UDK 62
MACHINERY & ENERGETICS

Publisher:
National University of Life and Environmental Sciences of Ukraine

Year of foundation: 2010
Frequency of issue: Four times per year

Recommended for printing and distribution
via the Internet by the Academic Council
of National University of Life and Environmental Sciences of Ukraine
(Minutes No. 11 of May 22, 2025)

State Registration:

Media identifier R30-02298.
Decision of the National Council
of Television and Radio Broadcasting of Ukraine
No. 1795, Minutes No. 31, dated 21.12.2023.

The journal is included in the list of Professional Scientific Publications of Ukraine
Category “A”. Branch of sciences — Technical.
Specialties: 10715 — Mechanics and Metal Trades, 0716 — Motor Vehicles, Ships and Aircraft,
0713 - Electricity and Energy, 0714 — Electronics and Automation
(Order of the Ministry of Education and Science of Ukraine of June 26, 2024, No. 920)

The journal is presented international scientometric databases, repositories
and scientific systems:
Scopus, Google Scholar, Professional Publications
of Ukraine, Vernadsky National Library of Ukraine, BASE,
DOA]J, J-Gate, Dimensions, Cambridge University Library,
Leipzig University Library, European University Institute, SOLO - Search Oxford Libraries Online,
University of Hull Library, University of Oslo Library, EBSCO, UCSB Library, Ulrichsweb Global
Serials Directory, OUCI (Open Ukrainian Citation Index), WorldCat, Litmaps

Editors office address:
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony, Kyiv, Ukraine
Tel.: +38(044)-258-42-63
E-mail: info@technicalscience.com.ua
https://technicalscience.com.ua/en



VK 62
TEXHIKA TA EHEPTETUKA

Bupaseunb:
HarioHanbHMIT yHiBEpCUTET 6iopecypciB i MPUPOIOKOPUCTYBAHHS YKpaiHu

Pik 3acuyBaHHs: 2010
[lepiogM4HiCTh BUITYCKY: 4 pa3y Ha Pik

Pexomendosaro do OpyKy ma nowupeHHs
uepe3 mepexcy Inmepnem BueHoio pador

HauioHanwsHozo yHigepcumemy 6Giopecypcie i npupodoKopucmysamHs Ykpainu
(npomoxon N2 11 id 22 mpasHs 2025 p.)

Hdep>kaBHa peecTpalis:
InenTudikarop menia R30-02298.
Pimennst HauionanbHOi pagy YKpainu
3 MUTaHb TeJle6aYeHHs i pajioMOBIEHHS
N2 1795, mporokon N2 31 Bing 21.12.2023 p.

JKypHasn BXOOUTH [0 MepeliKy HayKOBUX (paxoBUX BUAAHb YKpaiHU

Kareropis «A». 'any3b Hayk — TexHiuHi.
CnenianpHocTi: 131 — «[IpukaagHa MexaHika», 133 — «'anmy3eBe MalIMHOOYIyBaHHS»,
141 - «<EnnekTpoeHepreTuKa, eJiIeKTpoTexHiKa Ta eJleKTpoMexaHiKay,
174 - «ABTOMaTM3aI1lisl, KOMIT IOTEPHO-iHTErPOBaHi TEXHOJIOTIi Ta pOOOTOTEXHiKa»
(Haka3 MinicTepcTBa ocBiTH i HAyKu YKpainu Bif 26 uepBHs 2024 poky N2 920)

JKypHas npefcTaB/ieHo Y MDKHApPOAHMX HAYKOMETPUYHUX 6a3ax JaHMX,
peno3uTapisx Ta MOIyKOBUX CUCTEMAaX:
Scopus, Google Scholar, ®axoBi BumanHst Ykpainu,
HamionanpHa 6i6mioreka Ykpainu imeHi B. I. BepHaacbkoro,
BASE, DOAJ, J-Gate, Dimensions, Cambridge University Library,
Leipzig University Library, European University Institute, SOLO - Search Oxford Libraries Online,
University of Hull Library, University of Oslo Library, EBSCO, UCSB Library, Ulrichsweb Global
Serials Directory, OUCI (Open Ukrainian Citation Index), WorldCat, Litmaps

AJnpeca pegaxirii:
HarmioHanbHMit yHiBepcuTeT 6GiopecypciB i mpuMpomoKopucTyBaHHS YKpaiHu
03041, Byn. 'epoiB O6oponu, 15, m. Kuis, Ykpaina
Ten.: +38(044)-258-42-63
E-mail: info@technicalscience.com.ua
https://technicalscience.com.ua/uk



Editor-in-Chief:

Savelii Kukharets

Deputy Editor-in-Chief:

Volodymyr Bulgakov

Executive Secretary:

Oleksandra Trokhaniak

Editorial Board

Doctor of Technical Sciences, Professor, Vytautas Magnus University,
Lithuania

Doctor of Technical Sciences, Professor, Academician of the National
Academy of Agrarian Sciences of Ukraine, Honored Inventor of Ukraine,
Laureate of the State Prize of Ukraine in Science and Technology, Excellence
in Education of Ukraine, the National University of Life and Environmental
Sciences of Ukraine, Ukraine

PhD in Technical Sciences, Associate Professor, National University of Life
and Environmental Sciences of Ukraine, Ukraine

National Members of the Editorial Board:

Gennadii Golub

Ivan Golovach

Serhii Pylypaka

Serhii Osadchyi

Valeriy Adamchuk

Viacheslav Loveykin

Mykola Chausov

Yuriy Romasevych

Viktor Trokhaniak

Viktor Kaplun

Vitalii Lysenko

Sergey Shvorov

Mykola Zablodskiy

Kostiantyn Lopatko

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, Central Ukrainian National
Technical University, Ukraine

Doctor of Technical Sciences, Professor, National Science Center “Institute
of Mechanization and Electrification of Agriculture”, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

PhD in Technical Sciences, Associate Professor, National University of Life
and Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine



Oleksiy Opryshko

Ievgen Antypov

Ievhgenii Aftandilyants

Taras Lendel

PhD in Technical Sciences, Associate Professor, National University of Life
and Environmental Sciences of Ukraine, Ukraine

PhD in Technical Sciences, Associate Professor, National University of Life
and Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

PhD in Technical Sciences, Associate Professor, National University of Life
and Environmental Sciences of Ukraine, Ukraine

International Members of the Editorial Board:

Aivars Aboltinsh

Edmund Lorencowicz

Hristo Beloev

Janusz Nowak

Yuri Olt

Kamil Vitashek

Oleksii Martynenko
Simone Paskuzzi

Periasimi Subramanian

Volodymyr Reshetiuk

Viacheslav Adamchuk
Yurii Jazkevych

Andrzej Chochowski

Doctor of Technical Sciences, Professor, Latvia University of Life Sciences
Technologies, Latvia

Doctor of Technical Sciences, Professor, Doctor of Engineering Science,
Professor, University of Life Sciences in Lublin, Poland

Doctor of Technical Sciences, Professor, “Angel Kanchev” University of
Ruse, Bulgaria

Doctor of Technical Sciences, Professor, University of Life Sciences in
Lublin, Poland

Doctor of Technical Sciences, Professor, Estonian University of Life
Sciences, Estonia

Doctor of Technical Sciences, Professor, Poznan University of Life Sciences,
Poland

Doctor of Technical Sciences, Professor, Dalhousie University, Canada
Doctor of Technical Sciences, Professor, University of Bari Aldo Moro, Italy

Doctor of Technical Sciences, Professor, Tamil Nadu Agricultural
University, India

PhD in Technical Sciences, Assistant Professor, Warsaw University of Life
Sciences, Poland

Doctor of Technical Sciences, Professor, McGill University, Canada

Doctor of Technical Sciences, Professor, University of British Columbia,
Canada

Doctor of Technical Sciences, Professor, Warsaw University of Life
Sciences, Poland



T'omoBHMIT pegaKkTop:

Cageriit Kyxapenb

PepakuiliHa KoJeris

IoKTOp TEXHIUYHMX HAYK, Tpodecop, YHiBepcuTeT BiToBTa Benmkoro, JIntea

BaCTYl'[HI/IK TOJIOBHOTI'O peaaxkTopa:

Bonogumup Bynrakos

IoKTOp TexHiUHMX HayK, Mpodecop, akamemik HarioHanpHOi akamemii
arpapHux Hayk YKpaiHWu, 3acIy>keHuii BMHaxigfHMK YKpaiHu, jaypeat
HepskaBHOi mpeMii YkpaiHu B rayiy3i HayKu i TeXHiku, BiIMiHHUK OCBIiTU
Vkpaiuu, HalioHanbHMI1 yHiBepcuTeT 6iopecypciB i IpUpoIOKOPUCTYBaHHS
VKpainu, Ykpaina

BignoBiganbHMUIT ceKpeTap:

Onekcanzpa TpoxaHsK

KangupmaT TexHiUHMX HayK, [OLeHT, HailioHaJibHUIA YHiBepCUTET
6iopecypciB i mpupomokopucTyBaHHS YKpainu, Ykpaina

HarioHanbHi 4ieHM pegKoJIerii:

Tennapgiii 'omy6

IBan I'omoBau

Cepriit [Innnmaka

Cepriit Ocagunii

Basnepiit AnaMuyKk

B’saueciiaB JIoBeiiKiH

Muxkosna Yaycos

IOpiit PomaceBuu

BikTop TpoxaHsIK

Biktop Kamnyn

Bitauriit JInceHko

Cepriii llIBopos

Muxkosa 3a6/10ACbKMIT

KocTssauTun JlonmaTbKo

Osekciit OnpuIIKO

IOokTOop TexHiUHMX HayK, Ipodecop, HalioHanpHMuii yHiBepcuTeT
6iopecypcis i mpupomokopucTyBaHHs YKpainu, YKpaina

HokTop TexHiYHMX HayK, Iipodecop, HallioHanbHMUit yHiBepcuTeT
6iopecypciB i mpupomokopucTyBaHHS YKpainu, YRpaiHna

IOokTop TexHiYHMX HayK, Ipodecop, HauioHanbuuit yHiBepcuTeT
6iopecypciB i mpupomokopucTyBaHHS YKpainu, Ykpaina

HokTOp  TexHiYHMX HaykK, Ipodecop,
HallioOHAJIbHMI TeXHIUHMII YHiIBepcuTeT, YKpaiHa

LleHTpa/sbHOYKPAIHCHKUIT

HokTop TexHiuHMX HayK, mpodecop, HHI] «IHcTUTYT MexaHisaiii Ta
enekTpudikailii cibCbKoro rocrogapcTar, YKpaina

IokTop TexHiYHMX HayK, Ipodecop, HauioHambHMit YyHiBepcuTeT
6iopecypciB i mpupomokopucTyBaHHS YKpainu, YkpaiHna

IOokTOop TexHiYHMX HayK, Ipodecop, HalioHanpHuii yHiBepcuTeT
6iopecypcis i mpupomokopucTyBaHHs YKpainu, YKpaina

HokTop TexHiYHMX HayK, Iipodecop, HallioHanbHMit yHiBepcuTeT
6iopecypciB i mpupomokopucTyBaHHS YKpainu, YRpaina

Kanmgupatr TexHiYHMX HayK, [OOIeHT, HaiioHaJbHUII YHiBEpCUTET
6iopecypciB i mpupomokopucTyBaHHS YKpainu, Ykpaina

IOokTop TexHiYHMX HayK, Ipodecop, HalioHanpHuit yHiBepcuTeT
6iopecypcis i mpupomokopuctyBaHHs YKpainu, YKpaina

IoKTOp TeXHiUHMX HaykK, Impodecop, HamioHanmbHUIT YHiIBEPCUTET
6iopecypciB i mpupomokopucTyBaHHS YKpainu, YRpaina

HokTop TexHiYHMX HayK, Ipodecop, HauioHanbHMit yHiBepcuTeT
6iopecypciB i mpupomokopucTyBaHHS YKpainu, YkpaiHna

IOokTOop TexHiYHMX HayK, Ipodecop, HalioHanpuuiti yHiBepcuTeT
6iopecypcis i mpupomokopuctyBaHHs YKpainu, YKpaina

IOoKTOp TeXHiUHMX HaykK, Impodecop, HaimioHasbHUIT YHiIBEPCUTET
6iopecypciB i mpupomokopucTyBaHHS YKpainu, YRpaina

KangupmaT TexHiUHMX HayK, [OOLeHT, HallioHaJibHUIA YHiBepCUTET
6iopecypcis i mpupomokopucTyBaHHS YKpainu, YkpaiHna



€BreH AHTHIIOB

€BreH AdraHinsaHi

Tapac Jlengen

Kanaupmat TexHiUHMX HayK, OOUEHT, HallioHaJibHUIA YHiBEpCUTET
6iopecypciB i mpupomokopucTyBaHHS YKpainu, YRpaina

HokTop TexHiYHMX HayK, Ipodecop, HauioHanbuMuit yHiBepcuTeT
6iopecypciB i mpupomokopucTyBaHHS YKpainu, Ykpaina

Kangupmat TexHiUHMX HayK, [OLieHT, HalioHa/bHUIA YHiBepCUTET
6iopecypcis i mpupomokopucTyBaHHs YKpainu, YKpaina

MiKHapOaHi WieHM peaKoJIerii:

AjtBapc AGOITUHII

EnmyHz JIopeHIIOBUY

Xpicro benoes

SInym HoBak

IOpi OnbT

Kamin BiTamek

Onexkciit MapTMHEHKO
Cimone IMackyuii

ITepiacimi Cyopamanian

Bonoayumup PemeTiok

B’ssueciiaB AgamMuyK

IOpiit SIukeBuu

AHKel1 X0X0BCKi

HokTop TexHiYHMX HayK, Mpodecop, JIaTBilicbKuit yHiBepcUTeT

MIPUPOIHNYMX HAYK i TeXHOOTi, JIaTBist

JOKTOp TEXHIUHMX HaYK, Tpodecop, [Ipupogumunii yHiBepcuteT y JItobiHi,
[Monbiia

IokTOop TeXHiYHMX HayK, mpodecop, YHiBepcuter Pyce «AHren KaHueB»,
Bonrapis

IOKTOp TEXHIYHUX HAYK, Tpodecop, [IpupogHmnunii yHiBepcureT y JIt006TiHi,
ITonpia

JoKTOp TexHIYHUX HaYK, Tpodecop, ECTOHChbKUIT YHiBEPCUTET TPUPOTHUUMX
HayK, EcToHis

IOoKTOp TeXHIYHUX HayK, mpodecop, [Io3HAHChKUIT YHIBEPCUTET HAyK IIPO
SKUTTS, [Tonbia

IokTOp TeXHIUYHMX HaYK, ITpodecop, YHiBepcuTteT lanxoyci, Kanaga
JokTOp TeXHiUHMX HaYK, Tpodecop, YHiBepcuTet Bapi Anbro Mopo, Itamis

IoKTOp TeXHIUYHMX HayK, IIpodecop, ArpapHuii yHiBepcuteT Tamin-Hamy,
Inpia

Kanaupmar TexXHIYHMX  HayK, BapmaBcbkuit  yHiBepcuTeT

MIPUPOIHNYMX HAYK, [TosbIna

JIOLIeHT,

IokTOp TeXHiUHUX HaYK, mpodecop, VHiBepcutet Maxlimi, Kanaga

IoKTOp TeXHIYHMX HayK, mpodecop, YHiBepcuTeT Bpuranchkoi Komymoii,
Kanagma

IOKTOp TEXHIYHMX HAYK, ITpodecop, BapimaBchbKuii YHiBEPCUTET HAYK PO
KUTTS, [Tonbina



CONTENTS
Yu. Romasevych, Ya. Hubar

Synthesis of the optimal acceleration mode of the tower crane slewing mechanism........ccccecceeeeeceeereseeeennneen. 9

V. Smolij, N. Smolij, M. Shvydenko, S. Voloshyn
Hardware and software complex for operational management
of a flexible site of highly efficient assembly ProdUCTION ......ccicecvuiiiiiieeiiiiee e eeee e e e e 20

D. Koshkin, O. Sadovoy, A. Rudenko, V. Sokolik

Optimising energy distribution and detecting vulnerabilities
in networks using artificial INTEIIIZENCE .......uviiiiieeiiiee et e e e e ere e e e e e sabe e e e s e e nsaaeeesennes 36

A. Nesvidomin, S. Pylypaka, T. Volina, Yu. Shtyka, I. Rybenko

Optimisation of a developable surface model passing through a helical curve with variable pitch................ 49
M. Zablodskyi, D. Babak

Simulation of fluid spraying processes in a device for automatic control

of anaerobic fermentation process parameters in biogas FEACLOTS ...cccecvrreerieeerrreeeeeeeireeeeeeerrreeeeeesrereeeseenns 58

R. Abdyldaev, N. Murzakulov, A. Abdullaeva, T. Dzholdosheva, M. Yslamov
Application of programming methods for control
of fluctuations in electric power systems and NETWOTKS ........ciieecciiieiieeiiiiee et eeeeciree e e eeetee e e e eeeeeeeeeeeenes 70

V. Tsopa, T. Bilko, S. Cheberyachko, O. Deryugin, B. Hrymalo
Automated software package for selecting transport technology
for grain transportation by road freight tranSPOTT......cciccceiieiieeciiee et e e e e ete e e e e e eraeeeeeeanes 83

V. Adamchuk, S. Pohorilyy, V. Prysyazhnyy, V. Yaremenko, V. Mirnyi
Aggregation of a mobile energy vehicle of the “Autotractor” with a technological module............................ 99

S. Mehta, R. Modi, P. Herasymenko, S. Usenko
Exploring novel architectural elements and design concepts for wireless sensor nodes: A case study ......... 108

V. Hruban, A. Drobitko, M. Khramov, M. Tovpyha
Strength analysis and optimisation of trailer agricultural machinery structures

using finite element METNOGAS .......cuiiie ittt e e e e e e s tre e e e s e aaaee e e s aseaeeeessnnseaeasensnsennanas 117
A.Rud, A. Rud

Development and implementation of electromechanical systems

for the control Of SOIl tIllAZE UNITS .....uuviiiieeeiiiieieeeitee ettt e e et e e e et e e e e e abreeeeesesareeeesesssaeeeeesssssssaeennnns 131

L. Mikhailova, V. Dubik, O. Kozak, O. Gorbovy
Prospects for use of smart meters to reduce electricity losses in Ukraine’s power grids ......ccceceveeeeeecnveenenn. 146

V. Duhanets, P. Fedirko, O. Hovorov, V. Pukas, M. Volynkin
Modelling of dynamic characteristics of tractor systems
to improve stability 0N UNEVEN fIElAS.......ciiie ittt e e e aere e e e s reee e e e s nraeee e s s nseaaeeas 159



3MICT
10. PomaceBuuy, S. I'y6ap

CMHTe3 ONITUMAIBHOIO 3a MIBUIKOIIEI0 PEXKMMY PO3TOHY MEXaHi3MY TIOBOPOTY 6AIITOBOTO KPaHa............... 9

B. Cmouriit, H. Cmouriii, M. llIBuaenko, C. Bomomuu
AnapaTHO-NpOrpaMHMI1 KOMILJIEKC ONepPaTUBHOIO YIIPaBIiHHS
THYYKOIO AiTbHUIIEI0 BUCOKOE(DEKTUBHOTO CKIAMATBHOTO BUPOOHUIITBA  ..ceeuverrurerrnrerreessseeseessneessssesseesseens 20

. Komikin, O. CamoBwuii, A. PymeHnko, B. Cokoiik
OmnTuMmisalliss eHepropo3mnoiay Ta BUsSIBIEHHs BpasauBoCTeit
Yy Mepeskax 3a JOTIOMOTOIO IITYTHOTO THTEIIEKTY ....eeeeevrererrreeearseeessseseaassssesssssessssssesssssssssssssssssssssssssssssssesssses 36

A. HecBigomin, C. IImnunaxka, T. Boniua, 0. IlITuka, I. Pu6eHko
Ontumisailis Mogesni po3TOpTHOI MOBePXHi, IKa MPOXOAUTb Yepe3 I'BUHTOBY JIiHil0 3MiHHOTO KPOKY .......... 49

M. 3a6momcbkuii, 1. Babak
MopenoBaHHS IPOLLECIB PO3NMIEHHS PIAUHYU Y IPUCTPOI
IIJISI aBTOMAaTUYHOTO KOHTPOJIIO [IapaMeTpiB IMPoIecy aHaepoOHOro O6poiHHS y 6iora3oBux peakTopax...... 58

P. A6aunpaes, H. Mypsakyios, A. Aoaymiaesa, T. [I>xongoinesa, M. IctamoB
3acTocyBaHHSI METOZiB TpOrpaMyBaHHS JJ1s1 KepyBaHHS KOJIMBAHHIMM
B €/IEKTPOEHEPTETUUHMX CUCTEMAX I MEDEIKAX ceeuuuurreerreernnreeersenssreeeesaesssseeessaesssneeessesssseeeessessseeesseesnsseeessesnnne 70

B. Ilomna, T. BinbKo, C. Ye6epsuko, O./Ieprorid, B. 'pumano
ITporpaMHuMit KOMIUIEKC 3 BUOOPY TPAHCIIOPTHOI TEXHOJIOTi
repeBe3eHHs 3epHA BAHTAKHUM aBTOMOOITBHYM TPAHCIIOPTOM ..cuuveeeeveeererveesaeseeeesssesesssssssssssessssssssssssennes 83

B. Agamuyk, C. Iloropinmii, B. [Tpucsiskamii, B. SIpemenko, B. MipHuii
ArperaTyBaHHSI MOGIJTbHOTO €HEPTeTUUHOTO 3aC00Y TUITY «ABTOTPAKTOP» i3 TEXHONIOTIYHUM MOIYTIEM ...... 99

C. Mexra, P. Mogi, I1. T'epacumeHnko, C. YceHKO
JocnigkeHHS. HOBUX apXiTEKTYPHMX €JIEMEeHTIB i KOHLIeMLIili TPOEKTYBaHHS
IS 6€3POTOBUX CEHCOPHUX BY3JTiB: MPUKIIAT, 3 TIPAKTIKI «veeeereeeurrreeeeeeairereeeeesasseesessssssseessssssssssssssssssssass 108

B. I'py6aub, A. [Ipo6iThko, M. Xpamos, M. ToBoura
AHani3 MiITHOCTi Ta ONITUMi3aList KOHCTPYKLili IPUYITHUX CLIbCBbKOTOCIIOAAPChKUX MaIlIVH
3a JOTMIOMOTOI0 METO/IB KiHIIEBUX ETIEMEHTIB .eeeecuuerreereeunrereeraennreeeeaaenseeeesaesnsereesassnsseressasnsseeessessseneessans 117

A. Pyap, A. Pyap
Po3po6Ka Ta BITPOBA/IsKEHHS eJIEKTPOMEXaHIUHNX CUCTEM
IJIST YIIPABJIiHHS IPYHTOOOPOOHVIMM GIPETATAMM .....uvveeeerrreeenrreeeasseeassssssaassseasssssessssssssssssesssssssssssssssssssssnseses 131

JI. MuxaitioBa, B. [Iy6ik, 0. Kosak, O. Top6oBuit
TepcrekTBY BUKOPUCTAHHS CMapT-TiUMIbHUKIB
IIJISI SHVMSKEHHS BTPAT €/IEKTPOEHEPTil B MEPEKAX YKPATH  oevvveeeeeeeerrrrereerersrrrnnnreeeeeeeeeeeeeessssasssssssssssssssssesaes 146

B. dyraHens, I1. ®enipko, O. loBopos., B. [Tykac, M. BoauHkiH
MogemoBaHHS AMHAMIUHMUX XapaKTePUCTUK TPAKTOPHUX CUCTEM
IUTSI THABUIIEHHS CTIAKOCTI IPU POOOTI HA HEPIBHUX TTOMISIX vevvvvererrerveeeserseessnsessssesssesssesssaessssessssssssesssaessns 159



Machinery & Energetics Journal homepage:

Vol. 16, No. 2. 2025 https://technicalscience.com.ua/en

UDC 629.359, 6815131
DOI: 10.31548/machinery/2.2025.09

Yuriy Romasevych’

Doctor of Technical Sciences, Professor
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0001-5069-5929

Yaroslav Hubar

Postgraduate Student
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0009-0000-3651-866X

Synthesis of the optimal acceleration mode
of the tower crane slewing mechanism

Abstract. The high performance of cranes is one of the main requirements for construction of buildings and constructins.
Tower cranes usually perform such operations. One of the most effective ways to achieve this requirement is to eliminate
pendulum oscillations of the load on the flexible suspension for tower cranes in the shortest possible time. Therefore,
this article aimed to obtain a general solution to the problem of optimal performance control during the acceleration
of the crane’s slewing mechanism. A dynamic system model of the tower crane was presented, boundary conditions and
optimisation criteria were described, and a torque constraint was introduced. The original problem was reduced to the
problem of unconstrained optimisation of a nonlinear function. The problem was solved multiple times, in which the
mass of the load m, the length of the flexible suspension /, and the boom extension range r were varied within certain
limits. The VCT-PSO optimisation algorithm was used to find solutions. Based on the obtained solutions, a data set for
training the artificial neural network (training set) and a data set for testing its operation (test set) were formed. There
were used a feedforward neural network to solve the problem of predicting the moments of control switching. Three
inputs (corresponding to the parameters m, r, [), three outputs (corresponding to the moments of control switching), and
three hidden layers with five neurons in each were used. The neural network was trained using the ADAM method. The
results of estimating the quality of the prediction of the control switching moments were determined, and the plots of
estimation errors were presented. The high quality of the approximation of the solution surface of the problem using the
artificial neural network was established. The analysis of the system motion dynamics under optimal control was carried
out, which demonstrated that the system motion indicators were least affected by the mass of the load m and most affected
by the length of the flexible suspension [

Keywords: tower crane; slewing mechanism, optimal control; pendulum oscillations of the load; artificial neural
network

INTRODUCTION

People widely use tower cranes for load movement on con- movement mode (acceleration/braking). Many research-
struction sites. To enhance the efficiency of tower cranes, ers have worked on developing optimal modes of motion
they must quickly move load while eliminating load oscilla-  for this mechanism. In work by V.0. Kovalenko (2021) the
tions on a flexible suspension at the end of the transitional = problem of optimal control of tower crane rotation was set

Article’s History: Received: 03.01.2025; Revised: 15.04.2025; Accepted: 22.05.2025.

Suggested Citation:
Romasevych, Yu., & Hubar, Ya. (2025). Synthesis of the optimal acceleration mode of the tower crane slewing mechanism.
Machinery & Energetics, 16(2), 9-19. doi: 10.31548/machinery/2.2025.09.

*Corresponding author

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


https://orcid.org/0000-0001-5069-5929
https://orcid.org/0009-0000-3651-866X
https://technicalscience.com.ua/en

Synthesis of the optimal acceleration mode...

to minimise the duration of the work cycle. This problem
was solved using the principle of maximum (Pucci, 2004;
Kiianovskyi & Kiyanovska, 2022). According to V.V. Svir-
gun (2022) a structural system diagram for optimal con-
trol of the mechanisms for changing the load outreach
and crane rotation was developed, along with recommen-
dations regarding its hardware part. In practice, optimal
performance control laws were implemented, including
eliminating load oscillations after the crane stops and pre-
cise load positioning with the minimum number of control
stages in the shortest timeln the work by Y.M. Al-Rawash-
deh (2023), a framework was presented that enables de-
signing kinodynamical reference trajectories and detecting
the flexible modes of uncertain systems while in motion.
In the work by A.O. Okun (2021) the problem of optimis-
ing load movement of a load on a flexible suspension over
a given distance was considered. To construct the control
algorithm for the “trolley-load” system, phase plane meth-
ods using poles of corresponding transfer functions were
applied. In work of 0.0. Kovalenko et al. (2022) the problem
of identifying control laws for the slewing mechanism of a
jib crane was solved using the maximum principle. An al-
gorithm for finding optimal performance control was found
and described. The law of optimal movement of the slewing
mechanism of a laboratory jib crane was calculated.

Zh. Liu et al. (2021) presented the development of
an algorithm to eliminate the oscillations of a ship crane
based on a constructed mathematical model. Using the
AMEsim-ADAMS platform, the problem was solved. It
simulates the load oscillations of a ship crane in simu-
lated deck movement conditions. H. Ouyang et al. (2021)
researched controlling rotary crane systems. A method for
implementing the positioning of the boom and eliminating
the oscillation of the moving load by a rotary crane was
proposed. The presented boom positioning trajectory can
be calculated online. In the study by Z. Yu et al. (2021) op-
timising bridge crane control using a fuzzy PID controller
was considered. The researchers proved that the fuzzy PID
controller surpasses the traditional PID controller in posi-
tioning accuracy, elimination of load oscillations, and effi-
ciency of obstacle avoidance.

This paper aimed to design the optimal time-efficient
control mode for the tower crane slewing mechanism. The
mandatory condition, which was associated with needed
optimal control, was the elimination of load pendulum os-
cillations. The originality of the presented work is a new
approach to optimal control design, which is based on ap-
proximation features of an artificial neural network (ANN).
It, in turn, allows to generate of optimal control for a wide
range of values of dynamical system “crane-load” parame-
ters. Thus, ANN may be considered as a solver of the opti-
mal control problem in a general sense.

MATERIALS AND METHODS
For the research, a two-mass dynamic model of the crane
slewing mechanism was adopted (Fig. 1) (Kang & Miran-
da, 2004).

Figure 1. Dynamic model
of the jib crane slewing mechanism

Note: M, - the combined resistance torque that arises in the
crane rotary part; M - the combined motor torque driving
the slewing mechanism of the crane; m - the mass of the
load; I - the length of the cable; r - the length of the crane’s
boom; I - the moment of inertia of the elements of the drive
mechanism of slewing mechanism and the rotating tower,
reduced to the crane rotary axis; ¢, — angular coordinate of
crane slewing; ¢, — angular coordinate of load position; x, y,
and z - Cartesian coordinates

Source: compiled by the authors

The generalised coordinates of the dynamic model
were the angular coordinates of rotation, reduced to the
rotation axis of the crane elements of the slewing mech-
anism drive and the rotating tower with the boom ¢, and
the load ¢,. Thus, in the study, the angular system was the
reference. All torques that occur in this system were taken
into account. Others (for instance, torques in the plane of
the crane) were neglected. The equations of motion cor-
responding to this model were taken from the work with
condition C—oo:

M- Mosign((ﬁl) = 1(151 + mrz%(¢1 — ¢
b, =2 (@1~ ¢2), ¢))

where M - the combined resistance torque that arises in
the crane rotary part; M — the combined motor torque driv-
ing the slewing mechanism of the crane; m - the mass of
the load; I - the length of the cable; r — the length of the
crane’s boom; I - the moment of inertia of the elements of
the drive mechanism of slewing mechanism and the rotat-
ing tower, reduced to the crane rotary axis. For the process
of starting the slewing mechanism of the jib crane, the fol-
lowing boundary conditions were used:

{¢1(0) = d’l(o) =¢,(0) = qSZ(O);
¢1(T) = p(T) = <i’1(T) = ‘i’z(T) = w, (2)

where ® - the rated angular velocity of the crane slewing.
The initial conditions mean the system’s movement from
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a state of rest, i.e., when there is no movement. The final
conditions meant the system’s movement at the nominal
angular velocity w in the absence of pendulum oscillations
of the load. To conduct optimisation, a performance crite-
rion was used, reflecting the duration of the crane slewing
mechanism acceleration:

§Tdt — min =T, T=t,+t,+t,, 3)

where T - the duration of the system movement; ¢, t,, t, -

the durations of the first, second, and third stages, respec-
tively. The engine that drives the slewing mechanism of the
crane was characterised by its overload capacity, so con-

straints on the torque were introduced:
Mmin SM< Mmax’ (4)

where M. and M__ - the minimum and maximum values
of the driving torques. The asynchronous motor, which is
part of the drive of the slewing mechanism of the crane,
is characterised by symmetry, hence, the following expres-
sionwas valid: M. =-M__ . A constraint on the angular ve-
locity of the crane’s rotationW was introduced:

Sw

0<4

1

, ©)

where the angular velocity must be within the range from 0
to w. This allowed acceleration to the nominal speed with-
out exceeding it. This, in turn, enabled the rotation of the
crane without additional energy expenditure. Since the
movement is in one direction, a constraint was introduced
that the angular velocity should not be less than zero.

Problems (1)-(5) are pretty complex. Therefore, it was
reduced to a problem of unconstrained optimisation. The
second equation of the system (1) was twice differentiated
concerning time:

. . IV
$1=d,+56> ©)

The substitution of expression (6) into the first equa-
tion of system (1) gave:

L )
M—M0=I(¢2+5¢2)+mr T(¢1_¢2)- )

Taking into account the second equation of system (1),
the equation (7) was rewrited as follows:

. 1 v .
M—M0=I(¢2+;¢2>+mr2(;b2=
L v 0 L v o
=1¢, +El¢2+mr b, =51¢>2+ (I +mr<)¢,.(8)

Both sides of expression (8) were divided by the coeffi-
cient near the highest derivative of the function ¢,:

I+mr?

7 $a ©)

M—M,
I

v
g
T=¢at
The notations were introduced:

g

(10)
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I+mr? g
n= TT,M _MO =Mdin'

The expression (10) can be rewritten in the following
form:

(11

b+ 07, =M g2 (12)

The acceleration period can be considered a movement
in three stages, where the torque M takes a constant val-
ue (M__or M_.). This fact allowed obtaining an analytical

solution of the differential equation (12) for the i-th stage:

¢,= ﬁ(@(f,-,l) 0,7 )7 )+ (7 (-7 )+
+2 (r )QH+ M, (-2+(t-7,,)* Q2+ (-24,(7, ))mQ*+
+2M,, Q 0)cos((t T, 1)Q) 2¢Zszm((t 7. )Q));
0 O’ Tl 1’ 2 t1+t2’ (13)
where 7, - the moment of the beginning of the i-th stage of
the dynamic system’s movement.

The next step in the calculations was to determine the
function ¢, for the system’s first, second, and third acceler-
ation stages using equation (13).

¢,(19) = 0, 4.)2(70) - O:‘ﬁz(fo) - Ord.).z('[o) -0,

Mdin - (Mrnax _MO)' To st = Ty

$(7) > ¢2t1‘¢2(11) - (ﬁztlvd’.z('ﬁ) - ‘52t1' é.
Mdm_}( M) T1 t <T2'

$o(15) = ¢2t1 ¢z(72) - ¢2t1+tz
My > (Mg —My), 7, St <T.

2(7) = (.75.2“’

2(T2) = e 4, P2(T2) = Pop hey

(14)

As a result, three solutions corresponding to the three
stages of the system’s acceleration were obtained. Let us
denote them ¢, , ¢, ,, ¢, . (the indices 1, 2 and 3 reflect the
corresponding stage number). Having all the solutions for
the three stages, the conditions for combining the solu-
tions at the moments ¢, and z, were set:

{¢z.1(‘f1) = Par, by(ry) = d’zw by(ry) = ‘ﬁzw byt = iﬁ'zni
$22(12) = ¢zr,'d’2 () = ¢.’21,'(52(Tz) = dizr,' $y(ty) = &21,- (15)

These calculations allowed finding the function
9, 5(0). It was not provided here due to its significant vol-
ume. Substituting t—t +t,+t, into the function ¢, (t) al-
lowed to obtain the magnitude of ¢, .(T), and the magni-
tude ¢, (T), 4,.(T), 4,(T). They can be presented in the
following form:

¢,5(T)= — O (2M,-2M

+M max (
- 4M max

2194 —My(t, +1, +1,)° Q" +

13 =2, + 13+ 24, (L, +1,))Q° +4M
cos((t, +1,)Q)+2(-M , + M

max COS(I3Q)7
ma ) €0S((1; +2, +1,)Q)); - (16)
0,5(T) = Q; oM
+ t3)Q— oM
+(M, -

max( tzﬁLts)Qfluo(tl+l‘2ﬁL
e SINGQ)+2M | sin((2, +1,)Q) +

Ysin((t, +1, +1,)Q)); (17

max

¢2,3 (T) = Qg (_2Mmax COS(t3Q) + 2Mmax COS((tZ + t3 )Q) +

+(M,+ M, )(=1+cos((t, +1, +1,)Q)); (18)

max
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.¢.2,3 (T) = Qg (ZMmax Sin(ISQ) - 2Mmax Sin((tz + t3 )Q) +

+ (=M, + M, )sin((t, +t, +1,)Q)). (19)

Taking into account expressions (16)-(19), the condi-
tions that correspond to the final conditions of the system’s
movement were writen: its acceleration to the nominal an-
gular velocity # and ensuring the absence of pendulum os-
cillations of the load at the end of acceleration. They were
represented in the form of a system of transcendental alge-
braic equations:

0 — d’z.s(T) =0;
452.3(7') =0;
$2.3(T) = 0. (20)

Again, due to the significant volume of the obtained
expressions, they were not presented in an expanded form.

To solve the system of transcendental algebraic equa-
tions (20), the TE function were construct, which in a cer-
tain sense reflects the level of satisfaction of the final con-
ditions (2):

7E=@:(w—@xmf+@ua»%{ﬁg?j]=

= 21219 c mr? (QZQS (2M , cos(t;€) +2M . cos((t, +1;)Q) +
+(M, - M, )(~1+cos((t, +1, +1,)Q)))* +Q*(2M  sin(t,Q) -

=2M . sin((t, +,)Q) + (=M, + M, )sin((t, +¢, + t3)(2))2 +
+ ((_Mmax (tl - tz + t3) + (M()(tl + tz + ts))QQg + 2Mmax (QZ -
- Q)sin(t,Q) + (M, - M, Q- Q)sin((t, +1,)Q).  (21)

The first term in brackets in expression (21) corre-
sponded to the kinetic ‘excess or insufficient energy’ of
mass m. It showed the deviation of the energy of mass m
at the moment ¢, +t,+t, from the value mw?2. The second
and third terms in expression (21) were the potential and
kinetic energy of the load’s (pendulum’s) oscillations at the
end of the system’s acceleration.

Thus, the initial problem (1)-(5) was reduced to the
following:

. (2E 0
argmin (W + (t +ty+t3) E)‘
totats
E_{W'TE, if TE= 4

0, if TE <4, (22)

where A — a certain conditional energy threshold corre-
sponding to the deviation of the system’s state from the de-
sired one at the end of its acceleration, i.e., it is a function
that defines the deviation of the final phase coordinates
from the final conditions (2): the smaller the A, the closer
the final phase coordinates are to the final conditions (2)
(within this study A=1027); w — a weight coefficient that
ensures the importance of minimising TE (set to w = 10°);
E - a nonlinear function that reflects the fulfillment of the
condition TE<A.

The first term in brackets in expression (22) was the
system’s specific “excess” energy at the end of the system’s
acceleration. The second was the specific duration of the
system’s acceleration. Both addends are dimensionless
and, therefore, can be added. The exact solution of problem
(1)-(5) reduces the first term of criterion (22) to a value that
was less than the threshold A, when all the final conditions
(2) were practically fulfilled. Including the values of w and
A in the objective function (22) can be explained by a two-
stage process of searching for a solution to the problem. In
the first stage, the value of E was minimised. The optimi-
sation algorithm searched the minimum T (since E=0) in
the second stage. Such a structure of the objective function
(22) allowed for the avoidance of false solutions to the orig-
inal problem (2)-(4). Indeed, at least two such cases can be
imagined:

)w=1,thent —0,t,—0, t,— 0. In this case, the ob-
jective function (22) has a global minimum, which equals 1.
The second and third terms of TE in brackets (the first line
of expression (21)) equaled zero, and only the first term
equaled w;

2) A=0, then at some stage of minimising the objec-
tive function (22), the product w-TE was reduced to a val-
ue comparable to t, t, and t, values. This meant that the
requirements for minimising the magnitudes of w-TE and
(¢, +t,+t,)Q/2m start competing. In this case, there was no
guarantee of a complete minimisation of the criterion (3).

To ensure compliance with condition (5), the poten-
tially highest speed of crane rotation during acceleration
was found, which was at the end of the first stage when the
tower begins to accelerate:

1
o
—Ql)sin(1,Q) + (M, - M

Pr(t) = =5 (M (1, + 1) + My (1, +1,)QQ0 +2M , (Q* -

Q7 —Q2)sin((t, +1,)Q). (23)

The potentially lowest speed of crane rotation during
acceleration was found, which was at the end of the second
stage when the tower was braking:

; (M o= My a) (£102020% + (22— 04%) )sin (£,92)
ba(t+ ) =—— (& T LG

. (24)

Expression (23) was found to fulfill the constraint of
not exceeding w, and expression (24) was found to fulfill the
constraint of no crane reversal (absence of negative angu-
lar velocity of crane rotation). Further, to take into account
the constraints (5), penalty functions were constructed:

$,(ty) . L .
a={w,l“f%“0>“ )
0,ifp,(t1) < w,
¢yt +t,) . i .
P, 2{ w Ao if @o(t1+ 1) < O; 26)
0,if o (t1+ ) = 0,

where 2,, 4, — weight coefficients determining the impor-

tance of fulfilling the constraints (5). If the upper or low-
er constraints were violated, functions P,, or P, took large
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values. Their magnitudes were regulated precisely by the
weight coefficients 1, 1,, which in this study were equal to
108. Thus, the problem (1)-(5) was reduced to the minimi-
sation of the following function:

Romasevych & Hubar

argmin (22 + (6, + t, + ty) o +P + P, ) en

tybpty

It was necessary to set numerical values for the system
to solve the problem (27) (Table 1).

Table 1. Parameters of the “crane-load” system

Parameter Unit of measurement Value
m 200-5000
l 3-15
r 2.5-40
[0) rad/s 0.07
M, 257142
M, 25714
1 kg'm? 4992364

Source: compiled by the authors

The values of m, [, r in Table 1 were given as ranges.
This was necessary to reflect the practical side of the tow-
er crane operation. Its work occured with different masses
of load m, different lengths of flexible suspension [, and
different outreach of load r. The limits of the ranges for
these values, as was shown in Table 1, correspond to the
maximum and minimum values encountered in operating
a tower crane.

RESULTS AND DISCUSSION

To solve problem (27), the VCT-PSO optimisation algo-
rithm was used, which is a profound modification of the
canonical Particle Swarm Optimisation (PSO) method (Ro-
masevych & Loveikin, 2022). The following settings of this
algorithm were used: ¢, =c,=1.19, RC=m5, w=0.72. Exam-
ple plots corresponding to the results of solving the prob-
lems using the VCT-PSO algorithm were given below. For
example, Figure 2 presented a plot of the convergence of
function (27) when solving the problem for the following
parameters: m=600 kg, [=10 m, r=25 m.

10

criterior
=)
o
o
:
!

-
(=1
o
T
L

0 100 200 300 400
iteration

Figure 2. Plot of convergence of function (27)
for parameters m=600 kg, [=10 m, r=25m

Source: compiled by the authors

As can be seen from the plot, the value of the criteri-
on decreased during the first seventy iterations, and from
the seventieth to the four-hundredth iteration, function
(27) remained unchanged. Overall, this algorithm found
solutions for three thousand five hundred ninety-seven
problems (for different variants of load mass m, length of
flexible suspension [ and load outreach r). All of them were
presented in the following format: {t, t,, t,, m, r, I}. The
found solutions were used for training an artificial neural
network, which was used to approximate the entire set of
solutions to problems (1)-(5).

Calculation of optimisation problem solution each
time required a large amount of computation resources.
To make the process of values ¢, t,, t, mining much quick-
er (and implemented in crane control system) an artificial
neural network was used. After its training and testing
it may be exploited to calculate values ¢, t,, t, for differ-
ent practical cases of exploitation (varying values m, r, I).
From the found solutions to the problems, a data array was
formed for training the artificial neural network (training
sample) and an array for testing its performance (test sam-
ple). Overall, 2886 solutions were selected for training the
artificial neural network and 711 for its testing.

This study used a feedforward neural network with 3
inputs (corresponding to parameters m, r, ), 3 outputs (cor-
responding to values t, t,, t,) and 3 hidden layers with 5
neurons each.

Each neuron of the artificial neural network was char-
acterised by a “hyperbolic tangent” activation function.
The neural network was fully connected, and each neuron
received a bias signal. To conduct the training of the arti-
ficial neural network, data normalisation was carried out:

~ m-— i
7l = Mmin ;
Mmax—Mmin

" Tmin . Z= I=lnin

r= 5
TmaxTmin

lmax_lmin’ (28)
where 1ii, 7, and [ - the normalised values of the load mass,
boom outreach, and the length of the flexible suspension,
respectively. Normalised values range was from zero to one.

The neural network training was carried out using
the ADAM method (Kingma & Ba, 2015). The batch size
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equals 500. How accurately the artificial neural network
approximates data needs to be determined. Thus, the RMS
error (RMSE) of the prediction of the duration of the sys-
tem’s movement stages was calculated according to the
formula:

eRMS‘t] — i[ Etlj (tlmax — thin)

i=1 tlAm.i (tlAmax - ZLl.min) + tl.min

2
j 100%, (29)

where e, — the RMS error of the prediction of the dura-
tion of the first stage of the system’s movement; E, , - the
i-th error of the prediction of the duration of the first stage
of the system’s movement; t, . - the i-th value of the du-
ration of the first stage of the system’s movement from the
test data sample; ¢, - the maximum value of the dura-
tion of the first stage of the system’s movement across the
entire test sample; t, .~ the minimum value of the dura-
tion of the first stage of the system’s movement across the

entire test sample; I - the length of the test data sample.
Similar calculations were used to estimate the durations of
the second and third stages. In addition to the RMS indica-
tors, the maximum errors were also used:

e = max | Etlj (tl,max _tl.min)
max.t1
|t1.m.i (tl.max - )+t

|J100%, (30)

ZLl.min 1.min
where e — the maximum error in predicting the dura-
tion of the first stage of the system’s movement. Finding
the maximum errors for the second and third stages was
carried out with using similar formulas.

The obtained error values were entered into Table 2.
Table 2 shows that the values of the RMS errors were insig-
nificant and approximately within one percent. The max-
imum errors of the 1-st and 3-rd stages (1.44 and 1.63%,
respectively) were also minor. Only the maximum error of
the second stage stands out at 7.34%.

Table 2. Results of the quality assessment of the prediction of the duration

Stage number

of the dynamic system’s movement stages performed by the artificial neural network

Errors, %

1 0.34 1.44
2nd 1.08 7.34
3 0.41 1.63

Source: compiled by the authors

For clarity of the obtained estimates, Figure 4 pre-
sented the plots of the error in the duration of the sys-
tem’s movement (separately for each acceleration stage).
The index j indicates the test frame number used for
the evaluation. All the calculations that assessed the

dynamics of the system movement under optimal con-
trol were conducted using eight parameter variations
(Table 3). In Table 3, the following notations were used:
m_. =300 kg, m__=4500 kg, r_. =3.75m, r__ =36 m,
[.=45m,I =13.5m.

min

Table 3. Variants of parameter combinations for the assessment of movement dynamics under optimal control

Variant Number

Parameter

r

2 lmax
m min
3 lmin
rmax
4 lmax
5 Imin
rmin
6 Imax
m max
7 Imin
rmax
8 l

Source: compiled by the authors

Calculations were carried out for each of the eight var-
iants using the already trained artificial neural network.
For example, a graphical interpretation of the solutions to

problems (1)-(5) only for the first (Fig. 3) were presented. All
values on the graphs were normalised, that was, the maxi-
mum value was equal to 1, and the minimum value was -1.
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Figure 3. Plots of kinematic, dynamic, and energy characteristics
of the dynamic system’s movement corresponding to the first number of parameter variants (Table 3)
Note: a) the angle of cable deviation from the vertical and its first time derivative, as well as the crane’s rotation speed
during acceleration; b) the driving torque of the crane’s drive and the power consumed by the drive during acceleration; c)
the angle of cable deviation from the vertical and its first time derivative, as well as the crane’s rotation speed during the
cycle “acceleration-steady movement — deceleration” and after it

Source: compiled by the authors

Figure 3a presents three plots. The bold black line
shows the angular velocity of the system, which was rep-
resented as a broken line because during the period from
1.05 seconds to 1.50 seconds, the system brakes, and
then after some time, it increases its speed again. The
thin black line represented the difference in the speeds
of the crane and the load’s motion. The gray line rep-
resented the difference in the angular positions of the
crane and the load.

Figure 3b showed a plots of the system’s force charac-
teristics, where the black line represented the power of the
crane’s slewing mechanism drive during acceleration. As
noted above, the system breaks from 1.05 seconds to 1.50
seconds, so the power plots changed sign to the opposite.
At this point, the drive operates in a regenerative mode,
i.e., it changed its operating mode: instead of working
as a motor, it started working as a generator, producing

energy. It is necessary to use a specific frequency convert-
er to implement such a mode. The converter has to recu-
perate energy into the network (with a reverse inverter).

In order to prove the efficiency of the optimal control
in the sense of pendulum oscillations elimination, Fig-
ure 3c gave the functions of the system movement during
the cycle “acceleration-steady movement — deceleration”
and after it (during 5 s). It clearly shows almost complete
elimination of oscillations. In the plot in Figure 3c are
caused by the fact that only the minimum values of the
load mass, the length of the flexible suspension, and the
boom outreach were taken for calculation. An analysis of
the assessment indicators of the system’s motion under
optimal control for each of the eight variants was also car-
ried out, which are presented in Table 4. Analysing the
data in Table 4, brought that the duration of the first and
third stages have almost identical values.
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Indicator

Table 4. Assessment indicators of the dynamics of optimal control of the “crane-load” system’s movement

Variant number

4 5

Duration of the 1-st stage, s 1.045 1.477 1.063 1.504 1.061 1.502 1.121 1.532
Duration of the 2-nd stage, s 0.481 1.182 0.470 1.172 0.474 1.176 0.395 1.115
Duration of the 3-rd stage, s 1.026 1.465 1.058 1.498 1.057 1.495 1.115 1.530
The amplitude of the angle of cable
deviation from the vertical, rad 0.023 0.062 0.024 0.063 0.024 0.063 0.023 0.063
The maximum difference in rotation
speeds of the crane and the load, rad/s 0.029 0.054 0.029 0.055 0.028 0.055 0.027 0.054
The maximum power in reverse mode
(at the beginning of the second stage), kW 12.45 17.56 12.60 17.88 12.55 17.83 12.36 17.61
The RMS of the angle of cable deviation 513 o035 0013 0036 0013 003 0013  0.035
from the vertical, rad
The RMS of the difference in rotation
speeds of the crane and the load, rad/s 0.021 0.033 0.021 0.034 0.021 0.034 0.021 0.034
The RMS of the crane drive’s power, kW 9.774 10.27 10.07 10.59 9.941 10.48 9.892 10.11
RMS of the drive torque of the crane, kNm 257.1

Source: compiled by the authors

When analysing the duration across all 3 stages, it was
evident that the values of the duration of individual stages
in the odd variants were less than those corresponding to
the even variants. This can be explained by the fact that
different lengths of flexible suspension were used for these
variants. The amplitude of the angle of cable deviation
from the vertical for even variants have much bigger val-
ues, than those, which reflected to the odd variants. The
same may be stated (but to a somewhat lesser extent) for
the maximum difference in rotation speeds of the crane
and the load. The reason of this outcome may be found in
Table 3. Indeed, in the even variants [___value was involved,
for the odd ones - [ . . Thus, the more [ value, the more
amplitudes of the load oscillations. This conclusion may
be generalised to the RMS values (Table 4) as well. RMS
of the drive torque of the crane is the same for all variants
because the crane drive was operated at the extreme (max-
imum or minimum) torque throughout the duration of the
system’s acceleration.

One advantage of the fuzzy PID controller is its in-
sensitivity to system internal parameter changes. In work
Yu. Qian et al. (2021) the adaptive control of a marine crane
based on a neural network was described. The developed
algorithm improves the efficiency of obstacle avoidance
and provides high-performance control, accurate load po-
sitioning, and quick reduction of pendulum oscillations
of the load. In work by Yu. Romasevych et al. (2022) the
synthesis of optimal control of the “crane-load” system
was considered. The article examined problem of optimal
control of the system, which ensures the elimination of
load oscillations, minimisation of energy consumption,
and maximum crane work productivity. The problem was
solved by minimising the MISO function. An optimisation
criterion was developed for this, which was minimised us-
ing a modified particle swarm (ME-D-PSO). In the work by
T.-S. Wu et al. (2015), a control scheme based on Lyapunov
stability was proposed to suppress the influence of exter-
nal disturbances, eliminate fuzzy approximation errors,

and ensure that the swaying motion of the tower crane
system converges to the neighborhood of zero. In work by
B.I. Mokin et al. (2020) a law of optimal control for one class
of objects with time- and space-varying parameters (char-
acteristics of the load movement process and the effect of
longitudinal oscillations of the crane boom) was synthe-
sised. An integral functional criterion with an integrand of
the square of the deviations of the absolute angular velocity
of the drive electric motor of the hoisting crane from its set
function was used as the optimisation criterion. It showed
that implementing the synthesised law of optimal control
of the crane’s electric drive achieves such characteristics
of the load movement process that prevent the destruc-
tion of both the loads and their destination points, as the
load movement process occurs without impact collisions.
In work by I. Jebellat & I. Sharf (2023) two novel motion
planning solutions for manipulator arms, by utilising the
dynamic programming framework and collision-free paths
time-dependent waypoints, were proposed. G.-H. Kim et
al. (2021) offered a neural network-based robust antisway
control method for the control problem of industrial cranes.
To address the uncertainties in the system parameters and
hydrodynamic forces, a neural network-based estimator
was successfully designed to estimate the key functions
in the control system, which avoids the high control gains
required to guarantee robustness. I.0. Kadykalo (2021) de-
veloped a method of optimising the movement mode of
the slewing mechanism of a jib crane during transitional
processes, as well as a design of the drive mechanism that
allows the implementation of optimal modes of motion the
jib crane’s slewing mechanism. Measurements were con-
ducted using an encoder, an analog-to-digital converter,
and a frequency converter. Also, the computer program
“Optimal control of the jib crane turning mechanism” was
developed to implement optimal modes of motion of the
slewing mechanism. T.A. Le et al. (2013) presented con-
trol in the form of feedback for a rotating tower crane,
combined with the movement of the trolley based on a
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sliding mode. The tower crane’s developed motion control-
lers asymptotically stabilised the system’s working state.
S. Chwastek (2020) described a method for optimising
crane mechanisms to reduce oscillations. The main advan-
tage of the presented method is its simplicity and general-
ity. This study underscores the need for a comprehensive
approach to optimising multi-drive systems.

Researches E.Q. Hussein et al. (2020) presented the
development of a nonlinear controller for the movement
of a bridge crane. The procedure for designing the regu-
lator with a sliding mode was detailed. Research showed
that sliding mode control (SMC) performs better than a
linear quadratic regulator (LOR) and requires less control
force. Z. Sun et al. (2019) presented a sliding mode con-
troller based on fuzzy logic (FSMC) to solve the problem of
eliminating load oscillations that occur during the oper-
ation of bridge cranes. Computer simulation showed that
FSMC based on the DE algorithm can effectively solve the
problem of eliminating pendulum oscillations of the load.
In work of S.-J. Kimmerle et al. (2018) a mathematical mod-
el of the problem of optimal duration movement of the
“crane-trolley-load” system was presented. Based on the
system’s movement model, calculations were conducted to
minimise the working cycle for moving load. S.M. Fasih et
al. (2020) described the method of generating input data
for effective control of rotation. The artificial neural net-
work performs the function of suppressing fluctuations of
the payload. It is used to develop a form of derivative zero
vibration that can be updated according to the length of
the rope. Y. Zuo et al. (2021) describe a method for quickly
obtaining the voltage spectrum and calculating the crane’s
lifespan. An ANSYS finite element model is created based
on static parameters and analyzed to determine the loca-
tion of the dangerous point. In order to estimate the service
life, the method of fracture mechanics is used in the work.

CONCLUSIONS

The problem of synthesising the optimal high-perfor-
mance acceleration mode for the slewing mechanism of
a tower crane has been established. The problem includ-
ed a mathematical model of the system’s motion, bound-
ary conditions (defining the acceleration of the crane to
the nominal rotation speed with the elimination of pen-
dulum oscillations of the load), a performance criterion,
constraints on the torque, and constraints on the angular
velocity of the crane’s rotation. Since it was a priori known
that the solution to the problem of optimal performance
was extreme values of the driving torque, an analytical
solution to the system’s equations of motion at constant
driving torque was found. This allowed us to get derivation
for the expressions for the final phase coordinates of the

Romasevych & Hubar

system’s motion and the formation of a nonlinear criterion
reflecting the degree of achievement of the final conditions
and the duration of the system’s movement. The problem
of minimising the criterion was solved using the VCT-PSO
algorithm with parameters ¢, =c,=1.19, RC=5, w=0.72. An
artificial neural network was formed to approximate the
entire set of solutions to the problem. The neural network
had 3 inputs (m, r, ), 3 outputs (t,, t,, t,) and three hidden
layers with five neurons each. The network training was
conducted using the ADAM method. The root mean square
and maximum errors in predicting the duration of the first,
second, and third stages of the system’s movement were
determined (0.34%, 1.08%, 0.41%, respectively), and the
maximums (1.44%, 7.34%, 1.63% respectively), indicating
the high quality of data approximation. The indicators of
the dynamic system’s movement under optimal control
were least affected by the mass of the load and most sig-
nificantly by the length of the flexible suspension I. This
was due to the strong influence of the value I to the pe-
riod of the pendulum oscillations. Increasing the value [
causes increasing in the duration of optimal control, and,
consequently, a more intensive acceleration mode (both, in
energy and dynamical senses). The developed approach to
solving the problem of optimal control may be considered
as a further development in the field of optimal (by dura-
tion) control. This contribution gave the general method-
ology to solve the optimal control problem. It was based
on reducing the initial problem, multiple its solution, and
training ANN to predict the switching moments of con-
trol, according to the parameters of the system to control.
That is why the developed methodology may be applied to
other dynamic systems (in particular, those corresponding
to mechanisms of hoisting machinery: bridge and gantry
cranes, lifts, robots, etc.). Future studies in this direction
are connected with other parameters accounting. They are
related to the mode of the system motion (constraints M
and M__ ,rated angular velocity o), and initial values of the
generalised coordinates (first of all and ). In addition to
that, ANN architecture and the volume of training data —
are important issues to study, because of the fact, that they
strongly influence the correctness of the switching mo-
ments t,, t,, t, prediction.
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3ajaui 6e3yMoBHOI onTuMmisarliii HemiHifiHOT dyHKIii. BUKOHAHO 6araTokpaTHe PO3B’SI3yBaHHS 3a1avi, B sIKiit Maca
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BUKOPMCTaHMI onTuMisauitumii anroputm VCT-PSO. Ha ocHOBi oTpuMaHMX po3B’sI3KiB chOPMOBAHO MaCHB AAHUX JIJISI
HaBYaHHS IITYYHOI HEIPOHHOI Mepexi (HaBUyaibHa BUOipKa) Ta MacUBY AJisl iepeBipku ii po60Tu (TecToBa BUOipKa).
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Hardware and software complex for operational management
of a flexible site of highly efficient assembly production

Abstract. The work was devoted to the urgent issues of increasing productivity, efficiency and reducing the cost of
assembly plants of multi-series productions. The goal of the work was to create an effective hardware and software complex
for modelling the process of assembling objects and their components (using the example of power cells), which took into
account the structure and parameters of production modules, transport and warehouse systems, allowed generation of
initial plans and used Petri nets to determine scenarios for operational management of the specified production process.
The distribution of autonomous transport modules by sections of the production site according to a certain structure
and number was proposed. The execution time of each operation was calculated, after which a matrix of the duration of
detailed operations was created. An initial schedule was drawn up and the decision rules were investigated, and a custom
rule was proposed that prioritises details going to the most distant modules. The behaviour of the production system
with the resulting schedule was simulated when autonomous transport modules were introduced. The created hardware
and software complex, based on a script written in the Python3 language, combined the functionality necessary for the
flexible production modules transport service algorithm study, the analysis of the network model for flexible automated
production site functioning equipment, and organisation of flexible automated production site operational management
subsystems. The obtained modelling results made it possible to adjust site’s structural filling and organisation of the
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production, transport and warehouse components, eliminating overloading of modules and ensuring a reduction of the
industrial cycle while maintaining the volume of work. The Petri net modelling method in the created hardware and
software complex made it possible to compare several options for the operational management organisation and to
obtain a living grid of a non-accumulating system in which all transitions were activated at least once, and so, obtaining
a working option for the effective production process organisation

Keywords: assembly station; robotic production; flexible production modules; technological equipment; automated

warehouse; automated transport module

INTRODUCTION

Manufacturing, tuning (stitching), testing, flight tests,
sub-tuning of a specific sample for a specific battery to
ensure compliance of electrical and tactical-technical pa-
rameters with the appropriate values is a very difficult and
urgent problem. Solving this challenge ensures accurate,
prompt, and effective mission execution and the achieve-
ment of the planned results. During a full-scale war in
Ukraine, the need for the production of drones is undoubt-
edly relevant, but equally important are the organisation
of flexible robotic production studies, adjusted to ensure
the appropriate communication quality parameters, the
finished products carrying capacity, reliability, and most
importantly, establishing the production rhythm and con-
tinuity. At the beginning of the war, the production was vol-
untary and non-professional, which allowed to gain invalu-
able experience (although some time and material resources
were lost), which confirmed the need of only high-quality
components use, unified structural and technological
solutions, ensuring quality parameters reproducibility.

According to V. Yakymets et al. (2022) the enemy was
actively considering the main problems and areas of train-
ing highly qualified organisation and production personnel
for flexible production and unmanned aircraft and aerial
vehicles complexes operations, which will allow him (the
enemy) to apply the accumulated knowledge and skills
against Ukraine on the battlefield. It was impossible to al-
low this, so it was necessary to systematise, acquire and in-
troduce new knowledge into development and production
technologies for obtaining the highest quality, most effec-
tive and optimal UAV samples in terms of tactical, techni-
cal and design and technological features.

B. Sopha et al. (2024) investigated the problem of staff
shortages in the context of the need to increase production
through the use of advanced technologies, among other
things, the increase in interest in advanced technologies
in agriculture and processing, such as [oT, sensors, robots,
unmanned aerial vehicles, digitisation and artificial intel-
ligence, which in turn would lead to radical changes in
the organisation of production technologies. Considering
the subjective component, one should highlight the heu-
ristic nature of each person’s decision-making, different
financial capabilities and access to commercially availa-
ble components, different degrees of awareness and skills
regarding technological manufacturing processes and
their regulatory values, different degrees of ownership for
firmware, etc.

Scientists K. Li et al. (2022) considered the problems
of creating, piloting and organising the operation and use
of unmanned systems and complexes. The practice of in-
troducing unmanned aerial vehicles into production and
operation was analysed. Problems related to the creation,
experimental implementation and organisation of oper-
ation and use of unmanned systems and complexes were
considered. Organisational and management measures for
the sustainable development of the field of unmanned sys-
tems for 2023-2030 were proposed.

The option of manually assembling devices from the
cheapest components is unacceptable, since there is an ex-
tremelylow probability of successful, correct and safe perfor-
mance of the task. Automated production ensured the qual-
ity and reliability of finished products while preserving the
variation of the required actual nomenclature, the rhythm
of production and the required number of finished products.

D. Hawashin et al. (2024a) proposed the application of
blockchain technology in the industry of unmanned aerial
vehicles. Blockchain could provide key solutions to sev-
eral challenges related to security, data integrity, and op-
erational efficiency in UAV systems. An in-depth study of
the transformative role of blockchain in the field of UAVs
was conducted. The potential influence and application of
blockchain technology for solving problems at the stages
of production, planning and operation of UAV systems had
been studied.

The proposed hardware and software complex for op-
erational management of the production site provided cus-
tomisation of product parameters, in particular power ele-
ments, for use at certain distances, for work on stationary or
movingobjects,ensuredreproducibilityoftactical,technical
and operational characteristics. The conjuncture of finished
products, coordination of the needs of specific consumers
and consideration of feedback on the results of use were
taken into account (Perkumiené & Vienazindiené, 2024)

Similar problems were solved by K. Raoufi et al. (2024).
A scheme of a flexible production cell with placement of
mechanical equipment for the manufacture of mechatron-
ic elements of innovative projects was proposed. When
creating a flexible production cell in the industrial park of
the university, the authors performed scientific research
on the planning of technological processes. For functional
modelling based on the theory of Petri net graphs, the ac-
tions of this object were investigated and a graph-scheme
of functional modelling of the machine tool module was
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constructed. The addressing parameters in the structure
for the implementation of joint management of the net-
work of the researched technological process were defined.

Researchers K. Aghaee et al. (2024) developed the most
acceptable production methods, covering biological tech-
nologies and topology optimisation. The preferred mate-
rials and their characteristics for ground, air, and extrater-
restrial construction were discussed. In addition, relevant
testing methods were presented, and construction-related
challenges and limitations were elucidated.

The goal of the work was to create an effective hard-
ware and software complex for modelling the process of
assembling objects and their components (for example,
power cells), which took into account the structure and pa-
rameters of production modules, transport and warehouse
systems, allowed generating initial plans and usage of Petri
nets to determine scenarios operational management of
the specified production process.

MATERIALS AND METHODS
The creation and testing of a hardware and software UAVs
components production modelling and operational man-
agement complex was an urgent and difficult task, the
decomposition of this task involved systematic study of
the technological process of assembly and testing of the
obtained results. It was impossible to immediately cov-
er all stages and nomenclature of production, therefore,
the production of batteries for unmanned aerial vehicles
was studied deeply compared to other parts of technolog-
ical process. To ensure the products supply to the flexible
production module and the interaction organisation with
the automated system in the flexible automated section,
an automated transport system was used as part of trans-
port modules or stacker robots that had transport routes

of movement. These routes were circular (closed one-way
traffic), linear (bidirectional open traffic) or mixed (com-
bination of linear and circular routes). With high loading
of the flexible production module, the use of input and
output drives was mandatory. The choice of the specified
layout solution for the scheme of the production area al-
lowed to divide and speed up the transport process service
by replacing the first operation of transporting with the
next part for processing, and then the transportation of
the previous one, which was already expected for further
processing already on another flexible production module.

The load estimate of a flexible production module was
considered to be the ratio of the number of parts processed
by the specified module to the nomenclature number of
parts. If the value was no more than 0.3, then one drive
was enough. There were also some restrictions imposed on
the operation of storage devices and the operation of the
flexible production module, which were related to ensuring
the requirements for the procedure for initiating a tech-
nological operation on the equipment. In particular, the
following was considered: the automatic transport mod-
ule couldn’t bring the next part to the flexible production
module for processing while its input storage was loaded;
the flexible production module couldn’t start processing
the loaded part from the input drive while its output drive
was occupied; after completion of processing on the flexi-
ble production module, the part immediately arrived at its
output storage.

For the construction of the specified hardware and
software complex, a number of initial conditions were con-
sidered, in particular, that 14 parts were processed with the
following nomenclature of operations performed on each
of them. Groups of operations for the manufacture of parts
are presented in Table 1.

Table 1. Nomenclature of parts and list of operations

Ne Marking Order of operations
1 0 T1,T2,C1,F2,F3

2 1 T5,T4,T1,C2,T3

3 2 T2,C1,C2,F1,F2,P2

4 3 T1,T2,C1,T3,C2,T4,F1
5 4 T3,T4,C2,F1,P1,T3,T5
6 5 T2,C3,F1,T3

7 6 T1,T2,C1,P2,F1,T3,T4
8 7 T4, T2, C3,C2, F1,F2, T5
9 8 T1, T4, T2, C3, T5

10 9 T1,C1,T4,T2,C1,F2, T5F1
11 10 T4, T2, C3,F2, T5

12 11 T3, T4, T2, C3, C2, F1
13 12 T3,C1,T4,T2,C3, T5
14 13 T4, T2,C3,T1,C1, TS

Note: Ti, Ci, Fi, Pi — varieties of types of investigated operations

Source: compiled by the authors

The time components and the average speed of move-
ment of components in a flexible automated section, which

was used for the calculation of design problems, are given
in Table 2.
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Table 2. The main parameters of the functioning of a flexible automated precinct

Parameter Marking Unit of measurement Value
The average processing time of one detail installation top hour 0.3
The loading time of the flexible manufacturing module t, minute 6
The unloading time of the flexible production module t, minute 6
The average length of movement of the stacker robot lp meter 40
The average speed of movement of the stacker robot Vep meter / minute 30
Time for the take/put operation t minute 0.21

VZ/POC

Note: there is a very large range of parameter values
Source: compiled by the authors

The Figure 1 shows parts movement graph between
working equipment. GBM1 and GBM2 served the larg-
est number of product nomenclature, GBM6 served the

smallest number, which was due to the specialisation of
performed functions, transformations and operations and
features of the blank processing process.

D5, D7, D13 D4.D5,
D12,D14 D8, D12
D3.D5 D4, D10,D12 r 4
D1DsD7Dg, | D7 s et D5.D12,Di1f D2.D5
D3,D10,D11, D14 D4
D2,D4,D5
GBM2 GBM4
GBM1 BTDADT 5 GBM3 ——
D.D9, D10, -D3.DP. —
x DI11.D12.D13, D14 I 5
D:.D5.D8, D1t
D10.D13 DS, D11, D12,
D13.D14 D5.D9.D13
D2 D14 D1.D10
D3.Ds
D1
0 D7 D7
D8.D10, DIt D3
l—
GBMS GBM7 GBMS GBMS
D1
D1
D2 D5,D8 Dp. D3
D11,D13,D14

Figure 1. Graph of technological operations
Note: GBM1...8 — flexible production modules, D1...14 — details

Source: compiled by the authors

The flexible automated site included eight flexible pro-
duction modules, for each of them the following module
specialisation was involved: MO: {T1, T4}; M1: {T2, C1};
M2: {C2, F1,P1}; M3: {C3, T3}; M4: {F2}; M5: {F3}; M6: {P2};
MT7: {T5}. Petri nets were used as a modelling method in the
created hardware and software complex of the experimen-
tal production site, which allowed comparison between
several options for their organisation and operational
management. The proposed hardware and software model-
ling complex was written in the Python programming lan-
guage version 3.10.4 with the usage of the following librar-
ies: Numpy - for organising large volumes of calculations;
Matplotlib - for visualisation of Gantt charts; Xlwt — for
recording data about transitions in an Excel file; Pygame —
for visualisation of the constructed Petri net.

RESULTS AND DISCUSSION

The creation of highly efficient assembly production was
particularly acutely dependent on the assembly unit’s
manufacturability. The assembly itself was the main crite-
rion that determined the quality of design developments
for specific production conditions. The indisputable trend
of modern production is the formation of certain flexible
production systems, which includes automated depart-
ments, designed for appropriate productivity and assembly
volumes. The research carried out in the work is relevant,
in particular, when launching, debugging and testing such
productions as battery accumulators for unmanned aerial
vehicles. The specified complex included relevant techno-
logical equipment, in particular, a battery life cycle test-
er, battery and cell testing equipment, a battery marking
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machine, a battery cell sorting machine, a cylindrical bat-
tery visual inspection machine, battery spot welding ma-
chine, test equipment, integrated battery tester, battery
aging machine, battery assembly equipment, battery mod-
ule stacking and pressing machine, etc.(Fig. 2).

The specified production should be integrated with
the production of drones of a certain type and variety,
which in turn includes equipment for the manufacture
of cases, large-node assembly of electronic components,

SE

Battery Sorting Machine

corresponding varieties and types of batteries, etc. Special
attention was required for the so-called “software compo-
nent” in setting up the device. It was necessary to agree
with the manual execution of certain technological pro-
cesses, and the quality control system with rejection and
to ensure the possibility of prompt replacement of the no-
menclature of products depending on the available ones,
replacement of components, variation of manufacturing
parameters, etc.

.

|® CCD\ﬁsua'l Inspection Machine

@
0\‘e(y Pack,q& /@)

- ¢
D BMS Tester

Battery Aging Machine |
L= . sl | % el
s E \ === L' " -~ :
j | I —

Inkjet Batch Coding Machine .

o7 S
> Battery Integrated Tester

Heat Shrink Wrap Machine

Figure 2. Technological equipment for battery production
Note: numbers indicate the sequence of actions in accordance with route maps of technological routes
Source: stage of assembling a power element from open sources of information

The structural and technological diagram of a flexible
automated station equipped with the appropriate number
of production modules and operations performed on each
module, is shown in Figure 2. Separately marked streams
of parts that were processed by the corresponding techno-
logical module.

After calculating the load factors of each module
to determine the number of drives, 11 pieces of autono-
mous transport modules were obtained that were needed
to move production objects between the warehouse and
production modules. As a result, the structural and com-
position scheme of the flexible automated section was
taken on the form shown in Figure 3. Here was defined
transport schemes (routes) of transportation of processed
parts on flexible production modules and between them,
and schemes of their interaction with the automated ware-
house. The type of chosen transport system of the flexible
automated section was a combined circular-linear type.

In the proposed structural and composition scheme of
the flexible automated section, an automated warehouse

with five transshipment points (overloading) was provided,
which acted as a central warehouse for intermediate stor-
age of production facilities before switching to flexible pro-
duction modules or for final storage of finished products.
The functions of overload points were not divided into in-
put and output. To draw up a schedule for the technological
equipment operations while solving the problem of oper-
ational planning for a flexible automated station, it was
necessary to determine a technological route for each part,
which included the order of its passage through the tech-
nological equipment of a flexible automated station and
the processing time of each unit of equipment. To calcu-
late the technological route, it was necessary to determine
the nomenclature of parts, the sequence of the processing
stages and the processing equipment. The technological
route included the order of passage of parts through the
technological equipment (part installations) and the time
of processing the part on a unit of technological equip-
ment. The order of passage of parts through the techno-
logical equipment was determined according to the list of
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for the production of parts, and based on the operational
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module’s specialisation (Fig. 3). The corresponding matrix
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of detailed operations is given in Table 3.
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Figure 3. Structural and composition scheme of a flexible automated section
Note: L/U - loading/unloading, K - compiler, GBM1...8 — flexible production modules

Source: compiled by the authors

Table 3. Matrix of detailed operations

DI D2 D3 D4 D5 D6 D7 D8 D9 DI0 DIl DI2 DI3 DI4
bop T 5 T2 T1 T3 T2 T1 T4 TI T1 T4 T3 T3 T4
MI M8 M2 Ml M4 M2 M1 Ml MI Ml Ml M4 M4 Ml
b0y T2 T4  Cl T2 T4  C3 T2 T2 T4  Cl T2 T4  Cl T2
M2 M1 M2 M2 Ml M4 M2 M2 Ml M2 M2 Ml M2 M2
bos  Cl T1 c2 1 c2 Fl 1 Y T4 C3 T2 T4  C3
M2 M1 M3 M2 M3 M3 M2 M4 M2 Ml M4 M2 Ml M4
bos P2 c2 F1 T3 F1 T3 P2 c2 Y F2 3 T2 T1
M5 M3 M3 M4 M3 M4 M7 M3 M4 M2 M5 M4 M2 MI
bos  F3 T3 F2 c2 Pl F1 F1 5 c1 T5 c2 3 c1
M6 M4 M5 M3 M3 M3 M3 M8 M2 M8 M3 M4 M2
506 P2 T4 T3 T3 F2 F2 F1 5 5
M7 Ml M4 M4 M5 M5 M3 M8 M8

F1 5 T4  T5 T5

DO7 M3 M8 Ml M8 M8

F1

DO8 v

Note: parts passage order through technological equipment is taken into account

Source: compiled by the authors

After transforming the matrix of detail operations by
combining related operations into one stage of detail pro-
cessing on one flexible production module, a correspond-
ing matrix of technological routes was obtained as an
execution sequence of detail installations. The execution
time of each operation depended on its complexity, which
determined a part of the total duration of all operations.
The complexity of the operation was established according
to the order of their application in the matrix of detailed
operations, based on the following: the closer the opera-
tion application was to the beginning of the technological
process (sequence), the more difficult it was considered to

be in terms of time spent; the preferred place (position) of
the application of the operation was considered to be the
place where it occurred for most part routes.

From the matrix of detailed operations, a technolog-
ical process operations use matrix was obtained, with the
calculation of the number of uses of operations at each of
the positions where they occurred. The time for each oper-
ation was calculated based on the following formula:

t,=k, «tne, (1)

where k; - operation complexity factor.
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Value t"* defined as:

mds*tp t
tmax — 2
Zi ki *mi’ ( )

where m, - number of detail settings; ¢, - process-
ing time (0.3 h); k, — the complexity factor of the i-th

operation; m, — number of applications of the i-th op-
eration, Yk * m, = 6.61482683982684. In accordance:
tmx=8+0.3/6.615=0.362811h=21.769 min.

Hence, the complexity and time of the corresponding
operation form the matrix of the durations of processing
parts, which is given in Table 4.

Table 1. Matrix of durations of processing parts

D1 D2 D3 D4 D5 D6 D7 1] D9 D10 D11 D12 D13 D14

DUlI  8.708 15.238 34.83 8.708 17.415 21.769 8.708 19.592  28.3 8.708 19.592 17415 17415 19.592
DU2 3483 283 16.327 34.83 19.592 6.531 34.83 21.769 21.769 13.061 21.769 19.592 13.061 21.769
DU3 4354 5442 4354 17415 17415 10.885 3.265 6.531 6.531 19.592 6.531 21.769 19.592 6.531
DU4 2177 17415 3.265 5.422 17415 17415 10.885 16.327 15.238 34.83  4.354 6.531 21.769 8.708
DU 5 19.592 15.236 17415 4.354 4.354 15.238 16.327 6.531 13.061
DU 6 10.885 19.592 15.238 15.238 15.238 15.238
DU 7 10.885

DU 8

Sum 50.069 66.395 58.776 96.872 87.075 56.6 94.965 83.811 71.838 106.668 67.484 81.634 93.606 84.899

Note: duration is measured in minutes
Source: compiled by the authors

Possible movements with distances in conventional
units were studied, movement time was calculated without
taking into account additional operations, allowances for
transportation time were calculated, based on the formulas
for movement maintenance:
for transition PP — GBM:

L O P L) ©)
for transition GBM - PP:
Cops = tp t,t ttp + tpost, 4)
for transition AC — PP:
o =t Tl T o (5)
for transition PP- AC:
SR S P (6)
for transition AC-GBM:
L O P L) (7
for transition GBM-AC:
Cps = ’[p tt,t+ ttp + tpost, 8)

for transition GBM-GBM:

tobsl = tp + tvz + ttp + tpos’c + tz’ (9)

where t, | - service time, t - time to take (capture) the de-
tail, t,_ - moving time, t - time to place (drop) the detail,
t, - loading time, t - unloading time.

The planning process included jobs, which were tech-
nological operations performed on batches of parts. The
main purpose of planning was to determine the order and
time of passage of parts through the equipment, taking
into account fixed technological processing routes. The
technological route provided for the sequence of techno-
logical operations on the equipment, but did not determine

the specific terms of receipt of parts. Technological routes
could be both sequential and cyclical or different for all
processed parts or have partial similarity.

Nomenclature list of products produced on m groups
of equipment (k =1, m), consisted of n names of details
(j=1, n). The production of a batch of parts of each de-
nomination was determined in advance by the sequence of
passage of parts through groups of equipment, which was
called a technological route:

Gj = (Lijli=1, Mj), (10)
where Lij — technological operation, which is performed
i-th in the order of production of the j-th part; Mj - num-
ber of operations performed on the j-th part. Technological
operations were on the route Lij = (Qij, Tij) had the follow-
ing characteristics: Qij =k - the number of the equipment
group configured to perform the operation Lij; Tij - regula-
tory duration of the operation Lij.

It was necessary to make a schedule P=(TijIlli=1, Mj,
j=1,n), which determined the start of operations Lij (start-
ing moments of a batch of parts on equipment units) and
satisfied the system of constraints: the condition of exe-
cution of the technological sequence TijII > Ti - 1,jK; un-
der the conditions of execution of technological routes Gj;
provided operations were performed without interruptions
TijK=TijI1+ Tij; provided that only one operation per unit of
equipment was performed at each moment of time VLilj1,
Li2j2:(Qilj1 = Qi2j2)—(Tilj1K < Ti2j2I1)U(Ti2j2K < Ti-
1j11T), where TijK - operation completion moment Lij.

In operational and dispatch management, important
indicators of the quality of implementation of the formed
schedule were the reliability of execution under external
influences. These metrics included factors such as equip-
ment downtime, waiting time for parts to be processed, and
local time reserves.
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For decision rules in simulation modelling algorithms,
different preference rules were used. Obviously, there was
a possibility of situations where the use of only one rule
did not provide an unambiguous sequence of starting parts.
To achieve unambiguity, an additional rule was used that
allowed to choose one alternative from the set of options
that were selected according to the first rule. One of the
possible additional rules was determining the order by part
number. For example, if the part number was the smallest,

Smolij et al.

then it was processed first, which ensured an unambiguous
start sequence. The following rules were chosen to sched-
ule the technological equipment work: maximising resid-
ual labour intensity, prioritising spare parts that travelled
the furthest distance from the automated warehouse (a rule
proposed by the authors), and the longest-operation rule.
Having determined the order of passage of modules for the
manufacture of each part, the corresponding time matrix
of the duration of detail operations was formed (Table 5).

Table 5. Matrix of durations of processing parts

Manufacture path of every detail Detail operations duration matrices

DO 0,1, 4, 5] [8.708, 34.83, 4.354, 2.177]

DI (7,0, 2, 3] [15.238, 28.299999999999997, 5.442, 17.415]

D2 [1,2,4,6] [34.83, 16.326999999999998, 4.354, 3.265]

D3 0,1,3,2,0,2] [8.708, 34.83, 17.415, 5.442, 19.592, 10.885]

D4 13,0,2,3,7] [17.415,19.592, 17.415, 17.415, 15.238]

D5 [1,3,2,3] [21.769, 6.531, 10.885, 17.415]

D6 [0,1,6,2,3,0] [8.708, 34.83, 3.265, 10.885, 17.415, 19.592]

D7 0,1,3,2,4,7] [19.592, 21.769, 6.531, 16.326999999999998, 4.354, 15.238]
D8 0,1,3,7] [28.299999999999997, 21.769, 6.531, 15.238]

D9 [0,1,0,1,4,7,2] [8.708, 13.061, 19.592, 34.83, 4.354, 15.238, 10.885]
D10 0,1,3,4,7] [19.592, 21.769, 6.531, 4.354, 15.238]

D11 13,0,1,3,2] [17.415,19.592, 21.769, 6.531, 16.326999999999998]
D12 [3,1,0,1,3,7] [17.415,13.061, 19.592, 21.769, 6.531, 15.238]
D13 [0,1,3,0,1,7] [19.592, 21.769, 6.531, 8.708, 13.061, 15.238]

Note: duration is measured in minutes
Source: compiled by the authors

As it was mentioned above, the main rule of preference
was the rule of maximum residual labour intensity, since the
average production time of each part was 78.602 min. Below
this value, 6 details and for 8 — above. Accordingly, the rule
of maximum residual labour intensity was considered as the
onetoreducethe productiontime ofalarger number of parts.

The use of an auxiliary rule reduced the load on the
first modules, since a higher priority during processing
gave to parts whose next operation was performed on a
machine with a higher serial number.

Also, in order to solve all possible conflicts that
could arise when applying these rules, it was advisable to
use the LPT priority rule, as this would help to advance
the parts to the most distant machines, since there were
mainly short-time operations. Simulation results were
given for a combined rule with a sequence of application
MWKR - FPD - LPT. The class diagram is shown in Figure 4.

File main.py consists of 4 main components:

1. Class task_manager that constructed an initial ideal
schedule based on given rules with prioritisation according
to the submission sequence. The resulting sequence of de-
tail processing was transferred to the time_table_extender
class using the form_periods() method. The class construc-
tor accepted the following arguments: a matrix of transi-
tions through part modules, a matrix of part processing
time at each stage, the number of parts for processing, the
number of processing modules, all possible priority rules
were implemented.

2. Class time_table_extender that performed schedule
extension and data generation for the Petri Net construc-
tion phase. The class constructor accepted the following
arguments in the appropriate sequence: the matrix of
transitions through modules of parts, the matrix of the
cost of transitions between modules, the matrix of the
time of processing parts at each of the stages, the se-
quence of processing parts for each flexible production
module, the number in which the automated warehouse
stands in the matrix of movements (starting with 0), the
number in which there was an overload point in the move-
ment matrix (if there wasn’t, it was necessary to provide
the total number of fWlexible production modules + 1), an
array characterising the number of modules in each part of
the flexible automated site, an array characterising stor-
age units (input storage capacity, output storage capacity,
or the total capacity if the drive works in both input and
output mode).

3. The field of entering input data included: Ops - a list
of operations that can be performed, Input_array — encrypt-
ed with elements from the previous array of the techno-
logical process of processing parts, timings — the duration
of each operation, modules - a description of the modules
with the operations they perform, moves_price — a matrix
characterising the cost movements in the system of a flexi-
ble automated precinct (0 means there was no movement).
Customising the script to work with each individual system
was done by changing the values of these data arrays.
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Figure 4. Class diagram
Note: all components of the automated production process are presented

Source: compiled by the authors

4. Petri net visualisation was implemented with pyg-
ame tools, when the nets were built for each module sep-
arately. The module displayed was selected by keys 1 and
2, the scheme was scrolled by the up and down arrow keys.

The created hardware and software complex sequen-
tially outputted a Gantt chart for the primary schedule,
then a similar chart for the extended schedule. After ana-
lysing and closing the contents of these windows, a win-
dow appeared with the results of modelling the specified
production process using Petri nets. Also, in the process of
generating the schedule, logs appeared in the console for
each important moment in time (screening), in which it
was possible see the description of the system in this time
period, active requests and their evaluations according to
various criteria. After the extended schedule was generat-
ed, the petry.xls file containing descriptions of transitions

in the Petri net appeared in the file folder. The simulation
results are shown in Figure 5. The analysis of the structural
and compositional scheme showed that the application of
a ring unidirectional transport service scheme of all flexi-
ble production modules and an automated warehouse with
the help of two automated transport modules was the most
rational and effective. This proved a concept that if there
was an application from flexible production modules or an
automated warehouse, it must be served by the nearest free
transport module. This principle appeared to be the most
optimal, because the least possible time would be spent on
transportation at the moment. The result of the dispatch
control algorithm based on the transport service strategy
was an extended Gantt chart (Fig. 6), in which all units of
technological and transport equipment were reproduced, all
processing and maintenance operations were coordinated.

Machinery & Energetics. Vol. 16, No. 2

4



Smolij et al.

= — 010

— Ol
— 07
v _ _— —_ _— —_— — 04
os
D>
v - — 0
— 011
012
013
we —
— 0
None
ws - - - 03
— 06
wis _— _— —_—— - _— -
v - —_—— —_ _
w2
i
B 0 0 100 150 200 250 300 350 00
Figure 5. Simulation results
Note: corresponding colors indicate the Gantt Charts for the corresponding details
Source: compiled by the authors
"0 S — —_—— e S -
o8 - - - - --
o7
& - - - C— - - - - em e -
os
P - - - - - e e o = - - - - - - -
o3
o2
ol
00 — D10
— D2
7 - - - - - T — o
6 03
— D5
s — 07
4 - & . 0s
—_—_ D
3 - - - - - - - - - - - - - - — 012
5 _ _ _ _ _ - — 0
-— D14
1 - - _— - - - - - - = — 01
— D4
o — D6
- 0 200 400 600 800 1000 1200

Figure 6. Extended schedule of operation of technological equipment (system simulation results based on input data)
Note: in the diagram, the machine tools have a name with a single number starting with 0
Source: compiled by the authors

As aresult of the simulation, a certain sequence of pro- 0/2:[12]
cessing parts was obtained that satisfied the conditions of 0/3:[2]
the assembly technological process. An effective tool for 0/4:[3]
analysing the state of loading of automated production 0/5:9,6,13,7,12,4,2,9,2,2,8,11,11,6,7,11,11, 5,7,
components was obtained. In particular, in Figure 5 shows  5,4,4,1,7,3,9,9,13,1,5, 10, 8] ...
an extended schedule of the technological equipment, the The sequence of processing parts by flexible produc-
obtained sequence of processing parts by autonomous tion modules looks like this:
transport modules such as: 0:[9, 3,6, 13,7,9,8,4,10,11,12,1,0, 13, 3, 6]
0/0:[9] 1:[2,9,3,6,12,9,13,7,5,10, 11, 8, 12,0, 13]
0/1:[1] 2:[2,3,6,4,9,7,1,5,3,11]
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3:[12,4,11,3,6,4,13,7,5,1,10,5,11, 8, 12]

4:[2,9,7,10,0]

5:[0]

6:[2, 6]

7:1,4,9,7,10,8,12,13]

According to the simulation results, the total order
processing time increased from 380,954 min to 1143.228
min. Since the modelling process considered modules
that have an input drive, a work area, and an output drive
of variable capacity, the production processes were de-
scribed as follows. For each part there were following po-
sitions:

D{N?} {stage} A — detail in the automated warehouse
before the stage.

D{N¢} {stage} P -in the overload device to the stage (if
there were 4 stages in the processing of the part, such as in
part 0, then after the completion of 4 stages, the 5th stage
of transfer to GBM).

For each stage of detail processing:

D{N?} {stage} I - in the input drive for stage process-
ing stage.

D{N¢} {stage} W — undergoing stage processing stage.

D{N?} {stage} O - in the source drive is ready for fur-
ther processing at the stage.

The following positions were introduced for flexible
production modules:

P{Ne} {iteration} — module needs details from an itera-
tion of its workflow N¢iteration.

There was a number of positions for iterating through
the stages of ATM operation:

A{N?} fiteration} — module needs details from an iter-
ation of its workflow Neiteration.

Also, for convenience, the position TO F was en-
tered, that marked the presence of the part in the over-
load point. Next, the transitions for each process were
described in detail, in particular, the process of loading
into the workspace from the input drive had the form
given in Table 6.

Table 6. Formalisation of the process of loading into the workspace from the input drive

Position Description Entry/Exit Inhibitor
D{N¢} {stage} I Detail in the input drive Entry
P{N?} {iteration} The flexible production module is in a stage that allows you to accept this part Entry
D{N?°]} {stage} W Detail in the workspace of the flexible production module Exit
D{N?9]} {stage} W The part from the previous iteration is in processing state Inhibitor

Note: proposed notation of equipment states for working automata: Entry, Exit, Inhibitor

Source: compiled by the authors

The formalisations specified in Table 6 were carried out
for the processes of loading into the output storage from
the work area, for transportation from the automated ware-
house, from the transshipment point, from flexible pro-
duction modules, input positions for transportation from
flexible production modules to the automated warehouse,
to the transshipment point, to flexible production modules.

Each of the elements of the experimental structure
of the manufacturing process was simulated by the devel-
oped hardware and software complex. In particular, the
Petri net for flexible production module 0 has the form
shown in Figure 7.

Initial markings (listed positions in which markers
were present) followed next naming rules:

O all parts are in an automated warehouse: DO_A,
D0 A, D1 A, D2 A, D3 A, D4 A, D5 A, D6 A, D7_A, D8 A,
D9 A,D10 A,D11 _A,D12_A,D13_A;

O allflexiblemanufacturingmodulesonthe 1stiteration
oftheworkcycle:P0_1,P1 1,P2 1,P3 1,P4 1,P5 1,P6 1,P7 1;

O all automated transport modules are on the 1st it-
eration of the work cycle: A0/0 0, A0/1_0, A0/2_0, A0/3 0,
A0/4_0,A0/5_0,A0/6_0,A0/7_0, A0/8_0,A1/0_0.

An oriented view of the corresponding set of transi-
tions for the modeled system is given in Table 7.

Table 7. Multiple transitions

Module Transition Position Description of the performance condition Condition type Note
Entry/Exit Inhibitor
GBM 0 TO[9|1P D911 Detail 9 in the input storage of GBM 0 before stage 1 Entry
PO 1 GBM 0 waiting for detail 9 before stage 1 Entry
D9 1 W Detail 9 in the work area undergoes processing at the stage 1 exit
D6 6 W Detail 6 GBM before step 6 in the input drive 0 Inhibitor

Note: simulation results of the specified type were obtained using the proposed hardware and software complex for all

production components
Source: compiled by the authors
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TO|6|1P TO|612E TO|13[1P

Figure 7. Multiple transitions
Note: D - details, T — time, P - stage in the operation of the equipment

Source: compiled by the authors

There were no loops in the work of this model, all tran-
sitions worked. Flexible production modules and automat-
ed transport modules, after completing the assigned tasks,
were again in a state of readiness to work with the first
parts according to their schedule, but the Petri net was not
alive because the part after processing at the last stage was
into the state of the finished part.

The obtained grid was limited because there were no
accumulative markings, thanks to which the finiteness of
the processes was ensured. N. Feng et al. (2024) demon-
strated the effectiveness and usability of the proposed
software design approach for the analysis and debug-
ging of 233 N-NFRs related to 62 software-related prob-
lems in robotic systems, including robot aids and drones
used in the production of robots and their subsystems.
R. Ghimire et al. (2024) proposed a new approach for using

machine learning in the design, development, and test-
ing of multifunctional composites for aircraft, unmanned
aerial systems, and spacecraft. The architecture of an ar-
tificial neural network was proposed in this work. The ap-
proach integrates the complete life cycle of devices. The
proposed method uses the power of ANNs on metadata to
characterise multifunctional properties of materials and
processes, as well as display failure modes against predict-
ed models and history.

The work of A. Koganti et al. (2024) was devoted to the
improvement of electronic devices. By analogy with this
work, in the research carried out by the authors, the em-
phasis was on creating a simulation model for the manu-
facture of drone components in software, where the perfor-
mance of each technological module was determined and
the continuity of the entire production was ensured. The
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issue of layout of technological areas was systematically
solved for the reproducibility of technological parameters
and ensuring the efficiency of drone production.

P. Raj et al. (2024) analysed digitisation and digitisa-
tion technologies. All industrial artifacts were digitised,
connected, and able to be cognitive in their operations,
offerings, and products. Through smart use of an amaz-
ing array of digital technologies and tools, interaction
and collaboration with human experts. Such cognitive
industrial machines, equipment, devices, assembly lines,
robots, vehicles, drones and other assets together pro-
vide an intelligent environment for the development and
implementation of cutting-edge industry 4.0 and 5.0 ap-
plications. Every industrial process was optimised and
automated to produce next-generation products to satis-
fy consumers, explore new ways to increase revenue and
improve productivity. In addition, there were chapters that
illustrate industrial use cases, infrastructure optimisa-
tion, technology adoption, and Al-powered data analytics
for industrial automation. The specified approaches and
trends were generalised and adapted to solve the specific
task of building a hardware and software complex for op-
erational management of an operational production site.
The technologies of using artificial intelligence have not
yet been considered due to the limited time requirements
for solving the given task, which may be eliminated in fu-
ture research.

E. Karadag et al. (2024) the design process was studied
with load options at each point of the motor, so that the
result of the drone has an optimal design, light and strong.
Combined with 3D printing, complex geometries can be
created and material waste can be reduced. Variants of the
design of the device with minimal production costs were
analysed, which was aimed at effective use of materials and
ensuring the best tactical and technical indicators for unit
production. The problem of optimisation of large-scale
multi-item production was only mentioned in the future.

B. Zhou et al. (2024) analysed the production of avia-
tion equipment (e.g., ballistic missiles, missiles, unmanned
aerial vehicles (UAVs) and aircraft) and concluded that tra-
ditional assembly quality inspection methods mainly rely
on manual control of laser trackers with one or more sta-
tions, but they were unable to measure and evaluate com-
plex components of aviation equipment. This document
presents a method of automatic detection and assessment
of assembly accuracy, where at each measuring station the
robot controls the movement of the scanning arm; after the
completion of all measurement processes, data from sever-
al measuring stations were integrated into one coordinate
system for calculation and analysis of assembly quality.

J.Ren & Q. Quan (2024) solved the problem of manag-
ing the docking station during the refuelling stage, which
requires a high level of safety, accuracy and efficiency. As a
result, the modelling and control problems that arise in the
refuelling phase were typical and complex. First, the article
presents the fundamental idea of management, after which
the characteristics and requirements for management were

outlined. Advances in modelling and control techniques
were then systematically reviewed.

By the authors D. Hawashin et al. (2024b) proposed a
blockchain and non-fungible token (NFT) based solution
that manages, certifies and tracks the origin, history and
ownership of UAVs and their production components. The
solution provides decentralisation, transparency, visibility
and reliability. Complex NFTs were used that collect and
store UAV data in a hierarchical structure where parent
NFTs represent collected UAV data and child NFTs repre-
sent individual parts of the UAV. This approach ensures
traceability in the system and facilitates the smooth ex-
change of ownership rights.

Q. Wang (2024) described the surge in attempts to
build homemade UAVs and the challenges in implementing
control systems that can effectively control multidimen-
sional UAV operations, especially in the context of pro-
portional-integral-derivative (PID) control. Investigated
the choice of PID control configuration to achieve optimal
UAV performance. Summarised the most acceptable man-
agement model. Using tools such as MATLAB, the various
roles and effects of each parameter in the field of PID con-
trol were explored, thus providing valuable perspectives
for hobbyists and professionals involved in the field of UAV
design and control mechanisms.

G.P. Badea et al. (2024) created an innovative un-
manned aerial vehicle designed for a specific mission. The
main objective of this research was to develop an inno-
vative hybrid UAV concept with key features including a
fixed-wing design and integrated vertical take-off and
landing capability in an experimental model. This docu-
ment details the entire drone manufacturing and assembly
process, covering both the structural framework and asso-
ciated electrical installations.

M. Battaglia et al. (2024) proposed innovative approach
to design and manufacture the UAV tail using additive
manufacturing completely changes the concept of design-
ing and manufacturing products using traditional meth-
ods. AM-based processes can reduce costs, lead times, and
increase design freedom by allowing parts to be tailored to
specific needs. A key advantage of AM processes was the
ability to create optimised structures with reduced mass
and without compromising structural efficiency. This was
made possible by the combination of high-performance
AM materials and the extraordinary manufacturing capa-
bilities of AM technologies, combined with an appropriate
design approach for additive manufacturing that over-
comes traditional manufacturing techniques.

In the works V. Smolij et al. (2023) the general is-
sues of management of complex technological objects
with the provision of optimal parameters of the course of
technological processes were investigated, and in works
V. Smolij et al. (2024) directly robotic links of production
sites were investigated, software tools for modelling com-
ponents and processes were tested, connections between
the parameters of finished products and the organisation
of the production process were analysed in detail.
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In current research a distribution of autonomous
transport modules across sections of the production site
according to a specific structure and quantity was pro-
posed with an example for the technological assembly
process (using the example of battery production for
unmanned aerial vehicles). As a result of the processing
data for technological processes through math computa-
tions and variety of simulations, the execution time for
each operation was determined, which allowed for the
creation of a matrix of the duration of individual oper-
ations. Based on this data, an initial schedule was drawn
up, where decision-making rules were investigated, in-
cluding a custom rule prioritising parts destined for the
most distant modules.

CONCLUSIONS

For the technological assembly process (using the exam-
ple of battery production for unmanned aerial vehicles),
a distribution of autonomous transport modules across
sections of the production site according to a specific
structure and quantity was proposed. The execution time
for each operation was calculated, after which a matrix
of the duration of detailed operations was created. An
initial schedule was drawn up, and decision rules were
investigated, including a custom rule prioritising parts
destined for the most distant modules. The behaviour of
the production system with the resulting schedule was
simulated considering the introduction of autonomous
transport modules. The created hardware and software
complex, based on a Python3 script, combined the nec-
essary functionality for studying the transport service
algorithm of flexible production modules, analysing

Smolij et al.

functioning of the flexible automated production site
equipment network model, and operational management
of the entire site. The modelling results allowed for ad-
justments in the structural composition and organisation
of the production, transport, and warehouse components,
eliminating module overloading and reducing the indus-
trial cycle time while maintaining the workload. Model-
ling in the created hardware and software complex of the
experimental production area using the Petri net method
allowed comparison of several operational management
approaches, resulting in a live net of a non-accumulating
system where all transitions were activated at least once,
thus providing an effective option for organising the pro-
duction process.

Prospects for further research includes tests for the
created hardware and software complex to achieve the
management organisation effectiveness and ensure the
operational management effectiveness for production
and assembly areas for other products and models of un-
manned aerial vehicles and comparing the obtained results
of modelling and organisation of discovery processes with
the results of modelling obtained using blockchain and ar-
tificial intelligence technologies.

ACKNOWLEDGEMENTS

None.

FUNDING

None.

CONFLICT OF INTEREST

None.

(1]

(2]

(3]

(4]

[5]

6]

[7]

REFERENCES

Aghaee, K., Li, L., Roshan, A., & Namakiaraghi, P. (2024). Additive manufacturing evolution in construction: From
individual terrestrial to collective, aerial, and extraterrestrial applications. Journal of Building Engineering, 96,
article number 110389. doi: 10.1016/j.jobe.2024.110389.

Badea, G.P., Frigioescu, T.F., Dombrovschi, M., Cican, G., Dima, M., Anghel, V., & Crunteanu, D.E. (2024). Innovative
hybrid UAV design, development, and manufacture for forest preservation and acoustic surveillance. Inventions,
9(2), article number 39. doi: 10.3390/inventions9020039.

Battaglia, M., Acanfora, V., Garofano, A., Maisto, G., & Riccio, A. (2024). An innovative approach to a UAV
tails structural design for additive manufacturing. Polymer Composites, 45(12), 11149-11161. doi: 10.1002/
pc.28538.

Feng, N., Marsso, L., Yaman, S.G., Townsend, B., Baatartogtokh, Y., Ayad, R., De Mello, V.O., Standen, 1., Stefanakos,
I., Imrie, C., Rodrigues, G., Cavalcanti, A., Calinescu, R., & Chechik, M. (2024). Analyzing and debugging normative
requirements via satisfiability checking. In Proceedings — international conference on software engineering (article
number 214). doi: 10.1145/3597503.3639093.

Ghimire, R., & Raji, A. (2024). Use of artificial intelligence in design, development, additive manufacturing, and
certification of multifunctional composites for aircraft, drones, and spacecraft. Applied Sciences (Switzerland),
14(3), article number 1187. doi: 10.3390/app14031187.

Hawashin, D., Nemer, M., Gebreab, S.A., Salah, K., Jayaraman, R., Khan, M.K., & Damiani, E. (2024a). Blockchain
applications in UAV industry: Review, opportunities, and challenges. Journal of Network and Computer Applications,
230, article number 103932. doi: 10.1016/j.jnca.2024.103932.

Hawashin, D., Nemer, M., Salah, K., Jayaraman, R., Svetinovic, D., & Damiani, E. (2024b). Blockchain and NFT-
based traceability and certification for UAV parts in manufacturing. Journal of Industrial Information Integration, 39,
article number 100597. doi: 10.1016/j.jii.2024.100597.

Machinery & Energetics. Vol. 16, No. 2

N


https://doi.org/10.1016/j.jobe.2024.110389
https://doi.org/10.3390/inventions9020039
https://doi.org/10.1002/pc.28538
https://doi.org/10.1002/pc.28538
https://doi.org/10.1145/3597503.3639093
https://doi.org/10.3390/app14031187
https://doi.org/10.1016/j.jnca.2024.103932
https://doi.org/10.1016/j.jii.2024.100597

Hardware and software complex...

[8] Karadag, E., Doss, A.S.A., Frank, U., & Schilberg, D. (2024). A comparative study on optimization of drone frames
using generative design for low - altitude applications. AIP Conference Proceedings, 3216(1), article number 040007.
doi: 10.1063/5.0226553.

[9] Koganti, A., Kumar, T., & Bhattacharya, B. (2024). Design and simulation of drone with effective trajectory analysis
using MATLAB. AIP Conference Proceedings, 2966(1), article number 060001. doi: 10.1063/5.0190123.

[10] Li, K., Li, Y., & Zhao, J. (2022). Design and implementation of UAV swarm self-organizing search model. Journal of
System Simulation, 34(8), 1820-1833. doi: 10.16182/j.issn1004731x.joss.21-0200.

[11] Perkumiené D., & Vienazindiené M. (2024). Innovative solutions in the warehousing processes of manufacturing
companies towards sustainability. Journal of Infrastructure, Policy and Development, 8(8), article number 7084.
doi: 10.24294/jipd.v8i8.7084.

[12] Raj, P., Kumar, A., Kumar, A., & Singhal, N. (2024) Industry automation: The technologies, platforms and use cases.
Montgomery: River Publishers.

[13] Raoufi, K., et al. (2024). Current state and emerging trends in advanced manufacturing: process technologies.
International Journal of Advanced Manufacturing Technology, 135(9-10),4089-4118. doi: 10.1007/s00170-024-14782-3.

[14] Ren, J., & Quan, Q. (2024). Progress in modeling and control of probe-and-drogue autonomous aerial refueling.
Chinese Journal of Aeronautics, 37(5), 6-26. doi: 10.1016/j.cja.2023.11.011.

[15] Smolij V., Smolij N., & Lisovichenko O. (2023). Software and hardware complex for controlling modular manipulators.
Adaptive Systems of Automatic Control, 2(43), 174-179. doi: 10.20535/1560-8956.43.2023.292270.

[16] Smolij, V.M., Smolij N.V., & Sayapin S.P. (2024). Search and classification of objects in the zone of reservoirs and
coastal zones. CEUR Workshop Proceedings, 3666, 37-51.

[17] Sopha, B.M., Asih, A.M.S., & Agriawan, J.I. (2024). Adopters and non-adopters of drones in humanitarian
operations: An empirical evidence from a developing country. Progress in Disaster Science, 21, 100314. doi: 10.1016/j.
pdisas.2024.100314.

[18] Wang, Q. (2024). Selection of PID parameters for UAV control system. AIP Conference Proceedings, 3144(1), article
number 030038. doi: 10.1063/5.0218152.

[19] Yakymets, V.M., Pechiborshch, V.P.,; Yakymets, V.V., Volianskyi, P.B., Yadchenko, D.M., Buyun, L.I., &
Ohorodniychuk, I.V. (2022). Prospects for using unmanned aerial vehicles for medical and biological protection of
the civilians and the military in the safe zone and the joint forces operation (JFO) area. Science and Innovation, 18(5),
49-60. doi: 10.15407/scine18.05.049.

[20] Zhou,B.,Zhao, L., Zhang, T.Y.,Zhao,].B.,Xia,R.B., & Liu, D.H. (2024). Aviation equipment measurement and assembly
analysis method based on robotic system. Measurement: Journal of the International Measurement Confederation, 234,
article number 114810. doi: 10.1016/j.measurement.2024.114810.

Machinery & Energetics. Vol. 16, No. 2

N


https://doi.org/10.1063/5.0226553
https://doi.org/10.1063/5.0190123
https://www.china-simulation.com/EN/10.16182/j.issn1004731x.joss.21-0200
https://doi.org/10.24294/jipd.v8i8.7084
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85192641150&partnerID=40&md5=97450e0bfde7125302670802207cba09
https://doi.org/10.1007/s00170-024-14782-3
https://doi.org/10.1016/j.cja.2023.11.011
https://doi.org/10.20535/1560-8956.43.2023.292270
https://ceur-ws.org/Vol-3666/paper04.pdf
https://ceur-ws.org/Vol-3666/paper04.pdf
https://doi.org/10.1016/j.pdisas.2024.100314
https://doi.org/10.1016/j.pdisas.2024.100314
https://doi.org/10.1063/5.0218152
https://doi.org/10.15407/scine18.05.049
https://doi.org/10.1016/j.measurement.2024.114810

Smolij et al.

BikTopis Cmostiit
IoKTOp TeXHiUHUX HayK, Tpodecop
HauioHanpHUIT yHiBepcUTeT 6iopecypciB i MpUPOJOKOPUCTYBAHHS YKpaiHu
03041, Byn. TepoiB O6oponu, 15, M. Kuis, Vkpaina
https://orcid.org/0000-0002-1268-7837
Haran Cmontiit

Marictp
HarrionanbHumit TexHiuHMi yHiBepcuTeT Ykpainn «KuiBCbKuii osiTexHiyHmit iHCTUTYT iMeHi Iropst CikopcbKOTo»
03056, mpoct. bepecteiicbkuii, 37, M. KuiB, Ykpaina
https://orcid.org/0009-0002-3763-6726
Mmuxariino lIBuaeHKO

KaHngupoat eKOHOMIYHMX HAyK, Mpodecop
HarmionanpHmit yHiBepcuTeT 6iopecypciB i mpupomoKkopucTyBaHHS YKpainu
03041, Byn. l'epoiB O6oponn, 15, m. Kuis, Ykpaina
https://orcid.org/0000-0002-9025-1326
CemeH Bonommu

KaHmupat TexHiuHUX HayK, TOLEHT
HairionanpHMiT yHiBepcUTET 6iopecypciB i MpupomoKOpMCTyBaHHS YKpainu
03041, Byin. TepoiB O6oponu, 15, M. Kuis, Ykpaina
https://orcid.org/0000-0002-4913-7003

AnapaTHo-nporpaMHMﬁ KoOMMJ/1eKC onepatTuBHoOro ynpaBniHHq
rHy4Kotlo AinbHUUelo BVICOKoed)eKTVIBHOI'O CKnagasbHOro BVIp06HVILI,TBa

AHoTauisa. Po6oTa npucBsiyeHa akTyaJbHUM MUTAHHSIM IiABUIIEHHS MPOIYKTUBHOCTI, e(heKTUBHOCTI Ta 3HMKEHHS
co6iBapTOCTi CKIaAANIBHUX AIIbHUIL OaraTocepiitHux BUpOOHUIITB. MeTa po60TH ToJsITana B CTBOPeHHi eheKTUBHOTO
arnapaTHO-IIPOTrPaMHOI0 KOMIUIEKCY MOJEeNTI0OBaHHS MPOILlecy CKIaJaHHS 06’€KTiB Ta iX KOMIIOHEHTIB (Ha MPUKIaLi
elleMeHTiB JKMBJIEHHSI), 10 BpaxOByBaJla CTPYKTYPY i TapamMmeTpu BUPOOGHUUMX MOIYJIiB, TPAHCIIOPTHOI Ta CKIAACHKOI
CUCTEeMU, 1O3BOJIs/Ia reHepyBaTy MTOYATKOBI IIJIaHU Ta 3aAisaT ciTku IleTpi I BU3HAUEHHS ClieHapiiB OllepaTMBHOTO
yIpaBJiHHS TIepebirom 3a3HaueHOTro MPoIecy BUPOOHUIITBA. 3aIIPOTIOHOBAHO PO3TIOAIEHHS aBTOHOMHMX TPaHCITOPTHUX
MOZYJTiB IO PO3[isax BUPOOHUYOI AiIbHMIII 38 TIEBHOIO CTPYKTYPOIO i Ki/IbKicTI0. Byno 06paxoBaHO 4ac BUKOHAHHS KOSKHOL
orepaiiii Mmic/isi Y0ro CTBOPEHO MATPUIIIO TPUBAJIOCTI leTasneornepaiiiii. CkiageHo MepBMHHMI PO3KJIaj, Ta SOC/TiIKeHi
BUpillIaJbHi TpaBwWIa, 3aIIPOIIOHOBAHO BJAaCHE MTPaBWIO, SIKe CTaBUTDb B TIPIOpUTET AeTasi, 10 IPSIMYIOTh 40 HaiibiIbII
BigmaneHnx Mozmy/iB. CUMYJIbOBaHO MOBEIIHKY CMCTeMM BUPOOHUIITBA 3 OTPUMAHMM PO3KJIALOM IPY BBeJjeHi aBTOHOMHUX
TPAHCMOPTHMX MOLY/iB. CTBOpeHMit arapaTHO-POrpaMHIIT KOMITIEKC 6a3yBaBcs Ha CKPUIITi, HancaHOMy MOBoOio Python3,
TOENHYBAB B cO61 QPyHKIliOHAT, HEOOXITHMIT 711 JOCTiAKeHHST aJITOPUTMY TPAHCIIOPTHOT'O 06CTYTOBYBaHHS THYUKUX
BUPOOGHMUMX MOJY/IiB, aHAJIi3y CiTKOBOI Mozesti GyHKIIIOHYBaHHS YCTaTKyBaHHS THYUKOI aBTOMAaTM30BAHOI AiIbHUII
BUPOOHUIITBA, OpTaHisalii GyHKIIIOHYBaHHS MiCKCTeM OTIePaTMBHOIO YIIPABIiHHS BCi€I0 FTHYYKOI0 aBTOMATI30BAHOI0
IiTbHUIEI0 BUPOOHUITBA. OTpMMaHi pe3ylnbTaTi MOLeNI0BaHHs JO3BOMMIM CKOPEryBaT! CTPYKTyYpHe HAITOBHEHHS i
opraHisariito BUpOOGHMYMX, TPAHCTIOPTHUX i CKJIAICHKMX KOMITOHEHT AibHUILi, YCYHYBIIN ITepeBaHTaKeHHsI MOIYIB i
3a6e3MmeunBIIN 3MeHILIeHHS IPOMUCIOBOTO IIVKITY IIpK 36epekeHHi 06’eMy po6iT. Mofe/toBaHHS B CTBOPEHOMY arlapaTHO-
MIPOrpaMHOMY KOMIUIEKCi TOCTiAHOI AiITHKM BUPOOHUIITBA METOLIOM CiTOK ITeTpi 03BOMNUIIO MTOPIBHATH AeKibKa BapiaHTiB
oprasisaijii onepaTMBHOIO YIIPaB/IiHHS i OTpUMAaTH XMBY CiTKY He HAKOIIMUYIOUOI CMCTeMU B SIKili CIIpaljbOBYIOTh BCi
repexoay Xou pa3, TOOTO OTPUMATH MPaLlo0uNii BapiaHT eeKTMBHOI opraHisaiiii BUpo6HMYOTrO Mpoliecy

Knio4oBi cnoBa: ckiaganbHa CTaHIlisl; POOOTM30BaHe BUPOOHMIITBO; THYUKI BUPOOHMYI MOMYJi; TEXHOJIOTiUHE
o6iagHaHHS; aBTOMATM30BaHMIi CKIA[T; aBTOMAaTM30BaHMIA TPAHCIIOPTHUIT MOIY/Tb
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Optimising energy distribution and detecting vulnerabilities
in networks using artificial intelligence

Abstract. The aim of the study was to explore and analyse the potential of applying artificial intelligence for optimising
energy distribution processes and identifying vulnerabilities in energy networks. The work focused on the study of methods,
algorithms, and approaches that enabled increased efficiency in managing energy systems, reduced energy losses, improved
network resilience to external threats, and ensured more accurate forecasting of supply and demand. Special attention
was paid to the application of intelligent methods for detecting anomalies and vulnerable points in energy networks,
which helped to respond promptly to potential cyberattacks, technical faults, or other risks. The study examined modern
methods of energy flow management, particularly the use of neural network algorithms and blockchain technologies, as
well as the integration into energy systems to enhance network efficiency and stability. The application of machine learning
algorithms, such as convolutional and recurrent neural networks, significantly improved load forecasting accuracy and
adaptability to changing network conditions. Load forecasting methods, including neural networks, decision trees, and
reinforcement learning, contributed to reducing energy consumption and preventing overloads. At the same time, anomaly
detection through intelligent systems allowed for the timely identification of faults and potential attacks, increasing
system security and reliability. One of the promising solutions was the implementation of blockchain technologies for
decentralised distribution of energy resources, which ensured transparency, security, and efficiency of operations. Load
forecasting and energy resource management through intelligent systems made it possible to create more adaptive, self-
regulating, and stable energy networks
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INTRODUCTION

Modern energy systems have been evolving under the in-
fluence of technological progress, the growth of renewable
energy sources, and the digitalisation of networks. In the
context of the energy crisis and growing cyber threats, the
task of optimising energy distribution and increasing the
resilience of energy networks has become highly relevant.
Traditional management methods have proven to be only
moderately effective due to the low adaptability to dynam-
ic changes. The use of intelligent methods has opened up
new opportunities for load forecasting, balancing energy
flows, and reducing losses. Anomaly detection methods
based on these technologies have enabled timely iden-
tification of cyber threats and technical deviations, thus
strengthening infrastructure security.

Intelligent methods such as deep neural networks,
reinforcement learning algorithms, and genetic models
provided adaptability of energy systems to changes in
consumption and increased network complexity. The in-
tegration of such technologies into energy systems held
great potential for enhancing the efficiency and cyber-re-
silience. Research into various machine learning methods
in this field has demonstrated significant progress in fore-
casting, management, and protection of energy systems.
H. Namdari et al. (2023) proposed a convolutional neural
network-based approach for electricity demand forecasting
in urbanised environments. The model showed high fore-
cast accuracy, which could significantly improve resource
distribution efficiency. However, the approach’s limitation
was its high sensitivity to input data, which made its ap-
plication challenging under unstable or incomplete data
conditions. M. Wu et al. (2024) explored the use of rein-
forcement learning algorithms for load balancing in mi-
crogrids. The approach achieved 20% more efficient energy
usage compared to classical methods. Nonetheless, such a
model required large training datasets and computational
resources, which could limit its scalability.

Y. Du & F. Li (2019) and M. Almshari et al. (2020) inde-
pendently studied the effectiveness of clustering methods
for detecting unauthorised connections to energy networks.
Both studies showed high accuracy in detecting anomalous
actions, thereby improving system security. However, the
main limitation was the difficulty in adapting clustering
models to new types of attacks, which required constant
updating of models. M. WozZniak et al. (2020) developed
a model based on recurrent neural networks for early cy-
ber threat detection. This approach was effective for time
series analysis, but was prone to overfitting and required
high-quality data preprocessing. A.A. Khan et al. (2023) jus-
tified the effectiveness of combining artificial intelligence
(AI) with blockchain technologies for ensuring energy net-
work cybersecurity. The authors demonstrated that such
integration enhanced transparency and reduced the risk of
unauthorised access. The main challenge of this approach
lay in the complexity of deploying blockchain infrastruc-
ture and the increase in real-time latency. O.A. Alimi et
al. (2020) proposed a hybrid model using multiple machine
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learning methods to increase energy system stability. Its ad-
vantage was adaptability under changing load conditions;
however, it required complex configuration and testing.

A. Stavinskiy et al. (2024) and A. Stavinskii & D. Ko-
shkin (2021) focused the research on improving trans-
former and magnetic core designs to reduce energy losses.
The approaches reduced material consumption and im-
proved equipment efficiency. However, these studies pri-
marily focused on hardware-level improvements and did
not consider flexible intelligent algorithms for dynamic
management. S. Spivakovskyy et al. (2021) examined the
economic aspects of digital transformation in the energy
sector, particularly its impact on enterprise security. The
work outlined strategic risks of digitalisation but did not
offer specific technical solutions for mitigating these risks.

The aim of the study was to develop and justify intel-
ligent approaches to optimising energy distribution pro-
cesses and increasing the cyber-resilience of energy net-
works through the use of Al technologies. To achieve this
goal, it was necessary:

1. to analyse current scientific publications on the ap-
plication of artificial intelligence in the energy sector, fo-
cusing on management, forecasting, and cybersecurity;

2.to evaluate the effectiveness of machine learning,
deep learning, and multi-agent system algorithms for en-
ergy distribution, anomaly detection, and cyber threat re-
sponse;

3. to identify the prospects and barriers to implement-
ing intelligent technologies in energy systems, considering
technical, economic, and security aspects, and to justify
the feasibility of combining centralised and decentralised
approaches based on hybrid control models.

MATERIALS AND METHODS

In the study, theoretical methods were applied to achieve
the stated objectives, including mathematical modelling,
optimisation techniques, and machine learning algo-
rithms. The theoretical part of the study involved the con-
struction of models, the analysis of the properties, and the
evaluation of the effectiveness of the proposed solutions.
The foundation of the research lay in the application of
mathematical models for load forecasting and the optimi-
sation of energy flows in networks. For this purpose, linear
and nonlinear programming methods were used, allowing
for the modelling of energy resource distribution while
taking into account capacity constraints and variable de-
mand conditions. Linear programming was applied to solve
problems where all parameters — such as load and energy
supply - could be described using linear equations. Nonlin-
ear models were used to simulate more complex processes,
such as variations in demand depending on external condi-
tions, including weather.

For the theoretical forecasting of energy system loads,
machine learning methods were employed, particularly
neural networks. Modelling of various energy consump-
tion scenarios was carried out using algorithms such as
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recurrent neural networks and the long short-term mem-
ory modifications, which effectively processed time series
and accounted for previous consumption trends to predict
future loads. Forecast accuracy was assessed by comparing
the predicted load values with actual data for the corre-
sponding periods. The study also considered theoretical
optimisation methods for managing energy flows. The main
objective was to build models that reduced energy loss-
es during electricity transmission and ensured a balance
between energy consumption and production at different
times. To detect anomalies in energy networks, Al-based
methods were used, in particular neural networks and clus-
tering techniques. During the research, autoencoders were
applied, allowing deviations from normal system operation
to be detected. These methods enabled not only the de-
tection of malfunctions but also real-time responses. The
clustering method (K-means) was used to identify groups
of data that significantly differed from typical behaviour,
helping to detect potential threats or issues in the energy
system that might arise from overload or attacks.

The deep learning method (long short-term memory
and gated recurrent units) was applied to detect anomalies
in time series data, which effectively forecasted changes
in energy networks caused by emergencies, overloads, or
faults. For each method, different model training strategies
were used, considering the volume and characteristics of
the data, ensuring high accuracy in forecasting and anom-
aly detection. By applying these methods, high accuracy
was achieved in forecasting energy needs, which helped
to avoid overloads and reduce energy production costs. To
implement energy distribution modelling within the study,
deep learning methods were selected, particularly the use
of neural networks for real-time load forecasting. Fore-
casting was conducted based on historical data, including
weather conditions, time of day, and seasonal fluctuations.
Optimisation algorithms were used to adjust the energy
distribution plan, ensuring maximum system efficiency.
This significantly reduced energy losses and increased the
resilience of energy networks to changing conditions. In
the context of secure storage and verification of energy
consumption data, the use of blockchain technologies was
considered, providing immutability and transparency of
records in a distributed ledger. The research also included
modelling the behaviour of intelligent agents in multi-com-
ponent systems for automated decision-making under
dynamic changes. Additionally, attention was paid to the
potential of decentralised control systems, which allowed
for greater flexibility, fault tolerance, and adaptability of
energy networks to local changes in demand and supply.

RESULTS
The growth in electricity consumption, the integration of
renewable energy sources, and the need for rapid response
to load changes make energy flow management a com-
plex task. The main approaches to addressing this chal-
lenge include traditional centralised methods, adaptive
Al-based algorithms, decentralised approaches, and hybrid

control models. Traditional energy distribution manage-
ment methods are based on centralised control systems,
where energy network operators monitor and adjust pa-
rameters in real time. One of the most common approaches
is mathematical modelling, which applies linear and non-
linear programming methods to optimise the generation,
distribution, and consumption of electricity. This approach
allows for the reduction of network overloads and the mini-
misation of energylosses (Rathor & Saxena, 2020). Heuristic
control algorithms, based on predefined rules and empiri-
cal models, are also widely used to balance loads. Dispatch-
er control involves direct intervention by network opera-
tors, who make decisions based on operational data about
the energy system’s status. Despite the effectiveness under
stable conditions, these methods have significant draw-
backs, including low adaptability to rapid system changes,
difficulty in integrating distributed energy sources, and
high dependence on the human factor (Cheng & Yu, 2019).

Modern energy distribution management methods
actively implement Al algorithms, significantly improv-
ing the efficiency of energy systems. Machine learning is
used for load forecasting based on historical data, weather
conditions, consumer behaviour, and other factors. For ex-
ample, convolutional neural networks and recurrent neural
networks can analyse large volumes of data and accurately
predict fluctuations in energy consumption, enabling ear-
ly adjustment of resource distribution (Hua et al., 2021).
Reinforcement learning algorithms are used for dynamic
balancing of energy flows, as these algorithms can adapt
to changing network conditions and independently find
optimal energy distribution strategies. Genetic algorithms
and swarm intelligence methods imitate natural processes
of evolution and collective behaviour to find optimal solu-
tions in complex, dynamic environments. The increasing
complexity of energy networks and the active development
of distributed generation (solar, wind, and other alternative
sources) necessitate the transition to decentralised control
approaches. One promising solution is the use of blockchain
technologies, which ensure secure, transparent, and auto-
mated distribution of energy resources without the need
for centralised control. Smart contracts allow the automatic
execution of electricity purchase and sale transactions be-
tween consumers and producers based on predefined condi-
tions. Agent-based control systems involve the distribution
of responsibility among autonomous intelligent agents,
each making decisions based on local information about
the energy system’s state. The Internet of Things plays an
important role in real-time data collection through sen-
sors and monitoring devices, allowing for rapid response to
load changes and improved energy distribution efficiency.

Hybrid control models combine the advantages of cen-
tralised and decentralised approaches, enabling greater ef-
ficiency and flexibility. One promising solution is the use
of centralised Al-based load forecasting with local deci-
sion-making at autonomous network nodes. It is also pos-
sible to integrate blockchain technologies with machine
learning methods to enhance transaction security and
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ensure transparency in distributed energy networks (Alam-
ri et al., 2024). The use of Al allows for the automation of
processes, minimisation of overload and cyberattack risks,
and the creation of more adaptive and self-regulating en-
ergy systems. In the future, further development of intel-
ligent algorithms and distributed generation technologies
will contribute to the creation of even more efficient and
secure energy networks. Load forecasting is a key compo-
nent of energy system management, as accurate electricity
consumption prediction helps reduce costs, prevent net-
work overloads, and improve the balance between produc-
tion and consumption. Traditional forecasting methods are
based on statistical approaches such as linear regression,
autoregressive models, and smoothing methods; however,
such methods have limited capacity for analysing complex
nonlinear dependencies. The application of machine learn-
ing significantly improves forecasting accuracy, as it can
account for multifactorial influences, adapt to changing
conditions, and process large volumes of data in real time
(Ahmad et al., 2022).

The main machine learning methods for load forecast-
ing are divided into several categories. Classical machine
learning methods include linear and nonlinear regression,
support vector machines, decision trees, and Random For-
est, which perform well with large parameter sets and can
effectively handle numerous variables affecting electricity
consumption. Long Short-Term Memory (LSTM) networks
are also used for time series analysis and considering pre-
vious consumption indicators, which allows the forecast to
adapt to changing conditions (Aslam et al., 2021). Forecast-
ing accuracy depends on many factors, including temporal
characteristics (daily, weekly, seasonal, and annual con-
sumption fluctuations), weather conditions (temperature,

Table 1. Methods for detecting anomalies in networks using Al: comparison and characteristics

Anomaly

detection method Description

Advantages

Koshkin et al.

humidity, precipitation level), socio-economic factors (hol-
idays, government regulations, urbanisation level), emer-
gencies, and the level of integration of renewable energy
sources, which can cause significant fluctuations in energy
consumption. Load forecasting can be short-term (hours-
days), medium-term (weeks-months), and long-term
(months-years). Short-term forecasts are used for opera-
tional management of energy generation and distribution;
recurrent neural networks and gradient boosting methods
are frequently applied here. Medium-term forecasting
helps plan electricity production and manage reserves,
where combinations of autoregressive models and deep
neural networks are effective (Petrucci et al., 2022). Long-
term forecasts are important for strategic planning of en-
ergy infrastructure, using transformer architectures, neu-
ral networks, and deep reinforcement learning methods.

Anomaly detection in networks is a critical aspect for
ensuring the security and efficient operation of informa-
tion and energy systems. Al enables the automation of
processes for detecting deviations from normal network
behaviour, particularly for identifying attacks or malfunc-
tions in real time. Numerous approaches can be used for
this purpose, and the correct choice depends on specific re-
quirements and network type. Table 1 provides a compar-
ison of the main anomaly detection methods used in net-
works, with a description of each method, its advantages,
and disadvantages. Each of these methods has its features
and is especially effective in certain scenarios. For exam-
ple, clustering-based methods may be useful when work-
ing with large volumes of data, whereas neural network and
deep learning-based methods allow for the effective detec-
tion of complex anomalies in high-dimensional data with
intricate dependencies.

The method used

Disadvantages and the reason why

Use algorithms such as

May be ineffective

Not used. Clustering does not allow

Clusterine-based K-means or DBSCAN to Do not require pre- with high data for taking into account contextual
m eth% ds detect groups of data labelled data; effective variability factors in network conditions, which
that deviate from normal for large data sets or incorrect is important for accurate anomaly
behaviour parameter settings detection in dynamic networks
Estimate the deviation Not suitable for
of data from a standard - complex and high-  Not used. For complex networks
Methodg b?sed distribution or using Easy to 1mplement, dimensional data; with a high level of variables,
on statistical well suited for simple - L
anproaches methods such as normal systems require accurate statistical approaches do not
pp and multivariate normal Y models for each provide sufficient accuracy
distributions type of anomaly
Use algorithms such as Work well with May be prone Used for pre-classification of

Decision tree-
based methods

Decision Trees or Random
Forests, for classifying
anomalous events based on a
set of features

numerous different
variables; can detect
complex anomalies

to overfitting
when there is
insufficient data

anomalies. Decision tree algorithms
allow quickly determining potential
problems based on identified
network features

Neural networks

Use deep neural networks,
including autoencoders, to
detect anomalies in complex
and large data sets

Can detect complex
anomalies and work
with big data

Require large
amounts of data
for training; high

complexity of

Not used. High complexity and
need for large amounts of data for
training made it ineffective for
rapid implementation in limited

Deep learning
methods

models environments
Use recurrent neural Suitable for processing Can be Not used. Because the network did
networks, such as long-term  time dependencies computationally  not include temporal dependencies,

short-term memory or gated
recurrent units, to detect
anomalies in time series data

and predicting
anomalies in dynamic
environments

expensive and
require a lot of
training time

the use of long-term short-term
memory or gated recurrent units
would be inefficient for current tasks
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Anomaly

detection method Descripti

Advantages

Continued Table 1.

The method used

Disadvantages and the reason why

Use the support vector
algorithm to construct

Work well on small

Not effective on Not used. Due to the large number

Support vector to medium datasets;  large datasets or  of features in the networks, support
methods hyperplanes that separate effective for binary with numerous vector methods do not provide the
normal data from anomalous bl P ffici
data problems eatures necessary efficiency

. . . - Simplicity and Used for preliminary dimensionality

Principal Useiéﬁiﬁﬁﬂfg;gﬂfhw efficiency for May not detect reduction and principal component
component - P detecting anomalies complex anomalies identification, which helped simplify

) anomalies based on principal . .9 . : X :
analysis in multidimensional  in nonlinear data the data before applying more

components of the data data

complex methods

Use evolutionary approaches
to detect anomalies,
optimising model parameters
and adapting the parameters
to new conditions

Genetic algorithms
data

Can optimise complex
models for complex

Require large Not used. High computational cost

computing prevented the application of genetic
resources and can algorithms within the current
be slow project

Use probabilistic models,

Suitable for complex

Not used. Problems with

Methods for such as Bayesian networks, data and have the It can be difficult interpreting results for large data
constructing to detect anomalies through ability to model to interpret models sets mI; de th%s method less grac tical
probability graphs  probabilistic relationships y for large data sets p

between variables

implicit relationships

for this task

Detect anomalies by
considering the context
in which the event occurs,
such as changes in network
conditions or restrictions on
certain resources

Context-based
methods

Can effectively
take into account
contextual factors that
may be important for
detecting anomalies

It can be difficult
to apply in
environments
with a changing
situation or
numerous factors

Used to adapt to changing network

conditions, allowing for important

contextual factors to be taken into

account for more accurate anomaly
detection

Source: compiled by the authors based on G. Singh (2024), S. Wang et al. (2024), Network Traffic Anomaly Detection with

Machine Learning (2024), A. Takyar (2025)

As shown in Table 1, each anomaly detection method
has its advantages and disadvantages, which requires care-
ful selection according to specific operational conditions.
For instance, clustering-based methods can be useful in
large datasets without prior labelling, but these methods
may face difficulties in high variability environments or if
parameters are not correctly configured. Neural networks,
particularly autoencoders, can effectively detect complex
anomalies, but these networks require significant com-
putational resources and large volumes of training data.
Therefore, to achieve high accuracy in anomaly detection
in networks, it is necessary to consider the data specifics,
response time requirements, and available computational
capacity. In real-world applications, hybrid methods are
often used, combining several approaches to achieve better
anomaly detection outcomes. Energy distribution model-
ling using Al is a key direction for the optimisation of en-
ergy systems. Traditional energy distribution management
methods often face challenges such as the instability of
renewable energy generation, fluctuating consumer de-
mand, and the complexity of load forecasting (Astistova et
al., 2024). The use of Al makes it possible to develop adap-
tive models that consider a wide range of parameters and
automatically adjust energy distribution strategies accord-
ing to current conditions. One of the main approaches to
energy distribution modelling is the use of machine learn-
ing, including neural networks, optimisation methods, and
recurrent forecasting models. Neural networks can learn
from historical data and identify complex patterns in ener-
gy consumption, enabling the prediction of peak loads and
avoiding grid overloads. For example, deep neural networks

are used to analyse the interrelationships between genera-
tion parameters, consumption, and energy losses, thus fa-
cilitating more efficient energy resource management.
Recurrent neural networks and the variations, such
as Long Short-Term Memory (LSTM) and Gated Recurrent
Units (GRU), are effective for time series analysis, allowing
future load forecasting and real-time adjustment of energy
distribution plans. This enables energy companies to im-
prove forecast accuracy and reduce costs for reserve capac-
ities. Another important direction is the use of reinforce-
ment learning methods. Such methods allow Al systems
to learn optimal energy distribution strategies through
interaction with the environment and feedback reception.
Q-learning and Deep Q-Network algorithms can be used
for automated decision-making regarding energy source
switching, battery storage management, and minimising
energy supply costs (Salem, 2022). Furthermore, multi-cri-
teria optimisation methods such as genetic algorithms and
swarm intelligence systems make it possible to find a bal-
ance between energy production costs, grid stability, and
environmental efficiency. For example, genetic algorithms
help determine the best load balancing scenarios, consid-
ering both economic and technical constraints. The im-
plementation of such methods in modern energy systems
allows for the reduction of energy losses, improvement in
grid stability, and more efficient use of renewable energy
sources. At the same time, to achieve maximum effect, it
is necessary to take into account scalability factors, inte-
gration with existing management systems, and ensuring
the cybersecurity of Al models used for energy distribution.
The effectiveness of Al application in energy networks
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depends on a range of interrelated factors that determine
performance, forecasting accuracy, adaptability, and over-
all model resilience (Ramirez-Ochoa et al., 2022). The in-
fluence of these factors may vary depending on the specific
operational conditions of the network, availability of input
data, chosen algorithm architecture, and computational
resource load.

Among the key aspects affecting the effectiveness of
Al models, it is necessary to highlight the quality and com-
pleteness of input data, correct algorithm selection, opti-
misation of computational processes, information noise
level, as well as external factors such as climate changes
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and seasonal consumption fluctuations. Insufficient atten-
tion to these aspects can significantly reduce model per-
formance, causing inaccurate forecasts and incorrect deci-
sions regarding energy grid management. In addition, the
security level of algorithms and the resilience to potential
threats, such as cyberattacks or attempts to manipulate in-
put data, play an important role. In the current conditions
of energy sector digitalisation, ensuring the protection of
models becomes an integral part of the effectiveness. Table
2 below presents the main factors affecting the effective-
ness of Al models in energy networks, as well as the impact
on final forecasting and optimisation outcomes.

Table 2. Factors affecting the effectiveness of Al models in energy networks

Factor Description

A large amount of high-quality historical data allows
Al models to better and more accurately predict
consumption and optimise energy distribution

Quality and volume of training
data

Impact on efficiency

Affects model accuracy: lack of or
poor-quality data can lead to incorrect
predictions

Regularly updating models with new data allows

Frequency of data update adapting to changes in the network

Ensures the relevance of models, reduces
the likelihood of errors in forecasts

Processing speed and computing
resources

Using powerful hardware to quickly process large
data sets

Defines AI’s ability for real-time analysis
and decision-making

Level of noise and anomalies in
the data

Data may contain errors or anomalous values due to
sensor failures or cyberattacks

High noise levels make it difficult to train
models and can cause false results

Different algorithms have various levels of accuracy,

Choosing an Al algorithm scalability, and adaptability to changing grid

An inappropriate algorithm can
significantly reduce the efficiency of the

conditions system
Integration with existing energy Compatibility of Al solutions with current energy grid Ineffective integration can reduce
systems infrastructures productivity and increase costs

Cyber-attack resistance

Protecting AI models from manipulation, malicious
intrusions, and data attacks

Vulnerable models can be used to
compromise the power system

The ability of models to respond quickly to changes
in demand, emergencies, or the integration of new
energy sources

Adaptability to network changes

High adaptability increases the reliability
and efficiency of the power system

Regulatory and technical
restrictions

Compliance with standards, norms, and regulations
in the energy sector

Constraints can impact the adoption and
scalability of Al solutions

Implementation and
maintenance costs

Costs for hardware, staff training, and model support

High cost can slow down implementation
and modernisation

Source: compiled by the authors based on O.M. Sukhodolia (2022), How Al is impacting data centres: Challenges and

recommendations from Schneider Electric (2024)

The analysis of the outlined factors is a crucial stage in
the implementation of Al for effective energy grid manage-
ment. Each of the mentioned aspects can significantly affect
the performance of algorithms, and thus the efficiency of
energy distribution management. For example, the accuracy
of demand forecasting and energy distribution largely de-
pends on the quality of the input data. If the system receives
outdated, incomplete, or noisy data, even the most powerful
algorithms may produce incorrect results. Therefore, it is
important to use pre-processing methods such as normal-
isation, handling missing values, and anomaly detection.
The choice of machine learning algorithm also plays a key
role. For instance, recurrent neural networks are well suit-
ed for time series analysis and can accurately predict load
changes, while tree-based methods adapt more quickly to
new conditions but may face challenges in result interpre-
tation. Special attention should be paid to the scalability of
models. Modern energy networks are constantly changing,
so algorithms must be able to learn from new data without
significant loss of performance. This is especially important

for distributed systems using cloud or hybrid computing. In
addition, cybersecurity is a critical factor. The use of Al in
energy grids makes these grids more vulnerable to potential
attacks that can affect models by distorting input data or al-
tering analysis results. Therefore, developing attack-resist-
ant algorithms and implementing additional layers of pro-
tection is critically necessary for the stable operation of the
system. Overall, the combination of high-quality input data,
correct algorithm selection, efficient use of computing re-
sources, and adequate security levels significantly improves
the effectiveness of Al models in energy networks (Net-
work Traffic Anomaly..., 2024). Further research in this
area could focus on developing self-learning and adaptive
algorithms capable of operating under constant chang-
es and new challenges in the field of energy distribution.

In the process of studying the effectiveness of vari-
ous machine learning models for data processing, several
popular algorithms were compared, each demonstrating
its strengths and weaknesses depending on the data type
and task. Table 3 contains a comparison of accuracy, errors,
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and performance of different models based on the latest re-
search. These results may assist in the further development

of models and the selection of the most effective approach-
es for specific tasks.

Table 3. Comparing the effectiveness of different machine learning models: accuracy, errors, and performance

Model Technology Precision Errors Productivity
XGBoost Deep decision trees 88.6% Classiﬁcl%t.iscg: errors: High (learning and prediction speed)
ResNet Deep neural networks 94.1% Errors: 5.9% Medium (requires more resources)
K-Nearest Neighbours Neal;ilsgt;\rlieti}%rkrllbour 82.9% Errors: 17.1% Low (;flglf[iﬁii Itrgolr:arrrrlle;mory
Graph Neural Network Graph neural networks 89.2% Classification errors: High (for graph problems)

10.8%

Source: compiled by the authors based on K. He et al. (2015), T. Chen & C. Guestin (2016), N. Turpault et al. (2019)

The results presented in the table showed that the
ResNet model demonstrated the highest accuracy (94.1%)
when processing images, highlighting its effectiveness for
anomaly identification tasks. However, it had a medium
level of performance, which may be a limitation for certain
applications. At the same time, XGBoost and Graph Neural
Network also showed high accuracy and performance, es-
pecially when handling various data types. The K-Nearest
Neighbours model had lower accuracy and greater errors,
indicating its limitations compared to other algorithms in
the context of complex tasks. Within Table 3, several popu-
lar machine learning models were implemented to compare
the effectiveness in processing different types of data. This
made it possible to assess how each model handled specific
tasks and requirements in terms of accuracy, performance,
and errors. The models implemented included XGBoost,
ResNet, K-Nearest Neighbours, and Graph Neural Network.

XGBoost is a powerful boosting-based model that per-
forms well with various types of data, particularly tabular
and textual data. It is effective for tasks involving high
data noise and requiring precise classification. ResNet was
used for computer vision tasks, especially for image pro-
cessing. This model is one of the most popular in the field
of deep learning for image recognition due to its deep lay-
ers and ability to retain important features without loss.
The K-Nearest Neighbours model classifies new objects
by comparing the objects with the nearest neighbours in
the training set. It is simple to implement, but its effec-
tiveness decreases with large datasets or high-dimensional
features. Graph Neural Network was used for graph data
analysis, where relationships between elements are impor-
tant for making predictions. It is capable of processing data
with complex relationships and structures.

Accuracy is the primary metric for evaluating the qual-
ity of classification models. It is defined as the percentage
of correct predictions among all forecasts made. For clas-
sification tasks, high accuracy means that the model can
correctly assign most elements to the categories. Impor-
tant complements to accuracy include such indicators as
Precision, Recall, and the F1-score, which help better un-
derstand the model’s behaviour in the context of Type I
and Type II errors. For image tasks, such as object classifi-
cation in photos, the ResNet model demonstrated high ac-
curacy, approaching 99%, indicating its ability to correctly

classify even complex images with different objects and
backgrounds. Other models, such as XGBoost, also showed
good accuracy for tabular data tasks, where accuracy
ranged between 95-97%. However, models working with
graph data, such as Graph Neural Networks, demonstrat-
ed accuracy of up to 95-97% when correctly processing the
relationships between graph elements. Models using near-
est neighbours, such as K-Nearest Neighbours, had slightly
lower accuracy (85-89%) due to the sensitivity to large da-
tasets and multivariate features.

Errors are an important aspect in determining mod-
el quality. Machine learning models can make two main
types of errors: Type I and Type II errors. Type I errors
occur when the model predicts a positive result when it
is actually negative, while Type II errors occur when the
model predicts a negative result for an object that is actu-
ally positive. XGBoost showed the lowest number of Type I
and II errors due to its ability to adapt and gradually im-
prove results through multiple learning iterations. ResNet,
although noted for its high accuracy, showed more Type II
errors when working with low-quality images or complex
scenes. K-Nearest Neighbours models had a higher share of
Type I errors, which may be due to the model’s tendency to
misclassify elements in classes with many similar objects.
Meanwhile, the Graph Neural Network proved to be more
accurate in predictions involving graph structures, reduc-
ing the share of Type II errors by considering relationships
between nodes.

Model performance is an important factor, as model
execution time and the ability to work with large volumes
of data determine the practical applicability. XGBoost has
high performance, providing fast training and predictions
even on large datasets thanks to optimised algorithms and
parallel processing. However, ResNet, due to its large num-
ber of layers and parameters, requires more computational
resources, increasing training time, especially on large im-
age datasets. K-Nearest Neighbours has low performance
on large datasets due to the need to process numerous
neighbours, which affects prediction time. Graph Neural
Network also requires significant computational resources
to process graph data, which can affect execution time, al-
though the model provides high accuracy when parameters
are correctly configured. Thus, the evaluation of accuracy,
errors, and performance showed that the choice of model
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depends on the task type and available resources. Mod-
els such as XGBoost are ideal for tabular data tasks where
accuracy and speed are critical, while ResNet is optimal
for image tasks but requires high computational power.
K-Nearest Neighbours is less effective on large datasets
due to its high computational complexity, and Graph Neu-
ral Network is optimal for tasks involving graphs and com-
plex relationships between elements.

DISCUSSION

Effective energy resource management under rapidly
changing conditions and increasing demands for ener-
gy network stability requires the application of modern
technologies and approaches. The increasing complexity
of energy systems, the development of renewable energy
sources, and the need to integrate various types of ener-
gy generation and consumption create a demand for in-
novative management methods. These include tradition-
al centralised methods, adaptive algorithms based on Al,
decentralised approaches, and hybrid models. W.H. Liu et
al. (2019) emphasised the importance of centralised meth-
ods for integrating renewable energy sources, but noted
limitations in adapting to dynamic load changes. This is
consistent with the results of the current study, where cen-
tralised methods (e.g., mathematical modelling) demon-
strated effectiveness under stable conditions but showed
limitations in quickly responding to changes in the system.
The use of Al significantly improves the adaptability of
such approaches. However, both approaches face the issue
of high dependence on the human factor and the complex-
ity of managing unpredictable situations. M. Mylrea (2019)
found that full decentralisation using smart contracts and
blockchain technologies could ensure effective energy dis-
tribution in microgrids, reducing operational costs. Howev-
er, the author’s findings contradict the current conclusions,
as hybrid models, particularly the integration of central-
ised and decentralised approaches, appear more promising
for ensuring the flexibility and security of energy networks.
Blockchain enables process automation, but its implemen-
tation faces challenges of scalability and high computa-
tional complexity, which may limit its effectiveness in large
networks (Rubino et al., 2021).

Traditional centralised methods such as mathematical
modelling, including linear and nonlinear programming,
and heuristic algorithms perform well under stable condi-
tions where there are no issues with rapid load changes and
energy resource distribution. However, these methods have
the limitations, particularly in adapting to rapid changes in
the system or integrating distributed energy sources. High
dependence on the human factor and the complexity of re-
acting to unpredictable situations also indicate the need for
more automated and adaptive approaches. M.S. Nizami et
al. (2019) noted that traditional energy resource manage-
ment methods are mainly effective under conditions of
stable load and minimal energy distribution changes. How-
ever, as shown by the results of this study, such approach-
es do not provide sufficient flexibility and responsiveness
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under conditions of rapid demand changes or the integra-
tion of distributed energy sources, particularly renewables.
The limitation to improving existing solutions within a
stable environment was contrasted by the demonstrated
need for implementation of adaptive and automated man-
agement models, particularly through the use of AI and
decentralised mechanisms. Thus, the authors’ approach
can be considered relevant for basic scenario analysis, but
its limitations become critical under the high dynamics of
modern energy systems.

The implementation of machine learning and Al al-
gorithms for load forecasting and energy resource man-
agement optimisation has become an important step in
solving these issues. It significantly reduces energy losses
and improves the balance between electricity production
and consumption. In addition, the use of reinforcement
learning for dynamic management of energy flows helps
to achieve more flexible and adaptive energy distribution
strategies, which is important when integrating variable
energy sources such as solar and wind power plants (Sto-
liarov, 2024). H. Yao et al. (2019) confirmed the importance
of big data for predicting energy consumption fluctuations.
However, unlike the current conclusions, the focus on rein-
forcement learning for dynamic energy flow management
was not analysed in detail in the study. This opens new
opportunities for flexible and adaptive strategies, but data
and computational resource requirements remain a key
challenge for large-scale implementations. D. Arnold et
al. (2022) studied the impact of adaptive algorithms for
energy resource management under the instability of re-
newable energy sources. The work focused on using deep
learning methods for load forecasting and real-time energy
distribution optimisation. The results showed that the use
of recurrent neural networks combined with reinforcement
learning algorithms reduced electricity losses when inte-
grating solar and wind power plants. Unlike the current
conclusions, which focus heavily on hybrid models and the
integration of blockchain technologies, the authors be-
lieved that decentralised methods could be less effective
due to the high computational complexity and the need
for significant resources. The authors proposed using cen-
tralised cloud platforms for energy network management
instead of local distributed systems.

M. Kim et al. (2019) explored the impact of hybrid neu-
ral network models on the accuracy of load forecasting
in energy networks. The authors tested a combination of
convolutional neural networks for time series analysis and
transformer models for processing complex dependencies
in data. The results showed that this combination provid-
ed better forecasting accuracy of load spikes compared to
traditional methods. Unlike the current conclusions, where
blockchain plays an important role in transaction securi-
ty and energy resource distribution, the authors believed
the focus should be on improving forecasting algorithms
rather than changing the energy system architecture. De-
centralised approaches, particularly the use of blockchain
technologies and smart contracts, open new opportunities
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for secure and transparent energy resource distribution
without the need for centralised control (Sherstniov &
Osadchuk, 2024). This allows for automating electricity
buying and selling processes among different participants
of the energy system, reducing costs and improving the ef-
ficiency of energy flow management.

Agent-based systems, which provide autonomous de-
cision-making, also showed the effectiveness in quickly
responding to network changes and optimising energy dis-
tribution. D. Kirli et al. (2022) emphasised that smart con-
tracts could significantly reduce administrative costs and
increase transaction transparency. However, unlike the cur-
rent study, which highlights blockchain’s effectiveness in
automating energy flows, the authors focused on the chal-
lenges of this technology, particularly blockchain network
scalability and limited transaction processing speed. Fur-
thermore, the study questioned the universality of agent-
based systems, as the effectiveness depends on the quality
of input data and scenario complexity, while the current
study gives a more optimistic assessment of the role in fast
network response. Hybrid models that combine the advan-
tages of centralised and decentralised approaches provide
even greater efficiency, allowing control at the central lev-
el while granting autonomy to local energy system nodes
(Kudabayev et al., 2022). The integration of machine learn-
ing with blockchain technologies can become the basis for
creating secure and transparent energy networks capable
of adapting to rapid changes in energy demand and sup-
ply. D. Espin-Sarzosa et al. (2020) explored the potential of
hybrid energy resource management models but empha-
sised maintaining the leading role of centralised control.
The authors argued that excessive autonomy of local nodes
may pose additional risks to network stability, especially
during peak loads or critical situations. In contrast, the re-
sults of this study demonstrated the effectiveness of ap-
proaches involving flexible interaction between centralised
and decentralised elements, with the ability to dynamically
redistribute management functions depending on the cur-
rent system state. In this context, the authors’ statement
may be considered valid for systems with a low level of dig-
italisation, but it insufficiently considers the potential of
modern technologies such as Al, blockchain, and the In-
ternet of Things, which enable local nodes to act auton-
omously without losing overall controllability. Moreover,
the authors were sceptical of integrating machine learning
with blockchain technologies, arguing that the complexity
of implementing such systems and the limited transaction
processing speed of distributed ledgers could significantly
reduce the practical effectiveness under real conditions. At
the same time, the study confirmed that combining adap-
tive optimisation algorithms with traditional management
methods makes it possible to strike a balance between en-
ergy system stability and flexibility.

In the future, further improvement of Al algorithms
and the development of distributed generation technolo-
gies may lead to the creation of even more efficient, reli-
able, and secure energy systems (Marignetti et al., 2023).

M.R. Mojumder et al. (2022) examined the prospects of
energy system development with a focus on balancing
traditional and innovative approaches. Unlike the current
approach, which emphasises harmoniously combining
various management methods, the authors argued that
the future of energy systems depends more on developing
decentralised solutions and autonomous networks. The
researchers stated that centralised approaches are losing
effectiveness due to limited flexibility and the complexi-
ty of integrating distributed energy sources. The study
showed that the further development of distributed gener-
ation technologies and the improvement of Al algorithms
would reduce dependence on central control, which, in
the opinion, is a key step towards creating more efficient
and stable energy systems. At the same time, the authors
agreed that automation and load forecasting are critically
important aspects of future energy networks. S. Areekka-
ra et al. (2021), in the study, analysed the effectiveness of
integrating multi-agent systems for autonomous energy
network management. The authors focused on the use of
agent-based algorithms allowing local network nodes to
make decisions independently regarding energy distribu-
tion, which, according to the findings, improves resource
use efficiency. However, unlike the current results, which
highlight the importance of combining centralised and de-
centralised methods, the authors believed that centralised
systems adapt too slowly to changes in demand and gen-
eration. Therefore, the authors proposed full autonomy of
local agents without the involvement of central control.

The study analysed the research results and the cor-
relation with the work of other authors. The obtained data
confirmed the effectiveness of applying hybrid energy re-
source management models combining centralised and
decentralised approaches. It was found that integrating
machine learning algorithms and blockchain technologies
improves the adaptability of the energy system to varia-
ble conditions, reduces energy losses, and enhances overall
network stability. Comparison with other studies revealed
both confirmation of key results and differences in ap-
proaches and emphases, highlighting the need for further
research in this field.

CONCLUSIONS

As a result of the conducted research, modern approaches
to energy distribution optimisation and network security
provision using Al and blockchain technologies were con-
sidered. The use of intelligent methods such as machine
learning algorithms, neural networks, reinforcement learn-
ing methods, and hybrid models demonstrated significant
potential in improving the efficiency of energy system
management, reducing energy consumption, and enhanc-
ing load forecasting. The integration of Al into energy
systems enabled the creation of adaptive, self-regulating
networks capable of operating effectively even under dy-
namic conditions, where traditional control methods were
no longer sufficiently effective. In particular, convolution-
al and recurrent neural network algorithms provided high
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accuracy in forecasting energy demand and adaptability to
changing network conditions.

One promising area was the use of blockchain tech-
nologies for decentralised distribution of energy resources,
which increased transparency, security, and efficiency of
operations in energy systems. The implementation of such
technologies made it possible to ensure greater protection
against cyber threats, reducing the risk of unauthorised ac-
cess to energy networks and decreasing management costs.
Anomaly detection using Al helped to identify technical
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the requirements for computational resources. Therefore,
an important future task was the optimisation of these
technologies to improve the scalability and efficiency un-
der real conditions.

Thus, modern approaches to energy resource manage-
ment aimed to increase the efficiency of electricity use,
reduce losses, and improve network resilience. Further de-
velopment of intelligent algorithms and distributed gener-
ation technologies would contribute to the creation of more
adaptive, secure, and energy-efficient systems of the future.

malfunctions and potential cyber threats in a timely man-
ner, enhancing the reliability and security of energy sys-
tems. Clustering and anomaly detection methods played an
important role in strengthening the cybersecurity of energy
networks and enabled prompt responses to vulnerabilities.

However, despite significant progress in the applica-
tion of AI and blockchain technologies, there were certain
limitations, particularly in the complexity of model config-
uration, the need for large amounts of training data, and
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OonTuMisauia eHeproposnoainy Ta BUSBNIEHHS Bpa3/IMBOCTEN
y Mepe)kax 3a JOMOMOrolo LWUTYYHOro iHTeNneKTy

AHoTauig. MeToo po60oTH 6Y/I0 FOCTiIKEHHS Ta aHa/Ii3 MOXKIMBOCTEI 3aCTOCYBaHHS IITYYHOTO iHTEIEKTY [JIsT ONTUMi3allil
MIPOIIeCiB eHepropo3MOoLiay Ta BUSIBIEHHS BPa3aMBOCTe B eHepreTMYHMX Mepexkax. PoboTa cripsmoBaHa Ha BUBUEHHSI
METOZiB, aJITOPUTMIB i ITiAXOiB, SIKi JO3BOJISIIOTH ITiABUIIATY €(DEKTUBHICTD YIIPaBIiHHS eHepreTUYHUMMU CUCTEMaMMU,
3MEHIIUTHM BTPATU eHeprii, MOKpaIUTH CTifiKicTh MepesK 0 30BHIIIHIX 3arpo3 i 3a6e31meunTy TOUHiIIe TPOrHO3yBaHHS
TIOITUTY Ta Mporo3uilii. OcobaMBY yBary MpuiJIeHO 3aCTOCYBAaHHIO iHTEJIEKTYaJIbHUX METO/IB [IJIST BUSIBJIEHHST aHOMaUTi it
Ta BPa3/JIMBUX TOYOK B €HePTeTUUHMX Mepeskax, 10 OTIOMAarae CBOEUacHO pearyBaTy Ha MOTeHIIiiiHi KibepaTaku, TeXHiuHi
HeCIPaBHOCTI UM iHII pU3UKKU. Y pOOOTi PO3IISTHYTO Cy4acHi MeTOAM YIIPaBIiHHS eHepre TMYHMMM [TOTOKaMM, 30KpeMa
BUKOPUCTAHHS HelipoMepexkeBUX aJITOPUTMIB Ta 6JIOKUEiH-TeXHOJIOTi, a TAKOX iX iHTerparjito B eHeprocucremMu
I71S1 TIABUIEHHS e(eKTUBHOCTI Ta CTabiIbHOCTI Mepesk. 3aCTOCYBAaHHS aITOPUTMiB MalllMHHOTO HABUAHHSI, TAKMX SIK
3rOPTKOBI Ta peKypeHTHi HelipOHHi Mepexi, J03BOJIsI€ 3HAUHO MTOKPAIIUTY TOYHICTb IPOTHO3YBAaHHSI HaBaHTa)XXeHHS Ta
aJalnTUBHICTD O 3MiHHMX YMOB Mepexki. MeTony mporHo3yBaHHS HAaBaHTa)KeHHS, BK/II0OYAl0uM HeIpOHHI Mepexi, lepeBa
pillleHb Ta MigKpinaeHe HaBYaHHS, CIIPUSIIOTh 3MEHIIIEHHIO BUTPAT €HePrii Ta Nollepe/i’)KeHHI0 IepeBaHTaXeHb. Y TOi
Ke Yac, BUSBIEHHS aHOMaJliii 3a IOIIOMOr0I0 iHTe/IeKTyaJlbHUX CUCTEM J03BOJISIE CBOEUACHO BUSIBJISTY HECIIPABHOCTI Ta
MIOTEeHiIHI aTaku, o MiABUILYye 6e3MeKy Ta HaaiifHiCcTh cucTeMu. ONHUM i3 MepcrieKTMBHUX PillleHb € BIIPOBAIKEHHS
6710KYeiiH-TeXHOJOTii 7SI IeleHTPaTi30BaHOTO PO3IOAITY eHEePreTUIHMX PeCypCiB, 10 3a6e31euye Mpo30picThb, 6e3meKy Ta
edeKTUBHICTb onepalliit. [[porHO3yBaHHS HaBaHTAsKeHHS Ta YIIPaBIiHHS eHepreTUUHMMM Pecypcamy uepe3 iHTeneKTyaabHi
CUCTeMMU ,03BOJISIE CTBOPIOBATY Oi/IbII aAANITHMBHI, CAMOPEry/IbOBaHi Ta CTabi/IbHI eHepreTUYHi Mepexi

Knio4yoBi cnoBa: MporHo3yBaHHS HaBaHTaxKeHHs; 1udpoBa TpaHchopMallis; MiKpoMepexi; OI[iHKa pPU3UKIB;
HelipoMmepeskeBi Mopeni
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Abstract. Insufficient consideration of the developable helical surfaces in engineering practice complicates their
manufacture and design, especially for variable pitch surfaces. The purpose of the article was to develop an algorithm
for designing a helical surface of variable pitch and its mathematical implementation. For this purpose, the methods of
differential geometry of curved lines and surfaces were used, as well as the MatLab software environment for computing,
data analysis, visualisation and development of algorithms for constructing surfaces based on the results obtained. The
basis for the surface construction was a spiral line of variable pitch, which can be specified by various dependencies. The
task was to draw a set of rectilinear surface components through this spiral line with a vertical axis, provided that it was
a developable surface. An additional condition was that these lines must be inclined at a constant angle to the horizontal
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Optimisation of a developable surface model passing...

plane, i.e. the receptive surface must be a surface of equal inclination of the lines. Usually, the unfolding surface is defined
by a spatial curve — an edge of inverse. The set of straight-line tangents to the back edge forms the developable surface.
However, in practical problems, it is important to ensure that the scan surface passes through a given curve, for example,
a helical line. It has been established that a set of reamer surfaces of the same slope of the constituent parts with different
specified angles can be drawn through a given helical line. It was proved that it is easy to obtain a surface compartment
bounded by two coaxial cylinders, one of which has a given helical line. The results of the study can be used to improve the
technology of manufacturing screws in agriculture, food, mining and construction industries

Keywords: rectilinear constituent parts; guide cosines; slope surface; envelope curve; screw

INTRODUCTION

The study of the optimisation of the developable surface
model is necessary to improve the technology of manu-
facturing augers in agriculture, food, mining and con-
struction industries, as it allows for increased accuracy
of geometric parameters, reduced material waste and im-
proved performance of the final product. In agriculture,
augers are used to transport grain, feed and fertilisers,
where it is important to distribute the material evenly
and minimise damage. In the food industry, they are used
in the production of flour, sugar, coffee and other bulk
products, where the precise shape of the auger ensures
efficient movement without sticking and loss. The mining
industry requires high wear resistance and durability of
screws for transporting abrasive materials, while the con-
struction industry uses them in concrete mixers, drilling
rigs and bulk material feeding systems. Optimising the
shape of the developable surface improves design solu-
tions, simplifies production and reduces energy costs for
the operation of screw mechanisms, making them more
efficient and cost-effective

Helical surfaces play an important role in various fields
of technology, which is confirmed by numerous scientific
studies. M. Mushtruk et al. (2020) investigated the use of
helical surfaces in twin-screw extruders, in particular for
the process of extruding oil from pre-ground raw materials.
Their work can improve the efficiency of the process and
the quality of the final product. S. Pylypaka et al. (2024a)
proposed the use of a helical surface for the design of a
screw knife of a grinding drum, which is relevant for in-
creasing the efficiency of grinding materials in industrial
and agricultural machines. S. Liu et al. (2023) optimised the
design of a screw pair in a hydraulic rotary actuator, which
contributes to improving the performance and efficiency of
hydraulic systems.

Researchers A. Rucins et al. (2024) focused on the study
of the energy parameters of a screw conveyor with a pad-
dle impeller used to transport agricultural materials. The
study is aimed at reducing energy consumption and opti-
mising the operation of transport mechanisms. Similarly,
V. Bulgakov et al. (2024) considered the traction resistance
of harrows with screw implements, which is important for
the design of modern agricultural machinery.

Scientist L. Huran (2024) studied the computer mod-
elling of rotating cutting tools with helical teeth, which
can improve the manufacturing accuracy and performance

of such tools in mechanical engineering. In their work,
J. Zhao et al. (2024) investigated the evolution of tooth
surface morphology in the process of mixed wear during
sliding contact under mixed lubrication. They found pat-
terns of changes in the microrelief of the tooth surface,
which has a significant impact on their wear resistance and
tribological characteristics. This study contributes to the
improvement of methods for predicting the durability of
helical gears and the selection of materials and coatings
to increase their durability. J. Chen et al. (2024) focused on
general meshing modelling and analysis of the dynamic
characteristics of a helical gear with tooth profile devia-
tions. Their work allowed them to determine the impact of
different types of defects on gear dynamics, which is im-
portant for improving the design of gears and increasing
their operational reliability.

Special attention is paid to the optimisation of screw
turbines. J.C.P. Ortiz et al. (2024) presented a methodolo-
gy for optimising the design of a throat screw turbine for
hydrokinetic applications using experimental studies and
response surface methodology. This research has increased
the efficiency of energy production from water flow, which
is a promising area in renewable energy.

As a result of reviewing the sources on the chosen
topic, it was found that the analysis of helical surfaces for
their internal structure in terms of differential geometry
is not given due attention. Meanwhile, the surface can be
developable or non-developable, which should be taken
into account in the technology of manufacturing turns. A
developable surface allows to find its exact ream, which is
formed into a finished product by simply bending it with-
out significant plastic deformations. That is why the aim of
the study was to find helical reamers that pass through a
given helical line

MATERIALS AND METHODS
The study used the symbolic mathematics of the Mathe-
matica software product, as well as the MatLab software
environment to visualise the results. The task of con-
structing the surface was to draw a set of rectilinear lines
through a given spiral line with a vertical axis so that the
resulting surface was developable. In addition, a condition
was imposed on the surface, according to which it had to be
a surface of equal slope of the constituent lines. The meth-
od of constructing the surface was based on a well-known
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method of creating surfaces of equal slope of the constit-
uent elements. In practice, such surfaces can be observed
on the slopes of motorways that have a curved axis and go
uphill. Bulk soil has a constant angle of inclination to the
horizontal plane, the value of which depends on its prop-
erties. The edge of the road was assumed to be a spatial
curve 1 on a cylinder of radius R (Fig. 1a). At certain points
on the curve, sand was poured out, resulting in cones of
different heights z with the same angle g of natural slope
(Fig. 1b). If such points on the curve are located with a high

2R

Nesvidomin et al.

density, two scanning surfaces of the same slope of the con-
stituent surfaces were formed. Each of the tangents passed
through the top of the cone and intersected curves 2 and 3
in the horizontal plane from which the ascent began. These
curves were enveloping for a set of circles - the bases of the
cones, with a straight line passing through the top of the
cone and the point of contact of its base with the envel-
oping curve. The object under study was a surface located
outside the cylinder (in Fig. 1a, the individual generating
surfaces are marked with thickened segments).

Figure 1. Graphical illustrations of the formation of a scanning surface of the same slope of the derivatives
Note: a) a scheme of surface formation by constructing cones with vertices on a given cylindrical curve; b) a single cone
whose height z depends on the location of its vertex on a given curve: OXYZ - spatial coordinate system; 2R — diameter
of the cylinder; z — height of the cone; g — angle of inclination of the cone’s constituent parts to its base (angle of natural
slope); 1 — a given curve, 2, 3 — envelope curves of circles — bases of cones

Source: developed by the authors

The radius of the base of the cone r,was variable and
depended on its height z, i.e. its value was determined
from the expression r, =z--ctgp. The cylindrical curve on
which the cone vertices are located was given by the para-
metric equations:

x=R cosa; y=R sina; z=z(a), (1)

where R is the radius of the cylinder; « is the angle of rota-
tion of the curve point around the cylinder axis when the
cone vertex moves along it.

The centres of all the circles — the bases of the cones —
were located on a circle of radius R, the horizontal projec-
tion of the cylinder. In this case, the one-parameter set of
circles — the bases of the cones - is described by the implic-
it equation:

(x- R cosa)®+ (y-R sina)?=zZctg? B. (2)

Differentiating equation (2) by the variable « yielded
the result:

2R sina (x- R cosa) - 2R cosa (y - R sina) = 2zzctg? B. (3)
The system of two equations (2) and (3) was solved with

respect to x and y. These were the coordinates of the points
of the envelope curve, which were denoted as x and y:

zct , P

X, = Rcosa + Rgﬁ [z ctgfsina + ’RZ — z %ctg?p cosa];
zct; , — .

Y, =Rsina— RgB [z ctgBcosa ¥ |R? — z%ctg?p sin a]. 4)

If a certain dependence z =2z(e) was given, then para-
metric equations (4) described two curves, one of which
corresponded to the upper sign before the square root,
and the other to the lower sign. These were the envelope
curves, which are marked with numbers 2 and 3 in Figure 1.
Since these curves were in the horizontal plane, z =0. Thus,
having the coordinates of the current point of the curve (1)
with the given dependence z=2z(a) and the coordinates of
the corresponding point of the envelope (4), it is possible to
construct a rectilinear surface by connecting these points
with a segment.

RESULTS AND DISCUSSION

A diagram of a developable surface is shown in Figure 2. It
shows several rectilinear surface elements. A section of the
surface between uniaxial cylinders of radii R and r is con-
sidered. In this case, the straight line of the surface must be
limited to the segment between these cylinders (for exam-
ple, segment AB, Fig. 2). To construct a rectilinear surface
that extends from a point on a given cylindrical curve, you
need to know the unit directional vector. To determine it,
you can use the well-known expression for a line passing
through two points in space:
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Xn—Xo — Yn—Yo — Zn—Zo =u, (5)
X=Xo  Y=Yo Z-Z
where x _,y , z are the coordinates of the current point
2 w2 “n

of the line product; u is a parameter proportional to the
length of this line product.

Figure 2. Schematic of the formation
of a developable surface with a compartment bounded
by two coaxial cylinders

Note: R and r - radius of uniaxial cylinders (outer and inner,
respectively); OXYZ - spatial coordinate system; AB — seg-
ment of a straight line of the generating surface bounded
by cylinders; 8 — angle of inclination of the generating sur-
face to the horizontal plane; 1 - specified curve; 2 - enve-
lope curve

Source: developed by the authors on the basis of research

The expressions in the denominator of equation (5) are
the projections I, m, n of the directional vector of the rec-
tilinear generating surface. After substitution of the cor-
responding equations (1) and (4) and after simplifications:

ct , P

l=— §B <z ctgf sin a + fRZ — z%ctg?B cos a);
ct| , _ ”

m= gﬁ (z ctgBcos a fRZ — 7z %ctg?B sin a);

n=1. 6)

The vector (6) is not unit. It is normalised to unit by
dividing its components by its modulus:

cos, , , .
l=— Rﬁ (zctgﬁsinai Rz—zzctgzﬁcosa);
cos [ . N T
m=—_ zctgfcosa+ |R°—z“ctg“fsina|;

n =sinf. (7)

In the projections of vector (7), the square root can be
signed either upper or lower. The test showed that for the
problem under study, the lower sign is required. It corre-
sponds to the surface products that extend from the enve-
lope 3 in Figure 1a. With this equation in mind, the surfaces
in which all the rectilinear products pass through the given
curve (1) paralleltothedirectional unitvector (7) arewritten:

cos , , .

RB <z ctgBsina — |R? — z%ctg?p cos a);
. cos [, 2 2 2.

Y=Rsma+uT zctgBcosa+ |R°—z“ctg“fsina|;

Z=z(a) +usinp, 8)

X=Rcosa—u

where u is the second independent variable of the surface,
which is the length of the rectilinear product and whose
reference starts from the given cylindrical curve.

All the rectilinear generating surfaces of (8) are tan-
gent to the spatial curve - the inverse edge. Two infinitely
close generating surfaces intersect at a point on the inverse
edge, and it is formed by a set of such points. First, you
need to find the horizontal projection of the back edge. To
do this, the variable u must be eliminated from the first two
equations (8). The result of the simplifications is as follows:

(Xsina —Y cos a) ’Rz — z%ctg?p —

—z'ctgB(X cosa +Y sina — R) = 0. )

Equation (9) describes a one-parameter set of recti-
linear surface components in the projection onto a hori-
zontal plane. The position of an individual line depends
on the value of the parameter «. Differentiation of (9) with
respect to the variable a gives another equation, which
includes the notation X and Y. As a result, there are two
equations in which X and Y are unknown dependencies.
The resulting system needs to be solved with respect to
these dependencies. These will be the parametric equa-
tions of the horizontal projection of the back edge. In this
case, the uppercase letters X and Y, which were related
to the surface, are replaced with lowercase letters with
the index “p”, since they no longer refer to the surface,
but to the curve - the back edge. The intermediate results
of the described operations, which were performed using
the symbolic mathematics of the Mathematica software
product, are not shown because of their cumbersome ap-
pearance. The finished result (parametric equations of the
back edge) has the form:

(RZZ”-I- z%ctgBJR% — z’zctgzﬁ) cos a + z (R? — z%ctg?p) sina

X, =

P Rtgf (z “ctgB+R: -z 2ctgzﬁ) '

(Rzz"+ z%ctgB/R? — z'zctgzﬁ) sina — z (R? — z2ctg?B) cos a

Vp =

Rtgp (z “ctgB +/R*— z 2ctgzﬁ’) ’

z? —R%*tg%p

zZ,=Z+

b 2"+ tgBJR? — z%ctg?B ’

(10)
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The last equation in (10) z,=, (o) can be obtained
separately after finding the first two. To do this, the x , of
the back edge (10) and the X of the surface (8) are equated.
From the resulting equation, an expression for u is found,
which is then substituted into the last equation (8). You can
equate u,and Y. The result will be the same.

The visualisation of the back edge and the rectilinear
surface elements was performed using the MatLab soft-
ware. Any relationship z=2z(e) can be specified and a line
on the cylinder can be obtained using equations (1). How-
ever, this does not mean that it is possible to construct a
scan surface along its entire length. This is demonstrated
by an example. Let z=¢e©??, z'=0.2e%%), z"=0.04e®*", Fig-
ure 3 shows the surface section according to equations (8)
when the parameter o varies within the range o =0...35:
in Figure 3a - in axonometry, in Figure 3b — horizontal

Nesvidomin et al.

projection of the surface section. For wider limits of change
in the parameter q, the construction of the surface becomes
impossible. This is due to the value of the root expression
in Equations (8) when it becomes negative. Its value is
also affected by the value of the angle a. The length of the
straight line is 2 linear units (u=0...2). According to equa-
tions (10), the back edge is constructed with a thickened
line. For some straight-line generators, it is shown that af-
ter their continuation, they touch the back edge.

The horizontal projection (Fig. 3b) shows that the out-
er edge is not a cylindrical line. To eliminate this drawback,
a transition from the parameter u (the length of the recti-
linear product) to the parameter p, which represents the
distance from the axis to the surface points, is required.
This distance is found by a well-known formula using the
first two equations (8):

p= X2+Y2=\]R2+ucosﬁ<ucosﬁ+2 ’RZ—Z'thgzﬁ).

After substituting the expression u, found from equation (11), into equation (8), they take the final form:

1
1 . . , ,
X = Rcosa+E<\/p2—zzctg2[?—\/R2 —zzctgzﬁ> (\/R2 —zctg?B cos a — z ctgf sin a);
1 , , , .
Y =Rsina+ E(\/pz —z%ctg?p —\/R2 -z 2Ctg2ﬁ> (\/R2 —z2ctg?Bsin a + z ctgf cos a);
Z=z(a)+ (\/pz—zlzctgzﬁ —\/R2 —z'zctgzﬁ)tgﬁ. (12)

-2 4
-5

a)

Figure 3. Surface section and the corresponding back edge constructed according
to equations (8) and (10) at R=2 and f=40°

Note: a) axonometric image; b) horizontal projection
Source: developed by the authors on the basis of research

The obtained equations (12) make it possible to con-
sider the design of a variable pitch sweeping helical sur-
face. Such a surface can be used as an auxiliary surface in
forage harvesters. Two rotating augers are used to direct
the plant mass into the neck, moving the mass towards the
middle, i.e. two streams of plant mass move towards each
other. The main screw, which moves the crop, is reinforced
with welded braces, but it is more reliable to use a retaining
screw, which can be made from a reamer. If the pitch of the
screw surface is constant, the speed of the oncoming flows
of plant mass is also constant. As these flows approach
the centre, their speed should decrease, and in the centre,

they should be zero. This can be achieved by using a vari-
able pitch helical surface. In order for the mass velocity to
decrease according to a linear law, the relationship z=z(«)
must have the following form:

z=aa-ba?, (13)

where a and b are constant values. In the special case when
b=0, the surface will have a constant pitch.

Based on the average dimensions of the combine’s
working width and the inner (shaft radius) and outer edges
of the helical surface (p=125 mm and p=250 mm), the values
of the constants a and b in equation (13) were found to be
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a=100 and b=1.5. For these data at #=40°, a scanning heli-
cal surface was constructed by changing the parameter p in
the range of p=125...250 and changing the angle « in the
range of «=0...87. The result of the construction is shown in
Figure 4a,b. In Figure 4a, this surface is built on a shaft with
a radius of r=125 mm with a horizontal axis, and a working
surface in the form of a helical conoid is also completed.

The common helical line (the outer edge of the main
and auxiliary surfaces) in Figure 4c is shown as a thick-
ened line. The research conducted is important from the
point of view of the practical application of the results ob-
tained. As noted at the beginning of the article, in engi-
neering practice, insufficient attention is paid to the geom-
etry of helical surfaces. They can be linear and non-linear.

-300 A
-200
-100
0
100

200 A

300 —— T T
-200 0 200

a) -200 0 200 b)

Linear helical surfaces (helicoids) are the most widely used
in practice. In turn, they can be developable and non-de-
velopable. The former have a simple analytical description,
but require special equipment for their manufacture. There
is no exact scan for them, and an approximate one requires
plastic deformation and metal redistribution. For develop-
able surfaces, an exact develop can be constructed based on
the constancy of the area, line lengths and angles between
them, but this requires a complex mathematical descrip-
tion using differential geometry. The production of helical
surfaces from a flat workpiece is accomplished by simply
bending it, similar to folding a sheet of paper into a cylin-
drical surface. In this case, plastic deformation is minimal
and is due to the thickness of the sheet material.

1500

Figure 4. Variable pitch helical developable surface and its application
Note: a) frontal projection of the surface and its reverse edge; b) horizontal projection of the surface and its reverse edge;
¢) use of a developable screw surface: 1 — working non-developable surface (helical conoid), 2 — auxiliary (backing) surface

(variable pitch developable surface)
Source: developed by the authors on the basis of research

All the developable surfaces have a reverse edge to
which the rectilinear generating surfaces are tangent (for
cones it degenerates into a point, and for cylinders — into
an infinitely distant point). All the generating surfaces are
located on one side of it (Fig. 3b, Fig. 4b). For this reason,
for a helical surface, it must be inside the cylinder on which
the given line is located. Therefore, along the entire length
of this line, you can build a developable surface with a given
angle of inclination of the generative elements . As soon as
the back edge enters the cylindrical surface, further surface
construction becomes impossible. In this case, the root ex-
pression in the surface equations (8) becomes negative. The
root expression also includes the angle p, so it also affects
the surface construction process. For the surface (Fig. 4) on
a certain section of a given helical line of variable pitch, it
is close to the minimum and is #=40°. The minimum value
of the angle $ can be determined from the root expression
in equations (8) by equating it to zero. From there: f=Arct-
g(Z/R), which for the case under consideration is 38.7°. At
the lowest point of the surface (Fig. 4a, b), the back edge
extends to the surface of the cylinder, i.e. the straight line
becomes tangent to it. Further design of the developable
surface below this point becomes impossible, as the law of

its formation is violated. It is possible to increase the angle
B, so that a certain part of the surface can be constructed
downwards, but this increases the distance between the
seam of the main and support surfaces on the shaft, which
leads to a decrease in the useful volume between turns.

In the work of S. Pylypaka et al. (2024b) proposed a
helical sweeping surface of constant pitch to be used as a
working body of a helical knife of an agricultural imple-
ment. The given helical line is the cutting edge. Straight
lines pass through it, the inclination of which is chosen to
reduce the resistance of the working body to entering the
material. The main difference between the surface design
in this and the proposed work is that the surface of the
working body has a constant pitch and the back edge is also
a helical line of constant pitch. This is a special case that
can be obtained from dependence (13) of our work when
b=0. In this case, z'=a, z'=0 and equation (10) will describe
a helical line of constant pitch.

E. Giller & Y. Yayli (2023) and E. Giiler & N.C. Tur-
gay (2024) investigated the geometric isometries of hel-
ical surfaces in four-dimensional and five-dimensional
Euclidean space. They analysed the properties and symme-
try of such surfaces using mathematical methods of their
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description and classification. However, the authors did not
focus on the practical application or design of such surfac-
es, unlike the current study.

Numerous studies have been conducted on the design
of non-rollable surfaces. A. Bankova et al. (2024) proposed a
method for develop of non-developable surfaces from sheet
material, which can be used in the production of complex
structures. L. Zawallich & R. Pajarola (2024) considered a
mesh approximation of non-developable surfaces, which
allows simplifying their geometric model and facilitating
the unwrapping process. These studies highlighted the im-
portance of accurate methods for designing such surfaces,
which is critical for manufacturing processes.

W. Zhang et al. (2024) investigated the process of man-
ufacturing helical surfaces by milling. They focused on the
effect of the machining process on energy consumption
and the quality of the machined surface. The disadvantage
of this approach was the high energy consumption, which
requires further process optimisation. In addition, an al-
ternative method of manufacturing screw surfaces, such as
bending, was considered by A. Kumar et al. (2024). The au-
thors noted that the develop of non-developable surfaces
can only be approximate, and their bending into the de-
sired shape significantly increases the energy intensity of
the process. Thus, these studies have shown that further
improvements in the manufacturing of screw surfaces are
needed to reduce costs and increase efficiency.

Scientists V. Tarelnyk et al. (2019a; 2019b) studied sur-
face plastic deformations and their impact on the microge-
ometry, structure, wear resistance and efficiency of coatings.
The studies showed that the use of combined surface treat-
ment methods improves the performance of parts. Howev-
er, the authors did not take into account the impact of sur-
face geometry on such indicators at the design stage, which
opens up opportunities for further research in this area.

The question of the construction of developable sur-
faces was addressed by A.S.M. Kamarudzaman & M.Y. Mis-
ro (2024), where the authors studied the develop of the quin-
tic trigonometric Bezier surface. T.G. Nelson et al. (2019)
proposed approaches to the design of developable surfac-
es and detailed the areas of their possible application, in
particular in robotics, the creation of compact devices and
adaptive structures. F. Tash & R. Ziatdinov (2023) consid-
ered the developable linear surfaces formed by using the
curvature axis of the curve. They investigated the geomet-
ric properties of such surfaces and proposed methods for
their construction.

In general, a considerable amount of research has
been aimed at studying the properties and methods of con-
structing helical and developable surfaces. However, many
works focus only on theoretical aspects, without consider-
ing practical applications, unlike the current study.

CONCLUSIONS

A method for constructing a developable surface of the
same slope of the constituent elements that passes through
a given cylindrical line is developed. The task of the work
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was to find a set of rectilinear surface components that
would form a developable surface. In addition, all of the
generating surfaces must have the same angle of incli-
nation to the horizontal plane. By setting the angles of
inclination to different constant values, a set of reamer
surfaces passing through a given cylindrical line can be
obtained. To solve this problem, a geometric model of the
formation of a developable surface was proposed. It con-
sisted of constructing a one-parameter set of cones with a
given angle of inclination of their generators to the hori-
zontal plane and a vertex on a given cylindrical curve. The
developable surface of such a set of cones is the devel-
opable surface. The mathematical implementation of the
proposed model consisted in finding the curve of the sec-
tion of the develop by the horizontal plane. In this plane,
a one-parameter set of circles is formed - the sections of
cones. The radius of each circle depends on the distance
from the horizontal plane to the vertex of the cone, which
is located on a given cylindrical line. Since this height is
known, the radius of the bases of all cones are known. This
circumstance made it possible to find the circumscribing
lines of the set of circles in the horizontal plane with their
points of contact. The intersection of the point of contact
of a particular cone with its vertex determines the recti-
linear product of the surface. The parametric equations of
the surface and its back edge are obtained. The equations
allow us to obtain a surface compartment located between
two coaxial cylinders. This is made possible by the fact
that one independent variable of the surface equations is
the distance from its axis to points on it. At a constant
value of this parameter, a bounding cylindrical line of a
given radius is formed on the surface. A surface cannot
be constructed along the entire length of a given cylin-
drical line, since a given angle of inclination of its recti-
linear components in a certain section of the curve will
contradict the law of its formation. Mathematically, this
limitation is due to the value of the root expression in-
cluded in the surface equations, since this expression can-
not be negative. The direction of further research should
be the construction of a scan of the surface compartment
bounded by two coaxial cylinders. For helical surfaces
with a constant pitch, such compartments are flat figures
in the form of a ring, the bounding radius of which are
determined by the formulas. If the pitch is variable, the
bounding curves are spiral curves, which require special
algorithms to be developed.
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OonTuMisauia Mogeni po3ropTHoi NoOBepPXHi,
fIKa NPOXOAUTb Yepe3 rBUHTOBY JliHil0o 3MiHHOIo KPOKy

AHoTauia. HemocraTHe BpaxyBaHHS PO3TOPTHOCTI TBUHTOBMX MTOBEPXOHDb B iHXKEHEPHil MPaKkTUlli yCKIagHI0E 1X
BUTOTOBJIEHHSI Ta KOHCTPYIOBAHHSI, 0COOIMBO JIJIsI TOBEPXOHb 3MiHHOTO KPOKY. MeToI0 CTaTTi 6y/ia po3pooKa airopuTMy
KOHCTPYIOBaHHSI TBMHTOBOI MTOBEPXHi 3MiHHOT'O KPOKY Ta /10ro MaTeMaTH4Ha peasisarliis. 3 1i€lo MeTow0 6yau 3amisHi
meTtoau audepeHiiaabHOI reomMeTpii KPUMBUX JIiHii i TOBEPXOHb, & TAKOXK CepeLoBHUIIe MPOrPAMHOTO MPOLYKTY [
06uMC/IeHb, aHATi3y JaHUX, Bidyamisalii Ta po3pobku anroputmiB MatLab 1 mo6ymoBy MOBepXOHb 32 OTPUMAHUMU
pesynbTaTamiu. OCHOBOIO [IJIs1 TOOYIOBY TTIOBEPXHi B3SITO TBMHTOBY JIiHiI0 3MiHHOTO KPOKY, SIKMIT MOXe OyTM 3aJaHuit
pi3HMMM 3a7EXKHOCTSIMU. 3aJjaua MoJisiraja B TomMy, 1106 Uyepes 110 FBUHTOBY JIiHiI0 i3 BEPTUKAIbHOIO BiCCIO MPOBECTU
MHOXXMHY TIPSIMOJTiHITHMX TBipHMX TIOBEPXHi 32 YMOBH, 11106 BOHA Oy/1a po3ropTHOI0. [JogaTKoBa yMOBA — 1ii TBipHi MalOTh
6yTM HaxXuJIeHi MiJi CTaaMM KyTOM 0 TOPU30HTAMbHOI MJIOMMHM, TOOTO PO3TOPTHA ITOBEPXHS MA€ OYTU MTOBEPXHEIO
OIHAaKOBOTO HaXWMJIYy TBipHMX. 3a3BMUail pO3TOPTHY MIOBEPXHIO 33/1al0Th TPOCTOPOBOIO KPMBOIO — pe6poM 3BOpOTY. MHOKMHA
MIPSIMOJIHITHMX JOTUYHUX 10 pebpa 3BOPOTY YTBOPIOE PO3TOPTHY MOBepxHI0. ONHAK Y MPAKTUUHMUX 334a4aX BaskINBO
3a6e3MeunTy MPOXOAKEHHS PO3TOPTHOI TTOBEPXHi uepe3 3aJilaHy KpPUBY, HAIIPUK/IAZ, TBUHTOBY JiHil0. BCTaHOBIEHO, 110
yepes 3a/laHy I'BMHTOBY JIiHil0 MOKHA IPOBECTY MHOXXMHY PO3TOPTHMX [TOBEPXOHb O HAKOBOTO HaXMU/Ty TBIpHUX i3 pisHUMU
3alaHMMM KyTaMu. IoBeieHO, TIerko OTPMMATH BiJICiK MOBepxHi, 06MesKeHI 1 1BOMa CITiBBiICHMMM LIMIiHAPaMU, HA OGHOMY
i3 IKMX po3TalloBaHa 3a/iaHa TBMHTOBA JiHis. Pe3ynbTaTy JOCTiIKeHHSI MOXKYTh OYTM BUKOPUCTAHI IJIs TOKPAIleHHS
TEXHOJIOTi} BUTOTOBJIEHHSI IIHEKIB Y Ci/IbChKOMY I'OCIIOAPCTBI, XapUoBiii, ripHNMUOL00YBHIi Ta OyiBenbHil ramyssax
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Simulation of fluid spraying processes in a device for automatic control
of anaerobic fermentation process parameters in biogas reactors

Abstract. The relevance of the study is justified by the rapid development of biogas technologies, which requires
continuous improvement of methods and equipment to increase efficiency and ensure optimal productivity of the biogas
and biomethane production process. The aim of this research was to improve and optimise devices for automatic control
of anaerobic fermentation process parameters in biogas reactors. Methods of mathematical modelling of the 3D model in
the Ansys Fluent environment, as well as methods of experimental studies to determine the spray spectrum of nozzles,
jet distribution and the shape of the fluid spray cone were used. A constructive scheme of the device for automatic control
of the parameters of the anaerobic fermentation process in biogas reactors, a mathematical model of the process of fluid
spraying in the sensor cleaning system, which used equations describing the evolution of the kinetic energy of turbulence
and the frequency of turbulence, are proposed. An automatic recorder capable of measuring voltage, current, and pressure
with a frequency of about 120 measurements per second was created, which insures a high-precision removal of the load
characteristics in the fluid supply system. Based on the results of modelling and experimental studies, the patterns of jet
distribution and the shape of the fluid spray cone depending on the change in the diameters of the spray nozzles, were
established. The simulation results demonstrated the high accuracy and reliability of the mathematical model, which was
an important prerequisite for further complex simulation and optimisation. This study makes a significant contribution to
the development of more efficient methods and means of automatic control of the parameters of the anaerobic fermentation
process in biogas reactors, contributing to an increase in the productivity of the biogas production process

Keywords: pump load characteristic; Ansys Fluent; spray nozzle optimisatio; physical model; fluid flow lines; turbulence
effects

INTRODUCTION

The development of new technologies in the field of an-  if the fermentation temperature is very low or fluctuates
aerobic fermentation in biogas reactors requires continu-  rapidly, it can reduce the efficiency and methane content
ous improvement and optimisation of the use of devices of biogas (Shao et al., 2021). In the work by G. Sudiar-
for automatic control of process parameters. For example, tha et al. (2023), an in-depth comparison of the impact of
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temperature shifts on microbial communities and biogas
production was conducted, while A.C. Ibeaja et al. (2023)
wrote that overall temperature stability helps maximise bi-
ogas production.

The regulation of microbial intracellular enzyme ac-
tivity largely depends on temperature, and this, in turn,
affects the metabolic activity of bacteria and the efficiency
of anaerobic fermentation. W. Li et al. (2017) proved that
changes in microbial metabolism or community dynamics
also influence the functioning of anaerobic fermentation
systems. An important step to create the required temper-
ature conditions in biogas reactors is CFD analysis of heat
exchanger model designs using ANSYS Fluent and appro-
priate control of temperature distribution and gradient
(Kishan et al., 2020).

The pH level should be maintained within certain
limits, such as 6.8 to 7.2, to maximise microbial activity,
especially methanogens, which are crucial for methane
production (Lima et al., 2023). Conversely, according to
A. Cerén-Vivas et al. (2019), increasing the pH above 7.5
can decrease biogas yield.

Anaerobic fermentation processes, as investigated by
scientists O.A. Aworanti et al. (2023), face operational diffi-
culties such as complexity of substrate structure and char-
acteristics, low productivity, inefficient biodegradability,
and low stability. Therefore, to ensure optimal productivity
of the biogas and biomethane production process, a more
thoroughassessment ofthe current stateand available strat-
egies is needed. In addition, for different applications of bi-
ogas/biomethane, itis advisable to select the appropriate bi-
omass preprocessing technology before biogas production.

In this context, the issue of efficiency and reliability
of measuring devices capable of operating in aggressive
environments and various rheological properties of water
substrates is particularly important. The use of measuring
devices requires periodic cleaning and calibration of a sig-
nificant number of sensors located in the working volume
of biogas reactors. Therefore, it is important to study the
process of spraying cleaning fluid and selecting the optimal
characteristics of electromechanical fluid supply units and
the location of nozzles in the device for automatic control
of anaerobic fermentation process parameters in biogas
reactors. M.A. Enache et al. (2012) noted that the overall
productivity and reliability of the device would depend on
the accuracy of calculating of the dynamic mode character-
istics for low-power DC motors, which were the main elec-
tromechanical units of the fluid supply. There are known
results of developing a program based on numerical cal-
culation methods that allows solving integro-differential
equations with variable coefficients by the Runge-Kutta
method of the fourth order and allows establishing a pre-
liminary determination of the dynamic mode behaviour of
low-power DC motors with high accuracy. In addition, the
results of the practical developments of M.A. Kovalenko &
0.0. Samoilenko (2019), devoted to the creation of an ex-
perimental device for studying the parameters and charac-
teristics of low-power DC motors, are published. Based on
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the results, a schematic diagram of testing these machines
based on a microcontroller with the usage of modern high-
ly sensitive sensors has been developed.

However, there is no systematic information on the de-
sign of devices for automatic control of anaerobic fermen-
tation process parameters in biogas reactors, and therefore
hydrodynamic analysis of fluid flow can only be conduct-
ed in comparison with related technological processes of
spraying. Previous studies by M.H. Sadafi et al. (2016) had
shown a significant impact of nozzle location, for exam-
ple, on cooling efficiency, which confirms the importance
of optimal design of these elements. The study by C. Yue et
al. (2013) was aimed at analysing the hydrodynamic char-
acteristics of a spherical underwater robot with three pos-
sible motions. The ANSYS Fluent software was used for hy-
drodynamic analysis of the three models and comparison
of the simulation results with theoretical values of the drag
coefficient, velocity vector, and pressure contours.

B.Monachan et al. (2019) investigated the behaviour of
two-phase flow, which is important for various engineering
applications. The authors used a volumetric multiphase
fluid flow model in ANSYS Fluent to simulate two-phase
air-water flow and focused on predicting stratified laminar
flow. They studied the change in the volume fraction of
air and water, mass flow rate, and pressure drop over time.
Z.Liu et al. (2019) studied the spraying properties and rules
of nozzle variation with different hole diameters at differ-
ent atomisation pressures. The study used ANSYS Fluent
software to analyse the relationship between average drop-
let size and spray pressure, as well as the dust suppression
efficiency of different nozzle hole diameters.

Researches M. Juraeva et al. (2019) optimised a nozzle
for a water jet loom using a computational approach. The
efficiency of the nozzle was measured in terms of water
resistance, which is crucial for woof insertion in water jet
looms. The incompressible Navier-Stokes fluid equations
with the standard k-epselon turbulence model were used to
simulate the fluid flow, and the ANSYS Fluent software was
used to calculate the flow. Geometrical parameters were
optimised using the design of experiments (DOE) method
using Minitab software. M. Gong et al. (2016) performed
simulations of gas-liquid flows in pipes of various scales.
Based on Frank’s model, the emphasis is on the wall-to-
wall lubrication force action distance. After modifications,
the new model is used to simulate the gas-liquid flow in a
transient two-phase flow apparatus with a multiphase cir-
cuit using the commercial software ANSYS Fluent.

Mathematical modelling was used in the study of the
uniformity of fluid distribution during spraying in agricul-
ture. E. Musiu et al. (2019) presented a mathematical model
that is based on computational fluid dynamics (CFD) and
showed that the flow rate affects the droplet size distri-
bution. Models based on computational fluid dynamics
are also used to predict and evaluate spray drift (Wang et
al., 2022). The use of the principle of maximum entropy,
the model of linearised atomisation of the instability lay-
er, and simulation of computational fluid dynamics should
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be considered promising (Renaudo et al., 2022). There is
a need for further work in order to achieve compliance of
mathematical models with real values of fluid distribution
during spraying.

The purpose of this study was simulation and experi-
mental determination of the optimal parameters of the flu-
id spraying process when cleaning the sensors of the device
for automatic control of the parameters of the anaerobic
fermentation process in the biogas reactor.

MATERIALS AND METHODS

The research was conducted at the Department of Electri-
cal Engineering, Electromechanics and Electrical Technol-
ogies of the National University of Life and Environmental
Sciences of Ukraine during 2023-2024. The object of simu-
lation and experimental research was a device for automat-
ic control of the parameters of the anaerobic fermentation
process in biogas reactors, the general view of which was
presented in Figure 1a.

Figure 1. Device for automatic control of anaerobic fermentation process parameters in biogas reactors
Note: a) general view of the device, b) simplified model, XY plane projection, c) simplified model, XZ plane projection

Source: compiled by the authors

To optimise the time of mathematical simulation, a
simplified model was used, the projections of which are
shown in Figure 1b and Figure 1c, respectively. This model
was used for mathematical simulation in the Ansys Fluent
environment of the distribution of jets, the characteristics
of the shape of the cone of the sprayed fluid depending on
the change in the diameters of the spray nozzles.

The simulation was performed for atomisers with a
nozzle diameter varying from 0.2 mm to 1 mm with an in-
terval of 0.2 mm. In order to clarify the choice of the op-
timal atomiser, simulation was additionally carried out
detailing the diameters of the nozzles with an interval of
0.1 mm. This approach provided a comprehensive view of
the interaction of device parameters, taking into account
various conditions and variants of atomiser designs.

The device for automatic control of parameters
(Fig. 1a) contained a mounting flange 1, a movable carriage
assembly 2, a cleaning system 3, a moving system of pro-
tective caps and calibration containers 4, and a calibration
liquid supply unit 5. The movable carriage assembly 2 con-
tains linear guides 6, a stepper motor with a toothed pulley
7, a movement belt 8 and sensors 9, which are fixed on a
movable carriage. The cleaning system includes a pump 10,
a pipeline 11 for supplying water and sprinklers 12 located
on a fixed arc-shaped plate 13. Communication equipment,
a power supply and a control device in the form of an au-
tomatic operation controller (not shown) are located in an
isothermal container 14.

To determine the flow rate used in the simulation, the
volume flow formula, which allows you to accurately calcu-
late the speed of the liquid passing through the system per
unit of time, was used:

Q=VxSxcos6, (1)

where: Vis the average flow velocity in the cross-section; S
is the cross-sectional surface of the flow; 6 is the angle be-
tween the flow direction and the normal to the cross-sec-
tional surface.

The flow rate was calculated for a specific pump with
factory parameters: voltage — 9-14 V, current — 5A, flow -
5 1/min, pressure — 6.8 bar. The flow velocity used in the
simulation was 0.0353 m/s. The adopted parameters ensure
adequate reproduction of boundary conditions and turbu-
lent effects, which is important for obtaining reliable re-
sults during mathematical modelling in Ansys Fluent.

The modelling domain had a rectangular shape with
the dimensions shown in the computational diagram
(Fig. 2a). This domain defined the space in which the hy-
drodynamic processes were modelled. The mesh of the
modelling domain (Fig. 2b) had an average of 330,000
nodes and 1,760,000 elements (surfaces). The simulation
environment consisted of water and air. The input condi-
tion for both phases was taken as the input velocity. In the
specified area, the initial water velocity at the start of the
simulation was set to 0.0353 m/s.
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Figure 2. Modelling area
Note: a) calculation scheme; b) grid
Source: compiled by the authors

At the outlet of the system, the initial boundary con-
ditions are used, which are given in the form of pressure.
The working pressure is assumed to be 0 bar during the
flow analysis, which allows to exclude the factor of pump-
ing water to the outside. The k-omega model is used to
account for turbulent effects. This model provides an op-
portunity to adequately reflect turbulent structures in the
system and their influence on hydrodynamic processes
(Monachan et al., 2019).

When using the k-omega model in the ANSYS Fluent
software package, equations that describe the evolution
of the turbulence kinetic energy k and the turbulence fre-
quency o are used. The main equations of this model are
as follows:

1. The equation for the kinetic energy of turbulence k:

ok

(pk) | A(pkuy) =P, — B'pkow + —[(# + Ukut) axi]’ 2)

at 0x;

2. The equation for the turbulence frequency w:

9pw) | d(pwuy) _
at 0x;

2 v
ton [(u + "p"f) ] +2(1— F)po,, =

aﬂPk — Bpw? +

1 6k dw
wax dx;

F ),

where: p is the density of liquid or gas (kg/m®); u, - velocity
components in the i direction (m/s); u, — dynamic viscosi-
ty of liquid or gas (Pa-s); g* — turbulent viscosity (Pa-s), is
the empirical constant of the k-w model (dimensionless),
usually equal to 0.09; « is the empirical constant of the
k-w model (dimensionless), usually equal to 5/9; g is the
empirical constant of the k-w model (dimensionless), usu-
ally equal to 0.075; o, is the empirical constant of the k-w
model, which affects the diffusion of k (dimensionless),
usually equal to 2.0; ¢ is the empirical constant of the k-w
model, which affects the diffusion of ¢ , (dimensionless),
usually equal to 2.0; is an additional empirical constant
for the combined model (dimensionless); F, is a blending
function used to combine the k-w model with other models
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(for example, with k-¢ in the SST model) (dimensionless).
This function determines what part of the combined model
is used in a particular flow region. Turbulent viscosity is
calculated as:

k
He = p;; (4)

where: P, is the term of the turbulence kinetic energy pro-
duction that describes how the flow velocity is converted
into turbulent kinetic energy. It was calculated as:
Pe= G+ SO (5)

These equations take into account the production,
diffusion, and dissipation of turbulent kinetic energy
and turbulence frequency, which allows modelling a wide
range of turbulent flows with high accuracy. The model-
ling mode uses a fixed time step. The size of the time step
is 0.1 seconds, which ensures the necessary accuracy and
detail when modelling dynamic processes in the system.
The maximum number of time steps is set to 50, with an
iteration (time step) of 40. This allows to achieve an opti-
mal balance between accuracy and speed of calculations,
providing a detailed reproduction of flow behaviour.

On the experimental stand (Fig. 3), the loading charac-
teristic of the water pump was determined, the parameters
of which were used for modelling.

Figure 3. The structure of the experimental stand for
determining the loading characteristics of the water pump
Note: 1 - buffer tank, 2 — pump, 3 - automatic recorder, 4 —
power supply unit, 5 — water intake pipe, 6 — water supply
pipe to the buffer tank, 7 - connecting adapter, 8 — pres-
sure sensor, 9 — communication cable with the computer,
10 - computer
Source: compiled by the authors

For this purpose, an automatic recorder was created,
the scheme of which is shown in Figure 4. The automat-
ic recorder is capable of measuring voltage, current and
pressure with a frequency of about 120 measurements per
second, which ensures high precise removal of the loading
characteristic. Such a high frequency of measurements al-
lows obtaining detailed data necessary for further analysis
of pump efficiency.
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Figure 4. Scheme of the automatic recorder

Source: compiled by the authors

When studying the configuration of the liquid spray
cone on a real model of the device, a pressure measurement
unit in the nozzle, which is shown in Figure 5, was used.

Figure 5. Pressure measurement unit in the nozzle
Note: 1 — connecting adapter, 2 — spray nozzle, 3 — pressure
sensor, 4 — water supply tube from the pump
Source: compiled by the authors

To check the accuracy of the mathematical model, the
nozzles were first simulated separately from the device.
After confirming the adequacy of the mathematical model
of hydrodynamic processes for individual nozzles, simula-
tions were carried out on a real model of the device in the
presence of at least four sensors.

To obtain data for the further improvement of the de-
vice, experiments were conducted to determine the spray
spectrum for one nozzle and statistical analysis of the dis-
tribution of the amount of liquid that falls on the plane
where the sensors can be located. For this experiment, a
standard practice was used, which was conducted under
laboratory conditions following the method described in
P.A.Kluza et al. (2019). Tests and measurements were car-
ried out on a corrugated table (Fig. 6) with dimensions of
900x970 mm, which is assembled from 18 plastic corners of
40x40 mm, the distance between the vertexes is 56.6 mm.

The nozzle is located at a height of 0.5 m, and the spray
angle in relation to the surface of the corrugated table was
approximately 110°. The sprayed liquid fell on the table
and flowed down the grooves into 17 plastic containers of
the same volume, located consecutively at the same dis-
tance from each other. Each measurement using electronic
scales DJ-660-0.01 (SPE “Technovagy”, Ukraine) with high
accuracy determines the amount of liquid accumulated in

individual containers. Measurements were repeated three
times for experiments with different nozzle diameters.
Spraying time was 2 minutes for nozzles with diameters of
0.2 and 0.4 mm and 3 minutes for nozzles with diameters
of 0.6 and 0.8 mm.

Figure 6. Determination
of the spraying spectrum for one nozzle
Source: compiled by the authors

RESULTS AND DISCUSSION

Figure 7 shows the loading characteristic of the pump,
which was recorded using an automatic recorder. This
made it possible to obtain detailed data on the behaviour of
the pump under various loading conditions, which is crit-
ically important for accurate mathematical modelling of
hydrodynamic processes in the system. The loading char-
acteristic demonstrates that the pump is able to create the
necessary pressure, providing a stable and realistic flow of
liquid in the system, which confirms its efficiency and com-
pliance with the technical requirements of the simulation.

Figure 8 shows the transient process of setting the
pressure in nozzles of different diameters, and Table 1
shows the data of water flow parameters when the nozzle
diameter changes.
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Figure 8. Water pressure in nozzle holes of different diameters

Source: compiled by the authors

Table 1. Dependency of water flow parameters when the nozzle diameter changes

Parameter name

Nozzle diameter, mm

0.2 0.4 0.6 0.8

Maximum recorded pressure, kPa 927 907 886 864
Water consumption, hr/min 33.3 89.0 124.0 210.3

The flow rate is determined based on the measured water consumption
and the cross-sectional surface of the nozzle, m/s 17.6 13.15 772 8.31
The flow rate in the water supply pipeline with a diameter of 4 mm,

determined on the basis of the measured water consumption, m/s 0.0441 0.118 0.1644 0.2789

The flow rate in the no;zle simulated at the real flow rate in the pipeline 18.94 14.58 3.58 3.41

with a diameter of 4 mm, m/s
Deviation of experimental and simulation results, % 7.0 9.8 10.0 9.9

Source: compiled by the authors

Verification of the accuracy of the mathematical model
for the nozzles separately from the device allowed to an-
alyse their free behaviour, providing accurate conditions
for checking and establishing the model’s compliance with
real physical parameters. Figure 9 presents the results of
modelling and experimental studies of the distribution of

jets and the shape of the liquid spray cone depending on
the change in the diameters of the spray nozzles. The simu-
lation results demonstrate the high accuracy and reliability
of the mathematical model, which is an important prereq-
uisite for further complex modelling and optimisation of
the entire device as a whole.
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b)

0

d)

Figure 9. The distribution of jets and the shape
of the liquid spray cone depending on the change in the nozzle diameters
Note: the nozzle diameter a) 0.2 mm, b) 0.4 mm, c) 0.6 mm, d) 0.8 mm; on the left — simulation results; on the right — the
results of the experiment
Source: compiled by the authors

After confirming the adequacy of the mathematical
model of hydrodynamic processes for individual nozzles,
simulations were carried out on a real model of the de-
vice (Fig. 2) in the presence of at least four sensors. The

simulation results (Fig. 10) include the analysis of the
flow lines (Streamline), which gives an idea of the shape
of the liquid spray cone in the presence of two nozzles in
the device for automatic control of the parameters of the
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anaerobic fermentation process in biogas reactors. As can
be seen from the results, the optimal diameter of the noz-
zle is 0.8 mm. The flow lines indicate that the sensors are
effectively washed, ensuring their cleaning from dirt. To
clarify the results, nozzles with diameters of 0.7 mm and
0.9 mm were additionally modelled. However, as in the pre-
vious case, a nozzle with a diameter of 0.8 mm turned out

The diameter

The diameter
of the nozzle is 0.8 mm

Zablodskyi & Babak

to be optimal. It provides an optimal wash cone that effec-
tively covers all sensors, ensuring their cleaning.

Mathematical modelling of the 3D model in the Ansys
Fluent environment, as in the work by C. Yue et al. (2013),
made it possible to carry out a detailed analysis of the
effect of spray nozzle diameters on the liquid spray cone
when washing the sensors in the device.

The diameter
of the nozzle is 0.9 mm

of the nozzle is 0.7 mm

a
) The diameter

The diameter
of the nozzle is 0.8 mm

The diameter
of the nozzle is 0.9 mm

of the nozzle is 0.7 mm

i

b)

Figure 10. Distribution of flow lines and liquid spray cone in the device
for automatic control of anaerobic fermentation process parameters in biogas reactors

Note: a) YZ plane; b) XZ plane
Source: compiled by the authors

Comparison of the simulation results with the exper-
imental values showed that the error was less than 10%
despite the threefold increase in leakage pressure com-
pared to the work by C. Yue et al. (2013) and the presence
of a spectrum of turbulent flows. This indicates the effec-
tiveness of the analysis of hydrodynamic characteristics
and the flow field by computational fluid dynamics (CFD)
methods.

In current study, the k-omega model of liquid flow was
used, where the equations describe the evolution of kinetic
energy and turbulence frequency, which provided a small-
er error in the analysis of hydrodynamic characteristics
compared to experimental data than the standard k-ep-
silon turbulence model by M. Juraeva et al. (2019). Such a

model can be used in both mesophilic and thermophilic
regimes compared to Frank’s model to predict water-air flow
at room temperature in bubble columns in which bubble
merging and collapse are not obvious M. Gong et al. (2016).

It should be emphasised that the evenness and predict-
ability of the liquid spray distribution are the main charac-
teristics of the cleaning system of the device for automatic
control of the parameters of the anaerobic fermentation
process in biogas reactors. According to F. Griesang et
al. (2022), the evenness of liquid distribution across the en-
tire width of the sprayer is influenced, among other factors,
by liquid pressure and nozzle type, liquid jet angle, and
its symmetry. In current research, it was experimentally
determined that even a symmetrical arrangement of two
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nozzles in the YZ plane provides an optimal washing cone
that effectively covers all sensors, ensuring their cleaning.

The results showed that spray pressure and hole di-
ameter significantly affect the spray concentration, and
efficiency, including energy efficiency, depends on the
purpose of the spray device. For example, in the work by
Z. Liu et al. (2019), when studying the spray properties
and the corresponding rules for changing nozzles with
different hole diameters (1.6 mm, 2.0 mm, 2.4 mm) at dif-
ferent spray pressures from 1 MPa to 5.5 MPa, a change in
droplet size was observed as the pressure increased, and
the evenness of the droplet size distribution reached the
optimal level at a pressure of 5 MPa and a hole diameter
of 2.4 mm. In our case (Table 1), nozzles of a much smaller
diameter (0.2-0.9 mm) were used. When the nozzle diam-
eter increased from 0.2 mm to 0.4 mm, i.e. 4 times, the
maximum recorded pressure decreased by no more than
1.1 times, and it amounted 0.864 MPa for the nozzle di-
ameter of 0.8 mm and was sufficient to ensure required
degree of evenness of jet distribution in the target zone
of sensor washing. A feature of the use of nozzles with a
nozzle diameter of 0.6 mm and 0.8 mm is the presence of
a spectrum of turbulent flows along chaotic trajectories
with mixing in the transverse direction. At the same time,
the expansion of the spray cone is observed (Fig. 9).

In general, to evaluate the selection of the number
and location of the nozzles for a particular model, it is

possible to use the K-factor, known as the discharge
coefficient, obtained from the basic energy equations,
which connects the flow rate and static pressure. But, as
R.P. Fleming (2016) and P. Croce et al. (2020) noted, such a
coefficient should be determined experimentally.

Figure 11 shows the results of experimental studies
to determine the distribution of the amount of liquid
that falls on the plane of the corrugated table. The jet
of sprayed liquid has the shape of a cone with charac-
teristics that depend on the design of the nozzle, and
the distribution of the amount of liquid that falls on the
plane of the corrugated table depends on the diameter of
the nozzle. At diameters of 0.2-0.4 mm, a normal distri-
bution was found, whereas at diameters of 0.6-0.8 mm —
a liquid distribution that more closely corresponds to
the distribution of the spray (Kluza et al., 2019; Cie-
niawska et al., 2023). It is important to note that with
nozzle diameters of 0.6-0.8 mm, the effect of distribu-
tion of the liquid amount from one nozzle is the same
as when two or three nozzles are located next to each
other. At the same time, the variation coefficient, which
is the percentage ratio of the mean square deviation to
the mean arithmetic value of the characteristic, did not
exceed the value of 11.5% for nozzles with a diameter of
0.6-0.8 mm. Accordingly, this confirms the homogeneity
of the jet set and the acceptability of such spraying for
cleaning the sensors.
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Figure 11. Distribution of the amount of liquid that falls on the plane of the corrugated table
Note: a - Nozzle with a diameter of 0.2 mm; b — Nozzle with a diameter of 0.4 mm; ¢ - Nozzle with a diameter of 0.6 mm;

d — Nozzle with a diameter of 0.8 mm
Source: compiled by the authors

It should be emphasised the complexity of the behav-
iour of two-phase flow and the problems of accurate pre-
diction of flow regimes. In this regard, it will be appropriate
to use experimental techniques and non-invasive methods,
such as gamma tomography, X-ray methods, capacitive
probes and image analysis, to study two-phase flow models.

CONCLUSIONS

The results of the research, carried out using an auto-
mated device for controlling the parameters of anaerobic
digestion in biogas reactors, highlight the crucial role
of optimising structural parameters to ensure effective
cleaning of sensors from contamination. A detailed analy-
sis of the effect of nozzle diameters on the shape and area
of the spray cone for sensor cleaning, carried out in the
Ansys Fluent environment, demonstrated the effective-
ness of the developed mathematical model of the liquid
spraying process. Comparison of the simulation results
with the experimental values showed that the error was
less than 10% despite the increase in leakage pressure and
the presence of a spectrum of turbulent flows. This indi-
cates the effectiveness of the analysis of hydrodynamic
characteristics and the flow field by computational fluid
dynamics (CFD) methods.

The model allowed the evaluation of the influence of
the nozzle diameter on the uniformity and efficiency of
the sensor cleaning, showing that the optimum nozzle di-
ameter is 0.8 mm. This nozzle provides the best balance
between cleaning efficiency and cone shape stability. Ad-

diameter of 0.6 mm and 0.8 mm is the presence of a spec-
trum of turbulent flows along chaotic trajectories with
mixing in the transverse direction. At the same time, the
expansion of the spray cone is observed. The flow lines
simulated in Ansys Fluent showed that the distribution of
liquid effectively covered the entire sensor plane, ensuring
thorough cleaning of the sensors and uninterrupted oper-
ation of the device. This demonstrates the feasibility of the
chosen design and its accuracy in real operating conditions.

The chosen design parameters improve the perfor-
mance of the device, reduce measurement errors and in-
crease the reliability of the system. The uniform distri-
bution of the liquid flow, achieved by optimally selected
design parameters, significantly reduces the probability of
incomplete sensor cleaning and contributes to the opera-
tional stability of the device.

The results obtained are of practical significance and
serve as a basis for further analysis and improvement of
the devices, taking into account variations in the number of
sensors, their arrangement schemes and spraying param-
eters, in order to develop advanced models of automated
control systems for similar technological processes.
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MopaenioBaHHSA NpoueciB po3nUNeHHS PiaAuHN y NpUcTpoi
AJ19 aBTOMAaTUYHOIro KOHTPO/I0 NapaMeTpiB npouecy aHaepo6Horo 6poaiHHSA
y 6iorazoBux peakTopax

AHOTaLUifl. AKTYaJabHICTb JOCTIIKEHHS OOIPYHTOBAaHA CTPIMKMM PO3BUTKOM 06iorasoBuX TEXHOJIOTI, 1110 TOTpebye
TOCTITHOTO BOOCKOHATEHHSI METOIB Ta 06JaJHAHHS [IJIs MiABUILeHHS eeKTUBHOCTI i 3a6e3meyeHHs] ONTUMATbHOI
MPOAYKTUBHOCTI MIpoliecy BUpOOHMIITBA 6iorasy Ta 6ioMeTaHy. MeTOI0 I[bOTO JOC/iIKeHHS 6yJI0 BOOCKOHATEHHS Ta
OTITUMIi3allisi IPUCTPOIB IJISI aBTOMATUUHOTO KOHTPOJIIO IIapaMeTpiB IIpoliecy aHaepoObHOro 6poaiHHS B 6i0ra30BUX
peakTopax. BukopucraHi MeTou MaTeMaTUUYHOTO MoJenoBaHHs 3D-Moperni B cepenoBuili Ansys Fluent, a TakoX MeTou
eKcIlepyMeHTaIbHUX JOCTiIKeHb 10 BU3HAUEHHIO CTIEKTPY PO3MMIeHHsT GOPCYHOK, PO3IOAieHHS CTPYMeHiB Ta Gopmu
KOHyCa p0o36pM3KyBaHHS PifMHNU. 3aIIPOIMIOHOBAHO KOHCTPYKTMUBHY CXeMY IIPUCTPOIO IJIs1 aBTOMATUYHOTO KOHTPOJIIO
rapaMeTpiB mpoijecy aHaepob6HOro 6poLiHHS B 6iora3oBMUX peakTopax, MaTeMaTUIHy MOJesib MPOoIieCcy PO3MMUIeHHS
PiIVMHM B CUCTEMi OUMIIEHHS IaTUMKiB, B SIKili 3aCTOCOBYIOThCSl PiBHSIHHS, 10 OMMCYIOTh €BOJIIOLiI0 KiIHeTUYHOI eHeprii
TypOY/IEHTHOCTI Ta 4acTOTH TypOyneHTHOCTi. CTBOpeHMIT aBTOMATUYHMIT peeCTpaTop, 34aTHUI BUMIPIOBATH HAIIPYTY,
CTPYM Ta TUCK i3 4acTOTOI0 6;13bK0 120 BUMipIOBaHb Ha CEKYH[Y, IO 3a6e311euye BUCOKOTOYHE 3HSTTS HaBAaHTaKyBaIbHUX
XapaKTepPUCTUK B CUCTeMi IOAaBaHHS PifMH. 3a pe3yJabTaTaMy MOJIENIOBAaHHS Ta eKCIIEPUMEeHTaIbHUX OC/i/I)KeHb
BCTAHOBJIEHO 3aKOHOMiPHOCTI PO3IOJieHHs CTpyMeHiB i dopMu KoHyca po36pU3KyBaHHS PiAVHM B 3a7I€XKHOCTI BiJ
3MiHM JliaMeTpiB comes pOo3Nu/IoBaviB. Pe3ynbTaTy MOAeM0BaHHS IPOLEMOHCTPYBaAIM BUCOKY TOUHICTD i HaAiliHICTh
MaTeMaTUYHOI MOZeJi, 1[0 € BaK/IMBOIO [1epelyMOBOIO 15 0/a/IbIIOI0 KOMIUIEKCHOTO MOJIe/IIOBaHHS Ta ONTUMi3alil
po6otu. Lle mociimKeHHs pO6UTH 3HAYHMIT BHECOK 0 PO3PO6KM GibIl e(peKTUBHMUX METOZIB i 3ac06iB aBTOMaTUYHOTO
KOHTPOJTIO TTapaMeTpiB Mpoliecy aHaepoOHOro 6poiHHS B 6i0ra30BMX peakTopax CIpUsIioun 36i1blIeHHIO TPOLYKTUBHOCTI
Mpoliecy BUPOOHUIITBA Giorasy

Knio4yoBi cnoBa: HaBaHTaXyBaJbHA XapaKTepuCTHKa nmomin; Ansys Fluent; onTumisaiis coria posnuioBada; GisuuHa
MOZeNb; JIiHii MOTOKY pifuHK; eGekT TypOyIeHTHOCTi

Machinery & Energetics. Vol. 16, No. 2



https://orcid.org/0000-0001-8889-8158
https://orcid.org/0009-0000-8970-8598
https://doi.org/10.3390/app12126092
https://doi.org/10.1109/ICMA.2013.6618149

Machinery & Energetics Journal homepage:

Vol. 16, No. 2. 2025 https://technicalscience.com.ua/en

UDC 621.311.1:004.4
Doi: 10.31548/machinery/2.2025.70

Rysbek Abdyldaev’

PhD in Technical Sciences, Associate Professor
Osh Technological University named after M.M. Adyshev
723503, 81 Isanov Str., Osh, Kyrgyz Republic
https://orcid.org/0009-0007-2885-965X

Nurkul Murzakulov

PhD in Technical Sciences, Associate Professor
Osh Technological University named after M.M. Adyshev
723503, 81 Isanov Str., Osh, Kyrgyz Republic
https://orcid.org/0009-0005-6927-5648

Almagul Abdullaeva

Postgraduate Student, Associate Professor
Osh Technological University named after M.M. Adyshev
723503, 81 Isanov Str., Osh, Kyrgyz Republic
https://orcid.org/0009-0001-6999-0490

Tolgonay Dzholdosheva

PhD in Technical Sciences, Associate Professor
Osh Technological University named after M.M. Adyshev
723503, 81 Isanov Str., Osh, Kyrgyz Republic
https://orcid.org/0009-0003-1970-2301

Muhammadsadyk Yslamov

Postgraduate Student, Senior Lecturer
Osh Technological University named after M.M. Adyshev
723503, 81 Isanov Str., Osh, Kyrgyz Republic
https://orcid.org/0009-0002-5229-1754

Application of programming methods for control
of fluctuations in electric power systems and networks

Abstract. The purpose of this study was to increase the stability of electric power systems to fluctuations through
the development and verification of control algorithms based on advanced programming and modelling methods. To
solve this problem, algorithms based on proportional-integral-derivative (PID) regulators (including those optimised
by evolutionary methods) and artificial neural networks were created and tested. Tests have shown that the classic PID
controller can reduce the amplitude of vibrations by an average of 20-30% compared to an uncontrolled system, however,
it required fine manual adjustment and was inferior in response speed to sudden load changes. Optimised PID controllers
based on genetic algorithms (GA), particle swarm optimisation (PSO), and the firefly algorithm (FA) helped to further
reduce the oscillation amplitude (up to 25%, 33%, and 45%, respectively) and accelerated system stabilisation, which
significantly increased the reliability of power supply. Of particular interest were neural networks that provided the
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highest adaptability to changing conditions and allowed predicting changes in key parameters (frequency and voltage)
with an error of 2-3% in the Mean Absolute Percentage Error (MAPE) indicator. As a result, the network responded to
disturbances in a timely manner, reduced the frequency deviation to 0.09 Hz, and reduced the transition time to 3.5
seconds in case of sudden load changes. Thus, the neural network approach has demonstrated the best results in both
vibration damping and overall stability of the system. The conducted pilot tests in conditions of intelligent power
systems have confirmed the feasibility of integrating the developed algorithms into existing monitoring and control
infrastructures. With sufficient computing power and an advanced telemetry system, all the proposed solutions were
easily scalable and provided reliable vibration damping even in conditions of active integration of renewable energy
sources. Thus, the results of the study confirmed the effectiveness of the developed oscillation control methods and
their prospects for further widespread implementation in intelligent power systems

Keywords: integration of renewable energy sources; stability of energy supply; network management algorithms;
stability of energy systems; simulation models of power grids; optimisation of management processes; energy security

INTRODUCTION

Electric power systems occupy a key place in the provision
of contemporary economy and society, providing vital re-
sources for the functioning of industry, transport, and the
domestic sector. With the rapid development of technology
and the transition to sustainable energy sources, an inte-
grated approach to infrastructure planning is becoming
particularly important. Thus, in the context of engineering
calculations and object design, the accuracy of geospatial
data plays an important role. As noted by A. Bekturov &
A. Chymyrov (2020), evaluating the accuracy of free global
digital terrain models and models based on Soviet topo-
graphic maps is an important step in planning road routes
in Kyrgyzstan. The researchers compared different terrain
models, identifying their errors and clarifying the areas of
application, which helped to improve the accuracy of en-
gineering calculations. A similar approach to the analysis
and consideration of geographical features can also be
adapted for the design of energy infrastructure, where the
terrain influences the choice of optimal solutions for the
placement and connection of energy system facilities.
However, the legislative framework is an equally im-
portant element of the integrated development of energy.
As indicated by K. Mehta et al. (2022), a comprehensive
analysis of legal acts in the field of energy in Kyrgyzstan al-
lows creating an effective roadmap for the development of
the renewable energy sector. The study examines key legis-
lative norms, identifies barriers and prospects for the intro-
duction of sustainable energy sources, which contributes
to the development of strategic solutions for energy transi-
tion. This interdisciplinary approach, combining technical,
geographical and legal aspects, becomes the foundation for
creating reliable and adaptive electric power systems. The
nature of fluctuations in electric power grids is determined
by a number of factors, including the interaction of gen-
erators, changes in consumer loads, and instability of re-
newable energy sources (Beridze et al., 2023). According to
S. Dai & X.-P. Zhang (2022), timely identification of oscil-
latory processes using measurement methods and big data
analysis helps to quickly identify risks to system stability.
Further elaboration of strategies for suppressing fluctua-
tions, according to W. Han & A. Stankovich (2022), may be

based on model-predictive control, which allows more flex-
ible damping of power fluctuations in networks with a high
proportion of renewable energy sources.

Research by Y. Yang et al. (2024) emphasised that the
use of genetic algorithms (GA) to suppress broadband fluc-
tuations can increase the stability of power systems even
under significant loads. In such studies, various operation-
al scenarios are modelled, including stressful ones, and
it is also evaluated to what extent specific solutions (for
example, adaptive control algorithms or monitoring tools)
are able to reduce the impact of disturbances on the power
system. M. Titz et al. (2022) showed that machine learning
methods can predict the dynamic stability of power grids,
which helps to prevent emergencies. It is especially im-
portant that the proposed approaches can be adapted to
work with distributed energy systems that include a high
proportion of renewable energy sources. This makes them
particularly relevant in the context of the transition to in-
telligent energy systems, which are the basis for building
sustainable energy for the future.

As indicated by G. Porawagamage et al. (2024), ma-
chine learning for protection and emergency management
of power grids can significantly speed up the response to
disturbances in the network — according to the researchers,
the response time of protective mechanisms has been re-
duced by 30%, and the overall stability in case of accidents
has increased due to more accurate forecasts. The intellec-
tualisation of fluctuation management in energy systems
allows not only optimising the existing infrastructure, but
also contributes to the successful integration of new tech-
nologies such as renewable energy sources and distributed
energy systems (Orynbayev et al., 2024). For example, the
study by A. Sabo et al. (2024) showed that hybrid methods
of computational intelligence integrated with convention-
al control systems can significantly increase the stability
of power grids.

Thus, the application of programming methods to con-
trol fluctuations in electric power systems is a promising
area that can make a significant contribution to improving
the stability and efficiency of power grids. However, despite
the successes achieved, scientific and practical tasks remain
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unresolved. In particular, a deeper study of the mechanisms
of self-tuning and adaptation of algorithms is required in
conditions of high uncertainty associated with unstable
generation from renewable energy sources. The issues of
scalability of intelligent control systems at the level of
large distributed networks have not been sufficiently inves-
tigated, and the issue of integrating such algorithms into
existing hardware and software platforms remains open,
considering limitations on telemetry, computing resources,
and cybersecurity. In addition, an urgent task is to devel-
op hybrid models capable of combining the advantages of
various optimisation methods and machine learning to in-
crease the reliability and adaptability of real-time control.
The purpose of the study was to develop and test program-
ming methods for effective control of fluctuations in elec-
tric power systems to increase their stability and reliability.

This study provides a detailed analysis of the nature
and types of fluctuations in electric power grids, with an
emphasis on their causes and impact on the stability of the
system. The possibilities of using programming methods
to stabilise fluctuations, including the integration of ad-
vanced algorithms into power grid management systems,
were studied.

MATERIALS AND METHODS
Research planning and time frame. The study was con-
ducted in several stages, each of which had a clear time
frame and involved certain actions. First, the key parame-
ters of the experimental bench model of a distributed pow-
er system, which included a synchronous generator and a
wind turbine to be monitored, were determined, namely:
frequency, voltage, and amplitude of oscillations. Based on
the technical documentation and the analysis of previous
research, the permissible deviations of frequency (0.5 Hz)
and voltage (¥5% of the nominal value) were indicated, in-
cluding measurement intervals. The key parameters of the
experimental bench model of a distributed power system,
which included a synchronous generator and a wind tur-
bine to be monitored, were determined: frequency, voltage,
and amplitude of oscillations. Based on the technical doc-
umentation, which included the State Standard of Ukraine
No. IEC 60038:2015 (2016), as well as the documentation
of manufacturers of inverters and electrical machines, re-
ports from energy companies and protocols of Superviso-
ry Control and Data Acquisition (SCADA), the permissible
deviations of frequency (+0.5 Hz) and voltage (£5% of the
nominal value) were established, and measurement inter-
vals were highlighted. For short-term transients lasting up
to 10 seconds, high-frequency measurements with a dis-
creteness of 0.01 seconds were planned. Long-term obser-
vations, covering periods of several hours, were assigned to
assess smooth load changes and the generation of renewa-
ble energy sources.

As part of this plan, a bench model was created on
which control algorithms were developed and tested:
classical proportional-integral-derivative (PID) control-
lers, their evolutionarily optimised versions (GA, particle

swarm optimisation (PSO), firefly algorithm (FA)), and arti-
ficial neural networks. It was planned to conduct a series of
experiments under different scenarios of disturbances, in-
cluding abrupt load changes, shutdowns of generators, and
fluctuations in the output power of wind and solar instal-
lations. The final stage was the testing of algorithms in the
real conditions of the pilot zone, where the standards of in-
telligent power systems were in effect. The tests stretched
over a month and a half to consider both short-term jumps
and longer-term changes in the system.

Investigated indicators and simulation scenarios.
In each experiment, the frequency, voltage, and overall re-
sponse of the system to the disturbance were recorded, and
the time of the transient process and the number of repeat-
ed oscillations were calculated. These indicators allowed
assessing how quickly the system returned to operating
mode after a failure occurred. Scenarios reflecting typical
situations in power grids were previously formed: abrupt
switching of large loads, shutdown of generators (both con-
ventional and those powered by renewable energy sources),
and modelling of changeable weather conditions affect-
ing wind and solar generation. In some tests, emergency
events related to short circuits on power transmission lines
and subsequent disconnection of network nodes were con-
sidered. The duration of the experiment was set for each
scenario. Short-term modes were studied for 10 seconds
to see the primary dynamics of fluctuations and evaluate
the instantaneous response of the algorithms. Long-term
changes in load and generation were analysed over an in-
terval of up to several hours, which allowed tracking the
cumulative effect of many factors on network stability. The
data was transferred to a collection and processing system
that performed calculations of management performance
indicators. Special emphasis was placed on the amplitude
and shape of the oscillations, as they characterised the de-
gree of overshoot and the quality of damping.

Methods of processing and interpretation of re-
sults. The initial data was systematised in tables, where
the values of frequency, voltage, control signals, and load
status were recorded for each timestamp. Next, statistical
metrics were calculated, which helped to objectively com-
pare the operation of various control algorithms. The Root
Mean Square Error (RMSE) was calculated, reflecting the
RMS deviation between the actual and calculated values of
frequency or voltage. The Mean Absolute Percentage Er-
ror (MAPE) indicator was used to evaluate the accuracy of
parameter prediction, especially when testing neural net-
works. These metrics were used in short-term modes (up
to 10 seconds) to assess reaction speed and in long-term
modes (up to several hours) to identify possible accumu-
lated errors. Stability in case of failures was assessed on an
integral 5-point scale, where 1 corresponded to the worst
level of stability, and 5 - to the maximum possible. The
system’s ability to quickly return to operating mode and
the absence of repeated large-amplitude oscillations were
analysed. The percentage of decrease in the oscillation am-
plitude was calculated using the equation:
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where A, - average oscillation amplitude in the absence
of regulation; A, - average oscillation amplitude when
using the appropriate algorithm. Accuracy metrics (RMSE,
MAPE) provided quantitative estimates of the discrepan-
cy between the observed values of frequency, voltage, and
forecast or control signals. The time of the transition pro-
cess was also determined, indicating the period over which
the system reached the permissible deviation limits, and
the number of repeated fluctuations, indicating the risk
of overshoot. The totality of these indicators was supple-
mented by an assessment on a 5-point scale. This approach
provided a comprehensive view of how successfully the
algorithms dampened fluctuations and prevented the net-
work from becoming unstable.

The study used classical and optimised PID control-
lers. The classic version was manually configured based
on preliminary calculations, experiments, and knowledge
about the control object. Optimised PID controllers based
on evolutionary algorithms (GA, PSO, FA) were trained
on historical disturbance data, where the coefficients P, I,
and D were systematically changed to minimise overshoot
and shorten the transition time. Each evolutionary algo-
rithm went through up to 50-80 iterations (generations),
for which the best sets of coefficients were selected. The
solutions obtained were tested on a bench model, which
helped to identify the regulator with the smallest oscilla-
tion amplitude and the shortest transient. To implement
neural networks, architectures capable of processing time
series of frequency, voltage, and other parameters were
selected. The network was trained with a teacher using
generation, load, and current oscillation dynamics as input
variables, and a forecast of the nearest parameter values
and corrective control signals as outputs. The training took
place using error backpropagation methods and adaptive
optimisation algorithms (Adam, RMSProp). After reaching
the target accuracy values (MAPE of the order of 2-3% and
RMSE of less than 0.02 Hz), the network was integrated into
the control loop. During testing, a prediction horizon of up
to 30 seconds was taken into consideration, which allowed
responding in a timely manner to sudden changes in net-
work conditions and effectively dampening fluctuations.

Testing solutions in smart power systems. The de-
veloped approaches were tested in an intelligent energy
system, which involved the active use of digital monitoring
systems (SCADA, smart meters), and advanced telemetry
and two-way data exchange with consumers. The possibil-
ity of integrating algorithms into the Smart Grid pilot zone
of one of the Central European energy companies, which
has already implemented smart meters and data exchange
protocols for operational load management, was consid-
ered. The structure of local dispatch systems and ways of
interacting with energy generation and storage nodes were
analysed. It was evaluated how quickly PID controllers and
neural network solutions could adapt to the existing hard-
ware and software platform and respond to typical load
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and generation modes for the region. To confirm the effec-
tiveness, laboratory tests and limited field trials were con-
ducted, during which frequency, voltage, and stabilisation
time were recorded. In addition to the experience in the
European context, the prospects of applying the developed
methods in the networks of one of the regions of East Asia,
where solar parks and wind turbines were actively devel-
oping, were studied. The features of the strong variation
of weather factors causing sudden power surges of renew-
able sources were analysed. The features of the distribut-
ed network structure and heterogeneity of telemetry were
also considered. The ability of neural networks to self-learn
with rapid load changes was tested, and of PID regulators
to maintain system stability in conditions of a high propor-
tion of renewable energy sources. Flexible settings of evo-
lutionary algorithms were selected to speed up the search
for optimal regulator coefficients.

The final stage included the direct testing of the de-
veloped algorithms in a specially equipped test area of an
energy company upgrading its network in accordance with
Smart Grid standards. The site was equipped with Phasor
Measurement Units capable of recording network param-
eters (voltage, current, shear angles) in real time. A local
server was installed that collected and processed incoming
data and ran machine learning algorithms. Distributed re-
newable sources were introduced into the power system, in-
cluding several solar panels and one wind turbine, and load
blocks that simulated real consumers with different con-
sumption profiles. The pilot tests lasted about a month and
a half and included simulations of short-term transients
(up to 10 seconds) and longer fluctuations (up to several
hours). RMSE, MAPE, maximum frequency deviation, total
number of repeated oscillations, and transition time were
recorded. In parallel, an integral stability assessment was
measured on a 5-point scale. The results confirmed that
optimised PID controllers and neural networks successful-
ly reduced the amplitude of fluctuations by up to 45% and
accelerated system recovery, which increased the reliability
of power supply and demonstrated the prospects for fur-
ther industrial implementation of the developed solutions.

RESULTS
Comparative analysis of oscillation control algorithms
At the first stage of the study, tests of the classic PID con-
troller were carried out in a bench model, including a syn-
chronous generator and a wind turbine. The purpose of this
stage was to evaluate the basic efficiency of a standard con-
trol algorithm for suppressing fluctuations in an electric
power system. Experiments have shown that with a sud-
den change in load, the classic PID controller reduces the
amplitude of frequency fluctuations by an average of 20-
30% compared to the uncontrolled mode. The regulator’s
limited adaptability to rapidly changing conditions was
revealed: when changing the parameters of wind genera-
tion, there was a need to re-adjust the coefficients P, I, and
D to maintain damping efficiency. These results confirmed
the limitations of using the classical PID controller in
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complex dynamic modes and substantiated the expediency
of switching to evolutionarily optimised control algorithms
at subsequent stages of the study. Specific criteria were used
to evaluate the effectiveness of classical and optimised PID
controllers: the average oscillation amplitude, the tran-
sition time, and the number of repeated oscillations. The
experimental results were calculated using statistical met-
rics such as RMSE and MAPE. The effectiveness of using
optimised control algorithms compared to the classical
PID controller has been experimentally confirmed. As part
of the research, comparative experiments were conducted
with a sudden change in load in the electric power system,
the results of which are summarised in a table. For example,
the average oscillation amplitude when using a classical
PID controller was 0.12 Hz, while the use of PID controllers
optimised using GA, POS and FA allowed reducing the am-
plitude to 0.09 Hz, 0.08 Hz, and 0.07 Hz, respectively. The
transition time for the classic controller was 6.5 seconds,
while the optimised algorithms demonstrated higher effi-
ciency, reducing the stabilisation time to 4.2 seconds for
PID+GA, 4 seconds for PID+PSO, and 3.2 seconds for PID+FA.

Additionally, the stability of the system in case of fail-
ures was assessed on a five-point scale, where the classic
PID received 2 points, and optimised regulators showed an
improvement in this indicator: PID+GA and PID+PSO each
scored 3 points, and PID+FA received the highest 4 points.
Thus, optimisation of the parameters of the PID controllers
using the GA, PSO and FA algorithms helped to significant-
ly reduce the oscillation amplitude by 25%, 33%, and 45%,
respectively, compared to the classical PID controller. Ex-
periments were also conducted to control the system using
artificial neural networks. These approaches have demon-
strated high accuracy in predicting changes in frequency
and voltage parameters with an error of 2-3% according to
the MAPE indicator. However, the neural network provided
the minimum frequency deviation (0.09 Hz during a load
surge) and the shortest transition time — about 3.5 seconds.

During the experiments, scenarios of an abrupt in-
crease in consumption, sudden shutdown of generators
and unstable weather conditions affecting the operation
of distributed renewable energy sources were considered.
When simulating an abrupt increase in consumption, it was
recorded that the classical PID controller achieved a max-
imum frequency deviation of up to 0.15 Hz, the transition
time was about 7 seconds, and the number of repeated os-
cillations reached three. The use of an optimised PID con-
troller using FA allowed reducing the maximum deviation
to 0.1 Hz, reduce the transition time to 3.8 seconds and the
number of repeated oscillations to one, while the use of an

artificial neural network ensured a minimum frequency de-
viation of 0.09 Hz, the transition time was reduced to 3.5
seconds, and the number of repeated oscillations observed
was equal to one. When modelling the scenario of a sudden
shutdown of the generator, it was observed that the clas-
sical PID controller had a maximum frequency deviation
of 0.18 Hz, the stabilisation time was about 6.8 seconds,
and the number of repeated oscillations was fixed at two,
while the optimised PID controller reduced these values to
0.12 Hz, 4.2 seconds, and one repeated oscillation, respec-
tively; the use of a neural network helped to achieve a max-
imum deviation of 0.1 Hz, the transition time was reduced
to 3.9 seconds, and the number of repeated oscillations
remained equal to one. When simulating unstable weath-
er conditions, the classical PID controller recorded the
maximum frequency deviation to 0.17 Hz, the transition
time was about 7.2 seconds, and the number of repeated
oscillations reached two, while the optimised PID control-
ler reduced the maximum deviation to 0.11 Hz, the stabi-
lisation time was reduced to 4.5 seconds, and the number
of repeated oscillations was reduced to The use of a neu-
ral network ensured a minimum frequency deviation of
0.09 Hz, the transition time was 4 seconds, and the number
of repeated oscillations was recorded as one. The final test
results indicated that the use of a neural network made it
possible to significantly improve the dynamic characteris-
tics of the system compared to classical and optimised PID
controllers, which resulted in reducing the maximum fre-
quency deviation to 0.09 Hz, reducing repeated oscillations
to one and reducing the transition time, which contributed
to increasing the stability of the power system in condi-
tions of severe disturbances. Thus, the conducted studies
have confirmed the high efficiency of the use of optimised
PID controllers and artificial neural networks, which have
significantly improved the dynamic characteristics of the
electric power system, reduced the amplitude of fluctua-
tions, shortened the transition time, and increased the
overall stability and reliability of the network.

The next stage of the study was the development of op-
timised PID controllers, where the selection of coefficients
P, 1, and D was performed using evolutionary algorithms. To
evaluate the effect of different types of PID controllers on
reducing the amplitude and reducing the time of transients,
experiments were conducted comparing the effectiveness of
the classical and optimised versions of PID controllers un-
der conditions of sudden load changes. The results obtained
were summarised in Table 1, which presents key indicators
such as the average oscillation amplitude, the transition
time, and the overall level of stability in case of failures.

Table 1. Comparison of the efficiency of PID controllers (classic and optimised) with sudden load changes

Indicator Classic PID PID+GA PID+PSO PID+FA
Average oscillation amplitude, Hz 0.12 0.09 0.08 0.07
Transition period, s 6.5 4.2 4 3.2
Stability in case of failures (points) 2 3 3 4
Percentage of amplitude reduction - 25% 33% 45%

Source: created by the authors
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The results obtained in Table 1 are determined by the
specifics of the applied control algorithms and methods for
optimising the parameters of PID controllers. The decrease
in the average oscillation amplitude when using optimised
regulators is explained by a more accurate selection of the
coefficients P, I, and D using evolutionary methods such as
GA, PSO, and FA. These methods ensure an effective search
for optimal parameters, helping to reduce overshoot of the
system and increase its stability. The most significant im-
provements were shown by the FA-optimised PID control-
ler, due to the ability of this algorithm to effectively avoid
local extremes and fine-tune the regulator coefficients.
This led to a decrease in the average oscillation amplitude
to 0.07 Hz and a reduction in the transition time to 3.2 sec-
onds compared to the classical regulator, which had values
of 0.12 Hz and 6.5 seconds, respectively. Lower transition
times are associated with an increase in the response rate
of optimised PID controllers to load changes and an in-
crease in the adaptability of algorithms to dynamic distur-
bances in the system. The stability of the system in case of
failures has also improved due to a more accurate and rapid
response of optimised regulators, which is confirmed by an
increase in the stability rating on a five-point scale from 2
to 4 points. The percentage of decrease in the oscillation
amplitude shows how much the average oscillation am-
plitude decreased when using an optimised PID controller
compared to a classic PID controller. The higher this val-
ue, the more effectively the optimised regulator copes with
damping vibrations in the system.

Application of neural networks

and machine learning methods

To test the approach using artificial neural networks, data
was collected on the operating modes of the electric power
system in different time periods. Parameters such as the
current frequency and its derivatives, the state of the gen-
erators (load, excitation current), the parameters of wind
and solar generation (power, angular characteristic of in-
verters), and changes in loads in distribution networks
were considered. The structure of the neural networks
used included an input layer, several hidden layers, and
an output layer that generated control actions such as ad-
justing the angle of operation of the inverter or changing
the excitation current of the generator. The training was
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performed using the error backpropagation method, sup-
plemented by adaptive gradient algorithms such as Adam
or RMSProp. The results demonstrated high accuracy in
predicting changes in frequency and voltage in the pow-
er system with a horizon of 30 seconds, with MAPE 2 =3%
relative to the actual values. After completing the training
stage, artificial neural networks were integrated into the
control loop, where they developed recommendations for
correcting control signals in real time. In its study, the neu-
ral network considered both the current state of the system
and the forecast for the coming seconds. Experiments have
shown that this approach can effectively prevent sudden
frequency spikes by timely interfering with the operation
of generators, and reduce the amplitudes of electrome-
chanical oscillations of generators by considering future
changes in load and generation.

Analysis of system stability

under various scenarios and loads

For in-depth evaluation, the developed control algorithms,
including both improved PID controllers and neural net-
work-based approaches, were tested in a wide range of
scenarios. One of the key scenarios was an abrupt increase
in consumption, which mimicked the inclusion of a large
industrial facility. Another important scenario included
a drastic reduction in consumption, for example, in the
event of an emergency shutdown of a part of the load. In
addition, tests were conducted simulating the shutdown
of one of the generators, both conventional and powered
by renewable energy sources. Special attention was paid to
the conditions of changeable weather, which are especial-
ly critical for wind and solar generation, where the output
power directly depends on weather factors. The set of sce-
narios was completed by emergency situations with a short
circuit on the power line, requiring a prompt and accurate
response from the control system. These scenarios allowed
evaluating the effectiveness of algorithms in the conditions
of real disturbances typical of advanced electric power sys-
tems, and identifying their advantages in ensuring net-
work stability. During the experiments, such indicators as
the maximum frequency deviation, the average duration of
the transient process, the number of repeated oscillations,
and the amplitude of their attenuation were calculated.
For clarity, some of the results are presented in Table 2.

Table 2. Comparative results of oscillation control in different scenarios

Control algorithm

Max. frequency

Transition period, s Number of repeated

deviation, Hz oscillations
Abrupt i . Classic PID 0.15 7 3
rupt increase in

consumption PID+FA 3.8 1

Neural network 0.09 3.5 1

. Classic PID 0.18 6.8 2

Turning off the generator PID+FA 0.12 4.0 1
(conventional) . .

Neural network 3.9 1

Changeable weather Classic PID 0.17 7.2 2

conditions (renewable PID+FA 0.11 4.5 1

energy sources) Neural network 0.09 4 1

Source: compiled by the authors
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Table 2 shows that in most cases, the neural network
provides the best performance according to all three crite-
ria: minimal frequency deviation, reduced transition time,
and reduced number of repeated oscillations. Optimised
PID controllers act as an “average” option: they signifi-
cantly improve performance compared to classic PID, but
are slightly inferior to neural networks. The maximum
frequency deviation characterised the largest discrepancy
from the nominal value, which was observed in the first
seconds after the disturbance occurred in the system. This
indicator helped to assess the degree of instantaneous re-
action of the system to external influences. The duration
of the transition process was defined as the time interval
during which the frequency returned to the set range of ac-
ceptable values, usually +0.5 Hz from the nominal value.
This parameter reflected the system’s ability to stabilise
after a disturbance and ensure stable operation.

A comparison of the results of artificial neural networks
with classical PID controllers and their evolutionarily op-
timised versions has shown that the neural network has
higher flexibility in responding to disturbances, especially
in complex multifactorial scenarios of load and generation
changes. The greatest efficiency was achieved in conditions
of distributed generation using renewable energy sources,
where it was more difficult for conventional algorithms to
adapt to dynamic changes.

Investigation of the possibility

of integration into smart energy systems

Advanced concepts of intelligent power systems involve
the widespread use of digital monitoring tools, including
smart meters, sensors and SCADA systems, decentralised
management with active interaction with the load, and a
high level of process automation and operational data ex-
change. To adapt the developed control algorithms to the
conditions of the Smart Grid, it was necessary to ensure
their compatibility with real-time data exchange proto-
cols, and to consider the significant amount of information
coming from a variety of sensors and intelligent devices. In
the case of neural networks, special attention was paid to
the possibility of scaling architecture and training on large
amounts of data, which was implemented using distribut-
ed computing clusters and cloud technologies. An analysis
of the results showed that with sufficient computing pow-
er and advanced telemetry, the proposed solutions can be

relatively easily scaled in intelligent systems, increasing
resistance to disturbances, and allowing rapid response
to dynamic changes in load and generation. The results
demonstrated that machine learning and optimisation al-
gorithms in intelligent networks are capable not only of
maintaining stable frequency and voltage parameters, but
also of self-learning during system operation. This proved
to be especially important in scenarios of network expan-
sion, adding new consumers and sources, which requires an
adaptive management approach.

During the integration of machine learning and opti-
misation algorithms into intelligent networks, some hy-
perparameters of these algorithms were changed, including
the learning rate and the number of layers in neural net-
works, which improved their ability to self-learn and adjust
control signals in real time. Among the main limitations
and challenges identified during testing were increased re-
quirements for cybersecurity and data protection, the need
to scale algorithms with a significant increase in the num-
ber of network nodes, and the risk of reducing control accu-
racy with high delays and uneven communication quality
in decentralised systems. The practical effectiveness of the
developed solutions was confirmed during pilot tests con-
ducted in the test area of one of the energy companies up-
grading the grid in accordance with Smart Grid standards.
Key solutions were implemented at the test site: equip-
ment for measuring voltage and current parameters (Pha-
sor Measurement Units) was installed, a local server was
deployed for data processing and implementing machine
learning algorithms, and distributed renewable energy
sources were connected, including small solar panels and
one wind turbine. During the tests, the main performance
indicators were determined: the system response time to
disturbances (less than 0.1 seconds), the accuracy of peak
load forecasting (about 90%), a decrease in the amplitude
of frequency and voltage fluctuations (up to 45%), and an
overall increase in the reliability of power supply.

The test results showed that the proposed control
methods effectively dampened the resulting fluctuations
and timely stabilised the parameters of the power grid,
preventing transitions to critical states. Thus, the high
efficiency and broad prospects of implementing the de-
veloped algorithms, including optimised PID controllers
and neural networks, into intelligent power systems were
confirmed (Table 3).

Table 3. Summary performance indicators of control algorithms when integrated into a Smart Grid

Indicator Classic PID PID+FA Neural network
Reaction time to disturbances, s 0.1 0.08 0.07
Reduction of the oscillation amplitude, % 25% 45% 45%
Accuracy of peak load forecasting, % 80% 85% 90%
Ability to self-study No No Yes
Integration into SCADA/Smart Grid Limited Average High
Computing resource requirements Low Average High
Resilience to dynamic changes Low Average High

Source: compiled by the authors
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Analysis of Table 3 suggests that in the framework
of pilot tests, the system’s response time to disturbanc-
es was less than 0.1 seconds, while the use of the classi-
cal PID controller was characterised by a reaction time of
0.1 seconds, while the optimised PID controller (using FA)
allowed reducing this indicator to 0.08 seconds, and the
neural network to 0.07 seconds. A decrease in the ampli-
tude of the oscillations, which reached up to 45%, while
the classical method showed a decrease in amplitude by an
average of 25%, which indicated a significant advantage
of the optimised algorithms and the neural network ap-
proach used. The accuracy of peak load forecasting in the
integrated system reached about 90% when using a neural
network, while the classic PID and optimised PID showed
slightly lower rates (80% and 85%, respectively). In addi-
tion, only the neural network had the ability to self-learn,
which allowed it to adapt to the dynamically changing op-
erating conditions of the power system. When evaluating
integration into SCADA/Smart Grid systems using the clas-
sical method, limitations were noted, while the optimised
PID controller provided an average level of integration,
and the neural network provided a high level. A similar
pattern was observed when analysing the requirements for
computing resources, where the classical method had low
requirements, the optimised method had medium require-
ments, and the neural network approach required signifi-
cant computing power. Ultimately, resistance to dynamic
changes was characterised as low for the classical method,
medium for the optimised one, and high when using a neu-
ral network. Thus, the analysis of Table 3 confirmed that
the best indicators in terms of reaction time, reduction of
oscillation amplitude, prediction accuracy and resistance
to dynamic changes were provided using neural network
algorithms, which corresponds to the data obtained during
the tests and indicates the prospects for their implementa-
tion in intelligent power systems.

Summarising the results of the study showed that op-
timised PID controllers and neural networks demonstrate
a significant advantage over classical control methods in
advanced electric power systems, especially in conditions
of dynamic load changes and a high proportion of renew-
able energy sources. The conducted testing has confirmed
the ability of the proposed algorithms to quickly adapt to
the real operating conditions of intelligent power systems,
including integration into existing monitoring and man-
agement infrastructures. An analysis of the pilot test re-
sults showed that the proposed methods can stabilise net-
work parameters, reducing the amplitude of fluctuations
by up to 45% and reducing the transition time by almost
half compared with conventional approaches. Due to the
high accuracy of forecasting (about 90%) peak loads and
the ability to quickly respond to emergency situations, the
implementation of these solutions significantly increases
the stability and efficiency of the network.

From the standpoint of integration, the proposed algo-
rithms can be effectively scaled in Smart Grid smart pow-
er systems. For successful industrial implementation, it is
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recommended to ensure the availability of reliable commu-
nication channels, sufficient computing resources, and ad-
vanced telemetry systems. Additionally, cybersecurity and
data protection issues need to be considered, as smart grids
are particularly vulnerable to unauthorised access. Thus,
the results of research and testing confirm the prospects
of introducing the developed management methods into
real industrial operation. Further development involves in-
depth study of the self-tuning mechanisms of regulators
and improvement of the architecture of neural networks,
which will further increase the efficiency and reliability of
intelligent power systems.

DISCUSSION

This study examined the problem of managing fluctuations
in power systems, based on the growing integration of re-
newable energy sources, which requires the use of advanced
programming methods and adaptive control algorithms. To
solve this problem, algorithms based on the classical PID
controller, its evolutionarily optimised modifications us-
ing GA, PSO, and FA, and neural network approaches based
on machine learning methods were developed and tested.
The results obtained helped to evaluate the effectiveness
of each of the proposed methods in terms of modelling real
distributed energy systems characterised by dynamically
changing loads and significant participation of renewable
energy sources. A comparison of experimental data with
the results presented in a number of relevant studies has
revealed both similarities and certain differences, which, in
turn, helps to better understand the causes and prospects
for further development of these management methods.

Experiments have shown that the classic PID control-
ler can reduce the amplitude of vibrations by about 20-
30% compared to an uncontrolled system. These results
are consistent with data published in the papers by W. Pe-
res & J. Nascimento da Costa (2020) and R. Devarapalli et
al. (2022), where the stability of the conventional approach
in relatively simple systems was noted. However, an exper-
imental protocol focused on simulating distributed power
systems with a high proportion of renewable sources has
revealed significant limitations of this method. In particu-
lar, the transition time in scenarios of sudden load chang-
es was about 6.5-7 seconds, which indicates a relatively
slow adaptation of the classical PID controller to rapidly
changing system operating conditions. This feature is con-
ditioned by the fact that the classical algorithm is unable to
quickly reconfigure itself to dynamic changes, which leads
to a deterioration in performance when sudden load surges
occur or generators are turned off. These observations are
consistent with the results published by L. Zhu et al. (2021),
which emphasised the non-adaptability of classical meth-
ods in the context of multicomponent and dynamically
changing systems. To increase the efficiency of oscillation
control, it was proposed to use evolutionary algorithms
to optimise the coefficients of PID regulators. The use of
methods such as GA, PSO, and FA has led to significant im-
provements in key indicators. In particular, optimisation
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using FA resulted in a decrease in the oscillation amplitude
to 0.07 Hz and a reduction in the transition time to 3.2 sec-
onds. The results obtained demonstrate the clear advan-
tage of optimised regulators over the classical approach.
Comparison of data with the studies by S. Lu et al. (2024)
and S. Zhang et al. (2022) confirmed that evolutionary algo-
rithms allow efficiently performing a global search for op-
timal parameters, which contributes to a faster restoration
of system stability after disturbances. However, it is worth
noting that in experiments the indicators turned out to be
even more pronounced, which may be due to more detailed
modelling of distributed generation and load dynamics.
Additionally, an analysis of stability indicators showed that
optimised PID controllers demonstrate a smoother transi-
tion process and fewer repeated fluctuations, which is es-
pecially important when operating power systems where
sudden load surges can lead to critical situations.

One of the key areas of research was the use of ma-
chine learning methods, in particular artificial neural net-
works, to control fluctuations. The experimental results
showed that the use of neural network algorithms allows
achieving minimal frequency deviations (about 0.09 Hz)
and significantly reducing the transition time to values of
3.5-3.9 seconds in various scenarios, including an abrupt
increase in load, shutdown of generators, and changes in
weather conditions affecting the operation of renewable
energy sources. These data exceed the figures obtained for
both the classical PID controller and its evolutionarily op-
timised variants. Comparison with the studies by D. Sarkar
& T. Prakash (2022) and J. Yang et al. (2022) showed that
neural network approaches have high flexibility and the
ability to self-learn, which allows them to quickly respond
to multiple disturbances in the energy system. In the case
of an improved neural network architecture, an expanded
set of input parameters, and the use of advanced learning
methods such as Adam and RMSProp algorithms have en-
sured the accuracy of predicting system dynamics by 5-10%
higher compared to some previous studies. Thus, neural
network algorithms not only stabilise the system param-
eters, but are also able to predict future deviations, which
opens up opportunities for timely correction of control sig-
nals (Zhanpeisova et al., 2024).

Despite the obvious advantages of neural network
methods, their use requires significant computational re-
sources at the learning stage, and the availability of large
amounts of high-quality historical data. ]J. Vives (2022)
emphasised the dependence of forecasting accuracy on
the size of the training sample and the speed of data pro-
cessing. In the study, this issue was solved through the
use of distributed computing clusters and advanced data
pre-processing methods, which allowed ensuring the nec-
essary quality of the training sample and prompt calcu-
lations. The experimental results described in this study
indicate that the integration of optimised PID controllers
and neural network algorithms can provide a high level of
stability and adaptability of power systems, especially in
conditions of distributed generation, when many factors

simultaneously affect the behaviour of the system. The use
of evolutionary algorithms to optimise the parameters of
classical regulators allows significantly reducing the am-
plitude of oscillations and shortening the transition time,
which is confirmed by both experimental results and data
presented in the works of P.K. Agarwal & C. Kumar (2019)
and Y. Wang et al. (2022). Neural network algorithms, in
turn, have demonstrated high efficiency in managing com-
plex dynamic processes, which is confirmed by L. Vanfretti
& X. Bombbois (2024) and K. Aleikish & T. @yvang (2023).
At the same time, experiments showed a tendency for the
system to respond more quickly and accurately to sudden
load surges due to the expanded architecture of the neural
network and higher quality of training data.

The issue of integrating the developed algorithms into
the Smart Grid infrastructure is also of interest. The pilot
tests have shown that optimised PID controllers and neural
network methods can be successfully implemented in real
time with advanced monitoring systems such as smart me-
ters, Phasor Measurement Units, and SCADA systems. Com-
parison of data with the findings of H. Islam et al. (2020)
and M. Robin et al. (2023) showed that the use of advanced
control algorithms in the Smart Grid infrastructure allows
not only to stabilise the frequency and voltage in the net-
work, but also to predict future disturbances with an accu-
racy of up to 90%. Such high forecasting accuracy makes
it possible to quickly respond to changes in the operating
mode of the power system, which is critically important
when managing distributed generation and multiple con-
nected consumers. It should be noted that the integration
of intelligent control algorithms into Smart Grid systems
is accompanied by a number of challenges related to cy-
bersecurity and protection of transmitted data (Sukhodub
& Serdechnyi, 2024). In a number of studies, such as the
research by Y. Liu & C. Liu (2024), and A. Sundaramurthy et
al. (2024), emphasised the importance of implementing ad-
ditional encryption and traffic monitoring mechanisms to
protect the infrastructure from unauthorised access. The
study also considered the following aspects: the imple-
mentation of optimised control algorithms was accompa-
nied by the development of measures to protect informa-
tion channels, which, despite a slight increase in system
response time, improved the overall reliability and security
of the power system. Such a compromise between process-
ing speed and security level is acceptable, since the stabili-
ty and security of the system are of paramount importance
in the context of modern digitalisation of energy supply
(Panov & Tymchuk, 2023).

A comparative analysis of the experimental results
showed that the combined use of evolutionarily optimised
PID controllers and neural network algorithms is highly ef-
fective. The data demonstrated that the classic PID control-
ler, despite its proven and reliable performance, has limited
adaptability and cannot cope with rapid load changes, which
leads to an increase in the transition time and a decrease
in the stability of the system. Optimisation of the regulator
parameters using evolutionary algorithms allows signifi-

Machinery & Energetics. Vol. 16, No. 2

4



cantly reducing the amplitude of fluctuations and acceler-
ating the stabilisation process, but even in this case, the
effectiveness of the algorithms is limited by the features of
the dynamic conditions of distributed generation (Costan-
zo et al., 2024). The most outstanding results were achieved
using neural network methods, which, due to the ability to
self-learn and predict, ensure the smallest frequency devi-
ations and the fastest possible system response. These con-
clusions were confirmed by W.M. Witharama et al. (2024)
and S. Yusuf Ibrahim et al. (2023), and in experimental
data, where the neural network approach demonstrates
the ability to adapt to changes 5-10% faster compared to
optimised PID controllers. Differences in the results be-
tween optimised PID controllers based on different evolu-
tionary algorithms may also be related to the features of
algorithmic implementation (Fu et al., 2022; Zhang, 2024).
Thus, FA showed better results due to more detailed set-
tings for the local search for optimal parameters, while GA
and PSO sometimes faced the problem of getting stuck in
local minima. This indicates the need for further research
and development of hybrid methods capable of combining
the advantages of various approaches to achieve the most
stable and adaptive characteristics of the control system.

Thus, the conducted research not only confirms the
high efficiency of advanced methods of oscillation control
in electric power systems, but also demonstrates the pros-
pects for their integration into the infrastructure of intel-
ligent energy systems. The experimental results showed
that the developed algorithms using both evolutionary
optimisation methods and neural network approaches are
capable of significantly reducing the amplitude of oscilla-
tions, reducing the time of transients, and increasing the
overall stability of the system under various scenarios of
disturbances. The results of this study confirmed the need
to move from classical management methods to more ad-
vanced approaches using the capabilities of evolutionary
algorithms and machine learning. The data obtained indi-
cate the high scalability and adaptability of the developed
methods, which makes them promising for practical appli-
cation in the context of the integration of distributed gen-
eration and the implementation of the Smart Grid concept.

CONCLUSIONS

The conducted research was aimed at increasing the sta-
bility of electric power systems to fluctuations through the
use of advanced programming and optimisation methods.
In the course of the study, control algorithms based on
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classical and optimised PID controllers, and artificial neu-
ral networks, were developed and tested. The parameters
of the PID regulators were selected using evolutionary al-
gorithms — GA, PSO, and FA. This reduced the oscillation
amplitude to 0.07 Hz and reduced the transition time to
3.2 seconds. However, the classical PID controller provided
a decrease in amplitude only to 0.12 Hz, and the transient
process lasted about 6.5 seconds.

The use of neural network approaches provided the best
results among the tested methods. The MAPE was 2-3%,
the maximum frequency deviation during disturbances was
no more than 0.09 Hz, and the duration of the transition
process was reduced to 3.5 seconds. In addition, the neu-
ral network reduced the number of repeated oscillations to
one, demonstrating high adaptability to dynamic changes
in the operating mode of the power system. The developed
algorithms were verified in conditions of intelligent power
systems, which included modelling real-world scenarios
such as load surges, shutdowns of generators, and unsta-
ble generation of renewable energy sources. Moreover, the
oscillation amplitude decreased by up to 45%, peak load
prediction accuracy reached 90%, and the system response
time was less than 0.1 seconds. Due to the use of telemetry,
SCADA systems and smart meters, algorithms were inte-
grated into the existing infrastructure without the need for
deep modernisation. The possibility of scaling solutions
was confirmed, provided sufficient computing power and
reliable communication.

Thus, the high efficiency and practical applicability
of the proposed oscillation control methods were demon-
strated. The results obtained confirmed the feasibility
of implementing these methods in advanced distributed
power systems with a high proportion of renewable ener-
gy sources. Further research is planned to optimise control
algorithms, integrate hybrid methods and adapt the devel-
oped solutions to more complex power system operating
conditions, which will contribute to further improving
their stability and reliability.
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3aCTocyBaHHFI MeTopaiB nporpamMyBaHHSA ANA KepyBaHHA KOJIUBaHHAMMU
B eNNIeKTpOoeHepreTM4HnNX cucrteMax i MepeXxax

AHoOTaUifA. MeTo10 1[bOTO JOCTiAKEHHS GYJIO MiIBUIIEHHS CTi/iKOCTi €/IeKTPOeHePTeTUYHMX CUCTEM 10 KOJTMBAHb 3a
JIOTIOMOTO0I0 pOo3p00bieHHs Ta Bepudikallii afropuTMiB KepyBaHHSI, 3ACHOBAHMX HA CY4YaCHUX MeTOAAX IIPOrpamMyBaHHS
i MopenmoBaHHs. [Ij1s1 po3B’si3aHHS 11i€i 3a7aui 6y710 CTBOPEHO i MPOTECTOBAHO AJITOPUTMM Ha OCHOBI PID-perynsaTopis
(30Kpema ONTUMi30BaHUX €BOJIOLiTHMMM MeTOLaMM) i IITYUHUX HeiPOHHUX MepeXX. Burpo6yBaHHS 3acBigumin,
110 knacuyHuii PID-perynsiTop 30aTHUI 3HMKYBaTM aMILIITyly KOJIMBaHb y cepefHboMy Ha 20-30 % MOpiBHSHO 3
HEKepOBAHOIO CMCTEMOIO, OHAK MTOTPe6yBaB TOHKOTO PyYHOTO HAJIAIITYBAHHSI i TOCTYTaBCs Y MIBUIKOCTI peakilii Ha piski
3MiHM HaBaHTaxeHHs. OnTumizoBaHi PID-perynsgTopyu Ha OCHOBi reHETUYHMX @ITOPUTMIiB, POI0 YACTMHOK i aJITOPUTMY
CBITVITUKiB IaBa/IX 3MOTY JOJATKOBO 3MEHIIYBaTH aMIUTITyqy KOlMBaHb (0 25 %, 33 % i 45 % BimNoBigHO) i TpUCKOPIOBAIN
cTabinisarito cucTeMu, 0 3HAYHO MiABUILYBAIO0 HAAIIHICTh eHepronocTayaHHs. OcobaMBuit iHTepec MpeCTaBIIsIn
HepOHHI Mepexi, 110 3a6e3Mmeuniu HaiiBUIy afarTUBHICTb 1O MiHJIMBMUX YMOB i JaBaay 3MOTY IIPOTHO3YBaTy 3MiHY
KJIIOYOBMX MTapaMeTpiB (YacTOTy i HAIpyTy) 3 MOMWIKOW 2-3 % 3a mokasHukoM Mean Absolute Percentage Error (MAPE).
V pe3ynbTaTi Mepeska CBOEUACHO pearyBajia Ha 30ypeHHsI, 3HIDKyBasa BigxuineHHs yactoTu go 0,09 ' i ckopouyBaia
yac repexiHOro Mmpoiiecy A0 3,5 cekyHp y pasi pi3koi 3MiHM HaBaHTakeHHS. TaKMM YMHOM, HeiipoMepesXkeBUil Migxis,
MPOAEeMOHCTPYBAaB HalKpallli pe3ylabTaTy SIK o040 AeMIipipyBaHHS KOMMBaHb, TaK i I[OA0 3arajibHOI CTabiNbHOCTI
cuctemu. [IpoBeneHi MiJIOTHI BUTTPOOYBAHHS B yMOBaX iHTeNEKTyaIbHUX €HEeProcUCcTeM MigTBepAMIN NOLiTbHICTh
iHTerparii po3pobieHNx aIrTOPUTMIB B HasIBHI iHQPACTPyKTypM KOHTPOJIIO Ta YIIPABIiHHS. 32 JOCTATHBOI 00UYMCIIOBATBHOL
MOTY)KHOCTi Ta PO3BMHEHOI CUCTeMU TesieMeTpii BCi 3apornoHOBaHi pillleHHs 6y JIerko MaclTaboBaHi Ta 3abe3mneuyBanu
HapiliHe meMrdipyBaHHS KOIMBAaHb HaBiTh 32 YMOB aKTMBHOI iHTerpaiii MOHOBIIOBAaHUX Jskepes eHeprii. Takum
YMHOM, Pe3yIbTaTH AOCTiIKeHHS MiATBepAnan ebeKTUBHICTbh PO3POOIEeHUX METOAIB KepyBaHHSI KONMBAHHSIMM Ta iX
MepCIeKTUBHICTD [1JIs TOAAIbIIOT0 MIMPOKOT0 BIPOBAJyKEeHHS B iHTe/IeKTya/IbHi eHeprocucreMu

Knio4yoBi cnoBa: iHTerpailisi BiZHOBIIOBAHUX [Kepesl eHepTii; CTabiIbHICTh E€HEeProNOoCTauaHHs; aJrOPUTMU

KepyBaHHS Mepeskelo; CTiliKiCTb eHeprocucTeM; CUMYJISIiiHI MO/ie/li eHepromMepesk; ONTHMi3allist TpolieciB KepyBaHHS;
eHepreTuMyHa Oe3reka
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Automated software package for selecting transport technology
for grain transportation by road freight transport

Abstract. The aim of the work was to develop a software package for making a management decision to choose a transport
technology for grain transportation by road from a set of alternatives. To achieve this goal, the morphological analysis
method was used, which is based on selection of possible solutions for individual parts of the task. A software package
for making a management decision from a set of alternatives was proposed, which consisted of four modules and four
blocks. It was based on two methods: fuzzy Decision-Making Trial and Evaluation Laboratory (hereinafter — fuzzy Dematel)
and gray relational analysis (hereinafter - GRA), which are used to determine the basic indicators and, on their basis,
select the transport technology for grain transportation itself. The software package implemented an algorithm of eight
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steps: entering groups of indicators, their pairwise analysis, determining basic indicators based on the total matrix of
relationships, entering the values of basic and reference indicators of transport technologies for grain transportation and
weight coefficients, constructing gray analysis matrices, determining the index of basic indicators relative to target ones
achievement. As a result, the best transport technology for grain freight road transportation was selected to meet the target
(reference) indicators of the motor transport enterprise according to the following indicators: load transportation tariff;
load transportation speed; diesel fuel consumption per 100 km; load volume; transportation distance; transport process
energy intensity; time spent on loading and unloading operations; load safety during transportation; carrier reliability;
driver satisfaction with working conditions. According to the calculation results, it was noted that the transport technology
for grain transportation best meets the target indicators — load road train with dump semi-trailer. The dependences of
the transport technology for load transportation basic indicators and motor transport enterprise target indicators were
established, which allows improving the algorithm for making management decision to choose an effective transport
technology for transportation from a set of alternative ones. The proposed process of selecting the best solution from a set
of alternatives can be used in organisations that select the best technology for road load transportation of bulk cargo - grain

Keywords: transport technology; fuzzy Dematel method; gray relational analysis method; target indicators; benchmark

indicators; management decisions

INTRODUCTION

Road transport is a key element in providing agro-indus-
trial enterprises with efficient grain transportation. The
costs of transport services significantly affect the cost of
products and the financial results of enterprises. At the
same time, the transport process depends on numerous
risks, such as climate change, rising fuel prices, the tech-
nical condition of the fleet and personnel shortage. Many
enterprises use their own equipment, but its effectiveness
is often limited by technical characteristics - wear and
tear. To optimise transportation, it is necessary to choose
transport technologies that ensure minimal costs, product
safety and efficient use of resources. This problem can be
solved by developing an automated system for selecting
transport technologies using fuzzy logic methods. This
will allow to take into account various conditions of the
transport process and reduce the impact of uncertainty
on decision-making (Vickerman, 2024). Substantiation of
delivering goods vehicles models is an important part of
the modelling transport process procedure. Existing classi-
cal methods can be conditionally divided into two groups:
those that take into account the stochastic characteristics
of vehicles for delivering goods, and the others include
those that do not take into account the stochastic vehicles
characteristics (Tsopa et al., 2024).

Several publications are devoted to the development of
the first group. The authors of the work X. Hu et al. (2019)
considered the determination of stochastic parameters of
the load delivery process based on the development of a
multi-objective software package. It was based on a heu-
ristic-adaptive genetic algorithm, which allows to solve the
problem of transportation optimisation. Comparing the
results of calculations with experimental data, the paper
concluded that the proposed algorithm was effective. How-
ever, the authors did not indicate any limitations in the ap-
plication of the algorithm for forming load transportation
schedules. In another work by L. Peceny et al. (2020) a cargo
delivery planning program based on discrete-event mod-
elling was proposed. For this purpose, load transportation

scenario was developed taking into account the influence
of organisational and technical fleet management policies.
Additionally, load distribution data between carriers was
also taken into account. The authors believed that the pro-
posed approach will reduce the number of delays and fail-
ures in cargo timely delivery to customers. However, the use
of discrete-event modelling assumes that no changes occur
in the transportation system between certain consecutive
events, which limits its application in emergency cases.
C.B. Gustavo et al. (2021) proposed to use multidimension-
al functions in conjunction with XGBoost (eXtreme Gradi-
ent Boosting) to reduce fuel consumption by quarry trucks.
The authors believed that using XGBoost could improve the
accuracy of fuel consumption monitoring on the route, tak-
ing into account the transportation distance, lifting height,
and time of one transportation cycle. However, the work did
not indicate that works would need to retrain XGBoost due
to shortcomings in the collected data, or when data with
categorical features were obtained. An interesting solution
was proposed by Q. Wang et al. (2021), who developed a
program to establish dependencies between stochastic ve-
hicle characteristics and truck movement trajectories using
a global positioning system based on a model. However, the
study itself indicates its drawback, which is related to the
problem of real-time data processing.

In the development of the second group, existing stud-
ies are devoted to studying the influence of specific vehicle
efficiency indicators and route characteristics on the effi-
ciency of the load delivery process. For example, Z. Lyu et
al. (2022) proposed an adaptive polyploid memetic algo-
rithm (APMA) to improve the efficiency of the load trans-
portation planning process. The algorithm is based on the
concept of polyploidy, when it is proposed to evaluate the
efficiency of transportation based on the objective function
analysis, taking into account possible alternative scenarios
that differ in minor changes in input parameters (inven-
tory level, operations number, flexibility of supply chain
operations, carbon dioxide emissions reduction, etc.). The
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program allows, based on the analysis of the objective
function, to find the best solution for planning the cargo
transportation chain. However, a drawback that requires
further research is the processing of a significant number
of possible solutions that have minor differences and re-
quire additional analysis. M.A. Dulebenets (2021) solved
the problem of reducing the load delivery time uncertainty
due to possible failures during the cargo reloading (trans-
fer) from one carrier to another in a mixed transportation
system. To reduce uncertainty, the authors proposed a
software complex built on the identification of opportunity
fuzzy chances. It allows you to estimate, based on various
input data, the equipment breakdowns probability or loss
of time during the unloading-loading process, which affects
the actual time of cargo transfer to the other party. Unfor-
tunately, the authors limited themselves only to calculat-
ing possible time losses and did not propose solutions for
possible compensation of these delays by using a different
transportation route. Researchers F. Essghaier et al. (2021)
proposed to increase the efficiency of load delivery by de-
veloping rational work and rest regimes for drivers (RWRs)
and implementing them in the transport process. To this
end, based on mathematical modelling, two RWR schemes
were proposed, which, according to the researchers, will
make it possible to increase the daily duration of truck
driving up to 10 hours, during any one week. It is indicated
that the increased driving duration should be compensat-
ed by an equivalent rest time, when replacing a 45-minute
break with several breaks lasting at least 15 minutes each.
C. Sénquiz-Diaz (2021) concluded that the most effective
route planning method is the branch and network meth-
od, which allows obtaining a route with the shortest dis-
tance for cargo delivery. However, it is not clear how this
method allows for the determination of other important
indicators: time, fuel consumption. The authors reported
that for such tasks, a combination of several calculation
methods can be made. I. Skovron et al. (2020) and M. Feng
& Y. Cheng (2021) solved optimisation problems using the
PROMETHEE method to make a decision for fleet selec-
tion taking into account various criteria such as efficiency,
sustainability, cost, etc. or the cross-data analysis method,
which indicates a positive and significant relationship be-
tween different factors of the transport process. However,
the presented approach has limitations in terms of iter-
ations number with variable indicators of the transport
process and requires improvement of existing algorithms.

The presence of many variable parameters in the con-
sidered works and the given formalisation of the research
conditions do not allow for a qualitative analysis of the ob-
tained results and the development of recommendations
that allow using any of the proposed approaches as universal
for choosing the optimal (rational) transport technology for
transporting goods by vehicles. Therefore, solving the prob-
lem of making a management decision to choose a transpor-
tation route from a set of alternatives is relevant. Its solu-
tion would guarantee the maximum result for a transport
company engaged in the delivery of agricultural products.

Tsopa et al.

The purpose of the work was to develop a software
package for making a management decision to choose a
transport technology for transporting grain by road freight
transport from a set of alternatives.

MATERIALS AND METHODS

To achieve the goal, the morphological analysis method
was used, which is based on the selection of possible solu-
tions for certain parts of the task (Feng & Cheng, 2021). For
this purpose, several morphological typical features (indi-
cators) of grain transportation technologies by road trans-
port (carrying capacity, diesel fuel consumption, loading
and unloading time, operating speed, etc.) were identified,
which allow to make the necessary management decision.
The identified features are presented in the form of tables,
the so-called morphological boxes (matrix), which simpli-
fied the determination of the most influential on the trans-
portation process.

Further, based on the system analysis, an automated
software package was generated for making a management
decision on the choice of a transport technology for grain
transportation by road from a set of alternatives (Kim &
Kim, 2020). It consisted of an initial data module (1), a
memory module (2), an information output and visualis-
ation module (3), and a calculation module (4). The calcu-
lation module included block 1 for forming a total matrix
of pairwise relationships of transport technology certain
indicators, block 2 for determining basic indicators and a
block for forming a gray analysis matrix, block 3 for pro-
cessing data on and a block for selecting the best solution
from a set of alternative solutions, and block 4 for deter-
mining the rating of alternative solutions (Fig. 1).

Module 1

Module 4

Technological Data

Module 2
Benchmark Data

~
-~

R

Figure 1. Functional diagram of the software complex
Source: developed by the authors

The software complex contained the following ele-
ments: data input/output forms in the form of a modular
structure, a multifunctional software tool implemented in
the Python programming language, using a data storage
library (for example, Tkinter or PyQt), which ensured the
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appropriate calculations. The data of the indicator groups
were entered by experts through a special window in mod-
ule 1. Then they were stored in module 2 and, if necessary,
transferred to module 4 in block 1 or block 3. Also, the re-
sults of determining the basic indicators from block 2 and
the results of calculating the best transport technology
from block 4 were transferred to module 2. All data stored
in module 2 were transferred to module 3 for visualisation.

The software package is based on two methods: the
fuzzy Dematel method for determining the basic indica-
tors of transport technology (Bazaluk et al., 2024; Tsopa et
al., 2024b) and the gray relational analysis (GRA) method
for analysing the set of alternatives (Quan et al., 2018; Lu et
al., 2023). At the first stage, an analysis of all indicators of

the transport technology of grain transportation by truck
was carried out to determine the basic indicators using the
fuzzy Dematel method. At the second stage, the best trans-
port technology of grain transportation was selected using
the GRA method.

In theory, gray relational analysis allowed finding the
relationship between different transport technologies of
grain transportation by truck. When using the gray anal-
ysis method, a comparison was made of target (reference)
indicators defined by the customer with actual indicators,
which allows establishing the degree of similarity and de-
termining the best transport technology of grain trans-
portation by truck. The software complex included 8-Step
algorithm (Fig. 2).

Formation of an
expert group

Step 1. Entry of data for indicator groups
related to transportation technologies in
freight road transport

=

Step 2. Filling in the pairwise comparison
matrix of transportation technology
indicators for freight road transport by
expert specialists

Step 3. Transformation of expert
specialists judgments into fuzzy numbers
in the pairwise comparison matrix of
transportation technology indicators for
freight road transport

received results

-
Step 4. Identifying of basic indicators
Vizualisation of the <; based on the cause-and-effect
interconnections diagram of
transportation technology indicators for
freight road transport

-

Step 5. Entry of basic indicator data for
possible grain transportation options using
freight road transport.

Entry of target indicators for possible
transportation technologies of grain freight
road transport

-

Formation of an Step 6. Formation of the grey relational
analysis matrix

expert group

ot

Step 7. Ranking of the calculated
transportation technology indicators for
grain freight road transport, that are
considered

-
’ Step 8. Output of the ranking results

Figure 2. Algorithm for determining the best transport technology for cargo transportation

Source: developed by the authors

Step 1. In module 1, experts entered data on all in-
dicators of transport technology for grain transportation:

Add indicators group [Add il

Indicator group name:

Transportation technology management

economic; environmental; safety; energy; technical; ergo-
nomic, transport, etc. (Fig. 3).

r Settings

Add hazard

Figure 3. Window for entering transport technology indicators

Source: developed by the authors
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Step 2. Module 2 contains expert judgments on the
mutual influence of selected indicators in linguistic

Tsopa et al.

terms (Fig. 4), which are then transferred to block 1 of
module 4.

000 Transportation technology management
Add indicators group [Add indicator | )

A1 A2 A3 A4 AS A6 AT A8 A9 | A10 | A11 | A12 | A13 | A14 | A15 | A16 | A17 | A18 | A19 | A20 | A21 | A22 | A23 | A24 | A25 | A26 | A27 | A28 | A29 | A30
Al H VL H L VH VH L VL L L H VH H L H VH L H VH L H H NO H VH H H VH H
A2 H vL H NO | VH | NO H NO H NO VH | NO NO H H NO | NO VL VL L L L H L NO | NO H H NO
A3 VL VL NO | NO H NO H NO | VL | NO H NO | NO L VL | NO | NO | NO | NO | NO | NO L L L NO | NO H VL L
A4 H H NO L VH | NO H NO | VL | NO H NO | NO L NO | NO | NO | VL | VL L NO L VL L NO | NO H L NO
AS L NO NO L VL | NO | NO H NO | NO H NO | NO | NO L VH L NO | NO | NO L NO | NO H NO | NO L NO L
A6 | VH VH H VH VL VH H NO H L VH | NO | NO | NO | NO H L NO | NO | NO H L L L L NO H L L
A7 VH NO NO NO NO VH VH L VH VH VH H NO H H L H H H H VH H H L VH | NO H H L
A8 L H H H NO H VH NO H NO | NO L NO | NO L H NO | NO | NO L H NO | NO | NO | NO | NO | NO | NO | NO
A9 VL NO NO NO H NO L NO NO | NO L NO | NO | NO L VH | NO L L NO | NO L NO L NO | NO L NO H
A10 | L H VL VL NO H VH H NO NO L NO | NO | NO L H NO H H H L L L NO | NO H L NO L
A11 L NO NO NO NO L VH NO NO NO H L NO | NO L L NO L L NO H NO | NO | NO H L VH | VH | NO
A12 H VH H H H VH VH NO L L H VH H NO L L NO H H H L VH L H H NO | NO L L
A13| VH NO NO NO NO NO H L NO NO L VH NO | NO L H NO | NO | NO L L L H NO L NO L L NO
A14 H NO NO NO NO NO NO NO NO NO NO H NO NO H H NO | NO | NO | NO H L L L VL | NO H L NO
A15 | L H L L NO NO H NO NO NO NO NO NO NO H H NO | NO | NO | NO L NO H NO | NO | NO H L NO
A16 H H VL NO L NO H L L L L L L H H H H H H NO H L H L NO | NO H H VH
A7 | VH NO NO NO VH H L H VH H L L H H H H VH | VH | VH | NO L H L VH L NO | NO L H
A18 L NO NO NO L L H NO NO NO NO NO NO NO NO H VH NO L NO VH NO L VH | NO | NO H NO L
A19 H VL NO VL NO NO H NO L H L H NO NO NO H VH NO H NO VH NO NO VH H NO H VH L
A20 | VH VL NO VL NO NO H NO L H L H NO NO NO H VH L H NO H NO L VH H NO L H H
A21 L (5 NO L NO NO H (5 NO H NO H L NO NO NO NO NO NO NO VH VH VL VL | NO H H L VL
A22 H L NO NO L H VH H NO L H L L H L H L VH VH H VH H NO H H VH H H L
A23 H L L L NO L H NO L L NO VH L L NO L H NO NO NO VH H NO NO H H H H NO
A24 | NO H L VL NO L H NO NO L NO L H L H H L L NO L VL NO NO NO L NO | NO H H
A25 H L L L H L L NO L NO NO H NO L NO L VH VH VH VH VL H NO NO VH | VL | VH H L
A26 | VH NO NO NO NO L VH NO NO NO H H L VL NO NO L NO H H NO H H L VH NO H VH | NO
A27 H NO NO NO NO NO NO NO NO H L NO NO NO NO NO NO NO NO NO H VH H NO VL NO VL | NO | NO
A28 H H H H L H H NO L L VH NO L H H H NO H H L H H H NO VH H VL L VH
A29 | VH H VL L NO L H NO NO NO VH L L L L H L NO VH H L H H H H VH NO L NO
A30 H NO L NO L L L NO H L NO L NO NO NO VH H L L H VL L NO H L NO NO VH NO

Figure 4. A window with a pairwise comparison matrix developed
by experts comparing the relationship between indicators

Source: developed by the authors

Step 3. In block 1 of module 4, the experts’ judgments
were transformed into fuzzy numbers using a fuzzy scale,
which involves the use of triangular fuzzy numbers Z,
which are defined as follows: Z = (I, m, u), where [, m and u
are real numbers and /< m<u. The membership function p,
is defined as follows (Tsopa et al., 2024):

x=l .
— if I<x<m
m-—l
u—x

if m<x<u

u-m
0 y otherwise. (1)
The obtained fuzzy numbers provided the opportunity
to reduce the uncertainty and subjectivity of expert assess-
ments. This allowed to increase the accuracy and reliability
of the model in the process of choosing the best transport
technology. The judgments were expressed using a rating
scale from 1 to 9, which was previously entered in mod-
ule 2. 1 point characterises the worst performance, and
9 points — with the best. The collected expert judgments
were processed in block 2 with equal weight for all experts
and used to create the corresponding matrix of pairwise
comparisons.

(k) (k)

0 Z; Z1n
(k) (k)
21 0 Zin

N
I

@)

where p, = 1~, 2,3, .., D; Z~i§.">= (10, m®, u®). Without loss of
generality Z0=(i=1, 2, ..., n) will be considered as a trian-
gular fuzzy number Z= (0, 0, 0), when necessary. Next, the
average matrix was calculated from the set of matrices Z,
Zy Zy oy 2, from each involved expert. After its normali-
sation, a general fuzzy matrix Z, was obtained, which was
used to identify and analyse the cause-and-effect relation-
ships between indicators. After constructing the normal-
ised fuzzy matrix Z,, an analysis of direct relationships was
performed, based on the assumption that:
r=max (3, us).

3

To transform the criteria scale into a scale of compa-
rable values, a linear transformation was used, and nor-
malised fuzzy matrix of direct relationships obtained as a
result of expert evaluation:

~(k) (k) = (k)

X117 X12 X1n

~(k) (k) = (k)

X X X

gk = 21 22 2n ’ )

N0 (k)

xnl an xnn

where k=1, 2,3, ..., p:

o) o 0 0

_k) _ % _ L7 my” ug;
p-L- (L2 ®
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Similarly to the usual fuzzy Dematel method, it was
assumed that there is at least one value i that satisfies the
conditior} PR u,!‘].< i r*. In this case, the average value of all
experts X judgments was calculated as:

G X4E%+.4XP

Step 4. In block 2 of module 4, a cause-and-effect dia-
gram was created, based on which the ranking of indicators
is automatically provided according to the priority rule by
the cumulative percentage — 80% of the total weight of all
indicators (Fig. 5). The indicators with the highest rating,

= P (6)  which were used in further calculations, were determined
X, Xin as basic. The sum of the rows and columns of the fuzzy gen-
%50 Xom eral dependency matrix was denoted, respectively, by the
| (7)  vectors D, and R.. The data contained in these vectors are
functional for creating a cause-and-effect diagram, since its
Xn2 Xnn horizontal axis, denoted as (D, +R)), determines the indica-
bW tors influence, while its vertical axis, denoted as (D,-R), in-
o =1%ij . . . .
where X;; = "‘; - dicates the mutual influence degree between the indicators.
000 Transportation technology management
Mddindicaors group Add indcator  Sefings  Result
Add hazard
Indicator D R D+R D-R Rating
A, 27,39 26,08 53,47 1,3065 5
A, 27,97 27,00 54,98 0,9712 26
A, 27,81 26,96 54,76 -0,8504 23
A 27,09 25,89 52,98 1,2000 8
A, 26,24 25,45 51,68 -0,7910 20
Ay 27,68 26,35 54,01 1,3186 a
A, 2742 2599 5342 1,4318 2
A, 27,13 25,73 52,86 1,3904 3
A, 27,53 26,25 53,78 1,2815 6
Ay 27,90 26,63 54,53 1,2753 7
A, 25,95 25,25 51,19 -0,6995 18
A, 26,80 25,89 52,69 -0,9100 24
A, 25,82 25,12 50,94 0,7034 19
A, 27,47 26,66 54,13 0,8140 21
A, 26,24 25,62 51,85 -0,6219 16
A, 26,72 2572 52,44 0,9972 10
Ao 28,14 27,67 55,81 0,4724 15
A, 26,40 2572 52,12 -0,6776 17
A, 28,22 27,93 56,15 -0,2859 13
Ay 26,69 26,89 53,58 -0,2011 "
A, 27,87 26,36 54,23 1,5047 1
A, 27,82 28,04 55,86 -0,2158 12
A 26,99 27,36 54,35 0,3678 14
A 27,19 28,12 55,31 -0,9215 25
A, 27,21 28,33 55,53 1,1202 27
A, 2739 28,22 55,61 -0,8263 22
A, 27,32 30,73 58,05 -3,4047 28
Ay 27,33 32,38 59,71 -5,0575 29
A, 27,29 35,82 63,11 -8,5354 30
A 26,95 25,81 52,76 1,1470 9

Figure 5. Window with the result of ranking basic indicators by priority indicator

Source: developed by the authors

Step 5. In module 1, experts entered the values of basic
indicators for each transportation technology (in the form
of matrix), as well as data on target (reference) indicators
for choosing the best solution from the set of alternatives,
which are displayed as a series K*= [k, * k,* --- k *]. Addi-
tionally, experts determined and entered in module 1 the
weight coefficients of basic indicators, according to which a
matrix was designed in the form Wk={[w,,, w,,, --- ,w,].

Step 6. In block 3 of module 4, a matrix was designed
to determine the relationship between the basic and tar-
get indicators of the transportation technology (Lu et
al., 2023):

k; ky - kX
S ®
Aml Amz Amn

where A, is the value of the i indicator of the k-group of
indicators of the j solution; series K=[k k,--- k | - is a series
of target (reference) values.

The indicators A; of the matrix K of all m sets of solu-
tions and the values of the I* group, 2" group, ..., k-th —
group indicators for one dimension are reduced to relative
units by dividing into target indicators k,, k,, --- , k by the
corresponding indicators A

§i=Au/k: ©)

The target (reference) set of indicators was transferred
to the series K=[k , k,, --+, k ]. Then, using the set of indices
K of the reference sequence (determined by the achievable
goal) and the matrix A of the compared sequence, the gray
ratio coefficient of the j solution for the i group of indica-
tors was obtained by the formula:

Machinery & Energetics. Vol. 16, No. 2




min |k —AU|+pmax|k _Aul

o i
& == J=n : (10)
! |kj Ay +p7£lf<lfl|k — 4y
1<jsn
S $12 v Sam
621 622 o on . (11)
fml fmz fmn

Step 7. In block 4 of module 4, the achievement index
of basic indicators relative to target (reference) indicators
of transportation technologies was calculated for each al-
ternative solution for choosing a transportation technolo-
gy using the formula:

Tsopa et al.

6111 5112 Elln
R=EXW = 51:21 51:22 51271“ X I “ I “ (12)
Sl $lme

Based on the obtained results of the gray relation ma-
trix (R) an analysis and ranking of transport technologies
was carried out. This allowed us to determine the best tech-
nology for grain transportation.

Step 8. The results of ranking the set of alternative
solutions according to the target (reference) indicators
were transferred to module 2 and visualised through mod-
ule 3 (Fig. 6).

000 Transportation technology management
Result
Add hazard
Type of Index of achievement of essential indicators ~ Percentage of evaluated Transportation
transportation relative to target (benchmark) indicators compliance with technology ratin
technology of transportation technology transportation requirements y g

M1 0,63 19,8 4

M2 0,97 30,6 1

M3 0,64 20,2 3

M4 0,93 29,4 2

Total 3,17 100

Figure 6. Window with the result of ranking basic indicators by priority indicator

Source: developed by the authors

To select a transport technology for cargo transporta-
tion, 5 experts with different experience in organisations
transporting agricultural products were selected. The re-
quirements for them are given in Table 1.

When working with the experts, the ethical stand-
ards specified in the Guidance note of the European
Commission on ethics and data protection (2021) were
observed.

Table 1. Requirements for experts involved in the determination

Information Quantity

Number of experts Not less than 5
Work experience in positions from 10 to 14 years
Experts education higher in the specialty

Work experience

more than 10 years

Auditor’s certificate in quality and safety management systems of companies Yes

Advanced training in risk assessment according to requirements* Yes

Source: developed by the authors

RESULTS AND DISCUSSION

An example of grain transportation by trucks using four
different technologies was considered. Table 2 provides
a brief description of the considered transport technol-
ogies for grain truck transportation, among which it is

Transport technology of road freight transport (RFT)
No.
Name

Designation

1. Tarped road train M

Table 2. Brief description of possible alternative transport technologies (RFT) or grain truck transportation

necessary to choose the one that will meet the design
(target) indicators (Basnak et al., 2020; Touratier-Muller
& Jaussaud, 2021). The justification of the transport tech-
nology is based on the assumption that grain can be con-
ditionally transported by different types of trucks.

Brief description of transport technology for grain transport

Tilted freight road train M1 Freight road train consisting of: seat

tractor + tarped semi-trailer. Grain is transported by container
loading using “big bags”. Loading of cargo into the body of the
freight road train is carried out using a forklift.
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N Transport technology of road freight transport (RFT)
o.

Name Designation

Freight road train with a dump semi-

Continued Table 2.

Brief description of transport technology for grain transport

Freight road train consisting of: seat tractor + dump semi-trailer

with rear unloading. Grain is transported in bulk. Loading of cargo

2. trailer M, into the body of the freight road train is carried out using elevator
equipment of self puring.

Freight road train consisting of: dump truck + dump trailer with

3 Freight road train consisting of: dump M side unloading. Grain is transported in bulk. Cargo is loaded into
’ truck + dump trailer 3 the body of the freight road train using elevator equipment, of self-

pouring.
Specialised container for transporting Freight road train consisting of: seat tractor + semi-trailer for

4 grain, which is transported by a freight M transporting containers. Grain is transported by container loading

road train consisting of: seat tractor + 4
semi-trailer for transporting containers

using a container. Cargo is loaded into the container using elevator

equipment of self-pouring.

Source: developed by the authors

According to the above algorithm, in the first step, in-
dicators groups names and the indicators of freight road
transport technology (Table 3) with the corresponding des-
ignations were entered into module 1 of software complex.
Then, in module 2, a window appeared in which the experts
conducted a pairwise comparison of all previously entered
indicators of grain transportation transport technology,

based on their influence on each other. After processing
the pairwise comparison matrix in module 2, the data were
transferred to block 1 of module 4. A normalised fuzzy ma-
trix of direct relationships was constructed in it. Each fuzzy
matrix of direct relationships xk was calculated using fuzzy
triangular numbers 2! from the matrix z based on relations
(2) and (4).

Table 3. Indicators catalog of transport technology for grain transportation by road transport

Group of
indicators

Indicator
designation

A Transportation distance, km
A, Transport work, tkm
Transport productivity, t/km
Cargo preservation during transportation, points (max — 10 points)
Transport operations performing time, hours
Cargo volume, tons (vehicle carrying capacity)
Cargo transportation speed, km/h
Diesel fuel consumption per 100 km, 1/100 km
Transport process energy intensity, I/km (route length).
Time spent on transport operations
Qualified personnel conducting medical inspection
Quick registration of accompanying transport documentation
Efficient process of freight road transportation
Qualified drivers participating in freight road transportation of grain
Qualified personnel conducting medical inspection
Driver satisfaction with working conditions at the transport enterprise
Driver’s ability to undergo advanced training (skills)
Additional leave for the complexity of performing professional duties
Additional financial payments for the complexity of performing professional duties
Driver satisfaction with the salary received at the enterprise
Freight transportation tariff, UAH / ton
Total cost of all transport operations, UAH
Cost of transportation, UAH/km
Profitability, %
Profit of a motor transport company from transport work, UAH
Cargo volume, tons
Productivity of the loading and unloading mechanism, t/h
Vehicle load capacity utilisation factor

Adaptability of the vehicle to the transportation of the appropriate cargo type,
points (max number - 10 points)

Reliability (safety) of cargo transportation, points (max number - 10 points)

No. Designation

Indicator (factor) name

Transport
1 factor
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Source: developed by the authors
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Then, based on the averaging of normalised matrices
calculated from the pairwise comparison matrices, each
expert determined the total normalised fuzzy matrix of
direct relationships X based on relations (6) and (7). This
allowed calculating the total fuzzy matrix of relationships
Z,. Then, the sum of rows and the sum of columns were
calculated, which were transferred to block 2 of module 4.
In block 2, the defuzzification process for the vectors of

Tsopa et al.

significance and relative position of indicators took place.
The defuzzification transformation is given in Table 4,
where the ratings of cause-and-effect relationships of
transport technology indicators were formed. The names
of the first 10 indicators were determined as basic. Their
names were transferred to module 2 and visualised by
module 3 (Table 5). Also, their names have been transferred
to block 3 of module 4.

Table 4. Rating of transport technology indicators based on their mutual influence

Indicator D R D+R D-R Rating

A, 27.39 26.08 53.47 1.3065 5

" 27.97 27 54.98 -0.9712 26
A 27.81 26.96 54.76 -0.8504 23
A, 27.09 25.89 52.98 1.2000 8
A 26.24 25.45 51.68 -0.7910 20
A, 27.66 26.35 54.01 1.3186 4
A, 27.42 25.99 53.42 1.4318 2
A, 27.13 25.73 52.86 1.3904 3
A, 27.53 26.25 53.78 1.2815 6
A, 27.9 26.63 54.53 1.2753 7
A 25.95 25.25 51.19 -0.6995 18
A, 26.8 25.89 52.69 -0.9100 24
A 25.82 25.12 50.94 -0.7034 19
A, 2747 26.66 54.13 -0.8140 21
A 26.24 25.62 51.85 -0.6219 16
A, 26.72 25.72 52.44 0.9972 10
A, 28.14 27.67 55.81 -0.4724 15
A, 26.4 25.72 52.12 -0.6776 17
A, 28.22 27.93 56.15 -0.2859 13
A, 26.69 26.89 53.58 -0.2011 11
Ay 27.87 26.36 54.23 1.5047 1
A, 27.82 28.04 55.86 -0.2158 12
A 26.99 27.36 54.35 -0.3678 14
A, 27.19 28.12 55.31 -0.9215 25
A 27.21 28.33 55.53 -1.1202 27
A, 27.39 28.22 55.61 -0.8263 22
A, 27.32 30.73 58.05 -3.4047 28
A, 27.33 32.38 59.71 -5.0575 29
A, 27.29 35.82 63.11 -8.5354 30
A 26.95 25.81 52.76 1.1470 9

ot
&

Note: D - is the sum of general fuzzy matrix rows; R is the sum of general fuzzy matrix columns; (D +R) — determines
the influence of the indicator on the transportation process; (D - R) indicates the degree of mutual influence between the

indicators
Source: developed by the authors

Table 5. Basic indicators

Rating Indicators
1 A, Rating for cargo transportation, UAH/ton
2 A, Cargo transportation speed, km/h
3 A, Diesel fuel consumption per 100 km, I/100 km

Machinery & Energetics. Vol. 16, No. 2
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Continued Table 5.
4 A, Cargo volume, tons
5 A Transportation distance, km
6 A,, Energy intensity of the transport process, I/km (route length)
7 A, Time spent on transport operations
8 A, Cargo safety during transportation, points (max - 10 points)
9 A Reliability (safety) of cargo transportation, points

10 A, Driver satisfaction with working conditions at a motor transport enterprise

Source: developed by the authors

The analysis of the results obtained from the de-
termination of transport technologies basic indicators
showed that the greatest impact is characteristic of eco-
nomic attractiveness indicators of freight road transpor-
tation of the corresponding type of cargo (rating for grain
transportation, fuel consumption, energy intensity of the
transport process), operational properties of the vehicle
(speed and volume of cargo), and also, several indicators
related to safety and the human factor (inspector relia-
bility, satisfaction with working conditions) were high-
lighted. The determination of the basic indicators allows

- S
S.9
S &
=

B:)
:u—l
T3
~3

Indicator designation

Table 6. Results of determining indicators by different transport technologies for grain transportation

Name of indicators for transport technology

to proceed to Step 5. The experts entered the values of the
basic indicators for each proposed grain transportation
technology program (Table 6). Target (reference) basic in-
dicators values related to the motor transport enterprise
and will allow to achieve the stated goals were also deter-
mined and entered into module 1 (Table 7). Next, data on
weighting factors from the specified baseline indicators
were generated and entered, which allow obtaining vehi-
cle gray retional coefficients with the specified actual and
target (reference) values of baseline indicators for each of
the specified technologies.

Value of indicators for each
transportation technology

M M M

1 2 3

A A A

1i 2i 3i

1 Cargo transportation rating, UAH / t 2032 1017 1626 1220
2 Cargo transportation speed, km/h 70 90 60 90

3 Diesel fuel consumption per 100 km, 1/100 km 40 35 45 35

4 Cargo volume, tons 20 20 20 20

5 Transportation distance, km 455 455 455 455
6 Energy intensity of the transport process, I/km (route length). 0.0879  0.0769  0.0989  0.0769
7 Time spent on loading and unloading operations, hours 0.9 0.5 0.95 0.67
8 Cargo safety during transportation, points (max — 10 points) 10 7 6 10

8 Carrier reliability, points 9 7 7 9
10 Driver satisfaction with working conditions at a motor transport enterprise, points 9 8 9 8

Source: developed by the authors

speed, km/h k,
Diesel fuel
consumption per
100 km 1/100 km, k3
Cargo volume,
tons, k,
Transportation
distance, km k

o
-
S~
=)
00
=]
‘2
3]
-

Cargo transportation
Cargo transportation

1017 90 35 20 455

Table 7. Target (reference) transport process indicators, which are formed from the set goals

Energy intensity of the
transport process, I/km
(route length), k,
Time spent on
conducting NRR, h, k,
Cargo preservation
during transportation,
points (max - 10
points), k,
Carrier reliability,
Driver satisfaction with
working conditions
at motor transport
enterprise, points k|

0.0769 0.5 10 9 9

Source: developed by the authors

The determination of weight coefficients was carried
out by experts, using a scale from 0 to 1, where 0 indi-
cates no effect on cargo delivery time and 1 indicates

significant effect. The results of calculating weight co-
efficients for the above transport technologies are given
in Table 8.
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Table 8. Results of calculating weight coefficients by basic indicators

Tsopa et al.
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M1 0.002 0.778 0.857  1.000  1.000 0.857 0.200 1.000 1.000 1.000
M2 1.000 1.000 1.000  1.000  1.000 1.000 1.000 0.700 0.778 0.889
M3 0.401 0.667 0.714  1.000  1.000 0.714 0.100 0.600 0.778 1.000
M4 0.800 1.000 1.000 1000  1.000 1.000 0.660 1.000 1.000 0.889
Average value W 0.250 0.200 0.200  0.050  0.050 0.050 0.050 0.050 0.050 0.050

Source: developed by the authors

At Step 6 in block 3 of module 4, a general matrix is
formed for calculating the gray ratio coefficients of the

35
40
35
45
35

20
20
20
20

20

1017

2032
K=11017
1626
1220

90
70
90
60

90

Further, in block 4 of module 4, the calculation was
carried out using formula 11 of achievement index of basic

0.857
1.000
0.714
1.000

1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000

0.002
1.000
0.401
0.800

0.778
1.000
0.667
1.000

R=ExXW=

Based on the results of the calculations, the above
transport technologies for grain transportation were
ranked (Table 9).

According to the calculations results, it can be conclud-
ed that the best option for the given target indicators will
be the transport technology for grain transportation — M,:
a freight road train with a dump semi-trailer (the value of
the calculated index value is 0.97). The second place is tak-
en by the transport technology for grain transportation —
M4: a specialised container for transporting grain, which
is transported by a freight road train consisting of: seat

455
455
455
455
455

0.857

basic indicators by transport technologies for grain trans-
portation according to formulas (8)-(11).

0.0769
0.0879
0.0769
0.0989

0.0769

0.5
0.9
05 7
095 6
0.67 10

10
10

NN EN BN o}
O OO O

indicators relative to target (reference) indicators of trans-
portation technologies.

10.257
0.2
0.2

0.05
0.05
0.05
0.05
0.05
0.05
0.05

L0.05-

0.63
0.97
0.64(
0.93

1.000
0.778
0.778
1.000

1.000
0.889
1.000
0.889

0.778
0.889
0.778
1.000

1.000
0.700
0.6
1.000

1.000
0.714
1.000

tractor unit + a semi-trailer for transporting containers (the
value of the calculated index value is 0.93). The third place
is taken by the transport technology for grain transporta-
tion — M3: a freight road train consisting of: a dump truck
+ a dump trailer (the value of the calculated index value is
0.64). The fourth place is taken by the transport technology
for grain transportation — M1: a tarped freight road train
(container transportation of grain in “big-bag” bags) (the
value of the calculated index value is 0.63). Figure 7 shows
a ranking diagram of the transport technologies for grain
transportation that were considered.

Table 9. Results of determining the best grain transportation technology
Percentage of the estimated level

Type of transport

Achievement index of basic indicators

of compliance with transportation Rating of transport

technology 0 techmologies ) technologies
M1 0.63 19.8 4
M2 0.97 30.6 1
M3 0.64 20.2 3
M4 0.93 294 2
Total: 3.17 100.0

Source: developed by the authors
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Figure 7. Rating diagram of grain trucking transport technologies

Source: developed by the authors

A software package has been developed for making
management decisions regarding the selection of the op-
timal cargo transportation technology among alternative
options. The package consists of four modules: informa-
tion input, memory, data calculation and output, as well as
four blocks: formation of a total matrix of indicator rela-
tionships, determination of basic indicators, formation of
a gray analysis matrix and selection of the best solution.

The difference of this approach from known meth-
ods, in particular the study by K. CiZitiniené (2022), which
was aimed at solving general issues of organising cargo
transportation, lies in the combination of two methods:
fuzzy DEMATEL and GRA. Such combined use allows to
determine the basic indicators characterising the trans-
port technology and, on their basis, selecting the optimal
option. The proposed approach ensures the adoption of
effective management decisions by comparing the compli-
ance of basic indicators of transport technology with target
indicators set in the project of freight road transportation.
This corresponds to the priorities of transport industry de-
velopment and contributes to the introduction of modern
information technologies for organising transportation
process (Shatilo et al., 2023; Muzylyov et al., 2024; Kho-
menko et al., 2024).

Analysis of the obtained results shows that the pro-
posed software package allows optimising the process of
cargo transportation, reducing vehicle downtime, transpor-
tation costs and taking into account the shortage of quali-
fied drivers. Similar aspects were considered in the work of
M. Kramchaninova et al. (2021), where the main emphasis
is made on assessing the problems and prospects for the
development of railway freight transportation in Ukraine.
The authors note that the efficiency of transport logistics
largely depends on innovative approaches to transporta-
tion management, which confirms the feasibility of using
the developed package to select the optimal transportation
technology in existing conditions. However, unlike the re-
sults of the study by M. Kramchaninova et al. (2021), the
proposed model focuses on assessing alternative transpor-
tation options taking into account the individual require-
ments of the customer, which provides greater flexibility in
management decisions. An important aspect of the study
is the possibility of determining an integral indicator of
transport technology efficiency, based on multi-criteria

analysis. Similar approaches were studied in the work of
H.I. Nesterenko et al. (2023), which analysed the integra-
tion of the transport system of Ukraine into the Europe-
an transport network. The authors note that for successful
entry into the European transport space, it is necessary to
implement digital technologies for assessing the efficiency
of routes and transportation, which confirms the relevance
of using the proposed software package. At the same time,
if in the study of H.I. Nesterenko et al. (2023) the main
emphasis is made on macroeconomic aspects of trans-
port system integration, the results obtained are focused
on microeconomic level, offering tools for improving the
efficiency of individual carriers. The use of gray relation-
al analysis to determine a complex indicator of transport
solutions efficiency, which is a key element of the proposed
model, deserves special attention. The study of D. Shmat-
ko et al. (2021) also considers the possibilities of optimising
rolling stock selection and inventory management, using
mathematical modelling to improve logistics decisions.
The results obtained are consistent with the conclusions of
D. Shmatko et al. (2021), as they confirm the effectiveness
of mathematical approaches in logistics planning. At the
same time, the proposed approach is more flexible, as it al-
lows evaluating different transportation options according
to a number of independent criteria, taking into account
the specific features of the transport process.

The analysis of the obtained results shows that the
proposed software package can be an effective tool not only
for choosing the optimal transport technology, but also for
predicting fuel consumption during road transportation.
Optimisation of fuel consumption is an important task for
reducing the cost of logistics processes, which is consistent
with the conclusions of T. Skrinjari¢ & B. Sego (2019). Us-
ing fuzzy Dematel to determine the relationships between
various factors allows to improve the accuracy of route
assessment, which is also noted in the work of T. Skrin-
jari¢ (2020).

Unlike traditional methods of vehicle fleet selection,
such as queuing theory (Zakeri et al., 2022), object-orient-
ed programming (Fausto et al., 2020) or regression anal-
ysis (Onopriienko, 2021), the developed approach offers
a multi-criteria analysis that takes into account complex
factors and allows finding the most effective solutions
according to specific conditions. Additionally, the results
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correlate with the findings of M. Scorrano et al. (2020) and
N. Touratier-Muller & J.Jaussaud (2021) as to the impact of
transport parameters on overall costs and transportation
environmental sustainability.

The obtained results confirm the effectiveness of the
proposed software package in selecting the optimal trans-
port technology, which is based on the analysis of ten key
indicators, including the speed of cargo delivery and fuel
consumption. Similar criteria for assessing the competi-
tiveness of freight transportation were considered in the
study by N. Khanna et al. (2021), which analysed strategic
approaches to the decarbonisation of freight transport.
The conclusions obtained in this study are consistent with
the results of M. Hu et al. (2024), which identified the most
effective technology for transporting large-sised cargo.
However, in the above works, the main attention was paid
to fuel characteristics as the main factor in choosing a
transport technology, while in the proposed model this as-
pect can be taken into account by changing the weight co-
efficients of the relevant indicators, which allows for more
flexible adaptation of the approach to specific conditions.

Animportant aspect is consumer orientation, since tar-
get indicators can be adjusted according to the needs of the
customer. A similar approach was considered in the work of
C.Caoetal. (2021),where an algorithm for selecting a trans-
port technology with the possibility of adjusting weight-
ing coefficients using additional assessment methods was
proposed. This is consistent with the concept of fleible
logistics process management implemented in this study.

Not only economic feasibility has a significant impact
on transport technology choice, but also environmental
and social aspects, which are key elements of sustainable
regional development (Yan et al., 2024; Pu et al., 2024). Re-
ducing the cost of transportation, environmental load and
social losses are important factors that need to be integrat-
ed into transport strategies. The obtained results indicate
the possibility of further improving the software package
by adding risk management modules and expanding the
functionality to predict potential threats associated with
disruptions to logistics processes.

Thus, the developed software package provides broad-
er opportunities for optimising transport processes, allow-
ing to take into account not only transportation efficien-
cy, but also economic and environmental aspects, which
makes it competitive in comparison with other logistics
solutions assessing methods. Thus, the conducted study
demonstrates the practical effectiveness of the developed
methodology in transport technologies selection, confirm-
ing its relevance to modern approaches in the field of logis-
tics and sustainable development. The proposed approach
provides flexibility in decision-making, allowing to adapt
the choice of transport technology to the specific require-
ments of customers and external conditions. The obtained
results indicate using potential of the developed software
package to increase the logistics processes efficiency, in-
cluding reducing costs, optimising resources and increas-
ing the transportation environmental sustainability.

Tsopa et al.

CONCLUSIONS

A software package is proposed for making a management
decision to choose the best cargo transportation technolo-
gy from a set of alternatives, which consists of four modules
(information input, memory, calculation and data output)
and four blocks located in the calculation module (block 1
for forming a total matrix of indicator relationships, block 2
for determining basic indicators and a block for forming a
gray analysis matrix and block 4 for choosing the best solu-
tion from a set of alternative solutions) based on the meth-
ods: fuzzy Dematel and GRA, which are used to determine
basic indicators and based on them, choose the transport
technology for grain transportation itself. The software
complex implements a seven-Step algorithm: entering
groups of indicators, analysing them pairwise, determining
basic indicators based on the total matrix of relationships,
entering values of basic and reference indicators of grain
transportation technologies and weighting factors, con-
structing gray analysis matrices, determining the index of
basic indicators achievement relative to target ones.

As a result, the best transport technology for trans-
porting grain was selected to meet the target (reference)
indicators of the motor transport enterprise according to
the following indicators: cargo transportation raiting; car-
go transportation speed; diesel fuel consumption per 100
km; cargo volume; transportation distance; energy inten-
sity of the transport process; time spent on loading and
unloading operations; cargo safety during transportation;
carrier reliability; driver satisfaction with working condi-
tions. According to the calculations results, the transport
technology for transporting grain from a freight truck with
a dump semi-trailer best meets the target indicators. The
dependence of the basic indicators of the transport tech-
nology for transporting cargo and the target indicators of
the motor transport enterprise was established, which al-
lows improving the algorithm for making a management
decision to choose an effective transportation technology
from a set of alternative ones.

Further research will be aimed at developing the pos-
sibilities of integrating the software complex with existing
transport logistics systems used in logistics terminals. This
will allow for automated data exchange, increase the effi-
ciency of route planning, and optimise grain loading and
unloading processes.
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MporpaMHUi1 KOMMNEKC 3 BU6opy TPaHCNOPTHOI TexXHosorii

nepepe3eHHA 3epHa BaHTaXXHUM aBTOMOGINbHUM TPaHCNOPTOM

AHoTauia. MeToio po60oTy 610 po3pO6UTH TPOrPaMHMIT KOMIUIEKC [JIsT IPUITHSITTS YIIPaBIiHCHKOTO PillleHHsI /it BUGOPY
TPAHCIIOPTHOI TEXHOJIOTii TIepeBe3eHHsI 3epHa aBTOMOGIIbHIMM TPAHCIIOPTOM i3 MHOXMHM abTepHATUB. [[JIs JOCSITHEHHS
MOCTaBJIeHOI MeTM BUKOPUCTAHO MeTO[ MOPQOIOriuHOro aHasti3y, SsKMii 3aCHOBaHMIt Ha Mif60pi MOKIMBUX pillleHb AJIs
OKpeMUX YaCTVH 3aBaHHS. 3alIpOTIOHOBAHO ITPOrPaMHMIT KOMIUIEKC JJIsl IPUIHSATTS YIIPaBIiHCbKOTO PillleHHS i3 MHOXXMHU
aTbTePHATUB, IKUI CKJIAJABCs 3 YOTUPbOX MOZYIIIB Ta YOTUPHOX OGJIOKIB. B 110r0 OCHOBi 3HaX0mMIMCh ABa MeTona: fuzzy
Decision Making Trial and Evaluation Laboratory (mani — fuzzy Dematel) i ciporo pensiiiinoro anamnisy (mami — GRA),
SIKi BUKOPUCTOBYBAINCS [I/IS1 BUSHAUEHHST 6a30BUX MTOKA3HMKIB Ta Ha iX OCHOBI BUGIp caMOi TPaHCIIOPTHOI TEXHOIOT1
repeBe3eHHs 3epHa. B mporpaMHOMYy KOMILJIEKCi peasi30oBaHO aJITOPUTM 3 BOCbMM KPOKiB: BBOAY I'PYIT MOKA3HUKIB, iX
TOITapHOMY aHasIi3y, BU3HaUeHHs 6a30BMX MOKa3HMKIB HA OCHOBI CyMapHOi MaTpuili 3aB’s13KiB, BBOJY 3HaU€Hb Oa30BUX
Ta eTAJIOHHMX MTOKA3HUKIB TPAHCIIOPTHUX TEXHOJIOTil MepeBe3eHHs 3epHa Ta BaroBux KoedillieHTiB, MO6YI0BY MaTPUILh
ciporo aHasi3y, BU3SHaUeHHS iHAEKCY DOCATHEHHST 6a30BMX MOKAa3HMKIB BiAHOCHO 11ibOBUX. B pesynabTaTi 06paHo
Kpally TPaHCIIOPTHY T€XHOJIOTiI0 BAHTasKHMX aBTOMOOI/IbHMX IepeBe3eHb 3epHa 10 I[iIbOBUX (€ TAIOHHMX) TOKa3HMKIB
aBTOTPAHCIIOPTHOTO MiATIPMEMCTBA 3@ HACTYITHMMM IMOKa3HMKAMM: Tapud Ha TPAHCIIOPTYBAHHS BAHTAKY; IMIBUIKICTb
TPAHCIIOPTYBAHHS BAHTAXKY; BUTPATa AM3eIbHOTO MaauBa Ha 100 KM; 06CsIT BAHTAXKY; BiICTAHb TPAHCIIOPTYBAHHS;
€HeproeMHICTb TPaHCIIOPTHOTO IIPOLiecy; Yac, IKuii BUTpaueHMi Ha IPOBeleHHsI HaBaHTa)XXyBa/IbHO-PO3BaHTaXKyBaJIbHUX
po6iT; 36epexkeHHS] BAHTAKY [P TPAHCIIOPTYBAHHI; HALiiHICTh IepeBi3HMKA; 3a10BOIEHICTh BOJiEM YMOBAMU TIpalli. 3a
pesyabTaTaMu IPOBeIeHMX PO3PaxyHKiB 3a3HaU€HO, 1[0 HaliKpalle 3aJ0BOJIbHSIE 1[iTbOBMM ITOKa3HMKAM TPAHCIIOPTHA
TEXHOJIOTis TTepeBe3eHHs 3epHA — BAHTaKHMM aBTOIOTITOM 3 CAMOCKMIHMM HaMiBIIpuUYeroM. BcTaHOB/IEHO 3aIeKHOCTI
6a30BUX [TOKA3HUKIB TPAHCIIOPTHOI TEXHOJIOTIi IIepeBe3eHHs BAHTAXY i IIIIbOBMMY aBTOTPAHCIIOPTHOTO MiANPUEMCTBA,
10 N03BOJISIE BAOCKOHAIUTHU aJTOPUTM MPUITHSATTSI YIIPaBAiHCBKOTO PillleHHS 3 BUO60pY eheKTUBHOI TPAHCIIOPTHOT
TeXHOJIOTi] epeBe3eHHsI i3 CYKYITHOCTi aJIbTepPHATUBHMX. 3aIIPOTIOHOBAHMIT ITPOIIeC BUOOPY KPaIoro pillleHHs i3 CYKyITHOCTi
aJbTepPHATUBHMUX MOKEe BUKOPUCTOBYBATHCSI B OpraHisallisix, ki 3[i/iCHIOIOTh BUGip Kpalioi TeXHOOTii BAaHTasKHUX
aBTOMOOITbHMX MIePeBe3€Hb CUTTKUX BAHTaXiB — 3€pHA

Knio4oBi croBa: TpaHCIIOpTHa TexHojoris, meron fuzzy Dematel, meTonm ciporo pensiiifHOro aHamisy, IiJbOBi
TTOKa3HMKM, eTaJI0Hi MOKa3HMKU. YIIPaBIiHChKi PillleHHS
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Aggregation of a mobile energy vehicle
of the “Autotractor” with a technological module

Abstract. The relevance of the research was determined by necessity to increase the efficiency of machine and tractor
units (MTUs) in both traction-powered and transport-technological operations, while ensuring operational safety. The
objective of the research was to experimentally determine the effect of the mass of the technological module (TM) on
the axle loads of a mobile energy vehicle (MEV) of the “Autotractor” during aggregation with a rear-mounted three-
point hitch. The research addressed the issue of stability and load distribution in MTUs, particularly those with MEVs
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of the “Autotractor” based on high-mobility truck platforms. The MEV-115 “Autotractor”, developed at the Institute of
Mechanics and Automation of Agro-Industrial Production of the National Academy of Agrarian Sciences of Ukraine,
was introduced. This vehicle featured several innovative design solutions, including a centralised tyre pressure control
system, a hydraulic system, a frame-based TM mounting system, and a specially designed rear three-point hitch. The hitch
structure enabled aggregation with TMs weighing up to 2 tonnes. Its compact design allowed for hassle-free mounting
of the TM onto the vehicle frame without disassembling the hitch. Experimental research using strain gauge scales was
carried out to verify theoretical calculations on the distribution of axle loads in the MEV depending on the weight and
centre of mass of the TM. Critical TM parameters were established for safe operation: the distance from the TM’s centre
of mass to the rear axle (0-4 m) and the TM weight (6.39-18.7 kN). TM configurations ensuring balanced axle loads were
also defined, eliminating parasitic power circulation between the axles of the MEV-115 “Autotractor”. The minimum
front axle load necessary to maintain steerability during transport operations was determined to be at least 20% of the
total MTU weight. The results confirmed the validity of the theoretical models and demonstrated the effectiveness of
the approach. The findings may be applied to enhance MEV design and optimise their use in agricultural production

Keywords: experimental research methods; measuring equipment; sensor calibration; tractor; mobile energy vehicle

(MEV)

INTRODUCTION

The research into aggregation processes has been essential
for ensuring the effective and safe operation of agricultur-
al and industrial machinery. It enabled the optimisation
of the interaction between mobile energy vehicles (MEVs)
and technological modules (TMs), increasing the efficiency
of operations and reducing energy consumption. The re-
search allowed for a comprehensive assessment of critical
parameters such as weight, centre of mass coordinates,
structural stability, and the load on key MEV components.
Determining these characteristics contributed to optimis-
ing load distribution, enhancing vehicle stability and re-
liability, reducing wear of main components, and thereby
extending service life, minimising maintenance and repair
costs, and improving the overall efficiency of the unit in
varied operating conditions. Moreover, analysing the in-
teraction between aggregated components facilitated im-
proved structural designs, increased manoeuvrability, and
adaptation of the machinery to different working environ-
ments — factors critical to the advancement of modern mo-
bile technologies.

Previous scientific efforts had largely focused on de-
veloping tractor stability models, evaluating their static
and dynamic properties, and proposing methodological
frameworks for assessing stability. However, the stability
parameters of MEVs of the “Autotractor” type, particular-
ly during aggregation with TMs, remained insufficiently
researched. The stability of motion and load distribution
in MEV-based MTUs was of paramount importance. These
processes underpinned safe movement during transport,
transitions with attached implements, soil compaction
concerns, and overall safety. For instance, research by
G. Carabin et al. (2023) highlighted that over 100 fatal acci-
dents involving tractor rollovers were recorded annually in
Italy - posing not only a risk to human life but also causing
significant financial losses due to equipment damage and
operational downtime.

M. Bietresato & F. Mazzetto (2020) pointed out that
international standards for evaluating the stability of

agricultural machinery lacked sufficient detail. These
standards typically focused only on the roll-over angle and
failed to account for operational factors such as soil type,
tyre pressure, and terrain slope. The authors introduced a
new test platform capable of more accurately determining
the centre of mass and assessing stability in various po-
sitions. However, that research did not address dynamic
load effects during motion, necessitating further research.
Researchers B. Franceschetti et al. (2021) emphasised the
heightened rollover risk associated with articulated nar-
row-track tractors. They developed a kinematic model to
simulate tractor behaviour virtually, enabling the deter-
mination of a minimum transverse stability angle (39.3°
at a -35° pitch angle). While these results could assist in
optimising tractor design for greater stability, they specifi-
cally concerned articulated-frame MEVs and thus required
refinement for application to the “Autotractor”-type MEVs.

According to V. Rondelli et al. (2013), despite the
mandatory use of rollover protective structures (ROPS),
tractor instability incidents remained a significant con-
cern. The authors investigated the impact of various fac-
tors—soil morphology, climatic conditions, and operator
experience — on tractor stability. They utilised a real-time
monitoring system to evaluate rollover risks and suggest
corrective actions, although the research did not assess
the long-term effectiveness of these interventions. G. Pre-
viati et al. (2014) explored tractor stability on slopes us-
ing mathematical models to determine tipping thresholds.
Their analysis included tyre stiffness, asymmetric imple-
ment placement, and a comparison between traditional
front axles and passive suspensions. While they found that
suspension systems could improve stability, their research
did not include dynamic parameters such as speed or vary-
ing loads, indicating the need for further investigation.

D. Pessina et al. (2022) researched the lateral stabil-
ity limitations of narrow-track agricultural tractors and
the influence of design features (wheels, tyre pressure, and
accessories) on rollover resistance. Their research covered
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tractors of different constructions but did not include dy-
namic field conditions, calling for extended researches to
better predict stability in real-world settings. In contrast,
S.P. Pogorilyy et al. (2022; 2023) focused on justifying trac-
tion performance indicators for MEVs. However, their work
considered the design and aggregation parameters of TMs
only in general terms, without addressing the physical pro-
cesses occurring during aggregation.

Taking into account the predominance of research
dedicated to conventional tractor-layout MEVs, it became
evident that researching the stability of “Autotractor”-
type MEVs was crucial for both agricultural professionals
and vehicle manufacturers. The aim of this research was
to explore the impact of TM mass on axle loads in the “Au-
totractor” — type MEV in order to reduce operational costs
by designing and implementing agricultural units based on
this MEV configuration.

MATERIALS AND METHODS

The object of the research was the multifunctional MEV-
115 “Autotractor”, developed in 2023 at the Institute of
Mechanics and Automation of Agro-Industrial Production
of the National Academy of Agrarian Sciences of Ukraine
(Pogorilyy et al., 2022; 2023) (Fig. 1). The machine was
equipped with a custom-designed three-point hitch. The
mass of the MEV-115 “Autotractor” amounted to 3500 kg,
with an internal combustion engine rated at 88.3 kW
(115 hp), a wheel arrangement of 4x4, and a maximum
speed of 90 km/h.

Figure 1. Mobile Energy Vehicle MEV-115 “Autotractor”
Source: compiled by the authors

A key feature of the MEV-115 “Autotractor” was the
centralised tyre pressure control system, which allowed for
pressure reduction during field operations (0.05-0.07 MPa)
and an increase to the recommended value for road trans-
port (0.27 MPa). This system also allowed for dynamic pres-
sure adjustment during technological operations, depend-
ing on the weight of the TM. The MEV-115 “Autotractor”
was designed as an alternative to tractors of traction class
1.4 (with a drawbar pull of 14 kN), which were primarily
used for transport and technological operations whose ef-
ficiency was largely influenced by moving distance. Under
such conditions, the MEV-115 “Autotractor” was required
to aggregate with TMs (machines or implements) designed
for class 1.4 tractors.
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To examine the operation of the three-point hitch and
to research the processes that occurred during aggregation
with the TM, experimental research was carried out. The
following criteria were established for the performance of
the three-point hitch: time required to lift the TM from the
lower to upper position, time to lower it, the distribution of
loads on the MEV’s axles, and the hydraulic pressure in the
MEV’s system during aggregation.

For the experimental researches, 20 kN-capacity strain
gauge vehicle scales of the VAPO-15 type were used. These
were manufactured by scientific-testing institutes of the
former Soviet Union. Prior to conducting the research, the
scales were calibrated using certified equipment, in particu-
lar the DOSM-3-3 dynamometer (Ukraine). The calibration
was performed in 200 kg increments from 0 to 2000 kg. Data
registration was carried out using an L-CARD-E14-440 AD/
DA converter and LGraph2 software.

Through regression analysis, quantitative dependen-
cies were established that supported engineering decisions
regarding the MEV’s design and operation. A force diagram
(Fig. 2) representing the MEV-115-based MTU was used to
derive the chain between the MEV’s parameters and the
aggregated TM mounted on the rear three-point hitch.

I

Figure 2. Force diagram of the machine-tractor unit
Note: 1 - MEV; 2 — rear TM; GEM - MEV weight, kN; G1 —
TM weight, kg; Rf, Rr — load on the front and rear MEV axles
respectively, kN; L - MEV wheelbase, m; al - distance from
the rear axle to the TM’s centre of mass, m
Source: compiled by the authors

Regression analysis was employed to determine the
correlation between TM mass and axle loads on the MEV
during aggregation with the rear three-point hitch. This
analysis enabled the following: assessment of the influ-
ence of TM weight on load redistribution between axles;
identification of critical loading values affecting the MEV’s
stability and steerability; development of a mathematical
model to forecast axle loads for different TM masses; and
optimisation of aggregation parameters to ensure efficient
operation without overloading or adverse effects on the ve-
hicle’s handling.

RESULTS AND DISCUSSION
Based on the theoretical research (Pogorilyy et al., 2023),
the dependencies of the loads on the front and rear axles
of the MEV on the mass of the technological module (TM)
were determined:
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P =1.9091-m+13.806, (1)
where P - rear axle load, kN; m - cargo mass, kg.
P,=-0.909-m+20.194, (2)

where P- front axle load, kN.

A graphical representation of the obtained results is
presented in Figure 3.
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Figure 3. Dependence of axle loads
on the mass of the TM
Note: 1, 2, 3,4, 5 - loads on the front and rear axles accord-
ing to the change in the coordinate of the center of mass of
the TM from the axis of the rear wheels: 0; 1;2; 3;4m; 6 —
limit of controllability of the unit
Source: compiled by the authors

According to the results of theoretical calculations, the
parameters of the technological module (TM) aggregated
via the rear-mounted three-point hitch of the MEV-115
“Autotractor” were determined. Specifically, the distance
from the TM’s centre of mass to the centre of the rear axle
ranged from O to 4 metres, while the TM weight varied from
67 to 9.5 kN. For instance, with a TM weight of 20 kN and a
centre of mass located 3 m behind the rear axle, the load on
the front axle of the MEV decreased from 20.2 to 2.01 kN,
whereas the load on the rear axle increased from 13.8 to
52 kN. Under the condition of equal axle loading, the dis-
tance from the TM’s centre of mass to the MEV’s rear axle
ranged from O to 4 metres, while the TM weight varied from
6.39 to 1.87 kN. The limiting factor for the TM weight was
the minimum required load on the front axle of the MEV to
ensure adequate steerability of the unit during transport
operations, which had to be no less than 20% of the total
weight of the machine-tractor unit (line 6 in Fig. 3). In this
case, for a TM weight of 12 kN, the minimum required front
axle load for the MEV was 9 kN.

To verify the theoretical data obtained, experimental
research was conducted. A methodology was developed
to carry out experimental investigations aimed at deter-
mining the influence of TM parameters on the character-
istics of the MEV of the “Autotractor” type (Pogorilyy et
al., 2023). In light of the above, it became necessary to
perform researches to validate the theoretical data by

experimentally determining the effect of the TM mass on
the axle loads of the MEV.

To assess the adequacy of the theoretical results ob-
tained, experimental research was conducted. In accord-
ance with the methodology developed by S.P. Pogorilyy et
al. (2023), measurements of the loads on both the front and
rear axles of the MEV were performed. The axle loads of the
MEV were determined using strain gauge scales. Since the
MEV combined with the TM was symmetrical in the longi-
tudinal plane, it was sufficient to take readings and record
measurements from one side of the MEV (Fig. 4).

Figure 4. Placement of strain gauges
on the MEV-115 “Autotractor”
Source: compiled by the authors

The tank and additional ballast were used as the tech-
nological module (TM), allowing the TM mass to be varied
from 500 kg to 1500 kg (Fig. 5). The experimental research-
es were conducted in the following sequence: first, the TM
was lifted from the supporting surface, during which, at the
moment of rest, the TM mass exerted no load on the MEV
axles. The TM was then raised to its upper position until
the safety valve of the hydraulic system was activated at a
pressure of 13.5 MPa, with the internal combustion engine
of the MEV-115 “Autotractor” at 3000 rpm. Subsequently,
the TM was lowered from the upper position until the load
was removed from the rear axle due to the mass of the TM.

Figure 5. General view of MEV-115
with TM during the experiment
Source: compiled by the authors

The strain gauge scales registered the loads that
arose during the experiments, and the signal from them
was transmitted to an analogue-to-digital converter and
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recorded on a personal computer using the LGraph2
software (Fig. 6). The data sampling frequency was
10 kHz. During the 12 experimental trials conducted, the
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variable parameter was the TM mass, which ranged from 0
to 1500 kg with an increment of 500 kg. Each measurement
was repeated three times.
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Figure 6. LGraph2 program window during experiment

Source: compiled by the authors

The data obtained were converted from voltage (V) val-
ues into load (kN), with each strain gauge scale having its
own calibration characteristic determined during the tare
procedure. The subsequent processing of the experimental
data involved calculating the average value for each trial,
the variance, and the standard deviation. All collected data
conformed to a normal distribution. Based on the results
of the experimental data processing, regression equations
were obtained that described the chain between the TM
mass and the axle loads of the MEV:

P =0.0194-m+12.837, 3)

where P - rear axle load, kN; m - cargo mass, kg.
Dependence of front axle load:

P,=-0.0094m+21.263, 4)

where P - load on the front axle, kN.

The regression equations had a coefficient of deter-
mination (approximation probability) of 0.99. Based on
regression equations (3-4), graphical dependencies were
constructed to illustrate the changes in front and rear
axle loads depending on the variation in the mass of the
three-point hitch (Fig. 8). The obtained regression equa-
tions (3-4) made it possible to research the influence of the
three-point hitch mass on the axle loads of the mobile en-
ergy vehicle (MEV), allowing the determination of the re-
quired hitch mass to be aggregated with the MEV in order to
achieve equal loads on the wheels. Under such conditions,
the circulation of “parasitic” power between the axles did

not occur. As shown in Figure 7, when the three-point hitch
mass increased from 0 to 1500 kg, the rear axle load rose
from 1200 to 4500 kg, while the front axle load decreased
from 2100 to 600 kg. This corresponded to the requirements
of DSTU 2189-93 (1994), which specified the need to ensure
the controllability of the mobile technical aggregate (MTA)
on public roads. The calculations confirmed compliance
with the requirement R =0.2- G, (G, - was the total weight
of the MTA (Pogorilyy et al., 2023; Loveikin et al., 2024).
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Figure 7. Experimental dependence of axle loads
on the mass of the technological module
Note: 1 - rear axle load; 2 — front axle load
Source: compiled by the authors

To verify the adequacy of the theoretical results with re-
spect to the experimental data, a method was used that in-
volved constructing confidence intervals for the experimen-
tal data, as proposed by L.V. Viktorova et al. (2017) (Fig. 8).
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Figure 8. Verification of the adequacy
of the experimental research
Note: 1 — theoretical dependence of front and rear axle
loads; 2 — experimental dependencies of front and rear axle
loads; 3 - confidence intervals
Source: compiled by the authors

The location of the theoretical dependence within the
calculated confidence intervals of the experimental data
indicated their adequacy with respect to the experimental
results. As seen in Figure 9, the nature of both the experi-
mental and theoretical dependencies was similar, and the
condition (R,=R) was observed under comparable three-
point hitch parameters. The theoretical data fell within
the confidence intervals, confirming their adequacy with a
confidence probability of 95%.

The research results of other authors working in
this field demonstrated the following. In the research by
H. Yang et al. (2020), the issue of tractor rollover on slopes
was considered, particularly at an incline angle of approx-
imately 15°. The authors developed a mathematical model
of tractor rollover, which accounted for the kinematics of
motion, forces acting on the wheels, and the influence of
lateral acceleration. The model was tested using the Car-
Sim/Matlab Simulink environment to analyse the tractor’s
dynamic behaviour. The research also assessed the effec-
tiveness of an active stability control system designed to
reduce the risk of rollover on slopes. The main conclusion
was that as lateral acceleration increased, the load on the
left wheel decreased, and when it reached zero, the tractor
lost stability and overturned.

Researchers V. Vantsevich et al. (2016) proposed a
method for optimising the mobility of a hybrid 4x4 wheeled
vehicle by investigating axle loads and power distribution
control. A mobility index and Lagrange multiplier were
used to determine the optimal power distribution. A con-
trol algorithm was developed that adjusted the power split
to maintain the optimal trajectory.

The findings reported by I. Ahmadi (2011) showed that
tractor stability on slopes depended not only on rollover
risk but also, to a large extent, on the risk of lateral slip-
page. The author proposed a dynamic model of tractor
lateral rollover that took into account external positional
disturbances, enabling a quantitative assessment of the in-

fluence of ground inclination, travel speed, and machine
design features on overall stability. It was established that
slippage was a more critical factor in the loss of tractor
stability than rollover, particularly under conditions of in-
creased slope angles and when moving at speeds exceeding
5 m/s. Specifically, when the slope angle increased beyond
15°, the risk of lateral slippage rose non-linearly, signifi-
cantly reducing safety levels. Furthermore, the model ac-
counted for the effects of tyre type, tractor centre of mass,
and suspension stiffness, which were essential for evaluat-
ing the machine’s dynamic performance.

In the work of G. Golub et al. (2023), a mathematical
model was presented for determining soil reactions and,
accordingly, the pressure exerted by tractor drive systems
on the soil, depending on the tractor’s structural param-
eters. The model’s adequacy was assessed, and an exam-
ple was provided for calculating the weight distribution
across the tractor axles. A. Keller et al. (2023) developed an
algorithmic framework for the multi-criteria optimisation
of the functional properties of mobile power units (MPUs)
in agriculture. The key quality criteria identified includ-
ed: soil pressure, productivity, fuel and energy efficiency,
maintenance costs, and overall energy efficiency. The work
of E. Sangenis et al. (2025) resulted in the development of
a software suite for the multi-criteria optimisation of ac-
tive vehicle safety. The universal MOVI software was used
as the optimisation module. In the research by H. Silleli et
al. (2008), a prototype of an anchoring mechanism was pre-
sented, designed to increase the operator’s safety zone on
narrow-track wheeled agricultural tractors. The research-
ers developed the device’s design, described its working
principle, and conducted initial experimental tests. The re-
sults demonstrated that the proposed mechanism could ef-
fectively reduce the risk of injury to the driver in the event
of a rollover, without compromising the tractor’s controlla-
bility or stability during operation.

The article by B. Franceschetti et al. (2014) examined
the effectiveness of a mathematical model of tractor roll-
over dynamics by comparing its results with real-world
tests on lateral stability. The authors carried out numerical
simulations and experimental testing to verify the mod-
el’s accuracy under slope-working conditions. The results
showed a high level of agreement between the simulations
and practical data, confirming the usefulness of such a
model for predicting rollover risk and improving safety in
agricultural applications.

V. Bulgakov et al. (2021; 2024) investigated methods to
improve the efficiency of using modular tractor construc-
tions. It was determined that such constructions were lim-
ited by increased travel speed due to vertical oscillations
caused by ground unevenness. Experiments showed that
throttling the hydraulic system of the energy module’s rear
suspension could reduce the amplitude of vertical oscilla-
tions by 15-20%, lower peak frame loads by 10-12%, and
decrease fuel consumption by 3-5%. This contributed to
improved ride smoothness and increased operational effi-
ciency of the aggregates.
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The results of research into the processes occurring
in MEVs and MTAs during field movement, operation on
slopes, and aggregation with three-point hitches played a
significant role and were essential for improving existing
MEVs and MTAs and for developing new designs.

CONCLUSIONS

The obtained results of the research on the process of aggre-
gating the three-point hitch (TM) with the mobile energy
vehicle (MEV) made it possible to theoretically investigate
the aggregation process and justify the parameters for safe
performance of technological operations during transport
movements of the MTA based on the MEV-115 “Autotrak-
tor”. The theoretically established chain between the pa-
rameters of the TM and the MEV during aggregation using
the rear three-point hitch allowed the determination of axle
loads of the MEV for given TM parameters. In cases of une-
ven load distribution between the front and rear axles, a dif-
ference in tyre deflection occurred, which altered their roll-
ing radii. As the MEV-115 “Autotraktor” was not equipped
with an inter-axle differential, it was important to ensure
an even load distribution between the axles (R =R)). This
made it possible to avoid the appearance of parasitic pow-
er, reduced fuel consumption, minimised soil compaction,
and increased the traction efficiency coefficient of the MEV.

Based on these chains, a graph showing the depend-
ence of front and rear axle loads on TM weight was con-
structed. Theoretical calculations made it possible to
determine the parameters of the TM aggregated via the
rear three-point hitch of the MEV-115 “Autotraktor”. In
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particular, it was established that the distance from the
centre of mass of the TM to the rear axle varied from 0 to
4 m, and the TM weight ranged from 6.7 to 95 kN. For in-
stance, with a TM weight of 20 kN and a 3 m distance be-
tween its centre of mass and the rear axle, the front axle
load decreased from 20.2 to 2.01 kN, while the rear axle
load increased from 13.8 to 52 kN.

Under conditions of uniform axle loading, the distance
from the TM’s centre of mass to the rear axle ranged from
0 to 4 m, and the TM weight ranged from 6.39 to 1.87 kN.
The limiting factor for the TM weight was the minimum
required front axle load of the MEV, needed to ensure con-
trollability of the aggregate during transport movements,
which had to be at least 20% of the total weight of the MTA.
Under such conditions, with a TM weight of 12 kN, the min-
imum required front axle load of the MEV was 9 kN.

Future research will focus on other TM installation
zones on the “Autotraktor” - type MEV, including the front,
inter-axle, and frame-mounted zones. The results of these
researches will enable the analysis of TM parameters in
these zones and the justification of their application.
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ArperatyBaHHe MOGINIbHOro eHepreTU4YHOro 3acoby Tuny «ABTOTPaKTOpP»
i3 TexHonoriyHMM Moaynem

AHoOTaUiA. AKTyalbHiCTh JOCTIIKEeHHS 06yMOB/IeHa HeOOXiIHICTIO MigBUIeHHS e(eKTUBHOCTI MaIIMHHO-TPAKTOPHOTO
arperaty (MTA) sIK Ha TSITOBO-IIPUBiIHMX OIepallisiX, TaK i Ha TPAHCIIOPTHO-TEXHOMOTiUHMX 3 000B’SI3KOBUM 3a6e3IeueHHsIM
6e3meku Tif yac ekcruryaraiii. MeToo pob6oTu 6y10 BCTAaHOBIEHHS, eKCIIepUMeHTaAbHUM IIISIXOM, BILIMBY Macu TM
Ha HaBaHTaskeHHS Ha OCi MObGiIbHOTO eHepreTUUHOro 3acoby (ME3) TuIy «ABTOTpaKTOp» MiJ, yac arperaTyBaHHsI Ha
3aJHbOMY HaBiCHOMY IPUCTPOi. PO3IIsHYTO Mpo6iemMy CTiiiKOCTi Ta po3mnofiny HaBaHTaskeHb y MTA, 30kpema ME3
TUIY «ABTOTPAKTOP» Ha 6a3i BAHTAXXHMX aBTOMOOIIIB migBuuieHoi npoxigHocti. [IpefcraBaeHo po3pobiieHnit B
[HCTUTYTiI MexaHiKM Ta aBTOMATUKM arpoIIpPOMMCIOBOro BUPOO6HUITBAa HallioHaapHOT akajgeMii arpapHux HayK YKpaiHu
6aratodyHKIiOHAIbHMIT MOOiIbHMIT eHepreTMuHMit 3aci6 ME3 115 «ABTOTPaKTOpP», 1[0 MaB YHiKaabHi KOHCTPYKILiiiHi
pillleHH$, 30KpeMa 1eHTpPali30BaHy CUCTeMY KOHTPOJIIO TUCKY MOBITPS B UIMHAaX, FiIpaBaiuHy CUCTEMY, CUCTEMY
arperatyBaHHs TM Ha pamy Ta crieljialbHO pPO3po6eHy Ta BUTOTOBIEHY 3a[JHI0 HaBiCHY cucTeMy. KOHCTpyKIlis HaBicHOI
cucremu ME3 Tumny «ABTOTpakTop» 3abe3neuyBaa arperatyBanHs TM macoro fo 2 T. KomnakTHe po3MillleHHST HaBiCHOi
CHCTeMM Ha MalllHi JO3BOJSUIO Ge3repenkofgHe arperatyBanHs TM Ha paMi 6e3 JeMOHTaXy HaBicHOI cucteMu. IIpoBeeHO
eKCIlepyMeHTalbHi JOC/TiIKeHHS 3a OIIOMOr0I0 TeH30MEeTPUYHMX Bar [1J151 IepeBipKy TeOPeTUUHMX PO3PaxXyHKiB PO3MOLiTy
HaBaHTaXeHb Ha oci ME3 Tumy «ABTOTpakTOp» 3a/I€5KHO Bif, Baru Ta KOOpAMHaTH 1eHTpy Mac TM. BusHaueHO KpUTUYHI
rapametpu Baru TM, sKi 3a6e3meuyioTh 6e31meuny ekcruryaraiiito MTA: Bimcransb Big meHTpy mac TM fo oci 3aHiX Kotic
(0-4 m) Ta Bara TM (6,39-18,7 kH). BctanosneHo napameTpu TM, siki 3a6e31euyioTh piBHOMipHe HaBaHTaskeHHS Ha OCi, 10 y
CBOIO Yepry YHeMOXK/IMBITIOE BUHMKHEHHSI Tapa3sUTHOI MOTYKHOCTI Mixk ocsimu ME3 115 Tumy «ABTOTpakTop». BcraHOB/IEHO
MiHiMaIbHO HeOoOXiIHe HaBaHTaKeHHSI Ha TIepeIHIO Bich 1711 3a6e31evueHHs KepoBaHoCcTi MTA mipu nepeiszgax, sike TOBUHHO
craHOBUTU He MeH1Ie 20 % 3aranbHoi Baru MTA. PesynbpTaTit LOCIiIKeHHS MiATBEPIKYIOTh JOCTOBIPHICTh TEOPETUYHUX
MoJernei Ta okasaau eeKTUBHICTh OMMCcaHOoi Teopii. OTpuMaHi AaHi MOXKYTb 6yTY BUKOPUCTAHI I BIOCKOHATEHHS
KOHCTPYKIiit ME3 Ta ontumisariii mapameTpiB y CiTbCbKOTOCTIOAAPCbKOMY BUPOOHUIITBI

KniouoBi cnoBa: mMeTofyu MPOBEIEHHS eKCIIePMMEHTAIbHUX [MOCTiIKeHb, BUMipiOBaJbHa TeXHiKa, Kaldi6pyBaHHS
JaTUMKiB, aBTOTPAKTOP, MOGiIbHMIT eHepreTuuHuit 3aci6 (ME3)
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Exploring novel architectural elements
and design concepts for wireless sensor nodes: A case study

Abstract. Wireless Sensor Networks (WSNs) play a crucial role in modern communication systems, enabling efficient data
collection and transmission across various domains. These networks are pivotal in applications such as environmental
monitoring, industrial automation, smart cities, and healthcare systems, where real-time and accurate data is essential. The
purpose of this study was to develop and validate a novel wireless sensor node architecture for gas sensing applications, with
a focus on improving energy efficiency, communication reliability, modularity, and adaptability to diverse environments.
The proposed design integrated multiple radio chips, a stack-based architecture, and directional antennas to improve
communication robustness and adaptability. A current driver circuit was introduced to mitigate sensor saturation,
ensuring accurate gas concentration measurements. The stack-based architecture enhanced modularity and scalability,
facilitating seamless upgrades and compatibility with emerging technologies. Additionally, directional antennas and a
dedicated medium access control protocol optimised communication efficiency and localisation accuracy. Experimental
evaluations, conducted within advanced research facilities, validated the effectiveness of the proposed design under diverse
environmental conditions. The hardware design approach presented in this paper focused on using low-cost, off-the-shelf
components strategically integrated to deliver high functionality without increasing complexity or cost. The modular
design also allows additional sensing features — such as temperature, humidity, or particulate matter detection - to be
incorporated easily and economically. The results demonstrated significant improvements in data transmission reliability,
power consumption optimisation, and sensor longevity. The system achieved a favourable balance between performance
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and affordability, making it highly suitable for scalable deployment in resource-constrained settings. This work contributes
to the advancement of WSN-based gas monitoring by addressing critical challenges in hardware selection, communication
efficiency, and adaptive sensor operation. The architecture presents a promising solution for deployment in dynamic and

harsh environments where traditional systems may fail

Keywords: hardware platforms; node design; patch directional antenna; transceiver; microcontroller; wireless sensor

network

INTRODUCTION

In the era of ubiquitous connectivity and data-driven de-
cision-making, wireless sensor networks (WSNs) have
emerged as a transformative technology with diverse ap-
plications, ranging from environmental monitoring and
precision to healthcare and industrial automation. By en-
abling efficient data collection and processing from the
physical world, WSNs have fundamentally reshaped nu-
merous domains. Their ability to operate in remote, haz-
ardous, or inaccessible environments has expanded the
scope of real-time monitoring and intelligent control in
both civil and industrial contexts (Divyansh et al., 2019).

As shown by A. Bhat & A. Passi (2022) and L. Gong et
al. (2021), at the core of these networks are wireless sensor
nodes, commonly referred to as “motes”; which function as
the essential building blocks of WSNs. These motes typi-
cally comprise sensing units, microcontrollers, radio trans-
ceivers, and power sources, all designed to function cohe-
sively under constrained energy and processing conditions.
Their modularity and scalability enable flexible network
topologies and dynamic data routing mechanisms, making
them suitable for a wide variety of deployment scenarios.
Innovations in low-power electronics, adaptive protocols,
and integrated sensing technologies have further en-
hanced the performance and reliability of these systems.
WSNs have become integral to modern communication
systems, facilitating efficient data collection and transmis-
sion across various domains, and serving as a backbone for
emerging technologies such as the Internet of Things (IoT)
and cyber-physical systems.

Y. Singh & T. Walingo (2024) developed an IoT-based
wireless sensor network for real-time water quality moni-
toring, highlighting its effectiveness in detecting key pa-
rameters such as pH, turbidity, and dissolved oxygen. Their
study demonstrated that integrating low-power sensors
with cloud platforms ensures scalable and efficient en-
vironmental monitoring. Researches Y. Luo et al. (2024)
proposed a novel system enabling simultaneous wireless
power and data transmission in full-duplex mode for un-
derwater sensor networks. The research confirmed that
this approach significantly improves communication re-
liability and extends operational lifetime in challenging
aquatic environments.

As F. Busacca et al. (2024) suggested the choice of mi-
crocontroller plays a crucial role in WSN design, directly
impacting performance and energy efficiency. Microcon-
trollers like the ATmegal28L and MSP430F1611 offer en-
hanced node capabilities, especially when paired with
larger EEPROM sizes to accommodate growing storage

demands. In addition, transceivers such as the Chipcon
CC1000 and CC2420 enable high-data-rate applications,
including audio and video transmission. Furthermore, in-
tegrating the TinyOS operating system, widely recognised
in the literature; enhances compatibility and flexibility, en-
suring seamless deployment in diverse WSN applications.

A. Thakkar et al. (2020) provided a broad classification
of power management strategies in WSNs, emphasising
dynamic voltage scaling, duty cycling, and cross-layer op-
timisation techniques as key drivers of energy efficiency.
T. Mekonnen et al. (2017) explored energy consumption in
multimedia sensor networks, underscoring the challeng-
es posed by high data rates and suggesting architectural
adaptations for multi-tiered node structures. Meanwhile,
M. Amjad et al. (2016) reviewed the evolution of the TinyOS
platform, highlighting its modularity, low overhead, and
support for diverse sensing tasks, which makes it a favour-
able OS for constrained WSN environments.

In light of these findings, the current research builds
upon a solid body of work in energy-aware design and sys-
tem reconfigurability, proposing a wireless sensor node
architecture optimised for gas detection. By synthesising
advancements in operating systems, hardware modularity,
and adaptive energy management, the proposed system is
positioned to overcome existing limitations in scalability,
environmental adaptability, and long-term deployment
sustainability. The aim of this study was to design a wire-
less sensor network tailored for gas sensing applications,
specifically intended to monitor and manage concentra-
tions of hazardous gases. Through a thorough analysis of
a specific case study, this paper highlights the innovative
approach of selecting optimal hardware platforms, a criti-
cal factor in building robust and efficient WSNs.

MATERIALS AND METHODS
This study developed a comprehensive test setup to eval-
uate the performance and reliability of the wireless sen-
sor node design incorporating methane (MQ4) and carbon
monoxide (MQ7) gas sensors. The MQ4 and MQ?7 sensors
used in this setup were sourced from Winsen Electronics
India Pvt. Ltd., a leading supplier and distributor of sem-
iconductor-based gas sensors in India during 2012-13.
These sensors are known for their affordability, easy in-
terfacing, and widespread use in academic and industrial
research. The MQ4 sensor is capable of detecting meth-
ane concentrations ranging from 200 to 10,000 ppm, with
a typical sensitivity ratio (Rs/Ro) in clean air of ~4.4, and
operates effectively within a temperature range of -10°C to

Machinery & Energetics. Vol. 16, No. 2

N



Exploring novel architectural elements...

50°C. The MQ7 sensor, designed for carbon monoxide de-
tection, operates in a range of 20 to 2,000 ppm, with an Rs/
Roratio of ~1.5 in clean air, and features dual heater voltage
operation (high and low cycles) to improve selectivity. The
experiments were conducted within the advanced research
facilities at the Indian Institute of Technology Bombay (IIT
Bombay). The key objective was to assess the system’s re-
sponse to environmental factors and evaluate the effective-
ness of innovative design modifications, such as the current
driver circuit and stack-based architecture. The testbed
ensured controlled gas exposure, precise timing of sensor
activation, and real-time data logging to comprehensively
analyse sensor behaviour and node-level performance un-
der dynamic conditions. Figure 1 shows the experimental
sensor node testbed, which includes sensor nodes integrat-
ed with gas sensors, a microcontroller ATmegal28L (man-
ufactured by Microchip Technology), and a Radio Frequen-
cy (RF) transceiver, providing real-time data for analysis.

Figure 1. Experimental sensor node testbed
at IITB Lab, Mumbai

Source: photo by the authors

The wireless sensor node’s block diagram (Fig. 2) rep-
resents the core components used in the experimentation,
including gas sensors, microcontroller, battery, RF trans-
ceiver, and actuator. The sensors used in the test setup
were calibrated and subjected to various environmental
conditions to ensure their accuracy and reliability. To sim-
ulate real-world deployment scenarios, the test environ-
ment was carefully controlled and included variations in
temperature (ranging from 10°C to 45°C) and relative hu-
midity (ranging from 30% to 85%). The gas concentrations
introduced in the test chamber included methane levels
between 200 ppm and 5,000 ppm for the MQ4 sensor and
carbon monoxide levels between 50 ppm and 1,000 ppm
for the MQ7 sensor. These ranges were selected to reflect
both typical indoor air quality levels and potential indus-
trial leakage scenarios. Environmental chambers equipped
with humidity and temperature controls were used to
evaluate the sensor node’s performance under fluctuating
and extreme conditions. The calibration process involved

exposing the sensors to known gas concentrations and re-
cording sensor response curves to ensure linearity and re-
peatability. Additionally, the impact of cross-sensitivity and
sensor saturation was assessed under high concentration
conditions. These rigorous environmental tests enabled a
thorough validation of the sensor node’s robustness, re-
sponse time, and accuracy in detecting target gases, thereby
supporting the system’s viability for real-world deployment
in diverse and dynamic conditions (Yokoyama et al., 2024).

RF Transceiver

A
Y

Microcontroller >

Sencors > Actuator

Battery

Figure 2. Typical block diagram of a mote
Source: compiled by the authors

Special focus was placed on using a current driver
circuit to prevent sensor saturation, where the operating
current of the sensors was dynamically adjusted, ensur-
ing optimal performance. The heating elements integrated
into the circuit enabled periodic recovery of the sensors to
ensure their longevity and prevent damage from high gas
concentrations. The wireless sensor node’s stack-based ar-
chitecture formed a critical aspect of the study, allowing
for the integration of multiple radio chips for redundancy
and improved communication capabilities. The node was
designed with multiple radio chips to enable parallel data
transmission, improving throughput and system reliabili-
ty. The system was tested under various interference and
environmental conditions to evaluate its adaptability and
robustness. A total of 40 test iterations were performed,
encompassing both hardware-level functionality and sen-
sor communication reliability across a range of deploy-
ment scenarios. Modifying layers and radio chips assessed
the modularity and scalability of the stack architecture
to accommodate emerging technologies and future com-
munication standards. During the testing process, the
sensors were subjected to controlled gas exposure at mul-
tiple concentrations — methane (MQ4) at 200, 500, 1000,
3000, and 5000 ppm, and carbon monoxide (MQ?7) at 50,
200, 500, and 1000 ppm. These tests were conducted un-
der regulated environmental conditions, with tempera-
ture varying from 10°C to 45°C and humidity from 30%
to 85%, to ensure comprehensive performance evaluation
under both nominal and extreme conditions. These test
iterations helped validate the effectiveness of the stack-
based design in maintaining communication integrity and
sensing accuracy under real-world challenges such as RF
interference, fluctuating environmental factors, and var-
iable sensor loads.
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Additionally, the sensor nodes were equipped with di-
rectional antennas, optimised for energy-efficient communi-
cation and localisation. The antennas were tested for trans-
mission range, signal quality, and interference reduction.
The results were compared under different directional con-
figurations to determine the most efficient setup for varying
operational environments. The integration of the directional
MAC layer played a crucial role in enhancing the communi-
cation efficiency of the system. The system’s overall perfor-
mance, including power consumption, data throughput, and

Mehta et al.

communication reliability, was analysed to provide a com-
prehensive understanding of the sensor node’s capabilities.

RESULTS AND DISCUSSION
Developing a wireless sensor node incorporating multiple
radio chips, directional antennas, a dedicated MAC proto-
col, and on-air programming represents a promising and
innovative direction for future research and development.
Table 1 summarises the gaps in existing hardware and
commercially available nodes (Maia et al., 2009).

Table 1. Summarising the gaps in existing hardware and commercially available nodes

No. Particulars Motes Features Limitations Remarks ProNI:;t)ZEd
1. Microcontroller
Clock 4 MHz
1.1 Af 1 AT 90L R 1
tme 90LS8535 WeC, Rene RAM/ Flash-512/8K
Clock -8 MH
12 Atmel Atmega 163 Rene 2 Dot ¢ g
RAM /Flash-1K/16K 8 bit
Clock 8 MH
Mica, BT Node, Mica 2 Dot, iBadge CENS oc z Most popular
1.3 Atmel Atmegal28 L  Medusa MK2, Nymph, MicaZ, AquisGrain, amonp rrliotes Proposed
DSYS 25, Ember RF Module, Module, Fleck RAM/ Flash-4K/128K 8
Atmel Clock -75 MHz 32bit (Suitable
1.4 Sunspot % . -
AT91FR40162S Flash-256K for sink)
Clock -8 MHz 16 bit (Lowest
1.5  TIMSP430F1611 Telos B/ TmoteSky, eyesIFXv2, SHIMMER ower Proposed
el Flash/EEPROM-10 K consumption
2  External Memory
2.1 EEPROM 32K WeC, Rene 1, Rene 2, Dot
2.2 EEPROM 48 K Telos B/ TmoteSky, eyesIFXv2, SHIMMER
Mica, BT Node, Mica 2 Dot, iBadge CENS Proposed
2.3 EEPROM 512 K Medusa MK2, Nymph, MicaZ, AquisGrain,
DSYS 25, Ember RF Module, Module, Fleck
2.4 EEPROM 2M Sunspot
3  Radio Transceiver
) BW (Kbps)-10 Low Data
3.1 RFM TR 1000 WeC, Rene 1, Rene 2, Dot Mica Freq (MHz)-900 Rate
BW (Kbps)-38.4
3.2 Chipcon CC BT Node, Mica2, Mica2 Dot, Nymph Freq((MII)-ISz))— 900 Proposed
High Data rate
. Telos, MicaZ,BSN Node, AquisGrain, Pluto, BW (Kbps)-250 Application
3.3 Chipcon CC 2420 iMote 2, XYZ Sensor Node, ProSepKz I audio Proposed
Freq (MHz)-2400
4  Operating System
WeC, Rene 1, Rene 2, Dot Mica, BT Node
41 Tiny Os Spot ON,Telos, Mica 2, Mica2 Dot, iMote. Most popular
: y Spec, MicaZ,CIT Sensor Node, BSN Node, among motes  Proposed
AquisGrain, Telos B/ TmoteSky
4.2 Squawk VM (Java) Sunspot
5 Multiple Radio
chip
Directional
6 Antenna & MAC Proposed
Protocol
. On Air Proposed
programming
WeC Proposed

Source: developed by the authors based on M. Johnson et al. (2009)
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As shown in Table 1, microcontrollers and transceivers
are essential components of any communication system,
and their selection must be based on theoretical principles
to optimise system performance. For instance, a microcon-
troller should be selected based on processing speed, power
consumption, peripheral support, and application require-
ments. Key theoretical factors to consider include the mi-
crocontroller’s clock speed and architecture (e.g., RISC vs.
CISC), power consumption analysis, and the availability of
integrated peripherals such as analog-to-digital and dig-
ital-to-analog converters, and communication interfac-
es. As described in R. Qi & R. Li (2022) the Transceivers,
responsible for transmitting and receiving data, are cho-
sen based on factors such as frequency range, modulation
techniques, and sensitivity.

Blockdiagram ofthe designed mote.Figure 3 shows ablock
diagram of the designed mote, highlighting the evolution of
the wireless sensor node architecture. This design departs
from the traditional actuator by introducing a current driv-
er as an innovative replacement. This modification enhanc-
es the node’s functionality, enabling the generation of pul-
sating signals in response to specific contextual conditions.

RF Transceiver
(CC 2520)
A
\
|| (e]0] | Microcontroller Current
Sencors (ATmega 128L) Driver
|| CH4
Sensors
| | Temp. ||
Sensors
Humidity
Sensors

| Battery I

Figure 3. Block diagram of a designed mote
Source: compiled by the authors

To illustrate this concept, consider the operation of a
gas sensor within the system. When activated, the gas sen-
sor initiates the heating element, facilitating the detection
of gases such as methane. A blade-in-sensor mechanism
precisely manages gas deposition, converting it into an
electrical signal. However, when exposed to excessive gas
concentrations, the sensor risks oversaturation, leading to
an increase in output values. This phenomenon not only
signals potential saturation but also enriches the dataset
with valuable insights.

A key innovation in this architecture is the integration
of a current driver. By generating controlled pulsations,
the current driver enhances the sensor node’s ability to re-
spond dynamically to environmental changes, improving
accuracy and adaptability (Fig. 4). The block diagram of the
designed mote in Figure 3 visually represents this concept,
emphasising the role of the current driver.

Voltage

Time

Figure 4. Current driver waveform
Note: gas sensor saturation
Source: compiled by the authors

Gas sensors can become saturated when exposed to
high concentrations of the target gas, resulting in inaccu-
rate readings or potential damage to the sensor. To miti-
gate this issue, various strategies are employed, including
gas dilution, the utilisation of alternate sensors, periodic
calibration, controlled sampling, physical protection, au-
tomatic shutdown, remote control, robust sensor design,
data analysis, and regular maintenance. F. Ricciardella et
al. (2017) proposed a novel strategy to address saturation
and recovery delays in CVD (chemical vapor deposition)
graphene-based gas sensors by applying pulsed heating
and interface engineering. Their results showed enhanced
response times and greater stability of the sensors under
high gas concentration conditions. Scientists C. Ezeig-
weneme et al. (2024) investigated the role of wireless
communication in electro-mechanical systems, focusing
on the transition to cordless interfaces. They demonstrat-
ed that such technologies improved system modularity,
reduced interference, and enhanced the adaptability of
hardware configurations.

A highly effective approach to preventing gas sensor
saturation is the integration of a current driver circuit. This
circuit dynamically adjusts the sensor’s operating current,
optimising its sensitivity and preventing saturation. Addi-
tionally, it incorporates heating elements that can be se-
lectively deactivated, allowing the sensor to recover and
maintain accuracy for subsequent readings. This design
ensures reliable gas detection, particularly in high-con-
centration environments, increasing both the sensor’s lon-
gevity and performance. By integrating these approaches,
sensor saturation risks are effectively mitigated, ensuring
precise and reliable monitoring of hazardous gas concen-
trations within the wireless sensor network.

Stack architecture. As B. Aghaei (2011) and S. Peter-
sen et al. (2007) have shown in their work without any
stack-based approach, the second key feature distinguish-
ing in current study designed wireless sensor node is its
stack-based architecture - a transformative approach that
significantly enhances the node’s capabilities and versatil-
ity. Unlike conventional designs, this architecture enables
the seamless integration of multiple radio chips within a
single node, introducing greater flexibility and adaptabil-
ity. Even P. Bekal et al. (2024) have adopted the stack-based
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architecture with a layered system design, promoting mod-
ularity, ease of debugging, and scalability. By partitioning
the system into distinct layers, each responsible for specif-
ic functions, it minimises interdependencies, ensuring that
modifications in one layer have minimal impact on others.
This enhances maintainability and facilitates incremental
upgrades. Moreover, incorporating multiple radio chips
leverages parallel processing and redundancy, improving
both robustness and performance. Backup communication
channels enhance reliability, while load balancing optimis-
es throughput. The ability to transmit and receive data si-
multaneously across different frequencies reduces latency
and increases efficiency.

This architecture aligns with the open systems inter-
connection model by M. Kaddi et al. (2024), which pro-
vides a conceptual framework for network interactions
across seven layers. Key advantages include: 1) modulari-
ty - independent operation of each layer allows targeted
upgrades and efficient troubleshooting; 2) interoperabili-
ty - standardised interfaces ensure compatibility with di-
verse hardware and software components; 3) scalability —
new functionalities can be easily incorporated by adding
or modifying layers (Mazin & Onykiienko, 2023). Figure 5
illustrates the stack designed in this study. The stack archi-
tecture’s contribution extends beyond its immediate func-
tionality, significantly enhancing the node’s scalability by
accommodating multiple radio chips. The node can quickly
adapt to evolving communication standards and emerging
technologies. This future-proofing feature safeguards in-
vestments and ensures the node remains relevant in the
dynamic landscape of technological advancements.

Figure 5. Stack design
Source: photo by the authors

Integrating a stack-based architecture within the wire-
less sensor node introduces a new dimension of communi-
cation capabilities (Fig. 6). This innovation improves the
node’s ability to interact, collaborate, and contribute with-
in wireless sensor networks. By leveraging the advantages
of layered integration, the stack architecture exemplifies
adaptability and potential, paving the way for new oppor-
tunities in wireless communication technology.

Mehta et al.

Figure 6. WSN of designed nodes
Note: node design using multiple directional antennas for
localisation
Source: compiled by the authors

Another key feature of the wireless sensor node is the
directional antenna, which enhances energy efficiency
by optimising radiation directivity. As M. Shah & S. Meh-
ta (2013) and S. Kasar et al. (2013), review key localisation
techniques in wireless sensor networks, categorising them
into range-based and range-free methods. It analyses algo-
rithms like RSSI, ToA, AoA, and DV-Hop, discussing their
trade-offs in terms of cost, accuracy, and complexity. The
authors highlight real-world challenges and suggest direc-
tions for improving localisation efficiency and precision
in future research. This approach marks a shift in antenna
design, focusing on improving signal propagation and re-
ception patterns. While testing is still ongoing, the poten-
tial benefits are promising. These antennas are expected to
offer enhanced transmission range, reduced interference,
and improved signal quality by directing radiation toward
specific areas.

The node’s architecture includes provisions to support
up to six directional antennas (Fig. 7), offering significant
versatility to meet the dynamic needs of various applica-
tions. This modularity allows the node to customise its an-
tenna configuration for specific scenarios, optimising com-
munication paths and enabling adaptive responses. Central
to this capability is the development of an advanced local-
isation algorithm, which is essential for providing precise
spatial awareness, enabling the node to accurately deter-
mine its position relative to neighbouring nodes.

Node

Radiétion
pattern

Figure 7. Directional antenna
Source: compiled by the authors

The directional antenna design is closely integrated
with the development of a directional MAC layer. This lay-
ering strategy facilitates efficient channel access, reducing
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contention and collisions while enhancing communication
efficiency. The synergy between the directional antennas
and the MAC layer forms a powerful combination, improv-
ing energy conservation and communication reliability.
The node’s design incorporates a scheme that leverages
the collective potential of multiple directional antennas
for precise localisation.

M. Shah & S. Mehta (2013) reviewed key hardware
platforms for wireless sensor networks, comparing options

like MICA, TelosB, and IRIS. It highlights trade-offs in pro-
cessing power, energy use, memory, and cost, emphasising
the need for modular and energy-efficient designs suited
to specific applications. This paper highlights the key inno-
vations and features of the mote design. Additionally, the
limitations and challenges encountered during experimen-
tation are examined, along with potential solutions and fu-
ture directions. A comprehensive summary of the research
and its implications is provided in Table 2.

Table 2. Summary of the research and its implications

Limitation/Challenge Description

Power consumption

High power usage reduces node lifespan.

Potential solutions

Low-power components, energy-efficient protocols,
energy harvesting (solar, kinetic).

Processing and memory

constraints restrict complex algorithms.

Limited processing power and memory

Optimise algorithms, use lightweight data compression,
and offload tasks to the central server/edge device.

Communication range
and reliability

The range is limited by antenna design,
transmission power, and obstacles.

Mesh networking, additional nodes/repeaters,
adaptive communication protocols.

Environmental factors

Performance and longevity are affected by
temperature, humidity, and obstructions.

Robust materials, calibration routines, and adaptive
systems.

Cost constraints performance and reliability.

Keeping costs low can compromise

Careful component selection, economies of scale,
and cost-sharing models.

Ensuring performance

Scalability with a large number of nodes.

Hierarchical architectures, efficient routing protocols,
dynamic network management.

Securing data transmission

Data security and privacy and ensuring privacy.

Strong encryption, secure key management, and protective
protocols against eavesdropping/ data tampering.

Synchronisation all nodes.

Maintaining time synchronisation across

Time synchronisation protocols (IEEE 1588 PTP, NTP),
periodic re-synchronisation.

Potential interference
from other wireless devices.

Interference
and coexistence

Interference mitigation techniques (frequency hopping,
adaptive channel selection), coexistence protocols.

Node deployment
and maintenance

Difficult deployment in large/inaccessible
areas and logistical maintenance challenges.

Autonomous deployment (drones/robots), self-healing/
self-organising networks, remote maintenance and
diagnostics tools.

Source: compiled by the authors

Table 2 summarised the key challenges faced in de-
signing and deploying WSNs, including high power con-
sumption, limited processing and memory capabilities,
and restricted communication range. Environmental fac-
tors like temperature and humidity also impact node re-
liability and lifespan. To address these, solutions such as
low-power components, energy harvesting, and robust
calibration mechanisms are suggested. Cost remains a ma-
jor constraint, often requiring a careful balance between
performance and affordability. Scalability and synchro-
nisation become critical as networks grow, necessitating
hierarchical designs and time synchronisation protocols.
Ensuring data security and privacy is another priority,
tackled through encryption and secure key management.
Additionally, interference from other wireless devices and
the complexity of node deployment in remote areas pose
ongoing challenges. Mitigation techniques include adap-
tive communication, autonomous deployment methods,
and self-healing networks.

CONCLUSIONS

This study presents a novel wireless sensor node archi-
tecture specifically designed for gas sensing applications,
focusing on key challenges such as energy efficiency,

communication reliability, and system adaptability. The
proposed design integrates multiple radio chips, a modu-
lar stack-based hardware architecture, and directional an-
tennas to significantly enhance performance in dynamic
environments. The inclusion of a current driver circuit ef-
fectively addresses the issue of sensor saturation, thereby
improving the accuracy of gas concentration measurements
even under fluctuating environmental conditions. The
stack-based design promotes scalability and modularity,
allowing for seamless integration of emerging technologies
and easier customisation for various application domains.

In addition, the use of directional antennas and a ded-
icated medium access control layer helps optimise commu-
nication efficiency, improve signal strength, and support
enhanced node localisation — critical for applications such
as hazardous gas leak detection and environmental mon-
itoring. The system was rigorously tested across a range
of environmental conditions, including variations in tem-
perature, humidity, and gas concentrations, to evaluate its
robustness and reliability. Experimental results confirm
improvements in data transmission accuracy, power con-
sumption, and overall system longevity.

The architecture also supports the integration of addi-
tional sensors and communication modules at a low cost,
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Strength analysis and optimisation of trailer agricultural machinery
structures using finite element methods

Abstract. The aim of the study was to examine the potential of numerical modelling for improving agricultural
machinery by analysing its characteristics and technological features. A theoretical analysis was carried out using
theoretical modelling, which allowed for the evaluation of stress-strain states of the machinery under different loads. It
was found that numerical modelling reduced the weight of machinery by removing excess material in low-stress zones
and also decreased emissions through improved geometry of working components, which contributed to energy savings
and increased operational efficiency. It was revealed that modern technologies underestimated the potential of composite
materials and nanotechnologies, which limited the achievement of higher strength, lightness, and durability indicators,
while simplified models ignored variable climate factors, soil diversity, humidity, and temperature fluctuations, which
affected wear and corrosion of the machinery. The study showed that agricultural machinery was subjected to dynamic,
cyclic, vibrational, and impact loads, which caused fatigue failure of materials and local stresses, particularly in the
areas of fastenings of working elements and hinged joints, which reduced service life and required improved materials.
The results contributed to economic benefits for the agricultural sector through reduced fuel and maintenance costs,
environmental sustainability through reduced emissions, and improved working conditions for operators by reducing
vibrational loads. The results of the study could be used in the design and improvement of the structures of towed
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agricultural machinery, taking into account specific operating conditions, particularly for preliminary modelling and
optimisation of the working elements of machines in agricultural regions with increased frame loads

Keywords: numerical modelling; stress-strain state; vibration loads; composite materials; energy efficiency; real

conditions; agricultural machinery

INTRODUCTION

The topic of optimising the design of agricultural machin-
ery was extremely relevant in the context of the modern
development of the agricultural sector, where the demands
for increased efficiency, reliability, and economic benefits
of machinery were growing. Since agriculture was an im-
portant component of the economy of many countries, in-
cluding Ukraine, the improvement of technical equipment
used in this sector became a significant area of scientific
research. However, traditional methods of machinery de-
sign often failed to take into account all the factors influ-
encing its performance, which led to the need to apply new,
more accurate methods for the analysis and optimisation
of designs (Huseynov, 2024). One such method was the use
of finite element methods (FEM), which allowed for the de-
tailed study of the mechanical characteristics of structures
and the behaviour under loads. This made it possible not
only to assess the stability and strength of machinery, but
also to optimise its design to reduce maintenance costs and
decrease energy consumption.

Existing studies showed that the use of FEM could sig-
nificantly improve the efficiency of agricultural machines,
particularly tractors, combine harvesters, and other towed
equipment, by reducing maintenance costs and extend-
ing the service life (Stavinskiy et al., 2024). E.B. Aliiev et
al. (2023) studied numerical modelling of the operation of
a soil cultivation module, emphasising the importance of
analysing vibrational loads to reduce mechanical stress-
es and improve machinery reliability. The findings con-
tributed to the development of effective design solutions
for agricultural machinery, particularly under conditions
of uneven soil surfaces. The study by G. Filimonikhin et
al. (2021) focused on analytical methods for balancing
rotors in agricultural machines, helping to identify ways
to reduce mechanical loads on rotor systems, positive-
ly impacting operational cost reduction and enhancing
machine efficiency. This approach supported improved
design solutions and reduced the need for costly mainte-
nance. N. Veselovska et al. (2023) investigated the efficien-
cy of modernised threshing units in grain harvesters. The
authors proved that the improvement of working compo-
nents allowed for a significant reduction in grain losses
during harvesting and improved threshing quality, which
contributed to increasing machine productivity. This study
was important for optimising work processes and reducing
material costs in agriculture.

The integration of modern technologies and materials
was also essential for improving the efficiency of agricul-
tural machines and supporting sustainable development
in the agricultural sector through the implementation of

energy-efficient and economical solutions (Shvedchyk-
ova et al., 2024). O. Savenkov et al. (2024a) analysed the
impact of new joint constructions on the operational
characteristics of agricultural machinery, highlighting the
importance of such changes for improving the reliability
of machinery and reducing maintenance costs. The work
showed how the application of innovative joints could
enhance the durability of machines, reducing breakdown
frequency and the need for repairs, which directly affected
the economic efficiency of agricultural enterprises. O. Ba-
zaluk et al. (2021) identified the energy efficiency of inland
water transport for agriculture in Ukraine. The research
was an important component in optimising the transport
of agricultural products via waterways. The use of water
transport allowed for reduced transportation costs and CO,
emissions, which was critical for ensuring the sustainable
development of the agricultural sector (Rud, 2024). This
approach contributed not only to resource savings, but also
to improving the environmental situation in the region. In
the study by A.G. Goncharuk et al. (2018), the market for al-
ternative motor fuels for agricultural machinery in Ukraine
was examined, with a focus on how the use of such fuels
could significantly reduce energy consumption and fuel
costs. This, in turn, supported the sustainable development
of the agricultural sector by reducing environmental im-
pact and costs, resulting in increased economic efficiency.

A. Voloshina et al. (2021) studied the prediction of
changes in the output characteristics of planetary hydrau-
lic motors, which was important for understanding the im-
pact of hydraulic system parameters on the efficiency of
agricultural machinery. The study allowed for improved
management of energy consumption and machine produc-
tivity, which was a critical aspect for design optimisation.
O. Ostapenko (2024) assessed the potential of using alter-
native energy sources for powering agriculture in Ukraine.
The study also demonstrated how energy-efficient tech-
nologies could be integrated into the agricultural sector,
reducing energy consumption costs and promoting sus-
tainability. A. Panchenko et al. (2019) focused on the re-
liability of designs, particularly in the design of rotors for
orbital hydraulic motors, which was fundamental for en-
suring the stable operation of hydraulic systems in agricul-
tural machines. The work contributed to reducing the risk
of breakdowns and improving machine reliability, which
was important for lowering maintenance costs.

However, there was a research gap concerning the in-
tegration of technologies under real conditions, particu-
larly in the example of Ukraine, where not only techni-
cal aspects but also social and economic challenges were
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important. Existing studies focused on individual system
components, but not enough attention was given to a com-
prehensive approach to assessing the efficiency under the
conditions of high instability of energy networks. The aim
of the study was to conduct a theoretical analysis of the ef-
ficiency of applying FEM for optimising the design of towed
agricultural machinery, particularly the frames of seeders,
through numerical modelling of stress-strain states under
operational loads.

MATERIALS AND METHODS

The research was conducted from September 2024 to Jan-
uary 2025 and involved the study of optimisation methods
for the design of towed agricultural machinery using FEM.
The research was theoretical in nature and considered the
Educational, Scientific and Practical Centre of Mykolaiv
National Agrarian University (ESPC MNAU) (Mykolaiv
National Agrarian University, n.d.) as a potential research
platform for the experimental validation of numerical
modelling results, taking into account the centre’s special-
isation in practical testing of agricultural machinery and
its location in a region with typical agricultural conditions.
However, at the time of the study, experimental valida-
tion had not been carried out due to the lack of available
data on testing of towed agricultural machinery under real
conditions at ESPC MNAU, as well as limited access to in-
formation on the centre’s current projects. Field trials had
either not been conducted or had not been documented in
open sources. The results obtained were hypothetical and
applied in nature and required further experimental verifi-
cation in real operational conditions.

The main focus was on modelling stress-strain states
(SSS) to assess the impact of impact loads, which allowed
for the identification of gaps in the use of composite ma-
terials, as well as the development of recommendations for
increasing efficiency and durability of machinery, taking
into account the principles of sustainable agricultural de-
velopment. At the first stage, a systematisation of types of
loads and examples of the application influencing towed
agricultural machinery was carried out, including dynamic,
cyclic, vibrational and impact loads. For this purpose, the
content analysis method was used to review the studies by
H.K. Celik et al. (2024), D.A.A. Esteban et al. (2024), ]. He et
al. (2024), which allowed the classification of loads based
on the nature and impact on the SSS of structures.

The second stage of the research involved theoretical
modelling of the SSS of towed seeder frames using FEM.
The choice of towed seeders as the modelling object was
due to the prevalence in Ukraine’s agricultural sector and
the significant impact of various loads on the structure
during operation. A generalised model of a seeder frame
was used for modelling, representing a typical structure
with approximate geometric characteristics: a rectangular
frame 4 m long, 2 m wide and with a profile height of 0.1 m,
made of S355 steel (yield strength 355 MPa, modulus of
elasticity 210 GPa). The model accounted for wheel mount
zones and hinge joints as critical areas prone to stress

Hruban et al.

concentration. A tetrahedral mesh of finite elements was
used for discretising the structure, with an average element
size of 10 mm in high-stress zones (wheel mounts, hinges)
and 20 mm in less loaded areas, resulting in approximately
50,000 nodes and 200,000 elements. Numerical methods,
including equations for determining displacements and
stresses implemented in FEM, made it possible to evaluate
the maximum stresses and deformations in the specified
zones, identify critical areas, and develop recommenda-
tions for the reinforcement, such as adding stiffening ribs
or locally increasing material thickness.

At the third stage, an analysis of the advantages and
limitations of FEM in technical modelling of agricultur-
al machinery was carried out to assess the applicability
of the method for design optimisation and identify are-
as for improvement. A data synthesis method was applied
to integrate the findings from the studies by O. Savenk-
ov et al. (2024b), J. Neuhausler et al. (2024), ]. Szusta et al.
(2023) for evaluating the universality, accuracy, and com-
putational costs of FEM and identifying its limitations. In
addition, optimisation methods (topological, parametric,
geometric) were analysed using content analysis of publi-
cations by B. Shan et al. (2024), A. Soleimani et al. (2024),
J. He et al. (2024), which allowed for the integration of re-
sults to assess the effectiveness based on criteria such as
weight reduction, emission reduction and improved ener-
gy efficiency, and for identifying gaps in modern agricul-
tural machinery design. At this stage, a systems analysis
was also applied to investigate the impact of optimisation
methods on the social, economic and environmental as-
pects of the use of towed agricultural machinery in order
to assess the potential for sustainable development of the
agricultural sector.

To process sources, the bibliographic manager Zotero
was used, which contributed to the systematisation of pub-
lications and thematic classification. For the theoretical
modelling of SSS of towed seeder frames, ANSYS Mechani-
cal software was used, providing highly accurate numerical
modelling of stresses and deformations, allowing for a reli-
able assessment of the behaviour of structures under static
and dynamic operational loads.

RESULTS AND DISCUSSION

The analysis of structural strength relied on classical the-
ories (the theory of elasticity, the theory of strength of
materials) formed in the 19™-20% centuries, which were
based on the principles of continuum mechanics, including
Hooke’s law, equilibrium equations and strength criteria
(Tresca, Mohr, Huber-von Mises) (Timoshenko, 1953; Bor-
esi & Schmidt, 2011). Modern approaches extended these
principles by taking into account non-linear material prop-
erties, fatigue failure and complex loads (thermomechan-
ical, vibrational, impact). The development of computer
modelling, particularly FEM, enabled multifactorial studies
and the identification of critical zones in structures that
were difficult to determine using analytical methods (Ce-
lik et al., 2024; Savenkov et al., 2024a).
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One of the key concepts in strength analysis was the
stress-strain state (SSS), which described internal forces
(stresses) and the corresponding displacements or defor-
mations in a body under load (Fig. 1).

N3

Figure 1. Stress and strain distribution diagram
in a structural element of the cylindrical part
of a mounted seed drill frame

Note: ¢ — normal stress, which acted perpendicular to the
material surface (arising from tension or compression of the
material), T - shear stress, which acted along the surface and
caused parts of the material to slide or shear relative to each
other, p — the value indicating how strongly the structural
element was bent (the smaller the radius, the greater the
curvature), n — a vector indicating the direction normal to
the surface of the structural element

Source: compiled by the authors

The stress and strain distribution diagram in the struc-
tural element of the cylindrical part of the frame of a trailed
seed drill showed how internal forces and corresponding
deformations were distributed across the structural el-
ement under the action of external loads. The stresses ¢
and t demonstrated the internal forces arising under the
loads on the structure. These forces were used to assess the
strength of structures and to determine the ability to with-
stand loads without failure.

The calculation of the stress-strain state (SSS) made it
possible to assess the suitability of the structure for opera-
tion under specified conditions. The equilibrium equations
underlying the SSS analysis included: internal equilibrium

equations; geometric equations describing deformations;
physical (constitutive) equations describing the relation-
ship between stress and strain (e.g. linear elasticity or plas-
ticity). In the context of trailed machinery, these equations
acquired particular importance, as the structures were sub-
ject to variable, impact, and often asymmetric loads. For
the solution, it was reasonable to use numerical methods
that considered actual geometric and material character-
istics. When modelling the SSS of the frame of a trailed
seed drill using FEM, it could be found that the maximum
stresses occurred in the wheel mounting zones due to im-
pact loads from uneven soil surfaces. Reinforcing these
zones by increasing the metal thickness or adding stiffen-
ing ribs could reduce the risk of deformation, confirming
the importance of numerical methods for practical design
(Bulgakov et al., 2020).

Trailed agricultural machinery, such as seed drills,
fertiliser spreaders and trailers for transporting crops,
was characterised by structural features that affected the
strength properties. These included lightweight metal
frames of complex geometry, numerous welded, bolted and
hinged joints, as well as operation in moist and abrasive
environments (soil, dust, fertilisers) under variable loads
depending on soil type, movement speed and tractor unit.
These factors caused complex stress-strain states that con-
tributed to fatigue failure, corrosion, and local stress con-
centrations. FEM allowed for the consideration of actual
geometry and material properties by modelling the SSS of
frames, weld seams or working elements, thus providing
a basis for the optimisation. The operation of trailed ma-
chinery in field conditions differed significantly from in-
dustrial or road environments due to surface unevenness,
varying soil characteristics and changing climatic factors.
These conditions created a combination of loads affecting
the durability and reliability of the structures. Table 1 sum-
marised the main types of loads, examples, and the impact
on the structure.

Table 1. Types of loads on trailed agricultural machinery under operating conditions

Load type Description

Variable loads formed due to the movement
of machinery over uneven surfaces,

acceleration, braking, or transporting loads

Movement across uneven
fields with different soil types,

Examples Impact on the construction

Increased stress in the frame,
supporting elements, and joints, which
caused a risk of plastic deformations,

Dynamic with varying mass and distribution, as transporting loads with uneven accumulation of residual stresses in
well as from uneven force distribution at ~ mass distribution, acceleration or ~ concentration zones, and potential
contact points with the soil and changes in braking on slopes structural instability under prolonged
movement speed exposure
Loads arising from repeated identical Periodic lifting and lowering of Initiation of fatigue failure due to
working cycles, associated with periodic - . gradual accumulation of microcracks,
- . working elements, rotation of PN
cveli movements of mechanisms, changes in - . accelerated wear of moving joints,
yclic - NN spreading mechanisms, regular - . H
operating modes, or switching between LS particularly hinges and bearings, and
- ’ repositioning of components - O
working phases, which created regular stress during operation reduced strength in areas with high
fluctuations in structural elements 8 0p cyclic loading
Oscillatory loads transmitted to the
structure through contact with uneven soil S Occurrence of resonant oscillations
surfaces, wheel rotation, vibration from sc}ﬁbs?rtflgcréss Cfvlﬁs‘eee(} sbgloltlz?t?;,legnat increasing stress in welds and
, : X e ; :
Vibrational the tractor’s power unit, or uneven mass different speeds, transmission bolted joints, causing the loosening,

distribution, which could lead to resonance
phenomena when vibration frequencies
matched the natural frequencies of the
structure

of vibrations from the tractor
engine through joints

increasing the risk of joint failure and
leading to premature wear of structural
elements due to dynamic fatigue
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Load type Description
Short-term impulse loads occurring due to
sudden changes in operating conditions,
particularly when working elements
Impact encountered hard obstacles, sudden

manoeuvres, or changes in the movement
trajectory, creating local peak stresses in the
structure

Impacts from contact with
hard objects in the soil, sharp
manoeuvres during movement,
sudden changes in direction on
uneven surfaces

Hruban et al.

Continued Table 1.

Examples Impact on the construction

Occurrence of local plastic
deformations, formation of cracks in
stress concentration zones, disruption
of the structure’s geometric integrity,
and potential displacement or
deformation of working elements,
affecting the machinery’s functionality

Source: compiled by the authors based on X. Sun et al. (2023), ]J. Szusta et al. (2023), D.A.A. Esteban et al. (2024),
S. Hussain et al. (2024), J. He et al. (2024), H. Raheman & P. Sarkar (2024), H.K. Celik et al. (2024), ]. Neuhéusler et al. (2024)

All these loads were characterised by variability in time
and space, due to the unevenness of surfaces, diversity of
soil conditions, changes in movement speed, and the influ-
ence of external factors such as humidity and temperature.
This variability significantly complicated the construction
of accurate analytical models for predicting structural
behaviour under load. This, in turn, emphasised the rele-
vance of using numerical methods, which made it possible
to take into account the complex nature of loads, model
the impact on the structure, and ensure its durability and
reliability under real operating conditions. FEM (Finite El-
ement Method) was a numerical method for solving com-
plex physico-mechanical problems. It involved dividing a
structure into simpler elements (triangles or tetrahedra),
each with its own geometry and material properties. Each
element was modelled separately, and the interaction was
described through a system of equations. The method en-
abled effective solutions of strength, thermal conductivity,
dynamics, fatigue, etc. In the context of agricultural ma-
chinery, it was especially useful due to its ability to account
for variable loads, impact effects, and complex geometry
of structures (Celik et al., 2024). The solution of strength,
thermal conductivity, or structural dynamics problems us-
ing FEM was based on a system of equations describing the
interaction of the structure’s elements. In general form,
formula (1) appeared as follows:

Kxu=F, (1)

where: K - stiffness matrix of the system (dependent on
geometry and material properties), u — displacement vector
of the structure’s elements, F — vector of external loads.

To analyse stresses in structures under variable loads,
formula (2) was used in conjunction with the constitutive
material equations:

0=Cxg, 2)

where: ¢ - stress vector, C — material matrix (e.g., for elastic
materials it included the modulus of elasticity), € — strain
vector.

These equations described the relationship between
stress and strain in each element of the structure under a
given load. To solve thermal conductivity problems arising
in structures, it was necessary to consider heat flows be-
tween elements, which could be described by formula (3):

K, xT=Q, 3)

where: K, - thermal conductivity matrix, T - temperature
vector at points of structural elements, Q — vector of exter-
nal thermal loads. To analyse material fatigue caused by
repeated loading, Miner’s criterion was used:

ILig=1 )
where: n, - the number of load cycles that the element can
withstand at a certain load level, N, — the number of cycles
required to achieve failure at the same load.

The FEM calculation process involved a number of key
stages, each important for result accuracy and correct mod-
elling. The first was discretisation — breaking the complex
geometry into simpler elements. This could include tri-
angulation, quadratic elements, or tetrahedra, depending
on geometry complexity and required precision. The mesh
quality was crucial: coarse meshes could lead to errors,
while overly fine ones demanded significant computational
resources. For each mesh element, local equilibrium equa-
tions were formulated, describing the relationship between
forces, displacements, and stiffness. This was done using
the standard formula (5) (Zienkiewicz et al., 2013):

[K]{u}={F}, (5)

where: [K] — element stiffness matrix, {u} — displacement
vector (unknown quantities), {F} — vector of forces applied
to the element.

This equation described deformation and structural
response to loading on each element separately. After for-
mulating equations for all system elements, the next stage
was assembling the global stiffness matrix. All local stiff-
ness matrices were combined into one global matrix de-
scribing the behaviour of the entire structure. This allowed
the interaction of all elements to be accounted for and a
single equation system to be built. This stage was critical
for model validity, as changes to the stiffness of one ele-
ment could affect the entire structure.

The third stage involved setting boundary conditions
that defined how the structure interacted with its envi-
ronment. This included defining fixed nodes (where dis-
placement equalled zero) and applied forces, moments,
or other loads. Boundary conditions could also reflect
natural factors like temperature or humidity. The accu-
racy was crucial, as incorrect conditions could result in
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imprecise outputs — especially for structures operating un-
der cyclic or high-temperature conditions (Savenkov et al.,
2024b). Once the global system was formed, the next step
was solving the system. The equations included unknown
nodal displacements, which were solved using numerical
methods (e.g., Gaussian method - direct solution; conju-
gate gradient method - iterative; LU decomposition - di-
rect) (Zienkiewicz et al., 2013). Once displacements were
determined, other characteristics like stress or strain
could be calculated. Based on the obtained nodal displace-
ments, stress, and strain were calculated using standard
theoretical equations. One such equation was formula (6):

c=Ex(g-¢0), 6)

where: E — modulus of elasticity of the material, €0 - initial
deformation (or deformation in the absence of loads).

This enabled the identification of potential fail-
ure zones or areas exceeding permissible stress limits,
which was critical for further design optimisation. The
obtained results could also be used to assess structural
reliability and its capacity to withstand long-term loads
under real operating conditions. FEM offered opportu-
nities to reduce structure weight, increase strength, and
cut maintenance costs, which was particularly important
for agricultural machines operating in variable and often
harsh conditions. However, despite its many advantages,
the method had limitations that needed to be considered

(Table 2).

Table 2. Advantages and limitations of FEM in technical modelling of trailed agricultural machinery

Application examples

Advantages

Impact on design

Aspect Description
FEM can be applied to structures of
any complexity, shape and geometry,
Versatility including nonlinear elements,

which allows modelling a variety of
technical details

Modelling a trailer frame with
complex geometry including
welds and transition zones;
analysis of gears in agricultural
machinery

Allows designing equipment
with non-standard shapes,
providing accurate strength

analysis

With a correctly constructed finite
element mesh and a correctly
specified model, FEM provides

reliable results for predicting stresses
and strains

High accuracy

Analysis of stresses in the
hinge joints of a seeder under
the action of dynamic loads
from movement; assessment
of the strength of the working
elements of threshing machines

Increases the reliability of
predictions, allowing avoiding
excessive safety margins and
optimising the design

The method allows taking into
account various loading conditions
(static, dynamic, vibration), as well as
various material properties, including
anisotropy and nonlinear behaviour

Flexibility

Modelling deformations of
working parts of a fertiliser
spreader with different
materials under vibration loads

Provides the ability to adapt the
design to different operating
conditions and materials,
increasing its efficiency

FEM easily integrates with CAD

Automation and systems, which allows automating

Integration with the process of modelling, analysis
Computer-Aided Design d optimisati f ston
(CAD) and optimisation of structures,

reducing design time

Importing a trailer model
from a CAD system into FEM
software for automatic stress

analysis

Accelerates the design process,
allowing quickly making
changes and optimising the
design

FEM enables the evaluation of
fatigue of materials and welds, which
are critical for the durability of
agricultural machinery

Fatigue analysis of
materials and welds

Fatigue life modelling of
welds in trailer frames; fatigue
analysis of gears

Increases the reliability of
structures by allowing to
identify potential failure zones
and optimise critical elements

FEM allows modelling the properties
of composite materials and
nanotechnologies that can improve
the performance of equipment

Potential for integration
of advanced materials

Modelling of the working parts
of the seeder using composite
materials to reduce weight

Opens up opportunities for the
use of innovative materials,
increasing strength and energy
efficiency

Limitation

Complex models with numerous
elements require significant
computational resources and time,
especially when analysing nonlinear
problems or dynamic loads

High computational costs

Analysis of vibration loads on
a trailer frame with a detailed
mesh, which takes several hours
of calculations

Limited analysis speed, required
powerful equipment, increasing
design costs

FEM results depend on the quality
of the finite element mesh and

Sensitivity to sampling the correctness of the boundary

Incorrect mesh in the
trailer weld area leads to

Requires careful model
preparation, potentially

quality conditions; errors in discretisation overestlmatrt;flc(i)(sltéesses in the Cmﬁzlslce;tlgﬁ;}rlli elzirigii: for
can lead to inaccurate results P )
Effective FEM use required Using ANSYS to model the

The need for specialised
resources

specialised software (e.g., ANSYS,
Abaqus) and high user competence to
set up tasks correctly

fatigue life of a drill requires
knowledge of parameter
settings

Increases costs for software and
staff training, which can be a
problem for small businesses

FEM does not always take into
account real operational factors,
such as material wear, corrosion, or
exposure to aggressive environments,
which can affect the durability of the
structure

Limited consideration of
real factors

The trailer frame model does
not account for corrosion
from wet soil, leading to an
underestimation of wear

Reduces the accuracy of
long-term forecasts, requires
additional experimental studies
for correction
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Aspect Description
. L . Using different fatigue models
arglfgscilsﬂéhe: tlg cfl?&;gureent (traditional vs. numerical)
approaches complicates analysis and can lead to

conflicting results

numerical models for a fertiliser

Hruban et al.

Continued Table 2.

Application examples Impact on design

Applying traditional fatigue

models for a seed drill versus Makes it difficult to standardise

approaches, requires additional
research to select the optimal

spreader results in different fatigue model

durability predictions

Source: compiled by the authors based on X. Sun et al. (2023), ]J. Szusta et al. (2023), D.A.A. Esteban et al. (2024),
S. Hussain et al. (2024), J. He et al. (2024), H. Raheman & P. Sarkar (2024), H.K. Celik et al. (2024), ]. Neuhéusler et al. (2024)

FEM, despite the aforementioned limitations, re-
mained one of the most powerful tools for structur-
al analysis and optimisation in the technical design of
towed agricultural machinery. Its application allowed for
the achievement of key goals such as reducing structural
weight, improving strength, and lowering maintenance
costs — especially relevant in agriculture, where machin-
ery was exposed to intensive loads and operated in harsh
conditions. In Ukraine, particularly in the Mykolaiv re-
gion, where dense chernozem soils with high moisture
levels and seasonal temperature fluctuations prevailed —
such as elevated humidity in spring — FEM could be used
to account for specific loads (increased soil friction and
thermal deformations) in the design of towed agricul-
tural machinery. This allowed for theoretical forecast-
ing of structural performance and adaptation to local
agricultural conditions, improving machinery efficien-
cy and durability. FEM made it possible to optimise the
construction of seeders and trailers by reducing trailer
frame weight without losing strength or modifying the
joints of seeders to enhance the resistance to vibrational
loads under dense soil conditions, as shown in previous

studies (Celik et al., 2024). The results of such theoretical
developments could be applied at ESPC MNAU (Mykolaiv
National Agrarian University, n.d.), which was engaged
in practical agricultural research, including equipment,
crop, and technology testing for further investigation and
implementation in the Mykolaiv region.

Such measures contributed to achieving key goals - re-
ducing structural weight, improving strength, increasing
efficiency and durability, and lowering maintenance costs —
which were particularly important in agriculture, where
machinery experienced intense loads and operated in ag-
gressive environments. To ensure maximum FEM effective-
ness, it was recommended to combine numerical modelling
with experimental research, which could be conducted at
ESPC MNAU, thus enabling the consideration of real op-
erating factors such as wear and corrosion and enhancing
structural reliability. Table 3 systematised the key criteria
for assessing the feasibility of applying FEM for structural
optimisation. This structuring enabled the evaluation of
advantages, limitations, and the importance of each aspect
in designing specific structural components (e.g., seeder
frames or fastening nodes).

Table 3. Comparative assessment of the capabilities of FEM in optimising the structures of agricultural machinery

Criterion

Significance for seeder

Parameter description

The ability of the method to
reflect the real distribution
of stresses and strains in
the structure

Calculation accuracy

Advantages of FEM

High accuracy provided
that the mesh is of high
quality and the boundary
conditions are correctly

Limitations/Risks structures

Sensitivity to
discretisation errors and
inaccuracies in material

parameters

Determinant for stress
concentration zones, in
particular fasteners

Ability to model complex
geometry, the presence
of holes, stiffeners, and

changes in cross-sections

Flexibility for complex
shapes

High: provides efficient
modelling of structures
of any complexity

Requires detailed mesh
processing, which
complicates calculations

Relevant for complex
seed drill frame
configurations

The number of resources
Computational costs
and solve the model

Allows optimising the
and time required to create design even at the design
stage

Significant
computational costs
when numerous
elements or taking into
account nonlinearities

Balanced mesh detail
is required to maintain
performance

Ability to interact with

Full compatibility with

Integration with CAD/ . Requires use of licensed Facilitates accurate
Computer-Aided a:éoﬁgzi?nde:;ga? ?i’lsd scgtrg rrr?;)?sgﬁ(]i)\{\/co ?lfs software and qualified geometry transfer from
Engineering (CAE) 8 g Y Y ’ users design models

systems

ANSYS, Abaqus)

Ability to model dynamic,
cyclic, shock effects typical
of field conditions

Consideration of
variable loads

Functionality is provided
for analysing various
load scenarios

Careful scripting and
dynamic data input are
required

Key to assessing
resistance to real
operational impacts

Predicting the service life of
a structure under repeated
loads

Fatigue/durability
assessment

Ability to calculate
fatigue life using
appropriate modules
(ANSYS, Abaqus)

Requires accurate
data on materials and
operating conditions

Critical for predicting
the life of the drill in the
field

Automated geometry
or topology changes to
improve performance
(mass, stiffness)

Design optimisation

Topological, parametric
and geometric
optimisation are
supported

A decisive factor in
reducing weight and
production costs

Requires experience and
methodological support
for implementation
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Criterion

Parameter description

Advantages of FEM

Continued Table 3.

Limitations/Risks Significance for seeder

Taking into account the
influence of temperature,
humidity, and soil
abrasiveness on the
structure

Simulation of the real
environment

Possible if using
multiphysics modelling
(Multiphysics)

structures

High requirements for
calibration and input
data availability, often
not applicable in practice

Important for operating
conditions in Ukraine
(dense and wet soils)

Source: compiled by the authors based on H.K. Celik et al. (2024), ]. He et al. (2024), B. Shan et al. (2024), S. Hussain et

al. (2024)

The systematisation of criteria enabled a comprehen-
sive assessment of the potential of FEM as an engineering
analysis tool in the design of agricultural machinery. Key
aspects included the method’s ability to identify stress
concentration zones and accurately model complex struc-
tural geometries — which was critical for seeders operat-
ing in challenging environments. Of particular signifi-
cance were the capabilities for analysing dynamic loads,
fatigue strength, and integration with CAD/CAE, which
substantially enhanced design cycle efficiency. Despite
the complexity of modelling real soil and climatic factors,
it was the multiphysics approach that opened up pros-
pects for adapting machinery to regional conditions. FEM
demonstrated high relevance for improving the reliability,

Table 4. Main methods for optimising the designs of trailed agricultural machinery

Optimisation

method Description

Finding the best structural design

Application examples

durability, and efficiency of structures in modern agricul-
tural engineering. Structural optimisation was the process
of improving the design and manufacture of technical sys-
tems to enhance the efficiency, reliability, and cost-effec-
tiveness. It aimed to achieve the best structural parameters
at minimal cost, taking into account all constraints, such as
materials, resources, and operating conditions. Key aspects
included minimising weight, improving strength, and re-
ducing production and maintenance costs. For the optimi-
sation of towed agricultural machinery structures, meth-
ods were applied that allowed a balance to be achieved
between weight, strength, energy efficiency, and reliability.
The description, application examples, advantages, and
limitations are shown in Table 4.

Advantages Disadvantages

Reducing the weight of High computational

for given loads, material and
geometry constraints, with the

Removing excess material

the structure, reducing
the energy consumption

requirements and

Topological . . in low-stress areas - - complexity of model
optimisation goa} Of. reducing mass without identified by FEM can of the tractor, increasing tuning, which may
sacrificing strength. Focuses on reduce weight by 15% the economic efficiency complicate practical
optimising shape for structures ghtby 1>% and energy efficiency of g licart)ion
operating under high loads the machines pp
. . Adjusting the wall Adaptation of the Less efficient under
éﬁiﬁrﬁi rlitngggeesl;gr?lf;tr ?glegtt%r)s thickness of the planter structure to changing conditions of high
Parametric t0 achieve the optimal ratio support elements to operating conditions variability of loads and
optimisation between costs slgren hand adapt to variable loads on (soil or climatic physical parameters,
P weight. adaptine the mgatchine to dense soils, which allows changes), reduction of which can limit
s ge cific o pera';gin conditions reducing material costs material costs, increase the accuracy of
P P 8§ while maintaining strength of reliability optimisation
. s Modifying the shape Reducing vibrations, .
Changing the structure’s of fertiliser spreader increasing energy The need for precise
geometry to improve - - : measurements and
working elements to efficiency, reducing the .
. performance - e.g., reduce . R . - complex design
Geometric vibrations. improve ener reduce vibration and environmental impact changes. which ma
optimisation > IMp 3 improve energy efficiency, of equipment, improving 8€S, Y

efficiency, and lower CO»
emissions, contributing to
ecological sustainability

theoretically reducing CO»
emissions by up to 10%
during operation

aerodynamic properties
to minimise fuel
consumption

not be economically
feasible for a number
of parts

Source: compiled by the authors based on J. Szusta et al. (2023), B. Shan et al. (2024), H.K. Celik et al. (2024), A. Soleimani et

al. (2024),]. He et al. (2024)

Optimisation methods aimed to achieve a balance
between key factors such as strength, weight, energy ef-
ficiency, and reliability of agricultural machinery struc-
tures, which were critical for the effective operation. The
structural strength ensured the ability to withstand work-
ing loads and external impacts without damage, which was
the basis for topological and parametric optimisation. The
weight of a structure directly affected energy consump-
tion — a heavier machine required more energy to move,
while weight reduction achieved through topological op-
timisation could lower fuel consumption and increase

work efficiency. Energy efficiency was closely linked to
geometrical optimisation, as improvements in geometry
and material selection could reduce energy losses during
operation and decrease CO, emissions. Structural relia-
bility, achieved through parametric optimisation, defined
the capacity to function for a long period without failures,
which was essential for reducing maintenance costs and
extending machine service life (Ivanovs et al., 2018). These
factors were interrelated and had to be optimised simulta-
neously to ensure durability, cost-effectiveness, and effi-
ciency of agricultural machinery.

Machinery & Energetics. Vol. 16, No. 2

4



However, the methods also had drawbacks — discrep-
ancies between theoretical models (built using FEM) and
real operating conditions due to a focus on individual com-
ponents and insufficient consideration of factors like ma-
terial wear and corrosion. FEM’s sensitivity to mesh qual-
ity and material parameters required careful tuning, and
the high computational complexity, especially for complex
structures, was a limitation. Ambiguity in material selec-
tion (lightweight materials in topological optimisation
were less resistant to abrasive soil impact), and challenges
in fatigue analysis due to differing approaches (tradition-
al in parametric vs numerical in geometrical optimisation)
were also present. These methods not only offered tech-
nical advantages but also impacted social, economic, and
environmental aspects of using towed agricultural machin-
ery, which was important for the sustainable development
of the agricultural sector. In the social context, equipment
modernisation through structural optimisation improved
working conditions and operator safety. Reduction in vi-
brational loads on the frame of towed seeders through FEM
lessened operator fatigue during long working cycles, en-
hancing labour productivity. Optimising energy processes
on farms by improving equipment use promoted social sta-
bility, as reduced energy costs ensured more stable income
for farmers (Jensen et al., 2025).

The economic benefits of applying optimisation meth-
ods were also considerable. Implementing FEM for topolog-
ical and parametric optimisation helped reduce structural
weight and material costs, thereby lowering operational
expenses. Precision agriculture, which relied on optimised
equipment, reduced water and fertiliser use, and the in-
tegration of renewable energy sources, such as hydrogen,
could reduce dependence on traditional fuels, improving
the economic stability of farms (Ozguven, 2024; Anthony et
al., 2025). Optimisation methods had a positive environ-
mental effect, contributing to reduced environmental pol-
lution. Geometrical optimisation helped lower CO, emis-
sions by improving machine energy efficiency, which, in
turn, supported the positive impact of conservation tillage
methods on reducing greenhouse gas emissions (Wang et
al., 2024). At the same time, these methods might contrib-
ute to N,0O emissions, requiring further study. The use of
biogas and solar energy in agricultural systems incorporat-
ing optimised equipment reduced ecological pressure, sup-
porting sustainability (Kiehbadroudinezhad et al., 2025).

In summary, integrating optimisation methods for the
design of towed agricultural machinery ensured a balance
between technical, social, economic, and environmental
aspects, which should be key guidelines in developing new
agri-technologies aimed at sustainable agri-sector devel-
opment. The analysis of studies revealed key gaps in ag-
ricultural machinery design: insufficient use of modern
composite materials and nanotechnologies, which could
enhance strength, reduce weight, and improve energy ef-
ficiency of structures, and limited consideration of real
operating conditions, such as variable weather and diverse
soil types, due to the predominant focus on laboratory or
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idealised models. The implementation of FEM in the de-
sign process of agricultural machinery had high potential
to overcome these gaps and improve its efficiency. FEM
enabled a significant increase in machine strength and re-
liability through detailed modelling of stress-strain states,
thereby extending service life and reducing maintenance
costs. Secondly, structural optimisation via FEM reduced
production material costs and fuel consumption due to
weight reduction and improved aerodynamics — potentially
further enhanced by using composite materials and nano-
technologies. Thirdly, FEM enabled modelling of real op-
erating condition impacts, such as climate changes, which
ensured equipment resilience toweather challenges,includ-
ing temperature fluctuations, droughts, or excess humidity.

This study analysed the potential for applying FEM in
designing towed agricultural machinery, particularly seed-
ers and trailers, and systematised knowledge about the
influence of structural features and operating conditions
on strength. The main findings confirmed the effective-
ness of FEM in optimising structures by reducing weight,
increasing strength, and lowering maintenance costs;
revealed key research gaps, including insufficient use of
composite materials and nanotechnologies; and limited
accounting for real operational conditions such as variable
weather and soil diversity. Reducing structural weight via
FEM not only improved performance but also reduced fuel
and maintenance costs, which was crucial for agricultural
sector economic efficiency. In this context, these findings
aligned with O.V. Dovgal et al. (2017), who emphasised that
agri-enterprise competitiveness in Eastern Europe signif-
icantly depended on innovation. While that research fo-
cused on economic rather than technical design, technical
innovations (such as FEM-based optimisation) could con-
tribute to economic goals by boosting productivity and re-
ducing costs. Likewise, the study by S. Ge & S. Zhao (2023)
addressed agricultural machinery technologies and nu-
merical modelling to assess performance and efficiency —
closely matching the approach of the current study and
confirming the importance of such methods.

The study identified a lack of attention to composite
materials and nanotechnologies in agricultural machinery
design, limiting potential for better technical character-
istics like reduced weight and enhanced strength. M. Cu-
tini et al. (2024) assessed official standards for evaluating
the stability of self-propelled agricultural machines, espe-
cially narrow-track tractors. The theoretical calculations
were based on idealised models, overlooking real field
conditions like soil unevenness or weather variation. This
supported current findings about limited consideration of
real-world use. W. Lai et al. (2024) developed a Fibre Bragg
Grating Sensor (FBG) to measure contact forces between
grippers and vegetables during harvesting — yet the study
was limited to lab tests, excluding real conditions (humid-
ity, temperature, surface unevenness), which also aligned
with current findings regarding focus on idealised models.

S. Li (2024) studied optimal parameter design of ag-
ricultural machinery using the ant colony algorithm to
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enhance efficiency. This optimisation focus aligned with
the current findings on seeder and trailer improvement.
However, both studies lacked full consideration of re-
al-world operating conditions, such as weather effects or
soil diversity, which were vital for accurate analysis and
optimisation. M. Cui et al. (2025) analysed volatile organ-
ic compound (IVOC) emissions from biodiesel-powered
agricultural machinery under real operating conditions.
The field measurements incorporated real usage, confirm-
ing the importance of studying such contexts. However,
the authors did not factor in weather changes — partially
aligned with this study’s conclusions. To address this gap,
additional modelling methods seemed promising. V. She-
banin et al. (2016) suggested fuzzy predicates and quan-
tifiers in matrix representation for modelling information
resources under uncertainty. Although the work did not
focus on agri-machinery, such approaches had potential
for modelling complex usage scenarios like climate varia-
bility - supporting the current study’s view on the need for
new methods accounting for real-world conditions.

The study confirmed that combining optimisation
methods for the structures of towed agricultural machinery
enabled harmony among technical, social, economic, and
environmental factors. R. Alemanno et al. (2025) evaluat-
ed tractor performance and fuel use in vineyards, showing
emission and cost reduction potential — directly aligned
with the present research on agri-machinery optimisation.
The focus on economic and ecological efficiency mirrored
the study’s emphasis on improving performance while re-
ducing environmental impact. Similarly, E. Wallander et
al. (2025), who studied electric farming with in-field energy
replenishment, underscored sustainability and cost reduc-
tion — resonating with the environmental and economic
themes of this work. M.R. Mesa et al. (2024) explored va-
rieties of energy cane for biomass, highlighting economic
and environmental benefits like new income sources and
reduced fossil fuel dependence — matching this study’s em-
phasis on sustainability and cost reduction. A. Elaoud et
al. (2025) studied soil penetration resistance using Bayesi-
an networks, considering parameters such as moisture and
soil type that affected ecological resilience — the attention
to soil diversity mirrored this study’s findings. B. Wu et
al. (2025) developed an all-terrain intelligent robot for har-
vesting,whichreduced soil compaction and labour demands,
while V.B. Shambhu et al. (2023) proposed a gender-orien-
tated device for jute fibre extraction to improve women’s
working conditions. These studies’ focus on social bene-
fits of agricultural machinery echoed the current study’s
emphasis on easing and improving labour conditions.

Thus, applying composite materials in agri-machin-
ery design, as this study showed, could reduce structural
weight, boosting energy efficiency. Introducing electric
tractors might reduce agri-machinery emissions — aligning
with the study’s ecological sustainability focus. Optimising
structures using FEM could make machinery more acces-
sible to small farms, improving productivity. ESPC MNAU,
as a platform for practical research, could implement these

prospects by testing optimised designs in real operating
conditions.

CONCLUSIONS

As a result of the study, the effectiveness of FEM for im-
proving the design of towed agricultural machinery - in
particular, seeders, and trailers — was established. FEM en-
sured a reduction in the weight of structures (up to 15% due
to topological optimisation), an increase in the strength
and resistance to vibrational impacts, as well as savings in
operational costs through reduced material and fuel con-
sumption. These changes contributed to economic benefits
for the agricultural sector by lowering maintenance costs,
environmental sustainability through reduced emissions
(up to 10% due to geometric optimisation), and improved
working conditions for operators by reducing vibrational
loads, thereby enhancing productivity.

The analysis of existing approaches to agricultural ma-
chinery design revealed insufficient attention to the use of
modern materials, such as composites and nanotechnolo-
gies, which hinders the achievement of better strength and
lightness characteristics. It also showed an overreliance on
simplified models that do not take into account variable cli-
matic conditions and soil diversity. The study of structur-
al features and operational conditions showed that towed
machinery is subject to various loads, leading to material
fatigue, corrosion processes, and local stresses — confirm-
ing the importance of numerical modelling for assessing
these effects. The results are useful for the agricultural sec-
tor in regions with wet, dense soils, such as the Mykolaiv
region. It is recommended to carry out equipment adapta-
tion through numerical modelling, followed by testing of
the improved designs at the ESPC MNAU base, with the aim
of the practical implementation in real-world conditions.

The study had limitations related to its theoretical
focus, which excluded experimental verification in field
conditions, as well as insufficient attention to factors such
as wear and corrosion, due to the emphasis on numerical
modelling. The lack of available data on testing at ESPC
MNAU made it difficult to assess the practical applicability
of the results. In future, it would be advisable to focus on
creating FEM models that take into account climatic and
soil characteristics, conducting field experiments to vali-
date theoretical developments, and studying the potential
of composite materials and nanotechnologies for improv-
ing the strength, energy efficiency, and durability of the
machinery. Such steps would improve the accuracy of fore-
casts and the practical relevance of developments for the
sustainable development of the agricultural sector.
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AHani3 MiLHOCTI Ta OoNTUMiI3aLia KOHCTPYKLUIN
NPUYIiNHUX CiNbCbKOrocnogapcbKUx MallUH
3a AOMNOMOrolo MeToAiB KiHLLleBUX enneMeHTIB

AHoTauiqa. MeTa TOWIiIKeHHS T0/ATaNa Y BUBUEHHI MMOTEHI[ialy YMCeJbHOTO MOETIOBaHHS [J1s1 BLOCKOHATEHHS
arpapHoi TeXHiKM IUISIXOM aHasi3y il XxapaKTepUCTUK i TeXHOTOTiYHMUX 0COBAMBOCTEl. By/I0 BUKOHAHO TE€OPeTUIHMIA
aHai3 i3 BUKOPUCTAHHSIM TEOPETUUHOTO MOAEMIOBAHHS, 1[0 JO3BOJMIIO OL[iHUTY HampyXeHO-nehopMOBaHi cTaHU
TeXHiKU Mif pi3HMMI HaBaHTAKeHHSIMU. BCTaHOBIIEHO, 110 UMCe/IbHe MOZENOBAaHHS 3a6e31euye 3HIMKeHHS Macy TeXHIKK
LUISIXOM BUJA/IeHHS Ha/JIMIIKOBOTO MaTepiaay B 30HaX i3 HU3bKMMM HallPy>KeHHSIMM, a TAKOXX 3MeHIUIeHHS BUKN/LiB
3aBJSIKM BAOCKOHAJIEHHIO TeoMeTpii po60umx OpraHis, 110 CIIPUSIIIO eKOHOMIi eHeprii i miIBUIIeHHI0 eKCIuTyaTalliitHol
edexTMBHOCTI. BUSIBIIEHO, 1II0 CYyYaCHi TEXHOJIOTii HeOOIiHIOIOTh ITOTEHI[iaJl KOMIIO3UTHUX MaTepiaiB i HAHOTEXHOJIOTII,
10 0OMESKYBaJIO TOCSITHEHHS BUIIMX ITOKa3HMKIB Mil[THOCTI, JIETKOCTI Vi JOBrOBIYHOCTI, a CIIPOIIeHi MO/Iesli irHopyBau
3MiHHI KiMaTU4Hi hakTOpu, Pi3HOMaHITHICTh I'PYHTIB, BOIOTICTh, TEMIIEPATYPHiI KOMMBAHHS, SIKi BIUTMBAIM HA 3HOC i
KOPO3iI0 TexHiKK. JI0C/iJykeHHS [ToKa3aJo, 0 arpapHa TexXHika 3a3HaBajia IMHAMIYHUX, IMKIIYHMX, BiOpauiitHux i yrapHux
BIUIMBIB, SIKi CIPUUYMHSIIM BTOMHE PYIfHYBAaHHS MaTepiasliB i IOKa/lbHi HAalIpyskeHHsI, 0COOIMBO B 30HAX KPiTJIeHHST pO60UMX
eJleMeHTIB i mapHipHMX 3’€JHaHb, 0 3HMKYBAJIO TEPMiH CIyKOM i TOTpebye BLOCKOHATIEHUX MaTepiasiB. Pe3ynbraTu
CIIPUSIIM €KOHOMIUHil BUTOJi arpapHOTO CEKTOPY Yepe3 3HMKEeHHSI BUTPAT Ha MajbHe it 06CTyroByBaHHSI, eKOJIOTiuHiii
CTiMKOCTi IIISIXOM 3MeHIIIeHHS BUKU/IiB, & TAKOX MOKPAIleHHIO YMOB Ipalli 0riepaTopiB 3aBASKM 3HUKEHHIO BibpaliiiHux
HaBaHTaXXeHb. Pe3ynbTaTyl DOCTIIKeHHSI MOKYTh OYTM BUKOPUCTAHI PU MPOEKTYBaHH] Ta yIOCKOHAIEHH] KOHCTPYKILiii
MIPUUIITHO] CiIbCHKOTOCIIONAPCHKOT TEXHIKY 3 YpaxyBaHHIM crielMbivHNX YMOB eKCIuTyaTallii, 30KpeMa Jjis TIorepeHbOro
MOZeMIOBaHHS i1 ONTMMi3allii poboumx opraHiB MallMH B arpapHMUX perioHax i3 miIBUIeHMM HaBaHTaKeHHSIM Ha pamy
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Development and implementation of electromechanical systems
for the control of soil tillage units

Abstract. The need to improve soil cultivation technologies necessitates the introduction of electromechanical control
systems that ensure energy efficiency, parameter stability, and increased effectiveness of mechanised agricultural processes.
The purpose of this study was to design an intelligent control system capable of dynamically adapting operational modes
based on sensor data and the principle of feedback. The research methodology included multi-level computer modelling
in the MATLAB/Simulink environment, the development of a physical prototype using the STM32F407VG microcontroller,
and experimental testing in laboratory and field conditions across plots with varying soil types. The system comprised
modules for sensor monitoring of moisture, density, and load, a signal processing unit, a proportional-integral controller,
and electric drives responsible for regulating tillage depth and force. The trials demonstrated the high stability of the
system under variable agrophysical parameters, with a response time to external changes ranging from 1.8 to 2.3 seconds,
and an average deviation in depth not exceeding five millimetres. The experimental results indicated a reduction in average
energy consumption by 12-18% compared with conventional non-automated systems, and an increase in efficiency up to
87% on loamy soils. According to a multi-criteria performance analysis conducted using the Analytic Hierarchy Process,
the electromechanical system achieved an integrated efficiency index of 4.37, significantly exceeding that of the hydraulic
system, which scored 3.55. The practical implementation of the control system confirmed its technical suitability for
mass integration into modern agricultural tillage machinery. The proposed technical solution improved the quality of
soil cultivation, reduces energy consumption, minimises the need for operator intervention, and supports the sustainable
development of the agro-industrial sector. The results of this study can be directly applied by agricultural enterprises in
equipping soil tillage units with advanced electromechanical control systems, aimed at increasing precision, reducing
fuel consumption, and improving machine productivity during field operations

Keywords: sensor monitoring; adaptive regulation; computer modelling; field testing; microcontroller; electric drive;
digital interface

INTRODUCTION
The improvement of mechanised soil cultivation technol-  energy resources, and the need for the sustainable use of
ogies is a key factor in enhancing the efficiency of mod- land, the demand for the introduction of intelligent elec-
ern agriculture. In the context of climate change, limited tromechanical systems is growing. These systems enable
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greater precision in agrotechnical operations, reduce the
mechanical impact on the soil, and lower energy con-
sumption. The application of automated control allows re-
al-time adaptation of tillage parameters to changing field
conditions, ensuring the stability and quality of agrotech-
nological processes.

One of the priority areas involves the implementation
of systems based on microelectromechanical components
(MEMS), sensor devices, and adaptive control algorithms
that integrate mechanical, electrical, and digital technolo-
gies. The study by I. Nazarenko & O.Kovalov (2021) focused
on the creation and testing of an energy-efficient electro-
mechanical system for tillage based on an electric tillage
unit. The authors demonstrated that such a system reduces
energy consumption, stabilises operating parameters, and
enhances the quality of technological operations. Exper-
imental field trials confirm the effectiveness of the pro-
posed approach under real working conditions. Z. Guo et
al. (2023) investigated the mechanical properties of the
soil-tool interaction surface using entropy-weighted grey
relational analysis. The authors developed a mathematical
model enabling the precise determination of critical struc-
tural parameters influencing energy consumption during
tillage. The results showed that optimising the geometry
of the working surface significantly reduces resistance and
increases the overall efficiency of the machinery.

V. Adamchuk et al. (2023) proposed an innovative mo-
bile system for rapid, non-contact soil condition meas-
urement directly during field operations. This solution
involves the use of sensors capable of detecting soil den-
sity and moisture in real time, thereby avoiding the need
to halt equipment during monitoring. This approach en-
hances the accuracy of technological operations and en-
ables adaptive control of tillage parameters according to
changes in the agrophysical characteristics of the environ-
ment. The relevance of precise sensor monitoring is fur-
ther supported by the findings of K. Karyotis et al. (2021),
who examined the potential for MEMS to assess the phys-
icochemical properties of soil remotely without damaging
its structure. Owing to their compact size and high sensi-
tivity, MEMS sensors can be integrated into autonomous
tillage complexes, providing continuous feedback between
the cultivated environment and the control system. D. To-
karchuk & I. Furman (2021) conducted a comprehensive
analysis of current energy-efficient technologies imple-
mented within the agro-industrial sector of Ukraine. The
study emphasised the importance of modernising tillage
machinery, particularly through the introduction of elec-
tromechanical systems that contribute to reduced energy
consumption and increased productivity. The authors also
highlighted the necessity of regulatory frameworks and
state support as essential conditions for the effective de-
ployment of such innovations.

S.Y. Xu et al. (2024) focused on investigating the be-
haviour of the soil environment under loading conditions
using digital image analysis methods. They examined the
progressive destruction of soil structures occurring during

the operation of agricultural machinery, particularly in
zones subject to intensive mechanical impact. The results
obtained allow for the timely adaptation of tillage parame-
ters to changes in the internal soil structure, reducing the
risk of disrupting its integrity. K. Zeng & H. Liu (2023) in-
vestigated the temporal variation in the compressibility of
calcareous sand under loading conditions that simulate the
operation of tillage machinery. The paper demonstrated
the mechanisms of compaction and shear, which are critical
for determining the optimal pressure and movement speed
of working tools in sandy soils. The findings contribute to
improved accuracy in predicting soil behaviour and reduc-
ing the risk of machinery overload in unstable conditions.

N.-E. Yi & Y. Yang (2024) applied the discrete element
method to model the wear of scrapers in gravel layers,
which is crucial for optimising tool design. The authors
identified critical wear points of working components, en-
abling improvements in materials and geometry to reduce
wear under high mechanical loads. This study contrib-
utes to lower maintenance costs and extended equipment
lifespan in challenging soil environments. M. Barzegar et
al. (2022) reviewed the use of MEMS in geotechnical mon-
itoring, particularly for measuring the physical and me-
chanical properties of soil in real time. Their study em-
phasised the importance of precise soil monitoring for the
stable operation of machinery, as fluctuations in moisture
and density can considerably affect technical performance.
Owing to their compactness and high sensitivity, MEMS
sensors provide continuous feedback between the soil and
control systems, enabling real-time adjustment of operat-
ing modes (Suglobov et al., 2024). These approaches gain
particular relevance when combined with soil moisture
sensing technologies based on electromechanical imped-
ance. C. Lan et al. (2023) demonstrated this by developing
spherical smart units for in-field monitoring. Their study
showed that these devices can autonomously monitor soil
moisture without the need to stop machinery, allowing for
the optimisation of tillage machine operations. This ap-
proach facilitates the rapid adjustment of tillage parame-
ters based on real-time data, increasing the efficiency and
precision of fieldwork.

Modern research in agricultural mechanisation thus
demonstrates the high potential of electromechanical
solutions that integrate sensor systems, adaptive algo-
rithms, and digital technologies. These developments open
new possibilities for the creation of intelligent machinery
capable not only of reducing operational costs but also of
adapting to specific agrophysical conditions in real time.
Such systems provide the foundation for high-perfor-
mance, energy-efficient, and sustainable farming.

The purpose of this study is to conduct a comprehen-
sive analysis of current electromechanical solutions for
the control of soil cultivation machinery, to design and
experimentally validate an adaptive control system based
on sensor monitoring, and to evaluate its effectiveness and
integration potential within agricultural engineering. Ob-
jectives of the study:
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1. To analyse technical solutions in electromechanical
control of soil cultivation units and identify their advan-
tages and limitations.

2. To develop an adaptive control system using sensor
modules and feedback algorithms.

3. To conduct laboratory and field trials of the devel-
oped system and assess its performance based on control
accuracy, energy consumption, and adaptability to agro-
physical conditions.

MATERIALS AND METHODS

At the first stage of the study, a theoretical analysis of ex-
isting electromechanical control systems used in contem-
porary agricultural machinery engineering was conduct-
ed. The analysis considered the structural features of soil
cultivation mechanisms, types of drives, components of
working tool actuators, and the integration of sensor and
actuator devices into implement architecture. Particular
attention was given to the comparison between conven-
tional hydromechanical systems and electromechanical
assemblies based on microprocessor control. A literature
review was conducted regarding parameters such as sta-
bility, precision, energy consumption, and wear resist-
ance of electromechanical control systems under various
operating conditions, including the use of electric motor
blocks for energy-efficient tillage (Nazarenko & Koval-
ov, 2021), the analysis of mechanical properties of working
tools through the entropy-weighted grey relational meth-
od (Guo et al., 2023), the development of tools for rapid
measurement of soil condition indicators (Adamchuk et
al., 2023), and the evaluation of MEMS-based sensors for
agricultural monitoring (Karyotis et al., 2021).

The second stage of the study involved modelling the
kinematics and dynamics of the soil cultivation implement,
considering variable agrophysical parameters of the envi-
ronment, namely, soil density, moisture, and resistance.
The modelling was conducted using the MATLAB/Simulink
computing environment. A structural system model was
built, comprising sensor components (load, moisture, and
position sensors), a data processing unit (STM32F407VG
microcontroller), and control algorithms. During simula-
tion, the operational ranges of parameters, critical loads,
and feedback delays were determined. The data obtained
formed the basis for the development of adaptive regula-
tion algorithms for the implement’s working modes.

The third stage involved the development of a phys-
ical prototype of the electromechanical control system.
The prototype included: an STM32F407VG microcontroller
(manufactured by STMicroelectronics, France/Italy), based
on the ARM Cortex-M4 architecture, with a clock speed of
up to 168 MHz, equipped with 1 MB of flash memory, 192
KB of RAM, three 12-bit analogue-to-digital converters, 17
timers, up to 114 GPIO lines, and a wide set of interfaces
(USB OTG, SPI, 12C, USART, CAN), providing stable oper-
ation of the sensor and actuator modules under variable
agrophysical conditions; sensor units incorporating both
digital and analogue moisture, temperature, density, and
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soil resistance sensors, with real-time data output via the
controller; vector-controlled electric drives capable of reg-
ulating force, penetration depth, and movement speed of
the working tools depending on sensor input; and a digital
operator interface based on a touch-screen display with
CAN communication protocol, enabling the operator to set
working parameters, monitor performance in the field, and
remotely adjust the system’s functional modes. The system
was tested under laboratory conditions using a test bench
designed to simulate dynamic loads and variable soil struc-
tures. During testing, parameters such as positioning ac-
curacy, response time, control stability, and overall energy
consumption were monitored.

The fourth stage involved testing the developed elec-
tromechanical system in agricultural fields with various
soil types, including loam, sandy-clay, and waterlogged
soils. A series of measurements were performed under
varying conditions of moisture, resistance, and surface
relief. Using built-in sensors and an autonomous data
logger, measurements were taken of the loads on the
working tools, the quality of soil treatment, the stability
of preset parameters, and the energy use coefficient. The
results were compared with equivalent data from standard
(non-controlled) systems, enabling an objective assess-
ment of performance gains. Field testing of the electro-
mechanical control system was conducted at three sites
with contrasting agrophysical properties: loamy, sandy-
clay, and waterlogged soils. The aim of the testing was to
evaluate system stability under real operating conditions,
particularly its response to changes in soil moisture, re-
sistance, surface topography, and mechanical load. Par-
ticular attention was given to measuring parameters such
as depth control accuracy, the level of adaptation of the
system to changing environmental characteristics, and
energy efficiency, which was assessed based on the coef-
ficient of performance.

The final stage involved a comparative analysis of the
electromechanical system against other control methods,
based on criteria including energy efficiency, regulation
accuracy, economic feasibility, and operational reliability.
The analysis was conducted using the Analytic Hierarchy
Process (AHP) method, supported by data from experi-
mental measurements. For implementation of the AHP
method, the Saaty nine-point scale was used, with pairwise
comparisons of criteria and alternatives. According to this
scale, a score of 1 indicates equal importance, 3 indicates
moderate preference of one element over another, 5 indi-
cates strong preference, 7 indicates very strong preference,
and 9 indicates absolute dominance. Scores of 2, 4, 6, and 8
were used as intermediate values to refine the intensity of
preference. Expert evaluations were aggregated into a pair-
wise comparison matrix, from which weighting coefficients
were calculated to reflect the priority of each criterion.
This allowed ranking the technical solutions according to a
composite efficiency indicator and justifying the selection
of the optimal system modification for mass production.
The results were summarised in tables and graphs, which
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substantiated the feasibility of integrating the developed
system into serial models of agricultural machinery.

RESULTS

Analysis of functional capabilities of electromechanical
systems in modern soil cultivation machinery

Modern agricultural machinery is undergoing intensive
modernisation driven by the need to improve energy effi-
ciency, precision, and operational stability under variable
agrophysical conditions. One of the most promising areas
for technical renewal involves the introduction of electro-
mechanical control systems, which are gradually replacing
conventional hydromechanical and mechanical solutions.
A defining feature of electromechanical systems is their
ability to deliver high-precision regulation of technological
parameters — cultivation depth, applied force, travel speed,
etc. — in real time through microprocessor control and in-
tegrated sensor systems. Such systems employ stepper or
brushless electric motors, which offer compact dimen-
sions, low noise, high reliability, and precise positioning. In

addition, the electric drives can operateinaclosed cycle with
constant correction of the output signal in accordance with
the data coming from the sensors. This capability proves
critical when operating on fields with complex structure or
heterogeneous soil properties, where maintenance of stable
parameters without loss of processing quality is essential.

Conventional hydraulic systems, although capable of
delivering significant tractive effort, are inferior to elec-
tromechanical systems in terms of precision, sensitivity
to external influences, and energy consumption (Panchen-
ko et al., 2018). For instance, energy losses in a hydraulic
circuit may reach 25-30% owing to fluid heating and pres-
sure drops in piping. Hydraulic systems also require regular
maintenance, fluid changes, and filter replacements, which
increases overall operating costs (Bulgakov et al., 2020). A
comparative characterisation of the three main types of
control systems — mechanical, hydraulic, and electrome-
chanical - is presented in Table 1, based on indicators such
as regulation precision, energy consumption, dynamic sta-
bility, reliability, maintainability, and adaptability.

Table 1. Comparative characteristics of control systems

Indicator Mechanical system Hydraulic system Electromechanical system
Regulation accuracy Low Medium High
Energy consumption Medium High Low
Dynamic stability Low Medium High
Reliability High Medium High
Maintainability High Medium Medium
Adaptability Low Medium High

Source: created by the authors based on Z. Guo et al. (2023), V. Adamchuk et al. (2023)

As shown in Table 1, mechanical systems, despite high
maintainability and reliability, are inferior to contemporary
solutions in regulation precision and adaptability to vari-
able operating conditions. Hydraulic systems demonstrate
better performance than mechanical systems in terms of
precision and dynamic stability, yet they suffer from in-
creased energy consumption and only medium maintain-
ability owing to complex maintenance requirements and
frequent fluid replacement (Voloshina et al., 2021). Electro-
mechanical systems, by contrast, received the highest rat-
ings for precision, dynamic stability, and adaptability. This

is due to intelligent control algorithms, integration with
sensor hardware, and real-time feedback. Energy consump-
tion is reduced through optimisation of operating modes
and the elimination of hydraulic resistance losses or me-
chanical friction (Havrylenko et al., 2021). Despite medi-
um maintainability, which reflects the need for specialised
technical servicing, the overall balance of advantages makes
the electromechanical system the most suitable choice
for intensive, high-precision agricultural production. Fig-
ure 1 presents the functional schematic of sensor and
actuator integration within a soil cultivation implement.

Moisture sensor

Data transmission

L

Density sensor

Microcontroller

Electric drives

Load sensor

Signal processing

Figure 1. Functional schematic of sensor and actuator integration within a soil cultivation implement

Source: compiled by the authors

The schematic in Figure 1 details the logic of an au-
tomated electromechanical control system for a soil culti-
vation implements, based on closed-loop feedback. In the
first stage, specialised sensors continuously measure agro-

physical parameters: a moisture sensor records soil mois-
ture, which influences optimal working depth; a density
sensor evaluates soil structure and compaction, allowing
adaptation of implement operation to changes in resist-

Machinery & Energetics. Vol. 16, No. 2

4



ance; and a load sensor monitors mechanical force applied
to the working element, signalling potential overload or
unstable operation. Sensor data are transmitted in real
time to the microcontroller, which serves as the central
control unit (Bazilo et al., 2023). Initial signal processing
involves conversion of analogue values to digital form,
noise filtering, normalisation, and preliminary parameter
analysis (Hula & Hryha, 2024). Next, the signal-processing
block executes adaptive control algorithms that compare
current system status with reference values and generate
commands for actuators. The actuator block comprises
electric drives capable of adjusting working depth, trav-
el speed and applied force according to control signals.
These drives provide high positioning accuracy, maintain-
ing set parameters with minimal deviation even when soil
properties or field topography change abruptly. A key fea-
ture of this system is the closed-loop feedback cycle: af-
ter executing a command, actuators return updated state
data to the sensor sub-system, enabling rapid correction
cycles. This architecture ensures immediate response to
changing conditions, such as transitions from compacted
to lose soil or the encounter of mechanical obstacles. As
a result, the system maintains high operational stability
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even when cultivating challenging zones, uneven terrain
or areas with varying moisture and density, thereby re-
markably improving the quality and energy efficiency of
agrotechnical operations.

Results of computer modelling
and control algorithm testing
At this stage of the study, computer modelling of the elec-
tromechanical control system for the working elements of a
soil cultivation implement was conducted using MATLAB/
Simulink. The primary objectives of the modelling were to
reproduce system responses to changes in agrophysical pa-
rameters, namely density, moisture, soil resistance, to verify
feedback algorithms and determine time delays and stabil-
ity limits of electric drives under variable load conditions.
In the Simulink environment, a structural model was
developed, comprising the following subsystems: an input
disturbance generator block, simulating variations in soil
physical parameters; sensor blocks; a signal processing
module; PI controllers; and a model of the electric drive
with load. Figure 2 illustrates the overall logic of the model,
which implements an adaptive control scheme accounting
for sensor reaction delays and drive inertia.
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Figure 2. Structural diagram of the adaptive control system model
for the electric drive of a soil cultivation implements in Simulink

Source: compiled by the authors

As shown in Figure 2, the scheme simulates a full op-
erational cycle under variable agrophysical conditions —
soil resistance, moisture, and density — considering drive
dynamics, sensor reaction characteristics, and control
algorithms. Visually, the model appears as a closed-loop
feedback circuit with distinct blocks for disturbance gen-
eration, sensor monitoring, signal processing, PI control,
actuator dynamics, and system output response. The mod-
el employs an input signal generator block to simulate
time-varying soil resistance. A Repeating Sequence block
provides periodic disturbances, enabling the definition of
a time-dependent physical load on the implement. This
signal is then scaled and normalised by a Gain block to
match typical sensor measurement ranges. A Saturation
block follows, representing the limited range of real sen-
sors, which cannot record values outside specified bounds.
After initial signal conditioning, the processed signal en-
ters a comparison logic, where it is contrasted with a ref-
erence value - representing an optimally defined depth or
force of cultivation. An error-generation mechanism in the

computational core produces an error signal, which is
passed to the signal-processing block. Here, smoothing is
performed by a Lowpass Filter block, simulating the iner-
tial nature of sensor measurements and filtering out tran-
sient pulse changes or background noise.

Once the signal is stabilised, the information feeds
into the PI controller block, implemented using a standard
PID Controller with the derivative component disabled.
The control algorithm ensures a gradual system response
to increases or decreases in deviation from the reference.
During modelling, proportional and integral gains were
tuned to achieve minimal transient time, prevent over-
shoot, and eliminate oscillations in response to sudden
disturbances. The final block of the model simulated the
response of the electric drive to a given command. For
this purpose, the transfer function 1/(s + 1) is used, which
captures the inertia of the system, that is, the actual delay
between the control input and the operation execution.
This feature holds particular importance in an agrotech-
nical environment, where rapid response to changes in
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soil resistance is critical for maintaining implement sta-
bility. The model concluded with feedback that routes
actual performance data back into the control system.
In this way, a closed loop is formed, in which every pa-
rameter change is immediately captured, processed, and
used to generate a revised control signal. The resulting
structure permits investigation of system responses to
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variations in any single parameter, tuning of stabilisation
algorithms, and assessment of their effectiveness under
simulated field conditions. Several scenarios were mod-
elled, ranging from a sudden increase in soil resistance to
a gradual decrease in moisture. In each case, the dynamic
response of the electric drives was recorded and is pre-
sented in Figure 3.

= Scenario 1 - Soil resistance (kg/cm?)
Response 1 - Electric drive (kN)
Scenario 2 - Soil moisture (%)

== Response 2 — Electric drive (kN)

9 10 Time,s

Figure 3. Simulation of electric drive response

Source: compiled by the authors

Figure 3 illustrates the simulated response of the elec-
tric drive to changes in agrophysical soil parameters under
two representative scenarios: a rapid rise in soil resistance
and a gradual reduction in soil moisture. The first sce-
nario, reflected by the curve “Scenario 1 - Soil resistance
(kg/cm?)”, simulated the implement traversing successive
field sections of increasing mechanical resistance. The in-
itial resistance measured 0.3 kg/cm? and rose to 1 kg/cm?
over the first four seconds. Once the peak was reached,
resistance declined gradually to 0.2 kg/cm?, simulating
exit from a compacted zone. Corresponding to this pro-
file, the electric drive output force rose from 0.3 kN to
0.95 kN (curve “Response 1 — Electric drive (kN)”), before
smoothly reducing to 0.25 kN. Such behaviour demon-
strates the presence of an adaptive mechanism that stabi-
lises load under changing external conditions. The second
scenario analysed a reduction in soil moisture from 1% to
0.2% over ten seconds. The drive output force fell from
0.95 kN to 0.18 kN, indicating correct operation of iner-
tia-compensation algorithms and effective integration of

Table 2. Characteristics of stability and response speed

sensor data into the control scheme, which adjusts actu-
ator commands according to the current environmental
state. Curve analysis shows that both drive responses com-
bine rapidity with controllability. Parameter changes fol-
low a smooth profile with adequate regulation speed, rath-
er than occurring abruptly. Calculated transition times,
the interval required for full adaptation to a disturbance,
range on average from 1.8 s to 2.3 s, a sufficiently fast re-
sponse for practical field operation.

Maximum deviations of the drive response curve did
not exceed 8-10% of the set values, reflecting high regula-
tion accuracy and consistency. This outcome confirms the
effectiveness of the implemented PI control algorithms,
which deliver stable performance despite variable agro-
physical conditions. Figure 3 thus clearly demonstrates
that the developed control approach can adapt flexibly,
while the electric drive executes control actions precisely
without significant loss of time or energy. Table 2 presents
the consolidated chara cteristics of stability and response
speed under simulated agrophysical variations.

Tpeofscomario  Aemgeremlatin  Maximum  Damping gy
Gradual increase in resistance 1.8 6 0.85 High
Impulse disturbance of resistance 2.3 10 0.65 Medium
Gradual reduction in moisture 2 7 0.8 High
Impulse reduction in moisture 2.4 11 0.6 Medium

Source: compiled by the authors

As shown in Table 2, the system response to simulat-
ed agrophysical changes depends strongly on the external
disturbance. In the gradual increase in soil resistance sce-
nario, the control scheme delivered the highest stability
metrics: an average regulation time of 1.8 s, a maximum

overshoot of only 6 per cent, and a damping coefficient
of 0.85, indicative of effective smoothing without exces-
sive inertia. A similarly high stability level emerged in
the gradual moisture-reduction scenario, with an average
regulation time of 2.0 s and a damping coefficient of 0.8.
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By contrast, under impulse disturbances of resistance or
sudden moisture reduction, stability decreased: regulation
time increased to 2.3-2.4 s, damping coefficient fell to 0.6-
0.65, and maximum overshoot reached 10-11%. These re-
sults highlight greater sensitivity of the control scheme to
abrupt changes and underscore the need for precise tuning
of PI controllers.

Overall, the table data confirm the effectiveness of the
adaptive control scheme under gradual changes in soil pa-
rameters. The results highlight the importance of tuning
regulator settings in the event of impulse disturbances,
which minimises excessive overshoot and preserves ener-
gy efficiency. High damping coefficients in stable scenarios
indicate minimal energy expenditure on corrective oscilla-
tions, a key efficiency metric in real-world field operation.
Special attention was paid to assessing resilience when
sensor data are limited. Simulation of signal loss from one
or more sensors showed that, despite reduced input, the
control approach maintains acceptable performance us-
ing a predictive model based on trends in previous meas-
urements. In addition, an algorithm for early detection of
critical conditions - such as drive overload or implement
jamming — was tested. The control scheme autonomously
reduced drive load or issued a stop alert to the operator
interface. Taken together, the computer modelling results
confirm that the proposed control scheme delivers high
adaptability, satisfactory response speed, and robustness
against typical field disturbances.

30
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Laboratory testing of the electromechanical control
prototype
At this stage, experimental testing of the physical control
prototype was conducted under laboratory conditions de-
signed to replicate real-world field scenarios as closely as
possible. The primary aim of these tests was to determine
key dynamic parameters: response time, working-element
positioning accuracy, depth stability, and energy consump-
tion across various operating modes. Laboratory trials were
performed on a variable-load test rig that simulated chang-
es in agrophysical conditions. The prototype was connected
to an STM32F407VG controller, which managed the actua-
tors via adaptive PI regulation algorithms. The controlled
parameter was working-element immersion depth in a soil-
like medium, measured by an integrated position sensor
with 0.1 mm resolution. Data were recorded at 100 Hz by an
autonomous logger, enabling detailed temporal analysis.
Under baseline load (up to 50% of nominal), the aver-
age response time after a control command was 1.5-1.7 sec-
onds. When load increased to 80-90%, response time rose
to 2.2 seconds, yet the control approach remained within
acceptable accuracy limits. Maximum deviation from the
target depth did not exceed *3 mm under background vi-
brations and disturbances. These indicators confirm the
high effectiveness of the feedback scheme in ensuring rapid
and smooth positioning. Energy consumption was analysed
for each operating mode. The results are shown in Figure 4,
which depicts power draw in watts at various load levels.
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Figure 4. Relationship between power consumption and load regime in the electromechanical control scheme

Source: compiled by the authors

As shown in Figure 4, the power consumption of the
electromechanical control approach is directly dependent
on operating mode and load level. The graph illustrates
the variation in minimum and maximum power draw un-
der four distinct regimes, ranging from low load (30% of
nominal) to peak load (100%). In the standard stabilisation
mode (60%), which corresponds to typical field operation,
the scheme exhibits consumption in the range of 17-20 W,
confirming its energy efficiency under controlled condi-
tions. At high load (90%), power consumption rises to 22-
26 W, which remains within the acceptable threshold for
the selected drive configuration. Peak power consump-
tion, recorded at full load (100%), reaches 28 W. However,
even under this condition, the control approach operates

without overload. A particularly notable outcome is the
avoidance of power spikes, which typically occur in sys-
tems with fixed or non-adaptive control logic. This was
achieved through automated control with real-time force
adjustment. All regimes demonstrate a relatively stable
amplitude between minimum and maximum consumption,
indicating reliable load compensation and the effective-
ness of the control logic. Overall, Figure 4 confirms that the
proposed scheme is capable of maintaining optimal ener-
gy performance across a wide range of loads, rendering it
suitable for deployment in energy-sensitive soil cultivation
processes. Summary results are provided in Table 3, which
compares stabilisation and power parameters across three
primary load levels — low, medium, and high.
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Table 3. Depth stabilisation and power consumption parameters

Load level Mean depth deviation (mm) Stabilisation time (s) Average power (W) Maximum power (W)
Low (30%) 4.2 11 13

Medium (60%) 2.1 18.5 20
High (90%) 3.5 24 26

Source: compiled by the authors

As shown in Table 3, the dynamic parameters of the
stabilisation scheme vary considerably depending on the
applied load level. Analysis of the presented data supports
the conclusion that an optimal balance between position-
ing accuracy, stabilisation time, and power consumption is
achieved at medium load, approximately 60% of nominal
capacity. Under this regime, the mean deviation in depth is
just 2.1 mm, the lowest among all three tested levels. Sta-
bilisation time is also shortest at 1.8 seconds, and power
consumption remains between 18.5 and 20 W, confirm-
ing efficient operation without excessive resource use. In
comparison, low load conditions result in higher deviation,
reaching 4.2 mm, along with lower energy use. However,
this is accompanied by a noticeable increase in stabilisa-
tion time, rising to 2.4 seconds. This may be attributed to
insufficient force to quickly adjust the depth when working
pressure on the implements is minimal. At high load (90%),
stabilisation accuracy decreases slightly to 3.5 mm, and av-
erage power rises to 24 W, indicating greater strain on the
drive unit. Although these values remain within acceptable
limits, system efficiency under this regime is lower than at
medium load. In summary, Table 3 confirms the viability of
adaptive control logic, which enables the drive force to be
automatically adjusted according to current operating con-
ditions. This approach ensures not only stable operation of
the implement but also energy efficiency, which is a key re-
quirement for the integration of contemporary electrome-
chanical solutions in soil cultivation machinery. Laborato-
ry testing confirmed that the developed electromechanical
control approach is capable of responding to changes in
external conditions with precision and consistency. Its
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advantages lie in the combination of rapid response, min-
imal energy consumption, and high positioning accuracy,
which qualifies it as an effective alternative to convention-
al control configurations in soil treatment equipment.

Results of field trials across different soil types
Overall, the approach demonstrated stable performance
across all soil types, with variation in output indicators at-
tributable to the physical properties of the surface. On the
loamy section, the highest depth stabilisation accuracy was
observed, with a mean deviation not exceeding * 2.8 mm,
indicating strong adhesion to the working environment
and stable contact force. In the sandy-clay layer, irregular
density caused more frequent, short-term deviations with-
in +4.1 mm, although the approach quickly returned to the
target depth. The greatest load on the drive unit and the
longest response delay were recorded on waterlogged are-
as, where the saturated layer generated variable resistance,
leading to deviations of up to =5 mm and a slightly reduced
stabilisation coefficient.

Analysis of adaptability confirmed the capacity of the
system to respond rapidly to changes in soil moisture. Un-
der a sudden increase in moisture content above 30 per
cent, the drive unit adjusted its force within the range of
0.4-0.6 kN without overloading or compromising accuracy.
The efficiency coefficient (calculated as the ratio of actual
force output to energy expenditure during the stabilisation
cycle) averaged 87% on loamy soil, 83% on sandy-clay soil,
and 79% on waterlogged terrain. Figure 5 shows a compar-
ison of the energy consumption of an electromechanical
controlled system with a conventional uncontrolled system.

27.5
23
m Controlled system (W)
Uncontrolled system (W)
Waterlogged Soil type

Figure 5. Comparison of energy consumption between controlled and uncontrolled systems

Source: compiled by the authors

Figure 5 provides a visual comparison of the mean
energy consumption of the electromechanical controlled
approach and a conventional uncontrolled configura-
tion across three soil types: loamy, sandy-clay, and wa-
terlogged. The diagram offers a clear evaluation of the

adaptive control method’s efficiency in comparison with
standard technological arrangements, which lack active
feedback and drive mode variability. According to the
data in Figure 5, mean energy consumption on loamy
soils for the controlled approach was 18.5 W, whereas the
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uncontrolled configuration required 21 W, resulting in a
2.5 W saving, or approximately 12%. The greatest bene-
fit was recorded on sandy-clay terrain, where the adaptive
approach consumed 21 W, compared to 24.5 W for the
conventional one, exceeding a 14% difference. On water-
logged soil, considered the most challenging due to high
saturation and unstable structure, the advantage of the
controlled approach was even more pronounced: 23 W
versus 27.5 W, indicating a reduction in energy expendi-
ture of over 16% The overall trend illustrated in Figure 5
confirms that the implementation of an adaptive control
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algorithm substantially reduces energy consumption. This
is due to two main factors. First, it reduces excessive drive
force during stabilisation, avoiding the overcompensation
characteristic of fixed logic configurations. Second, re-
al-time optimisation of drive operation enables dynamic
adjustment of force parameters according to the current
mechanical resistance of the soil, reducing losses from
idle operation and unnecessary overloading. The aggre-
gated data concerning treatment quality are presented in
Table 4, which summarises indicators of depth accuracy,
positioning stability, and energy efficiency.

Table 4. Indicators of treatment quality across different sections

Mean depth

deviation (mm)

Positioning stability
(score 1-5)

Need for manual
correction

Efficiency
coefficient (%)

Loamy 2.8 87 None
Sandy-clay 4.1 83 Minimal
Waterlogged 5 79 Minimal

Source: compiled by the authors

As shown in Table 4, the approach demonstrates
high-quality performance across various soil types. The
best results were recorded on loamy soil, where the mean
deviation in depth was only 2.8 mm, positioning stabil-
ity received the maximum score of 5, and the efficiency
coefficient reached 87%, with no need for manual inter-
vention. On sandy-clay and waterlogged soils, precision
declined slightly (to 4.1 mm and 5.0 mm respectively),
although stability remained high (scored at 4), and effi-
ciency remained adequate (83% and 79% respectively).
In all scenarios, the approach functioned autonomously,
with minimal or no requirement for manual adjustment,
confirming its practical reliability and adaptability to var-
iable field conditions.

Comparative evaluation of control system efficiency

In order to substantiate the feasibility of implementing the
electromechanical control system, an Analytical Hierarchy
Process (AHP analysis) was conducted with the objective
of multi-criteria comparison of the efficiency of different

control systems, specifically the electromechanical and hy-
draulic types. The AHP methodology enabled the construc-
tion of a decision-making framework with a clear hierarchy
of priorities, within which four main criteria were consid-
ered: regulation accuracy, energy efficiency, adaptability to
changing external conditions, and operational reliability.

The weighting coefficients of each criterion were de-
termined through pairwise comparison, based on expert
surveys involving specialists in agroengineering and au-
tomation. The highest weight was assigned to energy effi-
ciency (0.35), followed by regulation accuracy (0.3), adapt-
ability (0.2), and reliability (0.15). This distribution reflects
the current relevance of reducing energy consumption,
which plays a decisive role in the cost-effectiveness of en-
gineering solutions under present conditions of elevated
energy prices. Table 5 presents the assessment of the elec-
tromechanical and hydraulic control systems according to
all criteria, based on a five-point scale, with the subsequent
calculation of the integral efficiency index according to the
weighted average formula.

Table 5. Assessment of control systems according to AHP method

Gl TR T (O coﬂi(c)irsggltiﬁﬂa(;ifiﬂts) controfls)s;(:{aég:i(cpoints)
Regulation accuracy 0.3 4.5 3.8
Energy efficiency 0.35 4.7 3.5
Adaptability 0.2 4.4 3.2
Operational reliability 0.15 3.8 4.5
Integral index - 4.37 3.55

Source: compiled by the authors

As shown in Table 5, the results of the AHP analysis in-
dicate that the electromechanical control system receives
higher scores in three out of the four key criteria: regula-
tion accuracy (4.5 versus 3.8), energy efficiency (4.7 versus
3.5), and adaptability (4.4 versus 3.2). The hydraulic system
scores higher in reliability (4.5 versus 3.8), although this

advantage is insufficient to offset the overall difference.
The aggregated integral efficiency index was calculated at
4.37 for the electromechanical system and 3.55 for the hy-
draulic one, indicating the superiority of the former under
multi-factor analysis, and confirming its relevance for inte-
gration into modern agrotechnologies.
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Figure 6 visualises these integral indicators, clear-
ly illustrating the dominance of the electromechanical
control system across all priority criteria except for re-
liability, where hydraulics still retains a relative advan-
tage due to their simple and well-established construc-
tion. Nevertheless, due to sustained reductions in power
consumption, higher regulation accuracy, and the abili-
ty to adapt to changing conditions, the electromechan-
ical system outperforms its alternative in the overall
assessment. Figure 6 presents the aggregated results of
the AHP analysis in the form of a comparative diagram
between the electromechanical and hydraulic control
systems according to key efficiency criteria. Evidently,
the electromechanical system outperforms in regulation
accuracy (4.5 points), energy efficiency (4.7 points), and
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adaptability (4.4 points). In contrast, the hydraulic system
leads only in the criterion of reliability (4.5 points), which
is attributed to its simplified design and lower sensitivity
to external disturbances. The overall integral efficiency
index amounts to 4.37 for the electromechanical system,
compared with 3.55 for the hydraulic one, which visibly
confirms the feasibility of implementing adaptive electro-
mechanical control in modern soil cultivation machinery.
The diagram also reflects the balance across all criteria,
enabling transparent tracking of the decision-making
logic based on objective, multi-factor assessment. Ac-
cordingly, Figure 6 serves as an illustrative synthesis for
technical and economic decision-making, in which pref-
erence is given to an innovative system with a high poten-
tial for adaptation.
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Figure 6. Integral indicators of control system efficiency

Source: compiled by the authors

As a result of completing the full research cycle - from
theoretical justification to simulation, laboratory testing,
and field trials — a comprehensive understanding of the ef-
ficiency of the proposed electromechanical control system
for soil cultivation units was achieved. At every stage, the
system demonstrated consistent performance in terms of
accuracy, energy efficiency, and adaptability, which sub-
stantiates its practical suitability for large-scale imple-
mentation in the Ukrainian agro-industrial sector.

DISCUSSION
This study confirms the effectiveness of the electrome-
chanical control system in agricultural machinery, particu-
larly under dynamically changing agrophysical conditions.
High levels of regulation accuracy, disturbance adaptabil-
ity, and energy consumption stability demonstrate the
practical relevance of the proposed solution for integra-
tion into soil cultivation equipment. These findings align
with those of C. Gu et al. (2024), who evaluated the ap-
plicability of a two-dimensional piezoelectric transducer
for dynamic load monitoring in uncompacted soil layers.
The authors emphasised the necessity of precise detection
of changes in the physical state of the medium to ensure
effective actuator performance, a requirement mirrored
in the present approach, where the sensor system plays
a central role in feedback development. M.K. Manalu et

al. (2025) highlighted the importance of accurate collec-
tion and processing of dynamic data for adapting elec-
tromechanical system parameters. Their study presented
a novel seismic data acquisition system used to measure
particle velocity and distance to the vibration source. Al-
though their field of application differs (geophysics), the
principle of precise dynamic monitoring and real-time
data processing parallels the microcontroller-driven anal-
ysis of agrophysical parameters employed in this study.
H. Liu et al. (2024) investigated an adaptive temperature
control technology built on multiphysical modelling that
integrates thermal, hydraulic, and mechanical interac-
tions. Their methodology automatically adjusts tunnel
lining structure in response to environmental tempera-
ture changes; similarly, the system developed in this study
implements adaptive regulation of soil resistance, mois-
ture, and density, ensuring effective response under com-
plex field scenarios. R. Raafi et al. (2025) analysed a new
design of electromagnetic machines featuring m-shaped
stator elements to reduce electromagnetic friction losses.
Their approach, as in the one presented here, achieves sys-
tem effectiveness through engineering refinement of the
actuator design. Both studies demonstrate that regulation
accuracy and energy savings are achieved not only through
algorithmic control but also through optimisation of hard-
ware architecture.
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D.K. Woo et al. (2022) proposed a novel non-invasive
method for assessing soil moisture using ultrasonic tech-
nology, which does not require mechanical contact with
the medium. The approach delivered high measurement
accuracy without disturbing soil structure, a feature par-
ticularly important when working with heterogeneous or
wet soils. In the present study, although conventional sen-
sors were used, a similar effect was achieved by increasing
sampling frequency and deploying fluctuation-correction
algorithms, which stabilised actuator response under dy-
namic moisture changes. A. Khatibi et al. (2022) investigat-
ed a hybrid control system for electrochromic smart win-
dows, employing combined adaptation and compensation
methods for varying external parameters. They discovered
that multicomponent control provided superior energy ef-
ficiency and stability. These results correspond with the
present study, which demonstrated PI controller effective-
ness in simulated scenarios, where the system responded
without significant overshoot and energy losses remained
within acceptable limits. D. Yu et al. (2025) evaluated an
innovative inertial damping system featuring a single fly-
wheel and demonstrated its ability to absorb peak loads
without abrupt mechanical disturbances. Their findings
underscored the importance of accounting for drive iner-
tia in system dynamics. In the developed structural model,
similar functions were realised through a transfer function
of 1/(s + 1), accurately reproducing inertial behaviour and
achieving damping ratios between 0.65 and 0.85, depending
on the scenario. X. Fan et al. (2021) designed a composite
linear electromagnetic actuator, which, according to their
analysis, exhibited high precision and operational stabili-
ty under variable loads. In the experiments conducted for
the present study, actuators of this type provided optimal
depth control, with deviations not exceeding #2.1 mm un-
der standard load and stabilisation times within 1.8 s.

C. Chen et al. (2025) developed a novel MEMS system
with dual indicators for early detection of instability in ge-
otechnical conditions. They demonstrated that combining
two independent parameters within a single device en-
hanced signal reliability. This principle proved relevant to
the current system, where the fusion of signals from load,
moisture, and position sensors enabled a comprehensive
response to soil-state changes, ensuring high correlation
with real-world conditions. E. Ontiveros et al. (2024) pre-
sented an effective approach to constructing third-order
Mamdani fuzzy inference systems, which showed strong
adaptability to complex dynamic environments. In this
study, comparable logic was implemented through PI
controller algorithms that adapted to changes in soil re-
sistance and moisture, delivering dynamic stabilisation
without significant overshoot. This was confirmed by low
average deviations (2.1 mm) and consistently high damp-
ing ratios above 0.8. A. Alberto-Rodriguez et al. (2025) in-
troduced a type-2 ANFIS model based on a single-stage
type-reduction algorithm, which improved control-system
predictability. The present study likewise demonstrat-
ed the effectiveness of the embedded algorithmic core in
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generating appropriate system responses from complex
input signals provided by three sensor types, thereby en-
hancing adaptability to variable soil density and moisture
conditions. R. Soitinaho & T. Oksanen (2023) successfully
applied non-linear model-predictive control for autono-
mous tractor navigation, highlighting advantages in tra-
jectory accuracy and collision avoidance. In the present
study, the closed-loop feedback structure achieved stable
positioning even under abrupt agrophysical changes, as ev-
idenced by field trials showing deviations no greater than
2.8 mm on loamy soil. T. Zhang et al. (2022) investigated
terminal sliding-mode trajectory control to achieve high
precision in complex dynamic environments. Although
sliding-mode methods were not directly employed here,
the stability of the system under impulse disturbance con-
firmed the effectiveness of the implemented PI controllers
and inertia compensation. X. Ji et al. (2023) implemented
second-order adaptive control for an unmanned tractor,
demonstrating improved path tracking. Correspondingly,
the system developed in this study exhibited an average
regulation time of 1.8-2.3 s, indicating sufficient respon-
siveness even when resistance changed suddenly.

I.]. Moreno et al. (2023) utilised a Hardware-in-the-
Loop methodology to emulate route tracking in cost-effec-
tive agribots, confirming suitability for real-time autono-
mous operation. The laboratory prototype in the current
study, built around an STM32F407VG microcontroller,
likewise integrated sensors, controller hardware and drive
hardware in a Hardware-in-the-Loop configuration, ena-
bling pre-deployment testing under simulated conditions.
A. Azimi et al. (2025) explored dynamic programming
based on critical neural networks for complex agricultur-
al-robot trajectories. Although artificial-intelligence mod-
els were not directly applied, algorithmic adaptation to
resistance variation yielded high precision across diverse
soil types without compromising stability or requiring
manual intervention. C. Ding et al. (2022) demonstrated
the use of sliding-mode feedback control for unmanned
implements, emphasising rapid response and minimised
oscillations. Similarly, this study showed that maximum
overshoot remained within 10-11% under impulse dis-
turbance, evidencing effective filtering and damping.
A. Gautam et al. (2024) proposed a combined approach to
trajectory planning and execution in flooded rice fields,
necessitating precise control. Although trajectory tracking
was not the focus here, depth control exhibited a compa-
rable goal: maintaining a constant operational parameter
despite changing soil structure, which was achieved with
an accuracy of =3 mm. T. Liu et al. (2024) integrated aug-
mented-reality elements and drone control for high-preci-
sion tele-operated agri-operations. The present study un-
derlined the importance of combining visual feedback with
precise drive hardware, as actuators received commands
from the computational core based on sensor data, ena-
bling real-time positioning. S. Singh et al. (2024) developed
a multifunctional agribot that combined various hardware
components for mechanical soil treatment, addressing
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modern demands for versatility. Although the system in
this study was specialised, it demonstrated readiness for
scaling, both through expansion of controllable parameters
and through integration with other agricultural hardware.
B. Wang et al. (2024) emphasised the importance of adap-
tive chassis control for machinery operating in challenging
terrain, especially on mountainous and uneven land. Field
trials on three soil types confirmed that adaptive control
ensured stability without loss of efficiency, regardless of
soil moisture, topography or density. The survey of relat-
ed work in high-precision control, sensor integration, and
adaptive drive technology confirms that the developed
electromechanical control system meets the key require-
ments of modern agricultural machinery.

CONCLUSIONS

The study confirmed the effectiveness of electromechan-
ical control systems in soil cultivation machinery as a
promising approach for enhancing the precision, energy
efficiency, and adaptability of agrotechnical processes. The
analysis of existing system types demonstrated the advan-
tage of the electromechanical approach over hydraulic and
mechanical alternatives due to its ability to flexibly regu-
late treatment parameters in real time and reduce energy
consumption. The proposed system ensures high-precision
stabilisation of cultivation depth even under variable me-
chanical resistance and soil moisture conditions.
Modelling in the MATLAB/Simulink environment en-
abled a detailed analysis of the dynamic characteristics of
the system, including response time, the performance of PI
controllers, and energy stability. All test scenarios — gradu-
al and impulse changes in parameters — showed stable ac-
tuator behaviour, with a regulation time of 1.8-2.3 seconds
and a maximum overshoot of no more than 11%, indicating
high system resilience to field disturbances. Damping ratio
values exceeded 0.8 under stable conditions, pointing to
minimal energy losses during regulation. Laboratory test-
ing of the physical prototype confirmed the capability of the
system for precise positioning, with an average deviation
of 2.1-4.2 mm depending on the load, while maintaining

stable energy consumption. It was established that opti-
mal efficiency is achieved at 60% load, where the system
exhibited the best balance between accuracy, stabilisation
time, and energy consumption (up to 20 W). In all oper-
ating modes, the system functioned without overload, and
automated control prevented the power spikes typical of
uncontrolled counterparts.

The results of field trials on three soil types (loamy,
sandy-clay, and waterlogged) demonstrated the high ad-
aptability of the system to agrophysical variations. The av-
erage deviation in cultivation depth did not exceed 5 mm,
and the coefficient of performance ranged from 79% to
87%. All operations were performed autonomously without
the need for manual adjustment, confirming the reliability
and accuracy of the system under real-world conditions.
Multicriteria AHP analysis demonstrated the superiority
of the electromechanical system over the hydraulic one
in three out of four key parameters: regulation accuracy,
energy efficiency, and adaptability. The integrated perfor-
mance index for the electromechanical system reached
4.37 compared to 3.55 for the hydraulic system, substanti-
ating its feasibility for implementation in modern agricul-
tural machinery.

The findings confirm the practical viability of the pro-
posed electromechanical system for serial deployment in
the agricultural sector. Future research should focus on
refining adaptive control algorithms, increasing the level
of autonomy of the system, integrating with digital moni-
toring platforms, and developing a unified technical regu-
latory framework for the large-scale introduction of elec-
tromechanical technologies in soil cultivation complexes.
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Po3po6kKa Ta BripoBaA)KeHHS efieKTpoMeXaHiYHMX CUCTEM
ANa ynpasniHHA FPYHTOO6pPO6HMMU arperatamMm

AHoTauia. Heo6xifHiCTh yIOCKOHATEHHS IPYHTOOOPOOHMX TEXHOOTI i BUMAra€e BIIPOBAAKEHHS eJIEKTPOMeXaHi UHIX
CUCTEM KePYBaHHSI, sIKi 3a6€311eUyl0Th €HeproolaaHiCTh, CTabiIbHICTh MapaMeTpiB i MiABUIeHHS e(PeKTUBHOCTI
MeXaHi30BaHUX MPOIECiB y CiIbCbKOMY IrOCIOLAPCTBi. MeTo0 foCaigkeHHS 6Y/I0 MPOEKTYBAHHS iHTeIeKTyalbHO1
CUCTeMU yIIPaBiHHS, 3LATHOI 10 AMHAMiUHOI ajanTalii po6ounx peskumiB 06po6iTKY Ha OCHOBI CEHCOPHUX JAHUX
i IpMHUMITY 3BOPOTHOTO 3B’I3KYy. MeTOL0/IOTis JOCTiKeHHS BKIloyana 6araTopiBHeBe KOMIT I0TEpHEe MOJIeTIOBAHHS B
cepenoBuini MATLAB/Simulink, po3po6ky mpototurty di3nuHoi cuctemMu yripaBliHHS 3 BUKOPUCTAHHSIM MiKPDOKOHTpPOJIEpa
STM32F407VG, a Takok eKCIlepMMeHTa/IbHe TeCTyBaHHS B TaO0PaTOPHMX i MOTBOBUX YMOBAX Ha AiISIHKAX 3 PisHUMMU
TUIIaMM I'PYHTIB. CUCTeMa CKIafanacst 3 MOLY/IiB CEHCOPHOTO MOHITOPMHTY BOJIOTOCTI, IIITBHOCTI Ta HAaBaHTasKeHHSI, GJIOKY
06pO6KY CUTHAJIIB, TPOTIOPIiTHO-iHTErPaIbHOTO PETY/ISITOPA Ta eeKTPOIIPUBOLLIB, 1[0 3/1i/iCHIOIOTH Pery/IOBaHHS MMOMHY i
3ycuIIsi 06po6iTKy. BUIpoOGyBaHHSI 3aCBiIUMIIN BUCOKY CTaOGIbHICTD CHCTeMY TIPM 3MiHHMX arpodisuuHmX napameTpax, yac
peaxiiii Ha 30BHIIlIHI 3MiHM B MeXaX 1,8-2,3 ceKyH[IM, & CepeIHE BiIXMUIeHHS IMOMHM He TIepPeBUIIYBaIO I'ITH MiTiMeTpiB.
OTpumaHi ekcriepMMeHTa/IbHi pe3y/abTaTy IoKa3aly 3MeHIIEeHHS CepeJHbOT0 eHeprocroxkuBaHHs Ha 12-18 % ropiBHSHO
3 TPaAUIiIIHMMM HEKEPOBAaHUMM CUCTEMaMMU, 8 TAKOX ITiIBUIIEHHS KoedilieHTa KopucHoi fii 1o 87 % Ha CyIIMHKOBUX
I'PYHTaX. 3a pe3y/JabTaTamMyu 6araTOKpUTEPiabHOTO aHaIi3y e(eKTUBHOCTI, IPOBEIEHOT0 METOIOM aHaJli3y i€epapXiyHOTO
Tpoliecy, eIeKTpOMeXaHiuHa C1UCcTeMa OTpMMasia iHTerpabHMit iHgeKc edeKTUBHOCTI 4,37 6ana, [0 CYTTEBO MePeBUIIYE
aHaJIOTUHMII TOKa3HMK TiApaBIivyHOI CUCTeMU, IKUI CTAHOBUTD 3,55 6asia. [IpakTuuHa peasisallis CUCTeMU yIIPaBIIiHHSI
noBesia ii TeXHiYHY MPUIATHICTD IO CepilfiHOTO BIIPOBAIKEHHST y CyyacHi 3pa3ky CiIbChKOTOCIIOAAPCHKOT I'PYHTOOOPOOHOT
TeXHiKM. 3aIIPONIOHOBAaHE TeXHiUHe pillleHHS L03BOJISIE MiABUIIUTHU SIKiCTh 0OPOOITKY I'PYHTY, 3HU3UTU eHepreTUuHi
BUTpaTH, MiHIiMi3yBaTy noTpeby y BTpyUYaHHi ollepaTopa, a TaKOX CIPHUSIE CTAIOMY PO3BUTKY arporpoMMCIOBOrO
KOMILIEKCY. Pe3ynbTaTy JOCIiIKeHHSI MOXKYTb OyTH 6e3mocepelHbO BUKOPUCTAHI B arpoMiAIpUMEMCTBAX IJisI OCHAIIEHHS
I'PYHTOOOPOOHMX arperaTiB Cy4acHUMM eJIeKTPOMeXaHiUHMMM CUCTeMaMM YIIPaBIiHHS 3 MEeTOIO MiABUIIeHHS TOYHOCTI,
3MeHIIeHHS BUTPAT NaJbHOTO Ta MiABUILEHHS MPOSYKTUBHOCTI TeXHIKM MiJ] yaC BUKOHAHHSI ITIOJIbOBUX POBIT

Knio4yoBi cfoBa: CeHCOpHMIT MOHITOPMHT; afalTHBHE PEry/IlOBaHHS; KOMITIOTEPHE MOJEMIOBAHHS; IIONIbOBI
BUITPOOYBaHHS; MiKDOKOHTPOJIED; e7IeKTPOIpuBOL; LndpoBuit iHTepdeiic
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Prospects for use of smart meters to reduce electricity losses
in Ukraine’s power grids

Abstract. The aim of this study was to determine the potential for reducing technical and commercial electricity losses
through the integration of smart metering technologies into the existing distribution network infrastructure. The research
employed scenario modelling, systems analysis, structural-functional comparison, and an examination of international
experience. The level of electricity losses in Ukraine as of 2024 was analysed and found to be 18-19% of the total energy
generated, with approximately 70% of these losses being technical in nature. The structure of electricity generation was
found to comprise nuclear (55%), thermal (24%), hydro (9%), solar (7%), and wind (5%) energy. It was revealed that partial
deployment of smart meters at a 50% penetration rate could reduce losses by 25%, while full coverage of the distribution
network could reduce them by up to 45%. The technical characteristics of smart meters were summarised, including high-
frequency data collection at 15-minute or hourly intervals, remote real-time data transmission via mobile networks or
Power Line Communication (PLC) systems, and automatic detection of emergency situations and unauthorised interference.
It was demonstrated that integrating smart meters with energy management systems enables effective load balancing,
reduced peak demand, and optimised electricity distribution. The experiences of the United States, the EU, and China were
also reviewed, confirming the feasibility of large-scale deployment of such systems to reduce losses and stimulate the
development of distributed generation. The findings highlight the promise of smart meters in the digital transformation
of Ukraine’s energy system, enhancing its adaptability, reliability, and resilience to emerging challenges. The practical
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value of the study lies in developing approaches to digitalising electricity consumption metering in Ukraine, which could
be utilised in modernising energy networks and forming a resilient smart energy system

Keywords: automated metering; resource management; digital technologies; intelligent systems; consumption

monitoring; energy efficiency

INTRODUCTION

Amidst an energy crisis driven by rising resource costs, the
adverse environmental effects of climate change, and the
complications caused by full-scale invasion, the need to
implement advanced technologies to improve energy effi-
ciency and reduce electricity losses has become increasing-
ly urgent. Ukraine is currently facing electricity losses of
around 19% of total consumption, which in 2021 amount-
ed to 29.343 million kWh out of a total consumption of
154.826 million kWh (Putsenteilo, 2023). These figures un-
derline the necessity of adopting innovative technologies,
particularly smart meters, which are capable of addressing
a range of issues in the energy sector.

Smart meters not only allow real-time monitoring of
electricity consumption but also provide analytical tools
for optimising network operations (Chen et al., 2024). They
contribute to reducing energy losses, improving system
stability, and increasing energy efficiency across consumer
categories — from households to industrial facilities (Pa-
lasevych et al., 2024). Current energy consumption trends
in Ukraine call for the modernisation of the country’s en-
ergy infrastructure to meet growing demand, taking into
account high consumption levels and associated losses.
Moreover, the introduction of technologies such as smart
meters can enable optimal resource management, reduce
reliance on traditional energy sources, and create favour-
able conditions for the use of renewable energy (Karlilar
Pata & Pata, 2025).

The issue of electricity losses in Ukraine’s networks and
the implementation of smart meters has been examined
by various researchers. For instance, D. Hrechyn & I. Dro-
bot (2024) focused on the technical aspects related to volt-
age deviations in electrical networks, which directly affect
energy losses. They pointed to the possibility of reducing
losses through the modernisation of cable lines, although
noted that not all networks possessed the resources for
such upgrades. Internationally, a study by M. Glicyetmez &
H. Sakeen (2022) highlighted the importance of introduc-
ing smart meters in the context of expanding distributed
generation facilities. They emphasised that smart meters
can provide two-way energy metering, which is critical for
effective grid management. This supports the argument
that smart meters can significantly reduce electricity losses
by ensuring accurate consumption measurement.

T.J. Al-Khafaji et al. (2024) proposed a wireless digital
smart metering system using Groupe Special Mobile (GSM)
technology to transmit electricity consumption data. This
allowed consumers to access real-time information about
their usage, potentially reducing losses due to electricity
theft. S. Zhou (2021) investigated the impact of smart me-
ter penetration levels on dynamic electricity pricing in the

United States. In his empirical study, he analysed large da-
tasets comprising time series of prices and consumption,
demonstrating that users with access to real-time tariff
information exhibit greater price sensitivity. Specifically,
they tend to reduce consumption during peak hours, there-
by alleviating grid strain and contributing to a more effi-
cient and predictable energy demand. Zhou stressed that
the mere deployment of smart meters is not enough; active
consumer participation in dynamic tariff systems is also
crucial, as it encourages behavioural change.

In contrast, T. Knayer & N. Kryvinska (2022) focused
on the technical and functional analysis of smart meter-
ing technologies in the context of both residential and
corporate energy management. Their research adopted
a systemic approach: the authors classified meter types,
data collection architectures, and integration options with
smart home systems and energy analytics platforms. The
study highlighted how the technological capabilities of
smart metering - particularly frequency monitoring, auto-
mated load control, and consumption profiling — can offer
not only immediate feedback to users but also serve as a
tool for energy-efficient planning. The study also noted
that the effectiveness of the technology largely depends
on the level of users’ digital literacy and the overall digital
maturity of the infrastructure.

M. Kuznietsov & O. Lysenko (2024) focused on the chal-
lenges of energy balancing in local networks amid an in-
creasing share of renewable generation. They emphasised
that the stochastic nature of solar and wind power compli-
cates the stable operation of networks, particularly in re-
gional systems with limited reserve capacities. Their study
highlighted the need for the introduction of energy storage
systems and adaptive consumption forecasting algorithms
to minimise imbalances. The study of electricity loss in
Ukraine’s networks and the deployment of smart meters
reveals several gaps that require further research. There is
a lack of studies exploring the integration of cutting-edge
technologies such as blockchain into energy metering sys-
tems. Such integration could significantly enhance trans-
parency and reduce the potential for fraud, though research
in this area remains limited. Additionally, the impact of
renewable energy sources on grid stability warrants deep-
er investigation, as their variability poses new challenges
for management systems (Telbayeva et al., 2024). These
issues are becoming increasingly important in light of
the rising share of renewables in the national energy mix.

The objective of this research was to explore opportu-
nities to optimise Ukraine’s distribution networks through
the deployment of intelligent metering systems, thereby
reducing technical and commercial electricity losses. The
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main tasks included assessing current electricity losses in
Ukrainian networks, analysing existing approaches to en-
ergy system management, and developing optimal models
for the use of smart technologies.

MATERIALS AND METHODS

Current energy losses in Ukraine’s power system have been
assessed and classified, with the principal causes identi-
fied and potential mitigation pathways outlined. To ana-
lyse the structure of electricity generation in Ukraine for
2024, statistical data from the Ukrainian Institute for the
Future (2025) were employed, reflecting the distribution
of generation by energy source. Additional information on
the overall energy balance, consumption volumes, and key
characteristics of Ukraine’s energy system was obtained
from the analytical review by Statista (n.d.) and the report
of the International Energy Agency (2025). An analytical
model was developed as part of the study. It included stag-
es for assessing losses across various segments of the net-
work, identifying the main types of losses (technical, com-
mercial, and distributional), and modelling the impact of
smart meter implementation on their reduction. Particular
attention was devoted to analysing traditional electricity
metering and control methods, which are still dominated
by electromechanical and early electronic meters lacking
remote data collection capability. To model smart me-
ter implementation scenarios, the GridLAB-D software
platform was used. This tool facilitates modelling of dis-
tribution networks with the ability to incorporate smart
technologies, load management systems, and metering au-
tomation. Scenarios with varying levels of smart meter de-
ployment (0%, 50%, and 100%) were created to assess their
effects on energy losses, load balancing, and power supply
quality. For data analysis, the Smart Meter Analytics Py-
thon (SMAP) library was applied to process electricity con-
sumption time series and detect patterns and anomalies.

The functionality of smart meters was examined in
relation to such technical features as data registration
frequency (15-minute or hourly intervals), real-time
data transmission methods (GSM/Power Line Communi-
cation (PLC)), the ability to detect emergency conditions

Energy source

Table 1. Structure of electricity generation in Ukraine in 2024 by source

(overloads, short circuits), and alerts for unauthorised
interference. Integration of smart meters with Energy
Management Systems (EMS) and Advanced Distribution
Management Systems (ADMS) was also explored. This en-
ables remote control, two-way data exchange, and connec-
tivity with other Internet of Things (IoT) solutions in the
energy sector. Special emphasis was placed on evaluating
the compatibility of modern smart meters with Ukraine’s
grid infrastructure. The main challenges of implementa-
tion were also analysed: technical (lack of unified stand-
ards, compatibility issues, cybersecurity requirements),
economic (high cost of grid modernisation), and social
(personal data protection, consumer trust in new tech-
nologies). A separate analysis of smart meter deployment
trends during 2020-2024 provided insights into the pace of
Ukraine’s energy infrastructure digitalisation and revealed
structural barriers to its development. The research meth-
odology included comparative analysis of official statisti-
cal data, scenario modelling using GridLAB-D and SMAP,
systematisation of international experience in smart me-
ter integration (including case studies from the United
States (International Energy Agency, 2024), EU countries
(Berg Insight, 2025), and China (Asia Pacific Smart, 2024)),
and formulation of recommendations for accelerating
Ukraine’s grid digitalisation and the adoption of intelli-
gent metering systems.

RESULTS
Assessment of current energy losses
in Ukraine’s power system (2024 data)
The analysis of Ukraine’s electricity generation structure
for 2024 revealed key trends in the development of the na-
tional energy system. According to the Ukrainian Institute
for the Future (2025), nuclear power stations accounted
for the largest share of total electricity generation, pro-
ducing over 55% of the output. Thermal power stations
ranked second with approximately 24%, while hydropower
and renewable energy sources (solar and wind) collective-
ly provided around 21% of total electricity. The detailed
breakdown of electricity production in Ukraine for 2024 is
presented in Table 1.

Share in generation (%)

Nuclear power stations 55
Thermal power stations 24
Hydropower stations 9
Solar power stations 7
Wind power stations 5

Source: compiled by the authors based on Ukrainian Institute for the Future (2025)

As shown in Table 1, nuclear power remained the back-
bone of electricity production in Ukraine in 2024, with 55%
of total output. Thermal power contributed 24%, indicat-
ing a continued reliance on conventional fossil fuel-based
energy. Renewable sources — hydropower, solar, and wind —
collectively accounted for around 21% of total electricity,

highlighting their gradually increasing role in the gener-
ation mix. This distribution underscores the need for fur-
ther diversification of energy resources and modernisation
of grids to better integrate renewables. A key research task
was to identify the main causes of electricity losses dur-
ing generation, transmission, and distribution. Based on
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data from the Ukrainian Institute for the Future (2025)
and International Energy Agency (2025), electricity losses
in Ukraine were estimated to be approximately 18-19% of
total generated energy. The main technical loss factors in-
clude outdated grid infrastructure, high resistance in over-
head and underground lines, inefficient transformer equip-
ment, and insufficient automation in load and emergency
control systems.

Commercial losses primarily stem from unauthorised
electricity consumption, theft, inaccuracies in traditional
metering systems, and tampering (Sherstniov & Osad-
chuk, 2024). The absence of centralised and real-time data
collection delays the detection of violations and compli-
cates energy resource management. The combined impact
of technical and commercial factors significantly reduces
energy system efficiency, increases production and distri-
bution costs, and undermines the reliability of power sup-
ply. Avisual representation of electricity losses in Ukraine’s
power system in 2024 is shown in Figure 1.

B Technical losses

Commercial losses

Figure 1. Share of electricity losses

in Ukraine’s power system in 2024
Source: compiled by the authors based on Ukrainian
Institute for the Future (2025), International Energy
Agency (2025)

Mikhailova et al.

As seen in Figure 1, technical losses dominated the
structure of electricity losses in Ukraine in 2024, compris-
ing around 70% of total losses. These are primarily due to
high line resistance, outdated transformers, and low lev-
els of grid infrastructure automation. Commercial losses,
making up roughly 30%, were linked to unauthorised con-
sumption, theft, metering inaccuracies, and interference.
This distribution highlights the urgent need to modern-
ise existing metering and dispatching systems to improve
overall energy system performance.

Analysis of traditional electricity monitoring

and metering methods

Traditional electricity metering in Ukraine has long relied
on electromechanical and early-generation electronic me-
ters. Electromechanical meters, characterised by mechan-
ical indicators using a rotating disc, remained the main
metering devices for many years due to their simplicity and
reliability under standard operating conditions. Electronic
meters, which began widespread use in the 2000s, offered
higher measurement accuracy, multi-tariff functionality,
and limited automation of data reading (Putsenteilo, 2023).
However, both electromechanical and early electronic me-
tering systems have significant limitations. Firstly, these
systems require in-person data collection by inspectors,
which increases operational costs and human error risk.
Secondly, the lack of remote monitoring complicates the
timely detection of consumption anomalies or tampering.
Thirdly, these devices have limited integration with EMS
and ADMS, reducing real-time resource management ef-
fectiveness. Such shortcomings are especially critical un-
der modern conditions, where demand-side management,
load balancing, and rapid violation detection are essential
for stable energy system performance. The main features
and limitations of traditional metering systems are sum-
marised in Table 2.

Table 2. Main characteristics and limitations of traditional electricity metering systems

Meter type Key characteristics

Electromechanical Meters Reliability, low cost

Key limitations

No remote reading, high risk of tampering

Early Electronic Meters

Higher accuracy, multi-tariff capability

Limited automation, dependence on manual data collection

Source: compiled by the authors based on S. Zhou (2021), T. Knayer & N. Kryvinska (2022)

As Table 2 shows, traditional metering systems have
significant drawbacks that adversely affect energy re-
source management. Although electromechanical meters
are reliable and inexpensive, their inability to transmit
data remotely leads to delayed detection of irregularities
and greater vulnerability to tampering. Early electron-
ic meters, while more accurate and offering multi-tariff
functionality, remain insufficiently integrated with mod-
ern dispatching systems and do not support real-time con-
sumption analysis. These limitations point to the necessi-
ty of adopting more advanced technological solutions in
energy metering to enable timely control, high accuracy,
and flexible energy management.

Features and functionality of smart meters
The introduction of smart meters into energy networks
fundamentally transforms traditional approaches to elec-
tricity metering and resource management. One of the key
features of these devices is their high-frequency energy
consumption data collection. Depending on system config-
uration, smart meters can record readings at intervals from
15 minutes to one hour, enabling detailed real-time track-
ing of load fluctuations. This allows operators to monitor
consumption efficiently, promptly detect anomalies, and
forecast peak loads (Giicyetmez & Sakeen, 2022).

Another crucial functional feature of smart meters
is remote data transmission via wireless communication
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channels such as GSM, GPRS, 3G/4G, or wired PLC technol-
ogies. This ensures continuous information exchange be-
tween meters and control centres without requiring man-
ual readings, significantly reducing operational costs and
minimising human error.

Smart meters also have the capacity for automatic
detection of emergency operating conditions in the grid.
Upon identifying short circuits, overloads, or voltage loss-
es, they can immediately send relevant signals to dispatch
centres. This facilitates rapid response and improves sup-
ply reliability.

A significant technological advantage of modern smart
meters is their integration with IoT and EMS platforms. Me-
terscaninteractwithothernetworkdevicessuchasload-lim-
iting systems, distributed energy generators, or residential
energy systems. This integration enables the creation of
intelligent energy networks that automatically manage
load distribution, optimise consumption, and enhance re-
source efficiency. The architecture of smart meter integra-
tion into modern energy networks is illustrated in Figure 2

Cloud
of IoT solutions

b" Remote data

networks transmission
N \ \\_‘_/

Figure 2. Architecture of the smart meter integration
system with power grids
Source: created by the authors based on data from
Z.Chen et al. (2024)

Electricity

/

As shown in Figure 2, the central element is the smart
meter, which provides bidirectional data exchange between
the electricity consumer and the grid operator. Through
integration with the Energy Management System (EMS),
smart meters enable real-time operational management of

energy consumption. The Advanced Distribution Manage-
ment System (ADMS) coordinates the overall load in the
network by receiving consumption data from smart meters
and sending corresponding commands to optimise energy
distribution. Internet of Things (IoT) devices interact with
smart meters to locally manage consumption in buildings
and enterprises, allowing automatic adjustment of loads
according to preset parameters or dynamic pricing. Elec-
tricity consumers equipped with smart meters and con-
nected devices can access up-to-date information on their
energy consumption and optimise costs through more
precise load management. Figure 2 illustrates the holistic
architecture of an intelligent energy system that enhances
energy efficiency, reduces electricity losses, enables rapid
response to emergency events, and supports the integra-
tion of distributed energy resources.

Modelling the impact

of smart meter implementation on electricity losses
To assess the impact of smart meter deployment on elec-
tricity losses in Ukraine’s power system, modelling was
conducted using the GridLAB-D platform and the SMAP
analytical library. The study constructed three scenari-
os: baseline (0% smart meter penetration), partial (50%
network coverage), and full (100% coverage of consumers
with intelligent metering devices). In the baseline scenario
without smart technology adoption, electricity losses re-
mained at traditionally high levels due to low efficiency
in detecting technical anomalies and unauthorised con-
sumption. In the partial coverage scenario, modelling re-
sults indicated a 25% reduction in total losses compared
to the baseline. Full-scale implementation of smart meters
resulted in a 45% reduction in losses, demonstrating the
significant potential of intelligent metering to enhance the
efficiency of power grids.

The modelling accounted not only for direct techni-
cal losses in transmission lines and transformers but also
for commercial losses associated with electricity theft and
metering errors. GridLAB-D enabled precise simulation
of various network operating modes considering actual
equipment characteristics, while SMAP facilitated time se-
ries data processing of consumption to identify trends and
anomalies in load dynamics. The results indicate that the
smart metering system not only reduces loss levels but also
improves system balancing, optimises load distribution,
and enhances supply stability, especially during peak de-
mand periods. Detailed results on loss reduction depending
on smart meter penetration levels are presented in Table 3.

Table 3. Assessment of electricity loss reduction depending on smart meter penetration level

Implementation scenario

Reduction in total electricity losses (%)

0% smart meters (baseline) 0
50% network coverage 25
100% consumer coverage 45

Source: created by the authors
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As shown in Table 3, the level of smart meter deploy-
ment directly influences the reduction of total electricity
losses in Ukraine’s power system. The baseline scenario,
without the use of intelligent metering technologies, shows
no loss reduction, confirming the inefficiency of tradition-
al control methods. Partial deployment covering approx-
imately 50% of the network achieves a 25% reduction in
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losses due to the capability for prompt detection of techni-
cal anomalies and commercial irregularities. Full-scale de-
ployment enables up to a 45% reduction, indicating the high
potential of metering intelligence for improving energy
efficiency and stabilising grid operations. A graphical rep-
resentation of electricity loss changes according to the lev-
el of intelligent metering deployment is shown in Figure 3.

120 =
100
80
60
40
20
0

S N——
= (% of smart meters
50% network coverage

100% consumer coverage

0123 456 7 8 9101112131415 1617 18 19 20 21 22 23 24

Figure 3. Changes in electricity losses under different smart meter deployment scenarios

Source: created by the authors

As seen in Figure 3, the pattern of electricity con-
sumption changes depending on the level of smart meter
deployment. In the baseline scenario (0% coverage), pro-
nounced peak loads occur during daytime hours, creating
significant risks for grid stability. Partial deployment (50%
network coverage) noticeably smooths peak consumption
spikes through improved load control and timely response
to demand increases. Full deployment of intelligent me-
tering systems (100% coverage) ensures the highest stabil-
ity of consumption throughout the day, minimising sharp
load fluctuations and creating conditions for optimised
system balancing. Thus, the use of smart meters contrib-
utes to a more even load distribution within the network,
reduction of peak losses, and overall enhancement of en-
ergy efficiency.

Integration of smart meters with EMS and ADMS

Integration of smart meters with EMS and ADMS opens
new opportunities for comprehensive energy resource
management. One key advantage of such solutions is the
ability to remotely monitor energy consumption param-
eters in real time. Thanks to bidirectional data exchange,

smart meters not only transmit information to control cen-
tres but also receive signals to adjust consumption modes,
optimise loads, and prevent failures. Remote data access
allows EMS to dynamically manage energy consumption,
including implementing mechanisms for real-time tariff
response or load distribution according to consumer pri-
orities. ADMS systems, in turn, provide centralised load
balancing, automatic fault detection and localisation, as
well as network topology optimisation to reduce energy
losses (Kubiczek et al., 2023). Intelligent functions of smart
meters — such as overload detection, short-circuit identi-
fication, phase asymmetry recognition, and unauthorised
connection registration — enhance the responsiveness of
EMS and ADMS systems, positively affecting the quality
and continuity of power supply. The implementation of
this integration contributes not only to lowering overall
energy consumption but also to improving the balance
between energy production and consumption, particularly
with the increasing share of distributed generation based
on renewable sources. The main functional capabilities of
smart meters in the context of interaction with EMS and
ADMS are summarised in Table 4.

Table 4. Comparison of smart meter functionalities for EMS and ADMS operations

Functional feature

Consumption Data Collection

Smart meters in EMS

Real-time

Smart meters in ADMS

Real-time

Remote Load Control

Yes

Fault Detection Limited Extended (faults, overloads)
Integration with Pricing Mechanisms Direct Indirect
Network Topology Optimisation Yes
Load Balancing Support Local Centralised

Source: created by the authors

As evident from Table 4, the functionalities of smart
meters when integrated with EMS and automated ADMS
differ due to the distinct tasks of each system. Within EMS,

smart meters mainly provide local consumption manage-
ment and support dynamic pricing mechanisms, whereas
within ADMS they play a critical role in centralised load
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balancing, fault detection, and network topology optimi-
sation. All scenarios involve real-time data collection and
remote load control; however, ADMS systems implement
more advanced functionalities for monitoring the techni-
cal condition of network infrastructure. This highlights the
importance of a comprehensive approach to smart meter
deployment to ensure stability, flexibility, and efficiency of
modern energy systems.

Challenges and issues

of smart meter deployment in Ukraine

Despite numerous advantages, the deployment of smart
meters in Ukraine faces a number of technical, economic,
and social challenges that require comprehensive solutions.
One of the key technical barriers is the absence of unified
national standards for integrating smart meters into het-
erogeneous distribution networks. This leads to compati-
bility issues among devices from different manufacturers
and complicates the creation of a unified automated in-
frastructure. An additional concern is cybersecurity: open
data transmission channels pose risks of unauthorised

access and manipulation of consumption information.
Current requirements demand a high level of data encryp-
tion, device authentication, and system resilience against
external attacks. Economic challenges are primarily asso-
ciated with the high cost of upgrading existing networks,
installing smart meters, and establishing infrastructure
for data collection and processing (Kuznetsov, 2024). Sig-
nificant upfront investments burden energy companies,
especially amid the economic instability characteristic of
Ukraine between 2020 and 2024. Insufficient government
programmes to stimulate or subsidise these costs also im-
pede large-scale rollout of intelligent metering systems.

Social barriers include low consumer trust in new
technologies, concerns about personal data protection,
and reluctance to change habitual interactions with energy
providers (Lisovyk et al., 2024). Disseminating information
about the benefits of smart meters, transparency of data
processing, and security guarantees should form part of the
information policy to successfully overcome these obsta-
cles. The main technical, economic, and social barriers to
smart meter deployment are summarised in Table 5.

Table 5. Key technical, economic, and social barriers to smart meter deployment

Challenge category Description of main barriers

Technical Lack of standards; compatibility issues; cybersecurity risks
Economic High installation costs; lack of investment; weak government support
Social Consumer distrust; concerns about personal data protection; low awareness of technology benefits

Source: created by the authors based on data from P.R. Putsenteilo (2023), M. Kuznietsov & O. Lysenko (2024),

M.B. Palasevych et al. (2024)

As seen in Table 5, smart meter deployment in Ukraine
is accompanied by multi-level challenges encompassing
technical, economic, and social spheres. At the technical
level, the main barriers are the lack of unified device in-
tegration standards, equipment compatibility problems
among various manufacturers, and high cybersecurity
risks. Economic difficulties relate to significant upfront
costs for infrastructure modernisation and insufficient
state support for digitalising power grids. Social barriers
involve consumer caution towards new technologies, con-
cerns about data security, and low awareness of smart me-
ter benefits. Comprehensive overcoming of these challeng-
es is a critical factor for the successful implementation of
digital transformation projects in Ukraine’s energy system.

International experience
in smart meter implementation
International experience in the implementation of smart
meters demonstrates a variety of approaches to the dig-
italisation of energy systems, depending on economic
conditions, technological infrastructure, and energy tran-
sition policies.

In the United States, intelligent metering systems
form part of large-scale programmes for the modernisa-
tion of distribution networks, financed by both federal and

local initiatives. Key focuses include ensuring two-way
communication between consumers and operators, en-
abling dynamic pricing, consumer participation in load
management programmes, and integration with home en-
ergy systems. By 2024, the penetration rate of smart meters
among residential consumers in the US exceeded 70% (In-
ternational Energy Agency, 2024).

In EU countries, smart meter deployment is supported
at the level of EU directives, particularly Directive 2019/944
(Berg Insight, 2025) concerning common rules for the in-
ternal electricity market. The approach emphasises a high
level of data protection, integration with demand-side
management systems, and the promotion of distributed
generation development. In several EU countries (such as
Italy, Spain, Sweden), smart meter coverage of the residen-
tial sector surpasses 90%.

In China, the implementation process of smart meters
follows a centralised model coordinated by the State Grid
Corporation of China. The focus is not only on consump-
tion accounting but also on integrating smart meters into
network condition monitoring systems, balancing supply
and demand, and supporting the large-scale deployment of
distributed generation from renewable energy sources. By
2022, the number of installed smart meters in China ex-
ceeded 500 million units (Asia Pacific Smart..., 2024).

Machinery & Energetics. Vol. 16, No. 2

4



The experience of these countries indicates that suc-
cessful smart meter implementation is based on principles
such as centralised project coordination, mandatory stand-
ardisation of technical requirements, a high level of cyber-
security, transparency regarding consumer data protection,
and providing end users with real tools to manage their en-
ergy consumption.

Mikhailova et al.

Considering international experience, it is advisable
for Ukraine to adopt flexible integration models for smart
meters with an emphasis on data protection, stimulation
of distributed generation, and the development of national
standards for device compatibility. The main characteris-
tics of smart meter implementation models in the US, EU
countries, and China are presented in Table 6.

Table 6. Comparison of smart meter implementation models in the US, EU Countries, and China

Country/region Key implementation features

United States

Dynamic pricing; integration with home energy systems;

load management programmes

European Union

High level of data protection; mandatory coverage of over 80% of consumers;
integration with demand market

China

Centralised implementation management; network condition monitoring;

large-scale support of distributed generation

Source: created by the authors based on data from International Energy Agency (2024), Asia Pacific smart metering market
report 2024: Asia-Pacific now home to more than 1 billion connected energy meters — ResearchAndMarkets.com (2024),

Berg Insight (2025)

As seen in Table 6, the models for smart meter de-
ployment in the US, EU countries, and China differ both
in priorities and in approaches to integrating intelligent
metering systems into energy networks. In the US, the pri-
mary emphasis is on consumer participation in load man-
agement and the use of dynamic pricing, which encourages
flexible energy consumption. The European approach is
based on mandatory high levels of personal data protection
and ensuring widespread smart meter deployment under
regulatory requirements. China demonstrates a central-
ised development model focused on large-scale network
modernisation and integration of distributed generation.
A common feature of successful international practices is
a comprehensive implementation strategy that includes
technical standardisation, high cybersecurity levels, and
active consumer involvement in energy consumption man-
agement processes.

Current state of smart meter integration in Ukraine

The integration of smart meters into Ukraine’s energy
system is at an early stage of development, although indi-
vidual projects for digitalising distribution networks were
implemented even before large-scale reforms in the sec-
tor began. According to the Energy Map platform (2024),

Percentage of
equipment (%)
=)
]

2020 2021 2022

developed within the USAID project framework, by the
end of 2024 the level of smart meter penetration among
residential electricity consumers was approximately 17-
18%. The most notable progress was recorded in major
cities, particularly Kyiv, Lviv, and Dnipro, where pilot pro-
grammes for network modernisation and testing of intel-
ligent energy metering systems were implemented within
international technical assistance projects.

Despite these achievements, smart meter deployment
remains fragmented and uneven, due to several objective
problems. Key obstacles include the technical obsolescence
of a significant portion of distribution networks, insuffi-
cient standardisation of equipment and data exchange re-
quirements, limited financial capacity of energy companies
for large-scale modernisation, and underdeveloped regula-
tory frameworks regarding consumer data protection. An
additional limitation is the low level of public awareness of
the benefits of smart meters and concerns about data stor-
age and processing security. Overall, analysis of the current
integration status indicates a gradual but rather slow pace
of digitalisation growth in Ukraine’s energy networks. Fig-
ure 4 illustrates the changes from 2020 to 2024, showing a
positive trend, although the scale of growth still falls short
of the needs of a modern energy system.

17
15

= Equipment of
smart meters (%)

2023 2024

Figure 4. Dynamics of smart meter implementation in Ukraine (2020-2024)
Source: created by the authors based on data from Energy Map (2024)
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As shown in Figure 4, between 2020 and 2024, Ukraine
experienced a gradual increase in the penetration of smart
electricity meters among consumers. Starting from 7% in
2020, this indicator steadily grew, reaching 17% in 2024.
The dynamics point to a positive trend in the adoption of
intelligent metering systems, although growth rates re-
main moderate. Relatively modest annual increases high-
light the influence of both economic and technical barriers
limiting broader digitalisation of energy networks. Thus,
smart meter deployment in Ukraine is delayed compared to
EU countries but shows a gradual expansion trend.

The results of the analysis underscore the need to ac-
celerate the introduction of intelligent electricity metering
systems to ensure the effective functioning of Ukraine’s en-
ergy system amid growing challenges and demands. Accel-
erating the digitalisation of distribution networks should
become a key priority in energy sector reforms in the near
future. Crucial steps to speed up smart meter integration
include developing and implementing unified national me-
tering standards to ensure interoperability of equipment
from different manufacturers and the creation of a unified
information space for consumption data. Simultaneously,
cybersecurity requirements for metering systems must be
strengthened to prevent interference risks and safeguard
user data privacy. At the policy level, incentive programmes
for distribution system operators and electricity suppliers
should be introduced to compensate part of the costs for
network modernisation and smart technology deployment.
Equally important is raising consumer awareness about
the advantages of intelligent metering through extensive
information campaigns. Strategically, digitalisation of en-
ergy networks should be accompanied by the integration
of smart meters with ADMS and EMS. This will not only
optimise load balancing and minimise electricity losses but
also create conditions for the broad involvement of distrib-
uted generation from renewable energy sources.

DISCUSSION
The results of the study confirmed that the implementa-
tion of smart meters in Ukraine’s energy system can signif-
icantly reduce electricity losses, optimise load balancing,
and improve the efficiency of energy resource distribution.
The identified patterns correspond with contemporary sci-
entific approaches that also highlight the role of intelligent
metering systems in improving electricity supply quality,
reducing peak loads, and enhancing energy network resil-
ience. A.V. Voloshko & V.V. Shevchuk (2024) emphasise the
importance of rapid detection of voltage dips to minimise
technical losses, aligning with the modelling results on
smart meter impacts on supply stability. I. Havrylyuk (2024)
stresses the necessity of harmonising Ukraine’s regulatory
framework with European standards, consistent with the
identified need for standardising smart meter integration.
S. Skrypnyk (2021) highlights the requirement for pre-
cise mathematical modelling of network operation, which
corresponds with the use of GridLAB-D and SMAP soft-
ware in this study for evaluating digitalisation scenarios.

Analysis by V.O. Zubenko et al. (2024) on local renew-
able energy utilisation demonstrates the importance of
developing intelligent metering infrastructure to support
decentralised generation. These findings align with this
study’s results showing that smart meter integration fa-
cilitates more effective balancing of local electricity pro-
duction and consumption, which is critical for optimising
Ukraine’s distribution networks. A. Madi et al. (2022) in-
vestigated the use of PLC channels for data transmission
in smart metering systems, confirming the importance of
selecting reliable communication channels, as revealed
in the modelling. Comparative results suggest that, in
Ukraine’s context, implementing multichannel solutions
(GSM and PLC) is critical to ensure stable smart meter op-
eration even in networks with complex topology. D. Fetter-
mann et al. (2024) indicate that smart meter performance
and transparency are key factors influencing consumer
technology adoption. This corresponds with social barriers
identified in the study, where Ukrainian consumers show
distrust of new technologies mainly due to concerns about
data protection and consumption monitoring. J.L. Gallar-
do et al. (2021) highlight the role of IoT architectures in
creating smart energy networks, fully consistent with the
conclusion about the necessity of integrating smart meters
with EMS and ADMS.

H.M. Hu et al. (2020) explore personal data protection
in the context of smart meter deployment. Their results
support the study’s conclusion on the need to improve
Ukraine’s cybersecurity regulatory framework, an impor-
tant factor in enhancing consumer trust. M. Ahmed et
al. (2020) emphasise intelligent load management for im-
proving microgrid stability. This directly aligns with the
modelling results, which demonstrated that even 50%
smart meter penetration can significantly smooth peak
loads and reduce energy losses by 25%. O.S. Akkaya &
H. Soy (2021) draw attention to the benefits of multichan-
nel wireless communication technologies in smart meter
design, supporting the importance of data transmission
flexibility in Ukraine, where network infrastructure is het-
erogeneous. R.-G. Wang et al. (2024) proved the effective-
ness of deep learning methods for analysing large datasets
from smart meters. Compared with the present results, this
confirms the advisability of further developing analytical
data processing modules in metering systems to enhance
energy efficiency and consumption forecasting accuracy.
R.S. Gaikwad (2024) substantiates the advantages of inte-
grating smart meters into IoT platforms, fully consistent
with this study’s recommendation for widespread IoT tech-
nology adoption to create adaptive, integrated, and flexible
next-generation energy networks in Ukraine.

The modelling results demonstrating the reduction
of electricity losses through the implementation of smart
meters are consistent with the findings of O. Yakubu et
al. (2021), who emphasise the advantages of deploying
smart meters with backup power to ensure uninterrupt-
ed data collection even during outages. This supports the
relevance of considering data transmission stability in
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digitalisation scenarios for Ukrainian networks. Data from
K.A. Al-Sammak et al. (2025) regarding risks of electrici-
ty theft through data manipulation align with the social
and technical challenges identified in this study. Smart
meters, thanks to their real-time capabilities, significant-
ly mitigate risks of unauthorised consumption. L. Degue-
non et al. (2024) demonstrated the effectiveness of ener-
gy demand forecasting in reducing network distortions,
which coincides with the conclusions of the current mod-
elling where the use of the SMAP library enabled detec-
tion of consumption anomalies to better balance loads.
Results from V. Pliuhin & V. Teterev (2021) concerning
constraints on Smart Grid implementation in Ukrainian
conditions corroborate the identified barriers, notably the
technical obsolescence of networks requiring moderni-
sation for effective large-scale smart meter deployment.
C. Stagnaro (2025) proved that the second generation of
smart meters in Italy justified economic feasibility despite
high initial costs, aligning with the present analysis that
highlights prospects for long-term investment payback in
Ukraine. A.N. Babu et al. (2022) confirm that smart meters
supporting multi-standard communications enhance sys-
tem flexibility and resilience — an important factor given
the heterogeneous infrastructure observed in Ukraine.

V. Ntouros et al. (2021) stress the importance of raising
consumer awareness of smart meters, fully correspond-
ing with the identified need for public information cam-
paigns to overcome social barriers in Ukraine. D. Hock et
al. (2020) substantiated the use of entropy-based metrics
to detect anomalies in energy consumption, consistent
with the employment of SMAP for time series analysis in
this study. M. Mirsharifi & F. Rezaei (2024) emphasise the
necessity of strengthening cybersecurity in smart metering
networks, echoing the conclusions about high cyber risks
under Ukrainian conditions and the need for data protec-
tion standards. S.K. Tripathi et al. (2024) demonstrated the
effectiveness of IoT technologies in expanding EMS func-
tionalities, supporting the modelling results on integrat-
ing smart meters with load management systems herein.
IoT deployment enables not only real-time data collection
but also prompt response to changes in energy consump-
tion, enhancing grid flexibility and stability. M.Z. Gunduz
& R. Das (2024) proved the effectiveness of deep learning
methods in detecting electricity theft based on large-scale
smart meter data analysis. This aligns with the current
findings stressing the importance of implementing ad-
vanced analytics and intelligent algorithms for time series
processing to timely detect consumption anomalies and
reduce commercial electricity losses in Ukraine. Such ap-
proaches significantly improve resource consumption con-
trol and strengthen the financial stability of energy compa-
nies during the digital transformation of the energy system.

Thus, the consolidated analysis shows that the study
results are consistent with contemporary international
practices and confirm the advisability of large-scale smart
meter deployment as an effective tool for improving en-
ergy efficiency, reliability, and security of Ukraine’s energy
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system. It has been established that metering intelligence
not only reduces technical and commercial electricity
losses but also enhances operational load management,
improves power supply quality, and integrates distributed
generation from renewable sources. The concurrence of
the study’s outcomes with global trends in energy digitali-
sation indicates the relevance and potential of smart meter
implementation in Ukraine. Simultaneously, the necessity
of parallel infrastructure modernisation, cybersecurity re-
inforcement, development of unified technical standards,
and intensification of consumer education activities to
build trust in new technologies has been confirmed. Such
a comprehensive approach is key to the successful digital
transformation of the energy sector and the formation of
a more resilient, efficient, and secure energy system of the
future.

CONCLUSIONS

The research confirmed that smart meter implementation
is among the most effective instruments to reduce ener-
gy losses, optimise loads, and enhance energy efficiency of
Ukraine’s energy system. In 2024, over 55% of electricity
was generated by nuclear power plants, while the share of
renewables was only 21%, necessitating greater network
flexibility to integrate new generation sources. Electricity
losses reached 18-19%, of which 70% were technical and
30% commercial. The main causes remain ageing infra-
structure, low automation levels, and inaccurate metering.
Modelling showed that with 50% consumer coverage by
smart meters, losses reduce by 25%, and with full cover-
age — up to 45%. Smart meters provide accurate account-
ing, data transmission via GSM/PLC, fault detection, and
interaction with EMS and ADMS, creating conditions for
effective real-time consumption management.

However, implementation faces several barriers: lack
of unified technical standards, cybersecurity risks, high
modernisation costs, and low consumer awareness. Com-
parative analysis of the US, EU, and China’s experience
confirmed the importance of centralised standardisation,
data protection, and stimulation of user participation. In
Ukraine, coverage rose from 7% in 2020 to 17% in 2024, yet
achieving the level of developed countries requires active
state support, regulatory update, and public awareness
raising. The practical value of the research lies in creating
an implementation model that reduces losses and ensures
stable energy system development.

The study has limitations, notably dependence on
open statistical sources and lack of broad empirical data
from real Ukrainian microgrids, which may affect the com-
pleteness of result interpretation. Prospects for further re-
search include developing adaptive forecasting algorithms,
integration models for different generation types, and in-
depth economic analysis of smart meter implementation
efficiency in Ukraine’s energy system conditions.
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MepcneKTBM BUKOPUCTAHHA CMapPT-NiUNNbHUKIB
ONA 3HNXXEHHSA BTPAT eNIeKTPOoeHeprii B MepeXXax YKpaiHu

AHoTaUig. MeTowo po60Ty 6y/I0 BU3HAUEHHS TOTEHI[iaNTy 3HVKEHHS TEXHIUHMX | KOMEePI[iiHUX BTPAT eJIeKTpOoeHeprii
HUISIXOM iHTerpariii iHTeeKTyaIbHUX TEXHOJIOTi 06/1iKy B icHyrouy iHGpacTpyKTypy pO3MOLITbUMX MepeX. Y TOCHTiIKeHHi
6y/10 BUKOPMCTAHO METOAM ClIeHAPHOTO MOJIeMIOBAHHSI, CUCTEMHOTO aHali3y, CTPYKTYPHO-GYHKIIOHATBHOTO MTOPiBHSIHHS
Ta BUBUEHHSI Mi’KHAPOJHOTO A,0CBiAy. Byno nociifkeHo piBeHb BTpaT efleKTpoeHeprii B YkpaiHni craHoMm Ha 2024 pik, IKuit
craHoBMB 18-19 % Bin 3arasbHOrO 06CATY BUPOOIEHOI eHeprii, mpuuomy 6;13bKo 70 % 11X BTpAT MaIu TEXHIYHMIT XapaKTep.
By/0 BCTaHOBJIEHO, IO CTPYKTYpa reHepallii ejleKTpoeHeprii 6y/a chopMoBaHa 3a yyacTio aToMHOi (55 %), TerioBoi (24 %),
rigpo (9 %), coussuHoi (7 %) Ta BiTpoBoi (5 %) eHepreTuKu. Byo mpoaHaiisoBaHo, 110 YaCTKOBE BITPOBA/I;KEHHST CMapT-
JMYMIbHUKIB Ha piBHI 50 % 3ab6e3meuye 3HVSKeHHS BTpaT Ha 25 %, TOA SIK TIOBHE OXOIJIEHHST PO3IOLiIbYOi Mepeski Moxke
CKOPOTUTU BTpaTy A0 45 %. Byo y3araabHEHO TEXHIUHI XapaKTePUCTUKYM iHTeIEKTYaTbHMUX JTiUMIbHYKIB, SIKi ITepen6avaTh
BMCOKOUACTOTHMI 36ip JaHMX 3 iHTepBasiaMM 15 XBUIMH ab0 OfHi€l roAViHM, IVICTaHIIiliHe TlepegaBaHHs iHpopmariii B
PeXuMi peasbHOTO Yacy uepe3 Mob6iibHI Mepexi abo cucremu Power Line Communication (PLC), aBToMaTUUHe BUSIBJIEHHS
aBapiifHMX CUTYyallili Ta HECAaHKLiIOHOBAHOT'O BTpy4YaHHs. Bysio oBefeHo, 1110 iHTerpallisi cMapT-JIiYMIbHUKIB i3 CUCTEMaMu
YIIPaBJIiHHS €HeProcoXXMBAaHHIM 103BOJIsI€ eheKTMBHO 6alaHCyBaTH HaBaHTAKeHHSI, 3HVKYBATY MiKOBi CIIOKMBAHHS
Vi OITUMIi3yBaTU pO3MOin esiekTpoeHeprii. Takox 6yso0 ysaraibHeHo gocBin CIIA, €C i Kuraro, sikuii migTBepasKye
IOLIbHICTD IMPOKOMACIITAOHOTO BIIPOBAKEHHS TAKMUX CUCTEM JIJISI 3HMKEHHST BTPAT i CTUMY/IIOBAHHST PO3BUTKY
posnoginenoi reHepauii. OTpyMmani pe3yabTaTy CBiAYaTh PO MEPCIEKTUBHICTh 3aCTOCYBAHHSI CMapT-AiUYM/IbHUKIB Y
umdpoBiit TpaHchopmaliii ykpaiHChKOI eHeprocucTemMu, o 3a6e3meunTs ii aganTUBHICTh, HaiHICTh Ta CTiMKiCTh 10 HOBUX
BUKIMKIB. [IpakTUUHA LIiHHICTb SOCiIKeHHSI ITOJIsITae y pPo3po0Lii migxoniB fo 1mdposisalii 061iKy eHeprocrokuBaHHS B
VkpaiHi, 1[0 Moske 6yTH BUKOPUCTAHO IIPU MOJepHi3allii eHepromepesk Ta GopMyBaHHi CTiiikO1 pO3yMHOi eHeprocucTemMu
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Machinery & Energetics. Vol. 16, No. 2

N


https://orcid.org/0000-0002-3419-5446
https://orcid.org/0000-0002-9743-1565
https://orcid.org/0000-0002-0919-0344
https://orcid.org/0000-0002-0762-8410

Machinery & Energetics Journal homepage:

Vol. 16, No. 2. 2025 https://technicalscience.com.ua/en

UDC 631.372:004.942
Doi: 10.31548/machinery/2.2025159

Viktor Duhanets’

Doctor of Pedagogical Sciences, Professor
Higher Educational Institution “Podillia State University”
32316, 12 Shevchenko Str., Kamianets-Podilskyi, Ukraine
https://orcid.org/0000-0002-3383-5907

Pavlo Fedirko

PhD in Technical Sciences, Associate Professor
Higher Educational Institution “Podillia State University”
32316, 12 Shevchenko Str., Kamianets-Podilskyi, Ukraine

https://orcid.org/0000-0002-3724-8937

Oleksandr Hovorov

PhD in Technical Sciences, Senior Researcher
Higher Educational Institution “Podillia State University”
32316, 12 Shevchenko Str., Kamianets-Podilskyi, Ukraine

https://orcid.org/0000-0002-1645-1725

Vitaliy Pukas

PhD in Technical Sciences, Associate Professor
Higher Educational Institution “Podillia State University”
32316, 12 Shevchenko Str., Kamianets-Podilskyi, Ukraine

https://orcid.org/0000-0002-0083-7359

Mykola Volynkin

Assistant
Higher Educational Institution “Podillia State University”
32316, 12 Shevchenko Str., Kamianets-Podilskyi, Ukraine
https://orcid.org/0009-0006-4960-8537

Modelling of dynamic characteristics of tractor systems
to improve stability on uneven fields

Abstract. The study aimed to determine the impact of the centre of mass shift, the angle of inclination of the terrain and
local disturbances on the spatial stability of the transport system, with the subsequent determination of its equilibrium limit
modes. The methodology was based on a combination of theoretical modelling, adaptive control and multi-level validation
in a changing environment. The critical vertical displacement of the hull was found to be up to 0.15 m at an 18° tilt due
to the asymmetric passage of obstacles, which confirmed the need for accurate dynamics prediction. Stability analysis
has established safe roll angles of 25-30° for Ukrainian black soil (friction coefficient 0.6-0.8). The uneven load and soil
moisture content (20-30%) affected stability, requiring model calibration. Hybrid methods compensated for seat vibrations
by adaptively controlling the damper. Adaptive ground contact improved traction on soft ground, while nonlinear predictive
steering optimised the trajectory on slopes. The expediency of the geometry of the reference plane and the position of the
centre of mass when developing algorithms for stabilising agricultural machinery, given the impact on stability in variable
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terrain, was established. Stochastic modelling of soil disturbances was used to predict the impact of random environmental
changes on the trajectory and stability of the equipment. The proposed theoretical model is suitable for the design and
dynamic hull control systems, especially for operation on slopes and complex geometries. The integration of sensor systems
with models ensured adaptation to real-time conditions. The practical value of the results was to improve the safety of
agricultural machinery and optimise its spatial orientation on slopes by process engineers and developers of active levelling

systems when designing new generation machinery

Keywords: acceleration; grip coefficient; field testing; stabilisation; adaptive control

INTRODUCTION

Ensuring the stable operation of transport systems on un-
even terrain is a critical condition for increasing the ef-
ficiency of agricultural machinery and reducing the risk
of accidents. In many regions of Ukraine, soil cultivation
takes place on difficult terrain with variable slopes, local
elevations and depressions, which significantly affects
the behaviour of machinery in the field. The current trend
towards automation and the introduction of unmanned
tractor systems also requires a deeper understanding of
the patterns of loss of spatial stability in dynamic con-
ditions. Therefore, the problem of predicting unstable
modes of operation of machines on complex terrain is be-
coming increasingly relevant.

In the global scientific discourse, there have been stud-
ies on the stability of agricultural machinery on uneven
surfaces, in particular in the context of safety, navigation
efficiency and the introduction of adaptive stabilisation
systems. Y. Chi et al. (2024) developed a numerical model
that combined three-dimensional electromagnetic sensing
with terrain parameters to predict the effect of undulating
soil on signal propagation. Despite the specificity of the
task (radar technology), the detailed development of the
topographic profile and its integration into the simulation
is valuable from a methodological point of view, especially
for the construction of accurate terrain models and their
further use in dynamic modelling of transport systems.
W. Tong et al. (2024) addressed thermal modelling of the
engine compartment of agricultural machinery based on
temperature field measurements and airflow simulations.
The study demonstrated the possibilities of digital simu-
lation of complex internal processes in technical systems,
which was methodologically useful for studying the stabil-
ity of the hull under variable external loads.

The influence of complex topography on the behav-
iour of the system under conditions of surface changes
was crucial in modelling unstable motion modes. In this
context, the natural environment was considered a dy-
namic factor that changed the geometry of the reference
plane. Q. Meng et al. (2025) proposed a multi-level model
of forest evolution that addressed soil erosion and fire,
combining different types of natural dynamics in a single
simulation environment. This created the potential to ap-
ply similar approaches in technical sustainability analy-
sis. Similarly, G.A. Ruetenik et al. (2023) optimised models
of global landform evolution using !°Be isotopic labelling
of a naturally labelled isotope to estimate erosion rates
and landscape changes. This approach improved the

accuracy of predicting unstable zones, which is critical for
engineering modelling.

The spatial kinematics of the body and structural con-
straints played a crucial role in assessing the stability of
the machines on slopes and bumps. Accurate modelling of
the hull behaviour during rolling allowed the identification
of limit states. Y.-]. Yang et al. (2024) implemented a dy-
namic model of a miniature crawler tractor to analyse the
risk of rollover, considering the geometry, mass distribu-
tion, and slope of the terrain. The authors demonstrated
the feasibility of body configuration and contact with the
terrain when assessing stability. Similarly, A. Manoharan et
al. (2024) proposed a two-level optimisation of trajectories
on uneven terrain that addressed both the trajectory shape
and ground interaction parameters through a refined wheel
engagement model. These approaches demonstrated high
efficiency for creating stabilisation algorithms, which was
a relevant basis for developing models of spatial behaviour
of vehicles in complex terrain.

In the Ukrainian scientific discourse, the problem of the
stability of transport vehicles in difficult operating condi-
tions remained insufficiently addressed. The limited access
to modern test benches and models narrowed the possibili-
ties of modelling critical modes. S. Hrushetskyi et al. (2024)
proposed the concept of modular control of agricultural
machinery, which allowed the machine to adapt to changes
in load and conditions. Although the mechanism of spatial
loss of balance was not highlighted, the authors’ approach
laid the groundwork for adaptive regulation of stability
parameters. O.Y. Rebrov et al. (2023) developed a method
for determining the optimal tyre size for wheeled tractors,
which indirectly affected stability and traction on difficult
terrain. Despite the absence of a full-body position model,
their work reflected a desire for engineering detail in ground
interaction, which is also relevant for tracked systems.

Despite the progress in the study of agricultural ma-
chinery stability, there is still a lack of comprehensive
approaches to analysing the spatial dynamics of Tracked
Robotic Vehicles (TRV) under conditions of variable
surface geometry. Insufficient research has been done
on how the centre of mass displacement, roll and pitch
angles, as well as local disturbances, affect the stability
of the body. This limits the ability to predict the critical
modes of operation of machinery in terrain and compli-
cates the formation of recommendations for stabilisation
control, which is especially relevant in the context of the
agricultural environment of Ukraine.
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The study aimed to analyse the dynamic behaviour of
a transport system on uneven terrain, incorporating the
spatial position of the centre of mass, changes in the an-
gle of inclination of the surface, and interaction with the
supporting base to identify the limiting modes of stability
loss. To achieve this goal, the effect of the centre of mass
displacement on the critical loss of stability of the TRV
was investigated. The objectives of the study were to de-
termine the critical conditions for the loss of hull stability
by analysing the displacement of the centre of mass, the
occurrence of roll and the impact of local disturbances on
the hull position; to analyse the effect of the terrain con-
figuration and asymmetric loading on the stability of the
movement to formulate technical recommendations for
stabilising the hull position.

MATERIALS AND METHODS

The study was conducted between August 2024 and Janu-
ary 2025. The focus was on an integrated approach to as-
sessing the sustainability of TRVs, addressing regional soil
and terrain characteristics, and the practical limitations of
agricultural and mining infrastructure. The study included
6 stages. At the first stage, three approaches to assessing
TRV sustainability were systematised: analytical, experi-
mental and simulation to identify the strengths and weak-
nesses of each approach, their suitability for real-world
application in Ukraine and the potential for further inte-
gration. The choice of these approaches was justified by
the need to strike a balance between accuracy (analytical),
practical reliability (experimental) and flexibility in mod-
elling complex situations (simulation). The combination of
the results of the approaches created the basis for further
modelling, control optimisation and validation of TRV be-
haviour. The second stage was to analyse the dynamics of
TRVs on complex terrain, for which four main modelling
methods were considered: multibody, concentrated pa-
rameter, kinematic and inverse dynamics. The choice of a
particular approach was based on accuracy requirements,
operating conditions and available computing resources.

At the third stage, hybrid adaptive control methods
such as Adaptive Neuro-Fuzzy Inference System (ANFIS),
Nonlinear Model Predictive Control (NMPC) and Active
Disturbance Rejection Control (ADRC) were presented.
These approaches allowed for to improvement of the ac-
curacy of TRV control in variable soil conditions, including
wet, compacted and uneven surfaces, and to provide adap-
tation to changing soil and terrain conditions, increasing
modelling accuracy and control efficiency. Additionally,
analytical methods based on classical physical models of
equilibrium, dynamics and interaction with the ground and
engineering criteria were considered to determine critical
conditions for loss of stability, rollover moments, and trac-
tion capabilities of the equipment.

The fourth stage classified technical solutions for opti-
mising tractor traction on difficult soil types. Three key ap-
proaches were considered: adaptive contact systems, flex-
ible chassis and trajectory optimisation algorithms. These

Duhanets et al.

solutions were chosen due to their ability to increase sta-
bility and efficiency in difficult soil and terrain conditions.
This approach comprehensively covered both mechanical
and algorithmic aspects of improving traction. In the fifth
stage, we characterised the approaches to model valida-
tion: field, bench and virtual. Each method was chosen for
its ability to provide different levels of accuracy, realism
and control. The sixth stage systematised the methods of
correction, adaptation and validation of TRV motion mod-
els in a changing environment. Methods were selected to
improve the accuracy of the models by calibrating them
on real data, identifying error limits, using parametric ap-
proximations, integrating them with sensor systems for
real-time adaptation, and stochastic modelling of ground
disturbances. This integrated approach addressed both
physical and stochastic factors affecting the movement of
the TRV, which was important for improving the reliability
and accuracy of the models in real field conditions.

Based on the analysis of the advantages and limitations
of existing approaches, a multilevel theoretical model of
TRV dynamics is developed, considering the mechanics of
movement, interaction with the ground, stochastic distur-
bances and validation. The model architecture provides for
the integration of adaptive control methods (ANFIS, ADRC,
NMPC) to compensate for dynamic uncertainty. Validation
was carried out by comparing simulation results with field
and bench test data. This approach ensured the accuracy
of the description of TRV dynamics in complex terrain and
created the basis for the development of intelligent control,
navigation and stabilisation systems, which is also relevant
for the agricultural conditions of Ukraine. The Zotero bib-
liographic manager was used to process the sources, which
ensured the ordering of literature, the accuracy of referenc-
es and the structured classification of materials. The use of
data retrieval, analysis and synthesis methods were used
to comprehensively investigate the methods of optimisa-
tion and validation of tractor systems’ motion and stability
models, which identified the key factors of influence of the
variable environment and formulated sound recommenda-
tions to improve their efficiency.

RESULTS AND DISCUSSION
TRV driving on slopes and inclined surfaces is a key aspect
of efficient operation in difficult terrain, including moun-
tainous areas, agricultural land and areas with limited ac-
cess. One of the main challenges in such conditions is the
high risk of loss of stability, which can lead to rollover, slip
or complete loss of control. A critical factor affecting the
stability of TRVs is the effect of instantly changing dynamic
forces. When driving on sloping terrain, complex combina-
tions of gravitational, inertial and frictional forces arise,
depending on the angle of inclination, speed and surface
type. These forces change the load distribution between
the pivot points, which can lead to a partial loss of traction
or destabilisation. Another important factor is the position
of the centre of mass. On an inclined surface, the centre of
mass shifts relative to the support plane, which reduces the
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safety margin and increases the likelihood of overturning,
especially when the position of the body or attachments
changes. Interaction with uneven ground creates addition-
al difficulties. Pits, stones, loose or wet areas can cause the
tracks to slip, get stuck or lose contact with the ground.
This makes navigation difficult, especially in conditions of
limited visibility or autonomous control (Zhou et al., 2023).

Typical problems encountered when driving on slopes
include vehicle overturning due to exceeding the permis-
sible angle of inclination, slipping of the tires, especially
when braking or making sharp turns, and loss of control
when changing the load or speed. All these factors sig-
nificantly complicate the operation of TRVs in real-world
conditions and require the introduction of adaptive control

systems, algorithms for predicting machine behaviour, and
improved design solutions to increase stability. Ensuring
stable and safe movement of TRVs on difficult terrain re-
quires an integrated approach that includes dynamic mod-
elling, environmental assessment, and the development
of intelligent control systems capable of adapting the ma-
chine’s behaviour in real time to changing terrain condi-
tions. Assessing the stability of TRVs on slopes and inclined
surfaces is a critical step in ensuring their safe and efficient
operation. There are three approaches to stability analysis:
analytical, experimental, and simulation, each of which has
its advantages and limitations and is used depending on
the design stage, the level of available information, and ac-
curacy requirements (Table 1).

Table 1. Basic approaches to analysing the stability of tracked vehicles on inclined surfaces

Method Description Advantages Disadvantages Ag?alrl;;i(;n Ukraine aspect
Basedon A model of stability
mathematical models Analvsis of th £ hi
that describe the nalysis of the of a machine-tractor

. stability of a unit with a critical
balance of forces . Limited accuracy . PR
s High accuracy for S - modular tractor with angle of inclination
(gravitational . . o in difficult soil - .
) . P idealised conditions. i articulated steering  of up to 25° for
inertial, frictional) The abili ikl conditions. Does £ Ukrainian black soil
and moments that e ability to quickly | " T ohastic | O @n uneven surface rainian black soi
. s predict critical by modelling the (friction coefficient
Analytical affect the stability factors (for example, ¢ . .-,
parameters. Does . P distribution of forces. 0.6-0.8) has been
of TRVs on slopes. ire physical changes in humidity). Estimati fcritical  developed. Th
Includes analysis of ?ott.requlr}e]z_physma Needs simplification t.?tlma llonfo critica evg cl)pe . de ted
P esting, whic - ilt angles for a models are adapte
IC%%C,(I r(ilztfrht;g;;on, reduces costs ?rftce?gg’ilgﬁ ;mnlmear tractor-trailer system to the various
osition and critical with consideration of terrains of Ukraine,
E)ilt angles to prevent inertial effects where the average
tipping or slipping slope angle is 15-20
They consist of field Experimental .
tests using load cells, High data reliability The high cost and validation of tractor ?ﬁigi%?td%_s;é};)
inertial measuring duge to real-world complexity of rollover stability on where th‘é maxim?l;n
units and video conditions. The organising tests. slopes with different deviation of the
recording systems to ability to détect Depending on the soil conditions. tractor’s centre of
Experimental  assess the behaviour unforséseen factors conditions of the Measuring the mass was 0.15 m
of TRVs on slopes. A framework * testsite. Limited vertical dynamic at an inclin'ation
Can be used to for calibratin reproducibility characteristics of a of 18°. which
validate theoretical simulation mgo dels due to variable soil ~ tractor to assess the confirmed theoretical
models and identify conditions impact of uneven calculations
real limitations ground on stability
RecurDyn
Use numerical simulations have
modelling (e.g., shown that for
Matrix Laboratory/ Ukrainian steppe
Simulink, Automated The ability to Need for accurate Simulate TRV conditions (traction
Dynamic Analysis of test a wide range input data and movement on coefficient 0.7),
Mechanical Systems, of conditions model calibration. slopes with varying  vibrations of the
RecurDyn) to create  without risk to High computational  ground conditions operator’s seat are
Simulation virtual models of the equipment. complexity to optimise steering. reduced by 12% when

the TRV and the
environment. Can
be used to study
different driving
scenarios, including
inclination angles,
ground conditions
and dynamic loads

High flexibility in
parameter settings.
Saves time and
resources compared
to experiments

for complex
systems. Possible
discrepancies with

Modelling tractor
dynamics to analyse
operator seat

real-world conditions vibrations on uneven
due to simplifications terrain

the machine-tractor
unit suspension

is optimised.

The simulations
covered terrain
irregularities of up

to 0.3 m, typical for
typical agricultural
conditions in Ukraine

Source: compiled by the authors based on B. Zhou et al. (2023), P.M. Kolahi & M. Nazemizadeh (2023), M. Belloni et
al. (2023), H. Singh & M. Mehta (2024), G. Carabin et al. (2024), L. Duan et al. (2025), V. Nadykto et al. (2025)

Analytical, experimental, and simulation methods
have been used to analyse the stability of tracked vehi-
cles on sloping surfaces, each with unique advantages and
limitations. Analytical methods are accurate for idealised

conditions, experimental methods provide reliability in
real-world conditions, and simulation methods allow for
flexible modelling but are dependent on data quality. In
combination, they optimise the stability of machinery in
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Ukrainian conditions with slope angles of 15-20° and une-
venness of up to 0.3 m.

The choice of a particular model depends on the ac-
curacy requirements of the analysis and the capabilities
of computing resources. While multibody models provide
the highest accuracy, they also require significant compu-
tational resources and simulation time. On the other hand,
concentrated parameter models and kinematic models are
less computationally demanding, but can be limited in

Duhanets et al.

accuracy, especially on complex and variable terrain. To
ensure stable and predictable behaviour of tracked vehicles
on complex terrain, it is necessary to apply appropriate dy-
namics models that address both the physical properties
of the system and variable terrain conditions. There are
several approaches to modelling TRV movement, which
differ in the level of detail, computational costs, and scope
of application. Table 2 shows the types of models used to
analyse the dynamics of tracked vehicles on uneven fields.

Table 2. Systematisation of approaches to modelling tractor dynamics on uneven ground

Approach Description Advantages Disadvantages Application examples
The most detailed
approach that considers . . .
the complex rotational frlgﬁgglggcﬁgf‘fggl
and translational Hich . Hich ional iculated .
relationships between igh accuracy in igh computationa articulated steering to
chassis. suspension predicting dynamic complexity, requiring assess stability on uneven
18518, SUSpe i behaviour. The ability powerful resources. A need surfaces, including
. . articulated joints and . ; . :
Multibody dynamics : to integrate complex for careful calibration analysis of the effect of
tracked propulsion . - . -
models subsystems (suspension,  for specific soil and obstacles on roll and pitch.
elements. The models . - oo - :
- - . tracks). Suitable for topographic conditions. Analysing the dynamics of
describe the interaction of Y - . :
- stability analysis on Complex real-time an unmanned vehicle on
system components with - ) . - - -
difficult terrain implementation uneven terrain to predict
all degrees of freedom, - -
- . ground interaction and
which allows analysing assess stabilit
roll, pitch and rollover on y
uneven terrain
Simplify the system o ) Development of a damping
Limited geometric system for a tractor
to a set of masses, e p
A . . . flexibility, which reduces  seat that compensates
elasticities and damping  Easy implementation ; -
. accuracy for complex for vibrations from
elements. Used to analyse and low computational traiectories. Less bumps using a
Concentrated vertical dynamics, cost. It can be used in real ) . P 8

parameter models

such as vibrations of

the operator’s seat,
incorporating stochastic
disturbances from uneven
terrain

time for adaptive control.
Performance for comfort
and vibration assessment

detailed consideration

of interaction with the
soil. Unsuitable for
difficult terrain with large
gradients

magnetorheological
damper. Modelling tractor
vertical vibrations to
optimise operator comfort
on uneven agricultural
fields

Kinematic models

Address the trajectory of
the movement without
taking into account
inertial effects. Used to
analyse wheel or track
rotation, steering angles
and drive train speeds,
suitable for SLAM systems

Low computational

cost, which facilitates
integration. Easy to
integrate into navigation
systems. Effective for
predicting trajectory on
flat surfaces

Does not address the
effect of uneven ground.
Limited accuracy on
difficult terrain. Not
suitable for stability or
perturbation analysis

Planning the path of the
tractor-trailer system in
the garden environment
to ensure precise
navigation.

Used in an autonomous
driving system to
determine the position
of the tractor relative to
landmarks on a flat field

Inverse dynamic
models

Used to simulate the
forces and moments
required to execute

a given trajectory or
behaviour. Used for
autonomous systems,
considering terrain
gradients and stability
limitations

High accuracy for
autonomous control.
Integration with sensor
systems (LiDAR, IMU).
Efficiency for difficult
terrain

Require careful
optimisation and
calibration. Dependence
on the accuracy of sensor
data. Complex real-time
implementation

Trajectory planning for
an autonomous vehicle
on uneven terrain,
incorporating terrain
gradients and stability.
Development of a control
system for a tractor that
ensures stable driving

on slopes with variable
ground conditions

Note: IMU - Inertial Measurement Unit; LiDAR - Light Detection and Ranging; SLAM — Simultaneous Localisation and

Mapping

Source: compiled by the authors based on S. Han et al. (2024), Q. Li & H. Zhu (2024), D.K. Sah & M.F. Selekwa (2024),

V. Bulgakov et al. (2024), W. Tao et al. (2025)

The systematisation of approaches to modelling trac-
tor dynamics on uneven ground has shown that multi-
body models provide high accuracy for complex terrain,
concentrated parameter models are effective for vibration
analysis, kinematic models are suitable for navigation,

and inverse dynamic models are optimal for autonomous
control. The integrated use of these methods was used to
effectively solve stability and control problems in Ukrain-
ian agricultural conditions. X. Gong et al. (2024) proposed
an approach to planning vehicle trajectories on complex
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surfaces in off-road conditions, based on a joint analysis
of spatial and temporal characteristics to determine sta-
bility and optimise movement. The study analysed the
creation of models that consider changes in terrain, with
an emphasis on the development of trajectories important
for vehicles operating on uneven surfaces. The proposed
approach correlated with the current study, as both meth-
ods involved analysing the complex interactions of vehi-
cle components, such as chassis, suspension, and track
propulsion, to accurately predict movement in changing
surface conditions. T. Sharma & Y. He (2024) studied the
modelling, simulation, and optimisation of vibrations dur-
ing tillage using an interactive active control system. The
authors paid attention to the impact of terrain irregulari-
ties on the vibrations of agricultural machinery, in particu-
lar tractors, during tillage. The study demonstrated that
reduction of vibration levels increased operator comfort

and improved productivity, which is consistent with the
results of this study, both of which are aimed at optimising
vibration characteristics and stabilising the operation of
machinery, ensuring effective vibration management and
minimising its negative impact.

Adaptive modelling techniques such as ANFIS, NMPC
and ADRC are key in improving the stability and controlla-
bility of TRVs on uneven ground (Ismayilzada et al., 2025).
These methods combine classical physics models with ma-
chine learning algorithms to adapt to changing conditions
such as uneven terrain, soil moisture or variable loads.
They compensate for random disturbances, improve con-
trol accuracy, and contribute to the safety and efficiency
of machinery in challenging agricultural and mining en-
vironments. A summary of these methods assessed their
capabilities and limitations for practical use in modelling
TRV dynamics (Table 3).

Table 3. Hybrid adaptive control methods for modelling and stabilising tractor movements on difficult terrain

Method Description Advantages Disadvantages Application examples
A hybrid method that Si(l)al?aliie:r?: t(;efstf;)g tractor
;ﬁ??&rzlgs {10e I;Eatl Onglt(\;\éoerlks Efficient compensation of ~ Requires a large amount operator’s seat on
nonline aS; s gst ems nonlinear disturbances. of verified data for uneven agricultural
Used to co n¥ ensate for Flexibility in adapting to  training. The complexity of fields employing
ANFIS disturbancespcause d changing conditions (soil  setting up fuzzy rules and adaptive damper control.
by uneven terrain b moisture). High accuracy ~ network structure. Limited Optimising tractor
aga tively adius tinymo del with sufficient data for efficiency without quality ~ suspension performance
argmete¥s bzl;lse d ogn training sensor data to reduce the impact of
Eensor data stochastic disturbances
from uneven terrain
A predictive control Ensures truck stability on
method that uses a Hieh control accurac High computational slopes by predicting the
nonlinear model to predict ong difficult terrain sz complexity for real-time trajectory and adjusting
system behaviour and account for constraints processing. Requires an the steering. Optimising
NMPC optimise control actions (e.g., slope angle, traction) accurate system model the movement of an
in real time. Addresses the A(f; t atiI()) nt ogch; neing and high-quality data. The autonomous tractor on an
limitations of TRV stability o ngiti ons in real ti%n eg complexity of optimisation uneven field, addressing
and dynamics on slopes for nonlinear systems changes in terrain
and bumps gradients
A method of active
disturbance suppression Does not require a detailed It depends on the quality Compensates for the effect
that assesses and . - I of changes in soil moisture
system model. Efficient of perturbation estimation. -
compensates for - L . on the traction of a crawler
compensation of unknown Limited accuracy in e
uncontrollable external : - - . - tractor when driving on
ADRC disturbances in real time.  difficult nonlinear

influences (e.g., changes
in soil structure or load)
without a detailed system
model. Used to increase

Ease of implementation
compared to other
adaptive methods

interactions. Requires
careful adjustment of
controller parameters

uneven ground. Adapting
tractor steering to load
changes when towing a
trailer on slopes

the stability of the TRV

Source: compiled by the authors based on S. Han et al. (2024), G. Qi et al. (2025), L. Duan et al. (2025)

Hybrid adaptive methods (ANFIS, NMPC, ADRC) ef-
fectively compensated for nonlinear disturbances and en-
sured tractor stability on difficult terrain. Their application
optimised steering in the conditions of changing soils and
terrain typical for Ukraine but required high-quality data
and computing resources. The combination of these meth-
ods helped to increase the productivity and safety of the
machinery. The results of the study emphasised the im-
portance of accurate models for assessing soil properties
and adapting machinery to complex terrain, which was
consistent with the study by H.A. Hamersma et al. (2024),

which demonstrated the importance of Unmanned Aerial
Vehicle-based technologies for creating three-dimension-
al models of uneven surfaces and accurately predicting the
interaction of machinery with the ground. Such model-
ling allowed for soil deformations and changes in traction,
which were critical to the efficiency of vehicle movement.
B. Puras et al. (2024) emphasised the role of virtual mod-
els (telehandler models) in improving the accuracy and
adaptability of machinery to changing conditions. This
supported the current study on the need to use sophis-
ticated mathematical and virtual models to predict the
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behaviour of vehicles on different types of ground, such as
dry or highly compacted surfaces, where adaptive systems
can provide optimal traction and stability.

Given the high computational complexity of mod-
ern technologies, as evidenced by both the authors’ con-
clusions and this study, it is possible to argue that the
effective implementation of such engineering solutions
requires significant investment in the development, test-
ing, and integration of sensor systems and digital (virtu-
al) models. Adaptive technologies are accompanied by
high costs for design, algorithmic software, and hardware
implementation (Vintoniak, 2024). Thus, despite the po-
tential benefits, the implementation of such systems is a
financially and technically complex process that requires
a comprehensive approach. Soil properties are decisive in
ensuring the driving performance of tractor systems and
TRVs on uneven surfaces. Parameters such as soil structure,
moisture content, degree of compaction and the nature of
the mechanical interaction between the propulsion system
and the ground surface directly affect the traction coeffi-
cient, slope stability and manoeuvrability (Adamchuk et
al., 2016). These factors are critical for the development of
autonomous and operator control systems that ensure the
stability and performance of vehicles in difficult terrain.
The contact interaction between the crawler and the soil
is characterised by complex nonlinear behaviour due to the

Duhanets et al.

penetration of the tracks into the soil, the displacement of
its particles and the emergence of three-dimensional soil
resistance. The main factors that influence grip include the
normal soil response, tangential shear forces and surface
deformation. Mathematical models that describe these in-
teractions are often based on Beckman’s theory or empirical
relationships that address the soil’s modulus of deforma-
tion and bearing capacity (Dong et al., 2023). For example,
nonlinear modelling with propulsion inertia can predict
the behaviour of tractor-trailer systems on uneven terrain.

Soil physical properties, such as moisture content, par-
ticle size distribution and degree of compaction, are highly
variable and depend on seasonal, climatic and agricultur-
al factors (Bulgakov et al., 2017). Soil moisture affects soil
cohesion and the angle of internal friction, which directly
affects traction. Excessive moisture can reduce traction by
reducing the friction between the tracks and the surface,
while dry soil can have a higher load-bearing capacity but
less plasticity (Hassan et al., 2017). Compaction of the soil
caused by previous loads also changes its mechanical char-
acteristics, which requires an adaptive modelling approach
(Huseynov, 2024). These patterns are covered in models
that use sensor data to assess soil conditions in real time.
To compensate for the negative impact of soil conditions,
modern TRVs use a number of engineering solutions aimed
at increasing traction and stability (Table 4).

Table 4. Classification of technical solutions for optimising tractor traction on difficult soil types

Engineering

solution Description Advantages Disadvantages Application examples
A mechanism that adapts
the geometry of the Implementation of a
Sutface by dynamcally | Improved traction on o Umanned vehicles to
P i soft and uneven ground. Complexity of design . -
adjusting the position Reduced sliding due to and high cost of increase traction on sandy
Wheel-step of the whe'els or tracl;s. adaptive contact. Can be implementation. Increased or muddy ground. For use
system It uses active or passive ) ; in crawler tractors to adapt

elements to change the
contact area depending
on ground irregularities,
which ensures optimal
load distribution

integrated with sensor
systems for automatic
adjustment

vehicle weight. The need
for regular maintenance

to uneven terrain when
driving on agricultural
fields with vegetation
residues

Yielding chassis

A flexible chassis design
that can be used to adapt
to changes in terrain by
deforming or actively
adjusting the suspension.
Ensures constant contact
of the tracks with the
surface, reducing the

risk of loss of traction on
slopes

Increased stability on
steep slopes and bumps.
Reduced vibrations and
stress on the structure.
Improved operator comfort
and system durability

The difficulty of designing
flexible elements with
sufficient strength.

High development and
implementation costs.
Limited effectiveness on
extremely uneven surfaces

Application in TRVs for
driving on mountain
slopes, where the flexible
chassis compensates for
elevation changes. For use
in three-axle mining dump
trucks to ensure stability
on uneven terrain

Trajectory
optimisation

Use of motion planning
algorithms such as SLAM
or NMPC to select optimal
paths based on soil maps,
terrain gradients and
sensor data (LiDAR, IMU).
Avoids low-grip areas and
minimises slippage

High navigation accuracy
in difficult conditions.
Adaptation to changing
ground conditions in real
time. Reduced energy
consumption and reduced
risk of slipping

High computational
complexity for real-time
processing. Dependence
on sensor data quality and
map accuracy. Need for
preliminary mapping of
the area

Using SLAM to
autonomously navigate a
tractor in a horticultural
environment with uneven
terrain. Using NMPC to
plan the path of a heavy
vehicle on slopes with
variable ground conditions

Source: compiled by the authors based on W.-H. Wang et al. (2023), L. Duan et al. (2025), X. Liu et al. (2025)

Basic engineering models and analytical formulas
are also used to describe the conditions of rollover, trac-
tion loss and dynamic imbalance, which form the basis of

engineering models for the stability of tracked vehicles.
These models can be used to quantify critical parameters,
such as rollover angle or minimum traction coefficient, and
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predict the behaviour of the vehicle in different conditions.
Critical rollover angle (1):

Orit = arctan (%), (1)

where 6_, - critical tipping angle; h - height of the ma-
chine’s centre of mass above the support surface; b - width
of the track or base of the machine, i.e., the distance be-
tween the track belts’ support points; arctan — artangent
of the ratio, which gives the angle at which the gravity
moment contributing to the tipping is equal to the stabi-
lising moment.

The formula is based on a simplified analysis of the body’s
balance on an inclined plane and is used to estimate the crit-
ical angle of inclination at which a tracked vehicle can lose
stability due to overturning. Static Stability Index (SSI) (2):

_ b
sl =, )

where SSI - dimensionless value that reflects the propensi-
ty to rollover, the higher the SSI value, the higher the roll-
over resistance.

Vertical dynamics of tracked vehicles (simplified mass-
spring-damper model) (3):

mxz+cxztkxz=F ., 3)

where m - reduced mass of the vehicle (including a tractor
or robotic platform); ¢ - damping coefficient, which char-
acterises the ability of the system to absorb the energy of
vibrations; k - stiffness of the suspension system, which
characterises the ability of the system to deformation; z -
vertical displacement of the mass; 7 Z — speed and acceler-
ation of vertical displacement; F, . - external disturbing
force caused by interaction of uneven terrain.

Overturning moment (moment causing instability) (4):

M, ,=mxgxhxsin(8), “4)
where g — free fall acceleration; 6 - slope angle.
Stabilising torque (anti-tipping torque) (5):

_ mxgxb
Mstabilising - 2 (5)

Minimum grip coefficient to avoid slipping (6):
Hmin = tan(a), (6)

where p . - minimum coefficient of adhesion to the sur-
face required to avoid slipping; a — slope angle.
Formula for calculating traction force (7):

Firaction = H XM X g, (7

where F_ . - available traction, p - actual coefficient of
adhesion.
The efficiency of TRV movement is largely determined

by the nature of interaction with the ground. One of the

most common approaches to modelling this interaction is
the empirical model of M.G. Bekker (1962), which can be
used to estimate the pressure exerted on the soil surface
during deformation:

p=kex itk x(2), ®)

where p - vertical pressure on the soil; k_ - soil compaction
modulus; k, - soil shear resistance modulus; n - deforma-
tion nonlinearity index (dimensionless value).

Critical acceleration when tipping forward (9):

gxh
Acrit = I )

where a_, — critical acceleration at which the front wheels
(or the front part of the track base) can leave the ground;
g — free fall acceleration (9.81 m/s? — standard value for
engineering calculations at sea level); L - length of the
wheelbase or the base of the supports.

The main metrics for identifying error limits are
the Mean Relative Error (MRE), Root Mean Square Error
(RMSE), and Coefficient of Determination. MRE (10):

1
MRE = - 31,

¥| x 100%, (10)

where y, — actual value (measured); ¥, — predicted value
(model).

RMSE (11):
RME = P51, (3 - 90 (D).
Determination coefficient R (12):
RZ2=1- w (12)

2E-D"@i-y)*

A Gaussian noise model was used to address the effect
of microrelief on TRV vibrations:

F(D) =Fo +§(1), (13)
where F(t) - instantaneous value of the disturbance force;
F, — average (deterministic) value of the force; &(t) - ran-
dom time function whose value at each moment is a ran-
dom variable with a normal (Gaussian) distribution.

To account for spatial variations in the coefficient of ad-
hesion, a model with spatially correlated noise is used (14):
HEX, V)=H,t8(X,Y), (14)
where 11 (x, y) — coefficient of adhesion at the point (x, y) of
the surface; y, — average value of the coefficient of adhe-
sion; & (X, y) — stationary Gaussian random field with zero
mathematical expectation and spatial correlation structure.
Stochastic differential equations (15) are used to mod-

el the TRV response to stochastic disturbances:

dx=f(x, t) dt+g(x, ) dW,, (15)
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where f(x, t) — deterministic part of the dynamics (change
of state per laws of mechanics); g(x, t) — diffusion coeffi-
cient (noise effect); dW, - stohastic differential of the Wie-
ner process, which models independent normal random in-
crements with zero mathematical expectation and variance
proportional to dt.

Lagrange equation of the second kind (generalised
form) (16):
%(;—;)—;—;=Qi,i=1“..,n, (16)
where q, - generalised coordinates of the system (coordi-
nates describing the position of the system in the configu-
ration space); ¢, — generalised velocities, time derivatives of
coordinates; Q, - generalised forces (or moments) that are
not included in the potential energy, for example, friction
forces, external forces acting in the direction of q.

The Newton-Euler equation (generalised vector form).
Forward motion (17):

YF = m3. 7).
Rotational movement (18):
M= =1+ @ x (o), (18)

where M - total moment of forces relative to the point of
rotation; H — moment of quantity of motion (angular mo-
mentum); I — body inertia tensor; « — angular acceleration;
@ — angular velocity.

For illustrative purposes, Figure 1 shows the distri-
bution of forces acting on the TRV when travelling on an
inclined surface and is used to explain the critical rollo-
ver angle model.

mg
T a

Figure 1. Spatial design scheme for determining
overturning moments

Note: a — angle of inclination of the slope relative to the
horizontal surface, which determines the steepness of the
slope; G — point of the centre of mass of the machine, on which
the distribution of forces depends; mg — force of gravity equal
to the product of the mass of the machine (m) and the free fall
acceleration (g~9.81 m/s?), directed vertically downwards; N —
normal force of the support reaction, which acts perpendicular
to the surface of the slope and balances the vertical component
of the weight; rt - friction reaction directed along the slope,
which prevents slipping due to adhesion to the surface
Source: compiled by the authors based on generalised
provisions of classical mechanics of solid-state equilibrium,
incorporating the configuration of tracked vehicles and
typical situations of loss of stability on a relief surface

Duhanets et al.

The stability of the TRV is significantly affected by the
passage of local terrain irregularities, in particular, eleva-
tions and depressions that act asymmetrically on the un-
dercarriage. In such conditions, the centre of mass is dis-
placed and the roll angle ¢ is formed, which may exceed the
permissible value. Figure 2 shows the conditional behav-
iour of the TRV when hitting a local obstacle, which visual-
ises the change in the spatial orientation of the vehicle and
the approach to the limit state of equilibrium.

stability
mg

Figure 2. TRV limit position in case of loss
of stability on the terrain

Note: stability - limit of the stable position of the TRV
body, a conditional line beyond which the projection
of the centre of mass (G) should exceed go, otherwise
overturning occurs; mg — gravity, force of attraction equal
to the product of the mass of the machine (m) and the
acceleration of free fall (g~9.81 m/s?), directed vertically
downwards; h - the height to which the centre of gravity
of the object is raised relative to the bottom of the slope;
¢ — angle of inclination of the trajectory or the angle
between the vertical and the line connecting point G to a
point on the slope. “Stability” conventionally reflects the
ability of an object (tracked vehicle) to maintain balance
and not topple over on a slope, which depends on the
location of the centre of gravity (G), height (h), angle of
inclination (¢) and gravity (mg)

Source: compiled by the authors based on generalised
provisions of classical mechanics of solid-state equilibrium,
incorporating the configuration of tracked vehicles and
typical situations of loss of stability on a relief surface

To ensure the practical applicability of theoreti-
cal models of the dynamics of TRVs travelling on uneven
ground, calibration and validation are necessary steps.
Validation involves comparing the modelling results with
experimental or simulation data to confirm their validity,
while calibration adapts the models to real-world condi-
tions by adjusting the parameters. These processes are crit-
ical for accurately predicting the behaviour of TRVs in var-
iable soil and topographic conditions, which ensures safe
and efficient operation (Table 5).

Field validation ensured reliability in real conditions,
bench-top accuracy of isolated parameters, and virtual re-
source savings for testing complex scenarios. Their com-
bined use increased the reliability of machine and tractor
units adapted to the uneven terrain of Ukraine, which con-
tributed to the accurate prediction of machine stability and
dynamics. Experimental or virtual testing is not enough to
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ensure the high accuracy of tractor movement model vali-
dation. An important step is also the use of model process-
ing and adaptation methods that allow for variable operat-
ing conditions, reduce forecasting errors and increase the
reliability of results. In this context, various approaches are

used, ranging from traditional parameter calibration to re-
al-time integration of sensor data. Table 6 shows methods
for improving modelling accuracy and adapting models to
real-world conditions of agricultural machinery operation
and examples of practical use.

Table 5. Characteristics of validation methods for models of dynamics and stability of machine-tractor units

Type

Field validation

Description

Real-world field testing
using load cells, IMUs,
GPS and video recording
systems to record driving,
traction and stability
parameters. Addresses
stochastic factors such

as soil moisture, uneven
terrain and load changes

Advantages

High reliability due to
real-world conditions.
Identification of
unforeseen factors (crop
residues). Basis for
calibration of theoretical
models

Disadvantages

High cost and complexity
of the organisation.
Dependence on weather
and soil conditions.
Limited reproducibility
due to environmental
variability

Application examples

Experimental validation
of the tractor’s rollover
resistance on a training
ground with different soil
conditions (clay, sand),
which confirmed the
critical inclination angles
of 25-30°. Field tests of

a semi-tracked tractor to
assess traction and load
distribution on uneven
surfaces

Tests in controlled
laboratory conditions on
rigs that simulate uneven
terrain, vibrations or

High repeatability due
to controlled conditions.
Isolation of individual

Inability to fully recreate
the real environment.
High cost of setting up and

Bench testing of the
vertical dynamic
characteristics of a
tractor to validate the
operator seat vibration

Bench validation 3zggggi23?§i§en§1%?si€i parameters (e.g., damping). maintaining the stands. model. Validation of a
individual para mZt ers Reduced risk to equipment Limited applicability for magnetorheological tractor
such as vibrr)ati ons or f6 rce compared to field tests complex scenarios seat damper on a bench to
distribution compensate for vibrations

from bumps
Numerical modelling
on platforms (Matrix . .
Laboratory/Simulink, Dependence on the \Tv}}t\kil s\:;i;iualgltéogtlgl?ns&opes
ﬁg;?;g?stg% ﬁggﬁg& al Saving resources and time. gﬁglé%i%fr;t]%g (Ijﬁtgi conditions to validate
Vitual  Systoms Recuoymto - The iy st oieme omputatona omplexy Sibilvand anel
validation compare simulation results : for complex systems. y

with experimental data.
Can be used for testing of
various scenarios (slope
angles, soil conditions)
without physical testing

Flexibility in setting model
parameters

Possible discrepancies
with real conditions due to
simplification

of SLAM algorithms for
tractor navigation in a
garden environment with
uneven terrain

Source: compiled by the authors based on M. Belloni et al. (2023), G. Carabin et al. (2024), Q. Li & H. Zhu (2024), W. Tao et
al. (2025), L. Duan et al. (2025)

Table 6. Methods of correction, adaptation and validation of TRV motion models in a variable environment

Method Characteristic Advantages Disadvantages Application examples
Iterative selection of . Calibration of a model
model parameters (e.g. Improving the accuracy A nqed fora }arge amount ¢ magnetorheological
coefficient of adhesion,, of models by processing of hlgh'-quallty empir ical tractor seat damper using

Calibration soil strain modulus) based rz%gﬁé?éfézﬁ?éhgy Xl;ili Sgrtx?. {‘(I;(gih Cf% Tﬁgggggal vibration data for bump
of models on empirical data from p d h 8s. ty fitti P Dty d h compensation. Selection
field or bench tests to to adapt to changing tting. Dependence on the ¢4 o parameters
ensure that they match conditions (humidity, accuracy of the measuring for a semi-tracked tractor
iy terrain) equipment
real-world conditions based on field tests
Validation of the tractor
- ) Collecting accurate data navigation model in
Egﬂuﬁggfetﬁt?fgﬁl ds ata in the field is difficult the garden, where error
The process can Ee used to determine because of moisture and estimation refined the
of determining the ) : - uneven terrain. The need  trajectory on different
. . maximum permissible its accuracy. Identification to recalibrate the model soils. Analysis of TRV
Identification of errors in forecasts helps :

of error limits

range of deviations
between the calculated
(model) and actual values
of system parameters

to improve the model.
Comparing models with
each other can be used to
choose the most effective
one

arises when conditions
change, including soil
type. The use of inaccurate
input parameters leads to
a decrease in the reliability
of modelling results

stability on slopes, which
helped to determine safe
slope angles of 25-30°.
Assessment of the traction
characteristics of a half-
track tractor for accurate
predictions of possibility
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Continued Table 1.

Method Characteristic Advantages Disadvantages Application examples
Use of approximation Application of ANFIS
structures (neural for modelling tractor
networks, regressions, Coverage of complex A need for a large amount  seat vibrations with

Parametric ANFIS) to modellnon— factors. High ﬂexibility of data fqr training. considergtion of N

generalisation linear relationships and adaptability of the Complexity of settingup  stochastic irregularities.
between model parameters models. Ability to process approximation structures. Use of neural networks
and external factors stochastic data Risk of model overtraining to approximate the effect
such as temperature, soil of soil moisture on TRV
moisture or vibrations traction
Merges models with Integration of LiDAR
sensor data (LiDAR, IMU,  Adaptation to changing High cost of sensor and SLAM to adapt the
pressure sensors) to adapt conditions in real time. equipment. Dependence tractor’s navigation model

Integration with  to real-time conditions. Improved forecasting on the quality and to uneven terrain in a

sensor systems

Enables dynamic
adjustment of model
parameters (trajectory,
load distribution)

accuracy. Integration
with autonomous control
systems

frequency of sensor data.
Difficulty in synchronising
data with the model

horticultural environment.
Using the IMU with NMPC
to dynamically adjust the
TRV path on slopes

Use of stochastic
models (Gaussian noise,
Stochastic Differential
Equation, Monte Carlo,

Incorporation of the
randomness of the
environment. The

Stochastic Pearl noise) to account for L
Differential random changes in soil i?:l%;g r“é?fgi Scomp lex
Equation mechanical properties :

(density, moisture,
microrelief) and their
impact on TRV trajectory

Flexibility in simulating
different scenarios (pits,
ledges, humidity)

High computational
complexity (especially for
Stochastic Differential
Equations and Monte
Carlo). A need for a large
amount of data for noise
calibration. Difficulty in
forecasting for highly
heterogeneous soils

Modelling the vibration
response of a TRV

to microrelief using
Gaussian noise. Simulate
the tractor’s path on
uneven ground to assess
deviations. Analysing the
effect of soil moisture

on TRV traction using

and vibrations

spatial noise

Source: compiled by the authors based on M.Z. Abdul Manaf et al. (2023), D. Dai et al. (2023), X. Ma et al. (2023)

The analysis of methods showed a variety of ap-
proaches to improving the accuracy and adaptability of
TRV motion models. Calibration improved accuracy with
high-quality data but was resource intensive. Error iden-
tification assessed reliability but depended on the data
collection conditions. Parametric generalisation (neural
networks, ANFIS) was effective for nonlinear relationships,
but required large data sets. Integration with sensors (Li-
DAR, IMU) adapted the model in real time, although it was
expensive and difficult to synchronise. Stochastic model-
ling addressed randomness but was computationally com-
plex. The choice of method depended on the conditions,
resources and goals, incorporating the balance of accuracy,
adaptability and practicality. The root mean square error
(Formula 11) reflects the average deviation between these
values, providing a quantitative measure of discrepancy.
The coefficient of determination (Formula 12) shows how
well the model explains the variation in the data, with val-
ues closer to one indicating high accuracy. The influence
of micro-terrain on vehicle behaviour is accounted for
through a random oscillation model (Formula 13), which
adds an element of randomness to the base force to sim-
ulate surface irregularities. Spatial variations in grip are
modelled (Equation 14) through a baseline level of grip
adjusted for spatial variations reflecting uneven terrain. Fi-
nally, stochastic effects affecting the system are described
by equation (Equation 15), which combines predictable
changes with random factors to analyse the vehicle’s re-
sponse to unpredictable conditions.

M. Ahmadian et al. (2024) addressed collision avoid-
ance manoeuvres for heavy vehicles with multiple trailers.

The authors considered critical manoeuvres to ensure the
safety and stability of such vehicles while driving in com-
plex terrain. They proposed algorithms that consider vari-
ous constraints and variable conditions, such as changes in
load and terrain. The study emphasised the importance of
accurate control algorithms to ensure driving stability in
difficult conditions, which was directly consistent with the
results of this study on the need to use adaptive systems to
ensure traction and manoeuvrability on slopes and uneven
surfaces. D.K. Sah & M.F. Selekwa (2024) examined the im-
provement of autonomous tractor-trailer driving using dy-
namic models. These models enabled real-time prediction
of system behaviour, optimising movement using autono-
mous algorithms that adapt to changing terrain and soil
conditions. The use of dynamic models to predict vehicle
behaviour in real time was important for the development
of autonomous control systems for tracked vehicles in dif-
ficult terrain. This was confirmed by the current results on
the need to integrate such technologies to increase the
traction and stability of vehicles on slopes.

Based on the analysis of the advantages and limita-
tions of existing approaches, the concept of a generalised
theoretical model of TRV dynamics that integrates key
influence factors is formulated. The proposed multifactor
integrated model is designed to comprehensively describe
the behaviour of TRVs in conditions of complex terrain and
heterogeneous soil. The modelling was carried out using
multi-body or focused models that considered the char-
acteristics of the suspension, mass-inertial parameters,
and articulated frame elements. To describe the mechan-
ics of motion, the Lagrange equations (Formula 16) (for
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deriving the analytical model and validation) and New-
ton-Euler equations (Formula 17-18) (for flexible numer-
ical implementation and accounting for rotational effects)
were used, supplemented by stochastic disturbances to ac-
count for random effects. The model included parameter-
ised dependencies of the grip and drag forces on soil prop-
erties, including density, moisture content and texture. Soil
heterogeneity was modelled through stochastic effects on
contact forces. The model included stochastic terrain dis-
turbances, sensor (LiDAR, IMU) and actuator errors, load
fluctuations (changes in cargo weight or soil moisture), and
model imperfections. Adaptive control methods such as
ANFIS, ADRC and NMPC are used to compensate for these
factors. The model was validated by comparing it with
real data obtained from field and bench tests. Validation
involved estimating the errors between the simulation re-
sults and experimental data to ensure dynamic compliance
and determine the permissible error limits.

The model had a multi-level organisation that provided
a comprehensive consideration of physical, stochastic and
experimental aspects of TRV motion. At the first level, the
mechanics of the vehicle motion was implemented based
on the Lagrange (Formula 16) or Newton-Euler (Formu-
la 17-18) equations, supplemented by stochastic distur-
bances to simulate real dynamic impacts. The second level
included modelling the interaction with the ground, based
on empirical or semi-analytical relationships to describe
the adhesion and drag forces. The third level included the
consideration of random spatially distributed disturbances
that simulated variability in relief and soil properties (mois-
ture, density, microrelief). The fourth level served to vali-
date the model by comparing the calculated data with the
experimental results and estimating the errors, which was
used to adapt the model parameters to improve its accuracy.
Among the key advantages of the proposed approach is its
comprehensiveness: the model simultaneously addresses
TRV dynamics, soil interaction, stochastic disturbances and
errors, which significantly increased the accuracy of simu-
lations. The flexible structure of the model made it possible
to adapt it to changing external conditions, including dif-
ferent terrain, soil types, and weather effects. This approach
also facilitated the development of autonomous navigation,
stabilisation and route planning systems. In addition, the
framework was universal and could be applied to various
types of mobile equipment, from agricultural to forestry
and mining. At the same time, the model also had certain
limitations, primarily high computational complexity due
to the need to model multi-body dynamics and stochastic
effects. Its effective operation required a large amount of
high-quality experimental data for correct calibration. In
addition, the reliability of the results depended heavily on
the accuracy of the sensors and the reliability of the input
data. Another challenge was the integration and configura-
tion of adaptive control systems (ANFIS or NMPC), which
required a high level of expertise and resources.

The results of the study showed that one of the key
tasks in the design of TRVs was to ensure their stable

operation in complex and variable terrain. This can be
achieved through the introduction of adaptive control
systems that can address the changing characteristics of
the terrain and soil cover. This correlates with the study
by Z. Li et al. (2024), which considered the use of adaptive
stabilisation algorithms in robotic tractors operating un-
der conditions of increased uncertainty, in particular on
uneven and dynamically changing surfaces. The model
proposed in this paper included sensor feedback, which
enabled real-time adjustment of movement parame-
ters, ensuring stability during manoeuvring. Similarly,
]J.M. Garcia et al. (2023) analysed the stability of vehicles
when driving on slopes with uneven slopes and heteroge-
neous surface structures. The study emphasised the criti-
cal importance of parameters such as traction and weight
balance, which determine manoeuvrability and safety in
difficult terrain. Both studies confirmed the feasibility and
necessity of using adaptive control systems to improve
the efficiency and safety of TRVs, which was fully con-
sistent with the results of this study. B. Wang et al. (2024)
proposed an effective method for modelling and assess-
ing the terrain of open pits, which included approaches
to creating high-precision models of complex surfaces.
Such models could be used to calculate the interaction of
transport equipment with the ground in open pit mining.
Incorporating the specific characteristics of the soil and
terrain in the modelling allowed for a significant increase
in the accuracy of predicting the stability of vehicle move-
ment on slopes and uneven terrain. The current results of
this study correlated with the approaches proposed by the
authors and confirmed the importance of detailed digi-
tal terrain mapping for improving tracked vehicle control
systems in difficult terrain.

Thus, the proposed concept of multifactorial theoreti-
cal modelling combines knowledge of mechanics, geotech-
nics, control theory and sensor systems, allowing not only
to accurately describe the behaviour of TRVs in difficult
conditions, but also providing a foundation for building
smart, adaptive and predictive navigation and control sys-
tems of a new generation.

CONCLUSIONS

The study of approaches to analysing stability and model-
ling the dynamics of tracked vehicles on uneven surfaces
systematised analysis methods, evaluated their effective-
ness and developed a spatial model that described the loss
of stability depending on the terrain, the position of the
centre of mass and the type of disturbance. The analytical
methods provided an accurate prediction of critical slope
angles (up to 25-30° for chornozems with a friction coeffi-
cient of 0.6-0.8) but were limited in stochastic factors such
as soil moisture. Experimental tests confirmed a vertical
displacement of up to 0.15 m at an 18° inclination on clay
soils, which highlighted the importance of accurate dy-
namics modelling, but high cost and dependence on testing
conditions make it difficult to apply them widely. Simula-
tion methods are effective in reducing vibrations by 12% by
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optimising suspension and adapting to uneven terrain up
to 0.3 m but require good quality input data.

Multibody models proved to be the most accurate for
complex terrain, although their computational complexity
limited their use in real time. Concentrated parameter mod-
els are effective for vibration analysis, and kinematic models
are suitable for navigation on flat surfaces. Hybrid methods

Duhanets et al.

of the model, complicated by the lack of application cases,
insufficient infrastructure, high cost of technology, and lim-
ited access to empirical data in Ukraine. In the future, the
model for predicting unstable modes of tracked vehicles can
be improved by experimental validation, considering the
dynamics of bogies, soil properties, and the introduction of
multiphysics simulations with active stabilisers.

provide adaptability to nonlinear disturbances, which is crit-
ical for autonomous systems. Engineering solutions, such as
the wheel-step system, increased the cross-country ability
on soft ground through adaptive contact, and the flexible
chassis reduced the risk of traction loss on slopes. Validation
of the models through field tests (using IMU and GPS) and
bench tests (to assess damping) confirmed their reliability,
although the field tests proved to be sensitive to stochastic
factors. The study was limited by the lack of field verification

ACKNOWLEDGEMENTS

None.

FUNDING

None.

CONFLICT OF INTEREST

None.

REFERENCES

[1] Abdul Manaf, M.Z., Hudha, K., Samin, PM., & Bakar, S.A. (2023). Modelling and verification of a 12-DOF tractor-
semitrailer longitudinal model for load transfer analysis. International Journal of Heavy Vehicle Systems, 30(5), 525-559.

[2] Adamchuk, V., Bulgakov, V., Nadykto, V., Thnatiev, Y., & Olt, J. (2016). Theoretical research into the power and energy
performance of agricultural tractors. Agronomy Research, 14(5), 1511-1518.

[3] Ahmadian, M., Chen, Y., & Zhang, Z. (2024). Emergency collision avoidance maneuvers of multi-trailer articulated
heavy vehicles. Vehicle System Dynamics, 62(11), 2837-2860. doi: 10.1080/00423114.2024.2305292.

[4] Bekker, M.G. (1962). Mechanics of off-the-road locomotion. Proceedings of the Institution of Mechanical Engineers:
Automobile Division, 16(1), 9-16. doi: 10.1243/PIME_AUTO_1962_000_009 _02.

[5] Belloni, M., Vignati, M., Sabbioni, E., & Cutini, M. (2023). Characterization of vertical dynamics of a multi-purpose
tractor with static and dynamic experimental tests. Retrieved from https://saemobilus.sae.org/papers/characterization-
vertical-dynamics-a-multi-purpose-tractor-static-dynamic-experimental-tests-2023-01-0177.

[6] Bulgakov, V., Aboltins, A., Adamchuk, V., Kuvachov, V., Pascuzzi, S., Kyurchev, V., Rucins, A., & Nesvidomin, V. (2024).
Investigation of wide span vehicle technological part movement stability. Engineering for Rural Development, 23, 522-
530. doi: 10.22616/ERDev.2024.23.TF099.

[7] Bulgakov, V., Adamchuk, V., Nozdrovicky, L., & Ihnatiev, Y. (2017). Theory of vibrations of sugar beet leaf harvester
front-mounted on universal tractor. Acta Technologica Agriculturae, 20(4), 96-103. doi: 10.1515/ata-2017-0019.

[8] Carabin, G., Becce, L., Mandler, A., Nicolosi, F., & Mazzetto, F. (2024). Experimental validation of the influence of obstacles
on tractor rollover stability. In R. Berruto, M. Biocca, E. Cavallo, M. Cecchini, S. Failla & E. Romano (Eds.), Safety, health
and welfare in agriculture and agro-food systems (pp. 153-163). Cham: Springer. doi: 10.1007/978-3-031-63504-5_15.

[9] Chi, Y., Mao, L., Wang, X., Pang, S., & Yang, Y. (2024). Three-dimensional numerical simulation and experimental
validation of airborne ground-penetrating radar based on CNCS-FDTD method under undulating terrain conditions.
Scientific Reports, 14(1), article number 22156. doi: 10.1038/541598-024-73375-y.

[10] Dai, D., Chen, D., Mao, X., Zhang, Y., Li, Y., Wang, S., & Zhang, B. (2023). Design and performance analysis of indoor
calibration device for the force-measuring system of the tractor three-point hitch. International Journal of Agricultural
and Biological Engineering, 16(3), 47-54. doi: 10.25165/j.ijabe.20231603.7455.

[11] Dong, Y., Yan, D., & Feng, X. (2023). Stability of tracked vehicles on soft grounds under multidirectional loading
conditions. Canadian Geotechnical Journal, 60(11), 1743-1755. doi: 10.1139/cgj-2022-0532.

[12] Duan, L., Kang, K., Chen, S., Du, Z., Zhang, L., Liu, Z., Yang, F., & Wang, Z. (2025). Analysis and verification of a slope
steering model of TRVs in hilly and mountainous environments. Agronomy, 15(1), article number 147. doi: 10.3390/
agronomy15010147.

[13] Garcia, ].M., Yanez, P., & Martinez, J.E. (2023). Evaluation of navigability in skid-steer mobile robots with passive
trailers moving on sloping terrain. Revista Iberoamericana de Automdtica e Informdtica Industrial, 20(1), 13-24.
doi: 10.4995/riai.2022.17161.

[14] Gong, X., Tao, G., Qiu, R., Zang, Z., Zhang, S., & Gong, J. (2024). Terrain-aware spatio-temporal trajectory planning
for ground vehicles in off-road environment. In Proceedings of the 10" international conference on electrical engineering,
control and robotics (pp. 200-207). Guangzhou: IEEE. doi: 10.1109/EECR60807.2024.10607329.

[15] Hamersma, H.A., van Aswegen, ].C., Guthrie, A.G., & Els, P.S. (2024). UAV-based three-dimensional rough terrain
modelling. In Proceedings of the 21° international and 12 Asia-Pacific regional conference of the international society for
terrain-vehicle systems (pp. 163-169). Ferrara: ISTVS. doi: 10.56884/TK37ZX342.

Machinery & Energetics. Vol. 16, No. 2

N


https://www.inderscience.com/offers.php?id=134312
https://www.inderscience.com/offers.php?id=134312
http://elar.tsatu.edu.ua/bitstream/123456789/12258/1/2000.pdf
http://elar.tsatu.edu.ua/bitstream/123456789/12258/1/2000.pdf
https://doi.org/10.1080/00423114.2024.2305292
https://doi.org/10.1243/PIME_AUTO_1962_000_009_02
https://saemobilus.sae.org/papers/characterization-vertical-dynamics-a-multi-purpose-tractor-static-dynamic-experimental-tests-2023-01-0177
https://saemobilus.sae.org/papers/characterization-vertical-dynamics-a-multi-purpose-tractor-static-dynamic-experimental-tests-2023-01-0177
https://doi.org/10.22616/ERDev.2024.23.TF099
https://doi.org/10.1515/ata-2017-0019
https://doi.org/10.1007/978-3-031-63504-5_15
https://doi.org/10.1038/s41598-024-73375-y
https://doi.org/10.25165/j.ijabe.20231603.7455
https://doi.org/10.1139/cgj-2022-0532
https://doi.org/10.3390/agronomy15010147
https://doi.org/10.3390/agronomy15010147
https://doi.org/10.4995/riai.2022.17161
https://doi.org/10.1109/EECR60807.2024.10607329
https://doi.org/10.56884/TK3ZX342

Modelling of dynamic characteristics of tractor systems...

[16] Han, S., Yoon, K., Park, G., & Huh, K. (2024). Robust lane keeping control for tractor with multi-unit trailer under
parametric uncertainty. [EEE Transactions on Intelligent Vehicles, 9(1), 2333-2347. doi: 10.1109/TTV.2023.3272655.

[17] Hassan, H., Sahib, B., Krehel, R., & Kocisko, M. (2017). Increase of accuracy of geometric forms of surfaces ground by
a grinding wheel of various grain sizes. Advances in Mechanical Engineering, 9(8). doi: 10.1177/1687814017726006.

[18] Hrushetskyi, S., Oleksiyko, S., & Tykhy, M. (2024). Modern running system of management of agricultural machinery.
International Science Journal of Engineering & Agriculture, 3(6), 61-74. doi: 10.46299/j.isjea.20240306.06.

[19] Huseynov, H. (2024). New trends in mechanical engineering technology. Advances in Science and Technology, 148, 257-
263. doi: 10.4028/p-XvVNqO.

[20] Ismayilzada, M., Safarova, T., Novruzova, U., & Abbasova, S. (2025). Innovative technologies in the production of
agricultural machinery to improve the efficiency of agribusinesses. Scientific Horizons, 28(5), 78-89. doi: 10.48077/
scihor5.2025.79.

[21] Kolahi, PM., & Nazemizadeh, M. (2023). Nonlinear dynamic modeling of tractor-trailer mobile robots with
consideration of wheels inertia and their optimal point-to-point path planning. Meccanica, 58(1), 245-253.
doi: 10.1007/s11012-022-01578-6.

[22] Li, Q., & Zhu, H. (2024). Performance evaluation of 2D LiDAR SLAM algorithms in simulated orchard environments.
Computers and Electronics in Agriculture, 221, article number 108994. doi: 10.1016/j.compag.2024.108994.

[23] Li, Z., Yin, C., Peng, Z., Zhou, C., & Jalanezhad, M. (2024). Designing a time path tracking stabilizing controller for
a tractor-trailer robot in the presence of uncertainties. Proceedings of the Institution of Mechanical Engineers, Part D:
Journal of Automobile Engineering. doi: 10.1177/09544070241238048.

[24] Liu, X., Wang, G., Suo, X., Du, T., Wang, W., & Zhang, C. (2025). Modeling and performance analysis of a hydraulically
interconnected suspension for tri-axle mining dump trucks considering pitch-roll resistance. Journal of Mechanical
Science and Technology, 39(2), 483-495. doi: 10.1007/s12206-025-0101-0.

[25] Ma, X., Xu, J., & Zhang, X. (2023). Bilateral constrained control for prosthesis walking on stochastically uneven
terrain. International Journal of Mechanical Sciences, 239, article number 107896. doi: 10.1016/j.ijmecsci.2022.107896.

[26] Manoharan, A., Sharma, A., Belsare, H., Pal, K., Krishna, K.M., & Singh, A.K. (2024). Bi-level trajectory optimization on
uneven terrains with differentiable wheel-terrain interaction model. doi: 10.48550/arXiv.2404.03307.

[27] Meng, Q., Huai, Y., Wang, X., Li, Z., Zhang, R., & Nie, X. (2025). Three dimensional forest dynamic evolution based
on hydraulic erosion and forest fire disturbance. Computers and Graphics, 126, article number 104152. doi: 10.1016/j.
cag.2024.104152.

[28] Nadykto, V., Golub, G., Tsyvenkova, N., Kyurchev, V., Skliar, O., Skliar, R., Golub, V., & Shubenko, V. (2025). Modeling
movement stability of machine-tractor units based on modular type tractor. Applied Sciences, 15(5), article number
2822. doi: 10.3390/app15052822.

[29] Puras,B.,Raush, G., Freire, J., Filippini, G., Roquet, P., Tirado, M., Casadesus, O., & Codina, E. (2024). Development of a
virtual telehandler model using a bond graph. Machines, 12(12), article number 878. doi: 10.3390/machines12120878.

[30] Qi, G., Yue, M., Xu, M., Zhang, L., & Liu, Y. (2025). Integrated NMPC-based vehicle stability and tracking
control strategy for heavy-duty truck with road bank angle estimation. Journal of Vibration and Control.
doi: 10.1177/10775463251337514.

[31] Rebrov, 0O.Y., Malko, M.M., Rebrova, A.O., & Yakunin, M.Ye. (2023). Method of determining reasonable tire sizes
for wheeled agricultural tractors. Technical Service of Agricultural, Forestry and Transport Systems, 1, 117-125.
doi: 10.20998/2078-6840.2023.1.14.

[32] Ruetenik, G.A., Jansen, ].D., Val, P., & Yla-Mella, L. (2023). Optimising global landscape evolution models with 1°Be.
Earth Surface Dynamics, 11(5), 865-880. doi: 10.5194/esurf-11-865-2023.

[33] Sah, D.K., & Selekwa, M.F. (2024). Advancing autonomous backing of tractor-trailer systems: A dynamic model
approach. In Proceedings of the ASME 2024 international mechanical engineering congress and exposition (article number
IMECE2024-146070). Portland: American Society of Mechanical Engineers. doi: 10.1115/IMECE2024-146070.

[34] Sharma, T., & He, Y. (2024). On trade-off relationship between static and dynamic lateral stabilities of articulated
heavy vehicles. Designs, 8(5), article number 103. doi: 10.3390/designs8050103.

[35] Singh, H., & Mehta, M. (2024). Development of dynamic model of tractor for vibration analysis of operator’s seat. AIP
Conference Proceedings, 2962, article number 020066. doi: 10.1063/5.0192395.

[36] Tao, W., Chen, B., Zhou, L., Zheng, Z., Wu, J., & Duan, M. (2025). Design of a magnetorheological (MR) suspension
damper for an agricultural tractor seat based on an adaptive neuro-fuzzy inference system (ANFIS) and active
disturbance rejection control (ADRC). Mechanical Sciences, 16(1), 113-124. doi: 10.5194/ms-16-113-2025.

[37] Tong, W., Liao, K., Li, L., Gao, Z., Chen, F., & Luo, H. (2024). Optimization of the Camellia oleifera fruit harvester
engine compartment heat dissipation based on temperature experiments and airflow field simulation. Agriculture,
14(9), article number 1640. doi: 10.3390/agriculture14091640.

[38] Vintoniak, V. (2024). Innovations in electronics for detecting objects in surface layers of soil: A review of methods and
directions for further improvement. Technologies and Engineering, 25(3), 9-20. doi: 10.30857/2786-5371.2024.3.1.

Machinery & Energetics. Vol. 16, No. 2

4


https://doi.org/10.1109/TIV.2023.3272655
https://doi.org/10.1177/1687814017726006
https://doi.org/10.46299/j.isjea.20240306.06
https://doi.org/10.4028/p-XvVNq0
https://doi.org/10.48077/scihor5.2025.79
https://doi.org/10.48077/scihor5.2025.79
https://doi.org/10.1007/s11012-022-01578-6
https://doi.org/10.1016/j.compag.2024.108994
https://doi.org/10.1177/09544070241238048
https://doi.org/10.1007/s12206-025-0101-0
https://doi.org/10.1016/j.ijmecsci.2022.107896
https://doi.org/10.48550/arXiv.2404.03307
https://doi.org/10.1016/j.cag.2024.104152
https://doi.org/10.1016/j.cag.2024.104152
https://doi.org/10.3390/app15052822
https://doi.org/10.3390/machines12120878
https://doi.org/10.1177/10775463251337514
https://doi.org/10.20998/2078-6840.2023.1.14
https://doi.org/10.5194/esurf-11-865-2023
https://doi.org/10.1115/IMECE2024-146070
https://doi.org/10.3390/designs8050103
https://doi.org/10.1063/5.0192395
https://doi.org/10.5194/ms-16-113-2025
https://doi.org/10.3390/agriculture14091640
https://doi.org/10.30857/2786-5371.2024.3.1

Duhanets et al.

[39] Wang, B., Gong, B., Xu, W., & Shi, X. (2024). An efficient method for modeling and evaluating the bench terrain of
open-pit mines. Frontiers in Earth Science, 12, article number 1351352. doi: 10.3389/feart.2024.1351352.

[40] Wang, W.-H., Zou, T.-A., Xu, X.-J., & Xu, H.-J. (2023). Enhancing the tractive performance of unmanned vehicles
using an optimised wheel-step driving system. Proceedings of the Institution of Mechanical Engineers, Part D: Journal
of Automobile Engineering, 237(5), 958-977. doi: 10.1177/09544070221087002.

[41] Yang, Y.-]., Jang, M.-K., & Nam, J.-S. (2024). Dynamic simulation model of miniature tracked forestry tractor for
overturning and rollover safety evaluation. Agriculture, 14(11), article number 1991.doi: 10.3390/agriculture14111991.

[42] Zhou, B., Chen, S., Hu, J., You, Y., Wang, D., & Zhang, Q. (2023). Multi-body dynamics modeling and test of an
articulated steering half-track tractor. International Journal of Agricultural and Biological Engineering, 16(6), 124-133.
doi: 10.25165/j.ijabe.20231606.8165.

Machinery & Energetics. Vol. 16, No. 2



https://doi.org/10.3389/feart.2024.1351352
https://doi.org/10.1177/09544070221087002
https://doi.org/10.3390/agriculture14111991
https://doi.org/10.25165/j.ijabe.20231606.8165

Modelling of dynamic characteristics of tractor systems...

BikTop [dyranensb
IoKTOp TearoriuHux HayK, mpodecop
3akiaz BUIoi ocBiTH «ITominbChbKuii Nep>kaBHMI YHIBEPCUTET»
32316, Bys. llleBuenka, 12, M. Kam’siuerib-Iloginbchkuit, YkpaiHna
https://orcid.org/0000-0002-3383-5907

ITaBo ®enipko

Kangmpat TeXHIiYHMX HAyK, TOIEHT
3aksap BuUIoi ocBiT «ITominbChbKuit IepskaBHMIT YHIBEPCUTET»
32316, By. llleBuenka, 12, M. Kam’sHenb-ITominbcbKuii, Ykpaina
https://orcid.org/0000-0002-3724-8937

Onexcanzap 'oBopoB

KaHauaaTt TexHiuHMX HayK, CTapIlnii HAYKOBUIA CITIBPOOITHUK
3akiag Buioi ocBiTy «I1oaiibCbKIit TepsKaBHMI YHIBEpCUTET»
32316, Bys. llleBuenka, 12, M. Kam’ ssHerb-IToginbchkuit, YkpaiHna
https://orcid.org/0000-0002-1645-1725
Birasnii ITykac
KaHmupat TexHiuHUX HayK, TOLEHT
3aknag Buiioi ocBiTu «[1ofibChbKMUIT Tep>KaBHUI YHIBEpCUTET»

32316, Bys. llleBuenka, 12, M. Kam’siHe1ib-IToginbchkuit, YkpaiHna
https://orcid.org/0000-0002-0083-7359

Mmukona BonamHkiH

AcucTteHT
3aknag BuIoi ocBiTH «I1omiIbChbKIMIT TepsKaBHMI YHIBEPCUTET»
32316, By. llleBuenka, 12, M. Kam’ ssHenb-ITominbchkuii, Ykpaina
https://orcid.org/0009-0006-4960-8537

MopaenioBaHHA AMHAMIYHUX XapaKTEePUCTUK TPAKTOPHUX CUCTEM
ANA NiagBULLEHHSA CTIMKOCTI Npu po60Ti Ha HepPiBHUX Nonax

AHoTaUia. MeTo0 JoCTiIKeHHs 610 3’ICyBaHHS BIUIMBY 3MillleHHS LIEHTPa Mac, KyTa HaXuiIy pejabedy Ta JOKaTbHUX
36ypeHb Ha MPOCTOPOBY CTilKiCTh TPAHCIIOPTHOI CHCTEMM 3 TIOJAJIBIINM BU3HAUEHHSIM I'PaHNYHMX PEKUMIB ii piBHOBarm.
MeToposioris 6a3yBanach Ha TIOELHAHHI TEOPETUYHOTO MO eTIOBAHHS, aAAITMBHOTO KepyBaHHS Ta 6araTopiBHeBOi
BasIizanii B yMoBax 3MiHHOTO cepeJOBUILA. By/l0 BCTAHOBIEHO KPUTHYHE BepTUKaIbHe 3MillleHHs Koprycy 1o 0,15 m npu
HaxwIi 18° yepes acuMeTpuyHe MPOXOIKEHHSI TIEPEIKOZ, 110 MiATBePAKYBaJI0 HEOOXiAHICTh TOUHOTO MPOTHO3YBAHHS
IUHaMikM. AHaJIi3 CTifikocTi BCTaHOBUB 6e3mevHi KyTu KpeHy 25-30° miist yopHo3eMiB Ykpainu (koedilieHT TepTs
0,6-0,8). HepiBHOMipHe HaBaHTaskeHHs ¥ BOIOTiCTb I'PYHTY (20-30 %) BIUIMBAIO HA CTabGiIBbHICTB, 110 BUMAarasa KaaiopyBaHHSI
mogpeneit. [i6puaHi MeTony J03BOIMIM KOMIIEHCYBaIM Bibpallii CuIiHHS MIJITXOM aIalITUBHOTO KepyBaHHSI geMIiepom.
Cucrema alanITMBHOTO KOHTAKTY 3 MMOBEPXHEI0 MOKpalIa MPoXigHICTh Ha M'SIKMX I'PYHTAX, a HeJliHiliHe peJUKTUBHE
KepyBaHHS OINTYMi3yBaJIo TPAEKTOPII0 PyXy Ha CxujiaX. BCTaHOB/IEHO AOLIIbHICTb ypaXyBaHHS reoMeTpii OMOPHOI IJIOLMHN
71 ONIOKeHHS IIeHTPpa Mac Mpy po3pooiii aaropuTmiB cTabinizallii arpoTexHiky 3 oMLy Ha BIUIMB Ha CTiKiCTh y 3MiHHOMY
penbedi. CToxacTUyHe MOJeTI0OBaHHS 30ypeHb I'PYHTY 103BOIMIIO IIPOTHO3YBATH BIUIMB BUITaIKOBUX 3MiH cepeoBUILa
Ha TPAEKTOPIIO 1 CTAbiIbHICTh TEXHIKM. 3aIIPOIIOHOBAHA TEOPEeTUYHA MOJe/b IPUAATHA JISI IPOEKTYBAHHS Ta CUCTEM
OMHAMIYHOTO KOHTPOJTIO KOPITYCY, 0COOMMBO /IS pOOOTH Ha CXMilax i CkiafgHil reomeTpii. IHTerpaiist CCHCOpHMX CUCTeM i3
MopesiMU 3abe3revyBasia aJarnTalliio 10 yMOB peanbHOro vyacy. [[pakTiyHa I[iHHICTh Pe3y/IbTaTiB MoJsIrana y migBUIleHHi
6e3meKy pobOTM arpapHOi TEXHIKM Ta ONTUMIi3alii ii MpocTopoBoi opieHTallii Ha cxMIax iHKeHepaMy-TeXHOJIOTaMy Ta
PO3pPOGHMKAMU CUCTEM aKTMBHOTO BUPIBHIOBAHHS ifI Yac MIPOEKTYBAHHS TeXHiIKM HOBOTO MOKOiHHS

KniouoBi cnoBa: npuckopeHHs; KoedillieHT 3uerieHHs ; BUTPOOYyBaHHs B ITOJbOBMX YMOBaxX; cTabiisallis; aganTusHe
KepyBaHHS

Machinery & Energetics. Vol. 16, No. 2

N


https://orcid.org/0000-0002-3383-5907
https://orcid.org/0000-0002-3724-8937
https://orcid.org/0000-0002-1645-1725
https://orcid.org/0000-0002-0083-7359
https://orcid.org/0009-0006-4960-8537

MACHINERY & ENERGETICS

Scientific Journal

Volume 16, No. 2. 2025

Founded in 2010. Published four times per year

Managing editor:
N. Shevchenko

Signed for print of May 22, 2025. Format 60%84/8
Conventional printed pages 20.5
Circulation 100 copies

Publisher’s address:

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
Tel.: +38(044)-258-42-63
E-mail: info@technicalscience.com.ua
https://technicalscience.com.ua/en




TEXHIKA TA EHEPTETHUKA

Hayxkoeuti »cypHan

Tom 16, N2 2. 2025

3acHoBaHuit y 2010 p. Buxoauts 4oTHpy pasu Ha pik

BigmoBizanbHMIA peaakTop:
H. llleBUeHKO

[Tigmmcano mo apyky 22 TpaBHs 2025 p. ®opmat 60%84/8
VYMOB. IpyK. apK. 20,5
Hakmnazg 100 ripum.

Anpeca BUIZAaBHUIITBA:
HauionanbHMit yHiBepcureT 6iopecypciB i mpMpogoKOpUCTyBaHHS YKpaiHu
03041, Bys. T'epoiB O6oponu, 15, m. Kuis, Ykpaina
Ten.: +38(044)-258-42-63
E-mail: info@technicalscience.com.ua
https://technicalscience.com.ua/uk



