika € TapMOHIMHUM
CepeIHIM OJHOPITHOCTI 4 1 moBHOTH ¢. OHO-
PIAHICTB — 1€ BJIACTUBICTH PO3IMOALTY KJIACTe-
piB, 10 KOXKEH KJIACTEP MICTHUTH JIUIIE YICHU
OJTHOTO KJIacy:

h=1 H(C|K) (17)
H(C)

[ToBHOTA — 1I€ BIACTHBICTH PO3MOILTY
KJacTepa, 3TiHO 3 KO BCl WIEHH JAaHOTO
KJ1acy IPU3HAYAIOThCS OJHOMY KIIacTepy:

H(K|C)
=1-——=. (18)

H(K)

ey
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H(C|K) € yMOBHOI EHTpONiEI KIaciB i3
3aJaHUMH  KJIACTEPHHUMH IIPM3HAYEHHAMH i
H (C ) € EHTPOTIIEI0 KIIACIB!

A&, (n,
H(C|K):—ZZLln(Lj, (19)

c=lk=1 T n

1€ N, € KUIbKICTb 00’€KTIB c-ro KiacTepa,

K1 OTPAIUISIOTH B k-Uii KI1ac.

<, (n
H(C)=->"“<In (—j (20)
c=1 n n
Tomi V-mipa:
po2he Q1)
h+c
BucHoBku
3amponoHOBaHO  KOMIUIEKCHY — OIIHKY

e(eKTUBHOCTI Mozenmi i kKiacudikamii Ta
MOPIBHSIHHS KapOTaXHHUX JAHUX, [0 BKIIOYAE
BUKOPHUCTAHHS JIBOX T'PYI METpuUK. Bukopuc-
TaHO MeTpukH Kiacupikamii, Taki sik ROC
AUC ta PR AUC, mis Bu3HaUYeHHS HAJICKHO-
CTI 1HTEpBaJiB J0 OJHI€I CBEPIJIOBHHH, IO

lempuwuH ma iH.

JIa€ 3MOTY OIIIHUTH 3JaTHICTh MOJEII TpaBH-
JBHO 1eHTU(IKYBATH IHTEPBAIM, IO BITHO-
CATBCS 10 OJHIET CBEp/VIOBUHH. [[71s1 OIiHKM
SKOCTI CTBOPEHUX MOJCIUII0 MPE/ICTABICHb
3aCTOCOBAHO METPUKH KJIacTepu3arii
Adjusted Rand Index (ARI), Adjusted Mutual
Information (AMI) ta V-mipa, mo mo3Boisie
00’€KTUBHO OIIIHUTH SIKICTh KJIAcTepu3amii
pEe3yNbTaTIB Ta MOPIBHATH iX 3 €KCIIEPTHUMHU
orinkamu. OcoOnuBY yBary mpHIUIEHO J0C-
JTDKEHHIO  BJIACTHBOCTEH  3ampONOHOBAHOL
MOJIeIl IO eKCTPamoJisiiii, Mo poOUTh MOX-
JTUBOIO poOOTYy 3 HOBUMH OazaMu JaHuX Oe3
HEOOXIIHOCTI JOMAaTKOBOI'O HAaBYaHHSI Ta IIE-
peHaNAIITYBaHHSI MOJIEII 1111 HOBI yMOBH. Pe-
QTI30BaHUM MIJIXiJ] € yHIBEpCAIHbHUM Ta Ha-
JTIAHUM METOAOM IS pealtizaiii mporecy aB-
TOMATHU30BAaHOTO aHAaJI3y CBEPAJIOBUH B KOH-
TEKCTI 3MEHIICHHs 3aly4yeHHS pPy4YHOI Mpari
(axiBIiB.
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lempuwuH ma iH.

Abstract. In the oil production industry, the research objective is to identify parametric similarities and
differences between wells to improve the accuracy of geological modeling, optimize drilling operations,
and predict reservoir productivity. The article presents a model for the classification and comparison of
well logging data based on modern machine learning and deep learning methods. An analytical review of
existing approaches for evaluating correlation between wells is provided, including manual analysis
based on expert assessments and the use of simple similarity coefficients. These methods have signi-
ficant limitations associated with high subjectivity, low reproducibility of results, and difficulties in
scaling to large datasets. To overcome these drawbacks, a deep learning—based approach is proposed
that enables automation of data analysis, decision support, and pattern recognition in well studies. The
developed model employs a recurrent neural network (RNN) architecture designed to process sequential
data and capture long-term dependencies, utilizing neural network layers to assess similarity between
well intervals. A visualization method based on similarity evaluation schemes for interval pairs and a
comparative learning approach using a triplet loss function are proposed. The model’s performance is
evaluated using classification and clustering metrics, which allow for quantitative assessment of well
grouping quality according to similarity parameters. The implemented approach represents a universal
and reliable method for automating well data analysis, aimed at reducing manual expert involvement
and improving overall operational efficiency in geological and production processes.

Keywords: well analysis, well logging data, deep learning, neural networks, modeling, methodology,

model, data aggregation, model extrapolation, effectiveness evaluation, automation, decision-making,
clustering.
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AHoTauif. Y cTaTTi NpeacTaBieHO KOMNEKCHE AOCNIAMKEHHA NPOLECiB OTPUMAHHA, NapcuHry, obpobKu Ta aHani-
TUYHOrO BUKOPWUCTAHHA TeIEMETPUYHUX AAHUX, WO HAaAXOAATb i3 NONbOTHUX KOHTponepiB ctaHaapTy Pixhawk, aki
LUMPOKO 3aCTOCOBYOTLCA Yy chepi 6e3ninoTHMX asiauiiHuX cuctem. [leTanbHO ONMCAHO apXiTEKTYPY BigKpuTOi ana-
paTHoi nnatpopmm Pixhawk, ii mogynbHYy CTPYKTYpY, NPUHLMMM B3AEMOLT MiK CEHCOPaMM, KOHTPOJIEPAMM Ta 30B-
HiWHIMK 064YMCNIOBANbHUMU MOAYNAMWU. PO3rNAHYTO cKnag, i pyHKLiOHaNbHI 0CO6IMBOCTI OCHOBHUX CEHCOpIB, AKi
3abe3neuyloTb GOpMyBaHHA TeleMEeTPUYHUX MOTOKIB Y peXumi peanbHoro Yyacy. OcobauBy yBary npuaineHo aHani-
3y KOMYHiKauiliHoro npoTtokony MAVLink, aknit € 6a30BMM Ans nepefadi AaHUX MiXK anapaTHOK YaCTUHOK APOHY
Ta HAa3eMHMMM CTaHUiamK. HaBogATbCA MPaKTUYHI NPUKNAAM peanisauii NapcuHry tenemeTpii 3 BUKOPUCTAHHAM
MOBM nporpamysaHHa Python Ta cneujianisosaHux 6ibnioTek, Takmx Ak pymavlink Ta DroneKit-Python. AHanisytoTb-
€A MOKIMBOCTi 3aCTOCYBAHHA OTPUMAHMUX AAHUX A1 MOHITOPUHTY cTaHy 6e3ninoTHOro anapaTy B peaibHOMY Yaci,
NOCT-NONbOTHOrO aHani3y Ta PO3pPObKM cUCTeM MiABULLEHHA aBTOHOMHOCTI Ta 6e3nekn NosboTis. Y poboTi npose-
AeHo po3b6ip CTPYKTYpW NakeTiB, TUNIB NOBIAOMNEHb, MPUHLMMIB X KOAYBAHHSA, a TAKOX ONMCAHO MEeXaHi3MWN BUSAB-
NIEHHA Ta KOpeKLii NOMUAOK. Y A0CAiAXKEHHI OLHIOIOTLCA MOXKANBOCTI 3aCTOCYBaHHA 06pobaeHMX TeneMeTpUYHUX
AaHUX ANA MOHITOPUHIY TEXHIYHOrO cTaHy 6e3niIoTHOro anapaTty B peasbHOMY 4aci, BAKOHAHHA NOCTNO/IbOTHOrO
aHanisy Ta oNTMMI3aLii NapameTpiB KepyBaHHA.

Kntouosi cnosa: 6e3ninotHuit nitanbHuie anapat (BMNJ1A), Pixhawk, Tenemetpia, MAVLink, iHTenekTyanbHe ynpasAniH-
HA, NMapCUHI AaHuMX, GaraTokaHanbHA cucTeMa 360py AaHMX, KOOPAMHATH, KibepbesneKka, aBTOMaTUYHa OpieHTaL, A,

XMapHa 0bpobKa gaHuX.

Pouib Tesiemerpii B cydacHux 0e3minor-
HMX aBialiiHUX cHCTEMAax

Cmpameciune 3naueHna ma cmpimKuil
pozeumox BIT/IA

be3ninoTHI JiTanpHI amapaTd YIpoJI0oBK
OCTaHHBOTO JECATUIITTS EBOJIOIIOHYBAIU 3
BY3bKOCIIEITIaII30BaHUX BIHCHKOBUX PO3PO-
00K 70 TEXHOJIOTIi, 0 Mae pyHIaMEHTaIbHE
3HAUEHHS JUISl IIMPOKOIO CIEKTpa LUBUIBHUX
1 00opoHHHUX 3acTocyBaHb [1]. Big3nagaerbcs
€KCIIOHCHIIIHE 3pOCTaHHSI 00CATIB BUPOOHU-
IITBa Ta MaclITa0iB BUKOPUCTAHHA Y CBITI, a B
VYkpaini meil mporec AEMOHCTPYE OCOOJIUBY
JIMHAMIKY Ta cTpaTteriyny Bary. [lopsn i3 Biid-
CHKOBHMHU 3aJ]a4aMH, SIKI OXOIUTIOIOTH PO3BijI-
Ky, CIIOCTEPEKEHHs, KOPUTYBaHHS BOTHIO Ta
ypaXXe€HHS LiJIeH, MIBUAKO PO3UINPIOIOTHCS
[UBUTBGHI HANpsIMU  3acTOCyBaHHs. JlpoHH
CIYTYIOTh 1HCTPYMEHTAMH I arpOMOHITO-
PHUHTY, JIOTICTHKH, MPOTHIIOKEKHHUX 3aXO/IiB,
OXOpPOHHM TPOMAJICHKOr0 MOPSAIKY, KapTorpa-
¢yBaHHS Ta KiHOBHPOOHMIITBA. YHIiBEpCalb-
HICTh TUIATQOPMHU MIAKpPECToE i1 CTaTyc SK
TEXHOJIOTIi MOABIMHOTO MPU3HAYCHHS 3 MYIIb-
TUIUTIKATUBHUM BIUIMBOM Ha EKOHOMIKY Ta
Oe3meKy JepiKaBH.
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Tenemempia ak ocnoea ynpaeininna ma
0e3neku noavomis

®ynkuionyBanus cydacuoro BIUIA crnu-
paeThcsi Ha Oe3nmepepBHHI ABOOIYHUIA OOMIH
JaHUMH MDXK arapaToM 1 Ha3eMHOIO CTAHIIIE0
KepyBaHHsS a00 O0pTOBUM KOMIT toTepoM. Ta-
KHUii OOMiH BU3HAYAETHCS SIK TETIEMETpisi, TOO-
TO BHCOKOAaBTOMATH30BaHMI Mpolec 30upaH-
HS JIaHUX 13 BigaalieHuX abo BaKKOJOCTYII-
HUX TOYOK 1 IX MepeiaBaHHs Ha NMpUHMaibHe
oOiagHaHHA AJI1 BUMIPIOBAaHHS, MOHITOPHH-
ry, BimoOpakeHHs Ta 3anucy. BizyanpHuii mo-
TIK 3 KaMepu € BaXJIMBUM [UJIsl OIepaTopa,
POTE HE 3aBXKAU € KPUTHUHUM JUIsl 3a0e31e-
YEeHHSI CaMOT0 MOJBOTY, TOMAI SK TeJIeMeTpis
Ma€e BU3HAYaJbHE 3HAYCHHs. 3a BiJCYTHOCTI
CTaOUTIBHOTO TEJIEMETPUYHOr0 KaHalry Oe3me-
yHe Ta e(eKTUBHE YIPaBIIIHHS anapaToM CTae
MPAKTUYHO HEMOKIIUBHM.

Tenemetpist BUKOHYE PoOJib HUPPOBOI HE-
pBoBoi cuctemu BITJIA i 3abe3neuye iHpOp-
Marlliro, 6e3 SKOi HEMOXJIMBI KITIOYOBI (DYHK-
1ii. Y pexxuMi pealbHOTO Yacy Oneparop ofe-
PKy€e TPOCTOPOBI KOOPAUHATH, BUCOTY, KyTH
Opi€eHTAIlil, MiHIAHI Ta KYTOBI MIBUIKOCTI, Ma-
pamMeTpu cTaHy OOpPTOBHX CHCTEM, PIBEHb 3a-
Py aKymyjIsaTopa Ta IHIUKATOPHU SIKOCTI
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3B’SI3KY, IO JO3BOJISE YXBAIIOBATH OOTPYH-
TOBaHI PIIIEHHS MIOA0 KEPYBaHHS MOJIHOTOM.
st pobotu aBtormisiota [2] Tenemetpis dhop-
My€ OCHOBHE JKEPENIO HAaBITaliiHUX TaHUX
JUTsL pyXy 3a MapumpyToM, ctadimsarii mpoc-
TOPOBOTO  TOJIOKEHHSI, aBTOMAaTHU30BaHOT'O
37BOTY Ta IMMOCAIKH, a TAKOX IHIIMX 3aIpor-
paMOBaHUX MAaHEBPIB, MPUUYOMY AITOPUTMHU
OLIIHIOBAaHHS CTaHy Ha KINTAJIT PO3IIUPEHOTO
¢bineTpa Kanmana OesmepepBHO IHTETPYIOTh
JaHl CEHCOPIB 3 METOI0 MiJABUIICHHS TOYHOC-
Ti. be3nepepBHHMII MOHITOPHHT TMapaMeTpiB
MiJBHILY€E piBeHb O€3MeKH 3aBISKU CBO€YAC-
HOMY BUSIBJICHHIO BiJXHJIEHb, 30KpEMa HaJIMi-
pHOi BiOparii, meperpiBy MpHUBOAIB, KPUTHY-
HOTO TaJIIHHSI HANpyrd abo BTpaTH CYMyTHH-
KOBOT'O CHUTHANy, IO YMOXIIUBIIIOE aBTOMa-
TUYHY aKTHBAIlIl0 aBapiiHHUX CIeHapiiB Ha
KIITAIT TIOBEPHEHHS Y TOUYKY CTapTy y PEXKH-
Mi Return to Launch. 3anucani TenemeTpuyHi
KYpPHAIIA CTAHOBJIATH OCHOBY JJIsl TIOCTITOJIBO-
THOTO  aHajidy, JIarHOCTUKH  BiJMOB,
3’SICyBaHHS NPUYHMH IHIUICHTIB, TOHKOTO Ha-
JAIITYBaHHS PETYISTOPIB 1 MOAAIBIIOT ONTH-
Mi3alii IpOXyKTHUBHOCTI amapara.

3MaTHICTh CBOEYACHO OJIEP)KYBaTH, KOpe-
KTHO JIEKOJyBaTH Ta aHAJIITHYHO ONpPALBOBY-
BaTU TEJEMETPUYHI JaHi € KIIOYOBOIO KOMIIe-
TEHI[I€I0 PO3POOHUKIB, TOCITIIHUKIB 1 orepa-
topiB BITJIA [3].

Meta pobOTH monArae y HaJaHHI KOM-
IJIEKCHOTO aHai3y METOIB Ta IHCTPYMEHTIB
JUI TAPCUHTY TeJlIeMeTpii 3 BIAKpUTOI amapa-
THOI matdopmu Pixhawk 3 BuKOpucTaHHSM
npoTtokoiry MAVLink i MoBH nporpamyBaHHs
Python. [Ins mocsrHeHHs 1€l METH B Mexkax
JOCIIJKEHHS IPOaHaIi30BaHO apXiTEKTypy Ta
CEHCOpPHE OCHAIIEHHS TOJHOTHUX KOHTPOJIE-
piB crangapty Pixhawk, neragpHO po3risiHy-
TO CTPYKTYPY Ta IPUHIUNHN (YHKIIOHYBAHHS
npotokony MAVLink 3 ypaxyBaHHSIM Bigo-
MHUX Bpa3IMBOCTEH O€3IMeKH, HaBEJCHO 1 3ic-
TaBJICHO MPAKTHUYHI MiJXOAH [0 TMAPCUHTY
MAVLink-noBizomsiens y Python Ha ocHoOBI
HU3bKOPIBHEBUX 1 BUCOKOPIBHEBUX 010110TEK,
a TaKOXX MPOJEMOHCTPOBAHO HAINPSIMH BUKO-
PUCTAHHS TEIEMETPUYHUX TaHWX JJIsl aHAJI3y
Ta KEPYBaHHS MTOJILOTOM.

OCHOBOIO [JOCHIJDKEHHS € TO€JHAHHSA
TPHOX BIJKPUTUX TEXHOJOTIH, MO0 (GOPMYIOTH
IUTICHY eKocucTeMy. BukopucToByeThes 1oc-
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TyITHE Ta CTaHIAPTU30BaHE amapatHe 3a0e3-
neueHHs Pixhawk, sike cTano moCiiIHUIEKOIO
m1aThOPMOIO 1T YHIBEPCHUTETIB 1 CTapTaIliB.
3amydyaeThcsl BIAKPUTE MporpamHe 3abesme-
yeHHsa aBromiioTiB ArduPilot 1 PX4, saxe 3a-
Oe3neuye mpodeciiinuii GyHKIioHan 6e3 -
neH3iitHuX Oap’epiB [4]. 3aCTOCOBYETHCS Biji-
KpUTUH TIpoTOoKoJ 3B 13Ky MAVLink sk yHi-
¢dikoBaHa MOBa B3aeMOJIli KOMMOHEHTIB. CH-
HEepTis IUX €JIEMEHTIB IEMOKpaTHU3yBaJia J0C-
Tyn 1o nepenoBux BITJIA-TexHoOTIH 1 3Mic-
Thsa GOKYC JOCTIIKEHb 3 PO3pOOJICHHS TPO-
Ipi€TapHUX CHCTEM Ha CTBOPEHHS 1HTEJIEKTY-
aJTbHUX AJITOPUTMIB 1 MPUKIIATHUX PIillIeHb Ha
6a3i HaniiiHOi craHmapTHoi Tuatdopmu. Ha-
BEJICHE JTOCII/DKEHHSI € MPUKIIAIOM pe3yIibTa-
TiB, IO CTAJId MOJIMBUMH 3aBISKU BiJIKpH-
TOCTI Ta JIOCTYITHOCTI 3a3HAa4€HOI EKOCHCTe-
MU.

ApxiTeKkTypa cucreMu 300py TejieMeT-
pu4HMX JaHuX Ha 0a3i Pixhawk

Pixhawk sk eiokpumuii anapamuuil
cmanoapm

Pixhawk (puc. 1) cmig po3rasgaTu He SK
OKpeMy MOJIeNIb MOJBOTHOTO KOHTpOJEpa, a
K HE3aJIOKHUN BIIKPUTHH amapaTHUA TMpo-
€KT, SIKUM QopMye Ta MIATPUMYE CTaHIAPTH
MIPOEKTYBAHHS aBTOIJIOTIB. Y MeXax IbOTO
IPOEKTY BH3HAUalOThCs cnenudikamii amapa-
THOI YaCTHHH, L0 OXOIUIIOIOTH MPUHIUIOBI
CXEeMH, TUMH KOMITIOHEHTIB, iX pO3MIIICHHS i
HaOip iHTep(elciB, 3aBASIKA YOMY 3a0e3medy-
€TbCS BHCOKA CYMICHICTh KOHTPOJIEPIB Pi3HUX
BUPOOHMKIB 31 CTEKaMH MPOIIMBOK 1 3aco0aMu
Ha3eMHOT0 KepyBaHHA. EBomomist ctaHmapry
BiOMBaeThest y Bepcisix Flight Management
Unit, cepen sxkux FMUv3, FMUv4, FMUvVS,
FMUv6C, FMUv6X. KoxxHe HOBE TTOKOJIIHHS
IPOTIOHY€E MPOTYKTUBHILINKA IpoIiecop, po3-
IUPEHY HOMEHKJIATypy CEHCOPIB 1 JJOJIaTKOB1
iHTepdeiicu, Mpu HHOMY Ha PiBHI MPOIIMBKH
30epira€TbCsi 3BOPOTHA CYMICHICTB. [[ms cy-
YaCHHMX 3pa3KiB, IO BIAMOBITAIOTH BHMOTaM
FMUv6C i FMUv6X, 30kpema Pixhawk 6C 1
Pixhawk 6X, xapakTepHe BUKOPUCTaHHS MiK-
pokoHTpoJepiB  kimacy STMicroelectronics
STM32H743 3 ssnpom Arm Cortex-M7 Ha ua-
crori 480 MInm ab6o mmarhpopmu NXP
1.MXRT1176 i3 nBoma sinpamu Cortex-M7 Ha
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I I'Ty ta Cortex-M4 na 400 MI'n. Taka ene-
MeHTHa 0a3a 3abe3meuye JOCTaTHIM o0umcC-
JIOBAJIBHUHM pe3epB JUIsl peamizallii aaropur-
MiB HaBiraiii, KepyBaHHs 1 MOTOKOBOi 00p00-
KA CEHCOPHHX JaHUX Y PEKUMI pPearbHOTO
qacy.

Pucynok 1 — Pixhawk 5X

Komnonenmna o6aza ma
OCHAW|eHNHA

[lepBuHHI TeneMeTpuuHi naHi (opmy-
I0OTbCSI CEHCOPHUM KOMIIJIEKCOM, 1HTErpoBa-
HUM Ha IUJIaTl MOJILOTHOTO KOHTPOJEpa, MpH-
YoMy IS TABUIICHHS HAAIMHOCTI 9acTo 3a-
CTOCOBY€ETHCS PE3EPBYBAHHS OKPEMHUX BHMi-
proBanbHUX KaHamiB. Kilto4oBy poiib y BH3HA-
YeHHI MPOCTOPOBOI OpieHTAIlll BiJirpae iHep-
idHUH BuMiproBanbHuM 0ok IMU, sikmii 3a-
3BHYAil MICTUTH J1Ba a00 TpHU HE3aJCKHI Ha-
00pU TPUBICHUX aKCENEPOMETPIB 1 TPUBICHUX
T1POCKOITIB, HaIPUKJIIA]] ICM-42688-P,
BMI055, BMIO8S. AkcenepoMeTpu BHMIpIO-
I0Th JIIHIHHI TIPUCKOPEHHS 3 ypaxyBaHHSIM
rpaBiTaliifHOT CKJIaZOBOI, @ TIPOCKOMH BHMi-
PIOIOTH KYTOB1 IIBHUJIKOCTI, IO y CYKYITHOCTI
JI03BOJISIE OTPUMYBATH OILIIHKY CTaHy arapara
3 HEOOXIJHOI TOYHICTIO. JIIs 3MEHIICHHS
BIUIMBY BiOpalliii Ha MyJIbTHPOTOPHUX IIJIaT-
dbopmax IMU MoHTYIOTH Ha BiOpO3axucTi, a
CTaOUIbHICTh  XapaKTEPUCTUK  IMiJBUILYIOTH
3aBASKH BOYJOBAaHUM ITiJIirpiBadam, siKi MiAT-
PUMYIOTH ONTHUMAJIBHUM TEIUIOBUM PEKUM
YyTJIIMBUX €JIeMeHTiB. BuzHaueHHs Kypcy Jo-
MOBHIOETHCS TAHUMHU TPHUBICHOTO MarHiTOMe-
Tpa, momupeHuMu € natuukm IST8310 1
BMM150. Bigomo, 1110 TOYHICTh BOYIOBAaHUX
MarHiTOMETpiB 'y KOpIycax KOHTpPOJIEPiB
Pixhawk moxe OyTH HMKYOIO 3a €TaJOHHI
nmabopaToOpHI MPWIIAIK, MO MOTPiIOHO Bpaxo-
BYBaTH IIiJI 4ac PO3pOOJIEHHS BHCOKOTOYHOI

CEeHcopHe
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HaBiraiii, TOMy Ha MPaKTHIl YacTO 3aCTOCO-
BYIOTh 30BHIIIHI KOMITAaCH, BUHECEHI BiJ| CH-
JIOBUX KaOeNmiB 1 JDKEpes eJeKTPOMarHiTHUX
3aBaj. BucoTy 3a THCKOM BH3Hawyae Oapo-
MeTp, Hampukiaax MS5611 a6o BMP390,
KU 3a0e3rneuye BHCOKY UYTJIMBICTH J0 Ma-
JUX 3MIH THCKYy, XO4Ya IIAMajaac IiJi BIUIUB
NOBUIBRHOTO Jpeidy yepe3 morojHi (hakTopu.
IToso)keHHs 1 IIBUIKICTH BITHOCHO 3eMIIi, a
TaKOX E€TAJJOHHUN Yac HaJac 30BHIIIHIA MO-
Oyidb cynmyTHHKoBOi HaBiramii GPS abo
GNSS, mo maKIroYaeTbesi A0 KOHTpoJepa
Yyepes3 CTaHJapTHI MOCIiZ0BHI iHTepdeiicH.

3 apxiTEeKTypHOTO MOTJsSAYy 3HauyHa yac-
TUHa KOHTposepiB kiacy Pixhawk Buxopwmc-
TOBYE JBOMpPOIECOpHY cxeMy. OCHOBHUH 00-
yucmoBanbHUN Monyns FMU Bukonye 3amaqi
BHUCOKOTO PIBHS, cepel SIKUX 3alycK orlepa-
HiitHOT cucteMu peanbHOro yacy NuttX, BH-
koHaHHs npommBku ArduPilot abo PX4, pea-
Ji3allis aIropuTMIB ceHCOpHOT (y3ii Ha OCHO-
Bi po3mmuperoro ¢inprpa Kammana ta mmany-
BaHHs Miciii [5]. JlomoMixkHUI mpoIiecop BBO-
NIy-BUBOAY,  THUIOBHUM  TPUKIAAOM €
STM32F103, Gepe Ha cebe HH3BKOpIBHEBI
GbyHKIIT KepyBaHHS NPUBOJAMHU, TEHEPAIlilo
HIIM curHamiB aisi IBUTYHIB 1 CEpPBOIPUBO-
JIiB, a TaKOXX OOpOOJICHHS CHUTHAJIB 3 TPHIi-
Mava pajgiokepyBaHHs [6]. Takuii posmomin
000B’s3KIB MIXK SIpaMy 3MEHIITY€ 3aTPUMKHU Y
KPUTUYHHUX KOHTYpax KEpyBaHHA 1 IMiJIBUIILYE
3arajbHy BiIMOBOCTIMKICTh CHCTEMH.

Exocucmema npozpamnozo 3aoe3neuenns:
ArduPilot ma PX4

AmapatHa mmatdopma Pixhawk ciyrye
0a3010, Ha AKii QYHKIIIOHYE OJHA 3 JIBOX JI0-
MIHYIOUHX BIJKpUTHUX TPOMIUBOK firmware —
ArduPilot abo PX4. O0OuzaBi cucremMu meper-
BOPIOIOTH amlapaTHUH KOHTPOJEpP Ha IMOBHO-
[[IHHUN aBTOMUIOT [7], POTE BiAPI3HAIOTHCS
aApXITEKTYPHUMH TIX0JaMH Ta JIEeH31HHUMHA
MOJICTISIMHU.

ArduPilot HanexuTh A0 HaMCTapimux 1
HANMOMMPEHIIINX BiIKPUTUX MPOIINBOK, MA€E
BEIIUKY CIUJIBHOTY 1 IMHUPOKO MiATBEPIHKCHY
Ha/IIWHICTh eKCIuTyartalii. ApXiTeKkTypa Oiu-
’K4a JI0 MOHOJIITHOT, a CIIEKTpP MiATPUMYBaHHX
1aThopM OXOIUTIOE MYJIBTHKOIITEPH, JIITAKH,
TeTIKONTEPH, HA3eMHI pOBEPH, YOBHH Ta TiJI-
BOJIHI amapaTH. 3aBAsKH TpHUBAIid icTOpii

193 |



MpoepamHa peanizayia MAVlink-menemempii ...

MPAaKTUYHOTO BHUKOPHUCTAHHS KOJI BBAXKAIOTh
MIEPEBIPEHUM Y pealbHUX YMOBAX, 1[0 pOOUTH
ArduPilot mommpenuM BUOOPOM TSI KOMEP-
IIAHUX 3aCTOCYBaHb 3 MPIOPUTETOM HaJilHO-
cti. Po3noBcroxeHHsT BIIOYBa€eThCs 3a JIilie-
H3iero GPLV3, sika BUMarae BIAKPHUTTS TOXif-
HUX POOIT.

PX4 moxoawTh 3 MOCHITHHUIIBKOTO Cepe-
noeuia ETH  Zurich 1 migTrpumyeTtses
Dronecode Foundation mixg erimoro Linux
Foundation. Cuctema Mae cydyacHy MOAYJIBHY
apXITEKTypy Ta BUKOPHUCTOBYE MEXaHI3M 00-
MiHy noBigomieHHssMH UORB, 1o mpaitoe 3a
MPUHIIAIIOM BHJIaBelb — MiAMUCHUK. OKpemi
MOJyJIi, Taki SIK ApaiiBepu CEHCOpIB, OLIHIO-
Baul CTaHy 1 KOHTPOJIEPH TOIBOTY, (HYHKITIO-
HYIOTh SIK HE3aJIe)KHI MPOIECH Ta B3a€MOJI-
I0Th Yepe3 CTaHIapTHU30BaHI Temu topics. Ta-
KUHA Migxig 3a0e3nedye BHCOKY THYYKICTb,
CIIPOIIyE KAacTOMI3aIlil0 1 1HTETrpalilo HOBHX
KOMITOHEHTIB, 110 € MPUBAOIUBHUM I aKaje-
MIYHUX JOCTIHPKEHB 1 MPOCYHYTUX KOMEPIIiii-
HUX po3poOok. PX4 mommproeTsest 3a OLIbII
JI03BUILHOIO JtineH3icro BSD, sxa mo3Boiisge
CTBOPIOBATH 3aKpUTI KOMEpPLIWHI TPOAYKTH
Ha OCHOBI BIIKPUTOTO SIpa.

Cuna exocucTeMu TMOoJIATaE y cuMOi03i
TPHOX BIOKPUTHUX CTaHAAPTIB — amapaTHOi
wiatgpopmu Pixhawk, nporpamuoro 3a0esre-
yeHHs1 ArduPilot a6o PX4 Ta Bigkpurtoro mpo-
Tokony 3B’s3ky MAVLink [8]. Amaparuuit
cTaHAapT 3a0e3nedye cTablIbHY 1 mependavy-
BaHy OCHOBY /Ui BHKOHAHHS BIJIKPUTHX
MIPOIIIUBOK, MPOTrpaMHe 3a0e3reueHHs Gpopmye
KPUTUYHO BaXJIMBI TeNEMETPUYHI [aHi, a
nporokol MAVLink nHamae yHidikoBaHMIA
Croci0 JOCTYITy 70 IUX JAaHUX HE3aJIeKHO BiJl
KOHKPETHOI peai3alii amapaTypu 4u BUOpa-
HOi MpomMBKH. B3aeMo3aMiHHICTH KOMITOHE-
HTIB CTBOPIOE KIIFOYOBY TepeBary ImiaTdop-
MU. PO3poOHUK MOXKE 3aMiHHTH KOHTPOIEP
Holybro na ananor Bix CUAV abo nepeiitu 3
ArduPilot [9] na PX4, micns goro Python-
CKpHIIT, IO B3aemojaie MoBoro MAVLink, 3
BEJIMKOIO0 IMOBIPHICTIO OTpeOyBaTUME JIHILE
MIHIMQJIBHOTO KOPHUTYBaHHS a00 B3araji mpa-
moBatume 6e3 3mid. Came 1st Tmboka iHTe-
poriepadenbHICTh BU3HAYAE IHHOBAIIMHICTD 1
THYYKICTb yCi€l eKOCUCTEMH.
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IMporokoa MAVLink: Ctpykrypa, me-
XaHI3MH nepeadi Ta aHaji3 0e3nexku

3azanvna xapakmepucmuxka ma cmpy-
Kmypa nosioomjiens

MAVLink Micro Air Vehicle Link Bu-
3HAYAETHCA SIK JIETKOBAaroBW OIHApHUU TIPO-
TOKOJI cepiaiizamii MoBiJOMIIEHb, CTBOPEHUI
JUIST KOMYHIKaIii MDK Oe3NMUIOTHUMHU arapa-
TaMH, Ha3€MHHMH CTaHI[ISIMH Ta IHIIAMH
KOMIIOHEHTaMu cuctemu. KirouoBumu mepe-
BaraMHM BBaXKalOThCS BHCOKa €(EeKTHUBHICTD,
10 J]a€ 3MOTY TMpAIlOBaTH Ha KaHajax i3 HH-
3bKOI0 TPOMYCKHOIO 3JAaTHICTIO HA KIUTaIT
pasioMOZIeMiB, a TAKOX PO3IMIMPIOBAHICTD, KA
3a0e3mnedye J0JaBaHHS HOBUX THITIB IOBIIO-
MJIeHb. Y CHUIBHOTI BIAKPUTHX PIIICHb IS
nponiB MAVLink chopmyBaBcs sik ne-hakto
CTaHIapT.

Crpykrypa makera y Bepcii MAVLink
1.0 mae yiTko Bu3HaueHi mois. IloyaTok kaj-
py TepenacThCcsi OJHUM OalTOM 13 (iKCOBa-
HuM 3HadeHHsM OxFE. JloBkMHa KOpPHUCHOTO
HaBaHTAXEHHS 3a7acThCid OIHUM OaiToM 1
MOJKe Ha0yBaTH 3HAYEHb BiJ HYJS 0 ABOXCOT
n’araecsaty ' atu. [lopsakoBuii HOMep make-
Ta TaKOX KOJIYETHCS OAHMM OaifTom y aiama-
30HI BiJl HYJS A0 JABOXCOT I’ SITACCATH I SATH
Ta BUKOPHCTOBYETHCS ISl BUSIBJICHHS BTpAT.
InenTudikatop cucTeMU MEpPEAAETHCS OJHUM
OaiiToM 1 BU3HAuYae Jpkepeno abo mpuiimay,
30KpeMa 3a YCTaJIeHOI0 KOHBEHILIIEI0 Ha3eMHa
CTaHLisl YaCTO BUKOPUCTOBYE 3HAYECHHS JBICTI
I ATACCAT T SITh, a TIEPIIUN anapaT y Mepexi
Mae 3HaueHHs OJWH. [neHTudikaTtop KoOMmIo-
HEHTa BCEPEAMHI CUCTEMHU KOJIYETbCS OJHUM
0aiiToM 1 BKa3zye MOAYJIb Ha KUITAJIT aBTOIi-
JoTa, Kamepu 4u OOpTOBOrO KOMII IOTEpa,
MPUYOMY JUIS aBTOIMIJIOTA MOMIUPEHUM € 3Ha-
YeHHs OJMH. [nmeHTudikatop THUMy TOBIIOM-
JICHHS KOJIYEThCS OJHUM OaiiTOM 1 BU3HAUYa€E
dbopMaT KOpPUCHUX HaHMX, HANPUKIAA MAJs
HEARTBEAT 3acTocoBYye€TbCSI  3HA4YEHHS
Hynb, a ;i GLOBAL POSITION INT 3Ha-
YeHHS TPUIIATh Tpu. [lone xopucHOTro HaBa-
HTa)XEHHS Ma€ 3MIHHY JOBXHUHY BIiJl HYJS J0
IBOXCOT II'SITOECATH II'SITH OalTiB, a HOro
CTPYKTypa 3a/a€Thcs y (aiiax omnucy mpoTo-
koiy y ¢opmari XML, 30kpema y daitnax
common.xml Ta ardupilot.xml. KonTponbha
cyMa mepeaaeThcs ABoMma Oaltamu i obuwc-
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Tabamnns 1 — Kirouosi noBinomiienns tesemerpii MAVLInk Ta ix kopucHe HaBaHTaKeHHS

ID
. HazBa
noBigoM- .
MOBITOMJICHHSA
JICHHSA

KurouoBi mosisi KopucHoro
HABAHTAKEHHS

Onuc

0 HEARTBEAT

type, autopilot, base mode,
custom mode, system status

"ITynec" cucremu.

1 SYS STATUS
comm

voltage battery, current battery, | BKiItouatoun Hampyry, CTpyMm
battery remaining, drop rate

JleTanbHHUil CTaTyC CHUCTEMH,

Ta 3aJIMIIOK 3apsay Oarapei, a
TaKOX BIJICOTOK BTpaueHUX
TTAKETIB 3B'SI3KY.

30 ATTITUDE

time boot ms, roll, pitch, yaw,
rollspeed, pitchspeed, yawspeed |kyToBi

JlaHi mpo KyTOBY Opi€HTAIlII0
(KpeH, TaHTaX, pPUCKaHHS) Ta
IIBUIKOCTI  amapary.
BupaxkeHi B pajiiaHax.

GLOBAL

33 |pOSITION INT

vz, hdg

lat, lon, alt, relative alt, vx, vy,

I'moGabHi KOOPIUHATH.

74 VFR_HUD
tle, alt, climb

airspeed, groundspeed, heading,
?ed, groundspeed, heading, throt |OpaxenHss  Ha

JlaHi, onTHMI30BaH1 IS BiIO-
Heads-Up
Display (HUD)

moeThed 3a anroputmMom CRC16-CCITT nag
yciM makeToMm 0Oe3 craproBoro Oaiita 3 goma-
BaHHSIM CEKpPETHOTO OaiiTa
MAVLINK CRC EXTRA, mo 3abe3neuye
MepEeBIPKY IUTICHOCTI Ta BiAmoBigHOCTI (op-
Mary.

Bepcis MAVLink 2.0 po3mmproe HaBe-
neHuit popmart i BogHoUac 30epirae 3BOPOTHY
cymicHicTh 13 MAVLink 1.0. HoBwuit mouaTok
Kazpy koayerbes 3HaueHHsM OxFD. Jliama3on
11eHTU(}IKATOPIB TUITIB MOBIOMJIEHb PO3IIIH-
PEHO 10 ABAALATH YOTUPHOX OITiB, IO TEOpe-
TUYHO JO03BOJISIE BU3HAYUTH TOHAJ IIICTHA-
AT MUIBHOHIB pisHOBUMIIB. llependaueHo
MEXaHI3M [OIIOBHEHHS B)KE€ HASIBHUX IOBIIO-
MJIEHb HOBHMH TOJISIMU 0€3 MOpYIIEHHS CyMi-
CHOCTI 31 crapuMmMu peanizamismu. [lomaHo
MOJKJTUBICTH IiAMMCYBAHHS MAKETIB JJIs aBTe-
HTU(]IKaII] Ta TOCUJIEHHS KOHTPOJIIO IIJTICHO-
CTi, O/IHAK Y TUIIOBUX KOH}irypamisx us QpyH-
KIIisI BUKOPUCTOBYETHCS HEUACTO.

Jis mpakTU4YHOT PoOOTH 3 TeJIeMeTpiero
JOITHPHO BOJIOJITH MEPETIKOM KIOYOBHUX T10-
BiJIOMJICHbB, 32 JIOIOMOTOI0 SIKMX MEPEIAETHCS
OCHOBHa iH(opMaIlist PO CTaH amapara, OCKi-
JBKU caMe BOHU (OPMYIOTh MiHIMAJIbHO HE-
00X1HUN HAOIp JaHUX JUIsl KEPYBaHHS, MOHI-
TOPUHTY Ta MOAAIBIIOr0 aHAIITUYHOTO OTpa-
I[IOBaHHSI.
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Ananiz epaznueocmeit ma npoodaemu
Oe3nexu

[Tormpu BUCOKY €(EKTHBHICTH 1 HIUPOKY
HOMYJSPHICTh CTaHJAPTHA peai3allisi mpoTo-
kony MAVLink mae ¢yHmameHTanbHi Bpas-
JUBOCTI Oe3MeKu, 0 poOUTH ii YyTIMBOIO 10
HU3KHU Ki0epaTak, 1 111 mpobiiemMa akTUBHO J0-
CIIJDKYETCS B aKaJEMIYHOMY CEpEIOBHILI.
[Tapamokc momnsirae B TOMy, 110 caMe MPOCTO-
Ta, JETKICTh Ta BIAKPUTICTD, sIKi 3a0€3MeYnin
yCIiX MPOTOKOIY, MEPETBOPHIINCS Ha KITHOYO-
Bi cia0Ki Miclg y CydyacHHUX CLEHapisx 3acTo-
CyBaHHs OE€3MUJIOTHUKIB 13 KPUTUYHUMHU BH-
Moramu 70 Oe3neku. ICTOpUYHO MPOEKT MpH-
JIJISIB TIPIOPUTETHY yBary e(eKTUBHOCTI Tie-
penaBaHHs NaHWUX, a HE iX 3aXUCTy, TOMY
HIBUJIKE MPOMUCIIOBE BIPOBAIKEHHS BUIIEpE-
IO PO3BUTOK KOMIUIEKCHUX MEXaHI3MiB
Oe3meKu.

OCHOBHI BEKTOpPH aTak OXOILTIOITH Ma-
CHBHE TIepeXOIUIeHHS TpadiKy yHACITIIOK BiJI-
CYTHOCTI MmM(pPYBaHHS 32 YMOBYAaHHSAM, IO
Jla€ 3MOT'y 3JIOBMHCHHKY B 30HI Jii pajaioka-
HATy OTPUMYBATH TEJIEMETPII0 Ta BiTHOBIIO-
BaTU KOH(QIAEHIIHHI BIIOMOCTI TIPO KOOP/H-
HATH amapaTa, MapuipyT, MiCIe3HAXOKCHHS
omeparopa 1 ctan Micii. BigcyTtHicTh BOymO-
BaHOI aBTEHTH(}IKaIlil BiIpaBHUKA CTBOPIOE
MOJKJIMBOCTI JIJI 1H €KIlii ITaKeTiB, KOJU CTO-
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POHHIH BY30J1 (hOpMy€E CHHTAKCHYHO KOPEKTHI
MOBIZIOMJICHHSI Ta HaB’sA3y€ KOMaHAW 3MiHH
PEKUMY TIOIBOTY, KOPUTYBAHHS MapIIPYTHUX
TOYOK 200 BUMKHEHHSI JIBUTYHIB, IO BEJC IO
MepPEXOIJICHHsT KepyBaHHA a0o KaTacTpodu.
JlomaTKoOBYy 3arpo3y CTaHOBISATH aTaKH TUITY
JIOJIMHA TIOCEPEINHI, IMiJT Yac SIKUX 3JI0BMHUC-
HUK aKTHBHO BTPYYAEThCS y KaHAl 3B S3KY
MDK JICTITUMHUMH CTOPOHAMH, MOIU(IKye
MOBIIOMJICHHSI HA JIbOTY Ta PETPAHCIIOE iX
nani. BusBlieHi TakoX PU3HMKH, IMMOB’S3aHI 3
($ha33iHrom, KOJIM HaJCHUJIaHHS HAaOOpiB HEBa-
TiAHUX a00 HamiBBaJiIHUX MOBIIOMIICHb ypa-
3JIMBUM peajizallisiM mapcepiB Ha OOIli aBTO-
MiJI0Ta 9Y¥ HA3eMHOI CTaHIlli CripuuuHsie 3001,
BIJIMOBY B O0OCIyroByBaHHI a00 HaBiTh BHKO-
HaHHS JOBUTFHOTO KOTY.

3anporoHOBaHI y HAyKOBiHl JiTepaTypi
MIXOMW OO0 MIJBUILEHHSI 3aXUIIEHOCTI IIe-
pendadaroTh IHTETpallilo KpunTorpapiaHuX
MEXaHI3MiB 13 MiHIMaJbHUM BIUIMBOM Ha 3a-
TPUMKH Ta €HEProcrloXuBaHHs. Po3rmsma-
I0ThCS BapiaHTH 3aCTOCYBAHHS CUMETPUIHOTO
muppyBanHs Ha ocHOBI AES a6o ChaCha20
s 3abe3nedeHHss KoH(iIeHIitHOCTI, a Ta-
KOX CIIeIialli30oBaHl JIETKOBAroBi pillICHHS Ha
kmrtant MAVShield, ontumizoBani s pecy-
pCHO OOMEKEHUX MIKPOKOHTPOJIEPIB MOJIBOT-
HUX KoHTpousepiB. [lonpu HasBHICTH OOHAIIN-
JIUBHUX MPOTOTHUITIB 1 €KCTIEPUMEHTAIBHHUX 1M-
IUIEMEHTAllil CTaH cIpaB MOKH HE HAa0yB cTa-
TYCy 3arajJbHONPHUHSATOrO CTaHAAPTY 3 IIH-
POKUM TMPOMHUCIIOBHM BIIPOBAKCHHSM, TOMY
nutaHHs Oesneku MAVLink 3anumaerbes
BiJIKpUTUM HAIPSMOM ISl TIOJATBIITUX JAOCIHTi-
JOKEHB 1 CTaHAapTH3AIli.

IIpakTuyHa peaJii3aiisi MapCUHTY TeJe-
MeTpii 3 Bukopucranisam Python

Python ak incmpymenm 0na po3pooKu
oooamkie ona BIIVIA

Bubip moBu Python mnst pobotu 3 Temne-
Metpieto BITJIA € oOrpyHTOBaHMM 3 OTJISAY
Ha HU3KY (akropi [11]. Lle BucokopiBHEBa
MOBa 3 YNTa0EIbHUM CHUHTAKCHCOM, IO TPH-
CKOPIOE PO3pOOJICHHS 1 MPOTOTUITYBaHHS. Bo-
Ha Ma€ PO3BUHEHY EKOCHUCTEMY HAayKOBHX 1
imKkeHepHux Oibmiorek, cepen sikux NumPy
JUTsl YUCIIOBHX oO4HcieHb, Pandas st o6po-
onenns nanux, Matplotlib 1 Seaborn amns Bi3y-
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aiizaiii, Mo poOouThH ii 3PYUHOIO IS aHAJI3y
TenemMeTpuuHux kypHanmiB [10]. AxktuBHa
CIIJIBHOTA MIATPUMYE CIICIiali30BaHl MaKEeTH
JUTSE B3aEMOJIT 3 Oe3MUIOTHUMU IaTdopma-
MU, YHACIIIJIOK YOTO 3MEHIIYEThCS Oap’ep 1H-
Terpariii 3 anapaTHUM 3a0e3MeYCHHSIM.

TumnoBoro  apXiTeKTypolO  BUKOHAHHS
Python-ckpunTiB Ha 06OpTYy € BHKOPHCTAaHHS
TaKk 3BaHOTO0 OOPTOBOrO KOMII IOTEpa, 30Kpe-
Ma oJHoIIaTHOI cuctemu Raspberry Pi min
KEPYBAHHAM Linux. Takuit MOJYJb
i1’ €AHYIOTh 0 OJHOTO 3 TOCIIIOBHUX TOP-
TiB UART nonsotHOro konTponepa Pixhawk i
OpraHi3oBYIOTh OOMIH JaHUMH 3a TMPOTOKO-
aom MAVLink. IToxioHa koHirypartis mepe-
HOCHUTHh OOYHMCIIIOBAJIPHO CKJIAIHl 3amayi Ha
OUTBbII MOTYXHHH  Tporecop OOPTOBOTO
KOMIT FOTepa 1 PO3BAHTAXKYE MIKPOKOHTPOJIEP
aBTOITJIOTA, IO JAa€ 3MOTY TOBHOK MipOIO
KOPHUCTYBaTHCSI MOXJIUBOCTSIMU €KOCHCTEMU
Python ans xowmm’toTepHOTO 30pYy, ONMTHMI3a-
il TpaekTOpii 1 METOJIB MalIMHHOTO Ha-
BUYAHHS.
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PucyHnok 2 — Cxema nepenadi JaHux

Jlnst mapcunry nosigomiens MAVLink y
Python 3actocoBytoTh nBa miaxoau, siKi Bij-
NOBIJIAIOTh PI3HUM piBHAM aOctpakuii. Hu3ze-
KOpIBHEBUH miaxia 0a3yeTbcst Ha OiOmioTer
pymavlink i Hamae npsiMHii TOCTYN 70 CTPYK-
TYpH MIPOTOKOITY 3 MOMJIUBICTIO TOHKOTO KOH-
TPOJIIO TIpOIIeCy JAEeKOAyBaHHS. BucokopiBHe-
BUA MiAXiT BHKOPUCTOBYE  (PEHMBOPK
DroneKit-Python i npononye 3py4ni 06’ €kTHi
iHTepdelicn 70 THNOBUX CYTHOCTEH Ha
KIITANT MapaMeTpiB, MICiil 1 TeleMeTpUIHUX
MOTOKIB, 10 MPUCKOPIOE TMPHUKIAAHY PO3pP00-
Ky 3a MiHIMQJbHUX HaKJaJHUX BUTpPAT HA iH-
Terpariro.
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Hus3bkopieneeuii  nioxio: 6ioniomexa
pymavlink

bibmiorexka pymavlink € ¢pynmameHTanb-
HOIO pearnizamiero npotokony MAVLink nHa
Python. Bona Hagae iHCTpyMEHTH ISl TE€He-
parii, BiANpaBKu, NPUHOMY Ta MAPCUHTY CH-
pux MAVLink-oBimomnens. Ile mae pospo-
OHUKY TMOBHHMHM KOHTPOJb HaJ KOMYHIKaIliii-
HUM TIPOLIECOM, ajle BUMarae riMOnioro po-
3yYMIHHS CAaMOTO TIPOTOKOITY.

[IpakTuyHa peanizalis mapcepa TeieMeT-
pii 3a gomomoror pymavlink 3a3Buuaii
BKJTIIOYA€ HACTYIIHI KPOKHU:

1. BcranoBisienns 3'eqnannsi: CTBOploO-
€TbCS 00'€KT 3'€JTHAHHSA 32 JIOTIOMOTO0 (hYHK-
uii mavutil.mavlink_connection. Slk aprymenT
NepeaaeThCs PAAOK, 110 OMUCYE THUII 3'€HAH-
Hsa. Jnsg migkmouenHss no Pixhawk wepes
USB-ka6ens Ha Linux-cucremi 1ie Moxe OyTu
IUIAX /10 TOCTIZIOBHOTO TMOPTY, Hamlpu-
kian, '/dev/ttyACMO', 3 BKa3aHHSM IIBHIKO-
cti mepenayi (baud=57600). Jlns migkiIrodeH-
HS 4epe3 Mepexy (Hampukial, 10 CUMYJIISTO-
pa abo gepe3 Wi-Fi MicT) BUKOPUCTOBYEThHCS
UDP, nanpuxnan, 'udp:127.0.0.1:14550'.

Python
from pymavlink import mavutil

# CTBOpeHHA 06'eKTa 3'eAHaHHA
master = mavutil.mavlink_
connection('/dev/ttyACMO', baud=57600)

2. OuikyBanns Heartbeat: Ilepen mo-
4aTKOM poOOTH HEOOXI1THO IEPEKOHATHUCS, 10
3B'SI30K 3 aBTOIIUIOTOM BCTaHOBIEeHO. Halina-
JIWHIMANA CMOCiO — JOYEKATHCs TEPIIOTO T0-
Bimominenus HEARTBEAT.

Python

# OuikyBaHHA nepworo heartbeat
master.wait_heartbeat()
print(f"Heartbeat from system (system
{master.target_system} component
{master.target_component})")

3. Iluka npuiioMy Ta NMapCHHIY HOBi-
aomuieHb: OCHOBHA JIOTiKa Tapcepa peanmisy-
€TbCI B  HECKIHYEHHOMY LuKiIi. Me-
Toa master.recv_match() 6;10kye BUKOHaHHS

Memodu ma npunadu KoHmposo akocmi, 2025, Ne 2(55)

HazapeHko ma iH.

JI0 OTPUMAaHHs HOBOTO TOBITOMJICHHsS. BiH
aBTOMaTHYHO 00poO0Jsie cupuil moTik OaiTiB,
3HaxoauTh MAVLink-makeTun, mepeBipsie Ko-
HTPOJIBHY CyMy Ta IIOBEpTa€ pO3NapCEHUN
00'eXT MOBIIOMJIEHHS.

Python
while True:
try:
# OuviKyBaHHA HOBOro NOBIAOM/IEHHSA
msg = master.recv_match(blocking=True)
if not msg:
continue
# ®inbTpauia 3a TMINOM NOBIJOMNEHHA
if msg.get_type() == 'ATTITUDE":
# BunyyeHHa gaHumx 3 nonis
roll_rad = msg.roll
pitch_rad = msg.pitch
yaw_rad = msg.yaw
print(f"Attitude: Roll={roll_rad:.2f},
Pitch={pitch_rad:.2f}, Yaw={yaw_rad:.2f}")

if msg.get_type() ==
'GLOBAL_POSITION_INT":
lat = msg.lat / 1e7
lon = msg.lon / 1e7
alt = msg.relative_alt / 1000.0 # B meT-
pax
print(f"Position: Lat={lat}, Lon={lon},
Alt={alt}m")
except Exception as e:
print(e)

Le#t miaxig Hamae MakCHUMajibHY THYY-
KiCTh, OCKUIBKH JJO3BOJISIE MPAIfOBaTH 3 abco-
MOTHO  Oyab-skuM  THnoM  MAVLink-
MOB1IOMJICHB, BKJIIOYAIOUYM HEeCTaHAApTHI (i-
aJieKTHi) a00 HOBI, 1€ HE MIATPUMYyBaHI BHU-
COKOPIBHEBUMH 010TI0TEKaMH.

Bucoxopienesuit  nioxio:
DroneKit-Python

DroneKit-Python — 1ie ¢peiimBopk, 1o €
BHCOKOPIBHEBOIO OOTOPTKOIO Haj pymavlink.
M0oro rooBHOI0 METOIO € CIIPOIIEHHS PO3pO-
Oku aBTOHOMHHUX noxatkiB miasg BITJIA, aGcr-
paryiouuch Bi  CKJIaJHOUIIB  MPOTOKOIY
MAVLink. 3amicTh TOTO, 1100 BPYYHY JIOBHU-
T Ta mapcuTH nomigomieHHs, DroneKit Ha-
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nae o0'ekTHO-opieHTOBaHnii API, nme npon
MIPEACTABISIETHCS Y BUTIISAI 00'exTa vehicle, a
HOTo TeneMeTpuYHi J1aHl — K aTpUOYTH IIHOTO
o0'exTa.

KiroyoBa nepeBara nporo migxoy moJs-
ra€ B TOMY, 110 pO3pOOHUKY HE TTOTPiOHO MH-
caTl HU3bKOPIBHEBUH KON Ml 0OpoOKH
MAVLink-nioBigomsienb. @peiiMBOpK poOUTH
e "mig Kanotom', aBTOMaTUYHO MiATPUMYIO-
YM aKTyaJbHHI cTaH 00'exTa vehicle.36

[Tpuxnan oTpumaHHs TeiaeMmeTpii 3a Jo-
nomoror DroneKit-Python:

1. Imnopm ma nioknrouenns.: Ilpomec
MiAKITIOYEHHS CX0XHi Ha pymavlink, ane Bu-
KOpUCTOBYETbCsl  (pyHKItis connect.  [lapa-
MmeTp wait_ready=True rapanrye, mo QyHKIIisA
MMOBEpPHE KEpPyBaHHS JIMIIIE IICIs TOTO, SIK OY-
7ie BCTAHOBJICHO 3B'A30K Ta 3aBaHTa)KEHO OC-
HOBHI ITapaMeTpH 3 aBTOMIJIOTA.

Python

from dronekit import connect
import time

# MNigKNOYEHHA 40 anapaTy
vehicle = connect('/dev/ttyACMO',
wait_ready=True, baud=57600)

2. Ilpsmuii docmyn 00 menemempii:
[Ticnsa miaKIrOYeHHS TeIEeMETPUYHI JdaHil JT0C-
TynH1 sk atpubytu 06'ekta vehicle. Hampu-
KJIaj, JUIsi OTPUMAaHHS BHUCOTH, OpIi€HTAIll Ta
Hampyru OaTapei MO)KHA TPOCTO 3BEPHYTHCS
IO BIAIIOBIAHUX IIOJIB.

Python

print(f"Altitude:
{vehicle.location.global_relative_frame.alt}m")
print(f"Attitude: {vehicle.attitude}")
print(f"Battery: {vehicle.battery.voltage}V")

3. Buxopucmanns cryxauie
(Listeners): Jlnsg mopaTkiB, IO MPAaIOOTh B
pearbHOMY 4Yaci, MOCTiiHE ONMUTYBaHHS aTpH-
OytiB y mukm € HeedextuBHHM. DroneKit
MIPOIIOHYE OLIBIN eIETAaHTHHI MeXaHi3M '"cITy-
xayviB" (abo "cmocrepirauip"), KU JT03BOJISIE
3apeecTpyBaTH (PYHKIIIO 3BOPOTHOTO BUKIIH-
Ky (callback), mo Oyae aBTOMaTUYyHO BHKIIH-
KaTUCS TIPU OHOBIIEHHI IEBHOTO aTprOyTa.
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Python
def attitude_callback(self, attr_name, value):
print(f"ATTITUDE update: {value}")
# [lopaBaHHA cnyxada gna atpmbyty 'attitude’
vehicle.add_attribute_listener('attitude’,
attitude_callback)
# TONOBHWUIM UMK NPOrpamm MoXKe 3aimaTu-
cA iHWMMM cripaBamm
while True:
time.sleep(1)

Ileti acuHXpOHHHWI mTiAXix € Habarato
OUTBII €PEKTUBHUM 1 € PEKOMEHJIOBAHUM JIJIS
PO3pOOKH CKJIQTHHUX JIOJIATKIB.

Buoip incmpymenmy

Bub6ip mixx pymavlink i DroneKit-Python
€ TUIIOBUM I1HXXEHEPHHM KOMIIPOMICOM MIXK
MOBHOTOIO KOHTPOJIIO Ta 3PYYHICTIO PO3pO0-
nenHs. 111 3acobu HanexaTh 10 Pi3HUX PIBHIB
abcrpakuii oxHiel nporpamMuoi npadunu. bio-
mioTeka pymavlink BifmoBigae HIKUOMY PiB-
HIO, HaJla€ JOCTYH JI0 KOXKHOTO Oaifta mpoTo-
KOJIy 1 3a0e3Ieuye MaKCUMaJIbHY MPOIYKTHB-
HICTh, OJJHAK BHUMara€ BHWINOi KBamidikarrii,
py4YHOI peamizarii JIOTiKH OOpoOJIeHHS TOBI-
JIOMJIEHb 1 PETENIbHOTO YIpPAaBIiHHS CTaHAMHU.
®peitmBopk  DroneKit-Python  Binmosinae
BUIIOMY  DIBHIO, TPOINOHYE IHTYITHBHI
00’ekTHI iHTep(dEHCcH 1 MPUCKOPIOE TIPHUKIA/I-
Hy pO3poOKy, MpOTE LIHOI CTa€ YacCTKOBA
BTpaTa THYYKOCTI, OCKUJIBKM HE BCI PIJIKICHI
tunu MAVLink-nioBigoMieHs D0CTymHI 0e3-
MOCEPEIHBO, a HAKJIaHI BUTPATH MOXYTh OY-
TH OLIBIIIMMHU.

JIOIUTBHICT BUKOPUCTAHHS KOXXHOTO 1H-
CTPYMEHTa BH3HAYAETHCA XapaKTepoOM 3a-
BIaHHA. 32 TIOTPeOM CTBOPHUTHU aJTrOPUTM Ke-
pYBaHHSI Ha OCHOB1 HECTAaH/JAPTHUX THIIIB TO-
BIJIOMJICHb 200 BUKOHATH TJIMOOKHWHA MPOTO-
KOJIbHUH aHami3 € ceHc oOpatu pymavlink sk
6azoBuii 1HCTpyMeHT. JlJis po3poOieHHS TH-
MOBUX aBTOHOMHHUX CIICHApIiB HA KIITaIT Mi-
Ciii 32 MapIIPyTHUMH TOYKaMU a00 PEKHUMIB
CYIPOBOJUKEHHS LIUJII MPAaKTUYHOIO Oyle po-
6otra 3 DroneKit-Python, ockinbku wac mo
Ipane3aTHOrO MPOTOTUIY ICTOTHO CKOPOUY-
€TBCS, @ 00CAT KOAY 3MEHIITYEThCS.
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Ta6anuns 2 — IopiBHsabHuMi anaai3 pymavlink ta DroneKit-Python

Kpurepiii

pymavlink

DroneKit-Python

PiBens abcTpakmii

Huspkuit

Bucoxkuii

IIpocrora Cknanna, BUMarae 3HaHHs Tpo- | IIpocra, iHTYITHBHO 3po3yminuit
BUKOPHUCTAHHS Tokoay MAVLink 00'ekTHO-0OpieHTOBaHMM API
L HVAKICTE Jly>)xe BUCOKa, TIOBHUH KOHTpousb | CepenHs, oOMexeHa (QyHKIIO-
yi HaJ[ yciMa acTieKTaMu MpoTokoiy | Hamowm, HamanuMm API vehicle
. . . | Cepenns, nogatkoBuii map abdc-
. Bucoka, MiHIMaIbHI HaKJIagHI P I[ » 401 P
[TponyKTUBHICTH SHTHATH Tpakuii MOXe BHOCHUTH HEBEIH-
p KY 3aTPUMKY
ToBHa, MiATPHMYE BCi CTAHIAPT [linTpuMKa OCHOBHUX IIOB1JIOM-
[MigTpumka MAVLink ’ TPIMY P JIeHb, HEOOX1THUX JIJIsi KepyBaH-

Hi Ta JlaJIEKTHI ITOB1OMIIEHHS

HS Ta TeIeMeTpii

Pospooka GCS,
OcHoBHUM cLieHapii

TapTHUX (QyHKITIH

aHai3aTopiB
MPOTOKOITy, peali3allisi HeCTaH-

[IIBuaka po3poOka aBTOHOMHUX
MICii, OCBITHI MPOEKTH, MPOTO-
TUITyBaHHS

BucHOBKM Ta mnepcneKTHBH MOJAJIb-
IINX JOCJTiIKeHD

[ToenHanHs BIIKPUTOI amapaTHOI IuIaT-
¢dopmu Pixhawk, crangapTu3oBaHoro mpoTto-
konmy MAVLink 1 MoBuM mnporpamyBaHHS
Python gopmye rHydky Ta JOCTYIHY €KOCHC-
TeMy JUIs OJCp’KaHHS 1 aHAJIITUYHOTO OIlpa-
IIIOBaHHS TeJIeMETpii Oe3MiTOTHUX JITaIbHUX
amapariB. AHami3 apxitektypu Pixhawk 1 io-
TO0 CEHCOPHOTO KOMIUIEKCY CBiTYHTh, IO CY-
YacHI MOJIbOTHI KOHTPOJIEPH HATAIOTh MTOBHUM
Habip BUMIPIOBaHb IS peaizalii aaropuTmiB
HaBiraiii Ta KepyBaHHsS BHUCOKOI CKJIQIHOCTI.
[TopiBHSHHS MiIXOIB A0 NAPCUHTY MOKA3aJo,
o pymavlink 3abe3neuye moBHUI KOHTPOJIb
1 € KOPUCHUM JJIsl TOCTITHUIIBKUX 3a/1a4 1 He-
CTaHJAPTHHUX pimeHb, Toai sk DroneKit-
Python 3HauHO crpoIIye 1 MPUCKOPIOE CTBO-
pPEHHS MPHUKJIAJHUX ABTOHOMHUX CHCTEM 3a-
BISIKM 3py4HUM iHTep¢eiicam. Bubip mix
UMM ITIX0AaMH CJIiJT 3MIMCHIOBATH 3 ypaxy-
BaHHSM BHMOT' KOHKPETHOTO IMPOEKTY 1 MpH-
WHATHOTO OajlaHCy MDK IMIBHAKICTIO PO3pO0-
JICHHS Ta THYYKICTIO.

Oxpemy yBary MpHAUIEHO NUTaHHIM
o6esneku MAVLink. Busineno, mo BiacyT-
HICTh BOYJOBaHUX MeXaHI3MiB KOH(]IiIeHITiH-
HOCTI Ta aBTeHTH(]IKaIii y CTaHIapTHIA pea-
Ji3arlii 3aMInae KaHaia TeJIeMeTpli Bpa3IuBUM
710 TIEPEXOIJICHHS 1 1H €KIlil KOMaH, 0 3Y-
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MOBJIIO€ TOTPeOy y MOAANbIIINA CTaHIapTH3A-
11 3aXMCHUX PILlICHb 1 BIPOBA/XKEHHI TIepeBi-
peHuX KpunTorpadiyHUX MEXaHi3MiB.

[Momanpmr HOCTiIKEHHS JOIIIBHO CHPS-
MyBaTH Ha CTBOPEHHS 1 BIPOBAKEHHSI JIET-
KOBaroBUX KpunrorpadiyHUX Haa0yIOB Haj
MAVLink i3 rapanToBaHuM OaJaHCOM MiX
piBHEM 3aXHUCTY Ta 3aTPUMKaMH MepeJaBaHHs,
a TAaKOX 3 ypaxyBaHHSIM OOMEKEHUX PeCcypciB
MIKPOKOHTpOJIEpiB aBTOMNIOTIB. [lepcrexTu-
BHUM € 3aCTOCYBAaHHSI METOMIB TJIMOMHHOIO
HABYAHHS JIJIS aHAI3y TEJIEMETPHUYHUX TOTO-
KiB 3 METOIO BUSIBJICHHS aHOMAJII 1 TIPOTHO-
3yBaHHS BiIMOB 3a JIONIOMOTOI0 PEKYPEHTHHUX
apxiTekTyp 1 TpanchopmMmepiB. 3HAUYHUN Hay-
KOBUI 1 MPUKIATHUNA iHTEpeC CTaHOBHUTH IIO-
Oy/oBa JEIEHTPATI30BAaHUX CHUCTEM KEpyBaH-
HS POEM 13 TPSIMUM OOMIHOM TeIeMETpiero
MDK amapaTaMM |y MeXax IpPOTOKOIY
MAVLink, mo BiIKpuBae IUIAX 10 Y3roJpKe-
HOT KOJIEKTMBHOI TIOBEIIHKH, KOOTIEPATHBHOTO
YHUKHEHHS 3ITKHEHb 1 BUKOHAHHS CILIBHHUX
3aBAaHb 0€3 3aJeKHOCTI BiJl IEHTPaTi30BaHOI
Ha3€MHOI CTaHIIi1.

IMoasiku
BigcyrHi.

Kondguikr inTepecin
Bincyrhi.
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Abstract. This article presents a comprehensive study of the acquisition, parsing, processing, and analytical use of
telemetry data from Pixhawk-standard flight controllers, which are widely employed in unmanned aircraft systems
(UAS). The architecture of the open Pixhawk hardware platform, its modular structure, and the principles of inter-
action among sensors, controllers, and external compute modules are described in detail. We examine the compo-
sition and functional characteristics of the primary sensors that generate real-time telemetry streams. Special at-
tention is paid to the MAVLink communication protocol, which underpins data transfer between the drone’s hard-
ware and ground stations. Practical examples of telemetry parsing implemented in Python with specialized libraries
such as pymavlink and DroneKit-Python are provided. We analyze how the resulting data can be used for real-time
health monitoring of the UAV, post-flight analysis, and the development of systems that enhance flight autonomy
and safety. The paper dissects packet structures, message types, and their encoding principles, and describes error-
detection and correction mechanisms. The study also evaluates the use of processed telemetry for real-time moni-
toring of the UAV’s technical condition, for post-flight analysis, and for optimizing control parameters.

Keywords: unmanned aerial vehicle (UAV), Pixhawk, telemetry, MAVLink, intelligent control, data parsing, multi-
channel data acquisition system, coordinates, cybersecurity, automatic orientation, cloud data processing.
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